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etweenmolecular interactions and the properties of lipid environments. A specific
focus is given on bilayers which contain sphingomyelin (SM) and sterols due to their essential role for the
formation of lipid rafts. The discussion is based on recent atom-scale molecular dynamics simulations,
complemented by extensive comparison to experimental data. The discussion is divided into four sections. The
first part investigates the properties of one-component SM bilayers and compares them to bilayers with
phosphatidylcholine (PC), the focus being on a detailed analysis of the hydrogen bonding network in the two
bilayers. The second part deals with binary mixtures of sterols with either SM or PC. The results show how the
membrane properties may vary substantially depending on the sterol and SM type available, the membrane
order and interdigitation being just two of the many examples of this issue. The third part concentrates on the
specificity of intermolecular interactions in three-componentmixtures of SM, PC and cholesterol (CHOL) under
conditionswhere the concentrations of SMandCHOL are dilutewith respect to that of PC. The results showhow
SM and CHOL favor one another, thus acting as nucleation sites for the formation of highly ordered nanosized
domains. Finally, the fourth part discusses the large-scale properties of raft-like membrane environments and
compares them to the properties of non-raft membranes. The differences turn out to be substantial. As a
particularly intriguing example of this, the lateral pressure profiles of raft-like and non-raft systems indicate
that the lipid composition of membrane domains may have a major impact on membrane protein activation.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

It is difficult to overestimate the importance of membranes for life,
considering that they surround all cells and organelles and control
everything that goes in or out of them. The backbone of any
membrane is a lipid bilayer, a soft interface that is only a few
nanometers thick. Despite their seemingly simple nature, membranes
are astonishingly complex in terms of their structure as well as the
time and length scales associatedwithmembrane processes. Just as an
example, the number of lipid species in biomembranes is over 1000 in
total [1], and in erythrocytes alone this number is about 100 [2].
Another example are the length scales of lipids and lipid complexes
that range from nanometers to microns, together with the time scales
of dynamic processes that cover picoseconds to weeks or months, the
latter related to the typical lifetime of a cell. One major question of
membrane research is to explain the underlying biological reasons of
this variety.

Our view of the role of lipids in biological membranes has changed
in the past 30 years since the introduction of the fluid-mosaic model
by Singer and Nicolson [3]. The fluid-mosaic model predicted that
cellular membranes are fluid, characterized by a random distribution
of molecular components in the membrane, resulting in lateral and
rotational freedom. More detailed studies have shown that mem-
branes are not so simple, though. The idea of lateral heterogeneities
and domains in simple model membranes was suggested already over
three decades ago [4,5], but their possible biological effects, when
present in the membranes of living cells, have been understood much
more recently after introduction of the lipid raft hypothesis [6–8]. In
essence, the lipid raft model stresses the importance of lipids in
Fig.1.Molecular structure of threemembrane lipids: (A) POPC, (B) palmitoyl-sphingomyelin (
colors: the phosphate (cyan, dashed) and choline (cyan) of the PC-headgroup, together wit
groups of SM are the amide group (red dashed) and the hydroxyl group (red). Note also t
sphingosine chain of SM, which is lacking in POPC. For CHOL, three modifications are also i
cellular functions, as membrane proteins do not function alone but act
together with the lipids. For example, lipid rafts have been suggested
to take part in various dynamic cellular processes such as membrane
trafficking, signal transduction, and regulation of the activity of
membrane proteins [6–8].

Studies of lipidmixtures inmodelmembranes have lead to the idea
that lipid rafts are small (10–200 nm), heterogeneous, highly dynamic,
sterol and sphingolipid-enriched domains that compartmentalize
cellular processes [9]. In addition to membranes, the existence of
sterol–sphingolipid-enriched areas has been suggested in other lipid
structures such as the surface of low density lipoproteins [10]. Despite
the progress made in the field lately, the understanding of lipid rafts
and their properties has not yet been fully clarified. For example, we
do not know whether actual phase separation or merely a non-
random mixing is the best description of biomembranes [11]. Direct
evidence of rafts in vivo is mainly based on monitoring the motions of
membrane proteins [12–14] or on differential partitioning of fluor-
escent probes in membrane environments [15]. It is however difficult
to perform experiments using living cells, which complicates
measurements of physical quantities of rafts, such as their exact
lipid composition, characteristic size, and lifetime [16,17]. Another
partly unresolved question is the exact nature of the molecular
interactions that lead to lipid immiscibilities in membranes [18,19].

In glycerophospholipids, the glycerol backbone facilitates a high
variability of different headgroups and acyl chain combinations. The
main headgroup classes are phosphocholine (PC), phosphoethanola-
mine (PE), phosphoserine (PS) and phosphoinositol (PI), of which the
two latter are charged [2]. The acyl chains typically vary between 16
and 22 carbons in length and contain 0 to 6 double bonds. Fig. 1A
PSM), and (C) CHOL. The important functional groups have been indicatedwith different
h the cis-double bond (blue) of the monounsaturated chain. The two hydrogen donor
he trans-double bond (green, dashed) between the fourth and the fifth carbon of the
ndicated.



Table 1
Key results from simulations of SM bilayers

Lipid T [K] A [nm2] dpp [nm] t [ns] Nintra Ninter Nwater Ref

PSM 310 0.515 4.42 5 – – – [50]
PSM 325 0.565 3.60 8 0.81 0.59 – [49]
PSM 325 0.599 3.85 8 1.04 0.45 – [49]
PSM 323 0.52 4.34a 50 1.08 0.42 5.56 [43]
SSM 323 0.52 4.24a 38 0.59 0.41 4.44 [51]
SSM 333 0.48 4.35 20 0.50 0.66 4.13 [52]

Themolecules shown are the palmitoyl-SM (PSM) and stearoyl-SM (SSM). In addition to
the simulation temperature, T, and the simulation time, t, the columns display the area
per lipid, A, the bilayer thickness, dpp, and the estimated numbers of hydrogen bonds, N.

a Peak-to-peak distance of electron density plot.
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shows a typical glycerophospholipid, the palmitoyl-oleoyl-PC (POPC),
which contains the PC-headgroup and two different, ester bonded acyl
chains: palmitoyl and oleoyl.

Typical sphingolipids have either the PC-headgroup (sphingomye-
lin, SM) or a sugar residue (glycosphingolipids). For SM, the headgroup
structure and the length of the sphingosine chain are usually fixed, but
the length and saturation of the amide-linked acyl chain can vary. In
nature, the most common sphingosine base is the 18:1transΔ4, which is
in the D-erythro configuration [20]. The most typical acyl chains of SM
in different tissues are 16:0, 18:0, 22:0, 24:0, and 24:1cisΔ15 [18]. The
population of SM in biological membranes is mainly dominated by
very long-chained species (N20 carbons) [21]. Fig. 1B shows the
structure of the 16:0-SM (palmitoyl-SM, PSM), which is perhaps the
most extensively studied SM in literature.

