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Abstract: Although evidences that cell membrane contains microdomains are accumulating, the exact properties, diversity
and levels of organization of small lipid patches built mainly of cholesterol and sphingomyelin, termed rafts, remain to be
elucidated. Our understanding of the cell membrane is increasing with each new raft feature discovered. Nowadays rafts are
suggested to act as sites of cell signaling events, to be a part of protein sorting machinery but also they are used by several
pathogens as gates into the cells. It is still unclear how rafts are connected to the membrane skeleton and cytoskdteton and wi
how many different types of rafts are we actually dealing with. This review summarizes some of the most recent discoveries
trying to make a view of the complex raft properties.

Key words: Rafts - Detergent-resistant membranes - Membrane skeleton - Immunological synapse

Introduction teristic to rafts, there is also a specific subset of proteins
_ . that localize preferentially to the rafts. These are the
Plasma membrane is no longer seen as a lipid sea Wifp|-anchored proteins [11] and proteins attached to the
embedded protein islands. The discovery of mefembrane via its other lipid components [4, 20].
bl‘ane domaInS bOth, CaveOIae'Conta|n|ng and ﬂat An enormous number Of Soph|st|cated techr"ques
rafts, prompted new research efforts towards cej|;ch as single particle tracking [21], single dye trac-
membrane biology. Huge resources are engaged i@ [49], fluorescence microscopy [27], FRET [59],
identification of the components and the role of lipigeSR [56], have been involved in studies aiming at
rafts in various cell types [23, 26, 32, 38, 57]. Aftefhe explanation of the function of raft components
several years of studies it is generally assumed thjjt also at the observation of the behavior of rafts
eukaryotic cell plasma membrane is subdivided infger se. The picture that is emerging from all these
lipid raft and non-raft regions. However, the terngtydies shows rafts as membrane platforms that are
“raft” is not unique. One can find terms as: DRMSs gpatio-temporally organizing the signaling events in
detergent resistant membranes [48, 62]; DIGs - detgfe cell [22, 29]. The lipid domains are, however,
gent insoluble glycolipid rich complexes [46]; GEMsy|s0 sites of various pathogen entries into the cell and
- glycolipid enriched membranes [42]; LDMs - IoWsome viruses are known to preferentially bud from
density membranes [24fc. Each of these to somethe raft regions [4, 34].
extent characterizes the features of I|p|d domams In this paper we try to draw a picture of ||p|d rafts’
rafts are membrane parts that are resistant to cJebsent some evidence for their role in the cell, and show
detergent extraction (usually Triton X-100 but als@pme problems that urgently need to be solved before
other detergents are used - see below) [48, 55], whigRe can clearly demonstrate a complete view on the raft
are enriched in cholesterol, glycosphingolipids angoncept.
phospholipids with saturated acyl chains and are iso-
lated by sucrose gradient centrifugation with the low
density fraction. Apart from lipids that are characAbbreviations used inthe text GPI - glycosylphosphatidylinositol,
FRET - fluorescence resonance energy transfer, ESR - electron spin
resonance, PC - phosphatidylcholine, DOPC - dioleoylphosphati-
dylcholine, SM - sphingomyelin, Chol - cholesterq,-Iliquid
Correspondence: A.F. Sikorski, Institute of Biochemistry and disordered statep | liquid ordered state, DRM - detergent resistant
Molecular Biology, University of Wroctaw, Przybyszewskiegomembrane, IS -immunological synapse, TCR - T cell receptor, BCR
63/77, 51-148 Wroctaw, Poland; e-mail: afsbc@ibmb.uni.wroc.pl- B cell receptor
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Rafts - isolation artifact or natural necessity?  agiven extent of hydrophobic mismatch, ¢f&W:Chol

