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ABSTRACT The permeability of lipid membranes for metabolic molecules or drugs is routinely estimated from the solute’s oil/
water partition coefficient. However, the molecular determinants that modulate the permeability in different lipid compositions
have remained unclear. Here, we combine scanning electrochemical microscopy and molecular-dynamics simulations to study
the effect of cholesterol on membrane permeability, because cholesterol is abundant in all animal membranes. The permeability
of membranes from natural lipid mixtures to both hydrophilic and hydrophobic solutes monotonously decreases with cholesterol
concentration [Chol]. The same is true for hydrophilic solutes and planar bilayers composed of dioleoyl-phosphatidylcholine or
dioleoyl-phosphatidyl-ethanolamine. However, these synthetic lipids give rise to a bell-shaped dependence of membrane
permeability on [Chol] for very hydrophobic solutes. The simulations indicate that cholesterol does not affect the diffusion
constant inside the membrane. Instead, local partition coefficients at the lipid headgroups and at the lipid tails are modulated
oppositely by cholesterol, explaining the experimental findings. Structurally, these modulations are induced by looser packing
at the lipid headgroups and tighter packing at the tails upon the addition of cholesterol.
INTRODUCTION Zd=2

Nonfacilitated membrane diffusion of water (1,2), gases
(3,4), small metabolites (5,6), and pharmaceutics (7–10) is
of tremendous importance for the understanding of human
physiology and for therapeutic applications. It results in
spontaneous membrane permeation, which is most often
described in terms of the solubility diffusion model
(Fig. 1 A) (11). This model predicts solute membrane
permeability Pm from 1), the solute partition coefficient
K between an aqueous solution and an organic solvent,
and 2), its transverse membrane diffusion coefficient, D,

Pm ¼ KD

d
; (1)

where d denotes membrane thickness. In this model, the
membrane is reduced to a single layer of hydrocarbon.
Despite disregard for all structural details, Eq. 1 proved to
be most valuable for a great variety of applications.

Its limitations have long been recognized. The model
does not account for the Pm dependencies on 1), permeant
size (12,13) or 2), lipid composition (14,15). Molecular-
dynamics simulations provide a possible solution by
enabling K(z) and D(z) to vary continuously along the mem-
brane normal z (16,17). The result has been summarized in a
four-region model (Fig. 1 C, See also Marrink and
Berendsen (19)). With varying K(z) and D(z), Eq. 1 must
be generalized to an integral over the membrane, yielding
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Pm

¼
�d=2

1

KðzÞDðzÞ dz: (2)
Different partition coefficient regions were designated
as follows:
Region 1, which is the region of low headgroup density
at the entry into the membrane;

Region 2, which is the region of high headgroup density;
Region 3, which is the region of high density of tail

carbonyl groups; and
Region 4, which is the region of low-density of acyl

chains.

Regions 1–3 repeat themselves in reverse order toward
the membrane exit, giving rise to seven slabs that a
molecule has to pass one after the other. The main resistance
to the permeation of hydrophobic molecules was in
Region 1, while the main resistance to the permeation
of hydrophilic substances was at the edge between Region
2 or 3 (16).

Due to the large number of independent parameters, the
seven-slab model is impossible to handle analytically.
Instead, a three-slab model was proposed (18), which
improved the accuracy of the analytical description. In
that model, the two outer slabs consist of the two headgroup
regions of the bilayer and the hydrophobic interior repre-
sents the third slab (Fig. 1 B). The permeability of the
interior PC is defined in analogy to Pm as

PC ¼ KDC

dC
; (3)
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FIGURE 1 Solubility diffusion models for membrane permeability. (A) The one-slab model, where the membrane is treated as one homogeneous slab with

the total membrane permeability Pm. (B) The model of Nagle et al. (18), where the one-slab model is only used for the lipid tails with thickness dc and

permeability PH. The permeability of the headgroup region, PH, includes the accessible area (A�A0) (yellow stripes), where A0 is the area at which the

headgroups are packed so tightly that the permeability becomes negligible. (C) Divides the membrane in (i) low headgroup density, (ii) high headgroup

density, (iii) high tail density, and (iv) low tail density, as taken from Marrink and Berendsen (19). (D and E) Typical simulation snapshots of a membrane

of (D) pure DOPC and (E) DOPC plus 40% cholesterol. (Gray sticks) Lipid tails; (colored spheres) lipid headgroups; (blue sticks) cholesterol; and (red/white

sticks) water. (Green/white spheres) Some TEA molecules present in the umbrella sampling simulations. (Magenta rod) 2-nm scale. To see this figure in

color, go online.
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where dc and DC are the width of the hydrocarbon
region and the diffusion coefficient within it, respectively.
The permeability of the two outer slabs PH is adjusted by
an area factor for the lipid headgroups, which is thought
to reflect the dependence of PH on lipid packing,

PH ¼ KDH

dH
,
A� A0

A
; (4)

where A and A0 are the present and the minimal (i.e., gel
phase) lipid headgroup areas. The model reflects the
dependence of lipid bilayer water permeability on the
ratio of the cross-sectional areas of lipid headgroups to
lipid tails reasonably well. However, it fails to do so in
the presence of cholesterol (20). Moreover, the accessible
area (A�A0) of the hydrophobic membrane only reflects
geometrical constraints, but neglects effects from polar
interactions or hydrophobic effects between permeant and
headgroup.

