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Abstract Vascular damage caused by Shiga toxin (Stx)-
producing Escherichia coli is largely mediated by Stxs, which
in particular, injure microvascular endothelial cells in the
kidneys and brain. The majority of Stxs preferentially
bind to the glycosphingolipid (GSL) globotriaosylceramide
(Gb3Cer) and, to a lesser extent, to globotetraosylceramide
(Gb4Cer). As clustering of receptor GSLs in lipid rafts is a
functional requirement for Stxs, we analyzed the distribution
of Gb3Cer and Gb4Cer to membrane microdomains of hu-
man brain microvascular endothelial cells (HBMECs) and
macrovascular EA.hy 926 endothelial cells by means of anti-
Gb3Cer and anti-Gb4Cer antibodies. TLC immunostaining
coupled with infrared matrix-assisted laser desorption/
ionization (IR-MALDI) mass spectrometry revealed struc-
tural details of various lipoforms of Stx receptors and dem-
onstrated their major distribution in detergentresistant
membranes (DRMs) compared with nonDRM fractions of
HBMECs and EA.hy 926 cells. A significant preferential par-
tition of different receptor lipoforms carrying C24:0/C24:1
or C16:0 fatty acid and sphingosine to DRMs was not de-
tected in either cell type. Methyl--cyclodextrin (MBCD)-
mediated cholesterol depletion resulted in only partial
destruction of lipid rafts, accompanied by minor loss of
GSLs in HBMEGs. In contrast, almost entire disintegration
of lipid rafts accompanied by roughly complete loss of GSLs
was detected in EA.hy 926 cells after removal of cholesterol,
indicating more stable microdomains in HBMECs.EHi Our
findings provide first evidence for differently stable micro-
domains in human endothelial cells from different vascular
beds and should serve as the basis for further exploring the
functional role of lipid raft-associated Stx receptors in dif-
ferent cell types.—Betz, J., M. Bielaszewska, A. Thies, H-U.
Humpf, K. Dreisewerd, H. Karch, K. S. Kim, A. W. Friedrich,
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Membrane microdomains, also named lipid rafts (1),
are enriched in glycosphingolipids (GSLs) and cholesterol
(2), and assembled with membrane-integrated proteins,
such as caveolins or flotillins, with affinity for particular
lipid species (3). Caveolins are cholesterol-binding pro-
teins (4) and occur in flask-shaped invaginations named
caveolae (5). Flotillin proteins, also called reggie proteins,
are found in distinct membrane microdomains (6). Cave-
olae are particularly abundant in endothelial cells and are
involved in many cellular processes, including cholesterol
homeostasis, endocytosis, and transcytosis of macromole-
cules (7-9). While numerous proteomic studies have been
conducted to identify lipid raft- or caveolae-associated pro-
teins of various cell types, including endothelial cells (10-12),
the GSL composition of lipid rafts or caveolae, particularly
of endothelial cells, has attracted less attention, despite
their outstanding role in membrane microdomain formation
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(13). Thus, the specific GSL composition of lipid rafts and/
or caveolae of many cell types remains to be elucidated.

GSLs are built up from a hydrophobic ceramide moiety
and a hydrophilic oligosaccharide residue (14, 15). They
are embedded with the ceramide moiety in the outer leaf-
let of the plasma membrane of animal cells, where they
are clustered in a more ordered state within the generally
disordered milieu of the membrane. The localization of
GSLs in the exofacial leaflet of the plasma membrane
makes them excellent candidates as recognition structures
in cell-cell interactions (16) and as receptors for numer-
ous pathogens, such as viruses (17, 18) and bacteria (19,
20), as well as for bacterial toxins, including Shiga toxins
(Stxs) (21, 22). Much effort is currently spent employing
(glyco)sphingolipidomics (23-26) by use of various mass
spectrometry technologies (15, 27-31) to better under-
standing their nature and functional role (32).

Human endothelial cells from various vascular beds
compose globotriaosylceramide (Gb3Cer/CD77) and glo-
botetraosylceramide (Gb4Cer) as major neutral GSLs,
known as high- and low-affinity receptors, respectively, for
Stx1 and Stx2. These GSLs have been detected in various
types of endothelial cells (22), and their structures have
been characterized in detail; e.g., human umbilical vein
endothelial cells (HUVEGs) (33-35). Vascular damage is
largely mediated by Stx, which particularly injure micro-
vascular endothelial cells in the kidney and brain (36-38).
Stx are released by enterohemorrhagic Escherichia coli
(EHECQ) in the gut, translocated across the intestinal epi-
thelium into circulation (39), and then transported to
endothelial cells (39-41). The pentameric B-subunit of
Stx binds to the cell surface, followed by internaliza-
tion and retrograde transport via the Golgi apparatus to
the endoplasmic reticulum (42). After translocation into
the cytosol, the enzymatically active A-subunit exerts its
toxic function through inhibition of protein biosynthesis
(43, 44).

Several studies demonstrated the clustering of Gb3Cer
in lipid rafts (45), the density-dependent binding of Stx
with raft-localized receptors (46), and, moreover, raft-
association of Stx receptors as a requirement for the ret-
rograde transport (47, 48) and retro-translocation across
the endoplasmic reticulum (49). Thus, according to pres-
ent knowledge, only GSLs that associate strongly with
lipid rafts can sort AB; toxins (including Stx) backward
from the plasma membrane to the endoplasmic reticu-
lum (50, 51). Lipid raft association of GSLs has been de-
scribed so far in different cell types, such as intestinal
(45, 50), HelLa, and Vero cells (47-49, 46), whereas the
membrane localization of GSLs of human endothelial
cells has so far not been analyzed in detail and remains
largely unknown. To this day, the structural characteriza-
tion of the different lipoforms of Stx GSL receptors of
the macrovascular HUVEC-derived EA.hy 926 cell line
and human brain microvascular endothelial cells (HB-
MECs) has been reported by us (52), indicating that HB-
MECs express both Gb3Cer and Gb4Cer, whereas EA.hy
926 cells were found to synthesize Gb3Cer but not elon-
gated Gb4Cer.

In this study, we performed for the first time a composi-
tional analysis of microdomains obtained as detergent-
resistant membranes (DRMs) with special reference to the
distribution of Stx receptors in detergent-resistant and
detergent-soluble membrane fractions of HBMECs and
EA.hy 926 endothelial cells. We report here on remark-
able differences in microdomain composition with respect
to the occurrence of Stx receptors and, moreover, on dif-
ferential lipid raft stability toward cholesterol-depletion
of the two endothelial cell types, where raft disintegra-
tion was found to be accompanied by loss of Stx receptors
in DRM fractions. The newly developed technique com-
bining thin-layer chromatography (TLC) separation and
immunodetection of Stx receptors on the TLC plate with
infrared matrix-assisted laser desorption/ionization orthogo-
nal time-of-flight mass spectrometry (IR-MALDI-o-TOF-MS)
served as an indispensable tool for structural analysis of
small GSL amounts directly on the TLC plate (15).

MATERIALS AND METHODS

Endothelial cells and cell cultivation

HBMECs (53) were cultured in RPMI 1640 medium (Lonza,
Cologne, Germany) supplemented with 10% fetal calf serum
(FCS) (PAA, Pasching, Austria), 10% Nu-Serum (Becton Dickinson
Biosciences, Bedford, MA), 2 mM L-glutamine, 1 mM sodium
pyruvate, 1.0 U/ml MEM nonessential amino acids, and 1.0 U/ml
vitamins (Lonza). EA hy 926 cells (54) were cultivated in DMEM:F12
(1:1) culture medium (Lonza) containing 10% FCS. Both cell
lines were maintained at 37°C in a humidified atmosphere con-
taining 5% COy in air. To investigate the influence of the cell
culture medium on GSL and protein expression, EA.hy 926
cells were alternatively grown in the same medium as HBMECs
(= RPMI 1640 medium with supplements as outlined above).

Methyl-B-cyclodextrin treatment of endothelial cells

The influence on the cellular integrity upon methyl--
cyclodextrin (MBCD)-mediated cholesterol depletion was con-
trolled microscopically. For this purpose, endothelial cells
were grown in 24-well tissue culture plates (Greiner Bio-One,
Frickenhausen, Germany) until confluence in media as described
above and treated for 1 h with cell-culture-tested MBCD (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany), with increasing
concentrations from 1 mM to 50 mM MBCD in serum-free
medium. Additional control cell culture experiments without
MBCD were performed for 1 h with serum-supplemented me-
dium (see previous section), under serum-free conditions and
with phosphate-buffered saline (PBS). Cells were evaluated at
20x and 100x magnification using an Axiovert 40 inverse micro-
scope (Zeiss, Gottingen, Germany) fitted with an AxioVision 3.1
digital camera (Zeiss, 1,360 x 1,040 pixel). Data were processed
with Adobe Photoshop software (Adobe Systems Inc., San Jose, CA).

For lipid and protein analysis, endothelial cells were grown
each in two 175 cm” tissue culture flasks until 80% confluence in
serum-supplemented medium (see above), washed twice with
prewarmed serum-free medium, and incubated for 1 h in serum-
free medium with 10 mM MBCD. The ensuing lipid and protein
extraction was performed as described below.

Lipid extraction and isolation of neutral GSLs from
endothelial cells

Confluent grown cells from four 175 em” tissue culture flasks
(Greiner) were trypsinized and washed with prewarmed PBS.
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GSLs were sequentially extracted from the sediments with 15 ml
each of methanol, chloroform/methanol (1/2, v/v), chloro-
form/methanol (1/1, v/v), and chloroform/methanol (2/1,
v/v). The combined supernatants were dried by rotary evapora-
tion, and phospholipids were saponified by incubation in 20 ml
of aqueous 1IN NaOH for 1 h at 37°C. After neutralization with 2
ml of 10 N HCI, the samples were dialyzed against deionized wa-
ter and dried by rotary evaporation. Neutral GSLs were separated
from gangliosides by anion-exchange column chromatography
employing DEAE-Sepharose CL-6B (GE Healthcare, Munich,
Germany) in the acetate form and purified by silica gel 60 (par-
ticle size 0.040-0.063 mm, Merck, Darmstadt, Germany) chroma-
tography according to standard procedures (55, 56). The neutral
GSL fractions were adjusted to defined volumes of chloroform/
methanol (2/1, v/v) corresponding to 1 x 10° cells per pl.