The molecular structure of SM resembles closely that of PC, but
there are a few significant differences [18,22]. In particular, the higher
saturation state, the long acyl chains, the trans-double bond, and the
two polar hydrogens in the hydroxyl and amide moieties of SM are
different from PC. Additionally, the double bond of the acyl chain of
SM is usually located further away from the headgroup, closer to the
bilayer center.

The properties of one-component SM bilayers differ from those of
PC bilayers. For example, the area per lipid is usually lower in SM
bilayers than in corresponding PC bilayers, which is probably a
consequence of the excess hydrogen bonding network in the SM
bilayer. Perhaps surprisingly, themain phase transition temperature of
PSM (Tm=41 °C) is almost identical to the saturated dipalmitoyl-PC
(DPPC) [20,23,24], which is structurally largely similar to SM, the only
difference being the glycerol moiety linked to a fatty acid chain instead
of the sphingosine chain. However, the insertion of a cis-double bond
has a more significant effect on the Tm of PC than of SM [23,25], which
suggests that the intermolecular hydrogen bonding has an important
role to play in the phase behavior of SMs.

The distinct features in the molecular structure of SM may have
substantial effects on its interactions with other membrane compo-
nents such as sterols and proteins. For example, the nature of the SM–

CHOL interaction has been proposed to be more attractive when
compared with the interactions of CHOL with other lipids [26]. This
interaction is usually related to the capacity of SM to form intra- and
intermolecular hydrogen bonds [27,28] or to the pronounced
attractive interaction between the ring structure of CHOL and chains
of SM [19,29]. For the latter, the long and saturated nature of the acyl
chains of SM may be crucial, as well as the prevalence of the scarce
double bonds further away from the lipid–water interface.

As for sterols, their molecular structure is characterized by the
rigid and hydrophobic ring structure, a short flexible chain, and a
small polar headgroup [30]. Fig. 1C shows the structure of cholesterol
(CHOL), the most common sterol in mammalian membranes.
Additionally, the structure of its closest precursor in the synthetic
pathway, desmosterol, is also shown together with an artificially
demethylated cholesterol (DCHOL) and ketosterol where the hydroxyl
group of CHOL is replaced with a keto group. Other major classes of
natural sterols are plant sterols and sterol derivates, such as the
cholesteryl esters.

The most important function of CHOL is perhaps related to its
ability to regulate the physical properties of membranes [31]. For a
fluid bilayer, the addition of CHOL leads to increased orientational
order of the acyl chains and increased packing density within the
bilayer plane. In addition, CHOL decreases the passive permeability of
small solutes through the membrane [32,33] and suppresses the
lateral diffusion of lipids [34,35]. These effects are largely explained by
the tendency of CHOL to accommodate itself into the non-polar region
of the acyl chains and to reduce the free volume within that region
[35,36].

The ability of CHOL to increase the acyl chain order of liquid
bilayers is based on the smooth and bulky hydrophobic body of the
CHOL molecule that packs well with hydrocarbon chains [26].
However, the two opposite faces of the ring of CHOL contribute
differently to this effect. The α-face is smooth, while the two CH3

groups sticking out from the β-face make it more rough. It has been
suggested that saturated acyl chains prefer interactions with the α-
face, while unsaturated chains should pack better with the β-face
[37,38]. Effectively, unsaturated chains have a lower affinity for CHOL
than saturated chains, which is further pronounced in the case of
polyunsaturation [39].

Considering the high number of molecular components in the
membranes of living cells, it is useful to begin with simplified models
and proceed towards increasing complexity. After the simplest one-
component lipid bilayers, the next step towards lipid raft mixtures are
binary mixtures of CHOL with either PC or SM. However, as the data in
this review highlights, the understanding of molecular interactions in
binary systems does not provide a shortcut toward understanding
multi-component bilayers such as ternarymixtures of CHOL, SM and PC.

The discussion below is divided into four parts. Section 2 deals
with the properties of one-component SM bilayers and compares
them to other bilayers. Section 3 focuses on two-component bilayers,
and in particular those where the other component is a sterol. The
detailed molecular interactions in a three-component bilayer with
dilute concentrations of SM and CHOL are discussed in Section 4, in
order to characterize the role of lipid–lipid interactions in the early
stages of raft formation. Section 5 finally reviews the large-scale
properties of raft-like membranes with large concentrations of SM
and CHOL. While the discussion here concentrates on raft-like
membranes in the absence of membrane proteins, the coupling of
lipid composition on membrane protein activation is discussed
through a generic approach for one of the mechanosensitive channels
using lateral pressure profiles of a number of different membrane
types. Throughout the discussion, we exploit the insight gained
through atomistic simulations due to their exceptional added value in
complementing experiments on scales of molecular size.

2. Modeling sphingomyelin

2.1. One-component sphingomyelin bilayers

A number of simulations on one-component SM bilayers have been
reported in the past few years. Some key results of these simulations
are listed in Table 1. The reported experimental values for the area per
lipid of SM in the liquid-disordered (ld) phase vary between 0.47 and
0.55 nm2 [40,41]. Considering the experimental difficulties in
determining the area per lipid and the big scatter among the reported
values generally [42], the agreement with simulations is reasonable.
Also, the available timescale of the simulations poses a challenge for
the comparison. The simulation times of the earlier studies (a few ns)
is probably not adequate for complete relaxation of the system and the
sampling of conformations to obtain reliable values for the average
area per lipid. It is likely that at least several tens of ns should be
gathered to sample overmultiple autocorrelation times of this value in



Fig. 3. Average structural quantities of SM bilayers as a function of acyl chain length: (A)
area per lipid, and (B) the bilayer thickness. Separate graphs have been drawn for the
saturated lipids and for the monounsaturated ones. Figure from [63] (simulations at
T=323 K).
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simple membrane systems and even considerably longer times may
be needed e.g. in systems with ions [35,43–48].

All publications on SM simulations have extensively concentrated
on analyzing hydrogen bond patterns. Even though the abundances
and lifetimes of individual bonds are sensitive to the choice of the
simulation parameters and the degree of lipid packing [49], the
general trends are shared by all studies. Another factor to affect the
exact numbers is the definition of hydrogen bond in the analysis.
Some studies have inspected radial distribution functions between
functional groups [50,51], whereas other studies have utilized
geometric cutoffs [43,49,52]. For classical water simulations, also
other methods such as energy based cutoffs [53] or more complex
cutoffs [54] are commonly used.

