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Figure S1. Detection of Stx receptors Gb3Cer and Gb4Cer and the lipid raft marker 

cholesterol in sucrose density gradient fractions of pHBMECs (replicate 2). 

 

Figure S2. MS1 spectra of Gb3Cer (A), Gb4Cer (B), and PLs (C) obtained from DRM 

fraction F2 of pHBMECs (replicate 2). 

 

Figure S3. MS2 spectrum of Gb3Cer (d18:1, C24:1/C24:0) (A) and corresponding 

fragmentation scheme (B) obtained from DRM fraction F2 of pHBMECs (replicate 2). 

 

Figure S4. MS2 spectrum of Gb4Cer (d18:1, C24:1/C24:0) (A) and corresponding 

fragmentation scheme (B) obtained from DRM fraction F2 of pHBMECs (replicate 2). 

 

Figure S5. MS1 spectra of Gb3Cer (A), Gb4Cer (B), and PLs (C) obtained from 

nonDRM fraction F7 of pHBMECs (replicate 2). 

 

Figure S6. SAW real-time interaction sensorgrams obtained for binding of Stx2a 

towards DRM (A) and nonDRM fractions (B) prepared from pHBMECs (replicate 2). 

 

Figure S7. SAW real-time interaction sensorgrams obtained for binding of Stx2e 

towards DRM fractions prepared from pHBMECs (replicate 1).   

 

Table SI. Absolute and relative cholesterol amounts in the sucrose gradient fractions 

of the two replicates of pHBMECs. 

 

Table SII. Calculated association kass and dissociation kdiss rate constants and 

equilibrium dissociation constant KD for Stx2a and Stx2e using DRMs derived from 

pHBMECs. 
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Abstract 

 

Infections of the human intestinal tract with enterohemorrhagic Escherichia coli 

(EHEC) result in massive extraintestinal complications due to translocation of EHEC-

released Shiga toxins (Stxs) from the gut into the circulation. Stx-mediated damage 

of the cerebral microvasculature raises serious brain dysfunction being the most 

frequent cause of acute mortality in patients suffering from severe EHEC infections. 

Stx2a and Stx2e are associated with heavy and mild course of infection, respectively. 

Stx2a preferentially binds to globotriaosylceramide (Gb3Cer, Galα1-4Galβ1-4Glcβ1-

1Cer), while Stx2e prefers globotetraosylceramide (Gb4Cer, GalNAcβ1-3Galα1-

4Galβ1-4Glcβ1-1Cer). Both glycosphingolipids (GSLs) were detected in detergent-

resistant membranes (DRMs) of primary human brain microvascular endothelial cells 

(pHBMECs) resembling microdomains of the plasma membrane. In this study we 

show that Gb3Cer and Gb4Cer of pHBMECs with saturated C16:0, C22:0, and C24:0 

fatty acids dominated in DRMs, corresponding to the liquid-ordered membrane 

phase, whereas lipoforms carrying unsaturated C24:1 and C24:2 fatty acids prevailed 

in the nonDRM fractions, which correspond to the liquid-disordered membrane 

phase. Similarly, a shift of the phospholipids from saturated lipoforms in the DRM to 

unsaturated species in the nonDRM fractions was observed. Real-time biomolecular 

interaction analysis using affinity-purified Stx2a and Stx2e, recorded with a surface 

acoustic wave (SAW) biosensor, evidenced high binding strength of both toxins 

towards DRMs and failure in interaction with nonDRMs. These results support the 

hypothesis of preferential binding of Stxs towards microdomains harbouring GSL 

receptors carrying saturated fatty acids in their lipid anchors. Collectively, unravelling 

the precise mechanisms of Stx-microdomain interaction may help to develop 

antiadhesive compounds to combat Stx-mediated cellular injury.  
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Introduction 

 

Shiga toxins (Stxs) belong to the group of bacterial AB5 toxins with certain 

carbohydrate-binding specificities being released by Stx-producing Escherichia coli 

(STEC) (Bergan et al. 2012). Enterohemorrhagic E. coli (EHEC) comprise the 

human-pathogenic subgroup of STEC, which cause severe diarrhea and 

hemorrhagic colitis after ingestion and colonization of the intestinal mucosa (Schüller 

2011). Upon transfer into the circulation, Stxs elicit extraintestinal complications such 

as the hemolytic-uremic syndrome (HUS) (Zoja et al. 2010). Moreover, Stxs activate 

innate immune responses that may lead to inflammation thereby increasing the 

severity of organ injury in patients infected with EHEC (Lee and Tesh 2019). This is 

further aggravated by the fact that Stx interacts with the complement system resulting 

in an impaired control and thus to enhanced complement activation (Orth-Höller and 

Würzner 2014). Interestingly, Stx-mediated toxicity towards erythroblasts during the 

course of erythropoiesis might contribute to the anemia caused by Stx-producing 

pathogens (Betz et al. 2016). In the blood neutrophilic granulocytes are generally 

considered “piggy-back” transporters of Stx through the circulation (te Loo et al. 

2000; Brigotti et al. 2013). Damage of kidney microvascular endothelial cells 

underlies the pathological changes in HUS (Bielaszewska and Karch 2005; Karch et 

al. 2005) and injury of brain microvascular endothelial cells disturbs the blood-brain 

barrier function resulting in serious cerebral dysfunction (Richards and Kavanagh 

2009; Obata 2010). Thus, acute renal failure can indirectly induce impairment in brain 

function. Neurological injury can be sudden and severe and is the most frequent 

cause of acute mortality in patients suffering from severe EHEC infections indicating 

a central role of Stx in cerebral dysfunction in this disease (Karpman et al. 2010; 

Trachtman et al. 2012). After attachment of the non-covalently linked 
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homopentameric B subunit assembly to the plasma membrane, the Stx-receptor 

complex is endocytosed, transported via a retrograde pathway to the endoplasmic 

reticulum and translocated to the cytosol, where the catalytic A1 portion exert its 

ribotoxic effect  (Sandvig et al. 2010; Bergan et al. 2012; Johannes 2017).  

 Among the various Stx subtypes, Stx2a (in previous and recent publications 

often inaccurately termed Stx2; for revised nomenclature of Stx-subtypes refer to 

Scheutz et al. 2012) represents the most important subtype being more frequently 

associated with HUS than other Stx subtypes (Davis et al. 2014; Melton-Celsa 2014; 

Kampmeier et al. 2018), while presence of Stx2e may predict a milder disease with 

minimal risk of HUS (Friedrich et al. 2002). All Stxs analysed until now bind to 

glycosphingolipids (GSLs) of the globo-series (Raa et al. 2009; Lingwood et al. 

