
1 
 

 

 

 

Sugar-pathogen interactions: 

Breast milk as the first line of defence against infections 

 

 

 

 

Wai Yuen CHEAH 

BBiotech (Hons) The University of Queensland 

 

 

 

 

This thesis is presented for the degree of 

Doctor of Philosophy 

 

 

 

 

Department of Chemistry and Biomolecular Sciences 

Faculty of Science 

Macquarie University, Sydney 

14
th

 September 2014 



2 
 

Table of Contents 

Abstract           9 

Statement of candidate         12 

Acknowledgements          13 

Publication and conference proceedings       15 

Presentations and awards         17 

Abbreviations          18 

Symbol nomenclature for representation of glycan structure    21 

 

Chapter 1.  Introduction         22 

  1.1  Breastfeeding confers protection against disease     22 

1.1.1  Diarrhoeal diseases and their prevention by breastfeeding    24 

  1.2  Mechanisms of gastrointestinal infection      25 

  1.3  The composition of milk        30 

  1.4  Milk oligosaccharides         34 

1.4.1  Synthesis and structural features of human milk oligosaccharides   34 

1.4.2  A comparison of human and bovine milk oligosaccharides    35 

1.4.3  Evidence that milk oligosaccharides may inhibit pathogen adherence to host 

cells            38 

  1.5  Milk glycoproteins         45 

1.5.1  Synthesis and structural features of glycans on human milk glycoproteins 45 

1.5.2  A comparison of human and bovine milk glycoproteins    47 

1.5.3  Evidence that glycans on milk glycoproteins may influence pathogen 

adhesion          48 

  1.6  Milk glycolipids          57 

1.6.1  Synthesis and structural features of glycans on human milk glycolipids  57 

1.6.2  A comparison of human and bovine milk glycolipids    59 



3 
 

1.6.3  Evidence that glycans on milk glycolipids may influence pathogen adhesion 59 

  1.7  Intestinal microflora in infants        64 

  1.8  Chapter summary and project aims       64 

 

Chapter 2.  General materials and methods      66 

  2.1  Bacterial strains and growth conditions       66 

  2.2  Fluorescent labelling of whole bacterial cells      66 

  2.3  Protein quantification and SDS-PAGE       67 

  2.4  Release of N- and O-linked glycans       67 

  2.5  Mass spectrometry         69 

 

Chapter 3.  Measuring sugar-pathogen interactions     73 

Rationale           73 

  3.1  Introduction          74 

  3.2  Materials and methods         80 

3.2.1  Glycan microarray         80 

  3.2.1.1  Preparation of glycan microarray      80 

  3.2.1.2  Culturing, harvesting and fluorescent labelling of whole bacterial cells 81 

  3.2.1.3  Application of CFDA-SE labelled bacterial cells to glycan microarray  81 

  3.2.1.4  Fluorescent image acquisition and data processing    82 

3.2.2  Polyvinylidene difluoride (PVDF) plate assay     82 

  3.2.2.1  Human milk protein preparation       82 

  3.2.2.2  PVDF plate assay of bacterial adhesion to milk proteins   83 

  3.2.2.3  Fluorescence measurement       84 

  3.2.2.4  Inhibition of bacterial binding with N-acetylneuraminic acid (sialic acid) 84 

  3.2.2.5  Removal of sialic acid residues on total human milk proteins with 

neuraminidase         85 



4 
 

  3.2.2.6  Data analysis of released N- and O-linked glycans by mass spectrometry 85 

  3.2.2.7  Monosaccharide analysis       85 

  3.3  Results           86 

3.3.1  Glycan microarray analysis of CFDA-SE labelled bacteria   86 

  3.3.1.1  Escherichia coli O111:NM (ATCC 43887)     86 

  3.3.1.2  Salmonella typhimurium (Group B) clinical isolate    86 

  3.3.1.3  Lactobacillus rhamnosus (ATCC 53103)     87 

  3.3.1.4  Variations in glycan microarray results      89 

3.3.2  PVDF plate assay         90 

  3.3.2.1  Comparing protein precipitation methods     90 

  3.3.2.2  Comparison of binding efficiencies of fluorescently-labelled gastrointestinal 

tract- and oral-associated bacterial to total human milk proteins  92 

  3.3.2.3  Sialic acid involvement in the binding of bacteria to human milk proteins 93 

  3.3.2.4  Validation that sialic acid is involved in binding of bacteria to human milk 

proteins          95 

  3.3.2.5  Confirmation of desialylation of human milk glycoproteins by 

neuraminidase         96 

3.3.3  Monosaccharide analysis of released N- and O-linked glycans from human 

milk glycoproteins         105 

  3.4  Discussion          108 

 

Chapter 4.  Binding of human gastrointestinal bacteria to bovine and human milk 

 proteins          115 

Rationale           115 

  4.1  Introduction          116 

  4.2  Materials and methods         117 

4.2.1  Milk samples         117 



5 
 

4.2.2  Methanol/chloroform/water precipitation for isolation of total milk proteins 118 

4.2.3  Preparation of skim milk        118 

4.2.4  Fractionation of skim milk using the Microflow MF10 system   118 

4.2.5  Separation of whey and casein from skim milk by high-speed centrifugation 119 

4.2.6  Fast protein liquid chromatography (FPLC) gel filtration of milk whey  120 

4.2.7  Bacterial strains and growth conditions      120 

4.2.8  PVDF plate assay         120 

  4.2.8.1  Inhibition of bacterial binding with N-acetylneuraminic acid (sialic acid) 121 

  4.2.8.2  Neuraminidase treatment of bovine and human milk proteins   121 

  4.3  Results           121 

4.3.1  Skim milk fractionation by molecular size electrophoresis    121 

4.3.2  Milk protein separation by centrifugation      123 

4.3.3  Fractionation of milk whey proteins by size exclusion on the ÄKTA FPLC 

system          126 

4.3.4  Bacterial binding assays        128 

  4.3.4.1  Bacterial binding to total proteins of bovine and human milk   128 

  4.3.4.2  Bacterial binding to major protein fractions of bovine and human milk 129 

  4.3.4.3  Bacterial binding to fractions of bovine and human milk whey   130 

  4.3.4.4  Inhibition of bacterial binding to milk fractions by free sialic acid  132 

  4.3.4.5  Binding of bacteria to bovine and human milk whey proteins and casein 

following neuraminidase treatment      134 

  4.4  Discussion          135 

 

Chapter 5.  Involvement of N-linked glycans from milk whey proteins in inhibition of 

 pathogen adhesion and invasion of the gut     141 

Rationale           141 

  5.1  Introduction          142 



6 
 

  5.2  Materials and methods         143 

5.2.1  Milk sample preparation for whey protein extraction    143 

5.2.2  Preparative release of N-linked glycans from bovine and human milk whey 

proteins          143 

5.2.3  Bacterial species         144 

5.2.4  HT-29 cell culture         144 

5.2.5  Bacterial binding and invasion assays      145 

  5.2.5.1  PVDF plate assay for measuring bacterial interaction with glycoproteins of 

bovine and human milk and the inhibition of binding by N-linked glycans 

from whey         145 

  5.2.5.2  Cell-based assay for measuring bacterial adherence and invasion of HT-29 

cells          145 

5.2.6  Mass spectrometric analysis of N-linked glycans released from bovine and 

human milk whey proteins        147 

5.2.7  Monosaccharide analysis of released N-linked glycans from bovine and 

human milk whey proteins        147 

5.2.8  Membrane preparation of HT-29 cells prior to glycan analysis   147 

5.2.9  PNGase F treatment of HT-29 cell membrane proteins to release N-linked 

glycans for mass spectrometry analysis      148 

  5.3  Results           148 

5.3.1  Inhibition of bacterial binding to milk fractions by N-linked glycans from 

bovine and human milk whey proteins      148 

5.3.2  Comparison of the ability of human gastrointestinal bacteria to adhere and 

invade HT-29 cells         152 

5.3.3  Inhibition of bacterial adhesion and invasion of HT-29 human gastrointestinal 

cells by pre-incubation with N-linked glycans from bovine and human milk 

whey proteins         153 



7 
 

5.3.4  Monosaccharide analysis of released N-linked glycans from bovine and 

human milk whey proteins        155 

5.3.5  Mass spectrometric analysis of N-linked glycans released from bovine and 

human milk whey proteins and HT-29 cell membrane proteins   156 

  5.4  Discussion          164 

 

Chapter 6.  Summary and future directions      169 

  6.1  Development of methods for assessing bacterial binding to conjugated milk 

glycans           169 

  6.2  Sialic acid involvement in bacterial binding to human milk proteins   170 

  6.3  Comparison of the bacterial binding of bovine and human milk proteins  171 

  6.4  Glycan involvement in bacterial adherence to bovine and human milk proteins 172 

  6.5  Glycan involvement in bacterial adherence to human gastrointestinal cells  172 

  6.6  Comparison of the N-linked glycan structures on human and bovine milk whey 

and human gastrointestinal cell membrane proteins     173 

  6.7  Conclusions          174 

  6.8  Future directions         174 

 

References           176 

 

Appendices           212 

Appendix A: Statutory Declaration        212 

Appendix B: Publication I         214 

Appendix C: Conference proceeding I       228 

Appendix D: Conference proceeding II       229 

Appendix E: Conference proceeding III       230 

Appendix F: Conference proceeding IV       231 



8 
 

Appendix G: Conference proceeding V       232 

 

Supplementary Data          233 

  Table S1           233 

  Table S2           239 

  Table S3           243 

  Figure S1           261 

  Table S4           262 



9 
 

Abstract 

Bacterial adhesion to host cell surfaces is the first step leading to bacterial infection and 

involves adhesins on the bacterial cell surface binding to host cell receptors. Milk glycans, 

carried on glycoproteins and glycolipids, and as free oligosaccharides, are thought to offer 

protection to infants by binding to pathogenic bacteria with subsequent clearing of the 

harmful microorganisms from the gastrointestinal tract. 

 

The quantitative interaction between milk glycoproteins and fluorescently-labelled human 

gastrointestinal-colonising bacteria were studied using glass slide glycan microarray 

technology and a new 96 well microtitre plate based assay. The latter assay more closely 

resembled the complex binding of total milk proteins to the human gastrointestinal bacteria, 

Escherichia coli, Salmonella typhimurium, Campylobacter jejuni and Lactobacillus 

rhamnosus, and demonstrated that the bacteria bound differentially to the milk proteins and 

that the adhesion was glycan-dependent. Reduced binding was observed for all four 

gastrointestinal bacterial strains when sialic acid was removed from the milk glycoproteins, 

suggesting that bacterial binding was at least partially sialic acid specific. The binding to total 

human milk proteins by the oral streptococci species that are encountered at the initial stage 

of digestion in the mouth was shown to also involve sialic acid in Streptococcus gordonii 

adhesion but Streptococcus mutans appeared to recognise different binding epitopes. 

 

Bovine and human milk protein fractions were compared for their capacity to bind to human 

gastrointestinal-colonising bacterial strains. Although there was more protein in bovine milk, 

volume equivalents of each type of milk protein bound the bacteria differentially with the 

pathogenic S. typhimurium and the commensal bacterium L. rhamnosus having a higher 

binding affinity to total human milk proteins as compared to total bovine milk proteins. All 

the human gastrointestinal bacteria bound more strongly to the whey proteins than to caseins, 

with involvement of a number of different whey glycoproteins (e.g. immunoglobulins, 
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lactoferrin, β-lactoglobulin) in bacterial adhesion. Again, sialic acid was shown to be involved 

in the bacterial binding to both bovine and human milk glycoprotein fractions. 

 

As further indication of the importance of glycans as receptors for bacterial adhesion to 

gastrointestinal cells and for the role of milk glycoproteins in competitively inhibiting this 

binding, N-linked glycans released from both human and bovine milk whey proteins were 

shown to significantly inhibit all three pathogens, C. jejuni, E. coli and S. typhimurium, from 

binding to human gastrointestinal epithelial cells. Interestingly, N-linked glycans released 

from human milk whey proteins were more effective at inhibiting the binding of C. jejuni and 

L. rhamnosus to the intestinal cells than bovine milk whey protein N-linked glycans, whereas 

milk glycans from both mammalian species inhibited E. coli and S. typhimurium adhesion to 

approximately the same extent. The human milk N-linked glycans were also significantly 

more effective in inhibiting invasion of C. jejuni into the cells than the bovine milk N-linked 

glycans. 

 

This study showed predominately sialylated, core fucosylated structures in the released N- 

and O-linked glycans of both human and bovine milk proteins. There was a significant 

difference in the N-glycosylation specific structures between the secreted milks and human 

cell surface glycoproteins with a high abundance of sialylated structures, well described 

bacterial lectin receptors, seen across all three sources. Both the human milk glycoproteins 

and the human epithelial cells carried Lewis epitopes, known receptors for bacterial adhesion. 

 

In summary, we have shown that the bacterial interactions with cell surface (epithelial cells) 

and secreted glycoproteins in both human and milk are glycan-dependent. The data in this 

study repeatedly emphasises the anti-adhesive and anti-invasive properties of human (and to a 

lesser extent bovine) milk protein glycans to prevent enteric bacterial infections in the 

gastrointestinal tract of breastfed infants. It also provides further insights into the possibility 
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of using N-linked human milk glycan structures to mimic this innate immune protection of 

breastfed infants and improve the formulation of breast milk substitutes. 
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Symbol nomenclature for representation of glycan structure 

All monosaccharide types (sugars) assigned in this thesis are represented by specific symbol 

shapes, as outlined by the Consortium for Functional Glycomics (CFG; Varki et al. 2009b). 

 

 

Monosaccharide 

 

 

Abbreviation 

 

 

Symbol 

 

 

Deoxyhexose 

 

  

  Fucose 
 

Fuc 
  

 
Hexose 

 

  

  Galactose 
 

Gal 
  

  Glucose 
 

Glc 
  

  Mannose 
 

Man 
  

 

N-Acetylhexosamine 

 

  

  N-Acetylgalactosamine 
 

GalNAc 

 
  N-Acetylglucosamine 
 

GlcNAc 
 

 

Acidic sugar 
  

 

  Glucuronic acid 
 
GlcA 

 

 
  Iduronic acid IdoA 

 
  N-Acetylneuraminic acid 
 

NeuAc 

 
  N-Glycolylneuraminic acid 
 

NeuGc 

 
The complete set of symbol nomenclature is available from: 
http://www.functionalglycomics.org/static/consortium/Nomenclature.shtml. GlycoWorkbench 
(https://code.google.com/p/glycoworkbench/) was used to draw and annotate the structures 
(Copper et al. 2001, 2003). 
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Chapter 1.  Introduction 

 

The first step in infection often involves the binding of a pathogen to specific cell surface 

receptors, which are commonly glycan (sugar) structures attached to epithelial cell 

membranes (Kelly and Younson 2000; Sakarya and Öncu 2003). There is strong evidence that 

breastfeeding reduces the risk of gastrointestinal tract infection and diarrhoea in infants and 

young children (Fisk et al. 2011; Grulee et al. 1934; Mwiru et al. 2011; Oddy 2001; Tarrant et 

al. 2012; WHO, 2000). It has been hypothesised that some of the protective effects of human 

milk against gastrointestinal pathogens could be attributable to milk glycans, in the form of 

free oligosaccharides and glycoconjugates (glycoproteins and glycolipids), which may act as 

decoys for pathogen attachment (Moran et al. 2011; Morrow et al. 2005; Newburg 1996, 

1997, 1999, 2009; Newburg et al. 1995, 2004, 2005). The work presented in this thesis 

investigated the potential of human and bovine milk glycans to protect against pathogen 

adherence to the gastrointestinal tract, with a particular focus on the conjugated glycans of 

milk glycoproteins. This chapter provides a comprehensive background on the reported health 

benefits of breastfeeding, the compositions of human and bovine milk and their glycan 

moieties, and research that has implicated glycan involvement in pathogen attachment and 

inhibition. 

 

1.1  Breastfeeding confers protection against disease 

A newborn does not have a mature immune system and is unable to make its own antibodies 

to protect against enteric pathogens (Miller 1966). Hence, infants are highly susceptible to 

infection immediately after birth (Guarner and Malagelada 2003; Pawson 1995; Walker 

2000). The health benefits of breastfeeding have been reported since the early 1930s, where a 

significant reduction of seven-fold, two-fold and four-fold in mortality rates caused by 

gastrointestinal infection, respiratory infection and other diseases, respectively, was observed 

for breastfed infants as compared to non-breastfed infants that were either partially breastfed 
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or formula-fed (Grulee et al. 1934). Research has since shown that prolonged and exclusive 

breastfeeding also reduces the risk of other diseases in infants, including otitis media 

infections and coeliac disease (Table 1.1). Hence from these multiple studies, the World 

Health Organisation (WHO) recommends exclusive breastfeeding for the first six months of 

age for infants to provide them maximum protection from illness, and continued breastfeeding 

with complementary foods for infants up to two years of age or beyond (WHO 2011). 

 

Table 1.1.  Breastfeeding confers significant protection against many infant infections and 
childhood diseases. 
 

 

Diseases 

 

 

Reference 

 

Infant infections 

 

 
  Gastrointestinal infection 

 
Duijts et al. 2009; Feachem and Koblinsky 1984; Howie et 

al. 1990 
 

  Pneumonia Boccolini et al. 2011; Céser et al. 1999 
 

  Otitis media infection 
 

Aniansson et al. 1994; Chantry et al. 2006; Duffy et al. 
1997; Duncan et al. 1993 
 

  Respiratory infection 
 

Cushing et al. 1998; Downham 1976; Pisacane et al. 1994; 
Stepans et al. 2006 
 

  Urinary tract infection 
 

Hanson 2004; Mårild et al. 1990; Pisacane et al. 1990, 1992 

 

Childhood diseases 

 

 

  Acute lung disease Klein et al. 2008 
 

  Atopic disease Iyengar and Walker 2012; Saarinen and Kajosaari 1995 
 

  Cancer 
 

Bener et al. 2001; Davis et al. 1988; Grufferman et al. 1998; 
Martin et al. 2005; Shu et al. 1999 
 

  Cardiovascular disease Bergström et al. 1995; Owen et al. 2011 
 

  Cholera Clemens et al. 1990; Qureshi et al. 2006 
 

  



24 
 

 

Diseases 

 

 

Reference 

   
Coeliac disease 
 

 
Fälth-Magnusson et al. 1996; Palma et al. 2012; Peters et al. 
2001 
 

  Crohn's disease 
 

Koletzko et al. 1989; Moffatt et al. 2009 

  Insulin-dependent diabetes 
  mellitus 
 

Alves et al. 2012; Fort et al. 1986, Gouveri et al. 2011 
 

  Meningitis Silfverdal et al. 1997, 1999, 2002 
 

  Necrotising enterocolitis Kelley 2012; Lucas and Cole 1990 
 

  Sudden infant death 
  syndrome 

Chapman 2011; Ford et al. 1993; Hauck et al. 2011; Young 
et al. 2012 
 

 

1.1.1  Diarrhoeal diseases and their prevention by breastfeeding 

Diarrhoea is the most common symptom seen in infectious diseases associated with the 

gastrointestinal tract in infants and children, and can range from mild to deadly (Elliott and 

Dalby-Payne 2004; Nataro and Kaper 1998; Scallan et al. 2005). It is defined by the WHO as 

the result of three or more watery or loose bowel movements in a 24 hour period (WHO 

2009). Three clinical types of diarrhoea have been described: 1) acute watery diarrhoea, 

which lasts less than 14 days; 2) acute bloody diarrhoea or dysentery that contains blood in 

the faeces; and 3) persistent diarrhoea, which continues beyond 14 days. In some cases, 

severe dehydration and electrolyte loss could lead to infant death. Acute diarrhoeal diseases 

remain the second leading cause of morbidity and mortality in children less than five years of 

age worldwide, after pneumonia (Figure 1.1). 
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Fig. 1.1.  Diarrhoea remains one of the leading causes of death in children under five years of 
age. Figure taken from Liu L et al. 2012. 

 

A WHO collaborative study on the Role of Breastfeeding on the Prevention of Infant 

Mortality (2000) found that infants who were breastfed for the first six months of life had a 

six-fold reduced mortality risk due to diarrhoea compared to infants that were not breastfed. 

Infants who were breastfed from six to eleven months of age had a two-fold reduced mortality 

risk due to diarrhoea. These WHO results are consistent with several more recent studies 

(Arifeen et al. 2001; Fischer Walker et al. 2012; Kramer et al. 2001; Lamberti et al. 2011; 

Morrow and Rangel 2004; O'Reilly et al. 2012; Strand et al. 2012; Ubesie et al. 2012), 

indicating that breastfeeding is the most effective and practical solution for protecting infants 

against diarrhoea and preventing mortality. 

 

1.2  Mechanisms of gastrointestinal infection 

Common gastrointestinal pathogens known to cause infectious diarrhoea in infants are listed 

in Table 1.2. The leading causes of diarrhoeal disease in children under five years of age in 

developing countries, as established by the WHO (1990), are bacterial pathogens such as 
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enterotoxigenic Escherichia coli (ETEC; 15 %), Campylobacter jejuni (12.5 %), Shigella (10 

%),  Vibrio cholerae (7.5 %), enteropathogenic E. coli (EPEC; 2.5 %) and Salmonella (2.5 

%), as well as viruses such as rotavirus (20 %) and parasites such as Cryptosporidium (10 %). 

 

There are several steps involved in pathogen infection of the gastrointestinal tract. Firstly, the 

pathogen must attach to the surface of epithelial cells. Bacteria utilise adhesins (lectins) to 

facilitate their initial attachment to host cell receptors, which are typically glycan moieties of 

membrane glycoproteins or glycolipids (Borén et al. 1993; Mahdavi et al. 2002; Young et al. 

2007). For instance, the EPEC utilise bundle-forming pili (BFP) to mediate adherence to the 

apical surface of intestinal epithelial cells (Cleary et al. 2004; Girón et al. 2002). This initial 

binding can then activate the secretion of effector proteins, which stimulate the pro-

inflammatory pathway and destroy the microvilli by triggering an actin cytoskeleton 

rearrangement (Caron et al. 2006). Some gastrointestinal bacteria, such as Campylobacter and 

Salmonella also produce flagella that enable invasion of the host epithelial cells (Ledeboer et 

al. 2006). The bacteria acquire nutrients from the host cells and form micro-colonies, 

sometimes inducing host cell lysis (Srikanth and McCormick 2008). The infection causes 

fluid secretion and electrolyte loss in watery and bloody diarrhoea (Tesh and O'Brien 1991). 
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Table 1.2.  Major bacterial, viral and parasitic pathogens that cause gastrointestinal infections in children. 
 

 
Pathogens 

 

 
Characteristics 

 
Transmission routes 

 
Infection sites 

 
Types of diarrhoea 

 

Bacteria 

 

    

  Campylobacter jejuni 

 

Gram-negative, curved, helical-shaped, 
non-spore forming, microaerophilic 
 

Food borne, waterborne Small and large 
intestines 

Acute watery diarrhoea, 
dysentery 

  Clostridium perfringens 

  (previously known as 
  Clostridium welchii)  

Gram-positive, rod-shaped, spore-forming, 
anaerobic 
 
 

Foodborne 
 
 

Large intestine 
 
 

Watery diarrhoea 
 
 

  EPEC Gram-negative, rod-shaped 
 

Foodborne, waterborne Small and large 
intestines 
 

Acute watery or 
persistent diarrhoea 

  ETEC 
 

Gram-negative, rod-shaped 
 

Foodborne, waterborne Small and large 
intestines 
 

Dysentery 
 

  Helicobacter pylori 

  (previously known as 
  Campylobacter pyloridis) 
 

Gram-negative, microaerophilic 
 
 

Faecal-oral, foodborne, 
waterborne 
 

Stomach 
 
 

Self-limiting diarrhoea 
 
 

  Salmonella spp. 
 

Gram-negative, rod-shaped, non-spore-
forming 
 

Faecal-oral, foodborne, 
waterborne 

Small and large 
intestines 

Acute watery diarrhoea 
 

  Shigella spp. 
 

Gram-negative, rod-shaped, non-spore 
forming, non-motile 

Faecal-oral, foodborne, 
waterborne 

Small and large 
intestines 

Acute watery diarrhoea, 
dysentery, persistent 
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Pathogens 

 

 
Characteristics 

 
Transmission routes 

 
Infection sites 

 
Types of diarrhoea 

     
diarrhoea 
 

  Vibrio cholerae 

 

Gram-negative, comma-shaped, 
facultatively anaerobic 
 

Foodborne, waterborne Small intestine 
 

Acute watery diarrhoea 
 

  Yersinia enterocolitica 

 

 

Gram-negative coccobacillus-shaped 
 
 

Foodborne, waterborne 
 
 

Small intestine 
 
 

Severe watery diarrhoea 
but not bloody 
 

 

Viruses 

 

    

  Calicivirus 
 

 

Positive-sense, single stranded RNA, not 
enveloped 
 

Contaminated surfaces, 
foodborne, waterborne 

Stomach and 
intestine 
 

Acute gastroenteritis 
 
 

  Rotavirus 
 

Double-stranded RNA 
 

Faecal-oral, foodborne, 
waterborne 
 

Small intestine 
 

Acute watery diarrhoea 
 

 

Protozoan 

 

    

  Cryptosporidium parvum 

 

Completes its life cycle within a single 
host, resulting in cyst stages 
 

Foodborne, waterborne 
 

Small intestine 
 

Acute watery diarrhoea, 
persistent diarrhoea 

  Giardia lamblia 

 

 

Anaerobic flagellated, life cycle alternates 
between an actively swimming trophozoite 
and an infective, resistant cyst 
 

Faecal-oral, foodborne, 
waterborne 
 

Small intestine 
 
 

Acute and chronic 
diarrhoea 
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Pathogens 

 

 
Characteristics 

 
Transmission routes 

 
Infection sites 

 
Types of diarrhoea 

 

Worms 

 

    

  Trichuris trichiura 

 

Roundworm, eggs deposited from faeces to 
the soil 
 

Faecal-oral 
 

Large intestine 
 

Dysentery 
 

Abbreviations: EPEC, enteropathogenic Escherichia coli; ETEC, enterotoxigenic E. coli; RNA, ribonucleic acid; spp., species. 
Data compiled from WHO (1990, 2009). 
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1.3  The composition of milk 

Human milk is often described as an exceptionally complex biological fluid that is unique 

from another species’ milk (Hamosh 1998; Kunz and Lönnerdal 1993; Kunz and Rudloff 

1993; Kunz et al. 1999a, 1999b, 2000; López Álvarez 2007; Newburg et al. 2004; Picciano 

2001; Séverin and Wenshui 2005). Part of the uniqueness of human milk is signified by its 

superior ability to protect human infants from disease (Section 1.1). Infant formulas based on 

cow’s milk can provide nutritional benefit, but anti-pathogenic properties equivalent to human 

milk are yet to be obtained. The following comparison and analysis of the contents of human 

and bovine milk reveal the differences between the two forms of milk and components which 

may play significant roles in disease prevention. 

 

Table 1.3 is a collation of data on the contents of human and bovine milk based on numerous 

publications from past research. It was noted when compiling this data that some variations 

are evident in the exact proportions of each component from either milk source, probably due 

to variations amongst individuals, different stages of lactation and methods of analysis; hence, 

figures from publications that are representative of the majority of research data are shown. 

The lactose content in human milk (70 g/l) compared to bovine milk (48 g/l) is noticeably 

higher. The role of lactose is mainly nutritional, and generally not associated with anti-

pathogenic properties. It is also clearly evident that bovine milk contains substantially more 

total proteins (33 g/l) than human milk (8.9 g/l), which can be attributed to a very high level 

of casein (26 g/l) in bovine milk, whereas the proteins of human milk contain little casein (3 

g/l) and are whey-predominant. There is a similar abundance of total whey proteins in human 

milk (6.4 g/l) and bovine milk (7 g/l), although the components of the whey vary, with higher 

levels of alpha-lactalbumin (α-LA), lactoferrin (LF), lysozyme and immunoglobulin A (IgA) 

in human milk, whilst beta-lactoglobulin (β-LG) is only found in bovine milk. The two milks 

have a similar lipid content, but free milk oligosaccharides are substantially more abundant in 

human milk (5 - 15 g/l) than bovine milk (0.05 g/l; Table 1.3). 
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Table 1.3.  Composition of human and bovine milk. 
 

 

Main fractions 

 

Human milk (g/l) Bovine milk (g/l) 

   
Lactose 

 
701 

 
481 

 
 

Free oligosaccharides 

 

 
5 - 152 

 

 
0.053 

 
  Fucosylated 
 

(50 - 80 % of total HMOs)2,4 

 
(1 % of total BMOs)5 

 
  Sialylated 
 

(10 - 20 % of total HMOs)2,4 

 
(70 % of total BMOs)5 

 
 
Total proteins 

 

 
8.96 

 

 
336 

 
  Casein 

 

2.56 

 
266 
 

    αs1-CN Trace7 10.37 
    αs2-CN Trace7 2.77 
    β-CN 2.17 8.57 
    κ-CN 0.47 3.27 
    -CN 
 

Not detected7 

 
1.47 

 
 
  Whey 

 

6.46 

 
76 

 
    α-LA 2.56 1.26 
    β-LG Not detected6 3.06 
    LF 1.76 Trace6 
    Serum albumin 0.56 3.06 
    Lysozyme 0.56 Trace6 
    IgA 1.06 0.036 
    IgG 0.036 0.606 
    IgM 0.026 0.036 
    Others 
 

Trace6 
 

Trace6 
 

 
Total lipids 

 

411 371 

  Phospholipids 0.2 - 0.58 0.07 - 0.49 
  Monoacylglyerol Not detected8 0.04 - 0.19 
  Triacylglyerol 40 - 40.68 35.9 - 36.39 
  Free fatty acid 0.048 0.04 - 0.19 
  Cholesterol 0.1 - 0.58 0.19 
  1,2-Diacylglycerol 0.0048 Not detected9 
  Cholesteryl esters  Trace8 0.079 
  Sterols 0.1 - 0.310 0.07 - 0.110 
  Sterol esters Trace10 Trace10 
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Main fractions 

 

Human milk (g/l) Bovine milk (g/l) 

 
  Glycolipids 
 

0.4110 
 

0.3710 
 

Abbreviations: αs1-CN, alpha s1-casein; αs2-CN, alpha s2-casein; α-LA, alpha-lactalbumin; β-
CN, beta-casein; β-LG, beta-lactoglobulin; BMOs, bovine milk oligosaccharides; -CN, 
gamma-casein; HMOs, human milk oligosaccharides; Ig, immunoglobulin; κ-CN, kappa-
casein; LF, lactoferrin. 
1Data compiled from Hale and Hartmann 2007. 2Data compiled from Bao et al. 2007; 
Chaturvedi et al. 2001a; Coppa et al. 1999; Davidson et al. 2004; Gabrielli et al. 2011; Kunz 
et al. 1999a; Newburg et al. 2000. 3Data compiled from Gopal and Gill 2000. 4Data complied 
from Kobata 2010; Ninonuevo et al. 2006; Wu et al. 2010, 2011. 5Data compiled from Tao N 
et al. 2008, 2009. 6Data compiled from Räihä 1985; Wal 1998. 7Data compiled from 
Crittenden RG and Bennett LE 2005. 8Data compiled from Rodriguez-Palmero et al. 1999. 
9Data compiled from Jensen 2002. 10Data compiled from Jensen et al. 1980. 

 

Lysozyme is known as an anti-bacterial agent in human milk that helps to protect the infants 

against bacterial infections (Lönnerdal 2003). It is believed to cause the lysis of certain 

potentially damaging Gram-positive bacteria and a few Gram-negative bacteria in the 

gastrointestinal tract of breast-fed infants, thereby favouring the establishment of beneficial 

intestinal microflora and improving the immunity of infants. Other components of human 

milk that are known to have bactericidal activity include alpha-lactalbumin (α-LA; Lönnerdal 

and Lien 2003), lactoferrin (LF; Lönnerdal 2003) and secretory immunoglobulin A (sIgA; 

Glass et al. 1983; Groer et al. 2004), all of which are present in higher quantities in human 

milk than bovine milk (Table 1.3). Immunomodulatory agents not featured in Table 1.3, such 

as maternal-derived macrophages, neutrophils, lymphocytes, nucleic acids, cytokines and 

antioxidants have also been identified as unique to human milk and contribute to the 

developing immune system of infants (Ebrahim 1998; Garofalo 2010; Kulkarni et al. 1994). 

 

In addition to the above factors, there is reportedly another more subtle form of disease 

prevention in the form of the milk glycans, present both as free oligosacharrides, which are at 
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much higher abundance in human milk (5 - 15 g/l) than bovine milk (0.5 g/l; Table 1.3), and 

as attached glycans of the glycoproteins and glycolipids. The majority of the glycans is 

minimally digested and remain largely intact in infant faeces (Chaturvedi et al. 2001b; Engfer 

et al. 2000; Gnoth et al. 2000). Thus, milk glycans may help limit the binding of pathogens to 

the infant gastrointestinal tract by mimicking host epitopes on epithelial cell surfaces (Kunz 

and Rudloff 1993; Zopf and Roth 1996), binding to the pathogens and flushing them from the 

body (Figure 1.2; and Figure 1, Publication I, Appendix B). 

 

 

 

Fig. 1.2.  A) A pathogen can have various glycan-recognising receptors on its surface (such as 
adhesins, fimbriae or pili), which bind to specific glycans attached to glycoproteins and 
glycolipids in epithelial cell membranes of the gastrointestinal tract. Once bound, the 
pathogens can cause infection. B) Glycans from milk glycoproteins, glycolipids or free 
oligosaccharides may have identical glycan epitopes to those recognised by the pathogen. 
Hence, the milk glycans could act as decoys to limit epithelial cell adhesion and reduce the 
risk of infection. 

 

The potential role of milk glycans for the prevention of pathogen attachment to the infant 

gastrointestinal tract was the focus of the work carried out for this thesis. Hence, the 

following sections provide a more detailed description of the synthesis and structural features 
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of human and bovine milk oligosaccharides, glycoproteins and glycolipids, and review the 

extent of research to date that has specifically investigated the role that the glycan moieties of 

these molecules may play in preventing pathogen attachment to an infant’s gastrointestinal 

tract. 

 

1.4  Milk oligosaccharides 

1.4.1  Synthesis and structural features of human milk oligosaccharides 

The synthesis of milk oligosaccharides depends on the expression of glycosyltransferases and 

the presence of sugar nucleotides in lactating mammary glands (Bode 2009, 2012). In 

humans, the building blocks of milk oligosaccharides consist of five monosaccharides: D-

glucose (Glc), D-galactose (Gal), N-acetyl-D-glucosamine (GlcNAc), L-fucose (Fuc) and 

sialic acid (N-acetylneuraminic acid, NeuAc). Human milk oligosaccharides (HMOs) carry a 

lactose unit (Galβ1-4Glc) at their reducing end, which can be elongated by the addition of 

fucose, sialic acid, or by a β1-3-linked lacto-N-biose (LNB, Galβ1-3GlcNAc, type 1 chain) or 

β1-4-linked N-acetyllactosamine (LacNAc; Galβ1-4GlcNAc, type 2 chain). Further 

modifications include additional fucose and sialic acid residues via α1-2/3/4 and α2-3/6 

linkages, respectively (Amano et al. 2009; Kobata 2010). 

 

There is considerable variation in the types of HMOs produced by different mothers, 

depending on their ability to produce the enzymes fucosyltransferase 2 (FUT2, encoded by 

the secretor gene) and fucosyltransferase 3 (FUT3, encoded by the Lewis gene). Milk of 

“secretor” mothers contains α1-2-linked fucosylated HMOs, whilst mothers who are Lewis 

positive produce HMOs in which fucose is added to the sub-terminal GlcNAc (Chaturvedi et 

al. 2001a; Johnson and Watkins 1992; Johnson et al. 1992; Kumazaki and Yoshida 1984; 

Stahl et al. 2001; Thurl et al. 1997, 2010; Viverge et al. 1990a, 1990b). Figure 1.3 (and 

Figure 2, Publication I, Appendix B) shows the blood group H antigen and Lewis structures 

that can occur on HMOs; these structures can also be features of the attached glycans 



35 

adorning human milk glycoproteins (discussed further in Section 1.5). 

 

 

 

Fig. 1.3.  The blood group H antigen and Lewis structures found in glycan-containing 
molecules (free oligosaccharides and glycoconjugates) in human milk. Type 1 chains are 
characterised by Galβ1-3GlcNAc, whereas type 2 chains have a Galβ1-4GlcNAc linkage 
(shown in red font). Note: Those in the population classed as secretors have a functional 
FUT2 gene and fucose residues can be added to glycans via an α1-2 linkage, whereas non-
secretors do not have glycans containing fucose residues linked by an α1-2 linkage. 

 

1.4.2  A comparison of human and bovine milk oligosaccharides 

A very high concentration of free oligosaccharides is evident in human milk from the 

beginning of the lactation period (22 - 24 g/l in colostrum). Although the concentration of the 

HMOs decreases in mature milk (5 - 12 g/l), levels remain consistently and substantially 

higher than the concentration of milk oligosaccharides in bovine milk (0.05 g/l; Table 1.3) or 

bovine colostrum (1 g/l; Ninonuevo et al. 2006). There are more structural varieties of HMOs 

than bovine milk oligosaccharides (BMOs), with over 200 HMOs (Ninonuevo et al. 2006) 
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and only 40 BMOs (Tao N et al. 2008) reported. The BMOs are generally shorter and less 

branched than HMOs (Urashima et al. 2013). Fucosylated HMOs are more abundant (50 - 80 

%) than sialylated HMOs (10 - 20 %), while BMOs contain high sialylation (70 %) and a low 

level of fucosylation (1 %; Table 1.3). Some studies report no fucosylated BMOs (Tao et al. 

2009), others report very low levels (Saito et al. 1987; Sundekilde et al. 2012). Another form 

of sialic acid, N-glycolylneuraminic acid (NeuGc), is also present in bovine milk, but has not 

been observed in human milk. Table 1.4 shows the main neutral and acidic oligosaccharides 

present in human and bovine milk. 

 

Table 1.4.  Main neutral and acidic oligosaccharides available in human and bovine milk. 
 

 

Type of oligosaccharides 

 

Structures 

 

Availability in human or 

bovine milk 

 

 
Neutral oligosaccharides 

 

  

  2'-fucosyllactose, 2’-FL 
  Fucα1-2Galβ1-4Glc 
 

 

Human 
 
 

  3'-fucosyllactose, 3’-FL 
  Fucα1-3Galβ1-4Glc 
 

 

Human 
 
 

  Lacto-N-tetraose, LNT 
  Galβ1-3GlcNAcβ1-3Galβ1- 
  4Glc 
 

 
 

Human 
 
 

  Lacto-N-neotetraose, LNnT 
  Galβ1-4GlcNAcβ1-3Galβ1- 
  4Glc 
 

 
 

Human 
 
 

  Lacto-N-fucopentaose I, LNFP I 
  Fucα1-2Galβ1-3GlcNAcβ1- 
  3Galβ1-4Glc 
 

 

Human 
 
 
 

  Lacto-N-fucopentaose II, LNFP II 
  Galβ1-3(Fucα1-4)GlcNAcβ1- 
  3Galβ1-4Glc 
 

 

Human 
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Type of oligosaccharides 

 

Structures 

 

Availability in human or 

bovine milk 

 

  N-acetyllactosamine 
  Galβ1-4GlcNAc 
  

Bovine 
 
 

  N-acetylgalactosaminylglucose 
  GlcNAcβ1-4Glc 
  

Bovine 
 
 

 
Acidic oligosaccharides 

 
  

  3'-sialyllactose, 3’-SL 
  NeuAcα2-3Galβ1-4Glc 
 

 
 

Human 
 
 

  6'-sialyllactose, 6’-SL 
  NeuAcα2-6Galβ1-4Glc 
 

 
 

Human and Bovine 
 
 

  Sialyllacto-N-tetraose a, LSTa 
  NeuAcα2-3Galβ1-3GlcNAcβ1- 
  3Galβ1-4Glc 
 

 
 

Human 
 
 
 

  Sialyllacto-N-tetraose b, LSTb 
  Galβ1-3(NeuAcα2- 
  6)GlcNAcβ1- 
  3Galβ1-4Glc 
  

Human 
 
 
 
 

  Sialyllacto-N-tetraose c, LSTc 
  NeuAcα2-6Galβ1-4GlcNAcβ1- 
  3Galβ1-4Glc 
 

 
 

Human 
 
 
 

  Disialyllacto-N-tetraose, 
  DSLNT 
  NeuAcα2-3Galβ1- 
  3(NeuAcα2)- 
  6GlcNAcβ1-3Galβ1-4Glc 
 

  

Human 
 
 
 
 
 

  3'-sialyllactosamine, 3’-SLN 
  NeuAcα2-3Galβ1-4GlcNAc  

 

Bovine 
 

  6'-sialyllactosamine, 6’-SLN 
  NeuAcα2-6Galβ1-4GlcNAc 
 

 
 

Bovine 
 
 

  Disialyllactose, DSL 
  NeuAcα2-8NeuAcβ2-3Galβ1- 
  4Glc 
 

 
 

Bovine 
 
 
 

Data obtained from Gopal and Gill (2000). 
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1.4.3  Evidence that milk oligosaccharides may inhibit pathogen adherence to host cells 

Milk oligosaccharides have been proposed to promote the health of the newborn in several 

ways, including by acting as prebiotics to increase the growth of beneficial gut 

microorganisms, such as lactobactobacilli and bifidobacteria (Chichlowski et al. 2011; 

Penders et al. 2005; Yu et al. 2013), and by competitively binding to selectins to reduce 

inflammation (Bode et al. 2004a, 2004b). The specific structural characteristics of HMOs that 

inhibit the binding of pathogens or their toxins to epithelial cells have also been well studied 

in vivo and in vitro, wherein HMOs containing fucose and/or sialic acid residues at their 

termini are particularly important in preventing pathogen adhesion and infection (Table 1.5). 

For example, neutral HMOs in human colostrum containing GlcNAc and fucose residues 

were able to inhibit the binding of E. coli to uroepithelial cells (Coppa et al. 1990), and α1,2-

linked fucosylated HMOs were capable of inhibiting the binding of heat-stable enterotoxin 

(STa) of E. coli to T84 intestinal cells (Crane et al. 1994), whereas human milk 3'-

sialyllactose (3'-SL) prevented H. pylori colonisation (Mysore et al. 1999). 

 

As shown in Table 1.5, the effect of HMOs on multiple pathogens, ranging from bacteria, 

viruses and fungi have been well studied, but there are limited comparative studies on the 

effect of HMOs and BMOs or BMOs alone on pathogen binding. This could be due to the low 

abundance of oligosaccharides in bovine milk (Table 1.3). However, neutral and acidic free 

oligosaccharides from bovine colostrum have shown potential as anti-adhesive agents in 
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reducing a non-toxigenic strain of EHEC O157:H7 binding to and invasion of HT-29 

intestinal cells (Lane et al. 2012a). The acidic oligosaccharides in bovine colostrum also 

inhibited the binding of H. pylori to various gastrointestinal epithelial cells, where the 

inhibition was proven to be more effective by 3’-SL than 6’-SL (Simon et al. 1997). Table 1.5 

summarises evidence from past research that HMOs and BMOs bind to human pathogens and 

their toxins, and thus may inhibit pathogen binding to host cells. 
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Table 1.5.  Free oligosaccharides in human and bovine milk recognised by a diverse range of pathogens and/or bacterial toxins. 
 

