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Abstract

The composition of membrane rafts (cholesterol/sphingolipid-rich domains) cannot be fully deduced from the analysis of a
detergent-resistant membrane fraction after solubilization in Triton X-100 at 4°C. It is hypothesized that the membrane
curvature-dependent lateral distribution of membrane components affects their solubilization. The stomatocytogenic, Triton
X-100, cannot effectively solubilize membrane components, especially with regard to the outward membrane curvature.
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1. Introduction

The raft hypothesis, initially proposed to explain the enrichment of
glycosphingolipids at the apical surface in polarized epithelia cells,
suggests that self-association of sphingolipid and cholesterol
drives the lateral segregation of lipids and proteins, resulting in the
formation of specific functional DRM (detergent-resistant mem-
brane) microdomains (Simons and Ikonen, 1997). The ‘membrane
rafts’ are defined as small (10-200 nm), heterogeneous, dynamic,
sterol- and sphingolipid-enriched domains that compartmentalize
cellular processes, which can also be stabilized to form larger
platforms (Pike, 2006). DRM fraction analysis after solubilization of
membranes with TX-100 (Triton X-100) at 4°C and isolation using
ultracentrifugation on density gradients (Brown and Rose, 1992;
Arni et al.,, 1998; Brown and London, 1998) is widely used to
determine the composition of rafts (Simons and van Meer, 1988;
Simons and lkonen, 1997). The DRM fraction is structurally a
mixture of vesicles and membrane sheets (Giocondi et al., 2000;
Magee and Parmryd, 2003) that is typically enriched in sphingo-
lipids, including Gy (ganglioside Gp,), cholesterol and specific
proteins. There are numerous examples in which changes in the
abundance or post-transcriptional status of signalling molecules in
DRM fractions correlated with functional changes, thereby
rendering DRM analysis useful in identifying subtle alterations in
membrane organization. However, in view of the current concept
of membrane rafts in which they are assumed to be small, short-
lived, heterogeneous lipid inhomogeneities in the membrane that
may eventually be stabilized by specific proteins, the relationship
between membrane rafts and DRM has to be critically evaluated
(Simons and Vaz, 2004; Hancock, 2006; Pike, 2006). On the one
hand, it has to be taken into consideration that artefacts may arise
during solubilization by detergent; on the other, it has to be taken
into account that various types of membrane domains with
respect to size and composition (that presumably coexist in the
membrane) become merged in DRM preparation.
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Several studies have indicated that DRM composition does not
perfectly reflect raft composition (Madore et al., 1999; Heerklotz,
2002; Pike, 2004; Lichtenberg et al., 2005; Gaus et al., 2005; Brown,
2006; Ayuyan and Cohen, 2008). DRM fraction analysis is an
indirect method, and therefore a more direct examination of native
membrane raft composition has been demanded. Transmission
electron microscopic and fluorescence microscopic observations
have indicated that membrane proteins and cholesterol in DRM
fractions are not necessarily located in Gy4-enriched domains (Fra
et al., 1994; Wilson et al., 2004; Wustner, 2007). Similarly, no lateral
accumulation of the DRM-associated outer leaflet GPI (glycosyl-
phosphatidylinositol)-anchored CD59 or integral inner leaflet
proteins, stomatin, and cytoplasmic synexin and sorcin to CTB
(cholera toxin subunit B) plus anti-CTB-induced Gu, patches, was
observed by fluorescence microscopy in the human erythrocyte
membrane (Salzer et al., 2002; Murphy et al., 2004; Mréwczyrska
and Hagerstrand, 2008; Mrowczynska et al., 2010). However, these
proteins possess a similar membrane curvature-dependent distri-
bution to Gy by accumulating, but poorly co-localizing, with Gy in
jonophore A23187 plus calcium-induced spiculae. To explain these
findings, i.e. how the distribution of certain membrane proteins in
Gm: patched and curved membrane relates to DRM fraction
composition, we suggest a novel mechanism effective in TX-100-
induced solubilization. In this model (Figure 1), outward curved
membrane areas remain unsolubilized (DRM) due to the weak
ability of TX-100 to accumulate in these regions, because of its
preferential inner leaflet distribution and conical shape.

