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Effect of Cholesterol on the Properties of Phospholipid Membranes. 4. Interatomic Voids

1. Introduction

Hydrated phospholipieicholesterol mixed bilayer membranes
have been intensively studied in the past decade both by
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The properties of the interatomic voids present in fully hydrated dimyristoylphosphatidylcholine (BMPC)
cholesterol mixed membranes of different compositions are analyzed in detail using a generalized variant of
the Voronoi-Delaunay method on the basis of computer simulation results. The systems investigated are
chosen from both sides of the DMPholesterol miscibility gap; the pure DMPC bilayer has also been
included in the analysis as a reference system. The results obtained show that the empty space is organized
in a more compact way, forming larger voids in the presence than in the absence of cholesterol. The voids
located in the region of the rigid cholesterol rings become, on average, less spherical, oriented more parallel
with the membrane normal axis with increasing cholesterol concentration, whereas an opposite effect of
cholesterol is observed in the middle of the membrane among the chain terminal methyl groups. In general,
the preferential orientation of the voids is found to strongly correlate with that of the molecules in the
hydrocarbon phase of the membranes. The membranes are found to contain rather large voids, the volume of
which can be an order of magnitude larger than the largest spherical cavities present in the systems. These
voids are elongated or branching channels rather than big empty holes. The voids located among the DMPC
and cholesterol molecules are lying preferably parallel with the membrane normal axis. The existence of
such empty channels can be of great importance in the cross-membrane permeation of small, uncharged
penetrants, in particular, of polar molecules.

microscopic, atomistic level configurations. The computer
simulation studies performed previously on phosphotipid
cholesterol mixed bilayers involved systems covering a wide
range of cholesterol concentrations, containing various saturated

experimental methods!? and by computer simulatiorg;28 (e.g., dimyristoylphosphatidylcholine (DMP&})15.18.2325 dj-
The main scientific importance of studying these systems Comespalmitoylphosphatidylcholine (DPPE)i6.17.19202226.28  gng

from the fact that both phospholipids and cholesterol are
essential components of the membranes of the eukaryotic cells
and hence such mixed bilayer systems can be regarded a
simplified models of biomembranes. All kinds of communica-
tions of the living cells with their environment involves either
the membranes themselves or specific protein molecules embed
ded in the membrane. Therefore, a deep understanding of the
interaction of living cells with their environment requires an
atomistic level description of the properties of the membranes.

unsaturated (e.g., dioleylphosphatidylcholine (DOPJ)hos-
holipid molecules, cholestefdi1820-26 and cholesterol sul-
atel® as well as domains formed by 18:0 sphingomyelin and
cholesterol molecules that are embedded in the phospholipid
membrané’ In these studies several properties of the mem-
branes, such as the distribution of the density of the system
and of various different atomic groups along the membrane
normal}6:17.19.2023.262%the thickness of the bilay&?2’ the
structure of the headgroup regih?1-25the free area properties

For this purpose, computer simulation methods can provide ¢ the membran&-27 lateral diffusion of the moleculds.16.22.26

a unique tool, since in simulations the macroscopic properties yna effect of the cholesterol molecules on the ordering of the
of the system investigated are derived directly from its lipid tails,1314.1623.2627 and the profile of the electrostatic

potential>~2022as well as of the solvation free energy of various
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the key physiological role played by these molecules, under- hyperbolic faces, have been calculated several times in the past
standing the principles governing their passive transport acrossdecade in order to use them for analyses concerning the
the membrane is of great importance. However, the direct molecular structure of the systems of interést® The volume
simulation of the cross-membrane diffusion of a penetrant is assigned to a given atom can certainly be defined in a physically
severely hampered by the large computational cost required bymore meaningful way by the Voronoi S-regions than by using
such a study. In fact, the diffusion profile of a few neutral either the classical Voronoi polyhedra or the radical (power)
penetrants across a lipid bilayer has, to our knowledge, only Voronoi cells##8 However, in studying the interatomic voids
been estimated once from computer simulations, in the pioneer-the use of the Delaunay simplices seems to be more suitable.
ing works of Marrink and Berendséh3°In our previous studies ~ Every Delaunay simplex is determined by four mutually
we have calculated the thermodynamic driving force of such neighboring atoms and represents an elemental interatomic
transport, i.e., the variation of the solvation free energy of several cavity **34Any complex void between the atoms of the system
penetrants along the membrane normal in a hydrated bilayer ofcan be described as a cluster of these simpfie€SThe atoms
pure DMPG! as well as of DMPE-cholesterol mixtures of ~ forming the Delaunay simplices are defined by the Voronoi cells
various compositiond! However, in determining the perme- or, in the case of atoms of different size, by the Voronoi
ability of the membrane for a given penetrant the thermodynamic S-regions of the system. In this latter case these simplices are
background of its permeation (i.e., its solvation free energy usually called Delaunay S-simplic&s3’ Similarly to the
profile) is complemented by the kinetic properties of the Cclassical Delaunay simplices, which have been studied with the
permeation (i.e., the diffusion profile) of the penetrant along @id of the classical Voronoi network several tinfe8? the

the membrane normal ax3&3° The diffusion properties of the  clustering of the Delaunay S-simplices can be studied in void
penetrant are largely determined by the distribution of the size analyses using the Voronoi S-network of the system, which is
and shape of the empty pockets, voids of the membrane. Thetherefore a basic tool of such studfés?