2010), which are characteristic cell surface-exposed structures of the human 

microvascular endothelium in the kidneys and the brain (Bauwens et al. 2013; Legros 

et al. 2018). Certain Stx subtypes can be distinguished by their receptor binding 

preferences depending on the variability of the oligosaccharide chain length of Stx-

binding GSLs (Müthing et al. 2012; Steil et al. 2018). Stx2a binds with high 

preference to globotriaosylceramide (Gb3Cer, Galα1-4Galβ1-4Glcβ1-1Cer) when 

compared to globotetraosylceramide (Gb4Cer, GalNAcβ1-3Galα1-4Galβ1-4Glcβ1-

1Cer), while Stx2e exhibits preferred adherence towards Gb4Cer besides binding to 

Gb3Cer (DeGrandis et al. 1989; Keusch et al. 1995; Müthing et al. 2012). 

 The large structural heterogeneity of GSLs results from differences in number, 

identity, linkage, and anomeric configuration of the carbohydrate moieties, and also 

from structural differences within the hydrophobic portion (Levery 2005; Merrill 2011; 

D‟Angelo et al. 2013; Zhang et al. 2019). GSLs are primarily located in the outer 

leaflet of the two-layered cell membrane, where they reside in close proximity with 

the phospholipid (PL) sphingomyelin (SM) and cholesterol in microdomains termed 
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as lipid rafts (Gupta and Surolia 2010; Sonnino and Prinetti 2010). Besides their 

inherent involvement in many cellular events (Jennemann and Gröne 2013; Russo et 

al. 2016), their exofacial localization in lipid rafts renders GSLs excellent candidates 

as adhesion platforms for carbohydrate-binding microorganisms and microbial toxins 

(Smith et al. 2004; Lencer and Saslowsky 2005; Cho et al. 2012; Aigal et al. 2015). 

With the aid of non-ionic detergents, segregated microdomains can be isolated from 

sucrose density gradients after ultracentrifugation as supramolecular clustered 

structures denoted as detergent-resistant membranes (DRMs) (Brown 2006). DRMs 

are considered equivalents for the liquid-ordered phase of cell membranes, and 

nonDRM fractions correspond to the liquid-disordered phase being useful tools in 

membrane research (London and Brown 2000; Lingwood and Simons, 2007).   

 Here we report on the structural differences of Gb3Cer and Gb4Cer lipoforms 

detectable in DRM and nonDRM fractions of pHBMECs. Furthermore, DRM and 

nonDRM preparations were applied to recently developed real-time interaction 

analysis based on surface acoustic wave (SAW) technology (Steil et al. 2018). Stxs 

were found to bind with high preference to DRMs in contrast to nonDRMs of 

pHBMECs and the achieved binding kinetics allowed for determining their binding 

strengths towards DRMs harbouring Stx receptor GSLs.  
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Results 

 

Previous studies of us on the presence and fine structures of Stx receptors have 

revealed Gb3Cer and Gb4Cer as the characteristic GSLs of pHBMECs. The twin-

tailed ceramide of both globo-series GSLs exhibited considerable heterogeneity due 

to linkage of a fatty acid with variable chain length (C16 to C24) to the uniform long-

chain aminoalcohol sphingosine (d18:1). The “18:1” signifies the C18 alkyl chain 

length harbouring a double bond between C4 and C5, and the “d” stands for 

“dihydroxy”, i.e. one hydroxyl group at C1 and one at C3, whereby the one at C1 links 

the proximal glucose of the growing oligosaccharide at its reducing end to form the 

GSL core. Cer (d18:1, C16:0), Cer (d18:1, C22:0) and Cer (d18:1, C24:1/C24:0) were 

identified as the prevalent lipid anchors of Gb3Cer and Gb4Cer isolated from 

pHBMECs (Legros et al. 2017a; Legros et al. 2018). The aim of this study was to 

determine the occurrence of hypothesized DRM- and nonDRM-specific Gb3Cer and 

Gb4Cer species and the postulated preferred interaction of the subtypes Stx2a and 

Stx2e with DRMs versus nonDRMs of pHBMECs, which resemble the liquid-ordered 

and liquid-disordered membrane phase, respectively.  

 

Distribution of Gb3Cer and Gb4Cer to DRM and nonDRM fractions 

The occurrence and relative content of Gb3Cer and Gb4Cer in the sucrose gradient 

fractions obtained by ultracentrifugation were determined for the two biological 

replicates of pHBMECs employed in this study. The distribution attained for replicate 

1 is shown in Figure 1 portraying the immunochemically detected relative content of 

Gb3Cer and Gb4Cer in Figure 1A and Figure 1B, respectively, and the relative 

content of the lipid raft marker cholesterol in Figure 1C. Gb3Cer was found to amount 

to 71% in added DRM fractions F1-F3 of replicate 1 suggesting association with lipid 
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rafts (Figure 1A). The same holds true for Gb4Cer exhibiting identical distribution in 

summed DRM fractions F1-F3 (Figure 1B). Cholesterol, determined with manganese 

chloride stain, served as the classical microdomain marker, which accumulated to 

70% in the DRMs (Figure 1C). For comparison purposes the distribution patterns of 

Gb3Cer, Gb4Cer, and cholesterol of replicate 2 are provided in the Supplementary 

data, Figure S1 showing similar results. The absolute and relative cholesterol 

amounts determined in the sucrose gradient fractions of the two replicates of 

pHBMECs are listed in the Supplementary data, Table SI. 

 

Molecular species of Gb3Cer, Gb4Cer, and PLs in DRMs 

The ESI MS1 spectrum of canonical DRM fraction F2 derived from pHBMECs of 

replicate 1 demonstrates, after removal of alkali-labile lipids, the Gb3Cer species with 

Cer (d18:1, C16:0), Cer (d18:1, C22:0), and Cer (d18:1, C24:1/C24:0) as the main 

GSLs in this fraction (Figure 2A). This distribution indicates prevalence of Gb3Cer 

variants each carrying a saturated fatty acid with the restriction that the Gb3Cer 

lipoform with C24:0 fatty acid is accompanied by less abundant C24:1 species. The 

proof of the proposed structures is exemplarily shown for Gb3Cer (d18:1, 

C24:1/C24:0) by the MS2 spectrum in the Supplementary data, Figure S3. The MS1 

analysis gave similar results for Gb4Cer of DRM fraction F2 of pHBMECs 

 exhibiting the same relative ion signal intensities when compared to Gb3Cer with 

dominance of ceramides harbouring mostly the saturated fatty acids C16:0, C22:0 

and C24:0, accompanied by less abundant C24:1, in the respective Gb4Cer species 

(Figure 2B). An example of a proof of structure of the proposed GSL lipoforms is 

given for Gb4Cer (d18:1, C24:1/C24:0) with the MS2 spectrum in the Supplementary 

data, Figure S4. The PL compositional analysis of DRM fraction F2 revealed most 

prominent signals for ions at m/z 760.58 and 782.57, corresponding to 
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monounsaturated protonated [M+ H]+ and monosodiated [M+Na]+ ions of PC (34:1), 

respectively (Figure 2C). The second most abundant PL species were the pairs of PC 

