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ABSTRACT: Lateral inhomogeneity plays a critical role for many
properties of cholesterol-containing membranes, yet the thermo-
dynamic forces involved in inhomogeneity remain poorly
understood. Based on coarse-grained simulations of cholesterol
in four increasingly unsaturated phospholipids, we computed
lateral density fluctuations and free energies of domain formation,
and we quantitatively relate those to variations in the chemical
potential of cholesterol. Our simulations suggest that the lateral
organization is dominated by weak repulsive cholesterol
interactions, leading to a significantly more homogeneous
distribution as compared to a two-dimensional ideal gas. Hence,
phospholipids provide a “good” solvent for cholesterol. Un-
expectedly, the degree of unsaturation of the phospholipid has
only a minor effect on the lateral inhomogeneity of cholesterol in

- - ideal gas
from p (x.)

%%
)
Xc (moI /o)

L !
50

binary lipid mixtures. These results provide a link between functional properties and thermal fluctuations in lipid membranes.

holesterol is a major component of the plasma membrane

of animal cells, where it is present in concentrations up to
50 mol %. Cholesterol alters the structure of membranes by
imposing a lower fraction of gauche rotamers in proximal
phospholipid tails, thereby increasing the order and the packing
density of the membrane." Consequently, cholesterol modu-
lates various physicochemical properties of membranes
including bending moduli, lateral diffusion constants, or
permeability.”~° In addition, the probability for the formation
of water defects as required for ion permeation, and the activity
of antimicrobial peptides are modulated by cholesterol.”® The
ordering effect of cholesterol molecules is spatially highly
localized to proximal lipids.” Hence, in order to predict
macroscopic properties of the membrane from the chemical
interactions of cholesterol, a quantitative understanding of the
lateral distribution of cholesterol is mandatory.

The lateral organization of cholesterol-containing mem-
branes has been studied exhaustively with a focus on domain
formation and phase separation in ternary lipid mixtures of
cholesterol with saturated and unsaturated lipids."’™"* From
those studies it is well established that domain formation is
driven by a more favorable enthalpy of cholesterol in saturated
as compared to unsaturated membranes, typically by a few
kilojoule per mole."*™"* The lateral organization of binary lipid
mixtures, which are the focus of the present study, has
remained controversial. For mixtures of saturated lipids with
cholesterol, a coexistence of liquid disordered/liquid ordered
phases (I; + I,) was suggested for a certain composition and
temperature range, but these mixtures exhibit, at best,
nanoscopic domains.'”*’ In unsaturated lipids, no consensus
was obtained whether a [3/l; coexistence provides an
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appropriate model.”' However, even in the absence of well-
defined domains, it is unclear whether cholesterol is
homogeneously distributed in the membranes. Instead, merely
by lateral diffusion, the local cholesterol concentration
fluctuates, which might modulate the probability of rare
cholesterol-dependent events such as pore formation or solute
permeation.

A quantitative understanding for such density fluctuations in
cholesterol-containing membranes has remained elusive. In
particular, it is unclear whether the preferred interaction of
cholesterol with saturated lipids also translates into different
degrees of lateral inhomogeneity. To clarify these questions,
here we used statistical theory of solutions to relate density
fluctuations and domain formation to the chemical potential of
cholesterol in different lipid mixtures. To investigate the effect
of the phospholipid’s unsaturation on lateral organization, we
conducted coarse-grained (CG) molecular dynamics (MD)
simulations of cholesterol in four phosphatidylcholine (PC)
lipids of increasing unsaturation, namely, dipalmitoyl-PC
(DPPC), palmitoyl-oleoyl-PC (POPC), dioleoyl-PC (DOPC),
and di(cis—cis-9,12-octadecadienoyl)-PC (DUPC) (Figure 1).
Molecular interactions were described by the Martini force field
that models three to four heavy atoms as one CG bead.”” The
Martini model maintains some chemical specificity such as
unsaturated hydrocarbon chains. Importantly, the model
accounts for the preferred packing of cholesterol with saturated
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Figure 1. Coarse-grained representations of lipids considered in this
study. Blue/orange: phospholipid head groups; brown: glycerol; gray:
hydrocarbon; green: unsaturated groups; red: hydroxyl.

as compared to unsaturated chains, which allowed for successful
simulations of phase separation in ternary mixtures.””**

