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Abstract Shiga toxin (Stx)-producing Escherichia coli are
the leading cause of hemorrhagic colitis and life-threatening
extraintestinal complications in humans. Stx1 and Stx2 are
transferred by yet to be delineated mechanisms from the
intestine to the circulation where they injure microvascular
endothelial cells. The resulting vascular lesions cause renal
failure and brain damage. Because lipoproteins are poten-
tial carriers of Stx through the circulation, we investigated
human lipoprotein-associated neutral glycosphingolipids
(GSLs) with emphasis on high (globotriaosylceramide) and
low (globotetraosylceramide) affinity Stx-receptors. TLC
overlay employing Stx1, Stx2, and anti-GSL antibodies dem-
onstrated preferential distribution of globo-series GSLs to
very low- and low-density lipoproteins compared with minor
association with high-density lipoproteins. Electrospray ion-
ization quadrupole time-of-flight mass spectrometry por-
trayed C24:0/C24:1 and C16:0 as the major fatty acid of the
ceramide moieties of Stx-receptors carrying nonvarying
d18:1 sphingosine. This structural heterogeneity was also
found in precursor lactosylceramide, glucosylceramide, and
galactosylceramide, the last showing an exceptionally high
degree of hydroxylated C24 fatty acids.Hi Our findings pro-
vide the basis for exploring the functional role of lipopro-
tein-associated Stx-receptors in human blood.—Schweppe,
C. H., P. Hoffmann, J-R. Nofer, G. Pohlentz, M. Mormann,
H. Karch, A. W. Friedrich, and ]J. Mithing. Neutral gly-
cosphingolipids in human blood: a precise mass spectrom-
etry analysis with special reference to lipoprotein-associated
Shiga toxin receptors. J. Lipid Res. 2010. 51: 2282-2294.
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Glycosphingolipids (GSLs) are amphipathic mole-
cules that contain a hydrophilic oligosaccharide residue
and a hydrophobic ceramide moiety (1, 2). The cer-
amide consists of a sphingoid base that is linked with a
fatty acid via N-acylation forming the lipid anchor of
GSLs. Much effort is currently spent to analyze the bio-
diversity of sphingolipid structure, metabolism, and
function (3, 4). Neutral GSLs as well as sialic acid carry-
ing gangliosides are most prominently located in the
outer leaflet of the plasma membrane of animal cells
where they are clustered in lipid rafts (5, 6), but recent
studies have also pointed to important functional roles
in the nucleus (7). Their oligosaccharides protrude
from the cell surface rendering GSLs candidates for
cell-cell interactions (8), particularly in the develop-
ment and pathogenesis of organs (9, 10). Furthermore,
GSLs play important biological roles in the pathophysi-
ology of many infections and serve as receptors for bac-
teria (11) and bacterial toxins, including Shiga toxins
(Stxs) (12, 13).

Stxs are AB; holotoxins, which have been divided into
two families, Stx1 and Stx2, each of which consists of the
major Stx type and several variants (14, 15). The penta-
meric B-subunit of Stx1 binds to globotriaosylceramide
(Gb3Cer/CD77) (16) on the surface of susceptible
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endothelial cells (17). Stxs are internalized and undergo
retrograde transport through the Golgi apparatus to the
endoplasmic reticulum (18). After translocation into the
cytosol, the enzymatically active Al fragment exerts its
toxic function due to specific depurination of adenosine
at a highly conserved loop of the 60S rRNA, causing
death of the target cell through inhibition of protein
synthesis (19, 20). Vascular damage caused by Stx-pro-
ducing Escherichia coli (STEC), the major causes of
hemorrhagic colitis and the life-threatening hemolytic
uremic syndrome (HUS), is largely mediated by Stxs,
which particularly injure endothelial cells in the kidney,
the brain, and other organs and also participate in
thrombotic mechanisms (15, 17, 21-23). After being re-
leased by the infecting STEC in the intestine, Stx is trans-
located across the gut into circulation (24) and
transported to endothelial cells. Importantly, Gb3Cer
has not been detected in human gastroepithelial cells
(25), and the mechanism of toxin translocation across
the intestinal barrier remains an enigma. Although the
role of polymorphonuclear leukocytes as a Stx carrier
has been indicated (26, 27), the mechanism of toxin de-
livery is still a matter of debate. Interestingly, lipopro-
teins can bind GSLs, including Gb3Cer (28), and it
seems possible that Stx could be cotransported, bound
in a piggyback fashion with dietary lipoproteins, from
the lumen of the intestine to the circulation (29). How-
ever, knowledge about the structural diversity of GSLs in
lipoproteins is rather poor and little is known about
their functional role in human blood. Though the exis-
tence of neutral GSLs in lipoproteins is well known (30,
31), the composition of GSLs, being minor constituents
of lipoproteins, and their fine structure have generally
drawn little attention (32, 33). This prompted us to per-
form a compositional analysis of neutral GSLs in human
blood with special reference to monohexosylceramides
and Stx receptors and their association with lipopro-
teins. Notably, glucosylceramide (GlcCer) has been re-
ported to modulate the Stx-mediated cytotoxic effect
(34) and may directly contribute to venous thrombosis
(35), and galactosylceramide (GalCer) has been identi-
fied as a (co)receptor of type 1 human immunodefi-
ciency virus (36, 37).

Initially we started with TLC overlay detection of the
globo-series GSLs Gb3Cer and globotetraosylceramide
(Gb4Cer) and the precursor GSLs monohexosylcer-
amide and lactosylceramide (Lc2Cer) using anti-GSL
specific antibodies as well as Stx1 and Stx2 for the iden-
tification of neutral GSLs isolated from human plasma.
We then characterized the TLC detected neutral GSLs
by MS employing MS' and tandem MSQ, which has not
been reported before. Their specific localization was
then determined in lipoprotein fractions of different
densities, which were prepared from the same batch of
human plasma used for the combined TLC-MS analysis.
Our findings provide the basis for further exploring the
functional role of neutral GSLs in STEC infections and
support the hypothesis that lipoprotein-associated GSLs
may interact with Stxs in the gut and/or human blood.

MATERIALS AND METHODS

Human plasma

Frozen pooled fresh plasma of healthy donors of blood group A
was obtained from the Heart and Diabetes Centre Northrhine-
Westphalia (Bad Oeynhausen, Germany; charge 0426 127710 1).
The plasma (protein concentration 69.4 mg/ml) was thawed, fil-
trated through a sterile filter (pore size 0.2 pm), and aliquots of
360 ml and 100 ml were immediately used for the preparation of
lipoproteins and the extraction of GSLs, respectively (see below).

