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Summary 
Shiga toxin (Stx)-producing Escherichia coli (STEC) cause an en-
teric illness that results in a spectrum of outcomes ranging from 
asymptomatic carriage to uncomplicated diarrhea, bloody diar-
rhea, and the postdiarrheal haemolytic uremic syndrome (HUS), 
which leads to renal and other organ microvascular thrombosis. 
Binding of Stx to the glycosphingolipid (GSL) globotriaosyl-
ceramide (Gb3Cer/CD77) on endothelial cells followed by re-
ceptor-mediated endocytosis is the linchpin in STEC-mediated 
disease. Only GSLs that associate strongly with lipid rafts appear 
to carry Stxs retrogradely from the plasma membrane through 
the Golgi apparatus to the endoplasmic reticulum where they 
are translocated to the cytosol and exert their toxic function. 
Thus, the biophysical features of the lipid moiety of GSL recep-
tors may influence its incorporation into certain membrane do-
mains and thereby affect toxin destination. Consequently, a de-
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tailed structural analysis of Stx-binding GSLs is required to il-
luminate the molecular causes that may underlie the different 
Stx susceptibilities of endothelial cells derived from various vas-
cular beds. Solid phase overlay binding assays of thin-layer chro-
matography (TLC)-separated GSL preparations employing spe-
cific antibodies and/or Stxs in conjunction with anti-Stx-anti-
bodies are commonly used for the identification of Stx-binding 
GSLs. Such GSL-profiling combined with matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF-MS) represents a convenient strategy to structur-
ally characterize Stx-receptors from any biological sources such 
as primary cells, cell lines, or organs. This approach may be help-
ful to gain insights into Stx-induced impairment of target cells 
that is suggested to originate at least partly from the structural 
heterogeneity of the cellular ligands of Stxs. 

Thromb Haemost 2009; 101: 252–264 

Theme Issue Article 

Correspondence to:  
Prof. Dr. Johannes Müthing 
Institut für Hygiene, Universitätsklinikum Münster 
Robert-Koch-Str. 41, 48149 Münster, Germany 
Tel.: +49 251 83 55192, Fax: +49 251 83 55341  
E-mail: jm@uni-muenster.de 

Financial support:  
We are thankful for continuous support of our work by grants from the Deutsche 

Forschungsgemeinschaft (DFG), SPP 1130 project KA 717/4–2 (H.K.), SFB 293 project 
A18 (H.K.), the cooperative projects FR2569/1–1 (A.W.F.) and MU845/4–1 (J.M.), the 
GRK 1409/1 and grants from the Interdisciplinary Center of Clinical Research (IZKF) 

Münster, project no. Ka2/061/04 (H.K.) and Me2/023/08 (A.M.) 
 

Received: May 23, 2008 
Accepted after minor revision: July 9, 2008 

 
Prepublished online: January 15, 2009 

doi:10.1160/TH08-05-0317

Shiga toxins and their asscociation with clinical 
outcome of human infections 

Shiga toxin (Stx)-producing Escherichia coli (STEC), especially 
of serotype O157:H7, cause a food- or waterborne enteric illness 
that results in a spectrum of outcomes ranging from asympto-
matic carriage to uncomplicated diarrhea, bloody diarrhea, and 
the haemolytic uremic syndrome (HUS), a leading cause of acute 
renal failure in children (1–3). After ingestion, Stxs are released 
by STEC in the intestine, translocated across the gut epithelium 
into the circulation, and transported to capillary endothelial cells 
in renal glomeruli and other organs. Host cells are then injured 
by inhibiting the protein synthesis, stimulating prothrombotic 
messages, or inducing apoptosis. Vascular injury during HUS re-

sults from the action of Stxs on vascular endothelial cells (3, 
4).The net result is a multi-organ thrombotic process (4). 