(32:1/32:0) in its protonated and sodiated form indicated by ions at m/z 

732.55/734.56 and 754.53/756.54, respectively. The presence of PC (36:2/36:1) was 

verified by detection of [M+Na]+ ions at m/z 808.58/810.60, whereby the 

monounsaturated 36:1 dominated over the diunsaturated 36:2 PC species. Ions at 

m/z 703.57 and 835.66/837.67, highlighted in grey, correspond to monosodiated SM 

(d18:1, C16:0) and SM (d18:1, C24:1/C24:0), respectively, indicating the presence of 

this lipid raft marker in the DRM fraction F2 of pHBMECs. Similar spectra were 

achieved for Gb3Cer, Gb4Cer, and the PLs in case of DRM fraction F2 derived from 

pHBMECs of replicate 2 as shown in the Supplementary data, Figure S2.  

 

Molecular species of Gb3Cer, Gb4Cer, and PLs in nonDRMs 

The ESI MS1 spectra of Gb3Cer, Gb4Cer, and PLs, which were obtained from 

gradient fraction F7 derived from replicate 1 of HBMECs, are shown in Figure 3. 

Fraction F7 represents a typical nonDRM fraction containing low quantities of 

immunochemically detectable Gb3Cer and Gb4Cer (refer to Figure 1A and Figure 

1B, respectively), associated with sizeable amounts of cholesterol (refer to Figure 

1C). Detected Gb3Cer variants were those with Cer (d18:1, C24:2/C24:1) as the 

main and only Gb3Cer lipoforms, accompanied by a series of polyethylene glycol 

oligomers derived from the detergent used for solubilization (Figure 3A). 

Characteristic for this fraction is the occurrence of the Gb3Cer species with doubly 

unsaturated C24:2 fatty acid, accompanied with the slightly stronger C24:1 fatty acid 

carrying lipoform. The proof of proposed Gb3Cer (d18:1, C24:2/C24:1) is portrayed 

by the MS2 spectrum in Figure 4. Importantly, the Gb3Cer (d18:1, C24:2) variant 

seems to specifically emerge in nonDRMs. In addition, the Gb3Cer lipoforms, 
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carrying saturated C16:0, C22:0 and C24:0 fatty acid, being usually detectable in 

total GSLs and DRM preparations of pHBMECs, are totally absent in the nonDRM 

fraction. The same holds true for Gb4Cer detected in nonDRM fraction F7 as shown 

in Figure 3B. More precisely, the Gb4Cer variant with doubly unsaturated C24:2 fatty 

acid occurs in nonDRM fraction F7, accompanied by the somewhat stronger variant 

with C24:1 fatty acid, both representing the only Gb4Cer species in nonDRM fraction 

F7. The proof of proposed Gb4Cer (d18:1, C24:2/C24:1) is demonstrated with the 

MS2 spectrum in Figure 5. Furthermore, the lack of Gb4Cer lipoforms with saturated 

C16:0, C22:0, and C24:0 is an additional striking feature of the nonDRM fraction. The 

MS analysis of PLs gave presence of lyso-PC, highlighted by greyed boxes in the 

spectrum, and at the same time complete lack of SM ions in the nonDRM fraction F7 

(Figure 3C). Most intensive monosodiated [M+Na]+ ions at m/z 544.34, accompanied 

by strong [M+H]+ ions with m/z at 522.35, could be assigned to lyso-PC (18:1). This 

dominant lyso-PC was accompanied by less intensive lyso-PC (16:1/16:0) ions with 

characteristic m/z values at 494.32/496.33 and 522.35/544.34, corresponding to the 

protonated and the sodiated species, respectively. Thus, the two lyso-PC variants 

could be identified as definite nonDRM markers, which were solely present in the 

liquid disordered but not in the liquid ordered phase of cell membranes of pHBMECs. 

A further difference noticed for the nonDRM fraction F7, when compared to F2, was 

the absence of saturated PL species and the relative increase of mono to double 

unsaturated PC species, for instance the rise of double unsaturated PC (34:2) at m/z 

758.57/780.55 (protonated/sodiated) over PC (34:1) at m/z 760.59/782.56 

(protonated/sodiated) (Figure 3C). An additional distinctive feature of the nonDRM 

fraction F7 was newly occurring triply unsaturated PC (36:3) at m/z 784.58 and 

806.57 in its protonated and monosodiated form, respectively. The MS analysis of 

nonDRM fraction F7 derived from replicate 2 of pHBMECs yielded comparable 
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spectra for Gb3Cer, Gb4Cer, and the PLs as shown in the Supplementary data, 

Figure S5, whereby the ion signals of lyso-PC and the PC species appeared with 

somewhat lower intensity when compared to those of nonDRM fraction F7 obtained 

from replicate 1 of pHBMECs (see Figure 3C).  

 

Real-time interaction analysis of Stx2a with DRMs and nonDRMs derived from 

pHBMECs  

Association and dissociation curves were achieved for Stx2a by means of 

biomolecular interaction analysis in real time using affinity-purified Stx2a and an SAW 

biosensor as recently published (Steil et al. 2018). The biosensor surfaces were 

coated with DRMs or nonDRMs derived from replicate 1 of pHBMECs forming stable 

membrane layers on the biosensor surface, respectively. Increasing concentrations 

of Stx2a, ranging from 20 nM up to 250 nM, were applied. The association and 

dissociation curves achieved from this experimental set up are shown in Figure 6. 

The rounded individual values of the calculated association rate constant kass, the 

dissociation rate constant kdiss and the equilibrium dissociation constant KD together 

with their mean values obtained from the SAW real-time interaction analysis of Stx2a 

with DRMs (Figure 6A) are listed in Table I. The calculated KD mean value, which 

describes the average strength of binding between Stx2a and DRMs being calculated 

from the binding kinetics using 20, 50, 80, 120, 180 and 250 nM toxin concentrations, 

was 77±15 nM, indicating high affinity binding of Stx2a towards the DRM preparation. 