2. Hypothesis

Amphiphile (detergent) molecular properties can in specific ways
affect bilayer bending in erythrocytes, resulting in either stomato-
cytic (invaginated) or spiculated echinocytic (exvaginated) cell
shapes (and further in endo- or exo-vesiculation respectively;

Abbreviations: CTB, cholera toxin subunit B; DRM, detergent-resistant membrane; Gy, ganglioside Gu1; GP!, glycosylphosphatidylinositol; TX-100, Triton X-100.
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Figure 1 Schematic cartoon showing a hypothetical mechanism effective in TX-100-induced solubilization
The principal effective molecular shapes of TX-100 and some selected membrane components are shown. TX-100 may not solubilize outward curved
membrane areas, and has reduced efficiency in flat membrane. The course of events suggested is: monomeric TX-100 intercalates into nearly flat mem-
brane areas of erythrocytes (Salzer and Prohaska, 2001) or ghosts (Palek et al., 1974; Murphy et al., 2004); accumulates in the inner membrane leaflet,
thereby striving to bend the membrane inwards; and redistributes laterally, locally creating (due to variation of the lateral composition of the membrane)
small membrane invaginations and hence also indirectly creating outward bend (or otherwise segregated) membrane areas at the lips of small
invaginations or in vesicle-like domains (buds), where outward-curvature-preferring membrane components are accumulated and protected from TX-100
solubilization. Similarly, other membrane components are accumulated in flat membrane areas, where the concentration of TX-100 monomers is low.

Deuticke, 1968; Fujii et al., 1979; Kuypers et al., 1984; Isomaa et al.,
1987; Hagerstrand and Isomaa, 1989, 1992), and thereby in
curvature-dependent lateral segregation of membrane components
(Hagerstrand and Isomaa, 1994; Hagerstrand et al., 2006;
Mréwczynska and Hagerstrand, 2008). Physico-chemical prop-
erties and the balance of the hydrophobic and hydrophilic molecular
parts of amphiphiles determine the type of membrane perturbation.
We propose a mechanism where membrane-curvature-dependent
segregation of membrane components during solubilization con-
tributes to the specific fingerprint of TX-100-induced DRM
(Figure 1). This mechanism is related to the stomatocytogenic
(inward membrane bending) effect of TX-100. Preferential inter-
action of TX-100 with inner leaflet membrane components results in
its accumulation in the inner membrane leaflet and hence a relative
expansion of this leaflet compared to the outer (Deuticke, 1968;
Deuticke et al., 1990; Hagerstrand and Isomaa, 1992; Schwarz
et al., 1999; Hagerstrand et al., 2001). According to the bilayer-
couple model, this specific imbalance in the area of the membrane
leaflets causes stomatocytic shape transformation of the erythro-
cytes (Sheetz and Singer, 1974, 1976; Iglic, 1997; Lim et al., 2002).
We found a negative correlation between the primary membrane
curvature induced by TX-100 in erythrocytes and that preferred by
DRM-associated components stained for fluorescence microscopy
(Mréwczynska and Hagerstrand, 2008; Mrowczynska et al., 2010).
Namely, Gy, CD59, stomatin, synexin and sorcin accumulated in
outward curved membrane spiculae on echinocytic shape trans-
formation of erythrocytes induced by elevated intracellular calcium.
However, the proteins only poorly co-localized with Gy in the same
membrane protrusions, indicating that the segregation of these
components (to the protrusions) is not interdependent. This implies
that these components are not specifically associated in the same
type of raft of the intact membrane. Thus, during solubilization, TX-
100 induces and accumulates in membrane invaginations. TX-100

thereby indirectly creates outward bent membrane areas at the
borders of these invaginations where outward-bilayer-curvature-
preferring (echinophilic) components are accumulated and protected
from TX-100 solubilization (Figure 1). Furthermore, intermediate zero
curvature areas should contain only low TX-100 concentrations and
hence solubility is reduced. A low temperature (4°C) used during
solubilization may work to slow down membrane intercalation of
monomeric TX-100, resulting in a more complete lateral segregation
of membrane components prior to final solubilization; a balance
between TX-100 intercalation/solubilization and membrane com-
ponent redistribution in TX-100-induced curved membrane can be
reached. Accumulation of TX-100 in invaginations (solubilizable
domains) contributes, due to unfavourable interaction of TX-100
with cholesterol (Tsamaloukas et al., 2006a, 2006b), to segregation
of cholesterol (and sphingomyelin) into detergent-resistant domains.

