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ABSTRACT The suggestion by Robert Cantor, that drug-induced pressure changes in lipid bilayers can change the conforma-
tional equilibrium between open and closed states of membrane proteins and thereby cause anesthesia, attracted much attention
lately. Here, we studied the effect of both large external pressure and of 1-alkanols of different chain lengths—some of them
anesthetics, others not—on the lateral pressure profiles across dimyristoylphosphatidylcholine (DMPC) bilayers by molecular
dynamics simulations. For a pure DMPC bilayer, high pressure both reduced and broadened the tension at the interface
hydrophobic/hydrophilic and diminished the repulsion between the phospholipid headgroups.Whereas the effect of ethanol on the
lateral pressure profile was similar to the effect of a large external pressure on a DMPC bilayer, long-chain 1-alkanols significantly
amplified local maxima andminima in the lateral pressure profile. Formost 1-alkanols, external pressure hadmoderate effects and
did not reverse the changes 1-alkanols exerted on the pressure profile. Nevertheless, assuming the bent helix model as a simple
geometric model for the transmembrane region of a membrane protein, protein conformational equilibria were shifted in opposite
directions by addition of 1-alkanols and additional application of external pressure.

INTRODUCTION

Although the phenomenon of general anesthesia has been

known for a long time, the underlying mechanism is not yet

understood (1). There is an ongoing debate about whether

general anesthesia is caused by a specific binding of anes-

thetics—among them the 1-alkanols, up to a chain-length of

;12 carbon atoms (see, e.g., Pringle et al. (2))—tomembrane

proteins (3) or by a nonspecific, lipid-mediated mode of ac-

tion. In the latter case, the drugs are supposed to induce

changes in lipid bilayers, which in turn alter the conforma-

tional equilibrium between different states of membrane

proteins. A further alternative lipid-mediated mechanism for

anesthetic action has recently been suggested on the basis of a

soliton model for signal propagation in nerves (4): Assuming

that nerve pulses travel as solitons along cell membranes, a

melting point depression caused by anesthetics would impede

signal transduction and thereby cause anesthesia (5,6).

General anesthesia can be reversed by the application of

external pressure (7–11). These two antagonizing mecha-

nisms—anesthesia and its pressure reversal—are not neces-

sarily coupled, but it is likely that they are related in someway.

Here, we tested whether the model for a lipid-mediated mode

of operation suggested by Robert Cantor (12–14) can also

account for pressure reversal of anesthesia in a simplemanner.

Cantor’s idea (12–14) is based on the premise that there is a

variation of the cross-sectional area difference between the

closed and the open conformation of membrane proteins in

the direction of the bilayer normal. If this assumption is ful-

filled, a change in the lateral pressure profile of lipid mem-

branes caused by anesthetics could shift the equilibrium

between the open and closed conformation of membrane ion

channels and thereby cause anesthesia. A simple mechanism

for pressure reversal of anesthesia would then be a shift of the

conformational equilibriumof thesemembrane proteins in the

opposite direction by external pressure.

Cantor’smodel has not been tested yet, as the lateral pressure

profile of membranes or lipid bilayers is difficult to determine

in experiments. Up to now, only qualitative measurements of

the pressure distribution in the bilayer chain region were

achieved: Templer et al. (15) dopedmixed bilayers composed

of varying concentrations of dioleoylphosphatidylcholine and

dioleoylphosphatidylethanolamine with di-pyrenyl phospha-

tidylcholine probes of different chain lengths. These doped

bilayers were then used for fluorescence measurements,

where the rate of the eximer to monomer signal of the pyrenes

was assumed to be a measure of the pressure in the bilayer.

Upon increase of the dioleoylphosphatidylethanolamine con-

centration, the total lateral pressure in the chain region was

increased and a transfer of lateral pressure away from the

heads toward the ends of the carbon chains occurred. Ap-

plying a similar technique, Kamo et al. (16) found that the

lateral pressure inmixed bilayers composed of 1-palmitoyl-2-

oleoylphosphatidylcholine and 1-monoolein increased as a

function of the monoolein fraction as long as the bilayer was

in the lamellar phase, had a discontinuity in the phase tran-

sition regime, and was approximately constant in the cubic

phase. Addition of the peptide 18A lowered the lateral pres-

sure only in the acyl chain region at the bilayer interface.

In theoretical studies, analytical and statistical methods,

mean-field approaches, Monte Carlo techniques, and coarse-

grained models (12,14,17–28) as well as all-atom molecular

dynamics (MD) simulations (29–37) have been used to cal-

culate lateral pressure profiles of lipid bilayers. Based on all-
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atomMD simulations, Lindahl and Edholm (29) classified all

terms contributing to the lateral pressure according to their

physical origin (electrostatic, Lennard-Jones, dihedral, or

other bonded interactions) and the interacting molecules

(pairwise contributions of lipid chains, headgroups, or water

molecules) and distinguished between energetic and entropic

contributions to the surface tension. Similar studies have been

performed by other authors: Gullingsrud and Schulten (30)

