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Abstract

Free volume pockets or voids are crucial for a variety of dynamic processes in lipid membranes. Voids

facilitate the diffusion of lipid molecules in the plane of the membrane and are highly relevant for the per-

meation of small solutes across the membrane. We employ atomic-scale molecular dynamics simulations

to study the free volume and packing properties of differentlipid membrane systems, focusing on lipids

commonly found in lipid rafts. We find that the free volume properties of membranes comprised of satu-

rated (DMPC, DPPC) and diunsaturated (PLPC) phosphatidylcholine (PC) molecules have many common

features, while bilayers consisting of palmitoylsphingomyelin (PSM) are distinctly different. PSM has a

significantly smaller average close-packed cross-sectional area than the PCs. The free volume fraction is

significantly larger in the center of a PSM bilayer than in thecenter of a DPPC bilayer. The opposite is

true for the acyl chain and head group regions: here DPPC has ahigher free volume fraction. A detailed

analysis of the size, shape and orientation of voids in DPPC and PSM shows that the properties of voids are

quite different in bilayers consisting of DPPC and PSM. Compared to DPPC, the number density of voids

of all sizes is reduced in the head group and acyl chain regions of PSM. In the bilayer center the situation

is reversed. Also the shapes and orientations of voids differ, especially in the acyl chain region. Together

with recent work on DPPC / cholesterol mixtures [Falck et al., Biophys. J.87, 1076 (2004); J. Chem. Phys.

121, 12676 (2004)], this article summarizes the central role offree volume in comprehending the structural

properties of membrane domains rich in cholesterol and sphingomyelin.

Key words: lipid membrane, lipid bilayer, atomistic simulations, free volume, void, phospholipid
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I. INTRODUCTION

Cell membranes1–3 and their role in the functioning of membrane proteins are currently subject

to keen interest.3–7 A wide range of studies suggest that lipid membranes are not just passive

homogeneous interfaces surrounding cells and organelles and providing a fluid-like environment

for membrane proteins. Quite the contrary, lipid membranesare complex heterogeneous bilayers

characterized by a wide variety of different lipids, whose collective dynamics leads to intriguing

phenomena such as the formation of nanoscale domains. Thesedomains are receiving all the

more attention, since it has been suggested that ordered domains knows aslipid rafts are related

to various important cellular functions.8

A common characteristic of rafts is that they are rich in cholesterol, sphingomyelin, and satu-

rated or weakly unsaturated phospholipids. These molecules together give rise to ordered domains.

Rafts are also believed to be associated with integral and peripheral proteins that stabilize the rafts

and function together with them. Experimental studies support this idea: there are indications that

rafts are involved in processes such as signal transduction, intracellular trafficking, and protein

sorting.4,5,7 These findings strongly suggest that the composition of domains in lipid membranes

is related to the functioning of a variety of membrane proteins, which in many cases function as

nano-sized molecular motors or are employed as molecular-scale sensors. The coupling of lipid

membranes to nanoscale science is therefore an exceptionally exciting and topical issue, and high-

lights how cellular functioning emerges, in part, from the properties of cellular membranes.

Membranes are uniquely complex. The enormous number of different lipid species in mem-

branes is a manifestation of this great complexity. The porous nature of membranes arising from

the free space amidst molecules in a lipid bilayer is another. Cellular membranes are essentially

porous thin sheets, containing substantial amounts offree volumeor volume not occupied by any

molecule.9 Since the amount and distribution of free volume varies across the membrane, it plays

a significant role in influencing or even governing a number ofmembrane properties. As for

dynamics, free volume enables diffusion of lipids and proteins in the plane of the membrane,10

diffusion of small molecules such as ubiquinone in the membrane interior,11 and permeation of

small molecules through the membrane.12–14 As for structural features, it has been shown that the

distribution of free volume affects the packing and ordering of molecules in membranes.15

It is tempting to think that voids and related packing effects also play a role to the lateral pres-

sure profile16–18 exerted by the lipids and other molecules on proteins embedded in membranes.
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If the pressure profile of a lipid bilayer surrounding a protein changes considerably because of

a change in the composition of the membrane, the confirmationof the protein may change, thus

affecting its function. Recent atomic-scale computational studies support this picture: changes in

the pressure profile have been shown to affect the function ofmechanosensitive channels.19

Summarizing, free volume plays a key role in a variety of cellular functions involving mem-

branes. Detailed investigations of free volume and voids have so far been few. Experimentally, this

is understandable, since it is exceedingly difficult to obtain detailed information of voids, whose

sizes are typically of the order of 0.1 – 10 nm3 or smaller. What is more surprising is that there are

only a few simulations studies of voids.9,20,21Yet, atomic-scale simulations provide an exception-

ally useful approach to gauge nano-scale phenomena in complex molecular systems such as lipid

membranes.

Our objective is to characterize the free volume propertiesof a variety of different one-

component membrane systems. We further discuss the effect of free volume and voids on structural

and dynamical membrane properties. To this end, we employ atomistic molecular dynamics (MD)

simulations together with novel analysis tools. We focus onpure one-component bilayers com-

posed of a number of saturated and unsaturated phosphatidylcholine (PC) molecules, as well as

sphingomyelin. Together with our previous work on mixturesof cholesterol and phospholipids,20

this approach allows us to carry out a thorough and systematic comparison of lipids that are most

prominent in ordered lipid domains. This study provides a framework for detailed studies of the

packing properties of complex membrane systems, and could be extended to more complex mem-

branes with proteins.

