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very rapidly in the plane of the membrane. While such fast diffusion implies that different membrane lipids
would be laterally randomly distributed, accumulating evidence indicates that in model and natural
membranes the lipid components tend to adopt regular (superlattice-like) distributions. The superlattice
model, put forward based on such evidence, is intriguing because it predicts that 1) there is a limited number

Ié?gf:;izs@ of allowed compositions representing local minima in membrane free energy and 2) those energy minima
Distribution could provide set-points for enzymes regulating membrane lipid compositions. Furthermore, the existence of
Domain a discrete number of allowed compositions could help to maintain organelle identity in the face of rapid
Erythrocyte inter-organelle membrane traffic.
Model © 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In principle, the constituents of a multi-component membrane can
arrange laterally (i) in a random fashion, (ii) form domains with
distinct compositions or (iii) adopt regular distributions (Fig. 1, [1]).
According to the Fluid-Mosaic model [2] biological membranes are
based on a fluid lipid bilayer, in which the lipids (and many proteins)
diffuse rapidly laterally. Such rapid diffusion implies that lipids are
more or less randomly distributed in the plane of the membrane.
However, as was proposed more than 30 years ago [3,4], membranes
are probably not laterally homogenous, but domains with distinct
lipid and protein composition can exist. This concept of membrane
domains was revived later [5,6] and has since become very popular
(e.g. [7-11]; articles in this issue).

On the other hand, multitudes of studies have shown that many
bilayer properties do not change smoothly with composition, but
abrupt changes occur at particular compositions. Based on such
findings, the superlattice (SL) model, proposing that membrane lipids
have a tendency to adopt regular, rather than random lateral
distributions, was formulated [12-16]. The SL-model is particularly
intriguing because it allows one to construct a simple model for the
regulation of lipid compositions of cellular membranes. We review
here the basic principles of the model and the evidence supporting its
relevance for membrane lipid homeostasis. Data regarding regular
distribution of cholesterol in membranes is covered in more detail by
Chong in this issue [17].

2. Superlattice model
2.1. General features

1) The SL model proposes that different lipid species tend to
adopt regular, rather than random lateral distributions in the
bilayer (Fig. 2). From such behaviour it necessarily follows that
there are only a limited number of allowed concentrations for each
component.

2) Membrane superlattices' are thought to form because they
represent the energetically most favourable packing of the membrane
components, i.e., they are minimum free energy arrangements (Fig. 3).

3) A superlattice does not cover the whole membrane area at any
time, but is in dynamic equilibrium with (i) domains composed of
different superlattices and (ii) domains with a random arrangement.
The fractional area covered by a particular superlattice depends on the
lipid composition, the depth of the energy minimum corresponding to
the superlattice (cf. Fig. 3) and the prevailing temperature. The
coexistence of different kinds of SL and/or random domains means
that boundaries with imperfectly packed lipids can exist. This has

! This expression is not precise as “superlattice” usually indicates a (guest) lattice
which is superficially located to another (host) lattice. “Regular distribution model” is
an alternative expression.

important implications regarding the regulation of membrane lipid
compositions (see below).

4) Superlattices are not rigid as one might assume based on the
ordered structure depicted in Fig. 2. Rather, membrane superlattices
are generally “soft”, i.e. there is no long-range order (Fig. 4). Thus they
would be structurally analogous to the smectic A’-phases found for
certain liquid crystals [18]. Softness of the superlattice follows from
the compressible character of lipid molecules. The softness and
dynamic nature of superlattices are important features of the model as
they allow for e.g. fast lateral diffusion of lipids and proteins,
membrane bending and conformational changes of membrane
proteins. Stratum corneum is an exception due to presence of long
range order in this system (see below).

5) The possible SLs can be constructed by using translational and
rotational symmetry and the corresponding compositions can be
derived from simple formulas. For binary hexagonal superlattices, the
critical guest lipid mole fractions (x,) are determined by Eq. (1):

X M

where P is the size of the unit cell, and h and g indicate the number of
lattice sites occupied by the host and guest lipids, respectively.? Some
superlattices given by Eq. (1) are shown in Fig 2.

In membranes consisting of three different lipids (or equivalent
groups of lipids), the allowed mole fractions are multiples of 0.111, i.e.,
0.000, 0.111, 0.222, 0.333 etc., when the unit cells size is 9 elements
(Fig. 5). The reasons why a 9-element unit cell is the most relevant one for
biological membranes have been discussed previously [19]. Since
biological membranes consist of more than 3 different lipid classes,
simplifying assumptions are necessary to make modelling feasible.
Among these, the most important one is that lipids which are identical or
similar in terms of molecular shape (e.g., PCand SM) or charge (e.g. Pland
PS) are considered equivalent, i.e., they form a single group (see below).
As recently emphasized by Feigenson [20], grouping of similar lipids is
feasible by analogy to studies on phase diagrams of complex minerals.

6) Superlattices can occur simultaneously both at the level of
phospholipid head groups as well as that of acyl chains. The
hierarchical SL model [21] even predicts that protein superlattices
can coexist with those of lipids. They may be relevant particularly for
very protein-rich assemblies, for instance viral membranes.

2.2. Factors driving superlattice formation

It is obvious that multiple factors are involved in formation of
superlattices or other regular arrangements in bilayers. These factors
probably include (i) charge-charge repulsion, (ii) molecular shape
complementarity or steric strain, (iii) head group rotational entropy,
(iv) dipolar interactions and (v) the hydrophobic effect.

2 One guest molecule is placed into origin of a hexagonal coordinate system and the
coordinates of the second guest closest to the origin are denoted a and b. The size of
the hexagonal unit cell is thus P = a® + ab+ b?.
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Fig. 1. Alternative modes of lateral arrangement of lipids in membranes. Random arrangement is implied by the fluid-mosaic model, domain segregation by the raft-model and

regular distribution by the superlattice model.

2.2.1. Charge—-charge repulsion

The polar head groups of many phospholipids (e.g. PI, PS, CL) have a
net negative charge. Albeit the charge is partially shielded by counter
ions, enough residual charge is likely to remain so that the head
groups are expected to repel each other. Recent MD simulations are in
agreement with this prediction [22,23]. Such repulsion makes it
energetically costly for negatively charged phospholipids to occupy
proximal lattice sites, thus driving them towards regular, equidistant
distributions when mixed with uncharged or zwitterionic lipids (see
below).

2.2.2. Complementarity of molecular shapes

Some lipids, like PC and SM, have a polar head group whose
effective cross-section is larger than that of two alkyl chains [24,25].
This results from that the head group (i) lies nearly parallel to the
membrane surface, (ii) is extensively hydrated and (iii) rotates rapidly
[26-28]. The large size of the phosphocholine head group is
demonstrated, e.g., by that PC and SM molecules tilt markedly in the
gel state [24], but the tilt is removed when a spacer molecule, such as a
long chain alkane, fatty alcohol, fatty acid or diglyceride, is added [29].
The spacer molecules also allow tighter packing of the bilayer, as
shown by a marked increase of the gel- to liquid crystalline transition
temperature [30-32]. Similarly, inclusion of PE in PC bilayers increases
the acyl chain conformational order remarkably [33]. Based on these
data, it is likely that in bilayers consisting only of PC (or another lipid
with a large head group), voids tend to remain in the hydrocarbon
region (Fig. 6A). To avoid formation of such voids, the acyl chains could
either kink extensively to fill the space under the head groups or,
alternatively, the head group volumes could overlap to allow the acyl
chains to maintain their all-trans conformation thus maximizing the
van der Waals-interactions. However, both of these packing modes are
energetically highly unfavourable and, therefore, an intermediate
mode is adopted (Fig. 6A). Nevertheless, such a bilayer must be
considered “frustrated”, since neither the head groups nor the acyl
chains can adopt their most relaxed packing mode/conformation.

In contrast to PC, the cross-sectional area of the head group of PE is
generally smaller than that of the hydrophobic part of the molecule
[25,34]. This results in (opposite) negative curvatures in the two
leaflets and thus neat PE bilayers are also frustrated (Fig. 6B). However,
when one mixes PC and PE (or any other two lipids with a large and a

small head group, respectively) in a proper ratio, the packing
frustrations are abolished (Fig. 6C) as the total surface area covered
by the head groups equals that of the acyl chains. Obviously, a
maximal effect will be obtained when the two species obtain a regular
lateral arrangement.

Also cholesterol has a small head group and has been suggested to
act as a head group spacer in PC bilayers (e.g. [14,25]). Since
cholesterol and PE are simultaneously present in most mammalian
membranes, one may wonder which of the two acts as the main
spacer molecule. This obviously depends on the relative concentra-
tions of the two lipids, which vary markedly between organelles [35].
For instance, the mitochondria contain high concentrations of PE but
are nearly devoid of cholesterol. On the other hand, while significant
concentrations of both PE and cholesterol are present at the plasma
membrane, their transbilayer distributions are probably complemen-
tary (see below).

