PRL 113, 228101 (2014)

week ending
28 NOVEMBER 2014

PHYSICAL REVIEW LETTERS

Structure of Cholesterol in Lipid Rafts
Laura Toppozini,1 Sebastian Meinhardt,2 Clare L. Armstrong,1 Zahra Yamani,3 Norbert Kučerka,3,4
Friederike Schmid,2,† and Maikel C. Rheinstädter1,3,*
1

Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, L8S 4M1, Canada
2
KOMET 331, Institute of Physics, Johannes Gutenberg-Universität Mainz, 55099 Mainz, Germany
3
Canadian Neutron Beam Centre, Chalk River, Ontario, K0J 1J0, Canada
4
Faculty of Pharmacy, Comenius University, 832 32 Bratislava, Slovakia
(Received 17 March 2014; published 25 November 2014)

Rafts, or functional domains, are transient nano-or mesoscopic structures in the plasma membrane and are
thought to be essential for many cellular processes such as signal transduction, adhesion, trafficking, and lipid
or protein sorting. Observations of these membrane heterogeneities have proven challenging, as they are
thought to be both small and short lived. With a combination of coarse-grained molecular dynamics simulations
and neutron diffraction using deuterium labeled cholesterol molecules, we observe raftlike structures and
determine the ordering of the cholesterol molecules in binary cholesterol-containing lipid membranes. From
coarse-grained computer simulations, heterogenous membranes structures were observed and characterized as
small, ordered domains. Neutron diffraction was used to study the lateral structure of the cholesterol molecules.
We find pairs of strongly bound cholesterol molecules in the liquid-disordered phase, in accordance with the
umbrella model. Bragg peaks corresponding to ordering of the cholesterol molecules in the raftlike structures
were observed and indexed by two different structures: a monoclinic structure of ordered cholesterol pairs of
alternating direction in equilibrium with cholesterol plaques, i.e., triclinic cholesterol bilayers.
DOI: 10.1103/PhysRevLett.113.228101
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The liquid-ordered (lo ) phase of membranes in the
presence of cholesterol was brought to the attention of
the life science community in 1997 when Simons and
Ikonen [1] proposed the existence of so-called rafts in
biological membranes. Rafts were thought to be small,
molecularly organized units, providing local structure in
fluid biological membranes and hence furnishing platforms
for specific biological functions [1–10]. These rafts were
supposed to be enriched in cholesterol making them more
ordered, thicker and, thus, appropriate anchoring places
for certain acylated and hydrophobically matched integral
membrane proteins. The high levels of cholesterol in these
rafts led to the proposal that rafts are local manifestations of
the lo phase, although in most cases the nature of the lipid
ordering and the phase state were not established in cells,
nor in most model membrane studies [10–12].
Rafts are generally interpreted as self-assembled clusters
floating around in an otherwise structureless liquid membrane.
However, early work in the physical chemistry of lipid bilayers
pointed to the possibility of dynamic heterogeneity [13–16]
in thermodynamic one-phase regions of binary systems. The
sources of dynamic heterogeneity are cooperative molecular
interactions and thermal fluctuations that lead to density and
compositional fluctuations in space and time.
A number of ternary phase diagrams have been determined for systems involving cholesterol and two different
lipid species. Usually these systems contain a lipid species
with a high melting point, such as a long-chain saturated
phospholipid or sphingolipid, and a lipid species with a low
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melting point, such as an unsaturated phospholipid [17],
resulting in the observations of micrometer-sized, thermodynamically stable domains [4,18–21]. Much less work
has been done on cholesterol-lipid binary mixtures, which
although seemingly simpler, have proven to be more
difficult to study. Evidence for a heterogeneous structure
of the lo phase, similar to a microemulsion, with ordered
lipid nanodomains in equilibrium with a disordered membrane was recently supported both by theory and experiment. The computational work by Meinhardt, Vink, and
Schmid [22] and Sodt et al. [23] and the experimental papers
by Armstrong et al. [24–26] using neutron scattering were