II. ANALYZING FREE VOLUME IN MEMBRANES

A. Discretizing Bilayers for Analysis of Free Volume and Packing Properties

We employed a technique outlined in Refs. 9 and 15 to study thefree volume and packing prop-

erties of lipid bilayers. Each configuration was mapped ontothree rectangular three-dimensional

grids. If a grid point was located within the van der Waals radius of an atom belonging to a lipid

molecule, it was considered to be occupied in the so-called lipid grid. The van der Waals radius of

a given atomic group was taken to be half of the distance wherethe Lennard–Jones interaction po-

tential of that atomic group with an identical atomic group is zero. The Lennard–Jones parameters
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were extracted from the specification of the force field. The same grid construction procedure was

repeated for water molecules. Those grid points which were unoccupied in both lipid and water

grids were considered to be occupied on a grid characterizing free volume.

In the direction of the bilayer normal, the grids were definedbetween the points where the

density of water starts to deviate from its bulk value, see Sect. IV C. The number of grid elements

in each direction was chosen such that the linear size of an element was on the average 0.075 nm

in all directions. We also used finer grids to ensure that the results were not influenced by the

resolution.

The resulting discrete grids were used to compute quantities such as the average close-packed

cross-sectional areas of lipids across the membranes, as well as average free areas and free area

fractions as functions of the distance from the bilayer center along the bilayer normal. Though

these quantities are useful and are employed in theories forlateral diffusion,10,22,23 for example,

they cannot give us detailed information about the distribution of free volume in bilayers: it is

impossible to distinguish between very few large voids and numerous tiny ones. Such a distinction

should be highly relevant from the point of view of, e.g., solute diffusion; unhindered motion

within a substantial void is expected to differ from jumps between isolated voids. In the following

we will outline how the grids described in this Section were used as starting points for, studying

the detailed distribution of free volume in bilayers, i.e.,the properties of voids or free volume

pockets in different parts of a bilayer.

B. Discovering and Analyzing Voids or Free Volume Pockets

Free volume grids were the starting points for studying the properties of voids. The techni-

cal details of how the voids were identified and characterized using a union/find algorithm24 and

principal component analysis (PCA)25 can be found in Ref. 20.

To characterize voids, one must distinguish betweenempty free volumeand accessible free

volume.9 So far we have been discussing empty free volume or all free volume outside the van der

Waals radii of the atoms that are part of either lipid or watermolecules. Accessible free volume is

the kind of free volume relevant for solute diffusion in bilayers. It corresponds to the free volume

accessible to the center-of-mass (CM) of a diffusing solute, and is obtained by adding the van der

Waals radius of the diffusing solute molecule to the van der Waals radii of the atoms constituting

the bilayer and solvent. We have used different solute sizeswith radii r ranging between 0 and
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REGION 1

REGION 2

REGION 3

REGION 4

WATER

FIG. 1: Schematic illustration of regions 1 – 4 used in the analysis of voids for DPPC. The regions are shown

here for the upper leaflet only. For the sake of clarity water is omitted from the presentation.

0.2 nm. These sizes are of the same magnitude as the effectivevan der Waals radii of, e.g., bare

sodium, potassium, and chloride ions; water and oxygen molecules; and the general anesthetic

xenon.

A further prerequisite for analyzing the properties of the voids is the four region model origi-

nally introduced by Marrink et al.9,26 As we shall see, the free volume properties vary considerably

with the position along the bilayer normal.9,15,20 It is therefore not optimal to study the properties

of voids averaged over the whole bilayer. Instead, we shoulddivide the bilayer into regions with

more homogeneous compositions, slightly modifying the original partition in Refs. 9 and 26. Re-

gion 1 ranges from the point where the mass density of water starts to deviate from the bulk value

to the point where the densities of lipid and water are equal,see Fig. 5 (and Fig. 1). This region

contains mostly water molecules and parts of lipid head groups. Region 2 extends from the point

where the densities of water and lipid coincide to the point where the mass density of lipid chains

exceeds 800 kg / m3. This region is dominated by the lipid head groups, but thereis also a finite

density of lipid acyl chains. Region 3 is defined between the points where the mass density of lipid

chains assumes the value of 800 kg / m3. As the definition suggests, region 3 is dominated by acyl

chains. The remaining part of the bilayer, i.e., the bilayercenter, is region 4, with a low density of

lipid chains.
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FIG. 2: Molecular descriptions of (a) DPPC, (b) DMPC, (c) PLPC, and (d) PSM molecules. The numbering

shown here is used in the calculation of mass density profiles, see Table I.

III. MD SIMULATIONS OF MEMBRANE SYSTEMS

Atomic-level molecular dynamics data for dipalmitoylphosphatidylcholine (DPPC), dimyris-

toylphosphatidylcholine (DMPC), and palmitoylsphingomyelin (PSM) were available from recent

studies.15,27,28The sphingosine (SPH) base in PSM contains onetrans-double bond between the

4th and 5th carbons in the SPH chain (carbons 36 and 37 in Fig. 2(d)), and its enantiomeric config-

uration is D-erythro, as is the case in nature.29 The simulation data for diunsaturated 1-palmitoyl-

2-linoleoyl-sn-glysero-3-phosphatidylcholine (PLPC)30 has not been previously published (see be-

low). Descriptions of the four molecules are shown in Fig. 2.Since most of the practical details

have been discussed elsewhere, we only consider the issues most relevant for this study here.

The NpT simulations were performed using the GROMACS molecular simulation software.31

All systems were comprised of 128 lipid molecules and were hydrated by 3655 water molecules.