Antibodies

The specificities of polyclonal chicken IgY anti-Gb3Cer and
anti-Gb4Cer antibodies have been reported in previous publica-
tions (57-60). Rat IgM monoclonal anti-Gb3Cer/CD77 antibody
38.13 (Catalog No. IM0175) was obtained from Beckman Coulter
(Krefeld, Germany). Rabbit polyclonal anti-caveolin-1 antibody
(Catalog No. 3238) and rabbit IgG monoclonal anti-flotillin-2
C42A3 (Catalog No. 3436) were purchased from Cell Signaling
Technology (Danvers, MA) and mouse IgG monoclonal anti-
flotillin-2 B-6 antibody (Catalog No. sc-28320) was from Santa
Cruz Biotechnology, Inc. (Heidelberg, Germany).

Secondary alkaline phosphatase-conjugated polyclonal rabbit
anti-chicken IgY (Code 303-055-033) and goat anti-rabbit IgG
(Code 111-055-003) antibodies were from Jackson Immunore-
search (West Grove, PA). Alexa Fluor” 546 goat anti-rat IgG+IgM,
Alexa Fluor® 488 goat anti-mouse IgG, and Cy5” goat anti-
rabbit IgG were obtained from Invitrogen/Molecular Probes
(Karlsruhe, Germany).

Reference GSLs and proteins

A mixture of neutral GSLs from human erythrocytes, con-
sisting of monohexosylceramide (MHC), lactosylceramide
(Lc2Cer or Galp4GlcB1Cer), globotriaosylceramide (Gb3Cer
or Gala4GalB4GlcB1Cer), and globotetraosylceramide (Gb4Cer
or GalNAcB3Gala4GalB4GlcB1Cer), was used as reference (57).
The nomenclature of the GSLs follows the IUPAC-IUB recom-
mendations 1997 (61).

Human heart whole-cell lysate containing caveolin proteins
(Catalog No. ab29431, Abcam, Cambridge, MA) and HelL.a whole-
cell lysate containing flotillin proteins (Catalog No. sc-2200,
Santa Cruz Biotechnology) were used as positive controls.

Immunofluorescence microscopy

HBMECs and EA.hy 926 cells were seeded in 8-well polysty-
rene chamber slides (tissue culture chambers, Permanoxm,
Nunc GmbH) in amounts of 1.5 x 10* and 3 x 10* cells/chamber,
respectively, and grown for 24 h until ~80% confluence. Me-
dium was aspirated, and cells were washed with prewarmed PBS
(Lonza) and fixed for 30 min at room temperature with 3.7%
paraformaldehyde (Merck). If not otherwise stated, the following
steps were performed at ambient temperature. The fixed cells
were washed with PBS and quenched for 15 min with 0.2 M gly-
cine (Roth, Karlsruhe, Germany; pH 7.2). After twofold washing
with PBS, cells were blocked and permeabilized with 5% (w/v)
BSA (Serva Electrophoresis, Heidelberg, Germany), 0.2% (v/v)
fish skin gelatin (Sigma-Aldrich) and 0.3% Triton (v/v) X-100
(Serva Electrophoresis) in PBS for 2 h. After washing with PBS,
the slides were incubated overnight at 4°C with anti-Gb3Cer anti-
body 38.13, anti-caveolin-1, or anti-flotillin-2 antibody, each di-
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luted 1:500 in PBS with 1% BSA and 0.3% Triton X-100. The
slides were then washed three times with PBS and incubated for
1 h under light protection with fluorochrome-labeled secondary
antibodies diluted 1:1000 in PBS with 1% BSA and 0.3% Triton
X-100. After threefold washing in PBS, nuclear DNA was stained
for 10 min with 47,6-diamidino-2-phenylindol (DAPI, Sigma-
Aldrich) in PBS (20 ng/ml), and the slides were embedded in
antifading mounting medium (Dianova, Hamburg, Germany).
Controls without primary antibodies were processed in parallel.
Bound fluorochrome-labeled antibodies and stained nuclei were
visualized under a fluorescence microscope (Axio Imager.Al,
Zeiss), original magnification x 100, with filter sets adequate to
the maxima of absorption/emission of Cy5® (649 nm/670 nm),
Alexa Fluor® 488 (495 nm/519 nm), Alexa Fluor® 546 (556
nm/573 nm), and DAPI (368 nm/488 nm). The fluorescence
was recorded with an AxioCam CCD camera (Zeiss), documented
with AxioVision 4.8, and processed with Adobe Photoshop soft-
ware (Adobe Systems Inc.).

High-performance TLC and TLC immunostaining

Application of purified GSLs, lipid extracts, and cholesterol
solutions to silica gel 60 precoated glass plates (HPTLC plates,
size 10 cm x 10 cm, thickness 0.2 mm, No. 1.05633.0001; Merck)
was accomplished with an automatic sample applicator (Linomat
IV, CAMAG, Muttenz, Switzerland). Neutral GSLs were separated
in the solvent chloroform/methanol/water (120/170/17, each
by vol.) in a saturated chamber for 20 min and stained with orci-
nol (62). Cholesterol was determined after TLC separation for 20
min in the solvent chloroform/acetone (96/4, v/v) after dipping
the plate for 2 s in a mangan (II)chloride sulfuric acid solution
(0.2 g mangan (II) chloride-tetrahydrate (Mn (II)Clyx 4 HyO) in
60 ml of methanol/water (1/1, v/v) acidified with 2 ml of con-
centrated HoSO,4) and heating for 15 min at 120°C on a TLC
Plate Heater III (CAMAG) (63). Dark brown cholesterol bands
were quantified in triplicate with a CD60 scanner (Desaga,
Heidelberg, Germany, software ProQuant®, version 1.06.000) in
reflectance mode at a wavelength of A = 365 nm with a light beam
split of 0.02 mm x 3 mm. A cholesterol (Riedel-de Haen, Seelze,
Germany) solution of 0.1 pg/pl chloroform/methanol (2/1,
v/v) was used as reference.

The TLC immunodetection procedure using polyclonal
chicken anti-Gb3Cer and anti-Gb4Cer antibodies (1:2000 dilu-
tion) was employed as previously described (57, 59, 62, 64). Alkaline
phosphatase-labeled secondary antibodies were used in 1:2000
dilutions. All dilutions were performed in 1% (w/v) BSA in PBS
and bound secondary antibodies were visualized by color devel-
opment using 0.05% (w/v) 5-bromo-4-chloro-3-indolyl phos-
phate p-toluidine salt (BCIP; Roth) in glycine buffer (pH 10.4).

Preparation of DRMs

The preparation of DRMs was done according to Brown and
Rose (65) with minor modifications. Detergent extractions were
done on ice with prechilled solutions. Membranes from conflu-
ent grown cells were disintegrated by cell lysis in 10 mM HEPES
pH 7.4, 42 mM KCI, 5 mM MgCl,, and protease-/phosphatase-
inhibitors (Complete, Mini cocktail tablets, Roche Diagnostics)
under sonication (Sonifier Bandelin Sonopuls HD 2070, 20
counts, each 2 s, 80% power). Cell debris was removed by cen-
trifugation at 400 gfor 10 min at 4°C, followed by ultracentrifuga-
tion of the supernatant at 150,000 gfor 30 min at 4°C to separate
cytosol from remaining membranes. The membrane sediment
was resuspended with a 20G x 11/2 drain tube 0.9 mm x 40 mm
(MicrolanceTM 3, BD, Heidelberg, Germany) in 1 ml of 1% Tri-
ton X-100 (v/v) in TNE-buffer (10 mM Tris pH 7.5, 150 mM
NaCl, 5 mM EDTA) and kept on ice for 30 min. The resuspen-
sion procedure was repeated twice with 30 min breaks between
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the steps. The homogenous solution was then overlayed with a
discontinuous sucrose bottom-to-top gradient of 42.5%, 30%,
and 5% sucrose (each w/v) in TNE-buffer. DRMs were separated
from the bulk of detergent-soluble membrane lipids by ultracen-
trifugation at 200,000 g for 19 h at 4°C owing to their lower
buoyant density whereby the light DRMs float to the interface
between 5% and 30% sucrose in the density gradient. Eight frac-
tions of 1.5 ml volume each were collected from top to bottom
and the sediment was dissolved in 1.5 ml of PBS (= fraction 9).
A scheme of the procedure is provided as supplementary Fig. I.

Isolation of GSLs, cholesterol, and proteins from density
gradient fractions

Lipids, including GSLs and cholesterol, were extracted from
1.2 ml of each fraction. Phospholipids were saponified by adding
120 pl 10 M NaOH under gentle agitation for 1 h at 37°C. After
neutralization with 120 pl of 10 M HCI, the samples were dialyzed
at 4°C for two days against deionized water and dried by rotary
evaporation. The extracts were dissolved under short sonication
in chloroform/methanol (2/1, v/v) and adjusted to defined vol-
umes of chloroform/methanol (2/1, v/v) corresponding to 1 x
10* cells per pl. GSLs and cholesterol were analyzed by TLC as
described above.

Volumes of 0.3 ml of each density gradient fraction (see above)
were dialyzed for two days at 4°C against deionized water to re-
move sucrose. Protein concentrations were determined in tripli-
cate in maxi-sorp 96-well microtiter plates (Nunc) according to
Lowry et al. (66) at an absorbance wavelength of X = 630 nm
using an EL800 microwell plate reader (BioTek Instruments, Bad
Friedrichshall, Germany; software Gen5TM) and BSA as reference
protein. Proteins were precipitated with 5% (w/v) trichloroacetic
acid, washed with absolute ethanol, and applied to SDS-PAGE.
Three independent experiments were performed, and represen-
tative measurements are shown in the results section.

