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Abstract
The distribution of raft markers in curved membrane exvaginations and invaginations, induced in human erythrocytes by
amphiphile-treatment or increased cytosolic calcium level, was studied by fluorescence microscopy. Cholera toxin subunit B
and antibodies were used to detect raft components. Ganglioside GM1 was enriched in membrane exvaginations (spiculae)
induced by cytosolic calcium and amphiphiles. Stomatin and the cytosolic proteins synexin and sorcin were enriched in
spiculae when induced by cytosolic calcium, but not in spiculae induced by amphiphiles. No enrichment of flotillin-1 was
detected in spiculae. Analyses of the relative protein content of released exovesicles were in line with the microscopic
observations. In invaginations induced by amphiphiles, the enrichment of ganglioside GM1, but not of the integral
membrane proteins flotillin-1 and stomatin, was observed. Based on the experimental results and theoretical considerations
we suggest that membrane skeleton-detached, laterally mobile rafts may sort into curved or flat membrane regions
dependent on their intrinsic molecular shape and/or direct interactions between the raft elements.
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Introduction

The normal discoid shape of human erythrocytes

(discocyte) can be transformed under the influence

of different agents to a crenated shape (echinocyte),

characterized by membrane protrusions or spiculae

emerging from a rounded cell body, or an invagi-

nated shape (stomatocyte). These shape transforma-

tions can further lead to the formation of exovesicles

and endovesicles, respectively. The bilayer-couple

hypothesis by Sheetz and Singer proposed that these

shape changes were due to small surface area

changes of one of the membrane leaflets (Sheetz &

Singer 1976). A strong theoretical support for this

hypothesis has been provided (Iglič 1997, Iglič &

Hägerstrand 1999, Mukhopadhyay et al. 2002, Lim

et al. 2002). In line with the bilayer-couple hypoth-

esis is the finding that cationic amphiphiles, which

preferentially partition in the inner leaflet due to the

higher amount of negatively charged lipids, induce a

stomatocytic shape whereas anionic amphiphiles

induce an echinocytic shape (Deuticke 1968,

Hägerstrand et al. 2004). Echinocytic shape trans-

formation and the release of exovesicles can also be

induced by intrinsic membrane processes associated

with the rise of cytosolic calcium (Allan et al. 1980).

This calcium-induced shape change is probably due

to a calcium dependent scramblase activity mediat-

ing the redistribution of membrane phospholipids

between the inner and the outer membrane leaflets

(Lin et al. 1994). The translocation rate for sphin-

gomyelin, a membrane lipid preferentially located at

the outer leaflet, is much slower than for glyceropho-

spholipids which is thought to be the cause of the

expansion of the outer membrane leaflet and the

echinocytic shape transformation (Smeets et al.

1994, Kamp et al. 2001). However, other calcium-

induced processes such as the breakdown of phos-

phoinositides and cell volume shrinking might also
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contribute to the shape change (Allan & Thomas

1981).

Rafts have been described as mobile sphingolipid-

and cholesterol-based microdomains in the mem-

brane that vary in composition and size (6�50 nm in

diameter) (Pralle et al. 2000, Prior et al. 2003,

Sharma et al. 2004, Plowman et al. 2005). They host

specific proteins and can coalesce into larger, func-

tional domains (Simons & Toomre 2000, Simons &

Vaz 2004). The existence of independent inner

membrane leaflet rafts with different physical prop-

erties than those in the outer leaflet has also been

indicated (Devaux & Morris 2004). Rafts are

thought to play roles in budding and vesicle forma-

tion associated with endocytic and exocytic trans-

port routes (Ikonen 2001, Huttner & Zimmerberg

2001). The local clustering of rafts, with a pre-

ference for high spherical curvature, and the con-

comitant local shape changes may be strongly

coupled as a part of the driving mechanism of the

vesicle budding. In human erythrocytes, recruitment

of raft-associated components has been reported in

membrane exovesicles induced by increased intra-

cellular calcium level (C-vesicles) (Salzer et al. 2002)

and in malarial endovacuoles (Murphy et al. 2004).

While malarial vacuolar invaginations are enriched

in the integral raft protein flotillin-1 (Murphy et al.

2004), enrichment of integral raft protein stomatin

and cytosolic proteins sorcin and synexin was

detected in C-vesicles (Salzer et al. 2002). These

findings are in line with the concept of coexistence of

compositionally distinct lipid microdomains in a

given membrane (Ikonen 2001) and may be taken

to indicate a sorting of raft components due to

inward or outward membrane curvature.

To shed further light on the preference of different

rafts for inward or outward membrane curvature, we

studied by fluorescence microscopy the distribution

of raft markers in human erythrocyte membrane

exvaginations and invaginations induced by amphi-

philic compounds or increased cytosolic calcium

level. In addition, the relative abundance of some

raft and non-raft associated membrane proteins in

released erythrocyte exovesicles was studied.