 

Microbial recognition 

epitopes 

 

 

 

 

Targets 

 

 

 

Proposed protective mechanisms 

 

 

 

Reference 

 

 

 
In human milk 

 

 

   
  α1-2 linked 
  fucosyloligosaccharides 
 
 

 
 

 

Stable toxin of 
Escherichia coli 

 

 

Inhibited heat-stable enterotoxin E. coli binding to human 
colonic T84 cells and suckling mice 
 
 

Crane et al. 1994; 
Newburg et al. 1990, 
2004 
 

 

 Norovirus (NV) 
 

May act as decoy receptors to inhibit NV binding 
 

Jiang et al. 2004 
 

 
  2’-FL (Fucα1-2Galβ1- 
  4Glc) 
  

 

Campylobacter 

jejuni 

 

 
Inhibited binding of C. jejuni to intestinal cells and reduced 
risk of diarrhoeal infections observed in infants 
 

 
Morrow et al. 2004; Ruiz-
Palacios et al. 2003 
 

 
  α1-2Gal-containing 
  fucosyloligosaccharides 
  

 

Candida albicans 

 

 

 
Inhibited binding of C. albicans to human buccal epithelial 
cells 
 

 
Brassart et al. 1991 
 
 

 
  LNFP II containing α1- 
  2 linked 
  fucosyloligosaccharides 
 

 

 

 
Not known 
 
 
 

 
Reduced respiratory and gastrointestinal illness observed in 
infants 
 
 

 
Stepans et al. 2006 
 
 
 

 
  Secretor and Lewis 
  antigens  

 
NV 
 

 
May act as decoy receptors to inhibit binding of specific 
NV strains 

 
Jiang et al. 2004 
 

α1-2 

α1-2 
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Microbial recognition 

epitopes 

 

 

 

 

Targets 

 

 

 

Proposed protective mechanisms 

 

 

 

Reference 

 

 

 
  containing α1-2 linked 
  fucose 
 

 
 
 

 
 
 

 
 
 

  LNT (Galβ1- 
  3GlcNAcβ1-3Galβ1- 
  4Glc) 
 
 
  LNnT (Galβ1- 
  4GlcNAcβ1-3Galβ1- 
  4Glc) 
 

 
 

 

 

Streptococcus 

pneumoniae and  
Haemophilus 

influenzae 

 

Inhibited binding of S. pneumoniae and H. influenzae to 
human pharyngeal or buccal epithelial cells 
 

Andersson et al. 1986 
 

 
  Neutral tri- 
  tetrasaccharides 
  containing GlcNAc and 
  Fuc residues 
 

 
Not known 

 

E. coli 

 

 

 

 

 
Inhibited binding of E. coli to uroepithelial cells but 
sialyloligosaccharides had no effect 
 
 
 

 
Coppa et al. 1990 
 
 
 
 

 
  3’-SL (NeuAcα2- 
  3Galβ1-4Glc) 
 

 

 

 
Cholera toxin 
 
 

 
Inhibited cholera toxin inducing fluid accumulation 
 
 

 
Idota et al. 1995 
 
 

 

 Helicobacter 

pylori 

 

Inhibited H. pylori colonisation in Rhesus monkeys 
 
 

Mysore et al. 1999 
 
 

 
  3’-SL 

 

 

 
Reovirus strain  

 
3’-SL inhibited the binding of T3D to HeLa cells 

 
Iskarpatyoti et al. 2012 



42 

 

Microbial recognition 

epitopes 

 

 

 

 

Targets 

 

 

 

Proposed protective mechanisms 

 

 

 

Reference 

 

 

 
 
 
 
  and 6’-SL 
  (NeuAcα2-6Galβ1- 
  4Glc) 
 

 

 

 

 

 

 
type 3 Dearing 
(T3D) 
 
 

 

 

 
rs1HA3 strain 
 

 
 
 
 
3’-SL and 6’-SL inhibited T3D-mediated HA to bovine 
erythrocytes 
 
 
3’-SL and 6’-SL inhibited HA-mediated by rs1HA3 
 

 
 
 
 
 
 
 
 
 
 

  3'-SL and 6'-SL 
 
 
  LNnT, 2’-FL and 
  3'-SL and 6'-SL 
 

 Human rotavirus 
(RV) OSU strain 
 
 

 

 

Inhibited 125I-radiolabelled human RV OSU strain binding 
to and infectivity/replication in MA-104 cells 
 
Decreased NSP4 replication in acute RV-infected piglets 
 
 

Hester et al. 2013 
 
 
 
 
 

 
  Free oligosaccharides 
 
 
 
 

 
Not known 

 

Vibrio cholerae 

 

 

 

 

 
Inhibited hemagglutination of classical V. cholerae Inaba or 
Ogawa strains (by L-fucose) and El Tor V. cholerae (by D-
mannose) to human erythrocytes but glycolipids had no 
effect 
 

 
Holmgren et al. 1983 
 
 
 
 

 
  Oligosaccharide 
  fractions containing 
  fucosylated tetra- and 
  pentasaccharides 
 

 
Not known 
 

 
Enteropathogenic 
E. coli (EPEC) 
 
 
 

 
Inhibited EPEC to HEp-2 cells 
 
 
 
 

 
Cravioto et al. 1991 
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Microbial recognition 

epitopes 

 

 

 

 

Targets 

 

 

 

Proposed protective mechanisms 

 

 

 

Reference 

 

 

 
In bovine milk 

 

 

   
  3’-SL in bovine 
  colostrum 
  

 

 

3’-SL inhibited H. pylori binding to gastrointestinal 
epithelial cells more effective than 6’-SL 
 

Simon et al. 1997 
 
 

 
  3’-SL 
 
 
  DSL (NeuAcα2- 
  8NeuAcα2-3Galβ1- 
  4Glc) 
 
  and 6’-SLN (NeuAcα2- 
  6Galβ1-4GlcNAc) 
  of bovine colostrum 
 

 

 
 

 
 

 

 
EHEC O157:H7 

 

 

 

 

 

 

 

 

 

 

 
A mixture of acidic BMOs reduced EHEC O157:H7 
binding to, invasion of and translocation of HT-29 cells 
 
 
 
 
 
 
 
 
 

 
Lane et al. 2012a, 2012b 
 
 
 
 
 
 
 
 
 
 

 
In human and bovine 

milk 

 

 

   
  A mixture of neutral 
  HMOs and 
  acidic BMOs 
 
 

Not known 
 
 

Neisseria 

meningitidis 

 
 
 

Neutral HMOs inhibited N. meningitidis binding to bovine 
thyroglobulin, but acidic BMOs completely inhibited N. 

meningitidis binding to bovine thyroglobulin and partially 
to human salivary agglutinin 
 

Hakkarainen et al. 2005 
 
 
 
 

Abbreviations: 6’-SLN, 6’-sialyllactosamine; 3’-SL, 3’-sialyllactose; 6’-SL, 6’-sialyllactose; BMOs, bovine milk oligosaccharides; DSL, 
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disialyllactose; EHEC, enterohaemorrhagic Escherichia coli; EPEC, enteropathogenic E. coli; 2’-FL, 2’-fucosyllactose; HA, haemagglutination; 
HMOs, human milk oligosaccharides; LNFP II, lacto-N-fucopentaose II; LNnT, lacto-N-neotetraose; LNT, lacto-N-tetraose; NSP4, non-structural 
protein 4; NV, norovirus; RV, rotavirus; T3D, Type 3 Dearing.. 
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1.5  Milk glycoproteins 

1.5.1  Synthesis and structural features of glycans on human milk glycoproteins 

Milk glycoproteins are synthesised in the mammary gland by the attachment of N- and O-

linked glycans to nascent proteins in the endoplasmic reticulum (ER), and further 

modifications by various glycosyltransferases in the compartments in the Golgi apparatus 

(Scheiffele and Füllekrug 2000). In the first step in the formation of N-linked glycans, 

GlcNAc-1-P from uridine diphosphate (UDP)-GlcNAc in the cytoplasm is added to dolichol 

phosphate (Dol-P) on the cytoplasmic face of the ER membrane to generate dolichol 

pyrophosphate N-acetylglucosamine (Dol-P-P-GlcNAc). During the early processing steps, 

mannose (Man) residues are sequentially added, one at a time by mannosyltransferases. Once 

five mannose residues are attached to the structure, Dol-P-P-GlcNAc is extended to Dol-P-P-

GlcNAc2Man5, where the precursor glycan located in the cytosol gets “flipped” so that the 

glycan structure is exposed inside the ER lumen. More mannose and glucose residues are then 

added to form a mature N-linked glycan precursor (Glc3Man9GlcNAc2). After the mature 

precursor is detached from its Dol-PP anchor and transferred to an asparagine (Asn)-X-serine 

(Ser)/threonine (Thr) sequon of nascent protein in the ER, a series of processing reactions 

occurs. Glucosidases (Glcase) I and II in the lumen of ER remove three glucose residues, 

while the ER chaperone proteins, calnexin and calreticulin, as well as α-glucosyltransferase, 

regulate the folding and quality control of the newly synthesised glycoproteins (Varki et al. 

2009a; Williams 2006). Finally, the N-linked glycoprotein is transported to the Golgi, where 

further processing of the glycan structure continues by trimming outer mannose residues of 

the glycoprotein by mannosidase until Man5GlcNAc2Asn is generated for diversification of 

N-linked glycans (Potapenko et al. 2010). 

 

A typical core unit of an N-linked glycoprotein consists of two GlcNAc and three mannose 

residues covalently attached to an asparagine residue of a polypeptide chain, with a consensus 

sequence Asn-X-Ser/Thr, where X can be any amino acid except proline (Pro; Figure 1.4). 

However, the complexity can be extended by attachment of other monosaccharides to the 

antennal region of its tri-mannosyl chitobiose core, with the resultant N-linked 

oligosaccharides having “high mannose-type”, “complex-type” or “hybrid-type” structures 

(Figure 1.4). 
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Fig. 1.4.  (A) The two main types of protein glycosylation are either N- or O-linked. (B) A 
glycoprotein can contain three major classes of N-linked glycans. Examples are of a high 
mannose N-linked glycan containing just mannose residues attached to the tri-mannosyl 
chitobiose core (in red box), a complex N-linked glycan including other monosaccharides, and 
a hybrid N-linked glycan with one arm containing a high mannose-type structure and the other 
arm a complex-type structure, attached to the core. Abbreviations: Asn, asparagine; Ser, 
serine; Thr, threonine. Figure taken from Potapenko et al. 2010. 
 

Synthesis of O-linked glycoproteins does not require the Dol-PP anchor. Instead O-linked 

glycans are formed by an entirely separate process, which occurs mostly in the Golgi 

complex. A single GalNAc residue is directly transferred onto the hydroxyl oxygen of a serine 

or threonine residue by a specific glycosyltransferase. This GalNAc can be extended into a 

variety of core structures (Figure 1.5). Compared to N-linked glycans, the oligosaccharide 

chain on O-linked glycans is usually shorter and there is not a defined amino acid consensus 

sequence for the attachment of the GalNAc (Brockhausen et al. 2009; Moran et al. 2011). The 

subsequent monosaccharides that are attached are dependent on enzymes present in different 

cell types. At present, there are at least eight known O-GalNAc-linked core structures (Figure 

1.5), but only cores 1 - 4 have been described in humans (Moran et al. 2011; Morelle and 

Michalski 2005). Each of these core structures can be extended and further modified by either 

fucose or sialic acid residues (Potapenko et al. 2010). 



47 
 

 
 
Fig. 1.5.  There are eight main core O-linked glycan structures in vertebrates, of which cores 
1 - 4 have been described in humans (Moran et al. 2011; Morelle and Michalski 2005). 
 

1.5.2  A comparison of human and bovine milk glycoproteins 

Over 70 % of human milk proteins have been reported as glycosylated (An et al. 2009; 

Apweiler et al. 1999). The major glycoproteins in human whey milk are α-lactalbumin, 

lactoferrin and sIgA, while -casein representing approximately 15 % of total casein is the 

only glycosylated form of casein (Table 1.3). Although the proteins in human milk fat globule 

membrane (MFGM) represent less than 5 % of the total proteins in human milk (Cavaletto et 

al. 2008), some proteins such as bile salt-stimulated lipase (BSSL), butyrophilin (BTN), 

lactadherin, mucins (MUC1, MUC4, MUC5B, MUC16) and xanthine oxidase appear to be 

glycosylated. 

 

The whey to casein protein ratios vary significantly between human and bovine milk (Table 

1.3), where human milk contains proportionally more whey proteins (72 % of total human 

proteins) and bovine milk is more abundant in casein (79 % of total bovine proteins). 

Although the total protein content of bovine milk (33 g/l) is much higher than that of human 

milk (8.9 g/l; Table 1.3), the total amount of whey proteins is similar between the two species 

(6.4 g/l and 7 g/l in human and bovine milk respectively; Table 1.3), where the components of 

the whey vary slightly. The two major whey proteins of bovine milk are β-lactoglobulin and 

α-lactalbumin, of which only α-lactalbumin is known to be glycosylated. In contrast to the 

substantial amounts of lactoferrin and sIgA in human milk whey, these glycoproteins are 

present only in trace amounts in bovine milk (Heine et al. 1991; Kunz and Rudloff 1993; 

Lönnerdal and Lien EL 2003). The glycoprotein IgG is the dominant immunoglobulin in 

bovine colostrum and milk, whereas sIgA is the major immunoglobulin in human colostrum 

and milk (Table 1.3). The bovine casein fraction is composed of s1- (40 % of total bovine 

casein), s2- (10 % of total bovine casein), β- (33 % of total bovine casein), κ- (12 % of total 
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bovine casein) and - (5 % of total bovine casein) components, of which only κ-casein is 

glycosylated, and is present at levels of 3.2 g/l, compared to 0.4 g/l of κ-casein in human milk 

(Table 1.3; Crittenden RG and Bennett LE 2005). 

 

The glycoproteins of human and bovine milk are not only present in different proportions, 

they also appear to carry significantly different glycan structures. For example, the 

glycosylation of MFGM proteins in human milk has been found to be remarkably different to 

that of bovine MFGM proteins with several differences in terms of their glycan epitopes 

(Wilson et al. 2008). The N-linked glycoproteins in human MFGM had terminal fucose-

containing epitopes, such as the Lewis and blood group H epitopes (Figure 1.3) that are 

absent in bovine MFGM. In the analysis of O-linked glycans, the glycoproteins in bovine 

MFGM contained mostly core 1-type structures (Galβ1-3GalNAc), whereas core 2-type 

structures (Galβ1-3Glcβ1-6GalNAc) were mostly found on human MFGM glycoproteins. 

These findings agree with Nwosu et al. (2012), who reported that human milk contains more 

complex structures and an elevated level of protein-bound fucose than bovine milk. 

 

1.5.3  Evidence that glycans on milk glycoproteins may influence pathogen adhesion 

There is emerging evidence to suggest that the glycan moieties of milk glycoproteins may 

play a similar role as milk oligosaccharides in preventing pathogen adhesion to epithelial 

surfaces by virtue of their ability to mimic the pathogen receptors of the potential host cells. 

Compared to free oligosaccharides, the milk glycoproteins may offer glycan epitopes with 

more diverse and complex structures that are extended in different conformations and confer 

multivalency. These conjugated milk glycans have been specifically implicated as having a 

greater potential role in the protective mechanism against pathogen adhesion to epithelial 

surfaces than milk oligosaccharides (Crane et al. 1994; Morrow et al. 2005; Newburg et al. 

1990, 2005; Ruiz-Palacios et al. 2003; Zivkovic et al. 2011), yet comparatively little research 

has been devoted to identifying the specific glycan moieties of the glycoproteins that are 

integral to the interactions. Table 1.6 (and Table 1, Publication I, Appendix B) summarises the 

research that has shown that human milk glycoproteins affect the binding of pathogens to 

potential host cells; if determined, the specific glycan epitopes critical to the interactions are 

shown. Very few studies have been carried out to investigate the ability of bovine milk 

glycoproteins to inhibit pathogen binding; these studies are discussed in the text below. 
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Table 1.6.  Human milk glycoproteins that may inhibit the adhesion of pathogens and/or their toxins to human epithelial cells. Glycan epitope 
implicated in pathogen or toxin adhesion/ inhibition is specified if known. 
 
 

Glycoprotein  

(binding epitope if known) 

 

 

Target 

 

Experimental evidence 

 

Reference 

 
sIgA 
  High mannose glycans 
 

 
Type 1 fimbriated 
Escherichia coli 

 
Inhibited binding to HT-29 (human epithelial 
colorectal adenocarcinoma) cells 
 

 
Wold et al. 1990 
 
 

 
sIgA 
  Fucose-containing glycans 
 

 
Enteropathogenic E. coli 

(membrane bound EPEC 
adherence factor) 
 

 
Inhibited binding to HEp-2 (human epithelial 
laryngeal carcinoma) cells 
 

 
Cravioto et al. 1991 

 
sIgA 
  Fucose-containing glycans 
 

 

Helicobacter pylori 

 

 
Inhibited binding to mucosa cells from human 
gastric epithelial tissue 
 

 
Falk et al. 1993 
 

 
sIgA 
  Sialic acid-containing glycans 
 

 
S-fimbriated E. coli 
 

 
Inhibited binding to human buccal epithelial cells 
 

 
Schroten et al. 1998 

 
sIgA 
  Glycans (undefined) 

 
Toxin A of Clostridium difficile 

 

 
Inhibited binding to hamster intestinal brush 
border membranes 
 

 
Dallas and Rolfe 1998 
 

 
sIgA 
 

 
Heat-labile enterotoxin of  
E. coli 

 
Infected children fed human milk containing high 
levels of sIgA remained asymptomatic 

 
Cruz et al. 1988 
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Glycoprotein  

(binding epitope if known) 

 

 

Target 

 

Experimental evidence 

 

Reference 

 
Lactoferrin 
 

 
Enterotoxigenic E. coli (ETEC) 

 
Inhibited ETEC induced haemagglutination of 
human erythrocytes in vitro 

 

 
Giugliano et al. 1995 

 
Lactoferrin 
 

 
EPEC 

 
Inhibited binding to HeLa (human epithelial 
cervical adenocarcinoma) cells 

 
de Araújo and 
Giugliano 2001 
 

 
Lactoferrin 
 

 

Shigella flexneri 

 

 
Inhibited binding to HeLa (human epithelial 
cervical adenocarcinoma) cells 
 

 
Gomez et al. 2003 

 
Lactoferrin 
 

 

Salmonella typhimurium 

 
Inhibited binding to HeLa (human epithelial 
cervical adenocarcinoma) cells 
 

 
Bessler et al. 2006 

 
Lactoferrin 
  N-linked glycans 

 

Listeria monocytogenes, 
Salmonella enterica  

 
Inhibited adhesion to human Caco-2 (human 
epithelial colorectal adenocarcinoma) cells 
 

 
Barboza et al. 2012 

 
Lactoferrin 
  Terminal fucose 

 

Salmonella enterica 

(Typhimurium) 

 
Inhibited adhesion to human Caco-2 (human 
epithelial colorectal adenocarcinoma) cells 
 

 
Barboza et al. 2012 

 
Lactoferrin 
  Terminal fucose 

 

Salmonella enterica 

(Heidelberg) 

 
Inhibited adhesion to human Caco-2 (human 
epithelial colorectal adenocarcinoma) cells 

 
Barboza et al. 2012 
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Glycoprotein  

(binding epitope if known) 

 

 

Target 

 

Experimental evidence 

 

Reference 

 
Lactoferrin  
 

 
Cytomegalovirus (CMV) and 
human immunodeficiency 
virus (HIV-1) 

 
Blocked human CMV invasion of human fetal 
lung fibroblasts and inhibited HIV-1 induced 
cytopathic effect on human MT4 T-cells 
 

 
Harmsen et al. 1995 

 
Lactoferrin 
 

 
Rotavirus (RV) 

 
Inhibited rotavirus haemagglutination and binding 
in human erythrocytes and HT-29 (human 
epithelial colorectal adenocarcinoma) cells 
 

 
Superti et al. 1997 

 
Lactoferrin  
 

 
Respiratory syncytial virus 
(RSV) and  
CMV 
 

 
Inhibited RSV invasion of HEp-2 cells and CMV 
invasion of HEL (human embryonic lung) cells 
 

 
Portelli et al. 1998 

 
Lactoferrin 
 

 
Poliovirus 

 
Inhibited infection of Vero (African green monkey 
kidney) cells 
 

 
Marchetti et al. 1999 

 
Lactoferrin 
 

 
HIV-1 

 
Inhibited virus-cell fusion and entry into human 
MT4 T-cells 
 

 
Swart et al. 1996 

 
Lactoferrin 
 

 
Herpes simplex virus 1 and 2 
(HSV-1 and HSV-2) 

 
Inhibited cell-to-cell spread of HSV-1 and HSV-2 
in Vero (African green monkey kidney) cells 
 

 
Jenssen et al. 2008 



52 
 

 

Glycoprotein  

(binding epitope if known) 

 

 

Target 

 

Experimental evidence 

 

Reference 

 
-casein 
  GlcNAcβ1-3Gal- 
 

 

Streptococcus pneumonia and 

Haemophilus influenzae 

 
Inhibited binding to human respiratory tract 
epithelial cells 

 
Aniansson et al. 1990 
 

 
-casein 
  Sialic acid-containing glycans 
 

 

Streptococcus mutans GS-5 
 
Inhibited binding to saliva-coated hydroxyapatite 
 

 
Vacca-Smith et al. 1994 

 
Mucin 
  Sialic acid motif (NeuAcα2-3) 
 

 
S-fimbriated E. coli  

 
Inhibited binding to buccal epithelial cells 
 

 
Schroten et al. 1992a, 
1992b, 1993 
 

 
Mucin 
  MUC 1 and MUC 4 
 

 

S. enterica (Typhimurium) 
 

 
Inhibited invasion of Caco-2 (human epithelial 
colorectal adenocarcinoma) cells and human fetal 
small intestine cells (FHs 74 Int)  
 

 
Liu B et al. 2012 
 
 

 
Mucin 
  Sialic acid-containing glycans 

 
RV 
 

 
Inhibited infection of MA-104 (African green 
monkey kidney) cells, virus replication in tissue, 
and gastroenteritis in mice 
 

 
Yolken et al. 1992 

 
Mucin 
  Secretor and Lewis epitopes 
  (fucosyl side chains) 
 

 
Norovirus (NV) 

 
Blocked the adhesion of recombinant norovirus-
like particles to saliva 

 
Jiang et al. 2004 



53 
 

 

Glycoprotein  

(binding epitope if known) 

 

 

Target 

 

Experimental evidence 

 

Reference 

 
MUC1 
  Lewis X 
  Galβ1-4(Fucα1-3)GlcNAc 
 

 
HIV  
(gp120 envelope protein) 

 
Blocked interaction with dendritic cells, and 
transmission from dendritic cells to CD4+ T cells 
 

 
Saeland et al. 2009 

 
Bile salt-stimulated lipase 
  Glycan involvement unknown 
 

 

Giardia lamblia 
 
Induced swelling and lysis of trophozoites 
 

 
Gillin et al. 1983a, 
1983b 

 
Bile salt-stimulated lipase 
  α1-2-linked fucose 
 

 
NV 

 
Inhibited the attachment of recombinant 
norovirus-like particles to saliva 
 

 
Ruvoën-Clouet et al. 
2006 

 
Bile salt-stimulated lipase 
  Lewis X 
  Galβ1-4(Fucα1-3)GlcNAc 
 

 
HIV-1 
 

 
Bound to DC-SIGN on dendritic cells. Prevents 
transfer of HIV-1 transfer to CD4+ T cells 
 

 
Naarding et al. 2005, 
2006 
 
 

 
Bile salt-stimulated lipase 
 
 

 
Streptococcus mutans 

 
Inhibited binding to saliva- and gp340 (salivary 
agglutinin)-coated hydroxyapatite 
 

 
Danielsson Niemi et al. 
2009 

 
Lactadherin 
  Sialic acid-containing glycans 
 

 
RV 

 
Inhibited infection of MA-104 (African green 
monkey kidney) cells, virus replication in tissue, 
and gastroenteritis in mice 
 

 
Yolken et al. 1992 
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Glycoprotein  

(binding epitope if known) 

 

 

Target 

 

Experimental evidence 

 

Reference 

 
Lactadherin 
 
 

 
RV 

 
Decreased incidence of severe diarrhoea in 
infected infants fed with human milk containing 
high levels of lactadherin 
 

 
Newburg et al. 1998 

 
Lactadherin 
 
 

 
RV 

 
Pre-incubation prevented rotavirus infection of 
Caco-2 (human epithelial colorectal 
adenocarcinoma) cells 
 

 
Kvistgaard et al. 2004 

Abbreviations: CD4+, cluster of differentiation 4; CMV, cytomegalovirus; EPEC, enteropathogenic Escherichia coli; ETEC, enterotoxigenic E. coli; 
DC-SIGN, dendritic cell-specific ICAM 3-grabbing non-intergrin; gp, glycoprotein; HSV, herpes simplex virus; HEL, human embryonic lung cells; 
HIV, human immunodeficiency virus; -CN, kappa-casein; NV, norovirus; RSV, respiratory syncytial virus; RV, rotavirus; sIgA, secretory 
immunoglobulin A. 
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As shown in Table 1.6, the main human milk glycoproteins that have been implicated in 

inhibiting pathogen adhesion to host cells are sIgA, lactoferrin, κ-casein, and glycoproteins 

from the MFGM (mucins, BSSL and lactadherin). The role that the glycan moieties of these 

glycoproteins may play in inhibiting pathogen adhesion is discussed below. Comparative 

studies on the corresponding bovine milk glycoproteins are included where available. 

 

Secretory IgA (sIgA) 

The antibody sIgA is known to pass through the digestive tract and bind to a range of 

pathogens via numerous glycan structures that adorn the sIgA protein backbone. Examples 

include fucosylated epitopes that bind to Helicobacter pylori and prevented adhesion to 

gastrointestinal mucosa cells (Falk et al. 1993), high mannose structures which bind to type 1 

fimbriae of Escherichia coli and prevented E. coli adhesion to human colonic epithelial cells 

(Wold et al. 1990) and sialylated receptors containing Neuα2-3Gal antigens that bind to S-

fimbriated of E. coli thereby reducing adhesion to buccal epithelial cells (Schroten et al. 

1998). The protective value of sIgA has also been reported by Cruz et al. (1988), in which 

children infected with the toxin-producing E. coli remained asymptomatic when fed breast 

milk containing high levels of sIgA, whereas infants receiving breast milk with significantly 

lower levels of sIgA developed gastroenteritis. 

 

Lactoferrin (LF) 

Human milk lactoferrin (hLF) is also adorned with sialylated and fucosylated N-linked 

glycans, and has been shown to inhibit the binding of Salmonella typhimurium (Bessler et al. 

2006), Shigella flexneri (Gomez et al. 2003) and EPEC to human colon epithelial cells (de 

Araújo and Giugliano 2001) and inhibited ETEC-induced haemagglutination of human 

erythrocytes in vitro (Giugliano et al. 1995), although the specific glycan moieties involved 

were not determined. In a more recent study, terminal fucose residues of hLF were identified 

as critical to the inhibition of Salmonella enterica Typhimurium adhesion to human colon 

epithelial cells (Barboza et al. 2012). 

 

The potential for the glycan moieties of bovine milk lactoferrin (bLF) for pathogen inhibition 

has not been reported. However, it is known that the glycosylation of bLF is substantially 

different to hLF, with bLF carrying predominantly high mannose structures (Man5-9; Hurley 

and Rejman 1993; Hurley et al. 1993), and hLF carrying highly sialylated and fucosylated 

complex or hybrid glycans (Barboza et al. 2012; Lönnerdal 2003; Picariello et al. 2008). It 

seems quite possible that the different glycosylation of hLF and bLF may affect the ability of 
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the glycoprotein to act as an effective decoy for pathogen attachment, but this is yet to be 

experimentally investigated. 

 

Kappa-casein (κ-CN) 

The only glycosylated form of casein in human milk is κ-CN, which has numerous O-

glycosylation sites in the C-terminal portion of the molecule (Fiat et al. 1980). Human milk κ-

casein has an inhibitory effect on the adhesion of pathogens to the gut and respiratory cell 

surfaces of the infant. For example, -CN inhibited the adhesion of H. pylori to human gastric 

mucosa, and of Streptococcus pneumoniae and Haemophilus influenzae to human respiratory 

tract epithelial cells via GlcNAcβ1-3Gal moieties (Aniansson et al. 1990). Binding of the oral 

pathogen Streptococcus mutans to saliva-coated hydroxyapatite was also prevented in the 

presence of κ-CN, an interaction that relied on the presence of sialic acid residues (Vacca-

Smith et al. 1994).  

 

As -CN is present in higher quantities in bovine milk (3.2 g/l) than in human milk (0.4 g/l; 

Table 1.3), some studies have investigated the relative ability of the bovine and human milk 

-CN for the prevention of pathogen adhesion. The Lewis blood group antigen (Leb) 

containing terminal fucose on human -CN effectively inhibited the adhesion of H. pylori to 

stomach tissue from a healthy human adult better than -CN purified from bovine milk that 

does not contain this antigen (Strömqvist et al. 1995). However, casein from bovine colostrum 

had a similar ability to inhibit S. pneumoniae and H. influenzae adhesion to human respiratory 

tract epithelial cells as casein from human colostrum, although casein from bovine milk was 

less effective (Aniansson et al. 1990). 

 

Glycoproteins from the milk fat globule membrane (MFGM) 

Mucins (MUC) 

Mucin-mediated adhesion of bacteria to host epithelial cells has been attributed by the highly 

sialylated O-linked glycoprotein MUC1 in the MFGM (Peterson et al. 2001). This heavily 

glycosylated protein of human milk was able to inhibit the binding of S-fimbriated E. coli to 

human buccal mucosal in the mouth (Schroten et al. 1992a, 1992b). MUC1 and MUC4 from 

human MFGM were shown to inhibit S. enterica serovar Typhimurium (SL1344) invasion of 

human intestinal epithelial cells in vitro (Liu B et al. 2012) with MUC1 inhibiting invasion 

more strongly than MUC4; however, the specific involvement of the mucin glycans in the 

inhibition of bacterial invasion was not examined. Experimental support for the potential of 

human milk mucins to prevent viral gastrointestinal infection has also accumulated, 
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implicating sialylated and fucosylated structures in the adhesion and infection process of 

rotavirus and norovirus, respectively (Jiang et al. 2004; Yolken et al. 1992). Little research 

has been carried out on mucins from bovine milk; however, in one study, bovine MUC1 

inhibited the binding of E. coli and S. typhimurium to Caco-2 cells grown in vitro (Parker et 

al. 2010). 

 

Bile salt-stimulated lipase (BSSL) 

The Lex epitope conjugated to BSSL has been identified as the key glycan on a minor 

fucosylated glycoprotein component in human milk that can bind to dendritic cell-specific 

ICAM3-grabbing non-integrin (DC-SIGN) to prevent the transfer of human 

immunodeficiency virus type 1 (HIV-1) gp120 envelope protein to CD4+ T lymphocytes 

(Naarding et al. 2005, 2006). BSSL from the milk of women with the secretor blood 

phenotype (producing α1,2-fucose-containing glycans) also inhibited the attachment of 

recombinant norovirus-like particles to saliva or synthetic H-type 1 oligosaccharides, 

suggesting that α1-2-linked fucose residues could act as decoy receptors (Ruvoën-Clouet et 

al. 2006). BSSL was also found to inhibit the binding of the oral pathogen S. mutans to saliva 

and salivary agglutinin gp340-coated hydroxyapatite (Danielsson Niemi et al. 2009). 

 

Lactadherin 

The anti-pathogenic properties of lactadherin for the human infant have been mainly 

associated with prevention of rotavirus infection. Work carried out by Yolken et al. (1992) 

revealed that a mucin-associated 46 kDa glycoprotein (later designated as lactadherin) 

inhibited rotavirus infection and sialic acid was the key determinant in the interaction. Later 

work (Kvistgaard et al. 2004), revealed that lactadherin inhibited rotavirus infection of human 

colon epithelial cells only when incubated with the virus prior to application to the cells, 

suggesting the effect was due to an inhibitory effect on binding. 

 

1.6  Milk glycolipids 

1.6.1  Synthesis and structural features of glycans on human milk glycolipids 

After lactose, lipids are the second largest component of human milk (41 g/l; Table 1.3); 

however, only about 1 % of the human milk lipids are glycosylated. Glycolipids contain 

glycans that are covalently attached to a ceramide (Cer) lipid core. Ceramide is composed of 

an 18 carbon sphingosine base and an amide-linked acyl group (Dickson 1998; Varki et al. 

2009a). Glucosylceramide (GlcCer) is synthesised on the cytoplasmic face of the ER from 

ceramide and UDP-Glc by UDP-glucose ceramide glucosyltransferase. Further extensions are 
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made in the Golgi via a series of glycosyltransferases which can add one or more sialic acid 

and/or galactose or GalNAc residues (Figure 1.6). The most abundant form of glycolipid in 

human milk are the sialic acid-containing glycosphingolipids, known as gangliosides, which 

are found exclusively in the MFGM (Keenan and Patton 1995). The hydrophobic ceramide 

portion of the molecule embeds in the lipid bilayer of the membrane, leaving the glycan 

chains exposed to the exterior (Pandit and Scott 2007). 

 

 
 
Fig. 1.6.  Pathway in glycolipid biosynthesis. Glycolipids reported in human milk are 
indicated in red font. Gangliosides contain highly sialylated structures that are bound to the 
Galβ1-3GalNAcβ1-4Galβ1-4GlcβCer core. The first step in the synthesis pathway is the 
addition of a glucose residue to a ceramide, catalysed by ceramide glucosyltransferase. As the 
synthesis progresses, a β4-Gal is added to create lactosylceramide (LacCer). This galactose 
residue may hold a branch of sialic acid residues via a stepwise addition of the 
monosaccharides by sialyltransferases. Acidic glycolipids: GD1, GD1a, GD1b, GD2, GD3, 
disialylogangliosides; GM1, GM2 and GM3, monosialogangliosides; GP1c, 
pentasialyloganglioside; GQ1b, GQ1b, GQ1c, tetrasialylogangliosides GT1a, GT1b, GT1c, GT2, 
GT3, trisialylogangliosides. Neutral glycolipids: GA1, GA2. Figure taken from Potapenko et 

al. 2010. 
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1.6.2  A comparison of human and bovine milk glycolipids 

The major human milk gangliosides include the monogangliosides (GM1, GM2 and GM3) and 

the disialoganglioside (GD3; Figure 1.6). GD3 is the major ganglioside in colostrum (~65 % of 

total gangliosides; Takamizawa et al. 1986), but decreases in quantity during lactation (~25 % 

of total gangliosides in mature human milk). In contrast, GM3 increases throughout the 

lactation period and is the major ganglioside in mature milk (~74 % of total gangliosides; 

Rueda 2007). Other minor glycolipid components of human milk include the acidic 

glycolipids GM2 (~2 %) and GMl (~0.l %) (Laegreid et al. 1987) and the neutral glycolipid 

Gb3 (~2 %; Newburg and Chaturvedi 1992). 

 

Human and bovine milk have a relatively similar total lipid concentration (41 g/l and 37 g/l, 

respectively; Table 1.3) and, similar to human milk, only about 1 % of bovine milk lipids are 

glycosylated. However, the relative proportions of the major glycolipids vary between the two 

types of mammalian milk. While GM3 is the major ganglioside in human milk, GD3 is the 

predominant ganglioside in bovine milk (60 - 70 %; Puente et al. 1992) and GM3 and GT3 are 

present in much lower amounts (Nakano et al., 2001; Pan and Izumi 2000). 

 

1.6.3  Evidence that glycans on milk glycolipids may influence pathogen adhesion 

The fact that glycolipids are present in such low concentrations in human and bovine milk 

may be a contributing factor to the relatively small amount of research that has investigated 

the role milk glycolipids may play in preventing pathogen adhesion to host cells. However, 

several studies on human milk glycolipids have taken place, as summarised in Table 1.7 (and 

Table 2, Publication I, Appendix B). The few studies that have been conducted on bovine milk 

glycolipids for the inhibition of pathogen adherence to the gastroinestial tract are described in 

the text below. 
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Table 1.7.  Human milk glycolipids that may inhibit the adhesion of pathogens and/or their toxins to human epithelial cells  
 
 

Glycolipid 

(Binding epitope)
a
 

 

 

Target 

 

Experimental evidence 

 

Reference 

 
GM1 
        
 

 
Enterotoxigenic  
Escherichia coli (ETEC) 
 

 
Inhibited binding to Caco-2 (human epithelial colorectal 
adenocarcinoma) cells - 80% inhibition 

 
Idota and Kawakami 
1995 
 

 
GM1 
 
 

 

E. coli heat-labile 
enterotoxin (LT); 
Vibrio cholerae cholera toxin 

 
Inhibited LT binding to ELISA plates, and reduced the in 

vivo effects of cholera toxin in rabbit intestinal loop 
experiments 
 

 
Otnaess et al. 1983; 
Laegreid and Kolstø 
Otnaess 1987 

 
GM1, GM2 
 

 

Helicobacter pylori 

vacuolating toxin 
(VacA) 
 

 
Lyso-GM1 and lyso-GM2 neutralized vacuolation activity in 
AZ-521 (human epithelial gastric carcinoma) cells 
 

 
Wada et al. 2010 

 
GM2 
 

 
Human respiratory syncytial 
virus (RSV) 

 
Inhibited absorption of RSV into HEp-2 (human epithelial 
laryngeal carcinoma) cells 

 

 
Portelli et al. 1998 

 
GM3 
 

 
Enterotoxigenic E. coli (ETEC) 
 

 
Inhibited binding to Caco-2 (human epithelial colorectal 
adenocarcinoma)  cells - 69 % inhibition 

 
Idota and Kawakami 
1995 
 

 
GM1, GM3, GD3, 
NeuAc 

 

Campylobacter jejuni, Listeria 

monocytogenes, Salmonella 

 
Inhibited binding to Caco-2 (human epithelial colorectal 
adenocarcinoma) cells 

 
Salcedo et al. 2013 
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Glycolipid 

(Binding epitope)
a
 

 

 

Target 

 

Experimental evidence 

 

Reference 

 
 

 

enterica (Typhi), Shigella 

sonnei, H. pylori 

 

 
GD3 
 

 
Enterotoxigenic 
E. coli (ETEC), 
enteropathogenic E. coli 
(EPEC) 
 

 
Inhibited binding to Caco-2 (human epithelial colorectal 
adenocarcinoma)  cells - 16% inhibition 
 
 

 
Idota and Kawakami 
1995 
 
 

 
Gb3 

 

Shigella dysenteriae 

Shiga toxin 
 

 
Bound to Shiga toxin in a solid-phase binding assay 

 
Newburg et al. 1992; 
Gallegos et al. 2012 

 
NeuAcα2-3Gal, 
NeuAcα2-6Gal 
   

 
Enterovirus 71 (EV71) 
 

 
Inhibited infection of DLD-1 (human epithelial colorectal 
adenocarcinoma) cells 
 

 
Yang et al. 2009 
 
 
 

 
Sulfated glycolipids-  
Sulfatide ceramide,  
Sulfated lactosyl  
 

 
HIV gp120 

 
Inhibited the binding of recombinant HIV surface 
glycoprotein gp 120 in cultured human colonic and vaginal 
epithelial cells 

 
Newburg and 
Chaturvedi 1997 

Abbreviations: GD3, disialyloganglioside; EPEC, enteropathogenic Escherichia coli; ETEC, enterotoxigenic E. coli; EV71, Enterovirus 71; Gal, 
galactose; GM1, GM2, GM3, monosialogangliosides; Gb3, globotriaosylceramide; ELISA, enzyme-linked immunosorbent assay; LT, heat-labile 
enterotoxin; HIV gp120, human immunodeficiency virus glycoprotein 120; RSV, respiratory syncytial virus; NeuAc, N-acetylneuraminic acid; VacA, 
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vacuolating cytotoxin. 
 

 
 

aStructures:  GM1 ;     GM2 ;     GM3 ;       GD3 ;         Gb3  
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The sialylated human milk gangliosides have been implicated in numerous studies to have 

protective effects against the adhesion of gastrointestinal pathogens to intestinal epithelial 

cells (Table 1.7). GM1 and GM3 inhibited the binding of enterotoxigenic Escherichia coli 

(ETEC) to human colon cells (Idota and Kawakami 1995), and showed specific inhibitory 

activity to enterotoxins from both E. coli and Vibrio cholerae (Laegreid and Kolstø Otnaess et 

al. 1987; Otnaess et al. 1983). Furthermore, GM1 and GM2 significantly neutralised the 

activity of H. pylori vacuolating cytotoxin (VacA) in human gastric epithelial cells (Wada et 

al. 2010), and GD3 inhibited the binding of both ETEC and EPEC to human colon cells (Idota 

and Kawakami 1995). Gb3 was found to be a receptor for both Shiga toxins (Stx1 and Stx2) 

and may contribute to the protective effect of human milk against infantile diarrhoea 

associated with these toxins (Herrera-Insua et al. 2001; Newburg et al. 1992). Further studies 

indicated that Stx1 bound primarily to the glycan structure, but Stx2 only bound to the lipid 

conjugated Gb3 (Gallegos et al. 2012). 

 

Glycolipids from human milk also appear to have inhibitory activity against the binding and 

invasion of human cells by viruses in vitro (Table 1.7). GM2 exhibited antiviral activity 

against human respiratory syncytial virus (RSV) in cell culture (Portelli et al. 1998). 

Sialylated human milk glycolipids with NeuAcα2-3Gal and NeuAcα2-6Gal moieties 

prevented enterovirus 71 (EV71) infections of human epithelial colon cells (Yang et al. 2012), 

and the sulfated glycolipids sulfatide and sulfated lactosyl ceramide inhibited the binding of 

recombinant HIV surface glycoprotein (gp120) in human colonic and vaginal epithelial cell 

lines (Newburg and Chaturvedi P 1997). 

 

Few studies have investigated the ability of bovine milk glycolipids to inhibit pathogen 

adhesion to host cells. In one study, bovine milk gangliosides were compared to human milk 

gangliosides for their inhibitory activity against the binding of EPEC to Caco-2 cells (Idota 

and Kawakami 1995). While the human milk gangliosides inhibited binding, the bovine 

gangliosides did not, indicating that the dominant bovine ganglioside GD3 is not biologically 

active against this pathogen. In comparison, ETEC bound to GM3 and GD3 from bovine milk 

and inhibited bacterial hemagglutination (Sánchez-Juanes et al. 2009). Furthermore, the 

galactose-containing GM1 from bovine milk and skim milk powder, has been identified to 

inhibit the binding of cholera toxin, and E. coli heat-labile enterotoxin of serogroup I (Becker 

et al. 2010). 
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1.7  Intestinal microflora in infants 

The gastrointestinal tract (GIT) of the foetus has been described to be extremely sterile until 

birth. However, after birth, the newborn’s GIT becomes quickly colonised by the mother’s 

intestinal flora. Subsequently, the composition of the intestinal flora of the infant is largely 

influenced by the dietary intake and the environment. For example, breast-fed infants usually 

acquire a flora rich in Bifidobacterium. Less abundant anaerobes include Clostridium and 

Bacteroides species, as well as Enterobacteria and enterococci. On the other hand, non-

breastfed infants are colonised by a more complex microflora with high numbers of 

Bacteroides, Bifidobacteria, Clostridium, Enterobacteria and enterococci. Within days or 

weeks, a consistent number of E. coli and streptococci become the first colonisers of the 

infant GIT , where bacterial numbers can reach 108 to 1010 per gram of faeces (Mountzouris et 

al. 2003). Lactobacillus species have also been isolated from infant faeces (Panwar et al. 

2014), and form part of the healthy gut microbiome into adulthood.  

 

Infection by gastrointestinal pathogens disrupts the healthy microbial balance in the GIT and 

results in gastrointestinal infection and diarrhoea. This literature review has suggested that C. 

jejuni, E. coli and Salmonella species are the major bacterial causes of gastrointestinal 

infections throughout the world, particularly in children (Table 1.2). Consequently, these 

potential pathogens were chosen for experimental work carried out for this thesis in which 

their binding to milk proteins, and their conjugated glycans, was investigated. In addition, the 

binding of Lactobacillus rhamnosus, was measured in parallel to provide a comparison of 

adhesion by commensals. 

 

1.8  Chapter summary and project aims 

The information presented in this chapter has revealed that human milk is a complex food that 

provides nutrition and many bioactives to give protection for the growing infant from disease. 

Bovine milk, which is used in formulas as an alternative or supplement to human milk, has a 

significantly different composition to human milk and does not confer the same level of 

disease prevention. It is evident that one, less explored, aspect that distinguishes human and 

bovine milk is the diversity of glycan structures that are present in the two forms of milk. 

 

A considerable amount of research suggests that HMOs may bind to and remove pathogens 

by virtue of their glycan structures that appear to mimic binding receptors on epithelial cells 

in the gastrointestinal tract (Table 1.5). It is also probable that glycans bound to milk proteins 

and lipids could act by a similar mechanism. Furthermore, the conformation of the conjugated 
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glycans may present pathogens with more effective binding epitopes than free 

oligosaccharides. In agreement with this concept, research is beginning to accumulate that 

implicates milk glycoproteins and glycolipids as inhibitors of pathogen adhesion to potential 

host cells (Tables 1.6 and 1.7, respectively). However, little is yet known about the specific 

glycan epitopes of the milk glycoconjugates that are critical to their ability to inhibit binding 

or invasion of gastrointestinal cells. Moreover, the comparative availabilities of specific 

conjugated glycans in human and bovine milk that can serve as decoys for pathogen 

attachment has not been fully explored. 

 

The present study was undertaken to determine the role of the glycans on milk 

glycoconjugates in conferring innate immune protection to infants against gastrointestinal 

infections by measurement of the effectiveness of the binding to intestinal bacteria of different 

fractions of human and bovine milk. Since glycoproteins are much more abundant in both 

human and bovine milk (8.9 and 33 g/l, respectively) than glycolipids (0.41 and 0.37 g/l, 

respectively; Table 1.3), this thesis has a particular focus on milk glycoproteins rather than 

milk glycolipids in investigating the role of glycans in inhibiting pathogen infection. In 

addition, human intestinal cells were used as a model system to investigate the involvement of 

glycans in the adherence and invasion of gastrointestinal pathogens. 

 

The more specific aims were: 

1. To develop a quantitative assay to measure milk glycoprotein-bacterial interaction. 

2. To demonstrate that the binding of human-specific gastrointestinal bacteria to human 

and bovine milk was glycan-dependent. 

3. To show how glycans on different human and bovine milk fractions affect the 

attachment of human-specific gastrointestinal bacteria to their milk glycoprotein 

receptors. 

4. To determine the effectiveness of the milk glycans released from human and bovine 

milk glycoproteins in inhibiting the adhesion and invasion of human-specific 

gastrointestinal bacteria into human intestinal epithelial cells. 
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Chapter 2.  General materials and methods 

 

Materials and methods that were used regularly throughout the work are described in this 

chapter (Figure 2.1). Any specific techniques developed or modified as part of this thesis are 

described in detail in the separate chapters (Table 2.1). 

 

2.1  Bacterial strains and growth conditions 

The bacterial strains used in this study included three human gastrointestinal pathogens, 

namely Escherichia coli O111:NM (ATCC 43887), Salmonella typhimurium (Group B 

clinical isolate, provided by Dr J Merlino, Concord Hospital, NSW, Australia) and 

Campylobacter jejuni NCTC11168 (provided by Professor HM Mitchell, University of New 

South Wales), one commensal gastrointestinal bacterium, Lactobacillus rhamnosus (ATCC 

53103), and two human oral bacteria, the commensal Streptococcus gordonii F552 and 

pathogen Streptococcus mutans LT11.  

 

Escherichia coli, S. typhimurium and L. rhamnosus were grown overnight at 37 °C in 5 ml of 

nutrient broth (Sigma-Aldrich, MO, USA) with orbital shaking at 200 rpm. Streptococcus 

gordonii F552 and S. mutans LT11 were grown overnight at 37 °C, 200 rpm, in 5 ml of brain-

heart infusion broth (BHI; Oxoid, Cambridge, UK). The bacteria were harvested by 

centrifugation at 4000  g for 3 min at room temperature (RT), washed twice with phosphate 

buffered saline (PBS) and resuspended in PBS prior to fluorescent labelling (Section 2.2). 

 

Campylobacter jejuni NCTC11168 was grown on horse blood agar (HBA) derived from 

blood agar base #2, supplemented with 6 % (v/v) defibrinated horse blood (Oxoid Australia, 

Thebarton, SA). The inoculated agar plates were placed at 37 °C for 48 h under micro-aerobic 

conditions (5 % oxygen, 10 % carbon dioxide and 85 % nitrogen) in a sealed 2.5 l anaerobic 

jar (Oxoid Australia). The micro-aerobic conditions were generated by one sachet of 

CampyGen (Oxoid Australia), a small bag of silica gel beads and a piece of paper towel 

soaked with 10 ml of sterile Milli-Q water in the jar. Campylobacter cells were harvested 

from the agar plates, resuspended in 1 ml of PBS, pelleted by centrifugation at 12000  g for 

1 min at RT, and washed twice with 1 ml of PBS before fluorescent labelling. 

 

2.2  Fluorescent labelling of whole bacterial cells 

Bacteria were diluted to an OD600 of approximately 1.5 (106 - 107 bacterial cells per ml 

suspension). A volume of 1 ml of the 1.5 OD cells was pelleted  then resuspended in 500 µl of 
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0.1 % (w/v) SYBR® Green I (S-7567, Invitrogen™, Life Technologies, VIC, Australia) in 

PBS for labelling in the dark for 5 min. This nucleic acid stain was chosen because its 

excitation and emission maxima (Ex 497 nm and Em 520 nm, respectively) does not overlap 

with the excitation and emission maxima of milk protein autofluorescence (Ex 347 nm, Em 

415 nm respectively; Ferrer et al. 2005). Bacterial cells were then washed with PBS and 

resuspended in 1 ml PBS prior to use in the binding assays, as described in Chapters 3 - 5. 

 

2.3  Protein quantification and SDS-PAGE 

Total protein concentrations of the samples were determined using the Bradford assay 

(Sigma-Aldrich, MO, USA) as per manufacturer’s instructions. Measurements for three 

replicates per sample were represented as mean ± standard error of the mean (SEM). 

 

Protein analysis by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

was carried out using NuPAGE® Novex® 4 - 12 % gradient Bis-Tris gels (1.0 mm thick, 12-

well; Invitrogen™). Electrophoresis was carried out with a fixed voltage of 200 V for 45 min 

using NuPAGE® 3-(N-morpholino) propanesulfonic acid (MOPS) SDS running buffer 

(Invitrogen™). To visualise the proteins in the gel after electrophoresis, the proteins were 

fixed with 10 % (v/v) methanol and 7 % (v/v) acetic acid for 1 h, stained overnight with 

SYPRO® Ruby Protein Gel Stain (Invitrogen™) and rinsed in Milli-Q water. The gels were 

then destained with fixative buffer and the proteins visualised using a Typhoon Trio Variable 

Mode Imager (GE Healthcare, England, UK) with an emission filter of 610 nm, and bandpass 

filter of 30 nm. All gel images were scanned using 100 micropixel size with the 

photomultiplier tube (PMT) value adjusted between 500 V and 600 V. 