analysis of the free volume properties of such complex, Recently we have developed a novel and fast algorithm that
inhomogeneous, and anisotropic systems as hydrated |ipidenables the construction of the Voronoi S-network even in large,
membranes have been, however, seriously limited by the complex molecular systemi&3’In our previous studies, we have
difficulties in locating the voids in the system. The free volume Uused this method to analyze the free volume properties of a
properties of a hydrated phospholipid membrane has beenfully hydrated DMPC membradg3’ as well as of hydrated
analyzed in detail by Marrink et ai2 the fraction of empty =~ membranes built up by various unsaturated phospholipid
volume across DPPEcholesterol mixed membranes has been Moleculed®in detail. In this paper we present a detailed analysis
calculated by Tu et df and by Falck et aP® whereas the of the free volume properties of DMP&holesterol mixed
density profiles of spherical cavities of different minimum radii Membranes of various compositions. The composition of one
have been determined across membranes of various composiof the membranes investigated has been chosen from the
tions in our previous work&31Very recently Falck et al. have cholesFeroI-rlch, while t_hat of another one from the (_:hqlgsterol-
reported a detailed analysis of the voids in DPRBolesterol ~ Poor side of the experimental DMP<&holesterol miscibility
mixed membranes of low and moderate cholesterol concentra-9ap located at 310 K between the cholesterol mole fraction
tions?8 In all of these studies cavities have been searched for Values of 0.1 and 0.28For reference, the results obtained for
along various grids. However, using a coarse grid in such the pure DMPC membrane are also presented. This study
analyses introduces a certain numerical inaccuracy in the results COMPplements our recent investigations of the effect of cholesterol
To keep this numerical inaccuracy sufficiently low, a large ©ON various properties, such as the average membrane stréfcture,
number of grid points have to be used, which makes the entire the ordering of the lipid tails? the cross-membrane free energy
analyses computationally rather costly. Furthermore, the com-Profile of various small penetrant$,and the local lateral
putational cost of such calculations is proportional to the cube Structuré® of phospholipid membranes.

of the system size. The main advantage of searching for cavities . .

along a grid is the simplicity of the procedure; however, one 2. Computational Details

still has to face to the problem of identifying the voids in a
lattice formed by a large number of occupied and unoccupied
grid points. The possible algorithms that can be used for this

problem are discussed in detail in the recent paper of Falck etg;, 1ations have been performed in the isotherrgdbaric {,
al?® p, T) ensemble under physiological conditions, i.e., at 1 atm
Recently we have proposed to use for this purpose the and 37°C. Two mixed DMPG-cholesterol bilayers, chosen
Voronoi—Delaunay (VD) method334which is able to map the  from both sides of the DMPEcholesterol miscibility gap have
voids very rapidly (i.e., its computational cost increases linearly been investigated. In addition, the pure DMPC membrane,
with the system size) even in complex molecular syst&ms. regarded as a reference system, has been included in the
To take into account the fact that the molecules in the membraneanalyses. Each side of the bilayer has contained 25 solute
consist of atoms of different size, a generalized variant of the molecules, i.e., 25 DMPC in the first, 23 DMPC and 2
original VD method, based on the additively weighted VVoronoi cholesterols in the second, and 15 DMPC and 10 cholesterols
diagram?”-394%has to be used. In this generalized variant of in the third system. These systems are referred to as the
the Voronoi-Delaunay method, contrary to its classical form, cholesterol-free, cholesterol-poor, and cholesterol-rich systems,
the distance of a spatial point from an atom is regarded as therespectively, throughout this paper. The bilayer has been
distance of the point from thgurfacerather than from the center  hydrated by 2033 water molecules, represented by the rigid
of the atom. However, due to this definition the spatial regions TIP3P potential modék The DMPC and cholesterol molecules
assigned to given atoms (called the Voronoi S-regions), contrary have been described by the CHARMM22 force figldn the
to the classical Voronoi cells, are not polyhedra, which make simulations these molecules have been treated in a semiflexible
their determination rather difficult in disordered molecular way; i.e., their bond lengths and bond angles have been kept
systems. Nevertheless, the Voronoi S-regions, confined by fixed at their equilibrium values, whereas torsional flexibility

2.1. Monte Carlo Simulations. Details of the computer
simulations performed have been described in our previous
paper23 thus only a brief summary of them is given here. The
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has been introduced. To maximize the lateral distance betweenVoronoi—Delaunay method can be applied for the detailed
two periodic images of the atoms, hexagonal prism-shaped basicanalysis of the local environment of the particles as well as of
simulation boxes have been used. Standard periodic boundanthe empty space between them in disordered phases of any kind
conditions have been applied. of systems, the particles of which can be meaningfully modeled

The simulations have been performed by the program by simple spheres of equal radii. Thus, among others, the local
MMC.54 In the simulations water displacements, solute moves, Structure of liquid metal&}~5* molterf>% and supercooled
and volume change steps have been done in the following order.salts$” systems of hard spher€%,3 Lennard-Jones parti-
Every water displacement step has been followed by a solutecles? ™ 76 or small molecules represented by a single Lennard-
move, and after every 625 pairs of such steps a volume changeJones sphere besides the distribution of the fractional charges
has been attempted. In a water displacement step a wate{€-g., water;~82 hydrogen fluoridé? and HS, "8t etc.) have
molecule has been randomly translated in a random directionPeen analyzed in various respects (e.g., noncrystalline
by no more than 0.3 A and rotated around a randomly chosenPackingsy%.6164.656871,73.757782 extended (i.e., intermediate
space-fixed axis by an angle not larger thafi.2@ selecting ~ range) structural correlatiof§$?7"4 percolation and other
the water molecules to be moved, preferential sampling has beerProperties of the interatomic voids, éf®727%7¢ by this
used; i.e., waters located closer to the bilayer have been selectedn€thod.
with higher probabilities. In a solute move either, by 20% However, complex molecular systems (e.g., polymers, solu-
probability, an entire DMPC or cholesterol molecule has been tions of biomacromolecules, micelles, membranes, etc.) are built
translated randomly by no more than 0.05 A and rotated up by atoms of various sizes. This difference between the size
randomly around a randomly chosen space-fixed axis, or, by of some of the constituting atoms can even be rather large.
80% probability, a dihedral angle of the chosen molecule has Further, chemically bound atom pairs approach each other much
been altered. The torsional angles to be changed have beerloser than the sum of their hard core or van der Waals radii.
selected in a sequential order, going from the end of the chainsHence, such systems can geometrically be represented as
toward the middle of the molecules, but also subject to a ensembles of partly overlapping spheres of different size. The
probability filter allowing less frequent changes of the torsions partition of the space according to the closest sphere in such
located closer to the end of the chatd orsional changes as  systems is far from being obvious. Clearly, the classical
well as overall solute rotations have been made using the methodvoronoi—Delaunay approach cannot account for the differences
of extension biased rotatiofi%;i.e., the maximum angle of  of the atomic radii, and hence the partition of the space in this
rotation has been determined according to the distance of theway can lose its original physical meaning of dividing the system
farthest rotated atom from the axis of rotation. In this way, units into regions naturally assigned to the corresponding atoms. To
of smaller extension perpendicular to the axis of rotation have retain the physical meaning of the original Voronoi tessellation,
been, on average, rotated by larger angles than units of largeithe method can be generalized in such a way that the distance
extensions$® The solute molecules have been chosen for move of any point from an atom is measured from the surface rather
in a shuffled cyclic orde?® In the volume change steps the than the center of the atom. Then each cell, called the Voronoi
volume of the basic simulation box has been changed by no S-region, is the locus of the spatial points that are closer to the
more than 800 A To let the surface density of the bilayer be surface of its central atom than to that of any other atom of the
equilibrated independently of the total volume density of the System. It can easily be proved that the Voronoi S-tessellation,
system, in a volume change step either the cross-section of the-e., the assembly of the Voronoi S-regions, also covers the space
system has isotropically been changed or the height of the prism-without gaps and overlag83° Further, in the limiting case of
shaped basic box has been alteted@ihe two types of volume  atoms of equal radii the Voronoi S-tessellation coincides with
change steps have been performed in alternating order. The ratighe original Voronoi tessellation.
of the accepted and tried moves has resulted in about 0.50, 0.25, The faces, edges, and vertices of the Voronoi S-regions are
and 0.35 for the water displacements, overall solute moves, andthe loci of points that are equally far from the surface of two,
volume change steps, respectively, whereas38% of the three, and four atoms, respectively, and are closer to the surface
torsional rotations, depending on the torsional angle altered, haveof these atoms than to that of any other atom of the system.
been successful. The systems have been equilibrated byThus, the vertices are the centers of the empty interstitial spheres
performing 7x 10" Monte Carlo steps. In the production phase that can be inscribed between the atoms of the system. The
of the simulations 1000 sample configurations, separated by 10 quadruplets of atoms between which these empty spheres are
Monte Carlo steps, each have been saved in each system foinscribed are forming the Delaunay S-simpliégs¥’ Further,