conducted using binary DPPC/cholesterol and dimyristoylphosphocholine (DMPC)/cholesterol systems.
We combined coarse-grained molecular dynamics (MD)
simulations including 20 000 lipid-cholesterol molecules
with neutron diffraction using deuterium labeled cholesterol molecules to study the cholesterol structure in the
liquid-ordered phase of dipalmitoylphosphatidylcholine
(DPPC) bilayers. The simulations present evidence for a
heterogenous membrane structure at 17 and 60 mol%
cholesterol and the formation of small, transient domains
enriched in cholesterol. The molecular structure of the
cholesterol molecules within these domains was determined
by neutron diffraction at 32.5 mol% cholesterol. Three
structures were observed: (1) a fluidlike structure with
strongly bound pairs of cholesterol molecules as manifestation of the liquid-disordered (ld ) phase; (2) a highly
ordered lipid-cholesterol phase where the lipid-cholesterol
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complexes condense in a monoclinic structure, in accordance
with the umbrella model; and (3) triclinic cholesterol
plaques, i.e., cholesterol bilayers coexisting with the lamellar
lipid membranes.
The simulations use a simple coarse-grained lipid model
[27] that reproduces the main phases of DPPC bilayers
including the nanostructured ripple phase Pβ0 [27] and
has similar elastic properties in the fluid phase [28]. In this
model, lipids are represented by short linear chains of beads,
with a “head bead” and several “tail beads” [Fig. 1(a)], which
are surrounded by a structureless solvent. The model was
recently extended to binary lipid-cholesterol mixtures. The
cholesterol molecules are modeled shorter and stiffer than
DPPC, and they have an affinity to phospholipid molecules,
reflecting the observation that sterols in bilayers tend to be
solubilized by lipids [29]. In our previous work, we have
reported on the behavior of mixed bilayers with low cholesterol content [22]. Locally, phase separation was observed
between an lo and an ld phase. On large scales, however,
the system assumes a two-dimensional microemulsion-type
state, where nanometer-sized cholesterol-rich domains are
embedded in an ld environment. These domains are stabilized
by a coupling between monolayer curvature and local ordering [22], suggesting that raft formation is closely related to
the formation of ripples in one-component membranes.
In the following, we will discuss the behavior of our model
membranes at larger cholesterol concentrations and discuss
the implications for experiments.
The simulations were done at constant pressure,
constant temperature, and constant zero surface tension
in a semi-grandcanonical ensemble where lipids and
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
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cholesterol molecules can switch their identities. The
cholesterol content is thus driven by a chemical potential
parameter μ. Simulation results are given in units of
σ ≈ 6 Å [28] and the thermal energy kB T. Typical equilibrated simulation snapshots (side view and top view) are
shown in Figs. 1(b) and 1(c). At low cholesterol concentration (μ ¼ 8.5kB T), one observes small rafts as discussed
earlier. At higher cholesterol concentration (lower μ), the
cholesterol-rich rafts grow and gradually fill up the system,
but they still remain separated by narrow cholesterol-poor
“trenches.” The side view shows that these trenches have
the structure of line defects where opposing monolayers are
connected. Such line defects are also structural elements of
the ripple phase in one-component bilayers [30,31].
With increasing cholesterol concentration, the structure
of the rafts changes qualitatively. This is demonstrated in
Fig. 2(a), which shows that the cholesterol concentration
inside rafts remains constant (around 25%) for a range of
chemical potentials μ > 8.5kB T, but then increases rapidly
at μ ≤ 8kB T. Along with this concentration increase, the
peaks in the lateral structure factor of cholesterol head
groups in Fig. 2(b) become more pronounced, indicating a
substantial increase in molecular order. We should note that
the coarse-grained model used in the simulations is not
suitable for studying details of the molecular arrangement
inside the ordered structures. However, one can analyze the
transition between states with high and low μ by analyzing
the distribution of local cholesterol densities [Fig. 2(a),
inset]. At high μ, the histogram has a maximum at
