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Abstract 

 

Carbohydrates, or glycans, are ubiquitous in nature and present across all kingdoms of 

life - bacteria, fungi, viruses, yeast, plants, animals, and humans. They are essential to 

many biological processes. Fucose is a deoxyhexose; an unusual sugar, which is 

abundant in host mucosal surfaces, where it decorates terminal positions of mucin 

carbohydrate ligands; microbial cell surface structures and is found in some dietary 

sources [1]. Fucosylated glycans are involved in a variety of physiological processes 

including immunity, brain development, cancer and host-microbe interactions. As such, 

opportunities for the detection, prevention, and intervention of bacterial infection through 

diet or novel therapeutics are possible due the cell surface, species-specific carbohydrates 

and carbohydrate-binding proteins presented by pathogens. Human milk oligosaccharides 

(HMOs) are associated with a range of diverse health benefits, acting as prebiotics for 

commensal bacteria, receptor decoys for pathogens and as immune stimulants. Their 

bioactive properties provide a unique opportunity to impact bacteria-associated disease in 

humans and animals.  

Over 200 different structures of HMO have been identified in human breast milk, 

significantly more than are present in the milk of livestock and most primates. However, 

their biosynthesis is largely unknown and there are many challenges that impede either 

their purification from donated samples or chemical and/or enzymatic synthesis. The aim 

of this research is to 1) develop improved liquid chromatography strategies for the 

characterisation and purification of HMOs; 2) investigate the synthesis of fucosylated 

HMOs and novel, non-natural HMO analogues; 3) assess the ability of HMOs to modulate 

bacterial growth and 4) develop a selective and sensitive microplate-based assay to detect 

glycan-bacterial interactions in live bacteria.  

Liquid chromatography methods were optimised for the characterisation and purification 

of HMOs, including for the analysis of fucosylation reactions. To enable benchtop analysis 

and purification of HMOs, a method for the use of HILIC cartridges was developed, which 

successfully resolved mixtures of HMOs. Investigations with α1,2-fucosyltranferase from 

H. mustelae, showed that it is a promiscuous enzyme that can accept and convert a variety 

of di-, tri-, tetra- and pent- saccharides, including core HMO structures and fucosylated 

glycans and functionalised lactosides. This enzyme is capable of synthesising HMO 

analogues and the procedure can be scaled up when used in combination with L-

fucosekinase/GDP-L-fucose pyrophosphorylase (FKP) in a two-step, one pot reaction. 

Furthermore, FKP can convert D-Ara and L-Gal into their respective GDP-sugar 
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nucleotides, and these can be processed as donors by α1,2-fucosyltransferase to 

synthesise non-natural HMO analogues. Microbiological assays revealed that Escherichia 

coli is able to utilise L-fucose as a sole energy source but not HMOs, nor do HMOs affect 

microbial growth when co-fed with fucose. Finally, an ELISA-like binding assay was 

developed which allowed selective binding of E. coli to glycan-functionalised microplates. 

The methodology can be adapted to gold nanoparticles, quantum dots and gold/graphene 

chips for use as highly specific biosensors for detection of pathogens or identification of 

pathogen-specific glycan motifs for the development of targeted drug therapies.  
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Chapter 1 – Introduction 

 

1.1 Human Breast Milk 

Human breast milk is widely regarded as the ‘gold standard’ diet for infants, providing 

complete postnatal nutrition during early neonate and further development, fined tuned 

over millions of years of evolution [2]. Breast milk contains many complex proteins, lipids 

and carbohydrates, the composition of which changes dramatically over the course of 

lactation in relation to the needs of the infant [3]. Contained within breast milk are a myriad 

of biologically active compounds that possess diverse roles aiding the development of the 

immune system and intestinal microbiota [4]. Human milk oligosaccharides (HMOs) are 

one such biologically active component that exert prebiotic effects, as well as acting as 

anti-adhesion agents and immune system modulators [5]. HMOs are non-digestible, 

complex carbohydrates [6] that are highly abundant in human milk (20-25 g/L in colostrum 

and 10-15 g/L in mature milk) being the third largest solid component after lactose and 

lipids [7, 8]. The composition of HMOs in breast milk is dependent on multiple factors 

including, maternal diet [9], genotype and lactation time course [4].  

 

1.2 Human Milk Oligosaccharides (HMOs)  

Over 200 different structures of human milk oligosaccharides (HMOs) have been identified 

in human breast milk [10]. HMOs consist of five monosaccharides: D-glucose (Glc), D-

galactose (Gal), N-acetylglucosamine (GlcNAc), L-fucose (Fuc), and sialic acid (N-

acetylneuraminic acid, Sia) in humans [3]. The reducing end is formed of lactose (Galβ1-

4Glc) and can be elongated by the addition of β1-3- or β1-6-linked lacto-N-biose (Galβ1-

3GlcNAc) to give a type 1 chain or the addition of N-acetyllactosamine repeat units (Galβ1-

4GlcNAc) to give a type 2 chain, which can be further extended as seen in Figure 1A. 

Thus, a large number of core structures can be formed in either a linear configuration, 

para-HMO, or branched configuration, iso-HMO, introduced by a β1-6 linkage between 

two disaccharide units [11]. Fucosylation in α1-2, α1-3 or α1-4 linkage and/or sialylation in 

α2-3 or α2-6 linkage of the lactose or the elongated polylactosamine backbone gives 

further diversification of HMO structures [3] (see Figure 1.1B). As such, HMOs can be 

classified into three major categories: fucosylated neutral HMOs (35-50%), non-

fucosylated neutral HMOs (42-55%) or sialylated acidic HMOs (12-14%) [12].  
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Figure 1.1: Structural diversity of HMOs. (A) The reducing end is formed of lactose (Galβ1-4Glc) 
and can be elongated by the addition of β1-3- or β1-6-linked lacto-N-biose (Galβ1-3GlcNAc) or N-
acetyllactosamine repeat units (Galβ1-4GlcNAc). The polylactosamine backbone can then be 
further modified by the addition on fucose or neuraminic acid [13]. (B) Common HMO structures. 
Adapted with permission from [14]. 

 

 

 

A 
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Comparatively, 50-70% of total HMOs are fucosylated with only 10-20% sialylated 

structures present. However, the reverse is true for bovine milk oligosaccharides (BMOs) 

and porcine milk oligosaccharides (PMOs), where the majority of free milk 

oligosaccharides are acidic, sialylated structures (Table 1.1) [15, 16]. Novel milk 

oligosaccharides have also been found in the milk of the yak (grunniose and vakose), 

camels (medalose and ramelose) and buffalo (bubaliose) with rare linkages, such as α1-

3Gal side chains and α1-3GalNAc at the reducing end Glc etc. [17-20] (see Figure 1.2).  

 

Table 1.1: Comparison of free oligosaccharides in humans vs. bovine milk oligosaccharides 
(BMO) and porcine milk oligosaccharides (PMO) [15, 21]. 

 

 

 

Figure 1.2: Structures of novel oligosaccharides found in animal milk. (A) Grunniose and (B) 
vakose from yak milk; (C) medalose and (D) ramelose from camel milk; and (E) bubaliose from 
buffalo milk. 

 

  HMO BMO PMO 

Number of oligosaccharides  200+ ~40 ~40 

Percentage of fucosylation (%)  50-70 ~1 1-3 

Percentage of sialylation (%)  10-20 ~70 ~70 

E 

A B

C
D
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1.3 HMO Profile  

As previously mentioned, over 200 different structures of HMO have been identified in 

human breast milk [10], and the variety of structures present in a maternal mother’s milk 

is dependent on her genotype, as well as the duration of lactation. HMOs are synthesised 

by the lactocytes, milk-secreting cells that line the alveoli of the human mammary gland 

[22], and the profile of HMOs produced by individuals is the result of the expression of 

specific transferase enzymes, α1,2-fucosyltransferase (FUT2) and α1,3/4-

fucosyltransferase (FUT3). The Secretor gene (Se), FUT2, is responsible for the addition 

of α1,2-linked fucose in an HMO structure, while the Lewis gene (Le), FUT3, catalyses the 

addition of fucose via a α1,3/4-linkage. The different expression of these enzymes results 

in a four main phenotypes and subsequent HMO profiles: Se+/Le+, Se-/Le+, Se+/Le-, Se-

/Le- (see Table. 1.2) [23]. It follows that not all mothers produce the same complement of 

HMOs. Se+/Le+ mothers can produce the full spectrum of HMO structures, whereas Se-

/Le+ and Se+/Le- mothers are deficient in FUT2 and/or FUT3 respectively. However, 

women with a Se-/Le- profile that express neither FUT2 nor FUT3 still produce milk which 

contains fucosylated HMOs, like 3-fucosyllactose (3-FL, Galβ1-4(Fucα1-3)Glc) or lacto-N-

fucopentaose III (LNFP III). This suggests that other Se- and Le-independent 

fucosyltransferases (FucTs) (FUT4, 5, 6, 7 or 9) may also be involved. Furthermore, α1,2-

fucosylated structures found in the milk of non-Secretor women towards the end of 

lactation suggests a role for FUT1 in HMO synthesis [24]. 

 

 

Table 1.1: Human milk oligosaccharide (HMO) secretor phenotypes. Taken from [38]. 

 

 

 

 

Genes Lewis+ Lewis- 

Secretor +  Se+/Le+ 

Able to secrete all HMOs 

Se+/Le- 

Able to secrete 2’FL, 3FL, LNFPI, LNFPIII 

Secretor - Se-/Le+ 

Able to secrete 3FL, LNFPII, LNFPIII 

Se-/Le- 

Able to secrete 3FL, LNFPIII, LNFPV 
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1.4 HMO Bioactivity 

HMOs were originally identified as a “bifidus factor” in human milk, due to the presence of 

a bacterial isolate found predominantly in the faeces of breastfed infants, termed Bacillis 

bifidus communis by Tissier [25]. However, in recent years it has been increasingly 

apparent that HMOs are responsible for more than the growth of beneficial bacteria in the 

infant gut. Briefly, HMOs are known prebiotics due to their use as metabolic substrates by 

commensal bacteria, giving them advantageous growth over potential pathogens [26]. 

HMOs prevent pathogen attachment by acting as soluble glycan receptor decoys and 

directly modulate the gene expression of epithelial cells. They also modulate the immune 

system by altering lymphocyte cytokine production and reduce selectin-mediated cell-cell 

interactions by decreasing leukocyte rolling on endothelial cells leading to reduced 

mucosal leukocyte infiltration and activation. HMOs are also thought to provide an 

essential source of sialic acid for development and cognition in the brain (see Figure 1.3). 

Studies have also shown synergy of HMOs with some antibiotics against Group B 

Streptococcus [27, 28]. 

 

Figure 1.3: Schematic summarising the postulated beneficial effects of HMOs on the 
breastfed infant. HMOs serve as prebiotic agents, selectively enriching bifidogenic gut bacteria. 
They have also been shown to act as antivirals and antimicrobials due to their antiadhesive 
properties. HMOs interact with immune cells and affect the expression of pro/anti-inflammatory 
cytokines. Expression of proteins at the glycocalyx and mucus layers is also altered by HMOs and 
their metabolites. HMOs are also though to aid brain development and cognition by providing a 
source of sialic acid. Reproduced with permission from [29]. 
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1.4.1 Prebiotics 

HMO are probably best known for their prebiotic effects in breast-fed infants, where they 

exert a strong bifidogenic effect, characterised by the proliferation of specific strains 

including Bifidobacterium infantis, B. breve and B. bifidum, to shape the infant’s gut 

microbiota by selectively stimulating the growth of specific bacteria, or commensal 

bacteria (see Figure 1.4) [30, 31]. The concept of prebiotics was first introduced in the 

1990s by Gibson and Roderbroid, who defined prebiotics as “a non-digestible food 

ingredient that beneficially affects the host by selectively stimulating the growth and/or 

activity of one or a limited number of bacteria in the colon, and thus improves host health” 

[32]. Since then, the accepted definition has been revised but the premise remains the 

same. To qualify as a prebiotic, compounds must comply with several criteria: they must 

be resistant to gastric activity, enzyme hydrolysis and gastrointestinal absorption. Due to 

their low absorption rate (~1%) and high concentrations of intact HMOs found in the distal 

small intestine and colon, HMOs qualify as prebiotics [33, 34]. What's more, evidence 

suggests that breast-fed infants have a higher abundance of beneficial bifidobacteria 

compared with formula-fed infants [35].  

 

 

 

Figure 1.4: Illustration of the prebiotic effect of HMOs on the gut microbiota. In presence of 
HMOs, the growth of beneficial commensal bacteria is selectively stimulated and preventing the 
growth of pathogens. While in the absence of HMOs, there is an increased presence of pathogens. 
Taken with permission from [29]. 
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Notably, Bifidobacterium bifidum was shown to grow on human milk glycan fractions [36]. 

This trend was then observed in B. longum subsp. infantis, which was shown to grow with 

HMOs as the only carbon source and ultimately consume mono- and disaccharide 

degradation products [37]. Furthermore, other Bifidobacterium species, such as B. breve 

and B. lactis, have been confirmed to selectively consume fucosylated and sialylated 

HMOs [38, 39]. B. breve also metabolises lacto-N-tetraose (LNT; Galβ1-3GlcNAc-Lac, 

type I), but not lacto-N-neotetraose (LNnT; Galβ1-4GlcNAcLac, type 2) [11]. 

 In order to utilise HMOS, the single monosaccharides need to be released, and the 

breakdown of each linkage requires specific enzymes that exist in microbes [40]. First, the 

fucose and sialic acid “decorations” are removed by α-L-fucosidases and sialidases so 

that the core structure can be accessed by β-galactosidases and β-N-

acetylglucosaminidases [41-43]. The genome sequence of B. longum subsp. infantis also 

revealed entire gene clusters evolved for milk utilisation within the infant microbiome, 

controlling the expression of glycosidases, transporters and glycan-binding proteins. In a 

single 43kbp gene cluster four glycosyl hydrolases were found, which are predicted to 

cleave milk oligosaccharides into its constituent monosaccharides: a sialidase, a 

fucosidase, an N-acetyl-β-hexosaminidase and a β-galactosidase [44]. Full 

characterisation of Bifidobacterium strains and genes, which utilise HMOs can be found 

in Appendices 1.1.  

Although Bifidobacterium and Bacteroides are the most comprehensively studied genera 

of gut colonisers, they are not the only species that utilise HMOs. Lactobacillus, 

Escherichia, Klebsiella, Enterococcus, Staphylococcus, and Clostridium have also been 

reported to utilise HMOs, though the data is sporadic and strain specific [45, 46]. Many 

infant gut commensals, considered non-HMO utilizers, have also been tested for growth 

on more abundantly present HMOs. Clostridium perfringens, Escherichia coli, 

Enterococcus faecalis, some Lactobacillus species (L. acidophilus, L. casei, L. fermentum, 

L. plantarum, L. rhamnosus, L. salivarius), and Staphylococcus epidermidis and 

Streptococcus thermophilus have been used in growth curve experiments where they 

sustain moderate or little growth on HMOs, such as 2’FL, 3FL and LNnT [47-52]. However, 

strains that cannot utilise HMOs can often metabolise the digestion products, i.e., 

monosaccharides and disaccharides (Fuc GlcNAc and Neu5Ac), released into the 

environment by other HMO utilising species.  