Materials and methods

Chemicals

Chlorpromazine hydrochloride (C-8138), Triton

X-100 (T-8787), ionophore A23187 (C-7522), and

fish skin gelatin (Fsg, G-7041) were obtained from

Sigma, 3-(dodecyldimethylammonio)-1-propanesul-

phonate (dodecylzwittergentR, 693015) from Cal-

biochem and dodecylmaltoside (44205) from Fluka.

Cholera toxin subunit B-Alexa (CT-B, C-34776),

Bodipy FL C5-ganglioside GM1 (GM1-BODIPY,

B-13950) and Alexa-rabbit anti-mouse IgG (A-

11029) were from Molecular Probes. Monoclonal

antibody against stomatin is described in Hiebl-

Dirschmied et al. (1991). Monoclonal antibodies

against flotillin-1 (610820) and synexin (annexin

VII, 610668) were from BD Biosciences Pharmin-

gen, monoclonal antibody against sorcin (33-8000)

from Zymed and monoclonal antibodies against

band 3 (B-9277) and spectrin (S-3396) from Sigma.

Isolation of erythrocytes

Blood was drawn from the authors (H.H., L.M.)

and other healthy donors by venipuncture into

heparinized tubes. Blood was washed three times

with buffer (145 mM NaCl, 5 mM KCl, 4 mM

Na2HPO4, 1 mM NaH2PO4, 1 mM MgSO4, 1 mM

CaCl2, 10 mM glucose, pH 7.4). Erythrocytes were

suspended in the buffer at a cell density of 1.65�/109

cells/ml. Cells were stored at �/48C and used usually

within 5 h.

Staining with raft markers

For CT-B (and GM1-BODIPY) staining in invagi-

nated erythrocytes, cells (1.65�/108 cells/ml,

�/1.5% haematocrit) were blocked with Fsg (1%,

30 min, room temperature (RT)), stained with CT-B

(1 mg/ml in the buffer, 1/125, 15 min, RT) or GM1-

BODIPY (0.5 mg/ml in dimethylsulfoxide, 1/100, 30

min, RT), washed twice and treated with amphi-

phile. 7 ml of the cell suspension was settled (10 min,

RT) on a polylysine-treated (0.1 mg/ml, 10 min,

washing and drying) cover glass and fixed in 3%

paraformaldehyde (PFA) on ice for 20 min. After

washing, cells were mounted on 80% glycerol. The

cover slips were sealed with nail polish.

For CT-B and GM1-BODIPY staining in exvagi-

nated cells, erythrocytes were treated with amphi-

phile or A23187 and fixed in 3% PFA on ice for 30

min. Following staining with CT-B or GM1-BOD-

IPY as above, cells were washed twice, settled,

washed and mounted.

For flotillin-1, stomatin, sorcin and synexin stain-

ing, cells were treated with amphiphile or A23187.

Cells were fixed in 3% PFA on ice for 5 min and

then fixed and permeabilized in dry methanol on ice

for 10 min. Following washing, cells were settled on

polylysine-treated cover glasses and washed. After

blocking and washing as above, cells were incubated

with the primary antibody (1/20 for flotillin-1,

stomatin, synexin, 1/100 for sorcin, 60 min, RT).

After washing, cells were incubated with the fluor-

ophore conjugated secondary antibody (1/200,
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0.05% Fsg, 60 min, RT). After washing, cover slips

were mounted as above.

Amphiphile and A23187 treatment

Erythrocytes were treated with stomatocytogenic

amphiphiles (5/130 mM chlorpromazine or

5/0.008% Triton X-100, 60 min, 378C) or echino-

cytogenic amphiphiles (5/263 mM dodecylzwitter-

gent or 5/44 mM dodecylmaltoside, 30 min, 378C)

or ionophore A23187 (5/10 mM, 5�10 min, 378C,

calcium 1-3.8 mM) at sublytic concentrations

previously shown to induce either membrane inva-

gination (stomatocytosis) and formation of endove-

sicle-like invaginations, or membrane exvagination

(echinocytosis, spiculation) and formation of exove-

sicles (Hägerstrand & Isomaa 1989, 1992, Häger-

strand et al. 2000), respectively. The morphology of

treated erythrocytes was checked by transmission

light microscopy.

Microscopy

Samples from several separate experiments were

studied using a Leica DM RXA microscope

(100�//1.4 aperture immersion oil objective, 10�/

ocular). Treated stained cells were compared to

untreated stained cells and cells treated with the

secondary antibody only. Images were acquired with

a Leica DC300F CCD-camera. Transmission and

scanning electron microscopy was performed as

previously described (Hägerstrand & Isomaa 1992).

Preparation of exovesicles

C-vesicles (also termed microvesicles) were prepared

as described (Salzer et al. 2002) with slight mod-

ifications. Briefly, erythrocytes were resuspended in

9 volumes TBS (10 mM Tris-Cl, 150 mM NaCl, pH

7.5) containing 100 mM CaCl2 and 5mM ionophore

A23187 and incubated at 378C for 30 min with

constant shaking. After addition of EDTA to a final

concentration of 5 mM, the erythrocytes were

pelleted at 15,000 g for 25 sec. The supernatant

was centrifuged at 15,000 g for 30 min and the

pelleted C-vesicles were washed once in TBS and

then resuspended in an appropriate volume of TBS

for further analysis.

