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Abstract

The current notion of biological membranes encompasses a very complex structure, made of dynamically changing compartments or domains
where different membrane components partition. These domains have been related to important cellular functions such as membrane sorting,
signal transduction, membrane fusion, neuronal maturation, and protein activation. Many reviews have dealt with membrane domains where
lipid–lipid interactions direct their formation, especially in the case of raft domains, so in this review we considered domains induced by integral
membrane proteins. The nature of the interactions involved and the different mechanisms through which membrane proteins segregate lipid
domains are presented, in particular with regard to those induced by the nAChR. It may be concluded that coupling of favourable lipid–lipid and
lipid–protein interactions is a general condition for this phenomenon to occur.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The notion of biological membranes has radically changed
over the last decades. From the fluid mosaicmodel [1], where the
membrane was considered a homogeneous lipid media in which
proteins floated, different experimental evidences have led to the
current model which encompasses a very complex structure,
Abbreviations: DMPA, dimyristoyl phosphatidic acid; DSC, differential
scanning calorimetry; FT-IR, Fourier transform infrared spectroscopy; nAChR,
nicotinic acetylcholine receptor; PA, egg phosphatidic acid; PC, egg
phosphatidylcholine
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made of dynamically changing compartments or domains where
different membrane components partition. These domains are
formed in a wide temporal and spatial scale, ranging from the
nanometer [2,3] to the micrometer [4,5] and from ~10 ns [6] up
to hours for some cell structures [7]. In all cases, regardless of
size or duration, the molecules in such domains are continuously
exchanged with those in surrounding membrane regions [5,8].
Although there is not a clear picture about the origin and
structure of these domains, there are increasing evidences about
its biological relevance. For instance, they have been related to
important cellular functions such as membrane sorting [8–10],
signal transduction [11–13], membrane fusion [4,14,15],
neuronal maturation [16], and protein activation [17,18].
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The first hints that biological membranes may not be as
simple structures as predicted from the fluid mosaic model came
from its complex lipid composition, with up to 500 different
lipid species. It has been proposed that this vast number of
structurally different elements would facilitate the “solvation”
of the large variety of proteins that compound the membrane. It
is not unreasonable to expect lateral and transverse tensions in
this multicomponent chemical milieu which might be relieved
by the segregation of immiscible components into separate
domains. In accordance to these ideas experimental and theo-
retical evidences point out to the existence of lipid domains in
both artificial and biological membranes [8,19–24]. From the
very beginning and mainly due to the different model systems
used for the experiments, two types of lipid domains have been
considered: those caused solely by lipid–lipid interactions and
those induced by proteins. This has led to a dual picture of
biological membranes: that where lipid–lipid interactions direct
a compartmentalization of the membrane, the proteins being
sorted depending on its affinity for these lipid domains, or that
where lipid–protein interactions direct the formation of lipid
domains around membrane proteins. The more real picture
should probably come from considering both, lipid–lipid and
lipid–protein interactions. Thus, while lipid–lipid interactions
per se may cause the formation of lipid domains, such domains
may be modified by the presence of membrane proteins, espe-
cially if they have a high affinity for a particular lipid com-
ponent. The reverse is also true, for a membrane protein to
segregate a lipid domain, there should be adequate lipid–lipid
interactions in addition to those between the protein and
the lipids. In this sense, it is considered unlikely that pure
lipid domains are self-sufficient to concentrate molecules to
form functional platforms for biological processes in live cells.
Therefore, the interplay of lipid-based domains and protein-
mediated assemblies would generate stable functional domains
in cell membranes [25–27]. This is supported by experimental
results. For example, raft domains in the plasma membrane of
non-polarized cells are normally small and highly dispersed, but
their size can be modulated by oligomerization of raft protein
components [25,26]. Also, the cytoskeleton possibly contribu-
tes to the final picture by providing barriers to long-range
diffusion of lipid domain components and enabling those at
the inner leaflet to segregate independently from those at the
outer leaflet in live cells [13].

Although many reviews have dealt with membrane domains
where lipid–lipid interactions direct their formation, especially
the so-called raft domains, there are few reviews on protein-
promoted lipid domains. This chapter deals with this latter issue,
specifically with those cases where integral membrane proteins
are involved.

2. Features of protein-promoted lipid domains

The initial evidences that membrane proteins modify its
surrounding lipids came from electron spin resonance (ESR)
experiments [28], where a population of motionally restricted
lipids were detected, leading to the “lipid annulus” concept. The
lipid annulus would be formed by the first shell of lipids around
the transmembrane portion of the protein, with a residence time
in such boundary region 10 fold higher than in the surrounding
bulk bilayer. The higher affinity of specific lipids for such
boundary region sometimes results in the observation of bound
lipid molecules in the high-resolution structures of several
membrane proteins, despite the presence of detergents [29].
Moreover, in cases such as that of Bacteriorhodopsin, the
bound lipid seems to define a complete annular shell around
the protein. A subtle variation of this concept are the recently
proposed “lipid shells” [30]. These would consist of a more
stable “lipid annulus”, where long-term interactions take place
between specific lipids and selected proteins. The lipid shells
and the protein they surround would exist as mobile entities in
the plane of the membrane and would be thermodynamically
stable structures with large affinity for pre-existing caveolae/
rafts, targeting the protein they encase to these membrane
structures.