cholesterol density c close to zero and decays for higher
c with a broad tail that reflects the contribution of the rafts.
At low μ, it exhibits a marked maximum at c ≈ 1σ −2 ,
corresponding to bilayer regions consisting purely of
cholesterol. In the intermediate regime, corresponding to
the situation shown in Fig. 1(c), the histogram of cholesterol densities features two broad peaks around c ≈ 0.4σ −2
and c ≈ 0.7σ −2 . In this regime, almost pure cholesterol
plaques coexist with regions having cholesterol
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FIG. 1 (color online). (a) Schematic representation of DPPC
and cholesterol molecules used in the simulations. (b) Snapshot
of the simulation at μ ¼ 8.5kB T, resulting in a cholesterol
concentration of ≈17 mol%. (c) Snapshot of the simulation at μ ¼
7.8kB T resulting in a cholesterol concentration of ≈60 mol%.
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FIG. 2 (color online). (a) Total cholesterol concentration and
cholesterol concentration inside rafts for different chemical
potential μ. Inset shows a histogram of local cholesterol densities,
taken using squares of area 25σ 2 ≈ 9 nm2 . (b) Radially averaged
two-dimensional lateral structure factor of cholesterol head groups
for different μ as indicated. The level of molecular order increases
with decreasing μ, i.e., increasing cholesterol concentration.
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compositions that are close to those of rafts in cholesterolpoor membranes [high μ limit in Fig. 2(a)].
The experimental observation of the lo phase in a
cholesterol-lipid binary mixture was initially reported by
Vist and Davis [32]. The quantitative determination of
binary lipid-cholesterol phase diagrams has remained elusive. In phospholipid membranes, most studies report the lo
phase at cholesterol concentrations of more than 30 mol%
[17]. The formation of cholesterol plaques, phase-separated
cholesterol bilayers coexisting with the membrane, was
reported to occur at ≈37.5 mol% cholesterol in model lipid
membranes [33]. That leaves a relatively small range of
cholesterol concentrations in the experiment (between
about 30 and 37.5 mol%), where the lo phase can be studied.
Phase separation may be driven in experiments by certain
boundary conditions, not present in computer simulations.
The simulations in Fig. 2 can, therefore, access a much
larger range of cholesterol concentrations and by studying
concentrations slightly lower and higher than the experimentally accessible range, the corresponding structures
could be emphasized in the computer model.
We used neutron diffraction to measure the lateral cholesterol structure in DPPC bilayers containing 32.5 mol% at
T ¼ 50 °C and a D2 O relative humidity of ≈100%, ensuring
full hydration of the membranes. Deuterium labeled cholesterol (d7) was used such that the experiment was sensitive to
the arrangements of the cholesterol molecules. Schematics of
the two molecules are shown in Fig. 3(a). Highly oriented,
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solid supported membrane stacks on silicon wafers were
prepared, as detailed in the Supplemental Material [34].
The sample was aligned in the neutron beam such that the
~ was placed in the plane of the memscattering vector, Q,
branes [Fig. 3(b)]. This in-plane component of the scattering
vector is referred to as q∥ .
Two setups were used: a conventional high-energy and
momentum resolution setup using a neutron wavelength of
λ ¼ 2.37 Å and a low-energy and momentum resolution
setup with smaller wavelengths of λ ¼ 1.44 and 1.48 Å.
The latter setup was reported to efficiently integrate over
small structures and provide a high spatial resolution
capable of detecting small structures and weak signals
[12,25,46]. The two setups could be readily switched
during the experiment by changing the incoming neutron
wavelength, λ, without altering the state of the membrane
sample. Data taken using the conventional setup are shown
in Fig. 3(c) and display a diffraction pattern with broad
peaks, typical of a fluidlike structure.
Peaks T 1 , T 2 , and T 3 in Fig. 3(c) correspond to the
hexagonal arrangement of the lipid tails with a unit cell of
alipid−ld ¼ blipid−ld ¼ 5.58 Å and γ ¼ 120°, in agreement
with Armstrong et al. [25]. By calculating the (coherent)
scattering contributions (Table S3 [34]), cholesterol and lipid
molecules contribute almost equally to the scattering in the
