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Free volume pockets or voids are important to many biological processes in cell membranes. Free
volume fluctuations are a prerequisite for diffusion of lipids and other macromolecules in lipid
bilayers. Permeation of small solutes across a membrane, as well as diffusion of solutes in the
membrane interior are further examples of phenomena where voids and their properties play a
central role. Cholesterol has been suggested to change the structure and function of membranes by
altering their free volume properties. We study the effect of cholesterol on the properties of voids in
dipalmitoylphosphatidylcholinelDPPQ bilayers by means of atomistic molecular dynamics
simulations. We find that an increasing cholesterol concentration reduces the total amount of free
volume in a bilayer. The effect of cholesterol on individual voids is most prominent in the region
where the steroid ring structures of cholesterol molecules are located. Here a growing cholesterol
content reduces the number of voids, completely removing voids of the size of a cholesterol
molecule. The voids also become more elongated. The broad orientational distribution of voids
observed in pure DPPC is, with a 30% molar concentration of cholesterol, replaced by a distribution
where orientation along the bilayer normal is favored. Our results suggest that instead of being
uniformly distributed to the whole bilayer, these effects are localized to the close vicinity of
cholesterol molecules. @004 American Institute of Physic§DOI: 10.1063/1.1824033

I. INTRODUCTION across the plasma membrane is an important process involv-
ing voids>!%12-18Fyrther, general anesthesia might be par-
tially explained by changes in the packing and void distribu-
10 tion of membranes caused by the partitioning and diffusion
free space ofree volumé' Membranes may be thought of ¢ anesthetics in membranes. These changes have been sug-
as complex porous structures with a varying number of frégagteq to lead to modifications in the lateral pressure profile
volume pockets or voids. The voids might assume differenf¢ e memprane, and will consequently alter the structure
sizes, shapes, and orientations. The nature of the voids iS4 function of the membrane protefi<® Voids are also

dynamic: they can be generated or annihilated by tranSi,nortant for the interpretation of fluorescence anisotropy

gauche isomerizations in the hydrocarbon tails of lipids Mol a5 rements. Decreased fluorescence anisotropy caused by
ecules, or less frequently, by the movement of whole lip

IdS. the increased mobility of fluorescent probes such as

Voids are crucial for dynamig processes in membrafles. diphenylhexatrienéDPH) or pyrene could be due to genera-
Local free volume fluctuations in bilayers are supposed Qo of voids 019 Finally, voids are believed to be involved

give rise to jump diffusion of the lipids that constitute the ;, thinning transitions in smectic membrarfs.

membrane bilayet. Another important process where voids  There have been several attempts to formally describe
play a central role is the diffusion of small solutes within or i, effect of voids on the dynamic processes in cell mem-
across membranes. For instance the electron transport in Mizanes or the simpler one- and multicomponent lipid bilay-

tochondria and chloroplasts is primarily influenced by thegr The first free volume and free area theories appeared
availability of voids for the diffusion of the electron carrying yecades agh’?! Free area theories in particular have been

. l .
quinone moleculé: Passive transport of water, oXygen, yseq for interpreting the mobilities of lipid or sterol mol-
small organic molecules, and small ions to and from the celbojes in model bilayers” The basis of these theories is that
a particle attempting a jump needs, in addition to a sufficient
dElectronic mail: emma.falck@hut.fi activation energy, a large enough empty site to jump to. The

In addition to space occupied by atoms of, e.g., lipid
sterol, and protein molecules, cell membrdnémcorporate
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diffusion coefficient is therefore thought to depend on themolecules influences the properties of voids in phospholipid
ratio of the close-packed area of the diffusing particle and théilayers.
average free area per partiéle. We have performed 100 ns MD simulations of DPPC/
Free area theories have certain shortcomings. They aigholesterol bilayers in the fluid state, with cholesterol con-
two-dimensional, i.e., it is assumed that the free volumecentrations ranging from 0 to 29.7 mof%The first step in
properties do not vary significantly in the direction of the characterizing the voids is to single out the free volume by
bilayer normal. Unfortunately, bilayers are remarkably het-mapping the bilayer on a rectangular three-dimensional grid
erogeneous in the normal direction, and the amount of fre@nd checking which grid points lie outside the van der Waals
volume varies strongly across a b||a)9é? More important, radii of any atoms in the system. The individual free volume
free area theories are mean-field, that is, all predictions ar@ockets or voids are identified by using a weighted tree-
based on the average free area available per lipid. It is imbased union/find algorithm with path compression adapted
possible to distinguish between very few large voids andfom Ref. 32. Finally, the properties of the voids are ana-
numerous tiny ones. Such a distinction should be highly rellyzed with the aid of principal component analy3is tech-
evant from the point of view of, e.g., solute diffusion; unhin- Ndue that yields information on the shape and orientation of
dered motion within a substantial void is expected to differ’0ids. Combining these methods, we investigate the effects

from jumps between isolated voids. Hence, free area theorigd cholesterol, permeant size, and location in the bilayer on
should not be used for quantitative predictions. Of late, therd€ Properties of voids. We first focus on the size distribution

have been a few attempts to develop more sophisticated freo(%] voids, con_S|der|r_19 also percolatlon of free vqu_me. The
volume theorie3?* These analytical approaches have en.Shape and orientation of voids, and the possible size depen-

hanced our understanding of the impact of voids on d namidence of these properties, are also examined. Finally, we
g P y ?ook into local effects on voids in the close vicinity of cho-

Processes. lesterol molecules
A detailed understanding of the microscopic properties These studies are qualitative rather than quantitative in

of voids and their role in dynamical processes wil, hOVVever’na’[ure. Our intention is to identify trends and describe new

noF emerge from analytg:al co_nS|derat|ons, but can be aC|5hen0mena, simultaneously attempting to shed light on the
quired using computer simulations. In two early molecular

. . _ : 5,25 microscopic reasons behind them.
dynamics(MD) studies, Bassolino-Klimast al>“> focused Our results suggest that replacing phospholipid mol-

on the diffusion mechanisms of benzene molecules in phossejjes by cholesterols reduces the total volume of the bi-
pholipid bilayers at different temperatures in the fluid phase|ayer. In addition, both the total free volume and the free

The size distribution of voids was used to explain the motion,gjyme fraction decrease with an increased cholesterol con-
of the benzene molecules. Further, the size distribution wagnt, As for the void distribution, the effects of cholesterol on
found to depend on temperature. Marriekal® performed @ the properties of voids are most prominent in the region
detailed analysis of the properties of voids in a dipalmi-ywhere the rigid steroid ring parts of cholesterol molecules
toylphosphatidylcholingDPPQ bilayer in the fluid phase. reside. Other parts of the bilayer are affected to a lesser
The size, shape, and orientation of the voids were found t@egree. In the region with the ring structures, the presence of
vary significantly in the direction of the bilayer normal. cholesterol reduces the number of voids, completely remov-
More recently, Shinodat al?® considered the effect of chain ing voids of its own size. The voids become more elongated
branching on the permeability of lipid bilayers, and briefly and instead of a broad orientational distribution, which is
addressed the issue of voids. They concluded that chaipbserved in pure phospholipid bilayers, with 29.7% choles-
branching would seem to reduce the probability of observingerol voids are preferentially oriented along the bilayer nor-
large voids. Jedlovszkgt al** have briefly considered the mal. We also find that the effect of cholesterol is local, i.e.,
impact of cholesterol on the number of voids in dimyris- the effects are most apparent in the close vicinity of choles-
toylphosphatidylcholingDMPC) bilayers. In all, computer terol molecules.