Dodecylmaltoside-induced vesicles (M-vesicles)

and dodecylzwittergent-induced vesicles (Z-vesicles)

were prepared as described (Hägerstrand & Isomaa

1989) with slight modifications. Briefly, erythrocytes

were resuspended in TBS containing either 40 mM

dodecylmaltoside or 268 mM dodecylzwittergent at a

haematocrit of 1.5% and incubated at 378C with

constant shaking for 30 min. Erythrocytes were

pelleted at 2,500 g for 10 min and the resulting

supernatant was centrifuged at 27,000 g for 40 min.

The pelleted M- or Z-vesicles were washed once in

TBS and then resuspended in an appropriate

volume of TBS for further analysis.

Protein analyses

Protein samples were analyzed by gel electrophor-

esis, silver staining, immunoblotting with the

indicated antibodies, and determination of acetyl-

cholinesterase (AChE) activity, respectively, as

previously described (Salzer et al. 2002).

Results

Shape alteration

Certain amphiphilic compounds like dodecylmalto-

side and dodecylzwittergent, as well as an increased

cytosolic calcium level, induce membrane exvagina-

tion (echinocytosis, spiculation), including budding

and release of small exovesicles in human erythro-

cytes, while other amphiphilic compounds like

chlorpromazine and Triton X-100 induce large

membrane invaginations (stomatocytosis) and

formation of small endovesicle-like invaginations.

Figure 1A shows the exvaginated shape of erythro-

cytes treated with ionophore A23187 plus calcium.

The spiculae are distributed around the spheroid

main body of the cell. Membrane buds, apparently

in the process of being released, can be seen on the

tips of spiculae. Figure 2A shows that virtually all

cells in a chlorpromazine-treated population contain

small endovesicle-like invaginations. These are often

concentrated in the large primary stomatocytic

pocket (invagination).

Raft markers and exvagination

A marked enrichment of stomatin, sorcin, and

synexin was detected in calcium-induced erythrocyte

spiculae (Figure 1B1, 1C1 and 1D1). Particularly

sorcin and synexin appear to accumulate on the tips

of spiculae. In spiculae induced by dodecylmaltoside

and dodecylzwittergent no increased level of stoma-

tin, sorcin or synexin was observed (Figure 1B2,

1B3, 1C3 and 1D2). A patchy appearance of

stomatin on the spheroid main body of amphi-

phile-treated erythrocytes indicates that membrane

aggregation of stomatin had occurred (Figure 1B2,

dodecylmaltoside). Signs of membrane patching

(and binding) of sorcin and synexin were observed

in amphiphile-treated cells at high amphiphile con-

centrations (Figure 1C3 inset, sorcin/dodecylmalto-

side). This is apparently due to calcium leakage

into the cells. There was no consistent enrichment

of flotillin-1 detected in calcium- or amphiphile-
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induced spiculae, however, these treatments induced

membrane patching of flotillin-1 on the spheroid

main body of the cell (not shown, Figure 2D1). In

both, calcium- and amphiphile-treated cells, as well

as ATP-depleted cells (not shown), enrichment of

CT-B in spiculae was indicated (Figure 1E1, 1E2

and 1E3). This enrichment appeared most obvious

in calcium-treated cells. GM1-BODIPY stained

spiculae of calcium- and amphiphile-treated cells,

but no enrichment was detected (not shown). Thus,

GM1-BODIPY is not a marker of rafts sorting into

outward curved membranes. It should be noted that

in all of the studied spiculated cells some exovesicu-

lation has probably already occurred.

Raft markers and invagination

Our experiments indicate that the ganglioside GM1-

staining raft marker CT-B (Harder et al. 1998) and

GM1-BODIPY (Janes et al. 1999) distribute and

even enrich in invaginations induced by chlorpro-

mazine (Figure 2B1 and 2C1) and Triton X-100

(Figure 2C2). No enrichment of flotillin-1 (Figure

2D1) or stomatin (Figure 2E1), sorcin or synexin

Figure 1. Distribution of raft markers in human erythrocyte membrane exvaginations (spiculae).

