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Biological activities ranging from signaling, membrane

transport to pathogenic processes take place in segregated

subdomains of cell membranes. A fundamental step

towards understanding the organization of membrane

domains arose from the raft hypothesis, which proposes

that these processes occur in raft membrane domains

formed by lateral lipid assemblies enriched in sphingolipid

and cholesterol (1).

For many years detergent-resistant membranes were

used as an operational definition for raft membrane

domains and were an essential tool for studying raft

composition and protein behavior. Further efforts were

made to define the correlation between rafts/detergent-

resistant membranes in cells and physical properties of

membrane phases described in artificial bilayers (2).

Accordingly, the prediction is that the membrane is a

mosaic of areas in which the lipids are fluid but display

‘phases’ with different physical properties and chemical

composition. Each membrane protein will have an intrinsic

preference for one of the areas. The evidence for lipid-

based domains, their size and dynamics, and their bio-

logical function were the subject of intense debate at the

recent Euroconference on Lipid Rafts in Tomar, Portugal,

held May 17–22, 2003.

How Biophysicists View Membrane Phases

It is now generally accepted that the occurrence of lipid

domains in biomembranes is caused by lipid–lipid

immiscibility. Whereas the lateral separation of lipids into

a solid gel phase and a fluid liquid crystalline phase has

been studied since the early 1970s, a breakthrough in this

field was the realization in the 1980s that phospholipids

and cholesterol can form two (or more) immiscible fluid

phases within the same membrane (3). This development

coincided with the realization in cell biology that cells need

to separate lipids to generate the different lipid compos-

itions of the various organelle membranes (4) and the

definition of the lipids involved.

Winchill Vaz (Coimbra) and Manuel Prieto (Lisbon)

described techniques that are being used to determine

the presence of lipid phases in model membranes. Manuel

described the phase-diagram of the mixture of palmitoyl

sphingomyelin (SM), palmitoyloleoyl phosphatidylcholine

(PC) and cholesterol, representing the three most abun-

dant lipid types in the outer leaflet of mammalian plasma

membranes (Figure 1). The phase-diagram shows the

occurrence of the various phases for each possible ratio

of the three components. In the range of 30–40mol%

cholesterol and in the presence of at least 10mol% PC

(values typical for plasma membranes), the mixture dis-

plays the coexistence of two liquid-crystalline phases, the

more fluid liquid-disordered state and the liquid-ordered

state. The phase-diagram also yields information concern-

ing the composition of each of the two phases. In the

equimolar mixture (1 : 1 : 1) and at 37 �C the liquid-

disordered phase consists of 69–57% PC, 18–33% SM

and 13–10% cholesterol, while the ordered phase consists

of 14–19% PC, 42–33% SM and 44–48% cholesterol.

Lowering the temperature to 23 �C resulted in the appear-

ance of a solid phase above 30–40mol% of SM, which

would be high for a biomembrane (Figure 1).

Paavo Kinnunen (Helsinki) warned against the uncritical

application of terms derived from physical measurements

on model membranes to the situation in living cells. The

lateral and transversal lipid composition of biomembranes

with some 1000 different types of lipids is highly complex

and cannot be adequately described. He also warned

against simplified descriptions of what causes the cluster-

ing of sphingolipids and cholesterol like van der Waals

interactions or hydrogen bonding, and illustrated how the

hydrophobic cholesterol favorably packs under the

umbrella of a sphingolipid headgroup that has a larger

cross-sectional area than its lipid tails, with the two

molecules having phospholipids (5). Along the same line,

Winchill Vaz mentioned that not only SM and disaturated

PC but also monounsaturated PC to some extent favorably
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interact with cholesterol, as is clear from the condensing

effect on such a lipid.

The occurrence of planar domains is energetically unfavor-

able for a membrane because the two phases have a dif-

ferent spontaneous curvature. Madan Rao (Bangalore)

illustrated how the chirality of cholesterol may induce a

membrane deformation, resulting in vesicle budding (6).

One other energetically unfavorable factor is the line tension

at the interphase boundary, which is proportional to the

length of that boundary. The chirality–curvature coupling,

the spontaneous curvature and the line tension (7) provide

a driving force for budding, resulting in spherical, flask-

shaped or grape-like invaginations (6). The spontaneous

curvature of a domain would be zero if similar domains

occurred on both sides of the bilayer. Gerrit van Meer

(Utrecht) described how the activity of a family of lipid

translocases in the cholesterol-rich membranes of Golgi,

endosome and plasma membrane may be one driving

force behind vesicle budding from those membranes (8).