SDS-PAGE and Western blotting

The precipitated proteins of the density gradient fractions
were dissolved in 1 x sample buffer, heated for 5 min at 95°C, and
loaded onto the gels. SDS-PAGE separation was done under re-
ducing conditions using 4% stacking and 12% separating gels of
0.75 mm thickness (67). Standard proteins in a molecular range
from 14 kDa to 66 kDa were used as references (Dalton Mark VII-
L; Sigma-Aldrich). Proteins were fixed with 20% methanol in
25 mM Tris buffer (pH 8.25) supplemented with 192 mM gly-
cine. SDS-PAGE-separated proteins were transferred by means
of a semi-dry blotting ]%?fstem onto a nitrocellulose membrane
(Amersham HybondT -C Extra; GE Healthcare, Freiburg,
Germany). Nonspecific binding was blocked by incubating the
membrane for 1 h in Tris-buffered saline with 0.1% (v/v)
Tween-20 (TBS/T) supplemented with 3% (w/v) BSA (= blocking
solution, pH 7.6). After washing with TBS/T, the membrane was
overlayed with anti-caveolin-1 or anti-flotillin-2 antibodies (diluted
1:4000 in blocking solution) with gentle agitation overnight at
4°C. The membrane was then washed three times for 5 min each
with TBS/T, followed by incubation with alkaline phosphatase-
labeled anti-rabbit IgG secondary antibody (diluted 1:2000 in
blocking solution) for 1 h. After three washings with TBS/T,
bound antibodies were visualized with 0.005% (w/v) BCIP and
0.01% (w/v) nitroblue tetrazolium (NBT/BCIP kit; Invitrogen).

IR-MALDI-o-TOF-MS

The specifications of the orthogonal time-of-flight mass spec-
trometer (MDS Sciex, Concord, ON, Canada) have been outlined
in detail in previous studies (64, 68). Direct TLC-IR-MALDI-o-

TOF-MS analysis was performed in situ from immunopositive
GSL bands utilizing a Q-switched Er:-YAG laser (Speser, A = 2.94

pm, T ~~100 ns; Spektrum, Berlin). The focal laser spot size was
about 200 pm x 300 pm. After soaking of the BCIP-stained TLC
stripes for 2 h in 10 mM ammonium acetate buffer (pH 3.6) and
drying at room temperature, Plexigum P28 was removed by
threefold consecutive dipping in distilled chloroform. For MS
analysis, the TLC stripes were cut to pieces of ~15 mm x 40 mm
to fit into the custom-made MALDI sample plate. A matrix of 0.3
pl drops of glycerol was applied with a pipet across the positive
GSL bands. Spectra were acquired in the positive ion mode.
About 300 laser shots at a fixed laser fluence were applied to the
GSL bands to obtain a measure for relative variation of GSL
abundances. Absolute quantities cannot be derived from the IR-
MALDI-MS spectra.

RESULTS

Detection of Stx receptors in neutral GSL fractions of
total cells using TLC overlay assay

GSLs were extracted from both HBMECs and EA.hy 926
cells. Neutral GSLs were isolated by anion-exchange chro-
matography. Aliquots of neutral GSLs equivalent to identi-
cal cell quantities were separated by TLC followed by
orcinol staining and immunodetection (Fig. 1). Stx recep-
tors of the globo-series were immunostained with anti-
Gb3Cer antibody (Fig. 1A) and anti-Gb4Cer antibody
(Fig. 1B) in addition to orcinol staining (Fig. 1C). The
anti-Gb3Cer antibody bound to Gb3Cer of HBMECs and
EA.hy 926 cells (Fig. 1A, lane b and c, respectively) where
upper bands harbor Gb3Cer structures with mostly C24
and lower bands Gb3Cer with C16 fatty acid, which were
verified by IR-MALDI-o-TOF-MS (see next section). The
anti-Gb4Cer assay demonstrated that Gb4Cer is present in
HBMEGs (Fig. 1B, lane b), but undetectable in EA.hy 926
cells (Fig. 1B, lane c), which is in agreement with the re-
sults of the orcinol stain (Fig. 1C) and previous investiga-
tions (52).

Aces Boebs  Corcinol
3 MHC
= = Lc2Cer
Gb3Cer c »» = = = = = = Gb3Cer
Gb4Cer - - L] 3 Gb4Cer
= Start
abec abec abec

Fig. 1. Antibody-mediated detection of globo-series neutral GSLs
in HBMECs and EA.hy 926 cells. GSL quantities used in the anti-
Gb3Cer (A) and the anti-Gb4Cer (B) TLC immunostains are equiv-
alent to 2 x 10° cells and 2 pg (A) and 0.2 pg (B) of neutral GSLs
from human erythrocytes, and those for the orcinol stain (C) cor-
respond to 1 x 10° cells and 20 pg of neutral GSLs from human
erythrocytes. Bound anti-GSL antibodies were visualized with alka-
line phosphatase conjugated secondary antibodies and BCIP as a
substrate. Lanes a: human erythrocytes; lanes b: HBMECs; lanes c:
EA.hy 926 cells. Panel headings Gb3 and Gb4 stand for anti-
Gb3Cer and anti-Gb4Cer overlay staining, respectively. EA.hy
926 cells, HUVEC descendant cell line; Gb3Cer, globotriaosyl-
ceramide; Gb4Cer, globotetraosylceramide; GSL, glycosphingo-
lipid; HBMEC, human brain microvascular endothelial cell;
MHC, monohexosylceramide.
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IR-MALDI-o-TOF-MS of Stx receptors in the neutral GSL
fractions of total cells

The immunodetected Gb3Cer bands of total HBMECs
and EA.hy 926 cells were analyzed by in situ IR-MALDI-o-
TOF-MS directly on the TLC plate as shown in Fig. 2.
Gb3Cer species appear as monosodiated [M+Na]® ions
in the positive ion mode mass spectra. The major ions of
the anti-Gb3Cer positive upper band of HBMECs at m/z
1158.78 indicate predominance of Gb3Cer (d18:1, C24:0),
accompanied by low abundant ions at m/z 1156.77 and
1130.76 indicative of Gb3Cer (d18:1, C24:1) and Gb3Cer
(d18:1, C22:0), respectively (Fig. 2A, left panel). The high
abundant [M+Na]" ions acquired from the lower Gb3Cer
band at m/z 1046.68 confirmed the presence of Gb3Cer
(d18:1, C16:0) (Fig. 2A, right panel). The same Gb3Cer
variants could be deduced from the mass spectra that were
obtained from immunoreactive Gb3Cer upper and lower
bands of EA.hy 926 cells (Fig. 2B, left and right panels).

In addition, traces of ions in the spectrum at m/z 1186.80
gave evidence for the presence of Gb3Cer (d18:1, C26:0)
in EA.hy 926 cells not found in the upper band spectrum
of HBMECGs. A synopsis of the relative m/z intensities at-
tributable to the different Gb3Cer lipoforms is presented
in Table 1.

Direct ionization of immunodetected GSLs on chro-
matograms allows in situ structural characterization by
IR-MALDI-o-TOF-MS, omitting scratching of the silica
gel from the plate and ensuing extraction of GSLs.
Moreover, GSLs can be comparatively analyzed without
any loss of analyte of particular interest in case of small
GSL amounts, e.g., isolated from DRM fractions (see
below). These are the major advantages of this ap-
proach compared with previous investigations, where
the Stx receptors of HBMECs and EA.hy 926 cells were
analyzed from pooled silica gel extracts of several TLC
runs (52).
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Fig. 2. TLC-IR-MALDI-o-TOF mass spectra obtained from antibody-detected Gb3Cer species of HBMECs (A) and EA.hy 926 cells (B).
The overlay assays were performed with TLC-separated neutral GSLs corresponding to 3 x 10° cells as described in F ig. 1. The in situ ana-
lyzed Gb3Cer positive upper bands (left panels) and lower bands (right panels) are marked with arrowheads in the insets. Mass spectra
were acquired in the positive ion mode; Gb3Cer species were detected as singly charged monosodiated [M+Na]" ions. Relative ion intensi-
ties of detected Gb3Cer variants are listed in Table 1. EA.hy 926 cells, HUVEC descendant cell line; Gb3Cer, globotriaosylceramide;
Gb4Cer, globotetraosylceramide; GSL, glycosphingolipid; HBMEC, human brain microvascular endothelial cell; IR-MALDI, infrared
matrix-assisted laser desorption/ionization; o-TOF, orthogonal time-of-flight.
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TABLE 1. Relative ion intensities from immunostained anti-Gb3Cer
bands of total endothelial cells and DRM F2

Gb3Cer Lipoforms Total Cells DRM F2
HBMECs
Gb3Cer (d18:1, C24:0) +++ +++
Gb3Cer (d18:1, C24:1) + ++
Gb3Cer (d18:1, C22:0) + +
Gb3Cer (d18:1, C16:0) +++ +++
EA hy 926 cells
Gb3Cer (d18:1, C26:0) (+) +
Gb3Cer (d18:1, C24:0) +++ +++
Gb3Cer (d18:1, C24:1) (+) -
Gb3Cer (d18:1, C22:0) + -
Gb3Cer (d18:1, C16:0) +++ +++

Relative ion intensities were determined by in situ TLC-IR-
MALDI-o-TOF-MS in positive ion mode. Neutral GSLs from total
endothelial cells were purified by anion-exchange column
chromatography. DRM fraction 2 (F2) was obtained by sucrose
density gradient centrifugation (see supplementary Fig. I). GSL-
containing extracts were prepared from DRM F2 by chloroform/
methanol extraction. Relative [M+Na]™ ion intensities: —, not
detectable; (+), traces; +, low; ++, moderate; +++, high. Ion intensities
were estimated from upper and lower immunopositive bands from
total cells (Fig. 2) and DRM F2 (Fig. 6) containing Gb3Cer species
with long-chain (C22-C26) and short-chain (C16) fatty acids,
respectively. DRM, detergent-resistant membrane; EA.hy 926 cells,
HUVEC descendant cell line; F2, fraction 2; Gb3Cer, globotriao-
sylceramide; GSL, glycosphingolipid; HBMEC, human brain micro-
vascular endothelial cell; IR-MALDI, infrared matrix-assisted laser
desorption/ionization; o-TOF, orthogonal time-of-flight.