Preparation of lipoprotein fractions from human plasma

VLDL (fraction I, d = 0.94 to 1.006 g/ml), LDL (fraction II,
d =1.019 to 1.063 g/ml), and HDL (fraction III, d = 1.125 to
1.210 g/ml) were isolated from 360 ml of human plasma by dis-
continuous KBr gradients as described by Havel et al. (38). Frac-
tion I comprises chylomicrons, is enriched in VLDL, and contains
in addition intermediate-density lipoproteins (IDL), thereafter
named “VLDL”. Due to their high content of LDLs and HDLs,
fractions II and III were designated as “LDL” and “HDL”, respec-
tively. The lipoprotein fractions were dialyzed against 0.3 mmol/1
Tris-HCI, 0.14 mol/1 NaCl, 1.0 mmol/1 EDTA, pH 7.2, and stored
under exclusion of light at 4°C for no longer than 7 days. The
protein concentration in lipoprotein fractions [VLDL (1.3 mg/
ml), LDL (6.4 mg/ml), and HDL (11.4 mg/ml)] were deter-
mined by the method of Lowry et al. (39).

Isolation and purification of neutral GSLs from
human plasma

One hundred milliliters of pooled plasma were dialyzed
against deionized water followed by lyophilization. The residue
was extracted twice with chloroform/methanol/water (30/60/8,
each by vol.). After rotary evaporation, the extract was resolved in
100 ml of aqueous 1 N NaOH and incubated for 2 h at 37°C in
order to saponify coextracted phospholipids and triacylglycer-
ides. After neutralization with 10 N HCI followed by dialysis and
lyophilization, neutral GSLs were separated from gangliosides by
anion-exchange column chromatogrpahy employing DEAE-
Sepharose CL-6B (GE Healthcare, Miinchen, Germany) in the
acetate form and subsequently purified by silica gel 60 (particle
size 0.040 to 0.063 mm, Merck, Darmstadt, Germany) chroma-
tography according to standard procedures (40-42). The neutral
GSL fraction was adjusted to 2 ml of chloroform/methanol (2/1,
v/v) whereby 1 jl corresponds to 50 pl of plasma (equivalent to
3.47 mg of plasma protein).

Isolation of GSLs from lipoprotein preparations

Three types of lipoprotein fractions were prepared according
to their density (see “Preparation of lipoprotein fractions from
human plasma”). Aliquots of VLDL, corresponding to 4 mg of
lipoprotein, and aliquots of LDL and HDL, equivalent to 20 mg
of lipoprotein, respectively, were dialyzed against deionized wa-
ter and dried by rotary evaporation. After saponification of
nonGSL contaminants with 1 N NaOH for 1 h at 37°C and neu-
tralization with 10 N HCI, samples were lyophilized. GSLs were
extracted from the residues with chloroform/methanol/water
(30/60/8, v/v/v) under sonication. The extracts were centri-
fuged and the supernatants dried by rotary evaporation. The resi-
dues were redissolved in chloroform/methanol (2/1, v/v) and
adjusted to concentrations whereby 1 pl of extract corresponds
to 1 pg of lipoprotein.

Stx1 and Stx2

Stx1 and Stx2 were purified from E. coli C600(H19J) carrying
the stx; gene from E. coli O26:H11 strain H19 (43) and from E. coli
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C600(933W) carrying the stx, gene from E. coli O157:H7 strain
EDIL933 (44), respectively. Briefly, bacteria were disintegrated by
sonication and subjected to extraction with polymyxin B (3000 U/
ml) (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). After
centrifugation, the supernatant containing crude Stx was concen-
trated by ultrafiltration and subjected to chromatography on hy-
droxylapatite column followed by chromatofocusing (45, 46). The
column fractions containing Stx were pooled, dialyzed, and aliquots
were stored at —70°C until use. Purity of the Stx1 and Stx2 prepara-
tions was monitored by SDS-PAGE, and the structural integrity of
both toxins was checked by peptide mapping employing MS (13).

Anti-GSL, anti-Stx1, and anti-Stx2 antibodies

All polyclonal rabbit and chicken antibodies were produced
according to the method of Kasai et al. (47). The preparation
and specificities of the antibodies against various neutral GSLs
have been reported in previous publications. Structures of GSLs
and the antibody-relevant references are listed in Table 1. Mouse
IgG monoclonal antibodies 109/4-E9b and 135/6-B9 (Sifin, Ber-
lin, Germany) were used for the detection of Stx1 and Stx2,
respectively.

Reference GSLs

The nomenclature of GSLs follows the IUPAC-IUB recom-
mendations (48). All monosaccharides are in D-configuration
and all glycosidic linkages originate from the C1 hydroxyl group.
A GlcCer fraction from human Gaucher’s spleen was purchased
from Sigma-Aldrich (G-9884; St. Louis, MO) and found being
mostly composed of GlcCer (d18:1, C24:1/C24:0), GlcCer (d18:1,
(€22:0), and GlcCer (d18:1, C16:0). A GalCer fraction was pre-
pared from human brain according to standard procedures (40,
49) harboring GalCer (d18:1, C24:1), GalCer (d18:1, h24:1/
h24:0), and GalCer (d18:1, C18:0) as the major constituents.
Neutral GSL reference mixture 1 comprising Lc2Cer, Gb3Cer,
and Gb4Cer as the major constituents was isolated from human
erythrocytes as previously described (50). Ten micrograms of
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Fig. 1. TLC immunodetection of individual GSLs in the neutral
GSL preparation of human plasma. Amounts of GSLs applied for
the orcinol stain correspond to 34.7 mg and those for the TLC
overlay assays using anti-GSL antibodies as well as Stx1 and Stx2 are
equivalent to 17.4 mg of human plasma proteins. Bound anti-GSL
antibodies specific for Lc2Cer, Gb3Cer, Gb4Cer, and nLc4Cer as
well as Stx1l/anti-Stxl-antibody and Stx2/anti-Stx2-antibody were
visualized with alkaline phosphatase conjugated secondary anti-
bodies and BCIP as a substrate. The vertical white lines indicate
areas of noncontiguous lanes assembled. The GSL structures and
backgound information on the employed antibodies and Stxs are
provided in Table 1. MHC, monohexosylceramides.
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mixture 1 contained 0.3 pg and 0.6 pg of Lc2Cer (d18:1, C24:1/
(C24:0) and Lc2Cer (d18:1, C16:0), respectively, 1.7 pg and 0.4 pg
of Gb3Cer (d18:1, C24:1/C24:0) and Gb3Cer (d18:1, C16:0), re-
spectively, and 5.7 pg and 0.1 pg of Gb4Cer (d18:1, C24:1/C24:0)
and Gb4Cer (d18:1, C16:0), respectively, as well as some minor,
not further identified neutral GSLs. Neutral GSL reference mix-
ture 2 containing Lc2Cer and nLc4Cer as the major compounds
(51) was prepared from human granulocytes. Ten micrograms of
mixture 2 contained 1.9 pg and 2.6 pg of Lc2Cer (d18:1, C24:1/
(24:0) and Lc2Cer (d18:1, C16:0), respectively, and 3.5 pg and
2.0 pg of nLc4Cer (d18:1, C24:1/C24:0) and nLc4Cer (d18:1,
C16:0), respectively. Individual neutral GSLs of the reference
mixtures were quantified as pinkish-violet orcinol stained bands
with a CD60 scanner (Desaga, Heidelberg, Germany, software
ProQ_uant®, version 1.06.000) in reflectance mode at A=544 nm
with a light beam slit of 0.02 mm x 3 mm.