At the same time, Jean Gruenberg (Geneva) described

how a low internal pH in addition to the presence of the

special phospholipid lysobisphosphatidic acid (LBPA) results

in a spontaneous inward budding in liposomes, possibly

explaining how multivesicular endosomes arise by inward

budding in the LBPA-containing and acidic late endosomes.

Raft Domains: Structure of the Untouched
Plasma Membrane

Therefore, it is the central challenge for raftologists to

understand how the concept of phase separation, firmly

established in artificial membrane systems, can be trans-

ferred to model the structure of the cell’s plasma mem-

brane bilayer.

Ken Jacobson (Chapel Hill) showed the partitioning of

proteins and lipids into separate raft-like ordered mem-

brane domains that form in glass-supported artificial lipid

monolayers. He found that the neuronal myristoylated pro-

tein NAP-22 partitioned into GM1-enriched membrane

domains. However, when this observation was transferred

to the cell, fluorescence microscopy of NAP-22 and

GM1showed only partial organization into overlapping

membrane domains (9). This observation reflects the

dilemma described by many researchers over the years:

by most microscopic techniques, cohesion between

non-cross-linked raft markers are difficult to detect. This

has been accounted for by the small size and dynamic

nature of raft domains in plasmamembranes. Ken Jacobson

put forward a concept of stable shells of 50–100 lipid

molecules that surround specific proteins giving them an

affinity for ordered membrane phases. Possibly such a

Figure1: Phasediagramat 37 �C
of a lipid mixture consisting of

phosphatidylcholine containing

a palmitate (C16 : 0) and an

oleate (C18 : 1) chain (POPC),

sphingomyelin containing a

palmitate (PSM), and chole-

sterol. Each corner of the triangle

represents a pure lipid. The top is

pure cholesterol, near which the

lipid bilayer is in a liquid-ordered (lo)

phase; the bottom left is pure

POPC in a liquid-disordered (ld)

phase; and the bottom-right repre-

sents PSM in a solid-ordered (so)

phase. The baseline connecting

POPC with PSM represents lipid

mixtures starting from POPC and

containing an increasing fraction of

PSM. This is the same for each line

parallel to the baseline that can be

drawn in the triangle. However, the

mixtureson thebaselinecontainno

cholesterol, and the higher the line

is drawn in the triangle, the higher

thecholesterol concentration.Each

point in the triangle defines one

specific ratio of the three lipids. The

1 : 1 : 1 ratio is situated right in the

middle. It displays both the ldþ lo

phases [adapted from: de Almeida

RFM, Fedorov A and Prieto M.

(2003) Biophys J., in press].
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shell can target proteins into larger membrane domains (for

example, caveolae) upon association and/or cross-linking by

a ligand (10).

Jitu Mayor (Bangalore) utilized fluorescence resonance

energy transfer (FRET) between different GPI-anchored pro-

teins to assay clustering of GPI-anchored proteins as

detected by their homo-FRET methodology outlined earlier

(11). Based on dilution and bleaching experiments, Jitu

Mayor estimated that GPI-anchored protein clusters are

very small, containing few receptor molecules, while many

receptor molecules may actually be monomeric. They also

showed clustering between the diverse GPI-anchored pro-

tein molecules. Further, antibody-mediated clustering of a

specific GPI-anchored protein reorganizes the nanoscale

organization of native GPI-anchored protein clusters.

Ben Nichols (Cambridge, UK) studied the plasma mem-

brane organization of GM1 ganglioside using energy trans-

fer between Cy3 and Cy5-labeled cholera toxin B subunit

(CtxB), a pentavalent GM-1 probe. These experiments

showed cholesterol-dependent clustering GM1/CtxB on

the cell surface and a striking reduction in GM1 (-CtxB)

from clathrin-coated pits (12). In contrast, when Ben

performed FRET analysis of fluorescent citrin and CFP-

GPI-anchored proteins, he obtained no evidence for a

lipid-dependent clustering between the two GPI-anchored

proteins. The discrepancy between the failure to detect

lipid-mediated cohesion between GPI-anchored proteins

in these experiments as well as earlier analyses and the

clustering detected in Jitu Mayor’s experiments may

be reconciled by the higher sensitivity of anisotropy

measurements in Mayor’s homotypic FRET set-up.

Further evidence for the loose coupling between non-

cross-linked GPI-anchored proteins was presented by

Gerhard Schuetz (Linz), who studied, using video micro-

scopy, trajectories of single GPI-anchored proteins in

T lymphocytes.

Tracking single molecule behavior in cell membranes has

led Akihiro Kusumi (Nagoya) to the description of

compartmentalization of the plasma membrane into

30–200-nm compartments in which membrane proteins

and lipids are trapped in time-scales between a millisecond

to one hundred milliseconds (depending on the cell type

and molecules). The majority of membrane molecules

undergo ‘hopping’ from one compartment to the next.