explored the impact of simulation and analysis parameters

on the calculation of pressure profiles across bilayers con-

sisting of various lipids and studied the influence of the lat-

eral pressure distribution on the gating process of the

mechanosensitive channelMscL applying a simple geometric

model. Later, Gullingsrud et al. (33) computed the pressure

profile of a protein-lipid system (melittin embedded in a

dimyristoylphosphatidylcholine (DMPC) bilayer) and found

that the overall pressure distribution of this system was only

moderately changed compared to a pure DMPC bilayer. Patra

(31) investigated the changes in the lateral pressure profile of a

dipalmitoylphosphatidylcholine (DPPC) bilayer upon addi-

tion of cholesterol. Carrillo-Tripp et al. (32) detected that the

magnitude of the chain pressure near the headgroup-tail in-

terface was enlarged for lipid bilayers containing docosa-

hexaenoic acids (DHA) compared to simulations of bilayers

made of only saturated or monounsaturated lipids. The usage

of docosapentaenoic acid instead of docosahexaenoic acid,

that is accompanied by a shift of the maximum density of

unsaturated bonds toward the bilayer core, did not yield such

effect. Niemela et al. (34) probed the pressure profiles of raft-

like bilayers. Various sterols, all of them with a structure very

similar to cholesterol, exerted significant changes on the

pressure profiles of lipid bilayers, especially in the case of

unsaturated bilayer lipids (35). Ollila et al. (36) observed that

the central maximum in the lateral pressure profile decreased

upon increasing lipid chain unsaturation whereas all other

peaks increased in height. Recently, Terama et al. (37) re-

ported that ethanol diminished the magnitude of the peaks in

the lateral pressure profiles of DPPC and palmitoyl-docosa-

hexaenoyl-phosphatidylcholine lipid bilayers in the region of

the lipid headgroups.

Using a coarse-grained approach, Frischknecht and Frink

(28) found that ethanol, butanol, and hexanol did not alter the

shape of the pressure profile curve of the pure bilayer, but that

these alcohols reduced the magnitude of all peaks. Thickness

changes of the bilayers upon addition of alcohols were re-

flected by a shift of the pressure profile peaks along the bilayer

normal.

Here, we investigated in all-atom MD simulations, in

which way 1-alkanols modify the lateral pressure of lipid

bilayers, and in particular whether observed changes are re-

versed by the application of external pressure. 1-Alkanols are

an especially interesting test case, as it was suggested that

small alcohols change the lateral pressure in membranes and

thereby cause dissociation of embedded KcsA potassium

channels (38). Changes in the structure, the dynamics, and in

the local pressure distribution of lipid bilayers in response to

anesthetics and external pressure were analyzed from MD

simulations of lipid bilayers containing 1-alkanols of different

chain lengths at two different pressures. Hypothetical shifts in

the conformational equilibria for some simple geometric

models of the transmembrane region of a membrane protein

upon addition of 1-alkanols and application of large external

pressure were calculated.

METHODS

Molecular dynamics simulations of
membrane-alkanol systems

MD simulations of fully hydrated lipid bilayers containing 1-alkanols of

different chain lengths have been carried out at pressures of 1 bar (see also a

previous study (39)) and 1000 bar using the GROMACS software package

version 3.3.1 (40–42). Each bilayer consisted of 512 DMPC lipids and was

hydrated by aminimumof 22,600watermolecules; 288molecules of ethanol,

octanol, decanol, or tetradecanol were dissolved in each simulation system.

The systems were built by quadruplicating equilibrated membrane-alkanol-

water systems with 128 DMPC molecules (39). Additionally, control simu-

lationswithout 1-alkanolswere run. Simulations for the long-chain1-alkanols

octanol, decanol, and tetradecanol at normal pressure were taken from the

previous study (39). Equilibrated snapshots of these simulations were chosen

as starting structures for high-pressure simulations. A summary of all simu-

lations is given in Table1.

Hydrostatic pressures to reverse anesthesia in tadpoles range from 140 to

350 bar (8). Due to large pressure fluctuations (�6200 bar) in MD simula-

tions of nanoscopic systems, we chose an external pressure of 1000 bar.

Experimentally, even higher pressures are applied to lipid bilayers.

All systems were simulated for a minimum of 31 ns using periodic

boundary conditions, a rectangular simulation box, and a constant number of

atoms at fixed pressure and temperature T ¼ 310 K (NPT-like ensemble).

Constraining the bond lengths by the LINCS (43) and SETTLE (44) methods

allowed for an integration step size of 2 fs. The lipids and the water-alkanol

solutionswere separately coupled to a heat bath at 310Kusing a coupling time

constant of 0.1 ps (45). External pressures of 1 bar and 1000 bar (see Table 1)

were applied using aweak semiisotropic coupling to a pressure bath (45) with

a time constant of 1 ps and a compressibility of 4.53 10�5 bar�1.

The simple point charge water model (46) was chosen. The force field for

the lipids was taken from Berger et al. and Chiu et al. (47,48). For the long

chain 1-alkanols, the GROMACS force field (based on GROMOS87) was

TABLE 1 All simulated systems containing various 1-alkanols

System

name

Number

and type of

1-alkanol

molecules

Number

of water

molecules

Pressure

(bar)

Simulation

time (ns)

Equilibration

time (ns)

C1* None 22,692 1 52 6

C1000 None 22,692 1000 32 6

E1 288 ethanol 24,584 1 53 10

E1000 288 ethanol 24,584 1000 75 20

O1* 288 octanol 26,624 1 33 6

O1000 288 octanol 26,624 1000 70 45

D1* 288 decanol 29,896 1 31 6

D1000 288 decanol 29,896 1000 32 6

TD1* 288 tetradecanol 29,228 1 31 6

TD1000 288 tetradecanol 29,228 1000 34 6

*Systems already partially analyzed in the previous study (39). All analysis

was done with respect to the given equilibration times.
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applied, modified for the partial atomic charges according to MacCallum and

Tieleman (49). Ethanol was simulated using the recently developedGROMOS

53A6 force field (50), as this has been shown to result in a lower partition

coefficient in better agreement with experimental values (39). Note that the

Lennard-Jones parameter of the lipid hydrocarbon chains and of the 1-alkanols

slightly differ from each other. For phospholipids, they were adjusted to re-

produce the heat of vaporization for pentadecane (47).

To ensure a correct treatment of the long-range electrostatic interactions,

the particle mesh Ewald (PME) method (51) was applied using a Fourier grid

spacing of 0.12 nm, a fourth order cubic interpolation, and a relative accuracy

of 1.0 3 10�5. The short-range van der Waals interactions have been ac-

counted for with a cutoff-scheme using a cutoff radius of 1 nm. The neighbor

list was updated every 10th integration step.