ld phase such that the corresponding signals are observed
simultaneously in Fig. 3(c). Peak H agrees well with an
(b)
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FIG. 3 (color online). (a) Schematics of DPPC and (deuterated) cholesterol molecules. (b) Sketch of the scattering geometry. q∥
denotes the in-plane component of the scattering vector. (c) Diffraction measured at λ ¼ 2.37 Å showing broad, fluidlike peaks. (d) Data
measured at λ ¼ 1.44 and 1.48 Å. Several pronounced Bragg peaks are observed in addition to the broad peaks in (a). (e) Illustration of
the different molecular structures: pairs of cholesterol molecules in the liquid-disordered regions of the membrane in equilibrium with
highly ordered cholesterol structures such as the umbrella structure (f) and cholesterol plaques (g). An aluminum Bragg peak due to the
windows of the humidity chamber and the sample holder is present at q∥ ¼ 2.68 Å−1 . Aluminum forms a face-centered cubic lattice
with lattice parameter a ¼ 4.04941 Å [45].
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average nearest neighbor head group-head group distance of
≈8.4 Å. Peak C only occurs in the presence of deuterated
cholesterol molecules. It was, therefore, assigned to a nearest
neighbor distance of ≈4.6 Å (0.5 Å) of cholesterol molecules in the ld phase, i.e., to pairs of strongly bound
cholesterol molecules, as shown in Fig. 3(e). Details of the
fitting procedure are given in the Supplemental Material [34].
Several pronounced Bragg peaks are observed at neutron
wavelengths of λ ¼ 1.44 and 1.48 Å in Fig. 3(d) in addition
to the broad correlation peaks. Because of the high cholesterol concentration in lo -type structures and plaques and the
scattering lengths of DPPC and d-cholesterol molecules,
the corresponding coherent scattering signal in Fig. 3(d)
is dominated by the deuterated cholesterol molecules. As
listed in Table I, the peak pattern is well described by a
superposition of two 2-dimensional structures: a monoclinic
unit cell with lattice parameters achol-lo ¼ bchol-lo ¼ 11 Å
and γ ¼ 131° and a triclinic unit cell with achol-plaque ¼
bchol-plaque ¼ 12.8 Å and γ ¼ 95° (the values for α and β
could not be determined from the measurements but were
taken from [33,47] to be α ¼ 91.9° and β ¼ 98.1°).
The lipid structure in the lo -type structures in binary
DPPC/32.5 mol% cholesterol bilayers was recently reported
by Armstrong et al. from neutron diffraction using deuterium
labeled lipid molecules [25]. The lipid tails were found in an
ordered, gel-like phase organized in a monoclinic unit cell
with alipid-lo ¼blipid-lo ¼5.2Å and γ ¼130.7°, as shown in
Fig. 3(f). The cholesterol unit cell determined from the
diffraction data in Fig. 3(c) is indicative of a doubling of
the lipid tail unit cell for the cholesterol molecules. The
corresponding cholesterol structure consists of cholesterol
pairs alternating between two different orientations.
The ld -and the lo -type structures can be related to the wellknown umbrella model [48], where one lipid molecule is
assumed to be capable to “host” two cholesterol molecules,
which leads to a maximum cholesterol solubility of 66 mol%
in saturated lipid bilayers. In this scenario the term umbrella
model refers to two cholesterol molecules closely interacting with one lipid molecule. Cholesterol plaques, i.e.,
cholesterol bilayers coexisting with the lamellar membrane
phase, were reported recently by Barrett et al. [33] in model
membranes containing high amounts of cholesterol, above
40 mol% for DMPC and 37.5 mol% for DPPC. The triclinic
peaks in Fig. 3(d) agree well with the structures published
and were, therefore, assigned to cholesterol plaques.
Hence both coarse-grained molecular simulations and
neutron diffraction data suggest the coexistence of a liquid
disordered membrane with two types of highly ordered
cholesterol structures: One with some lipid content
[Fig. 3(f)], corresponding to the first shoulder in the density
histogram at μ ¼ 7.8kB T [Fig. 2(a), inset], and one almost
exclusively made of cholesterol [Fig. 3(g)], corresponding
to the second peak at μ ¼ 7.8kB T in Fig. 2(a). The
existence of these structures in the experiment should be
robust in binary systems and not depend on, for instance,
the sample preparation protocol [49].
The neutron diffraction data present evidence for pairs
of strongly bound cholesterol molecules. We note that the

