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ABSTRACT: Cholesterol plays an important role in main-
taining the correct fluidity and rigidity of the plasma
membrane of all animal cells, and hence, it is present in
concentrations ranging from 20 to 50 mol %. Whereas the
effect of cholesterol on such mechanical properties has been
studied exhaustively over the last decades, the structural basis
for cholesterol effects on membrane permeability is still
unclear. Here we apply systematic molecular dynamics
simulations to study the partitioning of solutes between
water and membranes. We derive potentials of mean force for
six different solutes permeating across 20 different lipid
membranes containing one out of four types of phospholipids

plus a cholesterol content varying from 0 to 50 mol %. Surprisingly, cholesterol decreases solute partitioning into the lipid tail
region of the membranes much more strongly than expected from experiments on macroscopic membranes, suggesting that a
laterally inhomogeneous cholesterol concentration and permeability may be required to explain experimental findings. The
simulations indicate that the cost of breaking van der Waals interactions between the lipid tails of cholesterol-containing
membranes account for the reduced partitioning rather than the surface area per phospholipid, which has been frequently
suggested as a determinant for solute partitioning. The simulations further show that the partitioning is more sensitive to
cholesterol (i) for larger solutes, (ii) in membranes with saturated as compared to membranes with unsaturated lipid tails, and

(iii) in membranes with smaller lipid head groups.

B INTRODUCTION
Understanding and predicting the permeability of lipid

membranes, based on the membrane composition and the
properties of the permeating solute, is one of the central goals
in membrane biology. Membrane permeation is involved in
numerous physiological functions, but it also plays an important
pharmacological role because most drugs are required to enter
the cells via diffusion across lipid membranes. A widely used
model to describe the permeability P of a membrane with
respect to a specific permeating solute is the solubility-diffusion
model, assuming that the inverse of P can be expressed as an
integral over the membrane,

l=/ d/2 dz
P —d/2  K(z) D(z) 6))

Here, d denotes the thickness of the membrane, z is the
coordinate along the membrane normal, and K(z) and D(z) are
the position-dependent partition coefficient and diffusion
constant of the solute, respectively.

How the partitioning and the diffusion are controlled by
determinants such as the lipid type or cholesterol content, as
well as by solute hydrophobicity, size, and shape, has been
subject to extensive experimental investigation.' ® Comple-
mentary, molecular dynamics (MD) simulations have evolved
to become a mature technique to investigate the quantities
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underlying the permeability coefficients.”” "> In line with ESR
measurements using spin-labeled lipids,13 these simulation
studies demonstrated that the concentration (or partitioning)
of solutes as well as the diffusion constants vary along the
membrane normal.*'°™'> When comparing different solutes,
the diffusion constants inside lipid membranes differ only by
factors of 2—3 in a given membrane,”** whereas partition
coefficients may vary by orders of magnitude,® constituting the
latter as the main determinant for permeability. Therefore, we
here focus on solute partitioning, noting, however, that the
diffusion constant may influence the permeability to some
extent as well.

Here, we study the influence of cholesterol on the
permeability of biological membranes. Cholesterol is abundant
in the plasma membrane of animal cells at molar concentrations
ranging from 20% to 50%."* Cholesterol acts as a precursor for
hormones and vitamin D, and it functions in signaling across
membranes. In addition to such metabolic functions, it plays an
important role in maintaining the proper fluidity and rigidity of
the membrane."> The role of cholesterol on the membrane
structure has therefore been studied extensively over the years
using experimental'®™"® and computational techniques.'®*°

Received: December 21, 2011
Published: February 28, 2012

dx.doi.org/10.1021/ja21192%h | J. Am. Chem. Soc. 2012, 134, 53515361


pubs.acs.org/JACS

Journal of the American Chemical Society

Table 1. Composition of Simulation Systems (number of phospholipid/cholesterol/water molecules)

phospholipid cholesterol-free 20% cholesterol
POPE 128/0/4777 120/30/4455
POPC 128/0/5788 100/24/3274
DMPC 100/0/4216 100/24/4221
DPPC 100/0/4117 100/24/4111

30% cholesterol 40% cholesterol 50% cholesterol

100/42/4621 90/60/3799 80/80/4697
100/42/4374 80/54/4529 80/80/4496
100/42/5316 80/54/5323 70/70/5330
100/42/5224 80/54/5230 70/70/5257

From these and other studies, the ordering and condensin
effects of cholesterol on the membrane are well-documented."

In contrast, the effect of cholesterol on the primary biological
function of lipid membranes, that is, the formation of a barrier
against solute permeation, is much less understood. In early
experiments a moderate reduction of membrane permeability
was measured for water, ions, or glucose upon the addition of
cholesterol, typically by a factor of 2—4.2°"*® Complementary,
the partitioning of solutes such as benzene, molecular oxygen,
anesthetics, or druglike compounds into the membrane has
been found to be moderately reduced by cholesterol by factors
of approximately 2—6.">**7>* More recently, spectroscopic and
fluorescence experiments demonstrated that the effect of
cholesterol on the partitioning of water or molecular oxygen
into lipid membranes is more pronounced in membranes of
saturated lipids as compared to membranes of unsaturated
lipids.">** That finding is explained by the fact that kinks in
unsaturated lipid tails prevent a favorable packing with the
planar cholesterol molecules, leaving a larger amount of free
volume in the membrane. In some studies a more pronounced
decrease in permeability through cholesterol was observed by a
factor of ~25 in certain membranes.**** Computationally,
potentials of mean force (PMFs) for a number of small solutes
permeating across dimyristoylphosphatidylcholine (DMPC)/
cholesterol mixed membranes were estimated using Widom’s
particle insertion method,®® and the permeation of hypericin
across cholesterol-containing membranes has been addressed.””