For details of the calculations of the lipid order parameter, the average

headgroup-to-headgroup bilayer thickness dHH, the area per lipid, and the

lateral lipid diffusion coefficient, please refer to the previous study (39). The

orientation of the lipid chains was determined in terms of two angles g and a.

g denotes the angle between the lipid chains and the membrane normal,

whereasa is the angle between the lipid chain vector (defined by the centers of

mass of the 3rd and 4th and the 11th and 12th carbon atom of the respective

lipid chain), projected onto the membrane plane, and an arbitrarily chosen

vector (1, 0, 0). The partition coefficient was calculated from the number of

1-alkanols inside and outside the bilayer at every time step. The criterion for

inside/outside was based on the comparison of the z coordinates of the center

ofmass of the lipid headgroups (shifted by 0.2 nm to the bulkwater phase) and

of the 1-alkanols. The given error is the standard deviation of the partition

coefficient obtained by block averaging (5 ns windows).

Calculation of lateral pressure profiles

The difference between the lateral and the normal pressure as a function of

the normal coordinate of the bilayer, often referred to as local lateral pressure

profile, was calculated analogous to the procedure described by Lindahl et al.

(29): The pressure tensor is given by

p ¼ 2ÆEæ� S; (1)

whereE is the kinetic energy density tensor andS is the configurational stress

tensor. In the case of exclusively pairwise interactions between the particles,

the bilayer can be divided into horizontal slices of thickness Dz. Here, 100
slices per box were used, resulting in a thickness of;1 Å per slice. The local

pressure tensor can then be calculated according to the formula (29):

plocalðzÞ ¼
1

DV
+

i2slice
ðmivi5viÞ � 1

DV
+
i,j

ðFij5rij f ðz; zi; zjÞÞ:

(2)

The first sum is taken over all particles in the slice at z, whereas all particle

pairs in the system contribute to the second term. The z coordinate, mass, and

the velocity of particle i, and the force and the distance between particles i and

j are denoted by zi, mi, vi, Fij, and rij, respectively. The volume of the slice is

DV. The function f ðz; zi; zjÞ assigns a weight to the virial depending on the

position of the two particles i and j. It is given by (21)

f ðz;zi;zjÞ ¼
Qðzi� zÞQðz1Dz� ziÞ for zi ¼ zj
1

zj�zi

Z zj

zi

dzQðz�zÞQðz1Dz�zÞ otherwise:

8<
:

(3)

Q(z) denotes the Heaviside step function, with Q(z) ¼ 0 for z , 0, Q(0) ¼
1/2, and Q(z) ¼ 1 for z . 0.

To obtain the pressure profiles from the simulations, reruns of the original

trajectories were performed using a modified version of GROMACS 3.0.2,

kindly provided by Lindahl and Edholm (29). Here, the SHAKE (52) algo-

rithmwas applied instead of LINCS (43), because pairwise interactions could

then be extracted more easily (29). Sonne et al. (53) showed that the results

obtained using PME for the simulations and a cutoff scheme in the reruns are

converging toward the correct Ewald results as long as the chosen cutoff is

large enough (rcutoff at the order of 1.6–2.0 nm). Here, electrostatic interac-

tions in the rerunswere truncated at a cutoff radius of 3.0 nm. For each bin, the

diagonal elements of the local pressure tensor were calculated every 100 ps.

The values were then averaged over time and a Gaussian smoothing over

neighboring bins was performed. Finally, the profiles were symmetrized with

respect to the bilayer center.

RESULTS

Equilibration times

All starting structures for the high pressure simulations had

been equilibrated at a pressure of 1 bar in the previous study

(39). The systems were further equilibrated at high pressure

until the thermodynamic partition coefficient Kp of the 1-al-

kanols in the bilayer, the area per lipid, and the average lipid

order parameter had become constant. An equilibration time

of 6 ns was found to be sufficient for most of the systems (see

Table 1). Exceptions were the simulations containing ethanol

and the simulation with octanol at a pressure of 1000 bar with

equilibration times between 10 ns and 45 ns. For octanol at

high pressure, we observed a drastic decrease in the area per

lipid and an increase in the lipid order parameter. These

changes could possibly hint to a phase transition of the lipid

bilayer, as discussed below.

Partition coefficients

For the simulations with ethanol, thermodynamic partition

coefficients (ratio of the mole fraction of 1-alkanols inside the

bilayer and the mole fraction of 1-alkanols in the surrounding

water) ofKp¼ 686 7 (1 bar) andKp¼ 616 5 (1000 bar) were

determined (on average, 1896 8/1826 6 ethanol molecules

were inside the bilayer at 1/1000 bar). Experimental values for

the ethanol-lipid partition coefficient at normal pressure are

considerably lower and range from Kp � 2 to Kp � 28

(37,39,54–57), depending on the kind of lipids and the ex-

perimental conditions. This discrepancy between experi-

ments and simulations has also been observed and discussed

in previous studies (37,38,58). Reasons for the overestimated

ethanol partition coefficients in the simulations could be in-

consistencies in current force fields (59,60), only implicit

consideration of polarization effects in the region of the hy-

drophilic lipid headgroup (39), or artifacts due to the limited

size of the simulation system as compared to experimental

setups and the use of periodic boundary conditions (37). Also,

at low ethanol concentrations, the partition coefficient

strongly depends on the alcohol concentration (37), rendering

high precision experiments in this regime difficult. Due to the

too large partition coefficient for ethanol, observed effects are

probably amplifiedwith respect to experiments at comparable

concentrations (39).

