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ABSTRACT

A very important component of cells is the cell membrane separating the contents

of a cell from the outside world. The cell membrane contains membrane proteins

which, for example, regulate permeation of molecules through the cell membrane.

This regulation is essential for functions of cells. Meanwhile, increasing experimental

evidence shows that there is a connection between physical properties of the cell

membrane and membrane protein functionality. However, this connection is not

fully understood. One hyphothesis is that the so-called lateral pressure profile arising

from the inhomogeneous nature of a lipid bilayer would regulate membrane protein

functionality. The main difficulties in testing this hyphothesis are that experimental

measurements of the lateral pressure and the cross sectional area profiles are very

difficult to carry out.

This issue is considered in this thesis by calculating theoretical lateral pressure

profiles of lipid bilayers, using data obtained via molecular dynamics simulations.

The results are then compared to available experimental data. The insight gained

in this manner is used to make predictions for membrane protein functionality.

The results presented in this thesis suggest that the theoretical pressure profiles

are in relatively good agreement with the available experimental results, and that

changes in lipid composition can have a major effect on the pressure profile of a lipid

bilayer. What is more, the results suggest that these changes have a significant in-

fluence on membrane protein functionality. We also show that the shape of a protein

embedded in a membrane, especially in the interfacial region between hydrophobic

and hydrophilic regions, is a very important player in gating of mechanosensitive

channels.
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acknowledged for travel funding.

Finally I want to thank all my friends and Anni for support.

Helsinki, November 2010

Samuli Ollila



7

Contents

Preface 5

Contents 7

List of Publications 9

Author’s contribution 11

List of Abbreviations 13

1 Introduction 15

2 Background 18

2.1 Physical properties of lipid bilayers . . . . . . . . . . . . . . . . . . 18

2.2 Elastic properties of lipid bilayers . . . . . . . . . . . . . . . . . . . 22

2.3 Lateral pressure profile in lipid bilayers . . . . . . . . . . . . . . . . 24

2.4 Modeling lipid bilayers using molecular dynamics simulations . . . . 28

3 Theoretical concepts 34

3.1 Local pressure in pointwise particle models . . . . . . . . . . . . . . 34

3.2 Calculation of lateral pressure profile from simulations . . . . . . . 36

3.3 Pressure tensor in planar geometry and connection to elastic properties 37

3.4 Pressure tensor and membrane protein inclusion . . . . . . . . . . . 39

3.5 Interplay of pressure profile and membrane protein activation . . . . 40

3.6 Technical details and complications in implementation of local pres-

sure calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4 Gauging pressure profiles 48

5 Dependence of pressure profile on molecular composition 54

5.1 Dependence on unsaturation level . . . . . . . . . . . . . . . . . . . 54

5.2 Effects of different sterols in two-component membranes . . . . . . . 56



8

5.3 Pressure profiles in three-component bilayers . . . . . . . . . . . . . 58

5.4 Implications of anesthetics on pressure profile . . . . . . . . . . . . 60

6 Physical implications from pressure profiles 65

6.1 Elastic properties calculated from lateral pressure profile . . . . . . 65

6.2 Bilayer mechanical energy in protein activation . . . . . . . . . . . 69

7 Conclusions 75

References 77

Appendix A Properties of pressure tensor in planar homogenuous

bilayer in liquid phase



9

List of Publications

This thesis consists of an overview and of the following publications which are re-

ferred to in the text by their Roman numerals.

I Ollila, S., Hyvönen, M.T., and Vattulainen, I., Polyunsaturation in lipid

membranes - dynamic properties and lateral pressure profiles, Journal of

Physical Chemistry B 111, 3139-3150 (2007).

II Ollila, O. H. S., Rog, T., Karttunen, M., and Vattulainen, Role of sterol

type on lateral pressure profiles of lipid membranes affecting membrane

protein functionality: Comparison between cholesterol, desmosterol, 7-

dehydrocholesterol and ketosterol,Journal of Structural Biology, 159,311-

323 (2007)
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1 Introduction

Almost all living beings consist of cells. A very important component of cells is

the cell membrane separating the contents of a cell from the outside world. The

basic building blocks of cell membranes are lipids, which form the so called lipid

bilayer, which acts as an impermeable barrier for many molecules. In most cells the

cell membrane contains, in addition to lipids, also the so called cytoskeleton as well

as numerous other molecules like proteins, carbohydrates and sugars. A schematic

presentation of a cell membrane is shown in Fig. 1.1.

Figure 1.1: Schematic presentation of a cell and a cell membrane. Adapted from
http:\\upload.wikimedia.org\wikipedia\commons\d\da\Cell membrane detailed
diagram en.svg

The central component of cell membranes is a lipid bilayer, where two monolayers

comprised of lipids are attached together such that the hydrophilic acyl chains of

lipids face each other. Membrane proteins attached to, or associated with the lipid

bilayer are responsible for many of cells’ functions.

In this thesis we concentrate on lipid bilayers and their interplay with membrane
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proteins. This is especially interesting because membrane proteins regulate many of

the biological processes taking place in cells. For example, signaling in nerve cells

is based on channel proteins which can open a pore into a cell membrane, allowing

permeation of ions and changing the electrostatic potential across a cell membrane.

As another example, include mechanosensitive channels can release osmotic pressure

by opening themselves due to the tension in a membrane, thus releasing the osmotic

gradient. Energetics of the mechanosensitive channel opening is also studied in this

thesis.

In the examples above as well as in many other biological processes, proteins are the

main actors. However, increasing evidence is showing that the lipid content also af-

fects the functionality of some proteins. For example, the functionality of rhodopsin

and mechanosensitive channels has been shown to depend on lipid membrane con-

tent [1, 2]. While some of these cases can be explained by specific interactions

between lipids and proteins, in some situations, also the physical properties of lipid

bilayers play a significant role [3, 4]. For example, membrane thickness, curvature

and elastic properties have been suggested to affect membrane protein functional-

ity [4, 5]. Mechanical coupling between membrane proteins and lipid bilayers has

also been formulated in a more rigorous way by using the so called lateral pressure

profile [6]. The lateral pressure profile describes an inhomogeneous stress inside a bi-

layer arising from hydrophobic, electrostatic and steric interactions (a more detailed

description is given in section 2.3).

In this thesis, we discuss lateral pressure profiles for various bilayers using data

based on molecular dynamics simulations. We also discuss their possible influence

on membrane protein energetics. We show that pressure profiles are significantly

different for lipid bilayers containing polyunsaturated lipids (publication I) or choles-

terol (publication II) compared to saturated lipid bilayers. Furthermore, different

pressure profiles are found for raft like bilayers (publication III) and bilayers contain-

ing ethanol (publication IV). We also suggest that these changes may be significant
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for membrane protein energetics. To this end, in publications V and VI we develop

a method which allows more rigorous studies of membrane protein energetics and

apply this to consider a model of the large mechanosensitive channel. In publica-

tion VI it is shown that the shape change together with the lateral pressure profile

is an important player in the gating energy as suggested by Cantor [6]. In addition,

an extensive comparison to experiments is attempted.
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2 Background

2.1 Physical properties of lipid bilayers

Lipid bilayers are formed of lipid molecules due to their amphiphilic nature. A typ-

ical lipid molecule has a polar hydrophilic headgroup and a nonpolar hydrophobic

hydrocarbon region, see Fig. 2.1. The nonpolar hydrocarbon tail does not have

Figure 2.1: Chemical structure of dipalmitoylphosphatidylcholine (DPPC).

significant electrostatic interactions with a polar solute, such as water, in contrast

to the polar part. Consequently, mixing the nonpolar part with water disturbs the

structure of water, leading to an increase in free energy due to a decrease in entropy.

In contrast, electrostatic interactions between water and the hydrophilic part of a

lipid lead to a decrease in free energy. Due to these properties amphiphilic lipids

self assemble in water such that the contact between hydrophopic chains and water
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is minimized, while the contact between headgroup and water is maximized. Due

to this tendency these molecules can form various different minimum energy config-

urations depending on the molecular properties and external conditions. Examples

of typical structures are presented in Fig. 2.2.

Figure 2.2: Different topological phases formed by amphiphilic lipids. Hydrophilic
headgroups are red and hydrophopic tails are blue. A) A spherical micelle B) a
cylindrical micelle C) a bilayer D) an inverted hexagonal phase, E) a bilayer bent to
a vesicle, and F) a bicubic phase. Figure adapted from [7] (courtesy of T. Murtola).

In this thesis we concentrate on planar lipid bilayers illustrated in Fig. 2.2 C. Planar

lipid bilayers have several different lateral phases, which are often divided to the

solid ordered (gel), the liquid ordered, and the liquid disordered phases. In the

solid ordered phase, lipids have 2D order in the plane of the membrane (hexagonal

packing) and also significant conformational ordering of the acyl chains. In the

liquid ordered phase the 2D order is lost but the chains are still ordered, and in the

liquid disordered phase there is neither translational order nor lipid conformational
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order.

Basic structural properties of planar lipid bilayers have been determined using

mainly X-ray and neutron scattering techniques. With these techniques, relatively

detailed information about thickness, area per molecule and electron density distri-

bution of lipid bilayers have been achieved [8, 9]. All of these properties depend

somewhat on the chemistry of lipid molecules forming the bilayer. For example, re-

cent values for thickness and area per molecule for a bilayer formed of DPPC lipids

in the liquid disordered phase are 2.84 nm and 0.631 (nm)2, respectively [10].

More structural information have been achieved using deuterium nuclear magnetic

resonance (2H NMR) to measure the deuterium order parameters SCD for carbons

in hydrocarbon tails [11]. The deuterium order parameter is defined as

SCD =
1

2
〈3 cos2 θ − 1〉, (2.1)

where θ is the angle between the bilayer normal and the C-H bond vector, and the

brackets denote an average over time and all lipids. In practice the deuterium order

parameter is zero if the C-H bond vector is randomly oriented, -1/2 if it is all the

time perpendicular to the membrane normal, and 1 if it is all the time parallel to

the membrane normal. Thus it gives information of acyl chain ordering with respect

to membrane normal. Deuterium order parameters have also been often calculated

from atomistic molecular dynamics simulations and compared to experimental val-

ues. For example, Fig. 5 in publication I illustrates deuterium order parameters

calculated from molecular dynamics simulations compared to experimental values

for bilayers formed by lipids with a different number of double bonds. From the

results two general conclusions can be drawn: the order decreases towards bilayer

center, and double bonds decrease order. Further discussion can be found from

publication I.

The techniques discussed above give information about static properties of lipid

bilayers. However, lipids in lipid bilayers are in constant motion due to thermal
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fluctuations. A great number of different timescales and characteristics are required

to describe lipid bilayer dynamics completely. However, to get some view about the

dynamics in membranes, one can consider the following five processes: flip-flops of

molecules from one membrane leaflet to another; lateral diffusion of molecules in

the bilayer plane; rotational motions of lipids; movements of hydrocarbon chains,

and vertical movements of molecules leading to bilayer undulations. The timescales

associated with these processes span a wide range from picoseconds to minutes,

thus several experimental and theoretical methods are needed to study the different

dynamical processes.

Flip-flop rates of molecules can be studied, e.g., using radioactive lipids, and the

results vary between 10−3 and 10−6 1/s per molecule [12]. Sizes and dynamics of

undulations have been determined using their relation to the elastic properties of

bilayers together with microscopical methods. Reported values vary from a few

nanometers to ∼ 10 µm for the sizes, and from less than a nanosecond to several

milliseconds for the periods of the undulations [13, 14, 15]. The lateral diffusion of

lipid molecules in a bilayer can be described using the lateral diffusion coefficient

D [16]. The fluorescence recovery after photobleaching (FRAP), single particle

tracking (SPT) and NMR techniques have been profitable methods to measure the

lateral diffusion coefficient for lipid bilayers [16, 17, 18]. For the ordered gel phase,

reported values vary between D ≈ 10−11 cm2/s and D ≈ 10−16 cm2/s, while for the

disordered fluid phase, typical values are between D ≈ 10−7 cm2/s and D ≈ 10−8

cm2/s [16, 18].

Rotational motions of lipids and the dynamics of hydrocarbon chains can be mea-

sured by NMR techniques and through fluorescence probes. Typical time scales for

the rotational dynamics of lipid molecules in a bilayer range between ∼ 10−11 and

∼ 10−9s [12].

Dynamical properties like hydrocarbon chain dynamics and lateral diffusion have



22

been successfully calculated also from MD simulations. The results are usually in

good agreement with available experiments, see for example publication I and [19].

2.2 Elastic properties of lipid bilayers

Free energy per unit area of deformation in a lipid bilayer can be written, according

to Helfrich, as [20]

g(c1, c2) =
1

2
KA(

∆a

a
)2 +

1

2
κ(c1 + c2 − c0)

2 + κ̄c1c2, (2.2)

where KA is the area compressibility modulus, a is the area per molecule and ∆a is

the deformation from the equilibrium value a. κ is the bending modulus, c0 is the

spontaneous curvature, c1 and c2 are local principal curvatures, and κ̄ is the Gaussian

bending modulus. The area compressibility modulus can be measured using the

micro-pipette aspiration method. Values for bilayers containing lipids with different

tail lengths and a different number of double bonds in liquid disordered phase vary

between 230-265mN/m [21]. The larger area stretching modulus has been found in

lipid bilayers that are in solid-ordered phase, and in bilayers with cholesterol [22, 23].

On the other hand, for example insertion of alcohols has been found to decrease the

stretching modulus [22, 24].

The bending modulus κ can be measured with several different techniques, but the

resulting value seems to depend on technique used [25, 26]. Values for a pure bilayers

in liquid disordered phase vary roughly between (6− 14)× 10−20 J, while the values

for bilayers in solid ordered phase or in cholesterol containing saturated bilayers

are higher. Addition of alchohol into a bilayer has been found to lower also the

bending modulus [24, 25]. Further, recently it has been found that cholesterol does

not increase the bending rigidity of unsaturated bilayers [27, 28] but instead may

even decrease bending moduli when cholesterol is embedded in a sphingomyelin bi-

layer [29]. Generally the bending rigidity moduli are smaller than the area stretching
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moduli, which means that it is easier to bend the membrane than to stretch it.

Values for spontaneous curvatures are available for some lipids measured from in-

verted phases [30, 31, 32]. With the common sign convention, the negative spon-

taneous corresponds to inverted phase and vice versa. Generally it is known that

smaller headgroups (PE, cholesterol etc.) prefer more negative curvature and larger

headgroup (lysolipids etc.) prefer more positive curvature. However, dependence

on lipid type might be far from trivial especially if counterions screen the interac-

tions between headgroups. Values for most bilayer forming lipids are found to be

negative [30, 31, 32].

As far as the author knows, there is no direct method to measure the Gaussian

bending modulus. However, the ratio between the bending modulus and the Gaus-

sian bending modulus for lipid monolayers has been measured and the results vary

from κ̄m/κm ≈ −0.75 to −0.9 [25, 33].

It is evident that the elastic properties of lipid bilayers depend on the properties of

lipid molecules forming the bilayer. This relation is not completely understood, al-

though a connection between macroscopic properties and packing of lipids has been

suggested [34]. On the other hand, the curvature elastic constants κ, κ̄ and the

spontaneous curvature c0 can be connected to the moments of the lateral pressure

profile [35]. This dependence can be studied using the lateral pressure profile calcu-

lated from simulation data of model systems. These kind of studies can give insight,

for example, on dependence of elastic properties of a lipid bilayer on chemistry of

lipid molecules. This connection is discussed in section 3.3 and the elastic properties

calculated from lateral pressure profiles are discussed in section 6.1.
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Figure 2.3: The lateral pressure profile in a DPPC lipid bilayer calculated from
atomistic molecular dynamics simulations in publication I. The membrane normal
coordinate is denoted by z.

2.3 Lateral pressure profile in lipid bilayers

Figure 2.3 illustrates a typical situation in a lipid membrane under zero tension. The

interfacial tension between the polar membrane-water region and the hydrophopic

acyl chain region is trying to minimize membrane area, creating a negative pressure

at the interface. Meanwhile, the repulsive components due to electrostatic and steric

interactions in the headgroup and tail regions oppose the interfacial attraction [36,

37, 38]. This inhomogeneous pressure distribution across a membrane is often called

the lateral pressure profile [1, 6, 38, 39, 40, 41]. The lateral pressure profile is a very

important property of lipid membranes because it is related to the elastic properties

of lipid bilayers [35, 42] and also to membrane protein functionality [1, 6, 38, 40, 41,

43, 44].

The connection between the lateral pressure profile and membrane protein function-

ality has been discussed rather extensively elsewhere [6, 38, 41, 43, 44, 45, 46]. In the

early 1990s, Brown et al.[1, 40] discussed the role of curvature stress on rhodopsin

activity. In the late 1990s, Robert Cantor presented related views in a more concrete

framework by formulating a theoretical connection between membrane protein func-

tionality and the lateral pressure profile [6, 41, 43, 44]. His theoretical calculations
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for model systems demonstrated that the contribution of the lateral pressure profile

for the total free energy barrier of protein (de)activation can be significant. Many

experimental studies have used these ideas to interpret their findings. For example,

Perozo et al. [47] found that the large mechanosensitive channel (MscL) can be

opened without external pressure by adding lyso-PC molecules asymmetrically in

only one of the two leaflets in a bilayer (see Fig. 2.4). Meanwhile, symmetric addition

of lyso-PCs was not found to open the channel. Related studies by other authors

are also in favor of an idea that the lateral pressure profile may be involved in the

opening of MscL [48, 49]. More recently, it has been found [50, 51] that addition of

short-chain alcohols into a membrane resulted in dissociation of a membrane protein

complex (KcSa), and the results were interpreted in terms of changes in the pressure

profile induced by alcohol. Findings of similar nature, favoring a view that changes

in lateral pressure profile have a role to play in protein functionality have been made

for the activation of rhodopsin [1, 52] and the modulation of CTP:phosphocholine

cytidylyltransferase [53, 54].

The first and second moment of the pressure profile can be connected to the elastic

coefficients for bending, Gaussian bending, and the topological phase behavior of

membranes [35, 42, 55]. It has also been shown that the dependence of membrane

protein functionality on lateral pressure profile can be written as a function of elastic

constants [44, 45]. Connection between lateral pressure profile and elastic proper-

ties is discussed in section 3.3 and connection between lateral pressure profile and

membrane protein functionality is discussed in section 6.2.

Considering the above examples, it would be of profound interest to understand

the relation between the lateral pressure profile and the molecular composition of

a membrane. Unfortunately, doing this is not a simple feat. Experimental deter-

mination of the lateral pressure profile is exceptionally difficult, because one should

measure local pressure differences inside a membrane in a scale that is less than

1 nm. Pyrene probes with different lengths have been used to gauge the pressure in
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Figure 2.4: Schematic view of how an asymmetric distribution of lipids in the
two leaflets of a membrane can result in lateral stress, which may be decisive for
the opening of MscL. Shown here are plots for the type of membrane perturbation
(left), the estimated transmembrane pressure profile (middle) and the corresponding
state of MscL regarding its functionality. Of interest here is the case (c) shown at
the bottom, describing the possibility that asymmetric distribution of cone-shaped
lipids would alter the pressure profile, favoring the open state of the channel. Figure
adapted from Ref. [47]. Copyright granted by Elsevier.

different parts of the acyl chain region (see Fig. 2.5) [56, 57]. However, this tech-

nique allows one to measure only relative pressures. What is even more problematic

in the use of probes, however, is the fact that their effects on the resulting pressure

profile and the exact location in a bilayer are unknown. Atomistic simulations have

shown [58] that pyrenes disturb the packing and dynamics of lipids in the vicinity

of the probe, the perturbations being significant within a few nanometers around

the probe, but their effect on the pressure profile has not been elucidated yet.

As an alternative means, different approaches have been used to characterize the

negative peak at the interface of polar and non-polar regions, the peak arising from
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Figure 2.5: Illustration of the pressure distribution for DOPC bilayer measured
by pyrene probes [56] (middle) and atomistic simulation from publication II (right).
The drawing showing the use of pyrene probes has been adapted from Ref. [57]
(left). Experimental and simulated profiles are in agreement in the acyl chain re-
gion (further discussion in the text). Interfacial energy density has been calculated
integrating over the shaded area in the profile.

the hydrophobic free energy density γhpb. Using thermodynamic measurements it

has been approximated that γhpb ≈ (30 − 35)mN/ m [38]. The relation between

surface pressure in monolayer experiments Π(A) and the hydrophobic free energy is

still under discussion [38, 59, 60, 61], but it is often concluded that γhpb ≈ Π(A0),

where A0 is the equilibrium area of the bilayer. This would allow comparison be-

tween the lateral pressure profile and the surface pressure determined from Langmuir

monolayer experiments.
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Given the difficulties to measure pressure profiles through experiments, computa-

tional and theoretical techniques have been applied to complement experiments. As

a matter of fact, since atomistic and coarse-grained (CG) model simulations are

an exceptionally useful approach to deal with atomistic and molecular aspects of

membrane systems in (sub)nanoscopic detail, most of the lateral pressure profile

studies reported by far have been based on atomistic and CG simulations. Pressure

distributions in the acyl chain region have been determined using mean field theory,

statistical thermodynamics calculations, and Monte Carlo methods [43, 62, 63, 64].

The pressure profiles in the whole bilayer region have been studied using dissipa-

tive particle dynamics simulations or other coarse grained approaches [65, 66] as

well as atom-scale and coarse-grained molecular dynamics simulations in publica-

tions I, II, III, IV, V, VI and Refs. [67, 68, 69, 70, 71, 72, 73, 74]. Recent studies

have concentrated mainly on four topics: the dependence of pressure distribution on

lipid composition (publications I, II, III and Refs. [67, 72]), influence of anesthetics

on membranes (publication IV and Refs. [75, 76]), connection between pressure pro-

files and elastic constants (publication II and Refs. [73, 74, 77]), and the interplay

between protein structure and the lateral pressure profile (publications II, III and VI

and Ref. [76]).

2.4 Modeling lipid bilayers using molecular dynamics simulations

As already mentioned above the molecular dynamics simulation method is the

method of choice in most of the recent pressure profile studies as well as in all

publications in this thesis. For this reason, we shortly review here the molecular

dynamics simulation method for lipid bilayers. An up-to-date and extensive descrip-

tion of the method can be found, for example, from Ref. [78]. The actual pressure

profile calculation is discussed in more detail in sections 3.1 and 3.2.

The basic idea of molecular dynamics (MD) simulations is to solve the Newtons
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equations of motion

mi

d2ri

dt2
= Fi = −∇ri

V (r1, ..., rN), (2.3)

where mi and ri are the mass and the position of particle i, respectively. Fi is the

force acting on particle i, and V (ri, ..., rN) is the potential energy function of the

system. The mathematical form of this potential energy function together with its

parameters is called a force field. When the potential energy function V (ri, ..., rN)

and the locations of the particles are known, one can calculate the forces acting on

each particle by calculating the derivative. Then, the trajectory of each particle

can be solved numerically using a discretized form of Eq. (2.3). Several different

discretizations have been introduced but in the simulations presented in this work we

use the so called leap frog algorithm [79, 80, 81, 82]. Using the particle trajectories

and the potential energy function V (ri, ..., rN), several interesting physical properties

of the system can be calculated, such as the local pressure distribution as described

in sections 3.1 and 3.2. For a more detailed discussion on the molecular dynamics

method and its applications, see for example Ref. [78] or [83].

Based on the above discussion it is obvious that all molecular dynamics simula-

tion results depend on the initial structure and the potential function V (ri, ..., rN)

describing the interactions between particles. In atomic scale systems, the inter-

actions are, in principle, determined by quantum mechanical laws. Nevertheless,

under certain conditions atomic interactions can be approximated by classical po-

tentials without losing essential properties of the system [78, 84]. There are many

different ways to define the forms of the potentials and the parameters used in a

force field. Different force fields are discussed for example in Ref. [78]. Here we

concentrate on the framework used in the molecular dynamics simulation package

GROMACS [79, 80, 81, 82], which is used in all calculations in this thesis. The

potential function is then written as

V (ri, ..., rN) =
∑

i<j Vcoulomb(rij) +
∑

i<j VLennard−Jones(rij)

+
∑

Bonds VBond(rij) +
∑

Angles VAngle(θijk) +
∑

Dihedrals VDihedrals(φijkl),
(2.4)
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where rij is the vector from atom i to atom j, θijk is the angle between the vectors

from atom j to atom i and from atom j to atom k, and φijkl is the angle between

the normals of the planes defined by atoms ijk and jkl.

The first two components on the right hand side of Eq. (2.4) describe so-called non-

bonded interactions resulting from electrostatic interactions. The first component

is just the familiar Coulomb potential

Vcoulomb(rij) =
qiqj

4πǫǫ0|rij|
, (2.5)

where qi is the charge of an atom i, and ǫ and ǫ0 are the relative dielectric constant

and the dielectric constant of vacuum, respectively.

The second component is the so-called Lennard-Jones potential which combines a

van der Waals type dispersion force at larger distances with a repulsive force due to

the overlap of electron clouds at short distances:

VLennard−Jones(rij) =
Aij

r12
ij

−
Bij

r6
ij

. (2.6)

Here Aij and Bij are constants whose values depend on the pair of atoms interacting

with each other.

The last three components of Eq.(2.4) are so-called bonded interactions. A covalent

bond between two atoms is described by a harmonic potential

VBond(rij) =
1

2
kb

ij(rij − b0
ij)

2, (2.7)

where the parameters kb
ij and b0

ij , describing the stiffness and the length of a bond,

depend on the pair of atoms connected by the bond. However, often in atomistic

simulations the harmonic covalent bond potential is replaced by constraining the

bond length, which usually allows two times longer time step to be used in simula-

tion [85]. This is done also in atomistic simulations in this work.
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The potential associated with an angle between two consecutive bonds is described

by

VAngle(θijk) =
1

2
kθ

ijk(θijk − θ0
ijk)

2, (2.8)

where the parameters kθ
ijk and θ0

ijk depend on the three atoms connected by bonds.

Torsional potentials are described either by a periodic potential

VDiherals(φijkl) = kφ
ijkl(1 + cos(nφijkl − φ0

ijkl)), (2.9)

or in the case of, e.g., a double bond by a harmonic potential

VDihedrals(φijkl) =
1

2
k̃φ

ijkl(φijkl − φ0
ijkl)

2. (2.10)

In both cases the parameters kφ
ijkl, k̃φ

ijkl, φ0
ijkl and n depend on the atoms involved in

the torsional interaction. There is reason to stress that the force field of any molecule

or molecular system is defined not only by Eqs. (2.4)-(2.10), but also by values of

the parameters associated with these equations, including some of the numerical

methods used in the calculations. For example, if the Lennard-Jones interactions

are truncated at some fixed cut-off distance rcut, then the value of rcut is part of the

force field, i.e., changing rcut also changes the force field.

Defining the parameters in Eqs. (2.4)-(2.10) is crucial for the validity of a simulation.

Parametrization of biological macromolecules started in the 1970s and is still an

active field of research [86, 87, 88, 89, 90, 91, 92]. For lipid bilayers there are different

force fields available with different levels of accuracy [86, 88, 90]. In some force fields

all atoms are described explicitly, e.g. in the CHARMM force field [86, 87], while

for example in the so-called Berger force field [93], hydrogens are described together

aliphatic carbons. This kind of description is called a united atom model. In more

coarse grained models even more atoms are described as one bead. For example,

in the so called MARTINI model approximately four heavy atoms are described by

one bead [73, 94, 95].
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Slightly different parametrization procedures and methods are used in all different

force field developments, for reviews see [86, 88, 89, 90]. However, the rough idea in

all force fields is to calculate feasible properties from ab initio, revise those against

available experimental data and then adjust the rest of the parameters such that

the force field reproduces chosen experimentally available data. Usually parameters

for bonded potentials (Eqs. (2.7)-(2.10)) are accessible from ab initio calculations or

from spectroscopy. Also partial charge distributions can be based on ab initio cal-

culations but also fully empirical partial charges are used in some force fields. After

these parameters have been fixed, usually some experimental property is chosen to

fit the Lennard-Jones and the dihedral parameters such that the chosen property

will match the experimental data.

For example, in the case of the Berger force field, the standard parameters of the

OPLS are modified such that they reproduce the density and the heat vaporization

for pentadecane [93]. Then the partial charges are taken from the work by Chiu et

al. [96] and the GROMOS parameters are used for bonded potentials. This com-

bination of parameters reproduce the experimental value for the area per molecule

of a DPPC bilayer [93] and also several experimental properties of many pure lipid

bilayers [88, 90, 93]. However, there are serious compatibility problems with some

force fields [88, 90]. For example, Tieleman et al. demonstrated that inclusion of

peptides into a bilayer modelled by the Berger force field causes significant over-

condensation of a bilayer due to a relatively too strong attraction between lipids

and a peptide when the standard Berger parameters are used with GROMOS [90].

The same problem is most likely present in simulations of publications II and III,

where the cholesterol force field by Höltje et al. [97] was used, in the sense that the

attraction between cholesterol and lipids is likely too strong compared to lipid-lipid

interactions. Fortunately these problems are known nowadays and a significant effort

is being made to develop better force fields for lipid and protein simulations [91, 92].

In the latest coarce grained MARTINI model beads are divided to four main type
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depending on their polarity and charge [73]. Furthermore each of the types has 18

subtypes describing the hydrogen bonding capabilities. The beads are bonded to

each others always with the same spring constant and the molecular properties are

then fitted to atomistic model by modifying the angle potentials. The parametriza-

tion of the non-bonded interactions is then done by calculating the free energy of

hydration, the free energy of vaporization, and the partitioning free energies between

water and number of organic phases [73, 95]. The MARTINI model reproduces re-

markably well many experimental properties of lipid bilayers, e.g., area per molecule,

elastic properties and topological phase behaviour [73, 94].

The Berger force field is used in publications I, II, III and IV and the MARTINI

model in publications V and VI. More details about the used force fields are given

in the publications.

In simulations reported in this thesis the temperature was kept constant using

Berendsen [98] or Nose-Hoover [99, 100] coupling. Temperature was set either to

310 K or 323 K such that the all the systems were studied above the liquid-gel phase

transition temperature. The temperature differences most likely does not effect re-

sults in this thesis thus the details can be found from publications. In publications I,

II, III and IV the pressure was maintained in 1 bar by the Parrinello-Rahman cou-

pling [101]. In publications V and VI the systems were coupled to different tensions

by the Berendesen scheme [98].
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3 Theoretical concepts

3.1 Local pressure in pointwise particle models

The pressure for an inhomogeneous system is represented by a tensor P(r) that

depends on the location r. This can be written as a sum of two components

P(r) = −σK(r) − σC(r). (3.1)

The kinetic contribution of the local stress tensor σK is defined as [102]

σαβ
K (r, t) = −

∑

i

miv
α
i vβ

i δ(r − ri), (3.2)

where mi, vi, and ri refer to the mass, velocity, and location of atom i. The second

component in Eq. (3.1), that is, the configurational part of the local stress tensor

σC , is defined as [65, 102]

σαβ
C (r, t) =

∑

i

∑

j<i Fij ×
∮

Cij
dlβδ(r − l), (3.3)

where Cij is a contour from the particle i to the particle j, and Fij is the force exerted

by the particle j on i. For the total pressure this definition is equal to the virial

definition [78, 102]. However in inhomogeneous medium, the pressure distribution

depends on the used contour, whose correct definition under these conditions is still

under discussion [78, 102, 103, 104, 105, 106, 107, 108].

Traditionally two different contours have been suggested: the Irving–Kirkwood con-

tour, which is a straight line between the particles [109], and the Harasima contour,

which goes along the coordinate axes [110]. Schofield and Henderson have shown

that the choice of contour is arbitrary and thus physical quantities should not de-

pend on that [102]. This view is supported by Rowlinson [111]. The starting point

for a study by Schofield and Henderson was the connection between pressure and

momentum flux density [102]. On the other hand there is also an independent proof
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starting from the derivative of free energy with respect to a deformation and ending

to the Irwing-Kirkwood contour (straight line) [103]. The latter work has usually

been ignored in the literature [78, 104, 106, 107, 108] and the general opinion in the

field is that the issue is still unsolved [112]. Also some more recent studies show

theoretical justifications for the Irving–Kirkwood contour [105, 106], while the Ha-

rasima contour has been shown to give unphysical results in spherical systems [104].

On the other hand, Sonne et al. showed that long-range interactions treated through

Ewald summation techniques can be included in the local pressure calculation using

the Harasima contour in simulations of planar lipid bilayers, and that this approach

yields a practically identical result [68] compared to the Irwing-Kirkwood contour.

In this thesis, the local pressure is used to calculate elastic properties of lipid bilayers

and mechanical energy changes of a lipid bilayer due to inclusions. These calculations

are based on the assumption that the local pressure tensor is a derivative of free

energy with respect to a deformation [6, 35, 44]. Thus we assume that the proof

by Mistura is correct [103] and use the Irwing-Kirkwood contour. Also in all other

MD studies of lipid membranes conducted by now, except for the studies by Sonne

et al. [68] and Orsi et al. [74], the Irving–Kirkwood contour has been the method

of choice.

Equations (3.1), (3.2), and (3.3) give the continuous pressure distribution for a

pointwise particle model with pairwise interactions. In this thesis, we use molecular

dynamics simulations yielding coordinates and velocities of particles to calculate the

pairwise forces Fij . Then we consider the system on a grid and calculate the pressure

tensor for each grid element V by taking an average over the volume PV (t) =
∫

V dRP(R, t)/V . More implementation details are given in sections 3.2 and 3.6, in

publications I and V, and in reference [69].
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3.2 Calculation of lateral pressure profile from simulations

The lateral pressure profile calculations for planar lipid bilayers are traditionally

implemented by dividing the membrane system into thin slices perpendicular to

the membrane normal, and calculating the local pressure tensor in each slice as in

publications I, II, III, IV and Refs. [65, 68, 69, 71]. To this end, Eqs. (3.2) and

(3.3) are modified such that the Dirac delta function in Eq. (3.2) and the contour in

Eq. (3.3) are discretized. The forces between particles are calculated using potentials

for m-body interactions (i.e. pair interactions, three-body interactions, etc.) and

summation over pairs is made over clusters formed by the many types of interactions

[65, 69, 113] as follows:

Pαβ(R, t) =
∑

i∈slice miv
α
i vβ

i

+
∑

m
1

mVδz

∑

〈j〉

∑

〈k,l〉(∇
α
jk

Um −∇α
jl
Um)rβ

jkjl
f(zjk

, zjl
, zs).

(3.4)

Here, f(zjk
, zjl

, zs) = 0 if particles are on the same side of the slice, f(zjk
, zjl

, zs) =

1 if both particles are inside the slice, f(zjk
, zjl

, zs) = δz

|zjk
−zjl

|
if particles are on

different sides of the slice, and f(zjk
, zjl

, zs) = dz

|zjk
−zjl

|
if only one of the particles is

inside the slice. The dz is the distance from a given particle inside the slice to the

wall of the slice separating the two particles, and δz and Vδz are the thickness and

the volume of the slice, in respective order. The notion 〈j〉 stands for summation

over all m-clusters in the system, and 〈k, l〉 describes summation over all possible

pairs of particles within a given m-cluster. The form of the local pressure tensor

in Eq. (3.4), derived by Goetz and Lipowsky [65], is very practical in calculations

from simulations. For example, it overcomes the problem of decomposing angle and

dihedral potentials to pairwise interactions.

In publication V is presented a new discretization scheme in which the system is

divided to a 3D grid and the pressure tensor is calculated for each element V as a
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function of all coordinates:

pαβ
V = 1

V

∑

i∈V miv
α
i vβ

i +

∑

n
1

nV

∑

〈j〉

∑

〈k,l〉(∇
α
jk

Un −∇α
jl
Un) ×

r
β
jljk

N

∑N
λ=0 fV (rjl

+ λ
N
rjljk

),

(3.5)

where fV (r) = 1, if r ∈ V , and zero otherwise. Each vector rjljk
= rjk

− rjl
is

divided into N parts and the contribution of a given part λ is added only if the

contour goes through V , i.e., if fV = 1. The advantage of this discretization is that

it allows the local pressure calculation for arbitrary geometry while the traditional

discretization, Eq. (3.4), assumes planar symmetry when a system is divided into

slices. In publication V the new discretization is applied to a membrane protein

system, a phase separated bilayer, and a lipid vesicle, which are important applica-

tions without planar symmetry. In this thesis, we concentrate on an application for

a membrane protein system discussed in publications V and VI.

3.3 Pressure tensor in planar geometry and connection to elastic

properties

As explained above the local pressure can be presented as a tensor and can be

calculated for slices in planar symmetry and for volume elements in the general case.

In publication V also spherical geometry is considered but in this thesis we consider

only planar geometry. In fluid bilayers the non-diagonal components are zero and

thus in a planar geometry the pressure tensor can be written as, see Appendix A

and Ref. [111],

P(r) = exexpxx(r) + eyeypxx(r) + ezezpzz(r). (3.6)

If we define z as a normal direction for a planar bulk bilayer, then pL(z) = pxx(z) =

pyy(z) depend only on z and we can write P(z) = (exex + eyey)pL(z) + ezezpzz(z).

Traditionally the lateral pressure profile in lipid bilayers is then defined as [35, 38,
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111]

p(z) = pL(z) − pzz(z). (3.7)

From the condition of mechanical equilibrium ∇·P = 0, it follows that for a surface

with planar symmetry the normal pressure pzz is constant, see Appendix A and

[111].

The definition (3.7) for the lateral pressure profile is chosen because then the mo-

ments are related to the surface tension γ and the elastic constants of a bilayer

[35],

γ =
∫ h

−h
p(z) dz (3.8)

κmcm
0 =

∫ h

0
(z − δ)p(z) dz = τ (1)

m (3.9)

κ̄m =
∫ h

0
(z − δ)2p(z) dz = τ (2)

m , (3.10)

where z is the normal coordinate of the layer and δ is the position of the monolayer

neutral plane. Here we define z = 0 to be the center of the bilayer and h to be the

thickness of the monolayer. cm
0 , κm and κ̄m refer to the properties of the monolayer.

Thus equations (3.9) and (3.10) give elastic properties of a monolayer in the bilayer.

The first and second moments are denoted by τ (1)
m and τ (2)

m , respectively. These are

written for a monolayer because the first moment would be zero for a symmetric

bilayer because the spontaneous curvature would be zero. However, for a monolayer

in a bilayer it is not necessarily zero as seen in section 6.1.

The moments and elastic properties of lipid monolayers described in these equations

have been studied earlier using analytical theory [114], statistical thermodynamics

calculations [44], coarse grained molecular dynamics simulations [73, 74, 115], and

atomistic molecular dynamics simulations in publication II. The results are dis-

cussed and extended in section 6.1.
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3.4 Pressure tensor and membrane protein inclusion

If a protein is embedded into a membrane or if there is a phase separation taking

place in a membrane, then the planar symmetry is lost and Pxx is no longer equal

to Pyy. However, the system can still be divided to bulk (where Pxx = Pyy) and

interfacial regions. For example, Markin and Sachs have divided an ideal system

to bulk bilayer, interface and bulk protein [116]. In this case there is a different

surface tension in the lipid region γlipid, and in the protein region γprotein, and the

line tension between the regions f , can be defined as

f = R(γlipid − γprotein), (3.11)

where R is the radius of the protein [116]. However, two complications arise if this is

applied to a real protein inclusion: First the protein region is too inhomogeneous and

complex to be considered as bulk, and second the radius of the protein is difficult to

determine explicitly. In publication V is calculated the surface tension as a function

of distance from the center of the protein. This is shown in Fig. 3.1. The tension

has a clear plateau when the distance is larger than 3 nm from the center, while

inside the protein no clear plateau is found. Thus we cannot see a well defined bulk

region inside the protein. Despite these complications a rough estimate for the line

tension can be made by approximating from Fig. 3.1 that inside the protein the

tension is roughly 0 mN/m while in the bulk bilayer it is roughly 40 mN/m. The

protein radius can also be approximated to be 2 nm. Substituting these values into

Eq. (3.11), one finds f ≈ 80 pN for the line tension between a lipid bilayer and

MscL.

Nevertheless the above complications are avoided in publication VI by considering

the protein as an inclusion embedded in a bulk bilayer, characterized by a bulk

bilayer pressure profile. In a bulk bilayer Pxx = Pyy, thus the lateral force is equal in

each direction and we do not have to take the direction of the boundary excplicitly

into account in publication VI. Using these assumptions the mechanical energy
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Figure 3.1: Surface tension as a function of distance from the center of the protein
for MscL from publication V.

change of a bilayer is calculated when the protein goes from one state to another as

explained in section 3.5.

3.5 Interplay of pressure profile and membrane protein activa-

tion

Influence of the lateral pressure profile on protein configurational energies can be

approximated by calculating the mechanical work needed to create a cavity for the
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protein inclusion into the membrane [44]

W = −
∫ h

−h
p(z)A(z) dz, (3.12)

where A(z) is the area of the protein. z and h are as in the previous section, thus

integration goes now over the bilayer. The mechanical energy difference between two

different conformational states of the protein embedded into a bilayer with pressure

profile p(z) is then

∆E =
∫ h

−h
p(z)∆A(z) dz, (3.13)

where ∆A(z) is the difference in area between the states. The work can be connected

to measurable quantities by expanding the protein cross-sectional area profile A(z)

using the Taylor expansion [44, 45]

A(z) = A(0) + a1z + a2z
2 + · · · . (3.14)

If we ignore higher order terms and substitute this to Eq. (3.12), we get

W = −a1

∫ h

−h
z p(z) dz − a2

∫ h

−h
z2 p(z) dz. (3.15)

The moments of the pressure profile are connected to elastic constants through

Eqs. (3.9) and (3.10), thus we get [45]

W = (a1 + 2a2δ)κbc
b
0 − a2κ̄b. (3.16)

Here cb
0, κb, and κ̄b refer to the properties of a bilayer, and δ to the neutral surface

of the bilayer. From Eq. (3.16) one can see that the effect due to the pressure

profile on changes in membrane protein shape can be written using elastic constants

for bending and Gaussian bending. This means that the dependence of membrane

protein functionality on membrane elasticity and the changes in pressure profile are

related.