Scanning electron micrograph showing exvaginated human erythrocytes following incubation with ionophore A23187 (1 mM, 10 min,

378C) in the presence of 3.8 mM calcium (A). Immunocytochemical detection of stomatin in erythrocytes treated with A23187 plus

calcium (B1), dodecylmaltoside (B2), dodecylzwittergent (B3) and untreated (B4). Immunocytochemical detection of sorcin in

erythrocytes treated with A23187 plus calcium (C1), dodecylmaltoside (C3, in inset permeable cells) and untreated (C4). C2 is a

transmission light micrograph showing the mainly sphero-echinocytic shape of erythrocytes shown in C1. Immunocytochemical detection

of synexin in erythrocytes treated with A23187 plus calcium (D1), dodecylmaltoside (D2) and untreated (D3). Detection of ganglioside

GM1 by cholera toxin subunit B staining of erythrocytes treated with ionophore A23187 plus calcium (E1), dodecylzwittergent (E2) and

dodecylmaltoside (E3). Notably, the magnification is larger in A than in other micrographs. This Figure is reproduced in colour in Molecular

Membrane Biology online.
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(not shown), was detected in chlorpromazine-in-

duced invaginations. A patchy appearance of flotil-

lin-1 and stomatin in chlorpromazine-treated cells

indicates the membrane coalescence of flotillin-1

and stomatin (Figure 2D1 and 2E1). In some

instances, flotillin-1 seemed to sort around the

mouth of the primary stomatocytic invaginated

pocket (not shown). In control cells, CT-B and

GM1-BODIPY had an even, highly dispersed dis-

tribution (Figure 2B2 and 2C3), while flotillin-1 and

stomatin showed a dotted distribution (Figure 2D2

and 2E2).

Raft markers and exovesiculation

In order to study the differential segregation of

membrane proteins during dodecylmaltoside-, do-

decylzwittergent- and calcium-treatment by a com-

plementary method, we isolated exovesicles shed by

the erythrocytes upon these treatments and com-

pared the relative amounts of several membrane

marker proteins (Figure 3). As most of the exove-

sicles probably originate from the tips of membrane

protrusions (Kralj-Iglič et al. 2005), the membrane

protein content of the released vesicle reflects the

local membrane protein composition of the protru-

sions’ tips. The protein composition of the different

vesicles and the parent erythrocyte membranes is

shown in Figure 3. In accordance with previous

results (Allan et al. 1980, Hägerstrand & Isomaa

1994, Salzer et al. 2002), the glycosylphosphatidy-

linositol (GPI)-anchored protein AChE, which is a

raft marker located at the exoplasmic side of the

membrane, is found to be highly enriched in all three

types of highly curved exovesicles. The vesicular

aliquots were normalised to AChE activity to show

the differences in the depletion of the respective

proteins relative to this raft marker. All types of

Figure 2. Distribution of raft markers in human erythrocyte membrane invaginations. Transmission electron micrograph showing

invaginated human erythrocytes following incubation with chlorpromazine (100 mM, 60 min, 378C) (A). Clustered endovesicle-

like invaginations are seen. Cholera toxin subunit B staining of gangliosides in erythrocytes treated with chlorpromazine (B1) and

untreated cells (B2). Ganglioside GM1-BODIPY staining of erythrocytes treated with chlorpromazine (C1), Triton X-100 (C2)

and untreated cells (C3). Immunocytochemical detection of flotillin-1 in erythrocytes treated with chlorpromazine (D1) and untreated

cells (D2). Immunocytochemical detection of stomatin in erythrocytes treated with chlorpromazine (E1) and untreated cells (E2). Notably,

the magnification is larger in A than in other micrographs. This Figure is reproduced in colour in Molecular Membrane Biology

online.
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vesicles are strongly depleted of the peripheral

membrane protein band 6 and the membrane

skeletal components spectrin, band 4.1, band 4.2

and actin (Figure 3, silverstain). Band 3 and the

major integral raft components stomatin and flotil-

lin-2 are present in the vesicles (Figure 3, Western

blot), however, the different relative amounts of

these proteins in the vesicles indicate a differential

segregation of these components during the vesicu-

lation processes. The relative abundance of these

proteins in vesicles and ghosts was assessed by

quantitative Western blotting (data not shown) and

the respective protein/AChE ratios were calculated

(Table I). Flotillin-2 is similarly depleted in all three

types of vesicles and band 3 is more abundant in C-

than in M- and Z-vesicles. The stomatin/AChE ratio

in C-vesicles is three times higher than in M- and Z-

vesicles. This different vesicular abundance of sto-

matin corroborates the microscopy data, showing

that stomatin is enriched in the calcium-induced

spiculae but not in spiculae obtained after dodecyl-

maltoside or dodecylzwittergent treatment. Synexin

is present in C-vesicles but absent from untreated

erythrocyte membranes and M- and Z-vesicles,

thereby indicating that an elevated cytosolic calcium

level is a prerequisite to its membrane and vesicular

localization.

Discussion

To learn about the principles governing the lateral

segregation and the organization of erythrocyte rafts,

we investigated the distribution of raft markers in

erythrocyte membrane exvaginations induced by

different echinocytogenic stimuli, and also their

relative enrichment in the released exovesicles. Our

results show that these stimuli, that is amphiphile-

treatment or increased cytosolic calcium level, affect

the sorting of raft components during exvagination

(Table II) and subsequent vesicle release (Table I) in

a different manner.

In this work we suggest that membrane curvature

is a driving mechanism for the lateral segregation of

different rafts. As outlined in the Appendix, laterally

mobile membrane components preferentially distri-

bute into energetically favorable curved membrane

regions according to the intrinsic shape of the

molecule or the molecular ensemble (Figure 4).