 

2.4  Release of N- and O-linked glycans 

BioTrace polyvinylidene difluoride (PVDF) membranes of an AcroWell™ 96-well 

membrane-bottom plate (Pall Corporation, NY, USA) were pre-wet with 100 % (v/v) 

methanol to activate the membrane then washed twice with Milli-Q water. Approximately 50 

µl of milk proteins (1 mg/ml) were placed into each well and allowed to dry on the PVDF 

membrane. The membrane was then blocked with 100 µl of 1 % (w/v) polyvinylpyrrolidone 

(PVP) 40000 in 50 % (v/v) methanol, agitated for 5 min and washed three times with Milli-Q 

water to remove residual salts and detergents. N- and O-linked glycans of the milk 

glycoproteins were reduced and desalted as previously described (Jensen et al. 2012). Briefly, 

N-linked glycans were released by incubating for 15 min at 37 °C with 3 U of peptide-N-

glycosidase F (PNGase F, recombinant cloned from Flavobacterium meningosepticum and 
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expressed in E. coli, Roche Diagnostics, Basel, Switzerland). After the 15 min incubation, to 

avoid evaporation of samples, 10 µl of Milli-Q water was added to the sample wells and a 

small amount of Milli-Q water was also added to surrounding empty wells before sealing the 

plate tightly with parafilm and placing in a plastic bag containing a wet paper towel. The plate 

was incubated overnight at 37 °C. 

 

To recover the N-linked glycans, the plate was sonicated in a water bath for 20 min and the N-

linked glycans were collected in a new 1.5 ml microtube. Wells containing the released N-

linked glycans were washed twice with 20 µl of Milli-Q water and the combined released N-

linked glycans were incubated with 10 µl of 100 mM ammonium acetate pH 5.0 for 1 h at RT 

to remove the amines from the glycans prior to drying in a Savant SC110A SpeedVac® 

Concentrator (Thermo Scientific, MA, USA). The N-linked glycans were then reduced for 3 h 

with 20 µl of 1 M sodium borohydride in 50 mM potassium hydroxide at 50 °C and 

subsequently the reaction was quenched with 2 µl of glacial acetic acid. Remaining released 

N-linked glycans were collected from the sample wells with 2 × 20 µl of Milli-Q water. After 

the N-linked glycan release, O-linked glycans were released from the same glycoprotein spots 

by reductive β-elimination. Firstly, 2 µl of 100 % (v/v) methanol was briefly applied to the 

wells containing the glycoproteins to re-wet the PVDF membrane. Then 20 µl of 0.5 M 

sodium borohydride in 50 mM potassium hydroxide was added to each well and the plate was 

incubated at 50 °C overnight. The reaction was quenched with 2 µl of glacial acetic acid. 

 

A clean up of the N- and O-linked glycan alditols to get rid of salts and detergents was carried 

out using handmade cation exchange columns consisting of 30 µl of AG50W-X8 cation-

exchange resin (BioRad, CA, USA) packed into the top of Perfect Pure C-18 Tips (Eppendorf, 

Hamburg, Germany) (Schulz et al. 2002). Columns were prepared by washing three times 

with 1 M hydrochloric acid (50 µl) to remove salts and contaminants, followed by three 

washes of 100 % (v/v) methanol (50 µl) and another three washes of Milli-Q water (50 µl). 

The reduced N- and O-linked glycan alditols were then applied to the column and eluted twice 

with 50 µl of Milli-Q water and dried under vacuum using the Savant SC110A SpeedVac® 

Concentrator (Thermo Scientific). Residual borate was removed from the glycans by washing 

with 100 % (v/v) methanol (100 µl) for three to five times prior to drying the glycan samples 

again in the SpeedVac® Concentrator. Finally, all glycan samples were resuspended in 10 µl 

of Milli-Q water and stored at -20 °C prior to LC-ESI-MS analysis. 

 

 



69 
 

2.5  Mass spectrometry 

The analysis of the released N- and O-linked glycans was carried out as described by Everest-

Dass et al. (2012). Briefly, the glycan samples were applied to a Hypercarb porous graphitised 

carbon column (5 μm particle size, 180 µm I.D. × 100 mm, Thermo Hypersil, Thermo Fisher 

Scientific, MA, USA). The injection volume of each sample was 5 µl. The N-linked glycans 

were separated using a linear gradient with 0 - 45 % (v/v) acetonitrile in 10 mM ammonium 

bicarbonate for 85 min, whereas O-linked glycans were separated using a linear gradient with 

0 - 90 % (v/v) acetonitrile in 10 mM ammonium bicarbonate for 45 min at a flow rate of 2 

μl/min using an Agilent 6330 series ion-trap mass spectrometry (MS) instrument linked to an 

Agilent 1100 capillary liquid chromatography (LC; Agilent Technologies, CA, USA). LC-

electron spray ionisation (ESI)-MS was performed in negative ion mode at full scan with 

mass range between m/z 200 and m/z 2200. The data was analysed using ESI-Compass 1.3 

(Bruker Daltonics, MA, USA). Glycan compositions were predicted from the mono-isotopic 

masses of detected ions using GlycoMod software (http://web.expasy.org/glycomod/) with a 

mass tolerance of ± 0.5 Da. 

 

Table 2.1.  A list of specific techniques performed in this work. 
 
 

Method 

 

 

Chapter 

 

 

Refer to Section 

 

 
Preparation of glycan microarray to screen for specific 
bacterial binding epitopes 
 

 
3 

 
3.2.1 

 
Preparation of polyvinylidene difluoride (PVDF) plate assay 
to measure bacterial binding to milk proteins 
 

 
3, 4 and 
5 

 
3.2.2, 4.2.8 and 
5.2.5.1 
 

 
Techniques for milk protein precipitation 
 

 
3 

 
3.2.2.1 

 
Isolation of total milk proteins by methanol/chloroform/water 
precipitation 
 

 
3 and 4 

 
3.2.2.1 and 4.2.2 
 

 
Inhibition of bacterial binding to milk proteins with sialic acid 
 

 
3 and 4 

 
3.2.2.4 and 
4.2.8.1 
 

 
Neuraminidase treatment of milk proteins 
 

 
3 and 4 
 

 
3.2.2.5 and 
4.2.8.2 
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Method 

 

 

Chapter 

 

 

Refer to Section 

 

 
Mass spectrometric analysis of released N- and/or O-linked 
glycans from milk glycoproteins 
 

 
3 and 5 

 
3.2.2.6 and 5.2.6 
 

 
Monosaccharide analysis of released N- and O-linked glycans 
from total human milk proteins 
 

 
3 

 
3.2.2.7 
 

 
Fractionation of skim milk using Microflow MF10 system 
 

 
4 

 
4.2.4 

 
Separation of whey proteins and caseins from bovine and 
human skim milk by high-speed centrifugation 
 

 
4 and 5 

 
4.2.5 and 5.2.1 

 
Fast protein liquid chromatography (FPLC) gel filtration of 
the bovine and human milk whey proteins 
 

 
4 

 
4.2.6 

 
Preparative release of N-linked glycans from bovine and 
human milk whey proteins 
 

 
5 

 
5.2.2 

 
Culturing HT-29 cells for cell-based assay 
 

 
5 

 
5.2.4 

 
PVDF plate assay for measuring bacterial interaction with 
bovine and human milk glycoproteins and the inhibition of 
binding by N-linked glycans from milk whey proteins 
 

 
5 

 
5.2.5.1 

 
Cell-based assay for measuring bacterial adherence and 
invasion of HT-29 cells 
 

 
5 

 
5.2.5.2 

 
Monosaccharide analysis of released N-linked glycans from 
bovine and human milk whey proteins 
 

 
5 

 
5.2.7, detailed in 
3.2.2.7 
 

 
Membrane preparation of HT-29 cells prior to glycan analysis 
 

 
5 

 
5.2.8 

 
PNGase F treatment of HT-29 cell membrane proteins to 
release N-linked glycans for mass spectrometry analysis 
 

 
5 

 
5.2.9 
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Fig. 2.1.  The general workflow used in this thesis to study the sugar-pathogen interaction. 3,4,5Superscript numbers refer to the chapters of this thesis, 
in which the specific techniques were developed, used or modified. 
Abbreviations: HPAEC-PAD, high-performance anion-exchange chromatography with pulsed amperometric detection; PGC-LC-ESI-MS, porous 
graphitised carbon-liquid chromatography-electronspray ionisation-mass spectrometry. 
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Chapter 3.  Measuring sugar-pathogen interactions 

 

Rationale 

The aim of this chapter was to study the interaction of sugars (glycans) with different strains 

of bacteria. Two methods were used. The first method developed by the Institute for 

Glycomics at Griffith University (Gold Coast, Australia) employed a glycan microarray 

technology that uses a variety of synthetic glycan structures covalently immobilised onto 

activated glass slides to screen for specific glycan structures recognised by bacterial strains. 

The second method involved using a 96-well plate, in which total proteins precipitated from 

human skim milk were immobilised onto polyvinylidene difluoride (PVDF) membranes and 

the binding of these glycoproteins to bacterial strains can be quantified. 

 

The role of glycosylation of human milk glycoproteins in sugar-pathogen interaction, 

particularly the involvement of sialic acid, was examined by testing the effect of pre-

incubation with free sialic acid, or removal of terminal sialic acids on the immobilised human 

milk glycoproteins using α2-3,6,8 neuraminidase, on inhibiting the bacterial binding. The 

activity of the enzyme was verified by mass spectrometry. 

 

To determine the glycan sub-structures that presented the sialic acids as receptors of the 

bacterial binding, a structural analysis of the released N-linked glycans from human milk 

glycoproteins was also carried out using porous graphitised carbon liquid chromatography-

electrospray ionisation mass spectrometry (PGC-LC-ESI-MS) and high-performance anion-

exchange chromatography with pulsed amperometric detection (HPAEC-PAD). 
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3.1  Introduction 

It is known that human milk protects breastfed infants against infections, as outlined in 

Chapter 1 (Table 1.1). Bacteria can enter the human body through various sites (Jones and 

Isaacson 1983). The infection process is commonly mediated by adhesins expressed on the 

bacterial cell surface, which interact with specific host cell surface receptors (Kelly and 

Younson 2000; Sakarya and Öncu 2003). To protect against infections, the human body 

employs several defence mechanisms against invading bacteria. As part of the innate immune 

system, the human body secretes several types of fluids, such as tears (Ben Bacha and Abid 

2013; Franklin 1989), mucous (Jackson 2001; Kaliner 1992), saliva (Fábián et al. 2012; 

Tenovuo et al. 1986) and sweat (Rieg et al. 2005) have anti-adhesive properties, suggesting 

they may help to prevent the adherence of pathogen binding to epithelial surfaces in the eyes, 

nose, mouth and skin respectively. There is significant evidence that the drinking of human 

milk could also prevent the adhesion of pathogens to the gastrointestinal tract of breastfed 

infants with a similar washing effect (Cederlund et al. 2013; Newburg 2005, 2009). Numerous 

studies have indicated that free oligosaccharides of human milk can promote or inhibit the 

adhesion of pathogenic bacteria to the gastrointestinal tract of infants, but the protective roles 

of the large repertoire of complex glycans attached to human milk proteins (glycoproteins) are 

not well-understood (reviewed in Table 1.6, Chapter 1). It is therefore important to identify 

the glycan structures on human milk glycoproteins that serve as a first line of defence against 

the binding of pathogenic bacteria. 

 

Several studies have also indicated that human milk glycoproteins, similar to the innate 

protection provide by salivary glycoproteins, may also contribute protection against infection 

in the oral cavity, that is the first component of the gastrointestinal tract. This is achieved by 

the binding of oral pathogens to the human milk glycoproteins, instead of to the epithelial 

surfaces in the mouth. For example, several glycoproteins in human milk, including 

lactoferrin, IgA, IgG, -lactalbumin and bile salt-stimulated lipase, have been implicated in 

inhibiting the binding of Streptococcus mutans to saliva-coated hydroxyapatite (S-HA) 

(Danielsson Niemi et al. 2009; Wernesson et al. 2006). Additionally, bovine milk proteins 

have been demonstrated to inhibit the adhesion of S. mutans to salivary components (Oho et 

al. 2004; Schüpbach et al. 1996; Vacca-Smith et al. 1994). It has been shown that the Lewis a-

antigen (Lea, Galβ1-3(Fucα1-4)GlcNAc) on salivary agglutinin (SAG) plays a role in binding 

of S. mutans (Ligtenberg et al. 2000). Milk glycoproteins including lactoferrin, containing N-

linked glycans with 2-6 NeuAc linkages, were found to play a role in binding the S-fimbriae 

of Escherichia coli HB101 (Schwertmann et al. 1999). Information on the interactions of the 
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oral colonisers, streptococci, suggests that their interaction with salivary glycoproteins is 

sialic acid-dependent (Murray et al. 1992; Plummer and Douglas 2006). Thus, it is interesting 

to study the mechanisms by which gastrointestinal and oral pathogens interact with glycans 

on human milk glycoproteins that may offer novel anti-microbial therapeutics to control 

infections. 

 

Pathogen-sugar assay methods 

To study the interaction between microorganisms and host cell surface receptors, several 

methods have been previously developed, e.g haemagglutination inhibition assays (Beachy et 

al. 1981) and thin layer chromatography overlay assays (Prakobphol et al. 1995), and the 

more recent bead-based flow cytometry immunoassays (Park et al. 2000) and microtitre plate 

binding assays (Acord et al. 2005; Bosch et al. 2003). Labelling of the bacteria is frequently 

used in such assays to measure the adhesion to host receptors, mainly for rapid throughput 

visualisation of binding and comparison of different binding specificities by individual 

bacterial strains (Vesterlund et al. 2005). These labelling techniques include radioactive 

labelling (Cannon et al. 1995), fluorescent labelling (Acord et al. 2005, Hytönen et al. 2006) 

antibody tagging (McArthur et al. 2007) and nucleic acid staining (Bosch et al. 2003). 

Staining the nucleic acid of bacteria with a fluorescent probe prior to bacterial adhesion was 

chosen for this study as it does not interfere with bacterial surface molecules that may be 

involved in bacterial binding, and it is cost effective and easy to use (Fuller et al. 2000; Logan 

et al. 1998). Microscopic observation of the interactions of bacteria with S-HA, for example, 

has been the adopted method to study the inhibitory effects of human milk on adhesion of S. 

mutans (Danielsson Niemi et al. 2009; Hajishengallis et al. 1992; Vacca-Smith et al. 1994; 

Wernesson et al. 2006), although it is difficult to obtain a quantitative measure by this 

approach (Cannon et al. 1995). 

 

Other approaches described to measure bacterial binding include a BIAcore binding assay that 

is based on the principle of surface plasmon resonance (SPR). This is achieved by 

immobilising the ligand onto a sensor surface, where the refractive index near the sensor 

surface is measured in real time by the accumulation of protein on the sensor surface as the 

analyte binds to the ligand. Although this system has been applied to screen for the binding 

properties of probiotic strains to soluble human colonic mucin (sHCM), before and after 

removal of sialic acid as well as sulphate residues (Huang et al. 2013), this method is not 

recommended for high throughput applications. 
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Glycan microarrays are emerging as useful screening tools to identify and evaluate the 

binding specificity of carbohydrate binding proteins (CBPs), including animal and plant 

lectins, antibodies, toxins and pathogens, such as bacteria and viruses (Heimburg-Molinaro et 

al. 2012; Leppänen and Cummings 2010, Song et al. 2009; Tao SC et al. 2008) with small 

quantities of defined glycan structures (pico- to nanogram) on the array. The major advantage 

of this solid phase approach is that it allows organisms to bind to hundreds of unique glycan 

structures. Therefore, multiple screening can be performed simultaneously on individual 

arrays, providing a wide range of glycan structures to which these organisms bind (Lonardi et 

al. 2010). Table 3.1 summarises the advantages and limitations of different applications used 

to study bacteria-glycan interactions. 
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Table 3.1.  Advantages and disadvantages of technologies available to study bacteria-glycan interactons. 
 
 

Technology 

 

 

Advantage 

 

 

Disadvantage 

 

 
BIAcore binding assay 
 
 
 

 
Rapid identification and quantification of bacteria-
glycan interactions 
 

 
Not recommended for high throughput 
applications as expensive equipment 
Special knowledge needed 
 

 
Glycan microarrays 
 
 
 
 
 

 
Allows organisms to bind to hundreds of unique glycan 
structures 
Multiple screening can be performed simultaneously on 
individual array 
Sensitive 
 

 
Not recommended for high throughput 
applications as expensive equipment 
Special knowledge needed 
 

 
Haemagglutination inhibition  (HAI) 
assays 
 
 
 

 
Technically simple and easy to automate 
Provides visualisation of binding and comparison of 
different binding specificities by individual bacterial 
strains 
 

 
Poor reproducibility 
Requires considerable experience evaluating 
antibody response to infection 
 

 
Flow cytometry immunoassays 
 
 
 

 
Measures distribution of bacterial bindng to glycans 
 

 
Not recommended for high throughput 
applications as expensive equipment 
Special knowledge needed 
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Technology 

 

 

Advantage 

 

 

Disadvantage 

 

 
Microtitre plate -Binding assay by 
staining the nucleic acid of bacteria 
 
 

 
Direct visualisation of bacteria-glycan interactions 
Does not interfere with bacterial surface molecules 
Cost effective and easy to use 
 

 
Possible cross-well contamination during 
washing step 
Microtitre plates cannot be reused 
 

 
Saliva-coated hydroxyapatite (S-HA) 
 
 
 
 

 
Simple setup with little preparation required 
Provides direct visualisation of bacteria-glycan 
interactions 
 

 
Not ideal for thick samples that may appear 
distorted 
Difficult to obtain a reliable quantitative 
measurement 
 

 
Thin layer chromatography (TLC) 
overlay assays 
 
 

 
Simple and rapid method 
Rapid visualisation of several samples 
Do not need expensive equipment 
 

 
Sample must be homogenised and extracted 
before analysis 
 



79 
 

In the present study, two high throughput, fluorescence-based methods were used to study 

sugar-pathogen interactions. The glycan microarray technology was first trialled to identify 

whether specific glycan structures were recognised by three human gastrointestinal bacterial 

strains, the opportunistic Escherichia coli, pathogenic Salmonella typhimurium and the 

commensal Lactobacillus rhamnosus. The second 96-well microplate method was developed 

to investigate the multivalent interactions of the different human-specific bacterial strains 

with total human milk proteins immobilised on polyvinylidene difluoride (PVDF) 

membranes. In addition to the above strains, the binding of Campylobacter jejuni was assayed 

based on its potential to cause infectious diarrhoea in human infants (Kotloff et al. 2013), and 

the adhesion of two oral bacteria involved in the development of dental caries in humans, the 

commensal Streptococcus gordonii and pathogen S. mutans, were also measured. 

 

This assay was also used to investigate the role of sialic acids in mediating the interaction of 

bacteria with human milk glycoproteins. This was tested by pre-incubating the bacteria with 

sialic acid before bacterial binding and washing the bound bacteria with sialic acid after 

bacterial binding. Terminal sialic acid residues on human milk glycoproteins were also 

removed by α2-3,6,8 neuraminidase prior to the binding of bacteria to further investigate the 

involvement of sialic acid residues of human milk glycoproteins in this binding. 

 

Characterisation of glycan structures 

To understand the structural complexity, in addition to sialylation, of the glycans on the milk 

glycoproteins that may be binding the bacteria, the profile of the N-glycosylation of the 

conjugated oligosachharides was determined. Due to the heterogeneity of the glycan 

structures, various profiling and characterisation strategies have been applied to determine the 

structures of glycans released from glycoproteins, such as mass spectrometry (MS; Haslam et 

al. 2006; Nwosu et al. 2012) and nuclear magnetic resonance (NMR; Abe et al. 2012) 

analyses in combination with separation techniques, using high-performance liquid 

chromatography (HPLC; Bao et al. 2013). Separation techniques include hydrophilic 

interaction LC (Domann et al. 2007) and capillary electrophoresis (CE; Guttman et al. 1996), 

and reduced unlabelled glycans can be well-separated and analysed by porous graphitised 

carbon LC electrospray-mass spectrometry (PGC-LC-ESI-MS, Jensen et al. 2012). A number 

of these methods are often combined with exoglycosidase digestion to acquire detailed 

monosaccharide linkage and branching information of the glycan structure (Aldredge et al. 

2013; Kobata 2013). Analytical techniques such as gas liquid chromatography (Zanetta et al. 

1972) and HPLC (Fu and O'Neill 1995), have also been used to quantify the amount of each 
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component monosaccharide in a mixture of glycans using fluorometric or ultraviolet (UV) 

detection after derivatisation. High-performance anion-exchange chromatography with pulsed 

amperometric detection (HPAEC-PAD) is sometimes preferred as samples are not required to 

be derivatised (Harazono et al. 2011). 

 

In this study, PGC-LC-ESI-MS was used to profile the glycomic array of glycans presented 

on the human milk glycoproteins. The neuraminidase activity was verified using mass 

spectrometry to monitor the loss of sialic acid from the glycans and the released milk glycans 

were quantitated using HPAEC-PAD analysis. 

 

3.2  Materials and methods 

Two methods were used to investigate the adherence of fluorescently-labelled whole bacterial 

cells either to synthetic or natural glycan structures in a glycan microarray or using a 

polyvinylidene difluoride (PVDF) plate assay. 

 

3.2.1  Glycan microarray 

The glycan microarray technology described here was developed at the Institute for 

Glycomics at Griffith University (Gold Coast, Australia), based on Blixt et al. (2004) and uses 

standard robotic microarray printing technology to link amine functionalised glycans to an 

amino-reactive glass slide. Spacers are attached to the non-reducing end of each glycan for the 

attachment of glycan to the epoxy surface of the slide. These spacers differ in length and 

chemistry, however, information about the exact chemical structure of the spacers is not 

available. The glycans presented on the microarray surface were composed primarily of 

synthetic and some natural glycan sequences that represent glycan structures of glycoproteins 

and glycolipids (glycoconjugates). A full list of the glycan structures printed on the array is 

available in the Supplementary Data (Tables S1 and S2). 

 

3.2.1.1  Preparation of glycan microarray 

Glycans were sourced from Dextra Laboratories (Reading, UK) and Glycoseparations Ltd 

(Moscow, Russia), functionalised and printed on activated SuperExpoxy 2 glass slides 

(ArrayIt Microarray Technologies, CA, USA) at the Institute for Glycomics (Australia) as 

previously described (Day et al. 2009). Briefly, two identical sub arrays were printed per slide 

with each sub array consisting of 352 spots (80 spots, eight controls in replicates of four). 

Slides were blocked in PBS supplemented with 0.1 % (w/v) bovine serum albumin (BSA), 2 

mM magnesium chloride and 2 mM calcium chloride, pH 7.4 for 30 min, transferred to an 
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empty 50 ml polypropylene conical centrifuge tube (BD Falcon™, NJ, USA), followed by 

centrifugation at 900 rpm for 2 min to remove the buffer. Slides were ready for use in the 

bacterial binding assay once they were completely dry. 

 

3.2.1.2  Culturing, harvesting and fluorescent labelling of whole bacterial cells 

Details of the culturing and harvesting conditions of E. coli O111:NM (ATCC 43887), S. 

typhimurium (Group B) clinical isolate and commensal L. rhamnosus (ATCC 53103) are 

provided in Section 2.1. The resulting cell pellets were washed twice with PBS supplemented 

with 0.1 % (w/v) BSA, 2 mM magnesium chloride and 2 mM calcium chloride, pH 7.4 to 

remove residual broth. For labelling, the bacterial cells were resuspended in 500 µl of 5 mM 

carboxyfluorescein diacetate N-succinimidyl ester (CFDA-SE; Molecular Probes, CA, USA) 

prepared in PBS supplemented with 0.1 % (w/v) BSA, 2 mM magnesium chloride and 2 mM 

calcium chloride, pH 7.4 and incubated in the dark at 37 oC for 30 min. Excess dye was 

removed by washing three times in PBS supplemented with 0.1 % (w/v) BSA, 2 mM 

magnesium chloride and 2 mM calcium chloride, pH 7.4 and resuspended in PBS 

supplemented with 0.1 % BSA, 2 mM magnesium chloride and 2 mM calcium chloride, pH 

7.4 to obtain an OD600 between 0.2 and 0.3, containing approximately 1 - 5 × 107 of CFDA-

SE labelled bacterial cells. 

 

3.2.1.3  Application of CFDA-SE labelled bacterial cells to glycan microarray 

Each of the two glycan sub arrays printed per slide was covered with a 1.7 × 2.8 cm Gene 

Frame (Abgene, St. Leon-Rot, Germany), in which 1 - 5 × 107 (65 µl) of CFDA-SE labelled 

bacterial cells in PBS supplemented with 0.1 % BSA, 2 mM magnesium chloride and 2 mM 

calcium chloride, pH 7.4 were added. Both sub arrays were covered with GeneFrame 

coverslips (Abgene) and incubated in a humidified chamber in the dark at 37 oC for 30 min. 

The GeneFrames and coverslips were carefully removed by gently submerging the surface of 

the slide in PBS supplemented with 0.1 % (w/v) BSA, 2 mM magnesium chloride and 2 mM 

calcium chloride, pH 7.4. Slides were placed in a 50 ml tube containing PBS supplemented 

with 0.1 % (w/v) BSA, 2 mM magnesium chloride, 2 mM calcium chloride and 0.01 % (v/v) 

Tween 20, pH 7.4 to remove excess unbound bacterial cells on the slides. The tube was then 

gently inverted in a continuous motion for about 2 min before washing the slide with fresh 

PBS supplemented with 0.1 % (w/v) BSA, 2 mM magnesium chloride and 2 mM calcium 

chloride, pH 7.4. Slides were then fixed with 3.7 % (v/v) paraformaldehyde at RT for 20 min, 

washed with PBS supplemented with 0.1 % (w/v) BSA, 2 mM magnesium chloride and 2 mM 

calcium chloride, pH 7.4 to remove the fixative and transferred to the empty 50 ml 
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polypropylene conical centrifuge tube for centrifugation at 900 rpm for 2 min to remove 

excess buffer, followed by centrifugation at 900 rpm for 2 min in the empty 50 ml tube to dry 

the duplicate slides. 

 

3.2.1.4  Fluorescent image acquisition and data processing 

The extent of bound, labelled bacteria to the printed glycans was measured by the 

fluorescence intensities of array spots using the ProScanArray Microarray 4-Laser Scanner 

(PerkinElmer, MA, USA) with the Blue Argon 488 nm excitation laser set to a fluorescein 

isothiocyanate (FITC) setting (494 nm excitation and 518 nm emission). Image analysis was 

performed using ProScanArray imaging software ScanArray Express (PerkinElmer). The 

extent and level of binding of CFDA-SE labelled bacterial cells to immobilised glycans on the 

array was confirmed through visual inspection of the scanned images. Statistical analysis of 

each bacterial binding is defined as a value greater than one-fold increase above the mean 

background relative fluorescence units (RFU). The mean background was calculated from the 

average background of empty spots on the array, including three standard deviations. 

Statistical analysis of the data was performed by a Student’s t-test with a confidence level of 

99.99 % (p≤0.0001). 

 

3.2.2  Polyvinylidene difluoride (PVDF) plate assay 

The polyvinylidene difluoride (PVDF) plate assay method involved quantitative comparison 

of the binding of bacteria to human milk glycoproteins. The strains of bacteria comprised the 

above gastrointestinal-associated E. coli, S. typhimurium, commensal L. rhamnosus and C. 

jejuni NCTC11168, as well as the oral commensal and pathogen, S. gordonii F552 and S. 

mutans LT11 respectively. A 96-well plate with PVDF membrane-bottom format was used 

that immobilised and oriented the human milk glycoproteins via hydrophobic interaction with 

the PVDF membrane. The presented glycans were then probed with fluorescently-labelled 

bacteria and the bacterial binding quantified using a fluorescent plate reader. 

 

3.2.2.1  Human milk protein preparation 

Pooled human milk was obtained from a breast milk bank (Semmelweiß Frauenklinik 

(Vienna, Austria). Prior to protein precipitation procedures, whole human milk was 

centrifuged at 13000 × g for 30 min at 4 oC as previously described in Wilson NL et al. (2008) 

to separate the cream and skim milk. After removing the cream layer from milk using a 

spatula, the supernatant containing the protein mixture was divided into four equal sets, which 

include three sets for protein precipitation and a milk control (without precipitation). Three 
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protein precipitation methods, including acetone, trichloroacetic acid (TCA) /acetone, and 

methanol/chloroform/water protein precipitation were compared in this study to investigate 

the efficiency of these methods for precipitation of total human milk proteins and protein 

solubilisation in a suitable buffer. The two protein precipitation methods used a nine times 

volume of ice-cold acetone (Method 1), and ice-cold TCA/acetone ratio of 10:90 (v/v, Method 

2) added to the human milk sample and incubated overnight at -20 oC. Method 3 involved the 

phase separation of human milk components using a methanol/chloroform/water ratio of 4:2:3 

(Wessel and Flügge 1984) with the following modifications. The lower chloroform layer 

containing milk lipids was discarded, while the upper aqueous phase containing free 

oligosaccharides with proteins at the interphase of the methanol/water mix were dried 

together under vacuum by a Savant SC110A SpeedVac concentrator (Thermo Fisher 

Scientific, MA, USA). The precipitated fractions from all three methods were solubilised in 8 

M urea before being concentrated using an Amicon® Ultra centrifugal filter with 100 kDa 

nominal molecular weight limit (NMWL; Merck Millipore, MA, USA) at 12000 × g for 30 

min at 4 ºC to remove low molecular weight proteins, free oligosaccharides and salts. The 

retentate containing a mixture of concentrated proteins was collected for further analysis. All 

four samples were analysed by SDS-PAGE. Experimental details for determining total protein 

concentration and performing SDS-PAGE of human milk protein can be found in Section 2.3. 

 

3.2.2.2  PVDF plate assay of bacterial adhesion to milk proteins 

A 96-well microplate was used to quantitatively measure the adherence of 1 - 5 × 107 bacterial 

cells to proteins immobilised from 50 µg of total human milk proteins onto PVDF membrane 

in each well. The DNA of the live bacterial cells were fluorescently-labelled with SYBR 

Green that is excited by blue light at 497 nm and emits green light at 520 nm. SYBR Green 

was chosen as the bacterial strain also because its intracellular nuclear location does not 

interfere with the bacterial cell membrane. In addition, its excitation/emission properties 

avoided the autofluorescence of human milk proteins that will excite at 347 nm and emit at 

415 nm (Ferrer et al. 2005). After correction for the day-to-day and bacterial fluorescence 

uptake variability, the fluorescent intensity remaining after the wash cycle was used as a 

quantitative measure of bacterial binding to the milk proteins. 

 

AcroWell™ 96-well membrane-bottom, black plates with 0.45µm BioTrace™ PVDF 

membranes (Pall Corporation, NY, USA) were used for the assay. Membranes were pre-wet 

with methanol for 5 - 10 min and washed two times in PBS. A volume of 50 µl human milk 

proteins (50 µg) was added to each well and incubated on a plate shaker at 400 rpm for 16 h at 
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4 oC. Excess solution was removed and the wells were washed three times with PBS. 

Blocking of the membrane was not necessary as the membrane in the wells was fully coated 

with milk proteins (Bosch et al. 2003). A volume of 50 µl of fluorescently-labelled bacteria at 

OD600 of 1.5 cells (approximately 1 - 5 × 107) was added to the wells, incubated for 1 h at RT 

in the dark on the plate shaker, before being washed six times with PBS to remove unbound 

bacteria. Fluorescence was measured by the FLUOstar GALAXY fluorescence microplate 

reader (BMG LABTECH, Ortenberg, Germany). The filters were set at ex = 485 nm and em 

= 520 nm for detection of SYBR Green-labelled bacteria. To enable comparison of bacterial 

binding to unglycosylated proteins 50 µg of BSA (A4919, Sigma-Aldrich, MO, USA) was 

also bound to some wells of each plate. Each assay was performed in three technical 

replicates. 

 

3.2.2.3  Fluorescence measurement 

The SYBR Green fluorescent dye uptake by bacteria varied between the six bacterial strains 

and on a day to day basis so that data was corrected for fluorescence uptake when calculating 

the binding of each bacterial strain. To correct for this, the fluorescence measurement was 

normalised based on equalising initial fluorescence of the bacteria at the OD600 of 1.5. The 

fluorescence measurements were also corrected for milk autofluorescence by subtracting the 

background reading of milk proteins and PBS without bacteria. All results were calculated as 

mean  standard error of the mean (SEM) of each bacterial strain and/or species using two 

tailed unpaired Student’s t-test with Microsoft Excel, where p<0.05 was considered 

significant. 

 

3.2.2.4  Inhibition of bacterial binding with N-acetylneuraminic acid (sialic acid) 

Two different approaches were used to study the effect of sialic acid on bacterial binding. In 

the first approach, bacteria bound to human milk proteins were incubated with free sialic acid 

for 1 h to determine whether the sialic acid could remove the bound bacteria. A control of 

washing with an acidic buffer (0.1 M glacial acetic acid, pH 4.5) was also included to ensure 

that the bound bacteria were not removed simply by the presence of acid at the same pH. In 

the second approach, labelled bacteria were pre-incubated with free sialic acid for 30 min 

before binding the bacteria to milk proteins. Pre-incubation of bacteria with PBS instead of 

sialic acid was used as a control. Three technical replicates were performed for each 

approach. For each bacterial strain, the percent inhibition of binding of bacteria with (1) 

competitive inhibition with free sialic acid or (2) pre-incubation of bacteria with free sialic 

acid was expressed relative to the binding of the same bacteria to human milk proteins, which 
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was taken as 100 %. 

 

3.2.2.5  Removal of sialic acid residues on total human milk proteins with neuraminidase 

Terminal sialic acid residues on human milk glycoproteins were cleaved enzymatically by α2-

3,6,8 neuraminidase (N2133, Sigma-Aldrich). Total precipitated human milk proteins 

immobilised on the PVDF membrane were treated with 50 µl of 0.05 U/ml neuraminidase in 

50 mM sodium phosphate, pH 5.5, for 16 h at 37 °C. The binding of each bacterial strain to 

desialylated human milk glycoproteins was expressed relative to the binding to intact human 

milk proteins. The workflow of releasing N- and O-linked glycans from human milk proteins 

for mass spectrometry (MS) analysis has been described in Sections 2.4 and 2.5, respectively 

and was used to confirm the cleavage of sialic acid from the glycans. Released glycans from 

bovine fetuin (F3385, Sigma-Aldrich) were chosen as an internal control as they are well-

characterised (Green et al. 1988; Hayase et al. 1992; Townsend et al. 1986). 

 

3.2.2.6  Data analysis of released N- and O-linked glycans by mass spectrometry 

The abundance of each glycan structure was estimated based on peak areas of extracted ion 

chromatograms (EICs) for each individual glycan mass, where each EIC was smoothed using 

a Gaussian algorithm before integration. To calculate the relative abundance of each glycan 

structure, the peak area of the EIC peaks corresponding to one glycan mass (i.e. all mass 

isomers) was expressed as a percentage of the total peak area of the glycans in the sample. 

 

3.2.2.7  Monosaccharide analysis 

Monosaccharide analysis was performed to determine the monosaccharide content and 

monosaccharide composition of human milk glycoproteins. Approximately 20 µg of total 

human milk proteins were dot-blotted on to the PVDF membrane and hydrolysed using 2 M 

trifluoroacetic acid at 100 °C for 4 h (neutral sugar analysis), 4 M hydrochloric acid at 100 °C 

for 6 h (amino sugar analysis), and 0.1 M trifluoroacetic acid at 80 °C for 40 min (acidic sugar 

or sialic acid analysis), dried separately under vacuum by the Savant SC110A SpeedVac 

concentrator (Thermo Fisher Scientific) and reconstituted with an internal standard of 0.1 M 

2-deoxy-D-glucose. Three technical replicates were performed for each type of 

monosaccharide analysis (neutral, amino or acidic). Bovine fetuin (Sigma-Aldrich) was used 

as a control as it is a well-characterised glycoprotein and prepared the same as the test 

samples. Monosaccharide content was determined by high-performance anion-exchange 

chromatography with pulsed amperometric detection (HPAEC-PAD) fitted with a CarboPac 

PA1 column (2 × 250 mm, Dionex) and a CarboPac guard column PA1 (2 × 50 mm) at 25 °C. 
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The hydrolysates (10 µl) were eluted either by gradient with 60 to 300 mM sodium acetate 

over 20 min for sialic acids or isocratically for neutral and amino monosaccharides using 18 

mM sodium hydroxide for 15 min with a flow rate of 0.5 ml/min. Data was collected and 

analysed using Chromeleon software (Version 6.70 SP5 Build 1914, Dionex, © 1994-2006 

Dionex Corporation, Thermo Fisher Scientific). The amount of each monosaccharide released 

from human milk glycoproteins was expressed in µmoles and the molar ratio of each 

monosaccharide was determined. 

 

3.3  Results 

3.3.1 Glycan microarray analysis of CFDA-SE labelled bacteria 

The glycan microarray was performed to elucidate the specific glycan structures recognised 

by Escherichia coli O111:NM (ATCC 43887), Salmonella typhimurium (Group B) clinical 

isolate and Lactobacillus rhamnosus (ATCC 53103), which are commonly associated with the 

human gastrointestinal tract. More than 350 different synthetic glycans were printed onto the 

array (Table S1 and Table S2, Supplementary Data). Glycans that were bound by the three 

human gastrointestinal bacteria on the array are listed in Table 3.2 

 

3.3.1.1  Escherichia coli O111:NM (ATCC 43887) 

The opportunistic gastrointestinal pathogen, E. coli O111:NM (ATCC 43887) bound to only 

11 diverse structures of different composition and linkage as determined by using 

ProScanArray imaging software ScanArray Express with statistical analysis of four replicates 

calculated with p≤0.0001 (refer Section 3.2.1.4). A value greater than one-fold increase above 

the mean background relative fluorescence units (RFU) indicates a positive bacterial binding 

on the array. The bound structures of E. coli included those terminating with a Galβ1-3 and 

Galβ1-4 (with and without sulphate) as well as GlcNAcβ1-3 and GlcNAcβ1-4 (as part of the 

chitobiose core), GalNAcβ1-3 (including the glycolipid globotetraosylceramide, Gb4) receptor 

which is a common human glycan receptor of the gastrointestinal tract and 

glycosaminoglycan related structures with glucuronic acid (GlcA). The E. coli also bound to 

single monosaccharide residues (Galα or Fucα), but surprisingly not to the numerous complex 

neutral glycans containing fucosylated and galactosylated structures on the array. 

 

3.3.1.2 Salmonella typhimurium (Group B) clinical isolate 

Similarly, pathogenic S. typhimurium (Group B) clinical isolate bound convincingly to only 5 

structures with little in common; a ganglioside asialo-GM1 receptor containing a terminal 

neutral (Galβ1-3) residue, a glycosaminoglycan containing GlcA and a heparin sulphate-like 
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structure, as well as two glycans containing GlcNAcβ1-4GlcNAc residues, as part of the 

chitobiose core of all N-linked glycans. 

 

3.3.1.3 Lactobacillus rhamnosus (ATCC 53103) 

The binding pattern of the commensal bacteria L. rhamnosus (ATCC 53103) to glycans was 

also to the chitobiose core, similarly to the two gastrointestinal pathogens, with binding 

affinity to a terminal Galα1-3- and Galβ1-3-containing glycan as well as to a 

glycosaminoglycan structure containing glucuronic acid. The only glycan recognised by L. 

rhamnosus which was not recognised by the two pathogenic bacterial strains was a complex 

neutral glycan structure containing Galα1-3Galβ1-4Glcβ-sp2. 

 

Table 3.2.  Glycans recognised by the selected strains of human gastrointestinal bacteria. 
 

 

Common 

names 

 

Text 

nomenclature 

Glycan 

structures 

 
Escherichia coli O111:NM (ATCC 43887) 

 

  L-α-Fucose 
 

Fucα-sp3 
  

  α-Galactose 
 

Galα-sp3 
  

  Chitobiose-Asn 
 

GlcNAcβ1-4GlcNAcβ-Asn 
  

  LeCb3’LN 
 

Galβ1-3GlcNAcβ1-3Galβ1-4GlcNAcβ-
sp3 
  

  Not known 
 

Galβ1-3GalNAcβ1-4Galβ1-4Glc 
  

  3’,6’-di-O-Su-LacNAc 
  (LN3'6'Su2) 
 
 

3,6-O-Su2-Galβ1-4GlcNAcβ-sp2 
 

  LN3Tn 
 

Galβ1-4GlcNAcβ1-3GalNAcα-sp3 
  

  Globotetraosylceramide 
  (Gb4, P antigen) 
 

GalNacβ1-3GalαGalβ1-4Glcβ-sp3 
 
  

  HA 107000 Da 
 

GlcAβ1-3GlcNAcβ1-4 
 n 

  HA 190000 Da 
   
   

sp3 

sp3 

Asn 

sp3 

sp2 

sp3 

sp3 
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Na2 

 

Common 

names 

 

Text 

nomenclature 

Glycan 

structures 

 
  ΔUA→GalNAc-4SNa2 
  (Δ Di-4S) 
 
 

 
C14H19NO14SNa2 (produced from 
various chondroitin sulphates 
By the action of chondroitinases ABC, 
B and AC-1) 

 

           n 

 
Salmonella typhimurium (Group B) clinical isolate 

 

  Chitobiose-Asn 
 

GlcNAcβ1-4GlcNAcβ-Asn 
  

  Chitobiose 
 

GlcNAcβ1-4GlcNAcβ-sp4 
  

  Asialo-GM1 (GM1) 
 

Galβ1-3GalNAcβ1-4Galβ1-4Glcβ-sp3 
  

 
  HA 1600000 Da 
 

 
GlcAβ1-3GlcNAcβ1-4 
 

n 

  Heparin sulfate 
  n 
 
Lactobacillus rhamnosus (ATCC 53103) 

 

  Chitobiose-Asn 
 

GlcNAcβ1-4GlcNAcβ-Asn 
  

  Aa3’Lac-C2 
 

Galα1-3Galβ1-4Glcβ-sp2 
  

  Asialo-GM1 (GM1) 
 

Galβ1-3GalNAcβ1-4Galβ1-4Glcβ-sp3 
   

  HA 107000 Da 
 

GlcAβ1-3GlcNAcβ1-4 
 n 

 
Abbreviations: Asn, asparagine; Da, dalton; GM1, ganglioside 1; Gb4, 
globotetraosylceramide; HS; heparan sulphate; HA, hyaluronic acid; Na2, sodium; Su, sulfate; 
sp, spacer; ΔUA, unsaturated hexuronic acid. 
The spacers (sp2 - 4) used in this glycan microarray study differ in length. However, 
information regarding the exact chemical structure of these spacers is not publicly available. 
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3.3.1.4  Variations in glycan microarray results 

Overall, less than 5 % of the printed glycans were bound by the three bacteria, making it 

difficult to establish bacterial binding structures for each strain. Based on the visual images 

obtained of the glycan arrays after incubating with the bacteria, there was also poor 

reproducibility of bacterial binding to specific glycans. Figure 3.1 shows an example of an 

image taken in which the grid containing the position of the printed glycans is shown, 

particularly, two quadruplicate glycan spots produced high fluorescence in one array (sub 

array 1), while fluorescence was undetected for the same glycan spots on the replicate array 

(sub array 2) on the same slide. The proximity of the glycan structures on the array can affect 

their conformation and presentation to the bacteria as discussed in Section 3.4. 

 

 
 

Fig. 3.1.  Comparison of images taken from two identical sub arrays of the slide, showing 
inconsistent fluorescence for replicates of glycan binding spots. The control fluorescein 
isothiocyanate (FITC) spots (four replicates) on the array are boxed in red, whereas spots 
indicating a positive bacterial binding to a specific printed glycan are boxed in green. 
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Variations in the fluorescent intensity values of the replicate glycan spots were consistently 

observed. Apart from the well-defined FITC spots, non-specific bacterial binding produced 

random fluorescence on the array. Figure 3.2 shows the binding of bacteria to the slide with 

the printed glycan spots overlaid, where intense background can be seen outside the array spot 

overlay. The high background fluorescence shown is likely due to bacterial clumping together. 

It was apparent that this glycan array method, although it is routinely used to measure protein 

and viral interactions with immobilised glycans, did not appear to be suitable for measuring 

intact bacterial binding to the glycans. 

 

3.3.2  PVDF plate assay 

A second high throughput assay was thus developed to provide a better quantitative 

measurement of the sugar-pathogen interaction, where the immobilised glycoproteins 

contained glycan receptors present in a more natural environment. The PVDF plate assay 

enabled 1) investigation of the binding of different bacterial strains to human milk 

glycoproteins, 2) the capacity to modify the glycan structures presented on the human milk 

glycoproteins to help characterise the bacterial binding partners and 3) the application of 

glycans as competitive inhibitors of the bacterial binding to identify mimics of this 

interaction. 

 

3.3.2.1  Comparing protein precipitation methods 

In the assay, glycoproteins adhere to the PVDF membrane at the bottom of a 96-well plate. 

Three different methods were trialed to precipitate and concentrate the total proteins in human 

milk. The amount of proteins precipitated was quantified by the Bradford protein assay and 

verified by SDS-PAGE. Table 3.3 shows the amount of protein precipitated by each technique 

as a proportion of the total protein content in the same volume of human skim (delipidated) 

milk, where the highest protein amount in the precipitate was obtained using 

methanol/chloroform/water (74 %), followed by acetone (43.3 %) and TCA/acetone (35.6 %) 

Fig. 3.2.  High background of non-
specific fluorescence obtained by 
incubating with bacteria. The bacteria 
appear to clump together on the array. 
The control FITC spots (four replicates) 
are well-defined and boxed in red. 
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precipitations. 

 

Table 3.3.  Comparison of protein precipitation methods for human milk. 
 
 

Methods 

 

Protein amount (mg) 

 

Yield (%) 

 

 
Skim milk control 
 

10.4±0.1 
 

100 
 

Acetone precipitation 
 

4.5±0.3 
 

43.3 
 

TCA/acetone precipitation 
 

3.7±0.1 
 

35.6 
 

Chloroform/methanol/water precipitation 
 

7.7±0.2 
 

74 
 

Each protein amount was calculated as mean  SEM of three 1 ml replicates. 
The precipitated human milk proteins were also analysed using 1D SDS-PAGE which 

substantiated the difference in yield from the methods. As shown in Figure 3.3, the protein 

bands precipitated from the three methods showed a similar banding pattern as the skim milk 

in lane 4 although with different SYPRO Ruby stain intensities. Amongst the three 

precipitation methods, acetone precipitation (lane 2) yielded a slightly different mixture of 

proteins as compared to chloroform/methanol/water precipitation (lane 3) and TCA/acetone 

precipitation (lane 5). The former method precipitated abundant proteins in the 80 kDa range, 

but precipitated fewer lower (< 80 kDa) and higher (> 260 kD) molecular weight proteins. 

Chloroform/methanol/water precipitation (lanes 3) and TCA/acetone precipitation (lane 5) 

yielded similar protein banding patterns with different amounts. There was a poor protein 

recovery by TCA/acetone precipitation (lane 5), of proteins under 50 kDa. Thus, it appeared 

that the chloroform/methanol/water precipitation method was the most efficient protein 

precipitation method as it also has the advantage of removing the lipid and concentrating the 

protein at the same time. From these results, the chloroform/methanol protein precipitation 

method was chosen for the preparation of total milk glycoproteins for the subsequent binding 

assays. 
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3.3.2.2 Comparison of binding efficiencies of fluorescently-labelled gastrointestinal tract- 

and oral-associated bacteria to total human milk proteins 

The PVDF plate assay was used to quantitate the gastrointestinal tract (including oral and 

gastrointestinal) bacterial adhesion to total human milk proteins. Four human gastrointestinal 

bacteria, C. jejuni, E. coli, S. typhimurium and L. rhamnosus were labelled with SYBR Green 

prior to binding to the immobilised milk proteins, which consisted of a mixture of 

glycosylated and unglycosylated proteins. Figure 3.4 shows significant (p<0.05) binding of all 

bacterial strains to human milk proteins, as compared to unglycosylated BSA. Although 

unglycosylated proteins such as β-casein, lysozyme and serum albumin are present in milk 

(Table 1.3), this data suggests that glycosylation plays a role in the binding of bacteria to milk 

proteins. Among the gastrointestinal-associated bacteria, it was also observed that the non-

pathogenic, gastrointestinal (probiotic) L. rhamnosus bound most efficiently to milk proteins 

and the binding was slightly better than C. jejuni and S. typhimurium. The opportunistic non-

motile gastrointestinal E. coli, bound least to the total human milk proteins. 