Stxs are presently the most important and best characterized 
STEC virulence factors that can cause microvascular endothelial 
injury. They are AB5 ribosome-inactivating toxins with rRNA-
N-glycosidase activity (5, 6). Based on cell-culture toxin-neu-
tralization assays and nucleotide sequence analysis, Stxs can be 
divided into two major groups, Stx1 and Stx2 (7). The prototype 
toxins of these families display 57% and 60% nucleotide se-
quence identity in their A and B subunits, respectively (8). Each 
of the Stx groups contains an increasing number of variants 
(Table 1). A single strain can possess one or more different stx al-
leles (9–14) and the different stx subtypes are associated with 
different clinical outcomes of infections (9–11, 14–17) (Table 1). 
The Stx1 group includes, in addition to the prototype Stx1, two 
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Figure 1:  Peptide maps of 
tryptic in-gel-digested A 
and B subunits of Stx1 and 
structural assignment. 
Three µg of purified Stx1 to-
gether with 20 µg of reference 
proteins were applied to SDS-
PAGE under reducing con-
ditions and stained with Coo-
massie blue. Separated Stx1A 
and Stx1B were digested in gel 
with trypsin and the resulting 
peptide mixture subjected to 
MALDI-TOF-MS according to 
Shevchenko et al. (62) and a 
protocol previously published 
(171). All experimentally de-
rived m/z-values of peaks 1 to 
21 of Stx1A and peaks 1 to 5 
of Stx1B were submitted to 
ProteinProspector (UCSF Pro-
teomic tools, v4.27.2) and AL-
DENTE (Peptide Mass Finger-
printing tool available at the 
ExPASy proteomics server 
from the SWISS Institute of 
Bioinformatics SIB). Stx1A and 
Stx1B unrelated fragment ions 
caused by autoproteolytic di-
gestion of trypsin are labeled 
with “Try” in the spectra. The 
ions with low mass (m/z be-
tween 1000 and 1250) in the 
Stx1B peptide map represent 
detergent-derived impurities 
of the peptide preparation. 
The peptide mass search re-
sulted in the identification of 
Stx1A (Shiga-like toxin I sub-
unit A precursor, EC 3.2.2.22, 
rRNA N-glycosidase) encoded 
by the bacteriophage H19 
composed of 315 amino acids 
with a molecular mass of 
34,814 Da (accession number: 
P08026; excluding the signaling 
peptide: 293 amino acids, 
32,398 Da) and Stx1B (Shiga-
like toxin I subunit B) 
composed of 89 amino acids 
with a molecular mass of 9,743 
Da (accession number: 
P69179, excluding the signaling 
peptide: 69 amino acids, 7,691 
Da), both from E. coli. Those 
data fit well to the apparent 
molecular masses of ~32 kDa 
and ~7.7 kDa determined by 
SDS-PAGE for the A and B 
subunit, respectively. The data-
base comparison of the sub-
mitted list of tryptic peptides 
resulted in a sequence cover-
age of 72.2% for Stx1A (high-
lighted in red) and 88.4% for 
Stx1B (highlighted in blue). 
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variants designated Stx1c (10, 18) and Stx1d (19, 20), which are 
frequently found in STEC isolated from patients with uncompli-
cated diarrhea (9, 10, 13, 14, 18). The Stx2 family is comparably 
more heterogeneous. Besides the classical Stx2, it comprises 
several variants of which Stx2c (21), Stx2c2 (22), Stx2d (23), the 
mucus-activatable Stx2d (Stx2dactivatable) (24), Stx2e (25), and 
Stx2f (26–28) were identified in STEC isolated from patients 
(Table 1). Stx2, Stx2c, and Stx2dactivatable are associated with se-
vere human disease such as HUS and bloody diarrhea (9, 11, 
13–15, 17, 29). The remaining Stx2 variants have been mostly 
identified in STEC isolated from patients with uncomplicated 
diarrhea or from asymptomatic shedders (9, 10, 14, 18, 23, 25), 
but are rarely found in HUS patients (14, 30). Stx2e, the major 
Stx type associated with the edema disease in swine, is rare in 
human STEC (9, 13, 14, 25). Stx2f is a common Stx variant ex-
pressed by STEC isolated from pigeons (31). Its presence in 
human STEC isolates is the exception (9, 13, 14, 26–28, 32). 
However, from recent studies focusing on the stx genes it be-
comes obvious that several E. coli strains represent a highly dy-
namic system during the course of human infection that can 
modulate the pathogens in both directions due to the loss or gain 
of stx-converting bacteriophages (33–37). 

Biochemical features and mode of action of 
AB5 Stxs 

All members of the Stx family are composed of a single enzymic 
~32 kDa A subunit (38) non-covalently associated with five ~7.7 
kDa B subunits. The pentameric B subunit, which may contain as 
many as 15 binding sites for its preferential glycosphingolipid 
(GSL) receptor globotriaosylceramide (Gb3Cer) (39), mediates 
attachment and internalization of the AB5-Gb3Cer complex by 
receptor-mediated endocytosis via clathrin-coated vesicles (7, 
40) or by endocytic routes that do not involve clathrin-coated pits 
([41–43] and references therein). 