2.2.3. Head group rotational entropy

As was noted above, in neat PC or (SM) bilayers the effective head
group volumes tend to overlap, which hampers rotation of the head
groups due to frequent mutual collisions (Fig. 7). However, when PE or
another lipid with a small head group is added, crowding of the
phosphocholine head groups decreases significantly, thus increasing
their rotational freedom (Fig.7). We propose that the consequent
increase of rotational entropy outweighs the loss in entropy due to
increased positional order in the superlattice arrangement. A
significant entropic effect could be obtained already at low PE
concentrations (>5 mol %), since (in a superlattice arrangement)
each PE molecule is proximal to six PC molecules (Fig.7). Notably,
stability of SLs was shown to be temperature-dependent [36], which
implies that entropy for SL-formation is positive. There is convincing
evidence from many other systems that entropy can drive positional
order (e.g. [37,38]).

2.2.4. Dipolar interactions

Many membrane constituents have a considerable dipole moment
[39]. For instance, the dipole moment of cholesterol is two Debye units
[40], which may cause repulsion between cholesterol molecules.
However, it is difficult to estimate the strength of such dipole-dipole
repulsion due to (i) the proximity of many other dipoles of unknown

15.4 %

25 %

50 %

Fig. 2. Binary superlattices with different lattice constants. Regular, superlattice-like distribution of the guest elements (black) are possible only at certain compositions defined by Eq.

(1) (see text).
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Free
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Fig. 3. Superlattices arrangements represent local minima in the bilayer free energy. The
relative stability of a particular SL depends on the depth of the corresponding free energy
minimum.

orientation and magnitude, and (ii) the uncertainty on the dielectric
constant around membrane dipoles [41].

2.2.5. Hydrophobic effect

Huang and Feigenson have shown that the limiting solubility of
cholesterol in PC bilayers is 67 mol % [42,43]. They propose that
beyond this limiting cholesterol concentration the polar head groups
of PC molecules can no longer adequately shield the hydrophobic body
of cholesterol from water and, therefore, the excess cholesterol forms
crystals. However, the contribution of this so-called umbrella
(hydrophobic) effect to superlattice stability at lower cholesterol
concentrations is uncertain.

3. Experimental evidence for superlattices in model membranes
3.1. Pyrene-labelled phospholipids

Studies on pyrene-labelled phospholipids in liposomal bilayers
have shown that the ratio of excimer to monomer fluorescence
intensities, which is proportional to inter-pyrene collision frequency,
does not vary smoothly with pyrene lipid concentration but kinks or
dips are observed at particular pyrene lipid mole fractions [12,16,36].
Those mole fractions coincided closely with the critical compositions
predicted by Eq. (1), thus indicating that the pyrenyl lipids (or rather
the pyrenyl acyl chains) tend to adopt a regular, hexagonal distribu-
tion in the plane of the bilayer. Notably, the dips became first deeper
and then shallower with increasing temperature [36], consistent with

Fig. 4. Superlattices are “soft”. Due to the compressibility of lipid molecules there is no
long-range order in liquid-crystalline bilayers.

the idea that superlattices are dynamic, minimum free energy
structures with considerable entropic stabilization. This is further
supported by that the excimer to monomer ratio was less influenced
by pressure at the critical vs. noncritical pyrene-PC mole fractions [36].
Pyrene is hydrophobic, rather bulky and rigid, and thus steric strain
and entropic effects seem to be mainly responsible for the formation
of pyrenyl lipid SLs. Notably, the SL-theory was originally formulated
using a general host-guest terminology, as it seemed very likely that
other molecules with a molecular shape similar to pyrene, e.g.
cholesterol, would tend to adopt SL arrangements.

3.2. Cholesterol

An SL-like arrangement for cholesterol/PC bilayers seems to be
initially proposed by Hyslop et al. for cholesterol mole fraction
(xc)=0.50 [44]. Subsequently, many studies have provided strong
evidence that sterols tend to adopt regular, superlattice-like distribu-
tions in model membranes. Since those studies are discussed in detail
by Chong in this issue [17], we wish to comment only on the issue of
the relative stability of different cholesterol/phospholipid SLs. Among
the different possible SLs, those corresponding to cholesterol mole
fractions of 0.25, 0.40, and 0.50 are more symmetric than the others,
since all phospholipid alkyl chains are in an identical position relative
to cholesterol, i.e., each alkyl chain is in contact with one, two, or three
cholesterol molecules, respectively [45]. The SL with x.=0.10 is also a
special case since each cholesterol molecule is surrounded by two
complete shells of alkyl chains [45]. Due to their symmetry, the
corresponding SLs are predicted to be energetically more favourable
than the less symmetrical SLs. Albeit some data obtained with
fluorescent probes is not consistent with this prediction (cf.[17]), it
should be noted that there is no obvious way to relate the amplitude of
deviations reported by fluorescent probes to SL stability because the
precise transversal and lateral distribution of the probes is not know
and may also vary with composition.

3.3. PE/PC

When physical properties of POPE/POPC bilayers were monitored
as a function of composition using fluorescence and IR spectroscopy,
deviations were observed at several critical PE mole fractions
predicted by the SL-model, most notably at 0.25, 0.33 and 0.67 [46].
Importantly, deviations at several predicted PE mole fractions
remained even when cholesterol was included [47], thus suggesting
that superlattice structures at both phospholipid head group and acyl

11.1 + 66.7 + 22.2 11.1+77.8+11.1

11.1 + 55.6 + 33.3 11.1 +44.4 + 44.4

44.4+33.3 +22.2

Fig. 5. Alternative 9-element unit cells for ternary bilayers. A unit cell of 9 elements
appear the most feasible one as it allows multiple arrangements (compositions), yet is
stable enough (cf. [19]).
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Fig. 6. Packing frustrations present in neat PC and PE bilayers are abolished when these lipids with complementary shapes as mixed. (A) PC forms frustrated bilayers due to head
group/acyl chain cross-sectional area imbalance. Extensive hydration, nearly horizontal orientation and rapid rotation make the cross-sectional area of PC head group larger than that
of the diglyceride moiety. Thus in neat PC bilayers voids tend form between the acyl chains if the molecule would maintain its preferred conformation. Theoretically, such voids can be
avoided if either the acyl chains kink to fill the space under the head groups (1), or the head group volumes overlap (2). As both are energetically costly, an intermediate packing mode
is adopted (3). (B) The cross-sectional area of PE headgroup is smaller than that of the acyl chains, which introduces a negative curvature in the opposing leaflets of neat PE bilayers,
thus straining the bilayer. NMR data [123] indicate that the effective shape of a PE molecule in a bilayer is closer to a bottle than that of an inverted cone as frequently proposed. (C)
Packing frustrations present in neat PC or PE bilayers are greatly diminished or abolished when these lipids with complementary shapes as mixed. The effect is maximal at a

superlattice distribution.

chain level can coexist as predicted by the SL-model. These findings
were corroborated by studies in which the activity of cholesterol
oxidase was examined as function of PE mole fraction in POPE/POPC/
cholesterol bilayers [48]. The calorimetric data of Blume and
Ackermann [49] is also compatible with superlattice formation in
PC/PE bilayers (cf. [46]).

3.4. Charged lipids

There is good evidence that acidic lipids, particularly cardiolipin
(CL), adopt a regular distribution in PC bilayers. Most notably, Berclaz
et al. found that partitioning of Tempo to liquid-crystalline PC/CL
bilayers showed several sharp minima and maxima at certain CL mole
fractions [50,51]. The observed minima coincide closely with a set of
critical compositions predicted by the SL-model (Virtanen et al.,
unpublished data). Evidence for SL-formation in CL/phospholipid-
monolayers have been obtained by other investigators [52,53].
Formation of CL superlattices is probably driven mainly by coulombic
repulsion between the negatively charged cardiolipin head groups.
However, steric and entropic effects, i.e., more facile rotation of the PC
head group in the presence of cardiolipin, a lipid with a small head
group, could also contribute significantly (see above). There is also
evidence indicating that fatty acids adopt regular distributions in
phospholipid bilayers [32,54].

Fig. 7. Enhanced rotation of PC (SM) head groups in the presence of PE. In neat PC or SM
bilayers the rotation of the head groups is hindered by frequent mutual collision
(crowding). PE molecules with a smaller head group diminish this entropically
unfavourable phenomenon by acting as spacers. The effect is maximal when the
components adopt a regular, superlattice arrangement. Notably, the rotation of up to six
phosphocholine groups is influenced by one phosphoethanolamine head group.