The temperature was kept constant using a Berendsen thermostat32 for DMPC and DPPC simu-

lations, and a Nosé–Hoover thermostat33,34 for PSM and PLPC. In both cases, the time constant
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employed was 0.1 ps. Lipid molecules and water were separately coupled to a heat bath. Pres-

sure was controlled by a Berendsen barostat32 for DMPC and DPPC, and by a Parrinello–Rahman

barostat35,36 for PSM and PLPC, with a time constant of 1.0 ps. The pressure coupling was applied

semi-isotropically such that the sizes of the system in thez direction, i.e., in the direction of the

bilayer normal, andxy plane were allowed to vary independently of each other.

For long-range electrostatic interactions we used the Particle Mesh Ewald technique,37,38which

has been shown to do well in membrane simulations.39–41 Water was modeled using the SPC

model.42 More detailed specifications for the simulations and the force fields used for these sys-

tems can be found elsewhere.15,27,28,43

The temperature used in the simulations was 323 K in all casesexcept for PLPC, which was

simulated at 310 K. The effect of the simulation temperatureto the void distribution in lipid bi-

layers has been discussed by Bassolino-Klimas et al.12 At lower temperatures the free volume is

more concentrated to the center of the bilayer, while at higher temperatures the voids in the center

of the bilayer are smaller, and there are more voids in the head group region. These results should

be kept in mind while analyzing the results of the PLPC simulation. Nevertheless, since all bilay-

ers we have studied are in the liquid-disordered (fluid,Lα) phase above the main phase transition

temperature, the properties we have studied here are not expected to display any major changes

with the temperature.

The duration of the simulations was 100 ns for DPPC, 20 ns for DMPC, and∼50 ns for PLPC

and PSM. After equilibration of 10 – 20 ns, a time scale of 10 – 80 ns was used for analysis.

IV. ESSENTIAL STRUCTURAL PROPERTIES

To ensure that the bilayers have reached equilibrium and to compare them with experimental

findings, we first focused on a few quantities commonly studied in experiments. These quantities

are further used in Sects. V and VI to interpret the results for free volume and packing.

A. Equilibration

We first consider the temporal behavior of the area per lipid in the plane of the membrane,

A(t), see Fig. 3. In all PC systems equilibrium is reached within 10 ns, and in PSM within 20 ns.
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FIG. 3: Evolution of area per molecule for each system up to 50ns. The results for DPPC and DMPC are

essentially on top of each other.

Hence we have discarded this part of the data and used the remaining portion for analysis. For

the average area per lipid〈A〉 we find〈A 〉 = 0.656 ± 0.008 nm2 for DMPC,0.654 ± 0.005 nm2

for DPPC,0.689 ± 0.009 nm2 for PLPC, and0.527 ± 0.008 nm2 for PSM. Experimentally, re-

sults for DMPC at 50◦C range between 0.629 – 0.703 nm2.44–46Recent studies of DPPC point at a

value of 0.64 nm2.47 For PLPC experimental results are not available, but for DOPC (dioleoylphos-

phatidylcholine), which has two monounsaturated chains, an experimental value〈A〉 = 0.725 nm2

has been found.47 Sphingomyelin systems have yielded an area per lipid 0.47 nm2 through x-ray

diffraction experiments at 328 K,48 and 0.52 nm2 based on Langmuir film balance measurements

at a surface pressure of 30 mN / m andT = 303 K.49 We conclude that our results are in good

agreement with experiments.

B. Ordering of Hydrocarbon Tails

Another quantity commonly measured for lipid membranes is the deuterium order parameter

SCD. Obtained from2H NMR experiments, it describes the average orientational order of the

lipid hydrocarbon chains with respect to the membrane normal. In simulations, one calculates the

quantity

SCD =
1

2
〈3 cos2 θ − 1〉, (1)

whereθ is the angle between a selected C–H vector and the reference direction (bilayer normal).

In a united atom simulation, the missing apolar hydrogens attheir equilibrium positions can be

reconstructed on the basis of the backbone chain configuration. In this work, we have reconstructed

the C–H vectors and calculated the order parameters for eachof them. For further discussion of
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FIG. 4: Order parameters for DPPC, PLPC and PSM. Results for DMPC in Ref. 27 are not shown here.

Low carbon indicesn correspond to those close to the head group, and highn to those near the end of the

chain.

the issue, see Refs. 28,50,51.

The order parameter profiles for DPPC, PLPC, and sphingomyelin are presented in Fig. 4. The

order parameter profile of DMPC is essentially similar to that of DPPC except for the shorter

chains (data not shown).

The absolute values of the deuterium order parameter for both chains of DPPC and DMPC are

approximately 0.18 forn = 2−8 and descend to 0.1 and below at the end of the tail.15,27The order

parameter of the unsaturated chain of PLPC has somewhat lower order parameter values, and the

variations are greater near the end of the tail. This is because of the two double bonds.43 The

order parameter values for sphingomyelin are considerablyhigher than for DPPC. The difference

is typically about 0.1, except for the sphingosine chain segment forn = 2−3, where the values are

as high as 0.4, and forn = 4−5, where the order parameter drops below 0.1 because of the double

bond.28 The high ordering and dense packing of sphingomyelin at least partly stem from the strong

intermolecular hydrogen bonding discussed in Ref. 28. These results are in good agreement with

experiments, see Refs. 15,27,28,39,43 and references therein.