_ o _bilayer would provide a more energetically unfavorable
Itis generally known that hydrated pure lipids may exighyiroment for a protein than would gphospholipid
in different phases. The solid-like state (or gel phasgjayer [31].
describes lipids that posses tightly packed lipid acyl Some facts, however, put doubts about the raft theory
chains, parallel to one another (ains conformation), - the presence of Triton X-100 can induce or even
whereas the liquid disordereg) 8tate characterizes acylpromote domain formation even in an initially homogen-
chains (intrans-gauche conformation) with high mo- oys, fluid PC:SM:Chol membrane and it is also possible
bility, tumbling around the axis perpendicular to thgy jsolate raft domains from raft-free membranes [13].
membrane surface. Even in artificial membrane bothne immediately asks a question whether rafts really
phases can coexist [19]. Between those two there igsts in living cell membranes, or whether they are just
middle phase. The so called liquid orderedl ¢tate an artifact created during extraction.
dQSCFIbes _|IpIdS that are tlghtly paCked but show rather It has been Suggested [47] that DRMs isolated from
high mobility [15]. Many experiments demonstrate thajing cell membranes arise from native raft regions.
the |, state is crucial for raft existence [13, 47]. Certaiftherefore many groups either use detergents other than
lipids have the propensity to associate with one anothgtiton [48] or extract raft domains without detergents
therefore abolishing the btate in model membranes10] in identifying the composition of natural rafts.
including liposomes [31]. Sphingolipids, cholesterorhese studies showed that DRMs vary depending on the
and saturated glycerophospholipids can easily assocCigigy of extraction not only in the quantity of extracted
forming domains [47]. Sphingolipids contain mostlyyroteins but also in the quality. Detergent is said to
long saturated acyl chains, which allow them to padsrupt most of the lipid-lipid and lipid-protein interac-
tightly together - a property that makes thigi{melting tions, solubilizing most of the membrane proteins. How-
temperature) higher compared to glycerophospholipidsyer, the/state is said to be sufficient to avoid detergent
which contain more unsaturated acyl chains. Sphingolixtraction [39]. The GPl-anchored proteins that are
pids would normally exist in a gel-phase, but theostly thought to reside in natural raft domains were
presence of cholesterol prevents them from entering figown to resist the Triton X-100 extraction, due to the
gel-phase, changing it instead into thestate. Thed  strong associations of their lipid tail with SM:Chol pat-
phase is usually abolished in favor to thphase if the ches [47]. The difference in raft composition isolated
content of cholesterol reaches ~30 mol% [15]. And s@jith various detergents is suggested to be due to differ-
vesicles composed of DOPC:SM:Chol undergo phaggt association strength between protein and lipids. The
separations, exhibiting the coexistence afid hphases  apjility to isolate a peptide with the DRM fraction means
at varying compositions [3]. It is then likely that tbe lonly that its interactions with the surrounding lipids were
phases existin a cell membrane with a sufficient contesttong enough to resist the solubilization. A protein that
of cholesterol and sphingolipids [6]. The dtate is s not present with the raft fraction may still be present
thought to form discrete microdomains (rafts) intefin native raft regions, but its interactions are too weak to
spersed in the continuousphase. resist the solubilization process [48]. The distribution of

Rafts are th_ogght to be thicker than the rest of t%olesterol and peptides containing a single hydro-
membrane. This is due to the presence of sphingomyelimobica-helix has been reported to be different at 37°C
The molecule contains long sphingosine moiety andaad at 4°C, a temperature at which most detergent solu-
long saturated fatty acid chain. Therefore SM:Chol pajjjization experiments are performed on biological
ches are thought to be thicker than the surrounding ligidembranes [31]. It has been shown, however, that DRM
matrix that contains more unsaturated phospholipidse|ubilization proceeds upon heating and the membrane
The X-ray diffraction shows that DRMs are ~0.9 nmyo|ypilization is expected to proceed upon cooling [13].
(~30%) thicker than the rest of the bilayer [31]. ~  Thjs indicates that detergent solubility experiments per-

Another relevant feature of SM:Chol bilayers is thaformed on biological membranes at low temperatures
they have a much larger area compressibility modulygay not give a completely accurate insight into the
than do unsaturated phosphatidylcholine bilayers [33gncentrations of specific proteins and lipids in raft
Since the bilayer bending modulus is proportional to thembranes at physiological temperatures [31]. It does

compressibility modulus times the square of the bilaygbt mean that rafts do not exist, but that some common
thickness [12], the bending modulus of SM:Chol bilayegssumptions are likely to be wrong.