Metabolites from HMO digestion by microbes can also influence intestinal health. The 

release of short-chain fatty acids (SCFAs) can mediate beneficial effects by lowering the 

pH of the intestinal environment, which prevents the growth of pathobionts [53, 54]. 
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1.4.2 Decoy Receptors  

HMOs also directly affect the ability of pathogens to invade and colonise the infant gut 

epithelial by acting as antiadhesive antimicrobials, in addition to indirectly providing a 

competitive advantage to non-pathogenic commensals [3]. Adherence to mucosal 

surfaces is often vital for viral, bacterial and protozoan pathogens to colonise the host and 

cause disease and, frequently, this is initiated by lectin-glycan interactions. This is 

supported by the existence of a vast range of different lectin families (see Table 1.3) and 

can be specific to different species and strains of microorganism [55, 56]. HMOs prevent 

the attachment of pathogens to the intestinal epithelial surface by acting as receptor 

decoys by mimicking the cell surface glycans (see Figure 1.5).  

Studies using in vitro cultured epithelial cells have shown that Campylobacter jejuni binds 

type 2, α1,2-fucosylated H-antigens and soluble α1-2-fucosylated HMOs block binding of 

C. jejuni to cultured cells in human intestinal mucosa explants and reduce colonisation in 

mice [57, 58]. Furthermore, in a study examining episodes of C. jejuni-associated 

diarrhoea in 100 mother-infant pairs, there were significantly fewer cases of C. jejuni-

associated diarrhoea in infants who received high concentrations of 2’FL from the nursing 

mother. Similarly, where the mother’s milk contained high concentrations of lacto-N-

difucohexaose I (LNDFH-I), another α1,2-fucosylated HMO, cases of calicivirus diarrhoea 

were also less frequently observed [59]. 

Additionally, HMOs also appear to offer protection to nasopharyngeal regions and the 

upper respiratory tract, with breast-fed infants having a lower risk of developing infections 

caused by Streptococcus pneumoniae, Pseudomonas aeruginosa, Haemophilus 

influenzae and respiratory syncytial virus (RSV). This is due to human milk covering 

mucosal surfaces of the infant’s nasopharyngeal regions and occasionally the upper 

respiratory tract during episodes of aspiration [60, 61]. Furthermore, HMOs are absorbed 

and excreted in the urine and sialylated HMOs have been shown to reduce 

hemagglutination induced by uropathogenic E. coli [62].  

Viruses also employ this mechanism of glycan-mediated attachment [63, 64]. HMOs serve 

as soluble decoy receptors due to their resemblance of mucosal cell surface glycans, thus 

preventing pathogens from binding and reducing the risk of infection [65]. Similarly, viruses 

also express glycans to bind to host lectins. They are known glycan-virus binding 

interactions between HMOs and influenza, rotavirus, RSV, human immunodeficiency virus 

(HIV), and norovirus [66]. Rotavirus has been shown to bind H1 antigens and its precursor, 

Lacto-N-biose, via its VP4 spike protein [67] and the viral capsid of norovirus binds the 

structural mimics of human blood group antigens, 2’FL and 3FL [68]. While HIV, expresses 
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the envelope glycoprotein gp120 to facilitate binding to DC-SIGN (dendritic cell-specific 

ICAM3-grabbing non-integrin) on human dendritic cells [69-71]. This interaction is 

important for HIV transmission from mother-to-child during breastfeeding by aiding HIV 

entry via mucosal barriers [72] and could explain the surprisingly low (10-20%) mother-to-

child transmission of HIV when breastfeeding [73]. These findings have accelerated the 

research into the antiviral potential of HMOs, including for the treatment of COVID-19 in 

recent months [74, 75]. 

 

Table 1.3: Examples of bacterial adhesins with glycans relevant to systems effected by 
HMOs. Adapted from [76]. 

Microorganism Adhesin Glycan-Receptor 

Specificity 

Site of Infection 

Bordetella 

pertussis 

Filamentous 

hemagglutinin (FHA) 

Sulfated glycolipids, 

heparin 

Ciliated epithelial in 

respiratory tract 

Campylobacter 

jejuni 

Flagella, LPS H antigen Intestinal cells 

Escherichia coli P fimbriae Galα1-4Galβ- Urinary tract 

Type-1 fimbriae Manα1-3(Manα6Manα1-6) 

Man 

Urinary tract 

K99 fimbriae Gangliosides GM3, 

Neu5Gcα2-3Galβ1-4Glc 

Intestinal cells 

Haemophilus 

influenza 

HMW1 adhesin Neu5Acα2-3Galβ1-

4GlcNAcβ-, heparan 

sulphate 

Respiratory epithelial 

Helicobacter 

pylori 

BabA Sialyl Lewis x Stomach 

 SabA Lewis b Stomach/duodenum 

Mycobacterium 

tuberculosis 

Heparin-binding 

hemagglutinin adhesin 

(HBHHA) 

Heparan sulphate Respiratory epithelial 

Neisseria 

gonorrhoeae 

Opa proteins protein LacCer; Neu5Acα2-

3Galβ1-4GlcNAcβ-, 

syndecans, heparan 

sulphate 

Genital tract 

Pseudomonas 

aeruginosa 

Type IV pili Aisalo GM1 and GM2 Respiratory tract 

Streptococcus 

pneumoniae 

Carbohydrate-binding 

modules of β-

galactosidase, BgaA 

Lactose or N-acetyl-

lactosamine 

Respiratory tract 
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Figure 1. 5: Illustration of the antiadhesive properties of HMOs. They directly reduce microbial 
infections by acting as antiadhesive antimicrobials to prevent pathogen attachment at the intestinal 
cell surface. Taken with permission from [29].  

 

1.4.3 Intestinal Epithelial Cell Modulation 

The intestinal epithelium forms a functional barrier between the circulatory system and the 

gut’s luminal content and is, therefore, critical for the passage of nutrients and 

macromolecules, and prevention of paracellular translocation of bacteria [77]. The 

intestinal barrier is comprised of a mucus layer covering the intestinal epithelia, which acts 

to separate the gut microbiota from the submucosa. Intercellular junctional complexes that 

maintain epithelium barrier function regulate the entry of luminal nutrients, ions and water. 

Microbes can indirectly alter the epithelial permeability through effects on host immune 

cells and the release of cytokines [78] 

Observation from in vitro studies suggest that HMOs directly interact with intestinal 

epithelial cells to affect gene expression, which subsequently affects cell surface 

glycosylation and reprograms the cell cycle leading to modulation of cell growth, 

differentiation, and apoptosis [79, 80]. Incubation of human intestinal epithelial cell lines 

with 3’-SL lowers the expression of sialyltransferases ST3Gal1, ST3Gal2 and ST3Gal4 

leading to decreased α2,3- and α2,6-sialylation and lower enteropathogenic E. coli binding 

[81]. Additionally, a series of experiments by Kunz et al., revealed that incubation of 

intestinally transformed HT-29 cells with neutral and acidic HMOs induces differentiation 

while neutral oligosaccharides strongly induce apoptosis [79]. It does this by increasing 

mucin production and enhancing barrier function and the cellular level, coupled with 

modulation of the immune system by promoting a regulatory T cell enriched gut-associated 

lymphoid tissue (GALT) population [53, 54].  
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1.4.4 Immune System Modulation 

HMOs have been detected in faeces and urine of breasted infants, but also directly in 

peripheral blood [82-84]. HMOs are thought to directly modulate the immune response by 

either acting locally on cells of the mucosa-associated lymphoid tissues or on a systemic 

level. Sialylated HMOs promote lymphocyte maturation and balanced Th1/Th2-cytokine 

production to achieve low level immunity [85]. Furthermore, 3’SL and 6’SL have been 

shown to enhance bacterial clearance in Pseudomonas aeruginosa K (PAK)-infected 

mouse model and promote phagocytosis of PAK. They are also effective at promoting 

phagocytosis of bacteria, intracellular ROS generation and lysosomal activity [86].  

However, it is currently unknown which receptors and signalling pathways transduce 

HMO-mediated effects on lymphocyte cytokine production or macrophage stimulation. 

The immune system utilises several different types of lectins and HMOs may interfere with 

specific lectin-glycan binding specificities. For example, selectins are C-type lectins and 

cell adhesion molecules that mediate the leukocyte trafficking and platelet– neutrophil 

complex (PNC) formation, which mediate leukocyte migration from the blood stream to 

subendothelial regions of inflammation [87]. In an in vitro flow model with TNFα-activated 

human endothelial cells, sialylated HMOs reduce leukocyte rolling and adhesion and 

therefore, reduce inflammation [88]. 

 

 

1. 5 Challenges and Opportunities for the Study of HMOs 

The plethora of bioactive properties that HMOs offer gives a huge range of opportunities 

for perspective interventions and treatments: from infant nutrition to adult diet 

supplementation, glycan-based probes, new anti-infective strategies and use in antibiotic 

cocktails to potentiate the effect of antibiotics to combat antibiotic resistance. The 

discovery of HMO protection against rotavirus and norovirus infections can provide an 

alternative to current therapies. 

The greatest barrier to research in the field of HMO glycobiology is the limited availability 

of HMOs. They are currently sourced from human milk samples, synthesised chemically, 

enzymatically, or by microbial cell factories. Firstly, there is a limited supply of donor milk 

and the isolation procedures employed to purify individual oligosaccharides from pooled 

samples is both tedious and labour intensive [89]. As such, many studies use pooled milk 

samples to draw conclusions about the bioactive properties of HMOs. A failing of this 
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approach is that specific structure-activity relationships cannot be elucidated without 

single-entity compounds. This is evident in a recent example where pooled HMOs were 

found to reduce incidence of NEC in a neonatal rat model, however, after further 

investigation it was revealed that this protection was the sole action of disialyllactose-N-

tetraose (DSLNT) [90].  

There are also low concentrations of milk oligosaccharides in mammals (0.7 to 1 g/L in 

bovine colostrum compared to 5 – 20 g/L in human colostrum) and their oligosaccharide 

structures are less diverse and complex, even in human primates [91, 92]. It follows that 

the use of animal models in preclinical studies does not translate well to humans as they 

produce a different panel of oligosaccharides and are therefore, not exposed to HMOs, 

which leads to differences in response [89]. Complex HMO structures are also extremely 

difficult to access chemically; requiring organic solvents, toxic reagents, poor atom 

economy, and complex and lengthy protecting and de-protecting steps to achieve 

chemoselectivity and regioselectivity. Advances in chemoenzymatic synthesis of HMOs 

are needed create structurally defined HMOs and HMO libraries to facilitate initial research 

studies for identification of targets. A better understanding of how HMOs are produced in 

the human mammary gland would guide chemoenzymatic synthesis and inform the 

bioengineering process. Bioengineered microorganisms also have the advantage of 

nearly ceiling less scale-up opportunities [89]. 

 

 

1.6 HMO Biosynthesis  

Relatively little is understood about the synthesis of HMOs, and little is known about how 

the difference in fucosylation, and sialylation occurs between human and animal milk. It is 

known that the lack of fucosylated milk oligosaccharides in other non-human milk is also 

due to a lack of FUT expression. Thus, there is an enhanced selective advantage arising 

from milk oligosaccharide content due to increased complexity, variability and 

concentration of HMOs compared to other species [16]. One might speculate that 

fucosylated HMOs are integral to human evolution and perhaps relate to long childhood 

and ex-utero brain development of infants compared to great apes and other mammals. 

For example, the brain volume of a chimpanzee foetus is only half that of a human foetus 

at 16 weeks of gestation and shows greater acceleration in brain growth [93].   

HMO biosynthesis takes place in the Golgi of mammary gland epithelial cells and is likely 

an extension of lactose biosynthesis, where the UDP-Gal:N-acetylglucosamine β1-4-
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galactosyltransferase (GalT) is in complex with α-lactalbumin, referred to as ‘lactose 

synthase’, transfers UDP-Gal to GlcNAc moieties to form reducing end lactose [94, 95]. 

Following the formation of the terminal lactose, elongation and branching occur via a 

variety of transferase enzymes, which are subsequently sialylated and/or fucosylated 

much like the synthesis of human blood group antigens. Fucosylation is regulated by the 

expression of fucosyltransferase (FUT) enzymes [96], where FUT2 encodes expression 

of α1,2-fucosyltranserfase and FUT3 encodes α1,3/4-fucosyltransferase expression. 

However, the order of biosynthetic events is largely unknown.  

 

1.6.1 Enzymatic Synthesis of HMOs  

Due to their high structural diversity and complexity, as a result of the high number of 

possible monosaccharide combinations and linkages, the identification and quantification 

of HMOs pose a challenge to researchers. However, the correct identification of HMOs is 

essential, as their specific structures lead to different biological effects [97, 98]. Therefore, 

strides have been taken in recent years, towards the chemical and enzymatic synthesis of 

HMOs. 

Carbohydrates are polyhydroxy compounds, which contain large numbers of the same 

functional groups; therefore, their chemical synthesis is notoriously difficult, requiring 

organic solvents, toxic reagents, high atom economy, and complex and lengthy protecting 

and de-protecting steps to achieve chemoselectivity and regioselectivity. Additionally, 

glycosyl donors can be connected by either α or β glycosidic linkages, which creates 

added complexity to the synthesis. This is poignant when we consider that anomeric 

mixtures cannot be used directly for biological research [99]. In recent years, the 

Seeberger group have developed an ‘automated glycan assembly’ – based on the solid-

phase synthesis paradigm like automated polynucleotide synthesis, which allows access 

to polysaccharides of up to 100 monosaccharide units via a 201 automated iterative cycles 

of coupling, capping and deprotection [100]. 

Fortunately, enzymatic methods for the synthesis of HMOs have been proving effective. 

Unlike chemical methods, they can be done in mild, aqueous solutions on non-protected 

substrates and catalyse glycosylations in a highly selective manner [101]. Many different 

enzymatic approaches have been investigated, including the engineering of various model 

host strains such as E. coli [102-104] and yeast [105] to create cell factories via whole cell 

microbial transformations and loop engineering [106, 107]. The production of 2’FL has 

been approved to be produced by microbial fermentation since 2015 and is regarded, 
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along with LNnT as safe for incorporation to infant formula by the US Food and Drug 

Administration (FDA) and European Food Safety Authority (EFSA) (see Figure 1.6) [108-

110]. However, these approaches are a very young technology and, to date, have mainly 

been used for the production of 2’FL, 3FL, LNT and LNnT, and more recently LNFPIII and  

lacto-N-fucopentaose V (LNFPV) [111]. As such, they are limited by the efficiency of 

lactose import and metabolism, balancing heterologous gene expression and cell growth 

and lack of knowledge regarding key enzymes of the biosynthetic routes to more complex 

HMOs [108]. Multi-enzyme cascades and modular enhancement strategies have also 

been improved for enhanced efficiently of α1,2/3-fucosyltransferases [112-115].  

 

 

Figure 1.6: Gene targets of metabolic engineering to produce 2’FL in E. coli. Three elements 
for producing 2’FL in E. coli are illustrated. Either extracellularly fed or intracellularly synthesized 
lactose can be used as a backbone. De novo and/or salvage pathways for producing GDP-L-fucose 
can be used. Fucosyltranferases from various sources can be used for fucosylation of lactose. 
Reproduced with permission from [89].  

 

Fucosyltransferase enzymes are responsible for the addition of fucose residues at specific 

locations and via specific linkages during glycan synthesis. To date, thirteen human 

fucosyltransferase genes have been cloned and characterised (see Table 1.4). 

Mammalian fucosyltranferases catalyse the transfer of fucose from a donor substrate, 

GDP-L-fucose, to oligosaccharide chains via an α1,2- α1,3-, α1,4- or α1,6-glycosidic 

linkage [116]. While α1-3-fucosyltransferases have been more extensively studied for their 

use in the synthesis of Lewis antibodies [115, 117-121], by comparison the α1-2-

fucosyltransferases are largely understudied.  

 



 

   

31 
 

Table 1.4: Genes and enzymes involved in the fucosylation of fucose-containing glycans in 
humans. 