Here we have used a computational approach to
obtain a microscopic picture of how cholesterol alters
membrane permeability. In parallel, we performed perme-
ability measurements at planar membranes. Our results
suggest that the permeation of apolar solutes is not only
limited by the partitioning into the hydrophobic core, but
that it can also be reduced by partitioning into the lipid
headgroup region. In addition, using different lipid
species and various cholesterol concentrations (Fig. 1, D
and E), we demonstrate that for some synthetic lipids
the addition of cholesterol increases the partitioning at
the lipid headgroups and, simultaneously, decreases the
partitioning at the lipid tails, leading to a biphasic (bell-
shaped) cholesterol-permeability dependence in certain
membranes.
MATERIALS AND METHODS

Planar membrane measurements

The planar membranes were folded from monolayers (21) of DOPE

(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), DOPC (1,2-dioleoyl-

sn-glycero-3-phosphocholine), brain lipid extract, or polar lipid extract

(PLE) from Escherichia coli with varying amounts of cholesterol (all

Avanti Lipids, Alabaster, AL) across the aperture (100–150 mm in diameter)

of a 25-mm-thick polytetrafluoroethylene septum separating the two

aqueous phases of the chamber. The septum had been pretreated with a

hexadecane-hexane mixture (ratio by volume, 1:200).

The pH electrodes were made of pulled borosilicate capillaries

(tip-diameter of 2 mm). After silanization with Bis(dimethylamino)dime-

thylsilane (Fluka Analytical, Sigma-Aldrich, St. Louis, MO), they were

filled with a proton-sensitive cocktail (Hydrogen Ionophore II cocktail A,

Selectophore; Fluka Analytical, Sigma-Aldrich). A hydraulic stepdrive

(Narishige Scientific, Tokyo, Japan) moved the electrode at a velocity of

2 mm/s perpendicular to the surface of the membrane.
Simulation setup and parameters

Simulation systems of POPE (palmitoyl oleoyl phosphatidylethanolamine,

with or without cholesterol) and systems of pure DOPC were taken from a

previous study (22) and from Ulmschneider and Ulmschneider (23), respec-

tively. Cholesterol-containing membranes of DOPC were built by placing

lipid molecules at evenly distributed positions on a square grid for each

monolayer, yielding lipid bilayers containing between 128 and 160 lipid

or cholesterol molecules in total. The bilayers were then solvated with at

least 4727 TIP4P (24) water molecules. The systems were energy-

minimized using a conjugate gradient algorithm. Thereafter, the choles-

terol-free and cholesterol-containing systems were equilibrated for 40

and 200 ns, respectively. (The equilibrated systems are available on the

author’s website at http://cmb.bio.uni-goettingen.de/.)

All simulations were carried out using the GROMACS simulation

software (25,26). Parameters for POPE were taken from Berger et al.

(27), and DOPC parameters from Ulmschneider and Ulmschneider (23).

Cholesterol parameters were taken from Höltje et al. (28). The OPLS

all-atom force field (29,30) was applied for ammonia and pyridine, and

triethylamine parameters were taken from Shivakumar et al. (31).
Biophysical Journal 105(12) 2760–2770



2762 Zocher et al.
Lennard-Jones (LJ) parameters for nitric oxide were taken from Cohen et al.

(32), and the partial charges were computed by density functional theory

using the B3LYP functional (33–35) with the aug-cc-pVTZ basis set

(36,37) in the GAUSSIAN 2003 suite (38). The charges were fitted to

reproduce the electrostatic potential produced by the quantum chemistry

calculation (39,40), yielding 5 0.0215e for the oxygen and the nitrogen

atoms, respectively, where e denotes the proton charge. During equilibra-

tion, the temperature was controlled at 300 K through velocity rescaling

(41) (t ¼ 2 ps), and the pressure was kept at 1 bar using the weak coupling

scheme (42) (t ¼ 1 ps). The SETTLE (43) algorithm was applied to

constrain bond lengths and angles of water molecules, and LINCS (44)

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 (45,46), and dispersive interactions were described

by an LJ potential with a cutoff at 1 nm.
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 a reaction coordinate for solute perme-

ation, where z ¼ 0 nm is defined by the center of mass (COM) of the lipid

and cholesterol molecules. Here, the COM was computed using only mem-

brane atoms within a cylinder of radius 12 Å, 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 10 Å to the cylinder axis, and the weights

were switched to 0 between 10 and 12 Å. This procedure avoids artifacts

in the PMFs due to undulation of the membrane. The reaction coordinate

was divided into 328–388 equidistant sections, with each section repre-

senting the center of an umbrella window. Adjacent umbrella windows

were separated by 0.25 Å, and the umbrella windows spanned the complete

space from bulk water at one side of the membrane to bulk water at the other

side of the membrane.