In order to quantify the thermodynamic forces involved in
the lateral organization, we first computed potentials of mean
force (PMFs) for moving one cholesterol molecule from a
cholesterol-depleted into a cholesterol-enriched membrane
domain. To this end, cholesterol-enriched slabs were enforced
by imposing a flat-bottomed potential on the cholesterol
molecules, whereas no restraints were applied to the
phospholipids (Figure 2A/B). Technical details are provided
in the Supporting Information (SI). PMFs were computed by
umbrella sampling at 323 K and a constant pressure of 1 bar.
The PMFs are shown in Figure 2C, where y = 0 corresponds to
the center of the cholesterol slab, while y & +6 nm corresponds
to positions in the pure phospholipid region. The excess
chemical potential difference Ap,, between the inside and
outside of the cholesterol-enriched slab is plotted in Figure 2D,
as taken from the PMFs. In all phospholipids, A, was found
to be positive, and it increases with the cholesterol mole
fraction x.. Hence, cholesterol is repelled from cholesterol-
enriched domains, rationalizing why cholesterol does not
spontaneously form domains in such binary mixtures.”
Remarkably, the degree of saturation of the phospholipid
showed little influence on Ay, up to a cholesterol
concentration of ~40 mol %, despite the more favorable
packing of cholesterol with saturated tails. To further rationalize
these findings, we computed the excess chemical potential y,,
(or free energy of insertion) of cholesterol into 36 different
lipid compositions using thermodynamic integration (Figure
2E; see SI for details). In agreement to experimental
ﬁndings,18’26 the simulations predict an increasing ., with
increasing number of double bonds in the lipid tails.
Experimentally, the partition free energy of cholesterol into
different PC membranes was found to vary by 1 to 3 kJ/mol,
depending on the degree of unsaturations.”*>* Thus, the
difference of ~1.5 kJ/mol between DOPC and DPPC at zero
cholesterol content are in reasonable agreement to exper-
imental numbers (2E, orange vs magenta curves, x. = 0).
Contrary, . for DUPC seems to be larger than related
experimental estimates for polyunsaturated lipids.””*® Thus, the
DUPC model adopted in this study may be considered as a
hypothetical lipid that exhibits particularly poor packing with
cholesterol. However, Figure 2E confirms that the increase of
ey upon the addition of cholesterol, (0,,/0x.)p 1, is similar in
different types of phospholipids, in agreement to the findings
from the PMFs (Figure 2C/D). As shown in the following, the
invariance of the increase of u., with x. translates into similar
degrees of cholesterol inhomogeneity in different phospholi-
pids.
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Figure 2. (A) Typical simulation system used to compute PMFs for
lateral partitioning of cholesterol in top view and (B) side view. Red:
cholesterol, restrained by a flat-bottomed potential in the central slab;
gray/orange/black beads: phospholipids; transparent blue: water. (C)
PMFs for moving a single cholesterol laterally across cholesterol-
enriched slabs, embedded in different phospholipids, as indicated in
the graphs. Color coding: cholesterol concentration (mol %) within
the cholesterol-enriched slab. The y-axis is visualized as an arrow in
panel B. (D) Excess chemical potential difference Ay, for moving one
cholesterol from the pure-phospholipid environment into the
cholesterol-enriched slab, taken from the PMFs and hence computed
by umbrella sampling. (E) Excess chemical potential (or free energy of
insertion) of cholesterol in membranes of increasing cholesterol
content, computed by thermodynamic integration. Color coding as in
panel D.

We quantified the lateral inhomogeneity first from density
fluctuations of cholesterol during equilibrium simulations.
Fluctuation theory shows that, in the grand canonical ensemble,
the isothermal compressibility of a liquid is related to density
fluctuations via ). = N - NV

T (NY kT
number in the probe volume V, T denotes the temperature, kg
the Boltzmann constant, and (-) is the ensemble average.””
Analogously, we here consider the lateral two-dimensional

2 2
(2D) compressibility of cholesterol y, = = %k}%’
where N, denotes the cholesterol number in the probe area
A. For noninteracting cholesterol molecules corresponding to a
2D ideal gas, ¥ = (PksT) ™" would be expected, where p is the
lateral cholesterol density. For interacting cholesterol mole-

, where N, is the particle
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cules, statistical theory of solutions allows one to relate y, to
the chemical potential y(x.). Hence, we can relate fluctuations
in equilibrium simulations to the single-cholesterol PMFs of
Figure 2C. Assuming equilibrium between a probe area and the
remaining simulation system, the mean-square fluctuation of
the number of cholesterol molecules is given by”’