The first clear conclusion from the computational studies shown in
Table 1 is that the OH-group is the main donor for intramolecular
hydrogen bonds. The bonds are formed with the phosphate oxygens
(mainly with the nearest one), with a very high expectancy. The
reported number of intramolecular hydrogen bonds varies from 0.50
[52] up to 1.08 [43] per molecule. Second, the NH-group is the
dominating donor for the intermolecular hydrogen bonds between
lipids. The NH-group binds mainly with the hydroxyl oxygens of other
SMs, but to varying extent to carbonyl and other oxygens. The
reported number of intermolecular bonds in SM bilayer varies
between 0.41 [51] and 0.66 [52] per molecule. Third, water molecules
form hydrogen bondswith the phosphate oxygens, but alsowith other
polar groups to some extent. The total number of hydrogen bonds
with water varies from 4.13 [52] to 5.56 [43] bonds per lipid. Water
creates bridges between lipids. The number of water-bridges in SM
bilayer has been estimated to be 0.86 per lipid [52]. In all, a network of
both direct and water-mediated hydrogen bonds is formed, resulting
in a local clustering of the lipids within the SM bilayer [49]. This has
further effects on the properties of the SM bilayer, when compared
with PC bilayers (see Section 2.2).

The simulation results on hydrogen bonding have provided
support for experimental findings. Previous NMR studies [27,55,56]
have proposed both the stable intramolecular bond between the OH-
group and the phosphate oxygen, as well as the intermolecular nature
of the hydrogen bonds formed by the NH-group. The possibility of
water-bridges between sphingomyelins has also been suggested by
experiments [27].

2.2. Differences between sphingomyelin and DPPC

To study the effect of hydrogen bonding on the properties of SM
bilayer, it is informative to compare the properties of PSM with DPPC.
Fig. 2. (A) The deuterium order parameters and (B) the effective rotational
autocorrelation times of the CH-vectors of the acyl chains in PSM and DPPC bilayers.
The plots are based on [43] (simulations at T=323 K).
Even though the molecular structure of the two lipids is very similar,
DPPC lacks the hydrogen bond donors in the interfacial region and can
therefore not form direct interlipid hydrogen bonds like PSM.

Perhaps the most evident difference between one-component
bilayers of DPPC and PSM are the dimensions of the bilayer. With
similar simulation and force field parameters, the area per lipid of
PSM, A=(0.52±0.01) nm2, is significantly smaller than that of DPPC,
A=(0.65±0.01) nm2 [43]. The observed difference is consistent with
results from X-ray diffraction [40,41,42]. Since the volumes of the two
lipids are very similar, the thickness of PSM bilayer, d=(4.34±
0.05) nm, becomes greater than that of DPPC, d=(3.58±0.05) nm [43].

The fact that the PSM bilayer is thicker than DPPC means that the
acyl chains are more ordered. This becomes evident from the
deuterium order parameter plots in Fig. 2. For comparison, NMR
studies suggest significantly higher ordering of the acyl chains [57,58]
and of the headgroups [59] in SM than in PC bilayers. Also, in binary
SM–PC mixtures, the addition of SM has been shown to increase the
overall order of the system [29,60]. It is interesting to note from Fig. 2
that also the rotational dynamics of the acyl chains has significantly
slowed down in the SM bilayer, as characterized by the rotational
autocorrelation function of the C–H bonds. The rotational dynamics is
related to the spin-lattice relaxation times of the NMR experiments
[61,62].

Also dynamic features of the lipids, such as the lateral diffusion and
overall rotational motions are significantly slowed down in the PSM
bilayer when compared with DPPC [43]. For example, the lateral
diffusion coefficient is DT=(0.38±0.03)×10−7 cm2/s for PSM and DT=
(1.27±0.03)×10−7 cm2/s for DPPC. The timescale of the overall
rotations of the lipids around their main axis is slowed down from
about 1.0 ns (DPPC) to 6.9 ns (PSM).

2.3. Effects of chain length and saturation

Sphingomyelins of biological membranes constitute a variety of
molecular species with varying chain length and degree of unsatura-
tion. Only one simulation study has systematically concentrated on
the effects of chain length and saturation on the properties of one-
component SM bilayers [63]. The following section reviews the most
important results from the related study.

Fig. 3 summarizes the dimensions of the simulated SM bilayers in
[63]. First, for all chain lengths, mono-unsaturation increases the area
per lipid significantly when compared with saturated SM. This means
that a single double bond in one of the two chains is likely to alter the
overall fluidity of the bilayer, which in turn is reflected in almost all



Fig. 5. Snapshot from the simulation of 24:1-SM bilayer. A few molecules have been
rendered differently to highlight the different molecular conformations and inter-
digitation through the bilayer center. The figure is a snapshot from the end of a 50-ns
simulation in [63].
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other properties of the bilayer. The effect of chain length on the area
per lipid is much less clear. There seems to be a slight trend of
decreasing areawith increasing chain length from 16 up to 24 carbons,
but the effect is less significant than that caused by unsaturation.

The most prominent effect of chain length is reflected on the
bilayer thickness, which increases linearly with chain length. It has
been proposed that the match between the hydrophobic length of an
integral protein and the hydrophobic thickness of the membrane
could be important for the partitioning of the protein into different
membrane environments [64,65]. From this point of view, the high
variety of chain lengths of SM may be understood as being important
for the cells, as they need to adjust the hydrophobic thickness of their
membranes and regulate the partitioning of the membrane proteins.

The results in [63] have revealed that the double bond causes a large
but local dip in the order parameter profiles of the acyl chains, but has
almost negligible effects close to the chain ends. As for the chain
dynamics, a local effect in the vicinity of the double bond was also
reported. A natural conclusion from this is that the effect of unsaturation
is local and that mono-unsaturation most probably increases the area
per lipid through local changes in lateral pressure [66].

2.4. Interdigitation

A highly interesting question is the extent of interaction of the
opposite monolayers through the bilayer center. This interaction has
been suggested to be mediated by the long acyl chains of the lipids,
which interdigitate into the opposing monolayer, thereby providing a
mechanism for the transfer of information across the bilayer [67,68].
For example, recent fluorescence experiments on supported asym-
metric bilayers have provided evidence that ordered domains on the
extracellular leaflet are able to induce domains onto the intracellular
leaflet [69,70]. Additionally, theoretical considerations have shown
that intermonolayer coupling can cause co-localization of the domains
if the coupling strength is high enough [71,72]. As SMs typically have
long chains and a relatively large chain length disparity, they make
likely candidates for interdigitation. For example, results from Raman
spectroscopic experiments [73] have suggested two different inter-
digitated gel-phases (partial and mixed) for 24:0-SM. Even though
usually related to the gel phase, partial interdigitation has been
predicted to be important also for the fluid phase [74].