further analyses. each edge of the Voronoi S-region connecting two of its vertices
2.2. Voronoi—Delaunay Analyses.2.2.1. The Voronoi S-  represents a “fairway” passing through the narrow bottleneck
Tessellation.The classical VoroneiDelaunay method®35 between the three nearest atoms. The set of vertices and edges

working on a set of discrete spatial points (atomic centers) or Of all the Voronoi S-regions of the system is forming a network
Spheres of equa| radii, can find around each atom the region ofthat is called the Voronoi S-network. This network can be used
space every point of which is closer to this central atom than to map the empty interatomic voids of the systé&fe.:>t

to any other atom of the system. Therefore, a Voronoi cell can It should be noted that the Voronoi S-network of a system
be assigned to the free volume available for the correspondingremains unchanged when the radius of all atoms of the system
sphere, and these cells fill the space without gaps andis decreased (or increased) by the same constant value (see
overlaps®334The space-filling mosaic formed by the Voronoi  Figure 2 of ref 37). This feature of the Voronoi S-network allows
cells is called the Voronoi tessellat®§¥°or Voronoi diagrant? a rather straightforward treatment of the atomic overlapping.

An important property of the Voronoi tessellation is that it Thus, the original system can be replaced by a reduced one by
specifies quadruplets of mutually neighboring atoms. Each of decreasing the radius of all the atoms by the same constant value
these quadruplets, called Delaunay simplices, represents arthat is large enough to eliminate all the atomic overlapping
elemental cavity. Any complex void present in the system is present in the system. Then the Voronoi S-network can be
built up from such elemental cavities. Therefore, the classical constructed on this reduced system of nonoverlapping spheres.
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The algorithm used for constructing the Voronoi S-netw®#k shape. The algorithm of rapidly finding the spherocylinder that
as well as the particular features of the Voronoi S-tessellation can best represent a given void has been described in detail in
that should be taken into account in the construction proce- our previous paper$;®” and therefore it is only briefly sum-
dure®>37 are discussed in detail elsewhere. marized here. Thus, a fictitious mass proportional to the empty

2.2.2. Determination of the Interatomic Voidshe empty ~ Vvolume of the corresponding Delaunay S-simplex is assigned
space between the atoms of a system is a complex, singlyto each site of the Voronoi S-network cluster representing the
connected region confined between the atomic surfaces. AnyVOid. Then the tensor of inertia of the cluster is calculated USing
interatomic void of the system is a part of this empty space. A the values of these fictitious masses. The axis of the sphero-
physically meaningful definition of the interatomic voids is that Cylinder is set as the axis along which the principal value of
regions of the empty space that are accessible for a Sphericathis tensor of inertia .iS mlnlmal The Iength of .the. cylindrical
probe of the radiuRyheare regarded as voids. Obviously, when part of the spherocylinddris determined by projecting all the
using this definition, the voids that are present in a given system Sites of the cluster to this axis and calculating the mean square
depend on theRyope value used, which should therefore be deviation of these projections from the fictitious center-of-mass
always indicated. The interatomic voids present in the system Of the cluster (lying always along this axis). Finally, the radius
can be determined through the Voronoi S-network. Each site R of the spherocylinder (i.e., that of both the cylindrical part
(vertex) of the Voronoi S-network is the center of an elemental and the two hemispheres) is calculated by setting the volume
spherical interstitial cavity, whereas each of its bonds (edges) of the spherocylinder equal to the volume of the Vdigg, i.e.,
represents the fairway passing through the bottleneck formedfrom the equation
by a mutually neighboring atomic triplet. Thus, each site of the 4
S-network can be characterized by th® radius of the Vioid = Rzn(l + §R) Q)
corresponding elemental interstitial cavity, whereas to each
S-network bond th&, radius of its bottleneck (i.e., the distance where Vg is the sum of the empty parts of the Delaunay
of the surface of any of the corresponding three atoms from S-simplices constituting the void. Obviously, the total length
the closest point of the bond) can be assigned. Sinc&gloé of the spherocylindet can simply be given ak = 2R + |.