In agreement with our idea that echinophilicity promotes DRM
partition, the echinophobic (Discher et al., 1994; Mrowczynska
and Hagerstrand, 2008) transmembrane glycoprotein CD47 was
reported to not associate with the erythrocyte DRM fraction
(Murphy et al., 2004). Furthermore, the increased DRM partition of
Gy on CTB binding (Hagmann and Fishman, 1982; Panasiewicz
et al., 2003) can be ascribed to more pronounced echinophilicity.
Also in line with our model, the ability of TX-100 to preferably
solubilize inner leaflet lipids (Pike et al., 2005; Delaunay et al.,
2008; Chen et al., 2009) and merge microdomains into larger DRM
vesicles (Giocondi et al., 2000; Koumanov et al., 2005) has been
suggested. A mechanism where membrane components laterally
redistribute due to changes in membrane curvature during
solubilization may be particularly effective in erythrocytes that
have a strong tendency to undergo shape transformation
(Deuticke, 1968; Fujii et al., 1979; Kuypers et al., 1984; Isomaa
et al., 1987, Hagerstrand and Isomaa, 1989, 1992, 1994, Iglic,
1997; Lim et al., 2002). Other cell types may respond to detergent
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intercalation with different membrane bending patterns than
human erythrocytes. The cell type- and the model bilayer-specific
response to detergent solubilization (Schuck et al., 2003; Arnulphi
et al., 2007) may be a sign of this. However, factors other than
molecular shape and curvature-dependent component segrega-
tion must also be taken into account to understand more fully the
process of TX-100-specific membrane solubilization and DRM
generation. Specifically in erythrocytes, the spectrin-actin skeletal
network is not solubilized by TX-100 at 4°C and remains tightly
associated with the DRM unless it is stripped under basic
conditions after lysis (Salzer and Prohaska, 2001; Ciana et al.,
2005). Cytoskeletal association of membrane components (both
raft and non-raft) is certainly an important factor influencing the
specific solubilization behaviour and the fraction of a given
component that is found unsolubilized in DRM.

While the precise mechanism by which ampbhiphiles solubilize
membranes is not fully known, in addition to the interaction of
detergent with the membrane, the uptake of membrane compo-
nents into detergent micelles is also considered to be important
(Helenius and Simons, 1975; Kragh-Hansen et al., 1998; le Maire
et al., 2000; Lichtenberg et al., 2005). TX-100 monomers have
conical shape (Israelachvili, 1997) and preferentially form small
spheroidal micelles (Lichtenberg et al., 1983). Thus the inability of
TX-100 spheroidal micelles to readily incorporate large monotopic
membrane proteins possessing high intrinsic positive curvature
may be an additional reason for their tendency to end up in the
DRM (Figure 1). More generally, it is evident that most of the typi-
cal DRM protein markers are monotopic membrane proteins: (i)
the GPl-anchored proteins, which are linked to the extracellular
membrane leaflet by a single lipid anchor, (i) signalling compo-
nents such as G-proteins, which are attached to the cytoplasmic
membrane leaflet by the (reversible) addition of one or more lipid
moieties and (i) members of the stomatin, flotillin and caveolin
protein families, which are bound to the cytoplasmic membrane
leaflet both by fatty acid modifications and a monotopic insertion
of a hydrophobic stretch into the membrane; the latter proteins,
moreover, share the common characteristic of forming higher
order hetero- or homo-oligomers and are implicated as function-
ing in some kind of endocytic process. The shape of all of these
components is that of a cone with a very bulky hydrophilic part
compared with a rather small lipid pole, thereby conceivably
indicating that their uptake into TX-100 micelles is highly unfavou-
rable (at least, at 4°C). Additionally, oligomerization may increase
the intrinsic (average) positive curvature of membrane compo-
nents (Hagerstrand et al., 2006).