Cholesterol and protein content of sucrose density
gradient fractions

Lipids were extracted from 1.2 ml and proteins were
prepared from 0.3 ml aliquots of the nine fractions (1.5
ml each), which were obtained from HBMEC and EA.hy
926 cell homogenates by sucrose density gradient centri-
fugation using 1% Triton X-100 (supplementary Fig. I).
The cholesterol and protein contents were calculated as
micrograms per 1 x 10° cells. The distribution of choles-
terol and protein to the gradient fractions of both cell
lines is shown in Fig. 3. The highest quantities of choles-
terol were determined in the DRM fraction 2 and adjacent
fractions 1 and 3 as expected (Fig. 3A). The intermediate
fractions 4 to 7 and the bottom fraction 8 are character-
ized by very low cholesterol concentrations, whereas the
sediment fraction 9 exhibited a slight enrichment com-
pared with the nonDRM fractions. Notably, cell choles-
terol contents of the DRM fraction 2 and contiguous
fraction 3 from EA.hy 926 cells were 1.8-fold and 1.4-fold
higher, respectively, and equal in fraction 1 compared
with HBMECGs (Fig. 3A). Compared with cholesterol, the
protein distribution was inversed in the gradient fractions.
Proteins increased in nonDRM fraction 7, and the bulk of
proteins accumulated in the bottom fraction 8 and the
sediment fraction 9 (Fig. 3B), whereas DRM fraction 2
and flanking fraction 3 harbored only minor quantities of
proteins and were almost indistinguishable from the inter-
mediate fractions 4 to 6 with regard to the protein con-
tent. These gradient profiles demonstrate predominant
distribution of microdomain-associated cholesterol to
DRM fractions and preferential occurrence of soluble
membrane proteins in nonDRM fractions in both endo-

thelial cell lines. Interestingly, the cholesterol content was
found in average 1.4-fold higher in EA.hy 926 cells (calcu-
lated for DRM fractions 1 to 3).

Distribution of Gb3Cer and Gb4Cer to sucrose gradient
fractions of HBMECs

The lipid extracts and protein preparations of the su-
crose density gradient fractions of HBMECs were subjected
to TLC immunodetection of Gb3Cer and Gb4Cer and
Western blot analysis of caveolin-1 and flotillin-2 (Fig. 4).
DRM fraction 2 exhibited the highest relative quantity of
Gb3Cer (54%), followed by fractions 1 and 3 with 21%
and 14%, respectively (Fig. 4A, upper panel). Thus, 89%
of Gb3Cer floated in the DRM fractions; the residual 7%
were made up of soluble Gb3Cer, which distributed more
or less equally to the nonDRM fractions 4 to 8, and 4%
were found in the sediment fraction. The determination
of the relative quantities of Gb3Cer with long- (upper
band) to short-chain (lower band) fatty acids [i.e., of
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Fig. 3. Cholesterol (A) and protein (B) content in sucrose den-
sity gradient fractions of HBMECs (black bars) and EA.hy 926 cells
(white bars). Gradient fractions were numbered from top (= frac-
tion 1) to bottom (= fraction 8); fraction 9 was obtained by solubi-
lization of the sediment (see supplementary Fig. I). Lipid extracts
were separated by TLC, and cholesterol was quantified by densito-
metric scanning. Stained proteins were quantified colorimetrically
by extinction measurement in microtiter plates. Results represent
the means and standard deviations of 3-fold determination and are
expressed as micrograms per 1 x 10° cells. DRM, detergentresistant
membrane; EA.hy 926 cells, HUVEC descendant cell line; HBMEC,
human brain microvascular endothelial cell; S, sediment fraction.
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Fig. 4. Detection of Gb3Cer and Gb4Cer (A) and caveolin-1 and
flotillin-2 (B) in sucrose gradient fractions of HBMECs. Gradient
fractions were numbered from top (= fraction 1) to bottom (= frac-
tion 8); fraction 9 was obtained by solubilization of the sediment
(see supplementary Fig. I). A: TLC overlay assays. Lipid extracts
were separated by TLC, and Gb3Cer and Gb4Cer were immunode-
tected with anti-Gb3Cer (upper panel) and anti-Gb4Cer antibody
(lower panel). Control (C): 2 pg and 0.2 pg of neutral GSLs from
human erythrocytes for anti-Gb3Cer and anti-Gb4Cer immuno-
stain, respectively; GSL amounts of the gradient fractions 1 to 9
(F1-9) correspond to 5 x 10° cells and those of total cells (T) are
equivalent to 2.5 x 10° cells. The relative amounts of Gb3Cer and
Gb4Cer in the gradient fractions (F1-9) were determined densito-
metrically and are given as percentages in the figure; different
Gb3Cer and Gb4Cer lipoforms (upper and lower bands) of total
cells and DRM fraction 2 are listed as percentages in Table 2. B:
Western blots. Protein preparations were separated by SDS-PAGE
and transferred onto nitrocellulose membranes. Caveolin-1 and
flotillin-2 were detected with anti-caveolin-1 (upper panel) and
anti-flotillin-2 antibody (lower panel). Control (C): 10 pg of hu-
man heart lysate and 20 pg of HeLa cell lysate for caveolin-1 and
flotillin-2 immunodetection, respectively; protein amounts of the
sucrose gradient fractions 1-9 and total cells (T) correspond to 1 x
10° cells, respectively. Vertical white lines indicate areas of non-
contiguous lanes assembled. DRM, detergent-resistant membrane;
Gb3Cer, globotriaosylceramide; Gb4Cer, globotetraosylceramide;
GSL, glycosphingolipid; HBMEC, human brain microvascular en-
dothelial cell; S, sediment fraction.

Gb3Cer (d18:1, C22-C24) to Gb3Cer (d18:1, C16)] re-
vealed 65% and 59% of Gb3Cer (d18:1, C22-C24) in DRM
fraction 2 and total cells, respectively, indicating a minor
enhancement of Gb3Cer species with long-chain fatty ac-
ids in DRM fraction 2 (Table 2). This result was previously
obtained by Falguiéres et al. in HeL.a cells (48).

A similar gradient distribution pattern was observed for
Gb4Cer with predominant occurrence in DRM fraction 2
(50%) followed by fractions 3 and 1 with 25% and 3%, re-
spectively (Fig. 4A, lower panel). Thus, 78% of Gb4Cer
floated in the DRM fractions. The residual 21% consti-
tuted soluble Gb4Cer in the nonDRM fractions 4 to 8, and
only 1% was detectable in the sediment fraction. The rela-
tive distribution of upper band Gb4Cer (d18:1, C22-C24)
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compared with lower band Gb4Cer (d18:1, C16:0) was vir-
tually identical in DRM fraction 2 and total cells, where
Gb4Cer (d18:1, C22-C24) amounted to 57% and 59%, re-
spectively (Table 2). In conclusion, these data suggest that
both Gb3Cer and Gb4Cer reside preferentially, but not
exclusively, in the DRM fractions. The calculated mean
values of Gb3Cer and Gb4Cer residing in DRM fractions
from three individual experiments gave 83% (SD + 5.0)
and 54% (SD + 15.1), respectively, indicating that DRM
association was more pronounced for Gb3Cer, corre-
sponding to a remarkably higher ratio of soluble Gb4Cer
in the nonDRM fractions. Moreover, a subtle enrichment
of Gb3Cer with long-chain fatty acids was detectable in the
major DRM fraction 2 of HBMECs.

Western blot analysis of the dissemination of the caveo-
lae marker protein caveolin-1 revealed low but exclusive
occurrence of caveolin-1 in DRM fraction 2 (Fig. 4B, up-
per panel). Interestingly, the higher level of caveolin-1 in
the protein preparation of total cells indicated that only a
minor quantity of caveolin-1 resided in membrane micro-
domains of DRM fraction 2. The lipid raft marker protein
flotillin-2 was found to preferentially partitioned, like ca-
veolin-1, to DRM fraction 2, but on an apparently higher
level than caveolin-1 compared tp flotillin-2 in total cells
(Fig. 4B, lower panel). In summary, the distribution pat-
tern of Gb3Cer and Gb4Cer TLC overlay assays and the
Western blots of caveolin-1 and flotillin-2 clearly evidenced
colocalization of both GSLs with lipid raft marker proteins
in DRM fractions. Furthermore, the data suggested a pref-
erential occurrence of lipid rafts harboring flotillin-2 and
only minor existence of caveolin-1-containing caveolae in
DRM fractions of HBMECs.

Distribution of Gb3Cer to sucrose gradient fractions of
EA.hy 926 cells

TLC immunodetection of Gb3Cer in lipid extracts and
Western blots of caveolin-1 and flotillin-2 in protein prepa-
rations of the gradient fractions obtained from EA.hy 926
cells were performed as with HBMECs (Fig. 5). Gb3Cer
was found preferentially in DRM fraction 2 and adjacent
fraction 3 amounting to 28% and 15%, respectively, ac-
companied by only 3% in fraction 1 (Fig. 5A). Thus, 46%
of Gb3Cer floated in the DRM fractions. The remaining
32% were made up of soluble Gb3Cer, which distributed
almost equally to the nonDRM fractions 4 to 8, and 22%
were detected in the sediment fraction. The relative quan-
tities of Gb3Cer (d18:1, C22-C26) to Gb3Cer (d18:1, C16)
were almost identical in DRM fraction 2 and total cells
where Gb3Cer (d18:1, C22-C26) constituted 70% and 67%,
respectively, indicating a minor relative increase of
Gb3Cer with long-chain fatty acids in DRM fraction 2
(Table 2). In conclusion, Gb3Cer was found to reside
preferentially, but not exclusively, in the DRM fractions.
Importantly, EA.hy 926 cells exhibited only half of the flo-
tation rate of Gb3Cer in DRM fractions and 3-fold higher
amounts of soluble Gb3Cer in the nonDRM fractions com-
pared to HBMECs.