3.5. SL-model is compatible with the presence of membrane proteins

One may wonder if the presence of integral membrane proteins,
abundant in most natural membranes, would perturb formation of
lipid superlattices. According to theoretical analyses, accommodation
of protein transmembrane helices into a lipid SL is feasible, as
predicted by an extended, hierarchical SL model [21]. This model
predicts that even proteins themselves can adopt regular distribu-
tions, which are determined by lipid superlattices, or other regularly
distributed proteins. Regular distribution of proteins in natural
membranes has been observed for the purple membrane containing
bacteriorhodopsin [55]. Evidence for formation of a protein super-
lattice was obtained when the binding of cytochrome ¢ with PC/PA
vesicles was measured as a function of protein concentration [56].
Hexagonal, lipid mediated lateral arrangements of proteins have also
been observed for other reconstituted systems [57-59]. Conversely,
regularly distributed proteins, like those of many viruses [60,61],
could support regular distribution of lipids.

3.6. Effect of membrane superlattices on protein function

The activities of certain surface-acting and other proteins seem
to be modulated by lipid superlattices. Most notably, Liu and Chong
reported that hydrolysis of PC in PC/cholesterol vesicles by a snake
venom phospholipase A, was far less efficient at predicted super-
lattice composition vs. the intervening ones [62]. Also the activity
of cholesterol oxidase on PC/cholesterol bilayers exhibited abrupt
changes at several predicted cholesterol mole fractions [48,63,64].
This was the case also with Na*/K*ATPase [65] as well as other
membrane proteins [66]. In case of ternary PC/PE/cholesterol
vesicles, cholesterol oxidase activity exhibited major peaks or
kinks at several predicted PE mole fractions [48], supporting the
idea that lipid superlattices can form simultaneously both at acyl
chain and the head group level, and that they may play a
significant role in regulation of peripheral and integral membrane
enzymes.

4. Molecular dynamics simulations of lipid superlattice formation
Recently, an all-atom molecular dynamics (MD) simulation was

conducted to investigate the properties and stability of superlattices
in POPC/cholesterol bilayers [67]. Two initial lipid bilayer



P. Somerharju et al. / Biochimica et Biophysica Acta 1788 (2009) 12-23 17

arrangements, i.e., a centered-rectangular cholesterol superlattice
(CRSL) and a random cholesterol arrangement were constructed.
Several independent 200-ns simulations of these constructs were
then performed. The results indicated that lateral packing of the
lipids in the superlattice arrangement was tighter, as judged from
the smaller surface areas of POPC and cholesterol, as well as from
larger thickness of the bilayer. In addition, the calculated deuterium
order parameters of both sn-1 and sn-2 chains of POPC were slightly
higher in the superlattice vs. random structure. These data are
consistent with the prediction that the SL arrangements represent
tightest lateral packing of the bilayer. Consistently, hydrogen
bonding of water to POPC and cholesterol was significantly
decreased in the SL vs. the random arrangement.

The stability of the SL and random arrangements was examined by
studying the evolution of the mean cholesterol to POPC distance in
time. Intriguingly, this distance remained unchanged in the super-
lattice arrangement during the whole 200 ns simulation, while it
decreased considerably in the random system, thus indicating that
cholesterol tends to adopt a regular (superlattice) distribution in the
POPC matrix. These data, as well as those obtained from Monte Carlo
simulations [68,69], support the proposition that superlattice arrange-
ments of cholesterol in PC bilayers are energetically more favourable
than random ones.

5. Superlattice model vs. other models of regular lateral
distribution of lipids in membranes

5.1. Condensed complex-model

To explain non-ideal mixing (liquid-liquid-immiscibility) of
cholesterol and phospholipids in monolayers, McConnell and co-
workers have proposed a thermodynamic model suggesting that
cholesterol forms stoichiometric complexes with phospholipids
[70-73]. The mean area per molecule was proposed to be reduced
in such complexes thus explaining the condensing effect of
cholesterol on phospholipid monolayers. While this model see-
mingly predicts the behaviour of cholesterol/phospholipid mono-
layers at low lateral pressures, typically <20 mN/m, its relevance to
bilayers with significantly higher lateral pressure (~35 mN/m) is
uncertain. Furthermore, the model provides little physical evidence
to support the formation of the proposed complexes. Since i) no
specific interactions between cholesterol and phospholipid mole-
cules are expected to exist and ii) one cholesterol molecule is
typically surrounded by many equivalent phospholipid molecules,
the cholesterol should be able to rapidly change its interaction
partner, since no significant energy barrier should exist to prevent
this.

5.2. Umbrella model

Huang and Feigenson have proposed a model which is analogous
to the SL model in that it proposes that cholesterol tends to adopt
regular distributions in phospholipid/cholesterol bilayers [43,63].
However, differently from the SL model, the Umbrella model states
that the key (or only) factor driving superlattice formation is the
inability of the (small) OH-group of cholesterol to shield its
hydrophobic body from energetically unfavourable interactions
with water molecules. This unfavourable interaction is thought to
be alleviated if cholesterol associates with a phospholipid with a
large head group (e.g. PC or SM), which shields the body of
cholesterol from water. However, the effectiveness of such shielding
is not obvious, since the phosphocholine head group is strongly
hydrated [27, 74]. The SL model, on the other hand, proposes that
several other factors, including the inability of phospholipids with a
large head group to pack tightly together, maximization head group
rotational entropy, minimization steric strain etc., drive superlattice

formation ([75]; and see above). However, we by no means exclude
the relevance of the umbrella (hydrophobic) effect, but consider it as
one of many possible factors contributing to SL formation. It seems
likely that the umbrella effect becomes important only at high
cholesterol concentrations (>40 mol %) and is less relevant at lower
ones.

A concern with the umbrella model is that it cannot readily explain
why molecules like PE or fatty acids seem to adopt regular
distributions when mixed with PC (see above). The cross-sectional
area of the polar head group of these molecules is comparable, or only
slightly smaller, than that of their hydrophobic part, and thus there
should be little need for shielding the latter from water by other
molecules. Notably, ceramide, diacylglycerol and certain alkanols
effectively displace cholesterol from the proximity of phospholipids
[76-78], even if they should have much less need to be shielded from
water than cholesterol.

Finally, there is evidence that pyrene-labelled phospholipids tend
adopt regular distributions in fluid bilayers (see above). Since the
pyrenyl moiety is very hydrophobic and deeply buried in the bilayer
[79,80], it is highly unlikely that the umbrella effect would
significantly contribute to the regular distribution of the labelled
lipid. Rather, steric strain imposed by the bulky pyrene on the alkyl
chain lattice is probably the key factor, along with possible repulsive
dipolar interactions [75].

6. Implications of the superlattice model on membrane
lipid homeostasis

6.1. Erythrocyte phospholipid composition is compatible with
the superlattice model

We have found that the phospholipid compositions of mammalian
erythrocyte membranes fall very close to critical compositions
predicted by the SL-model [19]. When modelling such complex
systems one obviously has to make simplifying assumptions such as
grouping of the phospholipids in three groups of equivalency based on
their head group characteristics. The first group consists of the choline
phospholipids SM, PC and LPC, each of which has a relatively large
head group. The second one consists of the ethanolamine phospho-
lipids, i.e. PE and its ether derivatives with a relatively small head
group, and the third group contains PS, PI and PA, lipids with a
negatively charged head group. Thus, the system can be considered as
a ternary one, for which the allowed concentrations of the
components are multiples of 11.1 mol %, ie., 0, 11.1, 22.2, 333,
44.4 mol % etc. [19,48].

Table 1 displays the observed and predicted phospholipid
compositions for the human erythrocyte membrane as a whole as
well as for the individual leaflets. Clearly, there is a striking similarity
between the determined head group class composition and that
predicted by the SL model. Importantly, the compositions of the red
cell membrane from other species also fall close to predicted values, as
do those of the plasma membrane from human and pig platelets [19].
Statistical analyses indicated that it is highly unlikely that the
agreement with the found and predicted compositions would simply
be a coincidence [19].

The mean lateral arrangements of phospholipid head groups in the
outer and inner leaflet of the human red cell membrane, as predicted
by the model, are depicted in Fig. 8. There are two particularly
satisfactory features in these predicted arrangements. First, at their
observed concentration of 33 mol % in the inner leaflet, the acidic
lipids (red circles) can obtain an even and equidistant distribution, as
expected if mutual Coulombic repulsion is the main factor regulating
their lateral distribution (see above). Note that such equidistant
distribution of acidic phospholipids would not be possible if their
concentration is e.g. 22 or 44 mol % [cf. 19]. The other satisfying feature
in this predicted arrangement of the inner leaflet lipids is that, at their
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Table 1
The observed and predicted phospholipid class composition of the human erythrocyte
membrane

% of whole membrane +S.D. % of outer leaflet % of inner leaflet

cp 558122 (55.6) 88.9 (88.9) 231 (222)
EP 276+15 (27.8) 111 (111) 439 (44.4)
AP 16.6+1.8 (16.7) 0.0 (0.0) 32,9 (33.3)

The experimental compositions for the whole membrane and the individual leaflets
were compiled from previous publications (cf. [19]). The predicted values shown in
parentheses are based on the head group superlattice model [19]. Abbreviations: CP,
choline phospholipids; EP, ethanolamine phospholipids; AP, acidic phospholipids.

observed concentration of 22 mol %, CPs (white circles) can be fully
segregated from each other, thus allowing facile rotation of the bulky
head groups. We stress that the arrangements shown in Fig. 8 should
be considered as minimum free energy structures with a limited life-
time, rather than rigid, permanent structures.