Detailed evidence of interdigitation in SM bilayers was seen in
electron density graphs, measured by X-ray diffraction [75]. The
density graphs showed a peak in the middle of the bilayer instead of a
Fig. 4. Electron densities (A, B) across the whole simulated system and (B, C) separately
for the sphingosine and the acyl chains of the oppositemonolayers. Color coding reflects
the acyl chain length of the SM in the simulation: 16 (black), 18 (red), 20 (green), 22
(blue), and 24 (orange). Figure from [63] (simulations at T=323 K).
trough that is typical for lipids with chains of similar length. Recent
simulations [63] have been able to reproduce this density peak for
SMs (Fig. 4) consistently with the profiles from X-ray diffraction. A
more detailed analysis of the simulations has lead to the conclusion
that the peak is indeed caused by the increased packing of the ends of
the long chains in the middle of the bilayer.

Two effects are observed from the two lower panels of Fig. 4: the
longer chains reach further towards the opposite monolayer, but on
the other hand, there is also a significant contribution from chains that
are bent (see Fig. 5 illustrating the two possible conformations). Even
though the simulations in [63] have been successful in reproducing
the mid-bilayer peak and explaining its origins with the molecular
conformations, it remains difficult to quantify the possible biological
significance of the observed effect by standard equilibrium simula-
tions. One possibility would be to conduct non-equilibrium simula-
tions in order to measure the interlayer friction for varying systems
[76].

3. Modeling sterols

3.1. Different sterols mixed with PC

In order to understand the detailed structure–function relation-
ship of CHOL, one of themost useful means is to compare the effects of
CHOL in PC bilayers with other sterols. As an example, Fig. 6 depicts
the deuterium order parameters of the acyl chains of DPPC and
dioleoyl-PC (DOPC) in binary mixtures with different sterols. The
other sterols in the figure are desmosterol and ketosterol, of which
desmosterol is particularly interesting since it is cholesterol's direct
precursor in its synthetic pathway. Additionally, there is data for an
artificially demethylated cholesterol (called DCHOL), see the mole-
cular structures in Fig. 1.

From Fig. 6 it is evident that all sterols are capable of increasing the
order of the acyl chains. For unsaturated chains (DOPC), the effect is
smaller than for saturated chains (DPPC). Moreover, the differences
between sterols in saturated membranes are much larger than in
unsaturated membranes. Actually CHOL and desmosterol behave
exactly similarly in the DOPC environment, as supported also by
experiments [77]. However, none of the sterols in Fig. 6 is better than



Fig. 7. Cholesterol tilt distributions in binary SM–CHOL bilayers, where CHOL
concentration is 20 mol%. Here, the tilt is defined as the angle between the vector
along the steroid moiety of CHOL and the bilayer normal. Results of four systems have
been shown with different molecular species of SM (unpublished data, T=323 K).

Fig. 8. Each of the four panels display the deuterium order parameter profiles of the
hydrocarbon chains of SM in two different bilayers: a one-component SM bilayer (red
curves) and a binary SM–CHOL bilayer (black curves). (unpublished data, T=323 K).

Fig. 6. Deuterium order parameter profiles of the sn-1 chain of (A) DPPC and (B) DOPC in
pure bilayers and in bilayers containing 20 mol% of different sterols. Image adapted
from [95] (simulations at T=323 K).
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CHOL in terms of promoting the order of either DPPC or DOPC
environment.

A number of studies have compared the properties of CHOL with
other sterols, utilizing various researchmethods such as NMR [77–80],
a combination of experiments [77,81], and computer simulations [82–
88]. From these studies, it seems that none of the precursors of CHOL
in the synthetic pathway (e.g. lanosterol, desmosterol, 7-dehydrocho-
lesterol) are as effective in ordering acyl chains as CHOL [78,79,82–85].
Neither have artificial, completely or partly demethylated and smooth
sterols been able to beat the ordering capacity of CHOL [87,88], let
alone any of the plant sterols studied so far [80,81].

Some additional remarks on the recent work by Pöyry et al. [88] are
appropriate here. They studied the ordering capability of a number of
demethylated (synthetic) sterols where the number and positions of
methyl groups on the rough side of CHOL were varied systematically.
They found that there is one methyl group that is far more important
than the others: the C18 group which resides between the third and
fourth ring of cholesterol on the rough β-side. The simulation data
indicated that C18 is crucial for the proper orientation of the sterol,
which in turn correlates with the sterol's capability to order nearby
lipid chains [88,89].

Perhaps surprisingly, ergosterol, which is common in lower
eukaryotes (fungi, yeast), increases the order of saturated acyl chains
more effectively than CHOL [78,79,82,83,86]. It has been proposed
that the main reason for this are the additional methyl group and the
double bond of the sidechain of ergosterol, which restrict the
conformational mobility and lead to more effective packing [86].
However, despite the above elaborate studies, it is evident that
additional considerations are needed for complete understanding of
the structure–function relationship of the many different sterols, and
especially cholesterol.

3.2. Cholesterol mixed with sphingomyelin

A number of simulation studies on binary mixtures of SM and
CHOL have been published recently. Cholesterol has been shown to
increase the order of the acyl chains of SM, leading to a thicker and
more packed bilayer [52,90–92]. In a detailed comparison, SM–CHOL
bilayers have been reported to be more packed than PC–CHOL bilayers
with a structurally corresponding PC [52,90]. This could be explained
either by preferential interaction between SM and CHOL, or by the
interlipid interactions between SM molecules. The latter causes also
one-component SM bilayers to be more ordered than PC bilayers [43].
In some cases, the addition of CHOL into one-component bilayers
actually increases the relative order of PC bilayers more than that of
SM bilayers [90].

All studies of binary SM–CHOL mixtures have reported significant
hydrogen bonding between these two molecules. The hydroxyl group
of CHOL can act both as a donor and an acceptor, making bondsmainly
with the carbonyl oxygen, the two phosphate ester oxygens, as well as
the amide and hydroxyl groups of SM molecules [52,90]. The number
of hydrogen bonds between SM and CHOL is much higher than the
number between PC and CHOL [52] or between PS and CHOL [92]. This
leads to a more robust hydrogen bonding network in a SM–CHOL
bilayer than in other binary mixtures [92].