simulations can be considered a useful tool for studying

voids. Il. MODEL AND SIMULATION DETAILS

In this computational study, we focus on the impact of  1he model systems we studied are fully hydrated lipid
cholesterol on the properties of voids in lipid bilayers. Cho'bilayers consisting of 128 macromolecules, i.e., DPPCs and
lesterols are rigid molecules that seem to enhance the proppglesterols, and 3655 water molecules. In this contribution
erties of cell membranes and allow for wider variations in theue focus on a pure DPPC bilayer and DPPC/cholesterol bi-
lipid composition of the membrarfé.Important effects of & |ayers with five different cholesterol molar fractions=0%,
finite cholesterol concentration on bilayers in the fluid stateq 794, 12.5%, 20.3%, and 29.7%. The underlying MD simu-
include changes in passive permeability of small sofités  |ations have been described and validated elsevRered in
and suppressed lateral diffusion of phospholipids in bilayershe following we shall merely summarize the most important
containing cholesterdt/?#?*~3°These effects suggest that details. The previously published results have been shown to
cholesterol occupies free volume in lipid bilayérs?> The  be in good agreement with experimental studfes.
void-filling capacity of cholesterol is also thought to be rel- The united atom force fields for the DPPC and choles-
evant for the formation of membrane domains enriched irterol molecules were adopted from earlier studfes®As an
glycosphingolipids and cholesterdi.Our intention is to initial configuration for the pure DPPC bilayer we used the
study in microscopic detail how the presence of cholesterofinal structure of run E in Ref. 36. For systems with finite
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cholesterol concentrations, the initial configurations werdities we have computed change only slightly. The changes
constructed by replacing randomly selected DPPC moleculesre clearly within the error bars originating from a finite
with cholesterols such that same number of DPPC moleculesimulation time and correlated samples.
was replaced in each monolayer. To fill the free volume left  In constructing the grids, in the spirit of Ref. 9, we took
by replacing DPPC molecules by the somewhat smaller chanto account the finite size of small solutes diffusing in bi-
lesterols, the system was thoroughly equilibrated, see Ref. 22yers. Due to the finite size, not all grid elements outside the
for details. The bilayer was aligned such that it lies inxlye van der Waals radii of the atoms can be accessed by the
plane. The bilayer normal is thus parallel to thexis. center of masgCM) of the diffusing solute. Therefore, in
The MD simulations were run at a temperatufe addition to the empty free volume, i.e., all the free volume
=323K using thecRoMACS’ molecular simulation soft- outside the van der Waals radii of the atoms, we also studied
ware. After the initial equilibration, the system was kept atthe so-called accessible free volume. Accessible free volume
constant temperature and a pressure of 1 bar using the Bas calculated by adding the van der Waals radius of the dif-
endsen thermostat and barosfithe duration of each simu- fusing solute to the van der Waals radii of the atoms in the
lation was 100 ns and the time step was chosen to be 2.0 fbilayer, and corresponds to the free volume which is acces-
For long-range electrostatic interactions we used the Particlesible to the CM of the diffusing solute. Several solute sizes
Mesh Ewald (PME) method®® which has been shown to with radii r ranging between 0 and 0.2 nm were studied. For

yield reliable results for bilayer®:4 comparison, the effective van der Waals radii of bare sodium,
chloride, and potassium ions, as well as those of water and
IIl. METHODS oxygen molecules, are between 0.1 and 0.2 nm. The same

applies for example to the general anesthetic xenon.

The resulting grids were used to compute the average
free volume fraction as a function of the distance from the
A. Finding free volume: Grid approach bilayer center. From these it was easy to extract the total free
Tolume in each system. The grids were also the starting point

To locate the free volume, the bilayers were mappe tudving th " f voids f h X
onto three-dimensional rectangular grids, an approach ou or studying the properties of volds for each system.

lined in Ref. 9. The grid elements outside the van der Waals
radii of any atomic groups were designated as free volum
and those inside as occupied volume. The van der Waals
radius of a given atomic group was taken to be half of the  To characterize the distribution of voids, we need to
distance where the Lennard-Jones interaction of that atomicentify all voids, that is, all clusters of free volume, in our
group with an identical atomic group is zero. The Lennard-grid. Computing and characterizing the distribution of con-
Jones parameters were extracted from the specification of tHeyuous clusters of occupied or unoccupied sites is a well-
force field. known problem, usually solved by a union/find approctt.

The grid thus constructed stretched, in the normal directt works as follows. The sites, in this case the empty grid
tion, between the points where the density of water starts telements, must be traversed. Whenever we arrive at a new
deviate from its bulk value. The number of grid elements insite, a find operation is performed, i.e., we check which clus-
each direction was chosen such that the linear size of aters the nearest-neighbor sites, if unoccupied, belong to. The
element was~0.075 nm. More specifically, as the dimen- union operation follows: if there are unoccupied nearest
sions of the bilayer were fluctuating, the number of grid el-neighbor sites that belong to different clusters, those clusters
ements in each direction was determined from the averagare amalgamated. Otherwise, no union of two clusters is
dimensions of the bilayer. These numbers were kept fixed foneeded.
all configurations, and hence the linear size of the grid ele- Modern union/find algorithms are weighted, tree-based,
ment was fluctuating slightly, as well. As the area of theand use path compressidf**Each cluster is stored as a tree
bilayer decreases and the thickness increases with an increastch that the nodes of the tree are the sites of the cluster.
ing cholesterol conterff the number of elements had to be Every cluster has a root that corresponds to the root node of
set separately for each system with a different cholesterdhe tree, and the other nodes have pointers to either the root
concentration. For instance in the case of pure DPPC, ther to another node in the same tree. By following a succes-
average total area of the bilayer is 41.9%nand the distance sion of such pointers we can locate the root of any tree. The
between the points where the density of water no longefind operation, therefore, consists of traversing trees by fol-
corresponds to the bulk value is on the average 5.8 nm. Wittowing pointers to the root nodes. If the nearest neighbor
29.7% cholesterol, the corresponding values are 26.9 nnsites of a new site lead to the same root node, the sites
and 6.4 nm. In the case of pure DPPC, the number of gridhelong to the same cluster. The find operation can be imple-
elements in thex andy directions was taken to be 86. The mented such that after the traversal is completed, the pointers
number of elements in the normal pdirection was 78. The along the path all point directly to the root node. This is
corresponding values for the bilayer with 29.7% cholesterokalled path-compression, and it speeds up future traversals.
were 74 and 82. The union of two clusters is achieved by adding a pointer

We also used finer grids to make sure the results wer&om the root node of one tree to the root of the other. Hence,
not influenced by the resolution. In turns out that when theone of the trees becomes a subtree of the other. This is done
linear size of a grid element is reduced to 0.05 nm, all quanin weighted fashion such that the smaller tree becomes a

The details of the technique outlined in this section,
along with a computer code, will be published elsewl{ére.