C. Density Profiles

The mass density profiles were first determined for the whole system, and then separately for

lipids, solvent, PC head groups, and chain regions as definedin Table I. The positions of all atoms

were determined with respect to the instantaneous center ofmass position of the bilayer. The mass
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FIG. 5: Mass density profiles for (a) DPPC, (b) DMPC, (c) PLPC,and (d) sphingomyelin.

lipid chains PC

DPPC 12 – 13, 15, 17 – 32, 34, 36 – 50 1 – 10

DMPC 12 – 13, 15, 17 – 30, 32, 34 – 46 1 – 10

PLPC 12 – 13, 15, 17 – 34, 36, 38 – 52 1 – 10

PSM 12 – 13, 16, 18 – 33, 36 – 50 1 – 10

TABLE I: Definitions of chains (including both glycerol backbone and fatty acyl chains here) and phos-

phatidylcholine (PC) parts of molecules used in Fig. 5. The numbering refers to Fig. 2.

density profiles are shown in Fig. 5.

The thickness of a bilayer was defined here as the distance between the points where the mass

densities of lipids and water are identical. Using this definition we found the thickness to be

3.65 nm for DMPC, 4.20 nm for DPPC, 4.08 nm for PLPC, and 4.95 nmfor PSM. The thickness

therefore appears to be related to the lengths and the average ordering of the hydrocarbon chains.

V. FREE AREAS AND CLOSE-PACKED CROSS-SECTIONAL AREAS OF LIP IDS ACROSS

MEMBRANES

The three-dimensional grid described in Sect. II A can be considered to be composed of a num-

ber of non-overlapping two-dimensional slices that represent the membrane at varying distances

from the center of the bilayer. Pictures of these slices givea cross-sectional view of the molecular
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FIG. 6: Slices of lipid bilayers taken from the last configuration of each simulation. Systems in columns

from left to right are DPPC, PLPC and PSM. Rows from top to bottom represent (a) the center of the bilayer

at z = 0; (b) the region where the chain’s mass density peaks (according to Fig. 5,z = 1.0 nm for DPPC,

z = 0.8 nm for PLPC, andz = 1.4 nm for PSM); and (c) the region where the free area fraction has a local

minimum (according to Fig. 11, for DPPC and PLPCz = 1.6 nm and for PSMz = 2.1 nm). The occupied

lipid grid elements have been colored black, the water is gray, and the free area is white.

packing and clearly show the free area in the bilayer. Figure6 contains examples of slices.

Slices of DMPC, DPPC, and PLPC look quite similar. There is a lot of free area in the center of

the bilayer and clearly less free area in the acyl chain region. The smallest amount of free area can

be found in the head group region. The slices of palmitoylsphingomyelin are somewhat different.

The center of the bilayer appears to be even sparser in the case of the of PCs. At the same time, the

tail and head group regions look denser than in the case of phosphatidylcholines. In the following

we shall give a more quantitative view of the packing and freevolume properties of the bilayers.

A. Area Profiles

Average area profiles, i.e., the average areas occupied by lipids, solvent, as well as free areas, as

functions of the distance from the bilayer center along the bilayer normal can be computed directly

from the grids. In practice the area profiles are constructedby counting the area of the occupied
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FIG. 7: Average area profiles scaled by average total bilayerarea for lipid (solid line) and solvent (dashed

line), as well as free area (dotted line). (a) DPPC, (b) DMPC,(c) PLPC, and (d) PSM. The errors are of the

order of a few percent.

grid elements for each grid and plotting the average areas asfunctions of thez-coordinate, denoted

by 〈Aspecies(z)〉. The final profiles are made by averaging over all configurations. The computed

area profiles for all systems are shown in Fig. 7. The areas arescaled by the average total area

〈Atot〉, which is obtained by multiplying the average area per lipid〈A〉 by the number of lipids in

a monolayer.

B. Interdigitation

To characterize interdigitation, i.e. how lipid moleculesin one leaflet extend to the opposite

one, we compute the number of lipid molecules in each slice. This is achieved by finding the

minimum and the maximumz-coordinate of each molecule, defined by the van der Waals radii of

its atoms. The molecule is considered to be present in all slices 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 Fig. 8.

The shapes of the curves in Fig. 8 have much in common. They allhave broad plateaus in

the middle of the two monolayers, corresponding to the region where all 64 lipid molecules are

present. All curves have a definite peak in the center of the bilayer. This peak has its origins in

interdigitation of lipids. The width of the peak indicates how far to the other monolayer the lipids

are extended, while the height gives the number of lipids that reach to the opposite monolayer.
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FIG. 8: Average number of lipid molecules as function of distance from bilayer center along bilayer normal.

For comparison, the number of lipids in each leaflet is 64.

At the edges of the bilayer all curves decay to zero. Here a steep decay indicates a well-defined

bilayer edge.

We find that 54 % of the DPPC and PLPC lipid molecules protrude to the opposite monolayer,

a few of them reaching up to 0.6 nm beyond the center of the bilayer. The DMPC curve shows no

significant differences from this behavior, except for the more narrow plateau region resulting of

the shorter hydrocarbon chains. The fact that saturated andunsaturated PCs, as well as lipids with

two chains of different lengths show no differences here is abit surprising. This would be the case

if one chain were mainly responsible of the interdigitationand the other would not play such an

important role.

In the case of palmitoylsphingomyelin only 35 % of lipid molecules extend to the opposite

monolayer. In addition, chains of the PSM molecules never reach more than 0.4 nm into the

opposite leaflet. This is at least partly caused by the tail region of sphingomyelin being highly

ordered and therefore dense: it is difficult for lipids from one monolayer to extend to the dense

tail region of the other monolayer. Less interdigitation together with higher ordering of the chains

result in a thicker bilayer than in the case of, e.g., DPPC, see Sect. IV C. Limited interdigitation

also means less variation in the position of the molecule along the bilayer normal. This is seen as

a slightly sharper edge of the PSM bilayer in Figs. 7 and 8.