Mechanical energy differences between two conformational states in different lipid

environments have been calculated using Eq. (3.13) in publications II and III and
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in Refs. [44, 71, 76, 117]. In these studies the pressure profile is taken from molec-

ular dynamics simulations or some other computational results and the protein is

assumed to undergo some simple conformational change. The results and further

details are discussed in section 6.2.

Effect of bilayer mechanical properties on membrane proteins have also been studied

using elastic deformation models for lipid bilayers [4, 5, 118, 119, 120, 121, 122]. In

these models bilayer deformation energies have been usually divided to thickness de-

formations due to hydrophobic mismatch, area dilation component, midplane bend-

ing and curvature frustration components [4, 119, 120]. As seen from Eq. (3.16)

the elastic deformation model is just a lower order approximation from the pressure

profile model [44, 45, 120]. However, the advantage of the elastic deformation model

is that the deformation energy is related to the elastic constants of a lipid bilayer,

which are measurable quantities [25, 26]. In this thesis we do not discuss these

models in more detail.

In all models discussed above a simple approximation for a conformational change

of membrane protein was used. In publication VI we overcome this approximation

by simulating the mechanosensitive channel in closed and open states in a DOPC

bilayer. Then the idea in Eq. (3.12) is exploited to calculate the mechanical energy

change in mechanosensitive channel gating ∆E. The energy change is also divided

into contributions from size and shape changes of the protein.

First, the cross sectional area of the protein A(z) is decomposed into two compo-

nents: a constant average area A0 and a z-dependent shape variation δA(z) around

A0,

A(z) = A0 + δA(z). (3.17)
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Inserting this decomposition into Eq. (3.12) we get

W =
∫

p(z)[Ao + δA(z)] dz

= Ao

∫

p(z) dz +
∫

p(z)δA(z) dz.

(3.18)

Using the connection between pressure profile of a membrane and total surface

tension from Eq. (3.8), and defining Wshape =
∫

p(z)δA(z)dz, we get a useful decom-

position

W = −γA0 + Wshape(γ). (3.19)

The first term on the right hand side describes the work done against a cylindrical

inclusion with area A0, and the second term describes the work done against shape

variations δA(z). It should be noted, though, that since both A(z) and p(z) depend

on the total tension γ, also Wshape depends implicitly on γ.

To estimate ∆E we first calculate the mechanical work of insertion for closed and

open states separately using Eq. (3.12):

Wclosed =
∫

pclosed(z)Aclosed(z)dz.

Wopen =
∫

popen(z)Aopen(z)dz.

(3.20)

Then we approximate ∆E by first calculating the work done when the closed state

is removed from a membrane, and next calculating the work when the open state is

inserted back into the membrane. Thus we get the approximation

∆E = Wopen(γ) − Wclosed(γ) = −γ∆A0 + ∆Eshape(γ), (3.21)

where the decomposition (3.19) is applied and ∆Eshape(γ) is the mechanical energy

change due to the shape change. Now we see that ∆E contains the area dilation

term −γ∆A0 and the term arising from the shape change ∆Eshape(γ). The second

term ∆Eshape(γ) corresponds to the curvature frustration term in elastic models. In

publication VI both terms and the total mechanical energy difference are calculated

under different tensions for a mechanosentive channel using pressure profiles and
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cross sectional area profiles calculated from molecular dynamics simulation models.

The results are discussed in section 6.2.

3.6 Technical details and complications in implementation of

local pressure calculation

In papers I, II, III, IV and other published studies of pressure profiles of planar lipid

bilayers using atomistic molecular dynamics [67, 68, 69, 70, 71, 72, 75, 76], the bilayer

is usually divided into slabs approximately 0.1 nm thick. The implementation of the

pressure profile calculation is largely similar in all publications, though some details

differ. The basic idea is to calculate pairwise forces and distances for each atom pair

using the molecular dynamics simulation data and potential function (Eq. (2.4))

and then substitute these into Eq. (3.4).

The most evident difference between different implementations concerns the treat-

ment of long-range electrostatic interactions. Using truncation for electrostatic inter-

actions causes severe artifacts in lipid bilayer simulations [123, 124, 125], which can

be corrected using, e.g., Ewald summation methods. However, in Ewald summation

techniques, forces cannot be divided into pairwise forces and, thus, Eq. (3.4) can no

longer be used. This problem is usually handled by running the actual simulations

using Particle-Mesh Ewald summation (PME) for Coulombic interactions, and cal-

culating the pressure profile from the obtained simulation results (trajectories) by

using a long cut-off distance (typically about 2 nm) for long-range interactions. The

error in this case is systematic, not cumulative as it would be if also the simulation

were done with truncation. The lateral pressure profiles from atomistic simulations

in publications I, II, III and IV are calculated using this method. This is a reason-

ably good approximation for comparing pressure profiles of different systems, since

the systematic error is then almost identical in all the cases. However, a different
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treatment of electrostatics in the simulation and in the pressure profile calculation

leads to a non-zero integral of pressure profile even in cases where the system is

simulated in zero tension. This must be taken into account in calculations of mo-

ments in section 6.1. In papers V and VI the coarse grained MARTINI model is

used in which electrostatic interactions are handled using a shift function with cutoff

1.2 nm [73], thus it can be normally included in the pressure calculation.

Rather recently, Sonne et al. [68] introduced a method to include Ewald summation

in pressure distribution calculation using the Harasima contour. They showed that

PME and truncation yield qualitatively similar results for pressure profiles, if the

truncation distance is larger than about 2.0 nm.

More complications arise if bond constraints are used in simulation, which is often

the case in atomistic molecular dynamics simulations. If bond lengths were de-

scribed by a stiff harmonic potential, then the time step should be short enough to

prevent the crash of a simulation. To allow the use of a longer time step, the bond

lengths are often kept constant by adding Lagrange multipliers into the equation of

motion [84, 126]. Different methods to solve the equation of motion with constraints

have been proposed [84, 126, 85] but in none of these the actual forces arising from

constraints are calculated. However, the use of equation (3.4) requires pairwise

forces. The constraint forces can be calculated using the Lagrange coefficients in

the constrained equation of motion as demonstrated earlier by the author of this

thesis [113]. In all publications in this work the method presented in [113] is applied

to calculate the constraint forces, and these are then embedded into Eq. (3.4) in

pressure profile calculation. In other studies using atomistic molecular dynamics,

some other methods have been used to calculate the contribution from constraints,

but the details have not always been reported [68, 69, 71, 72].

It is also important to note that the kinetic contribution of the pressure tensor is

not constant in inhogoneneous systems due to two reasons: the density is inho-
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mogeneous, and the contribution from bond length vibrations is included in the

component which arises from the constraints (if they are used).

As mentioned in section 3.3 the normal component of pressure tensor pzz should

be constant to satisfy the mechanical stability condition in a homogeneous planar

bilayer [111]. However, it has been found to be non-constant in atomistic simu-

lations [113, 127], while in coarse grained simulations it is mostly constant as in

Fig. 4 in publication V and in Ref. [127]. In both works which have reported non-

constant normal components the GROMACS simulation package has been used,

but the pressure profile calculation implementation has been different. In the earlier

work it was demonstrated that running simulations without constraints yielded a

constant normal component, thus it was suggested that there is some problem in the

calculation of pressure from constraints [113]. In the latter work it was suggested

that if bonds with constraints orient, then they produce a non-constant normal

pressure [127]. However, recently the author has run longer atomistic simulations

without constraints and observed a non-constant normal component also in this

case. In all tests made by the author a long cut-off was used for electrostatics due to

the complications in calculations of local pressure from PME. Similar non-constant

normal component was found in both cases, thus the treatment of electrostatics is

most likely not the reason for the non-constant normal component. Other possible

reason might be the choice of contour in the definition of local pressure (Eq. (3.3)).

However, the normal component is constant when the MARTINI model is used to-

gether with the same contour, thus this is most likely not the reason either. Also,

as far as the author knows, simulations with different simulation packages but with

the same contour give a constant normal component [68, 71].

In general the reason for this non-physical behavior of atomistic simulations is not

known. Based on studies by far it seems that the reason is a technical problem

related to the implementation of molecular dynamics simulations or pressure cal-

culations. In principle, this artifact questions the pressure profile results of the
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atomistic simulations reported in publications I, II, IV and III. However, in prac-

tice the interpretation of all the results has been done such that this artifact should

not influence the results. Also in pressure profiles shown it is assumed that the

normal component is constant. In coarse grained simulations this issue does not

exist.

The author’s opinion is that this issue should be resolved before more pressure profile

calculations are performed with these methods from atomistic molecular dynamics

simulations.
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4 Gauging pressure profiles

As mentioned in section 2.3, several theoretical and computational methods have

been used to calculate the lateral pressure profile in planar lipid bilayers [43, 62,

63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74] including papers I, II, III and IV. By

far, the most successful technique has been molecular dynamics since it allows the

pressure to be calculated in almost atomic detail, providing at least semi-quantitative

insight into the pressure distribution inside membranes (see Refs. [67, 68, 69, 70,

71, 72, 73, 74] and papers I, II, III and IV). Below we compare the lateral pressure

profiles obtained from atomistic and in part also coarse-grained molecular dynamics

simulations applied to a variety of different models. These results are compared to

experiments, when appropriate.

Let us first discuss how reliably one can determine the pressure profiles on the whole,

since a variety of different force fields are available for any lipid system, and it is

likely that the pressure profile depends at least to some extent on the force field

used. Figure 4.1A depicts a comparison of pressure profiles for a DPPC bilayer

found in four different atomistic models, see Refs. [68, 71, 72] and paper I. All

profiles portray similar features, though some details are different. The differences

arise likely from differences in the force fields as well as from differences in the

implementation of the lateral pressure profile calculation. In publication I and the

study by Patra [72], the model and simulation protocols (using GROMACS [81]) are

essentially identical but the implementation of the lateral pressure profile calculation

is different. Yet, the only difference between the profiles found in these studies is

the height of the interfacial and headgroup peaks, which likely results from different

averaging schemes: in publication I the pressure was calculated from configurations

which were saved every 10 ps from molecular dynamics simulations, while in the

study by Patra the run was continued for 4 ps from each saved configuration and

the pressure was calculated from the last 2 ps of each short run. The profiles found by
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Figure 4.1: Comparison between lateral pressure profiles found by a number of
different force fields for bilayer models. A) Atomistic simulations for a DPPC bilayer;
B) atomistic simulations for a POPC bilayer; and C) coarse-grained simulations for
DPPC and DMPC (atomistic data shown with dashed lines for comparison). See
text for discussion. The data is taken from publication I (referred as Ollila in
the picture), Ref. [71] (Gullingsrud), Ref. [68] (Sonne), Ref. [72] (Patra), Ref. [73]
(Marrink) and Ref. [74] (Orsi).

Gullingsrud et al. [71] and Sonne et al. [68] were calculated with the same simulation

protocol (using NAMD/CHARMM) but with different force field parameters for the

DPPC bilayer. The profiles calculated using NAMD/CHARMM [68, 71] seem to

be broader than the results calculated by GROMACS and related force fields, see

Ref. [72] and publication I. In both studies by NAMD/CHARMM the running

average is taken over the profile, which suppresses the peaks, while in publication I

the spline fitting is used. This difference may be due to the averaging schemes or
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due to the differences in the models.

Figure 4.1B compares the lateral pressure profiles for a POPC bilayer calculated

using the NAMD/CHARMM [71] and GROMACS protocols from publication I. In

these profiles the interfacial peaks are in good agreement, which likely results from

the fact that here both profiles are pure data, not smoothed by running averages or

related schemes. However, the positive peaks in the acyl chain region, close to the

interface and headgroup regions, are in somewhat different locations.

In Fig. 4.1C, we compare the pressure profiles found through two coarse-grained

models: the MARTINI model [73, 94] and the model by Orsi et al. [74]. Generally

speaking, the features of both models are similar to those found in atomistic models

that are also shown in the same figure. In the MARTINI model [73], the heights

of the interfacial and headgroup peaks seem to be small, but actually they are

comparable to the profiles given by the atomistic study of Sonne et al. [68].

In general, while some details of the pressure profiles (such as the height of the

peaks) may vary quite a lot, it is important to keep in mind that physical properties

arising from the pressure profile are dictated by its moments (see Secs. 2.2 and 3.5),

thus the moments are likely more important than the actual form of the profile. We

will discuss this issue in more detail in section 6.1.

Experimental determination of the lateral pressure profile is very difficult, because

one should measure local pressure differences in nanometer scale. Templer et al. [56]

used pyrene probes to measure pressure at different depths inside a DOPC bilayer

using four probes with different chain lengths. Kamo et al. [57] have also used a

technique of similar nature. The results by Templer et al. are shown and compared

to computational results from publication II in Fig. 2.5. It is evident that exper-

iments and simulations yield the same general form for the pressure profile in the

acyl chain region: pressure decreases as one moves ahead from the interfacial region
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towards membrane center, but then there is a peak in the center of the bilayer.

This peak was not found in earlier models that were based on simplified descrip-

tions of lipids [43, 62, 63, 65, 66, 114], but it is evident in all atomistic simulations

[67, 68, 69, 70, 71, 72] including publications I, II, III and IV, recent coarse-grained

simulations [73, 74], and also in recent theoretical studies [64]. However, it is impor-

tant to notice that the technique based on probes to measure pressure allows only

relative pressures to be measured, the exact location of probes in a bilayer is not

known, and the effects of probes on the pressure profile are not understood.

The origin of the pressure profile peak in the membrane center has been discussed

quite extensively [51, 64, 74], including publication I. The most obvious explanations

would be the larger density in the membrane center compared to the acyl chain re-

gion, or interdigitation of the leaflets [51]. However, in computer simulations where

the peak in the pressure profile has been observed, there is no pronounced density

in the middle of a membrane as seen in publication I. Also it has been found that

the peak in the pressure profile disappears with increasing unsaturation, while inter-

digitation remains essentially unchanged as in publication I. Mukhin and Baoukina

suggested that the origin of the peak is related to increasing configurational freedom

of the chains in the center of the bilayer, which hints at the possibility of entropic

origin [64]. In publication I, this idea was used to explain the disappearance of the

pressure profile peak in the membrane center due to increasing number of double

bonds in acyl chains. In figure 4.2 is presented an intuitive explanation for the cen-

tral peak. However, this idea is suggestive and more studies are needed to resolve

this issue.

The above indicates that, despite their limitations, experiments based on the use

of fluorescent probes seem to be consistent with atomistic simulations and to yield

some insight into the pressure distribution inside membranes. Another connection

to experimental data can be done through hydrophobic free energy density γhpb, see

Fig. 2.5. It can be computed from the pressure profile as an integral over the negative
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Figure 4.2: Origin of the central peak in a bilayer can be explained by configu-
rational entropy of lipid chains. A) Polymer chains organized to an ordered layer
tend to maximize the area in the chain end region because of configurational en-
tropy. Chain ends are the least restricted to bonds with other particles in a chain,
thus they tend to expand the area due to entropic reasons: Chain ends need more
space compared to the center to sample through all possible configurational states.
This tendency leads to a larger pressure in the chain end region. B) In the case of
lipids, the headgroup restricts the movement of the other end. This restriction of
movement leads to an even higher pressure as illustrated in the figure. C) If the area
per molecule is increased, the repulsive pressure is decreases especially in the chain’s
free end region since they now have more space. However, the repulsive pressure
remains in the other end since the headgroup restricts the movement despite the
increase of area.

peak in the interfacial region and measured with some degree of approximation using

e.g. thermodynamical and Langmuir monolayer experiments [38]. While simulations

give γhpb ≈ 26 mN/ m, experimental values for γhpb range over (30−35)mN/ m [38],

in reasonably good agreement with simulations. While the relation between the

surface pressure in monolayer experiments Π(A) and the hydrophobic free energy is

under discussion [38, 59, 60, 61], it is rather widely accepted that γhpb and Π(A0) are

related (A0 being the equilibrium area of the bilayer). This suggests that qualitative

comparison between lateral pressure profiles and surface pressures measured through

Langmuir monolayer film experiments is possible. There have been recent studies

going to that direction [128, 129], but the connection is still not fully understood.

Acyl chain order parameters, SCD, determined through deuterium 2HNMR mea-
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surements have also been suggested to be related to the lateral pressure profile

[130]. The idea is that small order parameters would refer to large repulsive pres-

sure. As SCD often relates to the average area per lipid in a membrane, a more

complex relation to describe the dependence of the lateral pressure profile on the

area per molecule has also been suggested in publication I and in Ref. [74]. These

propositions are essentially similar to the suggestion that pressure profiles depend

on bending rigidity and the occupied area of acyl chains [64]. Further, properties

of the inverted hexagonal phase have also been used to approximate the intensi-

ties of different components in the lateral pressure profile [131]. While none of the

above suggestions have been systemically tested, recent progress in computational

resources together with validated force fields hints that it will soon be possible.
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5 Dependence of pressure profile on molecular

composition

5.1 Dependence on unsaturation level

It has been suggested that inclusion of polyunsaturated lipids in lipid membranes

could affect protein activity through changes in lateral pressure profile or consequent

changes in elastic properties [1, 43, 44, 52, 130, 132]. Especially, an increase in the

fraction of the MII state of rhodopsin has been suggested to follow from an altered

pressure profile [1, 40]. To corroborate these views, it is necessary to understand

the dependence of the lateral pressure profile on the level of unsaturation.

Dependence of lateral pressure profile on unsaturation level has been studied through

statistical thermodynamics calculations [43] and atomistic molecular dynamics simu-

lations in publication I and in Ref. [67]. The statistical thermodynamics calculations

by Cantor suggest that pressure in the acyl chain region is shifted towards the inter-

facial region with increasing number of double bonds [43]. Tripp et al. [67] studied

pressure profiles in one-component membranes comprised of polyunsaturated lipids

(with DPA or DHA chains) using atomistic simulations. They showed that even

though DPA and DHA differ only by one double bond, there is a clear change in

the lateral pressure profile, in line with the prediction of Cantor [43]. Their results

are shown in Fig. 5.1.

Publication I focused on the effect of double bonds on the lateral pressure profile

using atom-scale molecular dynamics simulations by comparing membranes where

the number of double bonds in a lipid hydrocarbon chain varied from zero to six.

The results are shown in Fig. 5.1. The most pronounced effect found was the

reduction of the central peak for increasing number of double bonds. The reduction
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Figure 5.1: Top: Dependence of the lateral pressure profile on the number of
double bonds: DPPC, POPC, PLPC, PAPC, and PDPC bilayers, having zero, one,
two, four, and six double bonds, in respective order. The data from publication I.
Bottom: Influence of adding one extra double bond (from five to six) by Tripp et
al. [67].

in pressure in the membrane center was found to be accompanied by an increase in

pressure in the headgroup and interfacial regions.

Both simulation studies therefore support the prediction by Cantor that double

bonds shift repulsive pressure from the acyl chain region towards the interfacial

area. Besides that, they suggest a slight increase in surface free energy and in the

headgroup peaks of the pressure profile.
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Further analysis and possible simulations with rhodopsin embedded in a membrane

are needed to find out if the reported changes in the pressure profile could explain the

dependence of rhodopsin functionality on the level of unsaturation in a membrane.

5.2 Effects of different sterols in two-component membranes

Cholesterol (CHOL) is one of the most important lipid components of biological

membranes, thus its effect on the lateral pressure profile is also of profound interest.

Interestingly, concerning the above mentioned dependence of rhodopsin activity on

lipid composition, the fraction that rhodopsin spends in the MII state decreases with

increasing cholesterol concentration [133, 134], in contrast to the trend observed

with polyunsaturated lipids [132]. One way to explain this difference might be the

difference in lateral pressure profiles in the two cases.

The effect of cholesterol on the lateral pressure profile in two-component membranes

has been studied using statistical thermodynamic calculations [43] as well as through

atomistic molecular dynamics simulations in publication II and in Refs. [67, 72].

Also, the effects of other sterols (such as desmosterol, 7-dehydrocholesterol and

ketosterol) in varying lipid matrices is studied in publication II and the effect of

cholesterol as a function of its concentration in Ref. [72]. All these investigations

support the view that inclusion of cholesterol and other sterols in a membrane is

associated with a significant change in the lateral pressure profile.

Simulation studies indicate additional peaks to emerge in the bilayer interior re-

gion due to cholesterol, see Fig. 5.2. The relative significance of additional peaks

increases for increasing cholesterol concentration at least until 50 mol% [72]. Stud-

ies of saturated (DPPC) and diunsaturated (DOPC) membranes have shown peaks

associated with headgroup repulsion and interfacial energy to increase substantially

due to cholesterol, see [72] and publication II. In polyunsaturated membranes with
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Figure 5.2: Effect of cholesterol on the lateral pressure profile in unsaturated
membranes. Top: DOPC and DOPC/CHOL from publication II; Bottom: SDPC
and SDPC/CHOL [67].

cholesterol, a small increase has been found in the headgroup peak, accompanied

by a small decrease in the interfacial peak [67], opposite to conclusions reported in

other simulation studies for saturated or diunsaturated membranes (see Fig. 5.2).

While the difference could be due to different force fields or different simulation pro-

tocols (GROMACS with constant pressure in publication II and NAMD/CHARMM

with constant area in [67]), it could also be due to double bonds that are known to

play an important role in membranes. In polyunsaturated membranes, in particular,

the effect of cholesterol on membrane structure and ordering has been shown to be

distinctly different compared to saturated lipid bilayers [135].
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Interestingly, peaks in the bilayer interior region have been found in all simulation

studies of lipid bilayers with cholesterol in publication II and Refs. [67, 72], for

many different sterols in publication II, and also with different lipid matrices in

publication II and Ref. [67]. The results from publication II are shown in Fig. 5.3.

Thus, it seems evident that these peaks are characteristic to all sterols. The origin

of these peaks is likely related to the ordering effect of the rigid ring structure in

sterols. This explanation is supported by similar peaks found in the pressure profiles

associated with gel phase membranes in publication V. The fine structures slightly

differentiating the pressure profiles of the different sterols probably arise from the

chemical details such as the number and the locations of methyl groups and double

bonds in the sterol structure.

It is also notable that the pressure becomes negative in the location of ring structures

in all the simulation results discussed here. The reason for this is most likely the

cohesive interaction between cholesterol and phospholipids.

The data in publication II support the view that the effect of sterols on the lateral

pressure profile is the strongest in saturated membranes, see Fig. 5.3. In a similar

fashion, also the differences in pressure profiles between the many sterols have been

shown to be the strongest in saturated bilayers. For increasing level of unsaturation,

the role of sterols in the pressure profile becomes weaker.

5.3 Pressure profiles in three-component bilayers

Biological membranes typically consist of hundreds of different lipid types, thus it is

crucial to understand how membrane properties emerge from their molecular com-

position in many-component systems. On a general level, the nature of fluid-like

membranes can be classified to two types: strongly disordered membranes com-

prised of polyunsaturated lipids, and raft-like membrane domains with pronounced
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Figure 5.3: Top: Lateral pressure profiles of DPPC, DPPC/CHOL,
DPPC/DESMO, DPPC/7-DHC, and DPPC/KETO bilayers. Statistical errors are
presented for one leaflet of the DPPC/CHOL system, in which the fluctuations were
the largest. Error bars in other systems were smaller. Bottom: Lateral pressure pro-
files of DOPC, DOPC/CHOL, DOPC/DESMO, and DOPC/7-DHC bilayers. Sta-
tistical errors are presented for one leaflet of the DOPC/CHOL system. Error bars
in other systems were smaller. Adapted from publication II.

order characteristic to the liquid-ordered phase. The lateral pressure profiles for the

latter, raft-like membrane domains have been studied in publication III in which

three-component membrane systems containing POPC, cholesterol, and palmitoyl-

sphingomyelin (PSM) with two different concentration ratios for POPC:CHOL:PSM

(1:1:1 and 2:1:1) are studied.

The pressure profiles calculated from these simulations are presented in Fig. 5.4.
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For comparison, the pressure profiles of single-component POPC and PSM bilayers

and of two-component DPPC/CHOL systems are also presented. Comparison of

the lateral pressure profiles of three- and two-component systems reveals that the

general features remain the same: all peaks common to the one-component cases

remain but become higher, though additional peaks are also found in the acyl chain

region. For the three-component systems the additional negative peaks in the acyl

chain region are even more pronounced. This is logical if we look at the lateral

pressure profile of a pure PSM bilayer which also has lower values in the acyl chain

region compared to the POPC bilayer. Thus, the high peaks in the acyl chain region

in the three-component system could be understood in generic sense to arise from

the ordering of the bilayer rather than from any specific property of cholesterol.

5.4 Implications of anesthetics on pressure profile

One of the greatest mysteries in medical sciences is general anesthetics. Despite

the fact that anesthetics have been used successfully for more than 150 years, the

molecular mechanisms of how anesthetic molecules bring about their effects are not

understood. The discussion on mechanism of action of anesthetics has given rise to

two schools and the debate is still going on [136, 137, 138]. According to the “direct

interaction school“ the anesthetics modify protein functions by directly binding to

those [136], while according to the “lipid school“ anesthetics modify lipid bilayer

properties, thus leading to changes in protein functions [41, 137, 139] or directly

disturbing the signaling [138].

In the late 1990s, Cantor suggested that anesthetics might change the lateral pres-

sure profile of a lipid bilayer and thus affect membrane protein functionality as

explained in section 3.5 [6, 41, 139]. This idea, as all lipid related ideas, seems

reasonable since it is well known that the action of an anesthetic correlates with its

partitioning between oil (membrane) and water: the larger the partitioning coeffi-
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Figure 5.4: (Top) Lateral pressure profiles of the raft-like systems
POPC:CHOL:PSM = 1:1:1 (SA) and 2:1:1 (SB). (Bottom) Pressure profiles for
pure POPC and PSM single-component systems and a binary DPPC/CHOL mem-
brane. The center of the membrane is at z = 0. Adapted from publication III.

cient for membrane, the stronger are also the effects of the given anesthetic. Direct

experimental verification of Cantor’s view is difficult because lateral pressure profiles

or protein cross sectional areas cannot be measured easily, as explained in section

4. However, there are indirect studies in which this idea has been used to interpret

experiments with known and unknown anesthetics [129, 140, 137].

Considering experimental difficulties to measure lateral pressure profiles and espe-

cially changes in the profile due to anesthetics, it is positive that theoretical and

computational approaches have been able to shed some light on this issue. Re-
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garding theoretical studies, the effect of alkanols with different chain lengths on the

lateral pressure profile has been studied by Cantor [41]. He found that short-chain

alkanols change the pressure profile close to the interfacial region, and long-chain

alkanols in the membrane center. Frischknecht and Frink [141] studied the pressure

profiles as a function of ethanol, butanol and hexanol concentrations using coarse-

grained molecular dynamics simulations and found that the peaks in the pressure

profile decrease with increasing alcohol concentration. In publication IV the effect of

ethanol on the pressure profile of DPPC and PDPC bilayers is studied using atom-

istic molecular dynamics simulations and it is found that ethanol reduces the peaks

in the headgroup and interfacial regions, see Fig. 5.5. Recent data by Griepernau

and Böckmann [75] is somewhat different. They found an insignificant decrease in

the interfacial region and significant changes in the acyl chain region. They suggest

that the difference is due to different force fields and electrostatic interaction treat-

ments in pressure profile calculation. In addition to this, the difference might arise

from the non-constant normal component issue discussed in section 3.6. In publica-

tion IV only pL(z) is shown because the normal component should be constant and

1 bar, which is negligible. However, as discussed in section 3.6, in atomistic simu-

lations the normal component is not constant due to an unknown reason. Thus, if

Griepernau and Böckmann have actually plotted the difference pL(z) − pN(z), the

difference might arise from this source.

Summarizing the present theoretical and simulation studies, they predict that the

peaks in the pressure profile in the headgroup and interfacial regions are reduced

due to alcohol, while changes in the acyl chain region are weaker. The decrease

in the interfacial region is in agreement with conclusions drawn from micropipette

aspiration studies [24, 142].

The results above seem to indicate that ethanol and other short-chain alcohols de-

crease the hydrophobic free energy density γhpb. This may have implications on

membrane protein functionality, especially when combined to the results in publi-
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Figure 5.5: Lateral pressure profiles across a membrane for pure DPPC and PDPC
bilayers, and for the same bilayer under the influence of ethanol (DPPCeth and
PDPCeth). Adapted from publication IV.

cation VI where it is shown that largest mechanical energy differences between the

protein states arise from the boundary region. However, the results have to be in-

terpreted with some caution because the model used in publication IV is known to

produce a too high partitioning of ethanol into the bilayer, which may exaggerate

the effect.

Most studies of pressure profiles with anesthetic molecules have been done with al-

cohols as reviewed above. An exception is a recent study by Jerabek et al. who

calculated pressure profiles with ketamine imbedded into a bilayer [76]. They also

found significant changes in the pressure profile but in the acyl chain region instead
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of the interfacial region. They also assumed possible shape changes for membrane

channels in gating and showed that changes in pressure profile might have a sig-

nificant influence on channel functionality with physiological concentrations of an

anesthetic.
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6 Physical implications from pressure profiles

6.1 Elastic properties calculated from lateral pressure profile

As discussed in section 2.2, the Gaussian bending modulus κ̄, and the product of the

bending modulus κ and the spontaneous curvature c0 of a monolayer are connected to

the lateral pressure profile through Eqs. (3.9) and (3.10). Further, the spontaneous

curvature, as well as the bending and Gaussian bending moduli of a monolayer are

related, e.g., to topological phase behavior [55], stalk formation [55, 143, 144], and

membrane pore formation [145]. The product κc0 is also interesting as such because

it has been connected to the CTP activity [53, 54] and membrane protein activity

[45] (see Eq. (3.16)).

Experimental values for the bending modulus for different bilayers have been pub-

lished [25, 26] but experimental or theoretical estimates for spontaneous curvatures

and Gaussian bending moduli are rare [25, 143, 144, 146]. Consequently, it is in-

teresting to calculate the spontaneous curvatures using Eq. (3.9) and the Gaussian

bending moduli using Eq. (3.10), see below.

Recently spontaneous curvatures for monolayers have been determined by calcu-

lating the first moment of the pressure profile, thus finding the bending modulus

with another approach and calculating the spontaneous curvature from Eq. (3.9)

cm
0 = τ (1)

m /κm [73, 74]. Marrink et al. [73] used experimental estimates for the

bending modulus of a bilayer κb ≈ (6− 14)× 10−20 J, and Orsi et al. [74] calculated

the bending modulus from simulations and obtained κb = (9.2± 0.8)× 10−20 J. The

bending moduli for monolayers are then obtained by dividing these by two, that is,

κm = κb/2 [25].

Table 6.1 summarizes the published elastic properties calculated from the pressure
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profiles obtained through atomistic and coarse-grained molecular dynamics simu-

lations. Spontaneous curvatures c0 and Gaussian bending moduli κ̄ are calculated

also from pressure profiles in publications I, II, III and IV. To calculate the values of

spontaneous curvatures we used experimental values for the bending modulus. How-

ever, this is not straightforward since the actual values vary significantly between

different methods used [25, 26]. We have chosen the most representative values for

each lipid by comparing the values gathered in two publications [25, 26]. Then error

bars are chosen such that most of the reported values are inside the error (the most

extreme values reported might be beyond the error bars). For DPPC, POPC and

DOPC there was experimental data available. For PLPC, PAPC and PDPC exper-

imental data was not available thus data available for other polyunsaturated lipids

was used instead. Similarly for DPPC-cholesterol mixtures, we used the available

data for mixtures of saturated lipid and cholesterol was used. For DOPC-cholestrol

mixtures, the value has been measured to be independent of the amount of choles-

terol, thus the pure DOPC value was employed [27, 28]. In the systems with ethanol

the measured 20% decrease in the bending modulus was taken into account [24].

The Gaussian bending modulus is calculated directly from Eq. (3.10). The location

of the neutral surface, i.e., the surface where stretching and bending deformation

are energetically uncoupled is not excatly known [147, 148]. However, the location

of the pivotal plane, i.e., the surface where the area per molecule remains constant

when curvature is changed in the inverted phase, is known to reside close to the

polar/apolar interface [30, 146, 149]. More precisely, Templer et al. [146] located

the pivotal plane to the first maximum of the pressure profile after the interfacial

peak in the acyl chain region. On the other hand, Orsi et al. [74] have defined the

neutral surface to locate at the interfacial minimum of the pressure profile. Our

results have been calculated using the surface in the middle of these two locations,

and the error bars have been determined using the locations employed in previous

studies. In principle, the first moment τ (1)
m is independent of the location of the

neutral plane in zero tension [25], which is the case in all simulations analyzed in
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table 6.1. However, the integral over the pressure profile (surface tension) is not

exactly zero because of numerical inaccuracy and the approximation of PME by

the use of cutoff in the pressure profile calculation. Thus also the error in the first

moment is approximated by using different locations for the neutral plane.

Table 6.1 presents the moments and elastic constants calculated from pressure pro-

files for bilayers with several different compositions. The data from coarse-grained

studies are from publications by Marrink et al. [73] and Orsi et al. [74], and data

from atomistic simulations are from publications I, II, III and IV. While moments

of the pressure profile and their dependence on lipid content have also been studied

by Cantor [44, 117], these results are difficult to compare with simulations because

Cantor’s statistical thermodynamic calculations included only the acyl chain region

explicitly, thus we concentrate here on molecular dynamics simulation results pre-

sented in Table 6.1.

Comparison between calculated and experimental values for spontaneous curvature

shows that the coarse-grained simulations by Marrink et al. [73] are in good agree-

ment with experimental values for DOPC, while atomistic simulations yield some-

what larger values. Meanwhile, for a DOPE bilayer the coarse-grained simulations

give smaller values than experimental studies. For a DOPC/CHOL mixture, atom-

istic values are in good agreement with experiments. In general all the simulation

results produce negative spontaneous curvatures corresponding preference for the

inverted phase, which is in agreement with experiments [30, 31, 32].

Even though quantitative data for spontaneous curvatures of different monolayers

are sparse, the qualitative dependence is better known based on topological phase

transitions [130]. Double bonds, small headgroups like PE, and cholesterol have

been found to promote inverted phases [130]. Thus, inclusion of these lipids induces

negative spontaneous curvature, while the effect of ethanol has been found to be

the opposite [130]. From Table 6.1 one can see that the spontaneous curvatures
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are more negative for polyunsaturated bilayers (about −0.8 nm−1 for PLPC, PAPC,

and PDPC) than for saturated ones (−0.2 nm−1 for DPPC), calculated from publi-

cation I. Comparing the spontaneous curvatures determined from the coarse-grained

study by Marrink et al. [73] for DOPC and DOPE bilayers, we see, as expected,

that the spontaneous curvature is more negative with the PE headgroup. However,

the effect of cholesterol on spontaneous curvature is more difficult to realize from

the simulation results. Spontaneous curvatures for DOPC/cholesterol mixtures are

slightly more negative than for pure DOPC, while for DPPC/cholesterol mixtures

the trend is the opposite. Ethanol seems to have a different effect on saturated and

polyunsaturated monolayers: for DPPC it induces more negative curvature while

for PDPC the effect is negligible. In general, all the above findings are in qualitative

agreement with topological phase studies except for the case where cholesterol was

included in a DPPC bilayer.

However, in the above comparisons, there is reason to keep in mind that the error

bars are relatively high due to the uncertainty in the bending modulus. Further, the

numerical values for the bending modulus depend on experimental method used [25,

26], thus the values used here are suggestive. Due to these approximations, there

is reason to consider these results with some caution. To improve the analysis,

one could calculate the bending modulus from simulations and use that value to

calculate the spontaneous curvature. This is likely soon feasible despite large system

sizes needed for that purpose [150, 151].

Experimental measurements of the Gaussian bending modulus are sparse [25, 143,

146] and only the ratio with bending modulus has been reported [25]. Gaussian

bending moduli for different bilayers calculated from molecular dynamics simula-

tions are presented in Table 6.1. The coarse-grained study by Orsi et al. [74] suggests

that the relation between the Gaussian bending modulus and the bending modulus

is κ̄/κ ≈ −0.5, which is close to the experimental result κ̄/κ ≈ −0.8 [25]. The

calculation of this ratio is not reasonable from other simulation results presented in
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Table 6.1, because the value of the bending modulus is uncertain. However, qualita-

tive predictions can be made. Gaussian bending moduli for polyunsaturated bilayers

seem to be lower than for saturated bilayers, although the difference is within error

bars. Respectively, Gaussian bending moduli for DPPC-cholesterol and DOPC-

cholesterol mixtures are larger compared to pure bilayers, and the largest bending

modulus is found for the pure sphingomyelin bilayer. This is in agreement with a

picture that bending is generally more difficult for bilayers with high order. Inclusion

of ethanol does not seem to have influence on the Gaussian bending modulus.

6.2 Bilayer mechanical energy in protein activation

Lateral pressure profiles determined from atomistic molecular dynamics simulations

have been used to calculate mechanical energy differences associated with confor-

mational changes of membrane proteins in publications II and III and in reference

[71]. The studies have typically used simplified models for structures of proteins in

two possible states (active vs. inactive), to describe a transition where a protein

essentially changes structure from cylindrical to conical shape. As an example, con-

sider Fig. 6.1 which describes a simplified transition of a membrane channel. The

radius of the cone in the center of the bilayer (R) is kept constant, and the radius

as a function of the normal coordinate z is then written as r(z) = R + sz, where s

is the slope of the cone. For s = 0 one finds a cylinder, while a choice like s = 0.2

describes conical shape. Substituting these into Eq. (3.13) one gets

∆E =
∫ h
−h p(z)(πR2 − π(R + sz)2) dz =

−2πRsτ
(1)
b − πs2τ

(2)
b .

(6.1)

This description has been discussed as a simple model for MscL [71]. Note that

in this case for a symmetric pressure profile (p(z) = p(−z)) the first moment τ (1)

vanishes, while the second moment τ (2) is non-zero. Thus, for this kind of model

the free energy difference of a conformational change between two states is small
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Lipid Reference τ (1) = κc0 [10−12 J/m] κexpt
m [10−20 J] c0 [nm−1] c0 [nm−1] (Expt) τ (2) = κ̄ [10−20 J]

DPPC I,II −11 ± 1 5 ± 2 −0.2 ± 0.1 −1.1 ± 0.5

[73] CG 5 ± 2 −0.02 to −0.05

DMPC [74] CG −0.8 ± 0.1 4.6 ± 0.4 −0.018 ± 0.003 −2.3 ± 0.1

POPC I −12 ± 1 4 ± 2 −0.3 ± 0.2 −0.8 ± 0.5

DOPC II −16 ± 2 5 ± 2 −0.3 ± 0.2 −0.05 to −0.11 [30, 31] −1.1 ± 0.8

[73] CG 5 ± 2 −0.07 to −0.15

II −16 ± 2 4 ± 2 −0.4 ± 0.2 −1.1 ± 0.8

PLPC I −15 ± 2 2 ± 1 −0.8 ± 0.5 −0.5 ± 0.5

PAPC I −14 ± 2 2 ± 1 −0.7 ± 0.5 −0.7 ± 0.5

PDPC I −15 ± 2 2 ± 1 −0.8 ± 0.5 −0.5 ± 0.5

DPPE [73] CG 5 ± 2 −0.12 to −0.28

DOPE [73] CG 5 ± 2 −0.15 to −0.35 −0.35 to −0.37 [30, 32]

DPPC/CHOL II −7 ± 2 12 ± 3 −0.1 ± 0.1 −2.3 ± 0.2

DPPC/DESMO II −20 ± 2 12 ± 3 −0.2 ± 0.1 −2.8 ± 0.8

DPPC/7-DHC II −8 ± 2 12 ± 3 −0.1 ± 0.1 −1.9 ± 0.3

DPPC/KETO II −9 ± 2 12 ± 3 −0.1 ± 0.1 −1.9 ± 0.3

DOPC/CHOL II −19 ± 2 4 ± 2 −0.5 ± 0.3 −0.37 [30] −2.6 ± 0.6

DOPC/DESMO II −18 ± 2 4 ± 2 −0.5 ± 0.3 −2.8 ± 0.7

DOPC/7-DHC II −19 ± 2 4 ± 2 −0.5 ± 0.3 −2.2 ± 0.6

DPPCeth IV −15 ± 2 4 ± 2 −0.4 ± 0.2 −1.1 ± 0.7

PDPCeth IV −13 ± 2 2 ± 1 −0.7 ± 0.4 −1.0 ± 0.7

SM III −14 ± 2 5 ± 2 −0.3 ± 0.2 −3.2 ± 0.6

Table 6.1: Elastic coefficients calculated from lateral pressure profiles for several fluid-like pure and planar bilayers, PC-sterol
binary systems, and the influence of ethanol. ”CG” stands for coarse grained, ”expt” stands for experiment, and ”eth” refers to
ethanol. The data given correspond to atomistic simulations, unless mentioned otherwise. Roman numbers refer to publications
related to the thesis and Arabic numbers to references. Suggestive values for the bending modulus κexpt are approximated from
experimental values reported in [25, 26].
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Figure 6.1: Schematic description of the two conformational states of MscL using
a cone model. Adapted from [152].

compared, for example, to hour-glass shape where also the first moment would be

non-zero. Hence, energies calculated for these kinds of models likely underestimate

the free energy contribution due to the pressure profile.