A quantitative understanding of cholesterol effects on
membrane permeability is still missing. One uncertainty,
which has so far not been addressed in the context of
membrane permeation, is the lateral distribution of cholesterol
over the membrane. In membranes containing both saturated
and unsaturated phospholipids, cholesterol is not equally
distributed but instead accumulates in so-called lipid rafts.***”
In addition, even in membranes containing merely one type of
phospholipid, cholesterol may not be homogeneously dis-
tributed but can instead induce the coexistence of liquid
disordered and liquid ordered phases with low and high local
cholesterol content, respectively,*®*' although the coexistence
of different liquid phases is still controversial.** Consequently,
solutes may predominately permeate the membrane at
positions with low local cholesterol concentration and thus
high local permeability. Other determinants of the permeability
of cholesterol-containing membranes are likewise poorly
understood. Besides the saturation of the lipid chains, such
determinants include the type of lipid headgroup or the size of
the solute.

Therefore, we here present an extensive molecular dynamics
study on the partitioning of a set of solutes in cholesterol-
containing membranes. We have built and equilibrated 20
membrane systems containing cholesterol plus one type of
phospholipid, either palmitoyloleylphosphatidylethanolamine
(POPE), palmitoyloleylphosphatidylcholine (POPC), DMPC,
or dipalmitoylphosphatidylcholine (DPPC). The cholesterol
concentration was varied between 0 and S0 mol % in the
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simulations, in the range of physiological conditions. Sub-
sequently, we have employed the technique of umbrella
sampling to compute potentials of mean force (PMFs) G(z)
for the permeation of ethanol, ammonia, nitric oxide, propane,
benzene, and neopentane across all 20 membranes, covering a
wide range of solute size and solute hydrophobicity. Because
the PMFs were defined to zero in the bulk water regimes, they
are directly related to the partition coefficient via K(z) =
exp[—G(z)/kgT], where ky and T denote the Boltzmann
constant and the temperature, respectively. The PMFs thus
allow us to detect, besides the effects of cholesterol, the
influence of the type of lipid tails and head groups, as well as
the impact of solute size on the partitioning. Remarkably, the
simulations suggest that cholesterol reduces the local
permeability much more strongly than expected from
permeation experiments on macroscopic membranes.

B METHODS

Simulation Setup, Parameters, and Equilibration. Equili-
brated patches of pure POPE or pure POPC were taken from a
previous study.* All other membranes were built by placing lipid
molecules at evenly distributed positions on a square grid for each
monolayer, yielding lipid bilayers containing between 100 and 160
lipids. (With the term “lipid” we here always refer to both
phospholipids and cholesterol.) The bilayers were then solvated with
at least 3274 TIP4P* water molecules. The composition of all
simulation systems is summarized in Table 1. The systems were energy
minimized using a conjugate gradient algorithm. Thereafter, the
systems containing purely phospholipids were equilibrated for at least
40 ns. Systems containing cholesterol plus POPE, POPC, or DMPC
were equilibrated for 200 ns. Systems containing cholesterol plus
DPPC equilibrated slowly and were therefore equilibrated for 700 ns.

All simulations were carried out using the Gromacs simulation
software.**® Parameters for POPE, POPC, and DMPC were based on
the work of Berger et al.,*” with the modifications for the oleoyl double
bond and for the ethanolamine group being those introduced by
Tieleman and Berendsen.*® The DPPC model was taken from
Ulmschneider and Ulmschneider, which is based on more recent
experimental data.*’ Cholesterol parameters were taken from Holtje et
al,* and the OPLS all-atom force field*"** was applied for ammonia,
ethanol, propane, benzene, and neopentane. Lennard-Jones parame-
ters for nitric oxide were taken from Cohen et al,*® and the partial
charges were computed by density function theory using the B3LYP
functional®*~*¢ with the aug-cc-pVTZ basis set™”*® in the Gaussian
2003 suite.’® The charges were fitted to reproduce the electrostatic
potential produced by the quantum chemistry calculation,®*®" yielding
+0.0215¢ for the oxygen and the nitrogen atom, respectively, where e
denotes the proton charge. During equilibration, the temperature was
controlled at 300 K (323 K for DPPC) through velocity 1'escaling62 (z
=2 ps), and the pressure was kept at 1 bar using the weak coupling
scheme® (z = 1 ps). The SETTLE® algorithm was applied to
constrain bond lengths and angles of water molecules, and LINCS®®
was used to constrain all other bond lengths, allowing a time step of
2 fs. Electrostatic interactions were calculated at every step using the
particle-mesh Ewald method,**®” and dispersive interactions were
described by a Lennard-Jones potential with a cutoff at 1 nm.

The potential energy between the lipid tail atoms, V,,;,, was derived
from the average sum of Lennard-Jones and short-range Coulomb
potentials between all pairs of atoms in the lipid tail region. For
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cholesterol, all atoms except for the hydroxyl group were included, and
for phospholipids, all tail atoms up to the three glycerol carbon atoms
were included. The potential energy was averaged over the last 10 and
100 ns of the equilibrium simulations for cholesterol-free and
cholesterol-containing simulations, re?ectively. Statistical errors for
Vs were derived by binning analysis.”®

Umbrella Sampling Simulations. Starting structures for the
umbrella simulations were taken from randomly chosen snapshots of
the last 5 ns and the last 20 ns of the cholesterol-free and cholesterol-
containing equilibrium simulations, respectively. The membrane
normal z was chosen as reaction coordinate for solute permeation,
where z = 0 nm is defined by the center of mass (COM) of the lipid
and cholesterol molecules. Here, the COM was computed using a
weighted sum over the membrane atoms within a cylinder of radius
12 A, centered at the respective solute and aligned along the z-axis.
Here, a weight of 1 was assigned to all atoms within a distance of 8 A
to the cylinder axis, and the weights were switched to 0 between 8 and
12 A. That procedure avoids artifacts in the PMF due to undulation of
the membrane. The reaction coordinate was divided into 264—392
equidistant sections, with each section representing the center of an
umbrella window. Adjacent umbrella windows were separated by
0.25 A, and the umbrella windows spanned the complete space
between one bulk water region across the membrane and into the
other bulk water region.