The compartment boundaries for membrane molecules

are believed to consist of a proteinaceous ‘picket fence’

made of the membrane skeleton as well as the transmem-

brane proteins anchored to the membrane skeleton (13).

Using video microscopy, Akihiro Kusumi followed diffusion

rates of a GPI-anchored protein (CD59), a typical raft protein,

and the non-raft lipid dioleoyl-PE. Both raft and non-raft

markers undergo hop diffusion over membrane compart-

ments at very similar hop rates (and therefore very

similar macroscopic diffusion rates), showing that, in rest-

ing steady-state, GPI-anchored proteins do not make pro-

longed associations with large and stable rafts (14). Aki

Kusumi showed that the situation dramatically changes

upon cross-linking or liganding of GPI-anchored proteins,

e.g. using colloidal gold particles coated with multiple anti-

bodies: this leads to the formation of large, stabilized rafts.

These enlarged, stabilized rafts still undergo hop diffusion

at a rate much slower than the GPI-anchored protein at

steady-state. In addition, they exhibited transient immobil-

ization which depends on cholesterol, actin, and tyrosine

phosphorylation. During the short immobilization periods,

phospholipase C is temporarily recruited, producing IP3,

suggesting that these rafts function as the platform for

transducing the CD59 signal to the intracellular calcium

signal. This highlights the small, unstable nature of the

rafts (plasma membrane phases) in the steady-state cell,

and shows that clustering of raft markers generates

domains which function as signaling centers.

The previous presentations addressed the organization of

outer leaflet membrane lipids and GPI-anchored proteins.

Rob Parton (Brisbane) presented clear indications of a

domain structure in the inner lipid leaflet of the plasma

membrane. These were obtained by analyzing the distribu-

tion of inner leaflet plasma markers using immuno-electron

microscopy of isolated plasma membrane sheets. These

studies utilized markers inserted via the H-ras (palmitoy-

lation, farnesylation) or K-ras derived (polybasic stretch

farnesylation) membrane anchor. Statistical analysis

showed a partitioning of the two respective membrane

markers into distinct domains of the plasma membrane

(15). Moreover, Rob Parton showed coupling of the H-

ras-anchored marker with clusters of GPI-anchored pro-

teins in the outer plasma membrane leaflet generated by

antibody cross-linking.

Inner–outer leaflet coupling was also presented by

Antonella Viola (Padova), who used cyan fluorescent

protein with a myristoyl palmitoyl membrane anchor as

an inner leaflet raft marker to monitor the distribution of

inner leaflet rafts in resting T lymphocytes. This marker

colocalized with clustered GPI-anchored proteins in a

cholesterol-dependent fashion, providing further support

for the concept of bilayer coupling. Interestingly, colocaliza-

tion of myr palm CFP with domains formed by cross-linking

of TCR complex appears independent of cholesterol.

Sandor Damjanovich (Debrecen) has established the analy-

sis of membrane protein clusters using labeling with fluor-

escent antibodies and measurement of energy transfer

between the probes. In his presentation he showed cluster-

ing of the TCR and potassium channel Kv1.3, using confocal

microscopy, electron microscopy, fluorescence and energy

transfer analysis (16). He discussed the small size of raft

domains, the transient interactions of raft domains with

lipid-shelled proteins and/or shallow differences between

phases in the outer leaflet of the plasma membrane which

make the detection of raft membrane domains in the plasma
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membrane’s outer leaflet so difficult. Defined membrane

domains were detected with inner leaflet anchored

membrane markers. Clearly, it requires protein-mediated

cross-linking of raft components to generate platforms for

membrane-associated functions.

Proteins Organizing Membrane Domains

The analyses of raft markers in the plasma membrane

showed that rafts are too small and raft lipid-mediated

forces are not strong and specific enough to organize

functional protein assemblies. In order to generate plat-

forms for biological processes, additional protein scaffolds

to stabilize interactions have to enter into play.

Prototypic functional raft membrane domains are the

caveolae, which are organized by oligomers of the caveolin

proteins. Caveolae are flask-shaped invaginations in the

plasma membrane, and function as platforms for signaling

events and endocytosis of specific molecules (17). Debbie

Brown (Stony Brook) presented reconstitution of recom-

binant caveolin-1 into liposomes and analyzed its partition-

ing into detergent-resistant membranes. She showed that

changes in caveolin 1’s scaffolding domain, hydrophobic

domain, and C-terminal domain all reduced DRM associa-

tion, but that palmitoylation was not required for DRM

association. Upon overexpression in cells, caveolin variants,

which are deficient in DRM association, preferentially accu-

mulated in the Golgi region, while DRM-associated variants

were targeted to the plasmamembrane, suggesting a role for

raft association in transport through the Golgi apparatus.