Additionally, attractive forces between the rafts may

further enhance the segregation process leading to

the formation of larger raft domains within the

Figure 3. Different membrane protein composition of ghosts

compared to M-, Z- and C-vesicles.

Erythrocytes were treated with dodecylmaltoside, dodecylzwitter-

gent, or calcium/A23187, and the vesicles were prepared as

described in the text. C-vesicles (C), M-vesicles (M), Z-vesicles

(Z) and erythrocyte membranes (Gh) were analysed for AChE

activity. Aliquots of the vesicles (normalized to AChE activity) and

of the erythrocyte membranes (containing one third of the

vesicular AChE activity (lowest panel in arbitrary units)) were

analysed by 11% polyacrylamide gel electrophoresis/silver staining

(upper panel), and immunoblotting (lower panels), as indicated.

This Figure is reproduced in colour in Molecular Membrane

Biology online.

Table I. Differential segregation of membrane proteins into erythrocyte vesicles.

Ghosts Z-vesicles M-vesicles C-vesicles

Band 3/AChE 1.00 0.079/0.02 0.109/0.02 0.159/0.04

Flotillin-2/AChE 1.00 0.079/0.03 0.109/0.02 0.109/0.04

Stomatin/AChE 1.00 0.209/0.05 0.209/0.05 0.609/0.10

Quantitative immunoblotting was performed to assess the relative amounts of the respective proteins in the vesicles and ghosts. The relative

protein/AChE ratios in the vesicles were calculated in relation to the respective ratios in ghosts which are arbitrarily set to 1.00. Values were

generated from 3 independent experiments; standard deviations are shown by9/.
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curved membrane region (Appendix). However,

apart from membrane curvature, cytoskeletal attach-

ment has also to be considered as a factor influen-

cing the depletion of membrane components from

the membrane skeleton-free membrane protrusions

(Liu et al. 1989) and exovesicles (Allan et al. 1976,

Hägerstrand & Isomaa 1994). For example, the

relative depletion of the band 3 protein from C-

vesicles can be directly correlated with the amount of

membrane skeleton-associated, and therefore later-

ally immobile, band 3 protein (Hagelberg & Allan

1990).

The raft markers under investigation can be

grouped into three classes according to their mem-

brane anchorage and topology. The lipid or lipid-

bound raft markers GM1 and AChE, that are

located at the exoplasmic membrane leaflet, stoma-

tin and the flotillins, that are the major integral

protein raft-components and are exclusively exposed

at the cytoplasmic side of the membrane, and

synexin and sorcin, that have been shown to

translocate from the cytosol to the membrane upon

calcium-binding and are major components of

vesicular rafts (Salzer et al. 2002).

The GPI-anchored protein AChE has been shown

to accumulate both in C-vesicles (Allan et al. 1980)

and amphiphile-induced vesicles (Hägerstrand &

Isomaa 1994 and references therein) and to be

present in rafts of C-vesicles together with stomatin,

synexin, sorcin and GM1 (Salzer et al. 2002). The

highly specific enrichment of AChE in amphiphile

and calcium-induced exovesicles can be seen in

Figure 3 and Table I. The microscopic studies

indicate that also ganglioside GM1 enriches in

calcium- and amphiphile-induced spiculae (Figure

1E1, 1E2 and 1E3). Together, these data suggest

that GM1- and AChE-rich rafts accumulate in

membrane spiculae irrespective of the echinocyto-

genic stimulus, thereby indicating a high mobility of

these types of rafts at the exoplasmic membrane

leaflet. The enrichment of GM1 at the tips of the

echinocyte spiculae and in highly curved exovesicles

is energetically favourable due to the intrinsic conical

shape of GM1 (Hirai et al. 1998, 2003), character-

ized by positive intrinsic curvatures C1m�/0 and

C2m�/0 (see Figure 4 for definition of C1m and

C2m). Similarly, an intrinsic conical shape can also

be assumed for AChE, where a bulky 75 kDa protein

mass is anchored to the outer membrane bilayer by a

single phospholipid (GPI). It can therefore be

expected that the coalescence of GM1- and AChE-

containing rafts in the outer leaflet of membrane

exvaginations (spiculae, buds) and of exovesicles is

promoted by their intrinsic conical shapes and

probably, additionally, by direct interaction (see

also Appendix).

We show that stomatin is markedly enriched in

spiculae of A23187/calcium treated erythrocytes

(Figure 1B1) and C-vesicles (Figure 3, Table I), in

Figure 4. Intrinsic shapes of membrane components. Schematic

figure of different intrinsic shapes (characterized by two intrinsic

curvatures C1m and C2m) of membrane components which may

be single molecules (A,B) or small complexes of molecules (C,D).

Shapes A, C and D are anisotropic, shape B is isotropic.

Table II. Accumulation of raft markers in human erythrocyte exvaginations and invaginations as studied by fluorescence microscopy.