Solutes were inserted at the umbrella centers. To save computa-
tional resources, four or five different umbrella windows were sampled
within each simulation, keeping a distance of 15 A along z for propane,
nitric oxide, and ammonia and a distance of 20 A for ethanol, benzene,
and neopentane. In addition, to further reduce the statistical error, four
solutes were sampled within each umbrella window simultaneously,
where the four solutes were separated by approximately half the width
of the simulation box in the x—y plane. Hence, 16—20 umbrella
histograms could be collected from each umbrella simulation. Water
molecules which overlapped with the solute were removed. Overlaps
between the solute and lipid atoms were removed by gradually
switching on Lennard-Jones interactions between the solute and the
rest of the system within 1000 simulation steps, using soft-core
Lennard-Jones potentials and a stochastic dynamics integration
scheme. Subsequently, the energy of each structure was minimized.
Two typical simulation systems, containing either purely phospholi-
pids or phospholipids and cholesterol, are shown in Figure 1.

A harmonic umbrella potential acting on the center of mass of the
solute was applied (force constant 1000 kJ mol™ nm™). Each
umbrella simulation was carried out for 1 ns. The temperature was set
to 300 K through a stochastic dynamics integrator (z = 0.1 ps). The
pressure was controlled at 1 bar by the semi-isotropic Parrinello—

Figure 1. Typical simulation systems of membranes of (A) pure
POPC and (B) POPC plus 40 mol % cholesterol. POPC molecules are
shown in gray, cholesterol in blue, and water in red/white. A number
of benzene molecules, as present in umbrella sampling simulations, are
shown in green/white sphere representation and 2-nm scales are
indicated by magenta rods.
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Rahman® barostat, scaling the box in the x—y plane only, but keeping
the box dimension in the z-direction fixed.

Construction of PMFs. After removing the first 200 ps for
equilibration, the PMFs were computed using a periodic version of the
weighted histogram analysis method (WHAM),”® as implemented in
the g wham software.”' Depending on the system, the PMFs were
based on 1056 to 1568 histograms. Here, the integrated
autocorrelation times (IACTs) of the umbrella windows were
incorporated in the WHAM iteration procedure as described by
Kumar et al.”® IACTs were estimated as described in ref 71, and
smoothed along z using a Gaussian filter with 6 = 0.2 nm. The final
PMFs were symmetrized around the membrane center (z = 0).

Statistical uncertainties of the PMFs were calculated using the
Bayesian bootstrap of complete histograms.”" This procedure yields
reliable uncertainties because it does not depend on accurate
autocorrelation time estimates. Instead, the procedure considers only
complete histograms as independent data points.

Below we compare the PMFs to hexadecane/water partition
coefficients, Kj,. Kpox of ammonia, ethanol, nitric oxide, and benzene
were taken from the literature.>”*™"* K, of propane was
approximated by the cyclohexane/water partition coefficient taken
from ref 75. Because the experimental K., of neopentane is (to our
knowledge) not available, we computed the respective K., through
the PMF for neopentane across a hexadecane/water slab, as explained
in the supporting material of ref 76, yielding log;y Kyx = 3.8 + 0.3.

Convergence of Cholesterol-Containing Simulations. We
carefully checked the convergence of the equilibration simulations
through the potential energy and box dimensions of the systems. In
addition, we computed the PMF for the permeation of ammonia
across the POPE/30% cholesterol and across POPC/30% cholesterol
systems as a function of the equilibration time of the membrane patch
(Figure S1, Supporting Information), suggesting that 200 ns
equilibration is sufficient for systems containing POPE, POPC,
DMPC plus cholesterol. In contrast, systems composed of DPPC
and cholesterol carried out the slow transition to the liquid ordered
phase on the time scale of several 100 ns. Consequently, an
equilibration time of 700 ns was applied for these systems. The
equilibrated systems are available for download on one of the author’s
(J.S.H.) Web site at http://cmb.bio.uni-goettingen.de.

Apart from the equilibration of the membrane patches, we validated
explicitly that 1 ns of umbrella simulation, while discarding the first
200 ps for equilibration, is sufficient. Accordingly, a number of PMFs
were computed with increasing equilibration time (typically between
50 and 800 ps). The calculated PMFs did not show a systematic trend
with increasing equilibration time, suggesting that 200 ps are sufficient.
In addition, the calculation of one PMF (ammonia across POPC/40%
cholesterol) was carried out using 100-ns instead of 1-ns umbrella
simulations. The PMFs based on equilibration times between 200 ps
and 95 ns do again not show a systematic trend and agree within the
statistical error with the result based on 1-ns simulations (Figure S2,
Supporting Information).

Moreover, we recomputed (parts of) three PMFs using Widom’s
test particle insertion (TPI) method”’ (Methods, Supporting
Information). In contrast to umbrella sampling, TPI calculations do
not require that the membrane equilibrates with respect to an inserted
solute, but solutes are instead inserted into random frames from
equilibrium simulation of the pure membrane. The PMFs from TPI
favorably agree with the umbrella sampling results (Figure S3,
Supporting Information), suggesting again that the umbrella sampling
simulations are not biased by insufficient equilibration.

B RESULTS

Permeation across Pure Phospholipid Membranes.
Because the present study focuses on the effect of cholesterol
on membrane permeability, we discuss only the general features
of PMFs for pure phospholipid membranes. These PMFs
mainly serve as a reference for the following sections on
cholesterol-containing membranes.
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Figure 2. Partitioning in pure phospholipid membranes. (A)
Potentials of mean force (PMFs) for the permeation of ammonia
(black), ethanol (magenta), nitric oxide (red), benzene (blue),
propane (cyan), and neopentane (orange) across membranes of
pure POPE, POPC, DMPC, and DPPC, as indicated in the graphs.
Data for POPE, POPC, and DMPC corresponds to a temperature of
300 K and DPPC data to 323 K. (B) Transfer free energy AG,,_,,;, for
moving a solute from bulk water into the lipid tail regions of the
PMFs. AG,, s is plotted versus the logarithm of the hexadecane/
water partition coefficient log Ky, of the respective solute. Different
symbols indicate AG,,_ ., in different membranes, as shown in the
legend. The dashed line corresponds to the free energy AG,,_ .,

kyT In Ky, for moving the solute from water to hexadecane.