The palmitoylated protein flotillin is another DRM-

associated molecule with a possible role in organizing

membrane domains. Flotillin has previously been impli-

cated in insulin receptor signaling, where it was proposed

to form a complex with CAP and Cbl. Ritva Tikkanen

(Frankfurt) showed that flotillin/reggie-1 overexpression in

fibroblasts induces actin filopodia. Possibly it plays a role in

actin organization.

Jean Gruenberg presented the role of annexin II in

defining membrane domains in the endocytic membrane.

Annexin II belongs to a family of lipid binding proteins and

is associated with early endosomal membranes in a

cholesterol-dependent fashion. Interestingly, in fibroblasts

of Niemann-Pick C (NPC) patients, annexin II localizes at

late endosome. This coincides with the accumulation of

cholesterol in late endosomes of NPC cells. Moreover, he

presented data showing that RNAi-mediated block of

annexin II expression inhibited budding of multivesicular

transport vesicles from early endosomes. These data

suggested that annexin II is responsible for defining

cholesterol-rich membrane domains on early endosomes

that segregate from multivesicular portions destined to

become multivesicular carrier vesicles for transport to the

late endosome (18).

The Golgi-associated protein GREG may be an exciting new

organizer of membrane domains in the Golgi apparatus.

Bernd Helms (Utrecht) showed that GREG interestingly

combines two features: a coiled coil region and a GPI anchor.

He found that the protein is an important regulator of Golgi

structure. Hence, one may speculate that, via the coiled

regions, the protein may have a propensity to oligomerize

defining membrane domains in the Golgi membranes.

Klaus Fiedler (Basel) presented a proteomic analysis of

immunoisolated caveolae from endothelial cells, suggest-

ing a link to the actin cytoskeleton. He showed that a

significant amount of transendothelial transport of albumin

occurs via paracellular leakage.

Rafts in Signaling: Making Use of the Elastic
System

Signal transduction via cell surface receptors is believed to

utilize lateral compartmentalization into dynamic mem-

brane domains in order to trigger receptor signaling cas-

cades, organize receptor complexes, and to serve as

platforms for the assembly of multimolecular signal trans-

duction machineries and the integration of costimulatory

and accessory signals.

The involvement of membrane domains in signaling via

immunoreceptors (IRs) has been implicated in two dis-

tinct phases (Figure 2): first upon ligand binding, the

acquisition and/or coalescence of ordered membrane

phases in the receptor membrane environment has been

suggested to allow efficient interaction (and activation) of

raft associated src related kinases. This first phase may be

a mainly biophysical lipid-mediated process. The second

phase encompasses the signaling dependent assembly of

a multimolecular protein signaling machinery, leading to

stabilization of receptors in detergent-resistant mem-

branes, a phenomenon mainly driven by protein–protein

interactions (19,20).

These two phases were addressed by Susan Pierce

(Rockville), studying B lymphocyte activation by triggering

BCR (B-cell antigen receptor). She presented important

evidence for the acquisition of an ordered raft-like mem-

brane environment in the first stage of BCR signaling using

the ordered membrane staining DiIC16 fluorescent lipid

dye for energy transfer with BCR-associated fluorescence

probe. Susan also presented data showing that a costimu-

latory signal via complement receptor CD21/CD19

complexes prolonged the lifetime of tyrosine phosphoryl-

ations in DRMs, probably extending the time of active

signaling. Lastly, she described the presence of a pal-

mitoylated tetraspanin molecule CD81 in the BCR-CD19/

CD21 complexes, which may further augment BCR

CD19/CD21 costimulation. This suggests that raft associa-

tion of BCR is composed of contributions of a first (signaling

Lipid-Based Membrane Domains
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independent phase) acquisition of an ordered membrane

environment followed by the second (signaling dependent)

formation ofmultiprotein signalingmachinerywhich stabilizes

DRM association.