In both models, the lipid annulus or the lipid shells, only the
properties of the lipids adjacent to the protein are expected to be
modified. However, there are some examples where the effect
of the protein goes beyond the boundary lipid layer. One of
such examples is the Ca2+-ATPase, an integral membrane pro-
tein composed of ten transmembrane segments accounting for
up to 90% of the total protein of sarcoplasmic reticulum from
skeletal muscle. Differential scanning calorimetry (DSC) studies
on vesicles composed of a single lipid species suggest the
presence of at least two types of lateral domains [31]. One would
be formed by the annular lipids, which, as commented above,
would consist of a layer of about 30 exchangeable, but con-
formationally inhibited lipid molecules directly adjacent to the
protein. The other would be a secondary region of surround-
ing lipids with a disrupted packing, extending roughly 130–170
lipid molecules/protein. This concept of a disrupted secondary
lipid layer may also apply to other transmembrane proteins, such
as glycophorin [32] and bacteriorhodopsin [33]. In the case of
glycophorin the boundary lipid could account at the most for
20 lipid molecules, not explaining the calculated 300 lipids
which are perturbed by the protein [34]. The authors point to
a hydrophilic interaction between lipid headgroups and the
carbohydrate-carrying protein region. A report by Polozova and
Litman [35] on rhodopsin is a good example of lateral lipid
segregation in which the protein distinguishes between two lipid
components. Rhodopsin is a G protein-coupled receptor and the
major protein of retinal rod outer segment disk membranes,
which is able to segregate domains enriched in polyunsaturated
phospholipids. These domains are disposed around the protein
and contain at least two layers of phospholipids, being enriched
in polyunsaturated lipids by a factor of six approximately.
Polyunsaturated lipids associate with rhodopsin, even when
artificial membranes containing saturated and polyunsatura-
ted lipids are in the liquid crystalline phase, this phenomenon
being highly dependent on the presence of the protein itself
and cholesterol. The authors point to a preferential interaction
of cholesterol with saturated acyl chains as a key factor pro-
moting membrane lateral separation, stressing the fact that
not only lipid–protein interactions are important for a protein
to segregate a lipid domain, but also adequate lipid–lipid
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interactions are required. These results are supported by mo-
lecular dynamics simulations that reveal that rhodopsin has
the ability to reorganize its solvation lipid shell having a 3-fold
greater strength attraction for polyunsaturated acyl chains re-
lative to saturated ones [36]. The extreme flexibility of polyun-
saturated chains allows them to adapt to the ragged surface of
the protein transmembrane α-helices and to penetrate between
them at little or no intramolecular energy cost, that enables a
large number of favourable contacts occurring at short distances,
explaining their large affinity for the protein.

The glycoprotein of the vesicular stomatitis virus, named G
protein, represents an example of a membrane protein able to
segregate macroscopic lipid domains. It has a transmembrane
domain as well as covalently bound fatty acids, although it is not
a typical integral membrane protein since, in spite of its
transmembrane domain, it is also stable in water solutions. This
protein showed a preferential affinity for phosphatidic acid (PA)
in multicomponent artificial lipid vesicles, causing the segrega-
tion of macroscopic domains enriched in this lipid as observed
by fluorescence microscopy [37]. In different vesicles, these
domains varied in size and in the degree of PA enrichment, but
on the average they occupy 22% of the area of the vesicle and
have 3–4-fold higher PA than its surroundings. Interestingly,
the combination of this G protein with the other protein in the
virus envelope, the soluble M protein, caused the formation of
domains not only enriched in PA, but also in phosphatidylserine
(PS), sphingomyelin (Sph), and cholesterol, being the presence
of the two proteins and PA required for this to occur [4]. From
experiments with different lipids, the authors conclude that the
fatty acid composition was not as important for this process as
the polar headgroup of the lipids. This example illustrates the
complexity of this phenomenon, where the association of an
integral membrane protein and a soluble one, modulates the
composition of the segregated domain, although it is the strong
interaction of PA and the G protein that originates the process.
A synergistic effect has also been reported when cytochrome c,
a peripheral protein, and cytochrome oxidase, a transmembrane
enzyme, are reconstituted in the same lipid vesicle [38]. It was
found that cytochrome oxidase restricts the motion of the first
lipid shell around it, the so-called lipid annulus, but the presence
of cytochrome c extends the effect to the second and even the
third shell of lipids around this protein, possibly caused by the
simultaneous binding of cytochrome c to these three lipid shells.

Another interesting example is that of the Folch–Lees
proteolipid protein (PLP), since it was studied in native mem-
branes derived from cells, rather than in artificial systems [39].
The role of this protein was studied in monolayers of solvent-
solubilized whole myelin membranes. At low-surface pressu-
res, the protein-depleted mixture of myelin lipids shows coexis-
tence of cholesterol-enriched and cholesterol-depleted liquid
phases organized as round domains of homogeneous size dis-
tributed in rather regular lattices, but fails to undergo the topo-
graphic changes involving the formation of fractal domains
under increasing compression, characteristic of whole myelin
monolayers. The addition to myelin lipids of PLP, one of the
major protein components of myelin membranes, is capable of
reproducing the topographic organization of the whole myelin
monolayer in a concentration-dependent manner. It is concluded
that PLP preserves the liquid character of the coexisting phases
at low-surface pressures, but modifies the size and shape dis-
tribution of domains. At high-surface pressures, PLP overrides
the tendency of the lipids to merge and the surface aggregation
of PLP-enriched fractal domains provides a topographic ex-
planation for the heterogeneity of the monolayers. The authors,
however, do not attribute the effect of PLP to any particular
lipid–protein interaction.

Oligomerization of membrane proteins have also been pro-
posed as an important factor in lipid domain formation. This
is the case of caveolin-1, an integral membrane protein and
principal component of caveolae membranes “in vivo”. Its
strong tendency to homo-oligomerize and its affinity for speci-
fic lipid components are envisaged as critical points in the
caveolae origin [40].