. Identifying and characterizing voids
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subtree of the larger tree, which is easily accomplished by 1200 FI 7O T T T I
storing the size of each cluster in the corresponding root [
node. — -"\1 /2\ 34
Even though the above algorithm may seem a little com- '?E 800 DPPC
plicated, it can be implemented, using recursion, in a very & o Sﬂersteml
elegant and concise manriéMoreover, its performance is T 400 | - phosphocholine
in most cases far superidrto simple relabeling algorithms tails
such as that introduced in Ref. 44. We chose, therefore, to gl == — 2{,‘;‘”‘”
adapt the weighted tree-based union-find code with path 3 2 1 0 I

compression given in Ref. 32.

The end result of the union/find algorithm for a given z [nm]
configuration is a tree structure containing the information 1G. 1. Mass density profiles of molecules and atomic groupe-20.3%
on how the unOCCUpled sites with known coordinates aréhe. mlass density of tF:1e cholesterol hydroxyl groups hgas been s.cale.d by a
connected to each other. From the tree structure we CORactor of ten. The division into four regions, indicated here by numbers 14,
structed arrays where each array element corresponds toissbased on the mass density profiles, see Sec. Il D.
free volume cluster or void and contains the relevant prop-

erties of the void. Such properties are the volume of the void, ) ]
the location of its CM. and its maximum and minimum co- S0mewhat arbitrary 1.5 to lower values had virtually no ef-

ordinates in each direction. Further, we stored the covarianciCt on the number of spherical clusters. For the elongated
matrix extracted from the coordinates of the grid elementy/0ids, we monitored the angle¢ between the longest axis
that belong to the void. The covariance matrix can be used tgnd the bilayer normal.

characterize the shape and orientation of the void, as de- AS for the practical details of the PCA calculation, we
scribed in the next section. computed the eigenvectors and eigenvalues using singular

value decomposition. Further, we only used PCA for voids
that were larger than ¥10 3nm® and smaller than 0.13
C. Principal component analysis nm°. The very small voids were rejected, because it is some-

] i ] ] what artificial to discuss the shape of an object consisting of
The shape and orientation of the voids were studied Usgne or two rectangular grid elements. The large voids were

. . . 33 .
ing principal component analysi®CA).™ In applying PCA, 4t considered, because their shapes were, in most cases, not
we view each void as a three-dimensional ellipsoidal C|°Ude||ipsoidal, but rather more complicated with branches and

The principal component vectors are orthogonal and réPrésompartments. Applying PCA to these voids would have
sent the directions with maximum variability. In other words, been meaningless.

the principal components define the axes of the ellipsoidal
void such that the first principal component is the longest
axis, the second is the next longest axis, and the third is thQ'
shortest axis. The bilayer is highly heterogeneous in the normal direc-
The principal components may be computed as followstion, and both the free volume fraction and the properties of
For a void consisting o grid elements with coordinates the voids are anticipated to vary with the position along the
{ri™.,, we first compute the meaor CM) and the covari-  bilayer normaF It is therefore not sensible to study the void
ance matrix. The diagonal of the covariance matrix containglistribution averaged over the whole bilayer, but to discretize
the variances of the Cartesian components;of and the the bilayer into regions with more homogeneous composi-
off-diagonal matrix elements represent correlations betweetions. The properties of voids can then be studied in these
the different components af . By finding the eigenvalues separate regions. We chose to analyze the data in terms of the
and eigenvectors of the symmetric covariance matrix andour region model introduced by Marrindt al®1#
ordering the eigenvalues, we obtain an orthogonal basis with The original partition into four regions was slightly
the first eigenvector having the direction of the largest vari-modified to better probe the effects of cholesterol on the
ance of the data and so on. This is the set of uncorrelateproperties of voids, the main modification being that Region
principal components, and simultaneously, the axes of ouB was taken to be the part of the bilayer where the density of
ellipsoidal void. The square roots of the eigenvalues are procholesterol steroid ring structures is high. We expect the ef-
portional to the lengths of the axes. fects of cholesterol on the voids to be most prominent in this
The shape of a void can be deduced from the eigenvalregion, as the steroid rings rigidify the disordered tails of the
ues 0_i2 of the covariance matrix. We chose to focus on theDPPC molecules, and enhance the molecular pad&iffy.
ratios of the square roots of the eigenvalues, denoted by Figure 1 illustrates how we have divided the bilayer into
oiloj. Incaseori/o,~0,/03~1, the void is spherical, oth- four distinct regions. Region 1 ranges from the point where
erwise it is elongated. The principal components were usethe density of water starts to deviate from the bulk value to
to calculate the orientation of each elongated or nonsphericdhe point where the densities of DPPC and water are equal.
void. We chose to regard all voids with/03<1.5 as This region therefore contains mostly water molecules and a
spherical. Even though this is not a very strict definition oflow density of DPPC headgroups. Region 2 extends from the
sphericity, most voids appeared to be nonspherical. Furthepoint where the densities of water and DPPC coincide to the
this definition was found to be robust; since changing thepoint where the density of cholesterol ring structures is half

Four region model
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TABLE |I. Specification of boundaries between regions for systems withsjze distribution, calculated over all clusters but the percolat-

different cholesterol concentrations. The columns from left to right are: theIng one®® The size distribution of clusters depends heavily
cholesterol concentration, the boundary between Regions 3 and 4, between 2 :

and 3, between 1 and 2, and the outer boundary of the bilayer in the normé?n p and the vicinity of the perCO|a‘t'0n threshold. At

direction. The distances are measured from the bilayer center. =pc, there is a free volume cluster that spans the whole
bilayer, and a large fraction of all empty grid elements be-
x[%] 3and4nm]  2and3[nm] 1and2[nm] Outer[nm] long to this percolating cluster. Whem<p., there is no
0.0 06 14 21 29 such percolating cluster.
4.7 0.6 1.4 2.1 2.9 The detailed form of the size distribution of clusters can-
125 0.6 15 2.2 3.0 not, in most cases, be predicted analytic4llj general scal-
20.3 0.7 1.6 2.4 3.1

ing form for the size distribution has been postulated, and the
nonuniversal details such as the form of the scaling function
can be extracted from computer simulations. In certain lim-
iting cases, however, the exact form of the scaling function
of its maximum plateau valu@. This region contains mainly pecomes irrelevare

parts of DPPC molecules: the choline, phosphate, and glyc-  very close to the percolation threshop or for very

erol densities peak in this region, and there is also a finitgmall clusters, the size distributioN(V) scales with the
density of DPPC tails. Further, the hydroxyl groups of cho-¢c|uster volume &€

lesterol reside mainly in this region. Region 3 is defined _
between the points where the cholesterol steroid ring density N(V)~V. @
assumes half of its maximum value, and contains in additiorHere r is a universal scaling exponent, which in three dimen-
the middle parts of the DPPC tails. The remaining part of thesions assumes the value 2P8lhis scaling law is valid for
bilayer is Region 4, i.e., this region is in the center of theclusters whose linear size is smaller than the correlation
bilayer. Here we expect to find a low density of DPPC andiength¢, which can be thought of as proportional to a typical
cholesterol tails, with the end methyl groups being mainlycluster diameter. At the percolation thresh@lcipproaches
located in this region. infinity, and Eq.(2) is valid for all cluster sizes.