On the other hand, Stx2a exhibited no adhesion at all towards nonDRMs as shown in 

Figure 6B. Thus, failure of association and dissociation made any calculations 

superfluous. The real-time interaction analysis of Stx2a with DRMs and nonDRMs 

derived from replicate 2 of pHBMECs gave similar results (Supplementary data, 

Figure S6 and Table SII). The mean value of KD amounted to 119±8 nM indicated a 
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somewhat lower binding strength of Stx2a towards DRMs in this experiment using a 

membrane preparation from replicate 2 of pHBMECs. However, the detected affinity 

ranged in the same order of magnitude when compared to replicate 1 and Stx2a 

failed again in binding towards nonDRMs (see Figure 6). 

 

Real-time interaction analysis of Stx2e with DRMs and nonDRMs derived from 

pHBMECs 

The same experimental approach was performed for studying the real-time binding of 

affinity-purified Stx2e towards DRM and nonDRM preparations from pHBMECs as 

shown in Figure 7. Due to very limited quantity of membrane material from the 

primary cells, the analysis of both the DRMs and the nonDRMs was only possible for 

replicate 2 of pHBMECs. A list of the rounded individual values of the calculated 

association rate constant kass, the dissociation rate constant kdiss and the equilibrium 

dissociation constant KD together with their mean values obtained from the 

biomolecular interaction analysis of Stx2e with DRMs (Figure 7A) are listed in Table I. 

Based on the binding kinetics, the calculated KD mean value was 165±22 nM, 

indicating slightly lower binding intensity of Stx2e towards DRMs when compared to 

Stx2a (see Figure 6A). The application of Stx2e revealed a slight but recognizable 

interaction of Stx2e with nonDRMs as visible in Figure 7B. However, the weakness of 

binding strength did neither allow for creating association and dissociation curves nor 

for calculation of related association and dissociation rate constants. The real-time 

interaction analysis of Stx2e with DRMs derived from replicate 1 of pHBMECs gave 

similar results (Supplementary data, Figure S7 and Table SII). The mean value of KD 

amounted to 159±10 nM being almost identical with the one obtained by 

measurements of replicate 2 (see Figure 7 and Table I). 
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 As a résumé it can be concluded from our SAW binding kinetics that the Stx2a 

and Stx2e subtypes both exhibited a strong binding strength towards DRMs and did 

not bind (Stx2a) or did bind very weakly (Stx2e) to nonDRMs simulating the liquid-

ordered and liquid-disordered membrane phase, respectively, of pHBMECs. Although 

ranging in the same magnitude, Stx2a showed sizeable higher extent of adhesion 

capacity towards DRMs, which harbored the highest relative content of Gb3Cer and 

Gb4Cer content among the density gradient fractions. 
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Discussion 

 

Stx causes massive damage of human brain microvascular endothelial cells and 

raises serious dysfunction of the central nervous system (Richards and Kavanagh 

2009). Patients with cerebral involvement have a greater chance of getting severe 

sequelae and mortality than with HUS alone and autopsy of brains of patients 

suggests the weakening of the blood-brain barrier during the disease (Obata 2010). 

Importantly, some patients develop neurological symptoms before the onset of HUS 

showing direct involvement and a central role of Stx in brain dysfunction in this 

disease (Obata 2010). Thus, impairment of the central nervous system represents 

often a life-threatening condition resulting in serious long-term effects even after 

recovery from HUS (Spinale et al. 2013; Chan and Ng 2016). Importantly, a 

retrospective analysis of pediatric patients with cerebral complications during EHEC-

HUS, who received early treatment with eculizumab, a monoclonal antibody that 

blocks the complement with favorable outcome of the disease (Würzner et al. 2014), 

was associated with complete regression of both kidney injury and neurological 

lesions (Giordano et al. 2019). The radical breakdown of the blood-brain barrier 

caused by Stx2e has been previously shown by us using porcine brain capillary 

endothelial cells as a cell culture model (Meisen et al. 2013). Owing to the high 

impact of Stx-mediated endothelial impairment of the cerebral vascular bed, we and 

other research groups have investigated in the past human brain-derived endothelial 

cell lines  (Fujii et al. 2008; Betz et al. 2011) and primary endothelial cells of human 

brain (Eisenhauer et al. 2001; Stricklett et al. 2002; Ergonul et al. 2003; Legros et al. 

2017a) including detection, identification and structural characterization of the GSL 

receptors of various Stx subtypes beside other pathophysiological aspects of this 

toxin. Primary cells are advantageous in terms of their resemblance to the original 
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tissue characteristics thus mimicking the in vivo phenotype more faithfully than 

immortalized cells or cloned cell lines (reviewed in Legros et al. 2018). However, 

albeit having the Stx-binding GSL receptors identified the initial attachment process 

of Stx to membrane-inserted GSL receptors remains yet poorly understood. 

 Previous findings revealed the presence of different lipoforms of Gb3Cer and 

Gb4Cer in total GSLs from pHBMECs harbouring GSL species with ceramides 

overwhelmingly composed of sphingosine (d18:1) as the invariable portion of the lipid 

anchor and variable fatty acids videlicet C16:0, C22:0 or C24:1/C24:0 as the main 

Stx receptors (Legros et al. 2017a; Legros et al. 2018). In the recent investigations a 

shifting from saturated lipoforms of glycerophospholipids in the DRM to unsaturated 

species in the nonDRM fractions was observed, using the F2 and F7 fractions as 

representative fractions of the liquid-ordered and liquid-disordered membrane phase, 

respectively (Legros et al. 2017a). Here, we now scrutinized (in addition to the 

glycerophospholipids) the fine structures of the Gb3Cer and Gb4Cer species, which 

occurred in DRM and nonDRM fractions. Lipoforms with onefold unsaturated C24:1 

fatty acid were found being specifically enriched in DRM fraction F2, while lipoforms 

with twofold unsaturated C24:2 fatty acid were exclusively detected in the F7 fraction. 

Noteworthy, the Gb3Cer and Gb4Cer variants each with doubly unsaturated C24:2 

fatty acid have never been before identified in total GSLs and DRM fractions of 

human brain endothelial cells or human endothelial cells from other vascular beds. 