Also for the long-chain 1-alkanols, the partitioning be-

tween solvent and membrane was unaffected by the large
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external pressure. As for normal pressure, all 1-alkanols were

located within the bilayer, their hydrocarbon chains being

aligned with the phospholipid tail region.

Structural changes

It has been shown that the simulation of the pure DMPC bi-

layer at standard pressure (simulation C1, see Table 1) re-

produces experimental values for the area per lipid, the bilayer

thickness, the lipid order parameter, the lipid diffusion, and

the bilayer elasticity quantitatively (39). Also, alkanol-in-

duced changes of these parameters predicted in the simula-

tions were in good agreement with the limited experimental

data available (39).

High external pressure had a small tomoderate effect on the

structural properties of the ethanol-, decanol- and tetradeca-

nol-phospholipid systems. For these membranes, the area per

lipid and the bilayer thickness were reduced by 3.5–4.7% and

1–2%with respect to the systems at 1 bar (see Tables 2 and 3).

The bilayer containing octanol (systems O1/O1000) under-

went the largest changes with an area per lipid decrease of

7.9 Å2 and a thickness increase of 2.0 Å (see also Fig. 1).

Application of external pressure exerted an ordering effect

on the lipid tails by lateral compression of the bilayer. In

agreement with the measurements of, e.g., Mateo et al. (61),

the hydrocarbon chain order, measured by the deuterium lipid

order parameter, was enlarged for all systems at 1000 bar (see

Fig. 2). This order increase was additionally reflected in the

reduction of the fraction of gauche dihedrals of the hydro-

carbon chains (data not shown). Again, the largest changes

induced by high external pressure were found for the octanol

systems O1/O1000. The structural rearrangements of the bi-

layers under pressure were accompanied by an enhanced in-

terdigitation of the lipid—and in the case of decanol and

tetradecanol also of the 1-alkanol—chains. This is reflected

by an increased density in the core region of the bilayer, ex-

emplarily shown for DMPC in Fig. 3.

For the pure DMPC bilayer at standard pressure, the ma-

jority of the lipid chainswere tiltedwith anglesg ranging from
0� to 20� with respect to the bilayer normal (Fig. 4). The an-

gles a, a measure for the lateral orientation, were homoge-

nously distributed for pure DMPC bilayers and for the

ethanol-DMPC system. Addition of long-chain 1-alkanols to

the bilayer decreased the tilting of the lipid chains. For tet-

radecanol (especially for the upper monolayer), the lateral

distribution was narrowed.

High external pressure aligned the lipid tails with the

membrane normal in the presence of long-chain 1-alkanols,

reflected by a shift of the distribution toward smaller angles g.
The increased order in the octanol-phospholipid system (see

Fig. 2) is additionally seen in the strong alignment of the

hydrocarbon tails (pronounced maximum in the distribution

of a for the upper monolayer; Fig. 4). The increase in lipid

chain order, the increased packing density, and the alignment

of the lipid tails for the octanol-DMPC system at high pressure

are clearly seen in snapshots of the simulation system, too

(Fig. 1).

Diffusion coefficient

At standard pressure, lipid diffusionwas enhanced in aDMPC

bilayer containing ethanol with respect to pure bilayers,

whereas it was suppressed in systems containing octanol,

decanol, or tetradecanol (see Table 4 and the previous study

(39)). The diffusion coefficients predicted from the simula-

tions were shown to be in agreement with values found in

continuous photobleaching experiments (39). External pres-

sures of 1000 bar decreased the lipidmotion in all systems: for

the pure DMPC, the ethanol-, the decanol-, and the tetrade-

canol-DMPC systems, the lipid diffusion was decreased by a

factor of 1.6–2.3. In contrast, for the octanol-DMPC system, a

;5-fold decrease in lipid diffusion was observed.

Pressure profiles

The symmetrized pressure profiles calculated from the MD

simulations of the pure DMPC bilayer at 1 bar and at 1000 bar

and the difference between them (for the calculation of the

difference pressure profile, the bilayer at 1000 bar was scaled

to the same thickness as the bilayer at 1 bar) are shown in Fig.

5. Results obtained at standard pressure (Fig. 5 A) are in

agreement with previous studies (29–37,53): large tensions,

which are due to strong electrostatic interactions and hydro-

philic forces minimizing the contact between water and the

hydrocarbons, were observed in the region of the glycerol

group (z¼61.44 nm). At the water-lipid interface (z�62.2

nm) a second, slightly smaller tension peakwas resolved. This

two peak pattern was observed also in the separate contribu-

tions of the various interaction groups to the pressure profile

(Fig. 6). The tension peaks are caused by solvent-lipid inter-

actions forming a hydrogen-bonded network. Due to the in-

TABLE 2 Average area per lipid calculated from simulations

of a DMPC bilayer containing different 1-alkanols at pressures

of 1 bar and of 1000 bar

Without

1-alkanols

(Å2)

Ethanol

(Å2)

Octanol

(Å2)

Decanol

(Å2)

Tetradecanol

(Å2)

1 bar 64.1 6 0.4 67.8 6 0.5 62.5 6 0.4 59.3 6 0.1 60.2 6 0.1

1000 bar 61.2 6 0.6 64.6 6 0.5 54.6 6 0.1 56.6 6 0.1 58.1 6 0.1

TABLE 3 Average headgroup-to-headgroup thickness of a

DMPC bilayer containing various 1-alkanols at normal and

high external pressures

Without

1-alkanols

(Å)

Ethanol

(Å)

Octanol

(Å)

Decanol

(Å)

Tetradecanol

(Å)

1 bar 34.6 6 0.2 34.0 6 0.2 38.6 6 0.2 40.5 6 0.1 41.0 6 0.1

1000 bar 33.9 6 0.3 33.3 6 0.2 40.6 6 0.1 40.1 6 0.1 40.6 6 0.1
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creased order of interfacial water molecules (see, e.g., Siu

et al. (60)), solvent-solvent interactions are repulsive at the

interface (Fig. 6). Pressure maxima resulting from the entro-

pic repulsion of the lipid chains were found in the region of

the 5th–7th carbon atom. The vanishing pressure in the bulk

water regionmay be used as a signature of full hydration of the

lipid bilayer.