a bond can never be larger than fReof any of the two sites  The sphericity of the void can be characterized by the parameter
connected by this bond, a spherical probeRgf,e can move o, defined as
along an S-network bond from one of its terminal sites to the

other one if the relatiofR, > Ryobeholds. Therefore, the probe o= 2R 2)
can move along any clusters formed by Voronoi S-network 2R+

bonds, the bottleneck radii of all of which exceeds the value of ., the corresponding spherocylinder. In the degenerate case
Rorobe Thus, such S-network clusters represent the “skeletons” \ han the spherocylinder is a perfect sphere (l.es,0) a is
of the interatomic voids, whereas the voids themselves are gqual to unity, and its value is smaller for more elongated
formed by the empty part of the Delaunay S-simplices corre- gpparaceylinders. Finally, the orientation of a void relative to
sponding to the S-network sites of these clusters. Details of the o membrane is characterized here by the cosine of the angle
calculation of the empty part of the Delaunay S-simplices are y formed by the axis of the corresponding spherocylinder and
discussed in our previous papéfs’ the bilayer normal.

It should be noted that the idea of using the paran&ighe
for revealing voids accessible for a probe of a given size is 3. Results and Discussion
related to the mathematical method calleghape®® Indeed,
both approaches use the full set of the Delaunay simplices of a
system and perform a filtration of the Delaunay complex, i.e.,
an ordering of the simplicé¥:8% In our case it is done by the
value ofRyope fOr Rorone = O the entire empty intermolecular
space is selected, whereas for rather laRg@ne Values only
the largest voids of the system are considered. Similarly, in the
method ofa-shape the parametargoverns the fictitious radii

3.1. Total and Partial Profiles of the Free Volume.The
distribution of the voids across the membrane can be character-
ized by the total and partial profiles of the free volume. The
total free volume profile is simply the fraction of the empty
space along the bilayer normal axjsvhereas the partial profile
corresponding to the value Bfoneis the fraction of the volume
of voids that are accessible for a spherical probe of this radius.
> ) _ Thus, the total profile of the free volume is equivalent with the
of atoms: rq = 4/rg"ta’, wherero is the real radius of the  partial profile corresponding tByrobe = 0. These profiles can
atom. By increasing the radius of the atoms, they successivelype readily calculated from the empty volume of the Delaunay
cover the empty space in the system from tight voids to the S_simplices, the interstitial sphere radius of which is larger than
broad ones. Thus, from the mathematical point of view the two R, The total profiles of the free volume obtained in the three
methods solve the same task, but their implementation andsystems investigated are shown in the top panel of Figure 1,
physical interpretation are different. The other difference of the whereas in the two lower panels of Figure 1 the partial profiles
two approaches is that here we use the additively weighed corresponding to thByrhevalues of 1.3 and 1.6 A, respectively,
Voronoi diagram to define the Delaunay simplices instead of agre compared. All of the profiles shown are symmetrized over
the radical one. the two sides of the bilayer. Not surprisingly, the free volume

2.2.3. Representation of the Voids by Spherocylindges. profiles obtained correlate well with the mass density profile
facilitate the analysis of the main characteristics (e.g., size, of the systems (see the top panel of Figure 2). Thus, in each
length, width, and orientation) of the interatomic voids found case the fraction of the free volume is the lowest at about 20 A
in lipid membranes, we have proposed to represent them byaway from the center of the bilayer. Considering the density
bodies of a relatively simple shape, namely, spherocylinders profiles of various atomic groups (bottom panel of Figure 2),
(i.e., cylinders covered by hemispheres of the same radii at thethis part of the membrane can be assigned to the region of the
two basic circular facesf This approach is justified by the  zwitterionic headgroup of the DMPC molecules. The fraction
fact that the voids detected by probes of reasonably large radiusof the empty space is considerably higher in the middle of the
in the membrane are usually rather compact objects of elongatednembrane among the hydrocarbon tails than in the headgroup
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_ 0.50 - —re N membranes into three separate regions in a similar way as in
S 0'45_’/'\\ - = -8 % cholesterol [’\ our previous studie®:3” Thus, region 1, covering the middle
z - 40 % cholesterol | 20% of the simulation box, is the apolar region of the
2 0.40- = hydrocarbon tails; region 2 is the rather inhomogeneous region
> 0354 3 /;\ 3 of the glycerol backbones and headgroups (this region hosts
’ 2 also most of the cholesterol ring atoms), whereas region 3,
030 e~ 00 defined as the farthest 20% of the simulation box from the

bilayer center at both sides of the membrane, covers roughly
0.09;

ST the aqueous phase of the system. The division of the pure DMPC
0.06. Y membrane to the above three regions is illustrated in Figure 1.
' / In analyzing the effect of cholesterol on the cross-membrane
0.03 1 distribution of the entire empty space (top panel of Figure 1),
0.00 it is seen that a small amount of cholesterol (i.e., at a
: . concentration below the immiscibility region with DMPC)
0.034 DN affects almost exclusively therange located between about
RNt +8 and 15 A ¢ = 0 A being the middle of the membrane),
00297== b o Gy e where the density of the cholesterol ring atoms is high (see
0.014 i) R Figure 2). Here the fraction of the empty space is clearly

increased by even a small amount of cholesterol molecules.
However, in the presence of 40% cholesterol the fraction of
the empty space is increased in a considerably braagerge,
Fi ) ) between about=8 and 25 A, covering also the region of the
igure 1. Total profile of the free volume (top) and partial free volume . - .
profiles corresponding to the probe radius values of 1.3 (middle) and Phosphatidylcholine headgroups of the DMPC molecules (Figure
1.6 A (bottom) across the three membranes investigated. Results2), Where the lack of the large headgroup of the cholesterol
obtained in the cholesterol-free, cholesterol-poor, and cholesterol-rich molecules leads to the creation of some empty space. These

systems are shown as full lines, dashed lines, and dotted lines,observations are also consistent with the mass density profiles
respectively. All of the profiles shown are symmetrized over the two  f the systems (see Figure 2).