Gene Gene ID Enzyme Linkage Product Ref 

FUT1 HGNC:4012 Fucosyltransferase 1 

(H blood group) 

α1,2 ABH 

Lewis antigens 

 [122, 

123] 

FUT2 HGNC:4013 Fucosyltransferase 2 α1,2   [122, 

123] 

FUT3 HGNC:4014 Fucosyltransferase 3 

(Lewis blood group) 

α1,3/4 Lewis antigens  [123, 

124] 

FUT4 HGNC:4015 Fucosyltransferase 4 α1,3   [123, 

124] 

FUT5 HGNC 4016 Fucosyltransferase 5 α1,3/4   [123, 

124] 

FUT6 HGNC:4017 Fucosyltransferase 6 α1,3   [123, 

124] 

FUT7 HGNC:4018 Fucosyltransferase 7 α1,3   [123, 

124] 

FUT8 HGNC:4019 Fucosyltransferase 8 α1,6 N-glycan core 

fucosylation 

 [125, 

126] 

FUT9 HGNC:4020 Fucosyltransferase 9 α1,3   [123, 

124] 

FUT10 HGNC:19234 Fucosyltransferase 10 α1,3   [127] 

FUT11 HGNC:19233 Fucosyltransferase 11 α1,3   [127] 

POFUT1 HGNC:14988 Protein O-fucosyltransferase 1  Polypeptides 

fucosylation 

 [128-

130] 

POFUT2 HGNC:14683 Protein O-fucosyltransferase 2    [128-

130] 

 

 

1.6.2 α1,2-Fucosyltransferases 

The glycosyltransferase family 11 includes the human α1,2-fucosyltransferase (α1,2-

FucT) genes (FUT1 and FUT2) [131] and a large number of putative α1,2-FucTs with yet 

unknown acceptor specificities. All α1,2-FucTs add a fucose residue via an α1,2-linkage 

but different species have unique substrate specificities (see Figure 1.7). For instance, 

α1,2-FucT from humans has been shown to have a preference towards type 2 LacNAc 

(βGal1-4GlcNAc) or Lewis antigen, Lewis X (βGal1-4(αFuc1-3)βGlcNAc), whereas α1,2-

FucT from H. pylori prefers type 1 glycans such as LacNAc  (βGal1-3GlcNAc) or Lewis A 

(βGal1-3(αFuc1-4)βGlcNAc) as well as a wide variety of type 1 oligosaccharide substrates 

[132]. The same is true of α1,2-FucTs enzymes from enteropathogenic E. coli O128, O86 
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and O127, which all display preferences towards type 1 lacto-N-biose or mucin-type core 

1 O-glycan, respectively [133].  

 

 

Figure 1.7: Reaction mechanism of α1,2-fucosyltranferases. Catalyses the transfer of L-fucose, 
from GDP-L-fucose to the terminal galactose of both O- and N-linked glycans.   

 

The α1,2-FucT from Helicobacter mustelae (HmFucT) that we will use for this thesis is 

commercially available, however, there is no published data about its substrate specificity 

or crystal structure. Despite this, α1,2-FucT from H. pylori (HpFucT) and HmFucT share 

77.9% sequence homology therefore, it can be assumed that they will demonstrate similar 

substrate specificity due to remarkably similar AlphaFold structures (see Figure 1.8A). No 

structural information is available for the α1,2-FucTs, including annotation of the catalytic 

site, however the catalytic site is conserved as among other fucosyltransferases. ConSurf 

analysis revealed a highly conserved region in a pocket of the protein – the likely location 

of the catalytic site (see Figure 1.8B) [134-139].  
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Figure 1.8: Summary of α1,2-fucosyltranferase structure for H. pylori and H. mustelae 
putative enzymes. AlphaFold structure prediction of (A) HpFucT (left) and HmFucT (right) [140, 
141]. (B) PyMOL representation of HmFucT showing the protein surface from AlphaFold with the 
evolutionary conservation of amino acid residues from ConSurf [134-139]. 

 

1.6.3 L-Fucokinase/GDP-L-Fucose Phosphorylase (FKP) 

Although fucosyltranferases are useful tools for HMO synthesis, the donor required for the 

enzymatic reaction to occur, GDP-L-fucose, is very expensive commercially meaning that 

use of a commercial donor makes the scalable synthesis of HMO analogues unachievable. 

Therefore, we must consider an alternative, cost-effective approach to the acquisition of a 

suitable donor. One such method is to utilise the bi-functional enzyme, L-fucokinase/GDP-

L-fucose phosphorylase (FKP) and use it in a one-pot reaction with the α1,2-

A 

B 

H. pylori H. mustelae 
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fucosyltransferase to simultaneously catalyse the formation of the donor, which can then 

be used to catalyse the fucosylation of HMO analogues in one step.  

GDP-L-fucose is synthesised via two different metabolic pathways in vivo: the de novo 

pathway and the salvage pathway. The de novo pathway is constitutively active and 

evolutionarily conserved and involves the conversion of GDP-D-mannose to GDP-L-

fucose via three enzymatic reactions. On the other hand, the salvage pathway involves 

the scavenging of free L-Fuc from the diet from which the enzymes L-fucokinase and GDP-

L-fucose pyrophosphorylase can catalyse the formation of GDP-L-fucose (as illustrated in 

Figure 1.6). FKP is found in the salvage pathway of Bacteroides fragilis, which mammals 

harbour as a symbiont in their intestines, for the formation of GDP-L-fucose from L-fucose 

[142]. The overall structure of FKP exhibits a tetrameric organisation, where each 

monomer is composed of an N-terminal GDP-fucose pyrophosphorylase domain and a C-

terminal fucokinase domain joined by a linker (see Figure 1.9).  

 

Figure 1.9: Formation of the sugar nucleotide GDP-L-fucose by FKP from Bacteroides 
fragilis. Adapted from [143]. 

 

Previous studies have exploited the fucose salvage pathway using FKP for the 

incorporation of non-natural analogues into fucosylated glycans. In 2006, the Bertozzi and 

Wong groups incorporated azido and alkynyl functionalised at position 6 on fucose giving 

rise to non-natural analogues for the synthesis of carbohydrate probes [144, 145]. The 

kinetic parameters of FKP catalysis of non-natural C-5 derivatised fucose analogues was 

described in 2009 and were generally well-tolerated (see Figure 1.10). The largest loss in 

catalytic efficiency (~43-fold) was seen with removal of the C-5 methyl group, which 

indicated that the interaction between the enzyme active site and the C-5 methyl group of 

L-fucose was found to be critical for catalytic efficiency. The alkyne-, alkene-, and fluorine-

substituted analogues were phosphorylated by FKP almost as efficiently as the natural 

substrate L-fucose. [146].  
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Figure 1.10: Fucokinase activity of B. fragilis FKP with C-5 substituted fucose analogues. B. 
fragilis FKP fucokinase activity and specificity were determined in the presence of 5 mM ATP using 
a simple coupled enzymatic assay with spectrophotometric readout. The production of ADP by B. 
fragilis FKP is coupled to the oxidation of NADH in the presence of pyruvate kinase and lactate 
dehydrogenase. The consumption of NADH, and accordingly the fucokinase activity, is monitored 
by the change in absorbance at 340 nm [146]. 

 

1.7 Fucose in Nature  

Fucose is a deoxyhexose; an unusual sugar that is present in a variety of glycolipids and 

glycoproteins produced by mammalian cells and found in many of the animal kingdoms 

[147]. It is abundant on host mucosal surfaces, where it decorates terminal positions of 

mucin carbohydrate ligands; microbial cell surface structures and is found in some dietary 

sources [1]. Fucosylated glycans are involved in a variety of physiological processes 

including immunity, brain development, cancer and host-microbe interactions in humans 

[147].  

Perhaps the most well-known fucosylated glycans are the ABO blood group antigens, 

encoded by fucosyltranferases FUT1 and FUT2 to synthesise the H-antigen (see Figure 

1.11) [148]. The blood group antigens also have an important role in mediating host-

microbe interactions as L-fucose is found abundantly in the mammalian gut [149]. For 

example, Helicobacter pylori is able to utilise host expression of Lewisb antigen to 

recognise and attach to gastric epithelial tissue, leading to peptic ulcers and gastric 

cancer. This method of pathogen adhesion is also used by Vibrio cholera, rotavirus and 

norovirus [67, 150, 151], which bind to Lewisy [152], H-antigens [67], and 2’FL and 3FL 

[68], respectively.  
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Figure 1.11: Biosynthesis pathway of human ABO blood group antigens.  Reproduced with 
permission from [153]. 

 

Fucosylated glycans are also displayed by both commensal bacteria and pathogens to 

mimic host glycans and evade the immune system [149]. The activity of FUT2 also 

promotes normal microbial gut diversity and composition [154], while its upregulation 

serves as a protective mechanism to increase tolerance to infection and maintain host-

microbiome symbiosis [155, 156]. Fucosylated oligosaccharides also expedite the 

establishment of a healthy microbiota and provide protection from infection [157, 158]. 

Many fucosylated glycans on glycoproteins serve as important cancer biomarkers [147]. 

Change in fucosylation of glycoproteins such as fucosylated alpha-fetoprotein (AFP) is 

one of the most representative types of glycan-related cancer biomarkers [159]. Sialyl 

Lewis antigens are also upregulated in a variety of cancer types and serve as prognostic 

factors for increased risk of metastasis [160]. Zhang et al., demonstrated that by 

preventing terminal fucosylation by knocking down FUT1 and FUT4, tumour growth was 
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inhibited [161]. Additionally, in studies that aim to interfere with the synthesis of the 

fucosyltransferase donor, GDP-L-fucose, fucose analogues 2-fluoro-L-fucose and alkynyl-

fucose were able to inhibit GDP-fucose synthesis and therefore liver cancer HepG2 cell 

proliferation, migration and tumour formation, and hepatoma cell migration and invasion, 

respectively [162, 163] (see Figure 1.12).  

 

 

Figure 1.12: Illustration of how fucosylation inhibitors, alkynyl-fucose and 2-fluoro-L-fucose, 
elicit reduced glycoprotein fucosylation and halts hepatoma invasion. Alkynyl-fucose, a 
widely used fucosylation probe, strongly inhibits fucosylation by competitively inhibiting the enzyme, 
GDP-fucose synthase (FX). Reproduced with permission from [162]. 

 

 

1.9 Aims 

The aims of this thesis are broad, encompassing the synthesis and characterisation of 

HMOs as well as biological applications of HMOs, including the development of simple, 

specific glycan binding assays.  

As explained above, there are many challenges that impede the chemical and/or 

enzymatic synthesis of HMOs and their subsequent characterisation and purification, 

therefore, to this end this thesis aims to improve on current methods for the 

characterisation and purification of HMOs, principally LC methods such as HPAEC-PAD 
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and HILIC HPLC used in tandem with mass spectrometry. The use of HmFucT, a 

previously unreported enzyme, will be thoroughly explored for the enzymatic synthesis of 

fucosylated HMO analogues using a range of simple, complex and functionalised acceptor 

substrates. Functionalised lactosides with varying length linkers and functional groups will 

be examined as acceptor substrates to enable synthesis of complex functionalised HMOs 

that can be used for wider purposes, including immobilised carbohydrate assay 

development or synthesis of glycan-functionalised biosensors, probes, and 

nanomaterials. In addition, this enzyme will be investigated in one pot synthesis with FKP 

to catalyse the synthesis of the GDP-L-fucose sugar nucleotide donor for HmFucT. Novel 

non-natural HMO analogues incorporating, for example, D-Ara or L-Gal in place of L-Fuc, 

are thought to elicit variable responses in biological activity and could, therefore, be used 

to examine the molecular nature of HMO interactions with bacteria, including pathogens 

of interest. To enable access to rare GDP sugar nucleotide analogues and, subsequently, 

novel non-natural HMO analogues; FKP will also be assessed in terms of its substrate 

specificity and exploitation for this purpose. 

Once structurally characterised HMOs are obtained, they will be used to establish the 

capabilities of wild-type non-pathogenic Escherichia coli as a model organism to study 

HMO utilisation of fucosylated HMOs for commensals and pathogens of interest. The 

interactions of glycans with microbes will also be examined following the development of 

a basic microplate-based glycan assay capable of determining specific binding 

interactions of glycans with live bacteria. E. coli strains will also be used as model 

organism to test said assay following validation with plant lectins. 

In summary, the aim of this research is to: 

1.  Develop improved liquid chromatography strategies for the characterisation and 

purification of HMOs. 

2. Investigate the synthesis of fucosylated HMOs and novel, non-natural HMO 

analogues. 

3.  Assess the ability of HMOs to modulate bacterial growth. 

4. Develop a selective and sensitive microplate-based assay to detect glycan-

bacterial interactions in live bacteria. 
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Chapter 2 – Enzymatic Synthesis and Analysis of 

HMOs 

 

2.1 Introduction 

Fucosylated oligosaccharides expedite the establishment of a healthy microbiota and 

provide protection from infection. However, some pathogens have developed strategies 

to exploit these fucosylated oligosaccharides to adhere to the host cell surface and cause 

infection [158]. Fucosylated HMOs serve as an important prebiotic in breast-fed infants 

due to their ability to influence gut microbiota composition in early life. They also protect 

against pathogenic infections by acting as antiadhesive antimicrobials [11, 158, 164]. Due 

to their excellent physiological functions on breast-fed infants, fucosylated HMOs have 

gained ever-increasing interest. However, many studies examine the bioactive properties 

of pooled milk samples. This is due to a number of reasons, principally that many complex 

fucosylated HMO structures often exist in nature at low concentrations, which are 

notoriously difficult to isolate and purify from milk samples, and for which there are still 

limited synthetic routes. Therefore, this chapter aims to develop robust methods for the 

synthesis and analysis of fucosylated human milk oligosaccharides.  

In the first instance, complementary chromatography and mass spectroscopy techniques 

will be explored and developed for the characterisation and purification of HMOs. Once 

these key analytical procedures are in place, we will investigate different chemical and 

enzymatic tools for the synthesis of fucosylated HMO analogues to probe glycan-bacterial 

interactions. Specifically, α1,2-fucosyltransferase from Helicobacter mustelae – a 

commercially available enzyme from Chemily Glycoscience for which there is no published 

data. The substrate specificity of this enzyme will be explored with a range of acceptor 

substrates, including various HMO core structures and functionalised lactose derivatives. 

In order to achieve scalable enzymatic synthesis of fucosylated HMO analogues, a one 

pot reaction with the bifunctional enzyme, L-fucokinase/GDP-L-fucose pyrophosphorylase 

(FKP) will be developed. The substrate specificity of FKP will be explored for the synthesis 

of sugar nucleotide donors with unique chemistries for incorporation in novel, non-natural 

HMO analogues.  
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2.1.2 HMO Characterisation and Purification 

Milk is regarded as the best source of nourishment for infant mammals, providing all the 

nutrients and bioactives necessary for all aspects of infant development [165]. HMOs are 

one such class of milk bioactives with more than 200 HMO structures on record [166]. Due 

to their high structural diversity and complexity because of the high number of possible 

monosaccharide combinations and linkages, their identification and quantification pose a 

challenge to researchers. However, the correct identification of HMOs is essential as their 

specific structures lead to different biological effects [97, 98]. Identification and structural 

assignment have been accomplished by a number of analytical techniques; principally, 

liquid chromatography (LC) and capillary electrophoresis (CE) methods, which can be 

coupled to a mass spectrometer (MS).  