In Stx-sensitive cells the toxin-receptor complex undergoes 
retrograde transport from early endosomes through the cisternae 
of the trans-Golgi network to the endoplasmic reticulum (ER) 
and even to the nuclear membrane (44–46). Once Stx has reach-
ed the ER, the ~32 kDa A subunit is cleaved by the membrane-
anchored protease furin into a catalytically active ~27.5 kDa A1 
and a ~4.5 kDa A2 fragment. This processing is required for 
retro-translocation into the cytosol, where the A1 subunit exerts 
its rRNA N-glycosidase activity that removes a specific adenine 
residue from 28S rRNA (47). The proteolytic cleavage is essen-
tial for maximal cytotoxicity of Stx1 from E. coli O157:H7 (48), 
and about one molecule of translocated A1 fragment of Stx1 per 
cell is sufficient to inhibit protein synthesis and kill a cell (49). 

It has been known for some time that following the intracel-
lular routing of Stxs to the nuclear membrane Stxs trigger pro-
grammed cell death signalling cascades in intoxicated cells (6, 
50, 51). This is important because for unknown reasons a variety 
of cells succumb to apoptotic cell death rather than to necrosis 
through inhibition of cytoplasmic protein synthesis. The mech-
anisms of apoptosis induction are newly emerging and suggest 
that Stx-induced apoptosis may contribute to the pathogenesis of 
HUS caused by STEC (4, 52, 53). Furthermore, Stx causes 

sublethal cell injury by altering cell adhesive properties and by 
increasing endothelial susceptibility to leukocyte-mediated in-
jury (54). The resulting injured endothelium changes its normal 
thromboresistant phenotype and becomes thrombogenic, initiat-
ing microvascular thrombus formation (55, 56). 

Stx purification and structural assignments to 
A and B subunits 

Facile methods for affinity chromatography purifying Stxs are 
based on their binding specificity using immobilized truncated 
synthetic analogs of the receptor (57), Gb3Cer-conjugated octyl 
Sepharose CL-4B (58) or Gb3Cer non-covalently immobilized 
onto silica gel (59). However, conventional purification pro-
cedures of Stxs employing ammonium sulfate precipitation, fol-
lowed by Sephacryl S200 and Affi-Gel Blue column chroma-
tography, chromatofocussing and high-performance liquid chro-
matography are still as relevant and useful (60, 61). In addition to 
a preliminary proof of the apparent purity and structural integrity 
of a purified toxin by SDS-PAGE, peptide-mass mapping per-
formed by matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) of tryptic peptides 
obtained from in-gel digests represents one of the most com-
monly employed approaches to rapidly identify proteins from a 
gel band or gel spot (62, 63). The structural verification of SDS-
PAGE-separated Stxs following their purification according to 
standard procedures (60, 61) is fast and convenient, and it 
requires only a few micrograms of toxins. The resulting peptide 
maps of the A and B subunits of Stx1 and Stx2 are shown in Fig-
ures 1 and 2 together with the corresponding Coomassie blue-
stained bands and the amino acid sequence coverages. The pep-
tide mass search in sequence databases allows the identification 
of the A and B subunits of both toxins thereby confirming Stx1 
and Stx2 as the “unknown” proteins in accordance with high se-
quence coverages of the subunits of the toxins (for details see 
figure legends). In addition, the amino acid sequence alignments 
of the matched peptide fragments illustrate the rather low degree 
of homology of the A and B subunits of the two closely related 
members of the Stx family (8, 64). Such control of purity and 
precise biochemical structure is highly recommended as a first 
step for the characterization of any Stx-preparation for physio-
logical or receptor binding assays. 

Cellular ligands of Stxs 
GSLs are components of all vertebrate cells and distribute with 
high specificity between mammalian species, organs (65, 66), 
and cell types (67, 68). GSLs are known to play a fundamental 
role during development and cell differentiation (69, 70) and to 
mediate a wide variety of cellular processes, including cellular 
growth (71), signal transduction (72), and cell-cell interaction 
(73). 