TABLE I. Peak parameters of the correlation peaks observed in
Figs. 3(c) and 3(d) and the association with the different
cholesterol structures, such as ld -, lo -type structure and cholesterol plaque. H and C label the nearest neighbor distances of lipid
head groups and cholesterol molecules, respectively; T 1 , T 2 , and
T 3 denote the unit cell of the lipid tails in the ld regions of the
membrane. Peaks were fitted using Gaussian peak profiles and
widths are listed as Gaussian widths, σ G .

Amplitude Center σ G
(counts) (Å−1 ) (Å−1 ) ld
Fig. 3(c)

Fig. 3(d)

62
117
27.5
46.6
15.0
19.8
34.8
34.3
33.5
110
117.8
60.0

0.75
1.360
1.360
2.289
2.650
0.5
0.55
0.74
0.98
1.12
1.32
1.61

0.17
0.46
0.17
0.05
0.10
0.01
0.01
0.01
0.01
0.01
0.01
0.01

monoclinic
cholesterol triclinic
lo -type cholesterol
structure
plaque

H
T1
C
T2
T3
[1 1̄ 0]
[1 0 0]
[2 1̄ 0]
[1 1 0]

[1 0 0]
[1 1 0]
[2 0 0]

[1 3 0]

scattering experiment was not sensitive to single cholesterol
molecules; however, the formation of cholesterol dimers with
a well-defined nearest neighbor distance leads to a corresponding peak in the data in Figs. 3(c) and 3(d). An attractive
force between cholesterol molecules in a 1-palmitoyl-2oleoylphosphatidylcholine (POPC) bilayer and the formation of cholesterol dimers was reported from MD simulations
[50]. Such a force is likely related to the formation of
lipid-cholesterol complexes [51] and the umbrella model.
However, it is not straightforward to estimate the percentage
of dimers from the experiments. A dynamical equilibrium
between dimers and monomers is a likely scenario [52].
The dynamic domains observed in this study are not
biological rafts, which are thought to be more complex,
multi-component structures in biological membranes. In
the past, domains have been observed in simple model
systems, but only those designed to be “raft-forming”
mixtures. In these cases the domains that form are stable
equilibrium structures, and are not likely related to the rafts
that exist in real cells [12]. The small and fluctuating
domains observed in binary systems may be more closely
related to what rafts are thought to be [10], and are
potentially the nuclei that lead to the formation of rafts
in biological membranes. The characteristic overall length
scale for nanodomains in the simulations is around 20σ,
corresponding to 10–20 nanometers. Both simulations and
experiments indicate that there are two types of cholesterolrich patches coexisting with cholesterol-poor liquiddisordered regions, i.e., ordered lo -type regions containing
both lipids and cholesterol, and cholesterol plaques. The
transition between these two is gradual in the coarsegrained simulations. In real membranes, they have different
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local structures (monoclinic in lo -type regions, triclinic in
plaque regions), which may stabilize distinct domains.
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