In a similar way as unsaturation increases the fluidity of one-
component SM bilayers, it increases the fluidity of binary SM–CHOL
bilayers. For example, changing the stearoyl chain of SM to an oleoyl
chain increased the area of a binary SM–CHOL mixture (34 mol%
CHOL) from 39.4 nm2 to 41.2 nm2 [90]. In our simulations of binary
SM–CHOL bilayers with 20 mol% CHOL (unpublished data, parameters
as in [63,93], but the cis-double bond as in [94], T=323 K, simulation
time 100 ns) we have seen that a change from 16:0 chain to 16:1 chain
increases the area per molecule from 0.44 nm2 to 0.49 nm2. For long
chains, the change is less significant, though: a change from 24:0 chain
to 24:1 chain resulted in an increase from 0.43 nm2 to 0.46 nm2.

As no previous simulation studies exist in the literature for binary
mixtures of long-chained SMs with CHOL, it is interesting to view the
details of the simulation mentioned above. Fig. 7 shows the tilt of
cholesterol ring with respect to bilayer normal in four systems with
different SM. As discussed in Section 3.1 and in [95], the tilt of a sterol
is a measure of the overall order of the bilayer. Fig. 7 reveals that the
tilt of CHOL increases with mono-unsaturation and that the effect is
more pronounced in the case of 16:1-SM than 24:1-SM. The effect of



Fig. 9. Electron densities (A, B) of the whole simulated system (solid lines) and of the
acyl chains (dashed lines), together with (C, D) the densities of CHOL and the two
cis-double bonds. All figures represent simulations of binary SM–CHOL systems
(unpublished data, T=323 K).

Fig. 10. The deuterium order parameters of the palmitoyl chains of PSM and POPC,
plotted separately for those lipids that are either neighbors or non-neighbors of CHOL.
Plot redrawn from the data of [89] (simulations at T=310 K).

Fig. 11. The angular distribution of the ring structure of CHOL with respect to the bilayer
normal, plotted separately for those CHOL molecules that have a PSM neighbor and
those that do not. Figure adapted from [89] (simulations at T=310 K).

128 P.S. Niemelä et al. / Biochimica et Biophysica Acta 1788 (2009) 122–135
chain length is less clear: for saturated chains, the system with 24:0-
SM seems to have slightly more tilted CHOL molecules than the
system with 16:0-SM. For unsaturated chains the effect is opposite.

More detailed insight on ordering is provided by the deuterium
order parameter profiles in Fig. 8, which are plotted for one-
component SM bilayers and binary SM–CHOL bilayers separately. It
is clear that CHOL increases the order of all carbons of the hydrocarbon
chains of 16:0-SM and 16:1-SM (except for the double bond position).
However, for 24:0-SM and 24:1-SM the effect is limited to carbons C3–
C13 and C2–C15, respectively. This means that the effect of CHOL is
negligible close to the ends of the long chains. Another finding in Fig. 8
is the higher acyl chain ordering in the long-chained SMs with respect
to short chained SMs.

A partial explanation to the above observed effects can be obtained
from the density plots in Fig. 9. First, the densities of CHOL and the cis-
double bond have significant overlap in the 16:1-SM bilayer but not in
the 24:1-SM bilayer. This means that the double bond of 16:1-SM is
likely to disturb the tilt of CHOL as was seen in Fig. 7. Second, the ends
of the 24:0 and 24:1 chains are not affected by CHOL, because the
contact between them is unlikely: the high density region of the
chains at z=0 in Fig. 9B corresponds to zero density of CHOL at the
same location. This is not the case for 16:0-SM and 16:1-SM, whose
chains overlap with CHOL over the whole length. The third interesting
point in Fig. 9 is the significant interdigitation through the bilayer
center in the 24:0-SM and 24:1-SM bilayers, similarly as in the one-
component SM bilayers in Fig. 4. The plots in Fig. 9 reveal that the
interdigitation in these bilayers is entirely conducted by the long
chains of SM and that e.g. CHOL does not take part in interdigitation.

4. Modeling a dilute raft mixture

4.1. CHOL and SM in a matrix of POPC

Even though some aspects of the lipid interactions may be
understood from simulations of two-component mixtures, under-
standing the nature of the interactions that are important for raft
formation requires detailed studies of multi-component bilayers. Only
a few published simulation studies have extensively addressed the
lipid interactions in ternary mixtures of PC, SM, and CHOL. Starting
from random mixtures with equal molar fractions, the molecular
radial distribution functions have revealed qualitative differences
between SM–CHOL and PC–CHOL interactions [37,93]. However, no
significant differences in the coordination numbers, nor clear phase
separations have been found in the timescales accessible for atom-
scale molecular dynamics simulations. Another aspect is to study the
interactions in a dilute mixture of SM and CHOL with excess matrix of
unsaturated PCs [89]. This approach addresses the nature of interac-
tions in a more fluid-like environment.

First, to understand the capacity of CHOL to order the acyl chains of
neighboring lipids, let us examine Fig. 10. The figure shows the
deuterium order parameters of the saturated palmitoyl chains of both
PSM and POPC in two situations: when the lipid has a CHOL neighbor,
and when it has none (i.e. it has only POPC neighbors). The figure
reveals clearly that, throughout the chain length, CHOL increases the
order of the acyl chain of both types of neighboring lipids. This
conclusion is in agreement with a previous molecular dynamics
simulation study, which showed that CHOL has a tendency to order
the neighboring acyl chains within a radius of a few nanometers [39].

Another clear conclusion from Fig. 10 is that CHOL increases the
ordering of PSM more than that of POPC. On average, the order
parameter in POPC changes by 0.041 but in PSM by 0.066. This is an
indication of the different nature of the PSM–CHOL interaction when
compared to the POPC–CHOL interaction. Here one should note that



Fig. 13. Angular distribution of the headgroup P–N vector with respect to the bilayer
normal. Plotted separately for those PSM or POPC molecules that are either nearest
neighbors of CHOL and for those that are not. Figure adapted from [89] (simulations at
T=310 K).
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the difference must be due to local lipid–lipid interactions, because
the overall membrane environment, dictated by the excess POPC
matrix, may be assumed to be similar for each of the separate CHOL
molecules in the system.

An additional aspect of the order of CHOL may be realized from
Fig. 11, which presents the tilt of CHOL molecules with respect to the
bilayer normal in two different situations: when surrounded only by
POPC molecules, and second, when one of the neighbors is PSM. The
graphs reveal that having a PSM neighbor induces a significantly less
tilted orientation of CHOL with respect to the bilayer normal. Clearly,
the close neighborhood of PSM increases the order of CHOL— another
indication of a specific interaction between these molecules.