 

By comparison with the initial exposure of the milk in the mouth, the two oral streptococci 

species, S. gordonii and S. mutans bound less efficiently to the total human milk proteins than 

the gastrointestinal bacteria, with S. gordonii binding 33 % more efficiently than S. mutans 

(Figure 3.4). This indicates that the interaction between bacteria and human milk proteins 

varies between species. Streptococcus gordonii had a similar binding to total human milk 

proteins as E. coli, while the binding of S. mutans to total human milk proteins was the lowest 

Fig. 3.3.  Comparing milk protein precipitation 
methods with SYPRO Ruby staining. Lane 1, 
Novex® sharp pre-stained protein standard; lane 2, 
acetone precipitation; lane 3, 
methanol/chloroform/water precipitation; lane 4, 
human skim milk and lane 5, TCA/ acetone 
precipitation. 
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amongst all six bacteria. This suggests that the bacterial binding epitopes recognised by the 

oral streptococci on human milk proteins may be different from the ones bound to by 

gastrointestinal pathogens, thus influencing bacterial binding specificities in different parts of 

the digestive tract. 

 

 
 
Fig. 3.4.  Comparison of the binding (represented by fluorescence unit, FU) of the 
gastrointestinal and oral bacteria to total human milk proteins immobilised on PVDF 
membranes. All six bacteria bound to human milk proteins significantly more than to the 
same amount of unglycosylated bovine serum albumin (BSA). Three technical replicates were 
used and data were adjusted for fluorescence uptake before calculating the mean  SEM for 
each bacterial strain. Error bars represent SEM, where significance (* = p<0.05) was 
compared to individual BSA control. 
 

3.3.2.3  Sialic acid involvement in the binding of bacteria to human milk proteins 

The involvement of sialic acid, i.e. the abundant terminal monosaccharide on the milk 

glycoproteins, in mediating bacterial binding was investigated using the PVDF plate assay. 

Five concentrations (0, 0.05, 0.1, 0.2, 0.4 µg/µl) of 50 µl of N-acetylneuraminic acid (or sialic 

acid; A0812, Sigma-Aldrich) were used to determine the concentration of sialic acid required 

to inhibit bacterial binding to human milk proteins on the PVDF membrane. 

 

A volume of 50 µl of free sialic acid (0 to 0.4 µg/µl) was added to the bound bacteria to 

determine whether this monosaccharide could compete with the binding of oral streptococci 

to total human milk proteins and remove the bacteria. For both species, the bacterial binding 

to human milk proteins (Figure 3.5) showed that washing the protein bound bacteria with 0.1 

µg/µl of free sialic acid was sufficient to reduce the binding of S. gordonii to human milk 
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proteins by 24.4 % and S. mutans by 15.3 %. Higher amounts of free sialic acid (0.2 µg/µl) 

did not show a further effect and thus, 0.1 µg/µl of free sialic acid was determined as the 

minimal inhibitory concentration. A volume of 50 µl of glacial acetic acid (0.1 M, pH 4.5, 

equivalent to 0.1 µg/µl of free sialic acid) was included as a negative control to exclude the 

possibility that the bound bacteria can be removed by the acidic washing process or whether 

bacterial cell lysis is caused by acid entering the cell. Almost no effect (< 1% decrease in 

binding) with acetic acid was found. 

 

In an alternate approach, pre-incubation of the bacteria with free sialic acid appeared to have a 

greater effect on the binding of S. gordonii to total human milk proteins than washing the 

bound bacteria from milk proteins with free sialic acid. Pre-incubating the bacteria with free 

sialic acid (0.1 µg/µl) before adding the S. gordonii to the milk proteins effectively reduced 

the binding by 37.3 % and did not show increased inhibition of binding with higher amounts 

of free sialic acid were used (Figure 3.5). In contrast, S. mutans binding was not inhibited at 

all by pre-incubation of the bacteria with free sialic acid, as indicated by an actual slight 

increase of about 6 % of bacteria bound. This suggests that sialic acid may not be involved in 

the binding of S. mutans to human milk proteins. Both approaches indicated that the binding 

of S. gordonii to human milk proteins was sialic acid-dependent with S. mutans, showing a 

lesser involvement of sialic acid in binding to milk proteins. 

 



95 
 

 
 
Fig. 3.5.  Inhibition of oral streptococci binding to human milk proteins with increasing 
amounts of sialic acid by 1) washing bound bacteria with sialic acid and 2) pre-incubating 
bacteria with sialic acid before binding. Varying amounts of sialic acid (0 - 0.4 µg/µl) were 
tested to determine the inhibition of the binding of S. gordonii and S. mutans to human milk 
glycoproteins by the monosaccharide. A weak glacial acetic acid solution (0.1 M, pH 4.5, 
equivalent to 0.1 µg/µl of free acid) served as a control in both approaches to provide support 
that the binding of bacteria to human milk proteins is sialic acid-dependent and not just acid 
affected. Each data point on the curve was corrected for fluorescence uptake by the different 
bacteria and represents the mean  SEM of triplicate measurements from the PVDF plate 
assay. 
 

3.3.2.4  Validation that sialic acid is involved in binding of bacteria to human milk 

proteins 

To further investigate the role of sialic acid in the bacterial binding to milk glycoproteins, α2-

3,6,8 neuraminidase was used to remove the terminal sialic acids on total human milk proteins 

prior to measuring the binding of the six bacterial strains. Figure 3.6 shows that the 

neuraminidase treatment of the human milk glycoproteins for 16 h prior to bacterial binding, 

significantly (p<0.05) reduced the attachment of all four intestinal bacterial strains, 

particularly C. jejuni (reduced by 44.7 % compared to before neuraminidase treatment), 

followed by S. typhimurium (34.3 %), L. rhamnosus (28.3 %) and E. coli (14.1 %). 
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Also, in agreement with the competitive inhibition effect of free sialic acid on the bacterial 

binding (as shown in Section 3.3.2.3), the removal of sialic acid had a differential effect on 

the binding of the oral streptococci. The binding of oral S. gordonii to desiaylated human milk 

proteins was reduced by 28.9 %, but desialylation did not affect the binding of S. mutans 

(actually causing a slight increase in binding of 5.6 %; Figure 3.6). Significant (p<0.05) 

differences were also observed between the binding of S. gordonii and S. mutans after either 

washing the bound bacteria or pre-incubating the bacteria with free sialic acid (Figure 3.5), in 

which the S. gordonii binding to human milk glycoproteins appeared to involve sialic acid, 

while the binding of S. mutans was not affected by the presence of sialic acid. These 

combined data support the observation that S. mutans binds to different bacterial epitopes on 

milk proteins to those recognised by S. gordonii. These data also support the hypothesis that 

the interaction of many bacteria with human milk is at least partially (and differentially) 

reliant on binding to the terminal sialic acid residues on the milk glycoproteins. 

 

 
 

Fig. 3.6.  Desialylation of the milk glycoproteins on the PVDF membrane by neuraminidase 
digestion for 16 h decreased all bacterial binding efficiencies, except S. mutans, the binding of 
which was not affected by desialylation of the milk glycoproteins. Three technical replicates 
were used and data were corrected for fluorescence uptake before calculating the mean  
SEM of each bacterial strain. Error bars represent SEM, where significance (* = p<0.05) was 
compared to total human milk proteins only. Abbreviation: FU, fluorescence unit. 
 

3.3.2.5  Confirmation of desialylation of human milk glycoproteins by neuraminidase 

To substantiate that the changes in bacterial binding observed after treatment of the milk 
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proteins with α2-3,6,8 neuraminidase were due to the absence of terminal sialic acid, the N- 

and O-linked glycans were released from the milk proteins and compared before and after 

desialylation using LC-ESI-MS (Table 3.4 and Figure 3.7 A and B). The relative abundances 

(ion intensities) of the sialylated glycan structures were compared before and after 

neuraminidase digestion based on the extracted ion chromatograms for each sialylated N-

linked glycan. The presence of sialic acid was confirmed by MS/MS analysis by the loss of a 

sialic acid residue with m/z of 291. 

 

There were significant differences between the N- (Figures 3.7 A and B) and O- (Figures 3.7 

C and D) glycome after desialylation of the human milk glycans. A total of 65 glycan 

structures (45 N- and 20 O-linked glycans) were identified before desialylation. Details of 

these structures were determined in the next section (Section 3.3.3) and are provided in the 

Supplementary Data (Table S3). Figures 3.7 A and C show the summed average mass of N- 

and O-linked glycans released from human milk proteins before neuraminidase treatment. 

While Figures 3.7 B and D show the summed average mass spectra after neuraminidase 

treatment. The desialylation of human milk glycans by α2-3,6,8 neuraminidase after 16 h 

showed a decrease in abundance of structures with sialic acid residues and resulted in an 

increase in the non-sialylated glycan products (see also Figure S1, Supplementary Data). 

 

For example, after desialylation, two abundant doubly sialylated bi-antennary N-linked 

glycans, m/z [1111.3]2- and m/z [1184.4]2- (Figure 3.7 A) in the released N-linked glycans from 

the total human milk glycoproteins decreased significantly after neuraminidase treatment with 

a concomitant decrease in their mono-sialylated products, m/z [965.8]2- and m/z [1038.8]2- 

respectively, followed by an increase in the abundance of their fully desialylated products, m/z 

[820.2]2- and m/z [893.3]2- (Figure 3.7 B). Three singly sialylated N-linked glycans, m/z 

[945.3]2-, m/z [1059.3]2-, m/z [1140.3]2 (Figure 3.7 A) were completely missing after 

desialylation, with an increase in the corresponding desialylated products, m/z [799.7]2-, m/z 

[913.8]2- and m/z [994.8]2- (Figure 3.7 B). It was noticed that there was an increase in the 

possible Lewis type fucosylated N-linked structure of m/z [966.3]2- after desialylation. This 

indicates that there may be limited resolution by the ion-trap mass spectrometer of the mono-

sialylated bi-antennary structure m/z [965.8]2- from the di-fucosylated structure m/z [966.3]2- 

that have a mass difference of 1 Da in the released N-linked glycan average mass spectrum. 

This data thus may result in an underestimation of the Lewis fucosylated N-linked glycans, 

but the global removal of sialic acid substantiates the activity of the α2-3,6,8 neuraminidase. 
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Similarly, three abundant O-linked mono-sialylated glycans, m/z [1040.3]1-, m/z [1186.3]1- and 

m/z [1551.4]1- (Figure 3.7 C) released from human milk proteins also decreased with a 

concomitant increase in the percentage abundance of the respective desialylated species, m/z 

[749.2]1-, m/z [895.3]1- and m/z [1260.4]1 (Figure 3.7 D) when treated with α2-3,6,8 

neuraminidase. Note that the two proposed sialylated glycan isomers of m/z [675.3]1- are 

completely removed after neuraminidase treatment, indicating the loss of the attached sialic 

acid residue; the desialylated disaccharide products would not be seen in the mass window 

chosen. 

 

This study confirmed that the α2,3,6,8, neuraminidase has removed the sialylation from both 

the N- and O-linked glycoproteins in human milk. These results substantiate the conclusion 

that sialylation of the milk glycoproteins is an important factor in the binding of both 

commensal bacteria and those that are potentially pathogenic to the human gastrointestinal 

tract, where the extent of this adhesion varies between different strains of bacteria. 
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Fig. 3.7.  Comparison of the summed mass spectra of N- and O-linked glycans from human milk glycoproteins before (A and C) and after (B and D) 
digestion with α2-3,6,8 neuraminidase. Before desialylation a total of 65 N- and O-linked glycan structures were identified by retention times over all 
samples using bovine fetuin of known retention time as an internal standard, where 45 N-linked glycans were eluted between 32.7 -58.4 min retention 
time and 20 O-linked glycans eluted between 23.4 -35.3 min retention time. N- and O-linked glycans were separated using different gradients, in which 
the N-linked glycans were separated using a linear gradient with 0 - 45 % (v/v) acetonitrile in 10 mM ammonium bicarbonate for 85 min, whereas O-
linked glycans were separated using a linear gradient with 0 - 90 % (v/v) acetonitrile in 10 mM ammonium bicarbonate for 45 min at a flow rate of 2 
μl/min using an Agilent 6330 series ion-trap MS instrument linked to an Agilent 1100 capillary LC (Agilent Technologies, CA, USA). Details of these 
structures are presented in Table S3, Supplementary Data. The * denotes this particular N-linked glycan, m/z [1235.3]1- is singly charged. 
Representative [M-2H]2- and [M-H]1- ions correspond to identified structures of released N- and O-linked glycans respectively from total human milk 
glycoproteins. Presence of sialic acid (291 Da) was confirmed by the presence of m/z [291] 1- in the MS/MS of sialylated structures. 
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Table 3.4.  Comparison of total relative abundances of sialylated structures in total human 
milk proteins before and after desialylation. Structure numbers refer to structures 
characterised in the milk (see Table S3, Supplementary Data). 
 

S/ 

No. 

 

Calculated 

experimental 

mass 

[M-H]
1- 

 

Proposed 

glycans on total 

human milk 

proteins in this 

study 

 
Relative 

abundance 

before 

desialylation 

(%) 

Relative 

abundance 

after 

desialylation 

(%) 

Structural 

confirmation 

N 
7 1567.6 

 

 
0.28 ND Mono-

sialylated 

N 
13 1729.6 

 

 
0.79 ND Mono-

sialylated 

N 
17 1875.6 

 

 
0.63 ND Mono-

sialylated 

N 
19 1891.6 

 

 
0.87 ND Mono-

sialylated 

N 
20 1916.6 

 

 
0.78 ND Mono-

sialylated 

N 
21 1932.6 

 

 
11.21 ND Mono-

sialylated 

N 
24 2078.6 

 

 
10.64 ND Mono-

sialylated 

N 
25 2079.6 

 
Possible Le 

 

0.16 2.25 Di-fucosylated 

N 
26 2119.6 

 

 

1.06 ND Mono-
sialylated 

 
N 
28 
 

2223.6 
 

 

25.82 ND Di-sialylated 

N 
29 2224.6  

Le/possible SLe 

 

15.52 ND Mono-
sialylated 
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S/ 

No. 

 

Calculated 

experimental 

mass 

[M-H]
1- 

 

Proposed 

glycans on total 

human milk 

proteins in this 

study 

 
Relative 

abundance 

before 

desialylation 

(%) 

Relative 

abundance 

after 

desialylation 

(%) 

Structural 

confirmation 

N 
30 2281.6 

 

 

0.36 ND Mono-
sialylated 

N 
33 2369.8 

 

 
4.47 ND Di-sialylated 

N 
34 2370.6  

Possible Le/SLe 

 

0.78 ND 
Mono-
sialylated and 
di-fucosylated 

N 
35 2443.6 

 

 
0.41 ND Mono-

sialylated 

O 
2 675.3 

 

 

 

2.42 ND Mono-
sialylated 

O 
4 878.3 

 

 
2.46 ND Mono-

sialylated 

O 
7 966.3  

 

 
1.06 ND Di-sialylated 

O 
8 1040.3 

 

 
27.25 ND Mono-

sialylated 

O 
9 1041.3  

Possible Le 

 

7.72 9.97 Di-fucosylated 

O 
15 1405.4 

 

 
3.72 ND Mono-

sialylated 

O 
16 1406.5  

Possible Le 

 

0.24 5.64 Di-fucosylated 



 

104 

S/ 

No. 

 

Calculated 

experimental 

mass 

[M-H]
1- 

 

Proposed 

glycans on total 

human milk 

proteins in this 

study 

 
Relative 

abundance 

before 

desialylation 

(%) 

Relative 

abundance 

after 

desialylation 

(%) 

Structural 

confirmation 

O 
18 1551.4  

Possible Le/SLe 

 

1.45 ND Mono-
sialylated 

Abbreviations: ND, not detected; S/No., structure number. 
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3.3.3  Monosaccharide analysis of released N- and O-lnked glycans from human milk 

glycoproteins 

To further verify that the possibility of over-estimating the sialylation of this human milk 

sample by the presence of di-fucosylated structures, the monosaccharide composition of 

released N- and O-linked glycans on total human milk glycoproteins was analysed by high-

performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-

PAD). Each type of monosaccharide analysis (neutral - Gal, Man, Fuc; amino - GlcNAc, 

GalNAc; acidic - NeuAc) was carried out to quantify the six mammalian glycoprotein 

monosaccharides (Figure 3.8). Based on molar ratio, the total N- and O-linked glycans 

contained a high relative amount of Gal (56.9 % of total monosaccharides), Man (28.2 % of 

total monosaccharides) and GlcNAc (11.5 % of total monosaccharides), but a low relative 

amount of GalNAc (0.6 % of total monosaccharides). Although in relatively low abundance, 

the HPAEC-PAD analysis detected a Fuc:NeuAc ratio of approximately 4:1, which is even 

higher than the fucosylation of milk proteins found by Dallas et al. 2011 (65 % fucosylation 

and 38 % sialylation) and Nwosu et al. 2012 (75 % fucosylation and 57 % sialylation). The 

higher total monosaccharide fucosylation shown in our study may be due to the number of 

fucosylated O-linked glycans identified since the two literature reports only analysed the 

relative abundance of fucosylation in the N-glycome of human milk whey proteins. 
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Monosaccharide amount (µM) 

 

Gal GalNAc GlcNAc Man Fuc NeuAc 

 

Total 

 
Sample 1 
 

260.6 3.8 57.4 132.0 9.4 2.6 
 

 
Sample 2 
 

297.1 2.9 57.7 194.0 8.1 2.8 
 

 
Sample3 
 

286.6 3 55.5 92.4 15.6 1.5 
 

 

Mean 

 

281.4±18.8 3.2±0.5 56.9±1.2 139.5±15.2 11.0±4.0 2.3±0.7 

 

494.3 

 

Relative amount (%) 

 

56.9 0.6 11.5 28.2 2.2 0.5 

 

100 

 
Fig. 3.8.  Monosaccharide (neutral, amino and acidic) analysis of total N- and O-linked glycans that were hydrolysed from total human milk 
glycoproteins. The mean values are shown as the mean  SEM of triplicate measurements from each monosaccharide analysis. Abbreviations for: Fuc, 
fucose; Gal, galactose, HPAEC-PAD, high-performance anion-exchange chromatography with pulsed amperometric detection; ISTD, internal standard 
(i.e. 2-deoxy-D-glucose); Man, mannose; GalNAc, N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; NeuAc, N-acetylneuraminic acid; %, 
percentage. 
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3.4  Discussion 

This study provides evidence for the hypothesis that human milk may prevent gastrointestinal 

and oral bacterial colonisation in breastfed infants. Two fluorescent-based adhesion methods 

were used to study the binding mechanism, by which proteins or glycoproteins in human milk 

can bind to bacteria in order to facilitate or inhibit bacterial colonisation. The first method 

used a glycan array technology to identify the binding by three gastrointestinal bacteria: E. 

coli, S. typhimurium and L. rhamnosus to specific immobilised glycan structures. The printed 

glycan microarrays have been used by others mainly for measuring glycan recognition by 

purified proteins, antibodies, lectins and viruses (Fazio et al. 2002; Fukui et al. 2002; 

Houseman and Mriksich 2002; Nimrichter et al. 2004; Schwarz et al. 2003; Wang et al. 2002) 

as it is a sensitive and robust technique and requires low quantities of synthetic glycans 

(Leppänen and Cummings 2010). Although whole bacterial cells have been used in array 

binding assays (Day et al. 2009, 2012), in this study it was found that the assay was not 

suitable for measuring whole bacterial binding to sugars possibly because the assay conditions 

were not fully optimised, and the assay results lacked reproducibility and reliability. 

 

In addition, the results from the glycan microarray for all three bacterial strains in this study, 

did not agree with the glycan-binding specificity as reported in the literature. Escherichia coli 

did not bind to mannosylated and/or sialylated glycans, although acidic oligosaccharide 

structures have been identified as binding sites for this bacteria on human intestinal mucins 

(Robbe et al. 2004). Several studies have also reported that E. coli binding to terminal 

galactose, mannosylated, fucosylated and sialylated glycan structures, in which some are 

natural glycan structures of the human gastrointestinal tract, such as GD3, GM2, LNT, Ley, 

sialyl-Lex (Ashkenazi et al. 1991; Cravioto et al. 1991; Idota and Kawakami 1995; Newburg 

1997; Newburg et al. 1990). However, these types of structures were not recognised by E. coli 

in this work, in which the bacterium only bound to one fucose residue on the array. Likewise, 

the pathogenic S. typhimurium did not bind to any of the fucosylated structures on the array, 

although in previous research Salmonella enterica serotype typhimurium has been shown to 

bind to terminal α1-2 Fuc residues present in the cecal mucosa (Chessa et al. 2009), mannose-

rich carbohydrate structures (Grzymajlo et al. 2010) and glycoproteins terminating with sialic 

acid residues (Vimal et al. 2000). Although not much information is known about the 

interaction of L. rhamnosus with carbohydrates, the binding specificities of this bacterium to 

the array in this study are not in agreement with a recent study using other Lactobacillus 

strains ME-522 and L. gasseri ME-527, which recognised sialylated residues on sHCM using 

BIAcore analysis (Huang et al. 2013). Further studies also showed that the interaction of L. 
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plantarum with human colonic HT-29 cell line (Adlerberth et al. 1996) and porcine jejunal 

epithelium (Gross et al. 2008) could be mannose-specific, which was not found in this assay. 

Bacterial binding to glycolipid-like structures was also observed on the array (Table 3.2, 

Chapter 3). The pathogenic S. typhimurium and the commensal L. rhamnosus bound to asialo-

GM1 with a terminal neutral (Galβ1-3) residue, and E. coli bound to Galα1-4 antigen, which is 

present in glycosphingolipids with previous studies, suggesting that the Galα1-4 antigen may 

play an important role for E. coli adherence to the core of glycosphingolipids (Sung et al. 

2001a, 2001b). It is therefore very clear that the lack of repeatability of data was the reason 

that this method was not pursued further. 

 

Many technical factors could have potentially influenced the bacterial binding to the glycan 

structures on the array: 1) glycan density on the array, which may have affected the number of 

binding sites (multivalent interactions) presented to the bacteria and the distance between 

binding sites (Oyelaran and Gildersleeve 2009; Oyelaran et al. 2009), 2) excretion of enzymes 

by bacteria, which may have digested existing sialic acid residues attached to the array (Dallas 

et al. 2012). 3) changes in incubation time, (Lewallen et al. 2009), temperature and growth 

conditions (Day et al. 2009), 4) manner in which the structural conformation of the glycan 

structures on solid phase were presented to the bacteria (Manimala et al. 2007) and 5) ratio of 

glycans printed on each spot to number of bacterial cells. In terms of data analysis, manual 

interpretation of the microarray array data can be rather difficult and time-consuming. Thus, it 

was clear that this method required further optimisation to overcome these apparent problems 

including the non-reproducibility, inconsistency of recognised structures and amount of 

printed glycans on the array. In addition, the native N- and O- linked glycans that are actually 

found on human gastrointestinal and human milk glycoproteins are not well-represented by 

the synthetic structures displayed on the arrays. Due to these considerations, it was decided 

that a more effective and reliable method could be developed that used a complex mixture of 

glycans as a more authentic multivalent biological model, and which included the natural 

binding partners. 

 

A second assay, which involved the use of milk glycoproteins arrayed in a PVDF-based 96-

well plate, was thus developed. This method is based on the binding of the hydrophobic 

proteins to the PVDF membrane (Jensen et al. 2012) to provide a more natural presentation of 

the glycans on the milk proteins to study the interactions between microorganisms and 

specific glycans on human milk proteins. This plate assay also enabled quantification of the 

fluorescently-labelled bacterial binding in a high throughput manner. The immobilisation of 
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the human milk glycoproteins presents a more complex glycan structural substrate as 

compared to single, smaller and limited amount of synthetic glycan structures on the glycan 

microarrays. This method also allowed for the modification of the attached glycans on the 

human milk glycoproteins to allow investigation of the involvement of specific glycans in the 

binding of gastrointestinal and oral bacteria. 
 

All four human gastrointestinal bacterial strains bound to human milk proteins, but not to the 

unglycosylated BSA, thus indicating the role of glycans in bacterial binding. The human 

commensal bacteria, L. rhamnosus bound slightly more efficiently to milk proteins when 

compared to the human pathogens, E. coli, C. jejuni and S. typhimurium. For the oral bacteria, 

S. gordonii showed a strong binding affinity to the milk proteins than S. mutans, but both 

bacteria bound less effectively when compared with the human gastrointestinal pathogens. 

One possible explanation for the differential binding of the oral bacteria is that S. gordonii is 

known as an initial enamel coloniser, which provides an anchor for other oral microorganisms 

in the cascade of colonisation (Chalmers et al. 2008), whereas S. mutans is a plaque-forming 

bacterium which colonises later in oral biofilms (Kreth et al. 2008; Kuramitsu and Wang 

2006). Upon desialyation of human milk proteins with α2-3,6,8 neuraminidase, the 

attachment of all four gastrointestinal bacterial strains was significantly (p<0.05) reduced, 

indicating that the interaction of these bacterial strains with human milk glycoproteins is 

partially reliant on binding to terminal sialic acid residues on the glycans. Salmonella 

typhimurium, L. rhamnosus and E. coli showed less inhibition of binding by desialylation than 

C. jejuni. Interestingly for the oral environment, S. gordonii recognised sialic acid as part of 

the binding epitope structure, but S. mutans binding did not appear to be dependent on the 

presence of sialic acid. The lack of dependency on sialic acid for binding of S. mutans was 

confirmed by the fact that free sialic acid could not completely remove the interaction or 

prevent the binding of S. mutans. 

 

While S. mutans is known to bind to salivary glycoproteins, the oral bacterium binds to other 

epitopes and not to terminal sialic acid residues (Levine et al. 1978). For instance, Gibbons 

and Qureshi (1979) have previously shown that galactose and melibiose inhibited eight strains 

of S. mutans binding to saliva-coated hydroxyapaptite (S-HA) surfaces. Another study 

showed that S. mutans bound only to Lea, Galβ1-3(Fuc1-4)GlcNAc containing the fucose 

residue and not to the other blood group antigens such as Leb, Lex, Ley, H1, H2, A, B and 

sialylated Lea (Ligtenberg et al. 2000). Ligtenberg et al. (2000) showed that the Lea blood 

group antigens were important for binding and found that S. mutans bound to Lea without 
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galactose (Fuc1-4GlcNAc), but not to Lea without fucose (Galβ1-3GlcNAc), confirming that 

fucose and not sialic acid plays a major role in the binding of S. mutans. Therefore, further 

experiments involving enzyme digestion with other exoglycosidases need to be carried out to 

identify the specific sugar residue(s) responsible for S. mutans binding to human milk 

glycoproteins. 

 

From the comparative binding studies described in Figures 3.4 and 3.6, it is interesting to note 

that the commensal bacteria, L. rhamnosus and S. gordonii, had a slightly higher binding 

affinity to the human milk proteins than the pathogenic bacteria. This was unexpected since it 

seems to suggest that human milk proteins may bind and remove commensals from the gut 

just as well, or even better, than it does for the pathogens. Nevertheless, as shown by the 

literature review (Chapter 1), there is strong evidence that human milk consumption correlates 

with a healthy infant gut microbiota. It is possible that the binding of commensals to human 

milk may aid in their delivery to the infant mouth or gut from external sources, such as the 

lactating mother. Meanwhile, the adhesion to milk destined for excretion may facilitate a 

regular turnover of the commensal gut microbiome that promotes genetic diversity and 

resilience. Clearly the process is complex and multifactorial. Exactly how this translates in 

vivo is difficult to determine but could be explored further in future studies.  

 

In past research, identification of most of the proposed human milk glycan structures have 

been based on MS-based analysis of released glycans from either a proportion of 

glycoproteins in human milk fractions or specific proteins (Table S3, Supplementary Data). A 

few studies have characterised N-linked glycans of human skim milk proteins (Dallas et al. 

2011) and human milk whey proteins (Nwosu et al. 2012). Although the N- and O-linked 

glycans of human milk fat globule membrane proteins have been reported (Wilson et al. 

2008), these proteins account for less than 5 % of total human milk protein content (Fortunato 

et al. 2003). Hence in the present study, LC-ESI-MS was used to identify the binding partners 

on total human milk proteins that interacted with the six different bacterial strains, in 

particular investigating the involvement of sialic acid in bacterial binding. This LC-ESI-

MS/MS method, which requires low quantities of starting material (down to fetomole range) 

has been widely used for the analysis of glycan structures (Jensen et al. 2012; Karlsson et al. 

2004a, 2004b; Kolarich et al. 2012; Pabst et al. 2007). In addition, the porous graphitised 

carbon (PGC) column also has the advantage of differentiating glycan isomers and separating 

neutral and acidic glycans (Packer et al. 1998). It should be noted that in this study, the 

instrument was operated in a negative-ion mode rather than in positive-ion mode for better 
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ionisation of the acidic glycans (Sagi et al. 2005). 

 

From the glycans analysed in this study, the glycans characterised in total human milk 

glycoproteins consisted mainly of sialylated bi-antennary N-linked glycans, while a majority 

of the O-linked glycans were core 2 structures, with mono-fucosylated and mono-sialylated 

structures accounting for most of the O-linked glycans (see Table S3, Supplementary Data). 

The bi-antennary and di-sialylated glycan (N28) was detected as the most abundant N-linked 

structure, while the mono-sialylated core 2 type structure (O8) was the most abundant O-

linked glycan. It was noted that 28 N- and 16 O-linked glycans have been previously reported 

in literature as glycans found on human milk glycoproteins (see Table S3, Supplementary 

Data). These glycan structures included mostly core fucosylated and sialylated N-linked 

glycans, while the O-linked glycan structures were primarily sialylated core 2 type. 

Similarities were observed between the proposed structures in this study and previously 

reported human milk glycan structures from the literature. For instance, the core-fucosylated 

bi-antennary structure (N15) was also found in three other studies on whey proteins (Nwosu 

et al. 2012), bile salt-stimulated lipase (Mechref et al. 1999) and human lactoferrin 

(Matsumoto et al. 1982; Samyn-Petit et al. 2001). Interestingly, this structure was absent in a 

previous study on human skim milk proteins (Dallas et al. 2011) that reported the fucose 

attached to a GalNAc residue on the arm (as Lewis-type epitope), rather than to the core. 

Twenty-one low level N- and O-linked glycan masses (Supplementary Data, Table S3: N1, 

N7, N14, N20, N23, N27, N30, N31, N32, N35, N36, N37, N38, N39, N41, N44, N45, O9, 

O16, O19 and O20) found in this study have not been previously reported in the three studies 

used for comparison of human milk proteins. 

 

Some differences are also seen in the structural analysis of the total human milk 

glycoproteins, for example, the proposed structure O13 was assigned as a fucosylated Galβ1-

3GlcNAc attached to the Gal in a β1-3 linkage on the branched β1-6 arm of GalNac of core 2. 

However, this composition has been shown to be a different terminal sequence on sIgA found 

in human milk in a previous study (Pierce-Crétel et al. 1989), in which the fucosylated Galβ1-

3GlcNAc attached to the Gal in a β1-3 linkage on the branched β1-3 arm of the GalNac. In 

this study, three sialylated core 2 O-linked glycans (O2, O7 and O8) on the total human milk 

glycoproteins shared a similar composition with known structures on the bovine MFGM 

proteins, but not reported on MFGM proteins of human milk (Wilson et al. 2008). It is 

possible that the pooled human milk samples collected from some breastfeeding mothers who 

had consumed cow’s milk prior to breastfeeding, since early studies have shown that β-
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lactoglobulin, which is a major whey protein in bovine milk, was found in human milk 

samples of mothers who have ingested cow's milk (Jakobsson et al. 1985; Sorva et al. 1994). 

However, the acidic residue, N-glycolylneuraminic acid (NeuGc), only found in non-human 

mammals (Nakao et al. 1991; Nowak et al. 1986; Nwosu et al. 2012; Suzuki et al. 2000) such 

as cows was not identified in the human milk analysed here. 

 

This study shows predominately highly sialylated, core fucosylated structures in the released 

N- and O-linked glycan structures of the total human milk proteins. The sialylation was 

confirmed by MS/MS analysis (loss of mass of sialic acid - 291 Da) and by desialylation with 

α2-3,6,8 neuraminidase. Total monosaccharide analysis using HPAEC-PAD showed greater 

fucosylation than sialylation in the total released N- and O-linked glycans, which is in 

agreement with the high fucosylation on N-linked glycans of human milk whey proteins 

(Dallas et al. 2011; Nwosu et al. 2012) with over 50 % of the fucosylated N-linked glycans 

containing terminal fucose residues bearing a possible Lewis structure. It is not clear whether 

the high fucosylation (75 %) distribution observed by this group referred to core or Lewis 

fucose residues as the relative abundance of these structures was not presented. In this present 

study, the glycan analysis was carried out using negative mode ionisation, which increases the 

detection of the acidic (sialylated) glycans. Hence, a greater proportion of sialylated glycan 

structures may have been seen compared with the positive mode ionisation of the 

permethylated N-linked glycans used by Nwosu et al. (2012). Additionally, the glycan 

composition of human milk proteins could also vary in individual mothers depending on the 

lactation stage, like that found in free oligosaccharides (Section 1.4, Chapter 1). To date, there 

is little information on both the N- and O-glycosylation of human milk proteins, with only one 

paper on the glycan profile of human MFGM proteins (Wilson et al. 2008).  

 

The results in Figure 3.7 (see Table S3, Supplementary Data) from this study suggest that high 

sialylation is a general feature of glycosylation on total human milk proteins. The discrepancy 

between this work and that of Nwosu et al. (2012), which showed high fucosylation and low 

sialylation as the general characteristic of human milk, might be explained by the data in 

Figure 3.7, which shows several masses after desialylation that correspond to a di-fucose 

substituent (292 Da) remaining after desialylation (loss of 291 Da). It is suggested that before 

desialylation (Figures 3.7 A and C), the apparent relative abundances of some of the sialylated 

N- and O-linked glycan types (see Table S3 and Figure S1 in Supplementary Data) are 

comprised of a mixture of sialylated and di-fucosylated species and thus, do not represent the 

actual relative quantification of sialylation and fucosylation in human milk. To account for the 
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inaccurate mass measurement of the ion trap MS analysis that cannot easily distinguish this 

mass difference, the total relative distribution of masses that could be representing di-

fucosylated and sialylated structures on human milk proteins before and after desialylation 

was compared (Table 3.4). It is shown that the proposed sialylated N-linked glycan masses 

were all significantly reduced after desialylation, confirming these masses were glycans 

containing sialic acid and not di-fucose residues. Di-fucosylated assigned structures, such as 

N25 did not decrease, but increased (see Figure S1, Supplementary Data). Likewise, the O-

linked glycans O9 and O16 did not decrease (and actually increased in abundance in the latter 

case) after desialylation, suggesting that these were correctly assigned as di-fucosylated 

structures. The increase in O9 and O16 after desialylation could  be due to  the desialylated 

products of a parent sialylated structure, such as m/z [1697.5]1- and m/z [1332.3]1-, 

respectively after neuraminidase treatment (Figure 3.7). 

 

Protein bound glycans in human milk were thus shown to be recognised as binding partners 

by bacteria that typically inhabit the digestive tract from the mouth to the intestine. The 

involvement of the terminal sialic acids on the bacterial binding is variable, suggesting that 

different bacterial species/strains discriminate in the attachment to glycan substructures on the 

milk glycoproteins. These data add to accumulating evidence about the importance of sugar 

determinants on glycoproteins in human milk, which can confer a natural defence mechanism 

by binding to and expelling human gastrointestinal pathogens from the intestine, as well as 

oral pathogens from the mouth, of breastfed infants, before they can bind and infect the 

epithelial linings. 
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Chapter 4.  Binding of human gastrointestinal bacteria to bovine and human milk 

proteins 

 

Rationale 

The work described in this chapter aimed to investigate and compare the binding of human 

gastrointestinal bacteria to bovine and human milk proteins. Methods were explored to 

effectively fractionate milk to help elucidate which proteins play the greatest role in bacterial 

adhesion. One fractionation method involved a preparative electrophoresis instrument, 

MicroFlow MF10, designed to separate complex protein mixtures under native conditions 

across hydrophilic membranes into different fractions by charge and size. The second method 

used high-speed centrifugation with pH adjustment for separation of whey and casein 

fractions. The third method utilised fast protein liquid chromatography (FPLC) gel filtration 

(size exclusion) to further separate the proteins in the soluble whey fraction. 

 

The PVDF plate assay developed in Chapter 3 was used to compare the binding of 

gastrointestinal bacteria to bovine and human milk proteins (total proteins, casein, whey and 

whey sub fractions). The involvement of conjugated milk glycans in bacterial adhesion, and 

specifically the contribution of sialic acid, was investigated by 1) washing the bacteria bound 

to the protein fractions with sialic acid, 2) pre-incubating the bacteria in sialic acid prior to 

measuring their binding to the milk fractions and 3) removal of terminal sialic acid residues 

on milk glycoproteins by α2-3,6,8 neuraminidase. 
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4.1  Introduction 

Human milk is known to provide human infants with greater protection against 

gastrointestinal disease than bovine milk or cow’s milk based infant formulas (Section 1.1, 

Chapter 1). Part of this phenomenon has been attributed to the human immunoglobulins, 

particularly sIgA, which are present at very high concentrations in human colostrum and then 

decrease as milk, and the immune system of the infant, matures (Goldman et al. 1982; Ogra 

and Ogra 1978). Free oligosaccharides are also more abundant in human milk (5 - 15 g/l) than 

bovine milk (0.05 g/l; Table 1.3, Chapter 1) and are thought to play a significant role in 

inhibiting pathogen adhesion to the gastrointestinal tract via a decoy mechanism (Figure 1.2, 

Chapter 1). The ability of other components of human and bovine milk to bind to 

gastrointestinal bacteria and inhibit their adhesion to the gastrointestinal tract is not well-

understood and thus warrants further investigation. In particular, it is hypothesised that the 

glycans attached to the milk proteins may also contribute to the pathogen adhesion function of 

milk, and further, that there may be differences in the extent of pathogen adhesion between 

bovine and human milk milk glycoproteins. 

 

Bovine milk differs from human milk in a number of ways, as summarised in Table 1.3, 

Chapter 1. The protein content of bovine milk is typically over three times that of human 

milk; hence, the increased health benefits of human milk cannot be positively correlated with 

the abundance of total protein per se. There is also a much higher amount of caseins in bovine 

milk than human milk, including the glycosylated κ-casein. Bovine and human milk have 

been reported to have similar total whey protein content. However, the specific components 

of the whey fraction are slightly different in the two types of milk. The glycoproteins 

lactoferrin and sIgA form substantial components of human milk whey, but not of bovine 

milk whey. In contrast, β-lactoglobulin, a protein that has not been reported as glycosylated, 

represents almost half of bovine milk whey proteins (Table 1.3). Differences in the glycan 

structures of milk glycoproteins from bovine and human milk have also been established 

(Nwosu et al. 2012; Wilson et al. 2008). 

 

The relative contribution of the different components of bovine and human milk to bind to 

and remove pathogens from the digestive tract has not been well studied, particularly beyond 

the possible decoy functions of human free milk oligosaccharides. Some studies have 

emerged demonstrating the abilities of milk glycoproteins to bind to pathogens (Table 1.6, 

Chapter 1). However, the work was typically carried out using purified glycoproteins at 

arbitrary concentrations appropriate for maximum effect in a particular assay, and rarely was 
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carried out using concentrations similar to those in the original milk source. Furthermore, 

there appears to be a lack of research that assesses the contribution to pathogen binding of 

crude fractions of milk, such as total whey or casein fractions, in which several 

glycoproteins/proteins feature together in combinations and concentrations typical of real 

milk. The specific contribution of the array of conjugated glycans presented by each of these 

fractions has also received little attention. 

 

In the work described in this chapter, the adhesion of gastrointestinal bacteria to various 

protein fractions of human and bovine milk was compared to determine which components of 

each type of milk could have potential to remove pathogenic bacteria from the human 

gastrointestinal tract. The first stage of the work involved the establishment of effective 

methods to isolate different protein fractions from bovine and human milk. Several techniques 

were explored: 1) a selective electrophoresis, designed to separate milk proteins by size and 

charge across variable pore size polyacrylamide membranes when a voltage is applied; 2) a 

high-speed centrifugation technique with pH adjusted to separate the soluble whey proteins 

from the insoluble caseins, and 3) size exclusion (fast protein liquid chromatography, FPLC 

gel filtration) fractionation of the whey proteins. The fractions of bovine and human milk 

proteins were immobilised onto the PVDF plate in the quantities representative of their 

concentrations in the original milk source and the binding of gastrointestinal bacteria to the 

milk protein fractions was compared. The involvement of conjugated milk glycans in 

bacterial binding, and specifically the importance of sialic acid as a binding epitope, was also 

examined by washing or pre-incubating with free sialic acid, and removing the terminal sialic 

acid residues on milk glycoproteins using neuramindase prior to the binding of 

gastrointestinal bacteria. This study provides important information on the protein 

components of bovine and human milk which may have potential to bind to gastrointestinal 

pathogens and thus prevent their adhesion to the gastrointestinal tract, and the role that the 

glycosylation of the milk proteins may play in this interaction. 

 

4.2  Materials and methods 

4.2.1  Milk samples 

Pooled human milk was obtained from the breast milk bank of Semmelweiß Frauenklinik, 

Vienna, Austria. Bovine milk was obtained from a Jersey cow at the Calmsley Hill City Farm, 

Sydney, Australia, two months after calving. 
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4.2.2  Methanol/chloroform/water precipitation for isolation of total milk proteins 

Total proteins of bovine and human milk were precipitated from raw bovine and human milk 

by methanol/chloroform/water precipitation according to Section 3.2.2.1. 

 

4.2.3  Preparation of skim milk 

To obtain skim milk, bovine and human milk were centrifuged at 13000  g, 4 °C for 30 min 

(Section 3.2.2.1). The cream layer was removed and the skim milk was supplemented with 

protease inhibitor (Roche Diagnostics, NSW, Australia). Skim milk samples were freshly 

prepared prior to application in each of the following fractionation techniques. 

 

4.2.4  Fractionation of skim milk using the Microflow MF10 system 

Bovine and human skim milk (Section 4.2.3) were fractionated using the selective 

electrophoresis MicroFlow MF10 system (NuSep Ltd, Sydney, Australia), designed to 

separate proteins by molecular weight (Horvath et al. 1994). Four chambers were assembled 

using five polyacrylamide membranes (2.7  2.2 cm) with increasing pore size. All five 

membranes (5 kDa  2, 75 kDa  1, 150 kDa  1 and 500 kDa  1) were soaked twice with 

Milli-Q water and twice with 1X Tris-ε-aminocaproic acid (EACA)/urea buffer, consisting of 

90 mM Tris (hydroxymethyl) aminomethane, 10 mM EACA and 4 M urea. The chamber of 

the instrument, tubing and cartridges designed to hold the polyacrylamide membranes were 

also washed in Milli-Q water for 10 min. Membranes were placed into the cartridges in order 

of increasing pore size from the anode to the cathode, forming four separate sub-chambers, as 

illustrated in Figure 4.1. The two 5 kDa membranes were placed at both ends of the assembly. 

The whole system was equilibrated in a buffer solution of 1X Tris/EACA/urea before loading 

the freshly prepared skim milk sample (Section 4.2.3). 

 

 
 

Fig. 4.1.  A schematic diagram of the polyacrylamide membranes assembled in the Microflow 
MF10 chamber for protein fractionation. Based on the principle of polyacrylamide gel 
electrophoresis, proteins migrate across the membranes from cathode to anode according to 
their size and charge when an electric field is applied (Wasinger et al. 2005). 
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A volume of 140 μl of skim milk was loaded into the sub-chamber at the cathode end of the 

apparatus between the 5 kDa and 500 kDa membranes using gel loading pipette tips (Proxeon 

Biosystems A/S, Odense, Denmark). An equal volume (140 μl) of 1X Tris/EACA/urea buffer 

was added to the remaining three sub-chambers. The run was set at 50 V for 30 min and 

increased to 200 V for another 2 h. Fractionated milk samples from the sub-chambers between 

the polyacrylamide membranes were then collected into separate tubes and designated as 

fractions F1 to F4 (Figure 4.1). The proteins in each collected milk fraction were precipitated 

with nine volumes of ice-cold acetone at -20 °C for 2 h. After centrifugation at 16000  g, 4 

°C for 15 min, the supernatant was removed from the protein pellet, which was then stored at 

-20 °C prior to analysis by SDS-PAGE (Section 2.3). In addition, all of the polyacrylamide 

membranes were stained with Ponceau S solution (Sigma Aldrich) to detect any residual 

proteins that adhered to the membranes. 

 

4.2.5  Separation of whey and casein from skim milk by high-speed centrifugation 

The whey and casein fractions of bovine and human skim milk (Section 4.2.3) were separated 

by high-speed centrifugation using a method described by Kunz and Lönnderal 1989, with 

slight modifications. Briefly, the pH of the skim milk was adjusted to 4.6 with 1 M 

hydrochloric acid, followed by the addition of 60 mM of calcium chloride/l prior to 

ultracentrifugation at 100000  g, 4 °C, for 60 min. The supernatant containing the soluble 

fraction (including whey proteins and free oligosaccharides) was removed from the casein 

pellet and placed in a separate tube. The soluble fraction was mixed with five volumes of ice-

cold acetone and stored at -20 °C for 2 h, then centrifuged at 16000  g, 4 °C for 15 min. The 

supernatant was removed and the pellet containing precipitated whey proteins was carefully 

washed with 50 % (v/v) acetone. The washed protein pellet was air dried at RT to remove 

residual acetone, dissolved in a small volume of 100 mM ammonium bicarbonate, pH 8.0 and 

thoroughly mixed by vortexing. PBS was then added up to a volume equivalent of the original 

milk sample prior to use in the PVDF plate assay (Section 4.2.8). 

 

The insoluble fraction (casein pellet) obtained from the ultracentrifugation was washed three 

times with PBS containing 0.01 M sodium hydroxide, followed by centrifugation of the 

solution at 8500  g for 30 min. The casein sample was then dried and reconstituted with PBS 

to a volume equivalent of the original milk sample prior to use in the PVDF plate assay 

(Section 4.2.8). Protein concentration of the whey and casein fractions in bovine and human 

milk was measured by Bradford assay (Section 2.3). Results were recorded as mean ± SEM 

from three replicates per sample. SDS-PAGE was carried out to compare the protein content 



 

120 
 

of the casein and whey fractions from bovine and human milk (Section 2.3). 