()Y
-y

a

(1)

where R is the gas constant. Based on Figure 2D, we take for
the chemical potential of cholesterol u(x.) = 4° + RT In p +
Ap,,. Here, we approximate Ay, = mx. + m,xZ, where m; = 10
k] mol™' and m, = 20 kJ mol™ were chosen to match the
Api(x.) curves (Figure 2D, dashed line). The cholesterol
concentration is given by x. = N,/(N, + n.), where n;, denotes
the number of phospholipids inside the probe area. Evaluating

-1
. - x (1 —x,

eq 1 yields y, /(pkgT) 1= [l + %(m1 + 2m2xc)] ,

which contains the 2D ideal gas case for m; = m, = 0. The

function is plotted in Figure 3B (dashed cyan curve). Hence,

0.0 L | L | L I L | L L L |
0 30

X, (Mol %)

Figure 3. (A) Typical coarse-grained simulation system of 40 mol %
cholesterol (red) in POPC (yellow), containing ~6000 lipid-
cholesterol molecules and ~75.000 water beads (not shown for
clarity). (B) Lateral compressibility y.,, normalized by the lateral
cholesterol density p and kzT. Colored lines: from MD simulations.
Dashed cyan line: predicted from alterations of cholesterol chemical
potential (Figure 2D). Dotted line: two-dimensional ideal gas.

the computed chemical potentials imply that y .../ (PksT) ™' < 1
at all cholesterol concentrations in all phospholipids, suggesting
that the cholesterol distribution is characterized by a lower
compressibility or reduced fluctuations as compared to a 2D
ideal gas. In other words, the lateral distribution of cholesterol
is more homogeneous than the 2D ideal gas.

To validate these theoretical considerations, we computed
Xehol from equilibrium simulations of cholesterol-containing
membranes at concentrations between S and 60 mol %, and

embedded in one of the four different phospholipids shown in
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Figure 1. A typical simulation system used to compute y, is
shown in Figure 3A. Since we simulated in the NVT ensemble
and not at constant chemical potential, we computed lateral
density fluctuations at various probe areas A, and extrapolated
to 1/A — 0 at small A (see SI for details).>*' Figure 3B
(colored curves) presents yq.q/(pksT) ™" as computed from the
simulations. Favorable agreement with the theoretical estimate
(Figure 3B, cyan) is found for all phospholipids, demonstrating
that density fluctuations are consistent with the excess chemical
potentials (Figure 2). The compressibility highly depends on
the cholesterol content. At low cholesterol content, the
cholesterol molecules hardly interact, thereby letting yg,./
(pkgT)™" — 1, close to the ideal gas case. In contrast, with
higher cholesterol content, density fluctuations are increasingly
suppressed by repulsive cholesterol interactions, leading to a
compressibility of ~1/3 of the ideal gas case. Notably, because
Ap, is similar in different lipids (Figure 2D), the
compressibility hardly depends on the type of phospholipid.
How do the chemical potential differences presented above
influence the formation of cholesterol-depleted domains? To
address this, we computed the PMF of forming a circular
cholesterol-depleted domain (Figure 4A/B), using the

A
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Figure 4. (A) Simulation system of DOPC (yellow) plus 30 mol %
cholesterol (red). Water not shown for clarity. (B) Same system, but
after creating a cholesterol-depleted domain of radius R at the center
of the box (black circle). (C) PMFs Wp,(R) for creating a chlolesterol-
depleted region in DPPC, and (D) in DOPC. Solid curves: PMFs
from umbrella sampling; colors are indicated in the legend; dashed
curves: loss of lateral entropy of cholesterol, — TAS,(R); circles:
PMFs estimated as W,(R) — TAS,,(R).

collective radial reaction coordinate introduced by Tolpekina
et al.>> (SI for details). The PMFs as a function of domain
radius R, Wp(R), are presented in Figure 4C/D as solid curves.
The PMFs rapidly increase with R, suggesting a low probability
for spontaneous formation of cholesterol-depleted domains. As
expected from the single-cholesterol PMFs of Figure 2C, the
free energy of domain formation increases with cholesterol
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concentration. In addition, by comparing the PMFs from
simulations in DPPC (Figure 4C) and DOPC (Figure 4D), we
found again that the saturation of the phospholipid plays only a
minor role, in line with the results presented above.

