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Abstract 

The affinities of the most abundant oligosaccharides found in human milk for four 

bacterial exotoxins (from Vibrio cholerae and pathogenic Escherichia coli) were 

quantified for the first time. Association constants (Ka) for a library of twenty human milk 

oligosaccharides (HMOs) binding to Shiga toxin type 2 holotoxin (Stx2) and the B 

subunit homopentamers of cholera toxin, heat labile toxin and Shiga toxin type 1 (CTB5, 

HLTB5 and Stx1B5) were measured at 25 °C and pH 7 using the direct electrospray 

ionization mass spectrometry assay. Notably, all four bacterial toxins bind to a majority of 

the HMOs tested and five of the HMOs (2ꞌ-fucosyllactose, lacto-N-tetraose, lacto-N-

fucopentaose I, lacto-N-fucopentaose II and lacto-N-fucopentaose III) are ligands for all 

four toxins. These five HMOs are also reported to bind to other bacterial toxins (e.g. toxin 

A and toxin B of Clostridium difficile). In all cases, the HMO affinities (apparent Ka) are 

relatively modest (≤15 000 M
-1

). However, at the high concentrations of HMOs typically 

ingested by infants, a significant fraction of these toxins, if present, are expected to be 

bound to HMOs. Binding measurements carried out with 2ꞌ-fucosyllactose or lacto-N-

fucopentaose I, together with a high affinity ligand based on the native carbohydrate 

receptor, revealed that all four toxins possess HMO binding sites that are distinct from 

those of the native receptors, although evidence of competitive binding was found for 

lacto-N-fucopentaose I with Stx2 and 2ꞌ-fucosyllactose and lacto-N-fucopentaose I with 

HLTB5. Taken together, the results of this study suggest that, while HMOs are expected 

to bind extensively to these bacterial toxins, it is unlikely that HMO binding will 

effectively inhibit their interactions with their cellular receptors. 
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Introduction 

Breast milk, which contains a variety of bioactive components, including proteins, 

glycoproteins, free oligosaccharides (referred to as human milk oligosaccharides, HMOs) 

and fat globules (Lara-Villoslada et al. 2007; Martin et al. 2003), is not only an essential 

source of nutrition for infants but also serves to protect breast-fed infants against a variety 

of infectious diseases, e.g. enteric bacterial and viral infections (Newburg et al. 2005). 

Several mechanisms have been proposed to explain the protective effects of human milk, 

such as agglutination of pathogen cells (Howie et al. 1990), suppression of host 

inflammation (Ruiz-Palacios et al. 2003), modulation of host cell growth (Morrow et al. 

2004) and the selective promotion of bifidobacteria growth in the gastrointestinal tract of 

infants (Zivcovic et al. 2010). It has also been suggested that the competitive binding of 

HMOs to the carbohydrate recognition domains of pathogen-generated proteins (e.g. 

surface lectins and toxins) plays a role. HMOs, which are structurally similar to some 

intestinal mucosal cell surface glycans (Kobata 2010), could act as decoys and disrupt the 

binding of microbial lectins to host cell receptors, thus preventing infection of the host by 

these organisms (Idota et al. 1995; Newburg et al. 2009; Bode et al. 2012; Liu et al. 2013; 

Smilowitz et al. 2014; Yu et al. 2014). Although the protective effects of HMOs against 

enteric infections are widely recognized, there have been few detailed studies of the 

nature of the HMO interactions (Dingle et al. 2008; El-Hawiet et al. 2011; Mandal et al. 

2012; Vasile et al. 2014).  

Here, we report the results of HMO binding measurements performed on 

exotoxins from pathogenic bacteria (cholera toxin (CT), Escherichia coli heat-labile 

enterotoxin (type 1) (HLT) and Shiga toxin type 1 (Stx1) and type 2 (Stx2)), against 
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which HMOs are known to have protective effects. These four toxins investigated belong 

to the family of AB5 toxins, which consist of a catalytically active A subunit and five 

identical B subunits that assemble into a doughnut-shaped homopentameric B5 structure 

that binds to the C-terminus of the A subunit and is responsible for cellular attachment 

(Fraser et al. 1994; Merrit et al. 1998; Fraser et al. 2004; Mudrak et al. 2010). Each B5 

complex possesses multiple binding sites (at least one per subunit) for their native 

carbohydrate receptors located on the surface of intestinal epithelial cells. The Shiga 

toxins recognize the globotriaose Gb3, Gal(1-4)Gal(1-4)Glc–ceramide (Ling et al. 

1998), while CT and HLT bind to the monosialylganglioside GM1, -D-Gal-(13)--D-

GalNAc-14)-[α-D-Neu5Ac-(23)]--D-Gal-(14)--D-Glc-ceramide (Merrit et al. 

1994). The solved crystal structure of Stx1B5 bound to a Gb3 analogue (the 

methoxycarbonyloctyl glycoside of the P
k
 trisaccharide -D-Gal-(14)--D-Gal(14)-

-D-Glc) revealed the presence of three binding sites per subunit (referred to as site 1, site 

2 and site 3), with site 2 having the highest occupancy and, presumably, the highest 

affinity (St. Hilaire et al. 1994). Recently, the crystal structure of Stx2 bound to a 

disaccharide ligand -D-GalNAc-(14)--D-GalOMe (which corresponds to the 

terminal moiety of the O-polysaccharide of lipopolysaccharide expressed by E. coli strain 

O117) (Kale et al. 2008) was reported (Jacobson et al. 2014). The solved structure showed 

binding of the disaccharide at site 1 and site 2. According to the crystal structures of CTB5 

and HLTB5 bound to the GM1 pentasaccharide -D-Gal-(13)--D-GalNAc-14)-[α-

D-Neu5Ac-(23)]--D-Gal-(14)--D-Glc, there is one binding site per subunit for 

GM1 (Merrit et al. 1998; Holmner et al. 2011). However, HLTB5 and CTB5 are also 

known to recognize other carbohydrate ligands, such as H, A and B blood group antigens 
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(Mandal et al. 2012; Vasile et al. 2014; Holmner et al. 2007; Heggelund et al. 2012). 