GSLs are amphipathic molecules composed of a hydrophilic 
carbohydrate chain and a hydrophobic ceramide anchor (74, 75). 
In mammalian cells, the ceramide moiety is typically generated 
from the long-chain aminoalcohol sphingosine (d18:1), which is 
linked with a fatty acid varying in chain length from C16 to C24. 
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Figure 2:  Peptide maps of 
tryptic in-gel-digested A 
and B subunits of Stx2 and 
structural assignment. 
SDS-PAGE and MALDI-TOF-
MS of Stx2 as well as the data 
base search were performed 
exactly as described in Figure 
1. All experimentally derived 
m/z-values of peaks 1 to 33 of 
Stx2A and peaks 1 to 9 of 
Stx2B were submitted to the 
data bases. The peptide mass 
search resulted in the identifi-
cation of Stx2A (Shiga-like 
toxin II subunit A precursor, 
EC 3.2.2.22, rRNA N-glycosi-
dase) encoded by the bacte-
riophage 933W composed of 
319 amino acids with a molec-
ular mass of 35,714 Da (acces-
sion number: P09385; exclud-
ing the signaling peptide: 297 
amino acids, 33,195 Da) and 
Stx2B (Shiga-like toxin II sub-
unit B) composed of 89 amino 
acids with a molecular mass of 
9,874 Da (accession number: 
P09386, excluding the signaling 
peptide: 70 amino acids, 7,818 
Da), both from E. coli. Those 
data fit well to the apparent 
molecular masses of ~32 kDa 
and ~7.7 kDa determined by 
SDS-PAGE for the A and B 
subunit, respectively. The data-
base comparison of the sub-
mitted list of tryptic peptides 
resulted in a sequence cover-
age of 80.8% for Stx2A (high-
lighted in red) and 92.9% for 
Stx2B (highlighted in blue). 
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GSLs are located primarily in microdomains of the plasma mem-
brane of animal cells (76–78) also named lipid rafts (79). Their 
oligosaccharide chains spread in the aqueous environment at the 
cell surface and this makes them excellent candidates for cell 
surface recognition molecules (80, 81). Consequently, GSLs are 
involved in the pathophysiology of many infections and serve as 
receptors for viruses (82, 83), bacteria (84–86) and bacterial to-
xins including Stxs (87–90). 

Stx1 and Stx2 both preferentially bind to the GSL Gb3Cer 
(91, 92) which alone is a functional receptor for Stx1 when incor-
porated in cells that lack Gb3Cer (93). Prototypic Stx1 and Stx2 
bind with high affinity to Gb3Cer, where the Galα1–4Gal-ter-
minus provides the specific recognition sequence for toxins’ B 
pentamers. Both Stxs interact weakly with the tetrahexosyl-
ceramide globotetraosylceramide (Gb4Cer). Stx1 and Stx2 bind 
to Gb3Cer with similar specificity, but the oligosaccharide bind-

ing affinity of Stx1 is increased 10-fold compared to Stx2 (94). 
In addition, Stx1 and Stx2 exhibit differential association and 
dissociation rate constants: Stx2 binds to Gb3Cer more slowly 
than Stx1. However, once bound, Stx2 is difficult to dissociate as 
shown in vitro by surface plasmon resonance-based real-time re-
ceptor-binding analysis (95) (for biosynthesis and structures of 
globo-series neutral GSLs see Fig. 3). Differential binding prop-
erties may affect toxicities of Stx1 and Stx2 in vivo (96). How-
ever, not only the oligosaccharide part is important for toxin 
binding, but also the ceramide lipid anchor of the receptor (97, 
98). The chain length and the degree of unsaturation and hy-
droxylation of the sphingosine base can vary, but the primary 
source of heterogeneity of the ceramide lies in the fatty acid 
composition. It has been shown that the length of the fatty acyl 
chain of Gb3Cer influences receptor function (99), intracellular 
sorting and retro-translocation of Stx to the cytosol (100, 101) 

Figure 3:  Biosynthesis flow diagram of 
globo-series neutral GSLs and structures 
of Gb3Cer and Gb4Cer. A) Glucosylceram-
ide (GlcCer) is elongated by galactose through 
the action of β1,4-galactosyltransferase 
(β1,4GalT) yielding lactosylceramide (Lc2Cer). 
The α1,4-galactosyltransferase (α1,4GalT) or 
Gb3Cer synthase adds a galactose to Lc2Cer. 
Gb3Cer, the predominant receptor of Stx1 and 
Stx2, is then further elongated by 
β1,3-N-acetylgalactosaminyltransferase 
(β1,3GalNAcT) or Gb4Cer synthase which 
transfers N-acetylgalactosamine (GalNAc) to 
Gb3Cer. B) Structures of Gb3Cer and Gb4Cer 
depicted in the Haworth projection. Gb3Cer 
represents the high-affinity and Gb4Cer the 
low-affinity binding receptor for Stx1 and Stx2. 
Both neutral GSLs appear in human endothelial 
cells preferentially with C24 or C16 fatty acids 
but constant sphingosine (d18:1) in their ce-
ramide parts, leading to typical double bands in 
thin-layer chromatograms (see Fig. 4). 
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and nuclear targeting (46). Those data provide a molecular basis 
for the different pathology in vivo and suggest a previously un-
recognized mechanism for the modulation of membrane GSL re-
ceptor function (7). 