A membrane protein could also perturb its surrounding li-
pids through hydrophobic matching [19,41]. This phenomenon
results as a consequence of the energetically unfavourable ex-
posure of the hydrophobic portion of a lipid or a membrane
protein and may extend up to 10 to 20 surrounding layers of
phospholipids into the bilayer [42,43]. To accomplish mat-
ching, the protein could minimize the exposed hydrophobic
area either by reducing its effective hydrophobic length, or
by clustering, or by changing its conformation [44]. In regard
to the former, the hydrophobic length could be reduced by
rotating the tryptophan residues located at the end of the
transmembrane α-helices about their Cα–Cβ bonds. Alterna-
tively the whole transmembrane helices might be tilted. Li-
pids in turn, could modulate the membrane thickness by
stretching or disordering their acyl chains or even assembling
into non-lamellar structures, thereby disrupting the bilayer or-
ganization. Finally, when a heterogeneous mixture of lipids
surrounds the protein, as in a biological membrane, mismatch
may be relieved by preferential interaction of proteins and lipids
with matching hydrophobic lengths, leading to microdomain
formation and molecular sorting. Recent works suggest that the
opposite could also be true, that is, some membrane protein
could vary their assembling and packing as to maximize the
hydrophobic matching, depending on the lipid domain where
they are located [45,46]. The hydrophobic matching principle
was initially a theoretical concept [19], later supported by some
experimental evidences. This is the case of Lactose Permease
[47], a protein with twelve α-helical transmembrane segments.
Through the use of pyrene-labeled lipids able to form excimers,
the lipid–lipid and lipid–protein interactions were studied for
Lactose Permease reconstituted in artificial vesicles. This study
supports hydrophobic matching as responsible for the 10-fold or
higher enrichment of lipids around the protein which best
match its hydrophobic length, without showing any preference
for specific lipid headgroups. Another similar example is pro-
vided by Bacteriorhodopsin (BR), a protein that performs
molecular sorting of the lipids in its neighbourhood to satisfy
the hydrophobic matching condition [48]. Finally, a pulmonary
surfactant protein, SP-C, forms aggregates in lipid mixtures
in the gel phase, whose surroundings are enriched in shorter
chain length and unsaturated lipids [49], satisfying again the



Fig. 1. nAChR induces the segregation of PA-enriched lipid domains. Lipid
vesicles composed of 25 mol % cholesterol, 50 mol % egg PC and 25 mol % of
DMPAwith or without nAChR, were used in FT-IR (A), fluorescence anisotropy
(B) and DSC (C) experiments. In the presence of nAChR, closed symbols in
panel A, B and upper thermogram in C, a temperature-induced phase transition
assigned to lipid domains enriched in DMPA appears. Empty symbol in A, B and
the lower thermogram in C correspond to plain lipid vesicles. FT-IR experiments
follow the temperature dependence of the CD2 symmetric stretching vibration
from perdeuteratedDMPA,while in the fluorescence experiments, the anisotropy
of the trans-parinaric acid probe incorporated into the membrane is measured.
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hydrophobic matching condition. From systematic studies with
artificial hydrophobic peptides [44,50,51], it has been con-
cluded that hydrophobic matching can induce preferential
protein–lipid interactions, although it depends among other
factors, on the hydrophobic length and diameter of the protein,
the amino acid composition of the protein transmembrane
segments (especially the interfacial amino acids), the type of
lipid and the differences in hydrophobic length between
the protein and the lipids. This conclusion stresses again the
multifactorial nature of lipid–protein interactions: in spite of the
existence of a predominant factor such as the hydrophobic
mismatch in the above cases, it is its coupling with other factors
what determines whether or not lipid domain segregation would
take place.

Recently, others physical features of the membrane, the area
compressibility and the bending moduli of the bilayer, have
been proposed to direct lipid–protein interactions [52,53],
especially in cases related to protein sorting to raft domains.

3. nAChR directs the formation of a PA-enriched lipid
domain

The nicotinic acetylcholine receptor (nAChR) is a ligand-
gated ion channel composed of five subunits which, upon the
binding of two agonist molecules, opens a channel allowing
cations such as sodium, potassium or calcium to go through the
membrane. Due to the ease of purification in high quantities,
this protein has been used as a model to study different aspects
of integral membrane proteins including lipid–protein interac-
tions. These studies showed that there are independent binding
sites for phospholipids and sterol, both accessible to fatty acids,
in the vicinity of the nAChR, and that those lipids forming the
“annular shell” are relatively immobile with respect to the rest
of the membrane [see [54] for a review]. Interestingly, anionic
lipids bind preferentially nAChR, which are also positive
modulators of its function. Among them, phosphatidic acid (PA)
seems to interact in a special fashion with this protein. “In vitro”
studies with nAChR reconstituted in lipid vesicles of controlled
composition show that PA is among those phospholipids that
bind the protein with a higher affinity, and it is also most
effective in preserving nAChR function [55–60], possibly
through the stabilization of the resting versus the desensitised
state of the protein [61]. On the other hand, as if a bi-directional
coupling would take place, nAChR in PA-containing membranes
leads to a dramatic increase in both, the lateral packing density
and the gel-to-liquid crystal phase transition temperature of the
lipid bilayer [61,62]. This strong interaction leads to the
segregation of a PA-enriched domain from a complex mixture
of lipids at certain lipid to protein ratios [62,63]. However,
nAChR has no detectable effect on the lateral distribution of
lipids when PA is substituted by other zwitterrionic or anionic
phospholipids such as phosphatidylcholine (PC), phosphatidyl-
glycerol (PG) or phosphatidylserine (PS) [63,64]. Also, it has
been recently reported the segregation of a saturated PC from
an unsaturated one by nAChR [62]. In this latter case the authors
suggest that the maintenance of this domain is predominantly due
to lipid–lipid interactions opposite to that with PA from above,
which is more stable and mainly maintained by protein–lipid
interactions. The PA domain has been detected using fluores-
cence, FT-IR and DSC techniques (Fig. 1). Such techniques are
mostly sensitive to macroscopic events, thus indicating that
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macrodomains should be formed. In addition, resonance energy
transfer experiments have shown that these domains are located
next to the protein [63].