Notably, the blood group antigen binding site is distinct from that of GM1, based on x-ray 

crystallography results obtained for HLTB5. In the present work, the direct electrospray 

ionization mass spectrometry (ESI-MS) assay (El-Hawiet et al. 2012; Kitova et al. 2012) 

was used to quantify the binding of twenty commercially available HMOs to CTB5, 

HLTB5, Stx1B5 and Stx2 in neutral aqueous solutions at 25 °C.  

Results and discussion  

ESI-MS binding measurements were performed on Stx2, CTB5, HLTB5 and Stx1B5 and 

individual HMOs (L1 – L20) in aqueous ammonium acetate solutions (100 mM, pH 7 and 

25 °C). The structures of L1 – L20 are given in Table 1 and Figure 1. Representative ESI 

mass spectra acquired for solutions containing toxin and L8 (-L-Fuc-(12)--D-Gal-

(13)--D-GlcNAc-(13)--D-Gal-(14)--D-Glc) are shown in Figures S3 – S6 

(Supplementary Data). Following correction of the mass spectra for the occurrence of 

nonspecific HMO-protein binding during the ESI process (Sun et al. 2006), Ka,app values 

were calculated from the relative abundances of the free and ligand-bound toxin ions 

(Table II). To facilitate a comparison of the binding data, the Ka,app values for the four 

toxins are also plotted in Figure 2. The Ka,app values reported previously for recombinant 

subfragments of toxins A and B (TcdA2 and TcdB1, respectively) of C. difficile are 

included in Table I and Figure 2 for comparison purposes (El-Hawiet et al. 2011).  

Inspection of Table II (and Figure 2) reveals that the bacterial toxins investigated 

in the present study bind to a majority of the HMOs. Although, in all cases, the measured 

HMO affinities are relatively low, with Ka,app ranging from 600 M
-1 

to 15 000 M
-1

. 

Remarkably, CTB5 and Stx2 bind to eighteen of the twenty HMOs tested, while Stx1B5 
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and HLTB5 bind to seventeen and sixteen HMOs, respectively. These results, taken 

together with those of an earlier study on TcdA2 and TcdB1, which showed that these two 

toxins bind to eight and eleven of these HMOs, respectively, (El-Hawiet et al. 2011), 

suggest that enteric bacterial toxins generally exhibit broad specificity for both neutral 

and acidic HMOs.  

Each of the HMOs tested was found to bind to at least three of the toxins 

investigated and five neutral HMOs, L1 (2´-fucosyllactose), L7 (lactotetraose), L8 (lacto-

N-fucopentaose I), L9 (lacto-N-fucopentaose II) and L18 (lacto-N-fucopentaose III), bind 

to all six toxins. Notably, these highly “promiscuous” HMOs are among the most 

abundant HMOs found naturally among secretors (Hong et al. 2014; Urashima et al. 

2012). For non-secretors, the concentrations of these oligosaccharides are smaller but still 

significant (Hong et al. 2014). Three of these HMOs (L7, L8 and L9) are type I 

(containing lacto-N-biose motif Gal-(13)--D-GlcNAc) oligosaccharides, which are the 

dominant type found in humans (Urashima et al. 2012).  The structural motif Gal-(14)-

-D-GlcNAc, which is found in L18, is of type II and is less abundant in human breast 

milk.  It also interesting to note that the four monofucosylated HMOs possess a variety of 

fucose linkages (12 (L1 and L8), 1-3 (L18) or 1-4 (L9)) and different fucosylation sites 

(Gal (L1 and L8) or GlcNAc (L9 and L18). That L7, which is not fucosylated, binds to 

all six toxins further suggests that HMOs produced by Lewis-negative donors (which do 

not produce fucosylated HMOs) also contain structures that could, in principle, impart 

protection against bacterial pathogens. Taken together, these results suggest that, 

regardless of the secretor status and Lewis blood group of the mother (Smilowitz et al. 
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2014), many of the most abundant HMOs present in a given breast milk sample will bind 

to bacterial exotoxins and could, potentially, have an inhibitory role against infection.  

As discussed above, one mechanism by which HMOs could inhibit bacterial toxins 

is by blocking their binding to cellular receptors. The measured Ka,app, while low 

compared to the affinity of ganglioside GM1 for CT and HLT (~10
9
 M

-1
) (MacKenzie et 

al. 1997), are similar in magnitude to many biologically-relevant protein-carbohydrate 

interactions, including the P
k
 trisaccharide interaction with Stx1 and Stx2 (~1500 M

-1
) 

(Kitova et al. 2007). Therefore, it is realistic to expect that HMOs have the potential to 

effectively compete with low affinity, monovalent protein-carbohydrate receptor 

interactions. However, because AB5 toxins, and most carbohydrate-binding exotoxins, 

have multiple ligand binding sites, they can engage in multivalent binding to their cellular 

receptors and, thus, achieve high affinity or avidity (Kitov et al. 2000; Dasgupta et al. 

2014). For example, although the monovalent P
k
 trisaccharide interaction with Stx1 and 

Stx2 is weak, binding measurements suggest that toxins bind to surface-bound glycolipid 

Gb3 with avidities in the 10
9
 M

-1
 range (Fuchs et al. 1986). Therefore, if present at 

comparable concentrations, the HMOs would not effectively compete with the native 

receptors (assuming competitive binding) for the toxins. However, it is known that HMOs 

enter the intestinal tract at very high concentrations (5 – 20 g L
-1

 or ~0.005 – 0.02 M) 

(Bode, 2012). Under these conditions, the possibility that even low affinity HMOs could 

inhibit even high affinity interactions cannot be dismissed outright. 