Figure 2A presents the PMFs for ammonia, ethanol, nitric
oxide, propane, benzene, and neopentane permeating across
membranes of pure POPE, POPC, DMPC, or DPPC. PMF in
Figure 2A were symmetrized between the two leaflets in order
to incorporate the symmetry of the membrane. Nonsymme-
trized PMFs are shown in Figure S4 (Supporting Information).
Whereas all PMFs for POPE, POPC, and DMPC correspond to
a temperature of 300 K, all DPPC PMFs were derived at 323 K
to avoid the transition to the gel phase. The color coding of the
curves is explained in the figure legend. z = 0 represents the
center of the bilayer. The lipid tails are located in the region Izl
< 1.5 nm, and lipid head groups are located around Izl ~ 2 nm.

As previously pointed out,”®'° PMFs are by no means flat
across the membrane, but instead the structural inhomogeneity
of the membrane is reflected in four main features of the PMFs.
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The first feature is a nearly flat PMF in the two bulk water
regimes at |zl > 2.5—3 nm. The second feature is a barrier for
hydrophobic solutes at the lipid head groups (HGs) around Izl
~ 2 nm. That barrier is more pronounced in the POPE
membrane than in any of the three phosphatidylcholine (PC)
membranes, suggesting that strong salt bridges between the
phosphatidylethanolamine (PE) HGs as well as hydrogen
bonds between PE HGs and nearby water molecules are
required to break upon the insertion of a solute. As expected,
that barrier increases with the size and hydrophobicity of the
solute. The larger the solute, the more HG—HG and HG—
water interactions are lost upon permeation. The more
hydrophobic the solute, the lower is its ability to replace
these lost interactions by solute—HG interactions. In PC HGs,
where the positive charge is shielded by three methyl groups,
the polar interactions of the HGs are weaker, rationalizing the
lower HG barriers in the PC membranes. The third feature is
the region of the lipid tails around lz| ~ 1 nm, where the
maxima of the PMFs for ammonia and ethanol are located
(Figure 2A, black and magenta curves) and where the PMFs for
the hydrophobic solutes are flat or saddle point shaped.
Because, in addition to the maxima in the PMFs, the diffusion
constant was shown to be low in the lipid tail region,*'® that
region is expected to constitute the rate-limiting resistance
against full permeation events of polar solutes. In the following
sections we show that the addition of cholesterol increases the
excess free energy for a solute in that region. The fourth and
final feature is a local minimum at the center of the bilayer (lzl
< 0.3 nm). That region is characterized by a reduced lipid tail
density and increased free volume.® Hence, a solute located at
this position does not break van der Waals contacts between
lipid tails, rationalizing the more favorable free energy.

Figure 2B relates the PMFs to Overton’s rule, stating that the
permeability of a given membrane is proportional to the
hexadecane/water (or oil/water) partition coefficient.”® The
graph plots the transfer free energies for moving a solute from
bulk water to the tail regions of the four membranes near |zl &
1 nm, denoted AG,,_,,;, versus hydrophobicity of the solute, as
measured from the logarithm of the hexadecane/water partition
coefficient 1og;g Kpey. AGyy_is (circles, squares, diamonds, and
triangles) is compared to the transfer free energy for moving a
solute from water to hexadecane AG, ., (dashed line). In line
with Overton’s rule, the overall trend of AG, ., agrees
favorably with AG, ., yielding confidence in the applied
simulation parameters and protocols. However, AG,,_, ., for a
specific solute may differ by a few kilojoules/mole in different
membranes. For instance, AG,,_,,;, for ammonia equals 21 and
14.5 kJ/mol for POPE and POPC, respectively, suggesting that
solute partitioning is not purely determined by the solute
hydrophobicity but, in addition, is altered by the packing of the
specific lipid. These findings agree to experimentally observed
effects from chain ordering and lipid density on solute
partitioning into lipid membranes.>>>

Now, that we have established the physicochemical
characteristics of partitioning in pure phospholipid membranes
and have compared these results to previous studies, we turn
toward the effects of the addition of cholesterol.

PMFs of Cholesterol-Containing Membranes. Figure 3
presents the PMFs for solutes permeating across membranes
with an increasing cholesterol content [Chol] between 0 and 50
mol %. Because the PMFs were symmetrized over the two
membrane leaflets, we here show only the PMF for one leaflet,
ranging from the center of the membrane at z = 0 nm to into
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Figure 3. Partitioning in cholesterol-containing membranes. Potentials of mean force for the permeation of (from left column to right column)
ammonia, ethanol, nitric oxide, benzene, propane, and neopentane. The rows present PMFs of membranes containing different types of
phospholipids. From top to bottom: POPE, POPC, DMPC, and DPPC, as indicated on the right-hand side. The color of the curves encode the
cholesterol content (see legend): black, 0%; red, 20%; green, 30%; blue, 40%; orange, 50% cholesterol. The PMFs are shown only for one leaflet of
the membrane, ranging from the center of the membrane at z = 0 nm to the bulk water at z = 3.5 nm.