Solutes were inserted at the umbrella centers. To save computational re-

sources, sampling of 4–5 different umbrella windows were sampled within

each simulation, keeping a distance of 15 Å along z for ammonia and nitric

oxide, and a distance of 20 Å for pyridine and triethylamine. To further

reduce the statistical error, four solutes were sampled within each umbrella

window simultaneously, whereby 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 simula-

tion. We validated that the addition of four (instead of one) solutes per

window does not significantly affect the PMFs (see Fig. S2 in the Support-

ing Material). Water molecules that overlapped with the solute were

removed. Overlaps between the solute and lipid atoms were removed by

gradually switching on LJ interactions between the solute and the rest of

the system within 1000 simulation steps, using soft-core LJ potentials

and a stochastic dynamics integration scheme. Subsequently, the energy

of each structure was minimized. Typical umbrella sampling simulation

systems are shown in Fig. 1, D and E. They contain pure DOPC or

DOPC plus cholesterol.

An harmonic umbrella potential acting on the COM of the solute

was applied (force constant 1000 kJ mol�1 nm�2). Each umbrella simu-

lation was carried out for 1 ns. The temperature was set to 300 K through

a stochastic dynamics integrator (t ¼ 0.1 ps). The pressure was

controlled at 1 bar by the semiisotropic Parrinello-Rahman barostat

(47), scaling the box in the x-y plane only, but keeping the box dimension

fixed in z direction. Those pressure-coupling settings were chosen to

exclude that a box scaling in z direction would affect the umbrella histo-

grams. However, simulating without pressure-coupling in z might, in

principle, reduce the ability of the membrane to relax upon the addition

of solutes. Therefore, we also computed PMFs with pressure-coupling in

z turned on, and we found only very small effects on the PMFs (see

Fig. S2).
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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) (48), as implemented in the G_WHAM software (49). Depending

on the system, the PMFs were based on 1312–1552 histograms. Here, the

integrated autocorrelation times of the umbrella windows were incorpo-

rated in the WHAM iteration procedure as described by Kumar et al.

(48). Integrated autocorrelation times were estimated as described

previously (49), and smoothed along z using a Gaussian filter with s ¼
0.2 nm. The final PMFs were symmetrized around the membrane center

(z¼ 0) to account for the symmetric membranes. To exclude problems con-

cerning, for instance, convergence, nonsymmetrized and noncyclic PMFs

were computed and visually inspected.

Statistical uncertainties of the PMFs were calculated using the Bayesian

bootstrap of complete histograms (49). 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. Statistical errors were between 1 and 3 kJ/mol

(see Fig. S3).
Diffusion calculations

The transversal diffusion constants D (z) were computed from constrained

simulations. To set up these simulations, 32–40 z positions separated by 2 Å

were selected, spanning the space including the membrane and both bulk

water regimes. To reduce the statistical error, in a similar manner as applied

in the PMF calculations, four solutes were placed at the respective z posi-

tion, separated by approximately half of the box width in the x-y plane.

Water molecules that overlapped with the solute were removed. Overlaps

between solute and lipid were removed by gradually switching on LJ inter-

actions in 1000 simulation steps (as done to prepare the umbrella sampling

simulations), and the energy of each structure was minimized. The z coor-

dinate of the COM of each solute was constrained with respect to the COM

of all lipid and cholesterol molecules.

To avoid interactions between the four solutes during the simulations, a

cylindrical flat-bottomed potential was applied on the COM of each solute.

That potential was implemented as Vc¼ kc(r�rc)
2/2H (r�rc), where r is the

distance of the solute from the cylinder axis (parallel to the z axis), kc ¼
1000 kJ/mol/nm2 is the force constant, rc ¼ 0.8 nm is the radius of the

cylinder, and H is the Heaviside step function. Each system was simulated

for 10 ns, and the constraint force was recorded every 40 fs. To exclude

artifacts from the temperature-coupling on the autocorrelation time of the

constraint force, the system was coupled weakly (t ¼ 5 ps) to a thermostat

at 300 K using velocity rescaling (41). Using that procedure, ammonia

molecules were found to couple insufficiently to the rest of the system if

the molecules were located near the center of the membrane, leading to

simulation instabilities. In such simulations, the ammonia molecules were

coupled independently to a thermostat with a coupling constant of t ¼ 1

ps. The pressure was controlled through a Parrinello-Rahman barostat

(t ¼ 1 ps) coupled only to the box vectors in the x-y plane. D(z) was

computed from the integral over the autocorrelation function (ACF) of

the constraint force (16). To assess the robustness of the calculation, the

integral was evaluated either by a simple sum over the ACF or by fitting

of a double-exponential function to the ACF, followed by an analytical

integration of the fitted function. The results were very similar.

We validated the procedure against a simple mean-square displacement

computation of a solute in bulk water, and we found very good agreement.