High-performance TLC

Neutral GSLs were separated on glass-backed silica gel 60 pre-
coated high-performance TLC plates (no. 1.05633.0001; Merck)
in the solvent chloroform/methanol/water (120/70/17, each by
vol., with 2 mM CaCly). The monohexosylceramides GlcCer and
GalCer were separated as borate complexes (52). Briefly, the plate
was loaded with the sample and exhaustively sprayed with 1.5%
(w/v) aqueous NayB,O; solution. After careful drying, GSLs were
separated in alkaline solvent composed of chloroform/methanol/
water/32% NH,OH (65/25/4/0.5, each by vol.). For preparative
purposes, GSLs were stained with primulin (Sigma; P-7522) (53)
and extracted from the silica gel as previously described (54).

TLC immunostaining

The TLC immunodetection procedure using anti-GSL anti-
bodies and Gb3Cer-binding Stx1 and Stx2 in conjunction with
anti-Stx1 and anti-Stx2 antibodies, respectively, was employed as
previously described (50, 55-59). All primary anti-GSL and alka-
line phosphatase-labeled secondary antibodies (Dianova, Ham-
burg, Germany) were overlayed to the TLC plate in 1:2000
dilutions. Bound secondary antibodies were visualized by color
development using 5-bromo-4-chloro-3-indolyl phosphate p-tolu-
idine salt (BCIP; Biomol, Hamburg, Germany).

Extraction of GSLs from silica gel of TLC plates

The silica gel of primulin-, antibody-, and Stx-detected GSL
bands was extracted with chloroform/methanol/water (30/60/8,

TABLE 1. Monoclonal antibodies, polyclonal antibodies, Stx1, and
Stx2 employed for the identification and structural characterization
of neutral GSLs from human plasma

GSL Structure References
Antibodies

Lc2Cer GalB4GlcB1Cer 51, 56
Gb3Cer Gala4GalB4Glcp1Cer 50, 51, 56
Gb4Cer GalNAcB3Gala4GalB4GlcB1Cer 50, 56
Gg3Cer GalNAcB4GalB4GlcB1Cer 50, 51, 56
Gg4Cer GalB3GalNAcB4GalB4GlcB1Cer 51, 56
nLc4Cer GalB4GIcNAcB3Galp4GlcB1Cer 51, 55, 56
Stx1 and Stx2

Gb3Cer Gala4Galp4Glcp1Cer 13, 50, 57-59
Gb4Cer GalNAcB3Gala4GalB4GlcB1Cer 13, 50, 57-59

The listed antibodies are polyclonal chicken IgY antibodies with
the exception of anti-Gg3Cer (2D4, mouse monoclonal IgM) and anti-
Gg4Cer antibody (rabbit polyclonal IgG). The nomenclature of GSLs
follows the IUPAC-IUB recommendations 1997 (48). Stx1 and Stx2
pereferentially bind to Gb3Cer and, to a minute extent, to Gb4Cer as
shown in the cited references. References represent examples for
antibody and Stx specificity analyses and refer to some applications.



each by vol.) under sonication (54). The supernatants from
3-fold extractions were pooled, dried, redissolved in methanol,
and analyzed by MS without further purification.

ESI Q-TOF-MS

The extracted GSL samples were analyzed in positive ion mode
by electrospray ionization quadrupole time-of-flight mass spec-
trometry (ESI Q-TOF-MS') and low-energy collision-induced-
dissociation (CID) MS® using a Q-TOF mass spectrometer
(Micromass, Manchester, UK). After selecting the precursor ions
of interest with the first quadrupole, CID was performed to ob-
tain fragment ions enabling sequence analysis [for further details
see Meisen et al. (54, 60) and Schweppe et al. (58)]. The nomen-
clature introduced by Domon and Costello (61, 62) and Adams
and Ann (63) was used for the assignment of the fragment ions.

RESULTS

TLC immunodetection of human plasma neutral GSLs

The initial identification of neutral GSL structures, deduced
from their chromatographic behavior in comparison to refer-
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ence neutral GSLs, demonstrated monohexosylceramide(s),
Lc2Cer, and the globo-series neutral GSLs Gb3Cer and
Gb4Cer (subsequently confirmed by TLC immunostain-
ing with specific antibodies) as the predominant GSLs in
human plasma as shown in the orcinol stain of Fig. 1. TLC
scanning of the prevalent orcinol-stained neutral GSL
bands on a percentage level revealed an almost equal ratio
of high abundant monohexosylceramides and Lc2Cer
(31% and 30%, respectively) and a high content of
Gb3Cer and Gb4Cer (18% and 16%, respectively) com-
pared with rather low amounts of nLc4Cer (5%) (see sup-
plementary Table I). The preliminarily identified neutral
GSLs were then confirmed by means of TLC immuno-
staining using specific anti-GSL antibodies, Stx1/anti-Stx1
and Stx2/anti-Stx2, which are listed in Table 1 along with
the detected GSL structures. All GSLs appeared as double
bands in the orcinol stain as well as in the overlay assays,
suggesting fatty acid heterogeneity in the lipid ceramide
anchor. Stxl and Stx2 showed strong binding toward
Gb3Cer and only minor interaction with Gb4Cer as shown

Fig. 2. ESI Q—TOF—MS] spectra of GlcCer and
GalCer from human plasma. The spectra were pre-
pared from silica gel extracts of primulin-stained
monohexosylceramides after TLC separation as bo-
rate complexes in alkaline solvent. Ms' spectra of
GlcCer (upper panel) and GalCer (lower panel) were
recorded in the positive ion mode. Dotted frames in
the insets, which show the orcinol stain of a TLC
plate, indicate the silica gel positions from which
primulin-detected GlcCer and GalCer were extracted,
respectively. Lane a: Reference GlcCer, 7 pg; lane b:
neutral GSL mixture corresponding to 34.7 mg of
human plasma protein; lane c: reference GalCer, 10
pg. Unassigned ion species, which originate most
likely from coextracted lipids are marked with aster-
isks and were not further analyzed. Major [M+Na]"
ions of monohexosylceramides and their proposed
structures are listed in Table 2.