LC utilises a number of stationary phases including reversed phase, anion-exchange, 

porous graphitised carbon and hydrophilic interaction modes (HILIC). However, due to the 

poor UV absorption of HMOs high performance liquid chromatography (HPLC) detection 

methods can be limited with conventional diode-array detections (DAD), unless 

derivatised. Fortunately, HPLC can be used with other label-free detection methods such 

as, refractive index (RI), evaporative light scattering (ELSD), charged aerosol (CAD) and 

pulsed amperometric detection (PAD) [167, 168]. Given its capability to resolve isomers, 

high pH anion-exchange chromatography with pulsed amperometric detection (HPAEC-

PAD) is a well-established technique, often used to separate HMOs [169]. Regrettably, 

the technique suffers from low sensitivity compared with MS modes [170] and the pH can 

cause epimerisation in some cases. HILIC is another frequently used analytical tool in the 

field of HMO analysis - originally developed to analyse polar and ionic species – and 

provides good isomer separation but can struggle to resolve small, similar carbohydrates, 

e.g. trisaccharides [171]. Coupled with CAD, un-derivatised carbohydrates can be 

separated using HILIC-CAD, including neutral and acidic HMOs [172]. Nonetheless, LC-

based methods require oligosaccharide standards to determine retention time-based 

structural elucidation, which are frequently not available, or are expensive or impure [167, 

170]. Mass-based methods, on the other hand, offer increased sensitivity although isomer 

separation is not possible without prior column separation, therefore, the most effective 

methods rely on LC separation followed by MS ionisation and fragmentation to 

characterise chemical structures [98]. Examples of HMO analysis by LC methods can be 

seen in Figure 2.1.  
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Figure 2.1: Examples of LC methods for HMO analysis. (A) High-performance anion-exchange 
chromatography of oligosaccharides from human milk groups. Peak 1: lacto-N-difuco-hexaose II; 
peak 2: trifucosyllacto-N-hexaose; peak 3: difucosyllacto-N-hexaose; peak 4: 3-fucosyllactose 
difucosyllacto-N-hexaose; peak 5: lacto-N-fucopentaose II; peak 6: 2′-fucosyllactose; peak 7; lacto-
N-fucopentaose I; peak 8: monofucosyllacto-N-hexaose II; peak 9: lacto-N-neotetraose; peak 10: 
lacto-N-neohexaose; peak 11: lacto-N-tetraose; peak 12: lacto-N-hexaose; peak 13: sialylacto-N-
neotetraose c; peak 14: 6′-sialyllactose; peak 15: sialyllacto-N-tetraose a; peak 16: 3′-sialyllactose; 
peak 17: sialyllacto-N-tetraose b; peak 18: disialyllacto-N-tetraose. Reproduced with permission 
from [173]. (B) Base peak HILIC-MS analysis of neutral free oligosaccharides in human milk using 
positive detection mode. Reproduced with permission from [167].  
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2.2 Results and Discussion 

 

2.2.1 Analysis and Characterisation of HMOs 

This section focuses on the development of different analytical approaches for the 

separation, characterisation and purification of HMOs at analytical and semi-preparative 

scale. For this work, DSM (formerly Glycom) kindly donated a variety of core and 

fucosylated HMOs including, but not limited to, 2’-fucosyllactose (2’FL), 3-fucosyllactose 

(3FL), difucosyllactose (DFL), lacto-N-triose (LNT1), lacto-N-neotetraose (LNnT), and 

lacto-N-fucopentaose-I, -II and -III (LNFPI/II/III). They also provided mixtures of HMOs 

where the compounds contained within were named, but with no additional information. 

The aim of this study was to use analytical chemistry techniques to identify and purify the 

compounds present in the two . These compounds could then either be used as substrates 

for fucosyltransferase enzymes for enzymatic synthesis of novel HMO analogues or, for 

the development of other chemoenzymatic approaches towards advanced glycan-based 

probes. To do this, a range of mass spectrometry and chromatography methods including 

LC-MS, HPAEC-PAD, HILIC HPLC with CAD were used in the first instance. An 

alternative, benchtop, approach was also investigated - HILIC cartridges (HILICOM), as a 

potential larger-scale purification method or pre-purification step. 

 

2.2.1.1 Analysis of HMO Mixtures by HPAEC-PAD 

Before any further investigation, the HMO mixtures were first analysed by HILIC LC-MS 

to confirm the presence of expected masses (see Appendices 2.1). HMO Mix 1 (M1) was 

reported to contain LNFPIII, 2’FL, lactose (Lac) and LNnT and HMO Mix 2 (M2) was 

reported to contain LNnT and para-lacto-N-neohexaose (para-LNnH). Analysis of MS 

spectra for M1 revealed the expected masses for Lac, LNnT and LNFPIII but m/z 512.2 

was ambiguous as it could be attributed to either 2’FL, as stated, or its isomer, 3FL. Mass 

spectra for M2, however, showed clear indications that the mixtures contained more 

compounds than specified. The masses of Lac, 2’FL/3FL and LNnT were also seen in M2, 

but the mass for para-LNnH could not be seen.  

HPAEC-PAD analysis of the HMO mixtures was then carried out and compared to known 

commercial standards (Lac, 2’FL, 3FL, LNnT and LNFPIII, see Figure 2.2A), which 

maintain consistent retention times between runs (see Appendices 2.2). HPAEC-PAD of 

M1 revealed three distinct peaks at 4.54, 6.23 and 9.50 min, respectively. While analysis 
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of M2 revealed five peaks at, 6.34, 7.06, 7.93, 9.50 and 9.94 min, respectively, despite 

being reported to only contain LNnT and para-LNnH (see Figure 2.2B and C). Therefore, 

HPAEC-PAD data was found to support the LC-MS findings – M2 contained multiple 

unknown compounds. Full HPAEC-PAD peak data can be seen in Table 2.1. 

Retention times of the commercial standards were compared with sample peaks to assign 

peak identities, followed by co-injections to confirm assignments. For M1, peak 1 could 

not be conclusively identified as its retention of 4.54 min was almost identical to both 3FL 

(4.50 min) and LNFPIII (4.51 min). Therefore, it was thought to be either LNFPIII, 3FL or 

a mixture of both. Peak 2 eluted at 6.23 min and was tentatively identified as lactose; 

however, it could also contain 2’FL as commercial standards for lactose and 2’FL were 

similar, at 6.07 min and 6.53 min, respectively. Peak 3 eluted at 9.50 min and was 

identified LNnT due to its similarity with commercial LNnT (elution time of 9.46 min).  

A series of co-injections was carried out to confirm peak identification, where M1 and M2 

was spiked with a known concentration of each commercial standard. For M1 (see Figure 

2.3), analysis of HPAEC-PAD data confirmed that peaks 2 and 3 were correctly identified 

as lactose and LNnT respectively. When the mix was co-injected with LNFPIII the intensity 

of peak 1 increased from 140 to ~160 nC indicating the presence of LNFPIII. Upon co-

injection with 3FL, the intensity of peak 1 remained the same with no additional peaks 

indicating that peak 1 contained both LNFPIII, with LNFPIII present at a higher 

concentration than 3FL. Still, this data does not indicate the presence of 3FL, and further 

analyses were needed. Notably, there was no evidence for the presence of 2’FL, which 

was stated to be present.  

In contrast, M2 was expected to contain two peaks, however, the chromatogram revealed 

unexpected peaks (see Figure 2.2C). Much like M1, peak 1 (6.34 min) could not be 

identified as Lac or 2’FL due to similar retention times. Similarly, peaks 2 and 3 (7.06 min 

and 7.93 min, respectively) did not align with the retention of the commercial standards. 

Peak 4 (9.50 min) aligned with the retention of LNnT, which was confirmed by co-injection. 

Peak 5 (9.94 min) was speculated to be para-LNnH, however, due to no availability of 

commercial standards this needed to be confirmed by other analytical methods. Co-

injection (see Figure 2.4) revealed that peak 1 consisted of Lac and peak 2, trace amounts 

of 2’FL. Therefore, as well as LNnT and para-LNnH, M2 also contained Lac and 2’FL. 

Peak 3 could not be identified by HPAEC-PAD. 
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Figure 2.2: Chromatogram of commercial standards (A), M1 (B) and M2 (C) from HPAEC-
PAD analysis. (A) Commercial standards: Lac, 2’FL, 3FL, LNnT and LNFPIII (top to bottom). (B) 
Peaks 1-3 are provisionally identified as 3FL/LNFPIII, Lac and LNnT (left to right). (C) Significant 
peaks 1-5 are provisionally identified as Lac, 2’FL, unknown, LNnT and para-LNnH. Peak identities 
were assigned by comparing retention times of commercial standards. Samples was injected in 
water (200 µM and 400 µM, respectively) and eluted with a multistep gradient of NaOH (150mM) 
and NaOH (150mM) with NAOAc (600mM) over 40 mins (see section 5.2.2).  

 

 

A 

B 
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Table 2.1: HPAEC-PAD data for HMO mixtures, M1 and M2. 

 

 

Peak No. Ret. Time (min) Rel. Area (%) Area (nC*min) Height (nC) 

M1     

1 4.54 62 47.58 140.27 

2 6.23 27 21.09 74.70 

3 9.50 11 8.56 77.19 

Maximum   62 47.58 140.27 

Minimum   11 8.56 74.70 

Sum   100 77.231 292.16 

M2     

1 6.34 8 2.66 9.72 

2 7.06 3 0.86 2.61 

3 7.93 22 7.17 21.24 

4 9.50 45 14.56 89.54 

5 9.94 22 7.36 66.38 

Maximum   45 14.56 89.54 

Minimum  3 0.864 2.61 

Sum   100 32.61 189.49 
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Figure 2.3: HPAEC-PAD chromatograms of M1 co-injections confirming the identity of peaks 
1 to 3: LNFPIII/3FL, Lac and LNnT, respectively.  Top to bottom: M1 alone followed by co-
injections of M1 with Lac, 2’FL, 3FL, LNFPIII and LNnT, respectively. Peaks were confirmed as 
LNFPIII/3FL, Lac and LNnT, left to right. Samples spiked with 100 µM commercial standards were 
injected in water and eluted with a multistep gradient of NaOH (150mM) and NaOH (150mM) with 
NAOAc (600mM) over 40 mins (see section 5.2.2).  
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Figure 2.4: HPAEC-PAD chromatograms of M2 co-injections confirming the identity of peaks 
1 to 5.  Top to bottom: M2 alone followed by co-injections of M1 with Lac, 2’FL, 3FL, LNFPIII and 
LNnT, respectively. Peaks were confirmed as Lac, 2’FL, LNnT (left to right) but peak 3 could not 
be confirmed with the above standards and there was no standard for para-LNnH (predicted peak 
6). Samples spiked with 100 µM commercial standards were injected in water and eluted with a 
multistep gradient of NaOH (150mM) and NaOH (150mM) with NAOAc (600mM) over 40 mins (see 
section 5.2.2).  

 

2.2.1.2 Method Development and Analysis of HMO Mixtures by HILIC HPLC 

Due to the high electrolyte content of the eluents and minuscule injection concentrations 

and volumes for HPAEC, no fractions could practically be collected for further analysis to 

confirm peak assignments. Therefore, to consolidate the previous findings for M1 and M2, 

HPLC analysis was carried out using a semi-preparative HILIC column with CAD 

detection.  

Before analysing the HMO mixtures, the HILIC HPLC method was first optimised by 

elongating the gradient of the organic to the aqueous solvent to obtain baseline separation 

of compounds. This was done using M1 in the first instance (see Figure 2.5). Method 

development started from a 12 min method where acetonitrile/water was reduced from 

95% to 10% across a linear gradient. The same gradient was then increased to a 40 min 

method, which improved the separation. The gradient was then further extended by 

reducing the linear gradient from 95% to 50% acetonitrile/water and baseline resolution 

M1 
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2’FL

3FL

LNnT

LNFPIII
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was achieved. As fractions were to be collected manually, the linear gradient was further 

extended from 95% to 60% acetonitrile/water to achieve better baseline resolution and 

allow more time for fraction collection. 

 

 

Figure 2.5: HILIC HPLC method optimisation towards baseline resolution of compounds for 
M1. Sample was injected in water (50 µL, 20 mg/mL) and method development started from a 12 
min method where acetonitrile/water was reduced from 95% to 10% across a linear gradient (A). 
The same gradient was then extended over 40 mins (B). The gradient was further extended by 
reducing the linear gradient from 95% to 50% acetonitrile water (C) and again, by reducing the 
linear gradient further from 95% to 60% acetonitrile water to achieve baseline resolution (D). See 
section 5.2.3.  

 

Up on application of HMO mixtures, this method showed four peaks for both M1 and M2, 

which could be assigned by comparison with commercial standards (see Figure 2.6). 

Fortunately, unlike in HPAEC, HILIC chromatography was able to resolve all compounds 

with distinct retention times. When compared against commercial standards, peaks 1-4 

were assigned as Lac, 3FL, LNnT and LNFPIII, respectively. This confirms that peak 1 of 

the HPAEC chromatogram was a mix of 3FL and LNFPIII as predicted from the 

inconclusive co-injection data. For M2, peaks 1-4 were assigned as Lac, 2’FL, LNnT and 

para-LNnH, respectively. Furthermore, each peak was collected and further analysed by 

low-resolution MS to confirm their assignment (corresponding spectra can be found in the 

appendix, Appendices 2.3 and Appendices 2.4). This was particularly important for para-

LNnH for which no commercial standard was available. Peak splitting was seen for both 

commercial standards and samples, but this is likely due to a difference between the 

injection solvent (water) and mobile phase (95% acetonitrile).  

A 

B 
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Figure 2.6: Chromatogram of commercial standards (A), M1 (B) and M2 (C) from semi-
preparative HILIC HPLC with CAD detection. (A) Commercial standards: Lac, 2’FL, 3FL, LNnT, 
LNFPIII and LNT (top to bottom). (B) Significant peaks 1-4 were identified as Lac, 3FL, LNnT and 
LNFPIII (left to right). (C) Significant peaks 1-4 were identified as Lac, 2’FL, LNnT and para-LNnH 
(left to right). Peak identities were assigned by comparison of retention with commercial standards 
and confirmed by MS. Samples were injected in water (50 µL, 20 mg/mL) and eluted in a linear 
gradient of acetonitrile and water from 95% (v/v) to 60% (v/v) over 40 mins (see section 5.2.3).  

 

To conclude this section, using a range of analytical chromatography and mass 

spectrometry techniques, we are able to successfully characterise and purify mixtures of 

HMOs. Furthermore, it was found that HMO mixtures, M1 and M2, both contained different 

HMOs than were quoted by the company. Where M1 was thought to contain LNFPIII, 2’FL, 

Lac and LNnT, M2 was reported to contain LNnT and para-LNnH. From our analysis, M1 

contained Lac, 3FL, LNnT and LNFPIII and M2: Lac, 2’FL, LNnT and para-LNnH (see 

Table 2.2). The misidentification of components may be due to the method of synthesis 
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used by DSM. It is reported that their HMOs are enzymatically synthesised by α-L-

fucosidases, which catalyse either the hydrolysis of fucosides or the transfer of fucosyl 

residues, i.e., transfucosylation [164]. Fucosidase-catalysed synthesis of fucosylated 

HMOs is often limited by reversible equilibrium and relaxed regioselectivity, which may 

explain the confusion between 2’FL and 3FL in M1 and the presence of other “impurities” 

in M2. 

Table 2.2: Contents of HMO mixtures as reported by DSM and following HPAEC-PAD and 
HILIC HPLC-CAD analysis. 