sides of the bilayers. The dashed vertical lines illustrate the division of .

the systems into three separate regions on the example of the pure 1he effect of cholesterol on the fraction of the empty space
DMPC membrane. in the middle part of the membrane is not trivial: as is seen

from Figure 1, a small amount of cholesterol increases it,
whereas in the cholesterol-rich system it becomes even some-
what lower than in the pure DMPC membrane. This behavior,
however, correlates well with our previous observation on the
dependence of the membrane thickness on the cholesterol
concentration, namely, that in the presence of a small amount
of cholesterol the membrane becomes thicker than in pure
DMPC, whereas further increase of the cholesterol concentration
above the immiscibility region makes the membrane even
08 T _pure PMPC I\ thinner than in the cholesterol-free syst&ie have interpreted
v e+« 40% cholesterol - this behavior as the result of two opposite efféétEirst, to
0.6 fill, at least partly, the gap occurring due to the lack of the large
S e o | 0015 polar headgroup of the cholesterol molecules in the region of
—O—DMPC P atoms the headgroups, the hydrogen-bonded DMPC neighbors of
—@— chol. O atoms .
—— chol. ring atoms cholesterols prefer to stay farther from the bilayer center than
L 0.010 the DMPC molecules located far enough from cholesterols. This
effect is local and supposed to be noticeably strong only in
systems of low cholesterol concentrations, i.e., when a sufficient
amount of the DMPC molecules are still far enough from
cholesterols. The fact that a few of the DMPC molecules prefer
to stay noticeably farther from the bilayer center than the
majority of them (see Figure 7 of ref 23) explains not only the
0.000 RO O e 0.000 increase of the average width of the bilayer but also the increase
=0 200 -0 010 20,0 30 of the fraction of the empty space in the middle of the
Figure 2. Top: mass density profile of the three membranes simulated. m_embrane. On the other hand, due to the_ Iac_k of the second
Results obtained in the cholesterol-free, cholesterol-poor, and cholesterol@il Of the cholesterol molecule attached to its ring system, the
rich systems are shown as full lines, dashed lines, and dotted lines, flexible hydrocarbon chains of the DMPC molecules can extend
respectively. Bottom: number density profile of the DMPC N (crosses) more toward lateral directions in the middle of the membrane
and P atoms (open circles)., Qholesterol O atoms (full ci(cles), and in the presence than in the absence of cholestétdtence,
Z'ﬂolﬁzte’%fz:gg cs:hfg\?vrr?sa(rzo"sd #”;L;f;ggsécgrc?r?e'etsvtv‘zros"iggg sg’fsif]g" the two membrane layers can approach each other closer, leading
bilayers.p Y to the decrease of the free volume in the middle of the bilayer,
and also to an overall thinning of the membrane. This effect is
supposed to be stronger at higher fractions of cholesterol and
region, and clearly the highest in the aqueous phase. Accordinghence to become dominant at high enough cholesterol concen-
to the general behavior of these profiles we have divided the trations, in a full accordance with our observations.
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Figure 3. Distribution of the volume of the voids accessible for a probe of the radius of (a) 1.3 and (b) 1.6 A in the three separate regions of the
membranes simulated: solid lines, cholesterol-free system; dashed lines, cholesterol-poor system; dotted lines, cholesterol-rich system.

The distribution of the relatively large voids along the bilayer findings, that in the pure DMPC membrane the largest voids
normal axisz can be analyzed through the partial profiles of are clearly located in region 1, i.e., in the hydrocarbon phase
the free volume of the systems. The comparison of the profiles of the membrane. In this region the effect of cholesterol on the
obtained with theRyope vValues of 1.3 and 1.6 A with the total  size of the large voids is found to be marginal. This finding is
profiles (see Figure 1) show several important differences. in accordance with our former result that the chain terminal
Although all of the profiles obtained go through a minimum in  groups of the cholesterol and DMPC molecules are distributed
the region of the headgroups and show maxima in the middle in the same way along the membrane nor#and hence
of the bilayer as well as in the aqueous phase, the relative heightcholesterol does not change considerably the structure of this
of the two maxima changes gradually with increasing probe membrane region. The situation is rather similar in the aqueous
radius. Thus, in the pure DMPC membrane the fraction of voids phase (region 3). Although in this region the fraction of the
accessible for a given probe is roughly equal in the middle of largest voids is somewhat larger in the cholesterol-rich than in
the membrane and in the aqueous phase for the probe radiushe cholesterol-free system, this difference is probably due to
value of 1.3 A and is clearly the highest in the bilayer center the arbitrariness of the definition of the regions used and simply
for Ryone= 1.6 A. The systems containing cholesterol show a reflects the fact that in some cases region 3 contains also parts
similar behavior with increasin@Ryone values. This finding of the lipid headgroups. Contrary to regions 1 and 3, in the
indicates that the empty space is distributed considerably moreregion of the headgroups (region 2) cholesterol has a clear effect
uniformly in the aqueous than in the hydrocarbon phase of the on the size distribution of the largest voids: in the presence of
membrane: although there is clearly more empty space in thea considerable amount of cholesterol the entire distribution is
aqueous phase, the density of the large voids is the highest inclearly extended to larger volumes, indicating the appearance
the apolar part of the membrane. Similar behavior has also beenof voids of the size that are absent in the absence of cholesterol.
observed for various membranes built up by different saturated Furthermore, this effect becomes clearly more pronounced for
and unsaturated phospholipid moleclié® larger Ryrone Values. Thus, voids of the size of 18800 A3

Itis also seen that, contrary to the fraction of the entire empty accessible for a probe of the radius of 1.3 A, and of the size
space, the fraction of the voids accessible for large enoughbetween 150 and 300 3accessible for a probe ®Rorobe =
probes is increased by the presence of cholesterol in all parts1.6 A are only present in this membrane region in the presence
of the membrane. This finding indicates that cholesterol makes of a large amount of cholesterol. This fact is obviously related
the distribution of the empty space more heterogeneous (i.e.,to the lack of the large polar group of the cholesterol molecule.