 

4.2.6  Fast protein liquid chromatography (FPLC) gel filtration of milk whey 

The proteins in the whey fractions of human and bovine milk (Section 4.2.5) were further 

fractionated by fast protein liquid chromatography (FPLC) using an ÄKTA purifier 10 system 

(GE Healthcare, Buckinghamshire, United Kingdom) fitted with a pre-packed Superose 12 

size exclusion column (10/300 GL, GE Healthcare) for gel filtration of molecules with 

molecular weights between 10 and 300 kDa as per the protocol of Kunz and Lönnerdal 

(1989), which was developed specifically for fractionation of human milk on a FPLC system. 

The running buffer contained 20 mM Tris-hydrochloric acid, 0.1 M sodium chloride, pH 8.0, 

and was degassed for 10 min and filtered through a Millipore membrane filter with a pore size 

of 0.22 µm before use. The system was flushed with 5 ml of the running buffer prior to 

injection of 1 ml of milk whey proteins at a concentration of 1 mg/ml. The elution flow rate 

was set at 0.4 ml/min (1 ml per fraction) and the pressure was maintained at less than 1.5 

MPa. Proteins were detected at 280 nm and fractions were pooled based on the main peaks 

formed in the elution profile, resulting in three pooled samples designated A1, A2, and A3 for 

the bovine milk whey fractionation, and B1, B2, and B3 for the human milk whey 

fractionation (Figure 4.5). Each of these samples was filtered and buffer exchanged with PBS 

using NMWL cutoff Amicon ultrafiltration spin filters (Merck Millipore, Australia). A 100000 

MW cutoff was used for A1 and B1, whereas a 10000 MW cutoff was used for A2, A3, B2 

and B3 (Figure 4.5). The final volume of each sample was adjusted to 1 ml with PBS (volume 

equivalent to the 1 ml sample of whey that was injected onto the column). This process was 

repeated several times for bovine and human milk whey to obtain enough of the fractionated 

samples for the plate assay (Section 4.2.8). 

 

4.2.7  Bacterial strains and growth conditions 

The two gastrointestinal pathogens, Escherichia coli O111:NM (ATCC 43887) and 

Salmonella typhimurium (Group B) clinical isolate, and the commensal Lactobacillus 

rhamnosus (ATCC 53103) were used for the work described in this chapter. The growth 

conditions for the bacterial strains are described in Section 2.1. 

 

4.2.8  PVDF plate assay 

The PVDF plate assay established in Chapter 3 (Section 3.2.2) was used to compare bacterial 

binding to bovine and human milk fractions. Briefly, after the PVDF membranes were pre-wet 

with methanol and washed with PBS, a volume of 50 µl of milk fraction (proteins obtained as 
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described in Sections 4.2.2, 4.2.5 and 4.2.6) was added to each well and incubated on a plate 

shaker at 400 rpm for 16 h at 4 °C. The liquid was removed and the wells were washed three 

times with PBS. A volume of 50 µl of fluorescently-labelled bacteria at OD600 of 1.5 was 

added to the wells, incubated for 1 h at RT in the dark on the plate shaker, before all the liquid 

was removed and the well washed with PBS. Fluorescence of bacterial adhesion to the milk 

protein fractions was then measured. Data was adjusted for the difference in fluorescence 

uptake of the bacterial species (Section 3.2.2.3). The above basic procedure was also carried 

out with additional steps to potentially inhibit bacterial binding, as described below (Section 

4.2.8.1 and 4.2.8.2). 

 

4.2.8.1  Inhibition of bacterial binding with N-acetylneuraminic acid (sialic acid) 

To determine the involvement of sialic acid in bacterial binding to proteins of bovine and 

human milk, the two approaches developed in Chapter 3 were used (detailed in Section 

3.2.2.4). In brief, in the first approach, bacteria were bound to the milk whey proteins and 

caseins  immobilised on the PVDF plate, then washed with free sialic acid to assess the ability 

of the free sialic acid to bind to and remove the bacteria. In the second approach, the bacteria 

were incubated with free sialic acid prior to measuring the binding of bacteria to the milk 

protein fractions. Controls were included, in which the respective incubation step was carried 

out in PBS alone. 

 

4.2.8.2  Neuraminidase treatment of bovine and human milk proteins 

The immobilised casein and whey proteins of bovine and human milk on the PVDF plate 

(prepared as described in Section 4.2.8) were treated with 50 µl of 0.05 U/ml α2-3,6,8 

neuraminidase (Sigma-Aldrich) in 50 mM sodium phosphate, pH 5.5, for 16 h at 37 °C, as 

described in Section 3.2.2.5, to remove terminal sialic acid residues on the milk glycoproteins. 

The binding of fluorescently-labelled bacteria to the desialylated bovine and human milk 

protein fractions was then compared to the binding to non-desialylated control protein 

fractions, which had been incubated for 16 h at 37 °C in PBS alone. 

 

4.3  Results 

4.3.1  Skim milk fractionation by molecular size electrophoresis 

The Microflow MF10 system was used for the fractionation of bovine and human skim milk 

based on molecular size. It was expected that proteins would be enriched in the following 

fractions: F1 > 500 kDa, F2 150 - 500 kDa; F3, 75 - 150 kDa and F4 5 - 75 kDa. However, as 

shown in Figure 4.2, all of the fractions from both (A) bovine and (B) human milk contained 
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many proteins of molecular weights other than those intended. There were indications of 

slight selectivity towards proteins of the desired molecular weight for some fractions. For 

example, very high molecular weight proteins were evident in the F1 fraction (> 500 kDa) of 

bovine milk (Figure 4.2 A, lane 2) but not in fractions F2 - 4, whereas proteins of 20 - 30 kDa 

was most abundant in the F4 fraction (5 - 75 kDa) of bovine milk (Figure 4.2 A, lane 5). 

However, the only proteins visible on the gel from the F4 fraction of human milk were 

between 80 and 115 kDa (Figure 4.2 B, lane 2), and proteins across all molecular weight 

ranges were evident in the human milk fractions F1, F2 and F3, resulting in a similar banding 

profile to that of total human skim milk (Figure 4.2 B, lane 4). 

 

 
 
Fig. 4.2.  SDS-PAGE analysis of protein fractions from (A) bovine and (B) human skim milk 
by the Microflow MF10 system. (A) Lane 1, pooled samples of that precipitated onto the 
membranes during separation; lanes 2 - 5, Fractions F1 - F4, respectively; lane 6, empty well; 
lane 7, crude bovine skim milk. (B) Lane 1, Fraction F2; lane 2, Fraction F4; lane 3, Fraction 
F1; lane 4, crude human skim milk; lane 5, empty well; lane 6, Fraction F3. Proteins of 
bovine and human milk were compared to a Novex® sharp pre-stained protein standard (M) 
and the gel was stained with SYPRO® Ruby Protein Gel Stain (Invitrogen™). The 
decreasing pore size of the polyacrylamide membranes in the Microflow MF10 chamber were 
F1 > 500 kDa; F2 150 - 500 kDa; F3 75 - 150 kDa; and F4 5 - 75 kDa. Each fraction was 
loaded with standardised volume (2.5 μl) per well. 
 

It was evident from the above gel analysis that fractionation of the skim milk samples 

according to molecular size had not been successfully achieved using the Microflow MF10 

system. This may have been due to leakage of the milk sample from one fraction to another as 
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a result of a “bubbling” of the sample around the membrane cartridges that was observed 

during the electrophoresis. Staining of the polyacrylamide membranes with Ponceau S also 

revealed that a significant amount of protein had also precipitated onto the membranes, in 

particular the 5 kDa, 75 kDa and 150 kDa membranes (Figure 4.3; Figure 4.2 A, lane 1). Not 

only could this have resulted in protein loss, but also a partial clogging of the membrane 

pores, forcing some sample to “escape” around the membrane cartridges bypassing the gel 

filtration system. 

 

 
 
Fig. 4.3.  Ponceau S staining of the polyacrylamide membranes after MicroFlow MF10 
fractionation. Some milk proteins precipitated onto the membranes, especially the 150 kDa 
membrane and thus were not collected in the soluble fractions (F1 - F4). 
 

It was concluded from the above work that the Microflow MF10 system, although promising 

as a method to separate protein mixtures in their native state in solution, was not appropriate 

for the fractionation of milk in our hands. Therefore, other techniques were trialled for more 

efficient separation of the protein components of bovine and human milk for further analysis. 

 

4.3.2  Milk protein separation by centrifugation 

The whey and casein fractions of bovine and human skim milk were separated by high-speed 

centrifugation (Section 4.2.5) and resuspended in PBS to volume equivalents of the original 
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skim milk samples. The protein concentrations of the bovine and human skim milk and their 

whey and casein fractions were determined by the Bradford protein assay (Table 4.1). The 

protein content of the bovine milk sample (15.1 mg/ml) was almost twice that of human milk 

sample (7.9 mg/ml). Caseins accounted for the majority of bovine milk proteins (11.4 mg/ml), 

whereas the casein content of human milk was much lower (2.8 mg/ml). In contrast, the 

protein content of human milk was predominantly in the whey fraction (4.9 mg/ml), whereas 

there was a slightly lower abundance of whey proteins in the bovine milk (3.2 mg/ml). 

 

Table 4.1.  Comparison of protein fractions of bovine and human milk. 
 

 

 

Protein concentration (mg/ml) 

 

 

Milk fractions 

 

Bovine milk 

 

Human milk 

 

 
Skim milk 
 

15.1 ± 0.2 
 

7.9 ± 0.1 
 

  Whey 
 

3.2 ± 0.6 
 

4.9 ± 0.1 
 

  Casein 
 

11.4 ± 0.6 
 

2.8 ± 0.2 
 

Data is represented as mean ± SEM for three replicates per sample. 
 

SDS-PAGE analysis of the bovine and human skim milk proteins and their casein and whey 

protein fractions, separated by ultracentrifugation, is shown in Figure 4.4. The total proteins 

of bovine skim milk (Figure 4.4 A, lane 1) was dominated by proteins in the 20 - 35 kDa 

range, most probably consisting predominantly of casein subunits (Kunz and Lonnderdal, 

1989). Another prominent band was evident at approximately 18 kDa and likely to represent 

β-lactoglobulin (MW 18 kDa, http://www.uniprot.org/  ). Total skim milk proteins of human 

milk (Figure 4.4 B, lane 4) also contained abundant proteins in the 20 - 35 kDa range 

suggestive of casein. In addition, bands of almost equal prominence were evident at a MW of 

approximately 80 kDa and 14 kDa, which were thought to represent the other most abundant 

proteins of human milk (Table 1.3), namely lactoferrin (unglycosylated MW 78 kDa, 

http://www.uniprot.org/) and α-lactalbumin (unglycosylated MW 14 kDa, 

http://www.uniprot.org/). 
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Fig. 4.4.  SDS-PAGE analysis of (A) bovine and (B) human milk proteins. Lanes 1 and 4: 
total skim milk proteins; lanes 2 and 5: protein from the supernatant recovered after high-
speed centrifugation of the skim milk with pH adjusted to 4.6 and the addition of calcium 
chloride (“whey fraction”). Lanes 3 and 6: proteins from the pellet formed by the 
ultracentrifugation procedure (“casein fraction”). Gels were stained with SYPRO® Ruby 
(Invitrogen™). M: Novex® sharp pre-stained protein standard. The main proteins in bovine 
and human milk are labelled according to their expected molecular weight, and based on a 
similar gel resulting from milk fractionation by ultracentrifugation presented in the 
publication of Kunz and Lönnderdal (1989), in which the major proteins were subsequently 
identified by immunoelectrophoresis. The * denotes the milk protein is glycosylated. 
 

Ultracentrifugation of the bovine and human skim milk for the enrichment of the casein and 

whey fractions resulted in a substantial separation of proteins. Proteins in the 20 - 35 kDa 

MW range, corresponding to the casein subunits, were strongly evident in the protein 

originating from the acid-precipitated pellet from both bovine and human milk samples 

(Figure 4.4, lanes 3 and 6, respectively). Individual bands within this molecular weight range 

have masses corresponding to glycosylated κ-casein (approximately 28 - 30 kDa, Yamauchi et 

al. 1981), and the unglycosylated components β-casein (24 kDa), αs1-casein (22 - 24 kDa), 

and αs2-casein (25 kDa), of which only β-casein is present in human milk (Chatchatee et al. 

2001; Wal 1998). A significant reduction of proteins of other molecular weights was evident 

in the casein fractions of bovine and human milk, except for the prominent band at about 14 

kDa in the human milk casein fraction. It is likely that the human α-lactalbumin (MW ~14 

kDa) co-precipitated with casein as discussed in Section 4.4. 
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A corresponding massive reduction of proteins in the molecular weight range of the casein 

subunits could be seen in the soluble “whey fraction” retrieved from the supernatant after 

ultracentrifugation (Figure 4.4, lanes 2 and 5). Conversely, the abundance of proteins of the 

other molecular weight proteins was maintained, demonstrating substantial separation of these 

whey proteins from the casein. In particular, the band of ~ 80 kDa, with the molecular mass of  

lactoferrin, was one of the most abundant whey proteins in human milk as expected (lane 5), 

whilst the  18 kDa protein (β-lactoglobulin mass), was the dominant protein in the bovine 

milk whey fraction (lane 2). The other major protein in the whey of both types of milk is α-

lactalbumin (unglycosylated MW 14 kDa ). Protein of this approximate molecular weight was 

not clearly evident in the human milk whey fraction (lane 5) due to apparent co-precipitation 

with the casein (lane 6, as noted above), but could be strongly observed in the bovine milk 

whey fraction (lane 2). 

 

The ultracentrifugation technique thus resulted in a better separation of the milk proteins than 

the MicroFlow technique (Section 4.3.1). Crude whey and casein fractions of bovine and 

human milk with only a low level of contaminating proteins from the opposing fractions were 

obtained, thereby enabling subsequent further fractionation of the whey (Section 4.3.3) and 

assessment of the relative binding of bacteria to the different milk protein fractions using the 

PVDF assay (Section 4.3.4). 

 

4.3.3  Fractionation of milk whey by size exclusion on the ÄKTA FPLC system 

After separating the soluble whey proteins from the acid-insoluble caseins (Section 4.3.2), 

fractionation of the bovine and human milk whey was carried out by size exclusion 

chromatography on the ÄKTA FPLC system such that larger proteins were eluted first from 

the column, followed by smaller proteins. To assist in identification of the eluted proteins, the 

elution profiles (Figure 4.5) were compared to the published elution profile obtained from 

human milk whey using a similar size exclusion and a FPLC technique (Kunz and Lönnderdal 

1989). 
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Fig. 4.5.  Elution profiles of 1 mg of (A) bovine and (B) human milk whey proteins subjected to FPLC using a size exclusion Superose 12 (1000 - 
300000) column. Proteins were detected by absorbance at 280 nm. The flow rate was 0.4 ml/min and 1 ml fractions were collected and combined 
according to the major elution peaks, resulting in three samples A1, A2 and A3 (from bovine milk whey) or B1, B2 and B3 (from human milk whey). 
Peaks in the elution profile of human milk have been tentatively labelled based on a published elution profile of human milk whey, in which proteins 
were subsequently identified and quantified by immunoelectrophoresis and immunodiffusion (Kunz and Lönnderdal 1989). The pooled fractions were 
buffer exchanged with PBS (final volume 1 ml per pooled fraction A1, A2 etc) using NMWL cutoff Amicon ultrafiltration spin filters prior to 
application of the protein in the PVDF plate bacterial adhesion assay. 
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The elution profile of human milk whey (Figure 4.5 B) was very similar to that obtained by 

Kunz and Lönnderdal (1989). Hence, the major proteins in the pooled fractions B1, B2 and 

B3 could be tentatively assigned as consisting of predominantly immunoglobulins (B1), 

lactoferrin/serum albumin (B2) and lower molecular weight proteins (B3). The probable 

identity of proteins represented by the peaks in the elution profile of bovine whey (Figure 4.5 

A) were assigned based on comparison with the human milk whey profile (Figure 4.5 B), the 

known molecular weights and the profile of bovine milk α-lactalbumin and β-lactoglobulin by 

cation exchange separation (El-Sayed and Chase 2010). Fractions A1, A2 and A3 would thus 

comprise predominantly immunoglobulins (A1), serum albumin (A2) and lower molecular 

weight proteins, possibly including β-lactoglobulin and α-lactalbumin (A3). 

 

The separation of the whey into molecular mass fractions was used to compare the relative 

contribution of the different protein fractions to the bacterial binding potential of the two milk 

origins. 

 

4.3.4  Bacterial binding assays 

4.3.4.1  Bacterial binding to total proteins of bovine and human milk 

The total precipitated proteins of bovine and human milk (Section 4.2.3) were resuspended in 

PBS to the volume equivalent of the original milk samples, and 50 µl was applied per well of 

a PVDF 96-well plate. After the total milk proteins were immobilised on the plate and 

washing steps were carried out, the binding of the two gastrointestinal pathogens E. coli and 

S. typhimurium and the commensal L. rhamnosus was measured (Figure 4.6). 
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Fig. 4.6.  Binding of gastrointestinal bacteria to bovine and human milk total proteins 
precipitated from 50 µl of milk (represented by fluorescence unit, FU). Data was corrected for 
the varied fluorescence uptake by the different bacteria and represents the mean ± SEM of 
three technical replicates. * = the binding of bacteria to total human milk proteins was 
significantly (p<0.05) higher compared to total bovine milk proteins precipitated from the 
equivalent volume of milk for S. typhimurium and L. rhamnosus.  
 

As shown in Figure 4.6, S. typhimurium and L. rhamnosus bound significantly (p<0.05) better 

to the total human milk proteins than the total bovine milk proteins, despite the higher protein 

content of bovine milk (15.1 mg/ml) than in the equivalent volume of human milk (7.9 

mg/ml; Table 4.1). No significant difference was found in the binding of E. coli to the bovine 

or human milk proteins. The binding of the commensal L. rhamnosus to human milk proteins 

was significantly (p<0.05) higher than the binding of the pathogenic bacteria to both human 

and bovine milk proteins. Escherichia coli bound slightly less efficiently to either total bovine 

or total human milk proteins compared to the other two bacteria (Figure 4.6). 

 

4.3.4.2  Bacterial binding to major protein fractions of bovine and human milk 

To determine the relative contribution of the major protein fractions to the capacity of the total 

milk proteins to bind the gastrointestinal bacteria, the casein and whey fractions of bovine and 

human milk were separated by centrifugation (Section 4.3.2) and resuspended in PBS to 

volume equivalents of the original milk samples. A volume of 50 µl of each of the milk 

samples was applied to the wells of a PVDF plate to allow immobilisation of the proteins. 

After washing steps, the binding of bacteria to the casein and whey fractions of bovine and 

human milk was measured (Figure 4.7). 

 

All three gastrointestinal bacteria bound significantly (p<0.05) better to the human milk whey 

proteins than the bovine milk whey proteins. The binding of S. typhimurium to human milk 

casein was also higher than to bovine milk casein, whereas E. coli bound similarly to the two 

casein fractions. The commensal bacterium, L. rhamnosus bound slightly more to bovine milk 

casein than to human milk casein. However, it should also be noted there was a much higher 

amount of proteins in the bovine milk casein fraction (11.4 mg/ml) than in the volume 

equivalent of the human casein fraction (2.8 mg/ml; Table 4.1). 
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Fig. 4.7.  Comparison of binding efficiencies of gastrointestinal bacteria to bovine and human 
milk whey and casein protein fractions extracted from 50 µl of bovine and human milk. Data 
was corrected for the varied fluorescence uptake by the different bacteria and represents the 
mean  SEM of three technical replicates. * = the binding of all three bacterial strains to 
human milk whey proteins was significantly (p<0.05) higher compared to bovine milk whey 
proteins. Abbreviation: FU, fluorescence unit. 
 

4.3.4.3  Bacterial binding to fractions of bovine and human milk whey 

The whey contains the majority of the glycoproteins in milk (Table 1.3, Chapter 1) so to 

determine the contribution of the glycoproteins to bacterial adhesion, the whey proteins of 

bovine and human milk were further fractionated on a molecular mass basis by FPLC using a 

size exclusion column. Proteins from each of the pooled whey fractions (Section 4.2.6) were 

resuspended in equal volumes of PBS and 50 µl were loaded per well of the PVDF plate. 

After the proteins had been immobilised to the PVDF membrane, bacterial binding to each of 

the whey fraction was then assessed (Figure 4.8). 
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Fig. 4.8.  Binding of bacteria to fractions of bovine and human milk whey obtained by FPLC 
using a size exclusion column (Figure 4.5). The molecular weight of proteins contained in 
each fraction decreases from fraction 1 to fraction 3. Data was corrected for the varied 
fluorescence uptake by the different bacteria and represents the mean ± SEM of three 
technical replicates. Abbreviations: FPLC, fast protein liquid chromatography; FU, 
fluorescence unit. 
 

The binding of the three gastrointestinal bacteria to the fractions of bovine and human milk 

whey is presented in Figure 4.8, such that the total binding to the whey (ie. the three fractions, 

combined) can also be observed. Bacterial binding to both the total bovine milk whey and the 

total human milk whey increased from E. coli, to S. typhimurium, to L. rhamnosus, as 

observed previously (Figure 4.7). Also, the previously observed trend for increased binding to 

total human milk whey proteins compared to total bovine milk whey proteins was also evident 

for L. rhamnosus, but not for the pathogenic bacteria. Part of the reason why the sum of the 

parts is not equal to the total may be that equal protein amounts of bovine milk whey and 

human milk whey (1 mg) were used as the starting point for the whey fractionation by FPLC 

(Section 4.2.6). In comparison, Figure 4.7 relates to equal volume equivalents of the milks, 

where human milk contains slightly more whey (4.9 mg/ml) than bovine milk (3.2 mg/ml; 

Table 4.1). 

 

A comparison of the bacterial binding to the whey fractions comprising different molecular 

weight ranges (Figure 4.8), revealed differences between the bacterial species and their 

binding affinities to the whey components from the two types of milk. The binding of L. 

rhamnosus was lower to each of the bovine milk whey fractions than to the corresponding 

fractions from human milk whey. The commensal bacterium displayed a fairly even binding 
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between each whey fraction from bovine milk, whereas there was a preference of binding to 

fraction 2 of human milk whey, containing the molecular mass of lactoferrin (Figure 4.5 B). 

 

The binding of S. typhimurium was higher to the higher molecular weight proteins of human 

milk whey than to the other human milk whey fractions, and also higher than to the 

corresponding high molecular weight proteins of bovine milk whey. Binding of S. 

typhimurium to the mid and lower molecular weight fractions of human milk whey was equal 

or less than the binding of the pathogen to the corresponding fractions of bovine milk whey. 

Therefore, the higher overall binding of S. typhimurium to the total human milk whey than the 

bovine milk whey (Figures 4.7 and 4.8) appeared to be mainly attributable to binding to the 

higher molecular weight proteins of human milk whey that would comprise predominantly 

human milk immunoglobulins; Figure 4.5 B). 

 

The binding of E. coli to all of the bovine milk whey fractions was higher than to the 

corresponding fractions of human milk whey. The total binding of E. coli to the bovine milk 

whey (fractions combined) was higher than that to human milk whey. An approximately equal 

binding of E. coli to the different whey fractions of bovine milk was observed, however the 

pathogen bound more to the high and low molecular weight proteins (Figure 4.8, fractions 1 

and 3) of the whey than to the mid-range molecular weight proteins (Figure 4.8, fraction 2). 

 

The capacity of both the bovine and human milk proteins to bind bacteria was seen to be due 

to both the whey and casein components of the milks, with the human milk protein binding 

generally better to the human gastrointestinal bacteria, particularly to the commensal bacterial 

species. The different molecular mass fractions of the whey from the milks of both human and 

bovine origin appeared to all contribute to the total binding capacity. 

 

4.3.4.4  Inhibition of bacterial binding to milk fractions by free sialic acid 

To investigate whether there was involvement of the glycans on the proteins in the binding of 

the bacteria to bovine and human milk whey and casein, free sialic acid was used as a 

potential competitive decoy. Whey and casein proteins were adhered to the wells of a PVDF 

plate, as described previously (Section 4.3.4.2). The involvement of sialic acid in bacterial 

binding to the milk fractions was determined by two approaches: 1) washing bound bacteria 

with free sialic acid after bacterial binding and 2) pre-incubating the bacteria with free sialic 

acid before bacterial binding (Section 3.2.2.4). The results presented here are relative to the 

binding of control samples, in which the bacteria were washed or pre-incubated, respectively, 
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in PBS alone. 

 
As shown in Figure 4.9 A, all of the bacteria bound to the bovine and human milk whey and 

casein fractions decreased significantly (p<0.05) when washed with free sialic acid. Notably, 

the sialic acid wash removed more bacteria from the human milk whey and casein than from 

the bovine milk whey and casein fractions. 

 

Pre-incubating the bacteria with free sialic acid produced an even greater reduction in 

bacterial binding (Figure 4.9 B) than washing with sialic acid. The same trend was observed 

in which pre-incubation with sialic acid inhibited the binding of the bacteria to the human 

milk whey and casein proteins more than to the bovine milk whey and casein proteins. 

 

 
 
Fig. 4.9.  (A) The binding of gastrointestinal bacteria to bovine and human milk whey and 
casein fractions after washing of pre-bound bacteria with free sialic acid. Binding is 
represented as a percentage (%) relative to the binding of controls, in which the pre-bound 
bacteria were washed with PBS alone (B) Bacterial binding to the milk fractions after pre-
incubation of the bacteria with free sialic acid. Binding is represented as % relative to the 
binding of controls, in which the bacteria were pre-incubated in PBS alone. The mean ± SEM 
is shown for three technical replicates. The binding of all bacteria under both conditions 
(approaches A and B) to bovine and human milk proteins was significantly (p<0.05) reduced 
compared to the binding of PBS control samples. 



 

134 
 

The above results (Figure 4.9) gave a clear indication that there was glycan, in particular, 

sialic acid involvement in bacterial binding to the milk fractions. Specifically, it appeared that 

sialic acid provided a binding epitope for all the gastrointestinal bacteria. By inference, it 

appeared that the milk fractions contained sialic acid residues that were involved in bacterial 

binding, and that the binding to the human whey and casein fractions was more sialic acid-

dependent than the binding to the bovine whey and casein fractions. 

 

4.3.4.5  Binding of bacteria to bovine and human milk whey proteins and casein 

following neuraminidase treatment 

To directly substantiate the involvement of sialic acid displayed on both bovine and human 

milk glycoproteins in the bacterial adhesion, the enzyme α2-3,6,8 neuraminidase was used to 

cleave the terminal sialic acid residues from the conjugated glycans of the bovine and human 

milk whey and casein proteins immobilised on the PVDF plate. Because the neuraminidase 

treatment involved a 16 h incubation period at 37 °C, controls (identical milk fractions 

immobilised to other wells of the plate that did not undergo neuraminidase treatment) were 

incubated in PBS for the same length of time at 37 °C. 

 

There was a significant reduction in the binding of all of the bacteria following neuraminidase 

treatment to the whey and casein fractions of bovine and human milk (Figure 4.10). The effect 

of neuraminidase treatment on the inhibition of bacterial binding was significantly greater for 

the human milk whey and casein fractions than the bovine milk whey and casein fractions. 

These results were consistent with those of Section 4.3.4.4 and provided further evidence for 

sialic acid involvement in the adhesion of gastrointestinal bacteria to milk glycoproteins, 

particularly for the glycoproteins of human milk. 
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Fig. 4.10.  Bacterial binding to bovine and human milk whey and casein after removal of 
terminal sialic acid residues from the immobilised milk glycoproteins by neuraminidase 
treatment at 37 °C for 16 h. Binding is represented as a % relative to the binding to control 
samples (immobilised milk proteins incubated for 16 h at 37 °C in PBS only). The mean ± 
SEM is shown for three technical replicates. The binding of all bacteria to desialylated bovine 
and human milk proteins with neuraminidase was significantly (p<0.05) reduced compared to 
non-desialylated bovine and human milk proteins (i.e. PBS control). 
 

4.4  Discussion 

The superior ability of human milk to protect infants against gastrointestinal disease 

compared to cow’s milk and infant formulas has been well-documented (Section 1.1, Chapter 

1). Although this may be partly attributed to the anti-microbial and immunoregulatory 

functions of the immunoglobulins and other unique human milk components, inhibition of 

bacterial adhesion to the gastrointestinal tract by components of human milk has also been 

demonstrated. In particular, human milk free oligosaccharides have been shown to adhere to 

gastrointestinal pathogens (Table 1.5, Chapter 1), and thus are hypothesised to act as decoys 

to remove the pathogens from the gastrointestinal tract before infection can occur. There has 

been little research to date in which comparisons have been made of the contribution of the 
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glycan component of bovine and human milk glycoproteins to bind to different 

gastrointestinal bacteria. Therefore, the work described in this chapter aimed to establish 

whether different protein components of bovine and human milk (whey and casein fractions) 

bind differentially to gastrointestinal pathogens, and then to gain an indication of the 

involvement of the glycan components in this interaction by specifically investigating the 

involvement of sialic acid as a possible bacterial binding epitope. 

 

In order to study bacterial binding to different components of milk, it was first necessary to 

establish effective methods of milk fractionation. The first method trialled was a selective 

electrophoresis MicroFlow MF10 system, designed to separate native proteins by molecular 

size as they were passed through polyacrylamide membranes of decreasing pore size when a 

voltage was applied. Previous work using this approach has demonstrated successful 

separation of proteins from human plasma (Wasinger et al. 2005) and tears (Zhao et al. 2010) 

and assisted in the isolation of specific proteins from cell lysates and other complex samples 

(Catzel et al. 2003; Cheung et al. 2003; Gee et al. 2003; Ly and Wasinger 2010). However, 

the separation of milk protein using the MicroFlow MF10 system in this work was not so 

successful and discrete isolation of proteins according to molecular size was not fully 

achieved. This may have been due to sample leakage around the membranes, as evidenced by 

a bubbling around the membrane cartridges. The leakage may have been due to the 

precipitation of protein onto the membranes, which was later demonstrated by Ponceau S 

staining. The precipitated proteins may have blocked the membrane pores, forcing some the 

sample around the membrane cartridge, thereby avoiding selection by molecular size. The 

MicroFlow MF10 system was therefore not considered appropriate for the milk fractionation 

and other techniques were investigated. 

 

An alternative method was used to precipitate the acid-insoluble caseins from soluble whey 

proteins in bovine and human milk. The process was based on previous work by Kunz and 

Lönnderdal (1989) and involved high-speed centrifugation with pH adjustment to precipitate 

the bovine and human caseins based on the protein isoelectric point (pI). SDS-PAGE analysis 

of the resulting protein fractions revealed a much better separation than had been achieved by 

the MicroFlow MF10 system. In particular, proteins in the expected molecular weight of the 

casein subunits predominated in the protein recovered from the pellet following 

ultracentrifugation, and were substantially reduced in the soluble whey fraction. Furthermore, 

proteins of the expected molecular weight of the most abundant proteins of bovine and human 

milk whey (Table 1.3) were evident on the gel; in particular, there was a high abundance of 
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protein of the approximate molecular weight of lactoferrin in the whey fraction of human 

milk, and a prominent band at the expected molecular weight of β-lactoglobulin in bovine 

milk whey. However, there was little indication of protein of the expected molecular weight of 

α-lactalbumin (~14 kDa) in the human milk whey sample, whilst a strong band of about 14 

kDa was evident in the casein fraction. This may have indicated that the α-lactalbumin co-

precipitated with the casein in this study. Precipitation of α-lactalbumin at a pH around its pI 

4.2 at moderately warm temperatures (35 °C) has been reported previously (Bramaud et al. 

1997). 

 

The protein concentrations of the whey and casein fractions of bovine and human milk 

(Crittenden RG and Bennett LE 2005; Räihä 1985; Wal 1998, also see Table 1.3) were 

determined after resuspension of the separated protein in PBS to volume equivalents of the 

original milk samples. This gave an indication of the protein content contributed by the whey 

and casein fractions of each type of milk. The literature review reported in Chapter 1 had 

revealed considerable variation in the results of past research comparing the protein content of 

whey and casein fractions of milk. However, the majority of studies indicated that bovine 

milk contained approximately 26 g/l of casein compared to approximately 2.5 g/l casein in 

human milk (Table 1.3). The casein content of the bovine milk in this study (11.4 g/l) was 

substantially higher than in the human milk, but less than half that typically reported of 

bovine milk in the literature. Likewise the whey content of bovine milk in this study (3.2 g/l) 

was lower than typically reported (7 g/l; Table 1.3). As the bovine milk used in this study was 

sourced from only one cow, the differences in protein content compared to the average 

reported in the literature may simply be a factor of individual variation. The casein and whey 

content of the human milk in this study (2.8 g/l and 4.9 g/l, respectively) were very similar to 

that reported in past research. The fact that the human milk came from a pooled milk source 

from numerous mothers (Section 4.2.1) may have increased the likelihood of the protein 

content being similar to that of pooled milk samples in past research.  

 

After obtaining the whey fractions of bovine and human milk, size exclusion was utilised to 

further separate the whey on the basis of the molecular weight of the milk proteins. An elution 

profile similar to that obtained from human milk using a similar method by Kunz and 

Lönnerdal (1989) was used to confirm the separation of the milk whey proteins. Confirmation 

was also made by SDS-PAGE gel analysis of the whey fractions obtained in this work (Figure 

4.4) and that of Kunz and Lönnerdal (1989), in which protein identification and quantification 

was achieved by immunoelectrophoresis and immunodiffusion. As a result, the high mass 
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immunoglobulins; mid-range molecular weight proteins, lactoferrin and serum albumin; and 

low molecular weight protein, α-lactalbumin; were separated. The assignment of possible 

proteins to the eluted fractions of bovine milk was high molecular weight proteins containing 

immunoglobulins; mid-range molecular weight proteins including serum albumin; and low 

molecular weight proteins of β-lactoglobulin and α-lactalbumin; based on the known 

composition and molecular weights of the proteins in bovine milk. 

 

The PVDF plate assay developed in Chapter 3 was used to compare the binding of the 

gastrointestinal pathogens E. coli and S. typhimurium, and the commensal L. rhamnosus to 

bovine and human milk proteins and their casein and whey components. The protein fractions 

were prepared such that their concentration was representative of their concentration in the 

original milk source. In this way, the relative contribution of the various components as they 

would appear in whole bovine and human milk could be compared. The order of binding 

affinities of the three bacteria to the total milk proteins followed the same trend for both 

bovine and human milk, with the highest binding recorded for L. rhamnosus, followed by S. 

typhimurium and then E. coli. Lactobacillus rhamnosus and S. typhimurium bound 

significantly (p<0.05) better to the total human milk protein than the total bovine milk protein, 

even though the protein content in human milk (8 mg/ml) was only just above half that bovine 

milk (15 mg/ml). This suggested that it was not the total quantity of protein in the respective 

milk samples as such that could have conferred the binding advantage of human milk proteins 

to some of these bacteria. There was no significant difference in the binding of E. coli to the 

total protein of the two types of milk, which implied that E. coli may use different 

mechanisms and/or different binding epitopes than the other two bacterial species. 

 

Assessment of the binding of the gastrointestinal bacteria to the whey and casein fractions of 

bovine and human milk helped to elucidate which components of each type of milk are most 

important in the binding interaction. All the bacteria bound better to the whey fraction of 

human milk than to the casein fraction. Furthermore, human milk whey was superior to 

bovine milk whey in adherence to all three bacteria. This effect may be partly attributable to 

slightly higher whey content in the human milk used in this study (4.9 mg/ml) compared to 

the whey content of the bovine milk (3.2 mg/ml). However, the differences in binding of the 

bacteria to human and bovine milk whey was quite substantial, implying that there may also 

be other factors involved beyond the total protein content of the whey. Notably, human and 

bovine milk whey contain different proteins and in different proportions. For example, the 

glycoprotein lactoferrin is highly abundant in human milk whey but only present at a very low 
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abundance in bovine milk whey, whereas the unglycosylated β-lactoglobulin is the most 

abundant protein in bovine milk whey but is absent in human milk whey (Table 1.3, Chapter 

1). Differences have also been established in the glycosylation profiles of human and bovine 

milk whey proteins (Nswosu et al. 2012), which may also be directly related to bacterial 

adhesion. Further investigation of the glycosylation profiles of the bovine and human whey 

proteins in this work is described in Chapter 5. 

 

The binding of the bacteria to the fractions of bovine and human whey gave an indication of 

the broad molecular weight ranges of the constituent whey proteins that played a role in 

bacterial adhesion. All of the bacteria adhered to some extent to each of the whey fractions, 

indicating that proteins across a broad molecular weight range contributed to the overall 

bacterial binding affinity of the total whey. However, the relative binding affinity of the 

different species of bacteria used in this study to the various whey fractions did not follow the 

same pattern. The commensal L. rhamnosus bound most strongly to the human milk whey 

proteins in the mid-range molecular weight fraction, which most likely contained lactoferrin 

and serum albumin. The binding of gastrointestinal bacteria to human milk lactoferrin has 

been reported from numerous studies (Barboza et al. 2012; Bessler et al. 2006; de Araújo and 

Giugliano 2001; Giugliano et al. 1995; Gomez et al. 2003). In contrast, the binding of L. 

rhamnosus to the mid-range molecular weight proteins of bovine milk whey, which contains 

only very low levels of lactoferrin, was significantly less than that of human milk whey, again 

suggesting that it may be the lactoferrin that plays an important role in the increased adhesion 

of the commensal to human milk whey. However, the pathogenic S. typhimurium bound more 

efficiently to the lower molecular weight proteins of bovine and human milk whey, whilst E. 

coli adhered approximately equally to the high and low molecular weight proteins of the whey 

of both types of milk. Hence, although there may be some contribution to bacterial binding 

from whey proteins across the entire molecular weight range, the extent of binding to the 

different whey fractions appeared to be species specific. 

 

To investigate the involvement of sialic acid in bacterial binding to the bovine and human 

milk whey and casein, the binding of E. coli, S. typhimurium and L. rhamnosus to the milk 

proteins was challenged by competitive inhibition with free sialic acid. This was achieved by 

three approaches: 1) washing the bound bacteria with free sialic acids, 2) pre-incubating 

bacteria with free sialic acid before binding, and 3) removal of sialic acid from the whey and 

casein proteins. All approaches significantly (p<0.05) reduced binding of the three bacterial 

strains to both human and bovine milk whey and casein. This implies that the adhesion of the 
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bacterial strains used in this study to milk glycoproteins from both species is at least partially 

sialic acid-dependent. Furthermore, as the inhibitory effect of free sialic acid and 

neuraminidase treatment of the glycoproteins on bacterial binding was greater for the whey 

and casein fractions of human milk than the respective fractions of bovine milk it can be 

inferred that sialic residues may play a greater role in the adhesion of the bacteria to the 

human milk glycoproteins than the bovine milk glycoproteins. However, small reductions in 

inhibition of bacterial binding to milk fractions with free sialic acid were observed (Fig 4.9), 

suggesting other mechanisms of adhesion. This may involve bacterial binding to different 

types of adhesion molecules such as other glycan structures or other parts of cells and proteins 

(Table 1.6). 

 

The work in this chapter showed that gastrointestinal bacteria adhere to proteins of both 

bovine and human milk. Although the bacteria bound more strongly to human milk proteins 

than bovine milk proteins, there was evidence that both types of milk have the potential to 

bind to and remove pathogens from the gastrointestinal tract, and thus prevent gastrointestinal 

infection and diarrhoeal diseases. The strong adherence of the commensal bacterial species to 

milk may conversely offer a transport mechanism from the infant's mouth to gut colonisation. 

Compared to the pathogenic E. coli and S. typhimurium, the commensal bacterium, L. 

rhamnosus, consistently showed a higher binding affinity for bovine and human milk whey 

proteins and caseins. As discussed in Chapter 3, this highlights that the relationship between 

the microbes and milk proteins within the infant gut is a lot more complex than the 

assumption that consumption of milk will protect infants against infectious diarrhoea by 

selectively clearing just the pathogens from their body. The data clearly indicates that other 

complex factors could be involved that promote the colonisation of the commensals rather 

than the pathogens in the healthy gastrointestinal tract. 

  

Fractionation of the milk helped to elucidate that all the milk component proteins may play a 

role in bacterial adhesion. It was evident that there was a preference of bacterial binding to 

human milk whey proteins than to the human milk caseins or either component of bovine 

milk. Glycan involvement, specifically sialic acid, in the bacterial adherence was also 

strongly indicated in this work. Further investigation of the glycan components of bovine and 

human milk whey and their involvement in adhesion and invasion of gastrointestinal bacteria 

were carried out in the work described in Chapter 5. 
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Chapter 5.  Involvement of N-linked glycans from milk whey proteins in inhibition of 

pathogen adhesion and invasion of the gut 

 

Rationale 

It was evident from the work described in Chapter 4 that gastrointestinal bacteria bind to 

bovine and human milk whey proteins and that this binding is at least partially dependent on 

sialic acid. Furthermore, the bacterial binding to human milk whey was observed to be greater 

than to bovine milk whey. The whey proteins represent the main N-linked glycosylated 

proteins in milk and so the work described in this chapter aimed to determine more 

specifically the contribution that the N-linked glycans of bovine and human milk whey could 

play in pathogen adhesion and invasion of the gastrointestinal tract. 

 

It has been proposed that milk glycans may prevent pathogen adhesion to the human gut by 

mimicking glycan receptors for pathogens on gastrointestinal epithelial cells, hence the work 

described here investigated the ability of the milk protein glycans to inhibit pathogen 

adhesion to, and invasion of, the human gastrointestinal epithelial cells (HT-29 cell line). In 

addition, monosaccharide analysis and mass spectrometry were used to gauge similarities and 

differences between the N-linked glycans of bovine and human milk whey proteins and the 

human gastrointestinal cell membrane proteins. This study aimed to achieve more insight into 

the role that N-linked glycans attached to bovine and human milk whey glycoproteins may 

play in protecting the gastrointestinal tract of infants against bacterial infection. 
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5.1  Introduction 

In human milk, the predominant glycoproteins are found in the soluble whey fraction 

(Fortunato et al. 2003; Froehlich et al. 2010; Liao et al. 2011; Lönnerdal 2008; Peterson et al. 

1998; Picariello et al. 2008; Smolenski et al. 2007). There is typically a similar abundance of 

total whey proteins in bovine and human milk, but the components of the whey vary. The 

major glycosylated whey proteins in human milk include immunoglobulins, lactoferrin and α-

lactalbumin. Although bovine milk whey also contains immunoglobulins, α-lactalbumin and 

lactoferrin, the quantities of these glycoproteins are much lower than in human milk whey 

(Table 1.3, Chapter 1). The most abundant protein in bovine milk whey is β-lactoglobulin, 

which has not been reported to be glycosylated (Kalidas et al. 2001). 

 

The work carried out in Chapter 4 revealed that specific human gastrointestinal bacteria bind 

significantly more to human milk whey proteins than to bovine milk whey proteins. Sialic 

acid involvement in this interaction was strongly established, and had a more pronounced 

effect on the binding of bacteria to human milk whey proteins than bovine milk whey proteins 

despite the fact that bovine milk has been reported to be more heavily sialylated than human 

milk glycoproteins (Nwosu et al. 2012). Hence, in the work carried out in this chapter, further 

investigation of the complete N-linked glycan structures of the whey proteins from bovine and 

human milk was carried out to help determine similarities and differences between the two N-

linked glycan sets that could help to explain the differences observed in their pathogen 

interactions. 

 

A number of studies have suggested that the protective effects of human milk against 

gastrointestinal infection may be due to the presence of the attached glycan structures on 

human milk glycoproteins that mimic glycan epitopes on gastrointestinal cell surfaces that 

normally form recognition and attachment sites for pathogenic bacteria (Georgi et al. 2013; 

Gopal and Gill 2000; Newburg 1999). Cultured human intestinal cells are commonly used as 

a model to simulate the human gastrointestinal tract (Gagnon et al. 2013; Nickerson et al. 

2001). Several in vitro bacterial adherence and invasion assays have been conducted using 

bovine and human milk oligosaccharides as competitive inhibitors of adhesion (Coppa et al. 

2006; Crane et al. 1994; Lane et al. 2012a; Yang et al. 2012), while the inhibitory activities of 

milk glycoproteins have been less examined. Hence, in the work described in this chapter, the 

ability of the N-linked glycans of the milk whey proteins to inhibit pathogen adhesion to 

human gastrointestinal cells (cell line HT-29) was investigated. Furthermore, the ability of the 

glycans to inhibit pathogens invading the cells after adhesion was also studied, a potential that 
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has received less attention in past research. 

 

To further examine the similarities and differences in the N-linked glycan profiles of bovine 

and human milk whey proteins and human gastrointestinal epithelial cells, the work described 

in this chapter also involves analysis of the structures of the released N-linked glycans from 

each of these sources by mass spectrometry. Additionally, the total N-linked glycan yield from 

both mammalian milks was measured by monosaccharide analysis of the released N-linked 

glycans. Results from the work in this chapter will give further insight as to the involvement 

of N-linked glycans on milk glycoproteins in affecting the competitive interactions between 

bacteria and the epithelial cell surface of the gastrointestinal tract and the ingested milk that 

bathes the intestinal cells. 

 

5.2  Materials and methods 

5.2.1  Milk sample preparation for whey protein extraction 

Approximately 10 ml of raw bovine milk (obtained from a Jersey cow after calving for two 

months at the Calmsley Hill City Farm, Sydney, Australia) and pooled human milk (donated 

by healthy mothers to a breast milk bank (Semmelweiß Frauenklinik, Vienna, Austria) were 

thawed and divided into 1 ml aliquots per tube. Whey proteins were then extracted from 

bovine and human milk using the protocol in Section 4.2.5 and resuspended in volume 

equivalents of the original milk samples. 

 

5.2.2  Preparative release of N-linked glycans from bovine and human milk whey 

proteins 

Protein concentration of bovine and human milk whey proteins (Section 5.2.1) was 

determined by Bradford assay. Approximately 3.2 mg/ml and 4.9 mg/ml of bovine and human 

milk proteins were calculated respectively. To equalise the amount of protein in each 1 ml 

sample of bovine and human milk whey to be used for the glycan release, the human milk 

whey sample was diluted to 3.2 mg/ml. The 1 ml (3.2.mg) samples of bovine or human milk 

whey proteins were then reduced in solution by the addition of 750 µl of 10 mM dithiothreitol 

(DTT; Bio-Rad Laboratories, CA, USA) in 100 mM ammonium bicarbonate and incubation 

for 45 min at 56 °C. Proteins were then alkylated by adding 750 µl of 55 mM iodoacetamide 

(IAA; Bio-Rad Laboratories, CA, USA) in 100 mM ammonium bicarbonate and incubating in 

the dark for 30 min at RT. The milk whey proteins were then incubated overnight at 37 °C 

with sequencing grade modified trypsin (V5111; Promega, WI, USA) using a trypsin-to-

protein ratio of 1:50 (w/w). The samples were stored at -20 °C, and brought to RT before 
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glycan release. 

 

N-linked glycans were released by overnight digestion at 37 °C with 10 U/mg of PNGase F 

cloned from Flavobacterium meningosepticum and expressed in E. coli (Roche Diagnostics, 

with gentle agitation. Upon digestion, the released N-linked glycans were separated from the 

deglycosylated milk whey proteins by passing through an Amicon® centrifugal filter unit 

with 10 kDa NMWL (Millipore). The N-linked glycans were reduced according to Section 2.5 

and desalted on homemade cation exchange column with a bed volume of 200 µl packed on 

top of a 1 ml Sep-Pak® C18 cartridge (Waters, Hertfordshire, UK), as previously described 

(Everest-Dass et al. 2012). The flow through the filtrate containing N-linked glycans was 

loaded onto a graphitised carbon column (GCC) solid phase extraction (SPE) cartridge for 

further purification as earlier described (Packer et al. 1998). The N-linked glycans were eluted 

from the cartridge with 0.05 % (v/v) trifluoroacetic acid in 40 % (v/v) acetonitrile and 

evaporated to dryness. After drying, the released N-linked glycans from each original 1 ml 

sample of whey proteins (3.2 mg/ml) were reconstituted in 1 ml of Milli-Q water. A volume 

(200 µl) of these purified N-linked glycans was set aside for mass spectrometry (Section 

5.2.6) and monosaccharide analysis (Section 5.2.7). The remaining released N-linked glycans 

were then tested in two pathogen binding assay methods (Section 5.2.5) for their ability to 

inhibit bacterial interaction with both immobilised milk proteins and with the surface of the 

gastrointestinal epithelial cells. 