Regarding the asymmetrical distribution of phospholipids over the
erythrocyte membrane, it has remained an enigma why 20 % of PE
remains in the outer leaflet despite the fact that this lipid is
continuously pumped from the outer to the inner leaflet by the
aminophospholipid translocase. The superlattice model offers a
feasible explanation for this. As the translocase pumps PE (and PS)
to the inner leaflet, at some point the phospholipid compositions of
both leaflets reach a superlattice arrangement. Since the superlattices
represent free energy minima, the flippase would not be able to push
the asymmetry of PE further. This idea is consistent with the fact that
the asymmetry of the erythrocyte membrane is not lost even when the
flippase is not functional [81,82].

Influx of Ca?* into erythrocytes causes scrambling of the
phospholipid asymmetry, which has been accounted due to activation
of a “scramblase”. However, recently the function of scramblases as
phospholipid translocators has been challenged and new evidence
suggests a role in signaling [83-85]. We propose that Ca®*-induced
phospholipid scrambling is not a protein-mediated phenomenon, but
is simply due to perturbation of the lipid superlattice in the inner
leaflet. Ca®* in known to bind to PS and cause its aggregation and
consequent destabilization of the bilayer [86]. As shown in Table 1, the
inner leaflet of the erythrocyte contains 33 mol % acidic phospholipids,
most of which is PS. Influx of Ca%* into the cell would, by binding to PS,
neutralize its charge and cause aggregation thereby leading to a
collapse of the SL organization and, consequently, the membrane
asymmetry. This idea is consistent with the finding that influx of Ca®*
into erythrocytes enhances the susceptibility of the membrane
phospholipids to phospholipases, probably due to formation of
domain boundaries [87].

In addition to phospholipids, the erythrocyte membrane contains a
significant amount of cholesterol [88]. Cholesterol was not included in
the erythrocyte (head group) SL model simply because it has a very
small polar moiety, which is located below phospholipid head groups
[89,90], and thus is not expected to interfere with phospholipid head
group interactions. However, since cholesterol is proposed to adopt
regular distributions in membranes (see above), one may wonder
whether a phospholipid head group superlattice and a cholesterol
superlattice can exist simultaneously. Cholesterol associates prefe-
rably with choline phospholipids [28,91], which are markedly
concentrated to the outer leaflet (Table 1), and thus it is likely that
also most of cholesterol is located in this leaflet. In contrast, PE is
concentrated to the inner leaflet (Table 1). Such a complementary
distribution of cholesterol and PE over the membrane suggests that
the former serves as the main head group spacer in the outer leaflet
while the latter does so in the inner leaflet. The coexistence of
phospholipid head group and cholesterol superlattices is supported by
theoretical studies [21] as well as by experimental data obtained for
PE/PC/cholesterol bilayers [47].

In summary, it seems feasible that the tendency of phospholipid
head groups to adopt regular, superlattice-like distributions could
regulate the phospholipid composition of the erythrocyte and platelet
membranes.

6.2. Superlattices and phospholipid homeostasis in nucleated cells

Unlike the erythrocyte, nucleated cells are constantly synthesizing
and degrading their membrane lipids. However, in spite of this
constant and often rapid turnover the cellular lipid composition
remains essentially constant. In principle, three different processes
contribute to the maintenance of the lipid composition of cellular
membranes: i) biosynthesis, ii) degradation and iii) interorganelle
transport. While a wealth of data exists on each of these phenomena
[35], little is known about regulation and coordination of these
processes. In particular, the biosynthetic and degradative enzymes
(phospholipases) must be precisely regulated to avoid futile competi-
tion between synthesis and degradation. Such regulation is challen-
ging in case of eukaryotic cells containing many lipid classes as
indicated in Fig. 9.

Strong evidence for a strict coordination of lipid synthesis and
degradation is provided by studies where the rate of phospholipid
synthesis is altered. It was shown that a mutant with defective PC
synthesis still had a normal PC content due to slower rate of
degradation [92]. Conversely, when the rate of PC synthesis is
stimulated, a concomitant increase in degradation is also observed
and thus the cellular PC content remains essentially constant
[93-95]. Analogously, accelerated synthesis of PE or PS did not
significantly increase their content in membranes, obviously because
the rate of degradation was increased [96,97]. An unavoidable
conclusion from these experiments is that phospholipids synthesized
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Fig. 8. Putative mean lateral arrangements of phospholipid head groups in the outer and
inner leaflet of the human erythrocyte membrane. (A) Lateral arrangement of the head
groups in the outer leaflet. The superlattice is based on a binary unit cell with the
abundance of 11.1 mole% of ethanolamine (gray) and 88.9 mol% choline lipids (white).
Cholesterol (not shown) is most probably enriched in the outer leaflet and thus acts as
spacer molecule along with PE. (B) Lateral arrangement in the inner leaflet. The
superlattice is based on a ternary unit cell predicting the concentrations of 44.4, 33.3
and 22.2 mole% for the ethanolamine (gray), acidic (red) and choline (white) lipids,
respectively. For further details see [19].
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in excess are selectively degraded (i.e., other lipids are not degraded
simultaneously) by A-type phospholipases in order to maintain
membrane lipid homeostasis. However, it is unclear how such
phospholipases are controlled so that only the lipid in excess is
degraded. There is evidence that phospholipid synthesis as well is
closely controlled, but again, the mechanisms remain largely
obscure. It seems feasible that some physical property of the
membrane provides the signal controlling both synthesis and
degradation.

Several investigators have proposed that the spontaneous mem-
brane curvature or elastic stress is a key player in regulation of
membrane lipid compositions [98-103]. However, it has not been
indicated how such a mechanism could precisely coordinate the
synthesis and degradation of each of the many phospholipid classes
present in eukaryotic cells (cf. Fig. 9). The superlattice model appears
to provide a more feasible mechanism. First, it predicts a number of
discrete, “critical” compositions, which are energetically more
favourable than the intervening compositions due to an optimal
(tightest) packing of the different lipids. Accordingly, the lipid
composition of a membrane would have an intrinsic tendency to
settle in a critical composition, which would thus provide natural “set
points”. Another important prediction of the SL-model is that, when
the concentration of a phospholipid exceeds a critical value,
membrane packing defects appear, since the molecules in excess
cannot be accommodated in the superlattice but would be forced to
form segregated domains at the superlattice boundaries. Since many
phospholipases are activated by bilayer packing defects in vitro
[104-106], such defects could activate homeostatic phospholipases
as well (Fig. 10), thus leading to degradation of the species in excess.
Once the lipid species in excess have been degraded, the boundaries
would disappear thus rendering those phospholipases inactive. Thus,
SL-formation could provide a highly accurate regulation and coordi-
nation of the homeostatic phospholipases acting on different
phospholipid classes. It has been reported that hydrolysis of PC in
PC/cholesterol bilayers by snake venom phospholipase A, was much
less efficient at the predicted critical compositions than at the
intervening ones [62].

How then could the synthetic enzymes sense the critical
compositions? We have previously proposed the following (cf.
[75]). When the concentration of a lipid is below a critical value, a
large fraction of the membrane is more or less randomly organized.
Under these conditions, that particular lipid is synthesized as the
responsible enzymes remain dissolved and active. However, when
the critical concentration is reached, an abrupt increase in membrane
lateral order takes place, which presumably leads to exclusion of
those enzymes, as “impurities”, from the superlattice domain to the

remaining randomly organized domains. The consequent local
enrichment of those enzymes, or an environment dependent
conformation change might cause their aggregation and inactivation.
When the concentration of any lipid class eventually falls below the
critical value (due to its degradation or efflux), the superlattice would
partially collapse thus allowing reactivation of those enzymes.
Aggregation of the key synthetic enzymes upon superlattice
formation could also lead to their permanent inactivation via
proteolysis. A feasible example for such a mechanism is the
proteolytic inactivation of HMG-CoA reductase and proteolytic
activation of the transcription factors controlling cholesterol bio-
synthesis, which occur when the cholesterol concentration of the ER
exceeds a critical value [107].