The high ordering capacity of CHOL is usually related to the
attractive van der Waals interactions between the hydrophobic parts
of CHOL and the acyl chains. For example, MD simulations have shown
that saturated chains favor the smooth α-face of CHOL instead of the
rougher β-face [37,38]. The results by Aittoniemi et al. [95] support
this idea. The saturated chains of POPC and PSM are on average more
ordered when next to theα-face of CHOL than the β-face, whereas the
unsaturated chain of POPC shows no such difference. The differential
ordering of the acyl chains on the two sides of CHOL possibly also
explains the observed preference of PSM for the α-face.

4.2. Hydrogen bonds and headgroup interactions

The hydrogen bonding characteristics between POPC, PSM and
CHOL molecules in the simulations by Aittoniemi et al. have been
summarized in detail in [89]. Perhaps the most notable effect is the
nearly complete lack of direct hydrogen bonds between CHOL and
PSM. Previous simulation studies of ternary PC–SM–CHOL mixtures
[37,96] have not reported any direct hydrogen bonds between SM and
CHOL either. Considering the much higher number of direct bonds
between other molecular pairs such as CHOL–POPC and PSM–POPC, it
seems evident that direct hydrogen bonding cannot be the principal
interaction that would lead to molecular attraction between PSM and
CHOLwithin a PCmatrix, at least at low CHOL/PSM concentrations. On
the other hand, the hydrogen bonding patterns of CHOL and SM seem
to be altered when they are next to each other, even though no direct
hydrogen bonding is observed. The bonds of CHOL with water are
diminished when it has a PSM neighbor, and on the other hand, the
number of intramolecular bonds of a PSM is increased when it has a
CHOL neighbor.

In addition to hydrogen bonds, other electrostatic interactions play
a role in lipid–lipid interactions. For example, the headgroups of both
PC and SM consist of a negatively charged phosphate and a positively
charged choline group. The interactions between a set of headgroups
Fig. 12. Snapshots representing typical PSM orientations, for a PSM without CHOL
neighbor (left) and a PSM with CHOL neighbor (right). Figure adapted from [89].
are understood in terms of a dipole–dipole interaction, which is either
attractive or repulsive depending on the relative orientations of the
dipoles. Even though the headgroup is incapable of forming hydrogen
bonds, a net attractive electrostatic interaction is possible with the
OH-group of CHOL and the positively charged choline. A snapshot
showing the typical conformation that involves this interaction is in
Fig. 12.

The simulation study by Aittoniemi et al. [89] showed that even
though PSM seems “reluctant” to form direct hydrogen bonds with
CHOL, the charge-pairs between its headgroup and CHOL are
relatively much more abundant than those between POPC and
CHOL. The distributions of the headgroup orientations with respect
to bilayer normal in the two cases are plotted in Fig. 13. Without a
CHOL neighbor, the headgroup of POPC is tilted somewhat more
towards the bilayer center than the headgroup of PSM. The
neighborhood of CHOL makes an interesting difference, however.
While the tilt of POPC's headgroup changes only slightly, the
headgroup of PSM becomes more tilted towards the bilayer center
than the one of POPC. At the same time, the distribution of the
headgroup angles becomes bimodal for PSM. An analysis of the
hydrogen bonding patterns hints that the intramolecular hydrogen
bonding of PSM might help in stabilizing the bending of the PSM's
headgroup downwards and thus further the charge-pair interaction
between PSM and CHOL. The idea is illustrated in the two snapshots of
Fig. 12.

Another related interaction is the so-called umbrella effect [97],
which is probably enhanced by the charge-pairing interaction. The
idea of the umbrella effect is based on the fact that CHOL is largely
hydrophobic and benefits when shielded from water by other
headgroups. A more detailed analysis in [89] revealed that the
hydrophobic parts of CHOL have less overlap with water when charge-
paired with PSM than when charge-paired with POPC. Based on this
observation, it was proposed that the combination of charge-pairing
and hydrophobic effects could be more important for PSM–CHOL
interaction than direct hydrogen bonding.

However, the fact is that the situation is complex with many
competing effects taking place simultaneously, which makes it
difficult to estimate the relative strengths of the different effects
even in this relatively simple three-lipid composition. The issue
remains to be solved more accurately with detailed free-energy
calculations. One recent study has pioneered into this direction [98],
calculating the free energy of transfer of CHOL from POPC to SM
environment. The obtained value of 5–10 kJ/mol reflects a small



Table 2
Average structural and thermodynamic properties of three membrane systems
simulated in [93], i.e. two raft-like membranes (POPC:PSM:CHOL=1:1:1 and 2:1:1)
and one non-raft membrane (POPC:PSM:CHOL=62:1:1)

POPC:PSM:CHOL 1:1:1 2:1:1 62:1:1

A [nm2] 0.41±0.01 0.44±0.01 0.66±0.01
d [nm] 4.40±0.05 4.29±0.05 3.53±0.05
−SCD (5–7) 0.41 0.36 0.18
KA [10−3 N/m] 2700±700 1000±400 200±100
kc [10−20 J] 10±2 7±2 6±2
Dpopc [10−7 cm2/s] 0.037±0.002 0.08±0.02 0.67±0.06
Dpsm [10−7 cm2/s] 0.036±0.002 0.07±0.02 0.8±0.2
Dchol [10−7 cm2/s] 0.038±0.002 0.08±0.02 0.5±0.2

The results indicate: average area per lipid (A), bilayer thickness (d), average deuterium
order parameter (SCD) of acyl chain carbons 5–7, area compressibility modulus (KA),
bending rigidity modulus (kc), and lateral diffusion coefficients (D). All results are at
T=310 K.
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preference of CHOL for the SM environment. From the point of view of
the study by Aittoniemi et al. [89], it would be rather informative to
calculate the free energy of transfer of CHOL from pure POPC
environment to an environment with one SM neighbor. This should
be able to give information about the leading contributions to the free
energy.

5. Modeling lipid raft mixtures

5.1. Raft-like vs. non-raft membranes

Average properties of three simulated membrane compositions
from [93] are summarized in Table 2. The first observation is the
strongly condensed nature of the two raft-like membranes (POPC:
PSM:CHOL=1:1:1 and 2:1:1) when compared to the non-raft like
membrane (POPC:PSM:CHOL=62:1:1) discussed in the previous
section. The decreased area per lipid, together with the increased
bilayer thickness and order parameter values indicate that acyl chains
in the raft-like membranes are much more highly packed than in the
non-raft membrane. When looking at the values for area compressi-
bility, KA, and bending rigidity, kc, it is evident that the raft-like
Fig. 14. The deuterium order parameters of selected carbons (C5–C7) in POPC and PSM chains
plot is for one of the two leaflets in the system with POPC:PSM:CHOL=2:1:1. Figure adapte
membranes are characterized by a much more rigid nature than the
more fluid non-raft membrane. The lateral diffusion coefficients, D,
reveal about an order of magnitude slower dynamics in raft-like
membranes when compared to the non-raft bilayer.