Stx1, Stx2, and their variants so far investigated bind prefer-
entially to Gb3Cer with the exception of Stx2e. The latter toxin 
displays greater affinity to Gb4Cer compared to Gb3Cer 
(102–104). This difference in receptor binding is consistent with 
the difference in susceptibility of cell lines to the cytotoxicity of 
Stx2e and Gb3Cer-specific Stx1 and Stx2 (102). Thus, those to-
xins that are associated with human disease bind to Gb3Cer 
while Stx2e, which is associated with edema disease of swine, 
binds preferentially to Gb4Cer. In an elegant study performed by 
Lingwood et al., Gb3Cer binding specificity of Stx1 and Stx2 
was converted to Gb4Cer and vice versa that for Stx2e from 
Gb4Cer to Gb3Cer by site-directed mutagenesis of the B subun-
its (105). The altered carbohydrate recognition of modified 
Stx2e from Gb4Cer to Gb3Cer has biological significance, re-
sulting in Stx1-like disease after intravascular injection into pigs 
as compared with classical Stx2e-induced edema disease (106). 
These studies suggest the primary role of the carbohydrate bind-

ing specificity of Stxs in determing systemic pathology of 
STEC. 

Stx receptors of endothelial cells 
Binding of Stx to its receptor Gb3Cer on endothelial cells is 
postulated to be the critical event triggering the vascular injury 
caused by STEC (1, 4). At the target organs, Stxs bind through 
their B subunits to Gb3Cer, which is expressed in microvascular 
endothelial cells of the kidney (107), intestine (108), and brain 
(109). Variability in receptor expression has been ascribed to a 
number of factors including the degree of confluence of the cell 
culture (110, 111), cell-cycle-dependent regulation of GSL re-
ceptors (112, 113) and their tissue of origin, which is thought to 
reflect the different sensitivities observed in vivo (114). Though 
the importance of GSLs as receptors for Stxs is well documented, 
the exact GSL composition of endothelial cells has generally re-
ceived low attention, and only limited data are available about the 
GSL composition of the various types of human endothelial 
cells. Most studies lack a detailed structural characterization of 
the relevant receptor GSLs and are limited to the immunological 

Figure 4:  Scheme of the Stx TLC overlay 
assay and its application for detection of 
Stx1 and Stx2 receptors in human en-
dothelial cells (139). A) GSLs are separated 
by TLC on silica gel precoated glass plates. 
After plastic fixation of the silica gel, the im-
mobilized GSLs are overlaid with Stx solution, 
followed by incubation with primary anti-Stx 
antibody. Secondary enzyme-linked antibody 
(e.g. alkaline phosphatase) is required to vis-
ualize Stx-positive reaction by generating a 
coloured precipitate from a suitable substrate 
(e.g. 5-bromo-4-chloro-3-indolylphosphate). 
B) GSL extracts of HBMECs and EA.hy 926 
cells were separated together with 20 µg of 
neutral GSL references from human erythro-
cytes (Ery) as a positive control and stained 
with orcinol or subjected to Stx1 or Stx2 
overlay assay. Applicated GSLs correspond to 
2 x 106 cells in the orcinol stain and to 5 x 105 
cells in the Stx1 and Stx2 overlay assays. Ver-
tical white lines indicate assembled non-con-
tinguous lanes. 
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detection of globo-series Gb3Cer and Gb4Cer using antibodies 
or Stxs, in combination with anti-Stx antibodies. The majority of 
investigations focused on human umbilical vein endothelial cells 
(HUVECs) (115, 116), where the neutral GSLs Gb3Cer and 
Gb4Cer were found to represent the dominant GSLs (117). We 
performed a thorough characterization of HUVEC GSLs using 
specific antibodies combined with methylation analysis and 
mass spectrometry (118). Gb4Cer and Gb3Cer, both carrying 
mainly C24 or C16 fatty acid beside sphingosine, were detected 
as the major neutral GSLs in HUVECs. The comparison of neu-
tral GSLs from HUVECs and bovine aorta endothelial cells re-
vealed striking differences in their GSL profiles. The predomi-
nance of neolacto-series and the absence of globo-series neutral 
GSLs are hallmarks of bovine aorta endothelial cells (119), 
which explains their resistance towards Stxs (120). As in HU-
VECs (110, 121), globo-series neutral GSLs were the major 
GSLs in primary and immortalized human brain microvascular 
endothelial cells (HBMECs) (122, 123). Upon stimulation with 
inflammatory mediators, an enhanced expression of Gb3Cer has 
been reported for HUVECs (114, 124, 125) and primary 
HBMECs from various sources (126–129) that correlated with 
increased Stx sensitivity. Thus, as with other cells, endothelial 
cell susceptibility to Stxs depends largely on Gb3Cer receptor 
expression. Differing Stx1 susceptibilities have been reported 
for endothelial cells from different vascular beds and species. 
The association between the degree of Stx sensitivity and 
Gb3Cer content is generally recognized (130). 