Co-localization of Gb3Cer and Gb4Cer species containing a saturated fatty acid with 

PC molecules carrying mostly saturated fatty acids together with the canonical lipid 

raft markers SM and cholesterol supports the hypothesis of supposed lipid raft 

similarity of DRMs representing the liquid-ordered membrane phase. Analogously, 

the predominance of Gb3Cer and Gb4Cer lipoforms with one- and diunsaturated fatty 

acid accompanied with PC species carrying mostly unsaturated fatty acids and lyso-
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PC underlines the resemblance of the nonDRMs with the liquid-disordered 

membrane phase corresponding to non-lipid raft membrane organization. Although 

the reason for the structural differences regarding degree of unsaturation remains 

elusive, one can speculate that Gb3Cer, Gb4Cer and PC lipoforms in vicinity with SM 

and planar cholesterol molecules might stabilize the raft assembly in plasma 

membranes. Summing the constraint, investigations on DRMs, which represent an 

effective tool to approach the dynamics of Stx interaction with GSL-containing lipid 

microdomains (Nutikka and Lingwood 2004), allow for principal suggestions of 

conceivable arrangement of Stx-binding GSLs in membranous microdomain clusters 

of human endothelial cells (Legros et al. 2018).  

 Presentation of the glycan parts of GSLs in the exofacial leaflet of the plasma 

membrane protruding into the environment predestines GSLs as attachment sites of 

a number of pathogens such as bacteria and pathogen-derived virulence factors 

(Karlsson 1989; Smith et al. 2004). In addition to specific affinity to a certain glycan, 

the lipid moiety contributes to an efficient binding and uptake of a carbohydrate-

binding toxin or bacterial adhesin suggesting a functional role of lipid rafts to gain 

entry into cells (Sandvig et al. 2014; Aigal et al. 2015; Zuverink and Barbieri 2018). 

SM and cholesterol residing in close proximity with GSLs are further key membrane 

constituents of lipid rafts (Gupta and Surolia 2010; Sonnino and Prinetti 2010; 

García-Arribas et al. 2016) being involved in forming membrane domains, promoting 

separation of membranes into liquid-ordered and liquid-disordered phases and lateral 

sorting by cholesterol-mediated hydrophobic matching (Kaiser et al. 2011; Abe and 

Kobayashi 2014). Importantly, association with plasma membrane microdomains has 

been shown in previous studies to be a pivotal requirement for efficient binding and 

internalization of Stxs (Lingwood et al. 2010; Sandvig et al. 2014) and, furthermore, 

the occurrence of Stx-receptor Gb3Cer in lipid rafts is deemed to play a central role in 
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the pathology of HUS (Khan et al. 2009). Fatty acid-mediated fluidity within 

Gb3Cer/cholesterol DRM vesicle constructs has been shown to selectively regulate 

GSL carbohydrate binding (Mahfoud et al. 2009) and association of Stx with DRMs is 

an essential requirement in the endoplasmic reticulum for a cytotoxic effect (Smith et 

al. 2006). It is therefore tempting to speculate that certain Gb3Cer lipoforms of 

pHBMECs found in this study to co-distribute with cholesterol and SM in DRMs may 

be of functional impact in efficient binding and internalization of Stx. Gb3Cer and 

Gb4Cer species with Cer (d18:1, C16:0), Cer (d18:1, C22:0) and Cer (d18:1, C24:0), 

the prevalent GSL lipoforms with saturated fatty acid occurring in DRMs, 

accompanied by Cer (d18:1, C24:1) lipoforms with onefold unsaturated fatty acid, are 

the candidates. Their dominance in DRMs, the liquid-ordered membrane phase, 

seems to predestine preferred interaction with Stx, whereas prevalence of Gb3Cer 

and Gb4Cer with Cer (d18:1, C24:2) carrying a twofold unsaturated fatty acid in 

nonDRMs, the liquid-disordered membrane phase, along with reduced amounts of 

the saturated Gb3Cer and Gb4Cer species, would indicate a less pronounced role in 

binding, internalization and retrograde transportation of the toxin.  

 Exploring the precise mechanisms underlying the initial attachment of Stx to 

the membrane surface is a matter of intensive research. To establish this approach 

we previously used model membranes spiked with Gb3Cer reference of human 

source, which were applied for coating the chip surface with a lipid bilayer (Steil et al. 

2018). Real-time interaction analysis revealed strong binding preference of Stx2a and 

Stx2e to DRMs of pHBMECs, whereby Stx2e exhibited weak adhesion and Stx2a no 

binding at all towards nonDRMs. Recorded SAW binding kinetics allowed for 

determining the differing binding strengths of Stx2a and Stx2e towards lipid raft-

associated Stx receptors in the DRM preparations. Roughly calculated approximate 

average values of the two biological replicates (see Table I and Supplementary data, 
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Table SII) each revealed an equilibrium dissociation constant KD for Stx2a of 98 nM 

and for Stx2e an KD value of 162 nM indicating somewhat less intensive binding of 

Stx2e (the higher the KD, the lower the binding strength). This indicates a rather slight 

difference when compared to significant differences of KD measurements of 124 nM 

for Stx2a and 1481 nM for Stx2e when applying fabricated model membranes loaded 

with Gb3Cer only (Steil et al. 2018). Since DRMs of pHBMECs contain Gb4Cer in 

addition to Gb3Cer and because Gb4Cer is known as the favorite receptor of Stx2e 

(DeGrandis et al. 1989; Müthing et al. 2012), the weak binding to Gb3Cer in model 

membranes (Steil et al. 2018) seems to be compensated by additional Gb4Cer in 

pHBMEC-derived DRMs as shown in this study. This explains the similar binding 

strength of Stx2a and Stx2e when using DRMs of pHBMECs.  

 Previous real-time kinetic analysis of binding between Stx and Gb3Cer by 

Nakajima and co-workers using surface plasmon resonance (SPR) revealed KD 

values of 222 nM for Stx1 and 1044 nM for Stx2 (Nakajima et al. 2001). Interestingly, 

although employing differing experimental settings, data were comparable to our 

previous results reflecting the same order of magnitude of KD calculations (Steil et al. 

2018).  Another SPR approach was reported by Soltyk and colleagues, where the 

authors describe (among others) the interaction of an Stx1-derived pentameric B-

subunit with a model membrane (Soltyk et al. 2002). These SPR measurements gave 

a KD value of 3 nM for Stx1B5 being much lower than those previously reported for 

SPR measurements using Stx holotoxins (Nakajima et al. 2001). Similarly, low 

nanomolar KD values were obtained for StxB interacting with two hydroxylated Gb3-

C24:1 diastereoisomers, employing SPR interaction analysis (Schütte et al. 2015). 

The authors adapted the experimental procedure of Nakajima and collaborators 

(Nakajima et al. 2001) and achieved KD values in the single- to double-digit 

nanomolar range (Schütte et al. 2015). Of note, Gb3-decorated human serum 
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albumin interacted with surface-immobilized Stx1 and Stx2 reaching KD values of 39 

and 101 nM, respectively, determined by real-time SPR analysis (Maria Cherian et al. 