HMO Mix 1 (M1) HMO Mix 2 (M2) 

Before  After Before After 

Lac Lac LNnT Lac 

2’FL 3FL para-LNnH 2’FL 

LNnT LNnT  LNnT 

LNFPIII LNFPIII  para-LNnH 

 

 

2.2.1.3 Purification of HMO Mixtures with HILIC Cartridges 

We have previously shown that HILIC HPLC is a lucrative tool for the purification of HMOs 

from a mixture (see 2.2.1.1). However, there may be more efficient ways for large-scale, 

benchtop purification of HMOs without the need for a HPLC system. In this study, we 

developed a method for the use of HILIC cartridges to purify HMOs from a mixture.  

To test the method, M1 (now known to contain Lac, 3’FL, LNnT and LNFPIII) and M2 (Lac, 

2’FL, LNnT and para-LNnH) were used as well as a mixture of commercial standards (Lac, 

2’FL, 3FL, LNnT and LNFPIII, 1:1:1:1:1). TLC analysis was used to detect elution of 

compounds after testing detection of commercial standards. By eluting the mixtures using 

a gradient of acetonitrile (90 – 72%), the HILIC column was able to effectively separate 

HMOs across all samples when total carbohydrate loading was 10 mg in 50 µL (200 

mg/mL) (see Figure 2.7). However, the cartridge was unable to resolve isomers, 2’FL and 

3FL, which mirrors the results from the semi-preparative HILIC HPLC. Moreover, the 

method does not give complete baseline separation, which is possible with HILIC HPLC 

methods.  

To further evaluate the performance of the cartridge, we increased the total carbohydrate 

loading of the commercial standards sample from 10 mg to 100 mg in 50 µL. At 10 times 

the loading concentration, the HILIC cartridge was still able to separate compounds but at 
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a lower resolution (see Figure 2.8). However, these cartridges are available in larger with 

up to 2 g of stationary phase. Therefore, it would be expected that these cartridges would 

be capable of successfully separating HMOs at concentrations exceeding 500 mg in one 

application. Furthermore, they are reusable, following washing and re-equilibration, and 

enable easy benchtop separation HMOs from di- to hexasaccharides without the expense 

and time needed for HPLC applications. Additionally, the cartridge can be used as a pre-

purification step before semi-preparative or preparative HILIC HPLC to enable faster, 

more efficient purification of HMO mixtures and other HILIC compatible compounds. 

However, a disadvantage of this method is the need for a TLC detection system, which is 

tedious and labour intensive compared with HPLC in-line detection.  

To conclude this section, HPAEC-PAD and HILIC HPLC methods could be optimised for 

the analysis of HMO mixtures. In combination, and with sufficient commercial standards 

for peak identification, these methods could be used to characterise mixtures of HMOs, 

including structural isomers, for which the reported contents were misidentified. These 

methods could also be used for the semi-preparative purification of such mixtures.  

The use of HILIC cartridges was also explored. For the HMO mixtures mentioned above, 

500 mg HILIC cartridges were also able to resolve distinct HMOs at 20 mg/mL and 200 

mg/mL loading. As such, they enable simple and effective benchtop purification of HMOs 

or, alternatively, could offer a robust method of pre-purification if selecting for specific 

compounds, before subsequent HPLC purification.  
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Figure 2.7: TLC analysis of fractions following elution from HILIC cartridge with acetonitrile 
(90 – 72%). (A) Commercial HMO standards: Lac, 2’FL, 3FL, LNnT, LNFPIII (1 – 5), (B) M1 and 
(C) M2. A 500 mg HILIC cartridge was equilibrated with 90% acetonitrile (4 mL) after which the 
sample was applied to the column in water (50 µL, 20 mg/mL). Products were gradually eluted with 
repeated applications of acetonitrile (4 mL) of decreasing concentration (85%, 82%, 80%, 78%, 
76%, 74%, 72%) and 0.5 mL fraction collected. Compounds are eluted as follows: Lac, 2’FL, 3FL, 
LNnT, LNFPIII, para-LNnH. 

 

 

 

 

 

 

 

 

 

Figure 2.8: TLC analysis of fractions following elution from HILIC cartridge with acetonitrile 
(90 – 72%). TLC of commercial HMO standards, loading (A) 1mg and (B) 10mg. A 500 mg HILIC 
cartridge was equilibrated with 90% acetonitrile (4 mL) after which the sample was applied to the 
column in water (50 µL). Products were gradually eluted with repeated applications of acetonitrile 
(4 mL) of decreasing concentration (85%, 82%, 80%, 78%, 76%, 74%, 72%) and 0.5 mL fraction 
collected. Compounds are eluted as follows: Lac, 2’FL, 3FL, LNnT, LNFPIII. 
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2.2.2 Investigation of α1,2-Fucosyltransferase from Helicobacter mustelae 

for the Synthesis of HMO Analogues 

This study evaluates the ability of HmFucT, a previously unreported enzyme, to function 

in the enzymatic synthesis of fucosylated HMOs, including their action on natural and 

chemically modified glycans (Table 2.3). The recombinant protein was obtained from 

Chemily and reactions were carried out according to the optimal conditions for HpFucT 

concluded by Stein [132]. Due to the cost of the sugar nucleotide donor, GDP-L-fucose, 

the bi-functional enzyme FKP will also be examined for two uses: 1) its use in combination 

with HmFucT for cost effective, scaled up synthesis of fucosylated HMOs; and 2) as a 

means to access non-natural or modified sugar nucleotide donors and therefore, novel 

HMO analogues in a two-step one pot strategy.  

 

Table 2.3: List of acceptor substrates for HmFucT. 

Compound Substrate Name Abbreviation Structure 

1 D-Galactose Gal 
 

2 Lactose Lac 
 

3 
Type I  

(Lacto-N-biose) 
LacNB 

 

4 

Type II  

(N-Acetyl-D-

Lactosamine) 

LacNAc 

 

5 3-Fucosyllactose 3FL 

 

6 Lacto-N-triose I LNT1 

 

7 Lacto-N-triaose II LNT2 

 

8 Lacto-N-tetraose LNT 

 

9 
Lacto-N-

neotetraose 
LNnT 

 

  

10 
Lacto-N-

fucopentaose II 
LNFPII 
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11 
Lacto-N-

fucopentaose III 
LNFPIII 

 

12 1-Azido lactose  Lac-N3 

 

13 
3-Aminopropyl 

lactose 
Lac-AP 

 

14 

3-

Trifluoroacetamid

opropyl lactoside 

Lac-triF 

 

15 

1-Azido-PEG4-3-

aminopropyl 

lactoside 

Lac-PEG4-N3 

 

 

 

2.2.2.1 Synthesis of Functionalised Lactosides 

To test the promiscuity of the HmFucT with different functional groups at the reducing end 

of the sugar with view to access to enzymatically synthesised libraries of functionalised 

HMOs, lactose was chemically functionalised with either an anomeric azide moiety (12), 

a trifluoracetmidopropyl group (14) and a longer linker consisting of azido-PEG4-

aminopropyl (15) (see Table 2.3).  

Introduction of an azide at the anomeric position of lactose would allow copper-catalysed 

click chemistry to be utilised for conjugation to many different linkers or carrier proteins, 

such as BSA via a propargyl group. 1-Azido lactose (12) was accessed from lactose 

following Shoda’s methodology [174] and functionalisation of the anomeric position of 

lactose with an azide was achieved as outlined in Figure 2.9. 

 

 

Figure 2.9: Chemical scheme for the synthesis of 1-azido lactose (12). Reagents and 
conditions: 1. NaN3 (15 eq.), DMC (5 eq.), DIPEA (22.5 eq.), in H2O (0.5 mL), 36 h, RT. 

 

12 
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The use of this sterically bulky group trifluoroacetate group offers further insight into the 

promiscuity of the HmFucT. It also offers purification advantages as the amine group of 3-

aminopropyl lactose is protected. In initial fucosylation experiments with 3-aminopropyl 

lactose, we experienced difficulties purifying the result trisaccharide from unreacted 

starting material by gel permeation chromatography. As such, the trifluoroacetate group 

was installed to aid subsequent purification, which could then be removed at a later stage 

for subsequent conjugation. 3-Trifluoacetamidopropyl lactoside (14), was accessed by 

protecting the amine group of commercial 3-aminopropyl lactose (13) by acylation with 

ethyl trifluoroacetate in sodium carbonate under nitrogen (see scheme outlined in Figure 

2.10).  

 

 

Figure 2.10: Chemical scheme for the synthesis of 3-trifluoracetamidopropyl lactoside (14). 
Reagents and conditions: 1. Ethyl trifluoroacetate (2 eq.), sodium carbonate (2 eq.), dry MeOH (1 
mL), 18 h, RT.  

 

To access functional groups with a longer, flexible linker region, 3-aminopropyl lactose 

was coupled with a linker consisting of azido-PEG4-N-hydroxysuccinimide (NHS) ester. 

The dual functionality of the azido-PEG4-NHS ester allows for specific reactivity of the 

NHS ester to modify exposed primary amine groups with an azido group via a stable amide 

bond, while the hydrophilic polyethylene glycol (PEG) spacer increases solubility in 

aqueous solutions. The azido group could then be further modified by Staudinger 

reduction to an amine for subsequent functionalisation. 1-azido-PEG4-3-aminopropyl 

lactoside (15) was accessed using a “click” reaction to couple the azido-PEG4-NHS ester 

linker to 3-aminopropyl lactose (13) (see scheme outlined in Figure 2.11). 

 

 

Figure 2.11: Chemical scheme for the synthesis of 1-azido-PEG4-3-aminopropyl lactoside 
(15). Reagent and conditions: 1. Azido-PEG4-NHS ester (100 mg/mL in DMF, 1 eq.), in 0.2 mL 
H2O, 18 h, RT. 

14 13 
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2.2.2.2 Acceptor Substrate Specificity of H. mustelae α1,2-FucT 

A variety of mono-, di-, tri- and oligosaccharides (see Table 2.3) were utilised to determine 

acceptor specificity of HmFucT. All commercial standards were first purified by HPLC 

before use due to the presence of impurities (see Appendices 2.5) as discussed in section 

2.2.1, from which compound 7 was also obtained. TLC analysis (see Figure 2.12) showed 

little to no turnover of the substrates (compounds 1 – 6) due to similar retention factors 

(Rf) despite solvent system optimisation. However, HPAEC-PAD analysis proved a 

reliable method to quantify the conversion of substrate to product(s) following method 

optimisation. 

 

Figure 2.12: TLC analysis of reactions by HmFucT on substrates 1 – 6, including starting 
materials. Starting materials lanes 1 – 6 (Gal, Lac, LacNB, LacNAc, 3FL, LNT1, respectively). 
Lanes R1 – R6, α1,2-FucT reactions for compounds 1 – 6).   

 

First, a HPAEC-PAD method was developed for resolution of acceptor and product 

compounds to enable quantified conversion of substrates by peak integration (see Figure 

2.13). To this a CarboPac PA100 was used with a multistep gradient of 150 mM NaOH 

(buffer A) to 100% 150 mM NaOH with 600 mM NaOAc (buffer B) over 40 mins. This 

gradient was then extended by increasing buffer B to only 30% over 40 mins but this made 

little difference to retention of standards Lac and 2’FL. An isocratic elution of compounds 

in 50 mM NaOH was also tried to encourage longer retention, followed by use of CarboPac 

PA1 and CarboPac PA20 columns with the same isocratic elution. The CarboPac PA20 

column with isocratic elution in 50 mM NaOH gave the best resolution so was used for all 

future analyses. 

 

1    2   3 4  5  6  R1 R2 R3 R4 R5 R6 
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Figure 2.13: HPAEC-PAD method optimisation for monitoring fucosylation reactions. 
Lactose and 2’FL were used as test samples and the flow rate remained at 0.25 mL/min for each 
method. (A) PA100 column with a multi-step gradient of buffer A (150 mM NaOH) into buffer B (150 
mM NaOH with 600mM NaOAc); T0 = 0% B; T1 = 0% B; T40 = 100% B; T45 = 100% B; T50 = 0% B; 
T60 = 0% B; (B) PA100 with an extended multi-step gradient of  T0 = 0% B; T1 = 0% B; T40 = 30% 
B; T40.5 = 100% B; T45 = 100% B; T45.5 = 0% B; T55 = 0% B; (C) PA100 with isocratic 50 mM NaOH; 
(D) PA1 with isocratic 50 mM NaOH and (E) PA20 with isocratic 50 mM NaOH. D showed best 
resolution and was therefore, used for all future analyses. See section 5.2.8. 

 

The reaction for compounds 1 to 11 were analysed by HPAEC-PAD and co-injections 

were used to identify the starting material from potential product peaks as shown in Figure 

2.14 by comparing to commercial standards (see Appendices 2.6) and retention times for 

all compounds can been seen in Table 2.4. All peaks before retention of 10 min were 

regarded as non-glycan reaction components due to their commonality in all reactions and 

the peak present at 14.65 min for compounds 8 to 11 was excluded as a contaminant.  

For compound 1, only one product peak was seen at 17.43 min, with no evidence of the 

starting material indicating complete conversion, which was confirmed by co-injection. 

Multiple peaks were seen for compound 2. Co-injection identified compound 2 as the peak 

at 18.73 min and the product peak was determined to retain at 20.50 min as is consistent 

with retention of Lac and 2’FL during method development. For compound 3, the type 1 

disaccharide, the major peak in Figure 2.14C proved to the be the product (16.21 min), 

with starting material eluting at 20.58 min. While for compound 4, the type 2 disaccharide, 

the reverse was true. Where, first major peak at 13.96 min was the starting material with 

A 

B 

C 

D 

E 



 

   

69 
 

the product retaining at 15.84 min. Similarly, compound 5, eluted at 11.46 min while its 

corresponding product eluted at 15.48 min. Compound 6, was found to retain until 22.37 

min, while its product eluted as the first major peak at 15.49 min. No product was seen for 

compound 7 (20.14 min). Conversely, compounds 8 and 9, where not visible (see Figure 

2.14H and Figure 2.14I), while their products were seen at 22.83 min and 37.03 min, 

respectively, indicating complete conversion by the enzyme. Compound 10 was identified 

as the major peak at 12.72 min, and its product at 11.25 min. Finally, for compound 11, 

the starting material was seen at 11.86 min, and traces product at 18.13 min. A single 

fucosylated product was detected for all samples.  

 

 

 

Figure 2.14: HPAEC-PAD analysis of reactions by HmFucT on substrates 1 – 11 (A to K). 
Starting material (50 µM) is shown above, with the reaction containing the respective compound 
below, and eluted with isocratic 50 mM NaOH at 0.25 mL/min. Full integration analysis can be seen 
in Table 2.3. 
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Figure 2.14: continued. 
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Figure 2.14: continued. 
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Figure 2.14: continued. 

 

 

Table 2.4: Summary of HPAEC-PAD analysis for compounds 1 – 11 from HmFucT reactions 
(see Table 2.3). Peaks are identified as either starting material (SM) or products.  

Compound  Peak 
Identity 

Observed 
Ret. Time 

(min) 

Rel. Area 
(%)  

Area 
(nC*min) 

Height 
(nC) 

Conversion 
SM (%) 

1 Product 17.43 100 12.87 22.28 100 

2 

  

SM 16.12 24 1.35 3.75 76 

Product 20.50 76 4.36 8.22 

3 

  

Product 16.21 95 16.13 30.53 95 

SM 20.58 5 0.78 1.17 

4 

  

SM 13.96 29 4.57 9.84 71 

Product 15.84 71 11.10 25.07 

5 

  

SM 11.46 40 11.19 30.98 60 

Product 15.48 60 16.60 32.46 

6 

  

Product 15.49 61 15.92 31.28 61 

SM 22.37 39 10.33 16.18 

 7 SM 20.14 100 15.65 26.95 0 

8 Product 22.83 100 25.01 34.73 100 

9 Product 37.03 100 18.67 18.19 100 

10 

  

Product 11.25 21 2.42 6.78 21 

SM 12.72 79 9.34 19.55 

11 

  

SM 11.86 95 18.13 41.24 5 

Product 18.13 5 0.99 1.63 
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 Figure 2.15: HPAEC-PAD chromatograms of the HmFucT reactions (top) and when co-injected with starting material (bottom) for compounds 1 – 11 
(labelled A – K, respectively). Samples and co-injections (sample spiked with corresponding commercial standard, 50 µM) were injected in water and eluted   
isocratically in NaOH (50 mM) over 45 mins before re-equilibration (see section 5.2.8). 