forming larger voids) in the entire membrane. To understand the nature of these large voids, one should
3.2. Properties of Large Voids.The volume distribution of ~ consider the fact that the systems do not contain a noticeable
the voids present in the three separate regions of the system&amount of spherical cavities larger than the radius of about
simulated is shown in Figure 3 for tH&onevalues of 1.3 and 2 A. This is illustrated by showing the distribution of the radii
1.6 A. As is seen, all the distributions look rather similar to of the interstitial spheres of the Delaunay S-simpliBei the
each other. They are all peaked around £0vlhereas at large  three systems studied (see Figure 5). The fact that all the
volumes they do not drop rapidly to zero, instead they exhibit distributions drop to zero arodr2 A indicates that there is no
a tail of exponential decay extending to rather large values. To void accessible for probes of the radius larger than this value
better visualize the details of these tails, we have plotted the in any part of the systems. The fact that the volume of even the
large volume part of the distributions obtained in the cholesterol- largest spherical cavities present in the systems is not larger
free and cholesterol-rich systems also on a logarithmic scale inthan about 35 Aindicates that the large voids of the size of
Figure 4. 50—400 A3 present in the systems are not big empty holes but
The comparison of the results obtained in the different parts rather narrow, elongated, or branched channels. This is il-
of the membranes shows, consistently with our previous lustrated in Figure 6, showing two of these large voids as picked
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Figure 4. Distribution of the volume of the largest voids accessible for a probe of the radius of (a) 1.3 and (b) 1.6 A in the three separate regions
of the membranes simulated, shown on a logarithmic scale: solid lines, cholesterol-free system; dotted lines, cholesterol-rich system.
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Figure 5. Distribution of the radii of the interstitial spheres of the
Delaunay S-simpliceR, in the three systems investigated.

up from two instantaneous configurations of the cholesterol-

rich system. The fact that the volume of the large voids is l\ : ) }

strongly correlated with their length is demonstrated in Figure { y

7, showing the average volume of the void&ias well as the

average length of the spherocylinders representing the bidls

as a function of the probe radit e in the three regions of

the cholesterol-free and cholesterol-rich system studied. The

shape of théV[{Ryrond and OLI{Ryong CUrves are remarkably A

similar to each other in each case, although the volume of a % V=304 A-”

void is calculated from the volume of the empty part of the

constituting Delaunay S-simplices, i.e., in an exact way, whereas Figure 6. Large voids of the volumes of 503 (top) and 304(Bottom),

the values ofL are obtained from the somewhat arbitrary both accessible for spherical probes of the radius of 1.3 A, as picked

representation of the voids by spherocylinders. up from instantaneous configurations of the cholesterol-rich system.
3.3. Percolation of the VoidsIn characterizing the properties ~ Both voids are shown from two different views.

of the empty space in the membrane, it is rather important to

determine the critical probe radil& below which the voids respectively) as the radius of the largest probe that can pass

present in the system are percolating. However, due to thealong a void from one side of the simulation box to the other

anisotropy of the membrane differeR¢ values correspond to  one in thexy plane and along theaxis, respectively. ThBXY

the percolation threshold in lateral and normal directions. andRcZ values can also be defined for the separate membrane

Furthermore, theRc values can be different in the different regions, with the only difference that now they represent the

regions of the membranes. In the present analysis, similarly to radius of the largest probe that have a lateral path across the

our previous studié&3®the value of the critical radius is defined  system within the given region and a path between the

separately for the lateral and normal percolatiBg< andRc?, boundaries of the region, respectively.
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TABLE 1: Critical Normal Percolation Radius Values RcZ membrane regions the valuesRy are considerably larger than

as Obtained in the Three Systems Simulated as Well as In RcXY: however, the opposite relation is observed between them

Their Separate Regions (All Values Are in Angstron Units) when the entire systems are taken into account. Furthermore,
mol % the RcZ values characterizing percolation in the entire system

cholesterol region 1 region 2 region 3 entire system

are always lower than th&cZ values corresponding to any of

0 0.902+0.071 0.692+0.050 0.848k 0.048 0.648k 0.027 the three regions of the same system, wheR# is always
8  0.937+0.080 0.700+ 0.061 0.864+ 0.064 0.66Gk 0.036

40 0.880L 0.063 0.782% 0.064 0.872- 0.058 0.712% 0.027 higher in the entire simulation l_)ox_than in the_separa_te regions
of the system. These results indicate that (i) the size of the
TABLE 2: Critical Lateral Percolation Radius Values Rc*Y percolating channels along theaxis is determined by their
as Obtained in the Three Systems Simulated as Well as In narrowest cross-section and (ii) the channels along which
Their Separate Regions (All Values Are in Angsitn Units) relatively large probes can move along lateral directions are
mol % ) ) ) ) also extended considerably along the membrane normakaxis
cholesterol _ region 1 region 2 region3 _ entire system Thus, when limiting our analysis to a given slice of the system
0 0.736+0.048 0.5730.028 0.73CGt 0.029 0.782+ 0.029 along thez axis (i.e., to a given region), only some parts of

8 0.763+ 0.047 0.583t 0.031 0.75Qt 0.036 0.808t 0.036 . -
0 0733 0.048 0.631L 0.032 0757 0.035 0810 0.030 these channels might be detected. Although these findings

certainly suggest that the broad empty channels are likely to be

TheRZ andRXY normal and lateral critical percolation radius oriented along the membrane normal axis rather than in lateral
values obtained in the separate regions as well as in the entiredirections, such a definite conclusion cannot be drawn solely
systems investigated are collected in Tables 1 and 2, respecfrom the critical percolation radius values. However, this view
tively. As is seen, th&:Z value of the entire system becomes can be supported by thie(L) spot diagrams, shown for the
somewhat larger for systems of higher cholesterol content. Thisthree separate regions of the cholesterol-free and cholesterol-
is mostly due to the increase of the volume of the empty spacerich systems in Figure 8. In these diagrams each void is
and, particularly that of the relatively large voids in the dense represented by a point, which corresponds to the total length of
region of the headgroups with increasing cholesterol concentra-the spherocylinder representing the vaidand its extension
tion. This conclusion is based on the fact that B values along the membrane normal akis The position of a void along
determined in region 2 show a similar dependence on the the z axis has been taken as theoordinate of its fictitious
cholesterol concentration as the values characterizing the entirecenter-of-mass, calculated using the empty volumes of the
system. On the other hand, tRe? values obtained in region 1 constituting Delaunay S-simplices as described in a previous
do not depend noticeably on the cholesterol content of the subsection. The shown spot diagrams correspond to voids that
membrane. Similarly, th&XY values are noticeably larger in  are accessible for probes of the radius of 1.6 A. As is seen, in
systems of higher cholesterol content in region 2, whereas theythe middle of the membrane (i.e., in region 1) the longest voids
do not show any clear dependence on the cholesterol concentratend to align parallel with the membrane normal ax{gs the
tion in region 1. It is also seen that in all of the three separate points corresponding to larde values are grouping close to
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Figure 8. L4L) spot diagrams of the voids accessible for probes of the radius of 1.6 A in the three separate regions of the cholesterol-free (left)