would also be larger than that of unsaturated PC mem-

brane. Therefore, to accommodate proteins or pepti
of agiven hydrophobic length it should take more ener en a raft becomes a platform

to separate or deform adjacent lipid molecules in rafafts in biological bilayers containing a large variety of
bilayers compared to non-raft regions with lower comngjecules [22, 32, 62] should not be considered as stable
pressibility and bending modulus. This implies that fogreas, the size and number of which depends only on the
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Fig. 1. Model of protein organisa-
tion in the cell membrane of resting
T cell. TCRis localized outside lipid
microdomains in the vicinity of ne-
gative regulators of signal transduc-
tion (CD43/CD45 etc.), whereas the
signal propagators (LAT, Lck,
CD28 etc.) are located in the raft
region of the cell membrane. In this
way rafts act as sites for the spatio-
temporal organization of molecules
engaged in signaling. The raft region
is probably thicker than the rest of

L J L | the membrane, containing most of
¥ | the GPIl-anchored proteins. The pic-

; $ ! ture is highly schematic, therefore

Non-raft region Raft region the relation of size of lipids and pro-

teins are neglected.

SM and Cholesterol content and the temperature. leenstitutively expressed and resides in raft region, but
stead, they form and disappear, grow or shrink arnide BCR relocates to lipid rafts only upon antigen cross-
cluster or break up triggered by small amounts of othknking [20]. Other signal propagators accompany the
compounds or other effect such as structural changesame domain after they are phosphorylated [8]. Activa-
proteins interfering with lipid packaging [13]. tion of the IGF-I also leads to translocation in the lipid

In T cells, TCR and negative regulators of signahfts [26] and the Fas-induced apoptosis leads to exten-
transduction like CD43 and CDA45 reside outside lipigive raft reconstruction [51].
microdomains [7, 16, 42], whereas the positive signal The presence of some proteins inside and others
transducers like LAT, Fyn, Lck and CD48, all localizeoutside rafts has its implications on the cell itself. Rafts
preferentially to raft regions in the membrane [7, 654re said to constitute about 4% of the total membrane
(Fig. 1). Such localization of proteins is normally obproteins [44]. The close proximity of proteins residing
served in resting cells and prevents unnecessary signal+afts allows their interactions. Membranes contain
ing. Upon stimulation, the small dynamic rafts aggregateth receptors for ligands and the regulators for signal
into bigger platforms sustaining signal transduction [1Transduction. It seems very useful for the cell to contain
38, 61]. As the small dynamic microdomains coalesdmth receptors and regulators in the membrane in close
into bigger ones, new signal propagator proteins apeoximity in order to quickly respond to the incoming
recruited to raft regions, forming the so-called Immuncsignal. But the true masterpiece is to separate one from
logical Synapse (IS) (reviewed in [29]), a domain thanother or at least to put the receptor in the vicinity of
may be observable even under light microscope. Thegative regulators only as long as no outside signal
redistribution of several receptors into IS is correlatagaches the cell membrane. Then those proteins that
with their gained resistance to solubility in Triton soluwere normally excluded from raft regions would be
tions [57]. All those changes lead to the creation ofracruited into rafts in order to transduce a signal into the
signalling center which "informs" the cell about theell. The small size of rafts in resting cells may suggest
contact it has been engaged into. The cell resportbat each contains only a few proteins randomly dis-
depends on which costimulators (apart from the TCRJbuted between different rafts. This would explain the
have been cross-linkedg. CD28/TCR or CD48/TCR reasons for the formation of ISin T cells [17]. Although
costimulation leads to raft coalescence [38], whilthis hypothesis is very attractive, further studies are
CD45/TCR cross-linking strongly downregulates theeeded to confirm it. Also, the molecular mechanism
signaling [17]. Protein-protein and protein lipid interacresponsible for the rearrangement of small domains into
tions which are strongly enhanced upon raft aggregatibig IS needs further studies.
act as an impediment to the mobility of raft localized
molecules [57]. _ _ Rafts - gates into the cell

The recruitment of signal transduction regulators to
rafts is not only restricted to T cells, although it is mosthe presence of so many different molecules that par-
widely studied. The critical signal-competent Lyn (amicipate in signaling processes highlights the great im-
essential protein tyrosine kinase in T lymphocytes) [gortance of rafts for the cell. However, different
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Fig. 2 The viral proteins are pref-
erentially localized in the raft region
of the host cell. The complete virus
buds from this region of plasma
membrane. Due to the very small
area of the raft and the proximity of
viral proteins in it, the chances for
Hiost rafl protein budding a complete virus increase.