Minor attempts have been made to relate DRM composition to
detergent-specific properties such as intrinsic molecular shape,
charge, transmembrane distribution or effect on membrane curva-
ture. It can be foreseen that various detergents, especially those
widely differing in their effect on bi- and mono-layer bending, will
produce DRM fractions of different compositions. Data from
several DRM experiments using erythrocytes (Domingues et al.,
2009), other cell types (Mairhofer et al., 2002; Schuck et al., 2003;
Rouvinski et al., 2003; Garner et al., 2008) and model bilayers
(Arnulphi et al., 2007) already support this assumption. In line with
our model, dependence of solubilization dynamics on DRM
composition has been suggested previously (Heerklotz, 2002;

Lichtenberg et al., 2005; Babiyshuk and Draeger, 2006; Ingelmo-
Torres et al., 2009). Furthermore, the effect of bilayer detergent
saturability and predisposition to form lipid-detergent mixed
micelles has been indicated (Arnulphi et al., 2007). The possibility
must be considered that membrane intercalated detergent
molecules may form oligomers, or complexes with membrane
components, that act as effective entities and may have increased
intrinsic (average) curvature. Notably, since ligand binding may
affect the molecular shape and clustering of studied membrane
components and thereby their true curvature-dependent lateral
distribution (Panasiewicz et al., 2003; Cantu et al., 2009; Tian and
Baumgart, 2009), this issue should be further investigated.

In conclusion, we present a hypothesis that suggests a
coupling between curvature-dependent distribution of laterally
mobile membrane components and DRM composition after deter-
gent solubilization (TX-100, 4°C). The relevance of our model for
solubilization of different cell types and for membrane domain
composition studies in general remains to be elucidated. It is our
hope that the model encourages systematic studies aimed at
revealing the relationship between detergent molecular properties
and solubilization characteristics. Although DRM may not fully
represent raft composition, well-controlled and -understood
solubilization in DRM analyses will continue to play an important
role in membrane studies.

Author contribution

All of the authors (i) substantially contributed to the conception
and design of the hypothesis, (ii) drafted and revised it for
intellectual content and (iii) approved the version to be published.

Funding

This work was supported by grants from the Research Institute of
Abo Akademi University, Understodsféreningen Liv och Halsa, the
Tor, Joe and Pentti Borg Foundation and the Paulo Foundation.

References

Armni S, Keilbaugh SA, Ostermeyer AG, Brown DA. Association of GAP-43
with detergent-resistant membranes requires two paimitoylated
cysteine residues. J Biol Chem 1998;273:28478-85.

Arnulphi G, Sot J, Garcia-Pacios M, Arrondo JL, Alonso A, Gofii FM.
Triton X-100 partitioning into sphingomyelin bilayers at
subsolubilizing detergent concentrations: effect of lipid phase and
a comparison with dipalmitoylphosphatidylcholine. Biophys J
2007;93:3504~-14.

Ayuyan AG, Cohen FS. Raft composition at physiological temperature
and pH in the absence of detergents. Biophys J 2008;94:2654-66.

Babiychuk EB, Draeger A. Biochemical characterization of detergent-
resistant membranes: a systematic approach. Biochem J
2006;397:407-16.

Brown DA. Lipid rafts, detergent-resistant membranes, and raft targeting
signals. Physiology 2006;21:430-9.

Brown DA, Rose JK. Sorting of GPl-anchored proteins to glycolipid-
enriched membrane subdomains during transport to the apical cell
surface. Cell 1992;68:533-44,

Brown DA, London E. Structure and origin of ordered lipid domains in
biological membranes. J Membr Biol 1998;164:103-14.