Gullingsrud et al. [71] used this model together with lateral pressure profiles de-

termined from atomistic molecular dynamics simulations to study the dependence

of ∆E on lipid composition using DLPE, DLPC, POPE, and POPC lipid ma-

trices. They concluded that changes between these lipid types yield a change of

(2 − 4) kBT to energy differences between different conformations. Publication II

considered changes in energy differences in DPPC/sterol and DOPC/sterol bilayers

with a number of different sterols. In publication III this change was calculated

in POPC/CHOL/SM ternary membranes. Energy differences in PC bilayers with

different sterols varied between (0.8 − 3.3) kBT , while in the ternary mixtures they

were considerably larger, about (4 − 11) kBT .

In recent publications also different models for ion channels have been discussed and
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the calculated changes in energy difference between states due to the pressure profile

have been found to be similar to previous studies [76, 153]. In the most recent study

it was also demonstrated that ketamine, a well known anesthetic drug, can have a

significant influence on ion channel equilibrium conformations through the pressure

profile, also with realistic concentrations [76].

A shortcoming of all the above results for membrane protein gating energy is that

they are based on an idealistic model used for the protein gating, as noted in

publication II. In publication VI this approximation is avoided by simulating the

mechanosensitive channel separately in the closed and open states embedded in a

DOPC bilayer using molecular dynamics simulations and the MARTINI force field.

The cross sectional area profiles and pressure profiles for a protein are then calcu-

lated explicitly. The pressure profile was calculated using Eq. (3.5) for each volume

element. Then an average over a bulk bilayer was taken and it was assumed that the

protein inclusion feels this pressure. The cross sectional area profiles and the pres-

sure profile exerted against the protein in the open and closed states under different

tensions are shown in Fig. 6.2.

The first observation is that in all states the largest cross sectional area is found from

the location of the interfacial peak in the pressure profile. A plausible explanation for

this is that the protein adapts the pressure distribution from a bilayer by expanding

itself in the interfacial region. The expansion lowers the bilayer energy because

the area for a contact between hydrophobic chains and water is smaller. A similar

protein shape with maximum cross sectional areas in the interfacial region has been

found also in studies of Ca2+-ATPase [154].

The bilayer mechanical energy in gating, divided to the area dilation and shape

contributions according to Eq. (3.21), is shown in Fig. 6.3 From the figure we see

that the energy release in gating increases approximately linearly with increasing

tension, as also found in patch clamp experiments [155, 156]. The total mechanical
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Figure 6.2: A) and B) Area profiles for the closed and open channel under different
tensions, respectively. C) and D) Pressure profiles felt by the closed and open chan-
nel under different tensions, respectively. Negative z values area on the cytoplasmic
side.

work done by the bilayer is always negative because the energy for the open state is

always lower compared to the closed state in Fig. 6.3. Thus, the bilayer energy is in

every case favorable for the open state, even under zero tension. The preference in

zero tension is 30 kBT which is significantly higher than previous estimates varying

between 0-10 kBT , see publications II and III and references [71, 76, 120, 121]. The

main reason for the difference is that in previous studies one assumed simple shape

transitions from a cylinder to a cone. However, in our simulations we see large

area changes in the location of the surface between the hydrophobic interior of the

bilayer and water. When the area of the protein is increased in this region, it reduces

the contact area between water and the hydrophobic phase of the bilayer, reducing

the hydrophobic energy. This energy release can be large because the hydrophobic

surface energy is huge in nanoscale.
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Figure 6.3: Energy release of a bilayer in gating, ∆E, divided to the area contri-
bution γ∆A and to the shape contribution ∆Eshape according to Eq. (3.21).

To give an order of magnitude estimate for the hydrophobic energy change with

a realistic area change, we calculate the energy release when the area of a surface

having a surface tension of 30 mN/m is decreased by 5 nm2. 30mN/m is a reasonable

approximation for the hydrophobic energy density at a hydrocarbon-water interface

[38] and 5 nm2 is realistic for the local change of the protein area (see our results

above and [155, 156]). The released energy can be simply approximated as ∆Earea =

−γ∆A ≈ −30mN/m×5nm2 ≈ −35 kBT . This demonstrates that small area changes

in the location of an interface can have a significant energetic effect. This is not

surprising because surface tension is known to have macroscopically measurable

effects [36]. Thus, it is reasonable that it can also have significant effects in the

length scale of proteins and membranes.
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7 Conclusions

In this thesis, we have shown that changes in lipid composition can have major effect

on the pressure profile of a lipid bilayer. We have also shown that these changes may

be important in membrane protein functionality, creating 0-10 kBT changes for the

energy difference between the different protein states. We have also compared elastic

properties calculated from pressure profiles to experimental results. Unfortunately

this comparison is incomplete because we were not able to calculate bending moduli

from our data and due to the lack of experimental data. However, the results point

out that a full comparison is possible later, and an important subject for further

studies.

In this thesis it has also been shown that the shape change of a mechanosensitive

channel has an important contribution, even 30 kBT , in the energetics of a gating

process. It is suggested that this contribution should be taken into account in inter-

preting the patch clamp experiments for mechanosensitive channels. Furthermore,

the gating energy dependence on protein shape arising from interfacial tension effects

is likely a general phenomenon, which renders it relevant also for other proteins.

The main results of this thesis are, in principle, experimentally testable. However,

in practice direct measurements are very difficult. For this reason it is very impor-

tant to perform more complete comparisons between experimentally measured and

simulation-based elastic properties. For the same reason it is important to solve the

unknown technical problem, which causes the non-constant normal pressure com-

ponent in atomistic membrane simulations. Before these issues have been solved,

the pressure profile results from atomistic simulations have to be interpreted with

caution.

Generally the results in this thesis support the idea that the pressure profile of a
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lipid bilayer has an influence on protein functionality.
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[93] O. Berger, O. Edholm, and F. Jähnig, “Molecular dynamics simulations of

a fluid bilayer of dipalmitoylphosphatidylcholine at full hydration, constant

pressure, and constant temperature,” Biophys. J., vol. 72, pp. 2002 – 2013,

1997.

[94] S. Marrink, A. de Vries, and A. E. Mark, “Coarse grained model for semi-

quantitative lipid simulations.,” J. Phys. Chem. B, vol. 108, pp. 750–760,

2004.

[95] L. Monticelli, S. K. Kandasamy, X. Periole, R. G. Larson, D. P. Tieleman,

and S.-J. Marrink, “The MARTINI coarse-grained force field: Extension to

proteins,” J. Chem. Theor. Comp., vol. 4, no. 5, pp. 819–834, 2008.

[96] S. Chiu, M. Clark, V. Balaji, S. Subramaniam, H. Scott, and E. Jakobsson,

“Incorporation of surface tension into molecular dynamics simulation of an



88

interface: a fluid phase lipid bilayer membrane,”Biophys. J., vol. 69, pp. 1230

– 1245, 1995.
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Appendix A Properties of pressure tensor in planar

homogenuous bilayer in liquid phase

The pressure tensor in general case can be written as

P =















pxx pxy pxz

pyx pyy pyz

pzx pzy pzz















. (A.1)

The stability condition for the local pressure tensor ∇ · P = 0 can be written

as [111, 157]

Fi = ∂pik/∂xk = 0, (A.2)

where the Einstein summation convention is used and the Fi is the ith component of

the force acting to the volume element. Here we assume that there are no external

forces. Practically this condition means that the forces acting to the volume element

has to cancel each others in equilibrium [157]. Also the moments of the forces has

to cancel in equilibrium which leads to the symmetry of the pressure tensor [157].

Above applies generally for pressure tensors in any solid or liquid systems in equi-

librium without external forces. Next we focus on properties of pressure tensor in a

lipid bilayer in liquid phase. By expanding Eqs. A.2 we get

∂pxx

∂x
+ ∂pxy

∂y
+ ∂pxz

∂z
= 0

∂pyx

∂x
+ ∂pyy

∂y
+ ∂pyz

∂z
= 0

∂pzx

∂x
+ ∂pzy

∂y
+ ∂pzz

∂z
= 0

(A.3)

If we assume that the system is homogenuous in xy-plane all the derivates respect

to the x or y must be zero. The we get for the pressure tensor

∂pxz

∂z
= 0;

∂pyz

∂z
= 0;

∂pzz

∂z
= 0. (A.4)

which means that pxz, pyz and pzz must be independent from the z. On the other

hand, in water phase pxz = pyz = 0 due to the lack of shear stress in liquid water,



A–2

thus they must zero through the whole system. Furthermore, a liquid bilayer does

not have a shear stress in plane thus also pxy = 0. Consequently we have shown

that the pressure tensor is diagonal and the normal component pzz is constant for a

planar homogeneous lipid bilayer in a liquid phase.
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We elucidate the influence of unsaturation on single-component membrane properties, focusing on their
dynamical aspects and lateral pressure profiles across the membrane. To this end, we employ atomistic
molecular dynamics simulations to study five different membrane systems with varying degrees of unsaturation,
starting from saturated membranes and systematically increasing the level of unsaturation, ending up with a
bilayer of phospholipids containing the docosahexaenoic acid. For an increasing level of unsaturation, we
find considerable effects on dynamical properties, such as accelerated dynamics of the phosphocholine head
groups and glycerol backbones and speeded up rotational dynamics of the lipid molecules. The lateral pressure
profile is found to be altered by the degree of unsaturation. For an increasing number of double bonds, the
peak in the middle of the bilayer decreases. This is compensated for by changes in the membrane-water
interface region in terms of increasing peak heights of the lateral pressure profile. Implications of the findings
are briefly discussed.

I. Introduction

The level of unsaturation is a strictly regulated property of
all biological membranes, including cell membranes as well as
intracellular specialized membranes. Unsaturated lipids are
known to play a significant role in membranes, the topical and
highly prominent example being the importance of polyunsatu-
rated lipids such as those containing docosahexaenoic acid
(DHA); see refs 1-4 and references therein. The lipids
containing DHA have been suggested, for example, to modulate
the membrane elastic stress and thereby influence the function-
ality of integral membrane proteins.5 Long-chainω-3-polyun-
saturated fatty acids are also known to induce various health
benefits in terms of preventing cancer and heart diseases, among
others.6

Nowadays, double bonds are known to affect various
structural membrane properties such as the area per lipid and
the ordering of the acyl chains.3,7 Yet it is evident that the ideas
of the role of double bonds have changed over time as more
data and more qualified methodology has become available. For
instance, originally double bonds were considered as rigidifying
structures in membranes due to the natural rigidity of a cis type
double bond,8,9 whereas recent studies have revealed unsaturated
hydrocarbon chains to be remarkably flexible due to extra-
ordinary isomerization of the single bonds neighboring the
double bonds.4,7,10,11 This recent progress also highlights the
fact that, in contrast to the structural properties of unsaturated
membranes, much less attention has been paid to understand
the influence of double bonds on the dynamic properties of
lipids. These effects are discussed in more detail in this article.

An especially interesting and poorly understood property of
lipid membranes is the distribution of local pressure inside a
bilayer, the so-called lateral pressure profile. The lateral pressure
profile is related to many important macroscopic and measurable
quantities, such as surface tension, surface free energy, and
spontaneous curvature.12 Furthermore, Cantor has rather recently
proposed an interesting idea that changes in the lateral pressure
profile may affect the functionality of mechanosensitive proteins
in cell membranes,13 which could explain, for example, the
action of general anesthetics14,15 and the coupling between
protein functionality and lipid content.14,16It is noteworthy that
Cantor’s mean-field calculations14 and atomic-scale molecular
dynamics simulations of Carrillo-Tripp and Feller17 have
suggested that double bonds shift repulsive pressure from the
middle of the membrane toward the interfacial region. This
change has been suggested to lead to the observed increase in
rhodopsin activity due to polyunsaturated lipids.14 Interestingly,
the same idea concerning the dependence of rhodopsin activity
on unsaturation level has been presented earlier by Brown et
al.18-20 who discussed the role of curvature stress, which in turn
is related to the lateral pressure profile and the elasticity of a
membrane.

Despite the rather substantial number of studies on unsaturated
membranes, it is evident that not even the recent findings do
fully explain the functional properties of double bonds in
membranes. Of particular interest would be to clarify the
interplay between double bonds, lateral pressure, and the
dynamics of membranes for varying degrees of unsaturation.
That would also render the understanding of protein functionality
in unsaturated membranes more comprehensible.

In this work, we present a thorough systematic analysis of
unsaturated lipid membranes studied through atomic-scale
molecular dynamics simulations, focusing on the dynamics and
the lateral pressure profiles. Starting from saturated lipids, we
systematically increase the level of unsaturation and end up with
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lipids containing DHA; see Figure 1. More specifically, we keep
thesn-1 chain as well as the glycerol backbone and phospho-
choline head group fixed and vary thesn-2 chain by consider-
ing palmitoyl, oleoyl, linoleoyl, arachidonoyl, and docosa-
hexaenoyl chains. In this fashion, we have analyzed single-
component membranes comprised of 1,2-dipalmitoyl-sn-glycero-
3-phosphatidylcholine (DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylcholine (POPC), 1-palmitoyl-2-linoleoyl-sn-
glycero-3-phosphatidylcholine (PLPC), 1-palmitoyl-2-arachidon-
oyl-sn-glycero-3-phosphatidylcholine (PAPC), and 1-palmitoyl-
2-docosahexaenoyl-sn-glycero-3-phosphatidylcholine (PDPC)
lipids, as the number of double bonds in thesn-2 chain is
increased systematically from zero to six.

The simulation data indicates that an increasing level of
unsaturation leads to major changes in structural properties, such
as increased area per lipid and conformationally less ordered
chains. Similarly, for an increasing degree of unsaturation, we
find considerable effects on dynamic properties, such as
accelerated dynamics of the phosphocholine head groups and
glycerol backbones and speeded up rotational dynamics of the
lipid molecules. The lateral diffusion rate of the lipids studied,
however, seems to be rather insensitive to the unsaturation level.
In addition, we have found that the lateral pressure profile of a
saturated DPPC bilayer is characterized by a repulsive peak in
the middle of the membrane. For an increasing number of double
bonds, the peak in the middle decreases, rendering the profile
smoother in the middle of the membrane, while both positive
and negative peaks at the membrane-water interface region
increase in size. Implications of our findings are briefly
discussed at the end of this article.

II. Methods

A. Force Field Parameters. The force field parameters
employed in this work are based on a recent study by Bachar
et al.21 They adapted the force field parameters for DPPC22 and
POPC23 to construct a force field for PLPC. For the double bond
region they calculated dihedral angle parameters using ab initio
techniques such that the single bonds next to the outermost
double bonds as well as the bonds between double bonds are
in accordance with skew+ and skew- states. Further details of
these potentials can be found from ref 21.

We used the PLPC force field in our work by varying the
number of double bonds in thesn-2 hydrocarbon chain. The
force field for POPC, available at http://moose.bio.ucalgary.ca/
index.php?page)Downloads, was also updated such that the
dihedral potentials near double bonds were in line with the ab
initio calculations of Bachar et al. Other parts of the model were
kept unchanged. The force field, simulation details, and some

results of DPPC and PLPC have already been discussed
elsewhere.24-30

B. Initial Structures. The initial structure for the PLPC
bilayer was taken from simulations by Bachar and co-workers,21

available at http://moose.bio.ucalgary.ca/index.php?page)
Downloads. The system was comprised of 128 PLPC and 2453
water molecules. We modified the system by increasing the
water/lipid ratio to 28.6 by adding 1202 water molecules to the
system. Having done this, we are confident that the bilayer is
fully hydrated.

The initial structure for a POPC bilayer structure was taken
from the final configuration of our previous work discussed in
ref 31. To construct an initial structure for a PAPC bilayer, the
structure of the PLPC lipid bilayer was taken, and the two CH2

groups were added to thesn-2 chain. After that, to ensure
enough space for the equilibration of the system, the upper and
lower monolayers were moved apart by approximately 0.5 nm.
The structure was also slightly loosened in the plane of the
membrane. The PDPC structure was constructed in a similar
way using PAPC as a template. In all cases, the energy of the
membrane systems was minimized using the steepest descent
method.

C. Simulation Details.Molecular dynamics simulations were
run by the GROMACS 3.1.4 simulation package.32-34 The
simulations were performed in the NPT ensemble at 1 bar and
310 K for the unsaturated systems (POPC, PLPC, PAPC, and
PDPC), and at 323 K for DPPC. These temperatures are above
the main transition temperatures of given lipids; thus the systems
were in the fluid (liquid-disordered) phase. The simulations were
carried out with the Berendsen thermostat and barostat35 until
the system had equilibrated. After equilibration the Nose´-
Hoover temperature coupling36,37and Parrinello-Rahman pres-
sure coupling38,39were applied. The coupling constant used for
pressure wasτp ) 1.0 ps, and for temperatureτt ) 0.1 ps. The
lipid bilayer and water were separately coupled to the heat bath,
and the semi-isotropic pressure coupling was applied separately
in the xy-direction (bilayer plane) and thez-direction (bilayer
normal). The cutoff radius for van der Waals interactions was
chosen as 1.0 nm. Particle mesh Ewald (PME) summations40

were applied for long-range electrostatic interactions with a grid
spacing of 0.12 nm, and a cutoff radius of 1.0 nm was employed
for real space summation. In previous studies, PME has been
shown to do well in membrane simulations.25,26 The neighbor
list update was performed every 10 steps. The time step was 2
fs, using LINCS41 to constrain all bond lengths of lipids, whereas
the SETTLE42 algorithm was used for the SPC water.43 The
data saving frequency was 0.1 ps-1. In total the systems were

Figure 1. Structures of lipids used in bilayer simulations.
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simulated for 50.0 ns, of which the first 10.0 ns were regarded
as an equilibration period and not included in analysis.

Below we compare the results of the unsaturated systems to
those of a fully saturated DPPC bilayer. The simulation details
and some results of the DPPC simulation study have been
described elsewhere.24-27 For this work, we have extended the
analysis of the DPPC bilayer, especially in the case of lipid
dynamics and the lateral pressure profile.

D. Lateral Pressure Profile.The local pressure for a system
consisting of pointwise particles withm-body potentials can be
defined using the local stress tensor

The kinetic contribution of the local stress tensorσK is defined
as44

wheremi, Vi, andr i refer to the mass, velocity, and location of
atom i. The definition of the configurational component of the
local stress tensorσC for the m-body potentialUm is44,45

whereCjljk is a contour from the particlejl to the particlejk, 〈j〉
stands for a summation over allm-clusters in the system, and
〈k, l〉 describes summation over all possible pairs of particles
within a givenm-cluster.

The lateral pressure profileπ(z) is then defined as a difference
between the normal and the lateral components of the pressure
tensor, that is,PN ) Pzz andPL ) (Pxx + Pyy)/2

Qualitatively, this means that a bilayer tends to expand along
the membrane plane (xy) with positiveπ(z) and contract with
negativeπ(z).

The lateral pressure profile calculation is implemented to lipid
bilayers by dividing the system into thin slices and calculating
the local pressure tensor in each slice.46-48 The discretization
of eqs 2 and 3 leads now to the equation used in the calculations

wheref(zjk, zjl, zs) ) 0 if particles are on the same side of the
slice, f(zjk, zjl, zs) ) 1 if both particles are inside the slice,f(zjk,
zjl, zs) ) (δz/|zjk - zjl|) if particles are on different sides of the
slice, andf(zjk, zjl, zs) ) (dz/|zjk - zjl|) if only one of the particles
is inside the slice. Heredz is the distance between the particle
inside the slice and the wall of the slice between the two
particles, andδz is the thickness of the slice. TheVδz is the
volume of the slice.

Here, let us briefly comment on the chosen contour. The
definition for local pressure presented above is actually unam-
bigous due to the arbitrary contour in eq 3.44 In practice, there
are two feasible contours that can be employed. In the most
intuitive and the most generally employed case, one uses the
Irving-Kirkwood contour,49,50 which goes directly from the
particlejl to jk. A recent study by Morante et al.51 supports the

choice of this contour, too. It allows one to use eq 5, but then
the range of interactions has to be finite. In practice, this implies
that electrostatic interactions have to be truncated at some cutoff
distancercut. In contrast, if one preferred to employ Ewald-
type descriptions for long-range interactions, then the approach
in eq 5 could not be used to calculate the local pressure
contribution from the reciprocal space part of the Ewald sum.46,48

Recently, Sonne et al.48 showed that this contribution can be
included using the Harasima contour.52 Through comparison of
different techniques, they concluded that the Irving-Kirkwood
contour with truncation and the Harasima contour with PME
yield qualitatively similar results provided thatrcut > 1.8 nm.
Here, we have employed the Irving-Kirkwood contour together
with truncation of electrostatic interactions atrcut ) 2.0 nm.
Note, however, that while the determination of lateral pressure
profiles was conducted by employing truncation via postanalysis,
in the actual bilayer simulations the electrostatic interactions
were treated by PME.

The practical implementation of calculations is made by
dividing the system in 100 slices (approximately 0.07-nm-thick)
perpendicular to the normal of the bilayer and then calculating
the lateral pressure in each slice using eqs 4 and 5. The analysis
is performed as a posttrajectory analysis exploiting the force
field and saved locations and velocities. Forces arising from
constraints are calculated using a general equation for con-
strained forces derived by Hess et al.41 The estimation of
statistical error for the lateral pressure profiles is made by
calculating the error of the mean in each slice.

The method used here has been validated against the results
of Lindahl and Edholm,46 who used an essentially similar force
field for DPPC and who also used the same contour together
with the truncation for electrostatics during the pressure profile
calculation. Our results for the lateral pressure profile of DPPC
were found to be essentially identical.

III. Results and Discussion

A. Structural Properties. Structural properties of unsaturated
systems have already been discussed in several simulation and
experimental studies. We have found it essential to return to
the subject due to the lack of systematic studies considering
the level of unsaturation. Here we systematically vary the
number of double bonds in thesn-2 tail by starting from a
saturated palmitoyl chain and ending up in the maximally
unsaturated docosahexaenoyl chain. In this fashion, we avoid
potential problems due to varying force fields and simulation
conditions that might hamper systematic comparison. Structural
characterization serves also as a basis for the interpretation of
the dynamic properties as well as the lateral pressure profiles.

1. Equilibration and Phase BehaVior. As a common practice
in simulations of lipid membranes (in the absence of salt),
systems are considered to have achieved equilibrium when
simulation box dimensions are not drifting. This condition was
achieved after 10 ns for POPC, PLPC, PAPC, and PDPC (data
not shown). Thereby, all results below have been analyzed over
the interval of 10-50 ns of simulation time. For the DPPC
bilayer, the analysis is performed over the period of 20-100
ns, which has been analyzed already in earlier studies.24-27

For the average area per lipid, we found 0.65( 0.01 nm2

for DPPC, 0.68( 0.01 nm2 for POPC, 0.69( 0.01 nm2 for
PLPC, 0.70( 0.01 nm2 for PAPC, and 0.71( 0.01 nm2 for
PDPC. As a reminder, DPPC was studied at 323 K and the
other systems at 310 K. The results are in good agreement with
experiments. For DPPC, Nagle and Tristram-Nagle have
reported a value of 0.64 nm2 at 323 K.53 For POPC, Kucˇerka et

P ) -σK - σC (1)
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miVi
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al.54 have found an area of 0.68 nm2 at 303 K. The simulation
results are also in line with the suggested trends based on various
experiments:3 The addition of first and second double bonds
clearly increases the area per molecule, but additional double
bonds do not seem to have remarkable effect. Additionally,
although areas per lipid in monolayers and bilayers are not
directly comparable, the simulation-based areas per lipid for
POPC, PLPC, and PAPC are remarkably close to the respective
measured values for corresponding monolayers: 0.658, 0.677,
and 0.700 nm2 (measured at 40 dynes/cm).55 Further, our
simulations reproduce the experimentally observed increase in
the area per lipid from oleoyl-containing PC to arachidonoyl-
or docosahexaenoyl-containing PC.56

Data for two-dimensional radial distribution functions of the
lipid center of mass positions (not shown) indicated clearly that
all bilayer systems were in the liquid-disordered phase, as
expected.

2. Profiles across Bilayer and Interdigitation.In Figure 2
are shown the total electron densities of the DPPC, POPC,
PLPC, PAPC, and PDPC bilayers across the bilayer, together
with the separate partial densities ofsn-1 andsn-2 chains and
water layers together with the double bonds.

Distances between the main peaks in the total electron density
profile, used generally as a measure of bilayer thickness, were
for DPPC, POPC, PLPC, PAPC, and PDPC bilayers 3.6, 3.4,
3.5, 3.5, and 3.8 nm, in respective order. The experimentally
determined value for the thickness of the DPPC bilayer is 3.83
nm,53 which is in good agreement with our result. Our results
for the thickness of PAPC and PDPC show also good agreement
with the very recent small-angle X-ray diffraction study report-
ing a thickness of 3.5 nm for PAPC and 3.6 nm for PDPC.57

Membrane thickness does not seem to have any clear trend
with regard to an increasing number of double bonds, which is
probably due to the competition between various factors:
Although double bonds are thought to increase the amount of
tilted conformations, thereby reducing thickness, the length of
thesn-2 chain is increasing at the same time counteracting the
effects of double bonds themselves. A report of Eldho et al.4

presents electron density curves of the DHA-containing SDPC
and some other less unsaturated lipids and ends up with a
conclusion that the most prominent feature in a comparison is,
if the profiles are arbitrarily normalized to the same peak-to-

trough extent, the broader and more shallow methyl trough
region in the DHA-containing bilayer. We observe this feature
in our data too, which Eldho et al. interpreted to indicate a higher
density of saturated stearic acid in the bilayer center. Rajamoor-
thi et al.57 interpret their very recent X-ray data for PAPC and
PDPC in a similar way, suggesting that in the more unsaturated
systems the saturatedsn-1 chain would be shifted toward the
membrane center. However, despite the qualitative similarity
of the total electron density curves and the even quantitative
agreement of membrane thickness, our simulation data would
suggest the contrary: The more unsaturated the membrane, the
less the saturatedsn-1 chain appears in the membrane center;
see Figure 2B. It is interesting to note, however, that if we
compare just POPC and PLPC systems havingsn-2 chains of
equal lengths in carbon segments, then the density profiles of
thesn-1 andsn-2 chains reproduce qualitatively the findings of
the study of Eldho et al.4

The investigation of partial density profiles reveals also that
water molecules penetrate down to the carbonyl group region
(carbonyl profiles not shown), correlating with the thickness of
the bilayers. Interestingly, in each system water seems to be in
contact also with the hydrocarbon segments of the chains, and
the probability for the contacts between water molecules and
double bonds is apparently increasing with unsaturation. Un-
saturared lipids are considered more susceptiple to lipid per-
oxidation than saturated lipids.58 This phenomenon could be
explained by the increased probability of contacts observed here.
Hypothetically, increased unsaturation could ease up the entering
of water-soluble oxidants to the membrane and increase the
probability for their contacts with double bonds, the commonly
suggested site for the beginning of membrane degrading chain
reaction of oxidation.58

We also calculated the amount of water molecules inside
bilayers, where they reside merely transiently. It can be
concluded that there is more water inside a bilayer in the PAPC
and PDPC bilayers than in the PLPC and POPC bilayers (data
not shown). This is in agreement with the experimentally
observed increase of the amount of water inside a bilayer,3,59

when the number of double bonds is increased. As for the
dynamics of water molecules in terms of permeation, during
the 50 ns simulations we found only 4, 2, 7, and 6 water
molecules to go through the membrane in the POPC, PLPC,
PAPC, and PDPC systems, respectively. These numbers are
statistically clearly too insignificant to draw any conclusions
of the permeation process. After all, water molecules migrate
inside bilayers relatively rarely as compared with the time scales
of our present simulations. More careful studies of water inside
a bilayer are therefore beyond the scope of this work.

To gain insight into the importance of interdigitation in lateral
diffusion and lateral pressure profiles discussed later in this
work, we quantify interdigitation as follows.24,28For each lipid
molecule at every moment, we find its minimum and maximum
z-coordinate, defined by the van der Waals radii of its atoms.
The lipid molecule is considered to cover the whole regime
between these points. The final profile is constructed by
averaging over all configurations and plotting the number of
the lipids as a function of the distance from the bilayer center;
see Figure 3. In this fashion, one is able to study how lipid
molecules in one leaflet extend to the opposite one.

The results in Figure 3 show that the interdigitation in the
studied membranes is significant, but the differences between
the different membranes are minor. Interdigitation in the
saturatedsn-1 chain follows the order (from largest to smallest)
PLPC > DPPC > POPC > PAPC > PDPC, while in the

Figure 2. Electron density profiles across the bilayer for (A) the whole
system together with the profile for water, (B)sn-1 chains, (C)sn-2
chains, and (D) double bonds.
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unsaturatedsn-2 chain the order is essentially opposite PDPC
> PAPC > POPC> PLPC > DPPC. When it comes to the
total interdigitation, it is to some extent enhanced for increasing
unsaturation, though the differences are indeed minor.

3. Orientation of the Head Group, Glycerol Backbone, and
Hydrocarbon Chains.The angular distributions of various
vectors describing the overall structure of the studied unsaturated
molecules have been calculated with respect to the bilayer
normal and are shown in Figure 4. The broad distributions show
that the average orientation angle of the phosphorus-nitrogen
(P-N) vector with respect to the outward bilayer normal is
practically similar, 78° ( 1°, in all five systems. This agrees
well with the experimental estimate of, for instance, 72° by
Akutsu and Nagamori.60 This leads to the conclusion that head
groups lie, on average, almost in parallel to the bilayer surface
and that unsaturation has only a minor effect on the orientation
of the head group. The widths of the distributions demonstrate,

however, that the membrane-water interface is subject to
considerable fluctuations and rather rough, as the head groups
may occasionally point directly toward the water phase and next
almost toward the interior of the bilayer.

Figure 4 shows also the angular distributions of the glycerol
backbone vector, determined as a vector from thesn-1 carbon
to the sn-3 carbon of the glycerol group. Again there is no
significant difference between the different lipids, as the most
prevailing orientation angle of the glycerol backbone in the
different systems is 48° ( 3°. The angular distribution of the
vector from the first carbon of thesn-1 chain to the first carbon
of thesn-2 chain presents also no significant differences between
the bilayer systems, showing only that in all systems this vector
lies on average almost in parallel to the bilayer surface making
the chains to start approximately from the same height. Hence,
these distributions do not reveal significant differences in the
head group and interfacial regions between the different
unsaturated bilayers. The widths of the distributions demonstrate
the dynamic nature of the interface.

Figures 4B and 4C depict the angular distributions of the
vectors from the first to the last carbons of the hydrocarbon
chains and are shown with respect to the inward normal of the
bilayer. The most prevailing angles for thesn-1 chains of the
DPPC, POPC, PLPC, PAPC, and PDPC bilayers are 27°, 25°,
28°, 28° and 24°, respectively, and for thesn-2 chain 26°, 30°,
30°, 30°, and 30°. These values are in line with suggestions
based on fluorescence emission experiments:59,61,62Addition of
fthe irst double bond increases the tilt angle, but addition of
more double bonds has a minor effect. However, since the
observed changes are small, conclusions must be drawn with
care as well.

4. Chain Structures.We have determined the deuterium order
parameter

whereθ is the angle between the bilayer normal and the C-H
bond vector and the brackets denote an average over all lipids
and different times. To calculate deuterium order parameters
from eq 6, the positions of hydrogen atoms had to be included
in the simulation trajectories of the system, which was performed
by calculating the positions on the basis of the orientation of
carbon chains and exploiting tetrahedral symmetry at given sites.
A similar approach has been used elsewhere.27 Figure 5 shows
the order parameters of thesn-1 and sn-2 chains of DPPC,
POPC, PLPC, PAPC, and PDPC bilayers. For clarity’s sake,
error bounds have been calculated for all carbons but plotted
only for selected ones.

Order parameters for thesn-1 chains of the bilayers with a
different level of unsaturation appear to be approximately
similar; see Figure 5F. The2H NMR study of Holte et al.63

suggests that adding the second and third double bond into the
sn-2 chain decreases the order of thesn-1 chain, but adding
further double bonds would not cause a further decrease in
ordering. Nevertheless, the observed changes in experiments
are also small. Taking into account the experimental uncertain-
ties, simulations and experiments are in good agreement.
Especially in the case of the DPPC and POPC bilayers,
quantitative agreement with experiments is very good.

For the PLPC bilayer there are no experimental order
parameter results available, so the comparison is made mostly
for the sn-2 linoleate chain. Here, the order parameters are
measured for the isolinoleate chain of 1-palmitoyl-2-isolin-
oleoyl-glycero-3-phosphocholine (PiLPC),64 in which the loca-

Figure 3. Average number of lipid molecules as function of distance
from bilayer center along the bilayer normal. Results are shown for
(A) the whole system, (B) thesn-1 chain, and (C) thesn-2 chain. For
comparison, the number of lipids in each leaflet is 64.

Figure 4. Angular distributions of several vectors characterizing
molecular orientations. (A) Head group (P-N vector) and glycerol
(Cg1-Cg3) backbone vectors together with the vectors between first
carbons ofsn-2 andsn-1 chains (C1(sn-1)-C1(sn-2)) with respect to
the outward bilayer normal. (B) Vector from the first to the last carbon
of thesn-1 chain with respect to the inward bilayer normal. (C) As in
part B, but for thesn-2 chain.

SCD ) 1
2

〈3 cos2θ - 1〉 (6)
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tion of double bonds is shifted three carbons toward the glycerol
backbone. If this shift is taken into account in the comparison
together with the fact that the experimental order parameters
are absolute values, then the comparison of the profile shapes
suggests very good agreement between the simulations and
experiments due to two double bonds. This is further supported
by the single measurement in the experiments of Baenziger et
al.64 for carbon C6 of thesn-2 chain of PLPC, Figure 5C, which
agrees with our simulation-based value. Order parameters of
thesn-1 chain of the PLPC bilayer agree well with simulations
by Bachar et al.21

In the PAPC and PDPC bilayers, thesn-1 chains seem to be
more ordered in our simulations than in experiments. However,
the assignment of the order parameter from2H NMR experi-
ments with perdeuterated acyl chains is not segment-specific
but assumes monotonically decreasing order toward the chain
ends. If this assumption were not done for experimental values,
then the experimental order parameter profile would likely be
more similar to ours in the beginning of the chains. What is
more, in addition to the results presented in Figure 5, the
experimental results for the sn-1 chain order parameters of
PAPC65 and PDPC66 agree with our results. Qualitatively the
difference between thesn-1 chains of PAPC and PDPC in our
simulations is similar to the2H NMR study57of Rajamoorthi et
al.: In the same absolute temperatures the order parameters of
thesn-1 chains of PAPC are closer to zero than those of PDPC.

It is noteworthy that we find nearly identical, almost zero,
order parameter values in the last segments of the chains in
each bilayer, indicating almost full orientational freedom of the
methyl segment in the bilayer center. This is in full agreement
with experimental findings, wherever comparison is possible.

As the number of double bonds in thesn-2 chain increases,
the order parameters at the double bond regions apparently
approach zero indicating lower order. Interestingly, Eldho et
al.4 mention in their deuterium NMR study that the order
parameters of docosahexaenoyl and docosapentaenoyl chains
(in thesn-2 position) for carbons in double bonds show higher
order at the first carbon in the bond relative to the second. A
similar feature is mostly observed also in the order parameter
profiles of arachidonoyl and docosahexaenoyl chains as calcu-
lated from our simulations. However, the order parameter profile
measured for thesn-2 docosahexaenoyl chain by Huber et al.
for PDPC is much smoother.67

In all, the comparison of our simulation-based order param-
eters with corresponding experimental results shows good
agreement, even at a quantitative level, especially taking into
account the apparent differences in order parameters between
different experimental systems.

The fractions of trans/gauche+/gauche- or skew+/skew- states
along the chains were calculated for each bond along the chain,
depending on the type of the bond (data not shown). In all bonds
of sn-1 chains the fraction of gauche states is approximately
20-25%, except for the last dihedral, where the amount
increases to 30%. However, there is very little variation between
different bilayers. The general amount accords with the Fourier
transform infrared spectroscopy experiments for a DPPC bi-
layer.68 The fraction for skew+ states in sn-2 chains is
approximately 50% as can be expected from the dihedral
potential applied.21 Trans fractions for saturated regions insn-2
chains are approximately similar to those insn-1 chains, except
for a bond closest to the skew-type bonds. In those bonds the
amounts of trans states are decreased to approximately 50-
65%.

B. Dynamic Properties. 1. Lateral Diffusion.The lateral
diffusion rate of lipid molecules in the plane of the bilayer is
described by the lateral diffusion coefficient. Among several
experimental methods, the fluorescence recovery after photo-
bleaching, nuclear magnetic resonance, and single-particle
tracking have been perhaps the most popular techniques to
consider lateral diffusion for lipid bilayers.69

The lateral diffusion coefficientD for single-particle motion
is defined as

Figure 5. Order parameters for thesn-1 (squares) andsn-2 (triangles)
chains of (A) DPPC, (B) POPC, (C) PLPC, (D) PAPC, and (E) PDPC.
Simulation results are shown in full black, and experimental results
for comparison in gray. Additionally, part F summarizes the data for
all bilayers from the simulations. Experimental order parameters were
chosen for comparison as follows. The order parameters for DPPC (T
) 323 K) are based on studies by Petrache et al.98 whereas the
experimentalSCD values for PDPC and for thesn-1 chain of POPC (T
) 310 K) are based on studies by Huber et al.67 For thesn-1 chain of
PDPC, the data set at 310 K is obtained by linearly interpolating
between data at 303 and 323 K, whereas for thesn-2 chain the data at
303 K are presented.67 Experimental values for thesn-2 chain of POPC
are based on studies by Seelig et al.99 A single experimental value is
available also for thesn-2 chain of the PLPC bilayer at 313 K
(diamond)64 to compare with our simulated order parameters for PLPC.
Together with PLPC, there are also experimental results for PiLPC (T
) 313 K).64 Experimental order parameters for thesn-1 andsn-2 chains
of PAPC (T ) 303 K) are based on quadrupole splittings measured by
Rajamoorthi et al.100 For thesn-1 chain the monotonic decrease through
the acyl chain is expected. For thesn-2 chain, values are fitted such
that the agreement is as good as possible.

D ) lim
tf∞

1
2dt

〈[ rb(t) - rb(0)]2〉 (7)
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whered ) 2 is the dimensionality of the system andrb(t) is the
molecule’s center of mass position at timet. Hence,〈[rb(t) -
rb(0)]2〉 constitutes the mean-squared displacement (MSD) of a
single tagged particle, which is then averaged over different
time origins and molecules in the bilayer. Importantly, since
the center of mass of individual monolayers in a membrane may
drift during the simulation, there is reason to consider single-
particle motion with respect to the leaflet’s center of mass
motion. Here, we took this effect into account in a similar
fashion as in ref 25.

Having calculated the MSD as a function of time, we
determined the diffusion coefficientD from the slope of the
MSD over time windows of 2-3 and 5-10 ns. The studied
two cases allowed us to estimate the error bounds with
reasonable accuracy. The results shown below refer to the longer
time scale.

Through this analysis, we found a lateral diffusion coefficient
of (12 ( 3) × 10-8 cm2/s for DPPC, (9( 3) × 10-8 cm2/s for
POPC, (13( 3) × 10-8 cm2/s for PLPC, (9( 3) × 10-8cm2/s
for PAPC, and (11( 3) × 10-8 cm2/s for PDPC. There is reason
to keep in mind that the DPPC simulations were carried out at
323 K and the others at 310 K.

The simulations indicate that the studied systems have very
similar lateral diffusion coefficients as the differences are within
the error bars. Therefore, the data propose that unsaturation in
the sn-2 chain does not affect lateral diffusion rates in a
significant fashion, or if it does, then there are competing
mechanisms with opposing trends. For example, one is tempted
to assume that increasing unsaturation increases the rate of
lateral diffusion, because the area per lipid and hence also the
free volume available to diffusion increases; see section III.A.1.
However, since in our case the increase in unsaturation is
associated to an increase in the length of thesn-2 chain, one
might expect the increasing interdigitation to slow down
diffusion (Figure 3). However, the results shown in Figure 3
indicate only minor differences in interdigitation between the
studied membranes. Additionally, what might play a role in
lateral diffusion is the effect of entanglements: For long enough
chains, their lateral motion is slowed down since they are
entangled with other chains, and this effect increases for
increasing chain length. It is likely that all these processes
contribute to the lateral diffusion studied here, but nevertheless,
within the quality of the data, the lateral diffusion rate seems
to only rather weakly depend on the unsaturation level.