D(z), shown later in Fig. 4, A and D, was computed using the former

method. Here, the first nanosecond of each simulation was ignored for

equilibration, and D(z) was averaged over the four solutes. One-

dimensional diffusion constants for TEA (triethylamine) and ammonia in

bulk water (see Fig. 4, A and D, broken lines) were computed using the

same protocol, but with only one solute constrained at the center of a

pure water box, yielding 1.27 and 3.77 � 10�5 cm2/s, respectively.
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Potential energies between lipid tails Vtails

The potential energy between the lipid tail atoms Vtails was derived from the

average sum of LJ and short-range Coulomb potentials between all pairs of

atoms in the lipid tail region. For cholesterol, all atoms except for the

hydroxyl group were included, and for phospholipids, all tail atoms up to

the three glycerol carbon atoms. The potential energy was averaged over

the last 10 and 100 ns of the equilibrium simulations for cholesterol-free

and cholesterol-containing simulations, respectively. Statistical errors for

Vtails were computed using a binning analysis (50).
RESULTS

Permeabilities at planar membranes

We formed free-standing, nearly solvent-free planar mem-
branes (21) from a mixture of DOPE and cholesterol and
added 0.5–1.5 mM TEA into one of the aqueous compart-
ments (called the cis compartment below). TEA is a weak
base (pKa ¼ 10.8) that is protonated (TEAHþ) in the
aqueous solution at physiological pH values. Because 1),
proton release is mandatory for membrane permeation (8)
and 2), the TEAHþ flux through the unstirred layers
(USLs) must be equal to the buffer flux in the steady state
(5), the pH change DpH in the immediate membrane
vicinity allows calculation of the steady-state transmem-
brane flux Jm of TEA,

JmzDB

b � DpH

dB
; (5)

where DB, b, and dB indicate the diffusion coefficient of the
buffer molecules, buffer capacity, and the USL thickness,
respectively. We used protonophore-containing pH-sensi-
tive scanning microelectrodes to detect DpH in the USL
(compare, e.g., Missner et al. (4), Saparov et al. (8), and
Antonenko et al. (51)). Increasing aqueous TEAHþ gradi-
ents augmented DpH (Fig. 2, A and B), enabling calculation
of Pm (Fig. 2 B, inset) from the combined Eqs. 1 and 5,

Pm ¼ Jm
½TEA�s

¼ DB

b � DpH

½TEA�s � dB
; (6)
membranes. (C) It was used to calculate Pm for DOPE (blue circles) and DO

Supporting Material). By taking Pm without cholesterol and taking the param

40% cholesterol (black dots) according to the model of Nagle et al. (18) (comp
where [TEA]s indicates the interfacial TEA concentration,
which was derived from the pH profile.

The addition of cholesterol to DOPE in equimolar
amounts resulted in a decrease of Pm from 0.77 5
0.07 cm/s to 0.41 5 0.08 cm/s (Fig. 2 C), as expected
from the decreased DpH. The striking observation was
that smaller amounts of cholesterol had the opposite effect
on Pm. Thus, at 20 mol % cholesterol, we observed the
maximal Pm value of 1.03 5 0.05 cm/s (Fig. 2 B). The
biphasic dependence of Pm on the cholesterol content is at
odds with the predictions from the three-slab model
(Fig. 2 C). In addition, that finding is in contrast to the
permeability for polar solutes that monotonously decrease
with cholesterol concentration (20,52,53).

We speculated that the polar DOPE headgroups might
form the rate-limiting barrier for the permeation of the
apolar TEA. Cholesterol may have increased the distances
between the headgroups upon incorporation into DOPE
bilayers, thereby facilitating TEA access to the hydrophobic
interior. If so, the magnitude of the effect may be smaller in
DOPC bilayers. The PC (phosphatidylcholine) headgroup
forms weaker bonds to nearby water or phosphate groups
than the PE (phosphatidylethanolamine) headgroups
because the cationic group is shielded by three methyl
groups. In line with the smaller polarity of PC headgroups,
we found that the Pm of 1.395 0.17 cm/s at zero cholesterol
increased to 1.96 5 0.26 cm/s at 20% cholesterol (see
Fig. S1). A further increase in cholesterol content decreased
Pm to 0.88 5 0.18 cm/s (Fig. 2 C).

Both DOPC and DOPE are nonnatural lipids which, due
to their two unsaturated chains, occupy a larger area as
compared to other lipids such as POPC (palmitoyl oleoyl
phosphatidylcholine) (54) or POPE. Natural membranes,
in contrast, contain mixtures of both saturated and unsatu-
rated tails of varying tail lengths, and they contain a mixture
of different headgroups. To test the effect of lipid mixtures
on TEA permeability, we looked for a mixture that consists
primarily of lipids with PE (phosphatidylethanolamine) or
PC (phosphatidylcholine) headgroups. With ~70% PE
lipids, the PLE from E. coli lipids satisfied this criterion.
FIGURE 2 Permeability Pm of membranes from

synthetic lipids to TEA. TEA was added to the

aqueous solutions (100 mM NaCl, 5 mM HEPES,

pH 7) at the cis side of the membrane. (A) Its diffu-

sion across the membrane was accompanied by

proton release in the cis unstirred layer (USL)

and proton uptake in the trans USL. We used a

pH-sensitive microelectrode to record the resulting

pH as a function of the distance x to the membrane

in the trans USL. (B) The pH gradient in the imme-

diate membrane vicinity (for x ¼ 0) was a linear

function of the TEA concentration gradient for

both cholesterol-free and cholesterol-containing

PC (red circles) membranes (compare the respective pH profiles in the

eters A and dC from Mathai et al. (20), we calculated Pm for 10, 20, and

are Eqs. 2 and 3).
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The other lipids in this mixture are cardiolipin and phospha-
tidylglycerol. They give rise to a negative surface potential
(55). In the absence of cholesterol, Pm was equal to 1.1 cm/s
(Fig. 3). Upon the addition of cholesterol, membrane perme-
ability decreased gradually (Fig. 3, inset). Thus, the bell-
shaped dependence of Pm on the cholesterol content was
gone. We found similar results for brain extract lipids.
The addition of 20% cholesterol decreased Pm from
(0.82 5 0.07) cm/s to (0.33 5 0.06) cm/s. These results
suggest that the headgroups do not form a rate-limiting
barrier for TEA in PLE or in brain extract lipids.
Molecular-dynamics simulations