© The Author(s) Journal compilation © 2011 Portland Press Limited

Volume 35 (10) - pages 991-995 - www.cellbiolint.org 993



Curvature factor and membrane solubilization

Cantu L, Corti M, Brocca P, Del Favero E. Structural aspects of
ganglioside-containing membranes. Biochim Biophys Acta
2009;1788:202--8.

Chen X, Jen A, Warley A, Lawrence MJ, Quinn PJ, Morris RJ. Isolation at
physiological temperature of detergent-resistant membranes with
properties expected of lipid rafts: the influence of buffer
composition. Biochem J 2009;417:525-33.

Ciana A, Balduini C, Minetti G. Detergent-resistant membranes in human
erythrocytes and their connection to the membrane-skeleton.

J Biosci 2005;30:317-28.

Delaunay JL, Breton M, Trugnan G, Maurice M. Differential solubilization
of inner plasma membrane leafiet components by Lubrol WX and
Triton X-100. Biochim Biophys Acta 2008;1778:105-12.

Deuticke B. Transformation and restoration of biconcave shape of
human erythrocytes induced by amphiphilic agents and changes of
ionic environment. Biochim Biophys Acta 1968;163:494-500.

Deuticke B, Grebe R, Haest CWM. Blood cel! biochemistry. In: Harris JR,
editor. Erythroid cells. New York: Plenum Publishing Corporation;
1990. p. 475-529.

Discher DE, Mochandas N, Evans EA. Molecular maps of red cell
deformation: hidden elasticity and in situ connectivity. Science
1994;266:1032-5.

Domingues C, Ciana A, Buttafava A, Balduini C, de Paula E, Minetti G.
Resistance of human erythrocyte membranes to Triton X-100 and
C12E8. J Membr Biol 2009;227:39-48.

Fra AM, Williamson E, Simons K, Parton RG. Detergent-insoluble
glycolipid microdomains in lymphocytes in the absence of
caveolae. J Biol Chem 1994,269:30745-8.

Fujii T, Sato T, Tamura A, Wakatsuki M, Kanaho Y. Shape changes of
human erythrocytes induced by various amphipathic drugs acting
on the membrane of the intact cells. Biochem Pharmacol
1979;28:613-20.

Garner AE, Smith DA, Hooper NM. Visualization of detergent
solubilization of membranes: implications for the isolation of rafts.
Biophys J 2008;94:1326-40.

Gaus K, Rodriguez M, Ruberu KR, Gelissen 1, Sloane TM, Kritharides L
et al. Domain-specific lipid distribution in macrophage plasma
membranes. J Lipid Res 2005;46:1526-38.

Giocondi MC, Vié V, Lesniewska E, Goudonnet JP, Le Grimellec C. In
situ imaging of detergent-resistant membranes by atomic force
microscopy. J Struct Biol 2000;131:38-43.

Hégerstrand H, Isomaa B. Vesiculation induced by amphiphiles in
erythrocytes. Biochim Biophys Acta 1989;982:179-86.

Hagerstrand H, Isomaa B. Morphological characterization of exovesicles
and endovesicles released from human erythrocytes following
treatment with amphiphiles. Biochim Biophys Acta
1992;1109:117-26.

Hégerstrand H, Isomaa B. Lipid and protein composition of exovesicles
released from human erythrocytes following treatment with
amphiphiles. Biochim Biophys Acta 1994;1190:409-15.

Hagerstrand H, Bobacka J, Bobrowska-Hégerstrand M, Kralj-lglic V,
Fosnaric M, Iglic A. Oxyethylene chain-cation complexation;
nonionic polyoxyethylene detergents attain a positive charge and
demonstrate electrostatic head group interactions. Cell Mol Biol
Lett 2001;6:161-5.

Hagerstrand H, Mréwczynska L, Salzer U, Prohaska R, Michelsen K,
Kralj-Igli¢ V et al. Curvature dependent lateral distribution of raft
markers in the human erythrocyte membrane. Mol Membr Biol
2006;23:277-88.

Hagmann J, Fishman PH. Detergent extraction of cholera toxin and
gangliosides from cultured cells and isolated membranes. Biochim
Biophys Acta 1982;720:181~7.