At an external pressure of 1000 bar (see Fig. 5 B), the
general shape of the curve was maintained, whereas the am-

plitudes of all local maxima and minima, especially the chain

repulsion term, were strongly suppressed leading to a

smoothed profile. The tension maxima in the headgroup re-

gion are merged and cover the whole headgroup region.

Inclusion of 1-alkanols into the bilayer strongly modified

the pressure profiles (see Fig. 7). Ethanol mainly reduced the

magnitude of the chain repulsion terms, which was, however,

FIGURE 1 Simulation systems containing octanol at

1 bar (snapshot after 33 ns, left side) and at 1000 bar

external pressure (70 ns, right side). The 1-alkanol carbon

atoms are represented by green spheres, connected to the

hydroxyl group (red and white spheres). Lipid tails are

shown as yellow sticks. The lipid headgroup atoms are

shown as spheres (phosphorus atoms, magenta; oxygen

atoms, red; choline groups, blue) and yellow sticks (carbon

atoms). The surrounding water is depicted as blue sticks. In

the enlarged view, the increased order and the decreased tilt

of the lipid chains with respect to the membrane normal can

be seen.

FIGURE 2 Deuterium lipid order parameter (sn1 chain) for simulations

with various 1-alkanols at external pressures of 1 bar (solid lines) and 1000

bar (dashed lines). Error bars are included, but are too small to be seen.

FIGURE 3 Normalized number density profiles across the bilayer for the

simulations of the pure DMPC systems (C1, solid lines; C1000, dashed

lines). A Gaussian smoothing has been applied. The dark gray, black, and

light gray lines represent the water, the lipid bilayer, and the phosphorus

densities, respectively. Error bars are insignificantly small and are omitted

here for clarity. The maxima of the phosphorus density curve mark the

approximate headgroup location.
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less pronounced if the GROMACS force field with modified

partial charges (49) was used for ethanol (results not shown).

This is in agreement with coarse-grained calculations of

Frischknecht and Frink (28), whereas Terama et al. (37) found

no significant changes at this peak in all-atom simulations

using a DPPC bilayer. Both Frischknecht and Frink (28) and

Terama et al. (37) reported a pronounced decrease of the in-

terfacial tension upon addition of ethanol, whereas we ob-

served only a slight, insignificant decrease. A splitting of the

total pressure into the contributions from the interacting

groups (data not shown) showed a decreased solvent-lipid

tension at the interface and at the region of the glycerol group,

and a peak for alkanol-lipid interactions in the latter region.

Therefore it can be concluded that ethanol replaced solvent

molecules in the region around the glycerol backbone. The

above-mentioned difference in the total pressure profile to the

study of Terama et al. (37) is probably due to different force

fields used for ethanol and different cutoffs for Coulombic

interactions.

Addition of long-chain 1-alkanols amplified the local

pressure maxima and minima in the bilayer core. Due to the

thickening of the bilayers, the peaks were shifted outward.

Remarkably, a tension peak was now seen within the hydro-

phobic core. This peak was caused by increased bonded in-

teractions (see Fig. 8) from alkanol-alkanol and lipid-lipid

interactions (data not shown). These bonded interactions are

probably enlarged due to the increased order of the lipids and

the 1-alkanols (see also the previous study (39)) (increased

number of dihedrals in trans conformation). Upon addition of

long-chain 1-alkanols, the repulsive Lennard-Jones interac-

tions of the lipids and of the 1-alkanols were enhanced (see

Fig. 8).

With ethanol, decanol, and tetradecanol at high pressure,

onlymoderate changes in the total pressure profilewere found

as compared to the respective pressure profile at 1 bar. The

Lennard-Jones interactions in the high-pressure systems with

decanol or tetradecanol are increased, but this change is

compensated for by increased bonded interactions and de-

creased 1–4 interactions. Drastic changes in the lateral pres-

sure profile were obtained for the octanol-DMPC system at

high pressure: the interfacial tension minimum almost van-

ished, but the first minimum (counted from the center of the

bilayer) became much more pronounced.

DISCUSSION

Partition coefficient

One hypothesis explaining the pressure reversal of anesthesia

could have been a shift of the bilayer-water partitioning

equilibrium of anesthetics such that less anesthetics dissolve

in the lipid bilayer. Here, neither in the case of ethanol nor in

the case of long-chain 1-alkanols, significant changes of the

partition coefficients at a pressures of 1000 bar were ob-

served. However, due to the large partition coefficients of

long-chain 1-alkanols (62–64), moderate changes in the

partition coefficient of these alkanols would hardly emerge in

MD simulations with their inherent limited system size. Our

FIGURE 4 Orientation of the lipid chains (upper

monolayer) of the different simulations. The chain

orientation is given as a function of the angle g

between the lipid chains and the bilayer normal and

the angle a defined by the projection of the lipid

chains onto the bilayer plane and the arbitrarily

chosen vector (1, 0, 0). The top row shows results

from the simulations at standard pressure, the bot-

tom row for the high pressure simulations. The

color coding is chosen relative to an equal distri-

bution in the angles a and g. Occupancies with

lower than two times this number are colored white,

between two and four times this number are colored

purple, between four and six times this number dark

blue, etc.