A B C D 

E F G H 
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The relative activities calculated from HPAEC data are illustrated in Figure 2.16. The data 

shows that there was a preference toward type 2 glycans, over type I disaccharides. The 

values obtained for the reaction with type 1 vs. type 2 disaccharides (compounds 3 and 4, 

LacNB and LacNAc) were 95% and 71%, respectively. Increased rates of fucosylation 

were detected when substrates LNT1 (compound 6) (61%) and LNT (compound 8) (100%) 

were tested, indicating that elongation of the type 1 chain did not significantly negatively 

affect the ability of α1,2-fucosyl transfer and, in fact, appears to improve enzyme activity. 

Moreover, the monosaccharide, Gal (compound 1), was determined to be a surprisingly 

good substrate of HmFucT (100%).  

Fucosylation of the elongated type 2-containing glycan, LNnT (compound 9), was found 

to be no different to its type I counterpart, LNT (both 100%). However, when the GlcNAc 

of the pentasaccharide, type 1 (compound 10, LNFPII) or type 2 (compound 11, LNFPIII), 

is fucosylated, a significant decrease in fucosyl transfer activity was observed compared 

to its non-fucosylated counterpart, LNT or LNnT, e.g., 100% to 21% and 100% to 5%. The 

same pattern was also seen between compound 2 (Lac) and compound 5 (3FL), but to a 

lesser extent, where the fucosylated substrate showed slightly decreased activity, 76% 

and 60%, respectively. 

No activity was also observed for compound 7 (LNT2), where there is only an internal Gal 

present. Therefore, it can be presumed that the resultant products where isomer synthesis 

was possible (i.e., for compounds 8 to 11) were exclusively fucosylated at the terminal Gal 

residue. Equally, LNT1 can be predicted to be fucosylated at either the reducing or non-

reducing end Gal. Further studies will need to be done to conclusively confirm which 

isomer is present. 

Different functional groups were introduced to the reducing end of lactose to aid 

development of further applications and these compounds were also tested for their 

activity with HmFucT. In this case, the enzyme activity was assessed by processing LC-

MS data using an R script (TidyMass) [175] to quantify relative area for each m/z at 

specified retention times (see Figure 2.17). For all compounds (12-15), HmFucT was able 

to successfully generate its corresponding trisaccharide. Introduction of an azido group at 

the reducing end of lactose (12, 1-azido lactose, Lac-N3) showed conversion of 98.4%; an 

increase in activity compared to Lac (69 %) of the α1,2-fucosylation. The incorporation of 

an amine group via a propyl linker at the reducing end of lactose (13, 3-aminopropyl 

lactose, Lac-AP) all but abolished the activity of the HmFucT (2.8%), while acylation of the 

amine group to a trifluoroacetate (14, 3-trifluoacetamidopropyl lactoside, Lac-triF) and of 

the longer, flexible azido linker (15, 1-azido-PEG4-3-aminopropyl lactoside, Lac-PEG4-N3) 
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showed similar minimal turnover of 6.6% and 8.5% relative activity by the HmFucT, 

respectively. A table summary table of conversion for all compounds can be seen in 

Appendices 2.7. Mass spectra for each compound can be seen in Figure 2.18. Therefore, 

the reducing end azide group was the most well-tolerated, causing only almost no 

difference in the relative activity of the enzyme. To understand the reasons for the lack of 

catalysis of some compounds, i.e., compounds 7, 10, 11, 13, 14, 15, future studies could 

include saturation transfer difference NMR to determine transient glycan-protein binding.  

 

Figure 2.16: Substrate specificity of HmFucT (Compounds 1 to 11). Shown as percentage 
conversion from starting material to total products as determined by HPAEC-PAD. Relative values 
were determined with the indicated acceptor saccharides and illustrated in a vertical bar chart. For 
comprehensibility, the applied substrates are labelled by compound number. The respective 
structures are assigned in Table 2.3.  

 

Figure 2.17: Substrate specificity of the HmFucT for compounds 12 to 15. Shown as 
percentage conversion from starting material to total products as determined by HILIC LC-MS. 
Relative values were determined with the indicated acceptor saccharides and illustrated in a vertical 
bar chart. For comprehensibility, the applied substrates are labelled by compound number. The 
respective structures are assigned in Table 2.3.  
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Figure 2.18: Mass spectra of HmFucT reaction with compounds 12 to 15. (A) Top: compound 
12 (Lac-N3); bottom: its respective fucosylated product, both seen as sodium adducts. (B) Top: 
compound 13 (Lac-AP); bottom: its respective fucosylated product, both seen as protonated 
adducts. (C) Top: compound 14 (Lac-triF); bottom: its respective fucosylated product, both seen as 
proton and sodium adducts. (D) Top: compound 15 (Lac-PEG4-N3); bottom: its respective 
fucosylated product, both seen as proton and sodium adducts. 
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Figure 2.18: continued.  
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Bacterial fucosyltranferases have proved to be useful tools for the synthesis of biorelevant 

and disease-associated oligosaccharides. Although, putative genes encoding FucTs have 

been identified in various bacteria, H. pylori is the main organism from which the FucT 

enzymes used in research originate. However, it should be noted that there has also been 

documented use of α1,2-FucT from Thermosynechococcus elongatus in a one pot 

multienzyme reaction preparative scale synthesis of LNFPI [113]. 

Of the papers that have investigated the substrate specificity of HpFucT against a range 

of acceptors [132], it was found to show distinctly different relative activity to the HmFucT. 

The HpFucT showed a substantial preference towards the type 1 disaccharide over type 

2 (relative activity 100% vs. 20%, respectively), while the conversion of both compounds 

by H. mustelae α1,2-FucT was 95% to 71%, respectively. Similarly, while the conversion 

of LNT and LNFPIII were comparable in both studies, the activity towards LNFPII was 

significantly lower in the case of the HpFucT (59% compared to ~10% activity). Lactose 

and L-Gal also showed strikingly different conversions of 76% and 100%, respectively by 

HmFucT compared to ~30% and ~20% by HpFucT. Furthermore, to the best of my 

knowledge, LNT1, LNT2 and LNnT have not previously been tested with any α1,2-FucT, 

nor has the ability of HmFucT to catalyse the fucosylation of functionalised lactose 

acceptors (compounds 12 -15). However, it should be noted that there were differences 

in both the analysis method and reaction composition, i.e., HPAEC-PAD integration vs. 

kinetic assay using GDP-[14C]-fucose. Though, HPAEC-PAD has been known the suffer 

from lack of sensitivity and lower than expected sample abundance [167], this would be 

not explain the consistently increased conversion of acceptors seen with HmFucT. It is 

hoped that in the future, synthesis of HMOs will become increasingly commonplace as 

enzymatic routes and purification techniques, and as multiomics approaches discover 

more genes involved in HMO biosynthesis [176].  

 

2.2.2.3 Isomer Determination of Fucosylated HMO Analogues 

To confirm the identity of fucosylated isomers for the products of compounds 6, 8, 9, 10, 

11 (LNT1, LNT, LNnT, LNFPII and LNFPIII), all reactions were first purified by HILIC HPLC 

to obtain the fucosylated product, and fractions analysed by MS (see Figure 2.19 and 

Appendices 2.8). Of the fractions collected, a fucosylated product could not be identified 

for LNT1 and all other products collected were mono-fucosylated, which aligns with the 

HPAEC-PAD data (see Figure 2.15).  



 

   

79 
 

 

 

Figure 2.19: HILIC HPLC chromatogram showing purification of α1,2-FucT reaction products 
from LNT1, LNT, LNnT, LNFPII and LNFPIII (A-E). Fractions collected are marked with a blue 
box and * marks fractions containing the fucosylated product, as confirmed by LR-MS. All other 
fractions collected were identified as the corresponding starting materials. Remaining reaction 
samples were injected in water and eluted in a gradient of acetonitrile and water (95% to 60%) over 
34 mins before re-equilibration (see section 5.2.9).  

 

Although data from compound 7 indicated the fucosylation of the internal Gal residue was 

not possible by HmFucT, a digestion assay using β-1,3/4-galactosidase was used. Figure 

2.20 shows the HPAEC-PAD chromatogram for the β-1,3/4-galactosidase digestion of 

mono-fucosylated LNT, LNnT, LNFPII and LNFPIII. The negative control (A, 2’FL) and 

positive control (B, Lac) are clearly visible and confirm the expected activity of the enzyme, 

i.e., the release of Gal/Glc from Lac (red). Unfortunately, despite method optimisation, 

there are no visible peaks for either the starting material or released Gal. As an alternative 

method of analysis, the reactions were also analysed by LC-MS but again, neither the 

fucosylated starting material nor D-Gal could be detected. It should be noted that there 

was also presence of a peak of 180.97 m/z in all samples, which may have obscured a D-

Gal peak (predicted [M+H]+ 181.2). Further investigations are needed to establish the 

identity of the isomers synthesised by the HmFucT, however, the lack of fucosylation 

observed for compound 7 indicates that only the terminally fucosylated isomer was present 

in all reactions. It follows that all other compounds are likely fucosylated at the terminal 

Gal and not at other positions, which would also explain the catalysis of only one fucosyl 

transfer.  
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Figure 2.20: HPAEC-PAD chromatogram of β1,3/4-galactsidase digestions of fucosylated 
products from LNT, LNnT, LNFPII, LNFPIII (D – G, respectively). D-Gal was used as a standard 
(A), and 2’FL (B) and Lac (C) were used as negative and positive controls, respectively. 2’FL 
showed no release of D-Gal (B), while Lac (red standard) was hydrolysed to D-Gal and D-Glc (C). 
Neither the starting material nor D-Gal can be seen in the subsequent traces (D-G). Samples were 
analysed by HPAEC-PAD from 50 µM injections and eluted isocratically in 50 mM NaOH over 40 
mins (see section 5.2.9).  

 

 

2.2.2.4 Synthesis of HMO analogues using one-pot reactions with FKP  

GDP-fucose derivatives are key intermediates for the synthesis of fucosylated 

oligosaccharides and glycoconjugates. L-fucokinase/GDP-L-fucose phosphorylase (FKP) 

has already been used as part of one pot enzymatic routes towards fucosylated 

oligosaccharides, such as Lewis X antigens and some HMOs [113, 146, 177] and with 

some azido and alkynyl non-natural substrates [144, 145]. Here, we investigate the 

efficiency of FKP from Bacteroides fragilis to convert L-fucose to GDP-L-fucose 

independently and in one-pot reactions with HmFucT. First, the promiscuity of the FKP 

enzyme with different non-natural substrates was examined as a potential method toward 

new routes for the synthesis of non-natural HMO analogues, incorporating D-arabinose 

(D-Ara) or L-galactose (L-Gal), which all form six-membered rings with identical 

stereoconfigurations but differ in their functionality at C-5 (see Figure 2.21). These D-

arabinosylated and L-galactosylated HMO analogues would provide unique opportunities 

to probe the molecular interactions of different monosaccharides and their chemical 
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groups. Importantly, the monosaccharides used were commercially available. Following 

the confirmation of GDP-sugar nucleotide formation, HmFucT will be added to the crude 

reaction to form a two-step one pot reaction for the scalable synthesise of non-natural 

HMO analogues (see Figure 2.22). 

 

 

 

 

 

 

Figure 2.21: Structure of L-Fuc (A), D-Ara (B) and L-Gal (C), which all form six-membered 
rings with identical stereoconfigurations.  

 

 

 

Figure 2.22: Onepot enzymatic scheme for the formation of fucosylated HMOs using FKP 
from B. fragilis and α1,2-FucT from H. mustelae. 

 

FKP was expressed in-house and the SDS-PAGE gel (Figure 5.1). First, the reaction 

conditions of substrate concentration (L-Fuc) and metal ion (Mg2+ or Mn2+) were optimised 

based on the methods of Wang, W., et al., 2009 [146]. By examining differences in 

approximate substrate conversion by TLC, there was a slightly improved activity of FKP 

when Mn2+ was used in place of Mg2+. Yet, due to the use of Mg2+ as the metal ion for 

hmFucT, Mg2+ was chosen to take forward for subsequent reactions. However, there was 

a marked difference between the FKP activity at 5 mM and 10 mM substrate, where FKP 
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activity decreased as substrate concentration increased (see Figure 2.23). The enzyme 

appeared to become self-inhibited by the substrate at higher concentrations, which does 

not appear to be noted in the literature. Yet, it should be noted that in nature, the cascade 

from GDP-D-Man to GDP-L-Fuc in the de novo pathways is inhibited by the GDP-L-Fuc, 

as it is a potent competitive inhibitor of GDP-D-Man-4,6-dehydratase (GMD) [178, 179]. 

 

Figure 2.23: TLC analysis of reaction optimisation for FKP with L-Fuc substrate. (A) 
Optimising substrate concentration (5mM or 10mM) where 5 mM shows improved activity as 
evidence by an increase in GDP-Fuc production (blue square); and (B) metal ion concentration 
(Mg2+ or Mn2+), where activity is similar with both metal ions. 

 

 In a typical enzymatic reaction, a fucose analogue (5 mM) was incubated with the 

recombinant FKP in the presence of one equivalent each of ATP and GTP. An inorganic 

pyrophosphatase from Saccharomyces cerevisiae, containing MgCl2 to maintain its 

maximal activity, was included to hydrolyse pyrophosphate generated in the reaction and 

to drive the reaction to completion. The reaction progress was followed by TLC analysis 

and strong anion-exchange (SAX) chromatography to quantitatively monitor product 

formation. Figure 2.24 shows the SAX analysis of the reactions. Peaks were identified by 

comparison of retention times with those of commercial nucleotide standards: adenosine 

monophosphate (AMP), adenosine 5’-diphosphate (ADP), adenosine 5’-triphosphate 

(ATP), guanosine monophosphate (GMP), guanosine 5’-diphosphate (GDP) and 

guanosine 5’-triphosphate (GTP) (for retention times, see Appendices 2.9). FKP catalysed 

the conversion of all substrates tested as shown by the presence of peak 4 of the SAX 

chromatograms, as indicated by the blue arrow. Integration of ATP, GTP and peak 4 

revealed that FKP catalysis of L-Fuc to its sugar nucleotide product, GDP-L-fucose (GDP-
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Fuc), was most efficient (36% relative area) followed by L-Gal to GDP-L-galactose (GDP-

Gal) and D-Ara to GDP-D-arabinose (GDP-Ara), and at 31% and 19% relative area, 

respectively. High-resolution mass spectrometry confirmed the presence of GDP-sugar 

nucleotide products (see Figure 2.25). In all cases, GTP was almost completely depleted 

from the reaction mixture despite being present in equal ratio in the reaction, indicating 

that it may be the limiting reagent to further GDP-sugar nucleotide formation. Alternatively, 

the availability of monosaccharide may be limiting, although this is not visible by SAX or 

clear by TLC. 