As for the trend of increasing unsaturation level, comparison
to previous simulations and experiments is rather difficult
because, to our knowledge, there are no systematic studies
available for comparison. The wide range of published values
indicates some uncertainty concerning the actual diffusion rate
and is likely, in part, due to different experimental techniques
considering diffusion phenomena over different scales in space
and time. Let us therefore concentrate on the work by Filippov
et al., who have systematically used pulsed-field gradient NMR
to measure lateral diffusion in several one-component systems.
At 323 K, they found 14× 10-8 cm2/s for DPPC,70 and at 313
K a lateral diffusion coefficient of 13.5× 10-8 cm2/s for
POPC.71 If one assumes the Arrhenius form to hold and uses
the Arrhenius barrier of 28 kcal/mol found by Filippov et al.,71

then one finds 12.1× 10-8 cm2/s for POPC at 310 K. The trend
here is in reasonable agreement with our simulation results.
Similarly, Vaz et al.72 used fluorescence recovery after photo-
bleaching and found 12.5× 10-8 cm2/s at 323 K for DPPC
and 7× 10-8 cm2/s at 313 K for POPC. The trends in these
results are in agreement with the simulation data, too. For

DOPC, Filippov et al.71 and Ladha et al.73 found a slightly higher
diffusion coefficient than for POPC. As the hydrocarbon chains
of POPC and DOPC are almost of equal length and the average
area per lipid is slightly larger for DOPC than for POPC,54 this
trend is expected and is in line with the simulation data; see
above. Preliminary results of Dustman et al.74 based on pulsed-
field gradient magic-angle spinning NMR experiments have
indicated an increase in the diffusion rates upon increasing
unsaturation. Mitchell and Litman59 have reported increased
dynamics of the fluorescent diphenylhexatriene (DPH) probe
in lipid bilayers for increasing unsaturation, but in this case one
has to keep in mind that the results reflect the dynamics of the
probe rather than the behavior of the unlabeled lipid mol-
ecules.29,30Finally, concerning previous simulations, a study by
Niemela et al.75 showed that for sphingomyelin bilayers the
monounsaturated lipids expressed faster diffusion than the
saturated counterpart. However, they also found that increasing
chain length slowed down lateral diffusion. We come back to
this issue at the end of this article.

2. Intramolecular Dynamics.The understanding of intra-
molecular dynamics of lipids is largely based on NMR studies,
complemented by computational studies of rotational autocor-
relation functions that provide related data for comparison. For
this purpose, we consider here the autocorrelation functions of
various vectors describing different parts of the lipid mol-
ecules: the glycerol region through the vector from thesn-1 to
thesn-3 carbon, the head group region through the P-N vector,
and the C-H vector of individual carbon-hydrogen bonds along
the hydrocarbon chains (Figure 1). In practice, we employ the
second-order reorientational autocorrelation function27

whereµb(t) is a unit vector that defines the chosen rotational
mode; see above. To characterize the motion of the molecular
parts, either the half-times of the decay,t1/2, or the effective
characteristic times,τeff, were determined from the autocorre-
lation functions. The effective characteristic time of the auto-
correlation function is defined by

whereC2(∞) is the plateau value of the autocorrelation function
at long times andC2(0) ) 1 due to normalization. Equation 9
stems from the assumption that the decay ofC2(t) is exponential.
Here, the characteristic time is called effective because this is
not the case, that is, the autocorrelation functions of the C-H
vectors are not truly exponential but rather have several
characteristic time scales. This has been shown rather recently
in several studies,4,76,77which have found evidence for the idea
that the decay ofC2(t) follows a power law or stretched
exponential, though the present view is inconclusive in the sense
that both forms seem to describe the data equally well (and
asymptotically one expects exponential decay for a dissipative
system). Our results (not shown) support these findings. The
relevance of using eq 9 therefore lies in the idea that it allows
us to systematically compare the influence of double bonds on
the chain dynamics between the many different lipid types.
Though these results are suggestive and describe the rate of
dynamics in an averaged sense, the effective correlation time
grasps the essential behavior.

Figure 6A presents the data for the decay half-times for these
autocorrelation functions. Figures 6B and 6C, in turn, show the

C2(t) ) 1
2

〈3[µb(t)‚µb(0)]2 - 1〉 (8)

τeff ) ∫0
∞ dt

C2(t) - C2(∞)

C2(0) - C2(∞)
(9)
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effective characteristic times for autocorrelation functions of
C-H vectors in the acyl chains.

The decay half-times of the reorientational autocorrelation
functions of the head group and glycerol backbone vectors
together with the C1(sn-1)-C1(sn-2) vector show that in our
model membranes the rotational dynamics of these vectors
become faster as the number of double bonds increases from
one to six. Autocorrelation functions of these various vectors
would indicate the C1(sn-1)-C1(sn-2) vector to have the slowest
motion of the vectors compared here. This is, however hand,
natural, as the C1(sn-1)-C1(sn-2) vector lies on average in the
bilayer plane (Figure 4), and the motion therefore represents
roughly the rotational motion of the whole molecule, which is
expected to be a slow process. It is interesting to note that
although we cannot observe a significant trend in the lateral
diffusion coefficients along the increasing unsaturation (see
discussion above), there seems to be a clear trend of increasing
rotational motion in the P-N, Cg1-Cg2, and C1(sn-1)-C1-
(sn-2) vectors for increasing unsaturation.

From Figure 6 one can observe that the rotational dynamics
of C-H vectors, for both chains, are considerably slower near
the head group than near the bilayer center. This behavior has
also been reported based on experiments for both saturated78

and unsaturated4,7 chains. Unsaturation does not seem to have
a significant effect on the rotational dynamics of C-H vectors
in thesn-1 chain in our simulation time scale, except for faster
dynamics in the three first carbons.

The profile of the effective characteristic times for thesn-2
chains suggests that the rotational dynamics of the carbon
segments are significantly increased after each double bond
toward the methyl end. In most cases this leads to exceptionally
rapid rotational motions between the double bonds, while the
dynamics of the double-bonded carbons might be relatively
slow. This observation is in line with various experiments.4,7,79

Rotational autocorrelation functions of C-H vectors can be
compared with the spin lattice relaxation times from2H NMR
and13C NMR experiments according to the procedure presented,
e.g., in refs 4 and 76. Here we have made this comparison to
ensure that our dynamics are in agreement with experimental

results. We have determined the spectral densities by fitting the
four exponential sums on the autocorrelation functions as in
ref 4 and then applied the equations in ref 76. All available
spin lattice relaxation times increase toward the end of the acyl
chain.4,57,78,80For carbons 2-14 in thesn-2 chain of DPPC,
spin lattice relaxation times between 0.5-1.7 and 0.02-0.1 s
are obtained from13C NMR (conducted at 126 MHz, 323 K)80

and2H NMR (54.4 MHz, 324 K)78 experiments, respectively.
In our analysis, spin lattice relaxation times have been calculated
from simulation data using the same NMR frequencies as used
in experiments. The experimental results are then found to be
in good agreement with our results giving 0.1-1.7 and 0.003-
1.4 s, in respective order. According to13 C NMR (125.7 MHz,
303 K) results4,7,81 for a bilayer containing DHA chains, the
spin lattice relaxation times are approximately between 0.3 and
2 s for carbon numbers 2-17, increasing stepwise from one
double bond to another toward the methyl end. According to
the same studies,13C NMR spin lattice relaxation times for
carbons 19-22 in the DHA chain are between 3 and 5 s. Our
simulations give spin lattice relaxation times between 0.29 and
5 s for carbons 2-17, having a similar stepwise increase, and
times between 9 and 22 s for carbons 19-22. In general, the
qualitative and even quantitative agreement between experiments
and our simulations is good.

For the purpose of completeness, we also analyzed the
transition rates between gauche and trans states in the single
bonds and between skew+ and skew- states in the single bonds
next to the double bonds (data not shown). For this purpose,
due to remarkably high transition rates, each system was
simulated for an extra 1 ns with a greater data saving frequency
of 50 ps-1 to be able to determine reliable transition rates. The
transition rates in the bonds of the chains range between 20
and 450 transitions per nanosecond; see below.

Transition rates forsn-1 chains of the unsaturated lipids do
not appear to vary significantly between the different unsaturated
systems. The rates increase from the beginning of thesn-1 chain
toward their end, being approximately 35-45 ns-1 until the bond
C12-C13, after which the rate increases to a value of 65 ns-1

in the bond C14-C15. In thesn-1 chain of the DPPC system,
the behavior is similar to other systems, but the number of
transitions is increased by approximately 10 ns-1 for each bond,
probably due to the higher simulation temperature.

A similar increase of transition rates toward the bilayer center
is found also in thesn-2 chain. The exception to this behavior
concerns the transition rates for the skew-type bonds next to
the double-bonded regions, where the rates are especially large,
larger than 350 ns-1, while in the region between the double
bonds the rate is roughly twice the normal value of single bonds,
i.e., approximately 100 ns-1. Similar trends have been seen in
CHARMM simulations of Hyvönen et al.,11,82though there the
rates were clearly smaller than in our present simulations. These
variations may be due to a different data saving frequency or
differences in force fields. Interestingly, Gawrisch et al.7 and
Eldho et al.4 have proposed that the increased flexibility in
bilayers with an increasing number of double bonds may be
caused by conformational freedom and structural transition rates
near double bond regions. They assumed, however, that the
dynamics of all skew-type bonds would be equally fast, both at
the edges and inside the double bond regions. Simulation studies
would suggest, though, that the profoundly high transition rate
would take place only at the edges of the double bond regions,
although the rate would be significantly increased also in the
skew-type single bonds between the double bonds. This type
of behavior would guarantee, altogether, a very flexible nature

Figure 6. (A) Decay half-times for autocorrelation functions of P-N,
Cg1-Cg2, and C1(sn-1)-C1(sn-2) vectors. Parts B and C show
effective characteristic times for autocorrelation functions of C-H
vectors along the hydrocarbon chains in different bilayers. Note that
the DPPC bilayer was simulated at a higher temperature of 323 K,
resulting in the more rapid dynamics seen here.
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for the highly unsaturated bilayers, especially those containing
DHA, as has been suggested also based on solid-state NMR
experiments.7

Taken together, we find good agreement with the correspond-
ing dynamic properties in related experimental systems, when-
ever comparison is possible. This lays sound background for
the interpretation of our other results for which experimental
data does not exist, such as the lateral pressure profiles discussed
below.

C. Lateral Pressure Profiles.The concept of lateral pressure
profile, π(z), arises from local forces acting inside a lipid bilayer
in the direction of the membrane plane; see section II.D.

In equilibrium, to guarantee mechanical stability of the
membrane, the integrated lateral pressure profile across the
membrane should be zero. Yet the profile may spatially express
different behaviors due to different interaction types. Tradition-
ally three different regimes have been identified: a repulsive
contribution arising from hydrophilic head groups due to
electrostatic and steric interactions and hydration repulsion; an
attractive contribution due to the interfacial energy between the
water and the hydrocarbon phase, trying to minimize the surface
area; and a repulsive contribution from the hydrophopic chains
due to steric interactions.83-85 These forces are assumed to create
a nonuniform lateral component of local pressure inside a
bilayer.85,86

Previous atomistic simulation studies17,46-48,87 have shown
that the lateral pressure profile depends on the lipid composition
of the membrane and is characterized by narrow local peaks on
the order of 1000 bar. Mean-field analytical predictions14 and
simulations of coarse-grained model systems45,88have provided
support for these conclusions. On the basis of these exceptional
properties, it has been suggested that the functioning of certain
membrane proteins is influenced by the lateral pressure profile,13

and it may even provide a mechanism for the action of
anesthetics affecting the state of membrane proteins such as
ion channels. However, the lateral pressure profile is extremely
difficult to measure experimentally. To our knowledge, there
is only one rather recent study89 in which fluorescent probes
were utilized to gauge the lateral pressure at several places in
the hydrocarbon part of a membrane to determine the qualitative
form of the pressure profile. In general, the atomic-scale
molecular dynamics method seems to provide the most accurate
means to elucidate lateral pressure profiles.

Here we employ the atomic-scale simulation data to system-
atically analyze the dependence of lateral pressure profiles on
the unsaturation level. The results are presented in Figure 7.
For clarity, the profiles have been smoothed by adaptive high
order spline fitting90 and averaged over the two monolayers.
Original data are presented in the Supporting Information.

The lateral pressure profile found for DPPC is in good
agreement with earlier atomic-scale simuations.46,48,87Consider-
ing the present case, the profile is most importantly characterized
by the negative peak at the boundary between the water and
hydrophopic phases and by the shallow peak in the middle of
the bilayer. The origin of the latter is still under debate;91 see
below.

We find that the main effect of increasing the number of
double bonds is the decrease of the lateral pressure in the middle
of the membrane, for|z| < 0.5 nm. The largest difference at
this region, 180 bar, is obtained between DPPC (saturated) and
PDPC (six double bonds), though the effect due to increasing
unsaturation seems to be most pronounced when the first two
double bonds are incorporated into thesn-2 chain. We also find
that the reduction of lateral pressure in the membrane center is

partly compensated for by an increase of lateral pressure on
both sides of the membrane-water interface, but these changes
are not as systematic as in the middle of the bilayer.

Previously, the peak in the middle of the bilayer has been
suggested to emerge from interdigitation of the two leaflets.91

To consider this possibility, we analyzed the interdigitation in
a similar manner as in ref 75 and found that the interdigitation
does not significantly change when the number of double bonds
is increased; see Figure 3. This result suggests that the
disappearance of the peak in the membrane center in Figure 7
cannot be explained straightforwardly by interdigitation.

Carrillo-Tripp and Feller17 have calculated lateral pressure
profiles from atomistic molecular dynamics simulations for lipid
bilayers having six and five double bonds in thesn-2 chain,
with equal chain lengths (18:0-22:6n3PC and 18:0-22:5n6PC).
Their main result was that the addition of a double bond
increases the pressure near the interfacial region, which is in
agreement with lattice thermodynamics calculations of Cantor.14

They did not, however, observe a change in the middle of the
bilayer. Furthermore, according to ref 17, the repulsive chain
pressure follows the distribution of the polyunsaturated acyl
chain segments. Figures 2 and 7 indicate that we find somewhat
different behavior, especially in the middle of the bilayer, where
the density of the unsaturated chains increases, the pressure
decreases contrary to the suggestion of ref 17. We think that
the reasons for these differences with respect to our work are
partly methodological and subject to the lipids studied. First,
the area of the bilayer was held constant during the simulations
in ref 17, and this area was also identical in the simulations of
the two different unsaturated bilayers (18:0-22:6n3PC and 18:
0-22:5n6PC). This does not allow the system to find its
equilibrium area with zero surface tension (see section III.A.1).
Second, Carrillo-Tripp and Feller compared only lipids that have
equal chain lengths, but a different number of double bonds.
This is also the case between POPC and PLPC systems, but
those include, however, only one and two double bonds and
thus are not fully comparable with the systems of ref 17. In
most of the systems studied here, both the number of double
bonds and the chain length are varied.

The relation between the deuterium order parameter and the
lateral pressure has been discussed rather recently, but no general
consensus has been achieved.16,92 Gawrisch and Holte have
observed that an increase of temperature, chain length, or level
of unsaturation promotes the formation of an inverse lamellar

Figure 7. Lateral pressure profiles of DPPC, POPC, PLPC, PAPC,
and PDPC bilayers, having zero, one, two, four, and six double bonds,
in respective order. Statistical errors are presented for one leaflet of
the POPC system. Error bars in the other leaflet and in other systems
are similar.
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phase and decrease lipid ordering. Thus, they have suggested
that a decrease in the order of the hydrocarbon chains increases
the lateral pressure in the acyl chain region.92 From Figures 5
and 7 it can be seen that near the interfacial region the absolute
value of the deuterium order parameter decreases due to double
bonds, but the lateral pressure remains almost unchanged. At
the same time, in the middle of the bilayer the lateral pressure
decreases due to double bonds, but the deuterium order
parameter is only weakly affected. Thus, our results do not
suggest any clear-cut relation between the deuterium order
parameter and the lateral pressure.

In fact, all of the above-mentioned results14,16,17,92also agree
with our results, which is, however, not trivial. First, in our
simulations as well as in experimental results the order
remarkably decreases near the interfacial region for increasing
unsaturation. On the basis of the above suggestion, the repulsive
pressure is expected to increase in that region. This increase
would lead to an increase in the area per lipid, which has been
observed in experiments7 and our simulations. However, the
order in the middle of the bilayer is not significantly changed
due to unsaturation, and thus, according to the suggestion above,
the repulsive pressure in that region is expected to be ap-
proximately equal in all systems regardless of the number of
double bonds. This argument leads to a conclusion that the
lateral pressure in the middle of the bilayer is decreased due to
polyunsaturation, because the area per molecule increases
accordingly. Furthermore, the maximum in the middle of a
saturated or monounsaturated membrane can be explained by
reduced ordering in the middle of the membrane compared with
the interfacial region. This idea is in good agreement with the
suggestion of Mukhin and Baoukina93 who have proposed that
the peak in the middle of the bilayer is induced by increased
configurational entropy due to the low order.

Quantitatively, the differences between the lateral pressure
profiles of saturated and polyunsaturated lipid bilayers in the
middle of the bilayer are approximately a few hundred bars.
The change is substantial, and approximately 15% of the peak
value is close to the membrane-water interface. It is likely that
changes of this size may play a role in membrane protein
functionality. This is substantiated by the theory of Cantor,
which predicts that changes in the lateral pressure profile affect
exponentially the ratio of concentrations of conformational
(functional) states of mechanosensitive proteins.13 Furthermore,
it has been suggested that changes in the lateral pressure profile
are involved in increasing rhodopsin activity with increasing
level of unsaturation.14,20,94Being more specific, this proposition
was first made in terms of curvature stress by Brown et al.18-20

and later extended more explicitly by Cantor.14 Our results
support this view, because double bonds seem to systemically
decrease the repulsive pressure in the middle of the bilayer. It
also seems evident that the active state of rhodopsin has a larger
volume than the inactive state.95 In addition, the crystal structure
of rhodopsin96 suggests that the retinal, the origin of the
activation, locates rather close to the center of the bilayer.
Cholesterol, in turn, has been observed to decrease rhodopsin
activity,94 while the atomic-scale molecular dynamics calcula-
tions of several authors17,87,97suggest that cholesterol increases
the repulsive pressure in the middle of the bilayer. These results
encourage us to hypothesize that the activity of membrane
proteins such as rhodopsin is affected by changes in the lateral
pressure profile in the middle of the membrane. More direct
studies including proteins embedded in membranes would be
most welcome to validate this idea.

IV. Concluding Remarks

Here, we have employed atomistic molecular dynamics
simulations to thoroughly elucidate the effects of unsaturation
on lipid bilayer properties. Thesn-1 chain in phosphatidylcho-
lines was held fixed (palmitoyl), while thesn-2 chain was varied
systematically by changing its unsaturation level and length. In
this fashion, we analyzed single-component membranes com-
prised of DPPC, POPC∆9, PLPC∆9,12, PAPC∆5,8,11,14, and
PDPC∆4,7,10,13,16,19. The focus of the study was on the dynamics
and lateral pressure profiles and in particular on the changes in
system properties as the level of unsaturation was varied
systematically in a controlled manner.

First, as for structural properties, one of the most obvious
effects found in the fluid (liquid-disordered) phase is the increase
in the area per lipid, which is most prominent after the
incorporation of the first double bond, that is, the area per lipid
is increased in the POPC bilayer as compared with saturated
DPPC. This results in many other structural effects in quantities
such as the ordering of lipid hydrocarbon chains, membrane
thickness, and density profiles across the membrane.

Recently, it has been proposed4,5,57 that there would be an
uneven distribution of density in DHA-containing bilayers as
compared with less unsaturated ones: The saturatedsn-1 chain
would be displaced toward the bilayer center whereas thesn-2
polyunsaturated chain would be shifted toward the bilayer-
water interface. This kind of conclusion cannot directly be drawn
from our simulations, if the PDPC bilayer is compared with
PAPC, as was done by Rajamoorthi et al.57 However, this type
of distributional difference can be interpreted to appear when
comparison is made between POPC and PLPC bilayers, having
chains with an equal number of carbon segments like in the
comparison carried out in the study of Eldho et al.4

No major differences were found to appear in the orientational
distributions of the head groups or vectors of the interfacial
regions with respect to the bilayer plane; the head groups lie
on average parallel to the membrane surface. Incorporation of
double bonds into the fatty acyl chains naturally affects their
structural properties. In our simulations the effects on the order
parameters of thesn-1 chains were found to be minor, but in
the case of unsaturatedsn-2 chains the order parameters are
strongly reduced locally at the regions of the double bonds.
Close to the last carbon segments in the tails of the chains, the
order parameter is essentially zero in all systems and for both
chains indicating full orientational freedom. Overall, our simula-
tion data for the order parameters of acyl chains are in good
agreement with NMR measurements.

Second, concerning dynamics of the membranes, the lateral
diffusion coefficients in the studied systems were observed to
lie in the range (9-13)× 10-8 cm 2/s, in good accordance with
the few and varying experimental values available. However,
as far as we know, no systematic reports appear to exist yet for
the effect of unsaturation on lateral diffusion in the lipid bilayer
systems. The present results seem to indicate that unsaturation
plays a minor role for lateral diffusion. However, this conclusion
should be taken with a grain of salt, since in the lipids considered
in this work both the number of double bonds and the length
of the hydrocarbon chains were varied. As the area per lipid
increases for increasing unsaturation, one expects the lateral
diffusion to speed up, too. However, this holds only for chains
of equal length. If the length of the hydrocarbon chains
increases, then entanglement effects become more prominent,
and interdigitation may increase as well. These effects are
expected to counter-balance the effect of increasing area per
lipid and to slow down diffusion. To fully elucidate the effect
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of unsaturation on lateral diffusion, further comparative studies
with lipids of equal length would be most welcome. NMR, in
particular, might be the method of choice to clarify this issue.

Though no clear trend in lateral diffusion was found due to
unsaturation, the analysis of the autocorrelation functions of
intramolecular vectors revealed that the rotational dynamics
increase due to unsaturation. This increase was found essentially
in every part of the molecules. The interfacial vector between
the first carbons of the fatty acyl chains is the most slowly
rotating vector in these molecules, describing the rotational
motion of the whole molecule. This vector was found to lie, on
average, parallel to the membrane surface. The rotational motion
of C-H bonds was found to increase strongly along the chains
toward the methyl end. The increase is most prominent in the
next carbons from the double bonds toward the methyl end.
This is most likely related to the recently found extraordinary
flexibility of the single bonds in the neighborhood of double
bonds; in the case of a chain containing six double bonds, the
flexibility becomes more prominent toward the ends of the
chains.

When it comes to the lateral pressure profiles in the simulated
systems, it can be first concluded that we were able to reproduce
the main features of the profile for saturated DPPC, in agreement
with earlier molecular dynamics simulation studies.46,48,87

Interestingly, there was a shallow peak of pressure in the middle
of the DPPC bilayer, which, however, disappeared gradually
in POPC, PLPC, PAPC, and PDPC bilayers. This peak has also
been observed in other atomic-scale computational studies for
DPPC and in the theoretical model of Mukhin and Baoukina.93

The experiment conducted by Templer et al.89 also suggests the
existence of the peak. We could ensure from the simulation
data that the disappearance of the peak in the membrane center
was not related to changes in the interdigitation of the acyl
chains, which was earlier suggested to explain the emergence
of the peak in the interior of a DPPC bilayer.91 Alternatively,
Gawrisch and Holte92 have suggested that decrease in the order
of the hydrocarbon chains would be related to an increase in
the lateral pressure profile. This would not, however, directly
explain the disappearance of the central pressure peak, as in
the middle of all of the bilayers the order parameters are almost
zero. Though, ordering could explain the change in the central
region indirectly, as due to unsaturation there appears to be a
strong decrease of ordering toward the glycerol region of the
chains. It is plausible that this would lead to an increase in the
area per lipid, which would, in turn, lead to a conclusion that
the lateral pressure in the middle of the bilayer is decreased
due to polyunsaturation.

Overall, the results are in line with previous suggestions of
the effects of membrane composition on, e.g., lipid-rhodopsin
interactions18-20 and the gating of mechanosensitive channels
such as MscL.13,91 Both ideas are essentially based on the
concept of the lateral pressure profile. Interestingly, it was
formulated already approximately two decades ago in terms of
spontaneous curvature and curvature stress in the context of
rhodopsin-lipid interactions.18-20 The present work has shown
that the lateral pressure profile indeed depends rather strongly
on the unsaturation level of the lipid matrix. The role of the
lateral pressure profile has also been discussed in relation to
the mechanism of general anesthesia, which has been an open
question for a long time in the field of membrane biophysics.
In the late 1990s, Robert Cantor presented a simple model
suggesting that incorporation of amphiphilic or other interfacially
active solutes into the bilayer increases the interfacial lateral
pressure, which then results in the decreased lateral pressure in

the center of the bilayer. In case of ion channels, this redistribu-
tion of lateral pressure would cause a shift of the protein
conformational equilibrium toward a closed state, resulting in
a possible mechanism for general anesthesia.15

Summarizing, including the present data, there now seems
to be a reasonable amount of evidence suggesting that the
molecular composition of membranes affects the lateral pressure
profile17,46-48,87exerted on membrane proteins. This would affect
its structure and hence its activity. However, due to the lack of
complete studies of lateral pressure profiles in the presence of
membrane proteins, this intriguing hypothesis remains to be fully
validated.
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Abstract

Lateral pressure profiles have been suggested to play a significant role in many cellular membrane processes by affecting, for example,
the activation of membrane proteins through changes in their conformational state. This may be the case if the lateral pressure profile
is altered due to changes in molecular composition surrounding the protein. In this work, we elucidate the effect of varying sterol type
on the lateral pressure profile, an issue of topical interest due to lipid rafts and their putative role for membrane protein functionality.
We find that the lateral pressure profile is altered when cholesterol is replaced by either desmosterol, 7-dehydrocholesterol, or ketosterol.
The observed changes in the lateral pressure profile are notable and important since desmosterol and 7-dehydrocholesterol are the imme-
diate precursors of cholesterol along its biosynthetic pathway. The results show that the lateral pressure profile and the resulting elastic
behavior of lipid membranes are sensitive to the sterol type, and support a mechanism where changes in protein conformational state are
facilitated by changes in the lateral pressure profile. From a structural point of view, the results provide compelling evidence that despite
seemingly minor differences, sterols are characterized by structural specificity.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Lateral pressure profile; Lipid membrane; Lipid raft; Sterol; Molecular dynamics simulation

1. Introduction

A major fraction of proteins on cellular level are embed-
ded in or attached to cellular membranes. This highlights
the importance of understanding the structures and conse-
quent functions of membrane proteins. Recent progress in

resolving their structures (Bowie, 2005; White, 2004) has
paved way for a better understanding of a variety of cellular
functions. At the same time, however, it has become clear
that membrane proteins do not work alone but rather in
conjunction with the membrane, which often facilitates or
even governs the functioning of membrane proteins. Here,
the composition of the membrane plays an important role.

Various eukaryotic cellular membranes, and in particu-
lar the plasma membrane are rich in cholesterol. It com-
prises about 30 mol% of molecules in the plasma
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membrane and is present in large amounts in other cellular
membranes, reaching up to 70 mol% in the ocular lens
membrane. Cholesterol affects various physical properties
of lipid membranes, such as ordering of lipid hydrocarbon
chains, packing of lipids in a membrane, lateral diffusion in
the membrane plane, and permeation rates of small mole-
cules across membranes. Cholesterol is known to induce
a so-called liquid-ordered phase in model membranes,
characterized by a liquid-like behavior in the membrane
plane, but significant conformational ordering of lipid
hydrocarbon chains and tight packing of lipids.

The recently proposed lipid raft model (Simons and Iko-
nen, 1997) for the structure and biological relevance of lipid
membranes is largely based on the role of cholesterol, as
rafts have been found to be rich in cholesterol, sphingomy-
elin, and saturated phospholipids. Rafts have been found to
play a major role in a number of cellular processes, includ-
ing membrane trafficking and signal transduction (Simons
and Ikonen, 1997; Edidin, 2003; Pike, 2004), and the role
of cholesterol seems to be crucial in many of them. For
example, if cholesterol is replaced by desmosterol, its imme-
diate precursor in the biosynthetic pathway, the activation
of certain proteins such as insulin receptors has been found
to be affected in a significant manner (Vainio et al., 2006).
This, too, highlights the idea that the lipid composition in
a membrane does influence the functionality of integral
membrane proteins (Mihailescu and Gawrisch, 2006),
though the related mechanisms are not well understood.

Almost ten years ago, Robert Cantor proposed the
interesting idea that changes in the lateral pressure profile
of a lipid membrane may affect the functionality of mem-
brane proteins such as mechanosensitive channels (Cantor,
1997). The lateral pressure profile (Marsh, 1996) describes
the distribution of local pressure inside a lipid bilayer, and
it underlies many important macroscopic and measurable
membrane properties, such as surface tension, surface free
energy, and spontaneous curvature (Safran, 1994). In a
way, the lateral pressure profile describes the local force
exerted on a protein embedded in a membrane. Since the
local pressure inside a membrane can be as high as of the
order of 1000 bar (Lindahl and Edholm, 2000a), it is evi-
dent that it might be able to affect protein structure by
favoring a certain conformational state. The concept of
the lateral pressure profile is very appealing, since if it plays
a significant biological role, it could explain, for example,
the coupling between protein functionality and lipid con-
tent (Cantor, 1999a) and even play a role in such phenom-
ena as general anesthesia (Cantor, 1997; Eckenhoff, 2001).

The problem is that the lateral pressure profile is not easy
to gauge. At the moment, to our knowledge, there is only
one experimental attempt to measure the profile (Templer
et al., 1999). That study employed probes, thus the mea-
sured system was not a native one, as would have been pre-
ferred. Computational studies based on atomistic models of
lipid bilayers have shed light on this issue, though. Several
studies have confirmed that the shape of the lateral pressure
profile is rather complex and characterized by pressures of

the order of 1000 bar (Carrillo-Tripp and Feller, 2005;
Lindahl and Edholm, 2000a; Sonne et al., 2005; Gullingsrud
and Schulten, 2004; Patra, 2005; Ollila et al., 2007). More-
over, it has been found that bilayers composed of saturated
lipids and those rich in cholesterol have distinctly different
pressure profiles (Patra, 2005). Also, lateral pressure pro-
files of membranes comprised of polyunsaturated lipids
are markedly different from profiles found in membranes
with saturated lipids (Carrillo-Tripp and Feller, 2005; Ollila
et al., 2007). What comes to biological relevance, a number
of studies have indeed indicated that the functionality of
membrane proteins depends on the lipid composition of a
membrane. As an example, the activity of rhodopsin has
been found to be affected by lipid composition (Litman
and Mitchell, 1996). Recent studies by van den Brink-van
der Laan et al. (2004a,b) also propose that the lateral pres-
sure profile is involved in the stability and activation of
membrane protein complexes, and Hong and Tamm
(2004) suggested on the basis of their experiments that non-
specific physical interactions and lipid packing are more
important in determining membrane protein stability than
specific lipid interactions (see also discussion in (Bowie,
2005)). Further support is given by recent studies, which
have suggested (Mihailescu and Gawrisch, 2006) that mem-
brane elastic stress modulates the functions of integral
receptor proteins like rhodopsin, and that the binding of
amphipathic peptides such as melittin to lipid bilayers
decreases with increasing bilayer compressibility modulus
(Allende et al., 2003).

On the basis of the above discussion, it is appealing to
consider the possibility that the lateral pressure profile
could serve as a generic means in mediating interactions
between lipids and proteins, and hence in facilitating
changes in protein conformation. Further, due to the
exceptional importance of cholesterol in cellular mem-
branes and ordered membrane domains (rafts), one is
tempted to think that the lateral pressure profile would
provide insight for a better understanding of the essentially
unique structure-function relationship of cholesterol. After
all, it is still a challenge to understand why cholesterol, only
one of numerous sterols found in nature, is the most abun-
dant one in eukaryotic cells.

In this work, we focus on the above issues and study sys-
tematically a variety of sterols, their influence on the lateral
pressure profile, and the implications of sterol specificity on
a few issues related to membrane protein functions. To this
end, we employ atomic-scale molecular dynamics simula-
tions to study nine different membrane systems comprised
of phosphatidylcholines (PCs) and sterols. For the PC
component, we have chosen a saturated dipalmitoylphos-
phatidylcholine (DPPC) or an unsaturated diol-
eoylphosphatidylcholine (DOPC). That allows us to
assess the influence of unsaturation. The sterols comprising
20 mol% of membrane composition, in turn, include cho-
lesterol (CHOL), desmosterol (DESMO), 7-dehydrocholes-
terol (7-DHC), and ketosterol (KETO). As discussed
above, CHOL is known as the ‘‘raft’’ sterol because of its
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prominent capability to promote the ordering of lipid
hydrocarbon chains and the formation of ordered lipid
domains. DESMO and 7-DHC are interesting since they
are immediate precursors in CHOL’s biosynthetic path-
way. Finally, KETO is fascinating due to its structural sim-
ilarity to CHOL, the only difference being the ketone group
replacing the hydroxyl group in CHOL.

Our results indicate that the lateral pressure profiles of
different lipid-sterol systems are largely similar concerning
their qualitative form, but quantitatively there are notable
differences. These differences are surprisingly large consid-
ering that desmosterol and 7-dehydrocholesterol deviate
from cholesterol only by a single double bond. The differ-
ences in the lateral pressure profiles are particularly pro-
nounced in a saturated lipid bilayer and are manifested in
many quantities analyzed in this work, such as variations
in membrane elasticity and changes in the free energy asso-
ciated with membrane protein conformational change.
Implications of our findings are briefly discussed at the
end of this work.

The rest of this paper is organized as follows: In the next
section we describe computational details, methods, and
the lateral pressure profile calculation. In Section 3 we
present results; for structural properties in Section 3.1,
the lateral pressure profiles are given in Section 3.2, and
Section 3.3 focuses on the implications of the lateral pres-
sure profiles in terms of membrane elasticity. Finally, Sec-
tion 4 summarizes our conclusions.

2. Methods

2.1. System descriptions and force fields

We have performed atomic-scale molecular dynamics
(MD) simulations of nine different membrane systems.
For each system, the simulations were conducted over a
time scale of about 100 ns. The total simulation time was
almost 1 ls.

First, for the purpose of comparison, we considered two
single-component bilayers consisting of 128 phosphatidyl-
choline (PC) lipid molecules, either the saturated DPPC
or the monounsaturated DOPC. Second, we considered a
variety of different two-component lipid bilayers comprised
of 128 DPPCs and 32 sterol molecules. That constitutes a
molar fraction of 20% for sterols. The sterols (see Fig. 1)
used here were cholesterol (CHOL), desmosterol (DES-
MO), 7-dehydrocholesterol (7-DHC), and ketosterol (cho-
lesterol from which the hydroxyl group is substituted by a
ketone group) (KETO). Third, we considered the effect of
unsaturation by studying three systems composed of 128
DOPC and 32 sterol molecules, using the sterols CHOL,
DESMO, and 7-DHC. All of the bilayers were hydrated
with �3500 water molecules.

The initial structures of pure PC and PC/CHOL bilayers
were obtained by arranging the PC molecules in a regular
array in the bilayer plane (xy-plane) with an initial surface
area of 0.64 nm2 per PC molecule. The z-axis then corre-

sponds to the membrane normal direction. An equal num-
ber of sterol molecules were inserted regularly into each
leaflet. The remaining sterol systems were obtained by
transforming the cholesterol molecules into the desired ste-
rol type in PC/CHOL bilayers which had already been
equilibrated through a 100 ns simulation. Prior to the
actual MD simulations, the steepest-descent algorithm
was used to minimize the energies of the initial structures
(Murzyn et al., 2001; Patra et al., 2003). The simulations
were performed using the GROMACS software package
(der Spoel et al., 2004; Berendsen et al., 1995; Lindahl
and Edholm, 2000b).

All the MD simulations were carried out in the NpT

ensemble over a time scale of 100 ns. The first 20 ns were
considered as an equilibration period (Falck et al., 2004),
and only the last 80 ns of each trajectory were analyzed.
Fig. 1 shows the structure, the numbering of atoms, and
the torsion angles in DPPC, DOPC and sterol molecules.

We used the standard united-atom force field parame-
ters for DPPC molecules (Berger et al., 1997), where the
partial charges were taken from the underlying model
description (Tieleman and Berendsen, 1996). For DOPC
molecules we used the same force field supplemented with

Fig. 1. (a) Structures of the sterols studied in this work. The structure of
cholesterol is shown in full. For other sterols, only the changes with
respect to cholesterol are given. (b) DPPC showing also the numbering of
atoms and dihedral angles. (c) DOPC in a similar manner.
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a double bond as described in (Marrink et al., 1998). For
the sterol force field, we used the cholesterol description
of Holtje et al. (2001) which is based on the GROMACS
force field. Thus any modifications within sterols were
parameterized consistently using this force field. For water,
we employed the SPC (Simple Point Charge) model (Ber-
endsen et al., 1981).

Periodic boundary conditions with the usual minimum
image convention were used in all three directions. The
LINCS algorithm (Hess et al., 1997) was used to preserve
the bond lengths in the sterol hydroxyl groups, and SETTLE
(Miyamoto and Kollman, 1992) was used for water. The
time step was set to 2 fs. The simulations were carried out
at constant pressure (1 atm) and temperature (323 K), which
is above the main phase transition temperature of DPPC
and DOPC (Vist and Davis, 1990). The temperature and
pressure were controlled using the Berendsen method (Ber-
endsen et al., 1984) with relaxation times set to 0.6 and
1.0 ps, respectively. The temperatures of the solute and sol-
vent were controlled independently, and the pressure was
controlled semi-isotropically. The Lennard–Jones interac-
tions were cut off at 1.0 nm without shift or switch functions.
For the electrostatic interactions we employed the particle-
mesh Ewald method (PME) (Essman et al., 1995) with a real
space cut-off of 1.0 nm, spline interpolation (of order five),
and direct sum tolerance of 10�6. In previous studies,
PME has been shown to do well in membrane simulations
(Patra et al., 2003, 2004, 2006a). The list of non-bonded
pairs was updated every 10 time steps. The simulation pro-
tocol used in this study has been successfully applied in var-
ious MD simulation studies of lipid bilayers, such as studies
of the influence of sterols on lipid bilayers (Vainio et al.,
2006; Falck et al., 2004), ion leakage and pore formation
mechanisms in lipid membranes (Gurtovenko and Vattulai-
nen, 2005), and partitioning of small molecules such as alco-
hols and fluorescent probes in to lipid bilayers (Patra et al.,
2006b; Repakova et al., 2005, 2006; Lee et al., 2004).

2.2. Lateral pressure profile

The local pressure for a system consisting of particles
with many-body potentials can be defined using the local
stress tensor. The lateral pressure profile p(z) is then
defined as a difference between the normal (along the mem-
brane normal direction) and the lateral components of the
pressure tensor, that is, PN = Pzz and PL = (Pxx + Pyy)/2:

pðzÞ ¼ P L � P N : ð1Þ

Qualitatively, this means that a bilayer tends to expand
along the membrane xy-plane with positive p(z) and con-
tract with negative p(z).

In practice, lateral pressure profiles were determined
using an approach similar to the ones presented and vali-
dated by several authors elsewhere (Carrillo-Tripp and
Feller, 2005; Lindahl and Edholm, 2000a; Sonne et al.,
2005; Gullingsrud and Schulten, 2004; Patra, 2005; Ollila
et al., 2007). More details of our method are available in

(Ollila et al., 2007). Here, we summarize the most essential
points of the calculation.

The lateral pressure was calculated using the Irving–
Kirkwood (IK) contour (Kirkwood and Buff, 1949; Irving
and Kirkwood, 1950) dividing the systems in �0.1 nm
thick slabs. Here, it should be pointed out that while the
actual simulations were conducted by PME for long-range
interactions, the post-trajectory analysis of simulation tra-
jectories for lateral pressure profiles was carried out by
truncating the long-range interactions, because otherwise
the IK contour can not be employed in the analysis. Nev-
ertheless, the choice of the IK contour is supported by a
recent study by Morante et al. (2006) and by the recent cal-
culations by Sonne et al. (2005). Sonne et al. showed that
the IK contour provides the correct behavior for pressure
profiles in lipid membranes provided that the truncation
distance (during post-trajectory analysis) for long-range
interactions is rcut > 1.8 nm. Here, we have employed
rcut = 2.0 nm. Pairwise forces during the pressure calcula-
tion were computed from the force field description and
MD trajectory. Constrained forces arising from SETTLE
and LINCS were calculated from the general equation by
Hess et al. (1997). Statistical error for the lateral pressure
profiles was estimated by calculating the error of the mean
in each slice. For each system, the lateral pressure profile
was calculated exactly similarly.

The method used here has been validated against the
results of (Lindahl and Edholm, 2000a), who used an
essentially similar force field for DPPC, and who also used
the same contour together with the truncation for electro-
statics during the pressure profile calculation. Our results
for the lateral pressure profile of DPPC were found to be
essentially identical. Similarly, our results for the DPPC/
CHOL system (below) are consistent with those of Patra
(2005), whose model is largely similar to ours.