Cholesterol increases membrane viscosity as judged from
the increased steady-state fluorescence anisotropy of lipid
probes (53). However, it seems to exert little effect on the
microviscosity of DOPC bilayers, if its small effect on the
lateral lipid diffusion coefficient is taken as a criterion
(56,57). Because D is governed by viscosity, we expected
a reduction in Pm (compare Eq. 1). Because this is at odds
with the increase in Pm at 20 mol % cholesterol observed
in our experiments, we performed atomistic molecular-
dynamics simulations with TEA in DOPC and POPE
FIGURE 3 Apparent permeability Pm,a of membranes from a natural

lipid mixture to TEA. TEA was added to the aqueous solutions (100 mM

NaCl, 5 mM Mes, pH 6) at the indicated concentrations (in mM) to the

cis side of the membrane. Its diffusion across the membrane was accompa-

nied by proton release in the cis unstirred layer (USL) and proton uptake in

the trans USL. We used a pH-sensitive microelectrode to record the result-

ing pH as a function of the distance x to the membrane in the trans USL.

The pH profiles served to calculate an apparent Pm,a of 3.6 5 0.6 cm/s.

True Pm was smaller because negatively charged lipids act to augment

TEAHþ surface concentration, [TEAHþ]s above bulk concentration,

[TEAHþ]b. Electrophoretic mobility measurements of lipid vesicles from

E. coli lipid (55) indicate a surface potential j-value of ~�30 mVaccording

to [TEAHþ]s ¼ [TEAHþ]b exp(Fjs/RT) z 3.2[TEAHþ]b. Accounting for

the increase in transmembrane TEA concentration gradient allows the

calculation of the true Pm z 1.1 cm/s. Addition of cholesterol is likely

to decrease j-values by 10–20%. Because the actual j-values for

the different cholesterol concentrations is unknown, Pm,a is indicated

(see inset).
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bilayers to gain insight into the underlying structural and
energetic mechanisms. Typical simulation systems of a
membrane system of pure DOPC, as well as DOPC plus
40% cholesterol, are visualized in the parts of Fig. 1, D
and E, respectively. Fig. 4 A presents the transverse diffu-
sion coefficient D(z) of TEA across membranes composed
of DOPC, plus an increasing cholesterol content [Chol]
between 0 and 50 mol %. Here, z ¼ 0 corresponds to the
center of the membrane. The diffusion constant is reduced
by approximately one order of magnitude in the inside of
the membrane (jzj % 2 nm) as compared to the bulk water
(broken line), in agreement with previous simulation studies
(16). However, we found that D(z) is independent of [Chol]
(see also Discussion), suggesting that the viscosity, which is
directly related to the diffusion constant, is not involved in
the modulation of Pm by cholesterol. This observation
further indicates that changes in K(z) must be responsible
for the observed alterations in the permeability.

In addition to D(z), we computed PMFsG(z) as a function
of the membrane normal z using the technique of umbrella
sampling simulations. Because we defined the PMF to
0 in the bulk water, the PMF allowed calculation of the
position-dependent partitioning K(z) (Fig. 4 B) for all
cholesterol concentrations,

KðzÞ ¼ e�GðzÞ=kT ; (7)

where k and T denote the Boltzmann constant and the
temperature, respectively. Integrating 1/(K(z)D(z)) along z
yields the permeability (Eq. 2) for each [Chol], as listed in
Table 1. Fig. 3 C shows Pm, relative to the permeability
without cholesterol. The calculated Pm (Fig. 4 C, magenta)
reflected the biphasic experimental dependence of Pm on
[Chol] (Fig. 4 C, green) with reasonable accuracy, suggest-
ing that changes in K(z) are solely responsible for the exper-
imentally observed cholesterol effects on Pm.

The effect of [Chol] on the permeability can be further
analyzed by a closer inspection of K(z). At [Chol] ¼ 0%,
K(z) had its minimum at the lipid headgroups (Fig. 4 B,
black curve, jzjz 2 nm), and a large K(z) of ~5.5 was found
at the lipid tails (jzj z 1 nm), a value which is in excellent
agreement with the experimental hexadecane/water parti-
tion coefficient of TEA of 5.2 (58). Hence, the reduced
partitioning of TEA into the headgroup region caused the
small permeability across pure DOPC. With increasing
[Chol], K(z) is increased at the lipid headgroups and simul-
taneously reduced at the lipid tails (Fig. 4 B, arrows). At
high [Chol] R 40%, the reduced K(z) at the lipid tails
outweighs the increased K(z) at the headgroups (Fig. 4 B,
blue and orange curves), leading to the biphasic dependence
of Pm on [Chol] (Fig. 4 C).