The key benefit of SL-based regulation is that it would allow highly
accurate and concerted regulation of the synthetic and degradative
enzymes, since both should sense the abrupt changes in membrane
packing occurring close to the critical compositions. Another factor
contributing to accurate coordination of the synthesis and degrada-
tion of individual lipids as well as the coordination of overall lipid
homeostasis is that all enzymes located in the same organelle
membrane (typically ER) should feel the changes in membrane lateral
order virtually simultaneously due to the very fast lateral diffusion of
lipids in membranes. In conclusion, SL formation would provide a very
simple and highly accurate mechanism for the regulation of
membrane lipid compositions. It is difficult to see how equally precise
regulation of such complex systems could be achieved by other
means.

6.3. Lipid superlattices could help to maintain organelle identity

The different organelle membranes have distinct lipid composi-
tions, which probably relate to their specific metabolic functions [35].
However, it is currently unclear how the characteristic compositions
of subcellular compartments are preserved in the face of the rapid flux
of lipids between organelles, e.g., along the secretory pathway. As was
discussed above, the SL model predicts that segregation to distinct
domains with different superlattice compositions occurs at interve-
ning regions of two critical values. We speculate that the lipid
compositions of the different organelle membranes (and maybe even
each Golgi stack) would be determined by a characteristic superlattice,
which counteracts fusion of the organelles thus helping to maintain
their identity. In an organelle active in lipid synthesis, like ER, the
characteristic superlattice tends to be converted to a different one due
to changing composition. This leads to coexistence of domains with
different superlattices, which is energetically unfavourable due to line
tension at domain boundaries [108]. To minimize this tension, the
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Fig. 10. Packing defects at domain boundaries activate phospholipases. (A) Activity of a PLA, is maximal at the transition temperature of dipalmitoyl-PC (DPPC) where domain
boundaries and thus bilayer packing defects peak (data replotted from ref. [104]). (B) A model for regulation of homeostatic phospholipases by superlattice formation. When the
concentration of a lipid exceeds (due to its biosynthesis or degradation of another lipid) its SL concentration, local packing defects appear, thus allowing a homeostatic phospholipase to
bind to the membrane and hydrolyze the lipid in excess. When the excess lipid has been hydrolyzed, the defect disappears, thus preventing further hydrolysis by the phospholipase.

newly formed domains bud off as vesicles thus maintaining the
original composition of the organelle. This hypothetical model is
reminiscent to that of Bretcher and Munro [7], who proposed that
synthesis of cholesterol and SM in the Golgi drives domain formation
with consequent budding of cholesterol/SM-rich vesicles destined to
the plasma membrane. Notably, distinct domains could also form
(transiently) when a vesicle with a particular superlattice composition
fuses with a membrane composed of a different one. Such domain
coexistence should drive the fusion process in reverse, i.e. lead to
budding of vesicles, in order to restore the original composition. This
in turn would help to (i) preserve organelle identity and (ii) promote
endo- and exocytosis by recycling of the protein components required
for vesicle budding and cargo transport.

Vesicular trafficking is not involved in lipid trafficking to and from
mitochondria or peroxisomes [85]. The mechanism by which lipids
are transported to and from these organelles is currently unknown,
but it is believed that this occurs as monomeric transfer of lipid
molecules by yet unidentified lipid transfer proteins [35,109], or by
spontaneous diffusion via cytoplasm [110,111]. Since both of these
are spontaneous processes, a tendency to form superlattice (mini-
mum energy) arrangements in both the donor and the acceptor
membranes could drive transfer and set the equilibrium for
distribution of lipids. Notably, the specific organelle compositions
could also be maintained via non-specific transfer followed by
selective hydrolysis of the phospholipid species in excess by home-
ostatic phospholipases.

Interorganelle phospholipid trafficking could also be accomplished
by the concerted action of phospholipases and acyl transferases (cf.
[112]) as follows: When a fatty acid is cleaved from a phospholipid by a

PLA in one organelle, the lysophospholipid, being far less hydrophobic
than the parent phospholipid, should be able to rapidly move to
another organelle. If reacylated therein, then in effect, a phospholipid
molecule would have been translocated from one organelle to another.
As was discussed above, the activity of PLAs could be regulated by SL
formation. As most acyl transferases are membrane-bound enzymes
[113], it seems possible that their activity could be modulated by SLs as
well. Thus, SL formation could also regulate lipid transport between
organellar membranes.

6.4. Stratum corneum lipid lamellae probably have a
superlattice organization

Multilayered lipid lamellae represent the major constituent of
stratum corneum, the outermost layer of the skin. The major lipid
classes present are ceramide, fatty acids and cholesterol in ~1:1:1
molar ratio. Most of the lipids in the lamellae are highly ordered as
shown by X-ray and electron diffraction studies. The alkyl chains are
packed in either a hexagonal or orthorhombic subcell depending on
species [114]. Because of this very tight and ordered packing of lipids
in the lamellae it is obvious that the lateral organization of lipids
cannot be random. A superlattice type of organization is probably
present, but this cannot be determined until the lipid compositions of
the individual layers are known.

6.5. Lipid rafts probably have a SL-like structure

A popular hypothesis proposes that cellular membranes contain
segregated domains rich in sphingolipids and cholesterol, i.e. “rafts”
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[8,10]. If such structures indeed exist (see [115,116] for a critical
review), it is likely that they have a superlattice type of lateral
organization since the lipids therein should be quite tightly packed.
Evidence for superlattice formation in SM/cholesterol bilayers have
been obtained [117].

7. Conclusions and future directions

Despite the accumulating evidence, the SL model must still be
considered tentative and thus additional studies, especially on cellular
membranes, are required to prove/disprove the model. Such studies
are, however, greatly hampered by lack of methods that would allow
isolation of highly purified membranes from cells. Thus, further proof
for the existence of superlattice arrangement in biological membrane
depends on the development of such methods. Mass-spectrometric
analysis of lipid compositions [118-121] will be very useful in studying
SL formation in cellular membranes, when available in pure form, due
to its high sensitivity and resolving power.

It will be also crucial to identify the phospholipases responsible for
maintaining membrane lipid homeostasis, so that one can test in
model systems if they respond to variation of lipid compositions as
predicted by the SL-model. Mass spectrometry will be most helpful
here as well [112,122].

Finally, MD simulations are likely to be very useful in studying
lateral organization of membranes in the future. However, this
requires major advances in methods, particularly in computing
power, so that simulation time can be extended from the present
submicrosecond domain to milliseconds.

Acknowledgements

We wish to thank Dr. Kati Hokynar for useful comments on the
manuscript. Financial support from Finnish Academy, Sigrid Juselius
Foundation, University of Helsinki Funds, Jenny and Antti Wihuri
Funds, and Robert A. Welch Research Foundation (D-1158) is
acknowledged.

References

[1] P.H.von Dreele, Estimation of lateral species separation from phase transitions in
nonideal two-dimensional lipid mixtures, Biochemistry 17 (1978) 3939-3943.
S.J. Singer, G.L. Nicolson, The fluid mosaic model of the structure of cell mem-
branes, Science 175 (1972) 720-731.

EJ. Shimshick, H.M. McConnell, Lateral phase separation in phospholipid

membranes, Biochemistry 12 (1973) 2351-2360.

M.K. Jain, H.B.d. White, Long-range order in biomembranes, Adv. Lipid Res. 15

(1977) 1-60.

T.E. Thompson, T.W. Tillack, Organization of glycosphingolipids in bilayers and

plasma membranes of mammalian cells, Annu. Rev. Biophys. Biophys. Chem. 14

(1985) 361-386.

K. Simons, G. van Meer, Lipid sorting in epithelial cells, Biochemistry 27 (1988)

6197-6202.

M.S. Bretscher, S. Munro, Cholesterol and the Golgi apparatus, Science 261 (1993)

1280-1281.

[8] K.Simons, E.Ikonen, Functional rafts in cell membranes, Nature 387 (1997) 569-572.
[9] D.A. Brown, E. London, Structure and function of sphingolipid- and cholesterol-
rich membrane rafts, . Biol. Chem. 275 (2000) 17221-17224.

[10] M. Edidin, The state of lipid rafts: from model membranes to cells, Annu. Rev.
Biophys. Biomol. Struct. 32 (2003) 257-283.

[11] K. Jacobson, O.G. Mouritsen, R.G. Anderson, Lipid rafts: at a crossroad between
cell biology and physics, Nat. Cell Biol. 9 (2007) 7-14.

[12] PJ.Somerharju, J.A. Virtanen, K.K. Eklund, P. Vainio, P.K. Kinnunen, 1-Palmitoyl-2-
pyrenedecanoyl glycerophospholipids as membrane probes: evidence for regular
distribution in liquid-crystalline phosphatidylcholine bilayers, Biochemistry 24
(1985) 2773-2781.

[13] J.A. Virtanen, P. Somerharju, PK.A. Kinnunen, Prediction of patterns for regular
distribution of soluted guest molecules in liquid crystalline phospholipid
bilayers, J. Mol. Electron. 4 (1988) 233-236.