The boundaries between the regions vary with choles-  Away from p. and for large clusters the size distribution
terol concentration. This is due to the fact that an increasingcales as follow&®
cholesterol content changes the densities of the various com-
ponents such that they are shifted away from the bilayer
center?? The boundaries for all systems with different cho-
lesterol concentrations are given in Table I. As the densitie
of DPPC and water are very similar in the pure DPPC bilaye X ; :
and the bilayer with 4.7% cholestef@lthe boundaries for proportional top—p., and@ and¢’ are universal exponents.

. . o r_ 45 H 1
pure DPPC were taken to be the same as in the case of 4.7% three fj|men5|ons9—3/2 and 6 N 1(9' . This scahng
cholesterol orm applies for clusters whose linear size is larger than

practice for almost all clusters in systems that are not in the
near vicinity ofp.. Because of th@—p. dependence of”
andc”, further away fromp, the crossover from power-law
Percolation theory can be used to predict certain propeto exponential behavior is observed at smaller valueg.of
ties of clusters of occupied or unoccupied sites or bonds ina  Having discussed percolation theory in infinite, isotropic
lattice*® The applications of percolation theory range fromsystems, we will now consider percolation in bilayers. In
modeling forest fires or the distribution of oil and natural gaspilayer systems the normal ardimension is always finite,
in the porous rock in oil reservoirs to studying, say, voids inand therefore only apparent percolation thresholds can be
lipid bilayers. To start with, however, let us forget bilayers calculated Computing apparent percolation thresholds is
for a while and consider percolation in infinite and isotropicwhat we actually are interested in, since these are the thresh-
systems. olds a solute will experience. The apparent percolation
The properties of the clusters are studied as functions ahreshold can be defined as the free volume fraction at which
the fraction of occupied or unoccupied sites or bonds, deat least 50% of all systems percolate. Alternatively, it can be
pending on the application. In our case, we are interested iBbtained from maxima—as opposed to a divergence in infi-

29.7 0.8 1.7 2.5 3.2

V %exp(—c"V) p<pe,
V—B' exq_cmvl—l/d) p>pc

ered is the dimensionality of the system] andc” are

N(V)~ ()

E. On percolation theory

the free volume fraction nite systems, see above—in the second moment of the clus-
(Vired) ter size distri_butiqn. As the dire_ction is very Qiﬁerent from
= Ve’ (1) thex andy directions, there might well be different thresh-
to olds for percolation in different directions.

where (Vi is the average free volume in a bilayer and Another consequence of the finite normal direction is
(Viop is the total volume of the bilayer. An important free that we cannot automatically expect Eq8) and (3) with
volume fraction is the percolation threshofd, at which  three-dimensional critical exponents to describe the behavior
there is a free volume cluster stretching in they, or z  of the size distribution at or off the apparent percolation
direction from one side of the system to the opposite sidethreshold. As the dimension in the normal direction will in
The percolation threshold can in principle be extracted bybilayer systems seldom exceed 7 nm, bilayers are quasi-two-
locating the divergence in the second moment of the clustedimensional rather than three-dimensional.
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There is an additional reason why predicting the form of asoFX T T T T
the size distribution is more difficult for bilayer systems than i g ]
for isotropic bulk systems: bilayers are heterogeneous in the A 3 i .
normal direction. Consequently, the free volume fraction var- § 200 g -]
ies with the position along the bilayer normal, i.e, Z 1 g ]
=p(z), see Fig. 4. The bilayer center or Region 4, with the 2 [ I 8 ]
highest free volume fraction in the whole bilaye?: could S 150 [ 1 3 .
be well above the percolation threshold, while the other re- i 2 3 5 % ]
gions are well belowp.. This problem can be in part rem- NN R N I
edied by considering the four regions with approximately 0 10 20 30
constant free volume fractions.

x [%]
FIG. 2. Bilayer volume as function of cholesterol concentration. As there is

IV. RESULTS no unique d}éfinition for the thickness of a bilayer, the thicknesses have been
A. Total volume and free volume measured in three ways: between the points where the mass density of water

starts to deviate from the bulk valuggl), between the points where the mass
It is believed that the total free volume in a lipid bilayer density of phospholipids and water are eqgi@), and between the maxima

decreases when the cholesterol concentration incrédss.  in the total electron densitie®).

the other hand, it is often assumed that the total volume of

the bilayer is kept approximately constant with a growing

cholesterol concentration. This is attributed to the decreasingange of integration must be the thickness of the bilayer,

area and increasing thickness of the bilayer. As a cholesterelefined as in the case of total volume. The results are shown
occupies less volume than a DPPC, the volume occupied by Fig. 3. It is clear that the total free volume decreases with

phospholipids and cholesterols must diminish with an in-an increasing cholesterol concentration, notwithstanding how
creasing cholesterol concentration. Water is pushed awaghe thickness is measured. We can therefore conclude that
from the bilayer cente¥; and hence we expect that the vol- hoth the occupied and free volume decrease, together result-

ume occupied by water molecules should at least not growing in a reduction of the total volume of the bilayer.
The constant total volume and a reduced volume occupied by  Experimental findings are in favor of the reduction of

cholesterol, DPPC molecules, and water would together sugree volume. Gallaet al.” have reached this conclusion by
gest that the free volume should, contrary to the general bezomparing their phospholipid diffusion coefficients to the
lief, increase. To determine whether the total free volumepredictions of free area theory. Almeidd al? present em-
decreases or increases, we have computed the total volurp@ical laws for the behavior of specific volumes and thick-
and total free volume as functions of cholesterol concentranesses of DMPC/cholesterol bilayers as functions of tem-
tion. perature. Based on these laws they have computed the
The total volume is computed by multiplying the aver- average areas per molecule at different cholesterol concen-
age area of the bilayer by the thickness of the bilayer. Betrations. Combining these with close-packed areas for
cause of the rough interface between the bilayer and the waBMPC and cholesterol molecules, they have estimated the
ter phase, there is no unique definition for the thickness ohverage free areas per phospholipid. The free areas thus ob-
the bilayer. As measures of thickness we have used the digained explain nicely the diffusion coefficients from fluores-

tance between the points where the mass density of wat@ence recovery after photobleachitfRAP) experiment$.
starts to deviate from the bulk density, between the points

where the mass densities of phospholipids and water coin-
cide, and between the maxima in the total electron
densities’? The total volume as a function of the cholesterol 100
concentration is shown in Fig. 2. It is clear that regardless of
how we define the thickness of the bilayer, the total volume
decreasesvith a growing cholesterol concentration.
Unfortunately, there is little experimental evidence to ei-
ther confirm or contradict this result. To our knowledge,
there are no systematic studies on the effect of cholesterol on
the phospholipid bilayer area or volume. Monolayer studies
do exist?® but the applicability of these results to bilayers is
questionablé’*8 0 10 20 30
As the total volume and the occupied volume both de- x [%]
crease with an increasing cholesterol concentration, it is not
immediately clear how the free volume should be expectedic. 3. Empty free volume as function of cholesterol concentration. The
to behave. This issue can be resolved by extracting the tot&llayer thicknesses have been defined as the distance between the points

free volumes from the three-dimensional grids introduced irf/Nere the density of water starts to deviate from the bulk vallk the
distance between the points where the density of phospholipids and water