TABLE 4 Lipid diffusion coefficients for simulations of a

DMPC bilayer with various 1-alkanols at a pressure of 1 bar

and of 1000 bar

Without

1-alkanols

ðmm2=sÞ
Ethanol

ðmm2=sÞ
Octanol

ðmm2=sÞ
Decanol

ðmm2=sÞ
Tetradecanol

ðmm2=sÞ
1 bar 11.5 6 0.6 17.0 6 0.7 6.6 6 0.4 2.9 6 0.1 3.0 6 0.1

1000 bar 7.1 6 0.3 7.5 6 0.3 1.4 6 0.1 1.7 6 0.1 1.8 6 0.2
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results are in agreement with a study of Trudell et al. (65),

where electron spin resonance techniques were used to in-

vestigate the partitioning of TEMPO (2,2,6,6 tetramethylpi-

peridine-1-oxyl) molecules in phospholipid vesicles. Only a

very moderate shift of the distribution of TEMPO molecules

between the aqueous and lipid phase, too small to account for

the reversal of anesthesia, was found. Therefore, the as-

sumption of reversal of anesthesia by a pressure-driven

change of the 1-alkanols’ partitioning behavior can be dis-

carded, in agreement with the work by Miller et al. (10), who

based on thermodynamic analysis showed in 1973 that a

pressure-induced shift of partitioning is not able to explain

the pressure-dependence of the anesthetic concentration.

Pressure profiles

The lateral pressure profile of a DMPC bilayer at normal

pressure was not only largely modified by the addition of

1-alkanols studied here, but the long-chain 1-alkanols caused

even a tension in the bilayer core. The conformational equi-

librium of membrane-embedded proteins could easily be

shifted by this effect. Therefore, the results presented here

lend support to a lipid-mediated mode of anesthetic action via

the lateral pressure inside a membrane as suggested by Cantor

(12–14).

To illustrate this idea further, we calculated the hypothet-

ical shift in the conformational equilibria of some model

proteins (22,30) upon addition of 1-alkanols using the pres-

sure profiles obtained from the MD simulations. For the no-

tation and calculations, we follow the work byCantor (22): At

a given lateral pressure distribution p0, the conformational

equilibrium between conformational states (s ¼ r, t, . . .) of
membrane proteins is given by K0 ¼ ½t�0=½r�0. If the cross-

sectional area difference DA(z) ¼ At(z) � Ar(z) varies in the

direction of the bilayer normal, a change in the lateral pressure

profile p(z) results in the change of energy

DW ¼
Z h

�h

DpðzÞDAðzÞdz; (4)

with Dp(z) ¼ p(z) � p0(z) and the thickness h of one

monolayer. For DA(z) ¼ const., it follows that

FIGURE 5 Lateral pressure profiles of a DMPC bilayer consisting of 512

lipids at normal pressure (A) and at 1000 bar (B). The local lateral pressure,
i.e., the difference between the lateral and normal components of the

pressure tensor, is plotted as a function of the normal coordinate z of the

bilayer (solid black line, z¼ 0 at the bilayer center). The error, calculated by

averaging over time intervals and using error propagation for the smoothing

procedure, is indicated by the gray shaded area. As a reference, the

normalized, dimensionless number densities of various lipid components

across the bilayer are given (dashed, black: phosphorus group; dotted, black:
choline group; solid, gray: glycerol group; dot-dashed, black: sixth and

seventh carbon atoms of the lipids; dashed, gray: water). C shows the

difference between the pressure profiles at 1000 bar (bilayer at 1000 bar

scaled to the thickness of the bilayer at normal pressure) and at 1 bar.

FIGURE 6 Contributions of the different interaction groups to the total

lateral pressure of the pure lipid bilayer at normal pressure. Errors are

comparable to those for the total pressure profile.
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DW ¼DAðzÞ
Z h

�h

DpðzÞdz

¼DAðzÞ
Z h

�h

pðzÞdz�
Z h

�h

p0ðzÞdz
� �

¼ 0; (5)

since a self-assembled bilayer is always in a tension-free state

(66). Induced by the change in lateral pressure, a new

conformational equilibrium K ¼ ½t�=½r� will be established.

For the result of the integration (Eq. 4), the definition of the

bilayer thickness d¼ 2h is crucial (see Fig. 9), as there exists a
large tension at the lipid-water interface. Here, we defined the

bilayer thickness by the maxima of the phosphorus density of

the pure lipid bilayer at 1 bar and scaled the bilayers of all

other simulations to the thickness of this bilayer. This

approximation is reasonable, since lipid membranes in close

vicinity of an embedded membrane protein adjust to its

central hydrophobic surface. By equating the chemical po-

tentials mr and ms of the two conformational states at each

lateral pressure distribution p(z) and p0(z), and assuming that

DA(z) is independent of Dp(z), Cantor deduced the relation

K ¼ K0 e
�DW=ðkBTÞ ¼: K0 e

�a; with kB and T denoting the

Boltzmann constant and the temperature, respectively (12–

14,22).

Assuming, as Cantor did (22), an expansion of the cross-

sectional protein area in powers of z with different expansion
coefficients in the two bilayer leaflets, i.e., AsðzÞ ¼
Asð0Þ1a61;sjzj1a62;sz

21 . . .with a6j;s ¼ a1j;s for z. 0 and a6j;s ¼
a�j;s for z, 0, and a symmetrical bilayer (i.e., p(z)¼ p(�z)), a
can be expressed in terms of the difference of the integral

moments of p(z) and p0(z) (22)

FIGURE 7 Upper section of each panel: Lateral pressure profiles of DMPC bilayers containing various 1-alkanols at external pressures of 1 bar (colored

solid lines) and 1000 bar (colored dotted lines). For comparison, the lateral pressure profile of a pure DMPC bilayer is drawn (black solid line). Errors are

indicated by gray shadows. The normalized dimensionless density of the lipid glycerol group is shown in yellow (solid line, 1 bar; dashed line, 1000 bar;

mostly, these two curves overlap). Lower section of each panel: Difference between the lateral pressure profiles with and without 1-alkanols (black line) and the

difference of the curves with 1-alkanols at 1000 bar and 1 bar (colored lines). For the calculation of the difference-pressure profiles, the contributing terms were

scaled to the thickness of the pure bilayer at normal pressure.
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a¼ ðkBTÞ�1+
j