Identification of Stx-receptors by overlay assay 
detection 

Because of its resolving power and easy handling, high-perform-
ance thin-layer chromatography (TLC) has become the standard 
tool for separation and partial characterization of GSLs in mix-
tures (131–133). It is routinely used for analytical and pre-
parative applications (134, 135). The oligosaccharide portions of 
GSLs can be visualized by conventional staining with orcinol 
after GSL-separation on silica gel precoated TLC plates. In con-
junction with carbohydrate-binding proteins, such as antibodies 
or bacterial toxins, GSL species can be further differentiated in 
complex GSL mixtures by chromatographic resolution and sub-
sequent immunodetection on the TLC plate (overlay assay) 
(136). The general procedure includes silica gel fixation with 
plastic to prevent flaking of the silica layer during incubation and 
washing steps, overlay of the plate with the primary agent (e.g. 
antibody or toxin), followed by incubation with secondary detec-
tion agents (e.g. alkaline phosphatase labeled antibody) and 
color development with a suitable substrate (e.g. 5-bromo-
4-chloro-3-indolylphosphate). The schematic representation of 
the TLC overlay assay employing Stx is shown in Figure 4A. Fig-
ure 4B demonstrates its application to detect the receptors for 
Stx1 and Stx2 in two types of endothelial cells, human brain 
microvascular endothelial cells (HBMECs) and EA.hy 926 cells. 
EA.hy 926 cells represent “immortalized” macrovascular en-
dothelial cells, which have been obtained by fusion of HUVECs 
with a human epithelial cell line (137). Both HBMECs (138) and 
EA.hy 926 cells have been widely used for endothelial cell re-

search ([139] and references therein). The orcinol stain of TLC 
separated GSL mixtures provides rather vague information 
about their individual GSLs, whereas specific cellular ligands of 
Stx1 and Stx2 can be easily identified in the GSL extracts of both 
cell lines by using the Stx overlay assay (Fig. 4B). Results from 
these experiments indicate that the two cell lines express differ-
ent amounts of Gb3Cer, and that the major Gb3Cer species are 
distinguishable due to their chromatographic appearance as 
double bands. At this stage of investigation the upper and lower 
bands are supposed to represent Gb3Cer species with long- and 
short-chain fatty acids, respectively, whereas the sphingosine 
(d18:1) moiety of the ceramide is most likely constant and does 
not contribute to the structural heterogeneity of the lipid anchor 
(132, 133). We can further conclude from the TLC overlay assays 
of Figure 4B that both Stx1 and Stx2 exhibit identical binding 
specificity and preferentially bind to Gb3Cer, whereas Gb4Cer 
is only weakly stained in the reference mixture of neutral GSLs 
from human erythrocytes. 

Structural characterization of Stx-receptors by 
mass spectrometry 

MALDI-TOF-MS represents an excellent technology for sensi-
tive mapping of GSL mixtures and structural characterization of 
their individual constituents (140, 141). GSL differences ob-
served by TLC overlay assay with antibody or toxin binding (see 
Fig. 4) can be verified and structurally characterized by conven-
tional ultraviolet (UV)-MALDI-TOF-MS. For this purpose the 
plastic fixative is removed from the silica gel layer by chloro-
form extraction, and immunopositive GSL bands of interest are 
scraped from the support and extracted as described in detail in 
previous publications (142, 143). This combined preparative 
TLC-MS technology requires only microgram quantities of GSL 
mixtures. Our group applied this strategy successfully to the 
structural characterization of Gb3Cer and Gb4Cer species from 
human erythrocytes with high- and low-affinity binding to Stx1, 
respectively (143). For many applications, these newer, joint 
TLC-MS strategies can replace the laborious and time-consum-
ing HPLC purification of single GSLs (144). Following the out-
lined strategy, we analyzed Stx-stained GSLs from HBMECs 
and EA.hy 926 cells by MALDI-TOF-MS. Crude GSL extracts 
from both cell lines (Fig. 4) are sufficient to generate MALDI-
TOF mass spectra as shown in Figure 5. The main species de-
tected in both spectra correspond to the monosodiated [M+Na]+ 
molecular ions of Gb3Cer (d18:1, C16:0) and Gb3Cer (d18:1, 
C24:1/C24:0) accompanied by low abundance ions indicative of 
Gb3Cer (d18:1, C22:0). In contrast to HBMECs, minor Gb3Cer-
species containing C26:1- and C26:0-fatty acids were noted in 
EA.hy 926 cells. The data demonstrate that HBMECs contain al-
most equal amounts of Gb3Cer species with long- and short-
chain fatty acids. In contrast, Gb3Cer spectra of EA.hy 926 cells 
demonstrated a relative increase of long-chain fatty acids. 
Gb3Cer species with saturated C24:0 fatty acid predominated 
over those with unsaturated C24:1 fatty acids in EA.hy 926 cells, 
while HBMECs showed a balanced ratio of these fatty acids. It 
has been suggested that Gb3Cer species with long-chain fatty 
acids display greater sensitivity to Stx-mediated cytotoxicity, 
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likely because they may more effectively mediate the localiz-
ation of internalized toxin to the ER (145). Differences in the 
overall GSL composition of Stx-sensitive and resistant cells that 
express Gb3Cer species of apparently identical composition may 
also affect Gb3Cer recognition by and sorting of incorporated 
Stx1 (146). 