 

 

Figure 2.24: SAX chromatography of FKP reactions with L-Fuc, D-Ara and L-Gal, A-C, 
respectively. Reaction mixture contained 50 mM Tris-HCl (pH 7.5), 5 mM acceptor, 5 mM ATP, 5 
mM GTP, 5 mM MnCl2, inorganic pyrophosphatase (0.25 units) and 200 µL FKP (1 mg/ml) to give 
a total volume of 1 mL. Formation of the GDP-sugar nucleotide can be indicated by the red arrow 
and its retention is consistent across all reactions. Other reaction side products were identified by 
comparison with commercial standards. Top stacked traces are ATP (red) and GTP (green). From 
left to right: AMP, GMP, ADP, GDP-sugar nucleotide, GDP, ATP and traces of GTP.  
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Figure 2.25: High resolution mass spectrometry spectra of FKP reaction products from (A) 
L-Fuc, (B) D-Ara and (C) L-Gal. 

 

Having characterised the activity and promiscuity of FKP and synthesised of a panel of 

GDP-sugar nucleotide derivatives, including GDP-L-fucose, GDP-D-arabinose and GDP-

L-galactose, we then continued to establish if HmFucT could utilise these new GDP-sugar 

nucleotides as donors. Figure 2.26 shows the formation of trisaccharides with a lactose 

core, following incubation of the crude FKP reaction with HmFucT and lactose. In all cases, 

it appears that the respective “fucosylated” trisaccharides product is formed, therefore, the 

HmFucT is able to use these non-natural GDP-sugar nucleotide donors for “fucosyl” 

transfer. For GDP-L-fucose, 33% of the lactose was catalysed to 2’FL. Likewise, for GDP-

D-arabinose and GDP-L-galactose, the lactose acceptor was catalysed but to a lesser 

extent; 12% to 2’-arabinosyllactose and 9% to 2’-L-galactosyllactose, respectively. HR-

MS confirmed the presence of said trisaccharides in the reaction mixture (see Figure 2.27). 

And, considering the ability of both FKP and HmFucT to accept numerous substrates, it 
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can be concluded, therefore, that it is highly likely that this two-step one pot approach 

could be extended to use with functionalised lactose acceptors as we have shown in 

section 2.2.2.2, for the synthesis of novel HMO analogues.  

 

Figure 2.26: HPAEC-PAD chromatograms of two-step one pot reactions of FKP and α1,2-
FucT for each of the GDP-sugar nucleotides; L-Fuc (A), D-Ara (B) and L-Gal (C) and lactose 
as an acceptor. Excess lactose acceptor can be seen at 22.74 min and potential trisaccharide 
products between at 29.79, 29.62 and 29.63 mins. The peak at 28.71 min is regarded as a reaction 
component due its presence in all samples. 
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Figure 2.27: High resolution mass spectrometry spectra of trisaccharide products of two-
step one pot reaction products with FKP and α1,2-FucT with lactose. (A) L-Fuc, (B) D-Ara 
and (C) L-Gal. 

 

From past studies, it was expected that FKP was capable of using different fucosyl donor 

substrates as Wang et al. showed when they synthesised GDP-L-fucose analogues and 

consequently, their respective Lewis x derivatives in one pot reactions with α1,3-FucT. 

Briefly, seven monosaccharides were chosen with different unnatural substituents, each 

with varying stereoelectronics and hydrophobicity. In all cases, they achieved yields of 

greater than 80% using the same enzyme and conditions [146]. Although, we tried to 

replicate these results with different fucose surrogates, the obtained yields were 

significantly lower, including for the natural substrate despite thorough troubleshooting. 

Furthermore, one pot reactions for the synthesis of HMOs have exclusively been done 

with α1,3-FucT from H. pylori, with no evidence of α1,2-FucT unless as part of a whole-

cell microbial biotransformation or cell factory approach towards 2’FL synthesis in E. coli 

or Saccharomyces cerevisiae [105] or a binding-elution strategy [180].  

However, there are opportunities for improving yields of GDP-L-fucose derivatives by 

exploring the use of FKPs from different species, i.e., Arabidopsis [181]; carrying out site-
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directed mutagenesis; or pursuing expression of FKP in different recombinant expression 

systems. This has previously been shown to be successful in Saccharomyces cerevisiae 

to synthesise nucleotide sugars from corresponding external monosaccharides in a 

mechanism similar to that of GDP-L-Fuc via the salvage pathway [182]. And further to the 

synthesis of HMOs, there are opportunities to explore the promiscuity of inter species 

FKPs for the synthesis of GDP-L-fucose derivatives as selective fucosyltransferase 

inhibitors [183]. Alternatively, there are further opportunities for mutagenesis of both FucT 

and FKP to increase efficiency of the enzymes and/or the production of specific products. 

Although, preferably structural information, i.e., cryo-EM or crystallographic structures, 

would be used to shape rationale for said mutations. 

It should also be noted that for a successful scale up of the one-pot FucT/FKP system, a 

nucleotide triphosphate regeneration system would be needed, such as incorporation of 

bi-functional polyphosphate kinase, or phosphocreatine and three coupled kinase 

reactions [184-187]. Such systems also provide increased yields when used in 

multienzyme cascade reactions by shifting the reaction equilibrium toward the desired 

sugar-nucleotide donor and, therefore, consequent fucosylated products.  

 

2.3 Conclusions 

By optimising known techniques for the characterisation of glycans (HPAEC-PAD and 

HILIC HPLC with CAD) and using these techniques complementary chromatography 

techniques in combination with mass spectroscopic methods, the components of HMO 

mixtures were successfully identified, even if in the case of isomeric compounds. 

Furthermore, semi-preparative HILIC chromatography was an effective way of purifying 

said mixtures to a 10s mg scale, achieving purity greater than commercial methods as 

evidenced by the high contamination standards and the misidentification of HMOs present 

in mixtures from commercial sources. To enable benchtop analysis and purification of 

HMOs, a method for the use of HILIC cartridges was developed. Here, HMO mixtures 

were purified with adequate resolution at 10 mg loading capacity or used as a pre-

purification step preceding HPLC steps. However, if columns with higher solid phase 

capacity were used, it is hypothesised that as much as 500 mg of HMOs could be purified 

in one bench top application. 

Regarding the in vitro investigations with HmFucT, we can conclude that it is a 

promiscuous enzyme that can accept and convert a variety of di-, tri-, tetra- and pent- 

saccharides, including core HMO structures and fucosylated glycans. However, this 

fucosylation can occur at both the terminal non-reducing end but does so with greater than 
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60% efficiency in most cases. Therefore, this enzyme is capable of synthesising HMO 

analogues and this procedure can be scaled up when used in combination with FKP in a 

two-step, one pot reaction. Furthermore, FKP can convert D-Ara and L-Gal into their 

respective GDP-sugar nucleotides, and these can be processed as donors by HmFucT. 

This enables access to a range of novel non-natural HMO analogues with controllable 

chemistries at the C-5 position of the carbon ring. Moreover, the ability of HmFucT to 

catalyse the fucosylation of functionalised lactose derivatives could unlock the potential 

for using functionalised building blocks in a multi-enzyme cascade to chemoenzymatically 

synthesise novel HMO analogues with functionality for a multitude of uses, including 

glycan biosensors, arrays and selective inhibitors. It should be noted that this apparent 

enzymatic promiscuity may more accurately be explained by a lack of intracellular 

compartmentalisation that would be exhibited in in vivo systems.  
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Chapter 3 – Probing Bacterial-Glycan Interactions 

 

3.1 General Introduction 

Although glycan arrays have been used extensively to monitor protein-glycan interactions, 

they have been utilised less successfully to identify specific microbe-glycan interactions 

using live bacteria. Historically, it has only been achieved in a handful of studies where 

Escherichia coli was predominantly used to model mannose-bacteria binding interactions 

[188-190].  

This chapter aims to examine the interactions of microbes with glycans regarding the 

ability of human milk oligosaccharides to modulate bacterial growth when supplemented 

using in vitro cultures. To investigate the unique binding specificities of different bacterial 

strains, ELISA-like glycan immobilisation assays will be developed to probe the effect of 

glycan valency, linker flexibility and chain length on the selectivity of bacterial binding. 

Further flow cytometry studies will be used to understand the aggregation properties of 

high binding glycans. 

 

 

3.2 Part I: Microbial HMO Utilisation 

3.2.1 Introduction 

The gut microbiota has been established as an important player influencing many aspects 

of human physiology. HMOs are known to act as prebiotics and most studies on HMO 

utilisation by microbes focus on the interaction of naturally occurring mixtures of HMOs 

with gut bacteria. However, more than 200 HMO structures are present in human milk [10, 

191]. There are many species of commensal bacteria that are known to utilise HMOs to 

exert a prebiotic effect. As such, HMOs are of intense interest, not only to the infant formula 

industry, but also for use in adult health food products where they can be used to restore 

a beneficial microbiota in dysbiotic adults and provide health benefits. In vivo studies show 

that 2’FL and LNnT are specific modulators of the adult microbiota with a very specific 

increase in bifidobacteria, where a mix of 2’FL and LNnT was better tolerated by 

bifidobacteria than the individual HMOs [192]. 
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This study aims to establish the capabilities of wild-type non-pathogenic Escherichia coli 

K12 MG1655 as a model organism to study HMO utilisation of fucosylated HMOs for 

pathogens of interest. E. coli was chosen as a model organism for this study due to its 

well-characterised catabolic pathways. Work focuses on whether Escherichia coli K12 

MG1655 can utilise L-fucose and specified fucosylated HMOs as a carbon source to 

facilitate growth and evaluates the use of E. coli as a model organism for similar pathogens 

of interest. L-fucose, a known chemotactic agent for E. coli [157], 2’FL or a combination of 

both, were added to minimal culture media as the sole energy source, and the growth in 

vitro by E. coli K12 was measured over time.  

 

3.2.1.1 Escherichia coli Catabolism 

Escherichia coli has been a key model organism from the very earliest work on molecular 

genetics and continues to play an important role to this day. Much of our understanding of 

the fundamental concepts of molecular biology such as replication, gene expression and 

protein synthesis have all been achieved through studies of E. coli. As such, L-fucose 

metabolism has been extensively characterised in E. coli. E. coli utilises L-fucose and L-

rhamnose as carbon and energy sources through parallel pathways. The L-fucose 

pathway is encoded by the fuc operon [193-195]. The fuc operon is comprised of fucP (L-

fucose permease or L-fucose/H+ symporter), fucI (L-fucose isomerase), fucK (L-fuculose 

kinase), fucA (L-fuculose 1-phosphate aldolase), fucO (L-1,2-propanediol oxidoreductase) 

(see Figure 3.1A) [193]. It should be noted that the L-fucose/H+ symporter is also able to 

transport L-galactose and D-arabinose but at reduced rates compared with L-fucose, and 

not the similar monosaccharides, L-rhamnose and L-arabinose [196]. The positive 

regulator encoded by fucR responds to L-fuculose-1-phosphate as the effector [197]. All 

of the fuc genes, including fucO, are induced both aerobically and anaerobically and 

isomerase, kinase, and aldolase were found to be functional in both aerobic and anaerobic 

environments, which means that the formation of neither DHAP nor L-lactaldehyde was 

influenced by the environment [198].  Aerobically, L-lactaldehyde is converted by a 

partially inducible NAD-linked dehydrogenase to L-lactate, which is oxidized to pyruvate 

for further metabolism [199, 200]. Anaerobically, however, L-lactaldehyde is reduced to L-

1,2-propanediol by propanediol oxidoreductase in a typical fermentative mechanism in 

which NADH is oxidized to NAD and L-1,2-propanediol is excreted as a fermentation 

product (see Figure 3.1B) [195, 200]. 
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Figure 3.1: Summary of fuc operon and L-fucose metabolism pathways in Escherichia coli. 
(A) A schematic representation of the different gene clusters of the fuc operon. (B) Metabolic 
pathways for the metabolism of L-fucose, including the L-fucose degradation pathway (green), the 
dihydroxyacetone phosphate degradation pathway (red), the 1,2-propanediol synthesis 
pathway/anaerobic fermentation of L-lactaldehyde (yellow) and the aerobic conversion of L-
lactaldehyde to pyruvate (blue).  
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3.2.2 Results and Discussion 

 

3.2.2.1 Effect of HMOs on E. coli Growth 

First, E. coli K12 was grown aerobically in M9 minimal media supplemented with either 

2% (w/v) glucose or fucose (L-Fuc) over 16 h (see Figure 3.2). This strain grew reasonably 

well on glucose, but not on L-Fuc (final OD600nm of 0.342 ± 0.002 and 0.093 ± 0.009 of 

glucose and fucose, respectively). However, when the E. coli K12 was grown aerobically 

in M9 minimal media supplemented with 0 to 10% (w/v) L-Fuc over 36 h, the culture 

displayed a prolonged lag-phase (10 h) from which growth proceeded normally over the 

following hours to reach the stationary phase after 20 h (see Figure 3.3) and a lower final 

cell density. At 1.25%, 2.5% and 5% L-Fuc (w/v), the culture growth is very consistent 

(final OD600nm of 0.567 ± 0.03, 0.52 ± 0.07, 0.547 ± 0.05, for 1.25%, 2.5% and 5% (w/v) L-

Fuc, respectively) however, at 10% L-Fuc no growth is detected indicating a possible 

inhibitory effect at high concentrations of L-Fuc (final OD600nm of -0.193 ± 0.004). 

These findings are consistent with previous research, which demonstrated that L-fucose 

can act as the sole carbon and energy source for wild-type E. coli K-12, while glucose 

remains the preferred substrate [201]. Additionally, the prolonged lag-phase may in part, 

be explained by the inducible nature of the fucose catalysis pathway, where fucR acts as 

the transcriptional activator of the fuc operon. Recent research has shown that the 

metabolic activity of E. coli responds differently when grown on glucose or fucose. E. coli 

grown on fucose exhibited inefficient carbon metabolism, which resulted in L-fuculose 

accumulation and slow growth. This inefficient carbon metabolism was postulated to have 

been caused by ATP deficiency arising from upregulation of gluconeogenesis and quorum 

sensing and downregulation of glycolysis, following analysis of metabolomic and 

transcriptomic data [202]. Additionally, due to the ATP deficiency, the metabolic activity of 

fucK, which phosphorylates L-fuculose to L-fuculose-1-phosphate using ATP, may be 

insufficient to phosphorylate all available L-fuculose, causing accumulation of L-fuculose 

and inefficient carbon flux. This data may explain why the supplementation of medium with 

high concentrations (> 5%, w/v) of L-Fuc seen in Figure 3.3 appears to have an inhibitory 

effect to on cell growth.   

Co-feeding experiments were carried out where E. coli K12 was cultured aerobically in 

minimal medium supplemented with 2% (w/v) L-Fuc and increasing concentrations of 2’FL 

(0 – 5%, w/v) over 48 h. The data, as seen in Figure 3.4, confirms that 2’FL cannot be 

used as the sole energy source by E. coli K12. It follows that E. coli K12 in minimal 
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supplemented with L-Fuc and increasing concentrations of 2’FL does not affect cell growth 

in treatment groups supplemented with 0%, 1.25% and 2.5% (w/v) L-Fuc. However, when 

the culture is supplemented with 5% L-Fuc (w/v), concentrations of 2’FL above 0.5% (w/v) 

appear to increase growth by half. Negative values are presumed to be due to 

condensation problems. This could potentially be rectified by using deep-well plates to 

improve aeration, achieve more efficient mixing with minimal evaporation. To confirm 

these findings, it might be beneficial to repeat the experiment and include treatment groups 

with 2’FL supplementation above 5% (w/v).  

 

 

 

Figure 3.2: Growth of E. coli K12 on different carbon sources in aerobic cultures. The M9 
minimal medium was supplemented with 2% glucose (w/v) (blue) or 2 % L-Fuc (w/v) (green). 
Optical density measurements were taken from 0 h onwards every 30 min using spiral average (2 
mm) for 16 h. Data points are shown as averages of three replicates with error bars representing 
the range of OD values for each time point.  