Sec. llIA. The procedure can pe t_hOUg_ht of as integratingye equal(©), and the distance between the maxima in the total electron
over the total free volumes in thin slices in thg plane. The  densities(®). The errors are of the order of a few percent.
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FIG. 4. Free volume fractions as functions of position along bilayer normal. E . h d . f th |ati
(a) Empty free volume fraction and accessible free volume fractions for xamining the nature and location of the percolation

bilayer with 20.3% cholesterol. The penetrant radii from top to bottom aretransition is essential for a proper interpretation of the size
0.00, 0.05, 0.07, 0.10, and 0.15 nfh) Accessible free volume fraction for  djstributions. We have located the percolation threshold by
(1|fferent cholesterol concentrations for a penetrant Wlth a radius computing the second moment of the size distribution of
=0.05 nm. In both panels the valze=0 corresponds to the bilayer center, .
and the errors are of the order of a percent. voids, see Sec. IIlE. The second moments ¥6t0% and
29.7% as functions of penetrant radii are shown in Fig. 5.
Since a maximum indicates percolation, we can identify two
percolation transitions for each cholesterol concentration.
For smallr percolation takes place ixy y, andz directions.
In between the two maxima the system percolates in the
Having concluded that cholesterol reduces the total fre@lane of the bilayer, but no longer in the normal direction.
volume, let us now look at the behavior of free volume in This Xy percolation always takes place in Region 4. Both of
different parts of the bilayer. Free volume fraction profiles,these transitions are important from a biological point of
i.e., free volume fractions as functions of the positaiong ~ View: thexyz percolation is relevant for permeation across
the bilayer normal, are displayed in Fig. 4. Figu@)llus-  the bilayer, whereasy percolation in the bilayer center
trates the effect of penetrant size on the free volume fractioffPuld be significant, e.g., for diffusion of quinone within the
with 20.3% cholesterol. The uppermost curve is the erm:),[)})llayer. Finally, at large values afthere is no percolation.

free volume fraction, while the bottom one corresponds to 1 ne location of the transitions depends weakly on cho-

the accessible free volume fraction for penetrants with a ral_esterol concentration. Theyz percolation takes place at
=0.048(2) nm wheny=0% and atr=0.044(2) nm when

diusr=0.15nm. Figure &) shows the effect of cholesterol o . .
concentration on the accessible free volume fraction with X=29.7%. The corresponding values for tkg percolation
arer=0.080(2) nm and =0.073(2) nm. A larger fraction

=0.05nm. ! :
. T of cholesterol, therefore, seems to imply that slightly smaller
All free volume fraction profiles in Fig. 4, regardless of . .
enetrants perceive the system as percolating.

the penetrant size or cholesterol concentration, have maxm% As for percolation thresholds, it is meaningless to define

in the bilayer center and minima in Region 2. The penetran&nything such for thayz percolation, since the free volume
size has a strong effect on free volume fraction: at least Aaction varies strongly along the bilayer normal. Thy
third of the total volume at eachseems to be empty free o colation in the more homogeneous Region 4 is quite an-
volume, while for penetrants with=0.15nm, apart from  ,iher matter. In this case we can, using plots similar to Fig.
the bilayer center, there is virtually no accessible free volume, map the penetrant sizes for which percolation takes place
at all. These findings are in good qualitative agreement withg free volume fractions. The threshold foy percolation is

the results of Marrinlet al,” considering that those simula- p=0.06 at all cholesterol concentrations. Cholesterol does
tions were performed at a temperatufe-350K and that not alter the percolation threshold itself, but it changes
temperature has a significant effect on free voldr@holes-  slightly the free volume fraction for a given penetrant size.
terol influences the shape of the profile, reducing the freghis causes the weagkdependence of the location of thg
volume fractions in Regions 1 and 3. The decrease in Regiopercolation seen in Fig. 5. The value of 0.06 is in good
3 must be due to the presence of the rigid steroid ring strucagreement with the corresponding threshold calculated by
ture. In Region 1, the origin of the effect may be the reori-Marrink et al. for pure DPPC and thus equals their value for
entation of the DPPC headgrouffs. soft polymer as wel.

B. Free volume fraction profile
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FIG. 6. Effect of cholesterol concentration on void size distributi@.Region 3 andr=0.05nm. (b) Region 4 andr=0.05nm. (c) Region 3 andr

=0.09 nm.(d) Region 4 and =0.09 nm. Percolation in the plane of the bilayer is seen in pdnels a separate cluster of points in the right-hand corner.
The finite statistics lead to relative errors that grow withFor V<0.01 nn? the errors inN(V) are smaller than a percent, and in the range 0.0%nvh

<0.1 nn? smaller than ten percent. W is of the order of 1 nf the relative errors may be 100%—-300%. As the data are shown on a loglog scale, this is hardly
a problem.

D. Size distributions The behavior of these two regions with an increasing

cholesterol concentration depends on The case ofr

The size distributions are unnormalized to better iIIus—_ . i bel h lati
trate the behavior of the absolute number of voids in a bi- 0.05nm, representing all below the xyz percolation

layer of a given composition. Therefors(V) is the average threshold and above they threshold, is portrayed in Figs.
number of voids of volum&. As the four regions have very ©(® and @b). The most notable effect of replacing 29.7% of
distinct material properties'“!5we have considered the size "€ DPPC molecules by cholesterols is the decreasing con-
distributions separately in each region. Further, the vicinitynec"'v'ty_ of free volume'. This is manifested in the size of the
of the percolation transitions is significant for the form of the Pércolating cluster, which decreases by a factor of three to
distribution. We have identified two cases that represent th¥ ~° nn?, approximately ten times the average close-pzf;lcked
most biologically relevant regimes=0.05nm at whichxy ~ Volume of a cholesterol molecul&/cno~0.459(2) nr. .
percolation takes place in Region 4 and 0.09 nm with no When connectivity is reduced, the number of nonpercolating
percolation. The regime whereyz percolation occurs is voids of all sizes in Region 4 increases: although the total
quite similar to the case af=0.05 nm. Besides, even though free volume decreases, the number of voids increases ap-
the results presented here are qualitative rather than quan@roximately by a factor of three. The effects in Region 3 are
tative in nature, describing the qualitative effect of choles-more minor. Here the number of voids frovhwith radii of
terol instead of claiming to establish accurate numerical val0.-1 nm toV of the order of a tenth oV, increases very
ues, penetrant radii smaller than 0.05 nm are unphysical. slightly. The number of large voids witN' close toV g