3. Results

The main objective of this article is to elucidate the
effects of sterol type on the lateral pressure profile across
a membrane. For this purpose, we consider two different
lipid matrices (DPPC, DOPC) and several different sterols.
In this fashion, all the systems are described on an equal
footing because the force fields are based on the same
underlying description. We only vary those details of the
force field which differentiate the lipids and sterols from
one another. However, before discussing the results for lat-
eral pressure profiles, let us briefly assess some of the rele-
vant structural properties needed to interpret the lateral
pressure profile data. It is worthwhile to mention that the
models for DPPC/CHOL and DPPC/DESMO have been
previously validated and discussed elsewhere (Falck et al.,
2004; Vainio et al., 2006). The lateral pressure profiles of
these systems have not been reported previously except
for the DPPC/CHOL system (Patra, 2005). As for 7-dehy-
drocholesterol and ketosterol, we are not aware of any pre-
vious computational studies of these systems.
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3.1. Structural properties

3.1.1. Area per lipid

The results in Table 1 show clearly the exceptional nat-
ure of cholesterol as a molecule able to enhance the pack-
ing of saturated lipids in a bilayer, and hence to decrease
the average area per PC. For other sterols, we find a similar
but less pronounced effect. In the unsaturated DOPC
bilayer, the differences are considerably smaller and the
effect of cholesterol is less significant than in the case of
DPPC. This behavior is consistent with experimental stud-
ies (Warschawski and Devaux, 2005), which have indicated
that the influence of cholesterol on the packing and order-
ing of lipids becomes less prominent as lipid unsaturation
increases. The differences between the different sterols
hence seem to be strongest in bilayers composed of satu-
rated lipids. This is in full agreement with the fact the lipid
rafts have been found to be rich in saturated rather than
unsaturated lipids (Simons and Ikonen, 1997).

The results are in good agreement with experiments. For
DPPC, Nagle and Tristram-Nagle have reported a value of
0.64 nm2 at 323 K (Nagle and Tristram-Nagle, 2000). For
DOPC, experiments have yielded values of 0.72 nm2 at
303 K (Tristram-Nagle et al., 1998; Kučerka et al., 2005).
For increasing cholesterol concentration, experiments have
shown a decrease in the average area per lipid, and the
changes are of the same size as in the present work (see
(Falck et al., 2004) and references therein). For other ster-
ols, to our knowledge, experimental data is not available.

3.1.2. Lipid chain order parameters

We have determined the deuterium order parameter

SCD ¼ 1
2
h3 cos2 h� 1i; ð2Þ

where h is the angle between the bilayer normal and the C–
H bond vector and the brackets denote an average over all
lipids and different times. To calculate the deuterium order
parameters from Eq. (2), the positions of the hydrogen
atoms had to be included in the simulation trajectories of
the system. That was performed by calculating the positions
on the basis of the orientation of the carbon chains and

exploiting the tetrahedral symmetry at given sites. Similar
approach has been used elsewhere (Niemelä et al., 2004).
Using SCD, we define the molecular order parameter
Smol = 2SCD whose maximum value is one in a fully ordered
all-trans configuration. When Smol is calculated separately
for each CH2 group in the acyl chain, one obtains the order
parameter profile along the hydrocarbon chain, separately
for the sn–1 and sn–2 chains, see e.g. (Falck et al., 2004).

In Table 1, we summarize the results for Smol averaged
over all carbons in the two acyl chains. This averaged
quantity characterizes the average conformational order
of the lipid acyl chains and is essentially the same as the
M1 order parameter (first moment of the NMR profile)
obtained through NMR experiments. The results in Table
1 show that in the saturated DPPC bilayer, cholesterol is
superior in terms of promoting ordering of the lipid acyl
chains, followed by 7-DHC, KETO, and DESMO, in order
of decreasing ordering capability. In the unsaturated
DOPC matrix, the different sterols are essentially identical
in terms of their ordering properties. For comparison, let
us briefly point out that the simulation results for CHOL
and DESMO have been previously validated to be in line
with experiments (Falck et al., 2004; Vainio et al., 2006).

Results for the average sterol tilt support the recent find-
ings that the tilt of a sterol is coupled to its capability to
order acyl chains in its immediate vicinity (Vainio et al.,
2006; Aittoniemi et al., 2006). For sterols characterized
by a large order parameter, the average sterol tilt angle is
small, and vice versa. What is more, recent studies (Aitton-
iemi et al., 2006) have proposed that this also holds for the
instantaneous angle of the sterol: for sterols whose orienta-
tion with respect to membrane normal fluctuates a lot, the
ordering of neighboring acyl chains is affected in a similar
manner, decreasing the average conformational order of
acyl chains.

3.1.3. Density profiles across bilayer

Figs. 2 and 3 show the density profiles of several molec-
ular groups in the studied membranes. Results for
membrane thickness determined from electron density pro-
files and shown in Table 1 are consistent with the above

Table 1
Summary of the structural results for the studied PC/sterol systems

Bilayer Area/PC (nm2) Thickness (nm) Averaged Smol Sterol tilt (�)

DPPC 0.66 3.92 0.29 —
DPPC/CHOL 0.60 4.69 0.57 19.8
DPPC/DESMO 0.65 4.22 0.46 26.9
DPPC/7-DHC 0.62 4.49 0.53 21.9
DPPC/KETO 0.63 4.38 0.50 28.1

DOPC 0.69 3.97 0.27 —
DOPC/CHOL 0.65 4.54 0.36 24.7
DOPC/DESMO 0.65 4.54 0.36 24.9
DOPC/7-DHC 0.66 4.54 0.35 25.8

The error bounds are ±0.01 nm2 for area/PC, ±0.02 nm for membrane thickness, ±0.01 for the lipid chain order parameter Smol, and ±0.2� for sterol tilt.
Note that the area is computed by dividing the average area of the bilayer by the number of PCs in a leaflet (not accounting for sterols). Membrane
thickness is determined from the electron density profile by considering the distance between the phosphorus-rich head group peaks. The sterol tilt was
defined as the angle between the C3–C17 vector (see Fig. 1) and the bilayer normal.
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findings. The thickness of the DPPC-CHOL system is larg-
est, reflecting the prominent ordering of lipid acyl chains,
while other sterol/PC mixtures are thinner, following the
same order as for the acyl chain order parameter. The
membrane thickness of 3.9 nm for a pure DPPC bilayer is
consistent with electron density profile experiments, which
have yielded 3.83 nm at 323 K (Nagle and Tristram-Nagle,
2000). For DOPC, related electron density profile studies
have given 3.69 nm at 303 K (Nagle and Tristram-Nagle,
2000) (here, we have 323 K). As for sterol-induced effects,
addition of cholesterol, ergosterol, and lanosterol is known
to increase membrane thickness above the main transition
temperature (Pencer et al., 2005), and a similar conclusion
is expected for other sterols, too.

Additionally, for the purpose of comparing structural
data with the lateral pressure profiles discussed below, we
also show the density profiles for phosphorus (P) in the
PC lipid head groups, the terminal CH3 groups of the acyl
chains, the short hydrocarbon chain of the sterols, and the
OH or ketone group of the sterols studied here. We discuss
the details of these density profiles below, together with the
results for the lateral pressure profiles.

3.2. Lateral pressure profiles

The lateral pressure profile, p(z), arises from local
forces acting inside a lipid bilayer in the direction of the
membrane plane. The condition for mechanical stability
and equilibrium requires that the integrated lateral pres-
sure profile across the membrane vanishes. Nevertheless,
the profile may display different behavior in different
regions in the membrane due to a variety of interactions
whose relative importance varies across the membrane.
Traditionally, three different regimes have been identified:
(1) a repulsive contribution in the hydrophilic head
group region due to electrostatic and steric interactions
and hydration repulsion; (2) an attractive contribution
at the membrane-water interface due to the interfacial
energy between the water and the hydrocarbon phase,
trying to minimize the surface area; and (3) a repulsive
contribution inside the membrane due to steric interac-
tions between hydrophobic chains (Israelachvili et al.,
1980; Israelachvili, 1985; Marsh, 1996). These forces are
assumed to create a non-uniform lateral component of
local pressure inside a bilayer (Seddon and Templer,
1995; Marsh, 1996). The details may vary considerably
from one system to another.
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Fig. 2. Density profiles of the DPPC/sterol systems studied in this work.
Shown here are the profiles of phosphor in the PC head group and the
terminal CH3 group in the two acyl chains. Also given are the profiles of
the oxygens in the OH and ketone groups of sterols, and the profiles of
their short hydrocarbon chain. For numbering of atoms, see Fig. 1.
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Fig. 3. Density profiles of the DOPC/sterol systems studied in this work,
as in Fig. 2 but here for the unsaturated case.
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Here, we employ atom-scale simulations to systemati-
cally analyze the dependence of lateral pressure profiles
on the sterol type. The results are presented in Figs. 4
and 5. For clarity, the profiles have been smoothed by
adaptive high order spline fitting (Thijsse et al., 1998)
and averaged over the two monolayers. The error bounds
shown in the plots demonstrate fluctuations of the data.

The lateral pressure profile found for the pure DPPC
bilayer (see Fig. 4) is in good agreement with earlier
atomic-scale simulations (Lindahl and Edholm, 2000a;
Sonne et al., 2005; Patra, 2005). Considering the present
case, the profile is most importantly characterized by a
positive peak at the head group region, a negative peak
at the boundary between the water and hydrophobic
hydrocarbon regions, and by a shallow peak in the middle
of the bilayer. The peak heights are notable and of the
order of 1000 bar. Let us next consider the influence of ster-
ols on the two different cases, where the matrix is either a
saturated or an unsaturated lipid bilayer.

3.2.1. Influence of sterols on a saturated DPPC bilayer

Let us first consider the saturated DPPC matrix. Fig. 4
demonstrates that CHOL has a major impact on the lateral
pressure profile, in agreement with an earlier study by
Patra (2005). In the presence of CHOL, the lateral pressure
profile becomes broader than the corresponding one of
pure DPPC, because CHOL increases membrane thickness.
More importantly, however, CHOL affects the qualitative
nature of the profile. It increases the number of peaks
and increases their heights by a factor of two. Indeed, the
maximum values of the lateral pressure profile are about
1000 bar (attractive component) and 1500 bar (repulsive
component) in the presence of cholesterol. We discuss the
energy scale related to these pressures below. Here we
rather note that, despite their seemingly larger values, lat-
eral pressures of this magnitude have been predicted previ-
ously on the basis of the thickness of the membrane-water

interface and the interfacial tension associated with this
region (Cantor, 1997, 1999a). In the region where the rigid
steroid structure is located (z � 1–1.5 nm), the lateral pres-
sure profile displays fine details not present in the DPPC
bilayer. In the membrane center the lateral pressure is
increased substantially in comparison with the profile of
a pure DPPC membrane.

What comes to the differences between the different PC-
sterol systems, we find that the main features of the lateral
pressure profiles are largely the same, but the quantitative
details vary. Cholesterol gives rise to peaks whose magni-
tudes are typically about 200 bar larger than for other ster-
ols. Largest differences are found in the peak heights close
to the membrane-water interface (z � 2–2.5 nm), where the
head group of the lipids is located. The pressures in this
region may differ by as much as about 500 bar. Significant
differences are also observed in the region where the rigid
steroid structures are located (z around 1 nm), and where
the additional double bonds reside (z � 1.2 nm for 7-
DHC and z � 0.5 nm for DESMO, see Figs. 2 and 3). In
part, these findings are rather obvious since the tilts of
the sterols differ from one sterol to another (see Table 1).
Hence, the packing of molecules differs correspondingly,
implying that the strengths of interactions such as van
der Waals forces are also varied among the different
systems.

A comparison between the different DPPC/sterol sys-
tems indicates that the lateral pressure profile of 7-DHC
differs most from the profile of cholesterol. For 7-DHC,
the pressure close to its additional double bond in the ste-
roid moiety at about z = 1.2 nm from membrane center has
a clear fingerprint, as it is about 400 bar larger than for
other sterols.

3.2.2. Influence of sterols on an unsaturated DOPC bilayer

Fig. 5 depicts the data in the unsaturated DOPC bilayer.
It demonstrates that in this case the differences between the
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Fig. 4. Lateral pressure profiles of DPPC, DPPC/CHOL, DPPC/DES-
MO, DPPC/7-DHC, and DPPC/KETO bilayers. Statistical errors are
presented for one leaflet of the DPPC/CHOL system, in which the
fluctuations were the largest. Error bars in other systems were smaller.
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Fig. 5. Lateral pressure profiles of DOPC, DOPC/CHOL, DOPC/
DESMO, and DOPC/7-DHC bilayers. Statistical errors are presented
for one leaflet of the DOPC/CHOL system, in which the fluctuations were
the largest. Error bars in other systems were smaller.
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sterols are much smaller than in a saturated DPPC mem-
brane. The deviations of PC/sterol systems from DOPC/
CHOL are essentially everywhere less than 200 bar, and
hence minor compared with the differences observed in
the saturated systems. Nevertheless, the fingerprint of 7-
DHC at about z = 1.2 nm is still evident.

3.3. Implications of lateral pressure profiles

Let us discuss the implications of the above results by
considering the effect of lateral pressure profiles on mem-
brane elasticity and the energetics related to interactions
with membrane proteins. As the first and simplest example,
let us relate the magnitude of lateral pressures to the ther-
mal energy kBT, which is the driving force of all soft matter
systems.

The maximum value of the lateral pressure profile is of
the order of 1500 bar. What does this mean in practice?
Some insight is provided by considering a simplified model
where we describe an integral protein as a cylinder of
radius 2 nm, and then calculate the force due to the lateral
pressure profile exerted on a thin strip of height 0.1 nm on
the surface of the protein. Then the force acting on the strip
is F = 1500 bar · 4p · 10�19 m2, which yields �190 pN. If
this force displaces the protein (or some of its structural
units) in the membrane normal direction by 0.2 nm, then
the corresponding energy is roughly 9kBT. In brief, this
implies that the energies related to the lateral pressure pro-
file, as they do work to influence membrane protein confor-
mations, are of the order of thermal energy. The local
effects due to lateral pressures hence can not be washed
out by thermal fluctuations. On larger scales the impor-
tance of lateral pressures is even more evident, because
the lateral pressure profile is at the core of many elastic
coefficients of membranes. That will be discussed next.

Cellular membranes are essentially soft interfaces,
whose elasticity is related to their structural properties such
as undulations, compressibility, and bending rigidity. We
now consider how the subtle changes in sterol structure
are manifested in elastic coefficients determined from the
lateral pressure profile: the point is that many membrane
elastic coefficients (such as the bending modulus j, the
spontaneous curvature c0, and the saddle splay modulus
�j) can be determined when the lateral pressure profile is
known (Safran, 1994). However, in practice this is not
straightforward. For example, in order to find the bending
modulus, one has to compute derivatives of the lateral
pressure profile with respect to the area per molecule. That
is not a simple feat as it requires several extensive simula-
tions to be made with different values for the area per mol-
ecule. Here, we consider a more feasible case and focus on
the product of the bending modulus and the spontaneous
curvature for a monolayer, which can be defined as the first
moment of the lateral pressure profile p(z),

jc0 ¼
Z h

0

ðz� z�ÞpðzÞdz; ð3Þ

where h is the thickness of the monolayer, and z* is the
location of the pivotal surface of the monolayer (Cantor,
1999a). Here, we define the pivotal surface of a monolayer
to correspond to the local maximum of the lateral pressure
profile in the hydrophobic region close to the interface. A
similar definition has been made, for example, by Chen
and Rand (1997). Then we can calculate the product jc0

using Eq. 3. Results for the different systems are presented
in Table 2.

Chen and Rand measured jc0 = �6.6 · 10�12 J/m for a
DOPC/CHOL mixture (20 mol% of cholesterol), which is
larger than our result jc0 = �19.2 · 10�12 J/m for
DOPC/CHOL. However, a quantitative comparison is
not particularly meaningful because the experiment was
carried out for monolayers in the inverted hexagonal
phase, while our results have been determined from a flat
lipid bilayer by rather crudely truncating the system into
two halves. Despite this, our results are in agreement with
the qualitative trend found by Chen and Rand (1997). They
observed that the product jc0 increased for increasing cho-
lesterol concentration, and the relative increase is in line
with our data: we found an increase of 20% in the value
of jc0 when cholesterol molar concentration increased
from 0 to 20 mol%, while the data by Chen and Rand indi-
cates an increase of about 25%.

For the saturated DPPC-sterol bilayers, we find that the
result of desmosterol is considerably and that of ketosterol
slightly larger than the coefficient given by cholesterol. This
is mainly due to the larger pressures in these systems in the
hydrophobic region. 7-Dehydrocholesterol, in turn, yields
a coefficient which is almost identical with that of choles-
terol: the lateral pressure profiles of DPPC/CHOL and
DPPC/7-DHC systems are different, but the differences lar-
gely cancel each other (see the linear dependence of jc0 on
the pressure profile in Eq. 3). For comparison, in the
DOPC matrix the results for different sterols are practically
identical within error bounds.

The elasticity of membranes depends on their sterol con-
tent, and in a saturated bilayer in particular the minor
structural differences between the sterol types give rise to

Table 2
Elastic coefficient jc0 determined from the lateral pressure profiles

jc0 [10�12 J/m] DW [kBT]

DPPC �11.0 �1.2
DPPC/CHOL �6.7 �1.0
DPPC/DESMO �20.4 �3.3
DPPC/7-DHC �7.6 �0.8
DPPC/KETO �9.2 �1.8

DOPC �16.1 �2.2
DOPC/CHOL �19.2 �3.1
DOPC/DESMO �18.3 �1.9
DOPC/7-DHC �18.9 �3.3

The error bound associated with this product is ±20%. Also, we show data
for the energy DW associated with a change in model protein structure due
to the lateral pressure profile, see discussion in the text. The error bounds
associated with DW are ±20%.
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observable differences in membrane elasticity. The question
is, could that play a role in membrane protein functional-
ity. The results by Cantor (1997, 1999a) are in favor of this
idea and suggest that the inhomogeneous lateral pressure
within a membrane can affect the equilibrium distribution
of conformations of membrane proteins, if the difference
in cross-sectional area between two conformations varies
with depth.

To consider the above idea, we finish with a discussion
of possible implications of the lateral pressure profiles on
protein structure by calculating the lateral pressure profile
component for the energy between tilted (open) and non-
tilted (closed) protein conformations following the
approach of Cantor (1999a), later also used by Gullingsrud
and Schulten (2004) who employed the same approach to
analyze atomistic simulation data for single-component
lipid bilayers. We hence adopt the simplest nontrivial
model for the shape of an ion channel, in this case the
mechanosensitive channel MscL, and represent the protein
as a truncated cone with radius r(z) and slope s interacting
with a lateral pressure profile p(z), see Gullingsrud and
Schulten (2004). In this model, the slope s is zero for the
closed and non-zero for the open state. We define z = 0
to be in the middle of the bilayer (Gullingsrud and Schul-
ten, 2004) and calculate the first (M1) and the second
moment (M2) of the lateral pressure profile over the whole
bilayer. The DW = Wnon-tilted �Wtilted is the energy
between tilted and non-tilted states. The energy of the tilted
state, Wtilted, is thenZ

dzpðzÞAðzÞ ¼ p
Z

dzpðzÞ½rðzÞ�2 ð4Þ

¼ p
Z

dzpðzÞðRþ szÞ2; ð5Þ

and hence

DW ¼ 2pRsM1 þ ps2M2: ð6Þ
The radius of the closed state was chosen as R = 2.5 nm
and the slope as s = 0.2. Gullingsrud et al. used identical
values (Gullingsrud and Schulten, 2004). For the non-tilted
state, r(z) = R and hence constant.

Before presenting the results, there is reason to stress
why the reference level z = 0 is here defined to be in the
middle of the bilayer. Doing so implies that the cross-sec-
tional area of the channel is fixed in the middle of the mem-
brane. Another and perhaps an intuitively more
appropriate possibility would be to use a condition where
the reference level z = 0 is set to be outside the bilayer, such
that the cross-sectional area for one end of the channel
would be fixed at that point. However, the latter choice
would increase the error due to fluctuations in p(z) rather
substantially because of the z2 dependence in Wtilted, see
above. This was confirmed through additional studies. In
essence, this implies that setting the reference level in the
middle of the membrane is more robust and less sensitive
to errors than having the reference level outside the mem-
brane. This choice is also supported by the considerations

of Gullingsrud and Schulten (2004), who used the same
approach. Hence, the results shown below are comparable
to those reported previously (Gullingsrud and Schulten,
2004).

First, the result of DW = �2.2kBT for pure DOPC is in
reasonable agreement with the study of Gullingsrud and
Schulten (2004), who found about �(0.9–2.0) kBT for
POPC for varying values of area per lipid. We also ana-
lyzed our recent simulation data for a one-component
POPC bilayer at 323 K (Ollila et al., 2007) and found
DW = �(1.9 ± 0.2)kBT.

The energy DW characterizes the work done against the
lateral pressure profile to alter the shape of the membrane
cavity occupied by a protein, as it changes its conformation
from the closed to an open state. This can be compared
with the free energy difference of about 20–50 kBT (Sukha-
rev et al., 1999; Gullingsrud and Schulten, 2004) between
the open and closed states. On the basis of Table 2, the con-
tribution due to the pressure profile ranges from about 0.8
to 3.3 kBT depending on lipid content. The influence of
sterols on the found values is larger in saturated bilayers.
In unsaturated bilayers the differences between the different
sterol types are smaller. For comparison, significantly lar-
ger values have been found recently in simulations of a
lipid raft-like bilayer (Niemelä et al., 2007) for an equimo-
lar mixture of cholesterol, sphingomyelin, and POPC. For
that system a similar analysis yielded DW � 11 kBT. Using
a simplified lattice model, the theoretical study by Cantor,
1999a) resulted in values which were of the same order of
magnitude. Further, in a recent theoretical study, Wiggins
and Phillips (2005) found that the free energies associated
with elastic bilayer deformations for the MscL channel
are also of the order of 10 kBT. As a number of elastic coef-
ficients of membranes can be determined from the lateral
pressure profile, this further highlights the significance of
lateral pressures in this context. Summarizing, we find that
the seemingly minor structural differences between the ster-
ols are manifested as observable differences in DW. This is
most evident in saturated bilayers and supported by signif-
icant effects in very compact raft-like bilayers (Niemelä
et al., 2007).

Here, we have considered the case where the lateral pres-
sure profiles have been determined from protein-free lipid
bilayers. One may ask whether the insertion of a protein
into a membrane would affect the lateral pressure profile
and hence its action on the protein. According to the recent
atomic-scale study (Gullingsrud et al., 2006), there seems
to be some local changes in the lateral pressure profile
due to a protein. It is likely, though, that the lipid compo-
sition surrounding the protein does matter considerably.
This is particularly evident from (Niemelä et al., 2007)
and Table 2, which highlight the difference between varying
lipid compositions in bilayer systems.

We would like to stress that the value of the energy DW
found through this analysis depends on the shape of the
model protein. By varying r(z), one can assess the impact
of different regions in the lateral pressure profile. Here we
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do not discuss this issue further, but rather conclude that
the results provide strong evidence that the lateral pressure
profile has a clear importance. Changes in the pressure pro-
file can give rise to energetic changes in DW to be approx-
imately 1–10 kBT, and this amounts to a significant fraction
of the free energy cost between the open and closed states
of a membrane protein.

4. Discussion and concluding remarks

Here, we have employed atomistic molecular dynamics
simulations to unravel the effects of different sterol types
on lateral pressure profiles (Marsh, 1996) in saturated
and unsaturated lipid bilayers. We have used two different
phospholipid compositions, a saturated DPPC bilayer and
an unsaturated DOPC membrane. For sterols, we used
cholesterol, desmosterol, 7-dehydrocholesterol, and ketos-
terol. Since all the molecular models are based on the same
underlying force field, and only the details differentiating
the sterols from one another have been varied, this study
has indeed been performed in systematic and controlled
manner.

First, as for structural properties, we found that choles-
terol is superior in terms of the capability to order satu-
rated lipid hydrocarbon chains and to enhance packing
of lipids. This is manifested in many structural properties
such as membrane thickness and the average area per lipid.
In this regard, cholesterol was followed by 7-DHC, KETO,
and DESMO, the last one being the least efficient in terms
of ordering. The behavior in the unsaturated DOPC bilayer
was different. There, the differences between all the studied
sterol/DOPC systems were found to be marginal. Our
results clearly show that the ordering properties of sterols
are primarily directed towards saturated chains. In unsatu-
rated systems the sterol type is of less importance as far as
the ordering of hydrocarbon chains is concerned.

Next, we turned our attention to lateral pressure pro-
files. First, we validated our method against the few exist-
ing studies for saturated DPPC and DPPC/CHOL
(Lindahl and Edholm, 2000a; Sonne et al., 2005; Patra,
2005; Ollila et al., 2007) and found full agreement. For
other systems, no data for comparison exists.

We have found that the lateral pressure profile is altered
when cholesterol in the saturated DPPC bilayer is replaced
by either desmosterol, 7-dehydrocholesterol, or ketosterol.
Bearing in mind that desmosterol and 7-dehydrocholesterol
are the immediate precursors of cholesterol along its bio-
synthetic pathways, and that their structures differ from
cholesterol only by one additional double bond, the
observed changes in the lateral pressure profile are some-
what surprisingly significant.

First, the height of the pressure profile depends on the
sterol due to changes in membrane thickness. For proteins
embedded in a membrane, this implies that in membranes
containing different sterol types, the largest pressures are
exerted on different regions of the protein. Second, the
minor structural differences between cholesterol and other

sterols give rise to observable differences in the lateral pres-
sure profile. In the case of KETO, the pressure profiles of
DPPC/CHOL and DPPC/KETO systems deviate in the
head group region, as expected. For DESMO and 7-
DHC, the changes are observed mainly close to the addi-
tional double bond (in the steroid structure for 7-DHC,
and in the membrane center for DESMO). These changes
manifest themselves in variations in membrane elastic coef-
ficients. More importantly, though, if we consider the work
needed to be done against the lateral pressure in order to
reshape the cavity of a protein in the bilayer, we find that
it varies by several kBT, depending on the sterol type. Fur-
ther studies have shown that in lipid raft-like bilayer com-
positions the same quantity is about 11kBT (Niemelä et al.,
2007). While these results are suggestive and concern only
the mechanosensitive channel MScL studied here as an
example, they demonstrate that the contribution due to
the lateral pressure profile may correspond to a significant
fraction of the free energy cost between the open and closed
states of a membrane protein. In practice, the sterol type,
or more generally the lipid content around a given protein
may either stabilize or destabilize the state of the protein.

The finding that the differences due to the sterols in the
unsaturated DOPC bilayer are considerably smaller than
in a saturated one are consistent with the general under-
standing that the role of cholesterol is most prominent in
bilayers composed of saturated chains. This is the case in
lipid rafts rich in cholesterol, sphingomyelin (SM), and sat-
urated phospholipids. Cholesterol, in particular, has been
found to promote the formation of ordered domains in
model membranes, while for other sterols this property
seems to be less evident. For example, while lanosterol
has been found to induce domain formation in DOPC/
SM/CHOL mixtures, the same study concluded that ketos-
terol could not induce a phase separation at any of the ste-
rol concentrations considered (Bacia et al., 2005). Also, it
has been found that if cholesterol is depleted from mem-
branes and replaced with desmosterol, the ordering of
the acyl chains decreases and the activation of an insulin
receptor is altered (Vainio et al., 2006). In a recent work
dealing with three-component model membranes with
DOPC, sterol, and varying amounts of other lipids such
as DPPC, SM, or ceramide, desmosterol has also been
found to stabilize domain formation weakly (Megha
et al., 2006). For 7-DHC, the same study found an intrigu-
ing result that 7-DHC promotes domain (raft) formation
more strongly than cholesterol (Megha et al., 2006; Xu
et al., 2001). At the same time, our results propose that
the ordering capability of 7-DHC is not as good as that
of cholesterol, though this study is for two-component
model membranes. It seems evident that formation of
ordered raft-like domains is affected by the interplay
of several lipid components, of which the sterol is one of
the important ones. Given this data, it is likely that the lat-
eral pressure profiles of the sterols studied here would be
different in raft-like bilayers enriched by saturated PCs
and SMs, too.
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The above-discussed finding that the sterol type affects
membrane elasticity, the lateral pressure profile, and con-
sequently the force exerted by the lipids on a membrane
protein forces one to pose the question, whether this issue
is biologically relevant, and whether it has been observed
in experiments. The relevance has been discussed by Can-
tor, who proposed that changes in the lateral pressure
profile influence exponentially the ratio of concentrations
of the conformational states of, e.g. mechanosensitive
proteins (Cantor, 1997). In that regard, the present results
give support to the suggestion (Cantor, 1999b; Brown,
1994; Gibson and Brown, 1993; Wiedmann et al., 1988)
that changes in the lateral pressure profile are involved
in increasing rhodopsin activity with increasing level of
unsaturation, and in decreasing rhodopsin activity with
increasing amount of cholesterol (Litman and Mitchell,
1996). This issue is further discussed in a recent work
(Mihailescu and Gawrisch, 2006), which also proposed
that membrane elastic stress would modulate the func-
tions of integral receptor proteins like rhodopsin. Recent
studies by van den Brink-van der Laan et al. (2004a,b)
also propose that the lateral pressure profile is involved
in the stability and activation of membrane protein com-
plexes. Nevertheless, there is reason for care before con-
clusions are being drawn, since unfortunately, to our
knowledge, there is only one experimental study which
has tried to gauge the lateral pressure profile inside a lipid
membrane (Templer et al., 1999). The study found essen-
tially the same form for the pressure profile as our simu-
lations for pure PC bilayers. However, since the
experiments employed probes which unavoidably perturb
membrane structure (Repakova et al., 2004, 2005, 2006;
Curdova et al., 2007), the final view remains to be
established.

The results of this work show that the lateral pressure
profile, the resulting elastic behavior of lipid membranes,
and the energies involved in changes of protein conforma-
tional states are sensitive to the sterol content of lipid mem-
branes. The results hence support a mechanism where
changes in protein conformational state are facilitated by
changes in the lateral pressure profile. From a structural
point of view, the results provide compelling evidence that
despite seemingly minor differences, sterols are character-
ized by structural specificity.
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The paradigm of biological membranes has recently gone through a major update. Instead of being fluid and
homogeneous, recent studies suggest that membranes are characterized by transient domains with varying fluidity. In
particular, a number of experimental studies have revealed the existence of highly ordered lateral domains rich in
sphingomyelin and cholesterol (CHOL). These domains, called functional lipid rafts, have been suggested to take part
in a variety of dynamic cellular processes such as membrane trafficking, signal transduction, and regulation of the
activity of membrane proteins. However, despite the proposed importance of these domains, their properties, and
even the precise nature of the lipid phases, have remained open issues mainly because the associated short time and
length scales have posed a major challenge to experiments. In this work, we employ extensive atom-scale simulations
to elucidate the properties of ternary raft mixtures with CHOL, palmitoylsphingomyelin (PSM), and palmitoyloleoyl-
phosphatidylcholine. We simulate two bilayers of 1,024 lipids for 100 ns in the liquid-ordered phase and one system of
the same size in the liquid-disordered phase. The studies provide evidence that the presence of PSM and CHOL in raft-
like membranes leads to strongly packed and rigid bilayers. We also find that the simulated raft bilayers are
characterized by nanoscale lateral heterogeneity, though the slow lateral diffusion renders the interpretation of the
observed lateral heterogeneity more difficult. The findings reveal aspects of the role of favored (specific) lipid–lipid
interactions within rafts and clarify the prominent role of CHOL in altering the properties of the membrane locally in its
neighborhood. Also, we show that the presence of PSM and CHOL in rafts leads to intriguing lateral pressure profiles
that are distinctly different from corresponding profiles in nonraft-like membranes. The results propose that the
functioning of certain classes of membrane proteins is regulated by changes in the lateral pressure profile, which can
be altered by a change in lipid content.

Citation: Niemelä PS, Ollila S, Hyvönen MT, Karttunen M, Vattulainen I (2007) Assessing the nature of lipid raft membranes. PLoS Comput Biol 3(2): e34. doi:10.1371/journal.
pcbi.0030034

Introduction

The understanding of lipid membrane structures and their
role in cellular functions has developed significantly since the
introduction of the classical fluid-mosaic model by Singer
and Nicolson [1]. The fluid-mosaic model predicted that
cellular membranes are fluid and characterized by random
distribution of molecular components in the membrane,
resulting in lateral and rotational freedom. The more recent
picture is considerably more elaborate, however. A large
number of experimental results converge toward the idea
that lateral domains enriched in sphingomyelin (SM) and
cholesterol (CHOL) exist in biological membranes. These
nanosized domains, called functional lipid rafts, have been
suggested to take part in various dynamic cellular processes
such as membrane trafficking, signal transduction, and
regulation of the activity of membrane proteins [2–4]. The
existence of stable lipid rafts in biological membranes is
under intense scrutiny, and their existence is actually under
debate since the lipid rafts, if they do exist, are probably too
small to be resolved by techniques such as fluorescence
microscopy [5]. Direct evidence of rafts in vivo is mainly
based on monitoring the motions of membrane proteins [6]
or on differential partitioning of fluorescent probes in
membrane environments [7]. It is, however, difficult to
perform experiments using living cells, which complicates
measurements of physical quantities of the rafts, such as the
exact lipid composition, characteristic size, and lifetime [8,9].
In model membranes, the coexistence of domains in the

liquid ordered (lo) and the liquid disordered (ld) phase is
widely accepted [9,10]. For example, the ld phase may be
formed by an unsaturated phosphatidylcholine (PC), while
the formation of the lo phase is promoted by a mixture of SM
and CHOL. As for rafts, the current understanding of lipid
rafts in biological membranes suggests a granular structure of
nanometer-scale domains of various compositions [9,11,12]
rather than a large-scale phase separation.
The exact nature of the underlying interactions that lead to

lipid immiscibilities in membranes is under debate [13,14].
CHOL is particularly important as it has been shown to
increase the conformational order of acyl chains and reduce
the bilayer area, hence significantly increasing the packing
density of the lipids [15–17]. CHOL is particularly effective in
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reducing the void space within the acyl chain region of the
lipids [15], which is related to suppressed area compressibility
and increased bending rigidity of the membrane with
increasing CHOL concentrations. However, the lateral
diffusion rates are not expected to slow down by more than
a factor of 2–3 when the ld phase is compared with CHOL-
induced lo phase [6,18]. Also, CHOL has recently been
reported to significantly alter the lateral pressure profile of
membranes [19]. This is important, as changes in the lateral
pressure profiles have been suggested to be related to changes
in membrane protein structure and activity [20].

Considering that the smallest estimates for the sizes of rafts
fall in the range of nanometers [21,22], they make an
accessible subject for computational studies. Though, in spite
of the considerable importance of rafts, it is somewhat
surprising that only a few atom-scale simulations have dealt
with ternary mixtures of CHOL, SM, and PC [23,24],
concentrating mainly on small-scale structural properties
and local interactions between the lipids. In particular, there
are no previous atom-level computational studies of rafts
aiming to characterize the nature of their structural and
dynamical features. For example, the nanometer scale
structure within raft domains and its interplay with CHOL-
induced effects are not understood. Further, the resulting
large-scale properties, such as membrane elasticity in ternary
raft-like lipid mixtures, are not understood either. Finally,
and perhaps most importantly, the lateral pressure profiles
associated with rafts are completely unknown. The concept of
the lateral pressure profile across the lipid membrane is
exceptionally significant, since it describes the pressure
exerted on molecules embedded in a membrane. Cantor has
proposed that incorporation of molecules into membrane
and changes in lipid content would alter the lateral pressure

profile across a membrane, and hence changes in the pressure
profile would induce changes in membrane protein structure
[20,25]. Experimental studies of this issue are remarkably
difficult, however: currently there is only one study that
employed fluorescent probes to gauge the overall shape of the
lateral pressure profile [26]. Evidently, detailed atomistic
simulations are called for.
The state-of-the-art extent of the simulations conducted in

this work, 15–20 nm in lateral dimensions and 100 ns in time,
enables a reliable quantitative analysis of the properties of
raft-like membranes not accomplished before. We employ
large-scale atom level simulations for three mixtures of
palmitoyloleoylphosphatidylcholine (POPC), PSM, and
CHOL. The molar fractions are POPC:PSM:CHOL ¼ 1:1:1,
2:1:1, and 62:1:1 for systems that we call SA, SB, and SC,
respectively (see Figure 1). Based on a recent experimental
phase diagram [27], these mixtures are expected to display
the coexistent lo and ld phase domains (SA and SB) or a single ld
phase (SC). Here, we illustrate the distinct nature of raft-like
domains in three parts. First, we consider the elastic,
thermodynamic, and dynamic properties of rafts that turn
out to be very different from those of nonraft-like mem-
branes. Second, we provide evidence that the presence of
PSM and CHOL in raft-like membranes leads to strongly
packed and rigid bilayers, characterized by significant nano-
scale lateral heterogeneity within the raft domains. These
findings express the prominent role of favored lipid–lipid
interactions within rafts and highlight the significant role of
CHOL in promoting the formation of rafts. Third, we provide
compelling evidence that the lateral pressure profiles can be
altered by a change in lipid content. In particular, we show
how the presence of PSM and CHOL leads to intriguing
lateral pressure profiles that are distinctly different from
corresponding lateral pressure profiles in nonraft-like mem-
branes, proposing that lipid membranes may regulate the
functioning of certain classes of membrane proteins such as
mechanosensitive channels through changes in lipid compo-
sition, and hence the lateral pressure profile.

Results

Elastic, Thermodynamic, and Dynamic Properties
Selected properties of the simulated membranes are

summarized in Table 1. For system SC, the average area per
lipid, A, and the bilayer thickness, d, are in agreement with
previous findings on pure POPC bilayers [28,29], indicating
negligible effects of PSM and CHOL on the bilayer
dimensions. Also, the area compressibility modulus, KA, and
the bending rigidity, kc, are in line with previous studies of
pure PC bilayers, reporting KA¼ 140–3003 10�3 N/m and kc¼
4–9 3 10�20 J [30–32]. The lateral diffusion coefficient, D, for
POPC in system SC is about 50% lower than the value of 1.43

10�7 cm2/s measured for pure POPC bilayer at 313 K [33]. A
similar trend was found in comparison of our previous
simulations on pure SM and PC bilayers [34] with this
particular study [33]. This suggests that bilayer SC is close to
the liquid disordered state of a POPC bilayer. This is also
supported by the finding that small CHOL [33] or SM [35]
concentrations have minor effects on D values of PC above
melting temperatures.
The condensing effect of CHOL becomes evident when

comparing the values of A and d between systems SA to SC. As
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Author Summary

Biological membranes are complex 2-D assemblies of various lipid
species and membrane proteins. For long, it was thought that the
main role of lipid membranes is to provide a homogeneous, liquid-
like platform for membrane proteins to carry out their functions as
they diffuse freely in the membrane plane. Recently, that view has
changed. It has become evident that several lipid environments with
different physical properties may coexist, and that the properties of
the different lipid domains may play an active role in regulating the
conformational state and dynamic sorting of membrane proteins.
We have carried out atom-scale computer simulations for three-
component lipid bilayers, so-called lipid rafts, rich in cholesterol and
sphingolipids. They show that arising from the local interactions
between the lipid species, the elastic and dynamic properties of the
membranes depend strongly on the lipid composition. The changes
in elastic properties are suggested to alter the functional states of
various membrane proteins. Changes in lipid composition are also
shown to alter the distribution of local pressure inside the
membrane. This is likely to affect proteins that undergo large
anisotropic conformational changes between the functional states,
such as the ion channel MscL, used as an example here. A great
number of important physiological phenomena, such as trans-
mitting neural impulses or trafficking molecules in and out of the
cell, involve activation of membrane proteins, so it is relevant to
understand all factors affecting them. Our findings support the idea
that general physical properties of the lipid environment are capable
of regulating membrane proteins.

Lipid Raft Simulation



suggested in several previous works, CHOL’s tendency to
increase the order of neighboring acyl chains leads to
decreased area per lipid and increased bilayer thickness
upon increasing CHOL concentration [36–38]. Comparison
with previous studies shows that the values for A in Table 1
for SA and SB are 0.1–0.4 nm2 lower than expected for binary
PC–CHOL systems with similar CHOL concentrations [15,16].
CHOL’s strong tendency to reduce fluctuations and increase
the rigidity of membranes is best revealed by the KA values in
Table 1. Previous reports have predicted maximally 5-fold to
7-fold increases in the KA values upon CHOL addition into
PC bilayers [16,39]. The presently found unexpectedly large
KA and small A as compared with PC–CHOL systems suggests
an additional effect of PSM to decrease area fluctuations,
possibly related to the tendency of SM to form intermolecular
hydrogen bonds [34,40]. This idea is further supported by an
experiment reporting a much higher value of KA (1,718310�3

N/m) for a SM–CHOL bilayer than the value for a PC–CHOL
bilayer (KA¼ 7813 10�3 N/m), both with 50 mol% CHOL [41].
Our values for the bending rigidity, kc, are roughly in line with
experimental results for PC–CHOL mixtures, which have

shown a 120%–170% increase in the kc value upon increasing
CHOL fraction from 0 to 30–50 mol% [31,42]. As the
experimental values vary and computational reports on
CHOL’s effect on kc values in PC membranes are lacking, a
more quantitative evaluation on PSM’s effect in this case is
difficult. However, its tendency to increase KA would suggest
a role also on bending rigidity.
The fact that our values for the bilayer thickness agree with

an AFM study, reporting a difference of 0.6–0.9 nm between ld
and lo phases, is an indication that our model systems are in
line with the experimental lo/ld phases [43]. However, when
comparing the diffusion coefficients between systems SA to
SC, we find that systems SA and SB are relatively much more
slowed down than predicted from the changes of pure POPC
bilayer upon addition of 25–30 mol% CHOL [33]. This
further supports the idea that SM (together with CHOL) has
an additional role in rigidifying the bilayer and consequently
slowing down diffusion. For comparison, a recent pulsed-field
gradient NMR study [44] reported two populations of D
values in DOPC–SM–CHOL mixtures with 10–30 mol%
CHOL at 300 K, one corresponding to ld phase (D ’ 1 3

Figure 1. Snapshots at the End of Simulations for Systems SA (Top), SB (Middle), and SC (Bottom)

POPC molecules are shown in gray, PSM in orange, CHOL in yellow, and water in cyan.
doi:10.1371/journal.pcbi.0030034.g001
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10�7 cm2/s) and the other to lo phase (D ’ 1 3 10�8 cm2/s). As
the exact lipid composition within the proposed domains is
unknown, our simulated D values for systems SA and SB are in
good agreement with the proposed lo phase. This is interest-
ing, since the lo phase is usually characterized as having
similar diffusion rates with the ld phase. Recent evidence on
large variations in the properties of a single lo phase [45] also
supports the idea that bilayers SA and SB do display the lo
phase. Clearly, diffusion within raft domains is strongly
suppressed due to the presence of PSM and CHOL.