the bulk water at z & 3 nm. Nonsymmetrized PMFs are shown strong decrease of the partition coefficient by 2—7 orders of
in Figure SS (Supporting Information). In Figure 3, each magnitude. That decrease is much more pronounced than in
column represents a specific solute, while each row shows the experiments on macroscopic membranes (see Discussion).
PMFs for membranes containing one specific phospholipid In the very center of the membrane at z & 0, in contrast, the
(POPE, POPC, DMPC, or DPPC). The colors of the curves PMFs are nearly unaffected by [Chol] (Figure 3). That finding
encode the cholesterol content of 0% (black), 20% (red), 30% is in line with the simulation snapshots of cholesterol-
(green), 40% (blue), and 50% (orange). Hence, the PMFs in containing membranes (Figure 1B). Cholesterol molecules do
Figure 2A are shown in Figure 3 as black curves to allow the not extend into the membrane center and, therefore, do not
visual comparison to the PMFs for cholesterol-containing enhance the packing at z & 0. Because the PMFs strongly
membranes. increase at Izl & 1 nm with increasing [Chol], however (last
With increasing cholesterol concentration ([Chol]), all paragraph), solutes solvated in the hydrophobic part of the
PMFs increase in the lipid tail region around z = 1 nm, membrane are consequently increasingly concentrated into the
where the bulky polycyclic groups of cholesterol are located center of the membrane. That finding further suggests that the
(Figure 1B). Because the PMFs were defined to zero in the partitioning of solutes to an arbitrary position in the membrane
bulk water regimes, that increase corresponds to an increase in is much less affected by [Chol] than the partitioning in the lipid
the transfer free energy AG,,_ ., for moving a solute from the tail region. Experiments that probe the spacially averaged solute
bulk water into the lipid tail region or, in turn, to a decrease of partitioning in the membrane, but do not probe the partitioning
the respective solute partition coefficient K, .3, = exp- in a z-dependent manner, may therefore not detect the strong
[—AG,,is/ksT]. Depending on the solute and the type of cholesterol effect in the lipid tail region around Iz| & 1 nm.
phospholipid, AG,, s increases between 10 and 45 kJ/mol Apart from the change in the lipid tail region, the PMFs are
upon the addition of 50 mol % cholesterol, corresponding to a affected in the headgroup regions by cholesterol. The most
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drastic changes at the head groups are observed in the PMFs
for the bulky and hydrophobic neopentane and benzene, and
these changes are most pronounced in the POPE membranes.
Remarkably, these substantial barriers at the head groups at z &
2 nm are reduced by the addition of ~30% cholesterol, and
they nearly vanish upon the addition of 50% cholesterol (Figure
3; see subplots benzene/POPE and neopentane/POPE).
Because the AG,, ., simultaneously increases with [Chol],
the lowest overall barrier is found at a moderate [Chol] of
~30%. Assuming that the headgroup barrier is rate-limiting for
the permeation of benzene or neopentane across pure POPE,
that finding suggests that the addition of ~30% cholesterol
would increase the permeability of POPE membranes for bulky
hydrophobic solutes.

The permeability of a membrane is mainly determined by the
highest barrier or, equivalently, by the membrane region with
the smallest partition coefficient, as directly follows from eq 1.
In the following discussion, we therefore focus on the effect of
cholesterol in the lipid tail region, where the strongest increase
in free energy is observed upon the addition of cholesterol.
Figure 4 presents AG versus the cholesterol concentration
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Figure 4. Transfer free energies AG,,_,;, for moving the solutes from
bulk water into the lipid tail region of cholesterol-containing
membranes of membranes of (A) POPE, (B) POPC, (C) DMPC,
and (D) DPPC. The color of the curves indicates the type of solute
(see legend).

[Chol], as taken from from the 120 PMFs in Figure 3. If the
respective PMF displays a barrier in the lipid tail region (e.g, all
ammonia and ethanol PMFs, as well as all PMFs at high
[Chol]), the value in Figure 4 equals the barrier height. In
contrast, if no such barrier is present in the lipid tail region
(hydrophobic solutes at low [Chol]), the value in Figure 4 was
taken from the flat or saddle-point-shaped part of the PMF near
z = 1 nm. Such values should therefore be considered as
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approximate only. In addition, as pointed out in the previous
paragraph, AG,,_, ., do not in all cases reflect the highest and,
thus, the rate-limiting barrier against solute permeation. Figure
4 demonstrates that the increase in AG,,_, not only depends
on [Chol] but also on the size of the solute, the lipid tails, and
the type of lipid headgroup.

(1) In all membranes, the increase in AG,_,; is more
pronounced for larger neopentane and benzene mole-
cules, as compared to the smaller ammonia or nitric
oxide molecules. These findings are in line with the well-
known condensing effect of cholesterol, leading to a
smaller area per phospholipid and, hence, to a decrease
in free volume inside the bilayer.'** Figure 4 shows that
the partitioning of larger solutes is more strongly affected
by that reduction of the free volume.

AG,,_ s increases more strongly with [Chol] in
membranes of saturated lipid tails as compared to
membranes of unsaturated tails, as can be inferred by
comparing AG,,_j in DMPC (Figure 4C) with the
values in POPE or POPC (Figure 4A/B). That feature is
in qualitative agreement with experiments that found a
larger decrease in permeability or partitioning in
saturated as compared to unsaturated lipids after the
addition of cholesterol,">*®3* and it can be rationalized
by the double bond in the oleoyl chains of POPE and
POPC, which induces a kink in the hydrocarbon chain
and thus precludes any tight packing with the planar and
rigid cholesterol molecules.”> Consequently, more
disorder and free volume remains in the POPE/
cholesterol and POPC/cholesterol membranes, leading
a slower increase of AG,,_,;, with [Chol] as compared
to the DMPC/cholesterol membranes.