DajDPj (6)

with Daj ¼ Da1j 1Da�j ; Da6j ¼ a6j;t � a6j;r, and DPj ¼R h

0
zjDpðzÞ dz for j $ 1. DP0 is zero as the bilayer is always

in a tension-free state (66). The first two integral moments of

the DMPC bilayer at 1 bar, calculated from our pressure

profiles, are P1/(kBT) ¼ (�0.116 0.04) Å�1 and P2/(kBT) ¼

�3.26 6 0.78. Using a statistical thermodynamic lattice

model for bilayers, Cantor (22) derived values for P1/(kBT) ¼
�1.74 Å�1 and P2/(kBT) ¼ �29.4, about an order of magni-

tude smaller than the respective moments from the MD

simulations. The differences probably arise from the simpli-

fied model and the neglected headgroup repulsion in the

calculations of Cantor (22).

Three models for different membrane proteins have been

suggested (22,30): The cooperative tilt model (22) describes a

helix bundle, that is twisted along the bilayer normal (in op-

posite directions for the two monolayers). In the bent helix

model (22), a membrane protein is built up by kinked helices

forming a non-uniform bundle that can be inscribed by one

truncated cone per monolayer. The cross-sectional area of

such a membrane protein is AsðzÞ ¼ pðjsð0Þ1jzjtanðfÞÞ2;
with the radius of the helix bundle js(0) and the anglef¼f6

between the cone-shaped envelope of the kinked helix bundle

at the upper/lower monolayer and the bilayer normal (for a

more detailed description see (22)). The mechanosensitive

channel MscL was approximated by a truncated cone

stretching over the whole bilayer (conical shape model (30)).

Different protein conformations are given by different slopes.

Using the results for the lateral pressure profiles from our

simulations, we calculated the exponent a, characterizing the
shift between two conformations of a protein, for these three

protein models. As for the parameters of these models, we

used values that were previously suggested from the respec-

tive authors: tan2(ut)� tan2(ur)¼ 0.05 for the cooperative tilt

model ((22), corrected), with the twist angle us of the re-

spective conformation, a change of the cone slope from 0.0 to

0.2 for theMscLmodel of Gullingsrud and Schulten (30), and

anglesf1
r ¼ f�

r ¼ 0� andf1
t ¼ f�

t ¼ 6� between thebilayer
normal and the envelope of the kinked helices (assuming a sym-

metrical protein) for the bent helix model (22). A change in the

conformational equilibria was considered as significant, if K
andK0 differedbyat least a factor of 2, i.e., if jaj$ ln(2)� 0.69.

According to this definition, we found no significant

changes in the protein conformational equilibrium upon ad-

dition of 1-alkanols or application of external pressure for the

cooperative tilt and the conical shape model. However, as-

suming a bent helix model, the computed lateral pressure

profiles for 1-alkanols and external pressure exert opposing

effects on the conformational equilibrium of a hypothetical

membrane protein, in line with the anesthetic action of

1-alkanols and the reversal of the anesthetic effect by external

pressure (see Table 5): for addition of 1-alkanols at normal

pressure, a was negative for all four investigated 1-alkanols.

The decreasing difference (within error margins) in the

moments DP1 and DP2 for longer hydrocarbon chains of the

1-alkanols correlates with the cutoff effect for anesthetics,

i.e., 1-alkanols with a chain length of 12 carbons or more do

not show any anesthetic potency (see, e.g., Pringle et al. (2)).

However, the cutoff is probably dependent on the membrane

composition. Application of external pressure resulted—

except for the control simulation—in positive values of a,

FIGURE 8 Bonded and Lennard-Jones contributions to the total lateral

pressure profile for all systems at normal pressure. All systems are scaled to

the thickness of the pure bilayer at normal pressure. Errors are comparable to

those for the total pressure profile.

FIGURE 9 Values of a ¼ W/(kBT) (for the comparisons at 1 bar) as a

function of the monolayer thickness chosen for the integration (see Eq. 4).

The bilayer center is located at z¼ 0. The position of the phosphorus density

maximum for the pure bilayer at 1 bar, used as the criterion for the

monolayer thickness in our calculations, is marked by the dashed vertical

line.
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Biophysical Journal 95(12) 5766–5778



and thus a reversal of the effect of 1-alkanols on the distri-

bution of states, significant only for simulations containing

octanol and decanol. The computed pressure-induced shift in

the conformational equilibrium of a hypothetical protein in a

pure lipid bilayer (negative a) correlates with the experi-

mentally observed ‘‘pressure paralysis’’ (11).

Thus—although the application of external pressure did not

reverse the alkanol-induced changes in the lateral pressure

profile—a pressure-reversal mechanism of anesthesia for the

bent helix model is seen: 1-alkanols moved the protein con-

formational equilibrium in one direction, whereas external

pressure changed the equilibrium in the opposite direction.

However, this pressure-reversal mechanism crucially de-

pends on the type of change in protein shape upon activation

or deactivation. Therefore, simulations of lipid bilayers con-

taining explicit membrane proteins and eventually also dif-

ferent lipid species and cholesterol will be necessary.

Phase behavior

A different mechanism for anesthesia relies on shifts in the

membrane phase transition temperatures by anesthetics (5).

Depending on thermodynamic parameters such as tempera-

ture and pressure, lipid bilayers exist in different phases.Upon

heating, pure DMPC bilayers at standard pressure exhibit a

so-called pretransition from a gel to a ripple phase at 14�C and

a main transition from a ripple to a liquid-disordered phase at

24�C (67–69). By application of external pressure, further

distinct phases can be induced (70); for example, for saturated

phosphatidylcholine bilayers with chain lengths of 13–18

carbon atoms, a pressure-induced interdigitated phase has

been found (71).