The PMFs for domain formation Wp(R) can be related to
Ap, by decomposing the PMFs into two main components.
First, the entropy of cholesterol in the lateral plane is reduced
upon domain formation, which we quantified by the Shannon
entropy Si(R) = —kg / box Pr(%Y) In pp(xy) dx dy. Here,
pr(x,y) is the lateral density of cholesterol at domain radius R.
The entropic contribution —TAS,(R) computed from the
simulation is shown as dashed curves Figure 4C/D. Notably,
the loss of lateral entropy depends on the box area A,
approximately via AS(R) = kg In(1 — zR*/A,). The second
component originates from the fact that domain formation
involves transfer of cholesterol molecules from a region of
reduced cholesterol content into a region of higher cholesterol
content. That component can be estimated from the excess
chemical potential differences Ag,, (Figure 2D), which we take
again as Ap,, = myx, + myx?. Following the derivation in the SI,
the second component to the PMFs is given by

AW,(R) =ﬂR2pxc(%ml+ %mzxc). The sum of the two

components, AW,(R) — TAS,,(R), is plotted as circles in
Figure 4C/D.

The curves in Figure 4C/D demonstrate remarkable
agreement between the PMFs Wp(R) computed from the
simulations (solid lines) and the estimate AW, (R) — TAS,(R)
(circles), indicating that lateral organization of cholesterol was
dominated by a combination of (i) lateral entropy and (ii)
alterations in the chemical potential of cholesterol with
cholesterol concentration. In addition, at low x,, lateral entropy
Siat(R) makes a major contribution to the free energy of domain
formation (black curves in Figure 4C/D), suggesting that
cholesterol behaves similar to a 2D ideal gas. At high x, in
contrast, S,(R) hardly contributes to the overall free energies,
suggesting that the free energies of domain formation are
dominated by repulsive cholesterol interactions (Figure 4C/D,
blue and orange curves).

What are the structural mechanisms underlying the repulsive
cholesterol interactions reported here? Previous studies
established that cholesterol increases the packing density of
the membrane by (i) reducing the area occupied per
phospholipid (the condensing effect), and (ii) by filling the
space below the phospholipid’s glycerol groups with the bulky
polycyclic groups.”** Tighter packing increases the cost in free
energy for adding another cholesterol molecule, leading to the
repulsive interaction. In other words, considering cholesterol as
solutes embedded in a solvent of phospholipid, we suggest that
cholesterol molecules interact by modifying the structure of the
solvent, leading to an indirect solvent-mediated repulsion.
Because tighter packing is associated with lower enthalpy, we
further suggest that the repulsive cholesterol interactions are of
entropic origin.

To validate the results presented here, neutron scattering
experiments of deuterated cholesterol will be required, similar
to the work by Rheinstidter and co-workers,””** but conducted
at various x. and in different phospholipids. Lateral structure
factors derived from such experiments are related to radial
distribution functions (Figure S2), which could be compared to
the simulations shown here.

To conclude, we found that lateral entropy dominates the
lateral organization only at very low cholesterol content. At
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higher cholesterol content, repulsive interactions between
cholesterol become increasingly important. The lateral
inhomogeneity can be quantified via chemical potentials,
which we here translated into (i) free energies for the
formation of cholesterol-depleted domains, and (ii) density
fluctuations that are strongly suppressed as compared to the 2D
ideal gas. Our analysis showed that the chemical potentials, the
density fluctuations, and the free energies of domain formation
were quantitatively consistent. The role of unsaturations were
further analyzed by simulating cholesterol in four different
increasingly unsaturated phospholipids. We found that the
inhomogeneity is nearly independent of the degree of
unsaturation, which might be unexpected noting that
cholesterol preferentially partitions into membranes of
saturated lipids.”'”*> However, we emphasized that partition-
ing is related to the ma§nitude of p,, which clearly depends on
lipid unsaturation,”® " whereas the lateral inhomogeneity is
related to dp,,/0x., which we here found to be nearly invariant
with respect to unsaturation.

What are the functional implications of the present study?
Local cholesterol concentrations modulate many membrane
properties such as lipid packing, bending moduli, membrane
curvature, line tension, or diffusion constants.>™® Localized
events related to such properties, such as defect formation or
solute permeation, are therefore expected to strongly depend
on the variance of local cholesterol concentrations and, hence,
on lateral inhomogeneity. To quantify such effects, free energies
of defect formation or solute permeation could be related to the
size of cholesterol-depleted domains. In addition, it will be
highly interesting to investigate the inhomogeneity of more
complex lipid mixtures or of membranes close to phase
transition temperatures. Such future calculations, building upon
the work presented here, provide a route to gain quantitative
understanding of the functional role of lateral inhomogeneity in
membrane biophysics.
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