Phospholipid in membranes, including those interacting
with membrane proteins, diffuse very fast, around 108 cm2/s
[57,65], so the ability of nAChR to sequester PA around it, will
dramatically enhance its possibilities of interaction with this
phospholipid, hence explaining the strong modulating effect
of PA on nAChR.

Interestingly, the PA modulation of nAChR observed on “in
vitro” systems has been confirmed “in vivo” using the Xenopus
oocyte model [66]. In these experiments, purified nAChRs
reconstituted in either PA:PC:Cholesterol (25:50:25 molar
ratio), PC:Cholesterol (75:25 molar ratio), or soybean lipids
are injected in oocytes, where they efficiently insert into the
plasma membrane. Then, the functional activity and properties
of the transplanted nAChRs are assessed using the voltage-
clamp technique. A higher activity was found when the nAChR
was reconstituted in the PA mixture than in soybean or the PC:
Cholesterol mixture, which were very similar to each other.
This effect was not due to a different fusion efficiency of the
different proteoliposomes to the oocyte membrane. Interest-
ingly, when nAChR is reconstituted with those lipid mixtures
“in vitro”, the activity is always higher in soybean lipids than in
the PA mixture, while no activity is found in PC:Cholesterol.
The fact that in the cell membrane the nAChR in PC:Choleste-
rol reversibly recovers its function suggests that the system
is sufficiently dynamic as to allow the injected lipid around
nAChR be exchanged for endogenous oocyte membrane lipids.
Then, why do oocytes injected with nAChR reconstituted in
PA display larger currents? Taking into account the above
PA segregation results [56–58], one possibility would be that
nAChR binds PA tightly, hindering its free exchange with other
bulk membrane lipids, and leading to the formation of a PA-rich
domain segregated around the protein. The permanent interac-
tion with PA, a positive modulator, would result in the enhanced
protein activity. An interesting observation that supports this
hypothesis is that the PA content of the lipids which accompany
the protein is progressively increased from 0.5–1.6% up to 2.2–
2.9% during its purification from the Torpedo electric organ
[67].

Another open question on the segregation of the PA domain
relates to the molecular determinants in both the protein and the
phospholipid, responsible for this strong interaction leading
to domain segregation. Calorimetric studies using protease-
cleaved nAChR point out to the transmembrane segments as
mainly responsible for domain segregation [63]. It has been
proposed that positively-charged amino acid present at the end
of the nAChR transmembrane helices, such as Arg-429 or His-
408 at theM4 could be responsible for the stronger binding to the
anionic phospholipids [68–70]. As to the possible determinants
in the PAmolecule, only general properties of this phospholipid,
such as its negative charge, its very small headgroup or its high
capacity to form hydrogen bonds, have been invoked [71–74].
In this regard, a recent NMR study on PA-containing lipid
bilayers in interaction with positively-charged model pepti-
des, suggested a feedback process with an initial electrostatic
interaction and a subsequent H-bonding with the phosphomo-
noester of the PA headgroup. This leads to further deprotonation
of the lipid headgroup, which in turn enhances the electrostatic
attraction, thereby stabilizing the protein–lipid interaction [75].
In agreement with these ideas pointing to a specific interaction
between PA and nAChR, neither salt screening nor pH titration
could destabilize the domain, nor can anionic lipids other than
PA be segregated by nAChR. At this point it is important to
stress that PA has a higher pKa when the protein is present, so its
anionic charge is diminished [63]. This could facilitate the
formation of the PA domains since a lower repulsion and an
enhanced attraction through hydrogen bonds between PA mo-
lecules would occur [76]. In turn, there would be a decrease in
the electrostatic contribution to the free energy of the system
[77], as to overcome the entropic effect that favours the homo-
geneous mixing of lipid components. Again, this emphasizes
the notion that, in order to stabilize a protein-directed lipid
domain, not only lipid–protein interactions are important, but
also lipid–lipid interactions.

4. Mechanisms of lipid domain formation

The above examples on lipid domains segregated by mem-
brane proteins, evidence the complexity and variety of factors
involved. In spite of this variability, there is a common pattern
for the lipid domain origin: a strong interaction between the
transmembrane protein and certain lipid species. The attractive
forces facilitating this initial step range from stronger electrostatic
or hydrogen-bond interactions, mostly arising from polar and
charged amino acids near the interfacial region of the protein and
from lipid headgroups, to weaker Van der Waals and steric
interactions, occurring in the protein transmembrane region and in
the lipid interfacial and hydrophobic area. Experimental evi-
dences and molecular dynamics simulations show that basic
residues, especially lysine, thanks to its long and flexible side
chain, can interact over a wide interfacial region, “snorkelling”
deeply into the hydrophobic core of themembrane, while locating
its basic group close to the lipid phosphate [78–80]. Aromatic
residues located at the ends of protein transmembrane segments,
mostly tryptophan, have also been proposed as key elements in
this process [78,79]. In fact, molecular dynamics simulations in
two transmembrane proteins indicate that aromatic side chains,
located at the ends of transmembrane portions, are oriented so that
their polar moieties are nearest to the lipid headgroup and solvent,
while their hydrophobic regions interact with the lipid acyl chains
of the bilayer [81]. Overall, the highest selectivity is found for
anionic lipids, although different lipids with the same charge are
not equivalent in their interactionwith different proteins. In regard
to the hydrophobic transmembrane protein region, it represents
the most conserved sequences of membrane-spanning proteins.
Although this may relate to conserved protein–protein interac-
tions within the membrane, it seems plausible to assume that
evolutionally conserved lipid–protein interactions could also be
involved.Whatever it may be, direct interaction between lipid and
protein is not enough to make thermodynamically favourable the
entropically unfavourable lipid demixing. Adequate lipid–lipid
interactions are also necessary for the process to occur.
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These ideas are supported by Monte Carlo simulations which
indicate that lipid and protein clustering are highly coupled [82].
This results from thermodynamic coupling between the intrinsic
tendency for lipid clustering in the absence of any protein, and
preferential binding of the protein to a given lipid. In these simu-
lations the interaction between like and unlike lipids results to be
determinant. The small difference between the energy interaction of
like and unlike lipids, typically on the order of a few hundred
calories per mole, together with the large number of lipid–lipid
interaction and the cooperativity of the process, offers enormous
possibilities for lipid lateral distributions on the membrane, which
can be significantly varied by small structural changes in one or
more lipid species, while maintaining the reversibility of the order-
ing processes. For example, very small changes in unlike lipid–
lipid interactions provoke large changes in domain segregation.
Altogether, slight perturbations in the concentration of lipids and
proteins, pH, concentration of divalent cations, or electrostatic
interactions may locally modify or even trigger component demix-
ing and domain formation. Thus, the fine modulation of lipid
domain composition and size is achievable, and the associated
protein compartmentalization on the membrane surface becomes
possible.