200

GalCer (d18:1, C26:1/C26:0)
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900
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in the TLC binding assay of Fig. 1. The ganglio-series neu-
tral GSLs Gg3Cer and Gg4Cer were not detected in the
neutral GSL fraction of human plasma (data not shown).

Monohexosylceramides

The monohexosylceramides were separated as borate
complexes in alkaline solvent into GlcCer and GalCer in
comparison to reference GlcCer from human Gaucher’s
spleen and GalCer from human brain, respectively (see
insets of Fig. 2). The relative amount of GlcCer and Gal-
Cer was determined by TLC scanning of orcinol-stained
bands to be 53% and 47%, respectively. Further detailed
structural characterization was performed by ESI Q-TOF-
MS after preparative TLC. For this purpose, the silica gel
of primulin stained bands was scraped off the plate, ex-
tracted with an approximate recovery rate of 80%, and
the GSLs in the extracts analyzed by MS in the positive ion
mode. The monosodiated ions obtained by ESI Q-TOF-
MS! (Fig. 2, upper panel) resulted in the identification of
GlcCer (d18:1, C24:1/C24:0), GlcCer (d18:1, C22:0), and
GlcCer (d18:1, C16:0) as the most prominent GlcCer spe-
cies, accompanied by minor GlcCer variants carrying
C18:0, C20:0, and hydroxylated C24:1 (h24:1) and C24:0
(h24:0) fatty acids (Table 2). MS' analysis of the GalCer
double band (Fig. 2, lower panel) demonstrated hydroxy-
lated GalCer (d18:1, h24:1/h24:0) and nonhydroxylated
GalCer (d18:1, C24:1/C24:0) as the major GalCer species
(Table 2). Less abundant [M+Na]" ions were indicative
for GalCer (d18:1, C18:0) and GalCer (d18:1, C26:1/
(C26:0).

The proposed structures, and particularly the assess-
ment of hydroxylated sgecies of GlcCer and GalCer, were
further verified by MS™ analysis. The MS® spectrum, to-
gether with the corresponding fragmentation scheme of
GalCer (d18:1, h24:0), is shown as a representative exam-
ple of a hydroxylated monohexosylceramide in Fig. 3. The

TABLE 2. Major monosodiated ions of monohexosylceramides
from human plasma identified by ESI Q-TOF-MS
and their proposed structures

[M+Na]” [M+Na]”

m/z (Calculated) m/z (Experimental) Proposed Structure
722.55 722.58 GlcCer (d18:1, C16:0)
750.59 750.59 GlcCer (d18:1, C18:0)
778.62 778.63 GlcCer (d18:1, C20:0)
806.65 806.65 GlcCer (d18:1, C22:0)
832.66 832.67 GlcCer (d18:1, C24:1)
834.68 834.68 GlcCer (d18:1, C24:0)
848.66 848.67 GlcCer (d18:1, h24:1)
850.68 850.67 GlcCer (d18:1, h24:0)
750.59 750.61 GalCer (d18:1, C18:0)

750.61

832.66 832.69 GalCer (d18:1, C24:1)
834.68 834.69 GalCer (d18:1, C24:0)
848.66 848.69 GalCer (d18:1, h24:1)
850.68 850.70 GalCer (d18:1, h24:0)
860.70 860.71 GalCer (d18:1, C26:1)
862.71 862.70 GalCer (d18:1, C26:0)

The neutral GSLs GlcCer and GalCer from human plasma were
separated as borate complexes by TLC (see insets of Fig. 2) and isolated
by preparative TLC using primulin as nondestructive dye. Monosodiated
ions were recorded in the positive ion mode as shown in Fig. 2. Major
monohexosylceramides are printed in boldface.
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fragment ions obtained by internal cleavage of the cer-
amide portion clearly evidenced the occurrence of h24:0
and the concomitant appearance of sphingosine (d18:1)
as indicated by specific diagnostic ions.

Antibody-detected neutral GSLs

Next, we investigated the GSL extracts from TLC immu-
nostained Lc2Cer, Gb3Cer, Gb4Cer, and nl.c4Cer double
bands in detail by ESI Q-TOF-MS. The major [M+Na]®
ions identified in the ESI Q-TOF-MS' spectra are listed in
Table 3. Examples of Mms' spectra including the corre-
sponding insets of anti-Lc2Cer, anti-Gb3Cer, anti-Gb4Cer,
and anti-nLc4Cer antibody stained GSLs, where the silica
gel bands scraped off the TLC plate are indicated by a dot-
ted rectangle, are provided in Fig. 4A, B, C, and D, respec-
tively, for lower-band GSLs of the respective doublets
carrying short-chain fatty acids C14 to C18. The main spe-
cies in the spectra correspond to [M+Na]" ions of neutral
GSLs with saturated C16:0 fatty acids, which may be flanked
by the corresponding but low abundant protonated
[M+H]" ions as shown in the Lc2Cer and Gb3Cer spectra
in Fig. 4A and B, respectively. In addition to these major
species, minor ions indicating GSL species with C14:0 and
C18:0 fatty acids were detected as well. None of them, in-
cluding the dominant C16:0 fatty acid carrying species,
showed any modification such as unsaturation or hydroxy-
lation of the acyl chains. The neutral GSLs of the immu-
nostained double bands harboring long-chain C20 to C24
fatty acids are shown in supplementary Fig. I and the ma-
jor monosodiated ions acquired from the Ms' spectra are
listed in Table 3. As shown for the GSLs with short-chain
fatty acids (Fig. 4) no hydroxylated variants were observed
in the upper-band spectra of Lc2Cer (supplementary Fig.
IA), Gb3Cer (supplementary Fig. IB), Gb4Cer (supple-
mentary Fig. IC), and nLc4Cer (supplementary Fig. ID).
Interestingly, GSL heterogeneity owing to variable acyla-
tion of the sphingosine (d18:1) moieties with both mono-
unsaturated and saturated C22 to (C24 fatty acids was
observed for the prevalent tri- and tetrahexosylceramides,
whereas Lc2Cer was found to harbor exclusively monoun-
saturated C24:1 fatty acid.