It should be noted that GSLs can be directly analysed from 
silica gel plates by TLC-IR (infrared)-MALDI-TOF-MS of flu-
orochrome- or antibody-stained GSLs (147, 148). Thus, the 
TLC-overlay assay combined with mass spectrometry represents 
the state of the art to structurally characterize Stx-receptors from 
any biological sources, including primary cells, cell lines, or 
organ tissue. Figure 6 shows an example for the identification of 
Stx-receptors in human kidney and colon based on Stx1 TLC 
overlay assays and the corresponding MALDI mass spectra ob-
tained from extracts of both tissues. As expected (149), human 
kidney shows a high concentration of Stx1-binding Gb3Cer re-
ceptors, while there is only scant expression of Gb3Cer in human 
colon (Fig. 6A). This difference is reflected by the corresponding 
MS signal intensities of Gb3Cer ions in kidney and colon (Fig. 

6B and C, respectively). The different Gb3Cer species varying in 
their fatty acid substitution from C16 up to C24 acyl chain length 
are speculated to derive mostly from endothelial and epithelial 
cells of those organs. 

The role of lipid rafts and caveolae in Stx 
binding, internalization, and retrograde transport 

Many investigators have provided evidence for the existence of 
cholesterol-sphingolipid-enriched microenvironments on the 
cell surface – known as lipid rafts – which renders the membrane 
more ordered and less fluid than the bulk plasma membrane. 
Rafts are rich in GSLs, cholesterol, lipid-modified proteins (e.g. 
GPI-anchored proteins, doubly acylated Src-type kinases) and 
transmembrane proteins (150). The raft concept has long been 
controversial, but studies with improved methodologies have 
dispelled most doubts (79, 151, 152). Furthermore, evidence has 
accumulated that GSLs, specifically enriched in the exoplasmic 

Figure 5:  Structural characterization of 
Stx1-detected Gb3Cer species in 
HBMECs (A) and EA.hy 926 cells (B) by 
MALDI-TOF-MS. The Stx1 TLC overlay as-
says were performed as described in Figure 4 
and the Stx1 positive bands, from which the 
GSLs were extracted for subsequent MALDI-
TOF-MS, are shown in the dotted rectangles of 
the insets. Mass spectra from extracts equival-
ent to 7 x 104 cells were acquired in the posi-
tive ion mode and all Gb3Cer species were de-
tected as singly charged mono-sodiated ions. 
The minor signals marked with asterisks repre-
sent Gb3Cer species carrying C18 to C26 fatty 
acids assigned by shifts in 28 atomic mass units 
in comparison to major molecular ions. 
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Figure 6:  Structural characterization of 
Stx1-detected receptors in human kid-
ney and colon. A) The orcinol stains and Stx1 
overlay assays of TLC separated GSL extracts 
from representative kidney and colon tissue 
samples were performed as described in Figure 
4. Applicated GSLs correspond to 2 mg of wet 
weight tissue. B, C) MALDI-TOF-MS was per-
formed with extracts from Stx1 positive bands 
(see dotted rectangles in the inserts) that cor-
respond to 30 µg of kidney (B) and 3 mg of 
colon wet weight tissue (C). Mass spectra were 
acquired in the positive ion mode and all 
Gb3Cer species were detected as singly 
charged mono-sodiated ions. The signals 
marked with asterisks in the kidney spectrum, 
which show a remarkable shift in 16 atomic 
mass units in comparison to major molecular 
ions, are assumed to represent related hy-
droxylated Gb3Cer species. The positions of 
postulated hydroxylation in the ceramide por-
tions are yet unknown, and the exact localiz-
ation requires further investigation of each 
single GSL by tandem mass spectrometry. The 
Stx1 overlay assay of the kidney extract sug-
gests functioning of the hydroxylated Gb3Cer 
species as Stx1 receptors. The question 
whether this modification is specific for the 
kidney cannot be answered without further 
structural characterization of a representative 
number of kidney samples. 
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leaflet of the plasma membrane, exert an important function as 
platform for the initiation of signaling cascades (153, 154). 