Recent experiments give further support for the results repre-
sented in Table 2. First, an AFM study reported a thickness variation of
0.6–0.9 nm in a bilayer that displayed a phase coexistence of the ld and
lo domains [99]. Second, an X-ray diffraction study displayed a
thickness difference of 0.9 nm between detergent resistant (raft) and
soluble (non-raft) membranes [100]. These studies are in agreement
with the thickness differences of the simulated bilayers. Another point
of comparison is a pulsed-field NMR study [101], which reported two
populations of diffusion coefficients in DOPC–SM–CHOL mixtures
with 10–30 mol% CHOL at 300 K, one corresponding to the ld phase
(D≈1×10−7 cm2/s) and the other to the lo phase (D≈1×10−8 cm2/s).
The agreement of these experimental results with the values in Table 2
support the idea that the simulated raft-like membranes are
representatives of the environment within a lo domain, and the
non-raft simulation that of the ld domain.

The bilayer dimensions, A and d, of the non-raft bilayer are in
agreement with a previous X-ray diffraction study [102] and an MD
simulation [103] on pure POPC bilayers in the ld phase. Also, the area
compressibility modulus, KA, and the bending rigidity, kc are in line
with previous computational studies [104] and experimental micro-
pipette studies [105,106] of pure PC bilayers, reporting values of
KA=140–300×10−3 N/m and kc=4–9×10−20 J.

The two simulations of raft-like membranes may be compared
with binary PC–CHOL systems with similar CHOL concentrations.
Comparison with previous simulation studies [34,35] shows that the
values for A in Table 2 for raft-like bilayers are 0.1 to 0.4 nm2 lower
than expected for binary PC-CHOL systems with similar CHOL
concentrations. Also, the differences in KA values for raft-like
membranes are higher than reported earlier by simulations [34] or
micropipette experiments [107], predicting maximally 5–7 fold
increase in the KA values upon addition of CHOL into PC bilayers.
Particularly interesting is the micropipette manipulation study of
vesicles [108], which reported a much higher value of KA=1718×
10–3 N/m for a SM–CHOL bilayer than the value of KA=781×10–3 N/m
(left) and the CHOL density (right), binned in the xy-plane and averaged over 10 ns. The
d from [93] (simulations at T=310 K).



Fig. 16. Lateral pressure profiles of (A) raft-like membranes, together with (B) pure
POPC/PSM systems and a binary DPPC–CHOL system. The center of the membrane is at
z=0 in each plot. Figure adapted from [93].
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for a PC-CHOL bilayer, bothwith 50mol% CHOL. Concluding, the above
values suggest an additional role of PSM in ordering and rigidifying
the bilayer. This is possibly related to the additional intermolecular
hydrogen bonds induced by PSM.

5.2. Lateral heterogeneity

Simulations in [93] have revealed two types of nano-scale lateral
heterogeneity in the three-component mixtures. The first type was
prominent in the raft-like bilayers and seems to be related to the
tendency of CHOL to order the neighboring acyl chains. Fig. 14 shows
the average order parameters of acyl chains for one of the raft-like
membranes, plotted over the xy-plane and averaged over 10 ns.
Comparisonwith the neighboring plot for lateral density of CHOL over
the same time interval shows a clear correlation. The areas with
higher lateral density of CHOL correspond to higher acyl chain order,
whereas areas of depleted CHOL display higher disorder.

The other type of lateral heterogeneity was observed in the non-
raft bilayer, as displayed in Fig. 15. Here, the small concentration of
CHOL seems insufficient to fully account for the observed large-scale
lateral heterogeneity in chain order parameters. Instead, the regions of
higher order seem to be related with the thickness fluctuations of the
membrane. As can be seen from Fig. 15, the more ordered regions are
correlated with the thicker regions of the membrane and the less
ordered regions with thinner regions. The idea is supported by the fact
that the large-scale peristaltic modes are much more pronounced in
the non-raft membrane than in the raft-like membranes, as indicated
by [93]. Recent studies for one-component bilayers also support the
view of a correlation between local density and membrane order
[109].

The above conclusions on lateral heterogeneity may be debated
because of the slow dynamics and the inadequate conformational
sampling in the raft simulations. However, while the two raft-like
simulations were started from different initial configurations, they
lead to similar conclusions. Furthermore, a characterization of the pair
distribution functions between the lipids in time displayed significant
changes and convergence over time, which is an indication of
relaxation of the structure at small length scales.
Fig. 15. The deuterium order parameters of selected carbons (C5–C7) in POPC and PSM ch
averaged over 10 ns. The plot is for one of the two leaflets in the system with POPC:PSMCH
5.3. Lateral pressure profiles and membrane proteins

Membranes are characterized by a lateral pressure profile, which
essentially describes the force (pressure) exerted by the membrane on
a particle embedded inside amembrane. Lateral pressure profiles have
been suggested to influence the structure and dynamics of membrane
proteins [63,110,111]. Additionally, the changes in lateral pressure
profile, Ω(z), are probably related to the mechanism of general
anesthetics [112,113] and consequently relatemembranes to a number
of cellular functions.
ains (left) and the average thickness of the bilayer (right), binned in the xy-plane and
OL=62:1:1. Figure adapted from [93]. (simulations at T=310 K).
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Fig. 16 shows the lateral pressure profiles of different kinds of lipid
bilayers calculated from MD simulations of raft-like and non-raft
membranes [93]. It is interesting to note that even though the integral
over Ω(z) must be zero due to the boundary condition of zero surface
tension, the local pressures within the bilayer are in the order of
1000 bar in magnitude. The origins and the nature of the different
peaks in Ω(z) have been discussed in recent literature and e.g. the
contributions from different components of the simulation force field
have been calculated separately [114–117].

The pressure profiles for different systems, as shown in Fig. 16 are
qualitatively different. In particular, membranes that contain CHOL
display a higher number of peaks when compared to single-
component bilayers. Also, the raft-like membranes display further
characteristics due to the simultaneous presence of SM and CHOL.
Rather than conducting a detailed analysis of all peaks and their
origins, the following discussion concentrates onmore general aspects
about the possible biological implications of lateral pressure profiles.