Stx-detected neutral GSLs

The MS' spectra obtained from the silica gel extracts of
Stx1/anti-Stx]1 and Stx2/anti-Stx2 stained Gb3Cer and
Gb4Cer variants were identical to those acquired from the
anti-Gb3Cer and anti-Gb4Cer antibody detected species.
MS' data of Stxl /anti-Stx1 and Stx2/anti-Stx2 detected
[M+Na]* ions are summarized in Table 3 in addition to
those obtained by antibody identification. The Stx1 and
Stx2 positive TLC overlay assay bands and in particular the
monosodiated ions of the MS' spectra acquired from the
Stx1 stains served as starting point for the final confirma-
tion of Stx-binding Gb3Cer and Gb4Cer species using CID
tandem MS. The complete structural characterization was
performed for the main species assigned to Gb3Cer and
Gb4Cer and is exemplarily shown in the following sections
for Gb3Cer and Gb4Cer carrying sphingosine (d18:1) as
the sole and constant amino alcohol and a variable fatty
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acid with chain lengths from C16 to C24 in their ceramide
moieties.

Stx-detected Gb3Cer species

The main [M+Na]" ions detected in the MS! spectrum
of the positive upper Stx1/anti-Stx1 binding Gb3Cer band
(see inset of Fig. 5A) correspond to Gb3Cer (d18:1, C24:1/
(C24:0) at m/z1156.79/1158.79 and Gb3Cer (d18:1, C22:1/
C22:0) at m/z1128.75/1130.91 accompanied by low abun-
dant ions at m/z 1142.78,/1144.78 and m/z 1102.87, which
could be assigned to Gb3Cer (d18:1, C23:1/C23:0) and
Gb3Cer (d18:1, C20:0), respectively, as shown in Fig. bA.

TABLE 3. Major monosodiated ions identified in the
ESI Q-TOF-MS' spectra of antibody- and Stx-detected neutral
GSLs from human plasma and their proposed structures

[M+Nal*, m/z [M+Nal®, m/z  [M+Nal®, m/z

Antibody-Detected  Stx1-Detected = Stx2-Detected Proposed Structure

856.58 n.d n.d. Lc2Cer (d18:1, C14:0)
884.59 n.d. n.d. Lc2Cer (d18:1, C16:0)
994.68 n.d. n.d. Lc2Cer (d18:1, C24:1)
1046.67 1046.67 1046.63 Gb3Cer (d18:1, C16:0)
1074.68 1074.71 1074.64 Gb3Cer (d18:1, C18:0)
1128.74 1128.75 1128.68 Gb3Cer (d18:1, C22:1)
1130.76 1130.91 1130.70 Gb3Cer (d18:1, C22:0)
1142.77 1142.78 1142.75 Gb3Cer (d18:1, C23:1)
1144.77 1144.78 1144.75 Gb3Cer (d18:1, C23:0)
1156.78 1156.79 1156.76 Gb3Cer (d18:1, C24:1)
1158.78 1158.79 1158.77 Gb3Cer (d18:1, C24:0)
1249.73 1249.73 1249.69 Gb4Cer (d18:1, C16:0)
1277.71 1277.80 1277.67 Gb4Cer (d18:1, C18:0)
1331.80 1331.84 1331.94 Gb4Cer (d18:1, C22:1)
1333.86 1333.86 1333.95 Gb4Cer (d18:1, C22:0)
1359.85 1359.85 1359.95 Gb4Cer (d18:1, C24:1)
1361.85 1361.85 1361.99 Gb4Cer (d18:1, C24:0)
1249.77 n.d. n.d. nLc4Cer (d18:1, C16:0)
1359.90 n.d. n.d. nLc4Cer (d18:1, C24:1)
1361.90 n.d. n.d. nLc4Cer (d18:1, C24:0)

Minor protonated [M+H]" ions detectable in the mass spectra are
not listed in the table. Because Stx1 and Stx2 do not bind to Lc2Cer
and nLc4Cer, these structures are not detected (n.d.) by both toxins.
MS' spectra of neutral GSLs with short-chain fatty acids (C14 to C18)
are shown in Fig. 4 and those with long-chain fatty acids (C20 to C24)
are displayed in supplementary Fig. L.

T
800

The complete structural characterization of the Stx1 li-
gands was exemplified for the main species assigned to
Gb3Cer (d18:1, C24:1) by use of low energy CID MS® as
depicted in Fig. 5B together with the fragmentation
scheme in Fig. 5C. The fragment ions originating from the
monosodiated precursor ions at m/z 1156.75 are assigned
according to the nomenclature of Domon and Costello
(61, 62) and Adams and Ann (63) and gave rise to the
complete structure (Table 4). A full series of Y-type ions at
m/z994.70 (Y,), 832.68 (Y;), and 670.63 (Y,) was obtained,
indicating the sequential loss of three hexose moieties
from Gb3Cer and evidencing the Gb3Cer (d18:1, C24:0)
structure, which was further supported by the appearance
of high abundant B, and B4 as well as Gy and C; ions and
additional 0’2A2 and 0’2A3 ions, the latter two of them gener-
ated by ring cleavages (Fig. 5B). The detection of N Lions
at m/z 264.29 formed by loss of the N-linked fatty acid of
the ceramide moiety and cleavage at the reducing end of
the oligosaccharide (Zy-type ions in addition to Yj-type
ions) clearly indicates the presence of 4-sphingenine
(d18:1) and rules out 4-sphinganine (d18:0) as the long-
chain aminodiol constituent of the ceramide moiety.

Major [M+Na]" ions detected at m/z 1046.67 in the Ms!
spectrum of the lower Stx1/anti-Stx1 positive band corre-
spond to Gb3Cer (d18:1, C16:0) flanked by low abundant
ions at m/z 1074.71 assigned to Gb3Cer (d18:1, C18:0)
(not shown). The complete structure of Gb3Cer (d18:1,
C16:0) was derived by the assignment of fragment ions in-
cluding diagnostic ions, which were acquired from the
monosodiated precursor ions at m/z 1046.64 as shown in
the CID MS® spectrum of the supplementary Fig. IIA and
are listed in Table 4.