The effect of cholesterol on the void size distributions isdecreases somewhat.
largely restricted to those parts where the cholesterol mol- ~ The situation is quite different when no percolating clus-
ecules are located. In Region 1, regardless,afholesterol  ter is present, as illustrated by results computed with
has no impact on the size distributions. This is not surprising=0.09 nm in Figs. &) and &d). The effects of cholesterol
since no part of cholesterol is present in the water phase. Trare very pronounced in Region 3. Comparing the case of
effects are still very minor in Region 2, although the hy-29.7% cholesterol to pure DPPC we note that there are fewer
droxyl groups of cholesterol are mainly located in this re-voids of all sizes. The number of voids is reduced at least by
gion. The situation in Regions 3 and 4, where the cholestera factor of three, but especially for larger voids the reduction
steroid ring structures and tails are situated, is illustrated irtan be as large as a factor of twenty. The largest voids with
Fig. 6. These are somewhat coupled, since a particularl9.2 nn?<V=0.7 nn?, i.e., voids with sizes close t¥,,
large cluster could extend to both regions, but is assigned tare removed completely. The effects are similar, although
Region 4, as its CM is located there. more minor, in Region 4. Voids with radii up to 0.1 nm are
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unaffected, while the number of intermediate and large voids
decreases. Here cholesterol removes the voids with 1 nm
=V=3nn?, larger than its own close-packed size. 10

Let us finally analyze Fig. 6 from the point of view of
percolation theory. Below theyz percolation threshold, i.e.,
for bothr =0.05 nm and =0.09 nm, there is no percolating
cluster in Region 3. If we assume that bulk three-
dimensional percolation theory holds, in Region 3 we expect 10
to observe power-law behavior with an expon@stl.5 at

e r=0.05nm
(a) r=10.07 nm
* r=0.10nm
r=20.15nm

N(V)

Ll AL AL L L I L AL B

small and intermediat® and a cross-over to exponential 4 —_——
behavior at large/. This indeed seems to be the case, see 10

Figs. Ga) and Gc). We also note that the cross-over to ex- « Region 1
ponential behavior occurs at smaliérfor r =0.09 nm. This 10" . (b) + Region2
is to be anticipated, since the larger the penetrant radius, the i Region 3
further away from thexyz percolation threshold we are. In 0 Region 4
the case of Region 4 with=0.09 nm, see Fig.(@), we are 10

N(Y)

very close to thexy percolation threshold. At very smal,
power-law behavior with an exponent close to 2.1 is ob- 10-2
served. The linear sizes of these small voids must hence be

smaller than the correlation length At intermediate and

largeV, the power-law behavior can still be observed, with 10 il el
an exponent close to 1.5. Pure DPPC, which is closer to the 10 10 10.1 100
percolation threshold than bilayers with finite cholesterol

concentrations, shows no cross-over to exponential behavior, v [nm3]

while with finite y we observe exponential behavior for the

largestV. The behavior in Region 4 above the xy percolation
9 9 yp FIG. 7. Effect of penetrant size and region on void size distribut@rSize

threshold, see FIg.(B)z is difficult to Interpret, as W(_':' are in _distributions for different penetrant sizes for the cgse20.3% and Region
between two percolation thresholds. At small and intermedis. (b) Size distributions in different regions for=20.3% and =0.09 nm.

ateV we again observe power-law behavior with an expo-The relative errors are similar to those in Fig. 6.
nent close to 2.2. At larger values ¥f the situation is less
clear.

Having already mentioned the impact of penetrant siz
and region on the void size distributions, let us discuss the
at some more length. Void size distributionsyat20.3% in

Region 3 for penetrants with radii ranging from 0.05 10 0.15, o, oty of finding a void with a given value af; /o
nm are d|splayeq in Fig.(@). We can immediately draw the irrespective ofoy, k#i, j. These distributions have been
obvious co_nclusmn that large penetrants see fewc_ar angcaled such that integration over them gives unity.
smaller VQ'dS than small ones. As Region 3 with Interpretation of the probability distributions will give us
=0.05nm is below any percolation threshold, all cases loo'fnformation on the shape of the voids for which 4
very similar: power-law behavior with an exponent 1.5 at><10‘3nm3<v<0 13nm?. see Sec. C. If or/o
small and intermediat® and a cross-over to exponential ~oylog~1, the v;)id is s'pherical In C.aSE_L>;72~0'3l wé
behawor a.t largev'. The CroSs-over moves to smalkémith are dealing with a roughly cigar-shaped void. Finallygif
an increasing, as we are getting further away from thgz ~ 0,5, our void is essentially disklike

percolation threshold. The effect of cholesterol oR(o 4/ / [ i

. i 1los,0,103) in Region
—o-(l)-ge eff_ect hOf reg_lonF_on theT%ase Gﬁzot'?’% at?dr ¢ 3 with r=0.05nm is portrayed in Fig. 8. Cholesterol does
=0.09nm is shown in Fig. ®). The smallest number o not influence the shape of the voids in any other region, and

voids, as well as the smallest voids, can be found in th%ther penetrant sizes give very similar resultiata not

tightly packed head-group region or Region 2. As eXpeCtedshowr). Figures &) and &b) show the probability distribu-

Region 4 features much larger voids than any other regiory ¢ DPP Ei f i ith
All curves shown in this figure agree well with the predic- on lor pure C and Figs(@ and &d) for a bilayer wi

. . ) X 29.7% cholesterol. In both cases elongated voids dominate
tions of the .bU|k three-dimensional percolation theory l:’GIOWthe distributions: spherical or nearly spherical voids are rare.
the percolation threshold. The presence of cholesterol makes the voids more elongated,
i.e., larger values o, /0, and o, /a3 occur with a higher
probability.

Using PCA we can extraat,, o5, andos, which are The elongating effect of cholesterol can be further stud-
proportional to the lengths of the principal axes of an ellip-ied by focusing orP (o4 /0,) andP(o,/03) shown in Figs.
soidal void. From these we can comp®éo,/o5,0,/03), 9(a) and 9b). These figures show a systematic average elon-
a distribution describing the probability that a void has givengation with an increasing cholesterol content: the larger the
values ofa, /o, ando,/o3. The distribution has been nor- concentration, the more elongated voids we see.

IS
li

-3

-2

Gnalized such that integration over it gives unity. As visual-
r‘}ing and comparing differer®(o1/05,05/03) can be dif-
ficult, we have also compute®(o;/o;) describing the

E. Shape
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(a) (b) F. Orientation

The orientations of the principal axes of the ellipsoidal
voids can be extracted from PCA. We have measured the
cosine of the angleb between the longest axis of an elon-
gated ellipsoid and the bilayer normal. When the longest axis
is oriented along the bilayer normab=0. In principle,
¢<[0,m), but due to the symmetry properties of ellipsoids
the angles¢ and m— ¢ are equivalent. We will therefore
confine ourselves t@e[0,7/2]. To describe the orientation
of the voids, we have computed the quantiycos¢), the
probability that a given void is oriented such that the cosine
of the angle between its longest axis and the bilayer normal
is cos¢. The probability distribution has been normalized to
give unity when integrated overf éd(cosqS)P(cosd)):l.
Should we wish to think in terms o$ rather than cos,

averages are computed by integrating ogeand the weight
FIG. 8. P(o1/0,,0,/03) at x=0% andx=29.7% in Region 3. The pen- 9 P y g g 9

etrant size is 0.05 nm(@ Surface plot aty=0.0%. (b) Contour plot at of a g'Ve.n angle |5P(cos¢)sm¢. )
x=0.0%. (c) Surface plot aty=29.7%.(d) Contour plot aty=29.7%. The The impact of cholesterol concentration Bficos¢) and
relative errors are smaller than ten percent. P(cos¢)sing depends on which region of the bilayer we