Barbara Baird (Ithaca) studied how engagement of IgE

receptors couples to activation of Lyn src related kinase

and activates signaling in mast cells. She suggested an

alternative flavor for phase 1 of IR signaling, namely that

clustering of IgE receptors (FceRI) by antigen causes coales-

cence of FceRI with active Lyn in lipid rafts. This raft

environment promotes Lyn activity by protecting Lyn

activation site Tyr 397 from dephosphorylation. In CHO

cells, expressed Lyn is highly active in a constitutive

fashion, resulting in a high level of basal phosphorylation

of FceRI. Co-expression of the transmembrane tyrosine

phosphatase PTPalpha (21) reconstitutes antigen-dependent

phosphorylation of FceRI. A raft-associating variant of

PTPalpha suppresses Lyn activity but fails to reconstitute

antigen-dependent signaling. Also, Petr Draber (Prague)

studied membrane domains in mast cells. He reported

that when Lyn colocalized with aggregated FceRI, there
was no colocalization of Lyn with aggregated GPI-anchored

protein Thy-1. Cholesterol depletion induced tyrosine phos-

phorylation of several substrates and markedly enhanced

secretory responses elicited by cross-linking of both FceRI
and Thy-1. Moreover, he presented data indicating that pre-

incubation of cells with GM1 and other gangliosides did not

inhibit tyrosine phosphorylation of FceRI and LAT adaptor,

but inhibited tyrosine phosphorylation of PLCg, and all sub-

sequent events in IgE receptor signaling. Thy-1-mediated

secretory response in ganglioside-pretreated cells was

not affected.

Hai-Tao He (Marseille) introduced detergent Brij 98 resis-

tant membranes from mouse T cells. This detergent leaves

raft markers insoluble even at 37 �C, while solubilizing non-

raft markers. He showed that these DRMs, prepared from

mouse T cells, have the typical signature of TX100 DRMs

concentrating GPI-anchored proteins and sphingolipids.

Interestingly, these DRMs also contained TCR and active

src-related kinases and raft-associated adaptors (22).

Using a detergent-free method to immunoisolate TCR (T-

cell antigen receptor) signaling plasma membrane

domains,ThomasHarder (Oxford) studied themultimolecu-

lar signaling machinery that forms following activation of

the TCR. He showed that the formation of these dynamic

signaling domains is driven by the formation of multiprotein

complexes which form by cooperative assembly of multiple

SH2 SH3 adaptors and phospholipase C at the site of TCR

triggering (23).

Antonella Viola (Padova) showed that a CFP- inner leaflet

raft marker accumulated in the contact zone of resting

human T cells to antigen-presenting cells. This was only

Figure 2: Model of two phases

of raft membrane domains

involvement in immune recep-

tor (IR) signaling. (I) Induced

phase miscibility: Engagement

of IR may trigger transition of its

membrane environment to form an

ordered membrane-phase miscible

with membrane environment of

DRM-associated myristoylated

and palmitoylated Src-kinases.

Facilitated access of raft-associa-

ted Src-kinases to engaged IR

leads to increased phosphory-

lation. An increase in the size of

the raft domains around the IR

may also increase the efficiency.

(II) Formation of multimolecular

signaling assemblies by protein/

protein interactions such as SH2/

SH3-mediated interactions. These

complexes are stably anchored in

detergent-resistant membranes.

Adaptedwith permission from (38).

Harder et al.

816 Traffic 2003; 4: 812–820



observed upon coengagement of the TCR together with

CD28 costimulatory receptor. She suggested that only

CD28 costimulation involved rearrangement of raft mem-

branes, while TCR signaling alone is not associated with

raft rearrangement. Indeed, she showed that in her resting

T-cell system tyrosine phosphorylation elicited by TCR

engagement alone was insensitive to cholesterol extrac-

tion. This may also relate to her observation that colocali-

zation of the TCR-CD3 complex with myr/palm-CFP was

insensitive to cholesterol depletion, suggesting that

ordered membrane domains in the vicinity of antibody

cross-linked TCR do not require cholesterol.

EGF receptor and PDGF receptor tyrosine kinases are like-

wise organized in specific lateral assemblies. Paul van

Bergen en Henegouwen (Utrecht) characterized the lipid

requirements for the formation of the high-affinity dimerized

EGF receptor. By in vitro reconstitution and by FLIM energy

transfer measurements, he showed that the dimeric form

strongly depended on the presence of cholesterol in the

membrane. This showed an important example of interplay

between lipid- and protein-mediated interactions to form

functional receptor complexes. Janos Szollosi (Debrecen)

presented oligomers formed by EGFR family members

ErbB2 and ErbB3 using energy transfer measurements

and scanning near-field optical microscopy. He showed

two levels of lateral organization: first ErbB2 and 3 dimeriza-

tion and, second, larger clusters with several hundred

receptors which colocalized with CTxB-stained GM1 (24).

The small GTPase Rac is an important regulator of actin

rearrangement following integrin signaling. Miguel del Pozo

(La Jolla) presented targeting of GTP Rac into raft membrane

domains. In order to study the relationship to rafts, he stimu-

lated nonadherent cells with GM1 binding beads. Activated

Rac concentrated at the contact regions of these beads. He

showed that Integrins regulated lipid raft assembly in the

plasma membrane via an effect on the protein caveolin-1.