To estimate the effect of pressure profile on membrane proteins
one can follow the approach introduced by Cantor [110] and later used
by Gullingsrud et al. [111]. The idea is to calculate the work ΔW done
against the lateral pressure profile when altering the shape of the
membrane cavity occupied by the protein as it changes its conforma-
tion from the closed to an open state. Assuming that the cross-
sectional area of the protein changes byΔA(z), as a function of distance
from membrane center z, the work can be written as:

ΔW ¼ ∫dzΩ zð ÞΔA zð Þ: ð1Þ
The ion channel MscL provides a good example case, because its
conformation changes anisotropically between cylindrical (closed)
and cone (open) shapes [118], see Fig. 17 for schematic illustration.
Both conformations can roughly be described by the cross-sectional
area of a truncated cone A(z)=π(R+sz)2. The slope, s, and the radius, R,
are fitted to the experimental structure of MscL and are identical to
those used by Gullingsrud et al. [111]. Using this simple scheme, one
can calculate the work done against the lateral pressure profile in
opening the channel.

The integration over the lateral pressure profiles in Fig.16 results in
ΔW=(11±2) kBT and (4±1) kBT for the two raft-like membranes, with
POPC:PSM:CHOL=1:1:1 and 2:1:1 in respective order. These are
significantly higher than the values found for the pure POPC bilayer
(1.9±0.2) kBT, the pure PSM bilayer (1.0±0.6) kBT, or the binary DPPC–
CHOL bilayer (1.0±0.4) kBT. The numbers above suggest that the
equilibrium probability of MscL to be in open state is significantly
altered by the pressure profile and is higher in the raft-likemembranes
than in any of the (non-raft) reference membranes. As the free energy
difference between the open and closed states of MscL has been
estimated to be about 20–50 kBT [119,111], the pressure profile
contributes a significant fraction of this total free energy difference.

This supports the view that protein–lipid interactions do matter,
and lipids indeed are involved in the activation of membrane proteins.
Fig. 17. Schematic illustration of the two conformations of the membrane protein MscL
embedded in a lipid bilayer.
The simplified example above suggests that lateral pressure profiles
are able to influence protein activation through changes in membrane
elastic coefficients. Similar findings have beenmade in experiments as
well: it has been found that some membrane protein types are
sensitive to the elastic properties of the membrane [120,121]. Bearing
in mind that essentially all elastic coefficients of membranes can be
derived from the lateral pressure profile [122], it is nowonder that the
lateral pressure profile plays an important role in protein activation.

6. Summary

The complexity of biological membranes and the large variety of
involved length and time scales calls for a multitude of research
approaches, including molecular dynamics simulations in atomic
detail. This review has concentrated on simulation studies of 1) one-
component bilayers consisting of either PC or SM, 2) binary mixtures
of SM or PC with sterols, and 3) ternary mixtures of SM, PC, and CHOL.

Simulation results for one-component SM bilayers have shown
that the intra- and intermolecular hydrogen bonding leads to
significant differences in the bilayer properties when compared with
PC. For example, packing of the lipids and the ordering of the acyl
chains are more pronounced in the SM bilayers. Also, the higher
degree of saturation and the long nature of the acyl chains in SM has
been found to alter the structure and dynamics of the bilayers. In
particular, the long chains of both saturated and monounsaturated
SMs have been found to interdigitate through the bilayer center.

Studies on binary mixtures of PC and sterols have revealed that
CHOL is more effective in increasing the order of saturated acyl chains
than most other sterols, and that it also increases the order of
monounsaturated chains. Additionally, binary SM–CHOL mixtures
have reported to be more ordered than corresponding PC–CHOL
mixtures, which is a result of different molecular interactions (either
hetero- or homo-molecular) in these systems. Significant numbers of
both direct and water-mediated hydrogen bonds have been reported
in binary SM–CHOL bilayers. In fact, the number of hydrogen bonds
has been reported to be much higher than in binary PC–CHOL bilayers.

New simulation results on binary SM–CHOL bilayers were
discussed in this report, comparing properties of bilayers with long
and short chained SMs. The simulations revealed significant inter-
digitation through the bilayer center in systems with 24:0-SM and
24:1-SM, in a similar fashion as for one-component SMs. It was found
that CHOL molecules do not reach the mid-bilayer region in these
mixtures, but they do in mixtures with 16:0-SM and 16:1-SM. The tilt
of CHOL was found to be disturbed significantly more by the cisΔ9-
double bond of 16:1-SM than by the cisΔ15 of 24:1-SM. The reason for
this is that the double bond of the 16:1 chain has more contact with
CHOL than the one in the 24:1 chain.

In simulations of ternary mixtures of SM, PC, and CHOL, no direct
hydrogen bonding has been seen between SM and CHOL. Rather, the
difference in molecular interaction has been suggested to be related to
the interactions between CHOL and water. Simulations of raft-like
membranes have lead to more rigid, ordered and packed bilayers than
non-raft like membranes, the former also characterized by slower
dynamics overall. The different properties of the two membrane
environments have been suggested to have significant implications for
membrane proteins, in particular through differences in the lateral
pressure profiles of the membrane.

Ideas for further studies are manyfold. First, simulations of single-
component bilayers should be continued to further the understanding
of the characteristics of different lipid species, and to develop ways to
better combine simulations with experiments. Work on multi-
component systems should be continued as well in order to gain
more insight into the molecular interactions between different lipid
species. In particular, this would help in developing new coarse-
grained models for the different lipid species, which in turn would
allow for studies of many slow or large-scale phenomena. Recently,
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several studies into this direction have been published. For example,
coarse-grained models have facilitated studies of CHOL containing
mixtures on very large length- and timescales, either utilizing the
Inverse Monte Carlo technique [123,124] or another mean field
technique [125,126]. These studies have been able tomake predictions
e.g. on the concentration dependence and lifetimes of the domains.
The somewhat less coarse-grained MARTINI model by Marrink et al.
[127,128] has been widely used recently for lipid simulations. For
example, domain formation in a binary lipid mixture [129], formation
and the melting of the gel phase [130], the flip-flops of CHOL in
polyunsaturated membrane [128], or the pressure–area behaviour of
lipidmonolayers [131] have been studied by using this model. It seems
evident that the MARTINI model will become popular in large-scale
studies of a broad range of membrane phenomena.

Another aspect for the future is to develop new setups that more
realistically describe real biological membranes. For example, simula-
tions on asymmetric bilayers [132,47], or bilayers involving glycolipids
[133,134] are rare but doable. Further, the task of simulating full
transmembrane proteins in different lipid environments would pro-
vide more detailed insights on the features of lipid–protein interac-
tions. The task is difficult, but possible in the near future. Finally,
there is reason to keep in mind that cells are in constant motion
under non-equilibrium conditions, while most of the simulations are
conducted in equilibrium. There is definitely plenty of room for the
development of non-equilibrium techniques for the modeling of
membrane systems under realistic conditions, including their non-
equilibrium nature.
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