The material properties of lipid bilayers have been
suggested to play a major role in regulating the activity and
partitioning of membrane proteins. First, the thickness
difference of raft and nonraft membranes may be relevant
due to the effects of hydrophobic matching [46,47]. For
example, the free energy of opening of a bacterial stretch-
activated channel has been observed to change from 4 to 20
kBT when the acyl chain length of the surrounding PC-lipids
changes from 16 to 20 carbons [48]. Another example is the
transmembrane protein OmpA, whose free energy of
unfolding was reported to change by about 5 kBT per nm
when the hydrophobic thickness of the surrounding saturated
PC-membrane was varied [49]. Using this value as a simplistic
estimate for the effect of hydrophobic thickness, one gets a
difference of about 4 kBT in the free energy of unfolding
when this particular protein would be transferred from
nonraft to raft membrane. As the higher bending rigidity of
the raft membrane probably decreases the ability of the
membrane to adapt its thickness to match the hydrophobic
thickness of the protein, the actual value should be larger
than the above estimate. The role of membrane elasticity in
protein functionality is further emphasized by the fact that,
based on recent studies, it costs much more energy to deform
a membrane by changing its area per lipid than by bending or
chain tilting [50]. It has been suggested that the free energy to
create a protein-shaped cavity in a bilayer is proportional to
KA [51], and evidence exists that the binding free energy of
certain amphipathic peptides indeed depends linearly on KA

[52]. Our data suggests a 5-fold to 14-fold difference in the
values of KA between raft and nonraft membranes (see Table
1), which practically means a free energy cost of about 4–8
kBT when a membrane protein (Mellitin) is transferred from a
nonraft to a raft environment [52]. Summarizing, the
elasticity of raft-like membranes is substantially different

from that of nonraft membranes, and this likely influences
membrane protein functionality.

Lateral Heterogeneity
The above results highlight the different bulk properties of

raft-like domains with respect to more disordered bilayers.
However, as becomes evident below, raft domains are also
characterized by strong spatial and temporal variations.
Figure 2 reveals lateral heterogeneity in the calculated
deuterium-order parameter values (SCD) when averaged over
10 ns. The nature of chain ordering varies in different
systems. System SA exhibits the highest overall order (average
SCD ¼ �0.41) that is almost uniformly distributed over the
bilayer plane and broken only by a few small low-order areas
and empty points due to poor sampling. System SB is slightly
less ordered (SCD ¼ �0.36) and contains domains of a few
nanometers in size, differing significantly in their SCD values.
The overall ordering in SC is much weaker (SCD¼�0.18) than
in the two other systems, but even SC displays lateral
heterogeneity, though the domains appear larger, smoother,
and with smaller variations in the SCD values. The average SCD
values are in line with corresponding experimental order
parameter profiles of fluid POPC [53,54] and DPPC–CHOL
mixtures with similar CHOL concentrations [45,55].
In Figure 2, the more ordered regions in SCD plots are

clearly correlated with a higher density of CHOL. This is in
line with a previous study showing CHOL’s ability to order
the neighboring acyl chains within a radius of few nano-
meters [56]. The rchain plots in Figure 2 reveal high
localization of the chains in SA, whereas in SB some of the
regions are smeared out. The SC plot is much more
homogeneous, indicating higher overall mobility and more
isotropic distribution of the chains. In SC, the small
concentration of CHOL does not seem sufficient to account
for the observed large-scale lateral heterogeneity in chain-
order parameters. Instead, we find that the SCD value is clearly
correlated with bilayer thickness. This is particularly sup-
ported by the fact that the amplitudes of the large-scale
peristaltic wave modes are significantly larger for system SC
than for the other systems (see Figure S6). Even though the
autocorrelation functions for most of the largest undulations
and peristaltic modes decay roughly within a few nano-
seconds (unpublished data), some modes display much longer
decay times. In particular for system SC, this may be related to
the heterogeneity induced by the few CHOL and SM
molecules that are embedded in the bilayer.
To judge our findings for lateral heterogeneity, it is

worthwhile to stress the slow dynamics in the bilayer plane:
despite the extensive time scale simulated, the lateral
diffusion coefficients indicate that the molecules move in
the plane of the membrane approximately over only their
own size within the simulated time scale. Hence, it is evident
that the simulation time is not long enough to adequately
relax the large-scale structure of the initial configuration and
lead to complete mixing of the lipids. The nanoscale
heterogeneity observed in this work could thus be debated.
However, there is reason to emphasize that while systems SA
and SB were started from different initial configurations, they
lead to similar conclusions. Further, the small-scale move-
ments of the molecules relative to each other can be
characterized; see the 2-D radial distribution functions in
Figure 3. The unfavorable close contacts of CHOL–CHOL

Table 1. Average Structural and Thermodynamic Properties
Calculated from the Simulations of Systems SA, SB, and SC

System SA SB SC

POPC:PSM:CHOL 1:1:1 2:1:1 62:1:1

A [nm2] 0.41 6 0.01 0.44 6 0.01 0.66 6 0.01

d [nm] 4.40 6 0.05 4.29 6 0.05 3.53 6 0.05

KA [10�3 N/m] 2,700 6 700 1,000 6 400 200 6 100

kc [10�20 J] 10 6 2 7 6 2 6 6 2

Dpopc [10�7 cm2/s] 0.037 6 0.002 0.08 6 0.02 0.67 6 0.06

Dpsm [10�7 cm2/s] 0.036 6 0.002 0.07 6 0.02 0.8 6 0.2

Dchol [10�7 cm2/s] 0.038 6 0.002 0.08 6 0.02 0.5 6 0.2

A, average area per lipid; d, bilayer thickness; KA, area compressibility modulus; kc,
bending rigidity modulus; D, lateral diffusion coefficients.
doi:10.1371/journal.pcbi.0030034.t001
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pairs are revealed by the lowering of the nearest neighbor
peak in time. Simultaneously, the secondary peak at 1.0 nm
increases, indicating small-scale reorganization of CHOL
molecules. Significant changes in time can also be seen in the
other plots of Figure 3, revealing the tendency of closer
contacts between CHOL–POPC center of mass pairs with
respect to PSM–CHOL pairs. In all, this provides further
support for lateral reorganization and heterogeneity. The
details of the lipid–lipid interactions are related to the widely
speculated specific interaction between SM and CHOL, which
is discussed elsewhere [57,58].

Lateral Pressure Profiles
Structure and dynamics of membrane proteins are likely to

be influenced by the lateral pressure profile, which has been
proposed as a mechanism for, e.g., general anesthesia [20,59].
To elucidate this issue, we computed the lateral pressure
profiles of various lipid membrane systems (see Figure 4). For
a discussion of the coupling of the peaks in the lateral
pressure profile with the molecular groups and different
interaction types, see previous related simulation studies
[19,60–63]. Here, we focus on a more generic issue, that is, the
joint effect of CHOL and PSM on the pressure profile.

The pressure profiles across the membranes of SA and SB,
shown in Figure 4A, indicate a striking difference compared
with profiles in nonraft membranes (see Figure 4B): raft
bilayers display qualitatively different behavior with a greater
number of peaks as compared with single component POPC
and PSM bilayers in ld phase. Rather, raft systems display a

qualitative similarity to the DPPC–CHOL system, shown in
Figure 4B. These observations are in line with previous
simulation studies, if reports on other single component ld
bilayers [60–62] are compared with binary PC–CHOL systems
[19,63]. A remarkable difference found here is the significant
increase of positive (repulsive) pressure at the middle of raft
bilayers compared with pure POPC, the effect being
particularly large in the case of raft-mixture SA.
Notably, the peak heights in the lateral pressure profile are

of the order of 1,000 bar. Thus, molecules such as integral
membrane proteins are under the influence of huge local
pressures that likely affect their conformational state.
Particularly, proteins whose cross-sectional area undergoes
significant anisotropic changes when shifting from active to
inactive state are likely to be governed or regulated by the
pressure profile [20,64]. To further quantify this idea, we
estimated the lateral pressure profile–induced component of
the energy between open and closed conformations of a
channel protein MscL (see Methods). For this quantity, we get
DW ¼ (11 6 2) kBT and (4 6 1) kBT for systems SA and SB,
respectively. These are significantly higher than the values
found for the pure POPC bilayer (1.9 6 0.2) kBT, the pure
PSM bilayer (1.0 6 0.6) kBT, or the binary DPPC–CHOL
bilayer (1.0 6 0.4) kBT. The above result for a POPC bilayer is
in agreement with the previous calculation by Gullingsrud
and Schulten [62], who found 1.7 kBT for POPC. The positive
values of DW indicate that the lateral pressure profiles of
these bilayers lower the open state energy of MscL relative to
the closed state; that is, they are in favor of the open state.

Figure 2. Snapshots Averaged over the Last 10 ns from the End of Each Simulation

The deuterium order parameters, SCD, of selected carbons (C5–C7) of POPC and PSM chains were binned in the xy-plane (column 1, from left). The in-
plane electron densities, r, have been plotted separately for CHOL (column 2) and the selected chain carbons (column 3). The average bilayer thickness,
d, was obtained from the grid of the undulation analysis (column 4). Systems SA to SC are represented on rows from top to bottom, respectively. Only
the bottom leaflet has been used for columns 1–3, whereas both leaflets were used for column 4. The equivalent plots for the top leaflet have been
presented in Figure S2.
doi:10.1371/journal.pcbi.0030034.g002

PLoS Computational Biology | www.ploscompbiol.org February 2007 | Volume 3 | Issue 2 | e340308

Lipid Raft Simulation



Especially interesting are the large values found for the raft
systems, which suggest that the lateral pressure profiles
characteristic of raft-like environments would facilitate the
opening of MscL. For comparison, it has been estimated that
the free energy difference associated with the opening of
MscL is about 20–50 kBT [62,65]. The contribution due to the
pressure profile in a raft domain could therefore be
significant. In general terms, it is clear from the above
estimates that the equilibrium probability of MscL to be in
the open state must be significantly altered by the pressure
profile of the lipid environment. Additionally, we wish to
underline that the values for DW have been estimated for
different bilayers that are all under identical surface tension
conditions (c¼0) and are thus not related to the usual picture
of the effect of overall stress on mechanosensitive channels.

Discussion

In this work, we have elucidated properties of lipid raft
mixtures through atom-scale simulations and compared them
with properties of a bilayer in liquid disordered phase. We
found that the presence of PSM and CHOL in SA and SB not
only significantly enhanced the lateral packing of lipids and
increased the acyl chain order, but also reduced the lateral

diffusion rates by more than an order of magnitude when
compared with the ld phase. This observation is contradictory
to the traditional definition of the lo phase, but is in
agreement with recent reports on varying properties of this
particular phase [45,54]. It is interesting to note that the
difference in the lipid dynamics of the different phases may
in itself have a contribution to the dynamical partitioning of
membrane proteins [5], as they spend more time in the
ordered domains due to slower diffusion and allow more time
for cross-linking between proteins to occur.
The elasticity of the raft mixtures was found to be reduced

significantly when compared with SC. The fact that this
reduction was greater than expected from previous reports
on binary PC–CHOL mixtures, suggests that SM has a further
rigidifying effect on raft mixtures. The 5-fold to 14-fold
increase in KA suggests significant implications on the
partitioning of membrane proteins. First, the free energy of
creating a cavity to the membrane, and thus the solvation free
energy of a protein into a membrane, is directly proportional
to KA, which leads to unfavored partitioning of certain
proteins into raft-like membranes. On the basis of a recent
experimental report [52], we estimated that the transfer free
energy of Mellitin from nonraft to raft membrane would be
about 4–8 kBT. Second, the difference in thickness of about
0.8–0.9 nm between raft and nonraft membranes suggests a
contribution to the transfer free energy of proteins due to
changed hydrophobic matching. This effect is practically
always present and the reported strength of the effect, about 5
kBT per nm [49], makes it comparable to the effect of the KA.
The lateral heterogeneity in the simulated membranes was

found to be related to either the tendency of CHOL to order
neighboring acyl chains or to the relatively slow peristaltic
modes of the bilayer. The emergence of these heterogeneities
may be related to the idea of small granular arrangement of
nanodomains in biological membranes [9,12]. Considering
the perhaps surprisingly slow diffusion rates observed for the

Figure 3. 2-D Radial Distribution Functions between the Molecular

Center of Mass Positions in SA and SB

The figures show the time evolution in the system at three different time
intervals: 0–10 ns (gray, dashed), 30–40 ns (gray), and 90–100 ns (black).
The error bars for the black curve indicate the average difference of the
two monolayers.
doi:10.1371/journal.pcbi.0030034.g003

Figure 4. Lateral Pressure Profiles of Systems SA and SB (Top) and of

Previously Simulated Pure POPC/PSM Systems and a Binary DPPC–CHOL

System (Bottom)

The center of the membrane is at z¼ 0. The graphs have been averaged
to be symmetric on both sides of the center and smoothed by adaptive
high-order spline fitting [90]. Error bars are statistical errors for each slab.
The errors have been shown for only one of the monolayers of the
DPPC–CHOL system because they are equal for both monolayers and
also smaller or equal for the other systems.
doi:10.1371/journal.pcbi.0030034.g004
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lo phase of the ternary mixtures in this study, it suggests an
absolute minimum of about 10–100 ns for the lifetimes of the
domains. Also, the analysis of the heterogeneity provided
more support for the idea that CHOL changes the lipid
environment in its local neighborhood, e.g., by increasing the
order of the acyl chains.

Analysis of the raft-like membranes SA and SB revealed
large differences in lateral pressure profiles when compared
with bilayers in ld phase, but also changes of significant
magnitude in the local pressure were found in comparison
with PC–CHOL systems. All membrane proteins, which
undergo anisotropic structural changes between functional
states, are likely to be affected by the lateral pressure profile.
A good example would be proteins that tilt their helices when
opening a channel, such as the MscL [66]. We found that the
free energy difference between the open and closed states of
the MscL channel changed from 1.0 kBT to 4–11 kBT when
single component bilayers in ld phase were compared with
raft mixtures. This result, together with previous reports on
pressure profiles of similar systems [19,63], provides strong
evidence for the idea that the lipid environment plays an
important role in regulating the activity of certain membrane
proteins through changes in lateral pressure profile. Though
only a few experimental studies have been done to assess local
pressures within the bilayer [26,67], evidence exists that the
activity of a number of membrane proteins is dependent on
the lipid composition and thus very probably on the lateral
pressure profile [67,68]. For example, the free energy of
binding of alamethicin has been reported to be a simple
function of monolayer spontaneous curvature [69], which is
most probably related to changes in local pressures.

The role of the lipid environment has been discussed in
relation to a variety of membrane proteins, from mechano-
sensitive channels such as MscL [48,62,70] to other important
channels such as rhodopsin [71], KcsA [67], P-glycoprotein
[72,73], the insulin receptor [17], and others whose activity
has been shown to depend on the membrane composition
[67]. It has been shown that different lipids have different
binding affinities on the surface of membrane proteins [74]
and that the specific lipid-protein interactions probably play
a role in regulating the activity and/or partitioning of certain
proteins such as the yeast cytochrome bc1 complex [75].
However, various evidence exists that generic interaction
mechanisms in terms of for example elastic properties of the
membrane are also important for a number of membrane
proteins [47]. For example, different sterols have been shown
to alter the elastic properties of membranes in a similar
manner, if only applied in different concentrations [76].
Finally, it is exciting to note that the present results also
provide support for a recent suggestion that the (unknown)
mechanism of general anesthesia is related to changes in the
lateral pressure profile due to incorporation of anesthetics,
such as alcohols, into the membrane [20,64,77].

From now on, the quest is to understand the (concerted)
effect of different lipid species on the lateral pressure profiles
and the interplay between lipid environment and protein
activity. The lateral pressure profile is an important quantity,
as many membrane elastic coefficients (such as bending
modulus, spontaneous curvature, and the saddle splay
modulus) can be directly extracted from it [78]. In the future,
it would be highly useful to see computational works on lipid
bilayers that gather enough statistics to evaluate the relation-

ship between these quantities and to increase our under-
standing of their relationship. Also, it would be highly
interesting to develop experimental techniques to measure
the pressure profiles and to relate these to the already existing
simulation data of different membrane compositions.

Materials and Methods

Starting coordinates were obtained by expanding a previously
equilibrated POPC bilayer [28] to 1,024 lipids. Two ternary mixtures
were created by replacing random POPC molecules by PSM and
CHOL to result in POPC:PSM:CHOL ¼ 1:1:1 or 2:1:1 molar ratios
(systems SA and SB, respectively), whereas for the third system (SC) we
replaced 32 selected POPC molecules to result in a POPC matrix with
eight CHOL-PSM dimers and 16 monomers that are as far as possible
from each other. The configuration in SC was created to study the
local interactions between PSM and CHOL in a POPC matrix, which
will be discussed elsewhere [58]. The force-field parameters for POPC
[79], PSM [34], and CHOL [80] were obtained from previous works.
Each of the three bilayers were fully hydrated with about 28 SPC
(simple point charge) water molecules/lipid [81], resulting in
;140,000 atoms per system (see Figure 1). Using GROMACS (http://
www.gromacs.org) [82] for integrating the equations of motion with a
2-fs time step, each system was initially equilibrated by the Langevin
thermostat in NVT-ensemble (50 ps) and then in NpT-ensemble (500
ps). The first 5 ns of the actual simulations were run in NpT-ensemble
(T ¼ 310 K, p ¼ 1 atm) using the Berendsen thermostat and barostat
[83], after which we switched to the Nosé-Hoover thermostat and the
Parrinello–Rahman barostat to produce the correct ensemble. The
pressure coupling was applied in a semi-isotropic way to result in
zero surface tension. The long-range electrostatic interactions were
accounted for by the reaction-field method (with rc ¼ 2.0 nm) and a
1.0-nm cutoff was used for the Lennard–Jones interactions. Reaction-
field has been shown to be a reliable and well-scalable method for
simulating noncharged lipid bilayers [84]. The simulation time was
100 ns for SA and SB, but 50 ns for system SC, which together took
about ten cpu-years on a parallel machine. For the analysis, we have
included the last 40 ns of each simulation trajectory whenever not
indicated otherwise.

The equilibration of the bilayer structure was monitored by the
area per lipid (see Figure S1). The magnitude of area fluctuations
were used to estimate the area compressibility of each bilayer [85].
The average bilayer thickness was estimated from the peak-to-peak
distance of the electron density plot of all atoms across the simulation
box. To characterize undulatory and peristaltic motions, we followed
the procedure by Lindahl and Edholm [30], in which a grid was fitted
to selected atoms in the POPC and PSM backbone (glycerol C2 in
POPC and the corresponding carbon in PSM). The grids for the two
monolayers were then averaged for undulatory analysis whereas their
difference was used for describing the peristaltic motions, and in
both cases 2-D FFT was applied to the grid points. kc was estimated by
summing over the undulatory spectral modes and utilizing the
formula ,u2und . ’ kBTA/(8.3p

3kc). Consistent results for kc were
found through a fit to the function u2und (k) ; k�4.

The deuterium (NMR)–order parameter SCD values were calculated
from the diagonal elements of the molecular order tensor (see [84]) at
selected carbon locations of the PSM and POPC chains. To
characterize the lateral heterogeneity in the system, carbons 5–7
were chosen from each acyl chain (together with the structurally
correspondent carbons from the sphingosine chain), and the
instantaneous SCD values were binned on a grid on the bilayer plane.
Similarly, the average in-plane electron densities were calculated by
binning the number of electrons in the selected molecules or atoms.
For the 2-D radial distribution functions, g2D(r), we used the
projected center of mass positions of the lipid molecules. The centers
of mass were also used to obtain the lateral diffusion coefficients (for
details see [15]).

Finally, lateral pressure profiles were determined using an
approach similar to the ones presented and validated by several
authors [19,60–62], more details of our method in [86]. The lateral
pressure was calculated using the Irving–Kirkwood contour and
dividing the systems in ;0.1 nm thick slabs (100 slabs). Pairwise forces
were calculated from the force field description and MD trajectory. A
2.0-nm truncation was used for electrostatic interactions. Con-
strained forces arising from SETTLE and LINCS were calculated
from the general equation by Hess et al. [87]. As undulations in
system SC render the lateral pressure calculation more difficult, we
chose three previous simulations on single-component lipid systems,
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POPC [86], PSM [34], and a binary 1:4 DPPC–CHOL [17] for
reference. For each system, the pressure profile was calculated the
same way. To estimate the effect of pressure profile on membrane
proteins, we followed the approach introduced by Cantor [88] and
later applied to molecular simulation data of single-component
bilayers by Gullingsrud et al. [62]. As a model we use the
mechanosensitive ion channel MscL, whose conformation has been
found to change anisotropically between cylindrical (open) and cone
(closed) shapes [89]. Here we calculate the work, DW, done against the
lateral pressure profile to alter the shape of the membrane cavity
occupied by the protein as it changes conformation from the closed
to an open state. Then DW can be written as:

DW ¼
Z

pðzÞDAðzÞ dz; ð1Þ

where DA(z) is the change in the cross-sectional area of the protein
and p(z) is the pressure profile. Here, we use an approach identical to
that used in [62], and identical values for DA(z) for MscL as used in
[62], in which the area is kept unchanged in the middle of the
membrane between the two states. Error bars for DW have been
calculated using results for different monolayers. It is, however,
important to realize that DW depends on the second moment of the
lateral pressure profile [62] and thus is susceptible to small changes of
lateral pressure far from the bilayer center. Therefore, extra caution
must be followed when interpreting these results. Also, in this
approach the influence of inserting a protein into the membrane on
the lateral pressure profile is not taken into account.

Supporting Information

Figure S1. The Area per Lipid versus Simulation Time

Found at doi:10.1371/journal.pcbi.0030034.sg001 (509 KB EPS).

Figure S2. Averaged Snapshots from the Last 10 ns of Each
Simulation

The data is represented as in Figure 2 of the main article, but plotted
for the top monolayer (columns 1–3) instead of the bottom
monolayer.

Found at doi:10.1371/journal.pcbi.0030034.sg002 (212 KB EPS).

Figure S3. Snapshots (1-ns Averages) Revealing the In-Plane Electron
Density of CHOL at 10-ns Time Intervals

Columns A1–C1 are the bottom monolayer and columns A2–C2 the
top monolayer in systems SA to SC, respectively.

Found at doi:10.1371/journal.pcbi.0030034.sg003 (1.2 MB EPS).

Figure S4. Snapshots (1-ns Averages) Revealing the Undulation and
Peristaltic Motions at 10-ns Time Intervals

Columns A1–C1 are the average bilayer height (z(x;y), the mean height
of the two monolayers), whereas columns A2–C2 are the bilayer
thickness (d(x;y), the difference in height of the two monolayers) in
systems SA to SC, respectively. For calculating z(x;y) and d(x;y), we used
the grid method discussed in the Methods section.

Found at doi:10.1371/journal.pcbi.0030034.sg004 (725 KB EPS).

Figure S5. Undulatory Spectral Intensity per Wave Mode versus Wave
Vector Magnitude for Systems SA to SC
The legend shows kc values calculated by two different methods, the
summing method utilizing Equation 4 and fitting Equation 3 in [30].

Found at doi:10.1371/journal.pcbi.0030034.sg005 (183 KB EPS).

Figure S6. Peristaltic Spectral Intensity per Wave Mode versus Wave
Vector Magnitude for Systems SA to SC
Found at doi:10.1371/journal.pcbi.0030034.sg006 (97 KB EPS).
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We have combined experiments with atomic-scale molecular dynamics simulations to consider the influence
of ethanol on a variety of lipid membrane properties. We first employed isothermal titration calorimetry
together with the solvent-null method to study the partitioning of ethanol molecules into saturated and
unsaturated membrane systems. The results show that ethanol partitioning is considerably more favorable in
unsaturated bilayers, which are characterized by their more disordered nature compared to their saturated
counterparts. Simulation studies at varying ethanol concentrations propose that the partitioning of ethanol
depends on its concentration, implying that the partitioning is a nonideal process. To gain further insight into
the permeation of alcohols and their influence on lipid dynamics, we also employed molecular dynamics
simulations to quantify kinetic events associated with the permeation of alcohols across a membrane, and to
characterize the rotational and lateral diffusion of lipids and alcohols in these systems. The simulation results
are in agreement with available experimental data and further show that alcohols have a small but non-
vanishing effect on the dynamics of lipids in a membrane. The influence of ethanol on the lateral pressure
profile of a lipid bilayer is found to be prominent: ethanol reduces the tension at the membrane-water
interface and reduces the peaks in the lateral pressure profile close to the membrane-water interface. The
changes in the lateral pressure profile are several hundred atmospheres. This supports the hypothesis that
anesthetics may act by changing the lateral pressure profile exerted on proteins embedded in membranes.

I. Introduction

The influence of alcohols and small solutes on the properties
of lipid membranes has been studied extensively during the past
few decades. As alcohols are anesthetics, this work has in part
been motivated by the desire to understand the molecular-level
mechanism of general anesthesia. One possible model is that
anesthetic molecules bind specifically to proteins. By this direct
mechanism, anesthetics, such as ethanol, may influence the
binding of ions to the proteins acting as ions channels, shifting
protein conformational equilibria. On the other hand, there are
also studies that support the existence of an indirect mechanism1

in which a change in membrane properties, induced nonspe-

cifically by anesthetic molecules incorporated into the mem-
branes, changes the structure and hence activity of membrane
proteins.

Cantor has proposed that the indirect mechanism would
involve anesthetic molecules partitioning into the membrane,
thus altering the lateral pressure profile. Changes in the local
pressure across a membrane would induce changes in membrane
protein conformation.2,3 Recent simulation studies have shown
that minor changes in lipid composition can lead to significant
changes in the lateral pressure profile.4-10 Since alcohols induce
changes in membrane properties, effects on the pressure profile
can also be awaited.

On the basis of earlier studies, it is evident that anesthesia-
producing molecules have influence on lipid membrane struc-
ture. Alcohols in lipid bilayers have been studied by a variety
of different experimental methods, such as NMR,11-16 X-ray,17

micropipette techniques,18,19 and volumetric analyses.20,21 By
2H NMR, ethanol has been observed to have a disordering effect
on lipids.11 The observed similarities in ethanol and water
interaction with lipids further suggest strong influence of
hydrogen bonding.11 A separate NOESY study identified
hydrogen bond formation as the main source of hydrophilic
interaction between ethanol and palmitoyloleoylphosphatidyl-
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choline (POPC) bilayers.13 Along the same lines, Holte and
Gawrisch state that ethanol resides with the highest probability
at the membrane-water interface near the lipid glycerol
backbone and upper methylene portions.14 Results of similar
nature have been observed in studies of other anesthetic
molecules, supporting the preference of anesthetics to partition
close to the membrane-water interface.22,23Results of Klemm
and Williams also indicate that alcohol alters the organization
of water, and that, with respect to lipids, ethanol interacts near
the carbonyl domain.16 In differential scanning calorimetry and
X-ray studies, it has likewise been shown that, above the main
phase transition temperature of the lipids, ethanol produces
structural changes in bilayers.17 In addition, alcohol partitioning
into lipid/water phases has been characterized by Cantor in a
more approximate theoretical study.24 His model studies predict
that increasing lipid chain cis-unsaturation increases the bilayer-
water partition coefficient of short-chain alkanols.

Computational approaches are few and mainly based on atom-
scale molecular dynamics methods.13,25-28 Feller et al. found a
disordering effect in a membrane due to ethanol.13 Patra et al.
found a similar effect, but add that the influence of ethanol on
the ordering of dipalmitoylphosphatidylcholine (DPPC) and
POPC hydrocarbon chains depends on ethanol concentration.26

They observed a slight increase in acyl chain order at small
ethanol concentrations, a maximum at intermediate concentra-
tions, and a reduction in order for a large fraction of ethanol.
The observed nonlinear ordering of lipid hydrocarbon chains
is in line with recent experiments that have indicated nonlinear
coupling between ethanol mole fraction and ethanol density at
a soft interface.29 In a recent study, Dickey and Faller have
elaborated on the hydrogen-bonding properties of a variety of
alcohols.27 As for coarse-grained simulations, the studies by
Dickey et al.30 have suggested that increasing amounts of butanol
lead to an increasing area per lipid in a membrane, in qualitative
agreement with related experiments.18 They have further
provided support for increasing interdigitation at high alcohol
concentrations, a finding that has also been observed in the
coarse-grained simulations of Kranenburg et al.31 Recent coarse-
grained simulations have additionally proposed that alcohols
may reduce lateral membrane pressures.32 Overall, these studies
have complemented experimental efforts considerably, and
provide insight into the structural features of systems where
membranes are interacting with different alcohols.

While the structures of ethanol-membrane systems are rather
well-known, the kinetics and dynamics of ethanol-membrane
interactions are considerably less well understood. Nevertheless,
investigating the partitioning of alcohols into membranes and
the dynamics of alcohols within membranes is important in order
to understand their interaction with lipids and consequences for
anesthetic action. Yet even the basic processes such as the
migration mechanism of ethanol permeation through a mem-
brane are not known. This can be attributed to the lack of
atomic-scale simulation data for dynamic properties. The only
exception we are aware of is the work by Chanda et al., who
focused on the dynamics of hydrogen bonding in the hydration
layer of lipid head groups.33 Essentially all other studies to date
have been based on experiments focusing on the partitioning,
permeation, and permeability coefficients of alcohols.18,24,34-39

Summarizing, a complete picture of the dynamics, in particular
the dependence of partitioning and permeation on membrane
composition, has largely remained open.

Here we use both experiments and simulations to elucidate
the influence of ethanol on a variety of membrane properties
related to the action of ethanol as an anesthetic. We introduce

dynamical analysis of both lipid molecules in membrane
structures as well as ethanol molecules penetrating the bilayer,
complementing our previous study,26 which focused on structural
properties. Experimental observations yield partition coefficients
of ethanol in saturated and unsaturated bilayers. Through
atomistic computer simulations, we observe the permeation path
of ethanol in DPPC and palmitoyl-docosahexaenoyl-phosphati-
dylcholine (PDPC) bilayers and discuss the partitioning with
respect to the experimental results. A second and most intriguing
finding of the computer simulation study is the influence of
ethanol on the lateral pressure profile of a membrane. We
observe that ethanol reduces the peaks of the pressure profile
and hence the interfacial tension at the membrane-water
interface considerably. The changes are on the order of several
hundred atmospheres. The consequent effects on the elastic
properties of a membrane provide support for the hypothesis2,3

that anesthetics change the activity of proteins by altering
membrane properties.

II. Experimental Methods

Sample Preparation.All lipids (DMPC, DPPC, and DOPC)
were obtained from Avanti Polar Lipids (Birmingham, AL) in
powder form and were used without further purification.
Anhydrous ethanol (purity>99.9%) was purchased from Merck
(Darmstadt, Germany). Six aqueous solutions of varying ethanol
concentrations between 3.0 and 15.0 mg/g MilliQ water
(Millipore, Bedford, MA) were prepared. MilliQ water was
added to the powder form of lipid to yield a 100 mM dispersion.
The dispersion was placed in a 40°C water bath (50°C for
DPPC) for 60 min and was intermittently vortexed to promote
dissolution. The dispersion was then extruded (Lipex Biomem-
branes, Vancouver, BC) 10 times repeatedly through two stacked
polycarbonate filters of 100 nm pore size at 40°C (50 °C for
DPPC) to produce unilamellar vesicles of 0.1µm diameter.40,41

Ethanol was added to the lipid dispersion at a concentration of
between 3.0 and 25.0 mg ethanol/g lipid suspension. Lipid
concentrations were confirmed gravimetrically by drying 100
µL aliquots of the sample. In this way, we determined that water
occupied 94% by mass of the lipid-water suspension and
determined the concentration of the lipid-water-ethanol
suspension in terms of milligrams of ethanol per gram of water.

Isothermal Titration Calorimetry (ITC). Interactions be-
tween membranes and ethanol were investigated by determining
the enthalpy change associated with the transfer of lipid vesicles
from a lipid-water-ethanol suspension into an ethanol-water
solution using high sensitivity ITC (MSC-ITC, MicroCal,
Northampton, MA). The lipid-water-ethanol suspension was
titrated in injection volumes of 8µL (with the first injection
volume at 2µL) into the ethanol-water solution at a temperature
of 35 °C (DMPC and DOPC) or 50°C (DPPC). The solution
was stirred at a constant rate of 265 rpm and the reference power
was 15µcal/s. This procedure was repeated for ethanol solutions
of varying concentrations.

Analysis by the Solvent-Null Method.Ethanol-membrane
partition coefficients were determined using the solvent-null
method originally described by Zhang and Rowe.42 In brief,
ethanol is assumed to exist in either bound or free state. The
addition of lipid-water-ethanol suspension (from the syringe)
to the ethanol-water solution (in the cell) generates an enthalpic
response that depends on the concentration of ethanol in
solution. For example, when the ethanol concentration in the
cell is greater than the free concentration of the alcohol in the
lipid-water-ethanol suspension, mixing generates an endo-
thermic response (∆H > 0) as alcohol partitions into the
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membrane (heat is absorbed upon solute dehydration and
membrane association). On the other hand, if the ethanol
concentration in the alcohol-water solution is less than the free
concentration in the lipid-water-alcohol suspension, mixing
results in an exothermic response (∆H < 0) as a result of the
heat of dilution accompanying the transfer of ethanol from
membrane to bulk water. At the point where there is no heat
exchange (∆H ) 0), the concentration of ethanol in the sample
cell equals the concentration of free ethanol in the lipid-water-
ethanol suspension and there is no net exchange of ethanol in
or out of the membrane. Determining the ethanol concentration
at this null point yields a measure of the free ethanol concentra-
tion in the lipid-water-ethanol suspension. Subtracting the free
concentration of ethanol from the total concentration of ethanol
provides a measure of how much ethanol is partitioned in the
membrane:neth

lipid ) neth
total - neth

free. The partition coefficient,Kp,
can then be determined:

whereXeth
lipid is the molar fraction of ethanol in lipids (bound),

andXeth
aq is the molar fraction of ethanol in the aqueous solution

(free). Here,Kp is the equilibrium constant (partition coefficient)
that characterizes the distribution of ethanol between the aqueous
and membrane phases.

III. Computational Methods

System Preparation.The simulated systems consisted of a
fully hydrated system of 128 molecules, either PDPC or DPPC,
and 90 ethanols. PDPC contains a polyunsaturated omega-3 fatty
acid, which, together with the saturated DPPC, allows us to
investigate the dependence of unsaturation on alcohol-
membrane interactions. A combination of these two systems
resulted in two simulations with a duration of 50 ns each. The
starting configuration of the DPPC model system was based
on a previous 100 ns simulation.26 For PDPC, we used a 50 ns
simulation10 whose end configuration was chosen as the starting
configuration for the present study. The 90 alcohol molecules
were added randomly to the space around the bilayer after which
the remaining space was filled with 8958 (DPPC) or 8951
(PDPC) water molecules. For comparison, pure one-component
bilayers of 128 lipids were studied in the absence of alcohols
with hydration of 3655 water molecules. Additionally, we
studied the alcohol concentration dependence through simula-
tions of a DPPC-ethanol bilayer by varying the number of
ethanol molecules from 45 to 900. Other relevant simulation
details were as reported in ref 26.

Simulation Method. All simulations were atomistic molec-
ular dynamics simulations using the GROMACS package.43 The
lipid bilayer was formed in thex-y plane, and long-range
electrostatic interactions of the charged groups were handled
by the particle mesh Ewald (PME) method.44-46 The system
was simulated at 323 K, well above the main phase transition
temperatureTm, which is highest for DPPC at 315 K. Simula-
tions were conducted in the NpT ensemble by the Berendsen
thermostat and the Berendsen barostat47 using coupling time
constants of 0.1 and 1 ps, in respective order. Further simulations
were also conducted using the Parrinello-Rahman barostat and
Nose-Hoover thermostat; no essential differences were ob-
served. Force field parameters for bonded interactions were
taken from ref 48, available online at http://moose.bio.
ucalgary.ca/. Partial charges were from Tieleman and

Berendsen,49 also available online. For PDPC, the only differ-
ence with respect to DPPC is the polyunsaturatedsn-2 chain,
for which we used the description discussed and validated
elsewhere.10 For solvent particles, we used the simple point
charge (SPC) model.50 The ethanol force field was the one by
Lindahl et al.43 Further simulation details can be found in the
work of Patra et al.26 where the properties of static quantities
of the simulated systems are discussed in detail.

Data Analysis. Of the 50 ns simulation time, only the last
30-40 ns were used for analysis. This ensured that all systems
had equilibrated fully (see ref 26), and the alcohol molecules
had acquired an equilibrium distribution in the system according
to their natural partitioning. The lateral pressure profile was
calculated by using the Irving-Kirkwood contour, following
ref 10 (see also refs 5-7). This contour does not allow the use
of PME for long-range interactions. Consequently, we calculated
the pressure profiles by a post-analysis where Coulomb interac-
tions were truncated at 2.0 nm. Recently, Sonne et al. have
confirmed that, for a truncation distance larger than 1.8 nm,
this approach yields results consistent with those found by PME
together with the Harasima contour.5

IV. Results and Discussion

A. Partition Coefficients: Influence of Unsaturation. The
enthalpy change upon titration of water-lipid-ethanol suspen-
sion into aqueous ethanol solution of defined alcohol concentra-
tion is measured using ITC. Raw data is obtained in the form
of an enthalpogram, where the integrated area beneath each peak
is the enthalpy of the injection (∆H) that is determined to within
∼2 × 10-6 J s(ee Figure 1A). This procedure is repeated for a
series of aqueous ethanol solutions varying in alcohol concen-
tration (3.0-15.0 mg/L), and a plot of∆H versus ethanol

Kp )
Xeth

lipid

Xeth
aq

)
(neth

lipid)/(neth
lipid + nlipid)

(neth
aq)/(neth

aq + naq)
(1)

Figure 1. Plot of the enthalpy of injection determined by ITC versus
ethanol concentration at 35°C. Here DOPC-water-ethanol suspension
with an ethanol concentration of 7.66 mg/g water is titrated into aqueous
ethanol solutions varying between 3.0 and 15.0 mg/mL in concentration.
The point at which there is no net heat exchange upon mixing is
determined by interpolation. The difference between this “null” point
and the amount of ethanol in the lipid-water-ethanol suspension
(denoted by a diamond on thex-axis) yields an estimate of the partition
coefficient,Kp.
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concentration can then be generated. Figure 1B displays such a
plot for a DOPC-ethanol-water suspension with an ethanol
concentration of 7.66 mg/g water. Using the solvent-null method
as described above, the concentration of free ethanol was
determined for each lipid species, and values for the partition
coefficient,Kp, were calculated. Partition coefficients are found
to depend strongly upon lipid composition.Kp for DMPC-
ethanol at 35°C was found to be 15( 2, and a similar value
for DPPC was found at 50°C (14( 4). These values for DMPC
are in reasonable accord with literature data:Kp ) 19 for DMPC
at 35°C,51 andKp ) 28 at 28°C.52,53For DOPC, much stronger
partitioning was observed, andKp was 71( 10 at 35°C.

It is evident that ethanol partitions into a bilayer of unsaturated
lipids considerably more strongly than into a membrane of
saturated lipids. This result is in agreement with theoretical
predictions by Cantor.24 As the only essential difference between
DMPC and DPPC compared to DOPC lies in the hydrocarbon
region where DOPC has two double bonds (unlike DMPC and
DPPC, which have none), this indicates that the partitioning of
ethanol depends on the level of unsaturation in phosphatidyl-
choline (PC) bilayers. As ethanol is known to partition into the
interfacial region of the bilayer,14,26 this difference inKp can
be attributed to modifications in the packing of saturated versus
unsaturated lipids due to the presence of the cis-double bond at
the 9-10 position in DOPC. An increase in ethanol partitioning
is hence likely attributed to an increase in interfacial volume
or area of the unsaturated bilayer. The concept of surface density
and its relationship to the partitioning of small molecules has
previously been theoretically discussed and experimentally
confirmed by Dill and co-workers.54,55Furthermore, unsaturated
lipids have a larger area per lipid that results from less ordered
acyl chains.18,30Together with experimental evidence showing
that ethanol partitions with the highest probability in the
interfacial region,14,56 it is logical that more ethanol would
partition into unsaturated lipid membranes with increased
interfacial area. Membranes composed of unsaturated lipids also
show increased molecular volume compared to saturated lip-
ids.53,57,58A consequence of this altered lipid packing may be
a lower entropic cost of inserting a small cosurfactant at the
membrane-aqueous interface. In addition, the average axial
location of ethanol in the bilayer may shift, resulting in greater
numbers of ethanol molecules that can access the center of the
lipid bilayer. This may further increase the amount of ethanol
that can partition into the bilayer.