 

5.2.3  Bacterial species 

Three diarrhoea-causing human pathogens, Campylobacter jejuni NCTC11168, Escherichia 

coli O111:NM (ATCC 43887), Salmonella typhimurium (Group B) clinical isolate and a non-

pathogenic bacterial strain, Lactobacillus rhamnosus (ATCC 53103) were used in this study. 

The growth conditions for these four human gastrointestinal bacteria are provided in Section 

2.1. 

 

5.2.4  HT-29 cell culture 

HT-29 human colon carcinoma cell line (ATCC HTB-38) was used as a biological system to 

model the human gastrointestinal environment. HT-29 cells were grown in 10 ml Gibco® 

McCoy’s 5A media (12330-031, Life Technologies, VIC, Australia), supplemented with 10 % 

(w/v) foetal calf serum and 100 µg/ml penicillin and streptomycin (15140, Invitrogen™) in a 

Corning® 25 cm2 cell culture flask (In Vitro Technologies, VIC, Australia) and incubated at 

37 °C with 5 % carbon dioxide. After one week of culturing, the HT-29 cells were harvested 
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with trypsin/ethylenediaminetetraacetic acid (EDTA). The cells were collected either for 

membrane preparation (Section 5.2.8) or bacterial adherence and invasion assays (Section 

5.2.5). 

 

5.2.5  Bacterial binding and invasion assays 

5.2.5.1  PVDF plate assay for measuring bacterial interaction with glycoproteins of 

bovine and human milk and the inhibition of binding by N-linked glycans from 

whey 

The PVDF plate assay technique designed in Chapter 3 (Section 3.2.2) was used to determine 

the inhibition of bacterial binding to casein and whey fractions of bovine and human milk by 

N-linked glycans released from bovine and human whey proteins. A volume (50 µl) of whey 

or casein proteins from bovine and human milk (equating to representative casein and whey 

protein quantities in the volume equivalents in the milk from each source) was added to each 

well. The plate was incubated on a plate shaker at 400 rpm for 16 h at 4 °C. The liquid was 

removed and the wells were washed thrice with PBS. Each bacterial strain was stained with 

SYBR Green (Section 2.2) and resuspended in PBS to an OD600 of 1.5. Samples (50 µl) of 

each bacterial suspension were performed in triplicate and pelleted by centrifugation before 

resuspension in 50 µl of N-linked glycans released from the volume equivalents (50 µl) of 3.2 

mg/ml bovine and human milk whey proteins (Section 5.2.2; i.e. equal to N-linked glycans 

released from approximately 160 µg of whey proteins). Bacteria were pre-incubated with the 

released N-linked glycans for 30 min prior to application of the bacterial-glycan mixture to 

each well containing either whey proteins or caseins of bovine and human milk. After 30 min 

incubation at RT in the dark on the plate shaker, the unbound bacteria were removed by 

washing four times in PBS. Fluorescence was measured by the FLUOstar GALAXY (BMG 

LABTECH) fluorescence microplate reader, where the filters were set at ex = 485 nm and 

em = 520 nm for SYBR Green fluorescence reading. Each plate assay was performed using 

three technical replicates. Results were compared to controls, in which bacteria were pre-

incubated in PBS only (ie. no glycans) prior to binding to the milk proteins. 

 

5.2.5.2  Cell-based assay for measuring bacterial adherence and invasion of HT-29 cells 

Prior to harvesting the cultured HT-29 cells (Section 5.2.4), NUNC™ 24-well polystyrene 

flat-bottom plates (Thermo Fisher Scientific) were prepared with each well coated with 1 ml 

collagen I, rat tail (0.34 mg/ml; A1048301, Invitrogen™) for 20 min at 37 °C in 5 % carbon 

dioxide. Each plate was then seeded with HT-29 cells at a concentration of 5  105 cells per 

well and the cells were grown in a confluent monolayer for 48 h at 37 °C with 5 % carbon 
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dioxide. HT-29 cell monolayers were washed three times with antibiotic free Gibco® 

McCoy’s 5A media supplemented with 10 % (w/v) foetal calf serum to remove excess spent 

media. Each bacterial strain was applied to the HT-29 cells at a multiplicity of infection 

(MOI) of 100 i.e. there was approximately 5 × 107 bacteria applied to each well. The bacteria 

were incubated with the HT-29 cells for 3 h at 37 °C and 5 % carbon dioxide to allow 

bacterial adherence and invasion to occur. 

 

Bacterial adherence and invasion assays were carried out in parallel using two separate plates 

with triplicate technical replicates on each plate. Both adherence and invasion assays were 

performed as previously described (Man et al. 2010) with slight modifications. After the 3 h 

incubation period of the HT-29 cell monolayers with the bacteria, the two plates were washed 

three times with antibiotic-free Gibco® McCoy’s 5A media to remove unbound bacteria. The 

plate used for the invasion assay was also treated with 200 mg/ml of Gibco® gentamicin (Life 

Technologies) for 1 h at 37 °C with 5 % carbon dioxide to kill any bacteria that had bound to 

the exterior of the HT-29 cells. The cells were then washed three times with antibiotic free 

Gibco® McCoy’s 5A media to remove traces of gentamicin solution and dead bacteria. 

 

For both plates, the HT-29 cell monolayer was lysed with 0.5 ml 1% (v/v) Triton X-100 for 5 

min at 37 °C with 5 % carbon dioxide to release either adhered or internalised (invaded) 

bacteria. The lysate solution was serially diluted for each bacterial strain. Each dilution was 

plated in quadruplicates on appropriate agar plates (either HBA or Nutrient agar) and plates 

were grown according to conditions as mentioned earlier (Section 2.1). Bacterial adherence 

was calculated by subtracting the number of internalised bacteria (invasion assay) from the 

total number of bacteria counted (adherence assay) and expressed as a relative percentage of 

the initial number of bacteria applied. 

 

To assess the ability of the released N-linked glycans from bovine and human milk whey to 

inhibit bacterial adherence to and invasion of HT-29 cells, 50 µl of the bacterial suspensions 

(containing approximately 5 × 107 bacterial cells) were pelleted and resuspended in 50 µl of 

the N-linked glycans released from volume equivalents of 3.2 mg/ml bovine and human milk 

whey proteins, as described in Section 5.2.5.1. The bacteria were incubated with the N-linked 

glycans of bovine and human milk whey proteins for 30 min. Controls (without N-linked 

glycans) were also prepared, in which the bacteria were pre-incubated for 30 min with PBS 

only. The bacteria were then applied to the HT-29 cells. After three hours incubation, binding 

and invasion of the HT-29 cells by bacteria pre-incubated with the N-linked glycans was 
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compared to that of bacteria pre-incubated with PBS alone. The bacterial-glycan mixture was 

also plated onto appropriate agar plate in triplicate to check if the N-linked glycan solution of 

bovine and/or human milk can cause bacterial cell lysis. Bacterial colonies formed on the agar 

plate were counted to determine the number of viable cells. The statistical significance of the 

differences between the levels of adherence and invasion (mean ± SEM) of the HT-29 cells by 

bacteria pre-incubated with the N-linked glycans compared to that of bacteria pre-incubated 

with PBS alone (i.e. without N-linked glycans) was analysed separately for each bacterial 

species using two tailed unpaired Student’s t-test with Microsoft Excel, where results were 

considered significant for p<0.05 (*), highly significant for p<0.01 (**) and exceedingly 

significant for p<0.001 (***).  

 

5.2.6  Mass spectrometric analysis of N-linked glycans released from bovine and human 

milk whey proteins 

A small volume of 2.5 µl of the released N-linked glycans from bovine and human milk whey 

glycoproteins (Section 5.2.2) were analysed by carbon LC-ESI-MS in the negative ion mode, 

using the conditions described in Chapters 2 and 3. To predict the possible glycan 

compositions on milk whey proteins, the calculated mono-isotopic experimental masses [M-

H]1- were input to the GlycoMod program (http://web.expasy.org/glycomod/), with a mass 

tolerance set at ± 0.5 Da (see Section 2.5). The potential N-linked glycan structures 

corresponding to the monosaccharide compositions were predicted if possible by MS/MS 

analysis. The corresponding relative abundances of the most abundant N-linked glycans were 

determined by integration of the mass EICs. The percentage abundance of each structure was 

calculated by dividing by the sum of the abundances of the total N-linked glycans. 

 

5.2.7  Monosaccharide analysis of released N-linked glycans from bovine and human 

milk whey proteins 

Monosaccharide analysis was performed to quantitate the released N-linked glycans from 20 

µg of bovine and human milk whey proteins. The released glycans were hydrolysed using 2 

M trifluoroacetic acid at 100 °C for 4 h (neutral sugar analysis), 4 M hydrochloric acid at 100 

°C for 6 h (amino sugar analysis) and 0.1 M trifluoroacetic acid at 80 °C for 40 min (acidic 

sugar analysis), according to the protocol in Section 3.2.2.7. 

 

5.2.8  Membrane preparation of HT-29 cells prior to glycan analysis 

The membrane proteins of HT-29 cells were prepared by PhD student Jenny Chik, as 

previously described (Lee et al. 2009) with slight modifications. Briefly, cell pellet containing 

http://web.expasy.org/glycomod/
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approximately 1 x 107 cells were resuspended with 2 ml of lysis buffer containing 50 mM 

Tris-hydrochloric acid, 100 mM sodium chloride, 1 mM EDTA and protease inhibitor (pH 

7.4, Roche Diagnostics) and chilled on ice for 20 min. The cells were thoroughly 

homogenised with a Polytron homogenizer (Omni TH homogeniser, Omni International Inc, 

VA) on ice for 15 min. The homogenised HT-29 cells were centrifuged at 2000  g for 20 min 

at 4 °C to remove cellular proteins. The supernatant was collected and diluted with 2 ml of 

Tris binding buffer (20 mM Tris-hydrochloric acid, 100 mM sodium chloride, pH 7.4) and 

proteins were sedimented by ultracentrifugation at 120000  g for 80 min at 4 °C. The 

supernatant was discarded and 140 μl of Tris binding buffer was added to resuspend the pellet 

which comprised of a mixture of membrane proteins and cell membranes. A volume of 450 μl 

of Tris binding buffer containing 1 % (v/v) Triton X-114 was added to the suspended mixture 

and chilled on ice with intermittent pipetting for 10 min. The samples were heated at 37 °C 

for 20 min and phase partitioned by centrifugation at 1000  g for 3 min. The upper aqueous 

phase was carefully collected and stored at -20 °C for further analysis, whereas the lower 

detergent phase containing membrane proteins were precipitated with 1 ml of ice-cold acetone 

and left overnight at -20 °C. Precipitated membrane proteins of HT-29 cells were pelleted by 

centrifugation at 1000  g for 3 min and solubilised in 10 μl of 8 M urea for further use. 

 

5.2.9  PNGase F treatment of HT-29 cell membrane proteins to release N-linked glycans 

for mass spectrometry analysis 

N-linked glycans were released from HT-29 cell membrane proteins as previously described 

(Jensen et al. 2012). Briefly, the resolubilised membrane proteins of HT-29 cells (Section 

5.2.8) were immobilised by dot blotting onto an Immobilon-P PVDF membrane (0.45 µm, 

Millipore). A glycoprotein standard containing 10 μg of bovine fetuin (Sigma-Aldrich) was 

also blotted on to the same membrane as a control. The N-linked glycans were released with 3 

U of PNGase F (Roche Diagnostics) overnight at 37 °C. The released N-linked glycans of HT-

29 membrane proteins were reduced and desalted according as described in Chapters 2 and 3. 

The glycan alditols were finally resuspended in 15 μl of Milli-Q water prior to mass 

spectrometry analysis as described in Section 5.2.6. 

 

5.3  Results 

5.3.1  Inhibition of bacterial binding to milk fractions by N-linked glycans from bovine 

and human milk whey proteins 

The involvement of the full structures of the N-linked glycans of bovine and human milk 

whey proteins in the binding of the three gastrointestinal bacteria E. coli, S. typhimurium and 
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L. rhamnosus used previously, plus the semi-anaerobic pathogenic C. jejuni, was tested by 

determining the extent of inhibition of the bacterial adhesion to whey and casein by pre-

incubation with the released milk whey protein N-linked glycans. The four bacterial strains 

were incubated with 50 µl of N-linked glycans released from 160 μg bovine and human milk 

whey proteins (Section 5.2.2) prior to measuring their binding to immobilised bovine and 

human casein and whey proteins on a PVDF plate. Binding inhibition by the N-linked glycans 

was calculated by comparison to the binding of control samples of bacteria which had been 

incubated in PBS alone. 

 

Firstly, the binding of the four bacteria to bovine and human whey and casein proteins 

(without N-linked glycan inhibition) is presented in Figure 5.1, revealing similar trends for the 

three bacteria to those observed in Figure 4.7 (Chapter 4). In particular, the binding of all the 

gastrointestinal bacteria was lower to bovine milk whey proteins than to human milk whey 

proteins (prepared from volume equivalents of milk). Overall, C. jejuni resembled the binding 

potential of S. typhimurium and both of these pathogens adhered more to the milk proteins 

than E. coli. 
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Fig. 5.1.  The binding of four gastrointestinal bacteria to bovine and human milk whey and 
casein proteins extracted from 50 µl of bovine and human milk. These data represent the 
controls for the experiment shown in Figure 5.2, in which the bacteria were incubated for 30 
min in N-linked glycans prior to binding to the milk proteins. Control samples were incubated 
for the same time in PBS alone. Data were corrected for the varied fluorescence uptake by the 
different bacteria and represent the mean  SEM of three technical replicates. The binding of 
bacteria to human milk whey proteins was significantly (* = p<0.05) higher compared to 
bovine milk whey proteins for all four bacterial strains. In contrast, only E. coli and S. 

typhimurium binding was significantly (p<0.05) different between bovine and human milk 
casein proteins. Abbreviation: FU, fluorescence unit. 
 

Pre-incubation of the bacteria in the N-linked glycans released from bovine and human milk 

whey proteins (Section 5.2.2) inhibited bacterial binding of all the strains to both bovine and 

human milk casein and whey proteins to some extent (Figure 5.2 and Table 5.1). This clearly 

indicated that N-linked glycans are at least in part involved in the binding of all four bacteria 

to both whey and casein of bovine and human milk glycoproteins. 
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Fig. 5.2.  Inhibition of bacterial binding to bovine and human milk whey and casein by pre-
incubation of the bacteria in: A) N-linked glycans from bovine milk whey and B) N-linked 
glycans from human milk whey. The * denotes the inhibition of bacterial binding to bovine 
and human milk proteins extracted from whey and casein fraction was significantly (p<0.05) 
different. 
 

As would be expected, the highest degree of inhibition (50 - 70 %) of the binding of all the 

gastrointestinal bacteria to human milk whey followed from pre-incubation with the human 

milk whey N-linked glycans (Figure 5.2 B). The binding of L. rhamnosus was inhibited most 

(72 % inhibition), indicating a strong dependence of this commensal bacterium which binds to 

N-linked glycans. Some inhibition by the N-linked human milk whey glycans was also 

observed for the binding of all bacteria to human milk casein, and to bovine milk whey and 

casein, but the degree of inhibition was only about half of the inhibition of binding to the 

human milk whey (Figure 5.2 B). 

 

Pre-incubation of the bacteria in the N-linked glycans of bovine milk whey also resulted in a 

similar degree of inhibition of bacterial binding to bovine milk casein and whey fractions 

(Figure 5.2 A), as achieved by the N-linked glycans of human milk whey (20 - 30 %; Figure 

5.2 B). However, less inhibition of bacterial binding to human milk whey and casein fractions 

were achieved by the bovine milk whey N-linked glycans than the human milk whey N-linked 

glycans. 

 

Overall, the results of this experiment indicated predominantly that the N-linked glycans of 

both bovine and human milk are involved in bacterial binding since the glycans alone 

inhibited the binding to all the milk fractions. Also clear is that the adhesion is not entirely 
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glycan dependant. There were some similarities in the effects on the binding of the N-linked 

glycans from bovine and human milk whey, indicating that both may contain binding epitopes 

for both pathogenic and commensal human gastrointestinal bacteria. However, the N-linked 

glycans from human milk whey appear to have greater ability to bind to these human infective 

bacteria than N-linked glycans from bovine milk, a phenomenon that may be caused by the 

nature or abundance of the N-linked glycans in these milk fractions. 

 

5.3.2  Comparison of the ability of human gastrointestinal bacteria to adhere and invade 

HT-29 cells 

The previous section demonstrated that the N-linked glycan component of both bovine and 

human milk whey glycoproteins can bind to gastrointestinal bacteria. To test the hypothesis 

that these N-linked milk whey protein glycans can compete with the adhesion and invasion of 

the human intestinal cells by these bacteria, an assay using live gastrointestinal cells (HT-29 

cell line) was established (Section 5.2.5.2). 

 

Lactobacillus rhamnosus demonstrated the greatest capacity to bind to HT-29 human 

gastrointestinal cells, with 7.9 % of the initial inoculum of L. rhamnosus adhering to the HT-

29 cells, compared to 6.1 % of S. typhimurium, 5.2 % of C. jejuni and 2.1 % of E. coli (Figure 

5.3). These data suggest that the beneficial gut bacterium (probiotic) binds slightly better to 

gastrointestinal cells than the gastrointestinal pathogens. It also implies that the human 

gastrointestinal cells express bacterial binding epitopes on their cell surfaces that are 

recognised by all four bacteria strains to a differing extent. 
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Fig. 5.3.  Bacterial adherence and invasion of HT-29 human gastrointestinal epithelial cells. 
Results are expressed relative to the number of bacteria inoculated. Error bars represent the 
standard error of the mean for two independent experiments performed in triplicate.  
 

Invasion of the HT-29 cells was only observed for C. jejuni (0.8 %) and S. typhimurium (1 %) 

(Figure 5.3). E. coli and L. rhamnosus did not invade the HT-29 cells, which was as expected 

since these are non-invasive species (Wilson et al. 2002). 

 

5.3.3  Inhibition of bacterial adhesion and invasion of HT-29 human gastrointestinal cells 

by pre-incubation with N-linked glycans from bovine and human milk whey 

proteins 

The assay was used to test the capacity of milk whey N-linked glycans to compete with the 

adhesion and invasion of the different bacteria into gastrointestinal cells. The ability of the 

gastrointestinal bacteria to adhere to and invade HT-29 cells after pre-incubation with N-

linked glycans from bovine or human milk whey glycoproteins was compared to a control, in 

which bacteria were pre-incubated with PBS only (Figure 5.4). 

 

Only 2 - 8 % of the applied bacteria (approximately 5 × 107 bacterial cells/well) adhered to the 

intestinal cells in the cell-based assay. However, the adherence of all four bacteria to HT-29 

cells was significantly (p<0.001) inhibited by pre-incubation with released N-linked glycans 

from bovine or human milk whey proteins (Figure 5.4). The adherence of C. jejuni, E. coli, S. 

typhimurium and L. rhamnosus to HT-29 cells were inhibited by 23 %, 24 %, 46 %, and 51 %, 

respectively, when they were pre-incubated with 50 µl of N-linked glycans released from a 

volume equivalent of bovine milk whey proteins (160 µg) prior to binding to HT-29 cells. 

However, an even greater inhibition of bacterial binding to HT-29 cells was achieved by pre-

incubation with 50 µl of released N-linked glycans from an equal quantity of human milk 

whey proteins with C. jejuni (54 %), E. coli (44 %), S. typhimurium (50 %) and L. rhamnosus 

(76 %). The glycans attached to human milk whey glycoproteins thus appear to act as better 

inhibitors of adherence of the gastrointestinal bacteria to human gastrointestinal cells than the 

glycans attached to bovine milk whey. Interestingly, it is noted that the binding of L. 

rhamnosus to the HT-29 cells was inhibited significantly (p<0.001) more by the whey glycans 

from both bovine and human milk than the pathogenic bacteria, with the greatest inhibition 

again achieved by the human milk whey N-linked glycans. The preferred binding of 

Lactobacillus to the milk glycans that is again shown here, may act as a mechanism for 

transport of these commensal bacteria to the gut. 

 



 

154 
 

 
 
Fig. 5.4.  The effect of pre-incubating bacteria with N-linked glycans from bovine and human 
milk whey proteins on subsequent adhesion of the bacteria to HT-29 human gastrointestinal 
epithelial cells. Adherence is expressed relative to the number of bacteria inoculated, and is 
compared to adherence of bacteria that were incubated in PBS alone (i.e. without N-linked 
glycans). Differences in binding were considered significant when p<0.001 (***). 
 

Cell invasion assays were also carried out to determine whether the N-linked glycans of 

bovine and human milk glycoproteins affected bacterial invasion of, as well as the adhesion 

to, the HT-29 cells. As only C. jejuni and S. typhimurium were shown to invade HT-29 cells 

(Figure 5.5), only these strains were tested for the effect of N-linked glycans on their 

invasiveness. Although cell invasion is low (~1 % of the applied bacteria), highly significant 

(p<0.001) inhibition of invasion by both bacterial strains was observed by pre-incubation in 

both bovine and human milk whey N-linked glycans. Human milk whey N-linked glycans 

inhibited the invasion of C. jejuni by 53 %, significantly (p<0.001) more inhibition than 

achieved by bovine milk whey N-linked glycans (31 %). However, bovine milk whey N-

linked glycans were slightly more effective in inhibiting the invasion of the cells by S. 

typhimurium (71 % inhibition) compared to human milk whey N-linked glycans (63 % 

inhibition). 
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Fig. 5.5.  The effect of pre-incubating bacteria with N-linked glycans from bovine and human 
milk whey proteins on subsequent invasion of the bacteria into HT-29 human gastrointestinal 
epithelial cells. Bacterial invasion of HT-29 cells is expressed relative to the number of 
bacteria inoculated, and is compared to the invasiveness of bacteria that were pre-incubated in 
PBS alone (i.e. without N-linked glycans). Differences in invasiveness were considered 
extremely significant when p<0.001 (***). 
 

The above experiments revealed that the N-linked glycans of both bovine and human milk 

whey proteins have the ability to inhibit binding of human gastrointestinal bacteria to human 

gastrointestinal cells, as well as the invasion of the cells by invasive pathogens. The N-linked 

glycans from human milk whey appear to be, in general, more effective than the N-linked 

glycans from bovine milk whey in inhibiting bacterial binding (Figure 5.4) and invasion 

(Figure 5.5). This suggests that the glycans from the two mammalian whey fractions may 

present different binding epitopes to the bacteria; moreover, the binding epitopes presented by 

human whey glycans seem to be more effective decoys for pathogen attachment, possibly 

because they more closely resemble the glycan receptors for human pathogen binding to 

human gastrointestinal cells. 

 

5.3.4  Monosaccharide analysis of released N-linked glycans from bovine and human 

milk whey proteins 

A monosaccharide analysis was carried out on the N-linked glycans released from equal 

quantities (20 µg) of whey proteins from bovine and human milk to gauge overall differences 

in total glycan content and the relative proportions of different monosaccharide sugars in the 

N-linked glycans from each milk source. As shown in Table 5.1, a higher amount of total 

monosaccharides was obtained as N-linked glycans from human milk whey (124 µg of 

sugars/mg of protein) than from bovine milk whey (74 µg of sugars/mg of protein). Seven 

monosaccharides, galactose (Gal), N-acetylgalactosamine (GalNAc), N-acetylglucosamine 

(GlcNAc), mannose (Man), fucose (Fuc), N-acetylneuraminic acid (NeuAc) and N-
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glycolylneuraminic acid (NeuGc) were detected in bovine milk whey. However, GalNAc and 

NeuGc residues were not detected in the N-linked glycans from human milk whey. The 

monosaccharides that make up the typical N-linked glycan core formed a substantial 

proportion of the total monosaccharides in both milk sources, with GlcNAc residues 

predominating in both bovine milk whey N-linked glycans (31.9 %) and human milk whey N-

linked glycans (38.9 %), and mannose residues accounting for 25.4 % and 20.6 % of total 

monosaccharides respectively. Of particular note was the higher proportion of Gal in human 

milk whey N-linked glycans (35.4 %) than in bovine milk whey N-linked glycans (20.4 %), 

suggesting larger structures, as well as the high amount of GalNAc (11.9 %) in only bovine 

whey N-linked glycans, which may be explained by the reported observation of GalNAcβ1-

4GlcNAc on the N-linked glycans of bovine milk glycoproteins (Van den Nieuwenhof et al. 

1999). There was also a higher proportion of Fuc in human milk whey N-linked glycans (3.5 

%) than in bovine milk whey N-linked glycans (2.1 %). Bovine milk whey N-linked glycans 

contained a higher proportion of NeuAc (6.8 %) than the human milk whey N-linked glycans 

(1.6 %). 

 

Table 5.1.  Monosaccharide analysis of total N-linked glycans released from bovine and 
human milk whey proteins as determined by high-performance anion-exchange 
chromatography with pulsed amperometric detection (HPAEC-PAD). Percentages (%) are of 
total monosaccharide content (74 µg and 124 µg of sugars in 1 mg of bovine and human milk 
whey proteins, respectively) 
 

 

Monosaccharide 

 

Gal GalNAc GlcNAc Man Fuc NeuAc NeuGc Total 

 
Bovine milk 
N-linked glycans 
 

20.4 % 11.9 % 31.9 % 25.4 % 2.1 % 6.8 % 1.5 % 100 % 

 
Human milk 
N-linked glycans 
 

35.4 % ND 38.9 % 20.6 % 3.5 % 1.6 % ND 100 % 

Abbrevations: Fuc, fucose; Gal, galactose; Man, mannose; GalNAc, N-acetylgalactosamine; 
GlcNAc, N-acetylglucosamine; NeuAc, N-acetylneuraminic acid; NeuGc, N-
glycolylneuraminic acid; ND, not detected; %, percent. 
 

5.3.4  Mass spectrometric analysis of N-linked glycans released from bovine and human 

milk whey proteins and HT-29 cell membrane proteins 

In order to investigate similarities and differences between the glycan epitopes presented to 

bacteria by each of the glycoprotein sources, global profiling of the enzymatically released N-

linked glycans from bovine and human milk whey proteins, as well as the membrane proteins 
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from HT-29 gastrointestinal cells was carried out by LC-ESI-MS. Figure 5.7 shows the 

average mass spectra of the released N-linked glycans from these milk and cell line samples. 

As detailed in Table S4 (Supplementary Data), not all the N-linked glycan structures seen in 

the total milk protein analysis (N1 - N45) of Chapter 3 were seen, but 33 structures could be 

proposed from the mass spectra of the N-linked glycans from bovine milk whey glycoproteins 

and 29 structures on human milk whey glycoproteins, while 35 structures can be proposed for 

the N-linked glycans from the membrane proteins of the human intestinal HT-29 cells. Eleven 

(A1 - A11; Table S4, Supplementary Data) of these structures had not been previously 

identified from the total human milk glycan analysis described in Chapter 3, and were mainly 

bovine milk whey protein related. Table 5.2 presents the 18 common N-linked glycans (N3, 

A1, N6, N8, N9, N10, N12, N13, N15, N18, N19, N21, N22, N24, N26, N26, N33 and N35) 

released from bovine milk whey, human milk whey and membrane proteins of HT-29 human 

intestinal epithelial cells, where many were found to be high mannose, bisecting core-

fucosylated and/or sialylated structures. 

 

 
 
Fig. 5.6.  Venn diagram indicating the number of proposed glycan structures that were unique 
or shared amongst the N-linked glycans released from (A) bovine milk whey; (B) human milk 
whey; and (C) membrane proteins of HT-29 human intestinal epithelial cells. 
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Table 5.2.  The 18 common N-linked glycans released from bovine milk whey human milk whey and membrane proteins of HT-29 human intestinal 
epithelial cells. 
 

S/ 

No. 

Calculated 

experimental 

mass 

[M-H]
1-

 

Theoretical mass 

[M-H]
1-

 

Proposed N-linked glycan 

structure from this study 

Relative abundance 

on bovine milk whey 

proteins (%) 

Relative abundance 

on human milk 

whey proteins (%) 

 

Relative abundance 

on HT-29 cell 

membrane proteins 

(%) 

 

N 
3 1397.6 1397.5 

 

1.62 0.911 3.57 

*A 
1 1463.6 1463.5 

 
1.082 0.41 0.384 

N 
6 1559.6 1559.5 

 

1.402 0.501,2 8.214 

N 
8 1625.6 1625.6 

 
Possible Le 

3.162 1.902 0.08 

N 
9 1641.8 1641.6 

 

7.752 1.061,2 0.41 

N 
10 1666.8 1666.6 

 

0.65 5.222 0.344 
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S/ 

No. 

Calculated 

experimental 

mass 

[M-H]
1-

 

Theoretical mass 

[M-H]
1-

 

Proposed N-linked glycan 

structure from this study 

Relative abundance 

on bovine milk whey 

proteins (%) 

Relative abundance 

on human milk 

whey proteins (%) 

 

Relative abundance 

on HT-29 cell 

membrane proteins 

(%) 

 

N 
12 1721.8 1721.6 

 

6.282 1.332 20.51 

N 
13 1729.8 1729.6 

 

1.982 0.842 1.98 

N 
15 1787.8 1787.6 

 
Possible Le 

7.982 7.851,2 2.32 

N 
18 1883.8 1883.6 

 

4.042 2.122 22.17 

N 
19 1891.8 1891.7 

 

2.582,3 0.882 4.17 

N 
21 1932.6 1932.7  

 
6.172,3 7.711,2 3.17 
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S/ 

No. 

Calculated 

experimental 

mass 

[M-H]
1-

 

Theoretical mass 

[M-H]
1-

 

Proposed N-linked glycan 

structure from this study 

Relative abundance 

on bovine milk whey 

proteins (%) 

Relative abundance 

on human milk 

whey proteins (%) 

 

Relative abundance 

on HT-29 cell 

membrane proteins 

(%) 

 

N 
22 1933.8 1933.7  

Le 
0.262 0.971,2 2.05 

N 
24 2078.8 2078.7 

 

3.042,3 26.081,2,3 5.644 

N 
26 2120.0 2119.8 

 

8.392,3 1.152 0.17 

 
N 
28 
 

2224.0 2223.8 
 

0.931 7.391,2 1.81 

N 
33 2370.0 2369.8 

 

0.40 7.071,3 2.14 

N 
35 2444.0 2443.9 

 
0.543 0.82 0.40 
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Fig. 5.7.  The N-linked glycosylation profile (summed average mass spectra) of (A) bovine milk whey; (B) human milk whey; and (C) HT29 human 
gastrointestinal cells. Structures A1 - A11 were not found in the total human milk glycan analysis described in Chapter 3. Representative [M-2H]2- ions 
(* denotes (N2) with m/z [1235.4]1- is singly charged) corresponding to proposed structures of released N-linked glycans respectively as in Table S4, 
Supplementary Data. 
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The Venn diagram in Figure 5.6 displays the number of proposed glycan structures that were 

common or unique amongst the N-linked glycan samples from bovine and human milk whey 

and membrane proteins from HT-29 human intestinal cells. A total of 18 proposed N-linked 

glycan structures (N3, A1, N6, N8, N9, N10, N12, N13, N15, N18, N19, N21, N22, N24, 

N26, N28, N33 and N35) were common to the N-glycosylation profiles of all three samples 

(Figure 5.7; Table S4 in Supplementary Data,). Notably, two of the proposed glycan structures 

that were common only to human milk whey and the human HT-29 membrane proteins (but 

not identified from bovine whey) contained possible Le or SLe epitopes; the most abundant of 

these was N29, with a relative abundance of 11.4% and 8.3% in human milk whey and HT-29 

membrane proteins, respectively. Two of the proposed bovine whey glycans that shared 

common structures with N-linked glycans from the HT-29 cells, but were not found amongst 

the human whey glycans were high mannose (A6) structure and bi-antennary sialylated (N31) 

structures. 

 

Six structures (N4, N11, N14, N16, N20 and N30) were common to both mammalian milks 

but not found amongst the glycan structures proposed for HT-29 cells, comprising a variety of 

structures, three of which (N11, N16 and N30) feature bisecting N-acetylglucosamine (Table 

S4, Supplementary Data). Seven proposed complex type glycan structures (A2, A4, A5, A7, 

A8, A9 and A10) were unique to bovine milk whey proteins, with none of these structures 

previously identified from the N-linked glycans of total human milk proteins (Chapter 3). 

Some of these structures (A2, A4, A5 and A7) feature possible lacdiNAc (GalNAcβ1-

4GlcNAc; Van den Nieuwenhof et al. 1999), which have been previously reported on bovine 

milk proteins (Sato et al. 1993) and bovine mammary epithelial cells (Nakata et al. 1993). 

Other glycan structures unique to bovine milk in this study include those containing N-

glycolylneuraminic acid (NeuGc), (A8 and A10)  and a tetra-antennary mono-sialylated 

structure (A9). Only one proposed glycan structure (N5) was identified as being unique to 

human milk whey, specifically a bisecting structure (N5, m/z [759.8]2-), which was 1.6 % of 

total N-linked glycans. Eleven proposed structures were unique to HT-29 cells, including, 

albeit in trace amounts, of several tri- or tetra-antennary glycans containing possible Le/SLe 

epitopes (N39, N41, N42 and N43). 

 

An analysis was carried out to compare the relative abundance of different glycan types (ie. 

high mannose, core fucose, terminal fucose, NeuAc/NeuGc) amongst the proposed N-linked 

glycan structures from bovine and human milk whey and HT-29 human gastrointestinal 

membrane proteins. As shown in Table 5.2, the human milk whey proteins analysed in this 
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study appear to carry more fucosylated N-linked glycans, comprising core- (62.2 - 72 %) and 

terminal- fucosylated (12.8 - 22.5 %) structures compared to bovine milk whey proteins (25.2 

- 36.4 % and 0.3 - 11.4 %, respectively). In terms of the sialylated N-linked glycans, these 

structures represented 46.5 % and 72.5 % of the proposed total N-linked glycans from bovine 

and human milk whey, respectively. A small percentage of NeuGc (0.7 % of total N-linked 

glycans) was only found in the proposed glycan structures of the bovine milk whey 

glycoproteins. Of particular note, there was a high proportion of high mannose structures 

proposed from the HT-29 human gastrointestinal membrane proteins (57.6 % of total N-linked 

glycans; Table 5.2). In particular, N12 was a proposed high mannose structure and most 

abundant on HT-29 cell membrane proteins (20.5 % of total N-linked glycans; see Table S4 in 

Supplementary Data). This structure is also proposed as an N-linked glycan of bovine and 

human milk whey, although at lower levels of relative abundance (6.3 % and 1.3 %, 

respectively; see Table S4 in Supplementary Data). 

 

Table 5.2.  Relative abundance of N-linked glycan types from bovine and human milk whey, 
and HT-29 human gastrointestinal epithelial cells 
 

Relative abundance (%) 

 
N-linked glycans 

from 

 

High 

Man 

Core 

Fuc 

Terminal 

Fuc 
NeuAc NeuGc 

 
Bovine milk whey 
proteins 
 

14.9 25.2 - 36.4* 0.3 - 11.4* 46.5 0.7 

 
Human milk whey 
proteins 
 

4.9 62.2 - 72* 12.8 - 22.5* 72.5 Not 
detected 

 
HT-29 membrane 
proteins 
 

57.6 
 

27.4 – 29.8* 
 

15.5 - 17.9* 
 

31.3 
 

Not 
detected 
 

* includes two proposed structures (N8 and N15) that could carry either a core or terminal 
fucose. 
 

5.4  Discussion 

Identification of carbohydrate-based ligands of pathogenic bacteria has been defined as the 

key step necessary for controlling microbial infections (Day et al. 2009; Gilboa-Garber et al. 

1994; Lloyd et al. 2007; Scharfman et al. 1999; Sharon 2008; Yajima et al. 2008). In the 
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present study, two approaches were employed to investigate the involvement of N-linked 

glycans displayed on the milk glycoproteins in binding to the bacteria and inhibiting the 

interaction with the surface glycans displayed on the intestinal cells. Since the milk whey 

proteins carry the majority of the N-linked glycans, the whey was separated from the lipid and 

casein fractions. 

 

The equivalent volume of human milk whey had about 1.6 times more protein attached 

glycans based on monosaccharide content than the bovine milk whey. All the intestinal 

bacteria bound more strongly (p<0.05) to the human whey proteins than to the bovine whey 

proteins. The involvement of the glycan component of the whey proteins was further 

substantiated by the observation that the free glycans released from both bovine and human 

whey proteins were able to effectively inhibit all the intestinal bacteria from binding to human 

and bovine milk whey. 

 

As previously mentioned (Section 1.2, Chapter 1), the adhesion of bacteria to host cells is the 

first step in infection. To mimic the intestinal lining of the gut, HT-29 human colon epithelial 

cells were used as an in vitro model to study the involvement of glycans on proteins in milk in 

the adhesion and invasion of bacteria to gastrointestinal cells. Many studies have employed 

the use of cultured human colon cell lines, such as Caco-2 (Coppa et al. 2006; Liu B et al. 

2012) and T84 (Crane et al. 1994; Wine et al. 2008), as well as a human intestinal cell line 

INT 407 (Konkel et al. 1992a) because they can form a polarised monolayer, making them a 

suitable model for investigating the nature of host-pathogen interactions during an infection. 

Other benefits of using in vitro cell culture methods are their protocols have been well-

established (Crane et al. 1994; Friis et al. 2005; Konkel et al. 1992b; McCormick 2003; 

Russell and Blake 1994) and the availability of cultured human epithelial colon cell lines in 

the American Type Culture Collection (ATCC). 

 

Lactobacillus rhamnosus, which is a commensal bacterium of the human gastrointestinal tract 

(probiotic) was the most adhesive bacteria to HT-29 cells compared to the tested pathogenic 

bacteria, C. jejuni, E. coli and S. typhimurium. Other studies have reported that the adherence 

of Lactobacillus species to HT-29 cells was inhibited by methyl-alpha-D-mannoside, 

suggesting that mannose provides a binding epitope for the commensal bacterium on the 

gastrointestinal epithelial cells (Adlerberth et al. 1996; Ahrné et al. 1998). Interestingly, in 

this study, Lactobacillus adherence was shown to be significantly more inhibited by released 

N-linked glycans from bovine and human milk whey glycoproteins than C. jejuni, E. coli and 
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S. typhimurium. This study is the first evidence of Lactobacillus binding to intestinal cells 

being influenced by milk glycans suggesting that milk may also be interacting with the 

binding of beneficial bacteria in the gut. 

 

Escherichia coli was shown to adhere the least effectively to HT-29 cells as compared to the 

other pathogenic bacteria C. jejuni and S. typhimurium and there is varied evidence that N-

linked glycans mediate this binding. Most E. coli are reported to colonise the gastrointestinal 

tract of human infants (Kaper et al. 2004) and evidence suggests that they bind to high 

mannose structures (Cavallone et al. 2004; Liu B et al. 2012). On the other hand, Salmonella 

species have been shown to bind to terminal α-D-mannose and the trisaccharide Galβ1-

4(Fucα1-3)GlcNAc, also known as the Lex blood group residues on host glycoproteins 

(Chessa et al. 2009; Duncan et al. 2005; Kisiela et al. 2005). In addition, the adherence of S. 

typhimurium to Caco-2 cells was demonstrated to be inhibited by pre-incubation of the 

monolayer with peanut agglutinin (PNA) that recognises specifically the Galβ1-3GalNAc 

epitopes (Giannasca et al. 1996). Further, C. jejuni has been shown to bind to a broad range of 

structures, including fucosylated, terminal galactose, mannose and sialylated structures (Avril 

et al. 2006; Day et al. 2009, Lane et al. 2012b). 

 

The N-linked glycans released from bovine and human milk whey glycoproteins clearly 

inhibited bacterial binding to the human intestinal cells in a bacterial species-specific mode. 

From this assay, it is speculated that the mechanism underlying the binding of these bacteria 

to milk glycoproteins varies among the bacterial species due to the differences in their 

preferred binding epitopes. Particularly, the bacteria may bind selectively and differentially to 

high mannose, bisecting core-fucosylated or sialylated structures. Structural analysis showed 

the presence of all these epitopes on the complex N-linked glycans of both the bovine and 

human whey protein glycans and on the membrane proteins of the intestinal cells. The N-

linked glycans from milk whey glycoproteins contained complex, fucosylated and sialylated 

structures, which are important bacterial binding epitopes for pathogen recognition, and can 

compete for the similar structures displayed on the HT-29 cells. The proportion of fucosylated 

complex glycans in this study is similar to that reported by Dallas et al. (2011) and Nswosu et 

al. (2012), in which there is a higher fucosylation of human milk whey proteins. However, in 

this study higher sialylation (72.5 % of total N-linked glycans) occurs on the human whey N-

linked glycans compared to that on the bovine milk proteins (46.5 % of total N-linked 

glycans), perhaps again due to the individual variation shown by a single bovine donor. The 

released glycans from bovine and human milk whey in this study effectively (p<0.001) 
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inhibited the adhesion of all bacterial strains to the intestinal cells; with human milk N-linked 

glycans being generally more effective than the bovine milk N-linked glycans. 

 

The invasion assays confirmed that the particular strain of C. jejuni and S. typhimurium used 

in this study are both invasive. The C. jejuni NCTC11168 used is less invasive than C. jejuni 

ATCC 43431(TGH 9011) and 81-176 (Lane et al. 2012a; Poly et al. 2004). The mechanism of 

invasion by C. jejuni and S. typhimurium is well-documented, in which these pathogens bind 

via their flagella to host membrane receptors and gain entry into intestinal cells by inducing 

rearrangement of the network of actin filaments (Hu and Kopecko 1999; Hu et al. 2008; 

Misselwitz et al. 2012; Unsworth et al. 2004). Escherichia coli O111:NM did not invade the 

HT-29 cells at all, as the EPEC strain that was used in this study is a non-motile (NM) 

diarrheagenic pathogen, which is unable to invade and infect the host cells (Nataro and Kaper 

1998) and thus would not be affected in this aspect by the surface glycoproteins. 

Lactobacillus species are not pathogens of the human gastrointestinal mucosa (Fernández et 

al. 2003; Servin 2004) and this was confirmed by their non-invasion of HT-29 cells. Where 

the bacteria were invasive, such as C. jejuni and S. typhimurium, the human milk protein 

glycans again had a greater inhibitory effect on the invasive potential than the bovine milk 

whey protein glycans. It is therefore evident that the N-linked glycans on the milk whey 

proteins have a protective role in inhibiting both the bacterial adherence and invasion of 

human specific intestinal bacteria in the gastrointestinal tract 

 

The membrane N-linked protein glycans of HT-29 cells have been described (Vercoutter-

Edouart et al. 2008), and this study showed about the same major abundance of high mannose 

structures (57.6 % of total N-linked glycans compared with 51.7 % in the previous report). 

However, there was a different distribution of the complex N-linked glycans in both studies. 

Vercoutter-Edouart et al. (2008) found a high content of highly branched glycans comprising 

tri-and tetra-antennary structures (over 46 % of total N-linked glycans) in the HT-29 cells by 

positive MALDI-MS. Among the 35 structures proposed in this study, only six N-linked 

glycan masses (A1, N6, N10, N24, N29 and A11) corresponded to those previously reported. 

This may be because Vercoutter-Edouart et al. (2008) used a differentiating subclone of HT-

29 cells (HT-29-18 C1), which developed enterocyte-like properties after 20 days of growth. 

In contrast, the HT-29 cells used in this work are known to remain undifferentiated when 

grown in the presence of glucose (Wils et al. 1993), as had been the case here (Section 5.2.4). 

  

The N-glycosylation profile of the HT-29 membrane proteins used in this study was different 
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from that of the N-linked bovine and human milk whey glycoproteins, but contained some of 

the same structures. Although there was a significant difference of the N-glycosylation 

specific structures between the secreted milk and cell surface glycoproteins, both bovine and 

human milk whey proteins contained core-fucosylated N-linked glycans, while the human 

intestinal cells had more terminal fucosylaton, with both the human milk and the human 

epithelial cells having Lewis epitopes, known receptors for bacterial adhesion, in common. A 

high abundance of sialylated structures, another well-described bacterial lectin receptor, was 

seen across all three samples. Hence, it is clear from this study that there are variations in 

glycan compositions between bovine and human milk and that the host cells are expressing a 

different, yet similar, array of bacterial binding glycan epitopes as those milk glycans attached 

to mammalian milk protein sources. 
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Chapter 6.  Summary and future directions 

 

The ability of bovine and human milk glycoproteins to bind to gastrointestinal bacteria, and 

thus potentially inhibit pathogen adhesion to the human gastrointestinal tract, was investigated 

in this study. The development of an efficient 96-well PVDF plate assay to measure bacterial 

binding to milk protein fractions enabled assessment of the contribution of different 

components of bovine and human milk to bacterial adhesion, as well as establishing the 

involvement of the glycans, and in particular sialic acid, carried by the milk proteins in the 

interactions. In addition, a study of the potential of N-linked glycans released from bovine and 

human milk whey glycoproteins to competitively inhibit the bacterial adhesion to and 

invasion of the intestinal epithelial cell surface was performed by an in vitro assay using a 

human colon epithelial cell line as a model system of the human gastrointestinal tract. Mass 

spectrometry was used to analyse the global glycan profiles of bovine and human milk 

proteins and their whey fractions, as well as the global glycan profile of human intestinal 

cells; in this way, similarities and differences in the glycan profiles could be determined, 

enabling speculation on the mechanisms of protection by the milk glycoproteins against 

pathogen adherence to the gastrointestinal tract. The main findings of this work are 

summarised in this chapter. 

 

6.1  Development of methods for assessing bacterial binding to conjugated milk glycans 

Two methods were trialled to assess the potential of gastrointestinal bacteria to bind to glycan 

epitopes on human milk glycoproteins. The first method was a glycan microarray technology 

developed by the Institute for Glycomics at Griffith University, comprising synthetic glycan 

structures (including those on milk glycoproteins) that were covalently immobilised onto 

activated glass slides. Although this method has been routinely used to measure the binding of 

purified protein, antibodies, lectins and viruses to the immobilised glycans, it was not found 

to be a suitable technique for measuring whole bacterial binding to the glycans due to non-

specific binding and lack of reproducibility. 

 

The second successful method involved a plate assay in which milk proteins were 

immobilised onto PVDF membranes in a 96-well plate. The presented glycans on the proteins 

bound to the PVDF membrane through hydrophobic interactions were probed with 

fluorescently-labelled bacteria and bacterial binding quantified using a fluorescent plate 

reader. Human gastrointestinal and oral bacteria bound to human milk proteins but not to the 

unglycosylated BSA, suggesting the importance of the conjugated milk glycans as binding 
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epitopes. All the gastrointestinal bacteria tested, including the non-pathogenic, (probiotic) 

Lactobacillus rhamnosus, and the pathogenic Campylobacter jejuni, Salmonella typhimurium 

clinical isolate and Escherichia coli bound to different extents to the human milk proteins. 