As a first step towards estimating the effectiveness of HMOs at blocking high 

affinity interactions, theoretical calculations of the fraction of toxin bound to HMO were 

carried out using a single site (1:1) protein-ligand binding model with two competing 
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ligands - an HMO and a cellular receptor. Shown in Figure 3 are plots of the fraction of 

protein bound to HMO and to receptor calculated assuming apparent HMO affinities of 

10
2
 to 10

5
 M

-1
 and apparent receptor affinities of 10

3
 M

-1
 (low affinity), 10

6
 M

-1
 (moderate 

affinity) and 10
9
 M

-1
 (high affinity). The HMO, receptor and protein concentrations were 

taken to be 0.02 M, 0.1 M
 
and 0.1 M, respectively. Inspection of Figure 3 shows that, 

in the presence of low or moderate affinity receptors, HMOs are expected to bind a 

significant fraction of the toxin; this is true even for the low affinity HMOs. It also shows 

that high affinity receptors will outcompete with the lowest affinity HMOs (Ka ≤10
3
 M

-1
). 

However, at these concentrations, the higher affinity HMOs are expected to preferentially 

bind to the toxin. The above analysis was carried out at a single set of concentrations and 

it is not possible to accurately predict the effective concentrations of pathogenic proteins 

and cellular receptors that would be present in the body. Consequently, the analysis was 

extended to a high affinity receptor (10
9
 M

-1
) over a range of concentrations (0.001 to 0.1 

M) (Figure S7).  Inspection of the calculated surfaces reveals that, except at the highest 

receptor concentrations considered (>0.05 M), the HMO ligands, regardless of their 

affinities, will effectively bind to toxin and, therefore, could inhibit binding to its cellular 

receptors and offer protection against infection. 

 It must be emphasized that the aforementioned analysis was carried out assuming 

that the HMO and receptor ligands bind competitively. However, the diversity of HMO 

structures recognized by the toxins investigated is somewhat surprising and raises the 

question of where the HMO binding sites are located and whether they differ from those 

of the native carbohydrate receptors. For AB5 bacterial toxins there is little structural 

information available on HMO interactions. However, it is known that some histo-blood 
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group antigens, e.g. difucosyllactose (-L-Fuc-(12)--D-Gal(14)[-L-Fuc-(13)]-

-D-Glc) (L3) and -D-GalNAc(13)-L-Fuc-(12)--D-Gal(14)[-L-Fuc-

((13)]--D-Glc (GalNAc-L3) and -D-Gal(13)-L-Fuc-(12)--D-Gal(14)[-

L-Fuc-(13)]--D-Glc (Gal-L3), which are structurally similar to some HMOs, bind to 

CTB5 at sites distinct from the GM1 binding site (Vasile et al. 2014; Heggelund et al. 

2012). Additionally, the blood group A antigen analog (GalNAc-L3) was shown to bind 

to a site that is distinct from the primary GM1 binding site of HLTB5, one that involves 

residues Gly45, Thr47, Asn94 from one subunit and Gln3 from an adjacent subunit 

(Holmner et al. 2007). Based on these observations it is likely that both CTB5 and HLTB5 

have HMO binding sites that are distinct from those of the native carbohydrate receptor, 

at least for HMOs containing the -L-Fuc(12)--D-Gal(14)--D-Glc motif. To the 

best of our knowledge, there are no structural data available for Stx1 and Stx2 binding to 

HMOs or histo-blood group antigens.  

To establish conclusively whether the four toxins investigated in the present study 

have HMO binding sites distinct from those of their native carbohydrate receptors, 

binding experiments were performed on solutions containing each toxin with an HMO 

ligand (L1 or L8) and a high affinity ligand based on the native carbohydrate receptor, 

which was present at a concentration high enough to saturate the native receptor binding 

sites. For CTB5 and HLTB5, the GM1 pentasaccharide L21 (Figure S1, Supplementary 

Data), which has affinities of >10
6
 M

-1 
for CTB5 (Turnbull et al. 2004) and 10

8
 M

-1
 for 

HLTB5 (Minke et al. 1999) was used. For Stx1B5 and Stx2, the decavalent ligand L22 

(Figure S2, Supplementary Data), which forms a high affinity 1:1 complex with Stx1 

(IC50 of 10
-6

 M) and Stx2 (IC50 of 10
-6

 M) (Prof DR Bundle, personal communication), 
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was employed. L22 consists of a glycosyl scaffold with five arms ending with a dimer of 

-D-Gal(14)--D-Gal-(14)--D-Glc (P
k
) trisaccharide (Figure S2, Supplementary 

Data). The ten P
k
 trisaccharides can bind to site 2 and site 1 on each B subunit (Kitov et 

al. 2000); site 2 is reported to be the highest affinity binding site for the P
k
 trisaccharide 

(St. Hilaire et al. 1994).  

 Representative ESI mass spectra acquired for the aqueous ammonium acetate 

solutions (100 mM, pH 7 and 25 °C) of each of the four toxins together with L1 and either 

L21 or L22 are shown in Figure 4. Inspection of the ESI mass spectrum acquired for a 

solution of CTB5 (5 M), L21 (30 M) and L1 (500 M) reveals the presence of ions 

corresponding to the (CTB5 + 4L21), (CTB5 + 5L21) complexes, at charge states +13 – 

+15, as well as ions corresponding to the mixed complexes (CTB5 + 5L21 + qL1), where 

q = 1 – 3 (Figure 4a). The appearance of nonspecific (Pref + qL1) ions, where q = 1 and 2, 

at charge states +8 – +11, indicates the occurrence of nonspecific binding of L1 to the 

CTB5 complexes during the ESI process. The distribution of L1 bound specifically to 