Western blot analysis of caveolin-1 showed strong and
moderate appearances of caveolin-1 in DRM fraction 2
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TABLE 2. Relative distribution of Gb3Cer and Gb4Cer lipoforms with long- and short-chain fatty acids in total
endothelial cells and DRM F2 without and after MBCD treatment

10 mM MBCD
Gb3Cer and Gb4Cer Lipoforms Total Cells DRM F2 Total Cells DRM F2
% % % %

HBMECs

Gb3Cer (d18:1, C22-C24) 59 65 58 67

Gb3Cer (d18:1, C16) 41 35 42 33

Gb4Cer (d18:1, C22-C24) 59 57 62 73

Gb4Cer (d18:1, C16) 41 43 38 27
EA.hy 926 cells

Gb3Cer (d18:1, C22-C26) 67 70 66 67

Gb3Cer (d18:1, C16) 33 30 34 33

Relative distribution of Gb3Cer and Gb4Cer lipoforms with long-chain (C22-C26, upper bands) and short-
chain (C16, lower bands) fatty acids in double bands was determined by TLC scanning densitometry using GSL
extracts of total endothelial cells and DRM F2 (see supplementary Fig. I) without (see Figs. 4 and 5) and after 10
mM MBCD treatment (see Figs. 9 and 10). DRM, detergent-resistant membrane; EA.hy 926 cells, HUVEC descendant
cell line; Gb3Cer, globotriaosylceramide; Gb4Cer, globotetraosylceramide; GSL, glycosphingolipid; HBMEC,
human brain microvascular endothelial cell; MBCD, methyl-B-cyclodextrin.

and adjacent fraction 3, respectively (Fig. 5B, upper
panel). Compared with the protein preparation of total
cells, it was obvious that high amounts of caveolin-1 local-
ized to membrane microdomains. Notably, flotillin-2 was
undetectable in DRM fraction 2 and in accompanying gra-
dient fractions and appeared only in traces in the bottom
fraction 8 (Fig. 5B, lower panel). In summary, our results
unequivocally evidenced colocalization of Gb3Cer with
the caveolae marker protein caveolin-1 in DRM fractions
and suggested the absence of flotillin-2-harboring lipid
rafts in EA.hy 926 cells.

IR-MALDI-0-TOF-MS of Stx receptors in DRM fraction 2

The immunodetected Gb3Cer species of DRM fraction
2 of HBMECGCs (Fig. 4A) and of EA.hy 926 cells (Fig. bA)
were further structurally characterized by in situ IR-
MALDI-o-TOF-MS (Fig. 6). The predominance of Gb3Cer
(d18:1, C24:1/C24:0) in the upper Gb3Cer immunoposi-
tive band of HBMECGCs is evidenced by monosodiated
[M+Na]® ions at m/z 1156.79,/1158.81 (Fig. 6A, left panel)
flanked by minor ions at m/z 1130.78 corresponding to
Gb3Cer (d18:1, C22:0). Importantly, the enhanced signal
intensity of ions at m/z 1156.79 compared with those at m/z
1158.81 indicated a relative increase of Gb3Cer (d18:1,
C24:1) in the DRM fraction 2 of HBMECs compared with
the mass spectrum acquired from the upper Gb3Cer band
of the neutral GSL fraction of total HBMECs (Fig.2A, left
panel). The lower Gb3Cer positive band of DRM fraction
2 harbored Gb3Cer (d18:1, C16:0), indicated by high abun-
dant [M+Na]" ions at m/z 1046.72 (Fig. 6A, right panel).

Interestingly, in the DRM fraction 2 of EA.hy 926 cells,
the dominant monosodiated ions at m/z 1158.80 related to
Gb3Cer (d18:1, C24:0) were not accompanied by ions in-
dicative of Gb3Cer (d18:1, C24:1) and Gb3Cer (d18:1,
C22:0) (Fig. 6B, left panel), which were clearly detectable
as minor ions in the mass spectrum of total cell neutral
GSLs (Fig. 2B, left panel). Furthermore, ions at m/z
1186.83, which correspond to Gb3Cer (d18:1, C26:0),
were found considerably enriched in the DRM fraction 2
(Fig. 6B, left panel) but were almost undetectable in the

upper Gb3Cer positive band of total cells (Fig. 2B, left
panel). The m/zvalues of 1146.67 acquired from the lower
immunopositive Gb3Cer band gave evidence for Gb3Cer
(d18:1, C16:0) as the only Gb3Cer variant with short-chain
fatty acid in DRM fraction 2 (Fig. 6B, right panel) as ob-
served for the neutral GSL fraction of total EA.hy 926 cells
(Fig. 2B, right panel). A synopsis of the relative m/z inten-
sities attributable to the different Gb3Cer lipoforms is pre-
sented in Table 1.

Immunofluorescence microscopic detection of Gb3Cer,
caveolin-1, and flotillin-2

The subcellular localization of Gb3Cer and DRM-
associated marker proteins caveolin-1 and flotillin-2 in
HBMECGs and EA.hy 926 cells was evaluated after Triton
X-100 permeabilization (Fig. 7). Antibody detection of
Gb3Cer revealed a broad distribution in both endothelial
cell lines, whereby HBMECs exhibited a more regular and
homogenous distribution of Gb3Cer clusters compared to
EA.hy 926 cells. The caveolae and lipid raft marker pro-
teins, caveolin-1 and flotillin-2, respectively, appeared dis-
tinguishable from each other in differently clustered
structures and obviously did not localize in identical fluo-
rescence spots in HBMECs (Fig. 7A) or EA.hy 926 cells
(Fig. 7B), indicating their subdistribution to different
types of microdomains. Furthermore, flotillin-2 and
Gb3Cer seemed to reside in more punctate structures than
caveolin-1 in both types of endothelial cells. Higher-reso-
lution imaging using confocal microscopy is required to
address the question of colocalization of Gb3Cer with the
two lipid raft marker proteins. However, it is noteworthy
that flotillin-2 exhibits a subcellular distribution different
from that previously observed in kidney epithelium (69)
and oligodendroglial cells (70).

To address the issue of surface localization of Gb3Cer,
we produced immunofluorescence micrographs of non-
permeabilized HBMECs and EA.hy 926 cells (supple-
mentary Fig. II). HBMECs seem to harbor considerable
amounts of Gb3Cer on the cell surface, whereas EA.hy 926
cells obviously express less abundant Gb3Cer molecules in
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Fig. 5. Detection of Gb3Cer (A) and caveolin-1 and flotillin-2
(B) in sucrose gradient fractions of EA.hy 926 cells. Gradient frac-
tions were numbered from top (= fraction 1) to bottom (= fraction
8); fraction 9 was obtained by solubilization of the sediment (see
supplementary Fig. I). A: TLC overlay assay. Lipid extracts were
separated by TLC, and Gb3Cer was immunodetected with anti-
Gb3Cer antibody. Control (C): 2 pg of neutral GSLs from human
erythrocytes; GSL amounts of the gradient fractions 1-9 (F1-9) cor-
respond to 5 x 10° cells, and those of total cells (T) are equivalent
to 2.5 x 10° cells. The relative amounts of Gb3Cer within the gradi-
ent fractions (F1-9) were determined densitometrically and are
given as percentages in the figure; different Gb3Cer lipoforms
(upper and lower bands) of total cells and DRM fraction 2 are
listed as percentages in Table 2. B: Western blots. Protein prepa-
rations were separated by SDS-PAGE and transferred onto nitro-
cellulose membranes. Caveolin-1 and flotillin-2 were detected
with anti-caveolin-1 (upper panel) and anti-flotillin-2 antibody
(lower panel). Control (C): 10 pg of human heart lysate and
20 pg of HeLa cell lysate for caveolin-1 and flotillin-2 immuno-
detection, respectively; protein amounts of the sucrose gradient
fractions 1-9 and total cells (T) correspond to 1 x 10° cells, re-
spectively. Vertical white lines indicate areas of noncontiguous
lanes assembled. DRM, detergentresistant membrane; EA.hy
926 cells, HUVEC descendant cell line; Gb3Cer, globotriaosyl-
ceramide; Gb4Cer, globotetraosylceramide; GSL, glycosphingo-
lipid; S, sediment fraction.

the plasma membrane. Owing to their localization to the
inner leaflet of the plasma membrane bilayer, caveolin-1
and flotillin-2 were undetectable in nonpermeabilized
cells (data not shown).

Cholesterol and protein content of sucrose density
gradient fractions after M CD-treatment

A series of control experiments was performed with
HBMECs and EA.hy 926 cells employing different culture
conditions and various concentrations of MBCD in serum-
free medium for cholesterol depletion of the plasma mem-
branes. The experiments, aimed at the determination of
MBCD-caused effects on the cholesterol, GSL, and lipid
raft marker protein composition of DRMs, were performed
under serum-free conditions with 10 mM of MBCD (sup-
plementary Fig. III).

The lipid extracts and protein preparations of sucrose
density gradient fractions from HBMECs and EA.hy 926
cells were examined as described above after cholesterol
depletion of the cell cultures with 10 mM MBCD. The most
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obvious effect observed was the considerably diminished
cholesterol content in DRM fraction 2 and adjacent frac-
tions 1 and 3 of HBMECs and EA.hy 296 cells, respectively
(Fig. 8A) compared with untreated cells (see Fig. 3A). The
average reduction of cholesterol in DRM fraction 2 and ad-
jacent fractions 1 and 3 of HBMECs after MBCD-treatment
was 55%, leaving 45% in intact DRMs. The simultaneous
increase in the other gradient fractions, particularly in frac-
tions 7 to 9, suggested a low release of approximately 25%
of cholesterol, most likely into the environmental culture
medium. In contrast, the average cholesterol content of
DRM fraction 2 and fractions 1 and 3 of EA.hy 926 cells was
reduced to 96%, indicating an almost complete MBCD-
mediated destruction of cholesterol-containing microdo-
mains, which harbored only 4% of the original cholesterol
before MBCD incubation (Fig. 8A). The slight concomitant
increase in fraction 7 and the almost entire loss of choles-
terol in the sediment fraction 9 pointed to a high release of
approximately 87% of cholesterol, most probably into the
cell culture medium as calculated from the total remaining
cholesterol content of the gradient fractions. Importantly,
the primary cholesterol content was 1.8- and 1.4-times
higher in DRM fraction 2 and adjacent fraction 3 of EA.hy
926 cells, respectively, compared with HBMECs (see Fig.
3A), whereas after MBCD exposure, the remaining choles-
terol in the corresponding fractions of HBMECs was found
to be 6 and 7.5 times higher, respectively (Fig. 8A), indicat-
ing a greater loss of cholesterol in EA.hy 296 cells. These
findings clearly evidenced a pronounced refractiveness and
thus a more stable molecular assembly of microdomains in
HBMECs toward MBCD-mediated cholesterol depletion
compared to EA.hy 926 cells.