What are the structural mechanisms underlying the
cholesterol effects on partitioning? Fig. 5 A (red curve)
presents the membrane area per lipid headgroup AHG

versus [Chol], averaged from equilibrium simulations of
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the color-code given. (A) Position-dependent trans-

versal diffusion constant D(z) of TEA and (D)

ammonia. z ¼ 0 corresponds to the membrane

center. (Dotted lines) One-dimensional diffusion

constant of TEA and ammonia in bulk water.

Remarkably, D(z) is hardly affected by cholesterol.

(B and E) Position-dependent partition coefficient

K(z) for the same membranes as in panels A and

D. TEA: With increasing [Chol], K(z) is increased

in the headgroup region (jzj ~ 2 nm) and reduced in

the lipid tail region (jzj ~ 1 nm). Ammonia: K(z) is

merely decreased in the lipid tail region by

increasing [Chol]. Permeability to (C) TEA and

(F) ammonia versus [Chol] relative to the perme-

ability at [Chol] ¼ 0% (magenta curves). The

experimental TEA permeabilities are taken from

Fig. 2 C, and the experimental permeabilities to

NH3 and H2O were taken from the literature

(20,51,53). Statistical errors for panels A and B

andD and E are shown in Fig. S3 in the Supporting

Material. To see this figure in color, go online.
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DOPC/cholesterol membranes. AHG increased monoto-
nously with [Chol], that is, the bulky polycyclic cholesterol
groups expanded the bilayer (see also insets in Fig. 5 A).
AHG should not be confused with the area per lipid that is
frequently computed after subtracting the contribution of
cholesterol to the total membrane area (Fig. 5 A, gray curve).
TABLE 1 Absolute TEA and ammonia permeabilities

computed from the simulations

[Chol] (mol %) PTEA, DOPC (cm/s) PNH3, DOPC (cm/s)

0 0.34 0.13

20 0.56 0.10

30 0.54 0.05

40 0.28 0.010

50 0.06 0.004
The latter quantity decreases with [Chol], referred to as the
condensing effect of cholesterol (17,59). We suggest that
the increased distance between the headgroups (Fig. 5 A,
red) reduced the significance of the unfavorable contact
between the hydrophobic TEA and the polar headgroups,
thereby lowering the access resistance of TEA into the head-
group region. For the lipid tail region (jzj z 1 nm), choles-
terol increases the ordering of the lipid tails, leading to a
reduced free volume and stronger van der Waals packing
between lipid tails and cholesterol (insets in Fig. 5 B).

From simulations of other phospholipid membranes,
we previously demonstrated that the lipid tail packing
provides an accurate structural determinant for solute
partitioning into the lipid tail region (17). As a measure
for tail packing, Fig. 5 B shows the average potential energy
Vtails between all pairs of lipid tail and cholesterol atoms.
Biophysical Journal 105(12) 2760–2770



FIGURE 5 On the structural mechanism underly-

ing cholesterol effects on the partition coefficients

in DOPC membranes. (A, red) Membrane cross-

section area per phospholipid headgroup versus

cholesterol content [Chol], demonstrates increasing

distance between headgroups. (Insets) Top views

onto DOPC membranes containing 0% and 50%

cholesterol, respectively. (Spheres) Choline and phos-

phate groups; (stick representation) all other groups.

(A, gray) Area per phospholipid after subtraction of

the area occupied by cholesterol, demonstrating the

condensing effect of cholesterol. (B) Interaction

energy Vtails per atom between all atoms of the lipid

tails and cholesterol versus [Chol]. Stronger (more

negative) Vtails indicates tighter packing by the forma-

tion of large van der Waals contacts upon the addition

of cholesterol. (Insets) Packing between lipid tails

and cholesterol at 0 and 50% cholesterol. Error bars

indicate 1 SD (invisibly small in panel B). To see

this figure in color, go online.
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Vtails becomes stronger (more negative) with increasing
cholesterol content, suggesting that large van der Waals
contacts between lipid tails and cholesterol form with
increasing [Chol]. These contacts must be broken upon
the insertion of a TEA molecule, causing the reduced parti-
tioning of TEA into the lipid tail region at high [Chol]. The
increased van der Waals contacts between lipid tails and/or
cholesterol are also visible in the molecular representations
shown in the insets of Fig. 5 B.

The above considerations suggest that facilitation of
membrane permeation by cholesterol is limited to those
substances for which the headgroup region may represent
the main barrier to permeation. This should merely apply
to very hydrophobic substances. Because the main barrier
for hydrophilic molecules is always located at the hydro-
phobic core, permeation of these molecules may only be
hindered by cholesterol. To test this hypothesis, we
computed the partition coefficient of three additional
solutes—pyridine, nitric oxide, and ammonia—across
Biophysical Journal 105(12) 2760–2770
membranes of DOPC and POPE at 0 and 40% cholesterol
content (Fig. 6, C–F).