(CTB5 + 5L21) was obtained following correction of the mass spectrum using the Pref 

method (Sun et al. 2006) (inset Figure 4a). It can be seen that one to three L1 are bound 

specifically to (CTB5 + 5L21) in solution. Similarly, the ESI mass spectrum acquired for a 

solution of HLTB5 (17 M), L21 (90 M) and L1 (200 M) reveals the presence of ions 

corresponding to (HLTB5 + 5L21 + qL1), where q = 1 – 3 (Figure 4b). After correction 

for nonspecific binding, it is found that one or two L1 bind specifically to HLTB5 under 

these solution conditions (inset Figure 4b). Because the ESI-MS experiments were 

designed in such a way that the primary native receptor binding sites were saturated, or 

nearly so, by L21, the specific binding of L1 must necessarily involve sites distinct from 
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those occupied by L21. Similar results were obtained with L8 (Figures S8a and S8b, 

Supplementary Data).   

Shown in Figures 4c and 4d are ESI mass spectra acquired for the Stx1B5 (10 M) 

or Stx2 (10 M), respectively, with L22 (15 M) and L1 (200 M). Protonated ions 

corresponding to 1:1 toxin-L22 complexes, i.e., (Stx1B5 + L22), at charge states +13 – 

+15, and (Stx2 + L22), at charge states +16 – +19 were detected in both cases. Ions 

corresponding to the complexes (Stx1B5 + L22 + qL1), where q = 1 and 2, and (Stx2 + 

L22 + qL1), where q = 1 – 3, were also detected. The distributions of specifically bound 

L1, obtained from the mass spectra following correction for nonspecific binding (inset, 

Figures 4c and 4d), confirms that L1 can bind to sites distinct from site 1 and site 2 in 

both toxins. Similar results were obtained for L8 (Figures S8c and S8d, Supplementary 

Data). 

While the aforementioned binding data establish unambiguously that the four 

toxins possess HMO binding sites that are distinct from those of the native receptors, they 

do not reveal the location of these sites. Conclusively establishing the HMO binding sites 

will ultimately require the use of high resolution structural techniques, such as X-ray 

crystallography. The binding data also do not rule out the possibility of some HMOs 

interacting at the native receptor binding sites. Some insight into this possibility was 

gained by comparing Ka,app values for L1 and L8 measured in the absence and presence of 

the high affinity ligands. From the direct ESI-MS measurements (Table I), the affinities of 

L1 and L8 for CTB5, HLTB5, Stx1B5 and Stx2 are 2100 M
-1

 and  1100 M
-1

, 15000 M
-1

 

and 12000 M
-1

, 1000 M
-1

 and 1500 M
-1

, and 2700 M
-1

 and 3800 M
-1

, respectively. In the 

presence of the high affinity ligand, the Ka,app of L1 for CTB5 (2000 M
-1

), Stx1B5 (1100 
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M
-1

) and Stx2 (2700 M
-1

) are largely unchanged, while that for HLTB5 (2300 M
-1

) is 

significantly smaller. These results suggest that the native receptor binding sites for CTB5, 

Stx1B5 and Stx2 do not represent the major sites of interaction for L1. In contrast, the 

significant reduction in affinity observed with HLTB5 reveals that the L1 binds 

competitively with L21. However, given that the binding is not completely lost in the 

presence of L21, there must be additional binding sites for L1. The Ka,app measured for 

L8 in the presence of high affinity ligand lead to similar conclusions for CTB5 (1300 M
-1

) 

and Stx1B5 (800 M
-1

) binding. However, in contrast to what was observed for L1, the 

affinities of L8 for both HLTB5 (500 M
-1

) and Stx2 (1200 M
-1

) were significantly reduced 

in the presence of high affinity ligand. This is an intriguing finding, which suggests the 

possibility of L8 binding at the native receptor sites of HLTB5 and Stx2. The affinity data 

further point to significant differences in the ligand specificities of the native receptor 

binding sites of CTB5 and HLTB5 and also between the native receptor binding sites of 

Stx2 and Stx1B5.    

Taken together, the results of this binding study clearly establish that the toxins 

investigated exhibit a broad specificity for the most abundant oligosaccharides found in 

human milk. Moreover, given the high concentrations of HMOs typically ingested by 

infants, a significant fraction of these toxins, if present, would be bound to HMOs. 

However, the results of this study also show that the four toxins possess HMO binding 

sites that are distinct from those of the native receptors. Therefore, while some HMOs 

may bind competitively with native receptors, a significant and possibly dominant fraction 

of the bound HMOs will be located at other sites. Consequently, it seems unlikely that 

HMO binding to the toxins would effectively inhibit their interactions with their cellular 
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receptors. However, more extensive binding data, as well as inhibition studies, are needed 

to conclusively establish whether HMO binding to bacterial toxins confers protection 

against infection. 

Conclusions 

In summary, the affinities of twenty of the most abundant HMOs for CTB5, HLTB5, 

Stx1B5 and Stx2 were quantified for the first time. Remarkably, it was found that each 

toxin binds to a majority of the HMOs tested, albeit with relatively low apparent affinities 

(≤15 000 M
-1

). Five of the HMOs (2ꞌ-fucosyllactose, lacto-N-tetraose, lacto-N-

fucopentaose I, lacto-N-fucopentaose II and lacto-N-fucopentaose III) are ligands for all 

four toxins. These same five HMOs also bind to toxin A and toxin B of C. difficile. Based 

on these findings it can be reasonably proposed that many, if not most, enteric bacterial 

toxins exhibit broad specificity for both neutral and acidic HMOs. Moreover, significant 

fraction of bacterial toxins expected to be bound to HMOs given the high concentrations 

of the oligosaccharides typically ingested by infants during feeding. The results of binding 

measurements carried out using 2ꞌ-fucosyllactose or lacto-N-fucopentaose I, together with 

a high affinity ligand based on the native carbohydrate receptor, revealed some evidence 

of competitive binding. However, the binding measurements also established conclusively 

that the four toxins possess HMO binding sites that are distinct from those of the native 

receptors. Given these findings, it seems unlikely that HMO binding to bacterial toxins 

will effectively inhibit their interactions with their cellular receptors. 