Determinations of the protein concentrations (Fig. 8B)
revealed for both endothelial cell lines an overall dimin-
ishment in the DRM fraction 2 and contiguous fraction 3
and the intermediate gradient fractions 4 to 6, similar
amounts in fraction 7, and reduction of the protein con-
tent in the bottom fraction 8 and the sediment fraction 9
after MBCD-exposure (see Fig. 3B). The lower protein
quantity of the latter two fractions was more pronounced
for EA.hy 926 cells. The total recovery rate of proteins in
the gradient fractions after MBCD-treatment was higher
for HBMECs, and the calculated environmental release of
membrane proteins of DRM fraction 2 and flanking frac-
tion 3 amounted on average of both fractions to 34% for
HBMECs and 52% for EA.hy 926 cells. Thus, the higher
segregation rate of cholesterol that was calculated for
EA.hy 926 cells coincided with a concomitant enhanced
loss of cholesterol-associated membrane proteins, giving
further evidence for the existence of microdomains with
higher resistance to MBCD treatment in HBMECs.

Distribution of Gb3Cer and Gb4Cer to sucrose
gradient fractions of HBMECs after M3 CD-mediated
cholesterol depletion

To elucidate the influence of cholesterol depletion on
the distribution of Gb3Cer and Gb4Cer as well as caveolin-1
and flotillin-2 to sucrose gradient fractions of HBMECs,
TLC overlay assays and Western blots were performed
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Fig. 6. TLC-IR-MALDI-o-TOF mass spectra obtained from antibody-detected Gb3Cer species in DRM fraction 2 of HBMECs (A) and
EA.hy 926 cells (B). The overlay assays were performed with TLC-separated lipid extracts corresponding to 3 x 10’ cells. The in situ ana-
lyzed Gb3Cer positive upper bands (left panels) and lower bands (right panels) are marked with arrowheads in the insets. Mass spectra
were acquired in the positive ion mode; Gb3Cer species were detected as singly charged monosodiated [M+Na] ions. Relative ion inten-
sities of detected Gb3Cer variants are listed in Table 1. The sucrose density gradient fractions 2 (F2) enriched in DRMs are shown for
HBMECs and EA.hy 926 cells in Fig. 4A and Fig. 5A, respectively. DRM, detergentresistant membrane; EA.hy 926 cells, HUVEC descendant
cell line; Gb3Cer, globotriaosylceramide; HBMEC, human brain microvascular endothelial cell; IR-MALDI, infrared matrix-assisted laser

desorption/ionization; o-TOF, orthogonal time-of-flight.

after exposure to 10 mM MBCD and gradient fraction-
ation (Fig. 9). Cholesterol depletion resulted in a pattern
of Gb3Cer bands residing with 53%, 22%, and 3% in DRM
fraction 2 and adjacent gradient fractions 3 and 1, respec-
tively (Fig. 9A, upper panel). Thus, 78% of Gb3Cer floated
in the DRM fractions. The remaining 12% accounted for
soluble Gb3Cer in the nonDRM fractions 4 to 8, and 10%
were detected in the sediment fraction, indicating slight
relative reduction of Gb3Cer in the DRM fractions com-
pared with untreated HBMECs (see Fig. 4A, upper panel).
Quantitation of summed fractions 1 to 3 in relation to the
control immunostains on the same TLC plates revealed
949% maintenance of DRM-associated Gb3Cer after choles-
terol depletion. The ratios of Gb3Cer species with long-
(upper band) to short-chain (lower band) fatty acids upon
MBCD exposure were almost identical to those determined
in DRM fraction 2 and total cells of untreated HBMECs
(Table 2).

Gb4Cer distributed with 51%, 20%, and 1% to DRM
fraction 2 and contiguous fractions 3 and 1, respectively
(Fig. 9A, lower panel). Thus, 72% of Gb4Cer floated in the
DRM fractions. The residual 16% constituted soluble
Gb4Cer in the nonDRM fractions 4 to 8, and 12% were
present in the sediment fraction, indicating a slight rela-
tive increase of Gb4Cer in the sediment fraction but, in
general, a similar pattern compared with untreated HBMECs
(see Fig. 4A, lower panel). A maintenance level of 60%
after cholesterol depletion was calculated for summed
DRM fractions 1 to 3 in relation to the control immuno-
stains on the same TLC plates. Interestingly, whereas the
ratios of long- (upper band) and short-chain (lower band)
fatty acid harboring Gb4Cer variants remained largely
stable in total cells, a considerable rise of Gb4Cer (d18:1,
(C22-C24) from 57% to 73% could be determined in DRM
fraction 2 after MPBCD-mediated cholesterol depletion
(Table 2). As a conclusion, treatment of HBMECs with
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HBMECs
Gb3Cer

B

Fig. 7. Indirect immunofluorescence microscopic detection of Gb3Cer, caveolin-1, and flotillin-2 in
permeabilized HBMECs (A) and EA.hy 926 cells (B). Endothelial cells were grown to subconfluence
in 8-well chamber slides and permeabilized with 0.3% Triton X-100. Detection was performed with rat
38.13 anti-Gb3Cer, rabbit anti-caveolin-1, and mouse B-6 anti-flotillin-2 antibodies, followed by incuba-
tion with Alexa Fluor® 546, Alexa Fluor® 488, and Cy5® labeled secondary antibodies, respectively.
Cell nuclei were stained with DAPIL. Bars: 10 pm. DAPI, 4’-6-diamidino-2-phenylindol; EA.hy 926 cells,
HUVEC descendant cell line; Gb3Cer, globotriaosylceramide; HBMEC, human brain microvascular endothe-

lial cell.

MBCD demonstrated high maintenance levels for both
Gb3Cer and Gb4Cer, distinguishable by significantly
higher content of Gb3Cer in the DRM fractions pointing
to a particularly stable association of Gb3Cer with remain-
ing cholesterol in the DRM fractions.

The Western blot analysis of caveolae and lipid raft
marker proteins revealed moderate appearance of caveo-
lin-1 in DRM fraction 2, accompanied by enhanced con-
tent in the nonDRM fractions 7 and 8 as a consequence of
MBCD treatment (Fig. 9B, upper panel) compared with
untreated cells (see Fig. 4B, upper panel). In addition, a
strong rise of flotillin-2 was observed in DRM fraction 2,
and mildly increased levels were found in gradient frac-
tion 3 and sediment fraction 9 after cholesterol elimina-
tion (Fig. 9B, lower panel) as the most impressive change
compared with HBMEGs, which were not exposed to
MBCD (see Fig. 4B, lower panel). Together the data sug-
gested a partial destruction of lipid rafts caused by choles-
terol depletion, indicated by decline of GSLs in the DRM
fraction along with rising soluble caveolin-1 in nonDRM
fractions, as well as an obvious dynamic replenishment of
DRM fraction 2 by flotillin-2 and its exceptionally firm
association with the remaining cholesterol and GSLs.

Distribution of Gb3Cer to sucrose gradient
fractions of EA.hy 926 cells after M3 CD-mediated
cholesterol depletion

The same approach (i.e., exposure to 10 mM MBCD
and gradient fractionation, followed by TLC overlay detec-
tion of Gb3Cer and Western blot investigation of lipid raft
marker proteins) was applied to EA.hy 926 cells (Fig. 10).
As deduced from the TLC overlay assay, only faint immu-
noreactive bands were observed due to very low quantities
of Gb3Cer detectable in the gradient fractions (Fig. 10A).
However, Gb3Cer was found to distribute with 34%, 16%,
and 3% to DRM fraction 2 and adjacent fractions 3 and 1,
respectively. Thus, 53% of Gb3Cer floated in the DRM
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fractions. The remaining 30% accounted for soluble
Gb3Cer in the nonDRM fractions 4 to 8, and 17% were
attributable to the sediment fraction after cholesterol re-
moval, evidencing similar relative distribution of Gb3Cer
in the DRM fractions compared with EA.hy 926 cells with-
out cholesterol depletion (see Fig. bA). Importantly, quan-
titation of summed fractions 1 to 3 in relation to the
control immunostains on the same TLC plates revealed an
extremely low maintenance of DRM associated Gb3Cer of
only 9% after cholesterol depletion. The ratios of Gb3Cer
species with long- (upper band) to short-chain (lower
band) fatty acids upon MBCD exposure were similar to
those obtained from DRM fraction 2 and total cells of un-
treated EA.hy 926 cells (Table 2). In conclusion, incuba-
tion with MBCD resulted in a tremendous reduction of
DRMs accompanied by an almost entire loss of Gb3Cer in
the corresponding gradient fractions, suggesting an ex-
tremely labile GSL-cholesterol assembly in microdomains
of EA.hy 926 cells.

Despite the approximately 90% reduction in DRMs, the
caveolae marker caveolin-1 was still clearly detectable
in DRM fraction 2 along with a considerable increase of
soluble caveolin-1 in the bottom fraction 8 after MBCD
treatment (Fig. 10B, upper panel). Flotillin-2 was again
undetectable in DRMs (Fig. 10B, lower panels) as observed
in gradient fractions obtained from cells without MBCD
exposure (Fig. 5B, lower panel). Together the data evi-
denced an almost complete destruction of lipid rafts
caused by cholesterol depletion, along with a 90% decline
of Gb3Cer in the DRM fraction with rising soluble caveo-
lin-1, which suggested a rather labile lipid assembly in mi-
crodomains of EA.hy 926 cells.