These observations provide a way to understand mechan-

isms by which signaling centers generated by cross-linked

raft domains couple to the actin cytoskeleton.

Bice Chini (Milano) presented an interesting indication of

raft domains regulating the coupling of seven-span recep-

tors to heterotrimeric G-proteins. She studied the effects

of targeting the seven-span Oxytocin receptor (OTR) into

DRM domains by fusing it to caveolin 2. The OTR couples

to Gaq/11 and mediates an inhibitory effect on prolifera-

tion, which is sensitive to pertussis toxin treatment. Inter-

estingly, the cav2 chimeric receptor induced a proliferation

in response to oxytocin treatment. The proliferative

response transduced by OTR-cav2 was not sensitive to

pertussis toxin, suggesting that distinct effects of oxytocin

stimulation via WT and OTR-cav2 were caused by receptor

coupling to different heterotrimeric G proteins (25).

Agnese Mariotti (Lausanne) studied the correlation

between the progression in malignancy of melanoma

cells and the partitioning of integrins and N-cadherin into

DRMs. Malignant radial growth phase (RGP) melanoma

cells and more aggressive vertical growth phase (VGP)

melanoma cells exhibited differential partitioning of integrins

and N-cadherin into DRMs.

Richard Anderson (Dallas) showed that signaling cas-

cades via PDGF receptors lead to MAPK activation in a

caveolar membrane fraction. He reported that cholesterol

depletion causes activation of Erk-1 and 2 and presented

an explanation for this, at first sight, paradoxical observa-

tion: his group succeeded in purifying a large cytoplasmic

Erk phosphatase complex containing PP2A and HePTP.

The integrity of this complex depended on the presence

of cholesterol, providing an explanation of why cholesterol

depletion induced the activation of MAP kinases (26).

Rafts in Pathology

Internalization, intracellular trafficking, and processing of

pathogens have been tightly linked to raft domains. Rafts are

thought to help binding of multimeric toxins, to serve as con-

centration devices to promote oligomerization, andmay func-

tion as platforms for pathogen internalization and budding.

In her EMBO Young Investigator Lecture, Gisou van der

Goot (Geneva) described how different bacterial toxins

have evolved to attack cells by binding raft components.

Anthrax toxin contains three subunits: the protective

antigen (PA), the metalloprotease lethal factor (LF) and

the edema factor (EF). LF, which cleaves MAPKinases,

and EF, an adenylate cyclase, have to enter the cell’s

cytoplasm in order to exert their toxic function. This is

initiated by an internalization step that is mediated by PA.

PA binds to the anthrax toxin receptor (ATR) and is cleaved

by furin, leading to the formation of a PA heptamer. This

forces heptamerization of ATR, which triggers its DRM

targeting and endocytosis. The DRM translocation upon

clustering may resemble phase 1 of IR triggering (Figure 1).

The internalization of the ATR occurs via clathrin-coated

structures independently of caveolae, by a dynamin/eps 15

dependent process (27).

Ludger Johannes (Institut Curie, Paris) analyzed internal-

ization of Shiga toxin via its receptor glycosphingolipid Gb3/

CD 77, and followed the steps of its retrograde transport via

the early endosomes and the Golgi into the ER. Transport

from the early endosome to the TGN occurs via DRMs,

probably involving VAMP-3 and -4 SNARE microdomains

(28). Ludger moreover focused on clathrin-coated-vesicle-

mediated membrane sorting in Shiga toxin transport. He

presented the down-modulation of clathrin expression by

siRNA and the analysis of clathrin distribution on whole-

mount specimens. Together with data obtained by a

permeabilized cell assay for Shiga toxin transport to the

TGN, a connection is drawn between clathrin function at

several levels in the cell and retrograde transport.

Lipid-Based Membrane Domains

Traffic 2003; 4: 812–820 817



Albert Taraboulos (Jerusalem) presented the involve-

ment of raft membrane domains in the formation of prions,

the causative agents of transmissible spongiform

encephalitis. Both isoforms of the prion protein, PrPC and

PrPSc, have a GPI anchor, and thus both are in rafts. It is

believed that the pathogenic PrPSc protein forces the con-

version of the nonpathogenic PrPC into the toxic b-sheet
conformation of PrPSc. PrPC can be patched by cross-linking.