Materials and Methods 

Carbohydrate ligands  
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The HMOs library (Figure 1 and Table I) consisted of 2′-fucosyllactose, -L-Fuc-(12)-

-D-Gal-(14)--D-Glc (L1, MW 488.43 Da); 3-fucosyllactose, -D-Gal-(14)-[-L-

Fuc-(13)]--D-Glc (L2, MW 488.43 Da); difucosyllactose, -L-Fuc-(12)--D-Gal-

(14)-[-L-Fuc-(13)]--D-Glc (L3, MW 634.57 Da); 3′-sialyllactose, -D-Neu5Ac-

(23)--D-Gal-(14)--D-Glc (L4, MW 633.53 Da); 6′-sialyllactose, -D-Neu5Ac-

(26)--D-Gal-(14)--D-Glc (L5, MW 633.53 Da); 3′-sialyl-3-fucosyllactose, -D-

Neu5Ac-(23)--D-Gal-(14)-[-L-Fuc-(13)]--D-Glc (L6, MW 779.67 Da); lacto-

N-tetraose, -D-Gal-(13)--D-GlcNAc-(13)--D-Gal-(14)--D-Glc (L7, MW 

708.62 Da); lacto-N-fucopentaose I, -L-Fuc-(12)--D-Gal-(13)--D-GlcNAc-

(13)--D-Gal-(14)--D-Glc, (L8, MW 853.76 Da); lacto-N-fucopentaose II, -D-

Gal-(13)-[-L-Fuc-(14)]--D-GlcNAc-(13)--D-Gal(14)--D-Glc (L9, MW 

853.76 Da); lacto-N-difucohexaose I, -L-Fuc-(12)--D-Gal-(13)-[-L-Fuc-(14)]-

-D-GlcNAc-(13)--D-Gal-(14)--D-Glc (L10, MW 999.90 Da); difucosyllacto-N-

hexaose a, -D-Gal-(14)-[-L-Fuc-(13)]-GlcNAc-(16)-[-L-Fuc-(12)--D-Gal-

(13)--D-GlcNAc-(13)]--D-Gal-(14)--D-Glc (L11, MW 1365.67 Da); 

sialyllacto-N-tetraose a, -D-Neu5Ac-(23)--D-Gal-(13)--D-GlcNAc-(13)--D-

Gal-(14)--D-Glc (L12, MW 998.74 Da); sialyllacto-N-tetraose b, -D-Neu5Ac-

(26)-[-D-Gal-(13)]--D-GlcNAc-(13)--D-Gal-(14)--D-Glc (L13, MW 

998.74 Da); disialyllacto-N-tetraose, -D-Neu5Ac-(23)--D-Gal-(13)-[-D-

Neu5Ac-(26)]--D-GlcNAc-(13)--D-Gal-(14)--D-Glc (L14, MW 1290.46 Da); 

sialylfucosyllacto-N-tetraose, -D-Neu5Ac-(23)--D-Gal(13)-[-L-Fuc(14)]--D-

GlcNAc-(13)--D-Gal-(14)--D-Glc (L15, MW 1145.38 Da); sialyllacto N-
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fucopentaose V, -L-Fuc-(12)--D-Gal-(13)-[-D-Neu5Ac-(26)]--D-GlcNAc-

(13)--D-Gal-(14)--D-Glc (L16, MW 1145.38 Da); lacto-N-neo-tetraose, -D-Gal-

(14)--D-GlcNAc-(13)--D-Gal-(14)--D-Glc (L17, MW 708.62 Da); lacto-N-

fucopentaose III, -D-Gal-(14)-[-L-Fuc(13)]--D-GlcNAc-(13)--D-Gal-(14)-

-D-Glc (L18, MW 853.76 Da); difucosyl para-lacto-N-hexaose, -D-Gal-(13)-[-L-

Fuc-(14)]--D-GlcNAc-(13)--D-Gal-(14)-[-L-Fuc-(13)]--D-GlcNAc-

(13)--D-Gal-(14)--D-Glc (L19, MW 1365.67 Da); sialyl-lacto-N-tetraose c, -D-

Neu5Ac-(26)--D-Gal-(14)--D-GlcNAc-(13)--D-Gal-(14)--D-Glc (L20, 

MW 998.74 Da). The HMOs were purchased from IsoSep AB (Sweden) (L1-L20). The 

vendor guaranteed the structures of the HMOs. The GM1 pentasaccharide -D-Gal-

(13)--D-GalNAc-14)-[α-D-Neu5Ac-(23)]--D-Gal-(14)--D-Glc (L21, MW 

998.34 Da) (Figure S1, Supplementary Data) was purchased from Elicityl (Crolles, 

France). Compound L22 (MW 8418.51 Da, Figure S2) was a gift from Prof. D. Bundle 

(Univ. of Alberta). As shown in Figure S2, L22 consists of a glycosyl scaffold with five 

arms ending with a dimer of -D-Gal(14)--D-Gal-(14)--D-Glc (P
k
) trisaccharide. 

Stock solutions were prepared by dissolving each ligand in ultrafiltered water (Milli-Q, 

Millipore), to give a final concentration of 1 mM, and stored at -20 
o
C until used.  