Stx-detected Gb4Cer species

The prevalent monosodiated molecular ions detected
in the MS' spectrum of GSL extracts from the upper Stx1/
anti-Stx1 binding Gb4Cer band showing a weak positive
interaction with the toxin (see inset of Fig. 6A) correspond
to Gb4Cer (d18:1, C24:1/C24:0) at m/z 1359.85/1361.85
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Fig. 4. ESI Q-TOF-MS' spectra of immunodetected neutral GSLs
with short-chain fatty acids from human plasma. The spectra were
acquired from silica gel extracts of antibody-stained GSLs being
equivalent to 104.1 mg of human plasma protein, respectively, and
recorded in the positive ion mode. The immunostained chromato-
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and Gb4Cer (d18:1, C22:1/C22:0) at m/z1331.84/1333.86
accompanied by low abundantions at m/z1345.88/1347.86
assigned to Gb4Cer (d18:1, C23:0) as shown in Fig. 6A.
Full structural characterization of these low-affinity Stx1
ligands was performed with the proposed Gb4Cer (d18:1,
(C24:1) species employing low energy CID MS® as demon-
strated in Fig. 6B in conjunction with the fragmentation
scheme depicted in Fig. 6C. The fragment ions originated
from the monosodiated precursor ions at m/z 1359.87 ex-
hibited a full series of Y-type ions starting with Ys at m/z
1156.79, indicating the loss of a HexNAc moiety from the
nonreducing end, followed by the sequential cleavage of
three hexose moieties, resulting in Y, ions at m/z994.72,Y,
ions at m/z 832.68, and ending up with the Y, fragment
ions at m/z 670.62, representing the ceramide moiety car-
rying C24:1 fatty acid (see synopsis of fragment ions in
Table 4). Additionally, a complete series of B-type ions
and sporadic C- and Z-type ions were detected, thus en-
abling, together with the N'-ions at m/z 264.27 generated
by loss of the N-linked fatty acid of the ceramide moiety
and cleavage at the reducing end of the oligosaccharide
(Zytype ions in addition to Y-type ions), an unambiguous
structural assignment of Gb4Cer (d18:1, C24:1).

The dominant [M+Na]" ions detected at m/z 1249.73 in
the MS' spectrum of the GSL extracts of the lower Gb4Cer
band with weak Stx1/anti-Stx1 binding capability and the low
abundant monosodiated ions at m/z 1277.80 were indicative
for Gb4Cer (d18:1, C16:0) and Gb4Cer (d18:1, C18:0), re-
spectively (not shown). The proposed structure of Gb4Cer
(d18:1, C16:0) could be finally confirmed by CID MS* frag-
mentation and the unequivocal assignment of fragment ions,
including diagnostic ions, which were acquired from the
monosodiated precursor ions at m/z 1249.73. The CID MS?
spectrum is shown in the supplementary Fig. IIB and frag-
ment ions obtained are summed up in Table 4.

Lipoprotein-associated neutral GSLs

VLDL, LDL, and HDL fractions harboring very low-, low-,
and high-density lipoproteins, respectively, were isolated
and separated by density gradient ultracentrifugation from
the same batch of pooled human plasma, which was used for
the structural characterization of individual GSLs from hu-
man plasma as described above. Total lipids including GSLs
were extracted from lipoprotein fractions and coextracted
phospholipids and triglycerides saponified by alkaline treat-
ment. GSL aliquots corresponding to 40 pg of lipoproteins

grams shown in the insets correspond to 17.4 mg of human plasma
protein, respectively (see Fig. 1). The dotted frames indicate the
lower bands of the respective antibody-detected double bands from
which the silica gel extracts were prepared. A: Lc2Cer; B: Gb3Cer;
C: Gb4Cer; D: nLc4Cer. ESI Q-TOF-MS' spectra of immunodetected
neutral GSLs with long-chain fatty acids of the upper bands of the
respective antibody-detected double bands are shown in supple-
mentary Fig. I. The major [M+Na]” ions of the detected neutral
GSLs and their proposed structures are listed in Table 3. Unknown
ions, which appeared in the spectrum of minor nL.c4Cer (D) and
originated most likely from the silica gel extraction procedure, are
marked with asterisks and were not further analyzed.
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Fig. 5. ESI Q-TOF mass spectra of Stxl-detected
Gb3Cer with long-chain fatty acids from human
plasma. A: Ms' spectrum. The spectrum was acquired
from a silica gel extract of Stx1/anti-Stxl-antibody
detected GSLs being equivalent to 104.1 mg of hu-
man plasma protein and recorded in the positive ion
mode. The Stxl-stained chromatogram shown in the
inset corresponds to 17.4 mg of human plasma pro-
tein (see Fig. 1). The dotted frame indicates the up-
per band of the Stxl-detected Gb3Cer double band
from which the silica gel extract was prepared. The
major [M+Na] " ions of Stx1-detected Gb3Cer species
and their proposed structures are listed in Table 3. B:
MS® spectrum of Stx1-bound Gb3Cer (d18:1, C24:1).
The Gb3Cer precursor ions at m/z 1156.75 were se-
lected from the MS' spectrum for CID and fragment
ions assigned with their corresponding m/zvalues.
The position of the analyzed Gb3Cerspecies is
marked with an arrow in the inset. Type of fragment
ions and corresponding m/zvalues are listed in Table
4. C: Fragmentation scheme of Gb3Cer (d18:1,
C24:1). The nomenclature introduced by Domon
and Costello (61, 62) and Adams and Ann (63) was
used for the assignment of the fragment ions.

in case of Lc2Cer and nLc4Cer detection, 60 pg using anti-
Gb3Cer and anti-Gb4Cer antibody, and 120 pg employing
Stx1 and Stx2 were separated on TLC plates. Neutral GSLs
were detected with the same set of anti-GSL antibodies and
Stx1 and Stx2 preparations as described above (Table 1).
The upper four panels of Fig. 7 show the TLC immunode-
tection assays of lipoprotein-associated neutral GSLs with
the polyclonal antibodies against Lc2Cer, Gb3Cer, Gb4Cer,
and nLc4Cer, and the two lower panels, those TLC overlay
assays performed with Stx1/anti-Stx1 and Stx2/anti-Stx2. As
being obvious from the antibody assays, all neutral GSLs,
which were comparatively analyzed in lipoprotein fractions
corresponding to identical protein amounts, preferentially
distributed to the VLDL and LDL fractions calculated as per-
centage values, whereas only low binding intensities could

be observed in the HDL fraction (upper four panels of Fig.
7). Stx1 and Stx2 clearly bound to the individual Gb3Cer
species showing binding preference to the lower of the two
Gb3Cer bands that harbors the Gb3Cer species with the
shorter fatty acids, but did not recognize the minute quanti-
ties of Gb4Cer species in the lipoprotein fractions, which
were also only faintly detectable in the neutral GSL fraction
derived from human plasma (lower two panels of Fig. 7).
The presence of Gb4Cer, however, could be shown in the
lipoprotein fractions and the human plasma sample with the
anti-Gb4Cer antibody. Importantly, nonlipoprotein contain-
ing fractions, e.g., the intermediate albumin-containing frac-
tion obtained from the ultracentrifugation gradient, did not
contain any GSLs, indicating strict association of all neutral
GSLs with lipoproteins in human blood.