Exvaginations (spiculae) Invaginations

Amphiphile (dodecylzwittergent

and dodecylmaltoside) Intracellular Calcium (A23187) Amphiphile (chlorpromazine)

CT-B �/ �/ �/

GM1-BODIPY �/ �/ �/

Flotillin-1 �/ �/ �/

Stomatin �/ �/ �/

Sorcin �/ �/ �/

Synexin �/ �/ �/

Indications on (�/) enrichment or (�/) no enrichment (but in some cases presence) of raft markers in human erythrocyte exvaginations and

invaginations induced by amphiphiles or A23187 plus calcium.
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accordance with previous results (Salzer et al. 2002,

Salzer & Prohaska 2003). However, no enrichment

of stomatin in spiculae and vesicles is found when

cells are treated with echinocytogenic amphiphiles

(Figure 1B2 and 1B3, Figure 3, Table I). These

findings suggest that also other factors than outward

membrane curvature affect the enrichment of sto-

matin in membrane protrusions. Several speculative

possibilities can be envisaged. (i) Stomatin-specific

rafts are anchored to the membrane skeleton. The

co-isolation of raft markers and cytoskeletal compo-

nents in detergent-resistant membranes suggests an

interaction between the membrane skeleton and

lipid rafts (U.S. and R.P., unpublished observa-

tions). Upon A23187/calcium treatment the stoma-

tin-rafts might detach from the membrane skeleton

and become enriched in the spiculae. (ii) Alterna-

tively, calcium-loading may induce specific modifi-

cations in stomatin-containing rafts which alter their

intrinsic shape and render their accumulation in

highly curved membrane regions energetically more

favourable. Such a regulated intrinsic shape change

of stomatin-specific rafts may be envisaged upon

platelet activation. In resting platelets, stomatin is

predominantly found on the cytosolic side of en-

dovesicles, whereas on activation stomatin becomes

enriched at the luminal side of exovesicles (Mairho-

fer et al. 2002).

Flotillins are absent from spiculae and vesicles

irrespective of the echinocytogenic stimulus (Figure

3, Table I). This may again be due to an incompa-

tible intrinsic membrane curvature of flotillin-speci-

fic rafts and/or cytoskeletal association; apart from

the co-isolation of flotillins and membrane skeleton

in detergent resistant membranes in erythrocytes, a

link of flotillin-2 to the cortical actin cytoskeleton

has also been suggested in other cells (Neumann-

Giesen et al. 2004). Moreover, the patching of

stomatin and flotillin-1 observed on the spheroid

main body of amphiphile-treated cells suggests that

amphiphiles may induce a coalescence of rafts into

large aggregates which restrict their sorting into

highly curved membrane regions (Figure 2D1, 2E1

and 1B2) (see also Harder et al. 1998 and Figure 5).

In this process a direct interaction between rafts may

play an important role (Appendix).

The calcium-dependent raft markers synexin and

sorcin (Salzer et al. 2002) are found at the tips of the

echinocyte spiculae in calcium/A23187-treated cells

(Figure 1C1 and 1D1) and are present in C-vesicles

(Figure 3) whereas upon amphiphile treatment, they

are absent from both the membrane and vesicles

(Figure 1C3, 1D2 and 3). Therefore, it can be

concluded that synexin and sorcin may have a

modulating but not crucial role in membrane bud-

ding and vesicle release. Concerning synexin, a

similar conclusion was drawn from experiments

with synexin-lacking mouse erythrocytes (Herr et al.

2003). Apart from C-vesicles (microvesicles, 180 nm

in diameter), calcium-loaded erythrocytes shed a

small amount of nanovesicles (80 nm in diameter).

Synexin and sorcin were shown to be the major

membrane and raft constituents of these nanovesicles

(Salzer et al. 2002). What is the driving force behind

this strong enrichment of synexin and sorcin-specific

rafts in C-vesicles and especially in nanovesicles? In

line with our theoretical considerations (see Appen-

dix), the specific intrinsic curvatures of synexin might

be a possible explanation. Structural analyses re-

vealed that synexin (Liemann et al. 1997) � similar

to other members of the annexin protein family (Rety

et al. 2005) � has a slightly curved shape with the

calcium- and membrane-binding site(s) lying on the

convex side of the molecule. Synexin-specific rafts

might thus have positive intrinsic curvatures (i.e.,

C1m�/0 and/or C2m�/0) (see also Figure 4) which

may promote the accumulation of synexin-specific

rafts at highly curved membrane regions of budding

nanovesicles (Figure 5).

We also compared the distribution of raft markers

in exvaginated erythrocytes to that in the invaginated

cells (Table II). Membrane invaginations were in-

duced in erythrocytes by stomatocytogenic amphi-

philes (Hägerstrand et al. 2004) which are thought

to induce membrane invaginations due to their

preferential intercalation in the inner leaflet of the

erythrocyte membrane and its consequent expansion

with respect to the outer membrane leaflet (Sheetz &

Figure 5. Accumulation of membrane components in the budding region. Relative concentration of membrane components (raft elements)

characterized by positive C1m�/C2m and negative w during the budding/vesiculation of the membrane is shown (dotted line). See the

Appendix for details.
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Singer 1976). Our results indicated that the raft

component GM1 distributes and even enriches in

these invaginations (Figure 2B1, 2C1 and 2C2).