and cholesterol-rich (right) systems. In these diagrams each void is represented by a point, which corresponds to the total length of thelspherocylin

representing the voitl and to its extension along the membrane normal bxis

the L, = L line). Furthermore, although the large voids are critical probe radius values of 1.3 and 1.6 A. The obtaiRéd)
lacking of such orientational preference in region 2 of the pure distributions, shown in Figure 9 on a logarithmic scale, clearly
DMPC membrane (as seen from the fact that the points of large demonstrate that the extension of these voids along thas
L are scattering quite uniformly between thevalues of 0 and in region 1 can be as large as-123 A, i.e., comparable with
L), the presence of 40% cholesterol introduces a very strong the total width of the region. Furthermore, as is seen from Figure
preference of the largest voids for the orientation perpendicular 9, the presence of cholesterol clearly increases tnension
to the bilayer even in this region. The preferential orientation of the broadest voids in the dense region 2. Thus, in the
of the voids is further analyzed in the following subsection.  cpolesterol-rich system voids detected with Rygypevalues of

The obtained values of the critical probe radius for which 1 3 3nd 1.6 A that are extending 12.5 and 14.5 A, respectively,
the voids form a percolating system are considerably smaller 5154 the 7 axis can still be observed. This finding is in
than the typical van de_r Waals radius of the atoms, |n_d|cat|n_g accordance with our previous observation about the existence
:Eggéhrﬁzeem?)gnnec; ;g??#g t];g:gggrte(:?geler?hsime;fngl\ll?:irelgullg of rather large voids of elongated shapes and suggests that rather

%road and long empty channels extending along the bilayer

as water, NO, CQ or O,. However, the diffusion of these . . ;
. normal axis are present in the membranes. It also helps explain
penetrants through the membrane obviously does not need empt . S
he lowering of the barriers in the cross-membrane free-energy

channels across the entire membrane; parts of such channel : .
could be opened from time to time and closed according to the profiles of CHCh and CQ by cholesterol observed in our
k&4 The effect of such channels can be of particular

dynamics of the system, facilitated also by the interaction of P'€vIous wor _
the penetrant with the molecules of the membrane. In light of IMPOrtance in the permeation of polar penetrants (e.g., water,

these, the obtaine®:Z values seem to be large enough to NHj3, and formamid_e, etc._), since their solvation free energies
facilitate the diffusion of small molecules through the membrane. aré 36-60 kJ/mol higher in the apolar part of the membrane
Furthermore, the lack of broad enough empty channels spanningthan in the aqueous pha&€:' Thus, according to the solubility

the entire membrane or one of its regions does not necessarilydiffusion model of Marrink and Berendséh:°the membrane
indicate the lack of similar but shorter channels, which can still can only be sufficiently permeable for these penetrants if they
largely facilitate the cross-membrane transport of small mol- can diffuse fast enough through the apolar phase, where their
ecules. To demonstrate this, we have calculated the distributionsolvation free energy is high. The relatively long wide empty
of the extension of the voids along the membrane normal axis channels present in this region along the membrane normal axis
L, in the separate regions of the membranes studied with thecan largely facilitate the fast permeation of the penetrants
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Figure 10. Profile of the sphericity parameter of the voids across Figure 11. Profile of the orientational parameter cpf the voids

the three membranes investigated: solid lines, cholesterol-free systemacross the three membranes investigated: solid lines, cholesterol-free
dashed lines, cholesterol-poor system; dotted lines, cholesterol-rich system; dashed lines, cholesterol-poor system; dotted lines, cholesterol-
system. All of the profiles shown are symmetrized over the two sides rich system. All of the profiles shown are symmetrized over the two
of the bilayers. The results of the cholesterol-poor and cholesterol-free sides of the bilayers. The results of the cholesterol-poor and cholesterol-
systems are shifted by 0.05 and 0.1 units, respectively. free systems are shifted by 0.05 and 0.1 units, respectively.

through this region and hence can be of key importance in the

cross-membrane transport of small, polar molecules. ) )
P P profiles of the free volume corresponding to large enoBghbe

3.4. Shape and Orientation of the VoidsTo analyze the | he | Is of Fi 1), Th X f
shape and orientation of the voids present in the systems studied?@'4€s (see the lower panels of Figure )- Thus, at regions o
higher densities the voids are, on average, more spherical,

e have represented them by spherocylind&féas described
e Ve rep y 5P v ? ! irrespective of the composition of the region. This finding can

briefly in a previous subsection. The shape of the voids is . ) )
characterized by their sphericity parametdsee eq 2), whereas be explained by our above conclusion that large voids are of
elongated shapes: regions of lower densities contain larger and