2289

Human lipoprotein-associated Shiga toxin receptors



TABLE 4. Type of fragment ions and corresponding m/zvalues obtained by ESI Q_—TOF—CID—MS2 of
major Stxl-detected Gb3Cer and Gb4Cer species in human plasma

Gb3Cer Gb4Cer
(d18:1, C16:0) (d18:1, C24:1) (d18:1, C16:0) (d18:1, C24:1)
m/z1046.64 m/z1156.75 m/z1249.73 m/z1359.87
Fragment ions m/zvalues m/zvalues m/zvalues m/zvalues
02N, 305.11 305.11 n.d. n.d.
027, 467.23 467.16 n.d. n.d.
B;; C, 185.06; 203.07 n.d.; 203.09 226.08; n.d. 226.08; n.d.
By; Cy 347.11; 365.13 347.13; 365.13 388.13; n.d. 388.12; n.d.
Bs; Cg 509.15; 527.18 509.18; 527.18 550.18; n.d. 550.17; n.d.
B,; Cy n.a. n.a. 712.25; 730.26 712.25; 730.26
Yy Z, 560.53; 542.52 670.63; 652.62 560.52; n.d. 670.62; 652.61
Yy; 7, 722.56; 704.55 832.68; n.d. 722.55; n.d. 832.68; n.d.
Yo; Z, 884.62; 866.59 994.70; n.d. 884.62; n.d. 994.72; n.d.
s Lg n.a. n.a. 1046.68; n.d. 1156.79; n.d.
N 264.29 264.29 264.27 264.27

n.a., not applicable; n.d., not detected.

We further evaluated the relative quantitative distribu-
tion of neutral GSLs among lipoprotein fractions by TLC
scanning densitometry of orcinol-stained bands. Interest-
ingly, Gb3Cer exhibited a similar relative distribution in the
lipoprotein fractions compared with human plasma (see
supplementary Table I), whereas Lc2Cer was found con-
siderably enriched in the VLDL fraction accompanied by
reduced relative content of monohexosylceramides. In ad-
dition, a relative decrease of Gb4Cer to half of the plasma
value was detected in the VLDL and LDL fractions. This
heterogeneity will be addressed in future investigations on
the distribution of GSLs within lipoprotein fractions from
individual probands.

DISCUSSION

The purpose of this comprehensive study employing MS
combined with TLC overlay assay was to explore the molecu-
lar diversity of different neutral GSLs from human blood,
particularly of those which are supposed to have a functional
role in human disease. Mono-, di-, tri-, and tetraosylcer—
amides were exhaustively analyzed by ESI Q-TOF-MS" and
MS® with emphasis on so far unresolved monohexosylcer-
amide composition and neutral GSLs of the globo-series
with binding potential to both Stx1 and Stx2.

The monohexosylceramides GlcCer and GalCer were
found to constitute approximately one third among the
neutral GSLs in human plasma with a relative content of
53% GlcCer and 47% GalCer within the monohexosylcer-
amide fraction. Thus, GalCer represents one of the major
neutral GSLs in human plasma that has not been detected
(most likely due to failure of separation from GlcCer) in
previous investigations (30, 31, 64). For the discrimination
of both types of monohexosylceramides, which are indis-
tinguishable using conventional TLC, we reactivated an
“old-fashioned” but simple method for separation of
GlcCer and GalCer as borate complexes in alkaline solvent,
followed by preparative TLC and MS' and MS® analysis.
Their fine characterization by ESI Q—TOF—MS2 revealed
GlcCer species with variable fatty acid chain lengths
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ranging from C16 to C24 acyl chains. As deduced from the
MS' spectrum, GlcCer (d18:1, C24:1/C24:0) and GlcCer
(d18:1, C22:0) were the most prominent variants. In con-
trast to this, the fatty acid profile of GalCer ranged from
C18 to C26 and ions corresponding to hydroxylated GalCer
(d18:1, h24:1/h24:0) showed the highest abundance in
the MS' spectrum in accordance to the TLC staining in-
tensities. Thus, GalCer with h24:1 and h24:0 acyl chains
were the predominant species, whereas only extremely low
abundant ions indicative for h24:0 and h24:1 fatty acid
appeared in the GlcCer spectrum. Interestingly, the oc-
currence of GalCer and GalCer-derivatives containing
hydroxyl C18 and C24 fatty N-acylation is a distinctive fea-
ture of vertebrate (including human) myelin from both
the central and peripheral nervous system (65, 66, and ref-
erences therein). Thus, it is tempting to speculate about
myelin GalCer as a possible indication of plasma source.

With respect to the development of novel technologies,
both GalCer and GlcCer monohexosylceramide molecu-
lar species can now be discriminated by ESI MS/MS (67)
exploiting the differential fragmentation pattern of GSL
using chlorine or Li* adducts (68, 69). Furthermore, Zama
etal. (70) recently published a novel HPLC-based technol-
ogy to simultaneously analyze and quantify GalCer and
GlcCer using o-phthalaldehyde derivatives prepared with
sphingolipid ceramide N-deacylase. Due to the biological
importance, for example, of GalCer as (co)receptor of
HIV-1 gp120 and gp41 (36, 37) or GlcCer exhibiting
thrombosis modulatory potential (35) and auxiliary func-
tion in Stx-mediated cytotoxicity (34), those techniques
might be useful for the determination of GlcCer and
GalCer levels in various biological samples such as target
tissues or body fluids.