2014). Collectively, from this data we can conclude that many parameters such as 

the molecular environment of Stx receptors within the lipid layer in general and, more 

precisely, the structural differences of individual lipid constituents and the glycan 

presentation as well as the concentration and purity of the Stx subtypes may 

exacerbate the interpretation of the discussed real-time interaction analyses.  

 

 

Conclusions 

 

To the best of our knowledge, our study is the first report on direct application of 

membrane preparations derived from human brain endothelium simulating the liquid-

ordered and liquid-disordered membrane phase, respectively, to real-time interaction 

analysis. In addition, real-time interaction analysis of Stxs and target cell membranes  

gives a further proof of the applicability of the SAW technology (Hoß and Bendas 

2017) and opens up promising perspectives to investigations on newly produced Stx 

glycoconjugates aimed at inhibition of and protection against Stxs (Sharon 2006; 

Kavaliauskiene et al. 2017) such as pectin-derived neoglycolipids (Pohlentz et al. 

2019). We hope that our study will contribute to the development of novel strategies 

in the fight against infectious diseases.  
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Materials and methods 

 

Propagation of pHBMECs 

Primary human brain microvascular endothelial cells (pHBMECs) were purchased 

from ScienCellTM (Carlsbad, CA, USA; cat. no. 1000). The lowercase “p” stands for 

“primary” to distinguish this and some other studies of our group (Legros et al. 2017a; 

Legros et al.  2018) from previous works where immortalized endothelial cells or 

endothelial cell lines have been used (Bauwens et al. 2011; Betz et al. 2011). The 

primary cells were maintained and passaged following established procedures 

(Legros et al. 2017a; Legros et al. 2018). pHBMECs were propagated in 175 cm2 

tissue culture flasks (Greiner Bio-One, Frickenhausen, Germany) in endothelial cell 

medium without antibiotics not exceeding passage 7.  

 

Preparation of sucrose density gradient fractions from pHBMECs 

Sucrose density gradient fractions were prepared following the original description of 

Brown and Rose (Brown and Rose 1992) with minor modifications as previously 

described (Betz et al. 2011; Steil et al. 2015; Legros et al. 2018). Briefly, confluent 

grown pHBMECs were homogenized in lysis buffer and remnant cell debris was 

removed by mild centrifugation (400 x g). Membranes were then separated from 

cytosol by short ultracentrifugation (150,000 x g) of the supernatant. The membrane 

sediment was dissolved in 1% Triton X-100 buffer and mixed with the same portion of 

85% sucrose. The resulting 42.5% sucrose solution was then overlayed with a 

discontinuous gradient of 30% and 5% sucrose. Eight fractions of 1.5 mL each were 

collected stepwise from the top of the gradient after ultracentrifugation (200,000 x g): 

three upper DRM-associated fractions (F1 to F3) and five lower nonDRM fractions 

(F4 to F8) (Legros et al. 2018). 
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Isolation of GSLs, cholesterol, and PLs from gradient fractions 

The 1.5 mL aliquots obtained from the sucrose gradient fractions were dialyzed 

against deionized water, freeze-dried and resolved in chloroform/methanol (2/1, v/v) 

corresponding to 5 x 105 cells/µL. A volume of 100 µL of each of the eight fractions, 

equivalent to 5 x 107 cells, was withdrawn and utilized for TLC and MS analysis of 

GSLs and TLC detection of cholesterol. For this purpose, glycerophospholipids and 

triacylglycerols were removed by saponification using 1 N methanolic NaOH following 

previously published protocols (Kouzel et al. 2013; Legros et al. 2017a; Legros et al. 

2017b). A volume of 20 µL of fraction F2 and F7, corresponding to 1 x 107 cells, was 

removed and employed for MS analysis of PLs. Combined fractions F1 to F3 and 

fraction F7 (remaining material) were dried, weighted and adjusted to a concentration 

of 1 mg/mL in PBS supplemented with 5 mM MgCl2 to be used for the preparation of 

small unilamellar vesicles (SUVs) required for ensuing biomolecular interaction 

analysis measurements (see below). 

 
 
 
TLC detection of cholesterol and GSLs 

Aliquots of alkaline-treated sucrose gradient fractions were applied onto silica gel 60 

precoated glass plates (HPTLC plates, size 10 cm x 10 cm, thickness 0.2 mm, no. 

1.05633.0001; Merck, Darmstadt, Germany) with an automatic sample applicator 

(Linomat 5, CAMAG, Muttenz, Switzerland). Cholesterol was separated in 

chloroform/aceton (96/4, v/v) and GSLs were chromatographed in 

chloroform/methanol/water (120/70/17, each by vol). Cholesterol was stained with 

manganese(II) chloride (Goswami and Frey 1970; Kouzel et al. 2013; Steil et al. 

2015; Legros et al. 2017b) and the globo-series GSLs Gb3Cer and Gb4Cer were 
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detected using the TLC overlay assay as previously described (Kouzel et al. 2013; 

Steil et al. 2015). Briefly, after TLC separation the silica gel layer was fixed with 0.5% 

(w/v) polyisobutylmethacrylate (Plexigum P28, Röhm, Darmstadt, Germany) solution 

and the Stx receptor GSLs were immunostained with primary chicken anti-Gb3Cer 

and anti-Gb4Cer antibodies in conjunction with secondary alkaline phosphatase 

(AP)-conjugated anti-chicken IgY antibody (both at 1:2000 dilution). Rabbit anti-

chicken IgY (code 303-055-033) secondary antibody was from Dianova (Hamburg, 

Germany). Detection was performed with 0.05% (w/v) 5-bromo-4-chloro-3-indolyl 

phosphate p-toluidine salt (BCIP) generating an AP-mediated blue precipitate. 

Manganese(II) chloride-stained cholesterol and TLC immunodetected GSL bands 

were densitometrically quantified with a CD 60 scanner (Desage, Heidelberg, 

Germany, software ProQuant®, version 1.06.000) using the reflectance mode. Pink-

brownish cholesterol and dark blue immunopositive GSL bands were quantitatively 

measured at wavelengths of λ = 365 nm and λ = 630 nm, respectively (Kouzel et al. 

2013; Steil et al. 2015; Legros et al. 2017b). A preparation of neutral GSLs from 

human erythrocytes, harbouring Gb3Cer and Gb4Cer, served as reference and 

positive control for the TLC overlay assays (Meisen et al. 2005). The nomenclature of 

the GSLs follows the IUPAC-IUB recommendations 1997 (Chester 1998). Reference 

cholesterol (cat. no. C8667) was from Sigma-Aldrich (Steinheim, Germany).  