Proteins 

The B subunits of CT (monomer MW 11 607 Da, CTB5 MW 58 035 Da) and HLT 

(monomer MW 11 790 Da, HLTB5 MW 58 950 Da) were purchased from Sigma-Aldrich 

Canada (Oakville, ON). Shiga toxin 1 B subunit (monomer MW 7685, Stx1B5 MW 38 

450 Da) and Stx2 holotoxin (Stx2, 72 220 Da) were gifts from Prof. G. Armstrong (Univ. 

of Calgary). A single chain variable fragment (scFv, MW 26 539 Da) of the monoclonal 
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antibody
 
Se155-4, which served as a reference protein (Pref) for the ESI-MS binding 

assays, was produced as described previously (Zdanov et al. 1994). CTB5 and HLTB5 

were stored as lyophilized solids at +4 
o
C, then dissolved in 100 mM aqueous ammonium 

acetate to give 200 M stock solutions. Stx1B5 and Stx2 were stored in the Tris buffer 

(pH 7) at -80 
o
C and thawed and buffer exchanged into 100 mM aqueous ammonium 

acetate using Amicon Ultra-4 centrifugal filters with a molecular weight cut-off of 10,000 

Da (Millipore Corp., Bedford, MA) just before ESI-MS experiments. Prior to ESI-MS 

analysis, the protein solutions were diluted with 100 mM ammonium acetate (pH 7.2) to 

the desired concentration.  

Mass spectrometry 

The ESI-MS binding measurements were carried out using a 9.4T ApexQe FTICR mass 

spectrometer (Bruker, Billerica, MA) and a Synapt G2 quadrupole-ion mobility 

separation-time-of-flight (Q-IMS-TOF) mass spectrometer (Waters UK Ltd., Manchester, 

UK). For both instruments, nanoflow ESI (nanoESI) was performed using borosilicate 

glass tips (1.0 mm o.d., 0.68 mm i.d.) pulled to ~5 μm o.d. at one end using a P-2000 

micropipette puller (Sutter Instruments, Novato, CA). A capillary voltage of ~1.0 kV was 

applied to a Pt wire in the nanoESI tip to carry out ESI. A brief description of the 

instrumental conditions used for the two mass spectrometers is given below. 

ApexQe 9.4T FTICR mass spectrometer. The ESI source was equipped with a metal 

sampling capillary (0.5 mm i.d.) maintained at 280 V. Nitrogen gas at a flow rate of 2.0 L 

min
-1

 and 90 
o
C was used as a drying gas. Ions were transmitted through the first funnel 

and skimmer at 150 V and 20 V, respectively, and then through the second funnel and 

skimmer at 7.6 V and 5.3 V, respectively. The ions were stored electrodynamically in an 
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rf hexapole for 0.6 s and then further accumulated in a hexapole collision cell for 0.5 s. 

Following accumulation, the ions were transferred into the ion cell for detection. The 

front and back trapping plates of the cell were maintained at 0.9 and 1.0 V, respectively, 

throughout the experiment. The typical base pressure for the instrument was ∼1 x 10
-10

 

mbar. Data acquisition and analysis were performed using ApexControl, version 4.0 

(Bruker Daltonics). A minimum of 30 transients with 128K data points per transient were 

used for each acquisition.  

Synapt G2 mass spectrometer. Mass spectra were obtained using a sampling cone voltage 

of 30 V and an extraction cone voltage of 2 V. The source wave velocity and wave height 

were 200 m/s and 0.2 V, respectively. Gas flow rates were 2 mL min
-1

 (trap), 180 mL 

min
-1

 (He cell), 90 mL min
-1

 (ion mobility cell). A source backing pressure was 3.2 mbar 

and the source block temperature was 70 ºC.  For ion transmission, the Trap and Transfer 

ion guides were 5 V and 2 V, respectively. For every acquisition at least 200 scans were 

collected. Data acquisition and processing were carried out using MassLynx (v 4.1).   

ESI-MS affinity measurements 

The apparent association constants (Ka,app) for the binding of the four bacterial toxins to 

each of the twenty HMOs (L1 – L20) were measured by the direct ESI-MS assay (Wang 

et al. 2003; El-Hawiet et al. 2011; El-Hawiet et al. 2012; Kitova et al. 2012) using a 

minimum of two different protein and HMO concentrations and a minimum of six 

replicate measurements at each concentration were performed. The binding measurements 

were carried out on one HMO at a time. In all cases, a reference protein (Pref) was added 

to the solution in order to correct the mass spectra for the occurrence of nonspecific 

carbohydrate-protein binding during the ESI process (Sun et al. 2006). Following 
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correction for nonspecific binding, Ka,app was calculated from the ratios (Rq) of the total 

abundance (Ab) of HMO ligand-bound protein  (PLq) to free protein (P) ions (eq 1.1) 

measured by ESI-MS for solutions of known initial concentrations of protein ([P]o) and 

ligand ([L]o), eq 1.2:  
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For the toxin binding measurements carried out on solutions containing an HMO 

(L1 or L8) and a high affinity ligand that binds to the native receptor binding sites (L21 

for CTB5 and HLTB5, or L22 for Stx1B5 and Stx2), the solutions were prepared at 

concentrations that lead to saturation or near saturation of the native receptor binding sites 

(such (CTB5 + 5L21), (HLTB5 + 5L21), (Stx1B5 + L22) and (Stx2 + L22) were the major 

protein species detected) and produce detectable signal for the toxin-HMO complexes. 

The Ka,app were calculated from the mass spectra, following correction for nonspecific 

binding, in the same manner as described above, with the exception that P corresponded 

to the (CTB5 + 5L21), (HLTB5 + 5L21), (Stx1B5 + L22) and (Stx2 + L22) species and 

PLq to the mixed complexes (CTB5 + 5L21 + qL1), (HLTB5 + 5L21 + qL1), (Stx1B5 + 

L22 + qL1) or (Stx2 + L22 +q L1), and (CTB5 + 5L21 + qL8), (HLTB5 + 5L21 + qL8), 

(Stx1B5 + L22 + qL8) or (Stx2 + L22 + qL8).   
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Table I. Structures of the HMOs (L1 – L20).
 