The weak interdigitation found in the case of PSM is somewhatsurprising, since it is com-

monly assumed that sphingomyelin molecules interdigitateconsiderably.52–54 Here, however, we

are dealing with palmitoylsphingomyelin, whose saturatedhydrocarbon chain is short – only 16

carbons – and the chain mismatch is minor. Sphingomyelin molecules, however, come in a variety
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FIG. 9: Close-packed cross-sectional areas as functions ofdistance from bilayer center. The errors are of

the order of few percent.

of different lengths: the length of the amide linked acyl chain in natural sphingomyelins varies

from 16 to 24 carbons. Recent atomic-scale modeling studiessuggest that interdigitation in the

fluid phase becomes stronger with an increasingly long amidelinked chain.55 The increasing chain

disparity further enhances interdigitation.

C. Close-Packed Area Profiles

The close-packed cross-sectional area profile is a useful tool for studying the bilayer packing

properties, since it reflects the space occupied by a lipid indifferent regions inside a membrane. A

close-packed cross-sectional area profile is computed by dividing the total area occupied by lipid

molecules by the average number of lipids in each slice:15

alipid(z) ≡
〈Alipid(z)〉

〈N lipid(z)〉
. (2)

The results are shown in Fig. 9.

The close-packed cross-sectional area varies considerably along the bilayer normal. In general

there is a minimum in the center of the bilayer and a maximum inthe acyl chain region at around

1 nm from the center. The curves for DPPC and DMPC are very similar, except that the DPPC

bilayer is thicker. The close-packed area of PLPC is largelysimilar to that of DPPC, the main

difference being the larger area of PLPC aroundz = 1.0 nm. This is to be expected, since the

double bonds should increase the cross-sectional area of a PLPC molecule.

PSM is significantly different from the phosphatidylcholines. The PSM bilayer is much thicker,

which makes the profile broader and flatter. The close-packedareas differ especially in the acyl
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chain region, where sphingomyelin has clearly the smallestcross-section. The more complex

shape of the close-packed area in the head group region stemsfrom the two main head group

orientations in sphingomyelin, see Ref. 28. PCs only have one main head group orientation.

Comparison of close-packed area profiles to experimental data is not very easy, since experi-

mental results for the area per lipid include both the cross-sectional close-packed area of a lipid and

the average free area per lipid. What we can do is to consider values obtained from bilayers in the

gel state, where the contribution of free area is as low as possible. It turns out that in DMPC bilay-

ers in the gel state the average area per lipid is about 0.47 nm2,56 and in DPPC〈A〉 = 0.48 nm2.47 If

compared with the largest cross-sectional areas in Fig. 9, the gel phase values of DMPC and DPPC

(including a certain fraction of free area) are about 15 % larger than those shown in Fig. 9. As for

crystal structures, an estimate for the molecular cross-sectional area of DMPC is 0.39 nm2.57 This

is slightly smaller than the result in Fig. 9, as expected. Finally, Li et al. have recently conducted

Langmuir monolayer experiments for palmitoylsphingomyelin monolayers.49 The results suggest

that the PSM layer collapses at an area per molecule of∼0.40 nm2.

D. Close-Packed Areas vs. Order Parameters

Petrache et al. have suggested that the deuterium order parameter and the average chain travel

distance along the bilayer normal are related.58,59 These ideas lead to a simple relation for deu-

terium order parameters and cross-sectional areas occupied by lipid molecules:

An =
2A0

1 +
√

−8
3
〈Sn

CD〉 −
1
3

. (3)

HereAn is the cross-sectional area of a lipid molecule near segmentn, andA0 is the cross-sectional

area of a fully ordered lipid molecule. We can adopt a valueA0 ≈ 0.28 nm2 computed as a best

fit using DPPC / cholesterol systems with a varying cholesterol concentration.15

We do not expect to be able to extract the detailed form of the close-packed area profile from the

order parameters using Eq. (3). It could, however, be a useful tool for estimating the close-packed

areas in the acyl chain region, i.e., at about 1 nm from the bilayer center, where the relation of

close-packed cross-sectional area and the deuterium orderparameter has an obvious interpretation.

The value of the order parameter is computed by averaging over the tail regions for segments

n = 3 − 8 and over both tails, see also Sect. IV B. The close-packed areas at the distance 1 nm

from the center are easily obtained from Fig. 9.
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FIG. 10: Order parameters vs. close-packed areas at 1 nm frombilayer center. The solid line is plotted

according to Eq. (3) andA0 ≈ 0.28 nm2. The result of DMPC is essentially identical with that of DPPC.

Results shown in Fig. 10 reveal that Eq. (3) gives very good results. This finding is rather sur-

prising, since, after all, we are dealing with four different systems characterized by differences in

chain length, unsaturation level, and hydrogen bonding. That despite these molecular differences

we find an excellent match implies that the ordering of the hydrocarbon chains must dictate the

behavior of the close-packed area in the hydrophobic membrane interior.

E. Free Area Profiles

The free area profile is constructed by plotting the total free area in each slice divided by the

number of lipids in a monolayer as a function of thez-coordinate, see Fig. 11 (a). The free area

fraction, which is shown in Fig. 11 (b), is the same free area profile scaled by the average area per

lipid 〈A〉. The two profiles demonstrate how the free volume is distributed, on the average, along

thez-axis.

Each free area profile features a maximum in the center of the bilayer and a minimum in the

region where the head group mass density is high, see Fig. 5. Similar shapes have been reported

from modeling studies of DPPC bilayers.15,26 We further find that the free area profile is inversely

proportional to the mass density profile depicted in Fig. 5. This coupling is of considerable interest

since, to our knowledge, there are no direct means to gauge free area profiles through experiments.