 

Production of affinity-purified Stx2a and Stx2e 

Stx2a (in previous publications referred to as Stx2, now changed to Stx2a following 

the recommendations of Scheutz et al. (2012) for correct nomenclature) and Stx2e 

were purified from the Stx2a-producing EHEC wild-type strain of serotype O111:H- 

(strain 03-06016) (Zhang et al. 2007) and the Stx2e-releasing STEC wild-type strain 

of serotype ONT:H- (strain 2771/97) (Muniesa et al. 2000), respectively, both from 
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the collection of the Institute for Hygiene of the University of Münster (Münster, 

Germany) as recently described in detail (Steil et al. 2018). In short, the Stx-

producing E. coli strains were cultured in growth medium supplemented with 0.5 

µg/mL mitomycin C (Sigma-Aldrich), and sterile filtrated Stx-containing supernatants 

were produced as previously described (Müthing et al. 2012). The ensuing affinity-

purification follows a recently published instruction (Steil et al. 2018). Briefly, Stx-

containing supernatants were reduced to a volume of 1 mL and incubated with Gb3-

derivatized magnetic beads. Upon elution and desalting, the purified toxins were 

finally suspended in PBS with 5 mM MgCl2 and stored at -20°C until use. Purity of the 

Stx2a and Stx2e preparations was monitored by SDS-PAGE, the structural integrity 

of both toxins was checked by mass spectrometry, and their binding specificity was 

determined using GSL preparations from Vero cells as recently extensively described 

(Steil et al. 2018). 

 

Electrospray ionization mass spectrometry (ESI MS) 

GSLs of the alkaline-treated DRM F2 and the nonDRM F7 fractions derived from 

pHBMECs as well as the glycerophospholipids from native F2 and F7 fractions were 

dissolved in chloroform/methanol (1/4, v/v) and subjected to ESI MS using a 

SYNAPT G2-S mass spectrometer (Waters, Manchester, UK) in the positive ion 

sensitivity mode as explained in antecedent publications (Steil et al. 2015; Kouzel et 

al. 2017; Pohlentz et al. 2019). The source settings were: source temperature 80°C, 

capillary voltage 0.8 kV, sampling cone voltage 20 V, and offset voltage 50 V. For low 

energy collision-induced dissociation (CID) experiments (MS2), precursor ions were 

selected with the quadrupole analyser, subjected to ion mobility separation with the 

following settings: wave velocity 800 - 1200 m/s, wave height 40 V, nitrogen gas flow 

rate 90 mL/min, and helium gas flow rate 180 mL/min. MS1 ions were fragmented in 
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the transfer cell using a collision gas (Ar) flow rate of 2.0 mL/min and collision 

energies up to 100 eV (Elab). The fragment ions were assigned according to the 

nomenclature of Domon and Costello (Domon and Costello1988a; Domon and 

Costello 1988b). 

 

Biomolecular real-time interaction analysis using surface acoustic wave 

The previously developed procedure for analyzing the biomolecular interaction of 

Stxs with Gb3Cer-spiked model membranes (Steil et al. 2018) was employed in this 

study to direct measurements of Stx interaction with DRM and nonDRM fractions 

obtained from pHBMECs. To this end, SUVs were prepared from pooled DRM 

fractions F1 to F3 and the nonDRM fraction F7, respectively, according to a 

published protocol (Steil et al. 2018) with minor modifications. Concisely, aliquots of 1 

mg of dried lipids were dissolved in 1 mL PBS with 5 mM MgCl2 and incubated in a 

sonication water bath generating large multilamellar lipid vesicles. SUVs were 

prepared with a mini-extruder (Avanti Polar Lipids Inc., Alabaster, AL, USA) by 

extrusion of the multilamellar vesicles through a polycarbonate membrane with 100 

nm pore size (Whatman® NucleoporeTM Track-Etched Membranes, GE Healthcare, 

Maidstone, UK) and should be stored thereafter at 4°C no longer than 24 h until use. 

The surface acoustic wave (SAW) instrument SAM®5 blue (SAW Instruments GmbH, 

Bonn, Germany) was employed for advanced real-time, label-free measurement of 

biomolecular interaction. The gold surface of the biosensor chips, functionalized with 

11-mercaptoundecanoic acid, was used for measurements and SUVs were applied in 

concentrations of 1 mg/mL. Unspecifically adsorbed SUVs were removed with 10 mM 

aqueous NaOH followed by coating the biosensor surface with bovine serum albumin 

to prevent unspecific binding of the Stxs. Stx2a and Stx2e subtypes were applied 

with increasing concentrations of 20, 50, 80, 120, 180, and 250 nM in PBS with 5 mM 
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MgCl2.  After the dissociation phase remaining Stx was removed with 0.5 M melibiose 

(Galα1-6Glc; melibiose monohydrate, cat. no. 4223.3, Carl Roth GmbH+Co KG, 

Karlsruhe, Germany) in PBS with 5 mM MgCl2. Changes in the phase shift φ were 

recorded online. From the calculated values of kobs (“obs” denotes “observed”) and 

the concentration c of the ligand (videlicet Stx) the association and dissociation rate 

constants kass and kdiss were mathematically defined from the slope of the linear 

regression function according to the equation kobs = kass · c + kdiss. The equilibrium 

dissociation constant KD was calculated from the quotient KD = kdiss / kass following the 

currently published detailed description (Steil et al. 2018). 

 

Supplementary data 

Supplementary data for this article are available online at 

http://glycob.oxfordjournals.org/. 
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Table I. Calculated association kass and dissociation kdiss rate constants and 

equilibrium dissociation constant KD for Stx2a and Stx2e using DRMs derived from 

pHBMECsa  

Sensor channel  

 

kass [nM-1 s-1]b 

Stx2a / Stx2e 

kdiss [s
-1]b 

Stx2a / Stx2e 

KD [nM]b 

Stx2a / Stx2e 

 1 1 x 10-4 / n.e.c 8 x 10-3 / n.e.c 60 / n.e.c 

 2 1 x 10-4 / 7 x 10-5 8 x 10-3 / 9 x 10-3 62 / 131 

 3 1 x 10-4 / 5 x 10-5 8 x 10-3 / 8 x 10-3 77 / 178 

 4 9 x 10-5 / 5 x 10-5 7 x 10-3 / 7 x 10-3 85 / 162 

 5 7 x 10-5 / 4 x 10-5 7 x 10-3 / 7 x 10-3 101 / 189 

Mean  value 1 x 10-4 / 5 x 10-5 7 x 10-3 / 8 x 10-3 77 / 165 

SDd 3 x 10-5 / 1 x 10-5 6 x 10-4 / 7 x 10-4 15 / 22 

 