With the above ideas in mind a hypothesis on the formation of
protein-directed lipid domains have been proposed [27], where
specific lipids are accumulated around the protein because of
favourable lipid–protein interactions. This variation of the local
lipid composition causes other proteins to be recruited to the
domain, thus inducing further lipid demixing. Then, the sig-
nal is amplified, since every lipid interacts with several near
neighbours, finally leading to domain formation.

Other hypotheses on the origin of membrane domains have
been entertained, both enhancing the role of other cell structures
and the non-equilibrium nature of the process. One of such
hypotheses is based on a theoretical model which suggests that,
although membrane domains may arise due to specific molecular
associations, much of the lateral heterogeneity detected in any
membrane, particularly that observed by microscopy, may be
non-specific, arising from the combination of a given vesicle
traffic to and from the plasma membrane and from the hindered
lateral diffusion of transmembrane proteins [83]. Alternatively,
the other hypothesis based on experimental work with GPI-
anchored protein in cells [84], proposes that clusters or membrane
domains, at least the macroscopic ones where these proteins are
located, should be maintained actively by the cell, discarding the
possibility that they are formed by simple segregation of
immiscible membrane components. Accordingly, artificial mem-
branes would not be good model systems to describe the physical
properties of the cell surface.

In conclusion, although the principles that govern the origin
of protein-directed lipid domains begin to be known, it is still a
controversial subject, where the exact role of lipid, protein and
perhaps other cell components remain to be fully established.

Acknowledgments

This work was supported in part by grants from the
“Ministerio de Educación y Ciencia” BFU2005-00749, BAN-
CAJA-UMH IP/UR/01, and “Conselleria de Empresa, Uni-
versidad y Ciencia de la Generalitat Valenciana” GV07/017.

References

[1] S.J. Singer, G.L. Nicholson, The fluid mosaic model of the structure of cell
membranes, Science 175 (1972) 720–731.

[2] O.G. Mouritsen, K. Jorgensen, Dynamical order and disorder in lipid
bilayers, Chem. Phys. Lipids 73 (1994) 3–25.

[3] J. Hwang, L.A. Gheber, L. Margolis, M. Edidin, Domains in cell plasma
membranes investigated by near-field scanning optical microscopy,
Biophys. J. 74 (1998) 2184–2190.

[4] P. Luan, L. Yang, M. Glaser, Formation of membrane domains created during
the budding of vesicular stomatitis virus. Amodel for selective lipid and protein
sorting in biological membranes, Biochemistry 34 (1995) 9874–9883.

[5] G.J. Schütz, G. Kada, V.P. Pastushenko, H. Schindler, Properties of lipid
microdomains in a muscle cell membrane visualized by single molecule
microscopy, EMBO J. 19 (2000) 892–901.

[6] W.K. Subczynski, W.E. Antholine, J.S. Hyde, A. Kusumi, Microimmis-
cibility and three-dimensional dynamic structures of phosphatidylcholine–
cholesterol membranes: translational diffusion of a copper complex in the
membrane, Biochemistry 29 (1990) 7936–7945.

[7] C.L. Adams, W.J. Nelson, Cytomechanics of cadherin-mediated cell–cell
adhesion, Curr. Opin. Cell Biol. 10 (1998) 572–577.

[8] K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature 387
(1997) 569–572.

[9] S. Schuck, K. Simons, Polarized sorting in epithelial cells: raft clustering
and the biogenesis of the apical membrane, J. Cell Sci. 117 (2004)
5955–5964.

[10] M. Kirkham, R.G. Parton, Clathrin-independent endocytosis: new insights
into caveolae and non-caveolar lipid raft carriers, Biochim. Biophys. Acta
1746 (2005) 349–363.

[11] D.A. Brown, E. London, Structure and function of sphingolipid- and
cholesterol-rich membrane rafts, J. Biol. Chem. 275 (2000) 17221–17224.

[12] M. Dykstra, A. Cherukuri, H.W. Sohn, S.J. Tzeng, S.K. Pierce, Location is
everything: lipid rafts and immune cell signalling, Annu. Rev. Immunol.
21 (2003) 457–481.

[13] D. Holowka, J.A. Gosse, A.T. Hammond, X. Han, P. Sengupta, N.L.
Smith, A. Wagenknecht-Wiesner, M. Wu, R.M. Young, B. Baird, Lipid
segregation and IgE receptor signaling: a decade of progress, Biochim.
Biophys. Acta 1746 (2005) 252–259.

[14] T. Rogasevskaia, J.R. Coorssen, Sphingomyelin-enriched microdomains
define the efficiency of native Ca(2+)-triggered membrane fusion, J. Cell
Sci. 119 (2006) 2688–2694.