Since outer membrane leaflet sphingolipid GM1

have a conical intrinsic shape (Hirai et al. 1998,

2003), it should not coalesce in the inward curved

regions of membrane invaginations. We can only

speculate that GM1-specific rafts coalesce in the

more outward bent membrane necks of small

invaginations. Alternatively, it can be speculated

that, upon stomatocytogenic amphiphile treatment,

GM1-containing rafts attract specific membrane

components to the corresponding cytosolic face

thereby altering the intrinsic curvature of these rafts

(C1mB/0 and/or C2mB/0). Previous studies have

shown that raft-associated components, e.g., the

glycosphingolipid globoside, cholesterol, and differ-

ent host proteins sort into human erythrocyte

malarial vacuolar invaginations (Lauer et al. 2000).

In malarial endovacuoles, enrichment of flotillin-1,

an oligomeric integral host raft protein (Salzer &

Prohaska 2001) of the host membrane, was reported

(Murphy et al. 2004). In contrast, we could not

detect a consistent enrichment of flotillin-1 in

amphiphile-induced invaginations (Figure 2D1).

Nagao et al. (2002) suggested that malarial endova-

cuoles can recruit flotillin-1 because Plasmodium

falciparum infection disrupts the association of

flotillin-1 with erythrocyte rafts by reducing the

cholesterol and sphingomyelin levels of the host

erythrocyte membrane. In line with studies on

malarial endovacuoles (Murphy et al. 2004), no

enrichment of stomatin was observed in amphiphile-

induced invaginations (Figure 2E1). The preferen-

tial distribution of BODIPY-GM1 in invaginations

(Figure 2C1 and 2C2) and not in exvaginations is in

line with the idea of a curvature-dependent lateral

distribution of membrane components. Namely, the

fluorophore group of the BODIPY-GM1 complex

should increase the volume of the hydrophobic part

of GM1 and thereby change its molecular shape in

the direction toward an inverted conical shape (with

C1mB/0 and/or C2mB/0).

The non-homogeneous lateral distribution of

membrane (raft) components has been recently

indicated also in Golgi vesicles, where some of the

membrane components may be concentrated mainly

on the highly curved bulbous rims of the Golgi

vesicles, while other components are distributed

predominantly in their flat central part (Sprong

et al. 2001, Iglič et al. 2004). The variation of the

lateral composition of the membrane over the

membrane surface may determine the location of

the membrane bud, or the site of the fusion of the

carrier vesicle with the organelle membrane (Sprong

et al. 2001).

Understanding the mechanism that maintains the

non-homogeneous lateral distribution of lipids and

proteins in biological membranes provides a major

challenge in current cell biology and the precise

mechanism by which it is accomplished remains to

be established (Hägerstrand et al. 2004, McMahon

& Gallop 2005, Fošnarič et al. 2005, Zimmerberg &

Kozlov 2006, Iglič et al. 2006). In this work, possible

physical mechanisms maintaining the non-homoge-

neous lateral distribution of the membrane proteins

and lipids are proposed. We present a hypothesis

that successfully explains the coupling of the ob-

served non-homogeneous lateral distribution of the

rafts and the local membrane shape. In spite of the

complexity of the real system and the simplifications

assumed in our theoretical model of the membrane,

the presented experimental and theoretical results

may lead to a better understanding of the mechan-

isms that maintain the non-homogeneous lateral

distribution of the rafts in biological membranes.
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Iglič A. 1997. A possible mechanism determining the stability of

spiculated red blood cells. J Biomech 30:35�40.
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Appendix

Theoretical considerations

In the Appendix, the curvature and direct interac-

tions induced accumulation of raft elements is

discussed theoretically. In the theoretical considera-

tions, we use the term ‘raft element’ to specifically

address a small raft entity with specific lipid and

protein composition and specific intrinsic shape.

Raft element is in general not rigid and can adjust

its shape by bending. Larger raft domains result

from the aggregation of many raft elements of the

same and/or of different type(s).

It was previously indicated that clustering of small

mobile raft elements into larger raft domains may be

induced by a membrane bending and/or attractive

forces between molecules (Harder et al. 1998 and

references therein). Interestingly, it was shown that

overexpression of flotillin results in the induction

of numerous thin tubular membrane protrusions

(Neumann-Giesen et al. 2004). In this process the

lipid-flotillin complex formation and flotillin oligo-

merization seems to play an important role. Simi-

larly, accumulation of specific prominin rafts on

highly curved membrane protrusions has been

recently indicated (Corbeil et al. 2001). Therefore

it was suggested that prominin rafts play an im-

portant role in stabilization of plasma membrane

protrusions (Huttner & Zimmerberg 2001). Since

prominin is not directly interacting with the actin-

based cytoskeleton (Huttner & Zimmerberg, 2001),

the predominant localization of prominin in protru-

sions may be explained by the curvature-induced

accumulation of prominin rafts with the intrinsic

shape of prominin rafts representing the main

driving force. The redistribution of prominin after

mild cholesterol depletion from the protrusions

indicates the importance of cholesterol (Röper

et al. 2000) and other lipids as partners (Huttner

& Zimmerberg, 2001) in the formation of small

rafts. Moreover, the non-homogeneous lateral dis-

tribution of flotillins and their accumulation during

cytokinesis was observed recently (Rajendran et al.