Hancock JF. Lipid rafts: contentious only from simplistic standpoints.
Nat Rev Mol Cell Biol 2006;7:456-62.

Heerklotz H. Triton promotes domain formation in lipid raft mixtures.
Biophys J 2002;83:2693-701.

Helenius A, Simons K. Solubilization of membranes by detergents.
Biochim Biophys Acta 1975;415:29-79.

Iglic A. A possible mechanism determining the stability of spiculated red
blood cells. J Biomech 1997;30:35-40.

Ingelmo-Torres M, Gaus K, Herms A, Gonzélez-Moreno E, Kassan A, BoschM
et al. Triton X-100 promotes a cholesterol-dependent condensation
of the plasma membrane. Biochem J 2009;420:373-81.

Isomaa B, Hégerstrand H, Paatero G. Shape transformations induced by
amphiphiles in erythrocytes. Biochim Biophys Acta
1987;899:93-103.

Israelachvili JN. Intermolecular and surface forces. London: Academic
Press; 1997,

Koumanov KS, Tessier C, Momchilova AB, Rainteau D, Wolf C, Quinn
PJ. Comparative lipid analysis and structure of detergent-resistant
membrane raft fractions isolated from human and ruminant
erythrocytes. Arch Biochem Biophys 2005;434:150-8.

Kragh-Hansen U, le Maire M, Meller JV. The mechanism of detergent
solubilization of liposomes and protein-containing membranes.
Biophys J 1998,75:2932-46.

Kuypers FA, Roelofsen B, Berendsen W, den Kamp JA, van Deenen LL.
Shape changes in human erythrocytes induced by replacement of
the native phosphatidylcholine with species containing various fatty
acids. J Cell Biol 1984;99:2260-7.

Lichtenberg D, Robson RJ, Dennis EA. Solubilization of phospholipids by
detergents. Structural and kinetic aspects. Biochim Biophys Acta
1983;737:285-304.

Lichtenberg D, Goni FM, Heerklotz H. Detergent-resistant membranes
should not be identified with membrane rafts. Trends Biochem Sci
2005;30:430-6.

Lim HWG, Wortis M, Mukhopadhyay R. Stomatocyte-discocyte-
echinocyte sequence of the human red blood cell: evidence for the
bilayer-couple hypothesis from membrane mechanics. Proc Natl
Acad Sci USA 2002;99:16766-9.

Madore N, Smith KL, Graham CH, Jen A, Brady K, Hall S et al.
Functionally different GPI proteins are organized in different
domains on the neuronal surface. EMBO J 1999;18:6917-26.

Magee Al, Parmryd 1. Detergent-resistant membranes and the protein
composition of lipid rafts, Genome Bioi 2003;4:234.

le Maire M, Champeil P, Mdller JV. Interaction of membrane proteins and
lipids with solubilizing detergents. Biochim Biophys Acta
2000;1508:86-111.

Mairhofer M, Steiner M, Mosgoeller W, Prohaska R, Salzer U. Stomatin is
a major lipid-raft component of platelet alpha granules. Blood
2002;100:897-304.

Mréwczyniska L, Hdgerstrand H. Patching of gangliosidey, in human
erythrocytes ~ distribution of CD47 and CD59 in patched and
curved membrane. Mol Membr Biol 2008;25:258-65.

Mréwczynska L, Salzer U, Perutkova S, Iglic A, Hagerstrand H.
Echinophilic proteins stomatin, sorcin, and synexin locate outside
ganglioside M1 (GM1) patches in the erythrocyte membrane.
Biochem Biophys Res Comm 2010;401:396-400.

Murphy SC, Samuel BU, Harrison T, Speicher KD, Speicher DW, Reid
ME et al. Erythrocyte detergent-resistant membrane proteins: their
characterization and selective uptake during malarial infection.
Blood 2004;103:1920-28.

Palek J, Stewart G, Lionetti FJ. The dependence of shape of human
erythrocyte ghosts on calcium, magnesium, and adenocsine
triphosphate. Blood 1974;44:583-97.