During the budding process the vi-

rion is encapsulated by plasma

membrane with incorporated host

Wiris particle Host paneraft protein

Membrane rafi regien

Membsane non-rall region

cell proteins, which may act as a sort
Wiris fusion and receptor of camouflage against immune sys-
hansking proteing tem. The picture is highly sche-
| matic, therefore the relations of size

of lipids and proteins are neglected.

receptors that are present in raft regions also play a rolaibits Plasmodium falciparum infection of the ery-

in some pathogen entries. Both CD4 and CCR5 wettgocytes [44]. Some of the GPl-anchored proteins (al-
found to associate with the raft region [28, 63]. Fdtaline phosphatase, carboxypeptidase M) associated
example, HIV-1 enters the cell by binding to CD4 [25)with DRMs have been identified, and it has been sug-
whereas CCRS5 strongly promotes the virus entry [9]. dested that rafts function by concentrating parasite li-
similar situation concerns Coxackievirus A9. The MH@ands for interaction with erythrocyte receptors, thereby
class I, which is required for virus internalization [60]speeding up the binding process and thus increasing the
and the integriv33, which is a coreceptor, both resideébinding avidity [51].

in DRMs [59]. But itis not only viruses that use rafts for The doors that lead into the cell, lead also out of it.
their entry. The raft disruption by methfdeyclodex- The HIV proteins co-localize with the DRM’s markers
trin, a potent cholesterol binding molecule both on erand HIV-1 virions, although possessing many proteins
throcyte membrane and parasite vacuolar membra@aad lipids of host cells, lack CD45, a protein that covers
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from 10% to 25% of lymphocyte surface [2]. It has been Rafts play also important role in apical trafficking of
proved that this characteristic feature is due to the fgmbteins in polarized cells. The transport of proteins to
that HIV-1 proteins are preferentially targeted to lipidhe apical membrane may occur directly from the TGN
rafts and that the virus assembly and budding proceedimans Golgi Network) or indirectly, by sending the
raft regions [34]. HIV-1 is not the only virus to use raftprotein first to the basolateral membrane and then
for those processes. Filoviruses, Ebola and Marburg dranscytosis to the apical compartment. The cholesterol
two of the most deadly viruses. It has been demonstratkpletion in HepG2 cells has been shown to strongly
that their envelopes incorporate raft-associated GMitfect trafficking, causing mislocalization of newly syn-
and exclude transferrin receptor, a protein that is coitinesized MDR1 protein to the basolateral surface [55].
monly used as non-raft marker [4]. Also the influenza Caveolae are flask-shaped rafts that are known to
virus hemagglutinin preferentially localizes to lipid raft®perate as transcytotic carriers [35]. The cholesterol
[45]. It does not mean, however, that all viruses use lipiepletion has been shown to affect caveolae causing
rafts for their assembly and budding processes. The V§xadual disappearance of these structures and diffusion
(vesicular stomatitis virus) and SFV (Semliki Forestf caveolae-associated proteins [58].
virus) do not posses high amounts of detergent-insoluble
complexes in their envelopes [46]. Cytoskeleton - raft's anchor

The process of virion assembly and budding from the
plasma membrane is quite complicated and requires tEaten at the time the Singer’s and Nicolson’s model was
viral nucleocapsid, matrix and glycoprotein enveloppublished [54], the problem of non-uniform lateral or-
are put together in an orchestrated manner. Thus, tenisation of the biological membrane was knoswp;
compartmentalization of the process in a special metarge membrane domains such as mitochondrial cytoch-
brane microdomain may provide the required coordineeme oxidase or purple membraneHxlobacterium
tion and may increase the virus budding efficiency arfélobium. Restriction of integral membrane protein mo-
decrease the release of defective non-infectious partichelty by membrane skeletal or cytoskeletal elements
[4]. The presence of several receptors, normally occuauggested by the authors of the model and many other
ring in lipid rafts, in the viral envelopes may act as gesearchers [18, 36, 37] led Sheetz to propose "corrals"
camouflage for the host immunity system, but also mggnembrane skeleton) and "fence posts" (transmembrane
efficiently increase the ability to infect new cells becaugwoteins associated with skeletal elements) as interpre-
of the enrichment of virus envelope with certain adh¢ation of membrane lateral organization [52]. This model

sion molecules [59]. was further developed by others (reviewed in [40, 41]).
The "fence posts" which are the immobilized by mem-
Sorting and trafficking - how does a protein brane skeleton proteins contain lipid of restricted mo-

bility as well, therefore they could function as the
organizing centres of at least one kind of protein-lipid