aConstants were determined by real-time interaction analysis of Stx2a and Stx2e with 

sensor surface-coated pooled DRM fractions F1-F3; bkass, kdiss and KD values were 

obtained for Stx2a (replicate 1) and Stx2e (replicate 2) and correspond to 

sensorgrams of Figure 6 and Figure 7, respectively; cnot evaluated due to a technical 

defect; dSD, standard deviation. 
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Fig. 1. Detection of Stx receptors Gb3Cer and Gb4Cer and the lipid raft marker 

cholesterol in sucrose density gradient fractions of pHBMECs (replicate 1). (A) TLC 

immunochemical detection of Gb3Cer with anti-Gb3Cer antibody and (B) Gb4Cer 

with anti-Gb4Cer antibody; (C) manganese chloride-stained cholesterol bands. The 

membrane preparations applied to detection of Gb3Cer (A), Gb4Cer (B), and 

cholesterol (C) correspond to 1 x 107 cells, respectively. Reference neutral GSLs 

from human erythrocytes (R) were 10 µg for the anti-Gb3Cer (A) and 1 µg for the 

anti-Gb4Cer overlay assay (B). The cholesterol reference R corresponds to 1 µg (C). 

Percentages may not add up to 100.0% due to rounding. The cholesterol 

percentages with an accuracy of one digital place and the absolute cholesterol 

amounts in the sucrose density gradient fractions are listed in the Supplementary 

data, Table SI. 
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Fig. 2. MS1 spectra of Gb3Cer (A), Gb4Cer (B), and PLs (C) obtained from DRM 

fraction F2 of pHBMECs (replicate 1). (A and B) The GSLs were recorded as 

monosodiated [M+Na]+ ions in the positive ion mode. Detected structures correspond 

to Gb3Cer and Gb4Cer lipoforms, carrying uniformly sphingosine (d18:1) and 

variable C16:0, C22:0, C24:1, or C24:0 fatty acid, are assigned in the spectra. For 

relative content of Gb3Cer and Gb4Cer in the gradient fractions refer to Figure 1A 

and Figure 1B, respectively. (C) The PL spectrum was recorded in the positive ion 

mode and the asterisks indicate protonated [M+H]+ ions, while all unmarked ions 

represent monosodiated [M+Na]+ ions. Gray boxed SM species represent 

characteristic markers of the liquid-ordered membrane phase (lipid rafts).  
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Fig. 3. MS1 spectra of Gb3Cer (A), Gb4Cer (B), and PLs (C) obtained from nonDRM 

fraction F7 of pHBMECs (replicate 1). (A and B) The GSLs were recorded as 

monosodiated [M+Na]+ ions in the positive ion mode. Detected structures correspond 

to Gb3Cer and Gb4Cer lipoforms, carrying uniformly sphingosine (d18:1) and 

variable C24:1 or C24:2 fatty acid, are assigned in the spectra. For relative content of 

Gb3Cer and Gb4Cer in the gradient fractions refer to Figure 1A and Figure 1B, 

respectively. The crosses indicate detergent-derived polyethylene glycol oligomers 

occurring in the nonDRM fractions. (C) The PL spectrum was recorded in the positive 

ion mode and the asterisks indicate protonated [M+H]+ ions, while all unmarked ions 

represent monosodiated [M+Na]+ ions. Lyso-PC species as markers of the liquid-

disordered membrane phase are highlighted as grayed boxes.  
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Fig. 4. MS2 spectrum of Gb3Cer (d18:1, C24:2/C24:1) (A) and corresponding 

fragmentation scheme (B) obtained from nonDRM fraction F7 of pHBMECs (replicate 

1). The MS2 spectrum was achieved by CID experiments of the [M+Na]+ precursor 

ions at m/z 1154.75/1156.77 (refer to Figure 3A) and portrays, along with the 

auxiliary fragmentation scheme, the structural proof of the MS1-based postulated 

Gb3Cer lipoform. 
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Fig. 5. MS2 spectrum of Gb4Cer (d18:1, C24:2/C24:1) (A) and corresponding 

fragmentation scheme (B) obtained from nonDRM fraction F7 of pHBMECs (replicate 

1). The MS2 spectrum was achieved by CID experiments of the [M+Na]+ predursor 

ions at m/z 1357.83/1359.85 (refer to Figure 3B) and portrays, along with the 

auxiliary fragmentation scheme, the structural proof of the MS1-based postulated 

Gb4Cer lipoform.  
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Fig. 6. SAW real-time interaction sensorgrams obtained for binding of Stx2a towards 

DRM (A) and nonDRM fractions (B) prepared from pHBMECs (replicate 1). Pooled 

DRM fractions of F1-F3 (assigned as “DRM” in panel A) and nonDRM fraction F7 

(assigned as “nonDRM” in panel B) were employed for biosensor surface coating.   

(A) The binding of Stx2a towards DRM is depicted as association curves (ascending 

bold lines) and dissociation curves (descending bold lines) using increasing toxin 

concentrations as indicated. Start: begin of toxin injection; stop: end of toxin injection. 

The calculated rounded rate constants kass and kdiss and the equilibrium dissociation 

constant KD are summarized in Table I. (B) The configuration of association and 

dissociation curves as well as related calculations regarding the interaction of Stx2a 

towards nonDRM were not feasible due to extremely weak interaction of Stx2a with 

the nonDRM fraction F7. 
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Fig. 7. SAW real-time interaction sensorgrams obtained for binding of Stx2e towards 

DRM (A) and nonDRM fractions (B) prepared from pHBMECs (replicate 2). Pooled 

DRM fractions of F1-F3 (assigned as “DRM” in panel A) and nonDRM fraction F7 

(assigned as “nonDRM” in panel B) were employed for biosensor surface coating.   

(A) The binding of Stx2e towards DRM is depicted as association curves (ascending 

bold lines) and dissociation curves (descending bold lines) using increasing toxin 

concentrations as indicated. Start: begin of toxin injection; stop: end of toxin injection. 

The calculated rounded rate constants kass and kdiss and the equilibrium dissociation 

constant KD are summarized in Table I. (B) The configuration of association and 

dissociation curves as well as related calculations regarding the interaction of Stx2e 

towards nonDRM were not feasible due to weak interaction of Stx2e with the 

nonDRM fraction F7. 
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