2003).

To better understand the physical mechanism

that may induce the observed clustering of raft

markers in erythrocyte membrane and in spherical

membrane vesicles, we consider a simple theoretical

model, where the normalised free energy of

membrane isotropic raft elements fin is written in

the form:

fin � kTg n ln n da�kT g (1�n) ln(1�n) da

�2wgn2 da�g
j

2
n(H�Hm)2

da: (1)

Here, n(r) is the fraction of the membrane area

covered by raft elements at the given position r, j is

the constant describing the strength of the interac-

tion between the raft elements and the curvature

field of the membrane (Iglič et al. 2004), kT is the

thermal energy, w is the interaction energy between

two neighbouring raft elements (see also Hill, 1986),

H�/(C1�/C2)/2 is the mean curvature and Hm�/

(C1m�/C2m)/2 is the mean curvature describing the

intrinsic shape of the raft elements (Figure 4) (Iglič

et al. 2004). Intrinsic curvatures C1m and C2m are

the principal curvatures of the raft element (Figure

4) which corresponds to the minimal possible energy

of the raft element including its bending energy and

the energy of the surrounding disturbed membrane

Raft markers and membrane curvature 287



molecules (lipids). Integration goes over the entire

(normalized) area of the membrane surface (a�/1).

The first two terms in Equation (1) represent the

configurational entropy of raft elements.

By taking into account the conservation equation

for all raft elements fn da � n; where n is the

average value of n, a functional is constructed: f(fin�
l n)da � fL(n) da; where l is the Lagrange para-

meter. Variation is performed by solving the corre-

sponding Euler equation @L=@n�0 which gives:

n�
q exp(�b)

1 � q exp(�b)

�
�
1�

4w

kT

q exp(�b)

(1 � q exp(�b))2

�
; (2)

where b�j(H(r)�Hm)2=2kT and q�exp(�l): In

the above expression the nonlinear terms in w are

neglected. The parameter q is determined from the

condition fn da�n:
Equation (2) shows that the fraction of the

membrane area covered by the raft elements (n)

may locally increase dramatically if the local mem-

brane curvature H(r) approaches the intrinsic cur-

vature of the raft nanodomains Hm. For high enough

values of H and Hm the value of n approaches unity

indicating the possibility of a complete lateral phase

separation and formation of large raft domains. The

effect may be further accelerated by attractive

nearest-neighbour interactions (wB/0) between the

neighbouring raft elements. The predicted curvature

(and direct interactions) induced coalescence of raft

elements (Equation (2)) corresponds well to the

observed clustering of raft elements in caveolae

(Figure 5) which may function as traps for raft

elements (Harder et al. 1998). It can be seen in

Equation (2) that clustering of raft elements may

take place also without membrane bending, solely

due to attractive forces (wB/0) between the neigh-

bouring raft elements. The presented theoretical

model (Equation (2)) may thus offer the possible

theoretical explanation for the enrichment of raft

elements in highly curved membrane regions (Table

II) and for the coalescence of raft elements in nearly

flat membrane regions (Figure 1B2, 2D1 and 2E1)

due to attractive forces. Abolishing the membrane

skeleton-raft component interactions (as for example

due to partial membrane skeleton detachment (Liu

et al. 1989)) should increase the lateral mobility of

raft elements and thereby their ability to sort due to

membrane curvature and/or direct interactions.

Notably, attractive forces between two raft compo-

nents can be mediated by other membrane consti-

tuents (Bohinc et al. 2003).

The local mechanical properties and curvature of

the membrane may be strongly influenced by the size

and lateral distribution of the membrane elements

(Iglič et al. 2004). Based on Equations (1) and (2) it

can be concluded that formation of membrane

vesicles may be affected or driven by the lateral

redistribution (or segregation) of the raft elements

(Figure 5), where the size of the spherical vesicles is

directly related to the intrinsic (spontaneous) curva-

ture of the membrane (raft) elements Hm�/(C1m�/

C2m)/2.

In addition, due to accumulation of isotropic

conical membrane elements in the budding region

(Figure 5), the budding process may be driven also

by accumulation of anisotropic membrane compo-

nents in the neck connecting the bud and the parent

membrane (Iglič et al. 2006) and by a local change

of the area difference between the outer and inner

lipid layer (Iglič & Hägerstrand 1999, Staneva et al.

2005).
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