Besides the lipid tail, the lipid head groups affect the
increase of AG,._ g with [Chol]. By comparing the
curves for POPE and POPC (Figure 4A/B), we find that,
for all solutes except for ammonia, the increase in
AG,,_,s is more pronounced in lipids with the small PE
as compared to larger PC headgroup. Due to the large
head groups of POPC, the area per lipid of 68 A* is
substantially larger than the area per lipid in POPE,
which equals approximately 50 A27°7*' The lipid tail
region of POPC is therefore more disordered (see also
Figure 1A) and allows for more free volume compared to
POPE. Our results demonstrate that a larger molar
fraction of cholesterol is required in POPC to “fill” the
free volume and, as a consequence, to reduce the solute
partitioning. On the basis of these findings, we conclude
that the permeability of membranes with small head
groups is more sensitive to the addition of cholesterol
than the permeability of membranes with larger head
groups.

For DPPC, AG, ., is nearly constant for [Chol] >
30% (Figure 4D). That behavior is different from that of
all other membranes considered here, but it may be
explained by the phase behavior of DPPC/cholesterol
membranes. Experiments showed that DPPC mem-
branes carry out transitions to more ordered phases
(liquid ordered or gel phase) at lower cholesterol
concentrations and/or lower temperature as compared
to POPC and DMPC membranes.*"®> At 300 K—the
temperature employed for our simulations of POPE,
POPC, and DMPC—pure DPPC adopts the gel phase in

)

©)

(4)
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the experiment40 and in our simulations (data not
shown). To keep the focus here on the physiologically
relevant liquid phases, we decided to carry out all DPPC
simulations at 323 K. However, at 323 K and only 20%
cholesterol, visual inspection of the simulation showed
that the DPPC membrane adopted a liquid-ordered
phase, that is, at slightly lower cholesterol content than
expected from experiments and thermodynamic model-
ing.** At 30% cholesterol, the DPPC tails were highly
ordered, and the ordering did not increase further with
higher [Chol], rationalizing why AG,._j does not
further increase with [Chol].*°

Structural Determinants for PMFs. Having analyzed the
increase in AG,_.y and, hence, the decrease in solute
partitioning in the membrane with [Chol], we turn toward
possible structural explanations for that phenomenon. De
Young and Dill found that the partitioning of benzene into
cholesterol-containing PC membranes decreases with choles-
terol content between 0% and 40%, and that this decrease is
correlated with the increase of the phospholipid surface
density.>> Complemented by a mean field lattice theory for
solubility,*® these and other authors® therefore emphasized
lipid surface area as an important determinant for the
permeability of cholesterol-containing membranes. More
recently, Mathai et al. found that the water permeability of
pure phospholipid membranes correlates with the area per
lipid.6 However, these authors attributed the correlation to an
area-dependent resistance at the lipid head groups, rather than
to a reduced partitioning at smaller area per lipid.%** In
addition, Mathai et al. found that the water permeability of
DOPC/cholesterol membranes correlates with the area per
lipid and suggested that both area-dependent resistance at the
lipid head groups and alterations in the partition coefficient
may contribute to this effect.’

To assess if the area per phospholipid, A;, can explain the
increase in AG,_;, we computed A; for all membrane
patches. Several methods have been proposed for how to
distribute the total membrane area between phospholipids and
cholesterol. Here, we computed the cholesterol area on the
basis of the average tilt angle of cholesterol and assuming a
cross section area of 0.38 nm? for cholesterol molecules,
following the method of Alwarawrah et al.®® The results are
shown in Figure SA demonstrating the decrease in A with
[Chol] for all membranes, referred to as the condensing effect
of cholesterol,'> and in agreement with previous simulation
studies.”*~** For all lipids, the decreasing A; indeed correlates
with the increasing AG,,_, ., (Figure 4B—D), as reflected in a
remarkable average (Pearson) correlation coefficient of r
—0.88 between A; and AG,,_,;, (Figure SB). In particular, the
rapid decrease of A in DPPC upon the addition of 20—30%
cholesterol (Figure SA, blue) is in accord with the rapid
increase in AG,,_ s (Figure 4D). However, when comparing
Ay of different phospholipid, not all features of AG,,_,;, can be
explained by A;. For instance, the decrease of A; with [Chol] is
similar in DMPC and POPC (Figure SA, blue/green), yet
AG,,_, increases more strongly in DMPC as compared to
POPC (Figure 4B/C). In addition, note that A; of pure POPE
equals approximately A; of POPC and DMPC with 30%
[Chol], yet the barriers for all solutes are smaller in pure POPE
than in these PC/cholesterol membranes. Finally, we note that
we also derived A; following the method of Hofsdf et al. and
thus assuming a constant volume for cholesterol.”® These
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Figure S. (A) Surface area per phospholipid A; versus cholesterol
content [Chol] in membranes of POPE (black), POPC (green),
DMPC (yellow), and DPPC (blue). The decrease of the A; visualizes
the condensing effect of cholesterol. (B) Transfer free energy
AG,,_yyversus A;. For each solute, a linear fit to the data points is
plotted in the same color. Substantial correlation between AG,,_,
and A; is found, as indicated in the legend. The average correlation
coefficient equals r = —0.88.

calculations yield a relatively weak correlation coefficient of
—0.66 between A; and AG,,_,, suggesting that A; based on
the cholesterol tilt angle® provides a more accurate
determinant for partitioning. On the basis of that analysis, we
conclude that A; is an important and intuitive determinant for
partitioning into the lipid tail region, but that A; alone does not
quantitatively determine all the partition coefficients derived
here.

An alternative determinant for permeability is the free
volume inside the membrane,”?* because it would allow solute
jumps between voids and hence facilitate solute diffusion.*® For
a quantitative analysis, however, the free volume is problematic
because it depends on the size of the probe particle.®
Theoretically, the free volume measured with a probe particle
of the size of the considered solute would be related to the
probability of finding that solute inside the membrane. Hence,
that analysis would, first, simply yield an approximation to the
PMEF, without providing a structural interpretation of the PMF,
and second, that analysis would converge extremely slowly
because large voids are very rare in membranes with high
cholesterol content.