 

HMO Structure 

L1 -L-Fuc-(12)--D-Gal-(14)--D-Glc 

L2 -D-Gal-(14)-[-L-Fuc-(13)]--D-Glc 

L3 -L-Fuc-(12)--D-Gal-(14)-[-L-Fuc-(13)]--D-Glc 

L4 -D-Neu5Ac-(23)--D-Gal-(14)--D-Glc 

L5 -D-Neu5Ac-(26)--D-Gal-(14)--D-Glc 

L6 -D-Neu5Ac-(23)--D-Gal-(14)-[-L-Fuc-(13)]--D-Glc 

L7 -D-Gal-(13)--D-GlcNAc-(13)--D-Gal-(14)--D-Glc 

L8 

-L-Fuc-(12)--D-Gal-(13)--D-GlcNAc-(13)--D-Gal-(14)--

D-Glc 

L9 

-D-Gal-(13)-[-L-Fuc-(14)]--D-GlcNAc-(13)--D-Gal(14)--

D-Glc 

L10 

-L-Fuc-(12)--D-Gal-(13)-[-L-Fuc-(14)]--D-GlcNAc-(13)-

-D-Gal-(14)--D-Glc 

L11 

-D-Gal-(14)-[-L-Fuc-(13)]-GlcNAc-(16)-[-L-Fuc-(12)--D-

Gal-(13)--D-GlcNAc-(13)]--D-Gal-(14)--D-Glc 
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L12 

-D-Neu5Ac-(23)--D-Gal-(13)--D-GlcNAc-(13)--D-Gal-

(14)--D-Glc 

L13 

-D-Neu5Ac-(26)-[-D-Gal-(13)]--D-GlcNAc-(13)--D-Gal-

(14)--D-Glc 

L14 

-D-Neu5Ac-(23)--D-Gal-(13)-[-D-Neu5Ac-(26)]--D-

GlcNAc-(13)--D-Gal-(14)--D-Glc 

L15 

-D-Neu5Ac-(23)--D-Gal(13)-[-L-Fuc(14)]--D-GlcNAc-

(13)--D-Gal-(14)--D-Glc 

L16 

-L-Fuc-(12)--D-Gal-(13)-[-D-Neu5Ac-(26)]--D-GlcNAc-

(13)--D-Gal-(14)--D-Glc 

L17 -D-Gal-(14)--D-GlcNAc-(13)--D-Gal-(14)--D-Glc 

L18 

-D-Gal-(14)-[-L-Fuc(13)]--D-GlcNAc-(13)--D-Gal-(14)--

D-Glc 

L19 

-D-Gal-(13)-[-L-Fuc-(14)]--D-GlcNAc-(13)--D-Gal-(14)-

[-L-Fuc-(13)]--D-GlcNAc-(13)--D-Gal-(14)--D-Glc 

L20 

-D-Neu5Ac-(26)--D-Gal-(14)--D-GlcNAc-(13)--D-Gal-

(14)--D-Glc 
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Table II. Apparent association constants, Ka,app (units of 10
2
 M

-1
), for HMOs (L1 – L20) 

binding to CTB5, HLTB5, Stx1B5, Stx2, TcdA2 and TcdB1 determined in 100 mM 

aqueous ammonium acetate at 25 ºC and pH 7.2 by the direct ESI-MS assay.
a,b 

 

HMO                                    Ka,app 

 CTB5 HLTB5 Stx1B5 Stx2 TcdA2 
c
 TcdB1

 c
 

L1 21 ± 6 150 ± 60 10 ± 1 27 ± 11 20 ± 8 12 ± 5 

L2 9 ± 1 39 ± 12 12 ± 3 44 ± 2 NB NB 

L3 16 ± 4 47 ± 5 6 ± 2 70 ± 20 NB 10 ± 3 

L4 15 ± 5 NB 16 ± 3 59 ± 10 NB NB 

L5 9 ± 3 55 ± 10 13 ± 5 41 ± 2 NB NB 

L6 NB 26 ± 5 NB 31 ± 17 7 ± 5 NB 

L7 30 ± 2 13 ± 3 6 ± 1 22 ± 2 15 ± 5 10 ± 5 

L8 11 ± 2 120 ± 40 15 ± 6 38 ± 5 8 ± 1 31 ± 2 

L9 12 ± 2 110 ± 10 9 ± 3 35 ± 11 7 ± 2  8 ± 4 

L10 11 ± 4 14 ± 4 110 ± 4 25 ± 8 NB 18 ± 9 

L11 18 ± 6 NB 10 ± 3 NB NB 21 ± 5 

L12 NB 28 ± 2 8 ± 5 28 ± 2 NB NB 

L13 36 ± 12 26 ± 3 NB 27 ± 2 11 ± 2 NB 

L14 19 ± 4 NB NB 13 ± 2 7 ± 2 NB 

L15 27 ± 7 15 ± 4 9 ± 2 35 ± 1 NB 11 ± 6 

L16 27 ± 5 13 ± 2 7 ± 1 NB NB NB 

L17 14 ± 4 12 ± 5 16 ± 4 32 ± 1 NB 15 ± 2 
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L18 30 ± 12 75 ± 8 13 ± 4 52 ± 12 17 ± 2 9 ± 4 

L19 10 ± 4 10 ± 2 10 ± 4 29 ± 10 NB NB 

L20 15 ± 5 NB 8 ± 3 NB NB 20 ± 5 

a. Errors correspond to one standard deviation. b. NB ≡ No binding detected. c. Values 

taken from reference El-Hawiet et al. 2011. 
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Figure captions 

Figure 1. Structures of HMOs (L1-L20); glucose:    , galactose:    , N-acetylglucosamine:    

sialic acid:     , fucose:    .  

Figure 2.  Plot of Ka,app values measured for HMOs (L1-L20) binding to CTB5, Stx1B5, 

Stx2, HLTB5, TcdA2 and TcdB1.  