Panasiewicz M, Domek H, Hoser G, Kawalec M, Pacuszka T. Structure
of the ceramide moiety of GM1 ganglioside determines its
occurrence in different detergent-resistant membrane domains in
HL-60 cells. Biochemistry 2003;42:6608-19.

Pike LJ. Lipid rafts: heterogeneity on the high seas. Biochem J
2004;378:281-92.

Pike LJ. Rafts defined: a report on the Keystone Symposium on Lipid
Rafts and Cell Function. J Lipid Res 2006;47:1597-8.

Pike LJ, Han X, Gross RW. Epidermal growth factor receptors are
localized to lipid rafts that contain a balance of inner and outer
leaflet lipids: a shotgun lipidomics study. J Biol Chem
2005;280:26796-804.

Rouvinski A, Gahali-Sass |, Stav |, Metzer E, Atlan H, Taraboulos A. Both
raft- and non-raft proteins associate with CHAPS-insoluble
complexes: some APP in large complexes. Biochem Biophys Res
Commun 2003;308:750-8.

Salzer U, Prohaska R. Stomatin, flotillin-1, and flotillin-2 are major
integral proteins of erythrocyte lipid rafts. Blood 2001;97:1141-3.

Salzer U, Hinterdorfer P, Hunger U, Borken C, Prohaska R. Ca(++)-
dependent vesicle release from erythrocytes involves stomatin-
specific lipid rafts, synexin (annexin Vil), and sorcin. Blood
2002;99:2569-77.

994 www.cellbiolint.org - Volume 35 (10) - pages 991995

@ The Author(s) Journal compilation @ 2011 Portland Press Limited



Cell Biol. Int. (2011) 35, 991-985

Schuck S, Honsho M, Ekroos K, Shevchenko A, Simons K.
Resistance of cell membranes to different detergents. Proc Natl
Acad Sci USA 2003;100:5795-800.

Schwarz S, Haest CW, Deuticke B. Extensive electroporation abolishes
experimentally induced shape transformations of erythrocytes: a
consequence of phospholipid symmetrization? Biochim Biophys
Acta 1999;1421:361-79.

Sheetz MP, Singer SJ. Biological membranes as bilayer couples. A
molecular mechanism of drug-erythrocyte interactions. Proc Natl
Acad Sci USA 1974;71:4457-61.

Sheetz MP, Singer SJ. Equilibrium and kinetic effects of drugs on the
shapes of human erythrocytes. J Cell Biol 1976;70:247-51.

Simons K, van Meer G. Lipid sorting in epithelial cells. Biochemistry
1988;27:6197-202.

Simons K, lkonen E. Functional rafts in cell membranes. Nature
1997,387:569-72.

Simons K, Vaz WL. Model systems, lipid rafts, and cell membranes.
Annu Rev Biophys Biomol Struct 2004;33:269-95.

Tian A, Baumgart T. Sorting of lipids and proteins in membrane curvature
gradients. Biophys J 2009;96:2676-88.

Tsamaloukas A, Szadkowska H, Heerklotz H. Thermodynamic
comparison of the interactions of cholesterol with unsaturated
phospholipid and sphingomyelins. Biophys J 2006a;90:4479-87.

Tsamaloukas A, Szadkowska H, Heerklotz H. Nonideal mixing in
multicomponent lipid/detergent systems. J Phys Condens Matter
2006b;18:1125-38.

Wilson BS, Steinberg SL, Liederman K, Pfeiffer JR, Surviladze Z, Zhang J,
et al. Markers for detergent-resistant lipid rafts occupy distinct
and dynamic domains in native membranes. Mol Biol Cell
2004;15:2580-92.

Wistner D. Plasma membrane sterol distribution resembles the surface
topography of living cells. Mol Biol Cell 2007;18:211-28.

Received 16 January 2011/7 March 2011; accepted 25 March 2011

Published as Immediate Publication 25 March 2011, doi 10.1042/CBI20100786

© The Author(s) Journal compilation © 2011 Portiand Press Limited

Volume 35 (10) » pages 991-995 « www.cellbiolint.org 995