[14] J.A. Virtanen, M. Ruonala, M. Vauhkonen, P. Somerharju, Lateral organization of
liquid—-crystalline cholesterol-dimyristoylphosphatidylcholine bilayers. Evidence
for domains with hexagonal and centered rectangular cholesterol superlattices,
Biochemistry 34 (1995) 11568-11581.

[15] PL. Chong, Evidence for regular distribution of sterols in liquid crystalline
phosphatidylcholine bilayers, Proc. Natl. Acad. Sci. U. S. A. 91 (1994) 10069-10073.

2

[3

4

(5

(6

[7

[16] D. Tang, P.L. Chong, E/M dips. Evidence for lipids regularly distributed into
hexagonal super-lattices in pyrene-PC/DMPC binary mixtures at specific
concentrations, Biophys. J. 63 (1992) 903-910.

[17] P.L.-G. Chong, et al., On the lateral structure of model membranes containing
cholesterol, Biochim. Biophys. Acta 1788 (2009) 2-11.

[18] C.-F. Chou, AJ. Jin, S.W. Hui, C.C. Huang, ].T Ho, Science 280 (1998) 1424-1426.

[19] J.A. Virtanen, KH. Cheng, P. Somerharju, Phospholipid composition of the
mammalian red cell membrane can be rationalized by a superlattice model, Proc.
Natl. Acad. Sci. U. S. A. 95 (1998) 4964-49609.

[20] G.W. Feigenson, Phase behavior of lipid mixtures, Nat. Chem. Biol. 2 (2006)
560-563.

[21] J.A. Virtanen, Department of Chemistry, University of Helsinki, Helsinki, 1999, p.
77.

[22] A.A. Gurtovenko, M. Patra, M. Karttunen, I. Vattulainen, Cationic DMPC/DMTAP
lipid bilayers: molecular dynamics study, Biophys. J. 86 (2004) 3461-3472.

[23] Y. Rodriguez, M. Mezei, R. Osman, Association free energy of dipalmitoylpho-
sphatidylserines in a mixed dipalmitoylphosphatidylcholine membrane, Bio-
phys. J. 92 (2007) 3071-3080.

[24] TJ. McIntosh, Differences in hydrocarbon chain tilt between hydrated phospha-
tidylethanolamine and phosphatidylcholine bilayers. A molecular packing
model, Biophys. J. 29 (1980) 237-245.

[25] J.N. Israelachvili, DJ. Mitchell, A model for the packing of lipids in bilayer
membranes, Biochim. Biophys. Acta 389 (1975) 13-19.

[26] ]. Seelig, G.U. Gally, R. Wohlgemuth, Orientation and flexibility of the choline
head group in phosphatidylcholine bilayers, Biochim. Biophys. Acta 467 (1977)
109-119.

[27] D.M. Small, Phase equilibria and structure of dry and hydrated egg lecithin,
J. Lipid Res. 8 (1967) 551-557.

[28] P.L. Yeagle, W.C. Hutton, C. Huang, R.B. Martin, Phospholipid head-group
conformations; intermolecular interactions and cholesterol effects, Biochemistry
16 (1977) 4344-4349.

[29] JM. Seddon, R.H. Templer, N.A. Warrender, Z. Huang, G. Cevc, D. Marsh,
Phosphatidylcholine-fatty acid membranes: effects of headgroup hydration on
the phase behaviour and structural parameters of the gel and inverse hexagonal
(H(11)) phases, Biochim. Biophys. Acta 1327 (1997) 131-147.

[30] S. Mabrey, J.M. Sturtevant, Incorporation of saturated fatty acids into phospha-
tidylcholine bilayers, Biochim. Biophys. Acta 486 (1977) 444-450.

[31] H. De Boeck, R. Zidovetzki, Interactions of saturated diacylglycerols with
phosphatidylcholine bilayers: a 2 H NMR study, Biochemistry 31 (1992)
623-630.

[32] K. Lohner, Effects of small organic molecules on phospholipid phase transitions,
Chem. Phys. Lipids 57 (1991) 341-362.

[33] PR. Cullis, M.J Hope, C.P.S. Tilcock, Chem. Phys. Lipids 40 (1986) 127-144.

[34] J.M. Seddon, Structure of the inverted hexagonal (HII) phase, and non-lamellar
phase transitions of lipids, Biochim. Biophys. Acta 1031 (1990) 1-69.

[35] G.van Meer, D.R. Voelker, G.W. Feigenson, Membrane lipids: where they are and
how they behave, Nat. Rev., Mol. Cell Biol. 9 (2008) 112-124.

[36] P.L.Chong, D. Tang, L.P. Sugar, Exploration of physical principles underlying lipid
regular distribution: effects of pressure, temperature, and radius of curvature on
E/M dips in pyrene-labeled PC/DMPC binary mixtures, Biophys. J. 66 (1994)
2018-2029.

[37] L. Onsager, Ann. N. Y. Acad. Sci. 51 (1949) 627-659.

[38] M.D. Eldridge, P.A. Madden and D. Frenkel, Nature 365 35-37.

[39] H.Brockman, Dipole potential of lipid membranes, Chem. Phys. Lipids 73 (1994)
57-79.

[40] W.D. Kumler, J. Am. Chem. Soc. 70 (1948) 4273.

[41] G. Cevc, Membrane electrostatics, Biochim. Biophys. Acta 1031 (1990) 311-382.

[42] J. Huang, ].T. Buboltz, G.W. Feigenson, Maximum solubility of cholesterol in
phosphatidylcholine and phosphatidylethanolamine bilayers, Biochim. Biophys.
Acta 1417 (1999) 89-100.

[43] J. Huang, G.W. Feigenson, A microscopic interaction model of maximum
solubility of cholesterol in lipid bilayers, Biophys. J. 76 (1999) 2142-2157.

[44] P.A.Hyslop, B. Morel, R.D. Sauerheber, Organization and interaction of cholesterol
and phosphatidylcholine in model bilayer membranes, Biochemistry 29 (1990)
1025-1038.

[45] J.A. Virtanen, P. Somerharju, Cholesterol superlattice model is compatible with
the calorimetric behavior of cholesterol/phosphatidylcholine bilayers, J. Phys.
Chem., B 103 (1999) 10289-10293.

[46] KH. Cheng, M. Ruonala, ]J. Virtanen, P. Somerharju, Evidence for superlattice
arrangements in fluid phosphatidylcholine/phosphatidylethanolamine bilayers,
Biophys. J. 73 (1997) 1967-1976.

[47] B. Cannon, A. Lewis, ]J. Metze, V. Thiagarajan, M.W. Vaughn, P. Somerharju, J.
Virtanen, J. Huang, K.H. Cheng, Cholesterol supports headgroup superlattice
domain formation in fluid phospholipid/cholesterol bilayers, J. Phys. Chem., B 110
(2006) 6339-6350.

[48] K.H. Cheng, B. Cannon, ]. Metze, A. Lewis, ]. Huang, M.W. Vaughn, Q. Zhu, P.
Somerharju, J. Virtanen, Lipid headgroup superlattice modulates the activity of
surface-acting cholesterol oxidase in ternary phospholipid/cholesterol bilayers,
Biochemistry 45 (2006) 10855-10864.

[49] A. Blume, T. Ackermann, A calorimetric study of the lipid phase transitions in
aqueous dispersions of phosphorylcholine-phosphorylethanolamine mixtures,
FEBS Lett. 43 (1974) 71-74.

[50] T. Berclaz, H.M. McConnell, Phase equilibria in binary mixtures of dimyristoyl-
phosphatidylcholine and cardiolipin, Biochemistry 20 (1981) 6635-6640.

[51] T. Berclaz, M. Geoffroy, Spin-labeling study of phosphatidylcholine-cardiolipin
binary mixtures, Biochemistry 23 (1984) 4033-4039.



22

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

(67]

(68]

[69]

(70]
[71]
(72]
(73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

P. Somerharju et al. / Biochimica et Biophysica Acta 1788 (2009) 12-23

S. Lupi, A. Perla, P. Maselli, F. Bordi, S. Sennato, Infrared spectra of phosphatidyle-
thanolamine-cardiolipin binary system, Colloids Surf., B Biointerfaces 64 (2008)
56-64.

S. Sennato, F. Bordi, C. Cametti, C. Coluzza, A. Desideri, S. Rufini, Evidence of
domain formation in cardiolipin-glycerophospholipid mixed monolayers. A
thermodynamic and AFM study, J. Phys. Chem., B 109 (2005) 15950-15957.

G. Cevc, J.M. Seddon, R. Hartung, W. Eggert, Phosphatidylcholine-fatty acid
membranes. I. Effects of protonation, salt concentration, temperature and chain-
length on the colloidal and phase properties of mixed vesicles, bilayers and
nonlamellar structures, Biochim. Biophys. Acta 940 (1988) 219-240.