Figure 3. Plots showing the fraction of ligand-bound protein calculated using a 1:1 

protein-ligand binding model with two competing ligands - an HMO (with 

affinities of 10
2
 to 10

5
 M

-1
) and a cellular receptor with (a) low affinity (10

3
 M

-

1
), (b) medium affinity (10

6
 M

-1
) or (b) high affinity (10

9
 M

-1
) for the protein. 

The concentrations of protein, cellular receptor and HMO were 0.1 M, 0.1 

M and 0.02 M, respectively.  

Figure 4.  ESI mass spectra acquired in positive ion mode for aqueous ammonium 

acetate solutions (100 mM, pH 7.2 and 25 °C) of (a) CTB5 (5 M), L21 (30 

M), L1 (500 M) and Pref (4 M); the normalized distribution of L1 bound to 

(CTB5 + 5L21) complex after correction for nonspecific ligand binding is 

shown in the inset, (b) HLTB5 (17 M), L21 (90 M), L1 (200 M) and Pref (4 

M); the normalized distribution of L1 bound to (HLTB5 + 5L21) complex 

after correction for nonspecific ligand binding is shown in the inset, (c) Stx1B5 

(10 M), L22 (15 M),  L1 (200 M) and Pref (0.5 M); the normalized 

distribution of L1 bound to (Stx1B5 + L22) complex after correction for 

nonspecific ligand binding is shown in the inset, (d) Stx2 (10 M), L22 (15 

M), L1 (200 M) and Pref (4 M); the normalized distribution of L1 bound to 



 29 

(Stx2 + L22) complex after correction for nonspecific ligand binding is shown 

in the inset.  
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Figure S1. Structure of the L21 (-D-Gal-(13)--D-GalNAc-14)-[α-D-Neu5Ac-

(23)]--D-Gal-(14)--D-Glc); glucose:     , galactose:     , N-acetylgalactosamine:     , 

sialic acid:    .  
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Figure S2. Structure of the L22 (-D-Gal(14)--D-Gal-(14)--D-Glc); glucose:      , 

galactose       .
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Figure S3. ESI mass spectra acquired in positive ion mode for aqueous ammonium 

acetate solutions (100 mM, pH 7 and 25°C) of CTB5 (15 μM) and (a) L8 (75 

μM) or (c) L8 (100 μM). A Pref (8 μM) was added to each solution to quantify 

the extent of nonspecific protein-ligand binding during the ESI process. (b) 

and (d) Normalized distributions of L8 bound to CTB5, as determined from 

ESI mass spectra shown in (a) and (c), respectively.  
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Figure S4. ESI mass spectra acquired in positive ion mode for aqueous ammonium 

acetate solutions (100 mM, pH 7 and 25°C) of Stx1B5 (12 μM) and (a) L8 (75 

μM) or (c) L8 (100 μM). A Pref (1 μM) was added to each solution to quantify 

the extent of nonspecific protein-ligand binding during the ESI process. (b) 

and (d) Normalized distributions of L8 bound to Stx1B5, as determined from 

ESI mass spectra shown in (a) and (c), respectively, before and after correction 

for nonspecific binding.  
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Figure S5. ESI mass spectra acquired in positive ion mode for aqueous ammonium 

acetate solutions (100 mM, pH 7 and 25°C) and Stx2 (10 μM) and (a) L8 (25 

μM) or (c) L8 (60 μM). A Pref (2 μM) was added to each solution to quantify 

the extent of nonspecific protein-ligand binding during the ESI process. (b) 

and (d) Normalized distributions of L8 bound to Stx2, as determined from ESI 

mass spectra shown in (a) and (c), respectively, before and after correction for 

nonspecific binding.  
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Figure S6 ESI mass spectra acquired in positive ion mode for aqueous ammonium acetate 

solutions (100 mM, pH 7 and 25°C) and HLTB5 (20 μM) and (a) L8 (25 μM) 

or (c) L8 (40 μM),. A Pref (1 μM) was added to each solution to quantify the 

extent of nonspecific protein-ligand binding during the ESI process. (b) and 

(d) Normalized distributions of L8 bound to HLTB5, as determined from ESI 

mass spectra shown in (a) and (c), respectively, before and after correction for 

nonspecific binding.  
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Figure S7.  Fraction of ligand-bound protein calculated using a 1:1 protein-ligand binding 

model with two competing ligands - an HMO with affinities ranging from 10
2
 

to 10
5
 M

-1
 (red surface) and a high affinity (10

9
 M

-1
) cellular receptor (gray 

surface) with concentrations ranging from 0.001 M to 0.1 M. The protein 

and HMO concentrations were 0.1 M and 0.02 M, respectively.  
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Figure S8. ESI mass spectra acquired in positive ion mode for aqueous ammonium 

acetate (100 mM, pH 7.2 and 25 °C) solutions containing (a) CTB5 (4 M), 

L21 (22 M), L8 (200 M) and Pref (3 M); the normalized distribution of L8 

bound to (CTB5 + 5L21) complex after correction for nonspecific ligand 

binding is shown in the inset, (b) HLTB5 (10 M), L21 (43 M), L8 (200 M) 

and Pref (3 M); the normalized distribution of L8 bound to (HLTB5 + 5L21) 

complex after correction for nonspecific ligand binding is shown in the inset, 

(c) Stx1B5 (4 M), L22 (4 M), L8 (200 M) and Pref (0.5 M); the 

normalized distribution of L8 bound to (Stx1B5 + L22) complex after 

correction for nonspecific ligand binding is shown in the inset, (d) Stx2 (10 

M), L22 (10 M), L8 (400 M) and Pref (3 M); the normalized distribution 

of L8 bound to (Stx2 + L22) complex after correction for nonspecific ligand 

binding is shown in the inset.  

 

 