Therefore, we here relate AG,,_, instead to the potential
interaction energy V,,;; between the lipid atoms in the lipid tail
region (see Methods for details). Vi, quantifies the packing
between lipid atoms, and V,;, must partly be overcome to
insert a solute between lipid tails and/or cholesterol. Figure 6A
shows Vi, per (heavy) lipid atom versus [Chol] for the 20
simulated membranes. Vi), per atom becomes stronger (more

dx.doi.org/10.1021/ja21192%h | J. Am. Chem. Soc. 2012, 134, 5351-5361



Journal of the American Chemical Society

A 5.0 —
— 52— —
o
e - ]
2 54
g - ]
e 56 —
5 - ]
°-£ 58— —
] - .
> 6.0 — —
62— | 1 | 1 | 1 | 1 | 1 |-
0 10 20 30 40 50
[Chol] / molar %
e ammonia r=-0.94
*  ethanol r=-0.95
B — T T T »  nitric oxide r=-0.89
W01 * benzene r=-0.95
i propane =-0.90
- neopentane r=-0.91
F'B
£
2
,‘;
=
]
bl
20 |
P T T ST ST B
-6.2 -6.0 -5.8 -5.6 -5.4 -5.2 -5.0
V.. peratom [kJ mol'1]

tails

Figure 6. Lipid tail interaction as a determinant for solute partitioning.
(A) Interaction energy Vi, per heavy lipid atom in the tail region
versus cholesterol content. Vi, was computed from the equilibrium
simulations of the membranes (see Methods for details). V,,;, becomes
stronger (more negative) with increasing cholesterol content [Chol],
in line with the condensing effect of cholesterol on lipid membranes.
(B) Transfer free energy AG,,_,;, versus the interaction energy V,
per lipid atom. For each solute, a linear fit to the data points is plotted
in the same color. Strong correlation between AG,,_ ., and Vi, is
found, as indicated in the legend. The average correlation coefficient
equals r = —0.93.

negative) with increasing [Chol] in all membranes, demon-
strating the tighter packing of the membrane with [Chol], in
line with the condensing effect of cholesterol. Figure 6B plots
AG,,_ s versus Vi, per atom, demonstrating high correlation
between these two quantities. For DPPC, the strong decrease
of Vi, between 0% and 30% [Chol] (Figure 6A, blue) is in
accord with the strong increase of AG,._ (Figure 4D).
Likewise, for DMPC, the strong decrease of V, between 30%
and 50% (Figure 6A, yellow) explains the respective strong
increase of AG,,_;, (Figure 4C). Moreover, for POPE, the
substantial effect of [Chol] on AG,,_, (Figure 4A) is in line
with the considerable decrease of V,,;, (Figure 6A, black). In
Figure 6B, the color of the dots encodes the solute, and to
guide the eye, a fitted line to the data is shown for each solute
in the same color. An average correlation coefficient of r =
—0.93 between AG and V,
potential interaction energy between lipid atoms is an

o tails «ils 18 found, suggesting that the
important determinant for AG,_;, and, hence, for solute
partitioning. In addition, note that the slopes of the fitted lines
for larger solutes such as ethanol or neopentane are more
negative that the slopes for smaller solutes such as nitric oxide

or ammonia. Hence, the partitioning of large solutes is more
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sensitive to an increased lipid packing, in line with the findings
in Figure 4.

The effect of lipid packing is further visualized in Figure 7,
which illustrates the solvation of neopentane into a membrane
of either pure DMPC (Figure 7A) or DMPC plus 50%
cholesterol (Figure 7B). In the pure DMPC membrane, the
lipid tails are highly disordered and interact only weakly with
each other (Figure 7A, top). Consequently, upon the insertion
of neopentane, the lipid tail structure is hardly affected and only
few lipid—lipid interaction are required to break (Figure 7A,
bottom). In contrast, in the presence of 50% cholesterol, the
lipid tails are more ordered and form favorable van der Waals
interactions to nearby cholesterol and other lipid tails,
corresponding to a more negative V, (Figure 7B, top).
Upon the insertion of neopentane, large van der Waals contacts
between lipids are required to break (Figure 7B, bottom). In
addition, the previously ordered tail structure is distorted, and
large voids are formed above and below the neopentane (blue
arrows). Together with the correlation analysis between
AG, i and Vi, (Figure 6B), these results suggest that the
increased packing in the lipid tail regions of cholesterol-
containing membranes rationalizes the strong increase of
AG,,_ s With cholesterol content.

B DISCUSSION

We have presented an extensive molecular dynamics study on
the partitioning of six different solutes in cholesterol-containing
lipid membranes. Twenty different membranes were simulated,
composed of four different phospholipids plus an increasing
cholesterol content between 0 and 50 mol %. The technique of
umbrella sampling was employed to compute 120 PMFs for the
permeation of the six solutes across these 20 membranes. The
study required 5.8 ps of simulation time for the equilibration
runs, and more than 150000 umbrella histograms were
extracted from 8.4 us of umbrella sampling simulations, each
histogram being based on 1 ns of simulation.

The local partition coefficient K(z), the main determinant for
membrane permeability, is directly related to the PMFs G(z)
via

K(z) = exp[-G(2)/kpT] )

The four simulated phospholipids (POPE, POPC, DMPC, and
DPPC) differ in headgroup size, tail length, tail saturation, and
phase behavior, whereas the solutes differ in hydrophobicity
and size. The 120 PMFs thus allow one to detect the effect of
these lipid and solute properties on the partitioning in
cholesterol-containing membranes. We found that, in all
membranes, the partitioning into the very center of the
membrane is hardly affected by the cholesterol content [Chol],
whereas the partitioning in the lipid tail region is drastically
reduced, suggesting that solutes accumulate in the bilayer
center in the presence of cholesterol. Solute partitioning in the
lipid tail region decreases with [Chol], irrespective of solute
and membrane, but the magnitude of the decrease can differ
substantially. The partitioning is more sensitive to [Chol] (a)
for larger solutes, (b) in membranes with saturated as
compared to membranes with unsaturated lipid tails, and (c)
for membranes with smaller lipid head groups such as the PE as
compared to the PC headgroup. A notable exception is
represented by the DPPC membranes that formed the liquid
ordered phase at [Chol] = 30% in the simulations. Adding
more cholesterol to the liquid ordered phase did not lead to a
further decrease in partitioning.
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(A) pure DMPC