The oral streptococci species, Streptococcus gordonii and S. mutans bound less efficiently to 

the total human milk proteins than gastrointestinal bacteria. Interestingly, S. gordonii, which is 

an initial coloniser of enamel bound more efficiently than S. mutans, a plaque-forming 

bacterium that aggregates later on the biofilm layer. These findings indicated that many 

bacteria that inhabit human epithelial surfaces bind to human milk proteins, including both 

pathogens and commensals, and the extent of binding varies between species.  

 

A rather unexpected outcome of this work was that the commensals, L. rhamnosus and S. 

gordonii, appeared to bind to the human milk proteins slightly better than the pathogenic 

bacteria. These results seem to suggest that human milk proteins may not only act as decoy 

receptors for potential pathogens to reduce their colonisation in the human body, as 

hypothesised in Chapter 1, but also bind to commensals. It is possible that the binding of 

commensals to human milk might facilitate their regular entry to the body from a healthy 

mother, as well as ensuring a healthy cycling of the commensal microbiome in the infant GIT 

that promotes microbial genetic diversity. In addition, the results suggest that there are other 

mechanisms that favour adhesion and colonisation of commensals in the gastrointestinal tract 

of infants, which were untapped by this in vitro work. 

 

6.2  Sialic acid involvement in bacterial binding to human milk proteins 

Glycan involvement in bacterial binding to the human milk proteins, and specifically the 

contribution of sialic acid was investigated by incubating the two streptococci species in free 

sialic acid prior to binding to human milk proteins, and by washing pre-bound bacteria with 

free sialic acid. The results from both approaches showed a significantly reduced binding of S. 

gordonii to the human milk proteins, but the binding of S. mutans was not reduced. This 

suggested that the binding of S. gordonii to the human milk proteins was at least partially to 

the sialic acid moieties on the conjugated milk glycans, but the closely related species, S. 

mutans appeared to use different binding epitopes. The involvement of sialic acid in the 

binding of gastrointestinal and oral bacteria to total human milk proteins was verified by the 

enzymatic removal of terminal sialic acid residues on the human milk glycoproteins. The 

neuraminidase treatment significantly (p<0.05) reduced the binding of all the bacterial strains 

to the human milk proteins, with a greater effect observed for the gastrointestinal bacteria than 

the oral streptococci. 
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Mass spectrometry was used to confirm that the neuraminidase treatment of the milk proteins 

had removed the terminal sialic residues for the bacterial binding assay. Terminal sialic acids 

were substantially reduced in the mass spectra after desialylation. The mass spectrometry also 

enabled a global glycan profiling of the human milk glycoproteins, which were found to 

consist of mainly sialylated bi-antennary N-linked glycans and O-linked glycans with mono-

fucosylated and mono-sialylated core 2 structures. Many of these structures were consistent 

with those of human milk proteins reported in the literature. 

 

6.3  Comparison of the bacterial binding of bovine and human milk proteins 

Bacterial binding to bovine and human milk proteins were measured to compare the potential 

of the two types of milk to prevent pathogen adhesion to the human gut and subsequent 

diarrhoeal disease. To help determine which of the various components of the milk 

contributed to bacterial adherence, several techniques were explored to fractionate the milk 

proteins prior to application in the bacterial binding assay. The most successful technique 

involved separation of the insoluble casein from the soluble whey proteins by 

ultracentrifugation with pH adjustment. The whey was then further fractionated by a size 

exclusion column fitted to an FPLC system. 

 

The pathogenic S. typhimurium and the non-pathogenic L. rhamnosus bound slightly more 

efficiently to the total human milk proteins than the total bovine milk proteins, prepared from 

volume equivalent of each type of milk, despite the higher protein content of bovine milk. 

Fractionation of the milk into its whey and casein components helped to elucidate the 

contribution of the different milk proteins to bacterial adhesion. The binding efficiencies of all 

three gastrointestinal bacteria to the human milk whey, which was similar in protein content 

in the two milks, were significantly (p<0.05) higher than to bovine milk whey proteins and 

the casein fractions of either type of milk. This was substantiated, by competitive inhibition 

studies, as being contributed to by the glycan component of the human milk whey proteins. 

This indicated that the binding efficiencies of the bacteria to the bovine and human milk 

proteins was not simply a function of the amount of proteins in each type of milk and that 

other factors, such as different glycan profiles, may be involved. 

 

Further fractionation of the whey proteins of bovine and human milk by gel filtration enabled 

further study as to the contribution of different whey proteins to bacterial adhesion. The 

gastrointestinal bacteria were found to bind to some extent to the proteins from all three 

fractions of bovine and human milk whey (including the high molecular weight 
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immunoglobulins, mid-molecular weight range whey proteins such as lactoferrin (particularly 

in human milk) and low molecular weight whey proteins, such as α-lactalbumin and β-

lactoglobulin (bovine specific), suggesting that numerous milk whey proteins contribute to 

pathogen adhesion. Preference of bacterial binding to any particular whey fraction appeared to 

be species specific. 

 

6.4  Glycan involvement in bacterial adherence to bovine and human milk proteins 

Sialic acid was found to be integral to the adhesion of E coli, S. typhimurium and L. 

rhamnosus to bovine and human milk proteins. Bacterial binding to both types of mammalian 

milks was competitively inhibited by sialic acid as shown by washing of the pre-bound 

bacteria with free sialic acid, by pre-incubation of the bacteria with free sialic acid prior to 

binding to the milk proteins and by desialylation of the immobilised bovine and human milk 

glycoproteins prior to the adhesion assay. Notably, the inhibition of bacterial binding to the 

human milk whey and casein fractions by the sialic acid treatments was greater than that 

observed for the bovine milk whey and casein fractions. 

 

To further examine the involvement of the protein conjugated glycans of bovine and human 

milk proteins in bacterial adhesion, N-linked glycans were released from the milk whey 

proteins and their ability to competitively inhibit bacterial binding to the protein fractions 

assessed. The whey N-linked glycans from both types of milk significantly inhibited bacterial 

binding to both the whey and casein milk protein fractions. This provided evidence for 

specific involvement of the protein conjugated glycans in bacterial adherence to the milk 

glycoproteins. Furthermore, pre-incubation of the gastrointestinal bacteria with released N-

linked glycans from human milk whey proteins reduced the bacterial binding to human milk 

whey proteins significantly (p<0.05) more effectively than the N-linked glycans from bovine 

milk whey proteins, suggesting that the conjugated glycans of human milk whey have a 

greater influence on bacterial adhesion than that of cow’s milk. 

 

6.5  Glycan involvement in bacterial adherence to human gastrointestinal cells 

An in vitro assay using a human colon adenocarcinoma cell line (HT-29) was used to provide 

a model of the epithelial lining of the human gastrointestinal tract. The N-linked glycans 

released from both bovine and human milk whey significantly (p<0.001) inhibited the 

adhesion of C. jejuni, E. coli, S. typhimurium and L. rhamnosus to the HT-29 cells. The N-

linked glycans of human milk whey inhibited the binding of all the gastrointestinal bacteria to 

the human colon cells more than the N-linked glycans of bovine milk whey. 
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This study also investigated whether incubation of bacteria in whey glycans could inhibit 

potentially invasive pathogens from penetrating the human colon cells. Milk glycan 

involvement in pathogen invasion of host cells has received little attention in past research. 

The two potentially invasive gastrointestinal pathogens used in this work, C. jejuni and S. 

typhimurium, were significantly (p<0.001) inhibited from invading the HT-29 cells by pre-

incubation in the N-linked glycans of both bovine and human whey proteins. The invasion of 

C. jejuni into the colon cells was inhibited more by the N-linked glycans of human milk whey 

than the N-linked glycans of bovine milk whey, whereas the invasion of S. typhimurium into 

the colon cells was inhibited slightly more by the N-linked glycans of bovine milk. 

 

The results of the cell-based assay suggested the N-linked glycans attached to whey proteins 

in both bovine and human milk may contribute to the inhibition of bacterial adherence to, and 

invasion of, the human gastrointestinal tract. The differences in the relative abilities of the N-

linked glycans from equal quantities of bovine and human milk whey proteins to inhibit 

bacterial adherence and invasion to the colon cells suggested that the number or type of N-

linked glycans contributed by the two types of milk whey fractions are different. Interestingly, 

it appeared that the N-linked glycans of human milk whey have a higher potential to act as 

decoys for pathogen attachment than the N-linked glycans of bovine milk whey. 

 

6.6  Comparison of the N-linked glycan structures on human and bovine milk whey and 

human gastrointestinal cell membrane proteins 

Mass spectrometry was used to compare the N-linked glycan structures of bovine and human 

milk whey with those of the HT-29 human colon epithelial cells. Similarities and differences 

between the profiles contribute to an understanding of the relative abilities of the bovine and 

human milk whey glycans to competitively inhibit bacterial adhesion and invasion of the 

human colon cells. From a total of 49 proposed glycan structures, 18 were common to the N-

glycosylation profiles of bovine and human milk whey and the colon epithelial cells. The 

bovine milk whey proteins contained seven unique complex type structures, which were 

absent in human milk whey and the HT-29 cells. These unique N-linked glycans on bovine 

milk whey glycoproteins were predicted to contain lacdiNAc and NeuGc-containing 

structures, which have previously been reported on bovine milk proteins. 

 

Notably, two of the glycan structures that were common to human milk whey and the human 

colon cells, but not the bovine milk whey, contained possible Lewis or sialyl Lewis glycan 

epitopes. Together these Lewis or sialyl Lewis structures represented approximately 12 % and 
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9 % of the N-linked glycans from the human whey and colon cells, respectively. The 

adherence of human pathogens to Lewis epitopes on human epithelial cell surfaces has been 

well-documented. Hence, it is possible that the greater ability of the N-linked glycans of 

human milk whey compared to N-linked glycans of bovine milk whey to inhibit bacterial 

adhesion to the human colon epithelial cells in this work may be at least be partly attributable 

to the presence of the Lewis epitopes in human milk whey proteins, and their absence in the 

bovine milk whey proteins. 

 

Monosaccharide analysis revealed a higher abundance of total sugars attached to human milk 

whey proteins than bovine milk whey, with a higher proportion of fucose residues in human 

milk whey N-linked glycans than bovine milk N-linked glycans, and conversely, a higher 

proportion of sialic acid in bovine milk whey N-linked glycans than human milk N-linked 

glycans. As a result of this analysis, and the global profiling of the glycan structures attached 

to the bovine and human milk whey proteins, it is clearly evident that a different range and 

quantity of glycan epitopes are presented to bacteria by the two types of milk. Moreover, 

human milk glycoproteins may act as better decoys to prevent pathogen attachment to the 

human gastrointestinal tract because they present more glycan epitopes that could mimic 

pathogen attachment sites on human epithelial cell surfaces than bovine milk glycoproteins. 

 

6.7  Conclusions 

Strong evidence has arisen from this work to support the original hypothesis that the 

conjugated glycans on milk glycoproteins have a potential role in protecting the infant GIT 

against pathogen adhesion. In addition, commensal bacteria were also found to bind to the 

milk glycans, suggesting that the mechanisms promoting a healthy GIT are complex and may 

involve additional factors that await further exploration. The extent of pathogenic and 

commensal bacterial binding to milk glycoproteins was shown to be dependent on the type 

and abundance of glycan epitopes and that these structures had the capacity to inhibit the 

adhesion and invasion of pathogenic bacteria to intestinal cells. In particular, the terminal 

sialic acids and N-linked glycans on milk proteins were shown to be directly involved in this 

sugar-pathogen interaction and human milk glycoproteins had a greater potential for 

protection of the infant against bacterial infection than bovine milk glycoproteins. 

 

6.8  Future directions 

This study suggests that the complex sialylated, fucosylated N-linked glycan structures 

attached to the proteins in human milk offer protection against bacterial infection of the infant 
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gastrointestinal tract and that this protection is superior to that offered by breast milk 

substitutes based on cow’s milk. 

 

There remains much work to be done to determine the detail of the exact oligosaccharide 

(sub)structures, which are responsible for this interaction and the differences in these 

structures that may account for the different extent of binding of the various types of 

gastrointestinal bacteria. 

To achieve this end, further work would involve such approaches as: 

1. Altering the glycosylation of the milk glycoproteins with exoglycosidases and 

testing the effect of changing the binding epitope on the adhesion of the bacteria, 

thus determining the exact substructure of the glycan epitopes in milk. 

2. Investigating the role of the O-linked glycans in milk, particularly of the mucins of 

the milk fat globule membrane, on bacterial adhesion. 

3. Testing the binding of milk glycoproteins to a wider range of bacterial pathogens 

that are isolated from people with intestinal disease, and to more commensal gut 

bacteria. 

4. Using different intestinal cells and animal model systems to observe any difference 

in protection by the milk glycans against gastrointestinal infection. 

5. Measuring the effect of breast milk on the protection against infection by bacteria 

over lactation time of both human and cow’s milk. 

6. Designing molecular mimics based on the knowledge of the glycan binding 

epitopes in human milk to test as inhibitors of bacterial binding, with the potential 

for use as a milk additive or nutritional supplement. 

7. Investigating differences in glycan-mediated bacterial adhesion in milk from 

mothers of different origins, blood types, and disease states. 

8. Determining other complex factors that could be involved in colonisation by the 

commensals rather than the pathogens in the healthy gastrointestinal tract. 
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Supplementary Data 

Table S1.  Full glycan library on the array were sourced from two companies. Glycans 
sourced from A) Dextra Laboratories (Reading, UK). 

Spacer form of 

saccharide 

Com
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Fucα-sp3 
L-α-
Fuc

Galα-sp3 α-Gal 

Galβ-sp3 β-Gal 

GalNAcα-sp0 TnSer 

GalNAcα-sp3 Tn 

GalNAcβ-sp3 

β-
GalN
Ac 

Glcα-sp3 α-Glc 

Glcβ-sp3 β-Glc 

GlcNAcβ-sp3 

β-
GlcN
Ac 

GlcN(Gc)β-sp4 

β-
GlcN(
Gc) 

HOCH2(HOCH)4
CH2NH2 

Amin
o-
glucit
ol 

Manα-sp3 
α-
Man 

Manβ-sp4 
β-
Man 

ManNAcβ-sp4 

β-
Man
Ac 

Rhaα-sp3 
L-α-
Rha

GlcNAcβ-sp4 

β-
GlcN
Ac 

3-O-Su-Galβ-sp3

3-O-
Su-β-
Gal

3-O-Su-
GalNAcα-sp3

3-O-
Su-β-
GalN
ac

6-O-Su-
GlcNAcβ-sp3 

6-O-
Su-β-
GlcN
Ac

GlcAα-sp3 

α-
gluco
ronic 
acid 

GlcAβ-sp3 

β-
gluco
ronic 
acid 

6-H2PO3Glcβ-
sp4

β-
Glc6P 

6-H2PO3Manα-
sp3

α-
Man6
P 

Neu5Acα-sp3 

α-
Neu5
Ac 

Neu5Acα-sp9 α-

Spacer form of 

saccharide 

Com

mon 

name 

Neu5
AcBn 

Neu5Gcα-sp3 

α-
Neu5
Gc 

9-NAc-
Neu5Acα-sp3 

9-
Nac-
α-
Neu5
Ac 

3-O-Su-
GlcNAcβ-sp3 

3-O-
Su-β-
GlcN
Ac

Fucα1-2Galβ-
sp3 Hdi 
Fucα1-
3GlcNAcβ-sp3 
Fucα1-
4GlcNAcβ-sp3 Le 

Galα1-2Galβ-sp3 

Galα1-3Galβ-sp3 Bdi 
Galα1-
3GalNAcβ-sp3 Tαβ 
Galα1-
3GalNAcα-sp3 Tαα 
Galα1-
3GlcNAcβ-sp3 

 
Galα1-
4GlcNAcβ-sp3 

α-
LacN
Ac 

Galα1-6Glcβ-sp4 
Melib
iose 

Galβ1-2Galβ-sp3 
Galβ1-
3GlcNaAcβ-sp3 Lec 
Galβ1-3Galβ-sp3 
Galβ1-
3GalNAcβ-sp3 Tββ 
Galβ1-
3GalNAcα-sp3 TF 

Galβ1-4Glcβ-sp4 Lac 
Galβ1-4Galβ-sp4 

 Galβ1-
4GlcNAcβ-sp3 

LacN
Ac 

Galβ1-6Galβ-sp4 
GalNAcα1-
3GalNAcβ-sp3 Fs-2 
GalNAcα1-
3Galβ-sp3 Adi 
GalNAcα1-
3GalNAcα-sp3 

Core 
5 

GalNAcβ1-
3Galβ-sp3 

 GalNAcβ1-
4GlcNAcβ-sp3 

Lacdi
NAc 

Glcα1-4Glcβ-sp3 
Malto
se 

Glcβ1-4Glcβ-sp4 
Cello
biose 
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saccharide 
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mon 
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Glcβ1-6Glcβ-sp4 

Genti
obios
e 

GlcNAcβ1-
3GalNAcα-sp3 

Core 
3 

GlcNAcβ1-
3Manβ-sp4 

 
GlcNAcβ1-
4GlcNAcβ-Asn 

Chito
biose-
Asn 

GlcNAcβ1-
4GlcNAcβ-sp4 

Chito
biose  

GlcNAcβ1-
6GalNAcα-sp3 
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Manα1-2Manβ-
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Manα1-2Manα-
sp4 

 
Galβ1-3(6-O-
Su)GlcNAcβ-sp3 

6-O-
Su-
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Galβ1-4(6-O-
Su)Glcβ-sp2 

6-O-
Su-
Lac

Galβ1-4(6-O-
Su)GlcNAcβ-sp3 

6-O-
Su-
LacN
Ac

GlcNAcβ1-4(6-
O-Su)GlcNAcβ-
sp2

6-O-
Su-
chitob
iose

3-O-Su-Galβ1-
3GalNAcα-sp3 

3`-O-
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3GalNAcα-sp3 
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TF 

3-O-Su-Galβ1-
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4Glcβ-sp2

6`-O-
Su-
Lac 

3-O-Su-Galβ1-
3GlcNAcβ-sp3 

3`-O-
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3-O-Su-Galβ1-
4GlcNAcβ-sp3 

3`-O-
Su-
LacN
Ac 

4-O-Su-Galβ1-
4GlcNAcβ-sp3 

4`-O-
Su-
LacN
Ac 

6-O-Su-Galβ1-
3GlcNAcβ-sp3 

6`-O-
Su-

Spacer form of 

saccharide 

Com

mon 

name 

Lec 

6-O-Su-Galβ1-
4GlcNAcβ-sp3 

6`-O-
Su-
LacN
Ac 

GlcAβ1-
3GlcNAcβ-sp3 
GlcAβ1-3Galβ-
sp3 
GlcAβ1-6Galβ-
sp3 
GlcNAcβ1-4-
[HOOC(CH3)CH
]-3-O-GlcNAcβ-
sp4 

GlcN
Ac-
Mur 

GlcNAcβ1--
[HOOC(CH3)CH
]-3-O-GlcNAcβ-
L-alanyl-D-i-
glutaminyl-L-
lysine

GMD
P-Lys

Neu5Acα2-
3Galβ-sp3 GM4 
Neu5Acα2-
6Galβ-sp3 

 Neu5Acα2-
3GalNAcα-sp3 

3-
SiaTn 

Neu5Acα2-
6GalNAcα-sp3 SiaTn 
Neu5Gcα2-
6GalNAcα-sp3 

NeuG
c-Tn

3-O-Su-Galβ1-
4(6-O-Su)Glcβ-
sp2

3`,6-
di-O-
Su-
Lac

3-O-Su-Galβ1-
4(6-O-
Su)GlcNAcβ-sp2

3`,6-
di-O-
Su-
LacN
Ac

6-O-Su-Galβ1-
4(6-O-Su)Glcβ-
sp2

6,6`-
di-O-
Su-
Lac

6-O-Su-Galβ1-
3(6-O-
Su)GlcNAcβ-sp2

6,6`-
di-O-
Su-
Lec

6-O-Su-Galβ1-
4(6-O-
Su)GlcNAcβ-sp2

6,6`-
di-O-
Su-
LacN
Ac

3,4-O-Su2-
Galβ1-
4GlcNAcβ-sp3 

3`,4`-
di-O-
Su-
LacN
Ac

3,6-O-Su2-
Galβ1-
4GlcNAcβ-sp2 

3`,6`-
di-O-
Su-
LacN
Ac
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Spacer form of 

saccharide 

Com

mon 

name 

4,6-O-Su2-
Galβ1-
4GlcNAcβ-sp2 

4`,6`-
di-O-
Su-
LacN
Ac 

4,6-O-Su2-
Galβ1-
4GlcNAcβ-sp3 

4`,6`-
di-O-
Su-
LacN
Ac 

Neu5Acα2-
8Neu5Acα2-sp3 (Sia)2 

3,6-O-Su2-
Galβ1-4(6-O-
Su)GlcNAcβ-sp2 

3`,6,6
`-tri-
O-Su-
LacN
Ac 

GalNAcβ1-4(6-
O-Su)GlcNAcβ-
sp3 

6-O-
Su-
Lacdi
NAc 

3-O-Su-
GalNAcβ1-
4GlcNAcβ-sp3 

3`-O-
Su-
Lacdi
NAc 

6-O-Su-
GalNAcβ1-
4GlcNAcβ-sp3 

6`-O-
Su-
Lacdi
NAc 

6-O-Su-
GalNAcβ1-4-(3-
O-Su)GlcNAcβ-
sp3 

6`-
Su-3-
O-
Ac-
Lacdi
NAc 

3-O-Su-
GalNAcβ1-4(3-
O-Su)-GlcNAcβ-
sp3 

3,3`-
O-
Su2-
Lacdi
NAc 

3,6-O-Su2-
GalNAcβ1-
4GlcNAcβ-sp3 

3`,6`-
Su2-
Lacdi
NAc 

4,6-O-Su2-
GalNAcβ1-
4GlcNAcβ-sp3 

4`,6`-
Su2-
Lacdi
NAc 

4,6-O-Su2-
GalNAcβ1-4-(3-
O-Ac)GlcNAcβ-
sp3 

4`,6`-
Su2-
3-O-
Ac-
Lacdi
NAc 

4-O-Su-
GalNAcβ1-
4GlcNAcβ-sp3 

4`-O-
Su-
Lacdi
NAc 

3,4-O-Su2-
Galβ1-
4GlcNAcβ-sp3 

3`,4`-
Su2-
Lacdi
NAc 

6-O-Su-
GalNAcβ1-4(6-
O-Su)GlcNAcβ-
sp3 

6,6`-
O-Su-
Lacdi
NAc 

Galβ1-4(6-O-
Su)GlcNAcβ-sp2 

6-O-
Su-
LacN
Ac 

4-O-Su-
GalNAcβ1-
4GlcNAcβ-sp2 

4`-O-
Su-
Lacdi
NAc 

Spacer form of 

saccharide 

Com

mon 

name 

Neu5Acα2-
6GalNAcβ-sp3 

 
Neu5Gcα2-3Gal-
sp3 

NeuG
cα3G
al 

Fucα1-2Galβ1-
3GlcNAcβ-sp3 

Led, H 
(type 
1) 

Fucα1-2Galβ1-
4GlcNAcβ-sp3 

H 
(type 
2) 

Fucα1-2Galβ1-
3GalNAcα-sp3 

H 
(type 
3) 

Fucα1-2Galβ1-
4Glcβ-sp4 

H 
(type 
6 

Galα1-3Galβ1-
4Glcβ-sp2  
Galα1-3Galβ1-
4GlcNAcβ-sp3 

Galili 
(tri) 

Galα1-4Galβ1-
4Glcβ-sp3 

Pk, 
Gb3, 
GbOs
e3 

Galα1-4Galβ1-
4GlcNAc-sp2 P1 

Galα1-3  
              Galβ-
sp3 Btri 

Fucα1-2  
Galβ1-2Galα1-
4GlcNAcβ-sp4  
Galβ1-3Galβ1-
4GlcNAcβ-sp4  
Galβ1-
4GlcNAcβ1-
3GalNAcα-sp3  

Galβ1-
4GlcNAcβ1-
6GalNAcα-sp3  

Fucα1-4  
Lea                

GlcNAcβ-sp3 
Galβ1-3 

Lex Galβ1-4 
               
GlcNAcβ-sp3 
Fucα1-3 

Atri GalNAcα1-3 
                          
Galβ-sp3 

        Fucα1-2 GA2, 
GgOs
e3 

GalNAcβ1-
4Galβ1-4Glcβ-
sp3 

(Glcα1-4)3β-sp4 
Malto
triose 

(Glcα1-6)3β-sp4 

Isoma
lto-
triose 

GlcNAcβ1-
2Galβ1-
3GalNAcα-sp3  

GlcNAcβ1-
3Galβ1-
3GalNAcα-sp3  

GlcNAcβ1-
3Galβ1-4Glcβ-
sp2  

Spacer form of 

saccharide 

Com

mon 

name 

GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3  

GlcNAcβ1-
4Galβ1-
4GlcNAcβ-sp2  

GlcNAcβ1-
4GlcNAcβ1-
4GlcNAcβ-sp4 

Chitot
riose 

GlcNAcβ1-
6Galβ1-
4GlcNAcβ-sp2  

GlcNAcβ1-6 Core 
2                           

GalNAcα-sp3 

        Galβ1-3 
Core 
4 

GlcNAcβ1-6 
                          
GalNAcα-sp3 
GlcNAcβ1-3 

Man3 Manα1-6  
               Manβ-
sp4 

Manα1-3  
Tββ-
Gal 

Galβ1-
3GalNAcβ1-
3Gal-sp4 
Galβ1-4Galβ1-
4GlcNAc-sp3  

            Fucα1-4 Su-
Lea                              

GlcNAcβ-sp3 
3-O-Su-Galβ1-3 

Su-
Lex 

3-O-Su-Galβ1-4 
                              
GlcNAcβ-sp3 

           Fucα1-3 
6-
SiaTF 

Neu5Acα2-6 
                           
GalNAcα-sp3 
        Galα1-3 

 
Neu5Acα2-6 
                           
GalNAcα-sp3 
        Galβ1-3 3`-

Sia-
TF 

Neu5Acα2-
3Galβ1-
3GalNAcα-sp3 
Neu5Acα2-
3Galβ1-4Glcβ-
sp3 

3`SL 

Neu5Acα2-
3Galβ1-4Glcβ-
sp4 

3`SL 

Neu5Acα2-
6Galβ1-4Glcβ-
sp2 6`SL  
Neu5Acα2-
3Galβ1-
4GlcNAcβ-sp3 

3`SL
N 

Neu5Acα2-
3Galβ1-
3GlcNAcβ-sp3 

3`-
SiaLe
c 

Neu5Acα2-
6Galβ1-
4GlcNAcβ-sp3 

6`SL
N 

Neu5Gcα2-
3Galβ1-

3`SL
N 

Spacer form of 

saccharide 

Com

mon 

name 

4GlcNAcβ-sp3 (Gc) 
Neu5Gcα2-
6Galβ1-
4GlcNAcβ-sp3 

6`SL
N 
(Gc) 

9-NAc-
Neu5Acα2-
6Galβ1-
4GlcNAcβ-sp3 

 Neu5Acα2-
3Galβ1-4-(6-O-
Su)GlcNAcβ-sp3 

6-Su-
3`SL
N 

Neu5Acα2-
3Galβ1-3-(6-O-
Su)GalNAcβ-sp3 

6-Su-
3`Sia
TF 

Neu5Acα2-
6Galβ1-4-(6-O-
Su)GlcNAcβ-sp3 

6-Su-
6`SL
N 

Neu5Acα2-3-(6-
O-Su)Galβ1-
4GlcNAcβ-sp3 

6`-
Su-
3`SL
N 

(Neu5Acα2-8)3-
sp3 (Sia)3 
Neu5Acα2-
6Galβ1-
3GlcNAc-sp3 

6`-
SiaLe
c 

Neu5Acα2-
6Galβ1-3(6-O-
Su)GlcNAc-sp3 

6Su-
6`-
SiaLe
c 

Neu5Gcα2-
3Galβ1-
3GlcNAcβ-sp3 

3`Sia
Lec  
(Gc) 

Galα1-3 B 
(type 
1) 

               Galβ1-
3GlcNAcβ-sp3 

Fucα1-2 B 
(type 
2) 

Galα1-3 
               Galβ1-
4GlcNAcβ-sp3 

Fucα1-2 B 
(type 
3) 

Galα1-3 
               Galβ1-
3GalNAcα-sp3 
Fucα1-2 B 

(type 
4) 

Galα1-3 
               Galβ1-
3GalNAcβ-sp3 
Fucα1-2  
Galα1-3Galβ1-4 αGal

Lex                                 
GlcNAcβ-sp3 
                Fucα1-
3 

A 
(type 
1) 

GalNAcα1-3 
                       
Galβ1-
3GlcNAcβ-sp3 

Fucα1-2 
A 
(type 
2) 

GalNAcα1-3 
                       
Galβ1-
4GlcNAcβ-sp3 

Fucα1-2 

Leb               Fucα1-4 
                                
GlcNAcβ-sp3 
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Spacer form of 

saccharide 

Com

mon 

name 

Fucα1-2Galβ1-3 

Ley Fucα1-2Galβ1-4 
                                
GlcNAcβ-sp3 

              Fucα1-3 
Galili 
(tetra) 

Galα1-3Galβ1-
4GlcNAcβ1-
3Galβ-sp3 
Galα1-
4GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3 

 

Galβ1-
3GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

LNT 

Galβ1-
3GlcNAcβ1-
3Galβ1-
3GlcNAcβ-sp2 

 

Galβ1-
3GlcNAcα1-
3Galβ1-
4GlcNAcβ-sp3 

 

Galβ1-
3GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3 

 

Galβ1-
3GlcNAcα1-
6Galβ1-
4GlcNAcβ-sp2 

 

Galβ1-
3GlcNAcβ1-
6Galβ1-
4GlcNAcβ-sp2 

 

Galβ1-
3GalNAcβ1-
4Galβ1-4Glcβ-
sp3 

Asial
o-
GM1 

Galβ1-
4GlcNAcβ1-
3Galβ1-4Glcβ-
sp2 

LNnT 

Galβ1-
4GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3 

i 

Galβ1-
4GlcNAcβ1-
6Galβ1-
4GlcNAcβ-sp2 

 

Galβ1-
4GlcNAcβ1-6 

                                     
GalNAcα-sp3 
                  
Galβ1-3 Gb4, 

P GalNacβ1-
3GalαGalβ1-
4Glcβ-sp3 

(Glcα1-4)4β-sp4 

Malto
-
tetrao
se 

(Glcα1-6)4β-sp4 

Isoma
lto-
tetrao
se 

GalNAcα1-6 A 
(type 
3) 

                        
Galβ1-
3GalNAcα-sp3 

Spacer form of 

saccharide 

Com

mon 

name 

        Fucα1-2 

Tk 
GlcNAcβ1-6 
                        
Galβ1-
4GlcNAcβ-sp3 
 GlcNAcβ1-3 

Lec3L
ec 

Galβ1-
3GlcNAcβ1-
3Galβ1-
3GlcNAcβ-sp3 
3-O-SuGalβ1-
4GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3 

 

4-O-SuGalβ1-
4GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3 

 

GalNAcβ1-4 
GM2                        

Galβ1-4Glcβ-sp2 
Neu5Acα2-3 

 
Neu5Acα2-
3Galβ1-
4GlcNAcβ1-
3Galβ-sp3 
Neu5Acα2-
3Galβ1-4 SiaLe

x                                        
GlcNAcβ-sp3 
                      
Fucα1-3 

SiaLe
a 

                      
Fucα1-4 
                                       
GlcNAcβ-sp3 
Neu5Acα2-
3Galβ1-3 

 

Neu5Acα2-
3Galβ1-4 
                                       
6-O-Su-
GlcNAcβ-sp3 
                      
Fucα1-3 

 
Neu5Acα2-3(6-
O-Su)Galβ1-4 
                                                       
GlcNAcβ-sp3 
                                      
Fucα1-3 

Sia2-
TF 

               
Neu5Acα2-6 
                                       
GalNAcα-sp3 
Neu5Acα2-
3Galβ1-3 

GD3 Neu5Acα2-
8Neu5Acα2-
3Galβ1-4Glcβ-
sp4 
Penta-nona 
saccharides  
Fucα1-2Galβ1-
3GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

LNFP
-I 

Fucα1-2Galβ1-
3GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp2 

H 
(type
1) 
penta 

Spacer form of 

saccharide 

Com

mon 

name 

Galα1-3Galβ1-
4GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

Galili 
(penta
) 

Galα1-3 
                  

Galβ1-4  
Fucα1-2                 
GlcNAcβ-sp3               Bley 

                Fucα1-
3 

 
Galβ1-
4GlcNAcβ1-6 
                                      
GalNAcα-sp3 
Galβ1-
4GlcNAcβ1-3 

 

         GlcNAcβ1-
6 
                                      
Galβ1-4GlcNAc-
sp2 
Galβ1-
4GlcNAcβ1-3 

 

Galβ1-
4GlcNAcβ1-6 
                                      
Galβ1-
4GlcNAcβ-sp2 
         GlcNAcβ1-
3 

Isoma
lto-
penta
ose (Glcα1-6)5β-sp4 

(GlcNAcβ1-
4)5β-sp4 

Chito
- 
penta
ose 

Manα1-6 
Man5                  

Manα1-6 
Manα1-3                  
Manβ-sp4  
                  
Manα1-3  

Leb-
Lac 

          Fucα1-4 
                           
GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 
Fucα1-2Galβ1-3 

Ley-
Lac 

Fucα1-2Galβ1-4 
                           
GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

          Fucα1-3 
(LN)3 (Galβ1-

4GlcNAcβ1-3)3-
sp3 
Galβ1-
4GlcNAcβ1-6 

I                                       
Galβ1-4GlcNAc-
sp2 
Galβ1-
4GlcNAcβ1-3 

Gb5 Galβ1-
3GalNAcβ1-
3Galα1-4Galβ1-
4Glcβ-sp4 

(Glcα1-6)6β-sp4 Malto

Spacer form of 

saccharide 

Com

mon 

name 

-
hexao
se 

(GlcNAcβ1-
4)6β-sp4 

Chito
-
hexao
se 

(A-GN-M)2-3,6-
M-GN-GNβ-sp4 9-OS 

(GN-M)2-3,6-M-
GN-GNβ-sp4 7-OS 

Neu5Acα2-
3Galβ1-
4GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp2 

3`SL
N-
LacN
Ac 

Neu5Acα2-3 
Galβ1-4 SiaLe

x-
3Gal 

                                        
GlcNAcβ1-
3Galβ-sp3 
                       
Fucα1-3 

LSTb 
Neu5Acα2-6 
                         
GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 
           Galβ1-3 

GD2 
                         
GalNAcβ1-4 
                                                
Galβ1-4Glc-sp2 
Neu5Acα2-
8Neu5Acα2-3  

GT3 
Neu5Acα2-
8Neu5Acα2-
8Neu5Acα2-
3Galβ1-4Glc-sp2 
                           
GalNAcβ1-4 GT2                                                     
Galβ1-4Glc-sp2 
(Neu5Acα2-
8)2Neu5Acα2-3 6`SL

N-
LacN
Ac 

Neu5Acα2-
3Galβ1-
4GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3 
Neu5Acα2-
3Galβ1-
3GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

LSTa 

Neu5Acα2-
3Galβ1-
4GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

LSTd 

Lex1-6'(Lec1-
3')Lac-sp4 

MFL
NH 
III 

LacNAc1-
6'(Led1-3')Lac-
sp4 

MFL
NH I  

Lex1-6'(6’-
SLN1-3')Lac-sp4 

MSM
FLNn
H 

Lex1-6'(Led1-
3')Lac-sp4 

DFL
NH 
(a) 

LecLex1-6'(Lec1- MF(1
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Spacer form of 

saccharide 

Com

mon 

name 

3')Lac-sp4 -
3)iLN
O 

Lex1-6'(Leb1-
3')Lac-sp4 

TFLN
H 

(GlcAβ1-
4GlcNAcβ1-3)8-
NH2-ol 

hyalu
ronin
c acid 

(Sia2-6A-GN-
M)2-3,6-M-GN-
GNβ-sp4 

11-
OS, 
YDS 

Galβ1-3GlcNAc Lacto
-N-
Biose 
I     

Galβ1-4GlcNAc N-
Acety
llacto
samin
e     

Galβ1-4Gal β1-
4gala
ctosyl
-
galact
ose    

Galβ1-6GlcNAc β1-
6gala
ctosyl
-N-
Acety
lgluco
samin
e   

Galβ1-3GalNAc β1-
3gala
ctosyl
-N-
acetyl
galact
osami
ne   

 Galb1
-
3Gal
NAcβ
1-
4Galβ
1-
4Glc 

Galβ1-
3GlcNAcβ1-
3Galβ1-4Glc 

Lacto
-N-
tetrao
se   

Galβ1-
4GlcNAcβ1-
3Galβ1-4Glc 

Lacto
-N-
neotet
raose   

Galβ1-
4GlcNAcβ1-
6(Galβ1-
4GlcNAcβ1-
3)Galβ1-4Glc 

Lacto
-N-
neohe
xaose   

Galβ1-
4GlcNAcβ1-
6(Galβ1-
3GlcNAcβ1-
3)Galβ1-4Glc 

Lacto
-N-
hexao
se 

Galα1-4Galβ1-
4Glc 

Globo
triose           

GalNAcα1-O-
Ser 

Tn 
Antig
en            

Galβ1- Galac

Spacer form of 

saccharide 

Com

mon 

name 

3GalNAcα1-O-
Ser 

tosyl-
Tn 
Antig
en         

Galα1-3Gal α1-3 
Galac
to-
biose          

Galα1-3Galβ1-
4GlcNAc 

Linea
r B-2 
Tri-
sacch
aride         

Galα1-3Galβ1-
4Glc 

Linea
r B-6 
Tri-
sacch
aride         

Galα1-3Galβ1-
4Galα1-3Gal 

α1-3, 
β1-4, 
α1-3 
Galac
to-
tetrao
se       

 Galβ1-6Gal β1-
6Gala
ctobio
se         

GalNAcβ1-3Gal Termi
nal 
disacc
haride 
of 
globo
triose      

GalNAcβ1-4Gal Recep
tor 
for 
pili of 
P. 

aerug

inosa       
Galα1-4Galβ1-
4GlcNAc 

P1 
Antig
en            

GalNAcα1-
3Galβ1-4Glc 

α-D-
N-
acetyl
galact
osami
nyl-1-
3Gal-
β1-
4Glc    

Galβ1-
3GlcNAcβ1-
3Galβ1-
4GlcNAcβ1-
6(Galβ1-
3GlcNAcβ1-
3)Galβ1-4Glc 

iso-
Lacto
-N-
octao
se        

GlcNAcβ1-
4GlcNAc 

N,N'-
Diace
tyl 
chitob
iose        

GlcNAcβ1-
4GlcNAcβ1-
4GlcNAc 

N,N',

N''-
Triac
etyl 
chitot
riose       

GlcNAcβ1-
4GlcNAcβ1-

N,N',

N'',N''

Spacer form of 

saccharide 

Com

mon 

name 

4GlcNAcβ1-
4GlcNAc 

'-
Tetraa
cetyl 
chitot
etraos
e   

GlcNAcβ1-
4GlcNAcβ1-
4GlcNAcβ1-
4GlcNAcβ1-
4GlcNAcβ1-
4GlcNAc 

N,N',

N'',N''
',N'''',

N'''''-
Hexa
acetyl 
chitoh
exaos
e   

GlcNAcβ1-
4MurNAc 

Bacte
rial 
cell 
wall 
Mura
myl 
Disca
cchari
de    

GlcNAcβ1-
2Man 

β1-2-
N-
Acety
lgluco
samin
e-
mann
ose     

GlcNAcβ1-
2Manα1-
6(GlcNAcβ1-
2Manα1-3)Man 

Biann
tennar
y N-
linked 
core 
penta
sacch
aride   

Manα1-2Man α1-2-
Mann
obios
e         

Manα1-3Man α1-3-
Mann
obios
e         

Manα1-4Man α1-4-
Mann
obios
e         

Manα1-6Man α1-6-
Mann
obios
e        

Manα1-
6(Manα1-3)Man 

α1-3, 
a1-6-
Mann
obios
e        

Manα1-
6(Manα1-
3)Manα1-
6(Manα1-3)Man 

α1-3, 
α1-3, 
α1-6-
Mann
opent
aose      

Fucα1-2Galβ1-
3GlcNAcβ1-
3Galβ1-4Glc 

Lacto
-N-
fuco-
penta
ose I        

Galβ1-3(Fucα1-
4)GlcNAcβ1-
3Galβ1-4Glc 

Lacto
-N-
fuco-

Spacer form of 

saccharide 

Com

mon 

name 

penta
ose II         

Galβ1-4(Fucα1-
3)GlcNAcβ1-
3Galβ1-4Glc 

Lacto
-N-
fuco-
penta
ose 
III       

Fucα1-2Galβ1-
3(Fucα1-
4)GlcNAcβ1-
3Galβ1-4Glc 

Lacto
-N-
difuc
o-
hexao
se I        

Galβ1-3(Fucα1-
4)GlcNAcβ1-
3Galβ1-4(Fucα1-
3)Glc 

Lacto
-N-
difuc
o-
hexao
se II       

Fucα1-2Gal H-
disacc
haride    

Fucα1-2Galβ1-
4Glc 

2'-
Fucos
yl-
lactos
e    

Galβ1-4(Fucα1-
3)Glc 

3'-
Fucos
yl-
lactos
e    

Galβ1-4(Fucα1-
3)GlcNAc 

Lewis
x       

Galβ1-3(Fucα1-
4)GlcNAc 

Lewis
a       

GalNAcα1-
3(Fucα1-2)Gal 

Blood 
Grou
p A-
tri-
sacch
aride    

Fucα1-2Galβ1-
4(Fucα1-3)Glc 

Lacto
difuc
o-
tetrao
se      

Galβ1-3(Fucα1-
2)Gal 

Blood 
Grou
p B-
Tri-
sacch
aride        

Fucα1-2Galβ1-
4(Fucα1-
3)GlcNAc 

Lewis
y             

Fucα1-2Galβ1-
3GlcNAc 

Blood 
Grou
p H 
Type 
II Tri-
sacch
aride     

Fucα1-2Galβ1-
3(Fucα1-
4)GlcNAc 

Lewis
b 
tetra-
sacch
aride          

SO3-3Galβ1-
3(Fucα1-
4)GlcNAc 

Sulph
o 
Lewis
a            

SO3-3Galβ1- Sulph
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Spacer form of 

saccharide 

Com

mon 

name 

4(Fucα1-
3)GlcNAc 

o 
Lewis
x           

Galβ1-
3GlcNAcβ1-
3Galβ1-4(Fucα1-
3)GlcNAcβ1-
3Galβ1-4Glc 

Mono
fucos
yl-
para-
Lacto
-N-

hexao
se IV    

Galβ1-4(Fucα1-
3)GlcNAcβ1-
6(Galβ1-
3GlcNAcβ1-
3)Galβ1-4Glc 

Mono
-
fucos
yl-
lacto-
N-
hexao
se III      

Galβ1-4(Fucα1-
3)GlcNAcβ1-
6(Fucα1-2Galβ1-
3GlcNAcβ1-
3)Galβ1-4Glc 

Difuc
osylla
cto-
N-
hexao
se    

Galβ1-4(Fucα1-
3)GlcNAcβ1-
6(Fucα1-2Galβ1-
3(Fucα1-
4)GlcNAcβ1-
3)Galβ1-4Glc 

Trifuc
osyl-
lacto-
N-
hexao
se 

Neu5Acα2-
3Galβ1-3(Fucα1-
4)GlcNAc 

Sialyl 
Lewis
a           

Neu5Acα2-
3Galβ1-4(Fucα1-
3)GlcNAc 

Sialyl 
Lewis
x           

Neu5Acα2-
3Galβ1-
3GlcNAcβ1-
3Galβ1-4Glc 

Sialyl
lacto-
N-
tetrao
se a         

Galβ1-4(Fucα1-
3)GlcNAcβ1-
6(Neu5Acα2-
6Galβ1-
4GlcNAcβ1-
3)Galb1-4Glc 

Mono
sialyl, 
mono
fucos
yllact
o-N-
neohe
xaose 

Neu5Acα2-
3Galβ1-
4GlcNAc 

2,3'-
Sialyl
lactos
amine   

Neu5Acα2-
6Galβ1-
4GlcNAc 

2,6'-
Sialyl
-
lactos
amine   

 LS-
Tetra-
sacch
aride 
a  

Galβ1-
3(Neu5Acα2-
6)GlcNAcβ1-
3Galβ1-4Glc 

LS-
Tetra-
sacch
aride 
b   

Neu5Acα2-
6Galβ1-
4GlcNAcβ1-
3Galβ1-4Glc  

LS-
Tetra-
sacch
aride 
c    

Spacer form of 

saccharide 

Com

mon 

name 

Neu5Acα2-
3Galβ1-
3(Neu5Acα2-
6)GlcNAcβ1-
3Galβ1-4Glc 

Disial
yl-
lacto-
N-
tetrao
se   

Neu5Acα2-
3Galβ1-4Glc 

2,3'-
Sialyl
-
lactos
e         

Neu5Acα2-
6Galβ1-4Glc 

2,6'-
Sialyl
-
lactos
e         

(Neu5Acα2-
8Neu5Ac)n 
(n<50) 

Colo
minic 
acid         

Neu5Acα2-
6Galβ1-
4GlcNAcβ1-
2Manα1-
6(Neu5Acα2-
6Galβ1-
4GlcNAcβ1-
2Manα1-
6)Manβ1-
4GlcNAcβ1-
4GlcNAc-Asn 

Bi-
anten
nary 
2,6-
sialyl
ated-
N-
glyca
n-Asn 

C24H36O25S2Na2 
(Mixed anomers. 
Tetrasaccharide 
of regular κ - 
carrageenan) 

Neo-
carrat
etraos
e-41, 
3-di-
O-
sulph
ate 
(Na+)   

C24H37O22SNa 
(Mixed anomers. 
Derived from 
C1003 by 
removal of  the 
non-reducing 
terminal 4-
sulphate) 

Neo-
carrat
etraos
e-41-
O-
sulph
ate 
(Na+)    

C36H52O40S4Na4 
(Mixed anomers. 
A hybrid 
sequence 
comprising 
carrageenan 
disaccharides in 
the order κ -i- κ, 
derived from the 
carrageenan 
from Chondrus 
crispus) 

Neo-
carrah
exaos
e-
24,41, 
3, 5-
tetra-
O-
sulph
ate 
(Na+)  

C36H53O37S3Na3 
(Mixed anomers. 
Hexasaccharide 
of regular κ -
carrageenan) 

Neo-
carrah
exaos
e-41, 
3, 5-
tri-O-
sulph
ate 
(Na+)   

C48H70O49S4Na4 
(Mixed anomers. 
Octasaccharide 
of regular κ -
carrageenan) 

Neo-
carrao
ctaose
-41, 
3, 5, 
7-
tetra-

Spacer form of 

saccharide 

Com

mon 

name 

O-
sulph
ate 
(Na+)  

C60H87O61S5Na5 
(Mixed anomers. 
Decasaccharide 
of regular κ - 
carrageenan) 

Neo-
carrad
ecaos
e-41, 
3, 5, 
7, 9-
penta-
O-
sulph
ate 
(Na+)  

C12H15NO19S3Na
4 (Predominant 
disaccharide  
produced from 
heparin by 
heparinase I and 
II) 

ΔUA-
2S ® 
GlcN
S-6S 
Na4 
(I-S)   

C12H16NO16S2Na
3 (Produced from 
heparinase II 
digestion of 
heparin and 
heparin sulphate) 

ΔUA 
® 
Gluc
NS-
6S 
Na3 
(II-S)   

C12H16NO16S2Na
3 (Produced from 
heparin by 
digestion with 
heparinase I and 
II) 

ΔUA 
® 2S-
GlcN
S Na3 
(III-
S)   

C14H18NO17S2Na
3 (Minor 
component 
produced from 
heparin by 
heparinase II) 

ΔUA 
® 2S-
GlcN
Ac-
6S 
Na3 
(I-A)  

C14H19NO14SNa2 
(Product of the 
action of  
heparinases II 
and III on 
heparin and 
heparan 
sulphate) 

ΔUA 
® 
GlcN
Ac-
6S 
Na2 
(II-A)   

C14H19NO14SNa2 
(Minor product 
of the action of 
heparinase II on 
heparin) 

ΔUA 
® 2S-
GlcN
Ac 
Na2 
(III-
A)   

C14H20NO11Na 
(Produced from 
heparin sulphate 
by digestion 
With heparinase 
III) 

ΔUA 
® 
GlcN
Ac 
Na 
(IV-
A)    

C14H19NO14SNa2 
(Produced from 
various 
chondroitin 
sulphates By the 
action of 
chondroitinases 
ABC, B and AC-
1) 

ΔUA 
® 
GalN
Ac-
4S 
Na2 
(Δ Di-
4S)    

C14H19NO14S
Na2 (Produced 

ΔUA 
® 

Spacer form of 

saccharide 

Com

mon 

name 

from various 
chondroitin 
sulphates By the 
action of 
chondroitinases 
ABC, AC-1 and 
C) 

GalN
Ac-
6S 
Na2 
(Δ Di-
6S)    

C14H18NO17S2Na
3 (Produced from 
various 
chondroitin 
sulphates By the 
action of 
chondroitinases 
ABC, B and AC-
1) 

ΔUA 
® 
GalN
Ac-
4S,6S 
Na3 
(Δ Di-
disE)   

C14H18NO17S2Na
3 (Produced from 
various 
chondroitin 
sulphates by 
action of 
chondroitinase 
ABC and/or B. 
Most typically 
from chondroitin 
sulphate B  
(dermatan 
sulphate) 

ΔUA 
® 2S-
GalN
Ac-
4S 
Na2 
(Δ Di-
disB)   

C14H18NO17S2Na
3 (Produced from 
various 
chondroitin 
sulphates by the 
action of 
chondroitinase 
ABC) 

ΔUA 
® 2S-
GalN
Ac-
6S 
Na3 
(Δ Di-
disD)   

C14H17NO20S3Na
4 (Produced as a 
minor 
component by 
the action of 
chondroitinase 
ABC on various 
chondroitin 
sulphates, 
particularly B) 

ΔUA 
® 2S-
GalN
Ac-
4S-6S 
Na4 
(Δ Di-
tisS)  

C14H19NO14SNa2 
(Produced as a 
minor 
component from 
various 
chondroitin 
sulphates by the 
action of 
chondroitinase 
ABC) 

ΔUA 
® 2S-
GalN
Ac-
6S 
Na2  
(ΔDi-
UA2S
)   

C14H20NO11Na 
(The only 
unsaturated 
disaccharide 
produced from 
hyaluronic acid 
by the action of 
chondroitinase 
ABC or AC-1) 

ΔUA 
® 
GlcN
Ac 
Na (Δ 
Di-
HA)     

(GlcAβ1-
3GlcNAcβ1-4)n 
(n=4) 

Hyalu
ronan 
fragm
ents 
(4mer
)     

(GlcAβ1-
3GlcNAcβ1-4)n 
(n=8) 

Hyalu
ronan 
fragm
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Spacer form of 

saccharide 

Com

mon 

name 

ents 
(8mer
)     

(GlcAβ1-
3GlcNAcβ1-4)n 
(n=10) 

Hyalu
ronan 
fragm
ents 
(10m
er)     

(GlcAβ1-
3GlcNAcβ1-4)n 
(n=12) 

Hyalu
ronan 
fragm
ents 
(12m
er)     

(GlcA/IdoAα/β1-
4GlcNAcα1-4)n 
(n=200) 

Hepar
in          

(GlcA/IdoAβ1-
3(±4/6S)GalNAc
β1-4)n (n<250) 

Chon
droiti
n 
sulfat
e       

 
((±2S)GlcA/Ido

Derm
atan 

Spacer form of 

saccharide 

Com

mon 

name 

Aα/b1-
3(±4S)GalNAcβ
1-4)n (n<250) 

sulfat
e       

(GlcA/IdoAβ1-
3(±6S)GalNAcβ
1-4)n (n<250) 

Chon
droiti
n 6-
Sulfat
e       

(GlcAβ1-
3GlcNAcβ1-4)n 
(n=4) 

HA-4 
(10m
M) 

(GlcAβ1-
3GlcNAcβ1-4)n 
(n=6) 

HA-6 
(10m
M)  

(GlcAβ1-
3GlcNAcβ1-4)n 
(n=8) 

HA-8 
(9.7m
M) 

(GlcAβ1-
3GlcNAcβ1-4)n 
(n=10) 

HA-
10 
(7.83
mM) 

(GlcAβ1-
3GlcNAcβ1-4)n 
(n=12) 

HA-
12 
(6.5m
M) 

Spacer form of 

saccharide 

Com

mon 

name 

(GlcAβ1-
3GlcNAcβ1-4)n 
(n=14) 

HA-
14 
(5.6m
M) 

(GlcAβ1-
3GlcNAcβ1-4)n 
(n=16) 

HA-
16 
(4.9m
M) 

 HA-
30,00
0da 
2.5m
g/ml 

 HA-
107,0
00da 
2.5m
g/ml 

 HA-
190,0
00da 
2.5m
g/ml 

 HA-
220,0

Spacer form of 

saccharide 

Com

mon 

name 

00da 
2.5m
g/ml 

 HA-
1,600,
000da 
2.5m
g/ml 

 Hepar
in 
Sulfat
e 
5mg/
ml 

(Glcβ1-3Glcβ1-
3)n 

Beta-
1-
3Gluc
an 
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Table S2.  Glycans sourced from 2) Glycoseparations Ltd (Moscow, Russia). 
 