study. There are hardly any changes in either Regions 1 or 2.
Figure 9 also depicts the behavior 8o /o,) and The effect of cholesterol is strongest ip Region 3, gnd Igrgely
P(o,/03) in different regions, see Figs(® and 9d). In independent of. The case =0.05nm is portrayed in Figs.
this case the bilayer contains 20.3% cholesterol and 10(@ and 1@b). In pure DPPC, angle$>0.1r are favored,
=0.09nm, which represents well all penetrant sizes. ReWh”e orientation along the bilayer normal hardly occurs at
gions 1 and 2 are very similar to each other. Most voidsall. At x=29.7%, the angle with the largest weight is
larger than the lower cutof/=4x10"3nm’ have been $=0.067. Orientation along the bilayer normal or close to it
taken into account in PCA, since the vast majority of voids isis favored, and perpendicular orientation is rare. At choles-
smaller than the upper cut-0%=0.13nn?, see Fig. 7. Re- terol concentrations between 0 and 29.7%, the orientational
gion 4 appears to differ from Regions 1 and 2 only slightly. distributions change systematically from one extreme to the
This is true for small voids with/<0.13nn?. We should, other. The presence of cholesterol can therefore be said to
however, keep in mind that Region 4 also contains largepromote orientation along the bilayer normal in Region 3.
voids, see Fig. 7. The shapes of these holes are not ellipsoi- |, Region 4 the effects of cholesterol are less pro-

dal but more complex. The voids in Region 3 are more elony,gunced and depend er(data not shown Between thexy
gated than elsewhere. When the cholesterol concentration iR, 4 xyz percolation thresholds, e.g., in the case rof

creases, this effect becomes slightly more pronounced.
x=0%, all regions look approximately similar.

IL 0.05nm, orientation along the bilayer normal is favored.
An increasing cholesterol concentration seems to accentuate
this effect. Below thexy percolation threshold, for
=0.09nm and larger, perpendicular orientation is favored

b L IR LI R R R
3 — x= 00~0:A:§ }j and few voids are oriented along the bilayer normal, see Fig.
5 ::?;w- 08 © 10(c). Cholesterol has a minor effect here, suppressing the
;j o i: ;g;:ﬁ: gg Ej weight of intermediate angleg~0.25r and making perpen-
& \ EPY dicular orientational slightly more probable. As discussed in
e 200 the end of Sec. IVF, it should be kept in mind that these
E A '_Reg'wnl- 12 distributions have been computed for voids smaller tkian

L =0.13nn%. For instance in the case of0.05nm, Region

—~ Region 2 3 -
al k o
(S Region 3 08 © . .
P Region 43 06 3 4 _contalns a large pe.rcolatlng cluster of a complex shape,
= Jo4 T oriented more or less in the plane of the bilayer.
3 X -58.(2) The situation in different regions a¢=20.3% and for
AN T T s L

r=0.09 nm is portrayed in Figs. {€) and 1@d). The effect

of changingy andr has been described above. In Regions 1

and 2, the orientational distribution of voids is very broad

FIG. 9. P(0;/0;) at different cholesterol concentrations and in different With & peak close t@=m/2. Angles neakp~0 hardly occur

;e%i(;JrnS;-(i’i)oPo(g;:nozzci)n lFit(egiO/n 3)f0frg r=0-952 grg;b);(drrrzi%%gnnieg(ig; at all. In Region 3, orientation along the bilayer normal or

P(oy/03) f.or X:éO.S% a;lrér Zz0.09 nni(. Thé r(:Iative erro.rs are .smaller close to It.IS favored. Reglon 4, as descr_led above, cqntams
mostly voids that are oriented perpendicular to the bilayer

than two percent whemr; /o;<3, and between two and five percent for 3
<o;lo;<6. normal.
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FIG. 11. Averageso;/o,)y as functions ofV in Region 3 and forr
=0.05 nm. The relative errors grow witf: for V<0.05 nn? the errors are
smaller than three percent, for 0.05 %1V < 0.10 nnt they grow linearly in

FIG. 10. Orientational distributions at different cholesterol concentrationsi® "ange 4%-—10%, and for largérthey can be up to 20%.

and in different regionsia) P(cos¢)sin ¢ in Region 3 forr =0.05 nm.(b)
P(cos¢) in Region 3 forr =0.05 nm.(c) P(cosg)sin ¢ for y=20.3% and
r=0.09 nm.(d) P(cos¢)¢ for x=20.3% andr =0.09 nm. The relative er-

Figure 12 depicts the effect of cholesterol @osde), vs
rors are of the order of five percent for bd®{cos¢) and P(cosd¢)sin ¢.

V. At all x, the voids become on the average slightly more
perpendicularly oriented with an increasiig An increasing
cholesterol concentration makes voids of all sizes adopt av-
G. Size, shape, and orientation erage orientations closer to the direction of the bilayer nor-
So far we have considered the shape and orientation df@l- We can, therefore, conclude that an increasing choles-
all voids irrespective of their size. In this section we shallterol concentration affects the orientation of at least the voids
investigate whether voids of different sizes differ in averageWith 4X 10" nm°<V<0.13 nnf.
shape or orientation. For this purpose we have computed
P(V,o1/05), the probability of finding a void of volum¥
with a given value ofr, /o,, andP(V,cos¢), the probabil-
ity of finding a void of volumeV with a given cosp. Both We have seen .that a fi_nite_ cholgsterol cpncentration
probability distributions have been normalized such that inchanges the properties of voids in a bilayer. It is natural to
tegration over them results in unity. a_sl_< \_/vhether or not the changes are more pronounced in the
Unfortunately, P(V, a4 /o) and P(V,cos¢) are quite Vicinity of cholesterol molecules. We should, therefore,
noisy and extremely difficult to visualize. Therefore we haveSingle out the voids whose CMs are located near the CM of

calculated the average values ®f /o, and cosp for each @ cholesterol molecule, and compare their properties to voids
V, defined as follows: whose CMs are further away from cholesterols.

Regardless of our exact definitions of near and far,
studying arbitrarily large voids in this context is meaning-
less. The CM of a very large void may or may not be close to
the CM of a cholesterol, even though some parts of the void
might be in the vicinity of one or several cholesterols. In any
) event, such large clusters cannot very well be said to be

H. Local effects

Jid(o1/ox)P(V,01l0p) 0110,

/ = , 4
o o P(Vaor o) @

Jsd(cosé)P(V,cos¢)cosd
(cosep)y= T .
Jod(cosg)P(V,cosep)

These might still be somewhat noisy, as the number of voids

of a given sizeV may be quite small. 08:~ UL
In analyzing{o,/o5)y and{cose),, we shall focus on T ]
the effects of cholesterol in Region 3 and for0.05 nm. ~ 07F 3
Based on our studies d?(o/05), P(cos¢), and related g : ]
guantities, we expect the impact of cholesterol to be most 2 06 - 3
significant in this region. Further, we do not anticipate our i 05 E E
results to change significantly with T ]
The behavior of o1 / 075}y, with V is shown in Fig. 11. In 0.4 F 3
the case of pure DPPC, our data indicate that voids of all L Lo s
sizes should have approximately similar shapes. With 29.7% 0.00 005 0.10
cholesterol small voids with/<V,,/10 seem to be more V[nms]

elongated than larger ones. The shapes of large voids are

little affected by an increasing cholesterol concentrationf!G- 12. Averages(cos¢)y as functions ofV in Region 3 and forr