R. Henderson, G.F. Schertler, The structure of bacteriorhodopsin and its relevance
to the visual opsins and other seven-helix G-protein coupled receptors, Philos.
Trans. R. Soc. Lond., Ser. B Biol. Sci. 326 (1990) 379-389.

P. Mustonen, J.A. Virtanen, P.J. Somerharju, P.K. Kinnunen, Binding of cytochrome
c to liposomes as revealed by the quenching of fluorescence from pyrene-labeled
phospholipids, Biochemistry 26 (1987) 2991-2997.

E.E. Uzgiris, R.D. Kornberg, Two-dimensional crystallization technique for
imaging macromolecules, with application to antigen-antibody-complement
complexes, Nature 301 (1983) 125-129.

D.L. Dorset, A.K. Massalski, J.P. Rosenbusch, In-plane phase transition of an
integral membrane protein: nucleation of the OmpF matrix porin rectangular
polymorph, Proc. Natl. Acad. Sci. U. S. A. 86 (1989) 6143-6147.

V.M. Unger, N.M. Kumar, N.B. Gilula, M. Yeager, Projection structure of a gap
junction membrane channel at 7 A resolution, Nat. Struct. Biol. 4 (1997)
39-43.

J.T. Huiskonen, S.J. Butcher, Membrane-containing viruses with icosahedrally
symmetric capsids, Curr. Opin. Struct. Biol. 17 (2007) 229-236.

S. Mukhopadhyay, W. Zhang, S. Gabler, P.R. Chipman, E.G. Strauss, J.H. Strauss, T.S.
Baker, RJ. Kuhn, M.G. Rossmann, Mapping the structure and function of the E1
and E2 glycoproteins in alphaviruses, Structure 14 (2006) 63-73.

F. Liu, PL. Chong, Evidence for a regulatory role of cholesterol superlattices in
the hydrolytic activity of secretory phospholipase A2 in lipid membranes,
Biochemistry 38 (1999) 3867-3873.

M.R. Ali, K.H. Cheng, ]. Huang, Assess the nature of cholesterol-lipid interactions
through the chemical potential of cholesterol in phosphatidylcholine bilayers,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 5372-5377.

M.M. Wang, M. Olsher, L.P. Sugar, P.L. Chong, Cholesterol superlattice modulates
the activity of cholesterol oxidase in lipid membranes, Biochemistry 43 (2004)
2159-2166.

FJ. Cuevas, D.M. Jameson, C.P. Sotomayor, Modulation of reconstituted pig kidney
Na+/K+-ATPase activity by cholesterol in endogenous lipid vesicles: role of lipid
domains, Biochemistry 45 (2006) 13855-13868.

B. Cannon, M. Hermansson, S. Gyorke, P. Somerharju, J.A. Virtanen, K.H. Cheng,
Regulation of calcium channel activity by lipid domain formation in planar lipid
bilayers, Biophys. J. 85 (2003) 933-942.

Q. Zhu, K.H. Cheng, M.W. Vaughn, Molecular dynamics studies of the molecular
structure and interactions of cholesterol superlattices and random domains in an
unsaturated phosphatidylcholine bilayer membrane, J. Phys. Chem., B 111 (2007)
11021-11131.

J. Huang, Exploration of molecular interactions in cholesterol superlattices: effect
of multibody interactions, Biophys. J. 83 (2002) 1014-1025.

P. Sengupta, R.R. Singh, D.L. Cox, A. Slepoy, Lateral organization of cholesterol
molecules in lipid-cholesterol assemblies, Phys. Rev., E Stat. Nonlinear Soft
Matter Phys. 70 (2004) 021902.

T.G. Anderson, H.M. McConnell, A thermodynamic model for extended
complexes of cholesterol and phospholipid, Biophys. J. 83 (2002) 2039-2052.
H.M. McConnell, M. Vrljic, Liquid-liquid immiscibility in membranes, Annu. Rev.
Biophys. Biomol. Struct. 32 (2003) 469-492.

H.M. McConnell, A. Radhakrishnan, Condensed complexes of cholesterol and
phospholipids, Biochim. Biophys. Acta 1610 (2003) 159-173.

A. Radhakrishnan, H. McConnell, Condensed complexes in vesicles containing
cholesterol and phospholipids, Proc. Natl. Acad. Sci. U.S. A.102 (2005) 12662-12666.
T.J. McIntosh, Hydration properties of lamellar and non-lamellar phases of phos-
phatidylcholine and phosphatidylethanolamine, Chem. Phys. Lipids 81 (1996)
117-131.

P. Somerharju, J.A. Virtanen, K.H. Cheng, Lateral organisation of membrane lipids.
The superlattice view, Biochim. Biophys. Acta 1440 (1999) 32-48.

Megha, E. London, Ceramide selectively displaces cholesterol from ordered lipid
domains (rafts): implications for lipid raft structure and function, J. Biol. Chem.
279 (2004) 9997-10004.

S.M. Alanko, KK. Halling, S. Maunula, J.P. Slotte, B. Ramstedt, Displacement of
sterols from sterol/sphingomyelin domains in fluid bilayer membranes by
competing molecules, Biochim. Biophys. Acta 1715 (2005) 111-121.

Y. Lange, J. Ye, T.L. Steck, Activation of membrane cholesterol by displacement
from phospholipids, J. Biol. Chem. 280 (2005) 36126-36131.

K.K. Eklund, J.A. Virtanen, P.K. Kinnunen, ]. Kasurinen, PJ. Somerharju,
Conformation of phosphatidylcholine in neat and cholesterol-containing liquid-
crystalline bilayers. Application of a novel method, Biochemistry 31 (1992)
8560-8565.

M. Sassaroli, M. Ruonala, J. Virtanen, M. Vauhkonen, P. Somerharju, Transversal
distribution of acyl-linked pyrene moieties in liquid-crystalline phospha-
tidylcholine bilayers. A fluorescence quenching study, Biochemistry 34 (1995)
8843-8851.

D. Geldwerth, FA. Kuypers, P. Butikofer, M. Allary, B.H. Lubin, P.F. Devaux,
Transbilayer mobility and distribution of red cell phospholipids during storage,
J. Clin. Invest. 92 (1993) 308-314.

(82]
(83]

(84]

(85]

[86]

(87]

(88]
(89]
[90]

[91]

[92]

(93]

(94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]
[109]

[110]

[111]

K. de Jong, Z. Beleznay, P. Ott, Phospholipid asymmetry in red blood cells and spectrin-
free vesicles during prolonged storage, Biochim. Biophys. Acta 1281 (1996) 101-110.
S.K. Sahu, S.N. Gummadi, N. Manoj, G.K. Aradhyam, Phospholipid scramblases: an
overview, Arch. Biochem. Biophys. 462 (2007) 103-114.

0. Amir-Moazami, C. Alexia, N. Charles, P. Launay, R.C. Monteiro, M. Benhamou,
Phospholipid scramblase 1 modulates a selected set of IgE receptor-mediated
mast cell responses through LAT-dependent pathway, J. Biol. Chem. (2008).

D. Smrz, P. Lebduska, L. Draberova, ]. Korb, P. Draber, Engagement of phospholipid
scramblase 1 in activated cells: implication for phosphatidylserine externaliza-
tion and exocytosis, J. Biol. Chem. 283 (2008) 10904-10918.

A. Portis, C. Newton, W. Pangborn, D. Papahadjopoulos, Studies on
the mechanism of membrane fusion: evidence for an intermembrane Ca2+-
phospholipid complex, synergism with Mg2+, and inhibition by spectrin,
Biochemistry 18 (1979) 780-790.

K.B. Best, AJ. Ohran, A.C. Hawes, T.L. Hazlett, E. Gratton, A.M. Judd, ].D. Bell,
Relationship between erythrocyte membrane phase properties and suscep-
tibility to secretory phospholipase A2, Biochemistry 41 (2002) 13982-13988.
RS. Bar, D.W. Deamer, D.G. Cornwell, Surface area of human erythrocyte lipids:
reinvestigation of experiments on plasma membrane, Science 153 (1966) 1010-1012.
N.P. Franks, W.R. Lieb, The structure of lipid bilayers and the effects of general
anaesthetics. An X-ray and neutron diffraction study, ]. Mol. Biol. 133 (1979) 469-500.
G. Vanderkooi, Computation of mixed phosphatidylcholine-cholesterol bilayer
structures by energy minimization, Biophys. J. 66 (1994) 1457-1468.

R.A. Demel, JW. Jansen, PW. van Dijck, LL. van Deenen, The preferential
interaction of cholesterol with different classes of phospholipids, Biochim.
Biophys. Acta 465 (1977) 1-10.