The above finding suggests that, by measuring density profiles in different systems one would be

able to gain better understanding of qualitative changes infree area profiles in corresponding

systems.
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FIG. 11: Free areas per molecule as functions of distance from bilayer center. The errors are of the order of

a few percent. (a) Free area per molecule and (b) the free areafraction where results in (a) have been scaled

by the average area per lipid.

Naively, the shape of the profiles in Fig. 11 suggests that themovement of diffusing solutes

is fastest in the center of the bilayer and that the head groupregion is the rate limiting step to

membrane permeability. Such ideas should be taken with somecaution, however, since both the

distribution of small molecules inside a membrane and theirpartitioning into membranes depend

on the subtle interplay of various interactions. For instance small molecules such as diphenylhex-

atriene (DPH) and pyrene commonly used as fluorescent probesdo not favor the bilayer center,

but are located with the acyl chains just under the head group.60–62

While the free area profiles of the different PCs do not differsignificantly from each other,

the PSM bilayer differs considerably from the phosphatidylcholines. Figure 11 shows that a PSM

bilayer contains the least amount of free area per lipid in all parts of the bilayer. On the other hand,

as Fig. 6 suggests, it has denser head group and acyl chain regions than do the PCs, but is sparser

in the bilayer center.
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order of 20 %.

F. Area Compressibility Moduli

The lateral diffusion rates of lipid molecules depend on theamount of free volume in the bi-

layer; free area theories claim that a diffusion jump is not possible until there is a large enough

free area next to the diffusing molecule.10,22,23The possibility of redistributing the free volume is

important for diffusion. It thus seems evident that the diffusion rates depend on the magnitude of

free volume fluctuations: increased fluctuations imply faster diffusion.15

The free area (or volume) fluctuations in the different regions of the bilayer can be quantified

by the area compressibility modulus. The area compressibility modulus for occupied area can be

defined as15

KA(z) ≡ kBT
〈Aocc(z)〉

〈δA2
occ(z)〉

. (4)

HerekB is the Boltzmann constant,〈Aocc(z)〉 is the average occupied area, i.e., the area which is

not free but occupied by lipid or solvent molecules, and〈δA2
occ〉 = 〈A2

occ〉−〈Aocc〉
2 is the variance

of the occupied area. A high compressibility modulus indicates small free area fluctuations and

a low compressibility modulus large fluctuations. The area compressibility moduli for DPPC,

DMPC, PLPC, and PSM are shown in Fig. 12.

All compressibility moduli have a minimum in the center of the bilayer, reflecting larger fluc-

tuations than elsewhere. Beyond this region the curves risequickly and assume the highest values

either in the acyl chain or head group region. In these regions, where the fluctuations are the

smallest, spontaneous formation of reasonably sized voidsnecessary for diffusion jumps is not

particularly likely.
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Even though the error bars associated with the area compressibility moduli are reasonably

large, we find that there is a significant difference between PSM and PCs especially in the acyl

chain regions of the lipids. For PSM we find two different maxima located in the acyl chain region

and in the vicinity of the head groups. In the case of phosphatidylcholines only the peak around

the head group is present. The area compressibility data together with the free volume fraction

profiles shown in Fig. 11 thus indicate that in PSM bilayers the free area and its fluctuations in the

acyl chain and head group regions are more suppressed than inthe systems composed of PCs. As

a consequence, the lateral diffusion in PSM is considerablyslower than in the other systems.28

VI. VOIDS IN MEMBRANES

The mean-field quantities discussed so far indicate that thefree volume properties of sphin-

gomyelin are distinctly different from the phosphatidylcholines DPPC, DMPC, and PLPC. In this

Section, we will compare the detailed distribution of free volume in bilayers consisting of DPPC

and sphingomyelin.

A. Void Sizes

To study void sizes we first calculatedN(V ), the number of voids of a given sizeV , for both

DPPC and sphingomyelin. These distributions were calculated separately for each of the four

regions. The distributions were subsequently normalized by volume, e.g., in the case of region

4 N(V ) was scaled by the total volume of region 4,VR4. This procedure results in a number

density of voids of a given size, and facilitates comparisonbetween DPPC and sphingomyelin.

The mean-field quantities related to void number densities are the free area fractions shown in

Fig. 11 (b).

The void number density distributions calculated for the four regions and using solute radiir ∈

{0.05, 0.09, 0.12, 0.15}nm are shown in Figs. 13– 16. The differentr have been chosen carefully

to illustrate how solutes of different sizes perceive theirDPPC and sphingomyelin environments.

In the case ofr = 0.05 nm, the accessible free volume percolates in the plane of thebilayer in both

DPPC and sphingomyelin. By percolation in, e.g.,x direction, we mean that there is a large void

stretching, in thex direction, from one side of the bilayer to the opposite side.For a more detailed
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FIG. 13: Void number density distributions in region 1. The solute radii from top to bottom arer = 0.05 nm,

r = 0.09 nm,r = 0.12 nm, andr = 0.15 nm. For errors, see Fig. 16.

discussion on percolation see Refs. 9,20,63. The percolating cluster of free volume is in the bilayer

center, i.e., in region 4. Whenr = 0.09 nm, there is no percolating cluster in DPPC, while the

sphingomyelin bilayer still displays percolation in the plane of the bilayer in the bilayer center.