=005 nm. The relative errors grow witt: for V<0.01 nni the errors are
Based on these data, we can conclude that the presence arPnaller than a percent, for 0.01 AmV<0.05 nn? smaller than five per-

amount _Of cholesterol appear to mainly affect the shape O(Stent, for 0.01 nM<V<0.05 nn? smaller than ten percent, and for larger
small voids. up to 25%.
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FIG. 13. Radial distribution functions for CM coordinates of cholesterol 0.8 _L' U l(lb')l AL "_
molecules and voids in Region 3 with=0.10 nm. Only voids withV r ]
<V¢no have been considered. The distances have been projected to the S 0.6 - 7
plane of the bilayer, and the radial distribution functions have been normal- [§) r g
ized accordingly. The errors are of the order of a few percent. S, 04 F \ -
Q [ | \ ]
R, 0.2 :-/ \ ]
localized. Hence, we have confined ourselves to voids that 0.0 'JI . | \.\“.ﬂ

are smaller than a cholesterol molecule, i.e., voids With 1 2 3 4 5

<Vchol-
We have further decided to restrict this study to Region

3, where the cholesterol ring structures are located, and e
where also the changes brought about by cholesterol are the ]
most obvious. This allows us, in judging whether voids are S .
close to or far from cholesterols, to consider distances that ‘7 ]
are projected to the plane of the bilayer. : g
To define the neighborhood of a cholesterol molecule, § ]
we have calculated the radial distribution functidiRDF9 & =
for the CM coordinates of cholesterols and voids in Region -
| | | | 1

3. The RDFs shown in Fig. 13 have been calculated using the
penetrant radius=0.10 nm. Based on these data, the CMs
of the nearest-neighbor voids are at all cholesterol concen- ¢ [rad / pi]
trations located within 0.6 nm of a CM of a cholesterol. We
have, therefore, decided to regard a void with a CM no furF!G. 14. Effect of proximity of cholesterol molecules gt20.3% withr
ther than 0.6 nm of a CM of a cholesterol molecule, makin =0.10 nm. 'I"he data for voids close to cholesterols are shoyvn i_n bIapk and
. . . hose for voids far from cholesterols in grag) Normalized void size dis-
sure that both reside in the same monolayer, as proximate i@ tions. (b) P(c, /o). (c) Orientational distributions.
cholesterol.

Equipped with an effective definition of a neighborhood,
we can compare the properties of the nearest-neighbor voidsing by the total number of voids in each case, we obtain
with the rest. The following discussion concerns the caselistributions that can be compared directly. It turns out that
x=20.3% and =0.10 nm, and represents the general trendshe two are nearly identical. Hence, further away from cho-
for other cholesterol concentrations and penetrant sizes. |esterols the size distribution of voids is unaffected by the

The results are shown in Fig. 14. Figure(@4features  presence of cholesterol and practically identical to the corre-
the size distributions computed for voids in the vicinity of sponding distribution in pure DPPC.
cholesterols and for those far from cholesterols. To facilitate  The effect of the proximity of cholesterol molecules on
comparison, these distributions have been normalized by thgoid shape is portrayed in Fig. (). It is evident that the
average number of voids close to cholesterols in Region 8hape of voids does not depend on the vicinity of cholester-
and by the average number of voids far from cholesterol irpls. Orientation of voids near cholesterols and far from them
Region 3. The resulting normalized distributiBV) is such s portrayed in Fig. 1&) of the same figure. The voids that
that it gives unity when integrated over. Voids with radii are located close to cholesterols tend to be more oriented
smaller than 0.1 nm are unaffected by the proximity of cho-along the bilayer normal, while the ones far from cholester-
lesterol. Larger voids, however, are affected: the vicinity ofpls show a broader orientational distribution.
cholesterol reduces the probability of finding a void with
~V¢nof10 by a little less than a factor of ten. Further, near
cholesterols there are no voids with 0.1%aV <V .

Is the size distribution for voids far from cholesterol co- We have studied the impact of cholesterol on the voids
incident with the size distribution for Region 3 of a pure in simulated bilayers consisting of DPPC. Using data from
DPPC bilayer? Considering voids with<V,, and normal-  atomistic molecular dynamics simulations, we have investi-

00 01 02 03 04 05

V. CONCLUDING DISCUSSION
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gated the behavior of the total free volume with an increasbecome slightly less elongated with an increasing volume.
ing cholesterol concentration, extracted the void size distriAs for orientation, despite the different measures, their con-
butions in different parts of the bilayer, and considered theclusions are in accord with ours. They observe that the ori-
effect of cholesterol on the shape and orientation of theentational distribution of voids is most anisotropic is in Re-
voids. We have also probed whether or not the effects ofjion 3, while Region 1 features an almost completely
cholesterol on the properties of voids are localized to thdsotropic distribution.
near vicinity of cholesterol molecules. In interpreting the  We also agree with Marrinkt al® in that the complexity
data, we have, in the spirit of Ref. 9, made use of threeof the properties of the voids in a phospholipid bilayer imply
dimensional isotropic percolation theory. that simple free area theories cannot be used for quantitative

Our findings support the reduction of the total free vol- predictions. However, free volume arguments may be used
ume with an increasing cholesterol content. The effects ofor qualitatively explaining diffusion and permeation in bi-
cholesterol on individual voids appear to be the most promilayers. An increasing cholesterol concentration in DPPC bi-
nent in those parts of the bilayer where cholesterol’s steroidayers leads to monotonously decreasing lateral diffusion co-
ring structures and the DPPC tails are located. Here cholegfficients for both DPPCs and cholesterdiBased on our
terol reduces the connectivity of free volume, thus alteringcurrent findings on the properties of voids, this is to be ex-
the void size distributions. These changes are perceptible apected. Intuitively, smaller and fewer voids, which are ori-
ready at low cholesterol concentrations and become proented along the bilayer normal, should slow down lateral
nounced with~20% cholesterol in the bilayer. For instance a diffusion of lipids and sterols. The details of what role the
concentration of 29.7% leads to complete removal of thevoids play for the various diffusion and permeation mecha-
voids that are approximately of the same size as a cholesterisms in bilayers are challenging questions that large-scale
molecule. An increasing cholesterol concentration alsgimulation studies may elucidate in the near future.
makes the voids in the region containing the steroid rings N addition to the static properties of voids considered in
more elongated, and transforms the isotropic orientationdhis study, also the dynamic properties should be important to
distribution of voids present in pure DPPC to an anisotropicdynamic processes in bilayers. It would be interesting to
one favoring orientation of voids along the bilayer normal.study the dynamics of void formation and the movement of
All these effects appear to be localized to the proximity ofindividual voids. Such studies should give us further insight
cholesterol mo|ecu|es' rather than being uniform|y distrib_into mechanisms of lateral diffusion and solute permeatiOn in
uted to the whole bilayer. membranes.

Reasons for the changes in the region with the choles-
terol ring st_ructureg and the hydro_carbon tall_s of DPPCs cal CKNOWLEDGMENTS
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