Phase transitions of lipid bilayers have been observed

successfully in dissipative particle dynamics simulations (72–

74), as well as in coarse-grained and atomistic molecular

dynamics simulations (75–78). In (MD) simulations, indica-

tions for phase transitions are drastic changes in the area per

lipid, the bilayer thickness, the lipid chain order, and the lipid

diffusion (78). Besides, the tilt angle of the lipid chains with

respect to themembrane normal varies: in the gel Lb and in the
ripple Pb9 phase, the lipid chains are tilted, whereas in the

pressure-induced, partially interdigitated gel phase Lbi, they
are alignedparallel to the bilayer normal. In the liquidcrystalline

phase La, the lipid chains are disordered (see Eisenblätter and
Winter (70)).

In our simulations, we did not observe any signature for a

phase transition of the pure DMPC bilayer and the bilayer

with ethanol at 1000 bar. However, large structural changes

were observed for the DMPC bilayer with octanol at high

external pressure. Especially, the alignment of the lipid chains

to the bilayer normal, the enhanced interdigitation, and the

strong shrinking of the area per lipid indicate a transition to the

partially interdigitated gel phase Lbi. Our previous simula-

tions of DMPCbilayers with decanol and tetradecanol at 1 bar

showed a drastic decrease in the area per lipid and an increase

in the lipid order parameter. These systems probably under-

went phase transitions to the gel state already at normal

pressure. Therefore, for these systems, only moderate pres-

sure-induced structural changes were found.

These results are in line with previous experiments: In ac-

cordance with the Clausius-Clapeyron relationship, Ichimori

et al. (71) measured a linear increase of the gel to liquid-

crystalline phase transition temperature with a slope of 21.2

K/kbar. At high pressures above 3 kbar, a partially interdig-

itated gel phase was observed. At normal pressure, addition of

1-alkanols up to the chain length of octanol caused a lowering

of the main gel to liquid-crystalline phase transition temper-

ature (39,79), depending linearly on the alkanol concentration

(experiments with DPPC vesicle membranes) (80). Long-

chain 1-alkanols from decanol up to tetradecanol exerted a

biphasic dose-response effect on DPPC vesicles: at low

concentrations they depressed, but at higher concentrations

they elevated the phase transition temperature (81). Addi-

tional external pressure increased the phase transition tem-

peratures with all 1-alkanols (80).

Since no phase transition was observed for pure DMPC at

1 kbar in the simulations, we conclude that in simulations, the

main phase transition temperature for DMPC at normal

pressure is significantly lower than obtained from experiment.

Similarly decreased transition temperatures were found be-

fore for DPPC and DPPE bilayers applying a similar force

field (78).

TABLE 5 Changes in the first and second integral moments upon the transition from p0(z) (reference system) to p(z) and

corresponding changes in the conformational equilibrium of bent helix model proteins, measured by a

System Reference system DP1/(kBT) (Å
�1) DP2/(kBT) a Significance

E1 C1 �0.125 6 0.053 �1.803 6 0.794 �3.43 6 1.39 Yes

O1 C1 �0.140 6 0.060 �1.048 6 0.898 �3.77 6 1.60 Yes

D1 C1 �0.088 6 0.059 0.673 6 0.853 �2.27 6 1.56 Yes

TD1 C1 �0.109 6 0.067 0.246 6 1.017 �2.86 6 1.77 Yes

C1000 C1 �0.112 6 0.059 �0.771 6 0.860 �3.02 6 1.57 Yes

E1000 E1 0.011 6 0.054 0.690 6 0.828 0.33 6 1.44 No

O1000 O1 0.293 6 0.072 5.983 6 1.077 8.16 6 1.91 Yes

D1000 D1 0.225 6 0.068 3.357 6 0.976 6.17 6 1.81 Yes

TD1000 TD1 0.041 6 0.075 0.958 6 1.139 1.16 6 1.99 No

The error was calculated by error propagation.
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SUMMARY AND CONCLUSIONS

The influence of a large external pressure and of 1-alkanols of

different chain lengths on the lateral pressure profile of a

DMPC bilayer has been evaluated. Similar to the effect of a

large external pressure on a pure bilayer, ethanol smoothed

out the lateral pressure profile as compared to the profile of the

pure bilayer. Long-chain 1-alkanols amplified local maxima

andminima in such away that a tensionwas createdwithin the

bilayer core. Except for the simulation with octanol, the

pressure profiles for bilayers containing 1-alkanols were only

moderately changed by a pressure of 1000 bar. External

pressure slightly decreased both the area per lipid and, except

for the simulation with octanol, the bilayer thickness. Lipid

diffusion was strongly suppressed and an enhanced inter-

digitation of the lipid chains—for decanol and tetradecanol

also of the 1-alkanol chains—was observed. At normal

pressure, addition of long-chain 1-alkanols caused an align-

ment of the lipid chains in the direction of the bilayer normal.

This effect was amplified by the application of an external

pressure. For the octanol-DMPC system, external pressure

probably caused a phase transition to the pressure-induced,

partially interdigitated Lbi gel phase.
For the bent helix model of membrane proteins (22),

changes in the lateral pressure profile caused by 1-alkanols

and additional external pressure were found to shift the

equilibrium between different protein conformations in op-

posite directions, consistent with an anesthetic effect of the

1-alkanols and the pressure reversal of anesthesia. Our results

lend support to Cantor’s model that anesthesia is mediated by

local pressure changes. In this context, more complex simu-

lations, including various lipid species and in particular

membrane proteins, would be of interest, focusing on the

effect of different anesthetics and external pressure on shifts in

the main phase transition temperature and on their influence

on embedded proteins.
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