This is because the free volume fraction in the bilayer center is larger in sphingomyelin than in

DPPC, see Fig. 11. Finally, forr ∈ {0.12, 0.15}nm there is no percolating cluster in either DPPC

or sphingomyelin. Had we chosen to study cases wherer <
∼ 0.04 nm, we should have observed

percolation in the direction of the bilayer normal, as well.Such small solutes are, however, rather

unphysical.

Figure 13 suggests that from the point of view of free volume and voids, region 1 in DPPC

differs very little from the corresponding region in sphingomyelin. This is to be expected: most

of region 1 consists of perturbed water. Note that also the free area fractions in DPPC and sphin-

gomyelin are very similar in region 1, in agreement with the near-identical void number density

distributions.

In case of region 2, depicted in Fig. 14, it appears that larger solutes withr > 0.05 nm see,

for all V , a slightly larger void number density in DPPC than in sphingomyelin. This is what one

might anticipate, since the hydrogen bonding network in thehead group region of a sphingomyelin

bilayer should make its region 2 denser.28 This is reflected at mean-field level in the free area

fractions: in Region 2 the free area fraction is clearly smaller in sphingomyelin than in DPPC, see
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FIG. 14: Void number density distributions in region 2. The solute radii from top to bottom arer = 0.05 nm,

r = 0.09 nm,r = 0.12 nm, andr = 0.15 nm. For errors, see Fig. 16.

Fig. 11. The results forr = 0.05 nm, i.e., the near-identical void number densities for DPPCand

sphingomyelin, most probably stem from the existence of a large percolating cluster in the bilayer

center. A large percolating cluster whose center of mass is in region 4, and which therefore is

assigned to region 4, may extend all the way to region 2 and thus affects the void number density

distribution in region 2. As the percolating cluster is larger in DPPC than in sphingomyelin, see

Fig. 14, the DPPC bilayer now looks as dense as sphingomyelinhere.

As shown in Fig. 15, region 3 has certain features in common with region 2: for larger solutes

with r > 0.05 nm and for allV , DPPC appears to have the larger void number density of the two

systems. Again, this makes sense, since the acyl chain region of sphingomyelin is more ordered,

see Fig. 4, and therefore denser. The differences between DPPC and sphingomyelin are a little

larger than in the case of region 2, in some cases up to a factorof five. Note that, again, the results

are in agreement with the mean-field picture: in region 3 the free area fraction of DPPC is slightly

larger than that of sphingomyelin. The behavior in the case of r = 0.05 nm also has its origins in

the large percolating cluster, which is assigned to region 4, but extends to regions 2 and 3.

The void number density distribution in region 4 is shown in Fig. 16. Whenr = 0.05 nm

the distributions for DPPC and sphingomyelin differ for largerV : DPPC appears to have slightly

larger void number densities, and the percolating cluster looks a little larger than in the case of

sphingomyelin. This is puzzling at first sight, since the free area fraction, see Fig. 11, is signifi-
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FIG. 15: Void number density distributions in region 3: (a)r = 0.05 nm, (b)r = 0.09 nm, (c)r = 0.12 nm,

and (d)r = 0.15 nm. For errors, see Fig. 16.

cantly larger in sphingomyelin than in DPPC. The results can, again, be explained by the fact that

the largest clusters are not truly confined to region 4, but contain free volume from regions 2 and

3, as well. As regions 2 and 3 are sparser in DPPC than in sphingomyelin, the largest clusters in

region 4 appear more numerous and larger in DPPC. Asr grows beyond 0.1 nm, the free volume

becomes less connected, and we need no longer worry about large clusters that occupy free vol-

ume from several regions. Now the void number density distributions comply with the free area

fractions: sphingomyelin has a larger void number density for all V .

Summarizing, the perturbed water regions are nearly identical in DPPC and sphingomyelin.

The head group and acyl chain regions are denser, i.e., have alower void number density, in

sphingomyelin. The bilayer center is the opposite: here sphingomyelin has the largest number

density of voids of all sizes.

B. Void Shapes

Principal component analysis was used to characterize the shapes of voids with4 × 10−3 nm3

< V < 0.13 nm3. As opposed to larger voids with more complicated shapes, the voids in this size

range are ellipsoidal, and therefore may be characterized using PCA. PCA allows us to extractσ1,

σ2, andσ3, which are proportional to the lengths of the principal axesof an ellipsoidal void such
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FIG. 16: Void number density distributions in region 4: (a)r = 0.05 nm, (b)r = 0.09 nm, (c)r = 0.12 nm,

and (d)r = 0.15 nm. The finite statistics lead to relative errors that grow with V . ForV < 0.01 nm3 the

errors inN(V )/V are smaller than a percent, and in the range0.01 nm3 < V < 0.1 nm3 smaller than ten

percent. IfV is of the order of1 nm3, the relative errors may be of the order of100 %. As the data are

shown on a loglog scale, this is hardly a problem.
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FIG. 17: P (σ1/σ2, σ2/σ3) for (a) DPPC and (b) sphingomyelin in region 3. The solute radius is r =

0.05 nm. The relative errors are less than ten percent.

thatσ1 is the longest axis andσ3 the shortest axis. From these one can extractP (σ1/σ2, σ2/σ3),

the probability density for finding a with given values ofσ1/σ2 andσ2/σ3. The distribution has

been normalized such that integration over it gives unity.
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the order of five percent.