Here, the K(z) curves in Fig. 6, C and D, are plotted in
the same scale as the simulation snapshots in Fig. 6, A
and B, allowing one to assign variations in K(z) to regions
in the membrane. For the hydrophobic solutes pyridine
and nitric oxide, the partitioning is similar to TEA in
both DOPC and POPE, with a rate-limiting cholesterol-
dependent barrier at the headgroups. For the polar
ammonia, in contrast, the mechanism is qualitatively
different and analyzed in more detail in Fig. 4, D–F. The
position-dependent diffusion constant D(z) is independent
of [Chol] (Fig. 4 D), suggesting that, likewise to TEA,
variations of the permeability is solely determined by the
partitioning. For the polar ammonia, K(z) is minimized at
the lipid tails and it decreases gradually with [Chol]
(Fig. 4 E), leading to a gradual decrease of Pm with
[Chol], as has frequently been found experimentally for
polar solutes (Fig. 4 F) (20,52,53).



FIGURE 6 Effects of solute size and hydrophobicity on micropartitioning. (A and B) Simulation systems to guide the eye. (C–F) Partition coefficient K(z)

for TEA (blue, solid), pyridine (gray, solid), nitric oxide (red, broken), and ammonia (purple, dot-dashed) in membranes of (C) pure DOPC, (D) DOPC/40%

cholesterol, (E) pure POPE, and (F) POPE/40% cholesterol. The membrane normal z is plotted in accordance to the scale in panels A and B, allowing one to

assign variations of K(z) to regions of the membrane. In pure phospholipid membranes in panels C and E, the permeation of hydrophobic solutes is limited by

the barrier at the headgroups (jzj ~ 2 nm). In contrast, the permeation of the polar ammonia is not limited by the headgroups, but by the barrier at the

hydrophobic tails. (D and F) Upon the addition of cholesterol, the headgroup barrier nearly vanishes, whereas a barrier at the lipid tails is created. Statistical

uncertainties are shown in Fig. S5 in the Supporting Material. To see this figure in color, go online.
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DISCUSSION

We found that the transversal diffusion constant D of solutes
is invariant of cholesterol concentration. That finding might
come as a surprise because cholesterol increases the packing
in the lipid tail region and therefore increases the viscosity
of the membrane (53). However, the invariance of D can
be rationalized from the simulations presented here and in
our previous study (17). Upon the addition of solutes into
the lipid tail region, van der Waals contacts between lipid
tails and cholesterol molecules must break up. Because of
the stiffness of cholesterol molecules and, to a lesser extent,
of the lipid tails, those van der Waals contacts cannot be
fully replaced by solute-lipid contacts. Instead, defects
form below and above the solute, which might be filled by
a few water molecules or by a highly flexible lipid tail
(Fig. 7; see also Fig. 7 in Wennberg et al. (17). The required
free energy for the formation of such a defect increases with
tighter packing of the membrane, leading to a reduced parti-
tion coefficient in cholesterol-containing membranes.
However, and this is the key finding, as soon as the defect
is formed, it allows a relatively unhindered diffusion of
the solute in the transversal direction. Notably, visual
inspections of our simulations showed that such defects
only form near the solute along the membrane normal, but
not along the membrane plane. Therefore, the mechanism
described here does not contradict a reduced lateral diffu-
sion coefficient in cholesterol-containing membranes.

Thus, an adequate description of cholesterol’s effect on
Pm requires knowledge of the partition coefficient as a
function of the penetration depth (Fig. 4 B and E).
Understanding how cholesterol increases solute mobility is
impossible within either

1. The framework of the conventional solubility diffu-
sion model, which envisions membrane diffusion to be
similar to diffusion through a homogenous medium
(11) or

2. The framework of the three-slab model, which divides
the membrane into three homogenous regions that any
solute or solvent has to cross in a successive fashion
(18,20).

Here we found that intercalation of cholesterol into the
membrane has two effects: 1), it impedes solute partition
Biophysical Journal 105(12) 2760–2770



FIGURE 7 Typical simulation snapshot of a DOPC simulation with

50 mol % cholesterol, with a TEA molecule located at a distance of z z
1.5 nm from the membrane center. (Spheres) TEA; (thin sticks) DOPC

and water; and (thick sticks) cholesterol. The TEA molecule is tightly

packed in the lateral direction (i.e., membrane plane). In the transversal

direction, however, it forms contacts with highly mobile groups (the

DOPC tail and water), rationalizing the invariance of the transversal diffu-

sion coefficient. To see this figure in color, go online.

2768 Zocher et al.
into the acyl-chain region; and 2), it increases the average
distance between the phospholipid headgroups. Conse-
quently, the effect of cholesterol on Pm depends on whether
the flux-limiting free-energy barrier for permeation is
located at the acyl chains or at the headgroups. That is, if
the main barrier to permeation is in the region of the
carbonyl groups in a cholesterol-free membrane, addition
of cholesterol increases the barrier and decreases Pm. That
cholesterol mechanism holds for hydrophilic solutes in
putatively any lipid membrane and, as found here, for the
apolar TEA in E. coli lipid extract. A notable exception is
the increased membrane proton permeability upon choles-
terol addition (53).