[15] C. Salaun, D.J. James, L.H. Chamberlain, Lipid rafts and the regulation of
exocytosis, Traffic 5 (2004) 255–264.

[16] M.D. Ledesma, B. Brugger, C. Bunning, F.T. Wieland, C.G. Dotti,
Maturation of the axonal plasma membrane requires upregulation of
sphingomyelin synthesis and formation of protein–lipid complexes,
EMBO J. 18 (1999) 1761–1771.

[17] L. Yang, M. Glaser, Formation of membrane domains during the activation
of protein kinase C, Biochemistry 35 (1996) 13966–13974.

[18] T.E. Fox, K.L. Houck, S.M. O'Neill, M. Nagarajan, T.C. Stover, P.T.
Pomianowski, O. Unal, J.K. Yun, S.J. Naides, M. Kester, Ceramide recruits
and activates protein kinase C (PKC) within structured membrane
microdomains, J. Biol. Chem. 282 (2007) 12450–12457.

[19] O.G.Mouritsen, M. Bloom,Mattress model of lipid–protein interactions in
membranes, Biophys. J. 46 (1984) 141–153.

[20] R. Welti, M. Glaser, Lipid domains in model and biological membranes,
Chem. Phys. Lipids 73 (1994) 121–137.

[21] D.A. Brown, E. London, Structure and origin of ordered lipid domains in
biological membranes, J. Membr. Biol. 164 (1998) 103–114.

[22] M.C. Sabra, O.G. Mouritsen, Steady-state compartmentalization of lipid
membranes by active proteins, Biophys. J. 74 (1998) 745–752.

[23] H. Christiensen, N.J. Garton, R. Horobin, D. Minnikin, M.R. Barer, Lipid
domains of mycobacteria studied with fluorescent molecular probes,
Molec. Microbiol. 31 (1999) 1561–1572.



1589J.A. Poveda et al. / Biochimica et Biophysica Acta 1778 (2008) 1583–1590
[24] A. Ferretti, A. Knijn, E. Iorio, S. Pulciani, M. Giambenedetti, A. Molinari,
S. Meschini, S. Stringaro, A. Calcabrini, I. Freitas, R. Strom, G. Arancia, F.
Podo, Biophysical and structural characterization of H-1-NMR-detectable
mobile lipid domains in NIH-3T3 fibroblasts, Biochim. Biophys. Acta
1438 (1999) 329–348.

[25] T. Harder, P. Scheiffele, P. Verkade, K. Simons, Lipid domain structure of
the plasma membrane revealed by patching of membrane components,
J. Cell Biol. 141 (1998) 929–942.

[26] T. Harder, Formation of functional cell membrane domains: the interplay
of lipid- and protein-mediated interactions, Philos. Trans. R. Soc. Lond.,
B. Biol. Sci. 358 (2003) 863–868.

[27] A. Hinderliter, R.L. Biltonen, P.F. Almeida, Lipid modulation of protein-
induced membrane domains as a mechanism for controlling signal
transduction, Biochemistry 43 (2004) 7102–7110.

[28] D.Marsh,A.Watts, Spin-labelling and lipid–protein interactions inmembranes,
in: P.C. Jost, O. Hayes Griffith (Eds.), Lipid–protein Interactions, 2, Wiley-
Interscience, New York— Brisbane— Chichester— Toronto, 1982.

[29] A.G. Lee, Lipid–protein interactions in biological membranes: a structural
perspective, Biochim. Biophys. Acta 1612 (2003) 1–40.

[30] R.G. Anderson, K. Jacobson, A role for lipid shells in targeting
proteins to caveolae, rafts, and other lipid domains, Science 296 (2002)
1821–1825.

[31] B.R. Lentz, K.W. Clubb, D.R. Alford, M. Hochli, G. Meissner, Phase
behavior of membranes reconstituted from dipentadecanoylphosphatidyl-
choline and the Mg2+-dependent, Ca2+-stimulated adenosinetriphosphatase
of sarcoplasmic reticulum: evidence for a disrupted lipid domain
surrounding protein, Biochemistry 24 (1985) 433–442.

[32] W.L. Vaz, H.G. Kapitza, J. Stumpel, E. Sackmann, T.M. Jovin,
Translational mobility of glycophorin in bilayer membranes of dimyr-
istoylphosphatidylcholine, Biochemistry 20 (1981) 1392–1396.

[33] M.P. Heyn, A. Blume, M. Rehorek, N.A. Dencher, Calorimetric and
fluorescence depolarization studies on the lipid phase transition of
bacteriorhodopsin–dimyristoylphosphatidylcholine vesicles, Biochemistry
20 (1981) 7109–7115.

[34] D. Ruppel, H.G. Kapitza, H.J. Galla, F. Sixl, E. Sackmann, On the
microstructure and phase diagram of dimyristoylphosphatidylcholine–
glycophorin bilayers: the role of defects and the hydrophilic lipid–protein
interaction, Biochim. Biophys. Acta 692 (1982) 1–17.

[35] A. Polozova, B.J. Litman, Cholesterol dependent recruitment of di22:6-PC
by a G protein-coupled receptor into lateral domains, Biophys. J. 79 (2000)
2632–2643.

[36] S.E. Feller, K. Gawrisch, T.B. Woolf, Rhodopsin exhibits a preference for
solvation by polyunsaturated docosohexaenoic acid, J. Am. Chem. Soc.
125 (2003) 4434–4435.

[37] P. Luan, M. Glaser, Formation of membrane domains by the envelope
proteins of vesicular stomatitis virus, Biochemistry 33 (1994) 4483–4489.

[38] D. Marsh, L.I. Horvath, M.J. Swamy, S. Mantripragada, J.H. Kleinsch-
midt, Interaction of membrane-spanning proteins with peripheral and lipid-
anchored membrane proteins: perspectives from protein–lipid interactions,
Mol. Membr. Biol. 19 (2002) 247–255.