GSL expression of EA.hy 926 cells after medium change

Because culturing cells in different types of media (e.g.,
DMEM:F12 or RPMI 1640) may alter their biochemical
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Fig. 8. Cholesterol (A) and protein (B) content in sucrose den-
sity gradient fractions of HBMECs (black bars) and EA.hy 926 cells
(white bars) after treatment with 10 mM MBCD. Gradient fractions
were numbered from top (= fraction 1) to bottom (= fraction 8);
fraction 9 was obtained by solubilization of the sediment. Lipid ex-
tracts were separated by TLC, and cholesterol was quantified by
densitometric scanning. Stained proteins were quantified colori-
metrically by extinction measurement in microtiter plates. Results
represent the means and standard deviations of 3-fold determina-
tion and are expressed as micrograms per 1 x 10° cells. DRM, deter-
gentresistant membrane; EA.hy 926 cells, HUVEC descendant cell
line; HBMEC, human brain microvascular endothelial cell; MBCD,
methyl-B-cyclodextrin; S, sediment fraction.

nature (71), we cultivated EA.hy 926 cells in the same me-
dium as HBMECs (RPMI 1640 medium) and investigated
the possible influence of the cell culture medium on GSL
expression, particularly on the inability of Gb4Cer biosynthe-
sis. The medium shift from DMEM:F12 to RPMI 1640 did
not cause any changes related to EA.hy 926 cell morphol-
ogy, growth behavior, adhesiveness, or confluence degree
as demonstrated for cells grown in original DMEM:F12
and after 10 passages in RPMI 1640 medium (supplementary
Fig. IV). Furthermore, triple experiments of EA.hy 926 cells
propagated in the two different media revealed the same
GSL profile concerning Gb3Cer abundancy and lack of
Gb4Cer (see supplementary Fig. V). The Gb3Cer profiles of
EA hy 926 cells propagated in original DMEM:F12 and after
switching to RPMI 1640 were comparable (supplementary
Fig. V-A, lanes c and d). Moreover, the lack of Gb4Cer ex-
pression was observed in both media (supplementary Fig.
V-B, lanes ¢ and d), indicating this failure as an intrinsic
feature of EA.hy 926 cells as previously reported (52).

HBMECs + 10 mM MBCD
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Fig. 9. Detection of Gb3Cer and Gb4Cer (A) and caveolin-1 and
flotillin-2 (B) in sucrose gradient fractions of HBMECs after treat-
ment with 10 mM MBCD. Gradient fractions were numbered from
top (= fraction 1) to bottom (= fraction 8); fraction 9 was obtained
by solubilization of the sediment (see supplementary Fig. I). A:
TLC overlay assays. Lipid extracts were separated by TLC and
Gb3Cer and Gb4Cer were immunodetected with anti-Gb3Cer anti-
body (upper panel) and anti-Gb4Cer antibody (lower panel),
respectively. Control (C): 2 pg and 0.2 pg of neutral GSLs from hu-
man erythrocytes for anti-Gb3Cer and anti-Gb4Cer immunostain,
respectively; GSL amounts of the gradient fractions 1-9 (F1-9) cor-
respond to 5 x 10° cells, and those of total cells (T) are equivalent
to 2.5 x 10° cells. The relative amounts of Gb3Cer and Gb4Cer
within the gradient fractions (F1-9) were determined densitometri-
cally and are given as percentages in the figure; different Gb3Cer
and Gb4Cer lipoforms (upper and lower bands) of total cells and
DRM fraction 2 are listed as percentages in Table 2. B: Western
blots. Protein preparations were separated by SDS-PAGE and trans-
ferred onto nitrocellulose membranes. Caveolin-1 and flotillin-2
were detected with anti-caveolin-1 antibody (upper panel) and
anti-flotillin-2 antibody (lower panel). Control (C): 10 pg of hu-
man heart lysate and 20 pg of HeLa cell lysate for caveolin-1 and
flotillin-2 immunodetection, respectively; protein amounts of the
sucrose gradient fractions 1-9 and total cells (T) correspond to 1 x
10° cells, respectively. Vertical white lines indicate areas of non-
contiguous lanes assembled. DRM, detergentresistant membrane;
Gb3Cer, globotriaosylceramide; Gb4Cer, globotetraosylceramide;
GSL, glycosphingolipid; HBMEC, human brain microvascular en-
dothelial cell; MBCD, methyl-B-cyclodextrin; S, sediment fraction.

Distribution of Gb3Cer to sucrose gradient fractions of
EA.hy 926 cells after medium change

TLC immunodetection of Gb3Cer in lipid extracts and
Western blots of caveolin-1 and flotillin-2 in protein prepa-
rations of the gradient fractions after medium shift of EA.
hy 926 cells are shown in Fig. 11. Gb3Cer was prevalent in
DRM fraction 2 and also present in accompanying frac-
tions 1 and 3, composing 52% compared with the remain-
ing gradient fractions with higher sucrose density (Fig.
11A). This result was comparable with data from EA.hy
926 cells grown in original DMEM:F12, where 46% of
Gb3Cer distributed to DRM fraction 2 and the two adja-
cent fractions (see Fig. bA).
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Fig. 10. Detection of Gb3Cer (A) and caveolin-1 and flotillin-2
(B) in sucrose gradient fractions of EA.hy 926 cells after treatment
with 10 mM MBCD. Gradient fractions were numbered from top (=
fraction 1) to bottom (= fraction 8); fraction 9 was obtained by
solubilization of the sediment (see supplementary Fig. I). A: TLC
overlay assays. Lipid extracts were separated by TLC, and Gb3Cer
was immunodetected with anti-Gb3Cer antibody. Control (C): 2 pg
of neutral GSLs from human erythrocytes; GSL amounts of the gra-
dient fractions 1-9 (F1-9) correspond to 5 x 10° cells, and those of
total cells (T) are equivalent to 2.5 x 10° cells. The relative amounts
of Gb3Cer within the gradient fractions (FI1-9) were determined
densitometrically and are given as percentages in the figure; differ-
ent Gb3Cer lipoforms (upper and lower bands) of total cells and
DRM fraction 2 are listed as percentages in Table 2. B: Western
blots. Protein preparations were separated by SDS-PAGE and trans-
ferred onto nitrocellulose membranes. Caveolin-1 and flotillin-2
were detected with anti-caveolin-1 antibody (upper panel) and
anti-flotillin-2 antibody (lower panel). Control (C): 10 pg of hu-
man heart lysate and 20 pg of HeLa cell lysate for caveolin-1 and
flotillin-2 immunodetection, respectively; protein amounts of the
sucrose gradient fractions 1-9 and total cells (T) correspond to 1 x
10° cells, respectively. Vertical white lines indicate areas of noncon-
tiguous lanes assembled. DRM, detergentresistant membrane;
EA.hy 926 cells, HUVEC descendant cell line; Gb3Cer, globotriao-
sylceramide; GSL, glycosphingolipid; MBCD, methyl-B-cyclodextrin;
S, sediment fraction.

The strong appearance of caveolin-1 in the Western
blots of DRM fraction 2 and adjacent fraction 3 (Fig. 11B,
upper panel) was consistent with former results of EA.hy
926 cells grown in DMEM:F12 (see Fig. 5B, upper panel).
Flotillin-2 was detectable only in trace quantities in DRM
fraction 2 and fraction 8 (Fig. 11B, lower panel), compa-
rable to the Western blot obtained from EA.hy 926 cells
before the medium shift (see Fig. 5B, lower panel). In con-
clusion, the medium switch did not significantly change
the expression of either Gb3Cer or the two lipid raft
marker proteins.

Distribution of Gb3Cer to sucrose gradient fractions
of EA.hy 926 cells after medium change and
M@BCD-mediated cholesterol depletion

TLC overlay detection of Gb3Cer and Western blot
determination of lipid raft marker proteins of EA.hy 926
cells after medium shift and MBCD-mediated cholesterol
depletion is shown in Fig. 12. Only trace quantities of
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EA.hy 926 cells in RPMI 1640
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Fig. 11. Detection of Gb3Cer (A) and caveolin-1 and flotillin-2
(B) in sucrose gradient fractions of EA.hy 926 cells after medium
switch to RPMI 1640. Gradient fractions were numbered from top
(= fraction 1) to bottom (= fraction 8); fraction 9 was obtained by
solubilization of the sediment (see supplementary Fig. I). A: TLC
overlay assays of lipid extracts from gradient fractions 1-9 (F1-9)
and of total cells (T) were performed as described in Fig. bA. B:
Western blots of SDS-PAGE separated protein preparations from
gradient fractions 1-9 and total cells were performed as described
in Fig. 5B. Vertical white lines indicate areas of noncontiguous
lanes assembled. DRM, detergentresistant membrane; EA.hy 926
cells, HUVEC descendant cell line; Gb3Cer, globotriaosylceramide;
S, sediment fraction.

Gb3Cer were detectable in all of the gradient fractions as
deduced from the TLC overlay assay (Fig. 12A). The over-
all reduction in distribution of Gb3Cer to DRM fractions
was the same as observed for EA.hy 926 cells cultivated in
original DMEM:F12 followed by cholesterol depletion (see
Fig. 10A), which indicated same lability toward MBCD
treatment after the medium switch.

Caveolin-1 dominated in DRM fraction 2 and the gradi-
ent fractions with high sucrose density (Fig. 12B, upper
panel), while flotillin-2 remained largely undetectable
with the exception of the sediment fraction 9 (Fig. 12B,
lower panel), which was quite similar to the findings in the
original DMEM:F12 after cholesterol depletion (see Fig.
10). Together the data confirmed a less stable lipid assem-
bly in microdomains of EA.hy 926 cells, which was only
marginally influenced by the cell culture medium.