Interestingly, in the ScNa neuroblastoma cell system,

the conversion of PrPC to PrPSc was sensitive to cholesterol

depletion but was stimulated by sphingolipid

down-modulation by sphingomyelinase or fumonisin treat-

ments. PrPC DRMs and PrPSc DRMs floated to different

densities in a gradient centrifugation; hence, Albert sug-

gested that these proteins associate primarily with different

typesof raftmembranedomains.Albert presented theattract-

ive idea that the conversion is facilitated by approximation of

the prion protein isoforms in membrane microdomains.

Cells internalize SV40 virus via caveolae. In his talk, Ari

Helenius (Zürich) suggested that after binding of the virus

to the cell surface the virus is trapped in caveolae, leading to

a cascade of signaling events. This triggers dynamin-, actin-

and cholesterol-dependent virus internalization. The intern-

alized virus moves via the caveosome compartment to the

ER. The sorting mechanisms are under investigation. Inter-

estingly, SV40 causes recruitment of GFP Arf1 to the

caveosome, possibly indicating a COP1 involvement in the

retrograde transport. Moreover, overexpression of a consti-

tutively active variant of rab5 trapped the virus in the early

endosome. Ari showed that SV40 is also internalized in cells

from caveolin-1 knock-out mice. Here, the internalization

may follow a different molecular mechanism, as it was

insensitive to actin disruption and dynamin dominant

negative mutants. It appears that virus internalization

involved a caveosome-like compartment in the cav-1

knock-out cells.

Lipid Transport and Cholesterol

Sterols, such as cholesterol in animal cells and ergosterol

in yeast, are essential elements in membrane organization.

Teymuras Kurzchalia (Dresden) presented Caenorhabditis

elegans as an amazing sterol auxotroph organism which

appears to get along with very low amounts of sterol lipids.

Observing a phenotype caused by starving C. elegans of

cholesterol required some effort to remove residual sterols

out of the propagation system. Only after one generation

was the ergosterol-starving phenotype, growth arrest,

observed – caused by its inability to shed its cuticle at the

L2 stage of larval development. This is most likely due to an

endocrine problem caused by the lack of a steroid hormone

for which the search is ongoing. But how do the worms

survive without sphingolipid cholesterol raft domains?

Possibly they compensate the defect by branched side

chains on their sphingolipids allowing the necessary fluidity

of their membranes.

Elina Ikonen (Helsinki) studied efflux of cholesterol bio-

synthetic precursors using serum and methyl b-cyclodex-
trin as acceptors. She found that lathosterol and

particularly zymosterol precursors were more efficient in

the efflux from cells than cholesterol. Moreover, the newly

synthesized precursor lathosterol was more rapidly incor-

porated into DRMs (29). She presented the lipids of virus

particles from fibroblasts of patients with a Niemann-Pick

C (NPC) cholesterol storage disease. In Influenza and Vesi-

cular Stomatitis Virus virions propagated in NPC fibro-

blasts, cholesterol and also polyunsaturated fatty acids

were enriched, possibly representing a compensatory

mechanism to ensure proper membrane fluidity (30).

Membrane Sorting and Polarity

One of the earliest sprouts of the raft hypothesis was the

concept of glycolipid assemblies forming the platform for

apical transport and polarization of epithelial cells.

Again, yeast genetics provides extremely powerful tools to

dissect principles of raft lipid organization, its effect on

membrane sorting/transport, and finally cell polarity.

Roger Schneiter (Fribourg) went into the oily part of the

question by studying the genetic interaction of a mutant

deficient in the last elongation step of the fatty acid of

ceramide generating a C26 chain. Interestingly, this

mutant was lethal in conjunction with a deficiency in adding

a specific methyl group to ergosterol, the yeast sterol lipid

analogous to the cholesterol in mammalian cells. This pro-

vides important evidence for the highly specific interac-

tions of sterols and sphingolipids. Moreover, this double

mutant exhibited a specific defect in DRM association of

the plasma membrane Hþ ATPase, leading to its missort-

ing and degradation in the vacuole (31).

Work of Howard Riezman’s (Geneva) group has shown

that the GPI-anchored protein, Gas1p, segregates into dis-

tinct carriers upon exit from the endoplasmic reticulum

(ER), and that this mechanism depends upon previously

described tethering factors and SNAREs. He showed that

stable association of Gas1p with ER membranes requires

ceramide synthesis (32).

Mating signals generate the polarized ‘shmoo’ morphology

in the Saccharomyces cerevisiae yeast cell. Kai Simons

(Dresden) showed that GPI-anchored proteins concentrate

in the polar surface projection of the shmoos and that

mutants of raft lipid sphingolipid and ergosterol synthesis

are defective in shmoo formation and mating (33). Clearly,

yeast genetics will continue to help unravel the complex

interplay between raft lipid- and protein-mediated organiza-

tion of membrane sorting and cell polarity. Following this line,

Kai Simons discussed the role of glycosylations in yeast

in biosynthetic membrane transport and polarity, testing

the hypothesis that glycosylated proteins interact with
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lectins to organize membrane subdomains as platforms for

sorting.