The behavior ofP (σ1/σ2, σ2/σ3) in region 3 withr = 0.05 nm is portrayed in Fig. 17. We first

note that in both DPPC and sphingomyelin elongated voids dominate the distribution; spherical or

nearly spherical voids withσ1/σ2 ≈ σ2/σ3 ≈ 1 are rare. Voids with4×10−3 nm3 < V < 0.13 nm3

are a little more elongated in sphingomyelin than in DPPC. This is probably caused by the higher

degree of ordering of the sphingomyelin chains. Whenr grows, the situation remains very similar

to the one depicted in Fig. 17: small and intermediate voids are elongated rather than spherical,

and more elongated in sphingomyelin than in DPPC. As for voidshape in regions 1, 2, and 4, most

voids are elongated and there are very few differences indeed between DPPC and sphingomyelin

(data not shown). This appears to be true for allr.

C. Void Orientations

PCA also yields the orientations of the principal axes of theellipsoidal voids with4×10−3 nm3

< V < 0.13 nm3. The quantityP (cos φ) sin φdφ is the probability that an elongated void is

oriented such that the angle between its longest axis and thebilayer normal is betweenφ and

φ + dφ, see Ref. 20 for details.

In Fig. 18 we seeP (cosφ) sin φ in region 3 forr = 0.05 nm. It is clear that DPPC and

sphingomyelin differ significantly: orientation along thebilayer normal, or close to it, is much
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more common in sphingomyelin than in DPPC. This most likely stems from the fact that the

chains are less tilted in sphingomyelin than in DPPC. Increasing r does not alter the situation

(data not shown).

The orientations of small and intermediate voids (V < 0.13 nm3) in the other regions have also

been considered (data not shown). Orientation in the plane of the bilayer is heavily favored in

regions 1 and 2. In these regions the differences between DPPC and sphingomyelin are marginal.

As for region 4, the orientations of voids with4 × 10−3 nm3 < V < 0.13 nm3 are quite similar to

those in region 3, with similar differences between DPPC andsphingomyelin.

The orientation of voids is expected to play a role in certainphysical processes. For ex-

ample, non-polar fluorescent probes such as diphenylhexatriene (DPH) are commonly used to

gauge membrane fluidity (ordering properties) of lipid acylchains through fluorescence anisotropy

measurements.60,61 While the measurements actually provide insight into the orientation of DPH

probes – rather than lipids – in a membrane, it is commonly assumed that the behavior of DPH

closely reflects the properties of its local environment in abilayer, and hence provides information

of the ordering of acyl chains, too. Our finding that elongated voids in region 3 are more likely to

be oriented along the bilayer normal in PSM than in DPPC is in line with this assumption. Since

we expect DPH to fill those voids and to be accommodated in the vicinity of region 3,60,61 in a

PSM bilayer the DPH molecules would have a stronger tendencyto be aligned along the bilayer

normal. This is consistent with our order parameter resultsdiscussed in Sect. IV B, which indicate

that PSM is substantially more ordered than DPPC.

VII. CONCLUDING REMARKS

Biological membranes that surround cells are an example of soft-matter interfaces whose prop-

erties can be tuned by weak interactions of the order of thermal energy. The lipid bilayer alone is a

fascinatingly complex nanoscale structure: a thin elasticsheet typically about 5 nm thick, consist-

ing of hundreds of different kinds of lipids. The complexityof membranes has been recognized

for quite some time, yet their heterogeneous and dynamic nature, as well as their importance in

regulating cellular functions has been understood only rather recently. It has been suggested that

membranes play a major role for functions governed by membrane proteins; the structure and

function of a given membrane protein can be thought to be influenced by the composition of the

membrane surrounding the protein. The most recent studies concerning this issue have focused
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on unraveling the nature of ordered domains known as lipid rafts4,5,7,8rich in a few specific lipids,

most notably cholesterol, sphingomyelin, and (almost) saturated phospholipids.

We have investigated the free volume properties of several membrane systems related to rafts.

The main motivation for doing so is our view that lipid bilayers are essentially porous thin sheets

characterized by a distribution of free volume pockets or voids. The presence of voids is a key

to many dynamic processes such as lateral diffusion and permeation. We have considered how

the composition of the membrane affects the free volume properties, the emphasis being on those

lipids that are commonly found in lipid rafts.

Our data suggest that the amount of free volume is closely coupled to a number of structural and

dynamical properties of lipid bilayers. Most significantly, a reduction in free volume is found to

correlate with enhanced ordering of acyl chains, a tighter packing of lipid molecules, and reduced

area fluctuations. All these are related to the elastic properties of lipid membranes. Our previous

studies of phospholipid / cholesterol systems20 are in line with these findings, and further suggest

that there is an interplay between reduced free volume and a slowing down of lateral diffusion.

As for comparison between different lipid systems, we have found that the differences in free

volume properties between saturated and diunsaturated phosphatidylcholines are not many. Sph-

ingomyelin, on the other hand, differs significantly from the PCs; in a palmitoylsphingomyelin

bilayer the distribution of free area and voids across a membrane is distinctly different from the

other cases. Based on the results discussed in the present study and in Ref. 20, it is evident that

membranes comprised of large amounts of sphingomyelin and cholesterol, which are the most

common lipids found in rafts, are characterized by dense packing, highly ordered acyl chains, and

substantially different free volume properties compared to membranes composed of saturated and

weakly unsaturated PCs.

The key conclusion is that seemingly minor details in free volume properties may have a large

impact on a variety of structural and dynamical characteristics of lipid membranes. While detailed

studies of the coupling of free volume with permeation and diffusion of small solutes in the mem-

brane interior are so far missing, there is all reason to assume that similar conclusions are to be

expected. As for membrane proteins, it would be fascinatingto address the question of the inter-

play between the composition and free volume properties of amembrane surrounding a protein,

the lateral pressure profile around the protein, and the resulting structure of the protein. Work in

this direction is in progress.
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