 

Spacer form of 

saccharide 

Com

mon 

name 

Fucα-sp3 L-α-
Fuc 

Galα-sp3 α-Gal 

Galβ-sp3 β-Gal 

GalNAcα-sp0 TnSer 

GalNAcα-sp3 Tn 

GalNAcβ-sp3 
β-
GalN
Ac 

Glcα-sp3 α-Glc 

Glcβ-sp3 β-Glc 

GlcNAcβ-sp3 
β-
GlcN
Ac 

GlcN(Gc)β-sp4 
β-
GlcN(
Gc) 

HOCH2(HOCH)4
CH2NH2 

Amin
o-
glucit
ol 

Manα-sp3 α-
Man 

Manβ-sp4 β-
Man 

ManNAcβ-sp4 
β-
Man
Ac 

Rhaα-sp3 L-α-
Rha 

GlcNAcβ-sp4 
β-
GlcN
Ac 

3-O-Su-Galβ-sp3 
3-O-
Su-β-
Gal 

3-O-Su-
GalNAcα-sp3 

3-O-
Su-β-
GalN
ac 

6-O-Su-
GlcNAcβ-sp3 

6-O-
Su-β-
GlcN
Ac 

GlcAα-sp3 

α-
gluco
ronic 
acid 

GlcAβ-sp3 

β-
gluco
ronic 
acid 

6-H2PO3Glcβ-
sp4 

β-
Glc6P 

6-H2PO3Manα-
sp3 

α-
Man6
P 

Neu5Acα-sp3 
α-
Neu5
Ac 

Neu5Acα-sp9 
α-
Neu5
AcBn 

Spacer form of 

saccharide 

Com

mon 

name 

Neu5Gcα-sp3 
α-
Neu5
Gc 

9-NAc-
Neu5Acα-sp3 

9-
Nac-
α-
Neu5
Ac 

3-O-Su-
GlcNAcβ-sp3 

3-O-
Su-β-
GlcN
Ac 

Fucα1-2Galβ-
sp3 Hdi 

Fucα1-
3GlcNAcβ-sp3  
Fucα1-
4GlcNAcβ-sp3 Le 

Galα1-2Galβ-sp3  

Galα1-3Galβ-sp3 Bdi 

Galα1-
3GalNAcβ-sp3 Tαβ 

Galα1-
3GalNAcα-sp3 Tαα 

Galα1-
3GlcNAcβ-sp3  

Galα1-
4GlcNAcβ-sp3 

α-
LacN
Ac 

Galα1-6Glcβ-sp4 Melib
iose 

Galβ1-2Galβ-sp3  
Galβ1-
3GlcNaAcβ-sp3 Lec 

Galβ1-3Galβ-sp3  
Galβ1-
3GalNAcβ-sp3 Tββ 

Galβ1-
3GalNAcα-sp3 TF 

Galβ1-4Glcβ-sp4 Lac 

Galβ1-4Galβ-sp4  
Galβ1-
4GlcNAcβ-sp3 

LacN
Ac 

Galβ1-6Galβ-sp4  
GalNAcα1-
3GalNAcβ-sp3 Fs-2 

GalNAcα1-
3Galβ-sp3 Adi 

GalNAcα1-
3GalNAcα-sp3 

Core 
5 

GalNAcβ1-
3Galβ-sp3  
GalNAcβ1-
4GlcNAcβ-sp3 

Lacdi
NAc 

Glcα1-4Glcβ-sp3 malto
se 

Glcβ1-4Glcβ-sp4 Cello
biose 

Glcβ1-6Glcβ-sp4 
Genti
obios
e 

Spacer form of 

saccharide 

Com

mon 

name 

GlcNAcβ1-
3GalNAcα-sp3 

Core 
3 

GlcNAcβ1-
3Manβ-sp4  

GlcNAcβ1-
4GlcNAcβ-Asn 

Chito
biose-
Asn 

GlcNAcβ1-
4GlcNAcβ-sp4 

Chito
biose 

GlcNAcβ1-
6GalNAcα-sp3 

Core 
6 

Manα1-2Manβ-
sp4  
Manα1-3Manβ-
sp4  
Manα1-4Manβ-
sp4  
Manα1-6Manβ-
sp4  
Manβ1-
4GlcNAcβ-sp4  
Manα1-2Manα-
sp4  

Galβ1-3(6-O-
Su)GlcNAcβ-sp3 

6-O-
Su-
Lec 

Galβ1-4(6-O-
Su)Glcβ-sp2 

6-O-
Su-
Lac 

Galβ1-4(6-O-
Su)GlcNAcβ-sp3 

6-O-
Su-
LacN
Ac 

GlcNAcβ1-4(6-
O-Su)GlcNAcβ-
sp2 

6-O-
Su-
chitob
iose 

3-O-Su-Galβ1-
3GalNAcα-sp3 

3`-O-
Su-
TF 

6-O-Su-Galβ1-
3GalNAcα-sp3 

6`-O-
Su-
TF 

3-O-Su-Galβ1-
4Glcβ-sp2 SM3 

6-O-Su-Galβ1-
4Glcβ-sp2 

6`-O-
Su-
Lac 

3-O-Su-Galβ1-
3GlcNAcβ-sp3 

3`-O-
Su-
Lec 

3-O-Su-Galβ1-
4GlcNAcβ-sp3 

3`-O-
Su-
LacN
Ac 

4-O-Su-Galβ1-
4GlcNAcβ-sp3 

4`-O-
Su-
LacN
Ac 

6-O-Su-Galβ1-
3GlcNAcβ-sp3 

6`-O-
Su-
Lec 

6-O-Su-Galβ1-
4GlcNAcβ-sp3 

6`-O-
Su-
LacN
Ac 

GlcAβ1-
3GlcNAcβ-sp3  

Spacer form of 

saccharide 

Com

mon 

name 

GlcAβ1-3Galβ-
sp3  
GlcAβ1-6Galβ-
sp3  
GlcNAcβ1-4-
[HOOC(CH3)CH
]-3-O-GlcNAcβ-
sp4 

GlcN
Ac-
Mur 

GlcNAcβ1--
[HOOC(CH3)CH
]-3-O-GlcNAcβ-
L-alanyl-D-i-
glutaminyl-L-
lysine 

GMD
P-Lys 

Neu5Acα2-
3Galβ-sp3 GM4 

Neu5Acα2-
6Galβ-sp3  
Neu5Acα2-
3GalNAcα-sp3 

3-
SiaTn 

Neu5Acα2-
6GalNAcα-sp3 SiaTn 

Neu5Gcα2-
6GalNAcα-sp3 

NeuG
c-Tn 

3-O-Su-Galβ1-
4(6-O-Su)Glcβ-
sp2 

3`,6-
di-O-
Su-
Lac 

3-O-Su-Galβ1-
4(6-O-
Su)GlcNAcβ-sp2 

3`,6-
di-O-
Su-
LacN
Ac 

6-O-Su-Galβ1-
4(6-O-Su)Glcβ-
sp2 

6,6`-
di-O-
Su-
Lac 

6-O-Su-Galβ1-
3(6-O-
Su)GlcNAcβ-sp2 

6,6`-
di-O-
Su-
Lec 

6-O-Su-Galβ1-
4(6-O-
Su)GlcNAcβ-sp2 

6,6`-
di-O-
Su-
LacN
Ac 

3,4-O-Su2-
Galβ1-
4GlcNAcβ-sp3 

3`,4`-
di-O-
Su-
LacN
Ac 

3,6-O-Su2-
Galβ1-
4GlcNAcβ-sp2 

3`,6`-
di-O-
Su-
LacN
Ac 

4,6-O-Su2-
Galβ1-
4GlcNAcβ-sp2 

4`,6`-
di-O-
Su-
LacN
Ac 

4,6-O-Su2-
Galβ1-
4GlcNAcβ-sp3 

4`,6`-
di-O-
Su-
LacN
Ac 

Neu5Acα2-
8Neu5Acα2-sp3 (Sia)2 
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Spacer form of 

saccharide 

Com

mon 

name 

3,6-O-Su2-
Galβ1-4(6-O-
Su)GlcNAcβ-sp2 

3`,6,6
`-tri-
O-Su-
LacN
Ac 

GalNAcβ1-4(6-
O-Su)GlcNAcβ-
sp3 

6-O-
Su-
Lacdi
NAc 

3-O-Su-
GalNAcβ1-
4GlcNAcβ-sp3 

3`-O-
Su-
Lacdi
NAc 

6-O-Su-
GalNAcβ1-
4GlcNAcβ-sp3 

6`-O-
Su-
Lacdi
NAc 

6-O-Su-
GalNAcβ1-4-(3-
O-Su)GlcNAcβ-
sp3 

6`-
Su-3-
O-
Ac-
Lacdi
NAc 

3-O-Su-
GalNAcβ1-4(3-
O-Su)-GlcNAcβ-
sp3 

3,3`-
O-
Su2-
Lacdi
NAc 

3,6-O-Su2-
GalNAcβ1-
4GlcNAcβ-sp3 

3`,6`-
Su2-
Lacdi
NAc 

4,6-O-Su2-
GalNAcβ1-
4GlcNAcβ-sp3 

4`,6`-
Su2-
Lacdi
NAc 

4,6-O-Su2-
GalNAcβ1-4-(3-
O-Ac)GlcNAcβ-
sp3 

4`,6`-
Su2-
3-O-
Ac-
Lacdi
NAc 

4-O-Su-
GalNAcβ1-
4GlcNAcβ-sp3 

4`-O-
Su-
Lacdi
NAc 

3,4-O-Su2-
Galβ1-
4GlcNAcβ-sp3 

3`,4`-
Su2-
Lacdi
NAc 

6-O-Su-
GalNAcβ1-4(6-
O-Su)GlcNAcβ-
sp3 

6,6`-
O-Su-
Lacdi
NAc 

Galβ1-4(6-O-
Su)GlcNAcβ-sp2 

6-O-
Su-
LacN
Ac 

4-O-Su-
GalNAcβ1-
4GlcNAcβ-sp2 

4`-O-
Su-
Lacdi
NAc 

Neu5Acα2-
6GalNAcβ-sp3  

Neu5Gcα2-3Gal-
sp3 

NeuG
cα3G
al 

Fucα1-2Galβ1-
3GlcNAcβ-sp3 

Led, H 
(type 
1) 

Fucα1-2Galβ1-
4GlcNAcβ-sp3 

H 
(type 
2) 

Spacer form of 

saccharide 

Com

mon 

name 

Fucα1-2Galβ1-
3GalNAcα-sp3 

H 
(type 
3) 

Fucα1-2Galβ1-
4Glcβ-sp4 

H 
(type 
6 

Galα1-3Galβ1-
4Glcβ-sp2  
Galα1-3Galβ1-
4GlcNAcβ-sp3 

Galili 
(tri) 

Galα1-4Galβ1-
4Glcβ-sp3 

Pk, 
Gb3, 
GbOs
e3 

Galα1-4Galβ1-
4GlcNAc-sp2 P1 

Galα1-3  

Galβ-sp3 Btri 

Fucα1-2  
Galβ1-2Galα1-
4GlcNAcβ-sp4  
Galβ1-3Galβ1-
4GlcNAcβ-sp4  
Galβ1-
4GlcNAcβ1-
3GalNAcα-sp3  

Galβ1-
4GlcNAcβ1-
6GalNAcα-sp3  

Fucα1-4  

GlcNAcβ-sp3 Lea 

Galβ1-3  

Galβ1-4  

GlcNAcβ-sp3 Lex 

Fucα1-3  

GalNAcα1-3  

Galβ-sp3 Atri 

Fucα1-2  
GalNAcβ1-
4Galβ1-4Glcβ-
sp3 

GA2, 
GgOs
e3 

(Glcα1-4)3β-sp4 Malto
triose 

(Glcα1-6)3β-sp4 
Isoma
lto-
triose 

GlcNAcβ1-
2Galβ1-
3GalNAcα-sp3  

GlcNAcβ1-
3Galβ1-
3GalNAcα-sp3  

GlcNAcβ1-
3Galβ1-4Glcβ-
sp2  

GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3  

GlcNAcβ1-
4Galβ1-  

Spacer form of 

saccharide 

Com

mon 

name 

4GlcNAcβ-sp2 

GlcNAcβ1-
4GlcNAcβ1-
4GlcNAcβ-sp4 

Chitot
riose 

GlcNAcβ1-
6Galβ1-
4GlcNAcβ-sp2  

GlcNAcβ1-6  

GalNAcα-sp3 Core 
2 

Galβ1-3  

GlcNAcβ1-6  

GalNAcα-sp3 Core 
4 

GlcNAcβ1-3  

Manα1-6  

Manβ-sp4 Man3 

Manα1-3  
Galβ1-
3GalNAcβ1-
3Gal-sp4 

Tββ-
Gal 

Galβ1-4Galβ1-
4GlcNAc-sp3  

Fucα1-4  

GlcNAcβ-sp3 Su-
Lea 

3-O-Su-Galβ1-3  

3-O-Su-Galβ1-4  

GlcNAcβ-sp3 Su-
Lex 

Fucα1-3  

Neu5Acα2-6  

GalNAcα-sp3 6-
SiaTF 

Galα1-3  

Neu5Acα2-6  

GalNAcα-sp3  

Galβ1-3  
Neu5Acα2-
3Galβ1-
3GalNAcα-sp3 

3`-
Sia-
TF 

Neu5Acα2-
3Galβ1-4Glcβ-
sp3 

3`SL 

Neu5Acα2-
3Galβ1-4Glcβ-
sp4 

3`SL 

Neu5Acα2-
6Galβ1-4Glcβ-
sp2 

6`SL 

Neu5Acα2-
3Galβ1-
4GlcNAcβ-sp3 

3`SL
N 

Neu5Acα2-
3Galβ1-

3`-
SiaLe

Spacer form of 

saccharide 

Com

mon 

name 

3GlcNAcβ-sp3 c 

Neu5Acα2-
6Galβ1-
4GlcNAcβ-sp3 

6`SL
N 

Neu5Gcα2-
3Galβ1-
4GlcNAcβ-sp3 

3`SL
N 
(Gc) 

Neu5Gcα2-
6Galβ1-
4GlcNAcβ-sp3 

6`SL
N 
(Gc) 

9-NAc-
Neu5Acα2-
6Galβ1-
4GlcNAcβ-sp3 

 

Neu5Acα2-
3Galβ1-4-(6-O-
Su)GlcNAcβ-sp3 

6-Su-
3`SL
N 

Neu5Acα2-
3Galβ1-3-(6-O-
Su)GalNAcβ-sp3 

6-Su-
3`Sia
TF 

Neu5Acα2-
6Galβ1-4-(6-O-
Su)GlcNAcβ-sp3 

6-Su-
6`SL
N 

Neu5Acα2-3-(6-
O-Su)Galβ1-
4GlcNAcβ-sp3 

6`-
Su-
3`SL
N 

(Neu5Acα2-8)3-
sp3 (Sia)3 

Neu5Acα2-
6Galβ1-
3GlcNAc-sp3 

6`-
SiaLe
c 

Neu5Acα2-
6Galβ1-3(6-O-
Su)GlcNAc-sp3 

6Su-
6`-
SiaLe
c 

Neu5Gcα2-
3Galβ1-
3GlcNAcβ-sp3 

3`Sia
Lec  
(Gc) 

Galα1-3  

Galβ1-
3GlcNAcβ-sp3 

B 
(type 
1) 

Fucα1-2  

Galα1-3  

Galβ1-
4GlcNAcβ-sp3 

B 
(type 
2) 

Fucα1-2  

Galα1-3  

Galβ1-
3GalNAcα-sp3 

B 
(type 
3) 

Fucα1-2  

Galα1-3  

Galβ1-
3GalNAcβ-sp3 

B 
(type 
4) 

Fucα1-2  

Galα1-3Galβ1-4  

GlcNAcβ-sp3 αGal
Lex 
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Spacer form of 

saccharide 

Com

mon 

name 

Fucα1-3  

GalNAcα1-3  

Galβ1-
3GlcNAcβ-sp3 

A 
(type 
1) 

Fucα1-2  

GalNAcα1-3  

Galβ1-
4GlcNAcβ-sp3 

A 
(type 
2) 

Fucα1-2  

Fucα1-4  

GlcNAcβ-sp3 Leb 

Fucα1-2Galβ1-3  

Fucα1-2Galβ1-4  

GlcNAcβ-sp3 Ley 

Fucα1-3  
Galα1-3Galβ1-
4GlcNAcβ1-
3Galβ-sp3 

Galili 
(tetra) 

Galα1-
4GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3 

 

Galβ1-
3GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

LNT 

Galβ1-
3GlcNAcβ1-
3Galβ1-
3GlcNAcβ-sp2 

 

Galβ1-
3GlcNAcα1-
3Galβ1-
4GlcNAcβ-sp3 

 

Galβ1-
3GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3 

 

Galβ1-
3GlcNAcα1-
6Galβ1-
4GlcNAcβ-sp2 

 

Galβ1-
3GlcNAcβ1-
6Galβ1-
4GlcNAcβ-sp2 

 

Galβ1-
3GalNAcβ1-
4Galβ1-4Glcβ-
sp3 

Asial
o-
GM1 

Galβ1-
4GlcNAcβ1-
3Galβ1-4Glcβ-
sp2 

LNnT 

Galβ1-
4GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3 

i 

Galβ1-
4GlcNAcβ1-  

Spacer form of 

saccharide 

Com

mon 

name 

6Galβ1-
4GlcNAcβ-sp2 
Galβ1-
4GlcNAcβ1-6  

GalNAcα-sp3  

Galβ1-3  
GalNacβ1-
3GalαGalβ1-
4Glcβ-sp3 

Gb4, 
P 

(Glcα1-4)4β-sp4 

Malto
-
tetrao
se 

(Glcα1-6)4β-sp4 

Isoma
lto-
tetrao
se 

GalNAcα1-6  

Galβ1-
3GalNAcα-sp3 

A 
(type 
3) 

Fucα1-2  

GlcNAcβ1-6  
Galβ1-
4GlcNAcβ-sp3 Tk 

GlcNAcβ1-3  
Galβ1-
3GlcNAcβ1-
3Galβ1-
3GlcNAcβ-sp3 

Lec3L
ec 

3-O-SuGalβ1-
4GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3 

 

4-O-SuGalβ1-
4GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3 

 

GalNAcβ1-4  

Galβ1-4Glcβ-sp2 GM2 

Neu5Acα2-3  
Neu5Acα2-
3Galβ1-
4GlcNAcβ1-
3Galβ-sp3 

 

Neu5Acα2-
3Galβ1-4  

GlcNAcβ-sp3 SiaLe
x 

Fucα1-3  

Fucα1-4  

GlcNAcβ-sp3 SiaLe
a 

Neu5Acα2-
3Galβ1-3  
Neu5Acα2-
3Galβ1-4  
6-O-Su-
GlcNAcβ-sp3  

Fucα1-3  

Spacer form of 

saccharide 

Com

mon 

name 

Neu5Acα2-3(6-
O-Su)Galβ1-4  

GlcNAcβ-sp3  

Fucα1-3  

Neu5Acα2-6  

GalNAcα-sp3 Sia2-
TF 

Neu5Acα2-
3Galβ1-3  
Neu5Acα2-
8Neu5Acα2-
3Galβ1-4Glcβ-
sp4 

GD3 

Fucα1-2Galβ1-
3GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

LNFP
-I 

Fucα1-2Galβ1-
3GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp2 

H 
(type
1) 
penta 

Galα1-3Galβ1-
4GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

Galili 
(penta
) 

Galα1-3  

Galβ1-4  
Fucα1-2                 
GlcNAcβ-sp3 Bley 

Fucα1-3  
Galβ1-
4GlcNAcβ1-6  

GalNAcα-sp3  
Galβ1-
4GlcNAcβ1-3  

GlcNAcβ1-6  
Galβ1-4GlcNAc-
sp2  
Galβ1-
4GlcNAcβ1-3  
Galβ1-
4GlcNAcβ1-6  
Galβ1-
4GlcNAcβ-sp2  

GlcNAcβ1-3  

(Glcα1-6)5β-sp4 

Isoma
lto-
penta
ose 

(GlcNAcβ1-
4)5β-sp4 

Chito
-
penta
ose 

Manα1-6  

Manα1-6 Man5 

Manα1-3                  
Manβ-sp4  

Manα1-3  

Fucα1-4  

Spacer form of 

saccharide 

Com

mon 

name 

GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

Leb-
Lac 

Fucα1-2Galβ1-3  

Fucα1-2Galβ1-4  
GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

Ley-
Lac 

Fucα1-3  
(Galβ1-
4GlcNAcβ1-3)3-
sp3 

(LN)3 

Galβ1-
4GlcNAcβ1-6  
Galβ1-4GlcNAc-
sp2 I 

Galβ1-
4GlcNAcβ1-3  
Galβ1-
3GalNAcβ1-
3Galα1-4Galβ1-
4Glcβ-sp4 

Gb5 

(Glcα1-6)6β-sp4 

Malto
-
hexao
se 

(GlcNAcβ1-
4)6β-sp4 

Chito
-
hexao
se 

(A-GN-M)2-3,6-
M-GN-GNβ-sp4 9-OS 

(GN-M)2-3,6-M-
GN-GNβ-sp4 7-OS 

Neu5Acα2-
3Galβ1-
4GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp2 

3`SL
N-
LacN
Ac 

Neu5Acα2-3 
Galβ1-4  

GlcNAcβ1-
3Galβ-sp3 

SiaLe
x-
3Gal 

Fucα1-3  

Neu5Acα2-6  
GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

LSTb 

Galβ1-3  

GalNAcβ1-4  

Galβ1-4Glc-sp2 GD2 

Neu5Acα2-
8Neu5Acα2-3  
Neu5Acα2-
8Neu5Acα2-
8Neu5Acα2-
3Galβ1-4Glc-sp2 

GT3 

GalNAcβ1-4  

Galβ1-4Glc-sp2 GT2 

(Neu5Acα2-
8)2Neu5Acα2-3  



 

242 
 

Spacer form of 

saccharide 

Com

mon 

name 

Neu5Acα2-
3Galβ1-
4GlcNAcβ1-
3Galβ1-
4GlcNAcβ-sp3 

6`SL
N-
LacN
Ac 

Neu5Acα2-
3Galβ1-
3GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

LSTa 

Neu5Acα2-
3Galβ1-
4GlcNAcβ1-
3Galβ1-4Glcβ-
sp4 

LSTd 

Lex1-6'(Lec1-
3')Lac-sp4 

MFL
NH 
III 

LacNAc1-
6'(Led1-3')Lac-
sp4 

MFL
NH I 

Lex1-6'(6’-
SLN1-3')Lac-sp4 

MSM
FLNn
H 

Lex1-6'(Led1-
3')Lac-sp4 

DFL
NH 
(a) 

LecLex1-6'(Lec1-
3')Lac-sp4 

MF(1
-
3)iLN
O 

Lex1-6'(Leb1-
3')Lac-sp4 

TFLN
H 

(GlcAβ1-
4GlcNAcβ1-3)8-
NH2-ol 

hyalu
ronin
c acid 

(Sia2-6A-GN-
M)2-3,6-M-GN-
GNβ-sp4 

11-
OS, 
YDS 
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Table S3.  A total of 65 N- and O-linked glycan structures on human milk proteins are described and grouped according to their increasing calculated 
experimental mass. This study identified 45 N-linked glycans (of which 28 have been previously reported) and 20 O-linked glycans (of which 16 have 
been previously reported). The theoretical masses of the possible N-and O-linked glycans were obtained from GlycoMod 
(http://web.expasy.org/glycomod/). Only the most abundant glycans were analysed in this study for their relative abundances and their proposed 
structures were compared with reported glycans on human milk glycoproteins in literature that corresponded to the same mass and monosaccharide 
composition. The 21 possible N- and O-linked glycan masses (N1, N7, N14, N20, N23, N27, N30, N31, N32, N35, N36, N37, N38, N39, N41, N44, 
N45, O9, O16, O19 and O20) detected at low abundances in this study have not been previously reported in the literature1-11 used for comparison. 
 

S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

N 
1 1276.4 1276.5 ND Trace 

    

N 
2 1235.3 1235.4 1 0.81 

  
*  

N 
3 1397.4 1397.5 1 0.42 

 

 
* 

 

N 
4 1479.4 1479.5 ND Trace 

  
*  
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

N 
5 1520.4 1520.6 1 2.41 

  

  

N 
6 1559.2 1559.5 1 0.67 

 

 


*  

N 
7 1567.6 1567.5 1 0.28 

 

   

N 
8 1625.4 1625.6 ND Trace 

 
Possible Le 

 
*  

N 
9 1641.4 1641.6 1 0.29 

  

* 
 

BSSL3 
Human lactoferrin5 

N 
10 1666.6 1666.6 1 7.01 
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

N 
11 1682.6 1682.6 1 1.16 

 

 


*  

N 
12 1721.4 1721.6 1 1.17 

 

 
*  

N 
13 1729.6 1729.6 1 0.79 

 

 *  

N 
14 1770.6 1770.6 ND Trace   

* 
* 

N 
15 1787.6 1787.6 3 2.03 

 
Possible Le 

 
Le 

* 
 

 
BSSL3 

Human lactoferrin4, 5 

N 
16 1828.6 1828.7 1 5.31 

 

 
Le 


*  
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

N 
17 1875.6 1875.7 1 0.63 

 

 
 

 

N 
18 1883.6 1883.6 1 1.31 

 

 
* 

 

N 
19 1891.6 1891.7 1 0.87 

 

 
* 

* 

N 
20 1916.6 1916.7 1 0.78 

 

 
*  

N 
21 1932.6 1932.7 1 11.21 

  

* 
* 

BSSL3 

N 
22 1933.6 1933.7 2 2.86  

Le 
 

Le 
* 

Le 
 

Le 
Human lactoferrin4, 5 
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

N 
23 1990.6 1990.7 1 0.15 

 

 
*  

N 
24 2078.6 2078.7 3 10.64 

  

* 

 
BSSL3 

Human lactoferrin4, 5 

sIgA7 

 

* 

 
MFGM proteins6 

 

 
sIgA7 



 

248 
 

S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

N 
25 2079.6 2079.8 2 0.16 

 
Possible Le 

 
*  

N 
26 2119.6 2119.8 1 1.06 

 

 
* 

* 

N 
27 2152.6 2152.8 ND Trace 

 

 
*  

N 
28 
 

2223.6 2223.8 1 25.82 
  

*  

N 
29 2224.6 2224.8 3 15.52  

Le/possible SLe 
 

SLe 
 

Le/possible SLe 

 
Le 

MFGM proteins6 
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

Le 
sIgA7 

 

 
Le 

Human lactoferrin5 
sIgA7 

N 
30 2281.6 2281.8 1 0.36 

 

   

N 
31 2297.6 2297.8 ND Trace    

* 

N 
32 2298.6 2298.8 ND Trace  

Possible Le 
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

N 
33 2369.8 2369.8 1 4.47 

  

 
 

Human lactoferrin5 

MFGM proteins6 

sIgA7 

N 
34 2370.6 2370.9 2 0.78  

Possible Le/SLe 
   

N 
35 2443.6 2443.9 2 0.41 

 
  

* 

N 
36 2444.6 2444.9 1 0.65  

Possible Le 
   

N 
37 2588.8 2588.9 ND Trace 
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

N 
38 2589.8 2589.9 ND Trace  

Possible Le/SLe 
   

N 
39 2590.8 2591.0 ND Trace 

 
Possible Le 

   

N 
40 2734.8 2735.0 ND Trace 

 

  

 
MFGM proteins6 

N 
41 2879.8 2880.0 ND Trace 
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

N 
42 2880.8 2881.0 ND Trace  

Possible Le/SLe 
   

Possible Le/SLe 
MFGM proteins6 

N 
43 2881.8 2882.1 ND Trace 

 
Possible Le/SLe 

 

 
SLe 

 
Le/SLe 

MFGM proteins6 

N 
44 2954.8 2955.1 ND Trace 

 

Possible Le/SLe 

   

N 
45 3100.8 3101.1 ND Trace 

 
Possible Le/SLe 

   

O 
1 587.1 587.2 1 1.69 

    
MFGM proteins6 
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

O 
2 675.3 675.2 2 2.42 

 

 

* 

 


* 

* 
sIgA9 

 

* 
MFGM proteins6 

O 
3 749.3 749.3 2 20.54 

   

 
MFGM proteins6 

Mature milk -casein8 
sIgA9, 10 

O 
4 878.3 878.3 3 2.46 

   

 
Skim milk mucins11 

O 
5 895.3 895.3 2 10.33  

Possible Le 
 

 
Le 

 

 

 
Le 

MFGM proteins6 
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

MFGM proteins6 
sIgA10 

O 
6 952.3 952.3 1 0.30 

 

   
Mature milk -casein8 

O 
7 966.3 966.3 3 1.06  

 


* 
* * 

Skim milk mucins11 

O 
8 1040.3 1040.4 1 27.25 

 

* 
 

* 
MFGM proteins6 

 

 
sIgA10 

Skim milk mucins11 
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

O 
9 1041.3 1041.4 1 7.72  

Possible Le 
   

O 
10 1082.4 1082.4 1 0.12 

 
   

Mature milk -casein8 

O 
11 1114.3 1114.4 3 3.97 

   

 
MFGM proteins6 

sIgA10 
 

 
sIgA10 

O 
12 1186.4 1186.4 4 9.66  

Possible Le/SLe  

 

 
Le 

 
MFGM proteins6 
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

 
Le 

MFGM proteins6 
sIgA10 

Skim milk mucins11 

O 
13 1260.4 1260.5 4 5.05   

Possible Le 
  

Le 

 
sIgA10 

 

 
Le 

MFGM proteins6 
sIgA10 

 

 
sIgA10 

O 
14 1332.5 1332.5 2 0.61  

Possible Le/SLe 
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

Le 
 

 
SLe 

 
Le 

MFGM proteins6 

O 
15 1405.4 1405.5 2 3.72 

   

 
MFGM proteins6 

sIgA10 

Skim milk mucins11 

O 
16 1406.5 1406.5 2 0.24  

Possible Le 
   

O 
17 1479.4 1479.5 3 1.42 

 

  

 
MFGM proteins6 

sIgA10 

O 
18 1551.4 1551.6 2 1.45  

Possible Le/SLe 
 

Le 
 

Le 

 
Le 

MFGM proteins6 
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S/ 

No. 

 

Calcu- 

lated 

experi- 

mental 

mass 

[M-H]
1- 

 

Theore- 

tical 

mass 

[M-H]
1-

 

No. of 

isomers 

Relative 

abund- 

ance 

(%) 

Proposed glycans on 

total human milk 

proteins in this study 

Glycans reported on 

human skim milk 

proteins in 

literature
1
 

Glycans reported on 

human milk whey 

proteins in 

literature
2
 

Glycans reported on 

specific human milk 

proteins in literature 

 

 
Le 

sIgA10 
 

 

 
Possible Le/SLe 

Skim milk mucins11 

O 
19 1552.5 1552.6 ND Trace  

Possible Le 
   

O 
20 1697.5 1697.6 ND Trace  

Possible Le/SLe 
   

Abbreviations: BSSL, bile salt-stimulated lipase; , glycan structure is detected in human milk, but not shown; , glycan structure is not detected in 
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human milk; *, glycan structure detected in bovine milk6; HMW, high molecular weight; , kappa; MFGM, milk fat globule membrane; Le, Lewis-type 
structure; ND; not detected as trace levels; sIgA, secretory immunoglobulin A; S/No., structure number; SLe, sialyl Lewis-type structure. Data 
compiled from 1Dallas et al. 2011; 2Nwosu et al. 2012; 3Mechref et al. 1999; 4Matsumoto et al. 1982; 5Samyn-Petit et al. 2001; 6Wilson et al. 2008; 
7Pierce-Crétel et al. 1982; 8Saito et al. 1988; 9Pierce-Crétel et al. 1981; 10Pierce-Crétel et al. 1989; 11Hanisch et al. 1990. 
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Fig. S1.  N- and O-glycosylation changes of total human milk proteins with neuraminidase treatment analysed by LC-ESI-MS. The removal of terminal 
sialic acid residues to corresponding N- and O-linked glycan structures is shown between before and after 16 hours neuraminidase treatment. A - H 
show that the sialylated N-linked glycan structures were all significantly decreased after desialylation with α2-3,6,8 neuraminidase, confirming that 
these masses were N-linked glycans containing sialic acid and not di-fucose residues. However, the di-fucosylated N-linked glycan structures m/z [+ 
0.5 Da] 2-, such as m/z [966.3]2- was increased. Similarly, for the O-linked glycans, I - L show two fucosylated core 2 structures were increased after 
desialylation m/z [1041.3] 2- and 1260.4] 2- indicating they were indeed di-fucosylated O-linked glycans and probably are the products of the same 
structure with an additional sialic acid, such as as m/z [1332.3]1- and m/z [1697.5]1-, respectively (Figure 3.7). Abbreviation for EIC; extracted ion 
chromatogram. 
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Table S4.  Comparison of N-glycosylation profiles between bovine and human milk whey protein and surface proteins of HT-29 cells. All structures 
are grouped according to their increasing calculated experimental mass with the numbering corresponding to those structures (S/No) found in total milk 
(Supplementary Data, Table S3.). Eleven structures (A1 - A11) were not found in the total milk analysis described in Chapter 3. The compositions of 
the possible N-linked glycans were obtained from GlycoMod (http://www.expasy.ch/tools/glycomod/). Only the most abundant glycans were analysed 
in this study for their relative abundances. The proposed structures were compared with reported glycans on bovine and human milk whey 
glycoproteins and HT-29 cell membrane proteins from the literature (see footnote). 
 

S/ 

No. 

Calculated 

experimental 

mass 

[M-H]
1-

 

Theoretical mass 

[M-H]
1-

 

Proposed N-linked glycan 

structure from this study 

Relative abundance 

on bovine milk whey 

proteins (%) 

Relative abundance 

on human milk 

whey proteins (%) 

 

Relative abundance 

on HT-29 cell 

membrane proteins 

(%) 

 

N 
2 1235.5 1235.4 

 
Not detected2 Not detected2 Trace 

N 
3 1397.6 1397.5 

 

1.62 0.911 3.57 

*A 
1 1463.6 1463.5 

 
1.082 0.41 0.384 

N 
4 1479.6 1479.5 

 
2.392 Trace2 Not detected 

N 
5 1520.6 1520.6 

 

Not detected 1.611 Not detected 
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S/ 

No. 

Calculated 

experimental 

mass 

[M-H]
1-

 

Theoretical mass 

[M-H]
1-

 

Proposed N-linked glycan 

structure from this study 

Relative abundance 

on bovine milk whey 

proteins (%) 

Relative abundance 

on human milk 

whey proteins (%) 

 

Relative abundance 

on HT-29 cell 

membrane proteins 

(%) 

 

N 
6 1559.6 1559.5 

 

1.402 0.501,2 8.214 

N 
7 1567.6 1567.5 

 
Not detected 0.38 0.54 

N 
8 1625.6 1625.6 

 
Possible Le 

3.162 1.902 0.08 

N 
9 1641.8 1641.6 

 

7.752 1.061,2 0.41 

N 
10 1666.8 1666.6 

 

0.65 5.222 0.344 

N 
11 1682.8 1682.6 

 

1.982 0.541 Not detected 

N 
12 1721.8 1721.6 

 

6.282 1.332 20.51 
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S/ 

No. 

Calculated 

experimental 

mass 

[M-H]
1-

 

Theoretical mass 

[M-H]
1-

 

Proposed N-linked glycan 

structure from this study 

Relative abundance 

on bovine milk whey 

proteins (%) 

Relative abundance 

on human milk 

whey proteins (%) 

 

Relative abundance 

on HT-29 cell 

membrane proteins 

(%) 

 

*A 
2 1723.8 1723.6  9.772 Not detected Not detected 

N 
13 1729.8 1729.6 

 

1.982 0.842 1.98 

*A 
3 1746.6 1746.6 

 
Not detected Not detected 1.42 

N 
14 1770.8 1770.6  1.892,4 2.76 Not detected 

N 
15 1787.8 1787.6 

 
Possible Le 

7.982 7.851,2 2.32 

N 
16 1828.6 1828.7 

 

2.972 3.031 Not detected2 
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S/ 

No. 

Calculated 

experimental 

mass 

[M-H]
1-

 

Theoretical mass 

[M-H]
1-

 

Proposed N-linked glycan 

structure from this study 

Relative abundance 

on bovine milk whey 

proteins (%) 

Relative abundance 

on human milk 

whey proteins (%) 

 

Relative abundance 

on HT-29 cell 

membrane proteins 

(%) 

 

N 
17 1875.8 1875.7 

 

Not detected 0.492 0.92 

N 
18 1883.8 1883.6 

 

4.042 2.122 22.17 

N 
19 1891.8 1891.7 

 

2.582,3 0.882 4.17 

N 
20 1916.8 1916.7 

 

1.032 4.97 Not detected 

N 
21 1932.6 1932.7  

 
6.172,3 7.711,2 3.17 

N 
22 1933.8 1933.7  

Le 
0.262 0.971,2 2.05 

*A 
4 1973.8 1973.7 

 
6.542,3 Not detected Not detected 
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S/ 

No. 

Calculated 

experimental 

mass 

[M-H]
1-

 

Theoretical mass 

[M-H]
1-

 

Proposed N-linked glycan 

structure from this study 

Relative abundance 

on bovine milk whey 

proteins (%) 

Relative abundance 

on human milk 

whey proteins (%) 

 

Relative abundance 

on HT-29 cell 

membrane proteins 

(%) 

 

*A 
5 2015.0 2014.7 

 
5.811 Not detected Not detected 

*A 
6 2045.8 2045.7  1.53 Not detected 3.12 

N 
24 2078.8 2078.7 

 

3.042,3 26.081,2,3 5.644 

N 
25 2080.0 2079.8 

 
Possible Le 

Not detected2 Not detected2 3.35 

N 
26 2120.0 2119.8 

 

8.392,3 1.152 0.17 

N 
27 2152.8 2152.8 

 

Not detected2 Not detected 0.28 

*A 
7 2161.0 2160.8 

 
6.002,3 Not detected Not detected 
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S/ 

No. 

Calculated 

experimental 

mass 

[M-H]
1-

 

Theoretical mass 

[M-H]
1-

 

Proposed N-linked glycan 

structure from this study 

Relative abundance 

on bovine milk whey 

proteins (%) 

Relative abundance 

on human milk 

whey proteins (%) 

 

Relative abundance 

on HT-29 cell 

membrane proteins 

(%) 

 

 
N 
28 
 

2224.0 2223.8 
 

0.931 7.391,2 1.81 

N 
29 2225.0 2224.8  

Le/possible SLe 
Not detected 11.431,2,3 8.304 

*A 
8 2257.0 2256.8 

 
0.142 Not detected Not detected 

N 
30 2282.0 2281.8 

 

0.35 0.21 Not detected4 

N 
31 2298.0 2297.8  0.452,3 Not detected 0.51 

*A 
9 2338.8 2338.8 

 
0.39 Not detected Not detected 
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S/ 

No. 

Calculated 

experimental 

mass 

[M-H]
1-

 

Theoretical mass 

[M-H]
1-

 

Proposed N-linked glycan 

structure from this study 

Relative abundance 

on bovine milk whey 

proteins (%) 

Relative abundance 

on human milk 

whey proteins (%) 

 

Relative abundance 

on HT-29 cell 

membrane proteins 

(%) 

 

N 
33 2370.0 2369.8 

 

0.40 7.071,3 2.14 

N 
34 2370.8 2370.9  

Possible Le/SLe 
Not detected Not detected2 0.79 

*A 
10 2402.0 2401.8 

 
0.512 Not detected Not detected 

N 
35 2444.0 2443.9 

 
0.543 0.82 0.40 

*A 
11 2518.0 2517.9 

 
Not detected Not detected 0.224 

N 
37 2588.8 2588.9 

 
Not detected Not detected 0.07 
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S/ 

No. 

Calculated 

experimental 

mass 

[M-H]
1-

 

Theoretical mass 

[M-H]
1-

 

Proposed N-linked glycan 

structure from this study 

Relative abundance 

on bovine milk whey 

proteins (%) 

Relative abundance 

on human milk 

whey proteins (%) 

 

Relative abundance 

on HT-29 cell 

membrane proteins 

(%) 

 

N 
38 2590.0 2589.9  

Possible Le/SLe 
Not detected 0.37 0.50 

N 
39 2591.0 2591.0 

 
Possible Le 

Not detected Not detected 0.27 

N 
41 2879.8 2880.0 

 
Not detected Not detected Trace 

N 
42 2881.0 2881.0  

Possible Le/SLe 
Not detected Not detected3 0.17 

N 
43 2882.0 2882.1 

 

Possible Le/SLe 

Not detected Not detected2,3 0.05 

Abbreviations: 1Glycan structures detected on N-linked glycoproteins of human milk whey reported by Dallas et al. 2011; 2glycan structures detected 
on N-linked glycoproteins of bovine and/or human milk whey reported by Nwosu et al. 2012; 3glycan structures detected on N-linked glycoproteins of 
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bovine or human milk fat globule membrane glycoproteins reported by Wilson et al. 2008; 4glycan structures detected on N-linked glycoproteins of HT-
29 cell reported by Vercoutter-Edouart et al. 2008. The *denotes new entry of a N-linked glycoprotein structure not seen in total human milk glycan 
analysis (Chapter 3). 