The picture becomes more complicated in animal cells.

Carlos Martinez-A (Madrid) put forward a concept of

selectively polarized U and L rafts in the migrating T cell:

T lymphocytes migrate in response to chemotactic stimuli

and exhibit an intriguing segregation of raft markers into

the leading edge (L rafts concentrating chemokine recep-

tors, GM-3) and the uropod (U rafts concentrating ICAM-1

and GM-1) at the opposite poles of the cells (34). He

provided evidence for an enhanced formation of D 3,4,5

phosphorylated PI in the leading edge and suggested that

this gradient drives a polarization process via myosin/actin

driven process.

Chiara Zurzolo (Naples) provided evidence for a clustering

dependent sorting of GPI-anchored proteins in polarized

epithelial Fisher Rat Thyroid (FRT) cells. In FRT cells, dif-

ferent GPI-anchored proteins are differentially sorted,

showing that the GPI anchor is not a sufficient apical

targeting signal. GPI-anchored placental alkaline phospha-

tase (PLAP) is targeted to the apical membrane in FRT

cells. Upon biosynthetic pulse, PLAP becomes TX-100

insoluble and forms high molecular weight complexes

(HMWC), in contrast to basolaterally sorted GPI-anchored

proteins that are not able to form HMWC, although TX-100

insoluble.

Richard Pagano (Rochester) summarized the evidence for

the caveolar endocytosis of fluorescent glycosphingolipid

(GSL) analogs, including BODIPY-Lactosylceramide (Lac-

Cer), in multiple cell types. Data were also presented

showing that treatment of cells with exogenous GSLs

(natural or synthetic) can selectively stimulate internaliza-

tion through caveolae. Deepak Sharma, from Pagano’s

group, presented a Poster using the monomer-excimer

properties of BODIPY-LacCer to study the formation

of GSL microdomains in early endosomes of living cells

(35).

George Banting (Bristol) described the protein BST-2/

HM1.24, and demonstrated that this protein contains two

modes of membrane anchorage: a transmembrane region

and a GPI anchor (36). This protein cycles between the cell

surface and intracellular location (probably the TGN) is

delivered to the apical membrane of hepatocytes and is

apparently internalized via both clathrin-dependent and

clathrin-independent pathways.

In her presentation,AngelaWandinger-Ness (Albuquerque)

discussed the role of rab7 in the regulation of late

endosomal membrane microdomains that may be import-

ant for invagination of multivesicular late endosomes.

Internalized EGFR and MHC class II molecules in MHC

class II presenting cells localize to these internal struc-

tures. hVps34 is a phosphatidylinositol (PI) 3 kinase

which catalyses formation of PI 3 phosphate, a lipid

species which recruits proteins carrying FYVE domains

to early endosomal membranes. On early endosomes,

hVps34 is in a complex with Rab5 and p150. It is

known that antibodies to hVps34 inhibit the internaliza-

tion of EGFR into multivesicular endosomes (37). Angela

addressed the role rab7 in targeting and function of

vps34 on late endosomes, providing evidence for a

complex between rab7, hVps34 and p150. Overexpres-

sion of nucleotide free rab7 inhibited hVPS34 kinase

activity on late endosomes and reduced the level of

internal membranes in rab7-positive endosomes.

Koret Hirschberg (Tel Aviv) utilized photoactivated GFP to

follow movement and segregation of GFP-tagged cargo

molecules through the Golgi apparatus. He compared the

biosynthetic transport route of VSV-G, collagen GFP and

signal sequence-GFP. Measurement of loss of fluorescence

from the unbleached Golgi apparatus, or, alternatively, from

photoactivated-GFP tagged cargo in the Golgi, show that

the markers rapidly equilibrate within the Golgi. This equili-

bration was observed also upon depletion of ATP. His data

suggested that the Golgi is one compartment. However,

ATP depletion abolished the time-dependent segregation of

the VSV-G cargo from Golgi-resident marker GalT.

Conclusions

The physical term of membrane phases can clearly be

applied to biological membranes; however, this meeting

has clearly shown that the liquid ordered/liquid disordered

biphasic systems in artificial membranes are not sufficient

to describe lateral compartmentalization of cell mem-

branes. A large number of proteins were presented

which will scaffold protein assemblies and organize func-

tional membrane domains, and the next phase most likely

will require understanding of the organizing principles for

each biological activity associated to a membrane domain.
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