The association of raft proteins with raft regions usualli@fts. Indeed, Nehdt al. [32] isolated from neutrophil
takes place in the Golgi apparatus [55]. The GPI anchi@gsma membrane so-called DRM-H which is rich in
as well as palmitoylation of proteins seems to be rageémbrane skeleton components.
hallmark of raft-associated proteins. The acyl chains of Membrane rafts which are involved in so many dif-
GPI anchor of proteins are largely saturated [30]. It ferentcellular functions and processes such as signaling,
proposed, then, that such GPI anchors are sufficient fgiotein transport, cell adhesion and movement need to
l, domains localization [47]. Also the studies on somie connected with the cytoskeleton. Raft proteomic ana-
of the Ebola virus glycoproteins that were mutated #tsis reveals that many proteins of membrane cytoskele-
specific cysteine residues (the putative palmitoylatioin co-isolate with DRM fraction. Raft-associated
sites) showed that the proteins that normally particéytoskeletal proteins from Jurkat cells and neutrophils
pate in DRMs failed to localize to raft regions [4]Show many similarities. Fodrin (non-erythroid spectrin),
N-terminal mirystoylation is required for Lyn kinaseactin, myosin lla, supervillin, flotillin are just a subset
anchoring to the plasma membrane and raft partitiofif those [32, 62]. Also, the DRMs isolated from erythro-
ing [20]. cytes are enriched in those proteins [43].

Another feature that has been proposed as a regulatorT he formation of immunological synapse seems cru-
of protein sorting between detergent-soluble and det&#al for the signal sustaining and propagation [17, 38].
gent-insoluble membrane regions is the bilayer thicklthough the molecular basis of synapse formation re-
ness [53]. The DRMs are supposed to be thicker than thains to be elucidated, the role of cytoskeleton cannot
non-raft regions, therefore they would incorporate prée omitted when discussing dynamic changes in rafts
teins with relatively longer transmembrane domain§eviewedin[50]). The coalescence of small patches and

Some experiments with synthetic transbilayer peptidée formation of immunological synapse require dy-
supported this hypothesis [31]. namic membrane changes and therefore involvement of

know where to go?
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the membrane skeleton [61]. DRMs in Jurkat cells have of membrane skeleton in localization of raft domains

been shown to include many cytoskeleton-associatedwithin the biological membranes?

proteins [62] which may be involved in the IS formatiom What are the exact relationships between lipid rafts,

and preservation of its integrity. The proposed cytos- caveolae and smooth invaginations free of caveolin

keletal reorganization coordinated with raft clustering and clathrin? Are there different subclasses of rafts?

could be responsible for the mobility restriction of mole-

cules localized to aggregated rafts [57]. Some eviden&g

is brought by the fact that EBP50, an ERM famiI;A

protein that actively binds to actin cytoskeleton, is al ate

a binding partner for the PAG protein (raft—associateog '

protein). This interaction seems to be crucial in connect-

ing membrane rafts to actin cytoskeleton, which in tuieferences

may be essentlal for_ re-distribution of rafts during Im'[1] Bandorowicz-Pikuta J (2000) Lipid-binding proteins as stabi-

munoreceptor signaling [5]. lizers of membrane microdomains - possible physiological sig-
The transmembrane CD99 molecule is abundantly nificance. Acta Biochim Pol 47: 553-564

present on plasma membrane of T cells. CD99 appear&l Barclay AN, Beyers AD, Birkeland MR, Brown MH, Davis SJ,

; ; e ; Somoza C, Williams AF (1993) The leukocyte antigen facts
to be incorporated into lipid rafts in a regulated manner. book. Academic Press, San Diego, California