In contrast, if the main barrier to permeation is located
in the headgroup region, cholesterol decreases that barrier
and increases Pm. A further increase in cholesterol con-
centration hampers the entry into the hydrophobic
interior, so that the barrier in the hydrophobic region even-
tually becomes dominant. In turn, Pm decreases. This dual
role of cholesterol is responsible for the bell-shaped
dependence of Pm on cholesterol concentration (Fig. 2
C), which we found in DOPE and DOPC membranes.
The balance between the barrier functions of the head-
group and hydrophobic regions is not only a function of
the hydrophobicity of the molecules, it depends also on
solute size and saturation of the lipid tails. Saturated
lipid tails lead to a stronger decrease of the partitioning
in the hydrophobic region upon the addition of cholesterol
Biophysical Journal 105(12) 2760–2770
as compared to unsaturated tails (compare Fig. 6, D
and F).

It is important to note that the bell-shaped Pm-versus-
cholesterol profile is a specific phenomenon of the model
lipids chosen and does not apply to the biologicalmembranes
that were tested here. Instead, we found a monotonously
decreasing TEA permeability for E. coli PLE. The Pm value
of PLE is between that of pure DOPC and DOPE, despite the
fact that the acyl-chain region is more tightly packed in
natural lipid mixture than in the di-oleoyl membranes, as
reflected in the larger area per lipid of DOPC and DOPE.
As a result the headgroups may have lost the ability to act
as a rate-limiting barrier, very much in contrast to their func-
tioning in DOPE and DOPC bilayers. Consequently, the
addition of cholesterol leads to a gradual decrease of Pm in
the PLE membrane. The same line of arguments applies to
brain lipid extract, consisting of roughly 50% PE and PC
lipids. It also shows a decrease of Pm at 20% cholesterol.
However, unidentified components that account for 30% of
brain lipids may also be responsible. Thus, further experi-
ments and simulations are required to define the molecular
requirements for a rate-limiting headgroup barrier.

The cholesterol effects observed in this study allow two
additional conclusions:

1. The smaller the molecule, the smaller the remaining
relative barrier in the hydrophobic region. For very small
hydrophobic molecules such as NO in a membrane with
purely unsaturated tails, this barrier never limits mem-
brane diffusion (Fig. 6 D). Consequently, a situation is
possible where even at its highest concentrations, choles-
terol does not decrease Pm.

2. A cholesterol-mediated hundred- or thousand-fold
reduction in Pm to CO2 is unlikely (60) because CO2

and NO do not differ very much in hydrophobicity or
size. In contrast, our study explains why a cholesterol
effect on Pm to CO2 may not be observable (4,61). It
delivers the so-far missing molecular picture for the
observation that membranes cannot be transformed into
barriers for molecules like NO or CO2. The important
consequence is that their transmembrane flux cannot be
regulated by membrane transporters. Instead, the flux is
a function of the availability of NO or CO2, which, in
turn, is under tight enzymatic control (61,62).

We conclude that the interplay of solute size, solute hy-
drophobicity, and membrane structure may well be reflected
by the position-dependent partition coefficient K(z). Depict-
ing the membrane as a homogenous medium or as a series of
homogenous slabs does not allow precise predictions of Pm.
However, it does allow predictions of the approximate order
of magnitude—that is, the validity of the solubility diffusion
model for rough estimates of Pm remains unchallenged.
Calculation of Pm from K(z) by molecular-dynamics simula-
tion is an excellent tool to derive the molecular and ener-
getic determinants underlying solute permeation.
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Figure S1: Representative pH profiles in the trans USL of a DOPC bilayer, which were induced by 

TEA added at the cis side of the membrane. The aqueous solutions contained 100 mM NaCl and 5 

mM Mes (pH 7).   

 

 

 
Figure S2: (A) Ammonia across DOPC: on the effect of pressure coupling in Z direction 

(membrane normal) during umbrella sampling simulations. The PMFs with pressure coupling in Z 

turned on (red) and off (black) agree within statistical errors. Error bars indicate one standard 

deviation. (B) TEA across DOPC: same analysis as in A. In addition, the umbrella simulation 

systems were set up with one TEA molecule per Z coordinate (instead of four, see Methods). Only 

marginal effects on the PMFs are found. 
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Figure S3: Statistical uncertainty shown as one standard deviation of the computed diffusion 

constants of (A) TEA and (C) ammonia shown in Figure 4 of the main text. Those uncertainties 

were computed from the standard deviation of diffusion constants of four independent solutes at 

each z position divided by (N-1)1/2, where N=4. Thus, the estimate for the uncertainty is 

approximate but unbiased. (B/D) Uncertainty of the PMF computed using the Bayesian bootstrap of 

complete histograms [Hub et al., J. Chem. Theory Comput. 6, 3713-3720 (2010)]. The uncertainties 

of Pm (Fig. 3C/F) were computed from the uncertainties in A-D via Gaussian error propagation. 
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Figure S4: Representative pH profiles in the trans USL of a brain extract bilayer, which were 

induced by TEA added at the cis side of the membrane. Left: pure brain extract. Right: plus 20% 

cholesterol. Inset: TEA permeabilities at 0 and 20% cholesterol. 

 

 

 
Figure S5: Statistical uncertainties (one standard deviation) of the PMFs shown as position 

dependent partition coefficients K(z) in Figure 6. σPMF(z) translates into the uncertainties of K(z) as a 

factor of exp(-σPMF(z)/kT). Uncertainties were computed using the Bayesian bootstrap of complete 

histograms [Hub et al., J. Chem. Theory Comput. 6, 3713-3720 (2010)]. 
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