M. Nishijima, O. Kuge, M. Maeda, A. Nakano, Y. Akamatsu, Regulation of
phosphatidylcholine metabolism in mammalian cells. Isolation and characte-
rization of a Chinese hamster ovary cell pleiotropic mutant defective in both
choline kinase and choline-exchange reaction activities, J. Biol. Chem. 259 (1984)
7101-7108.

D. Teegarden, E.J. Taparowsky, C. Kent, Altered phosphatidylcholine metabolism
in C3H10T1/2 cells transfected with the Harvey-ras oncogene, J. Biol. Chem. 265
(1990) 6042-6047.

L.B. Tijburg, T. Nishimaki-Mogami, D.E. Vance, Evidence that the rate of phospha-
tidylcholine catabolism is regulated in cultured rat hepatocytes, Biochim.
Biophys. Acta 1085 (1991) 167-177.

CJ. Walkey, G.B. Kalmar, R.B. Cornell, Overexpression of rat liver CTP:
phosphocholine cytidylyltransferase accelerates phosphatidylcholine synthesis
and degradation, ]. Biol. Chem. 269 (1994) 5742-5749.

A. Lykidis, J. Wang, M.A. Karim, S. Jackowski, Overexpression of a mammalian
ethanolamine-specific kinase accelerates the CDP-ethanolamine pathway, J. Biol.
Chem. 276 (2001) 2174-2179.

S.J. Stone, Z. Cui, J.E. Vance, Cloning and expression of mouse liver phosphati-
dylserine synthase-1 cDNA. Overexpression in rat hepatoma cells inhibits the
CDP-ethanolamine pathway for phosphatidylethanolamine biosynthesis, J. Biol.
Chem. 273 (1998) 7293-7302.

B. de Kruijff, Polymorphic regulation of membrane lipid composition [news],
Nature 329 (1987) 587-588.

S.M. Gruner, Intrinsic curvature hypothesis for biomembrane lipid composition:
a role for nonbilayer lipids, Proc. Natl. Acad. Sci. U. S. A. 82 (1985) 3665-3669.
G. Lindblom, J.B. Hauksson, L. Rilfors, B. Bergenstahl, A. Wieslander, P.O. Eriksson,
Membrane lipid regulation in Acholeplasma laidlawii grown with saturated fatty
acids. Biosynthesis of a triacylglucolipid forming reversed micelles, ]. Biol. Chem.
268 (1993) 16198-16207.

0.P. Karlsson, M. Rytomaa, A. Dahlqvist, P.K. Kinnunen, A. Wieslander, Correlation
between bilayer lipid dynamics and activity of the diglucosyldiacylglycerol
synthase from Acholeplasma laidlawii membranes, Biochemistry 35 (1996)
10094-10102.

G.S. Attard, R.H. Templer, W.S. Smith, A.N. Hunt, S. Jackowski, Modulation of CTP:
phosphocholine cytidylyltransferase by membrane curvature elastic stress, Proc.
Natl. Acad. Sci. U. S. A. 97 (2000) 9032-9036.

S.M. Davies, R.M. Epand, R. Kraayenhof, R.B. Cornell, Regulation of CTP:
phosphocholine cytidylyltransferase activity by the physical properties of lipid
membranes: an important role for stored curvature strain energy, Biochemistry
40 (2001) 10522-10531.

J.A. Op den Kamp, M.T. Kauerz, LL. van Deenen, Action of pancreatic phos-
pholipase A2 on phosphatidylcholine bilayers in different physical states,
Biochim. Biophys. Acta 406 (1975) 169-177.

R. Cohen, Y. Barenholz, Correlation between the thermotropic behavior of
sphingomyelin liposomes and sphingomyelin hydrolysis by sphingomyelinase of
Staphylococcus aureus, Biochim. Biophys. Acta 509 (1978) 181-187.

H.W. Huang, E.M. Goldberg, R. Zidovetzki, Ceramide induces structural defects
into phosphatidylcholine bilayers and activates phospholipase A2, Biochem.
Biophys. Res. Commun. 220 (1996) 834-838.

J.L. Goldstein, R.A. DeBose-Boyd, M.S. Brown, Protein sensors for membrane
sterols, Cell 124 (2006) 35-46.

R. Lipowsky, Biophys. J. 64 (1993) 1133-1138.

D.R. Voelker, Protein and lipid motifs regulate phosphatidylserine traffic in yeast,
Biochem. Soc. Trans. 33 (2005) 1141-1145.

R.E. Brown, Spontaneous lipid transfer between organized lipid assemblies,
Biochim. Biophys. Acta 1113 (1992) 375-389.

L. Heikinheimo, P. Somerharju, Preferential decarboxylation of hydrophilic
phosphatidylserine species in cultured cells. Implications on the mechanism of
transport to mitochondria and cellular aminophospholipid species compositions,
J. Biol. Chem. 273 (1998) 3327-3335.



[112]

[113]
[114]
[115]
[116]
[117]

[118]

P. Somerharju et al. / Biochimica et Biophysica Acta 1788 (2009) 12-23 23

V. Kainu, M. Hermansson, P. Somerharju, Electrospray ionization mass spectro-
metry and exogenous heavy isotope-labeled lipid species provide detailed
information on aminophospholipid acyl chain remodeling, ]J. Biol. Chem. 283
(2008) 3676-3687.

H. Shindou, T. Shimizu, Acyl-CoA: lysophospholipid acyltransferases, ]. Biol.
Chem. (2008).

J.A. Bouwstra, M. Ponec, The skin barrier in healthy and diseased state, Biochim.
Biophys. Acta 1758 (2006) 2080-2095.

T.P.W. McMullen, R.N.A.H. Lewis and R.N. McElhaney, Cholesterol-phospholipid
interactions, the liquid-ordered phase and lipid rafts in model and biological
membranes, Curr. Opin. Coll. In. 8 (2004) 459-468.

S. Munro, Lipid rafts: elusive or illusive? Cell 115 (2003) 377-388.

P. Chong, L.-G., F. Liu, M.M. Wang, K. Truong, I. Sugar, R.E. Brown, ]J. Fluoresc. 6
(1996) 221-230.

X. Han, RW. Gross, Global analyses of cellular lipidomes directly from crude
extracts of biological samples by ESI mass spectrometry: a bridge to lipidomics,
J. Lipid Res. 44 (2003) 1071-1079.

[119]

[120]

[121]

[122]

[123]

M. Hermansson, A. Uphoff, R. Kakela, P. Somerharju, Automated quantitative
analysis of complex lipidomes by liquid chromatography/mass spectrometry,
Anal. Chem. 77 (2005) 2166-2175.

D. Schwudke, ]J. Oegema, L. Burton, E. Entchev, ].T. Hannich, C.S. Ejsing, T.
Kurzchalia, A. Shevchenko, Lipid profiling by multiple precursor and neutral loss
scanning driven by the data-dependent acquisition, Anal. Chem. 78 (2006)
585-595.

K. Retra, O.B. Bleijerveld, R.A. van Gestel, A.G. Tielens, ]J. van Hellemond, J.F.
Brouwers, A simple and universal method for the separation and identification of
phospholipid molecular species, Rapid Commun. Mass Spectrom. 22 (2008)
1853-1862.

P. Haimi, M. Hermansson, O. Hakala, T. Tarvasmdki, P. Somerharju, Determining
phospholipase acyl chain specificity using mass spectrometry, Abst. 48th Int.
Conf. Biosci. Lipids 149 (2007) S61.

D.B. Fenske, H.C. Jarrell, Y. Guo, S.W. Hui, Effect of unsaturated phosphatidy-
lethanolamine on the chain order profile of bilayers at the onset of the hexagonal
phase transition. A 2 H NMR study, Biochemistry 29 (1990) 11222-11229.



	The superlattice model of lateral organization of membranes and its implications on membrane li.....
	Introduction
	Superlattice model
	General features
	Factors driving superlattice formation
	Charge–charge repulsion
	Complementarity of molecular shapes
	Head group rotational entropy
	Dipolar interactions
	Hydrophobic effect


	Experimental evidence for superlattices in model membranes
	Pyrene-labelled phospholipids
	Cholesterol
	PE/PC
	Charged lipids
	SL-model is compatible with the presence of membrane proteins
	Effect of membrane superlattices on protein function

	Molecular dynamics simulations of lipid superlattice formation
	Superlattice model vs. other models of regular lateral distribution of lipids in membranes
	Condensed complex-model
	Umbrella model

	Implications of the superlattice model on membrane lipid homeostasis
	Erythrocyte phospholipid composition is compatible with the superlattice model
	Superlattices and phospholipid homeostasis in nucleated cells
	Lipid superlattices could help to maintain organelle identity
	Stratum corneum lipid lamellae probably have a superlattice organization
	Lipid rafts probably have a SL-like structure

	Conclusions and future directions
	Acknowledgements
	References