the orientation of a void relative to the bilayer is described by ! - ) e
the cosine of the angle formed by the axis of the spherocyl- therefore also longer (i.e., less sphgrlcal) voids, resulting in a
inder representing the void and the membrane normal axis SMaller average value of the sphericity parameter
To describe the variation of the sphericity and preferential  When comparing thé&({z) profiles corresponding to mem-
orientation of the voids along the membrane normal axis, we branes of different cholesterol content, a systematic change is
have calculated the profile di(Jand [dosyOacross the three  observed in the central part of the bilayer. Namely, the shoulders
membranes investigated. of the [@[{z) function at about-10 A and the clear minimum
The[d([{z) andldosy[{2) profiles, symmetrized over the two  of [&[{2) in the middle of the pure DMPC system develop to
sides of the bilayers, are shown in Figures 10 and 11, clear minima and a small maximum, respectively, in the
respectively, as obtained with tRgronevalue of 1.3 A. Different cholesterol-rich system, indicating that the voids that are in the
Rorobe Values resulted in rather similar curves. The obtained middle of the bilayer become more spherical, whereas those
[&[(2) functions correlate, in general, very well with the mass located about 10 A away from the bilayer center, i.e., inzhe

density profiles of the systems (see Figure 2) and with the partial
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0.07 show a maximum around thevalues of+10 A, i.e., in that
part of the membrane where the outer segments of the DMPC
tails as well as the cholesterol rings are located, showing that
here the preferential orientation of the voids is parallel with the
membrane normal axs In the central part of the membranes
the [¢osy[{2) curves go through a minimum, still being larger
than 0.5 in the cholesterol-free and cholesterol-poor systems,
indicating that the voids are still oriented preferentially parallel
with the membrane normal axis, although this preference is

region 1

006] | ——pureDMPC region 2 certainly weaker than in the range around:10 A. On the
----- 8 % cholesterol other hand, the value @tosyidrops to about 0.5 in the middle
"""" 40 % cholesterol A of the cholesterol-rich membrane, showing that here the

orientation of the voids is already isotropic. It is also seen that
the presence of cholesterol influences the orientation of the voids

0.04 in these two parts of the membrane in an opposite way: with
. increasing cholesterol concentration the preference for the
0.06. region 3 parallel alignment with the axis becomes considerably stronger

among the voids located in the region of the cholesterol rings,
at about 10 A away from the bilayer center, whereas it becomes
clearly weaker in the middle part of the membrane, and even
disappears completely in the system containing 40% cholesterol.

0.04 . . . . Finally, it should be noted that the orientation of the voids is
00 02 04 0.6 08 10 strongly correlated with the orientation of the lipid tails and
cos Y cholesterol molecules. As it has been found in our previous

Figure 12. Cosine distribution of the anglg formed by the axis of study?? preference for the parallel alignment with the membrane
the spherocylinders representing the voids that are accessible for anormal axisz is (i) clearly stronger for the cholesterol rings
spherical probe of the radius of 1.3 A and the membrane normal axis than for the DMPC tails, (i) becomes weaker along the DMPC
z, as obtained in the three separate regions of the three systemsgjls as getting farther from the glycerol backbone of the
investigated. molecule, and (iii) becomes weaker for the segments of the
. ) DMPC tails that are located close to the center of the bilayer
range of the cholesterol rings (see Figure 2), become lessyth increasing cholesterol concentration (see Figures 9 and 11
spherical with increasing cholesterol content. _ of ref 23). These results suggest that the preference of the voids
The obtainedcosy[{2) profiles also correlate well with the  |5cated in the hydrocarbon phase of the membranes for the
above picture. In interpreting these curves it should be noted para|ie| alignment with the membrane normal axis is imposed
that the two ends of a spherocylinder are equivalent, and hencepy the similar orientational preference of the molecules among

the angley can always be chosen not to exceed,%hd thus  \yhjich these voids are located in this part of the membrane.
[¢osyO= 0 holds. Therefore, uncorrelated orientation of the

voids with the axiz results in theédosyvalue of 0.5. However,
since the mean value of cpsdoes not describe its distribution,
the [@osy = 0.5 value can, in principle, also correspond to the  In this study the capability of the VoroneDelaunay method
preference of the value of 60 as well as to various complex is demonstrated by analyzing the properties of the interatomic
orientational preferences in which the contribution of the voids in DMPC/cholesterol mixed membranes of various
orientations close to the parallel and to the perpendicular compositions in detail. The results obtained clearly show that
alignments with the membrane normal axis are equal. Similarly, there is a strong correlation between the spatial distribution of
the [@os yOvalues that are larger or smaller than 0.5 do not the voids and that of the atoAisin the systems. Thus, the
necessarily indicate the preference of the parallel or perpen-distribution of the voids accessible for large enough spherical
dicular alignment, respectively, with tlzexxis; they only reflect probes along the membrane normal axis correlates well with
that the orientation of the voids is closer, on average, to one of the density profile of the systems: in regions of lower densities
these extreme alignments than to the other one. To exclude thethe fraction of the accessible free volume is clearly higher than
possibility of any kind of complex, multiple orientational in the regions of higher densities. The situation is, however,
preferences of the voids as well as of the preference of anynot that clear when all the empty space (i.e., the entire space
type of tilted orientations, we have also calculated the distribu- that is not covered by the atomic spheres) is taken into account.
tion of cosy in the three separate regions of the membranes Thus, the highest fraction of the empty space is clearly found
investigated. The distributions obtained, shown in Figure 12, in the aqueous part of the membranes, although the density is
are indeed either monotonic, having the maximum at higher here than in the apolar regi®tindicating that the empty
cosy = 1, or uniform (i.e., fluctuating around a constant value). space is distributed in a more uniform way among the water
This means that in our cadeos y[J~ 0.5 indeed indicates = molecules than among the hydrocarbon chains. This situation
uncorrelated orientation of the voids with the membrane, is, however, reverted by increasing the radius of the spherical
whereaslc¢os y[0> 0.5 reflects clearly the preference of the probe used to detect the voids. Thus, the fraction of the free

4. Summary and Conclusions

alignment parallel with the membrane normal axiF his fact volume accessible for the probe becomes equal in the aqueous
makes the interpretation of the obtain&tbs y[{2) profiles and apolar phases of the cholesterol-free and cholesterol-rich
considerably simpler. membranes for the probe radii of 1.3 and 1.6 A, respectively.
Not surprisingly, in the aqueous phase of the membranes the Clear correlation is observed also between the orientation of
voids are oriented in an isotropic way, as fiesy[{z) profiles the voids and that of the molecules among which they are

always fluctuate around 0.5 here (see Figure 11). The profiles located: the voids located in the hydrocarbon phase of the
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