B. Partition Coefficients: Computational Results. The
study of partition coefficients is experimentally feasible through
various techniques.59 The motivation of the analysis lies in
obtaining information on the partitioning of given molecules
under steady-state conditions. Computationally, the extraction
of quantitative values for the partitioning of molecules in lipid
membranes is very challenging. This is largely due to the small
size of the simulated system, which is not comparable to
experimental conditions. In principle, one should simulate
comparatively large unilamellar lipid bilayers under full hydra-
tion, including the investigated solute, in order to obtain data
that can be quantitatively compared to experiments. In practice,
lipid bilayers are simulated with periodic boundary conditions,
implying that the bilayer is comparable to a large multilamellar
vesicle. Under these conditions, the solvent bulk phase is not
included in the simulated system, and there is no exchange of
solute molecules from the bulk reservoir to the region in the
vicinity of the membrane. Obviously, in such simulations, the
concentration of alcohol in the aqueous phase is ill-defined.

Considering these limitations, there is ample reason to proceed

with care when partitioning coefficients extracted from simula-
tions are compared with experimental results. A more depend-
able approach we have taken is to focus on the qualitative trends
and elucidate the behavior of partition coefficients as the alcohol
concentration is varied over a wide range.

To calculateKp, see eq 1, one has to define which ethanols
are in solution and which ones are inside the bilayer. There is
no obvious way of doing this. We use the mass density profiles
of water and ethanol in the direction normal to the bilayer (see
ref 26) and find regions with almost constant values away from
the membrane boundary. We take this region as the pure solvent
phase and the corresponding alcohols as “free” ethanols; the
remaining alcohol molecules are “bound” to lipids. This choice
likely exaggerates the partition coefficient but, on the other hand,
accounts for those ethanol molecules that are partly influenced
by the membrane although not completely partitioned into it.

On average, the amount of alcohol molecules partitioned in
the lipid phase is found to be 85.6( 2.5 for DPPC-EtOH,
and larger for PDPC-EtOH. The estimated error of(2.5 results
from the arbitrary choice of boundaries for the free vs bound
ethanol molecules. Out of the 90 ethanol molecules in the
system, this result corresponds to almost complete partitioning.
The trend is thus the same as witnessed in the experimental
analysis, where partitioning was found to increase with increas-
ing unsaturation.

The Kp values computed from simulations are larger than
those found through experiments. Considering the limitations
of simulations discussed above, and the fact that force fields
for alcohols used in simulations are under further development,
this is not surprising. Further, the concentration dependence of
Kp (see next section) renders comparison of simulation and
experimental results very difficult. Nonetheless, as the objective
is to gain insight into the qualitative trends rather than full
quantitative agreement, the simulations do measure up to one’s
standards.

With higher ethanol concentrations, the extent of partitioning
into the membrane rapidly declined (see below).

C. Partition Coefficients: Ethanol Concentration Depen-
dence.We next focused on the DPPC bilayer and examined
the influence of ethanol concentration on partitioning. The
results in Figure 2 show that the partitioning coefficient of
ethanol depends rather substantially on its concentration. The
line is fitted such as to aid the eye in interpreting the rather
minute data points with their incorporated error bars. For
increasing ethanol concentration, the partition coefficient de-
creases monotonically. The partition coefficient is reduced
significantly at relatively low ethanol concentrations, and levels
off at a near-exponential decrease to a plateau value at higher
concentrations.

The above findings suggest that the partitioning of ethanol
depends on its concentration also. This behavior is known as
nonidealpartitioning, and has been observed in experiments.60

Despite its importance for quantitative comparison of different
partitioning studies, this behavior has been given rather little
attention. From these results it is clear that, even at low solute
concentrations, results for partitioning can vary greatly from
one study to the other, as the concentration dependence in the
case of ethanol shows. At much greater than physiological
concentrations, the partitioning is easier to control. These
findings underline the difficulties of comparing different studies
for the effects of alcohols and stress the need to complement
any study by reference alcohol concentrations that would enable
comparison. From a simulations point of view, adding more
solute to the system means more demand for solvation of the
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molecules. This in turn is costly in terms of computational
resources. We have, however, started working on more explicit
concentration dependence studies after this striking result was
obtained. It would be interesting to clarify how the concentration
dependence of the partitioning coefficient and the degree of lipid
unsaturation are correlated.

D. Bilayer Permeation. 1. Permeation Rates and Crossing
Times.In order to characterize the permeation of ethanol through
a membrane, we identify three regions in a bilayer where the
partitioned alcohol molecules may reside. As described in detail
in our earlier paper26 and observed by NMR,14 most of the
ethanol molecules bound in a bilayer localize in theaccumula-
tion layerbelow the lipid headgroups. This localization results
from the amphiphilic nature of the ethanol molecules, favoring
the embedding of their hydrophobic tails in the lipid acyl chain
region, while retaining the polar hydroxyl groups at the water-
lipid interface. Furthermore, specific localization of ethanol
molecules results from hydrogen bonding with the lipid ester
and phosphate group oxygens. For example, in the case of
PDPC, analysis of hydrogen bonding (see ref 26 for details)
shows that each ethanol molecule forms, on average, 0.91
hydrogen bonds with the lipids. Out of these hydrogen bonds,
approximately 62% are formed with thesn-2 tail ester group
oxygens (carbonyl and ester bond oxygens), and 19% are formed
with the phosphate group. In essence, the positions in the bilayer
where hydrogen bonding with the lipid oxygens are possible
can be thought of as a set of discrete binding sites for the ethanol
molecules.

Below the accumulation layer is the hydrophobic chain region,
where the ethanol molecules can make brief excursions.26

Further, at the center of the bilayer is the methyl trough, where
the lipid chain density in general exhibits clear minima.

In the following, the process of a single ethanol molecule
drifting from the accumulation layer to the hydrophobic chain
region, past the methyl trough, and finally reaching the
accumulation layer on the opposite bilayer leaflet is termed a
crossing eVent. A detailed analysis of the alcohol trajectories
showed that, in many cases, the ethanol molecules can diffuse

all the way to the methyl trough region, but are subsequently
reflected back. In addition, processes where the ethanols
traversed past the methyl trough but were then reflected back
to their leaflet of origin were also common.26 Thus, the
successful crossing events analyzed below constitute only a
small part of all the ethanol movement in the direction of the
bilayer normal.

For PDPC, there were a total of 22 crossing events during
the 37.5 ns that was used in the analysis. With 90 ethanol
molecules bound in the membrane, the characteristic crossing
rate per molecule is

Conversely, the inverse of the crossing rate gives a characteristic
crossing time of∼150 ns (the statistical error here is ap-
proximately 20%). As reported previously,26 characteristic
crossing time of EtOH in DPPC was∼130 ns. Considering
∼20% error, we conclude that, on the basis of the present data
and those of ref 26, there were no statistically significant
differences between the ethanol crossing rates of DPPC, PDPC,
and POPC bilayers. While we cannot estimate ethanol perme-
ability coefficients on the basis of these crossing rates, the
obtained values corroborate experimental estimates:18 the char-
acteristic crossing times for ethanol are very small compared
to the time for ethanol concentration equilibration between two
volumes separated by a phospholipid bilayer. This equilibration
is mainly governed by the adsorption and desorption of ethanol
at the water-lipid interface.18

The time associated with the bilayer crossing process,τcross,
was estimated from the ethanol molecule trajectories as fol-
lows: the starting point for a crossing event was the instant in
time when the center of mass (CM) of the molecule diffused to
a certain distance from the bilayer center, and did not return
again to this level during the rest of the crossing process. These
threshold distances were chosen as 0.9 and 1.0 nm for DPPC
and PDPC membranes, respectively, based on the typical
molecule CM z-coordinate fluctuations in the accumulation
layer. When the molecule drifted further than the chosen
threshold distance in the opposite bilayer leaflet, and subse-
quently remained in the respective accumulation layer, the
crossing process was considered to be terminated. While clearly
operational, this is still a natural way of determining the specific
values ofτcrossbased on the molecular trajectories. The choices
of the starting and ending points for the crossing events ensure
that the values ofτcross obtained are accurate to within a few
tens of picoseconds, given that the resolution of the molecular
trajectories in time was 10 ps.

The small number of bilayer crossing events prevents us from
presenting comprehensive distributions ofτcross. Thus, in Table
1 we present only the mean, minimum, and maximum values
of τcross for both DPPC and PDPC membranes.

2. Ethanol Orientation during Crossing.Previous simulations
and experiments have shown that the most probable position
for an ethanol molecule in a lipid bilayer is right below the
lipid head groups.14,26 This position is maintained by transient
hydrogen bonds (with a lifetime of∼1 ns) between the ethanol

Figure 2. Ethanol concentration dependence of the partitioning
coefficient of ethanol in a DPPC bilayer. The lowerx-axis describes
the concentration of ethanols in the water phase, not including ethanol
molecules adsorbed on the membrane. The error bars in thex-direction
are therefore due to ethanol number fluctuations in the water phase as
ethanols occasionally enter and leave the membrane. For the small
system simulated in this work, this description is appropriate to highlight
the concentration dependence. For reason of completeness, the upper
x-axis in turn illustrates the molar concentration of all ethanol molecules
in a system. This gives a measure for corresponding physiological
plasma concentrations of ethanol, which usually are less than∼1%.
However, in processes such as fermentation, ethanol concentrations are
much higher, up to 15%. The solid curve is only a guide to the eye.
The number of alcohols in the system varied from 45 (the first data
point) to 900 (the last data point).

TABLE 1: Mean, Minimum, and Maximum Times for
Bilayer Crossing Events by Ethanol

bilayer 〈τcross〉 (ps) τcross
min (ps) τcross

max (ps)

DPPC 325( 50 60 1760
PDPC 380( 60 80 1080

Ptrans) 22
37.5 ns× 90

≈ 6.5× 10-3 ns-1
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hydroxyl group and lipid tail ester oxygens. In order for EtOH
to traverse the membrane, ethanol molecules need to break their
hydrogen bonds and penetrate past the hydrophobic chain region
of the bilayer. Upon reaching the methyl trough, the alcohols
can either drift back to the original accumulation layer or cross
to the other one in the opposite leaflet.

For the shorter-chain alcohol methanol, free-energy calcula-
tions have shown a major free-energy barrier at the membrane
center.38 This was also corroborated by our simulations26 where
no methanol molecules were observed to cross DPPC and POPC
bilayers within the time scale studied. However, for ethanol,
the crossing process is facilitated by the additional methylene
group in its structure. According to our simulations, an ethanol
molecule permeating a bilayer is steered through the hydro-
phobic region with the help of its CH3-CH2 tail, whereas the
polar OH group is pointed toward the water-lipid interface of
the leaflet in question. This is illustrated in Figure 3 where we
plot the average orientation of the ethanol molecules with respect
to the membrane normal. The data for crossing events from the
lower leaflet to the upper one were mirrored in reference to the
midplane of the bilayer for more comprehensive statistics. This
way,all the crossing events in the analysis occur from the upper
leaflet to the lower one. The ethanol orientation is defined
throughIφ ) 〈cosφ〉 andIâ ) 〈cosâ〉, whereφ (â) is the angle
between the H2C-O bond (H3C-CH2 bond) and thez-axis.
At the midplane of the bilayer, the ethanol molecules flip in
order to electrostatically facilitate the transport to the opposing
leaflet.

E. Diffusion. 1. Ethanol and Lipid Diffusion in Membrane
Plane. Studies of lateral diffusion of ethanol can give insight
into the migration time scales of ethanol motion within the
bilayer. These results are complemented by studies of actual
diffusion events, either as single-molecule motion or in terms
of collective diffusion mechanisms involving both alcohols and
lipids. Taken together, these analyses provide a better under-
standing of possible mechanisms of alcohol interactions as well
as their implications for membrane dynamics.

The lateral diffusion coefficient is defined as

whered ) 2 is the dimension of the system, and〈[rb(t)]2〉 is the
mean squared displacement of the CM of the molecules. For
lipids, the calculation is performed with respect to the CM of
the leaflet in which a molecule under study is located (see ref
61 for details). In the case of ethanol, the relative motion of the
two leaflets is of less concern due to transitions from one leaflet
to another. For the same reason, we analyze here the migration
mechanisms of ethanols instead of their lateral diffusion
coefficient, which is less well-defined due to rather frequent
crossing attempts.

The lateral diffusion coefficient for a pure DPPC bilayer,
approximately 1× 10-7 cm2/s, is in agreement with experi-
mental evidence with diffusion coefficients ranging from 1.0
× 10-7 cm2/s to 1.5× 10-7 cm2/s (see ref 62 and references
therein).

The lateral diffusion coefficients acquired for the lipids in
the presence of ethanol are shown in Table 2, which also
includes a comparison to the results in pure lipid bilayers. The
diffusion coefficients were determined from the mean squared
displacement over a time interval of 2-3 (5-10) ns. In this
manner, we first considered the short-time diffusion that is in
part related to the motion in a “cage”, influenced by its free
volume distribution. The latter time scale is more closely related
to the diffusive behavior in the hydrodynamic long-time limit.
Strictly speaking, only the long-time diffusion is well defined
(see the definition in eq 2), but, as some experimental techniques
such as quasi-elastic neutron scattering measure dynamics over
time scales on the order of 1 ns, we have considered the two
time scales separately.

We find that the lateral diffusion of DPPC is only weakly
affected by the influence of ethanol. This finding is in agreement
with recent simulation results.27 A more careful consideration
shows that at short times the lateral diffusion of DPPC is
somewhat affected by ethanol, but at longer times the difference
essentially vanishes. For PDPC the trend is the same as that
for DPPC: on a short diffusion time scale, the presence of
ethanol contributes to faster lipid diffusion. However, the effects
of ethanol wear off fast, and already, considering the 5-10 ns
regime, the diffusion coefficient values for the lipids are
comparable to those of pure lipid cases. Thus there seems to
be no major effect on lateral diffusion coefficients that can be
attributed to the presence of ethanol.

2. Rotational Diffusion of Lipid Molecules.Next we inves-
tigated the effect of ethanol on the rotational dynamics of lipid
molecules. Earlier studies of the effect of ethanol on the
rotational dynamics of lipid-protein systems using electron
paramagnetic resonance (EPR)63-65 show that ethanol increases
the rotational dynamics of the spin-labeled lecithins in a pure
bilayer63 and strongly immobilizes the protein side chains.64

However, the effect of spin labeling on the rotational dynamics
has remained an open issue.

Here we describe the dynamics of lipid molecules using the
second rank reorientational autocorrelation function

whereµb(t) is a unit vector that defines the chosen rotational
mode. We consider here the autocorrelation functions of various
vectors describing different parts of the lipid molecules: the
glycerol region through the vector from thesn-1 to thesn-3
carbon (Cg1-Cg3), the head group region through the P-N
vector, and the slowest mode of the molecule through the vector
from the first carbon of thesn-1 chain to the first carbon of the
sn-2 chain (C1(sn-1)-C1(sn-2)).

The rotational correlation functions for the different systems
are presented in Figure 4. Our results show that the correlation

Figure 3. Ethanol orientation described byIφ and Iâ (see text) when
ethanol crosses a DPPC membrane.

DT ) lim
tf∞

1
2dt

〈[ rb(t)]2〉 (2)

TABLE 2: Lateral Diffusion Coefficients of Lipids in Pure
Membranes and under the Influence of Ethanola

pure ethanol

DPPC 13.3( 1 (11.8( 0.5) 17.0( 3 (11.4( 2)
PDPC 20.1( 2 (20.1( 2) 28.1( 4 (18.0( 3)

aResults are given for data collected between 2 and 3 ns and 5-10
ns (in parentheses). Units are 10-8 cm2/s.

C2(t) ) 1
2

〈3[µb(t)‚µb(0)]2 - 1〉 (3)
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times systemically decrease with added ethanol or increased
number of double bonds. The enhanced dynamics resulting from
double bonds has been reported elsewhere,10 thus we concentrate
here only on the influence of ethanol. The decrease of correla-
tion times due to ethanol is larger for the Cg1-Cg3 and the
C1(sn-1)-C2(sn-2) vectors than for the P-N vector. On the
other hand, the dynamics of individual carbons in the acyl chains
was not affected (data not shown). This finding is in agreement
with recent simulations.66 The enhanced dynamics due to ethanol
is in agreement with EPR measurements63 and recent simula-
tions.27

There are two obvious explanations for the enhanced dynam-
ics of the lipids due to ethanol. First, ethanol increases the area
per molecule, thereby facilitating the rotations of lipid molecules.
Second, as ethanol forms hydrogen bonds with lipid molecules
and hence perturbs the interactions between water and lipids,
this may speed up the dynamics of lipids.33

F. Lateral Pressure Profiles under the Influence of
Ethanol. Small alcohols such as methanol and ethanol have
been found to destabilize KcsA, a commonly studied potassium
channel.1 It has been suggested in ref 1 that the ability of small
alcohols to dissociate the tetramer unit in KcsA and, more
generally, to function as anesthetics depends on their effect on
the lateral pressure profile; direct evidence for this mechanism
has been lacking, though.

In Figure 5 we show the lateral pressure profiles for pure
DPPC and PDPC bilayers together with the results for EtOH-
DPPC and EtOH-PDPC systems. The profiles for pure DPPC
and PDPC are consistent with previous atomistic simulation
studies.4,5,10 The difference due to ethanol is striking. The pure
bilayers exhibit a prominent positive peak at the membrane-
water interface (z ≈ 2 nm); this is usually interpreted as a
repulsive contribution due to electrostatic and steric interactions,
as well as hydration repulsion, that tend to expand the bilayer.
However, this peak is markedly diminished in both DPPC and
PDPC systems because of the addition of ethanol. Closer to
the membrane interior around ester oxygens (z≈ 1.6 nm), there
is a pronounced negative peak characterizing an attractive
contribution due to the interfacial energy between water and
the hydrocarbon chain region; this contracts the bilayer. In this
case, too, ethanol suppresses the negative peak in both DPPC
and PDPC systems. The extent of suppression is approximately
as large as in the main peak in the head group region. The
changes due to ethanol are clearly localized to the region under
the lipid head groups, where ethanol is located. In the membrane
center, the changes in the lateral pressure profile due to ethanol

are minor: the positive stress is reduced slightly, but, overall,
the effect is weak.

The reduction in the negative peak of the lateral pressure
profile is consistent with recent coarse-grained simulations32 and
micropipette aspiration studies,19 and further with an increased
area per lipid,26 which has also been found in experiments.18 A
natural explanation for the reduction of the peak is the decrease
in surface tension due to ethanol between the water and
hydrocarbon regions. The decrease in surface tension is possible
because ethanol located at the boundary between the hydro-
phobic and hydrophilic regions reduces the hydrophobic effect
at this interface. The reduction of the peak in the head group
region can be explained by ethanol screening electrostatic
interactions between the head groups, an effect that is comple-
mented by an increase in area per molecule due to ethanol.

By comparing the effect of ethanol between DPPC and PDPC
systems, we can see that the effect is clearly larger for PDPC.
This is particularly interesting, because the amount of ethanol
is the same in the two systems. Also, the differences between
DPPC and PDPC in partitioning and other properties are
relatively minor compared to the induced difference in lateral
pressure profiles. This difference can be understood by compar-
ing the order parameters between DPPC and PDPC systems.
In the present case, the incorporated ethanol in DPPC increases
the order of both saturated hydrocarbon chains (data not shown).
In principle, this ordering would increase surface tension, which,
however, is not the case. As the average area per lipid increases
and the surface tension actually decreases, we conclude that
the reduction in the hydrophobic effect dominates over changes
in ordering effects. Meanwhile, in PDPC, only the order of the
saturated chain increases because of ethanol, while the order of
the unsaturated chain remains unchanged (data not shown).
Consequently, the ethanol-induced decrease in surface tension
is larger in the unsaturated bilayer.

As for the specific details in the profiles, the difference in
peak heights in the head group region is likely due to differences
in the ordering of head groups and waters in that region. Also
the mass distribution of ethanols is slightly moved closer to
the head group region in the unsaturated case, which may
increase the screening effect.

As for the destabilization of KcsA, it has been proposed that
it could occur because ethanol decreases the positive lateral

Figure 4. Rotational autocorrelation functions for (a) headgroup (P-N
vector), (b) glycerol group (Cg1-Cg3 vector), and (c) the C1(sn-1)-
C2(sn-2) vector.

Figure 5. Lateral pressure profiles,p(z), across a membrane for pure
DPPC and PDPC bilayers, and the influence of 90 ethanol molecules.
The membrane center is atz) 0 along the membrane normal direction.
The lowest panel shows the difference due to ethanol. The profiles
have been made symmetric with respect toz) 0. The minor oscillations
at the tails of the profile in the water phase are due to statistical
fluctuations.
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pressure in the acyl chain region of the membrane interior.1

Our data provides an alternate mechanism: ethanol partitions
into the lipid head group region, thus replacing water and
affecting the interfacial contributions in the lateral pressure
profile, and in this way destabilizes the tetramer complex of
KcsA.

Our results demonstrate that cellular membranes are charac-
terized by large lateral stresses that vary through depth of the
membrane. Incorporation of ethanol alters the lateral pressure
profile considerably. Similar changes resulting from other
anesthetic substances are expected. As integral membrane
proteins perform work against the lateral pressure when
undergoing structural transitions upon activation, changes in the
lateral pressure may consequently alter membrane protein
function. Proteins that change their shape, such as the light-
sensitive integral protein rhodopsin, are hence expected to be
affected by the lateral pressure in a membrane. Recent work7,8

on one of the mechanosensitive channels supports this view.
More generally, proteins such as ion channels involved in
general anesthesia are also likely candidates for being affected
by the lateral pressure profile.3 If channel opening increases
the cross-sectional area of the protein nonuniformly across the
membrane, then ethanol-induced changes in lateral pressure may
shift the protein conformational equilibrium to favor either the
open or closed state, depending on the changes in the lateral
pressure profile. Furthermore, a resulting change in the lateral
pressure profile implies changes in elastic properties of a bilayer,
as various elastic coefficients such as the curvature modulus
and the compressibility can be determined from the lateral
pressure profile.67 Obviously, understanding the coupling be-
tween microscopic interactions, local stresses within a mem-
brane, and the continuum level properties is essential to gain a
complete view of how soft biological membranes mediate and
control protein functions.

V. Concluding Remarks

The aim of this study was twofold. First, our objective was
to compare the partitioning of ethanol molecules into lipid
bilayers consisting of one lipid but different degrees of lipid
saturation, and to investigate the details of partitioning dynamics.
Second, we wanted to characterize the influence of ethanol on
the lateral pressure profile of a lipid membrane.

We used calorimetric experiments as well as atom-scale
molecular dynamics simulations to show that lipid unsaturation
markedly affects ethanol-membrane interactions. The partition-
ing of ethanol is strongly enhanced by unsaturation, which is
likely due to the more open nature of the membrane-water
interface in unsaturated lipid bilayers, characterized by an
increasing area per lipid for increasing unsaturation. The analysis
of the partitioning process from the simulations suggested a
pronounced nonideality (i.e., concentration dependence of the
apparentKp) at the lowest alcohol concentrations. Because of
technical difficulties, this range (∼1 mg/mL) is poorly inves-
tigated in experimental trials, but the current results suggest that
further work at low concentrations is well motivated both for
the fundamental understanding of ethanol-PC interactions and
from the point of view of the biological effects of ethanol. The
atom-scale simulations further complemented this view by
providing insight into the permeation mechanisms of ethanol
through a bilayer: the crossing times of ethanols were found
to be almost identical in saturated and polyunsaturated environ-
ments. Further studies of dynamic quantities support the view
that the dynamics of both alcohols and lipids in polyunsaturated
lipid bilayers is faster compared to the their saturated counter-
parts; however, the differences are not substantial.

Perhaps the most interesting topic deals with the influence
of ethanol on the lateral pressure profile of a lipid membrane.
The present results provide compelling evidence that ethanol,
which prefers to be located at the membrane-water interface
region, markedly alters the pressure profile for both saturated,
and even more so, for unsaturated lipid membranes. These
changes are particularly pronounced in the interfacial region
where both the repulsive and the attractive peaks of the lateral
pressure profile are decreased substantially. The observed strong
decrease in the surface tension is consistent with recent coarse-
grained modeling results.32 When these findings are combined
with recent results for lateral pressure profiles in one-4,5,7,10and
two-component6,9 lipid bilayers, and with many-component lipid
raft membranes,8 we may conclude that the lateral pressure
profiles do depend on the membrane composition, and the
dependence is actually profoundly strong. Recent simulation
results68 have further shown that the lateral pressure profile is
affected by the presence of a membrane protein. What remains
to be done is to show the explicit coupling between the lateral
pressure profile and membrane protein activation as the
composition of the membrane is varied. Work in this direction
is in progress.
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Introduction.—The lateral pressure profile, or stress pro-
file, across a cell membrane results from the inhomoge-
neous nature of the interactions within a membrane. As
water, head groups, and acyl chains contribute through
different forces, one finds the emergence of a nonuniform
pressure profile inside a lipid bilayer. The profile has been
proposed to be coupled to membrane-protein structure and
functionality in a manner where changes in the pressure
profile affect protein activation [1,2] and/or association [3].
The moments of the pressure profile can be connected, e.g.,
to the mean and Gaussian bending elasticity [4].

While experimental studies of lateral pressure profiles
are rare and indirect [5,6], several computational studies
have shed light on pressure profiles of planar lipid bilayers
[7–10]. In these studies, a bilayer is divided into slabs
perpendicular to the membrane normal, and pressure is
calculated in each slab. However, this approach does not
work for vesicles, membranes with proteins, or heteroge-
neous bilayers, because in these physiologically relevant
cases the pressure profile can not be characterized by the
normal coordinate as in a planar bilayer; there is a 3D field
instead of a profile. Yet it has been shown that the work
exerted by the pressure profile when a protein conforma-
tional change takes place is significant, of the order of
10kBT [11,12], and that the lateral pressure profile aver-
aged over the whole membrane is modified by the inclusion
of a membrane protein [13]. Indeed, understanding the full
3D coupling for stress arising from protein-lipid interac-
tions is of profound importance and calls for elucidation.

Here, we calculate the full 3D pressure field for a
number of systems with varying degree of complexity
using molecular dynamics simulations. We define the 3D
pressure tensor and derive expressions for planar and
spherical symmetry. We apply the new methodology to
three cases: lipid vesicles, a membrane with an embedded

protein, and a bilayer with liquid-gel phase coexistence.
The membrane embedded protein, MscL, is of particular
interest as it is mechanosensitive, i.e., it gates in response
to membrane tension [14,15].
Theoretical background.—The pressure for an inhomo-

genous system is represented as a tensor PðrÞ that depends
on the location r. For a system consisting of pointwise
particles with n-body potentials Un the local pressure can
be defined as a sum of kinetic and configurational contri-
bution [8,10,16,17]:

p��ðrÞ¼X
i

miv
�
i v

�
i �ðr�riÞ

�X
n

1

n

X
hji

X
hk;li

ðr�
jk
Un�r�

jl
UnÞ

I
Cjljk

dl��ðr�lÞ;

(1)

where Cjljk is a contour from the particle jl to the particle

jk, hji stands for summation over all n clusters in the
system, hk; li describes summation over all pairs of parti-
cles within a given n cluster, and mi, vi, and ri refer to the
mass, velocity, and location of atom i, respectively, and �
and � refer to the components. Equation (1) gives a con-
tinuous pressure field. To find the pressure tensor PV for a
volume element V, we have to take an average over the
volume element PV ¼ R

V PðrÞdr=V. Together with Eq. (1)
one finds the pressure tensor for volume V

p��
V ¼ 1

V

X
i2V

miv
�
i v

�
i þX

n

1

nV

X
hji

X
hk;li

ðr�
jk
Un �r�

jl
UnÞ r

�
jljk

N

� XN
�¼0

fVðrjl þ
�

N
rjljkÞ; (2)

where fVðrÞ ¼ 1, if r 2 V, and zero otherwise. Each vec-
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tor rjljk ¼ rjk � rjl is divided into N parts and the contri-

bution of a given part � is added only if the contour goes
through V, i.e., if fV ¼ 1. For the contour we use the
Irving-Kirkwood (IK) contour [18], see the supplementary
material (SM) [19]. We call PVðrÞ as pressure field.

For a system with planar symmetry the local pressure
can be divided into planar pL and normal components pzz

via PðzÞ ¼ ðexex þ eyeyÞpLðzÞ þ ezezpzzðzÞ, where the

coordinate z is along the membrane normal. It follows
from planar symmetry that pLðzÞ ¼ pxxðzÞ ¼ pyyðzÞ de-

pends only on z. Furthermore, the surface tension of a
layer between z1 and z2 is given by [20] � ¼
�R

z2
z1
dz�ðzÞ. Traditionally, the integrand of this equation

�ðzÞ ¼ pLðzÞ � pzzðzÞ is referred to as the lateral pressure
profile. The first moment of �ðzÞ gives an example of a
connection to elastic properties of a layer between z1 and
z2 [4] via c0� ¼ R

z2
z1
dzðz� z0Þ�ðzÞ, where c0 denotes the

spontaneous curvature with respect to a pivotal plane z0,
and � the bending modulus.

For a system with spherical symmetry, e.g., a vesicle, we
divide the pressure tensor into tangential pT and radial prr

components PðrÞ ¼ ðe�e� þ e	e	ÞpTðrÞ þ ererprrðrÞ,
where r is the distance from the origin of the coordinate
system. From spherical symmetry, it follows that pTðrÞ ¼
p��ðrÞ ¼ p		ðrÞ depend only on r. A spherical surface

with radius R has a surface tension [20]


 ¼ �ð1=R2Þ
Z 1

0
drr2½pTðrÞ � prrðrÞ�: (3)

The pressure tensor for a system with cylindrical or ap-
proximately cylindrical symmetry, e.g., a membrane pro-
tein, is discussed in the SM [19]. The pressure tensor
becomes diagonal when the coordinate system aligns
with the physical surface.

Implementation.—We discretize Eq. (1) into cubes, typi-
cally with a linear dimension of 0.1–0.4 nm, allowing us to
calculate the average pressure over arbitrary volume ele-
ments. The local pressure tensor is calculated for each cube
using Eq. (2). The vector between two particles is divided
into N ¼ 100 segments in Eq. (2). Though increasing N
increases computational cost, the segments must be
smaller than the cube size.

For a system with spherical symmetry, the pressure
tensor is transformed in each cube from Cartesian coordi-
nates Pðx; y; zÞ to spherical ones P0ðr; �; 	Þ by applying a
transformation matrix T, i.e., P0 ¼ TPTT [21]. The aver-
age of the pressure tensor is calculated over spherical shells
P0ðrÞ ¼ hP0ðr; �; 	Þi�;	 to get pTðrÞ and prrðrÞ. A similar

approach for cylindrical symmetry is described in the SM
[19]. Here we refer to these averages as pressure profiles.

For the sake of validation, we also determined the pres-
sure profile in a vesicular system using a novel mean-field
boundary potential method [22]. The advantage of this
method is the freedom from ambiguity in the virial defini-
tion, Eq. (1). See the SM for details [19].

Simulated systems.—The GROMACS package [23] was
used for simulations. The coarse grained (CG) MARTINI

force field and attached simulation protocol [24–26] were
used to model the systems. The temperature was set to
323 K except in the phase coexistence simulation it was
273 K. Time scales are given in CG units. In addition to a
DPPC semivesicle, we studied a spherical DOPC vesicle
with different amounts of water inside to create two sys-
tems with different internal pressures. A tension-free
planar DOPC bilayer was modeled for comparison.
Further, we modeled a two-phase DPPC bilayer at a con-
stant area per lipid of 0:52 nm2. The constant area creates a
surface tension of 69 mN=m and forces the membrane into
a gel-liquid phase coexistence. Finally, a mechanosensitive
channel Tb-MscL (PDB: 2oar) was simulated in a DOPC
bilayer following [15]. A tension of 39 mN=m was applied
to keep MscL in the open state. More details are in [19].
Results.—We first compare the results obtained with the

new method to the results obtained independently with the
mean-field boundary approach. The comparison is made
for a semivesicle adsorbed on a boundary plane. Figure 1
depicts the tangential component pTðrÞ for the semivesicle
as a function of r calculated using both methods. We see
that the virial, Eq. (2), together with the IK contour gives
similar results as the force per area calculated from the
boundary. In the virial calculation the semivesicle is as-
sumed to be spherically symmetric. This is not exactly true
in our case, which leads to the small deviations between the
two cases. The results justify the use of the IK contour to
calculate local virials in three dimensions.
Because of its curved geometry, a vesicular membrane

has distinct properties compared to a lamellar membrane,
most noticeable with small radius of curvature. The effect
of curvature on the pressure profile across the membrane
has not been addressed before. The 3D virial decompo-
sition method allows such an analysis. In Fig. 2(a) the
results of this analysis, assuming spherical symmetry for
the vesicle, are shown. The pressure is set to zero outside
the vesicle, yielding the pressure difference �P ¼ PðrÞ �
Pout. The pressure profile for a planar, tensionless DOPC
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FIG. 1 (color online). The pTðrÞ for the DPPC semivesicle as a
function of r calculated using mean-field and virial methods.
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bilayer is shown for comparison, shifted horizontally such
that the negative peaks of the inner monolayer coincide.
Most striking differences are the magnitudes of the peaks
and the asymmetry in the pressure profile of a vesicle. The
asymmetry results from different packing properties [27]:
in the inner monolayer the headgroup peak is more pro-
nounced due to the negative curvature and tighter packing
of the headgroups, and vice versa for the outer monolayer.
The broader peaks reflect a less clear boundary between
hydrophilic and hydrophobic regions in a vesicle. The
results highlight the role of curvature and imply that the
pressure profile, and the associated elastic behavior are
distinctly different for small vesicles compared to large
unilamellar liposomes.

Pressure profiles between vesicles with different internal
pressures are compared in Fig. 2(b). The pressure differ-
ence is obvious from different bulk values inside the
vesicles. Furthermore, the increasing pressure inside a
vesicle increases the vesicle size and induces tension into
the bilayer quantified by Eq. (3). We approximate the limits
of 
 considering a minimal and maximal radius R given by
the intersections of water and hydrocarbon densities for
each monolayer (see Fig. 2). We find 
 � �ð1–6Þ mN=m
and
 � ð45–91Þ mN=m for the smaller and larger vesicle,
respectively. Comparing these tensions to the experimen-
tally determined gating tension of MscL [28] that is
�ð10–20Þ mN=m suggests that if incorporated into these
vesicles, the channel would be closed in the smaller one
and open in the swollen one.

Next, we analyze the stress profile of a DOPC bilayer
with an open MscL channel embedded. We assume cylin-

drical symmetry and take the average over angles, see the
SM [19]. Figure 3(a) presents �ðz; rÞ as a function of z
(normal coordinate of the bilayer) and r (distance from the
center of MscL in cylindrical coordinates). Figure 3(b)
shows the surface tension � for the monolayers and the
bilayer. The total tension of the system is ð38� 1Þ mN=m
as set by the barostat to keep the MscL channel in an open
state. However, the tension varies strongly with the lateral
position. In the protein region (r < 4 nm) the average
tension is 33� 1 mN=m whereas in the bilayer region
(r > 4 nm) it is 43� 1. This perturbing effect of the
protein is maintained across the entire membrane patch.
A slowly decaying stress field around the protein is not
observed.
Another conclusion drawn from Fig. 3(b) is that the

monolayers behave differently. The average tensions for
the lower and upper leaflets, protein region included, are
ð14� 1Þ mN=m and ð23� 1Þ mN=m, respectively. The
higher tension in the upper leaflet implies that it tends to
decrease the area more than the lower one. As a conse-
quence, emergence of spontaneous curvature in the bilayer
is anticipated. To quantify this, we calculate the first mo-
ment of the pressure profile, see Fig. 3(c). The average over
the bilayer region (r > 4 nm) gives �c0 ¼ ð�43� 6Þ �
10�13 J=m for the bilayer, while the average over the
whole system yields �c0 ¼ ð�151� 6Þ � 10�13 J=m.
Experimental values for � for different lipid bilayers vary
between ð0:1� 6Þ � 10�19 J [29]. The effect of an em-
bedded protein on � is unknown, but a recent simulation
study suggests that the area compressibility modulus is
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increased 22% due to inclusion of MscL [30]. Similar
behavior can be expected for �. Using experimental values
for �, we approximate spontaneous curvatures for the
whole system and the bilayer region, c0 ¼ ð�0:025Þ �
ð�1:5Þ ðnmÞ�1 and c0 ¼ ð�0:0072Þ � ð�0:43Þ ðnmÞ�1,
respectively.

Taken together, our results suggest that inclusion of
MscL in a symmetric bilayer causes additional stress in
the membrane and introduces a significant spontaneous
curvature. In real membranes the spontaneous curvature
would either lead to a curved membrane surface, and/or
redistribution of lipids between the two leaflets. Here, these
are not observed since the time scale of lipid flips-flops is
inaccessible and the periodic boundary conditions prevent
curving of the membrane.

Finally, we consider a DPPC bilayer in a state of gel-
liquid phase coexistence, serving as an example for phase
separated membranes. Figure 4 illustrates the liquid and
gel domains separated by a �1:5 nm thick transition re-
gion. The lateral pressure profiles are shown in Figs. 4(a)
and 4(b), for the liquid and gel phase, respectively. Planar
symmetry is assumed for the gel and liquid parts sepa-
rately. The pressure profile for the liquid phase is similar to
that of a homogeneous fluid bilayer as shown in Fig. 2(a).
In contrast, in the gel phase it is strikingly different, and is
closely reminiscent of the profiles found for bilayers with
large amounts of cholesterol [11]. Clearly, the pronounced
ordering of the acyl chains in a bilayer gives rise to the
complex peaked structure of the pressure profile, comple-
mented by its anisotropic nature in the gel phase.

The pressure field averaged over y and z coordinates
PðxÞ ¼ hPðx; y; zÞiyz is presented in Fig. 4(c). Both lateral

components are negative, as the bilayer is under stress,
inducing gel-liquid coexistence. Whereas pxxðxÞ and pzzðxÞ
are basically constant, pyyðxÞ is smaller in the gel than in

the liquid phase. This is due to the phase boundary lying
along the y direction, with an associated line tension.

Concluding remarks.—We have shown the prominent
role of 3D stress profiles inside membranes and

membrane-protein complexes. The pressure field is dis-
tinctly nonuniform both across the membranes and also
in the membrane plane. This is most evident at interfaces
that bridge membrane domains in different phases, and in
membranes rich in proteins where the pressure field and the
resulting membrane elasticity vary strongly in space. The
present results provide a novel view of the general inter-
play between membranes and proteins.
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sions. We thank the Finnish Cultural Foundation, Academy
of Finland, Swedish Research Council, Foundation for
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CHOICE OF THE CONTOUR BETWEEN TWO PARTICLES

As discussed by many authors, the choice of the contour in Eq. (1) is ambiguous. The

original choice, the so-called Irving-Kirkwood contour, is a straight line from particle jl to

jk (1). Another suggested contour, the so-called Harasima contour, goes along coordinate

axes (2). Schofield et al. (3) showed that the choice of the contour is arbitrary. For planar

bilayers, the contours yield consistent results (4), while in spherical systems the Harasima

contour has been proposed to give non-physical results (5). Also theoretical arguments have

been proposed in favor of the Irwing-Kirkwood contour (6), which is used in this work.

Macroscopic observables such as the integral over the pressure profile, i.e. the interfacial

tension, have been shown to be independent of the choice of the contour.

PRESSURE TENSOR IN CYLINDRICAL SYMMETRY

For a system with cylindrical symmetry, e.g. a membrane protein, we divide the pressure

tensor into normal pzz, angular pθθ and radial prr components in cylindrical coordinates

P(r) = eθeθpθθ(r, z) + ererprr(r, z) + ezezpzz(r, z). (S1)

Main difference between this and other coordinate systems discussed is that the tensor

depends now on two variables r and z instead of one, and none of the components are equal

due to the symmetry.

COORDINATE TRANSFORMATION OF THE PRESSURE TENSOR

The transformation matrix for the spherical symmetry case is (7)

T =













sin θ cos φ sin θ sin φ cos θ

cos θ cos φ cos θ sin φ − sin θ

− sin φ cos φ 0













. (S2)

2



In a spherically symmetric system the angle components are the same, i.e. p′θθ(r) = p′φφ(r).

Since the trace of a tensor is not changed in coordinate transformations, we have

p′θθ(r) = p′φφ(r) =
1

2
(Tr[P (r)] − p′rr). (S3)

Thus, in principle, it is sufficient to transform only the radial component using the trans-

formation matrix and then use Eq. (S3) to obtain the angular component. This gives the

same result as usage of the transformation matrix for all components.

The transformation for the cylindrical symmetry can be done in the same way but the

transformation matrix is different (7)

Tcyl =













cos θ sin θ 0

− sin θ cos θ 0

0 0 1













. (S4)

AVERAGE OVER CYLINDRICAL SYMMETRY

In a cylindrically symmetric case we take an average over angle using the same idea as

we did in the spherical and planar cases. The difference is that here we can average only

over one coordinate instead of two in previous cases. To get pzz(r, z), pθθ(r, z), and prr(r, z)

in Eq. (S1), we take the average over angle θ

P(r, z) = 〈P(r, θ, z)〉θ. (S5)

VALIDITY OF LAPLACE EQUATION FOR LIPID VESICLES

For an approximately spherical object, e.g. a lipid vesicle, the sphere radius R is easy

to define if it is much larger than the thickness of the surface. If that is the case, then the

Laplace equation

σ =
R∆P

2
(S6)

can also be used to calculate the surface tension. The pressure difference between bulk

inside and bulk outside ∆P is scalar because diagonal components of the pressure tensor

are equivalent in bulk.
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For very small membrane vesicles, this is not the case, and the calculation of the surface

tension becomes problematic (8).