Human serum contains a number of lipid protein com-
plexes that can be isolated on the basis of their different
flotation densities and classified as VLDL, LDL, and HDL
(38). The protein content of such particles varies from 5%
to 60%, and all contain a mixture of neutral lipids, phos-
pholipids, and GSLs organized to form a stable particle.
GSLs are present on the surface of all human serum lipo-
protein particles where they make up minor constituents
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in the phospholipid bilayer surrounding the hydrophobic
cores of lipoproteins (30). The content of serum lipopro-
tein fractions may vary depending on the nutritional or
hormonal stage of the donors (71) and the GSL content of
lipoproteins (so far shown for GlcCer) may increase dur-
ing infection and inflammation (72, 73). Previous quanti-
tative determination of neutral GSLs revealed 0.6, 0.4, 0.2,
and 0.15 pmole/dl in normal human serum for mono-,
di-, tri-, and tetraosylceramides, respectively (30). We de-
tected all of the neutral GSLs found in human plasma in
each of the three major lipoprotein classes analyzed and
no GSLs were detected in the lipoprotein-free fractions
obtained by ultracentrifugation. This coincides with sev-
eral investigations of other research groups, for example,
with a study on the GlcCer distribution in human plasma
lipoproteins where no GlcCer was detectable in the lipo-
protein-deficient plasma (64). Our data revealed predomi-
nant presence of GSLs in VLDL and LDL being in some

discrepancy with previous quantitative investigations by
Dawson et al. (30), who showed roughly similar amounts
in VLDL and HDL fractions, whereas considerably lower
GSL amounts were detected by us in the HDL fraction.
One possible explanation might be that Dawson and col-
leagues investigated lipoprotein fractions from two Cauca-
sian donors whereas we analyzed lipoproteins from pooled
plasma of unknown ethnic origin. Notably, our data were
obtained from TLC overlays and expressed on the basis of
antibody and Stx staining intensities related to defined
milligrams of plasma protein or micrograms of lipopro-
teins. Direct ESI Q-TOF-MS' and MS® analysis of the Stx-
detected Gb3Cer and Gb4Cer variants demonstrated a
broad ceramide heterogeneity of the individual GSL spe-
cies that ranged from C16 to C24 fatty acid chain length
with invariable sphingosine (=4-sphingenine). Further-
more, our study demonstrates almost equal ratios of long-
chain C24:1/C24:0 versus short-chain C16:0 fatty acids
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Fig. 7. TLC immunodetection of lipoprotein-associated individ-
ual neutral GSLs from human plasma. GSL-aliquots of extracts
from VLDL, LDL, and HDL lipoprotein-fractions and from human
(hu) plasma were separated by TLC and analyzed with polyclonal
antibodies (pAb) against Lc2Cer, Gb3Cer, Gb4Cer, and nLc4Cer in
comparison to Stxl/anti-Stxl-antibody and Stx2/anti-Stx2-anti-
body. Bound anti-GSL and anti-Stx-antibodies were visualized with
alkaline phosphatase conjugated secondary antibodies and BCIP as
a substrate. Aliquots applied for anti-Lc2Cer and anti-nLc4Cer im-
munostains correspond to 12.2 mg and those used for anti-Gb3Cer,
anti-Gb4Cer, and the Stx1 and Stx2 overlay assays are equivalent to
18.0 mg of human plasma proteins. GSL aliquots of lipoprotein
extracts equal the amounts of 40 pg in the anti-Lc2Cer and anti-
nLc4Cer, 60 pg in the anti-Gb3Cer and anti-Gb4Cer, and 120 pg of
lipoproteins in the Stx1- and Stx2-overlay assays. The densitometri-
cally determined relative distributions of GSLs between the differ-
ent lipoproteins were calculated as percentage values and are
presented for the antibody-detected GSLs as arabic numerals. The
vertical white lines indicate areas of noncontiguous lanes assem-
bled. The GSL structures and backgound information on the em-
ployed antibodies and Stxs are provided in Table 1.

among the Lc2Cer and globo-series species. The excep-
tion was nLc4Cer, which exhibited a preponderance of
C16:0 fatty acid in the ceramide portion. Interestingly, hy-
droxylation as a characteristic feature of the C24:1 and
(C24:0 fatty acids in the GalCer species did not appear in
the Stx-receptors Gb3Cer and Gb4Cer and was found to
be restricted to GalCer. This finding is in line with the
compositional analysis of GlcCer (the precursor of Lc2Cer,
Gb3Cer, and Gb4Cer), indicating almost no hydroxylated
(24 acyl chains corresponding to the failure of this modi-
fication in Gb3Cer and Gb4Cer. Although GSLs are inti-
mately associated with serum lipoproteins, the mode of
association and the implication of fatty acid heterogeneity
in this association remain undetermined.

The liver and intestine essentially account for all cir-
culating plasma lipoproteins. Rates of synthesis of lipo-
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proteins from these two organs and their peripheral
catabolism determine lipoprotein levels that are normally
present in blood (71, 74). Enterocytes, which line the
small intestine, assemble chylomicrons from triglycerides,
phospholipids, and cholesterol derived from the diet and
then secrete the nascent lipoprotein via the lymph into
the blood (75) whereas the liver synthesizes and assem-
bles VLDL. Upon secretion, VLDL circulates and its tri-
glyceride core is a substrate for lipoprotein lipase, an
enzyme that resides on the luminal surface of the capil-
lary endothelium (71). This leads to the formation of
VLDL remnants, which can then be rapidly cleared by the
liver or can continue to be processed to become LDL.
GSLs are transported in plasma on lipoproteins and are
taken up and metabolized by cells through an LDL recep-
tor-mediated pathway. However, only sparse data are
available about the biological and functional role of lipo-
protein-associated GSLs. A few early studies have evi-
denced the reversible exchange of GSLs between HDL
and LDL (76) and, moreover, that cholera toxin insensi-
tive cells can acquire a functional cholera toxin receptor
ganglioside GM1 following culture in the presence of
serum lipoproteins (77). Due to the strict association of
Gb3Cer with lipoproteins in human blood, it is tempting
to speculate on the functional role of lipoprotein-associ-
ated Gb3Cer in human blood as transporter of Stx from
the intestine into the circulation. We thus speculate that
this way, Stx might reach the microvascular endothelial
cells of the kidney and the brain, which represent the ma-
jor targets of Stx in the clinical onset of HUS.

Thus, despite the hypothetical functional role of GSLs,
our study provides useful information for future investiga-
tions of the transfer of neutral GSLs among lipoproteins
and from lipoproteins to cells. Furthermore, the analysis
of the molecular details of Stx-receptors and their associa-
tion with lipoproteins in patients suffering from Stx-medi-
ated diseases such as HUS may help us to better understand
the involvement of GSLs in the interaction with Stxs and
to inspire us to develop preventive and therapeutic mea-
sures for Stx-mediated diseases (78) HE
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