Caveolae comprise one subset of lipid rafts in cell surface 
(150, 152, 155, 156). These flask-shaped membrane invagi-
nations are formed from lipid rafts by polymerization of caveo-
lins, which are hairpin-like palmitoylated integral membrane 
proteins that tightly bind cholesterol and sphingolipids (157). 
Endothelial cells are among the richest in caveolae. Caveolae 
have been found to be partake in many physiological and patho-
logical processes involving endothelial cells, such as athero-
sclerosis, hemostasis, and thrombosis (158, 159). Caveolae and 
rafts are internalized via a common pathway, caveolae/raft-de-
pendent endocytosis. This pathway is clathrin-independent and 
sensitive to cholesterol depletion (160, 161). Studies that inves-
tigated the role of lipid rafts in Stx1-interaction with various cell 
types demonstrated the clustering of Gb3Cer in lipid rafts (162) 
and, moreover, binding of Stx B-subunit with raft-localized re-
ceptors as a requirement for the retrograde transport (163). Bind-
ing of Stx to Gb3Cer induces activation of the Src family kinase 
Yes and intracellular signals that mediate cytoskeleton remodel-
ing (164, 165). Furthermore, the association of Stx1-Gb3Cer-in-
teraction with a precursor of Gb3Cer, glucosylceramide, is an es-
sential requirement for a cytotoxic effect in the ER (166). More-
over, different pools of Gb3Cer have been described that are 
thought to influence not only Stx cell binding, but also to affect 
intracellular trafficking of the toxin (167). These data suggest 
that only GSLs that associate strongly with lipid rafts carry AB5 
toxins retrogradely from the plasma membrane and sort the to-
xins to the ER (168). 

Despite vast data concerning protein assembly in lipid rafts 
and caveolae of various cell types, little is known about their 
GSL composition. As outlined above, the oligosaccharide por-
tion of Gb3Cer determines its binding specificity towards Stxs, 
but the ceramide contributes to Stx binding properties through 
its fatty acid heterogeneity. Available evidence also suggests that 
the structure of the ceramide moiety defines the preferential oc-
currence of GSLs in the liquid-ordered or liquid-disordered 
phase of the plasma membrane and the strength of the associ-
ation of GSLs and toxins with lipid rafts (151). Such biophysical 
features of the lipid moiety of GSL receptors may influence its 
incorporation into certain membrane domains, the retrograde in-
tracellular route and thus may affect toxin destination. 

Perspectives 
HUS is a thrombotic disorder. Insights into toxin-receptor inter-
actions and, specifically, the mechanism(s) of Stx-mediated cell 
injury that induces a prothrombotic response, are important 
goals. Endothelial cells, particularly those with high globo-
series GSL content are plausibly the major target in STEC-re-
lated disease. Future investigations aimed at advancing our 
understanding of the subcellular lipid raft distribution in en-
dothelial cell membranes, will be aided by novel biochemical 
and biophysical strategies (169, 170). This research will allow us 
to better understand the complex mechanisms of Stx binding and 
internalization, and may help to develop new strategies directed 
at the interruption of the Stx-induced pathological intracellular 
cascades.  
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Stx gene Stx protein Disease  
associationa 

Reference 

stx1 Stx1 D, BD, HUS, A 9, 13, 172 

stx1c Stx1c D, BD, HUS, A 10, 13, 18 

stx1d Stx1d D 20 

stx2 Stx2 D, BD, HUS 9, 13, 14, 17, 33, 
172–174 

stx2c Stx2c D, BD, HUS 9, 13, 14, 172 

stx2c2 Stx2c2 D 22 

stx2d Stx2d D, A 9, 13, 14, 23 

stx2d-activatable Stx2dactivatable D, BD, HUS 11, 13, 16, 29 

stx2e Stx2e D, A 9, 13, 25 

stx2f Stx2f D 14, 26-28, 32 
a D, watery diarrhea without visible blood; BD, diarrhea with visible blood; HUS, haemolytic uremic 
syndrome; A, asymptomatic shedding. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Shiga toxins produced by human STEC isolates and 
their disease association. 
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