DISCUSSION

Since it was first described as a simple barrier between
extra and intracellular compartments, different plasma
membrane structural and composition models have been
proposed (2). Over the last decade, several works have
provided evidence that the plasma membrane is indeed
more mosaic than fluid (32). Itis now widely accepted that
the lateral organization of cellular membranes is formed
by the clustering of specific lipids, such as cholesterol and
GSLs, into highly condensed microdomains, and that the
formation and disassembly of lipid raft domains is a dy-
namic process (1).
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EA.hy 926 cells in RPMI 1640
+ 10 mM MBCD
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Fig. 12. Detection of Gb3Cer (A) and caveolin-1 and flotillin-2
(B) in sucrose gradient fractions of EA.hy 926 cells after medium
switch to RPMI 1640 and treatment with 10 mM MBCD. Gradient
fractions were numbered from top (= fraction 1) to bottom (= frac-
tion 8); fraction 9 was obtained by solubilization of the sediment
(see supplementary Fig. I). A: TLC overlay assays of lipid extracts
from gradient fractions 1-9 (FI1-9) and of total cells (T) were per-
formed as described in Fig. 10A. B: Western blots of SDS-PAGE
separated protein preparations from gradient fractions 1 to 9
and total cells were performed as described in Fig. 10B. Vertical
white lines indicate areas of noncontiguous lanes assembled. DRM,
detergentresistant membrane; EA.hy 926 cells, HUVEC descen-
dant cell line; Gb3Cer, globotriaosylceramide; MBCD, methyl-3-
cyclodextrin; S, sediment fraction.

The tight packaging of cholesterol, GSLs, and phospho-
lipids confers to lipid rafts their resistance to solubilization
by nonionic detergents in the cold. Detergent resistance
reflects a stronger lateral interaction between membrane
components, which allows their separation and isolation
as DRMs from the rest of the plasma membrane using su-
crose-density gradients (65, 72). We found that Stx recep-
tors preferentially localized to the liquid-ordered phases
of DRM fractions of HBMECs and EA.hy 926 cells, where
they colocalized with prevalent flotillin-2 and caveolin-1,
respectively. Note that the ratio of insoluble versus soluble
Gb3Cer was higher in HBMECs, whereas there was a con-
siderably lower Gb3Cer association with DRMs and a con-
comitant increase of soluble Gb3Cer in nonDRM fractions
of EA.hy 926 cells. We previously described that EA.hy 926
cells exhibited a higher sensitivity to Stx1 and a higher
mortality rate in vitro compared with HBMECs (52). A
very recent study of our group on the direct comparison of
both types of endothelial cells using quantitative apopto-
sis/necrosis assay (73) revealed different susceptibilities
to Stxl and Stx2: EA.hy 926 cells were slightly, but sig-
nificantly (~10 times), more sensitive to Stxl, whereas
HBMECs were strikingly (=1,000 times) more susceptible
to Stx2. These findings were quite surprising because Stx1
and Stx2 are known to exhibit identical receptor binding
specificity, and both EA.hy 926 cells and HBMECs express
the high-affinity receptor Gb3Cer in relevant quantities
(52), suggesting the existence of yet-to-be delineated Stx

type-specific mechanisms of endothelial cell injury beyond
inhibition of protein biosynthesis (73). Furthermore, one
would expect a higher susceptibility of HBMECs toward
Stx due to higher content of DRM-associated Stx receptors
as shown in this study, but this is only the case for Stx2
(73). Thus, with the current knowledge regarding Stx-
receptor content and plasma membrane localization as
well as lipid raft association, we do not know the reasons
for the observed differential cytotoxic action of Stx1 and
Stx2. Further investigations are required using confocal
laser microscopy, which has been employed successfully
for subcellular routing of Stx and localization of flotillin
by Sandvig and coworkers (74, 75).

However, there seems to be no question that Gb3Cer
within DRMs, an index of GSL-cholesterol-enriched lipid
rafts, is required for in vitro cytotoxicity (47, 49, 76, 77)
and may define glomerulirestricted pathology (78),
whereas randomly distributed Gb3Cer in the nonordered
liquid state may have a protective effect. The most plausi-
ble reason for this is that the internalized Stx B-subunit-
Gb3Cer complex derived from soluble Gb3Cer is trafficked
to the lysosomes where the toxin is degraded, resulting in
survival of the cells (47). It is well accepted that the pres-
ence of Gb3Cer within DRMs is central for the ensuing
transport of the Gb3Cer/Stx agglomerate via endosomes
and the trans-Golgi network to the endoplasmic reticu-
lum. In addition, the translocation of the A-subunit from
the endoplasmic reticulum into the cytosol depends largely
on Gb3Cer assembly in DRMs (49). However, the molecu-
lar arrangement of soluble Gb3Cer and Gb4Cer in non-
DRM fractions remains obscure and raises the question of
whether the GSLs distribute as single molecules or whether
a so-far unknown cholesterol-free association with soluble
proteins might exist, especially in the liquid-disordered
phase of the gradient bottom fraction containing the high-
est sucrose concentration.

A relevant specific enrichment of certain lipoforms (i.e.,
GSL variants with long- and short-chain fatty acids) in
DRMs compared with total cell extracts could not be de-
tected, although a subtle change in favor of Gb3Cer with
(C24 fatty acid was arguable in DRM fraction 2 of HBMECs
as deduced from TLC overlay assays, accompanied by a
small relative increase of monounsaturated C24:1 fatty de-
tectable by in situ TLC-IR-MALDI-o-TOF-MS. Lingwood
et al. proposed that the heterogeneity in fatty acid compo-
sition of GSLs may mediate aglycone (ceramide) regula-
tion of GSL. membrane receptor function by a differential
interaction with cholesterol and other membrane compo-
nents that may be differentially organized within plasma
membrane lipid domains (79, 80). These concepts have
been illustrated in model membrane studies, particularly
in relation to Gb3Cer-Stx-interaction. Importantly, mix-
tures containing Gb3Cer with C18 fatty acid were not rec-
ognized by Stx1, but the addition of the Gb3Cer variant
with C24:1 fatty acid resulted in the generation of presen-
tation and binding platforms for Stx1, whereas Stx2 bound
Gb3Cer species largely irrespective of fatty acid chain
length (81). Those studies indicated that fatty acid-medi-
ated fluidity within simple GSL and cholesterol-containing
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DRMs can selectively regulate GSL carbohydrate ligand
binding. We found the classical TLC-separated Gb3Cer
doublets in HBMECs and EA.hy 296 cells consisting of
Gb3Cer (d18:1, C24:1/C24:0) in the faster and Gb3Cer
(d18:1, C16:0) in the slower moving band in both cell lines
but no Gb3Cer lipoforms with C18 and C20 fatty acids
(52). Because the latter have been reported to fail in bind-
ing to Stxl in Gb3Cer-cholesterol vesicles (81), this sug-
gests involvement of at least Gb3Cer (d18:1, C24:1/C24:0),
but the participation of Gb3Cer (d18:1, C16:0) in the rec-
ognition process of Stx1 and Stx2 in HBMECs and EA.hy
926 cells is unknown. We aim therefore to unravel in the
near future the functional role of these DRM-associated
Gb3Cer species to explain the differential cytotoxic ac-
tions of Stxl and Stx2 toward the different types of en-
dothelial cells (73).

As Stx cytotoxicity and retrograde trafficking have been
shown for HelLa and glomerular microvascular endothe-
lial cell cultures to depend on Gb3Cer presence within
DRMs (47, 82), whereas randomly distributed Gb3Cer in
the plasma membrane was found to mediate binding and
subsequent traffic to lysosomes for Stx degradation in
HeLa and bovine epithelial cells (47, 76), we investigated
the destabilization of endothelial DRMs employing choles-
terol-sequestering MBCD. Cholesterol, as a dynamic “glue”
holding lipid rafts together, was only incompletely re-
moved from the plasma membrane of HBMECs by MBCD
treatment, giving evidence for highly refractive microdo-
mains in the liquid-ordered membrane phase. The re-
maining and rather high cholesterol content of 45% in
the DRMs correlated with only marginally diminished
Gb3Cer retaining the same C24 to C16 fatty acid ratio com-
pared with DRMs of untreated cells. In contrast to Gb3Cer,
a disproportionately high loss of Gb4Cer accompanied by
a simultaneous substantial loss of Gb4Cer with C16 fatty
acid indicated less stable raft-insertion of Gb4Cer with the
short-chain fatty acid as the most plausible explanation for
high extraction efficacy. In contrast to HBMECs, exposure
to MBCD resulted in almost completely abolished choles-
terol content of 9% in macrovascular EA.hy 926 cells,
in accordance with exceptionally low Gb3Cer content of
10%. We do not know the membrane constituents that
might confer structural stability to lipid rafts of HBMECs
or why microdomains of HBMECs and EA.hy 926 cells are
distinct in terms of sensitivity toward cholesterol deple-
tion. However, it is tempting to speculate that, for exam-
ple, the observed replenishment of DRM fractions by
flotillin-2 may support the stability of lipid rafts through
cholesterol removal, pointing to a dynamic process of
membrane reconstitution by auxiliary membrane proteins.
Moreover, besides unique GSL requirements for function-
ally intact lipid rafts (26, 83), it is unclear whether GSL-
GSL interaction may contribute to lipid raft solidity and
thus to refractiveness through cholesterol depletion. In
this context, it is noteworthy that an association of Gb3Cer
with other GSLs or functionally different pools of Gb3Cer
may be involved in lipid raft dynamics (48, 49). However,
it should be mentioned that these studies, including the
impressive investigations on Stx-mediated induction of
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tubular membrane invaginations which hint to a perplex-
ing diversity of endocytic routes (84), have been performed
with nonendothelial cells, and generalizations for en-
dothelial cells are therefore limited.

Thus, despite the hypothetical functional role of GSL
association with lipid rafts in endothelial cells, our study
provides some useful information and the basis for future
investigations to clarify the involvement of raft-associated
GSLs in uptake and trafficking of Stx to intracellular tar-
gets. Our study may contribute to a deeper understanding
of Stx-mediated endothelial cell injury.Bi
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