It has been shown that upon engagement of CD99, ﬂfﬁ Baumgart T, Hess ST, Webb WW (2003) Imaging coexisting
molecule becomes associated with the cytoskeleton as fluid domains in biomembrane models coupling curvature and
well as lipid rafts. After the engagement, CD99 elicits _line tension. Nature 425: 821-824 _ _
export of several transmembrane proteins and GM1 arldi E\E/i\}/alﬂe?/és(ﬁ/fI%Eh'\fﬁg}gi%acndsihsnlgl?ﬂ\SAVXEQEM cje('zsggg)
the assouatlc_)n Of'C_D99 with the cytoskeletal compart- Lipia raft mic;rodomains: a ,gateway for C(,)mpartmentalized
ment occurs Iin a_I|p|d-dependent manner [64]. In neur-  yafficking of Ebola and Marburg viruses. J Exp Med 195:
onal cells, all major NCAMs promote incorporation of  593-602, _ _ _
spectrin into DRMs. It has been demonstrated that spet® Brdickova N, Brdicka T, Andera L, Spicka J, Angelisova P,
trin-mediated coordination between NCAM and AC Milgram SL, Horejsi V (2001) Interaction between two adapter
. . . . . proteins PAG and EBP50: a possible link between membrane
is required to trigger NCAM-mediated neurite OUt-  raf5 and actin cytoskleton. FEBS Lett 507: 133-136
growth [23]. It has also been demonstrated that lipid raftg] Brown DA, London E (1998) Structure and origin of ordered
are intrinsically linked to cytoskeleton and it may be lipid domains in biological membranes. J Membr Biol 164:
hypothesized whether cytoskeleton molecules are re- 103-114
: . i 7] Cerny J, Stockinger H, Horejsi V (1996) Noncovalent associ-

quired for the stabilization and/or localization of rafts™" 7 &'r lymphocyte surface proteins. Eur J Immunol 26:
within the membrane [32]. However, some of the lipid- 2335-2343
binding proteins (annexins, proteins containing pleck{8] Cherukuri A, Cheng PC, Pierce SK (2001) The role of
strin homology domain) have been suggested to act as aCD19/CD21 complex in B cell processing and presentation of
linker between the rafts and the cytoskeleton and con, Complement-tagged antigen. J Immunol 167: 163-172

. for th it f . ilizati 9] Dimitrov D (1997) How do viruses enter cells? The HIV
tribute for the raft formation and stabilization [1]. coreceptors teach us a lesson of complexity. Cell 91: 721-730

[10] Eckert GP, Igbavboa U, Mller WE, Wood WG (2003) Lipid rafts
of purified brain synaptosomes prepared with or without deter-
gent reveal different lipid and protein domains. BiRés 962:

144-150

The interest in raﬂs has put new energy Into a bro?iq] Elortza F, Nuhse TS, Foster LJ, Stensballe A, Peck SC Jensen
range of research fields such as cell biology, membrane’ on (2003) Proteomic analysis of glycosylphosphatidylinositol-

biophysics or signal transduction. And as the raft hypo- anchored membrane proteins. M2#ll Proteomics 12: 1261-
thesis is enriched with new exciting data, each answer 1270 _ _ _ _
results in the appearance of several new problems. ThgEVans E, Rawicz W (199@ntropy-driven tension and bending
. . elasticity in condensed-fluid membranes. PRey Lett 64:

that are recently under investigation include: 2094-2097
+ The three-dimensional structure of lipid rafts. The@ 3] Heerklotz H (2002) Triton promotes domain formation in lipid

specific lipid-lipid and lipid-protein interactions are raft mixtures. Biophys 83: 2693-2701 _

still one of the most urgent problems when discussirktfl Holopainen JM, Metso AJ, Mattila J, Jutila A, Kinnunen PKJ

. =~ (2004) Evidence for the lack of a specific interaction between
rafts. The problem seems even more complicated in cholesterol and sphingomyelin. Biophys J 86: 1510-1520

YieW Of_ the recently demonstrated lack Qf SpeCifi[_Cis] Ipsen JH, Karlstrom G, Mouritsen OG, Wennerstrom H, Zuc-
interactions between cholesterol and sphingomyelin kermann MJ (1987) Phase equilibria in the phosphati-

[14]. It would be also of great interest to obtain a clear ixélghlgg\e-cholesterol systems. Biochim Biophys Acta 905:
picture of the cytoplasm_lc face of th.e. rafts. .. [16] Janes PW, Ley SC, Magee Al (1999) Aggregation of lipid rafts

- The mmecu_lar mecham_sm determmmg th_e stabili accompanies signaling via T cell antigen receptor. J Cell Biol
and size of lipid rafts is stillunknown. Whatis the role  147: 447-461

Although much has already been said, and a lot has
en discovered, no one can assure that rafts really exist.
nyway, they are still an exciting phenomenon to inves-

Questions to be answered
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