[39] B. Maggio, C.M. Rosetti, G.A. Borioli, M.L. Fanani, M. del Boca, Protein-
mediated surface structuring in biomembranes, Braz. J. Med. Biol. Res. 38
(2005) 1735–1748.

[40] S. Li, K.S. Song, S.S. Koh, A. Kikuchi, M.P. Lisanti, Baculovirus-based
expression of mammalian caveolin in Sf21 insect cells. A model system for
the biochemical and morphological study of caveolae biogenesis, J. Biol.
Chem. 271 (1996) 28647–28654.

[41] O.G. Mouritsen, M. Bloom, Models of lipid–protein interactions in
membranes, Annu. Rev. Biophys. Biomol. Struct. 22 (1993) 145–171.

[42] M.M. Sperotto, O.G. Mouritsen, Mean-field and Monte Carlo simulation
studies of the lateral distribution of proteins in membranes, Eur. Biophys. J.
19 (1991) 157–168.

[43] D.R. Fattal, A. Ben-Shaul, A molecular model for lipid–protein interaction
in membranes: the role of hydrophobic mismatch, Biophys. J. 65 (1993)
1795–1809.

[44] M.R. de Planque, J.A. Killian, Protein–lipid interactions studied with
designed transmembrane peptides: role of hydrophobic matching and
interfacial anchoring, Mol. Membr. Biol. 20 (2003) 271–284.
[45] M. Orzaez, D. Lukovic, C. Abad, E. Pérez-Payá, I. Mingarro, Influence of
hydrophobic matching on association of model transmembrane fragments
containing a minimised glycophorin A dimerisation motif, FEBS Lett. 579
(2005) 1633–1638.

[46] E. Sparr, W.L. Ash, P.V. Nazarov, D.T. Rijkers, M.A. Hemminga, D.P.
Tieleman, J.A. Killian, Self-association of transmembrane alpha-helices in
model membranes: importance of helix orientation and role of hydro-
phobic mismatch, J. Biol. Chem. 280 (2005) 39324–39331.

[47] J.Y.A. Lehtonen, P.K.J. Kinnunen, Evidence for phospholipids micro-
domain formation in liquid crystalline liposomes reconstituted with
Escherichia coli lactose permease, Biophys. J. 72 (1997) 1247–1257.

[48] F. Dumas, M.M. Sperotto, M.C. Lebrun, J.F. Tocanne, O.G. Mouritsen,
Molecular sorting of lipids by bacteriorhodopsin in dilauroylphosphati-
dylcholine/distearoylphosphatidylcholine lipid bilayers, Biophys. J. 73
(1997) 1940–1953.

[49] A.D. Horowitz, Exclusion of SP-C, but not SP-B, by gel phase palmitoyl
lipids, Chem. Phys. Lipids 76 (1995) 27–39.

[50] J.A. Killian, Hydrophobic mismatch between proteins and lipids in
membranes, Biochim. Biophys. Acta 1376 (1998) 401–415.

[51] H.A. Rinia, J.W. Boots, D.T. Rijkers, R.A. Kik,M.M. Snel, R.A. Demel, J.A.
Killian, J.P. van der Eerden, B. de Kruijff, Domain formation in
phosphatidylcholine bilayers containing transmembrane peptides: specific
effects of flanking residues, Biochemistry 41 (2002) 2814–2824.

[52] T.J. McIntosh, A. Vidal, S.A. Simon, Sorting of lipids and transmembrane
peptides between detergent-soluble bilayers and detergent-resistant rafts,
Biophys. J. 85 (2003) 1656–1666.

[53] A. Vidal, T.J. McIntosh, Transbilayer peptide sorting between raft and
nonraft bilayers: comparisons of detergent extraction and confocal
microscopy, Biophys. J. 89 (2005) 1102–1108.

[54] F.J. Barrantes, Lipid matters: nicotinic acetylcholine receptor−lipid
interactions, Mol. Membr. Biol. 19 (2002) 277−284.

[55] O.T. Jones, M.G. McNamee, Annular and nonannular binding sites for
cholesterol associatedwith the nicotinic acetylcholine receptor, Biochemistry
27 (1988) 2364−2374.

[56] D. Marsh, F.J. Barrantes, Immobilized lipid in acetylcholine receptor-rich
membranes from Torpedo marmorata, Proc. Natl. Acad. Sci. U. S. A. 75
(1978) 4329−4333.

[57] J.F. Ellena, M.A. Blazing, M.G. McNamee, Lipid–protein interactions in
reconstituted membranes containing acetylcholine receptor, Biochemistry
22 (1983) 5523−5535.

[58] M. Esmann, D. Marsh, Spin-label studies on the origin of the specificity of
lipid–protein interactions in (Na+,K+)-ATPase membranes from Squalus
acanthias, Biochemistry 24 (1985) 3572−3578.

[59] M. Dreger, M. Krauss, A. Herrmann, F. Hucho, Interactions of the nicotinic
acetylcholine receptor transmembrane segments with the lipid bilayer in
native receptor-rich membranes, Biochemistry 36 (1997) 839−847.

[60] A.M. Fernandez-Carvajal, J.A. Encinar, J.A. Poveda, E. de Juan, J. Martinez-
Pinna, I. Ivorra, J.A. Ferragut, A.Morales, J.M. Gonzalez-Ros, Structural and
functional changes induced in the nicotinic acetylcholine receptor by
membrane phospholipids, J. Mol. Neurosci. 30 (2006) 121−124.

[61] C.J. daCosta, A.A. Ogrel, E.A. McCardy, M.P. Blanton, J.E. Baenziger,
Lipid−protein interactions at the nicotinic acetylcholine receptor. A
functional coupling between nicotinic receptors and phosphatidic acid-
containing lipid bilayers, J. Biol. Chem. 277 (2002) 201−208.