COMPARISON OF THE VIRIAL METHOD AND THE BOUNDARY POTENTIAL

APPROACH

In order to justify the results from the direct virial calculations presented, we also deter-

mined the pressure profile in a vesicular system using a novel mean-field boundary potential

method (9).

The boundary potential approach, developed to simulate vesicles at low computational

cost, replaces excess solvent either inside and/or outside the vesicle. The pressure is obtained

directly from the force per unit area which is exerted by the particles against the boundary.

To study the pressure profile of a vesicle using this method, we simulated a semi-vesicle (see

Fig. 1), i.e. a half vesicle adsorbed on a planar boundary. By dividing the boundary into

circular slabs, the pressure acting on each slab can be calculated, yielding the tangential

pressure profile pT (r) as a function of distance from the center. The advantage of this

method is that it is free from ambiguity in the definition of the virial, i.e., Eq. (1). However,

as the pressure is calculated at the surface of the boundary, only the tangential component

is available.

We have used this approach to compare pT (r) calculated using the virial method and the

boundary potential approach.

SIMULATION DETAILS

All the simulations were performed with the GROMACS molecular dynamics software

(10) using the MARTINI coarse-grained model (11, 12). A 20 fs time step was used in all

simulations. Temperature was coupled using the Berendsen thermostat with τT = 1.0ps−1.

(13) The pressure in the system was coupled with either the Berendsen barostat (13), with

coupling constant τP = 1.0ps−1 and compressibility 5 × 10−5bar−1, in the case of planar

bilayers, or the Langevin piston method (see next section) with a friction coefficient of 60

ps−1 and a mass of 500 u in the case of the vesicular systems. The configurations were saved

every 40-100 ps during simulation. All time scales given in the article and in this SM are in
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simulation units and can be transformed to real units using a factor of four (11, 12).

Vesicle and Semi-vesicle

MFFA method - The vesicular systems were simulated using the MFFA (Mean Field

Force Approximation) boundary method (9). Here, instead of using periodic boundary

methods, boundary potentials with a predefined geometrical shape (e.g spherical, cylindrical

and planar) are used to embed the system. The nature of these potentials is to reduce the

surface tension which would otherwise occur in a system having a finite size. In vesicular

systems, the usage of spherical boundaries makes it possible to reduce the surrounding

solvent which enhances computational efficiency.

Langevin Piston - The coupling of pressure in vesicular systems is not trivial. Ideally, the

surrounding solvent of the vesicle is under constant atmospheric pressure while the pressure

of the solvent inside can be much higher due to osmotic conditions. In this case, coupling

of the pressures which are derived from the internal virial of the total system is incorrect.

Therefore, in this work the vesicular systems were coupled to an external pressure bath using

the Langevin piston (14) method applied to non-periodic systems (15). Here, the position

of the outer spherical boundary was coupled to the equations of motion using a Langevin

integration scheme. The resultant force on the boundary piston is a result of both the force

coming from the external pressure bath and the total force of the boundary on the particles

in the system. In this case pressure is obtained as the force per unit boundary area. The

method can be used when a pressure gradient is present, because this definition of pressure

is local.

Vesicle - The spherical vesicle was formed spontaneously from 2217 DOPC lipids and

filled twice with different amounts of water to create two systems with different internal

pressures. The pressure differences between the inside and the outside of the vesicles were

not known prior to the simulations. Temperature was coupled to 323 K and the pressure on

the spherical boundary that enveloped the system was coupled to 1 bar using a Langevin

piston.

The spontaneously formed lipid vesicle filled and surrounded with water equilibrated at

a pressure of 1 bar was used as the starting configuration for the vesicle with small internal

pressure. In total 130120 water beads were used, creating an approximately 5 nm thick

5



water layer around the vesicle. The system was simulated for 20 ns.

The starting configuration for the vesicle with large internal pressure was created by

growing a cavity inside the vesicle and filling that with 8183 water beads. The cavity was

slowly formed during a 21 ns simulation using an additional, slowly expanding mean-field

boundary potential in the center of the vesicle. After the cavity was filled with water the

additional internal boundary potential was removed. The system was simulated for 30 ns.

Semi-vesicle - The semi-vesicle system consisted of 1356 DPPC lipids and 41 675 water

beads (see Fig. 1). It was simulated for 80 ns in a boundary potential (9) having the form of

a hemi-sphere. Temperature was coupled to 323 K and the pressure on the boundary was

coupled to 1 bar using a Langevin piston.

The semi vesicle was obtained from a complete DPPC vesicle formed by spontaneous

aggregation of 2528 lipids under spherical boundary conditions. As the center of this vesicle

was also nearly at the center of the simulation sphere, ’half’ of the spherical system was cut

through the geometrical center along the Z-axis. This yielded a ’semi-vesicle’ consisting of

1356 DPPC lipids and 41675 water beads, with an approximately 3 nm thick water layer

around the vesicle. Afterwards, a planar boundary potential was placed at the position of

the cut. The interaction of the boundary with a particle was only dependent of the distance

between the boundary and the particle along the Z-axis. The same boundary potential

was used for both the membrane and the CG water. Although the potential was in fact

parametrized for the CG water, it yielded a stable membrane connection with the boundary

interface with only some increased ordering of the lipid chains located at the boundary as a

result.

MscL in DOPC membrane

Mechanosensitive membrane protein MscL (PDB: 2oar) was simulated embedded in a

DOPC lipid bilayer. MscL consists of 5 alpha-helical subunits each containing two trans-

membrane helices and a cytoplasmic cap-region. The bilayer consisted of 383 lipids and was

solvated in 13966 water beads.

The starting configuration was formed by equilibrating a DOPC lipid bilayer, inserting

the crystal structure of MscL approximately to the correct position relative to the bilayer,

removing overlapping lipids and water and running an equilibration simulation until the

6



system had stabilised. A lateral pressure of −30 bar was then imposed on the system

creating a tension of −39 mN/m, which is large enough to keep MscL in the open state, and

a simulation of 700 ns was performed using 20 fs time steps.

A tension-free DOPC bilayer, consisting of 512 lipids and 15009 water beads was also

modeled for comparison.

DPPC membrane with phase coexistence

A DPPC bilayer consisting of 512 lipids and 6000 water beads was equilibrated at 323 K

and a pressure of 1 bar for 10 ns. This equilibrated bilayer was cooled to 273 K until the

area per lipid was 0.52 nm2. After this point the simulation was continued under a constant

area constraint for 120 ns (x,y-dimensions). The dimension normal to the membrane (z-

dimension) remained coupled to 1 bar. The constant area creates a surface tension of 69

mN/m and forces the membrane into a state of gel-liquid phase coexistence.

STABILITY CONDITION IN SPHERICAL SYSTEMS

From spherical symmetry and the condition for mechanical equilibrium ∇ · P = 0, it

follows that pT (r) = pθθ(r) = pφφ(r) depend only on r and that the pressure difference

between r = 0 and r = ∞ is (16)

∆P = −2
∫ ∞

0
dr

1

r
[pT (r) − prr(r)]. (S7)

A useful cross-check for the calculated pressure fields of the vesicles is the fulfilment of this

stability condition for spherical systems. To check this, we calculate the pressure difference

between the inside and the outside in two ways: as a difference between bulk values inside

and outside the vesicle, and using the integral on the right-hand side of Eq. (S7). The first

approach results in ∆P ≈ (128±10) bar and ∆P ≈ (−18±10) bar for the two systems with

large and smaller amounts of water inside the vesicle, respectively. The second approach

yields ∆P ≈ (123±10) bar and ∆P ≈ (−22±10) bar, in respective order. The results show

that the computed pressure fields fulfil the stability condition.
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MEMBRANE PROTEIN AVERAGES AND PROTEIN BOUNDARY

To simplify analysis we approximated MscL as cylindrically symmetric. Of course this

is only a rough estimate, because MscL is actually five fold symmetric. However, taking

angle dependency into account would complicate the analysis substantially, thus as a first

approximation we assume cylindrical symmetry to hold. In future studies angle dependency

will also be included. In the gif animation, movie.gif, is presented the full 3D tension field,

π(z, r) = pL(z, r) − pN , for the MscL system by taking cross-sections through the system.

To approximate the boundary of the protein, the system is first divided into the same

grid of small cubes as in pressure calculations and the cumulative density in each cube is

calculated. Then the density field is averaged over angle in the same way as the pressure field.

The boundary is defined to be where the cumulative density is 10-20 % of the maximum.

In Fig 3 a) of the article, the lateral pressure profile π(z, r) = pL(z, r) − pN is presented.

It would be also possible to present other profiles calculated from the pressure components.

The lateral pressure profile is chosen because it can be connected to elastic properties of the

bilayer.

CALCULATION OF ERROR BARS

In principle, the pressure field of bulk water in the fluid phase is constant and the tension

is zero. However, in simulations, values for bulk water are fluctuating around constant

values due to statistical fluctuations. The size of these fluctuations in the bulk water region

are determined for each system and the error bars shown for pressure and tension are the

maximum fluctuations from the average value in bulk water.
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Increasing experimental evidence shows that the membrane protein functionality depends on the content of
the cell membrane. However, origin of this dependence is notfully understood yet. While some cases can
be explained by specific interactions between lipids and proteins, often the generic mechanical properties of
lipid bilayers play a significant role too. Previously it hasbeen demonstrated using elastic models or the lateral
pressure profile that the mechanical properties of lipid bilayer can have even 10kBT contribution on activation
energy. In this work we extend the lateral pressure profile approach to more realistic system containing a
mechanosensitivive channel (MscL). We use molecular dynamics and the MARTINI force field to simulate
open and closed states of mechanosensitive channel embedded in a DOPC bilayer. Then we present a procedure
to calculate the mechanical energy change in the channel gating using 3D pressure distribution calculated from
molecular dynamics simulations. We also divide the energy to the area dilation and the shape contribution.
According to our results the lateral pressure profile of a lipid bilayer together with the shape change in gating
can induce even 30kBT contribution on gating energy of the MscL. This contribution arises from the interfacial
tension between hydrophopic and hydrophilic phases in a lipid bilayer.

I. INTRODUCTION

It is known that the functionality of many membrane pro-
teins is sensitive to the lipid environment [1]. Mechanosen-
sitive channels and rhodopsin are classical examples of such
proteins [2, 3]. However, while some of these cases can be
explained by specific interactions between lipids and proteins,
often the generic mechanical properties of lipid bilayers play
a significant role too [1, 4]. In the same spirit it has been
suggested [5, 6] that anesthetics may work by modifying the
mechanical properties of cell membranes.

The effect of mechanical properties of membranes on em-
bedded proteins has been studied using the elastic deforma-
tion model [4, 7–12]. In such a model, lipid bilayer defor-
mation energies are usually divided into four components:
thickness deformations due to hydrophobic mismatch, area
dilation, midplane bending, and curvature frustration. An
alternative way to analyze the mechanical energy is to use
the so-called lateral pressure profile [13–16], which depicts
the non-uniform pressure distribution in a lipid bilayer to
arise from the inhomogenous nature of lipid bilayers [17, 18].
The main idea in this approach is that, when a protein goes
through a transition where its cross-sectional area profile
across the membrane is changed, work has to be done against
the pressure profile of the bilayer. For small area changes
this work can be written as a function of elastic coefficients,
and it can be shown that the elastic deformation model is
then just a lower order approximation of the pressure profile

model [9, 14, 16].
In the elastic model the deformation energy is related to the

membrane’s elastic coefficients, which are measurable quan-
tities. Using known elastic coefficients and a simple approx-
imation for the cross-sectional area change, deformation en-
ergies have been estimated to be∼10kBT [9, 10]. Similar
estimates have been made using lateral pressure profiles cal-
culated from molecular dynamics (MD) simulations, and the
results have been observed to vary between 1–10kBT . [19–
22]. Yet, it has been previously noted [20] that the resulting
energy is very sensitive to inaccuracies in the cross-sectional
area of membrane proteins. In practice there are no mem-
brane proteins for which the structure of both the closed and
the open state are known with sufficient accuracy. For this
reason, previous studies have been forced to use simple ap-
proximations for protein shape and thus the results have only
hinted at the possibility of the protein shape change havinga
significant contribution to the transformation energy.

The open-close transition of one particular membrane pro-
tein, the mechanosensitive channel of large conductance
(MscL) is, however, amenable through coarse-grained MD
simulations [23]. In this work, we calculate the energy cost
of the shape change associated with the activation of this
channel, based on the changes in cross-sectional area and lat-
eral pressure profiles during the simulated gating of MscL. In
contrast to previous approximations, we find complex cross-
sectional area changes that lead to a 30kBT shape contribu-
tion to the gating process, significantly higher than previously
expected.



II. THEORY

In this section, we give a short overview of the existing the-
oretical framework used to analyze the contribution of a mem-
brane to the energetics of channel gating. We also provide a
new way to decompose the gating energy to contributions that
result from different physical factors, in particular highlight-
ing the role of the shape change of a protein.

A. Membrane contribution to channel gating energetics

The ratio between the probability of MscL to be open (Po)
or closed (Pc) can been written as

Po

Pc
= e−∆G/kBT , (1)

where∆G = Gopen −Gclosed is the free energy cost of chan-
nel opening [4, 8, 24, 25]. The free energy cost can be de-
composed into an area dilation termγ∆A, a membrane defor-
mation term∆Emembrane, and a change in protein’s internal
energy∆Eprotein [4],

∆G = −γ∆A + ∆Emembrane + ∆Eprotein. (2)

Using patch clamp experiments, it is possible to measure
the ratioPo/Pc in Eq. 1 as well as the surface tensionγ in
Eq. 2 [24, 26]. However,∆A, ∆Emembrane and∆Eprotein

are difficult to determine independently. Values for∆A
and ∆Eprotein have been achieved [24, 25] by neglecting
∆Emembrane and then fitting experimental data forPo/Pc

andγ into Eqs. 1 and 2. The results vary roughly between
∆A ≈ (6.5 − 20) nm2 and∆Eprotein ≈ (18.6 − 51)kBT
depending on the fitting procedure [24, 25]. In an alterna-
tive approach the∆Emembrane term is also neglected, and the
gating tensions and sensitivities to tension are gathered from
several different studies. By doing so, one has found an ap-
proximative result of∆Eprotein ≈ 14kBT [26].

The possible significance of∆Emembrane has been widely
recognized recently [4, 7–12, 14–16, 19–21]. In several stud-
ies [4, 7–12], the membrane deformation component has been
decomposed to separate contributions that are then approxi-
mated from known elastic properties of lipid bilayers. The
separate contributions to∆Emembrane in these studies are
usually the hydrophobic mismatch energy, midplane bending
energy due to asymmetric lipid bilayer or protein shape, and
curvature frustration energy due lipid spontaneous curvature
and protein shape. Using elastic properties these components
have been predicted to have a significant contribution on the
free energy of membrane protein conformations (for a review,
see [4]).

In other studies [14–16, 19–22], the membrane deforma-
tion energy has been analyzed using pressure profiles of lipid
bilayers. The lateral pressure profilep(z) shows the distri-
bution of lateral pressure across an interface as a function
of the normal coordinatez. Due to the inhomogenous na-
ture of a lipid bilayer, the lateral pressure profile of a lipid

membrane is markedly non-uniform with a characteristic pro-
file. On the one hand, the water-lipid interface of a membrane
wants to shrink due to the interfacial tension between water
and hydrophobic lipid parts. On the other hand, headgroup
and tail regions want to expand due to entropic, electrostatic,
and steric interactions [17, 18]. When embedded in a lipid bi-
layer, a protein feels the non-uniform pressure from the mem-
brane. If the change in cross-sectional area is known between
two states of the protein, the workW done against the pres-
sure profile can be calculated from [14–16]

W =

∫

p(z)∆A(z)dz. (3)

If the cross-sectional area∆A(z) is expanded using a Taylor
series, Eq. 3 can also be written in terms of elastic coefficients
[14, 16]. Thus, the elastic deformation model is a lower order
approximation of the pressure profile model, instead of being
an independent one [9, 14, 16]. It is also important to point
out that the work calculated using Eq. 3 contains also the pure
area expansion, i.e.γ∆A in Eq. 2.

Previously, the membrane deformation energy arising from
a change in the protein shape has been approximated by taking
the pressure profile from simulations and assuming a simple
geometrical shape transformation, e.g. from a cylinder to a
cone, for the protein [15, 19–21]. The calculated energies for
MscL vary between1 − 10kBT , which is in agreement with
the approximation from the elastic theory as discussed above.

B. Membrane deformation energy decomposed into area
dilation, shape contribution, and hydrophobic mismatch terms

Our goal is to analyze the shape dependence of MscL gating
energy without approximations with regard to elastic proper-
ties, or any assumptions of a simple shape change. For this
purpose we decompose the free energy cost of gating (Eq. 2)
in a new way as follows,

∆G = ∆Epp + ∆Emm + ∆Erest, (4)

where ∆Epp is the work done against the pressure pro-
file and∆Emm is the change in hydrophobic mismatch en-
ergy. ∆Erest contains all other energy changes, including
∆Eprotein from Eq. 2, possible midplane bending and any
changes in specific lipid-protein interactions. As is shown
below,∆Epp contains area dilation and curvature frustration
components.

To calculate∆Epp we first use Eq. 3 to calculate the me-
chanical work of creating a cavity with cross-sectional area
A(z) into a bilayer having the pressure profilep(z) [14, 19],

W =

∫

p(z)A(z)dz. (5)

Then we decompose the cross-sectional areaA(z) into two
components: a constant average areaAo and az-dependent



shape variationδA(z) aroundAo:

A(z) = Ao + δA(z). (6)

Inserting this decomposition into Eq. 5 we get

W =

∫

p(z)[Ao + δA(z)]dz

= Ao

∫

p(z)dz +

∫

p(z)δA(z)dz.

(7)

By using the connection [27] between the pressure profile and
the surface tension of a membraneγ = −

∫

p(z)dz and by
definingWshape ≡

∫

p(z)δA(z)dz we arrive at

W = −γAo + Wshape(γ). (8)

The first term gives the work done against a cylindrical inclu-
sion with an area ofAo and the second term the work done
against shape variationsδA(z). It should be noted that since
bothA(z) andp(z) depend on the total tensionγ, alsoWshape

depends implicitly onγ.

To estimate∆Epp we first have to calculate the mechanical
work of insertion for both closed and open state separately
using Eq. 5,

Wclosed =

∫

pclosed(z)Aclosed(z)dz

Wopen =

∫

popen(z)Aopen(z)dz.

(9)

Then we need to calculate the work−Wclosed done when a
closed channel is removed from a membrane and the work
Wopen done when an open channel is inserted back into the
membrane.∆Epp is then equal to the net work done in the
process, given by

∆Epp = Wopen(γ) − Wclosed(γ)

= −γ∆Ao + ∆Eshape(γ),
(10)

where the decomposition of Eq. 8 is applied. Now we see that
∆Epp indeed contains the area dilation term of Eq. 2. The sec-
ond term∆Eshape(γ) corresponds to the curvature frustration
term in elastic models. In this work we calculate these terms
from molecular dynamics simulation models without the as-
sumptions underlying the elastic theory. We also estimate the
hydrophobic mismatch term∆Emm. By visual inspection we
do not see significant midplane bending and thus we neglegt
the midplane bending term. All other energy terms which
we do not analyze are joined together and described through
∆Erest. Only ∆Epp and∆Emm are assumed to depend on
tension.

We determineAo, A(z) andp(z) for both the open and the
closed state of MscL using molecular dynamics simulations
as described in section III. Then we can calculateγ∆Ao and
∆Epp using Eqs. 9 and 10. Finally we can also determine the
shape contribution using Eq. 10.

III. METHODS

The objective of the work is to study the components of me-
chanical work in MscL gating using Eqs. 9 and 10. In order to
do so, we need to calculate the cross-sectional areaA(z) and
the pressurep(z) felt by the protein under different tensions
γ for both the open and the closed state. We will also need to
determine the average change of the cross-sectional area∆Ao

in the closed-open transition.

A. Simulated systems

The MARTINI coarse-grained (CG) model [28, 29] and
GROMACS 4.0 simulation package [30] were used for all the
molecular dynamics simulations. All simulation systems were
coupled to a Berendsen temperature bath at 310 K and surface
tension was kept constant by using a semi-isotropic Berend-
sen pressure coupling [31]. A MARTINI CG model of MscL
has been shown to activate when the membrane is subjected to
a high enough tension [23, 32]. In this work we have used the
model to analyze the release of mechanical energy in a lipid
bilayer when a channel is opened.

A closed state MscL fromTuberculosis Mycobacteriumhas
been resolved [33] by x-ray crystallography (PDB: 2OAR)
and was used as the basis for the CG model. The protein
was first inserted into a bilayer of 504 DOPC lipids and the
system was solvated with 17565 water beads after which the
system was simulated for 12 ns to equilibrate the system. Note
that the times reported in this manuscript are scaled by a fac-
tor of 4 to account for the faster effective sampling in MAR-
TINI as judged by a higher diffusion rate in the liquid phase
[28]. To open the channel, the tension was gradually increased
in a stepwise manner from 0 mN/m to 60 mN/m, in 10 mN/m
steps. Simulation time in each step was 12 ns. Then the ten-
sion was further increased to 65 mN/m and the activation of
MscL was observed after simulation of 1.88µs. The system
with the open channel was solvated with 6995 additional wa-
ter beads (totaling 24560 water beads) to avoid any interaction
between periodic images, as the system gets thinner at higher
tensions. The final structures obtained at each level of tension
were subsequently used as starting points for two sets of sim-
ulations; one for the closed (set 1), and one for the open state
(set 2).

In set 1, the closed structure was simulated for 2.4µs at
tension levels of 0, 10, 20, 30, and 40 mN/m. Small tension-
induced changes in the protein structure were observed during
the simulation, but the protein stayed inactive in all cases. By
inactive we mean that there is no significant water flux through
the channel.

In set 2, the post-activation, i.e. the open state of MscL, was
simulated for the same range of tensions (0, 10, 20, 30 and
40 mN/m). The length of the simulation was 1.92µs for the
tensions 30 and 40 mN/m, extended to 3.84µs for the lower
tensions 0, 10, and 20 mN/m due to longer equilibration time.
Once more some changes in the protein structure occurred in
response to the tension, but the protein stayed active as judged
from a significant water flow through the channel.



The systems were considered to be in a metastable state
after the area of the membrane and the radius of gyration of
the protein converged. This state was reached after approxi-
mately 400-500ns in most cases, except for the open channel
at low tension which required (2-2.5)µs equilibration time.
The analysis of area and pressure profiles was performed after
this time point in each case.

B. Calculation of the area profile

To exploit Eqs. 9 we need the cross sectional area pro-
file which the membrane protein complex occupies from the
bulk bilayer. The area (for each membrane normal coordi-
nate value) was defined to contain the protein itself and all the
water and lipid beads which are in straight line between any
protein bead and the center of the protein.

Using this definition the area as a function of the position
along the membrane normal was determined in the following
way. First the system was divided into a 3D grid of 0.3 nm cu-
bic cells. Each grid cell was then labeled either as type 0 for
empty cells, as type 1 for cells that contain at least one pro-
tein bead, or as type 2 for occupied cells that do not contain
protein beads. All type 0 cells that were next to a type 1 cell
were then switched to a type 1 to include possible empty cells
between bulk bilayer and the protein in the protein area calcu-
lation. Then for each positionz along the membrane normal,
the protein-lipid boundary was determined. This was done by
tracking the path from the center of the protein to the edge of
the grid to locate the farhest type 1 cell. All the cells in this
path upto the farthest cell of type 1 were then also marked as
type 1. This was repeated for all the edge cells to take all the
directions into account. The area of all type 1 cells was then
added up and defined as the cross-sectional area of the protein
with correspondingz coordinate. This procedure was repated
for all values ofz.

The constant average areaAo defined in Eq. 6 was calcu-
lated as the average cross-sectional area over allz considered
to be in the bilayer region. In this work “bilayer region” is
defined as the region where lipid density is larger than water
density.

C. Calculation of pressure profiles

Generally the pressure field of a system is defined as the
pressure tensorP(r), which depends on all spatial coordi-
nates [34]. From geometrical symmetry and the mechanical
stability condition∇ · P = 0 it follows that P is diago-
nal, Pzz is constant, and lateral components are equal and
depend only on the normal coordinatesPxx(z) = Pyy(z)
for a homogeneous fluid bilayer [27]. The so-called lat-
eral pressure profile used in Eqs. 3, 5 and 9 is defined as
p(z) = (Pxx(z) + Pyy(z))/2 − Pzz [27].

An inclusion, such as a protein, breaks the symmetry in the
(membrane) xy-plane. Protein-lipid interactions generate line
tension between the protein and the lipids, which leads to dif-
ferent lateral pressures (and tensions) in the protein and lipid

regions [35]. In principle the line tension could be determined
from the tension difference between the inside of the inclu-
sion and the bulk bilayer [35]. However, it is not possible to
define a clear bulk region inside a realistic protein inclusion
due to the small size and the complex structure of the object.
Thus, in practice the line tension between a protein and a lipid
membrane is hard to define.

Instead, we assume that a protein inclusion is put into a
bulk bilayer, wherePxx(z) = Pyy(z). Then we calculate
the pressure in the bulk membrane and use this pressure in
Eqs. 3, 5 and 9 to calculate the work done when a protein is
included into the membrane. The advantage of this approach
is that we do not need to take into account the direction of
the membrane-protein boundary because the lateral compo-
nents are equal and the pressure is equal in all directions on
the plane. The protein shape is taken implicitly into account
in the calculation of the cross-sectional area.

To calculate the pressure in the bulk bilayer region, the sys-
tem was first divided into a 3D grid with an edge length of
0.3 nm. The local pressure tensor was then analyzed for each
grid point using a recently developed method [34]. The pres-
sure profile in the bulk membrane was obtained by averaging
over thex andy coordinates located in the bulk region of the
bilayer. The bulk region is defined to start where the thick-
ness of the bilayer is no longer perturbed by the protein inclu-
sion. This condition corresponds to approximately 1 nm from
the protein surface. This method is essentially the same as
the one in traditional lateral pressure profile calculations for a
bulk lipid bilayer [36, 37], with the exception that averages are
now taken only over the bulk membrane phase instead of the
whole system. In principle, it is possible that one combines
a pressure profile from a pure membrane simulation with an
area profile from a membrane protein simulation to achieve
the same results.

IV. RESULTS AND DISCUSSION

Below, we first describe the different states of the protein to-
gether with the calculated shape and pressure profiles. Next,
we calculate the work associated with embedding the chan-
nel in its different states into the membrane, followed by the
calculation of the mechanical energy contribution to the gat-
ing process. Further, we move on by dividing the mechanical
energy into the area dilation and shape change contributions
and by making a link between the shape change and inter-
facial tension. Finally, we discuss the effect of hydrophobic
mismatch.

A. Protein states used in analysis

Since our goal is to calculate∆Epp as defined in Eq. 10, the
relevant properties we need to quantify are the cross-sectional
area of the protein and the pressure felt by the protein. The
cross-sectional area profiles and the pressure exerted on the
protein are shown in Fig. 1 for both the open and closed states
at tensions between 0 – 40 mN/m.
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FIG. 1: A) and B) Cross-sectional area profiles for the closedand the open channel under different tensions, respectively. C) and D) Pressure
profiles felt by the closed and the open channel under different tensions, respectively. Negativez values denote the cytoplasmic side. The
z-axis is set such that the center of mass of the protein is in thez = 0 for all the systems.

A first observation is that in both states the largest cross-
sectional area is found at the location of the interfacial peak in
the pressure profile. Besides the basic shape of the protein,a
plausible explanation for this is that the protein adapts tothe
pressure distribution (exerted by the bilayer) by expanding it-
self in the interfacial region. This expansion lowers the en-
ergy of the bilayer because the area of close contact between
hydrophobic parts and water shrinks.

From Fig. 1A we see that the area profile is immedi-
ately changed when tension is increased above 10 mN/m even
though the channel still remains closed, i.e., there is no signif-
icant flux through the channel. In particular, we see a tension
dependent area increase on the extracellular side of the protein
while the cross-sectional area on the cytoplasmic side is be-
tween 25 – 30 nm2 for all tensions. Intriguingly, from Fig. 1B
we see that the largest cross-sectional area difference between
the open and the closed state is on the cytoplasmic side. The
cross-sectional area for the open state is between 35 – 45 nm2

for all tensions.

These observations suggest that the expansion of the extra-
cellular side is not sufficient for the gating of MscL but thatit
requires the expansion of the cytoplasmic side as well. This
observation is in agreement with the idea of a “hydrophobic
lock” located in the cytoplasmic region [38], and with the ob-
servation that asymmetric inclusion of lysolipids on the extra-
cellular side opens the channel [39]. When lipids are added to
the extracellular side, the relative tension of the extracellular
side will decrease and the relative tension on the cytoplasmic
side will increase [40]. Increased tension would prefer expan-

sion of the cytoplasmic side of the protein, which according
to our results is required for gating.

Inspired by the results shown in the Fig. 1 we divide the
tension-induced gating into two steps: 1) an immediate expan-
sion of the periplasmic side that does not open the channel and
2) an eventual expansion of the cytoplasmic side that opens
the channel. These steps are illustrated in Fig. 2. The closed
state under tension is marked with a star. In the next section
we calculate∆E1

pp for step (transition) 1 and∆E2
pp for tran-

sition 2. This two-stage opening is in full accordance with
earlier models suggesting an initial tilting of trans-membrane
helices followed by a lateral expansion of the channel core
[3, 24].

B. Mechanical work for protein insertion

The pressure profiles and cross-sectional area profiles,
shown in Fig. 1, were used to calculate (Eq. 9) the mechanical
work exerted by a bilayer when the MscL protein is embedded
into a bilayer. Three different states of the protein were con-
sidered, namely the closed, closed-expanded, and open (cf.
Fig. 2). Values for the closed structure under tensions are cal-
culated using the area profile of the initial closed structure in
zero tension and pressure profiles for systems under tension.
This corresponds the situation where the bilayer is under ten-
sion but the structure of the protein is not changed yet. The
results are shown in Fig. 3 A.

The calculated energies are negative. What is more, they



FIG. 2: The gating process divided into immediate deformation after
the tension increase (step 1) and actual gating (step 2). A schematic
presentation of the shape change of the protein during the close-to-
open transition is shown at the bottom.

-400

-300

-200

-100

0

E
ne

rg
y 

(k
 T

)

W
W
W

0 10 20 30 40
Tension (mN/m)

-200

-150

-100

-50

0

E
ne

rg
y 

(k
 T

)

E
E
E

(1)

(2)

pp

B

∆
∆
∆

pp

pp

Closed

Closed

Open

*

B

A)

B)

FIG. 3: A) Release of mechanical energy due to an inclusion ofMscL
in different states under different tensions calculated byEq. 9. B)
Change of mechanical energy between different states underdifferent
tensions calculated by Eq. 10.

become even more negative when tension is increased, which
means that the bilayer energy decreases when an inclusion
such as MscL is inserted. Under tension this is expected be-
cause any inclusion that decreases the bilayer area would re-
lease energy byγA0 [8]. However, we see a significant neg-
ative energy even without a tension when the area dilation
component is clearly zero. This is due to the large area of
the protein at the interfacial region which decreases contacts
between hydrophobic parts of the membrane and water. Our
results suggest that there is a significant decrease in energy if a
protein adapts to bilayer stress by increasing its area in the in-
terfacial region. This behaviour might also play an important
role e.g. in membrane protein folding, which is known to de-
pend on bilayer properties at least for some proteins [41, 42].

C. Mechanical energy of gating

The results shown in Fig. 3A enable us to calculate (Eq. 10)
the mechanical work done by the bilayer in both gating steps,
∆E1

pp and∆E2
pp. The results are shown in Fig. 3B, along with

the total work∆Epp = ∆E1
pp + E2

pp. The total mechanical
work done by bilayer is always negative because the energy
for the open state is always lower compared to the closed state
(Fig. 3). Thus, the bilayer energy is always favorable for the
open state, even at a state of zero tension.

From Eq. 1 we see that whenPo/Pc = 1, then∆G = 0
and the probability to be in the open state is equal to the prob-
ability to be in the closed state. Experimentally the tension
for which Po/Pc = 1 is approximately 10 mN/m [24, 25].
By neglecting the∆Emembrane term from Eq. 2 and by fitting
to experimental data, one has found a result of∆Eprotein ≈
(18.6 − 51)kBT [24, 25]. Based on our results we can now
try to make a more accurate estimate.

While the gating tension is about 10 mN/m in experiments,
in simulations with feasible time scales we need higher ten-
sions (65 mN/m) to observe the opening of the channel. If
the simulation time scale could be extended considerably,
a significant drop in the simulated gating tension would be
expected; yet at the moment the current computational re-
sources limit us to enforce gating to take place at the microsec-
ond timescale instead of the natural, millisecond timescale of
MscL gating [43], warranting the use of higher tension.

Nevertheless, if we assume a 10 mN/m gating tension and
neglect the∆Emm term from Eq. 4, we see from the results
in Fig. 3 B) that∆Erest ≈ 50kBT . The neglect of the hy-
drophobic mismatch term∆Emm is justified in section IV F.
The ∆Erest contains the change in protein’s internal energy
∆Eprotein and changes in specific lipid-protein interactions.
We do see significant mid-plane bending in simulations by
visual inspection thus we assume that its contribution is neg-
ligible. Under these assumptions we arrive at a gating energy
that is similar to the largest energies achieved by fitting toex-
perimental data. The difference is that our area differenceis
smaller than previously suggested [25] and that almost halfof
the energy originates from the shape deformation as detailed
in the next section.

D. Gating work divided into area and shape contributions

In experimental studies where the gating energy∆Eprotein

was calculated, it was assumed that the tension-dependent free
energy release arises completely from area dilation [24–26].
However, in our analysis we take into account both the area
dilation and the shape change contribution as in Eq. 10. Using
our results we can calculate both contributions separately.

The pure area dilation component in Eq. 10,γ∆A0, can
be calculated if the change in constant average cross-sectional
area is known. Average cross-sectional areas are calculated as
described in section III. Average areas for the closed and the
open state under different tensions are shown in Fig. 4 A). In
Fig. 4 B), the changes in average area for both steps separately



and for the complete gating process are shown.
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The left hand side of Eq. 10,∆Epp, has already been calcu-
lated in the previous section (cf. Fig. 3 B) allowing us to ex-
tract the shape contribution of the mechanical work∆Eshape.
In Fig. 5 we show the area dilationγ∆A, the shape contri-
bution ∆Eshape(γ), and the total bilayer mechanical work
∆Epp(γ).
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At zero tension the area component is obviously zero. Thus
the∼ 30kBT preference for the open state under these stress-
free conditions must result from the shape contribution as
clearly noticed from Fig. 5A. As expected, when tension is in-
creased the area dilation contribution becomes more negative,
because tension prefers the open state due to its larger area.
However, the shape contribution behaves the opposite. From
Fig. 5A we see that with increasing tension the shape prefer-
ence for the open state decreases and at a tension of 20 mN/m
the preference is already practically lost. Due to competition

between these contributions the dependence of work on ten-
sion is weaker than expected only by looking at the area di-
lation component. In an experimental fit, this slope is related
to the area change in gating [24, 25]. Our results thus suggest
that the area change and the gating energy calculated from
the experimental fit are too small because the shape energy
is not taken into account. The slight non-linearity in tension
dependence found recently [25] could arise from the shape
dependence of the opening probability.

By comparing Figs. 5B and 5C we see that at 0 mN/m and
10 mN/m most of the work is done in step 2. The reason for
this is that the closed state does not deform under these ten-
sions (cf. Fig. 1A). With a higher tension there is an imme-
diate deformation of the closed state (step 1) and also work
related to that. In step 1 the area and shape contributions
are close to each other, being negative and getting more neg-
ative with increasing tension. This is understandable because
in step 1 the extracellular side undergoes considerable expan-
sion with higher tensions leading to significant area and shape
contributions (cf. Fig. 1). However, the energetics of step
2 behaves differently. The area component decreases almost
linearly from 0 to∼ 100kBT but the shape component be-
haves almost the opposite, weakening the tension dependence
of ∆Epp(γ).

E. Large shape contribution comes from interfacial tension

In the previous section we argued that the energy contribu-
tion from a shape change of a protein, in our case MscL, can
be as large as 30kBT . This is significantly higher than previ-
ous estimates, which vary between(0 − 10)kBT [9, 10, 19–
22]. The main reason for the difference is that in previous
studies one assumed simple cylinder-cone-like shape transi-
tions. In our simulations we see large area changes at the lo-
cation of the interface between the hydrophobic interior ofthe
bilayer and the aqueous surroundings. When the area of pro-
tein is increased at this region, it reduces the contact between
water and the hydrophobic part of a bilayer, thus lowering the
hydrophobic energy of the bilayer.

To give an order of magnitude approximation for the hy-
drophobic energy change associated with a nanoscopic area
change, we calculate the energy release when the area of a
interface under a tension of 30 mN/m is decreased by 5nm2.
30 mN/m is a reasonable approximation for the hydrophobic
energy density of the hydrocarbon water interface [17], and5
nm2 is a realistic local change for the protein area (see our re-
sults above and [24, 25]). The released energy can be simply
approximated by∆W = −γ∆A ≈ −30 mN/m×5nm2 ≈
−35kBT . This demonstrates that small area changes at the
lipid-water interface can have a significant energetic effect.

F. Hydrophobic mismatch

In previous sections we have omitted the hydrophobic mis-
match energy change in gating,∆Emm. This cannot be ne-
glected without justification because the gating tension of



MscL has been shown to depend on lipid tail length [3].
The hydrophobic mismatch component may be important in
tension-induced gating as the bilayer gets thinner when ten-
sion is increased. To analyze the significance of this effectwe
use a simple estimate for the elastic cost of adaption of a lipid
bilayer due to hydrophobic mismatch [44],

Emm = NL × ((6.1 ± 0.4)nm−1)kBT
(lL − lo)

2

lo
, (11)

whereNL = 29 is the approximate number of lipid molecules
in the first shell surrounding the protein,lL is the height of
the monolayer next to the protein, andlo is the height of the
unperturbed monolayer. This equation has been shown to give
the correct dependence of the MscL bilayer partitioning coef-
ficient on lipid tail length close to the optimal one (16 carbons)
[44]. As seen below, in our case changes in bilayer thickness
are rather small and we are close to the optimal bilayer thick-
ness.

To analyze the hydrophobic mismatch, we calculate the
thickness of the lipid bilayer as a function of distance from
protein boundary. Deformation in bilayer thickness as a func-
tion of distance from the protein boundary is shown in Fig. 6.
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FIG. 6: Thickness deformations as a function of distance from pro-
tein boundary. Solid line is for the closed state, and dashesline for
the open state.

From Fig. 6 we see that the closed state does not have a
mismatch with a tension lower than 20 mN/m, but the open
state has a small mismatch with all tensions such that it is al-
ways thinner than the membrane. However, the mismatch is
very small for each system. The largest thickness deformation
is around 0.1 nm, which is in agreement with earlier atom-
istic molecular dynamics simulations [45–47]. To approxi-
mate the largest hydrophobic mismatch energy in our systems,
we take the open state at 30 mN/m for whichlo ≈ 2 nm and
(lL − lo) ≈ 0.05nm. Using Eq. 11 with these values we get
Emm ≈ 0.2kBT , which is negligible. This means that the hy-

drophobic mismatch energy does not contribute significantly
to the gating energy in the step 2. To also approximate the or-
der of magnitude of mismatch energy change in the step 1 we
calculate the difference between the monolayer thickness in
zero tension and under each tension. This would be the maxi-
mum hydrophopic mismatch change in the step 1. Then using
Eq. 11 we get energies which are always less than 1% of me-
chanical energies under corresponding tension in fig. 5. This
suggest that the hydrophopic mismatch energy is also negligi-
ble in the step 1.

V. CONCLUSIONS

Based on coarse-grained simulations of the gating of a
mechanosensitive membrane protein, MscL, we calculated the
differences in bilayer mechanical energy during the gating
process. We decomposed this energy into an area dilation
component and a component associated with protein shape.
These components were calculated using the cross-sectional
area of the protein and the pressure felt by the protein. We
found that the bilayer prefers an open state even at zero ten-
sion due to a large energetic component of30kBT arising
from shape changes. This contribution is possibly important
when interpreting, for example, patch clamp experiments to
any protein which undergoes changes in cross-sectional area.
When tension is increased, this component decreases, but then
the area dilation component gives a significant preference for
the open state.

Our results show that the shape of a protein is likely to have
an even larger influence on protein energetics than what has
been previously estimated ((0− 10)kBT [9, 10, 19–22]). The
reason for the difference is the assumption of very simple pro-
tein shapes assumed in previous studies. We observed that
MscL adapts to the pressure profile of a lipid bilayer by tak-
ing a shape which is expanded at the interfacial region. This
shape change causes a significant energy release, reducing the
interfacial energy between the lipid bilayer interior and the
aqueous surroundings.

We conclude that the pressure profile can have an impor-
tant role in triggering conformational changes of membrane
proteins. It is important to note that the analysis performed in
this work does apply not only to MscL but also to any protein
which undergoes similar conformational changes. Even trans-
formations under zero tension can have significant mechanical
energy components due to non-uniform protein shape changes
within the bilayer.
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