(B) DMPC / 50% cholesterol

Figure 7. Solvation of neopentane into membranes of (A) pure DMPC and (B) DMPC plus 50% cholesterol. DMPC and cholesterol are shown as
red and yellow sticks, respectively, and neopentane as green/white spheres. Some molecular surfaces are drawn in the same colors to visualize the
molecular packing. In part B, the membrane is shown in side view (left) and top view (right). Lipid tails in pure DMPC are disordered (A, top) and
the solvation of neopentane (A, bottom) does not alter the local membrane structure. With 50% cholesterol, the DMPC tails are highly ordered and
form favorable van der Waals contacts to nearby cholesterol and other lipid tails (B, top). Here, the solvation of neopentane requires the rupture of
large van der Waals contacts, the formation of voids above and below neopentane (blue arrows), and the distortion of the local membrane structure

(B, bottom).

In addition, the large amount of data allows one to detect
structural determinants for partitioning via correlation analysis.
There is substantial correlation (r = —0.88) between the area
per phospholipid A; and the transfer free energy AG,, ., for
moving a solute from water into the lipid tail region, in line
with previous experimental studies.””**> However, when
comparing membranes of different phospholipids, we found
that A; alone does not quantitatively determine the effect of
[Chol] on AG,,_;s suggesting that A; only partially explains
alterations in the partitioning. Instead, we found that the
average potential energy between lipid tails and cholesterol
explains much of the properties of AG,,_ s, as reflected in a
high correlation coefficient (r = —0.93). Large favorable van der
Waals contacts, as present in ordered membranes with high
[Chol], must be broken for solute permeation and, thus,
emerge as a quantitative determinant for membrane perme-
ability.

A surprising finding of the present study is the magnitude of
the effect of cholesterol on solute partitioning, which can be
derived from eq 2, together with AG,,_,,j, shown in Figure 4.
Depending on the type of phospholipid and the size of the
solute, the partition coefficient at the tails K, ;; decreases by a
factor of 10°—10” upon the addition of 50% cholesterol (3 X
10° averaged over all solutes and membranes). The membrane
permeability for hydrophilic solutes, which is limited by the
partitioning into the hydrophobic lipid tail regions, is therefore
also expected to decrease by several orders of magnitude. In
contrast, experiments on macroscopic membranes typically
derived a decrease in 7partitioning or permeability by only a
factor of 2—6,"%**73*%7 possibly by a factor of 25,>*>° which is
orders of magnitude weaker than the effect in the simulation.
That discrepancy can hardly be explained by an uncertainty in
the applied force field or simulation parameters. Likewise, our
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finding that the partitioning in the center of the bilayer is hardly
affected by [Chol] cannot account for the difference to
permeation experiments, because the permeability is limited by
the highest barrier (or lowest partitioning) at the lipid tail
regions, as follows from eq 1. Instead, we propose that a
laterally inhomogeneous partition coefficient and permeability
is required to explain the weak cholesterol effect in the
experiments. In macroscopic membranes, the local cholesterol
concentration [Chol] is not expected to be spatially and
temporally constant but instead fluctuates due to lateral
diffusion of cholesterol, complemented by temporary aggrega-
tion of (a few) cholesterol molecules and, under certain
conditions, the formation of cholesterol lattice structures.®®®
According to our PMFs, membrane areas with substantial local
[Chol] display very low permeability and, hence, hardly
contribute to solute flux across the membrane. However,
membrane areas of low or zero local [Chol] would display a
high local permeability similar to the respective pure
phospholipid membrane.

As a simple quantitative model for the permeability of
cholesterol-containing membranes we therefore suggest a two-
area model. Accordingly, the total membrane area A is
decomposed into an area Ay(x) of zero local [Chol] and an
area A (x) of substantial local cholesterol content, ie., A =
Ay(x) + Agoi(x), where x denotes the average cholesterol mole
fraction. Letting P, denote the permeability of the pure
phospholipid membrane and approximating the permeability of
A1 by zero, the total permeability of the membrane is given by

P(x) = PyAg(x)/A (3)

In that model, the experimental decrease of the permeability of
macroscopic membranes with x reflects the decrease of Ay(x),
rather than the decrease of a laterally homogeneous membrane
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permeability. Likewise, the more pronounced effect of
cholesterol in membranes of saturated versus unsaturated lipids
can be understood in terms of a more homogeneous
distribution of cholesterol in saturated membranes, leading to
a reduced Ay(x) at equal x.

To validate our findings, experiments are required that detect
the frequency of locally disordered membranes areas of low
cholesterol content, rather than the ordering averaged over the
entire membrane. Our results suggest that the occurrence of
such disordered membrane patches correlates with the
permeability of cholesterol-containing membranes. In addition,
we suggest experiments on solute partitioning using spin-
labeled lipids'®***? but that differentiate between solutes in the
vicinity of cholesterol and solutes surrounded by phospholipid
tails only. Computationally, it will be highly interesting to
compute the free energy and, hence, the probability for locally
depleting cholesterol in a mixed cholesterol/phospholipid
membrane. These approaches may yield a route to a detailed
quantitative understanding of permeation across cholesterol-
containing membranes.

B ASSOCIATED CONTENT
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Figures S1 and S2 demonstrate the convergence of AG,
versus equilibration time of the membrane patches and versus
the equilibration of the umbrella simulations, respectively.
Figure S3 compares three PMFs from umbrella sampling to
PMFs recomputed using Widom's test particle insertion
method. Figures S4 and S5 show nonsymmetrized PMFs.
This material is available free of charge via the Internet at
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