[62] J.J. Wenz, F.J. Barrantes, Nicotinic acetylcholine receptor induces lateral
segregation of phosphatidic acid and phosphatidylcholine in reconstituted
membranes, Biochemistry, 44 (2005) 398−410.

[63] J.A. Poveda, J.A. Encinar, A.M. Fernandez, C.R. Mateo, J.A. Ferragut,
J.M. Gonzalez-Ros, Segregation of phosphatidic acid-rich domains in
reconstituted acetylcholine receptor membranes, Biochemistry 41
(2002) 12253–12262.

[64] C.J. daCosta, I.D. Wagg, M.E. McKay, J.E. Baenziger, Phosphatidic acid
and phosphatidylserine have distinct structural and functional interactions
with the nicotinic acetylcholine receptor, J. Biol. Chem. 279 (2004)
14967–14974.

[65] J.M. East, D. Melville, A.G. Lee, Exchange rates and numbers of annular
lipids for the calcium and magnesium ion dependent adenosinetripho-
sphatase, Biochemistry 24 (1985) 2615−2623.



1590 J.A. Poveda et al. / Biochimica et Biophysica Acta 1778 (2008) 1583–1590
[66] A. Morales, E. de Juan, A.M. Fernandez-Carvajal, J. Martinez-Pinna, J.A.
Poveda, J.A. Encinar, I. Ivorra, J.M. Gonzalez-Ros, Nicotinic acetylcho-
line receptor properties are modulated by surrounding lipids: an in vivo
study, J. Mol. Neurosci. 30 (2006) 5−6.

[67] J.M. Gonzalez-Ros, M. Llanillo, A. Paraschos, M. Martinez-Carrion, Lipid
environment of acetylcholine receptor from Torpedo californica,
Biochemistry 21 (1982) 3467−3474.

[68] M.P. Blanton, H.H. Wang, Photoaffinity labeling of the Torpedo
californica nicotinic acetylcholine receptor with an aryl azide derivative
of phosphatidylserine, Biochemistry 29 (1990) 1186−1194.

[69] M.P. Blanton, H.H.Wang, Localization of regions of the Torpedo californica
nicotinic acetylcholine receptor labeled with an aryl azide derivative of
phosphatidylserine, Biochim. Biophys. Acta 1067 (1991) 1−8.

[70] M.P. Blanton, J.B. Cohen, Mapping the lipid-exposed regions in the Tor-
pedo californica nicotinic acetylcholine receptor, Biochemistry 31 (1992)
3738−3750.

[71] J.E. Baenziger, T.E. Darsaut, M.L. Morris, Internal dynamics of the
nicotinic acetylcholine receptor in reconstituted membranes, Biochemistry
38 (1999) 4905−4911.

[72] R.A. Demel, C.C. Yin, B.Z. Lin, H. Hauser, Monolayer characteristics and
thermal behaviour of phosphatidic acids, Chem. Phys. Lipids 60 (1992)
209−223.

[73] J.M. Boggs, Lipid intermolecular hydrogen bonding: influence on
structural organization and membrane function, Biochim. Biophys. Acta
906 (1987) 353−404.

[74] E.E. Kooijman, K.M. Carter, E.G. van Laar, V. Chupin, K.N. Burger, B.
de Kruijff, What makes the bioactive lipids phosphatidic acid and
lysophosphatidic acid so special? Biochemistry 44 (2005) 17007–17015.
[75] E.E. Kooijman, D.P. Tieleman, C. Testerink, T. Munnik, D.T. Rijkers, K.N.
Burger, B. de Kruijff, An electrostatic/hydrogen bond switch as the basis
for the specific interaction of phosphatidic acid with proteins, J. Biol.
Chem. 282 (2007) 11356–11364.

[76] P. Garidel, C. Johann, A. Blume, Nonideal mixing and phase separation in
phosphatidylcholine–phosphatidic acid mixtures as a function of acyl
chain length and pH, Biophys. J. 72 (1997) 2196–2210.

[77] G. Denisov, S.Wanaski, P. Luan,M.Glaser, S.McLaughlin, Binding of basic
peptides to membranes produces lateral domains enriched in the acidic lipids
phosphatidylserine and phosphatidylinositol 4,5-bisphosphate: an electro-
static model and experimental results, Biophys. J. 74 (1998) 731–744.

[78] J.A. Killian, G. von Heijne, How proteins adapt to a membrane–water
interface, Trends Biochem. Sci. 25 (2000) 429–434.

[79] E. Granseth, G. von Heijne, A. Elofsson, A study of the membrane–water
interface region of membrane proteins, J. Mol. Biol. 346 (2005) 377–385.

[80] E. Strandberg, J.A. Killian, Snorkeling of lysine side chains in
transmembrane helices: how easy can it get? FEBSLett. 544 (2003) 69–73.

[81] S.S. Deol, P.J. Bond, C. Domene, M.S. Sansom, Lipid–protein interactions
of integral membrane proteins: a comparative simulation study, Biophys. J.
87 (2004) 3737–3749.

[82] A. Hinderliter, P.F. Almeida, C.E. Creutz, R.L. Biltonen, Domain
formation in a fluid mixed lipid bilayer modulated through binding of
the C2 protein motif, Biochemistry 40 (2001) 4181–4191.

[83] L.A. Gheber, M. Edidin, A model for membrane patchiness: lateral
diffusion in the presence of barriers and vesicle traffic, Biophys. J. 77
(1999) 3163–3175.

[84] S. Mayor, M. Rao, Rafts: scale-dependent, active lipid organization at the
cell surface, Traffic 5 (2004) 231–240.


	Protein-promoted membrane domains
	Introduction
	Features of protein-promoted lipid domains
	nAChR directs the formation of a PA-enriched lipid domain
	Mechanisms of lipid domain formation
	Acknowledgments
	References