 



 

   

98 
 

 

Figure 3.3: Growth of E. coli K12 on increasing concentrations of L-fucose in aerobic 
cultures. The M9 minimal medium was supplemented with 0% (blue diamonds), 1.25% (orange 
squares), 2.5% (grey triangles), 5% (yellow crosses) and 10% L-Fuc (w/v) (light blue asterisks). 
Above 1.25% (w/v) L-Fuc supplementation, no different can be seen in microbial growth. However, 
10% (w/v) L-Fuc appears to inhibit cell growth. Optical density measurements were taken from 0 h 
onwards every 30 min using spiral average (2 mm) for 36 h. Data points are shown as averages 
across three replicates with error bars representing the standard deviation for data points.  

 

The inability of 2’FL to effect E. coli growth is likely due to FucP, a L-fucose/H+ symporter, 

which mediates the uptake of L-Fuc across the cell membrane with the concomitant 

transport of protons into the cell. Unsurprisingly, the L-fucose/H+ symporter is not able to 

transport 2’FL across the membrane but this data also indicates that 2’FL is not able to 

inhibit growth by non-specific binding/blockage of the symporter. Typically, L-Fuc 

utilisation pathways often include fucosidases to cleave L-Fuc from the oligosaccharide 

backbone, for example in species from the phyla Actinobacteria, Bacteroidetes, 

Firmicutes, and Proteobacteria [158, 203]. Some commensal species secrete 

fucosidases, e.g., Bacteroides fragilis, which aid the growth and invasion of pathogens by 

releasing L-Fuc from intestinal mucins [204]. It is perhaps unsurprising that E. coli grown 

in monoculture, which lack an endogenous fucosidase, are unable to grow on fucosylated 

HMOs. Notably, though, the presence of genes for sugar degradation alone does not 

guarantee the ability to grow in the presence of HMOs. For instance, Lactobacillus casei 

BL23 is equipped with an α-fucosidase which can act on 2’’FL but is unable to use it as an 

energy source [205]. The internal localization of the enzyme and lack of a trans-membrane 

transporter for 2’FL is thought to cause this lack of 2’FL metabolism [40]. 
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Figure 3.4: Final OD600nm of E. coli K-12 cultures supplemented with 0%, 1.25%, 2.5% and 5% 
(w/v) L-Fuc and co-fed with increasing concentrations of 2’FL. Optical density measurements 
were taken from 0 h onwards every 30 min using spiral average (2 mm) for 36 h. Data points are 
final optical density measurements shown as averages across three replicates with error bars 
representing the standard deviation for data points.  

 

3.2.3 Conclusions 

This section has examined the interactions of HMOs on the growth of E. coli. It was found 

that E. coli is able to utilise L-Fuc as a sole energy source. Interestingly, it was also found 

that high concentrations of L-Fuc (> 5%, w/v) inhibit E. coli growth which is postulated to 

be due inefficient carbon metabolism resulting in the accumulation of L-fuculose from ATP 

deficiency from upregulation of gluconeogenesis and quorum sensing and downregulation 

of glycolysis. However, HMOs cannot be metabolised as a substitute to L-Fuc, nor do they 

effect growth when co-fed with L-Fuc unlike with commensal bacteria. This is hypothesised 

to be due to the lack of fucosidase expression by E. coli and the inability of the FucP H+/L-

fucose transporter to transport 2’FL. To conclude, E. coli can be used as a reliable 

organism for modelling the metabolism of HMOs, but only for microbes that also possess 

the fuc operon and lack fucosidase expression, such as Campylobacter jejuni, unless co-

cultured with microbes that have endogenous fucosidase expression allowing the 

scavenging of released L-Fuc. 
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3.3 Part II: E. coli Binding Assay 

3.3.1 Introduction 

Carbohydrates are the dominant biopolymer on earth and play important roles ranging 

from building material for plants to function in many biological systems [206]. Because 

glycan motifs have a strong and well-characterised interaction, a relatively high surface 

coverage and a known functioning role used by multiple different pathogenic species, they 

serve as a promising target for detection of infection and targeted drug therapies. As such, 

this section aims to develop a basic assay format, like the principles of an enzyme-linked 

immunosorbent assay (ELISA), but capable of giving specific binding interactions of 

glycans with live bacteria to understand the specific glycan-bacteria binding interactions 

that occur with Escherichia coli as a model. The experimental workflow can be seen in 

Figure 3.5. 

 

Figure 3.5: Schematic of workflow for development of bacterial binding assay. BSA-mannose 
conjugates are non-covalently bound to the microplate surface and the assay was validated with 
fluorescent plant lectins, followed by proof of concept with mannose-binding (ORN178, FimH+) and 
non-mannose-binding (ORN208, FimH-) strains of E. coli.  
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Glycans containing chains of mannose with different degrees of polymerisation (DP) will 

be immobilised to a microplate surface via a protein linker. The highly valent 

polysaccharide, mannan from Saccharomyces cerevisiae – a highly mannosylated 

glycoprotein displayed on the cell wall will also be immobilised to evaluate differences in 

binding affinity between mono-, di- and trisaccharides compared to polysaccharides. 

Figure 3.6A shows yeast mannan as a densely branched α-linked mannose polymer with 

a molecular weight ranging from 20,000 to 200,000 Da [207]. It includes a linear α-1,6-

mannoside backbone branched with mono-, di-, tri- and tetramer α-1,2- or α-1,3-

mannosides [208, 209]. 

Fluorescent intensity of bound proteins or cells will be used to indicate binding. To 

demonstrate the specificity of binding reactions facilitated by the assay format, fluorescent 

plant lectins, will be used to validate the assay, followed by fluorescently labelled 

Escherichia coli strains, ORN178 (wild-type) and ORN208 (mutant). ORN178 is a positive 

phenotype for the type-1 pilli expression (FimH+), and the ORN208 that does not express 

type-1 pilli, which were used as a negative control (FimH-) [210]. Figure 3.6B shows the 

structure of type-1 pilli in E. coli, which is assembled by the Fim system and comprises of 

a FimC chaperone, a FimD usher, a flexible FimA region consisting of many subunits, and 

a rigid tip region of FimF, FimG and capped with a FimH lectin-binding domain – a 

mannose specific lectin [211]. 

Figure 3.6: The structure of mannan from Saccharomyces cerevisiae (A) and an Escherichia 
coli type-1 pillus (B). (A) Mannan includes a linear α1, 6-mannoside backbone branched with α1, 
2-mannoside and α1, 3-mannoside bonds in the form of mono-, di-, tri-, and tetramers. (B) The 
type-1 pilus from Escherichia coli is assembled by the Fim system and comprises of a FimC 
chaperone, a FimD usher (transmembrane pore), a flexible FimA region consisting of many 
subunits, and a rigid tip region of FimF, FimG and capped with a FimH lectin-binding domain. 
Adapted with permission from [211, 212].  
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3.3.1.1 E. coli-Glycan Binding Studies 

Only a handful of prior studies have shown specific and selective binding of live bacteria 

to a glycan arrays or glycan-functionalised polymers or nanomaterials and these were 

mainly published by the Seeberger and Field groups over a decade ago. In 2004, 

Seeberger reported a whole cell application of the glycan microarray [188]. In this work, 

first five different monosaccharides equipped with an ethanolamine linker at their reducing 

ends were used to construct microarrays on glass slides coated with amine-reactive 

homobifunctional disuccinimidyl carbonate linker. E. coli cells (ORN178) that had been 

stained with nucleic acid staining dye were bound to the slide at only mannose residues 

as a proof of concept. The E. coli only bound to the mannose residues and not to other 

carbohydrates. Two E. coli strains were then tested (ORN178 and ORN208) and the 

mutant strain exhibited a reduced affinity to mannose as expected. Minimal binding of 

ORN208 to mannose was still detected, which one can assume is due to non-specific 

binding by other receptors on the cell surface. The format was then used as a biosensor 

platform to determine the carbohydrate binding “fingerprint” of the bacteria present in a 

complex mixture, i.e., sheep erythrocytes and serum. The results can been in Figure 3.7. 

Before this, only intact mammalian cells had been seen to demonstrate carbohydrate-

specific binding in a microarray format [213].  

Figure 3.7: Summary of data from Disney et al. (A) An image of a carbohydrate array containing 
monosaccharides with a reducing end ethanolamine linker after incubation with ORN178 that were 
stained with SYTO 83 cell-permeable nucleic acid staining dye. (B) Left: adhesion of with mannose 
binding E. coli, ORN178, or mutant E. coli, ORN208 to mannose microarrays where ORN208 has 
greatly diminished mannose binding affinity. Right: plots of the experimental data from these two 
slides. Reproduced with permission from [188].  
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In the same year, the Seeberger group also published on the detection of bacteria with 

carbohydrate-functionalised fluorescent polymers [214] the results of which can be seen 

in Figure 3.8A. Carbohydrate-functionalised poly(p-phenylene ethynylene) (PPE) was 

used for the detection of E. coli by multivalent interactions. The mannose-functionalised 

PPE (2a) was able to fluorescently stain E. coli ORN178, while the mutant ORN208 strain 

gave no polymer fluorescence after incubation. Additionally, following incubation, neither 

the non-functionalised polymer (1) nor the galactose-functionalised polymer displayed 

fluorescent staining with either E. coli strain. A few years later, the Field group published 

a similar methodology but employing carbohydrate-functionalise quantum dots for 

bacterial detection [189]. Mannose-coated cadmium sulphide (Cds) quantum dots (Man-

QDs) were able to induce luminescent aggregates of E. coli which were, therefore, able to 

detect bacteria in cell suspensions containing as few as 104 cells per mL. The recognition 

and subsequent detection of E. coli using the Man-QD was also shown to the specific as 

aggregation did not occur with FimH defective E. coli ORN208, or with galactose-coated 

QDs (see Figure 3.8B).   

Techniques other than glycan arrays and glycopolymer aggregation have been used for 

the detection of bacteria. The most recent instance of supramolecular recognition of E. 

coli was by Arias et al., in 2017 [215], who used fluorescent oligo(phenyleneethynylene)s 

with mannopyranoside termini groups coupled with surface plasmon resonance (SPR) to 

specifically recognise ORN178, and not ORN208, to sensitivity of 104 colony forming units 

(CFU)/mL at flow rate of 50 µL/min. Before then, a technique for the discrimination of E. 

coli strains using glycan cantilever array sensors was published [216]. The authors 

claimed that the method exhibited specific and reproducible deflection with a sensitivity 

range over four orders of magnitude. The procedure was tested with ORN178 and 

galactose, trimannose and nonamannose where galactose showed minimal deflection. 

The binding properties of E. coli strains with distinct mannose capabilities was also tested; 

ORN178, ORN208 and ORN206 – a strain that does not produce pili. However, the largest 

signal was seen for ORN206, which the authors explained as the missing pili facilitated 

access to increased non-specific binding of mannose transporters.  
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Figure 3.8: Schematic of the mannose probes and resultant observed E. coli aggregation 
following incubation from the literature. (A) Top: structure of the mannosylated polymer 
synthesised by Disney et al., and bottom: visualization of ORN208 (mutant), left, and ORN178 
(mannose-binding), right, E. coli strains after incubation with mannosylated polymer 2a. (B) Top: 
schematic showing the synthesis of synthesis of Man-QD by Mukhopadhyay et al., and bottom: 
confocal fluorescence microscopy images of bacterial aggregates due to Man-QD-mediated 
aggregation of ORN178, left, and ORN208, right, showing no aggregation. Reproduced with 
permission from Copyright 2023 American Chemical Society and Creative Commons Public 
Licenses [189, 214].  

 

3.3.1.2 Glycan Microplate Studies  

Over the past two decades, glycan microarrays have become powerful tools for exploring 

bacterial surface glycans and their recognition by proteins have been developed [217, 

218]. The first publications reporting the development of glycan arrays came in 2002 from 

several independent research groups. Two reports demonstrated robotically printed arrays 

of diverse glycan libraries [219, 220], and many other laboratories demonstrated various 

approaches for immobilisation of glycans in printed slide or multiwell plate formats [221-

223]. 

Glycans have been non-covalently and covalently immobilised to a variety of 

functionalised surfaces, including glass slides and microplates. For example, lipid tethers 

and 1, 3-dipolar cycloadditions between azides and alkynes were exploited by Fazio et al. 

to attach oligosaccharides to a C14 hydrocarbon chain that noncovalently binds to the 

microtiter well surface [221, 224]. They used this approach to successfully screen complex 

sugars for their specific interactions with fluorescein-labelled plant lectins. They then build 
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on those findings to develop a microplate array that incorporates the covalent array for 

improved ease of use and reusability [225]. However, for covalent binding NHS-or amine- 

coated surfaces were needed for alkyne-functionalisation and subsequent triazole 

formation for glycan attachment.  

There appears to be only one entry in the literature for a microplate assay that examines 

glycan-bacterial binding and that is from the Gibson group in 2016. They used hydrazide-

functionalised (carbo-BIND) microplates to glycosylated reducing carbohydrates to the 

surface with an aniline catalyst. Visualisation of bacterial binding was enabled with a two-

step labelling procedure where bacteria were first biotinylated with biotin-NHS and then 

reacted with FITC-labelled streptavidin. This method produced a heterogenous surface of 

ring-closed and ring-opened sugars (60:40) and was claimed to give distinct binding 

profiles for Gram-positive and Gram-negative bacterial strains to carbohydrate 

functionalised surfaces. However, it could be argued that there are no glycan specific 

binding interactions for any of the bacterial strains probed (see Figure 3.9C). A summary 

of the data can be seen in Figure 3.9.  

Figure 3.9: Summary of data of live bacterial binding to carbohydrate microplates by the 
Gibson group. (A) Schematic of binding and fluorescent labelling of bacteria. (B) Linear 
discriminant analysis model of bacterial binding. E. coli K12, E. coli Top10, M. marinum, P. putida 
and M. smegmatis. Each point represents a single binding profile to all the glycan surfaces, the 
centre point dictates the average value for all samples and the ellipses represent one standard 
deviation from the average. (C) Binding profiles of fluorescently labelled bacteria to glycan surfaces. 
Arabinose (Ara), cellobiose (Cel), dextran (Dex), galactose (Gal), glucose (Glc), N-acetyl-D-
glucosamine (GlcNAc), glyceraldehyde (Gly), lactose (Lac) and mannose (Man). Reproduced with 
permission from the Royal Society of Chemistry [226]. 
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3.3.2 Results and Discussion 

 

3.3.2.1 Lectin Binding Assays 

To generate a platform designed to determine the binding specificity of bacteria towards 

glycans requiring standard lab equipment, we used chemo-enzymatically synthesised 

bovine serum albumin (BSA) conjugated mannose (Figure 3.10) immobilised to 

polystyrene microtiter plates. We used the BSA linker as a functional group to immobilise 

the glycans by utilising surface amine-containing lysine residues of the BSA giving rise to 

BSA-mannose conjugates with differing numbers of mannose residues displayed on the 

surface (see Table 3.1).  

 

Figure 3.10: Composition of the mannosylated BSA-glycoconjugates used in this study.  

 

Table 3.1: Table of mannose-containing compounds. 

 

 

Compound No. Compound Name 

1 BSA-PEG4-αMan (10 sugars) 

2 BSA-PEG4-αMan (15 sugars) 

3 BSA-PEG4-αMan (20 sugars) 

4 BSA-PEG4-αManα1,6Man (15 sugars) 

5 BSA-PEG4-αManα1,6Man (20 sugars) 

6 BSA-PEG4-αManα1,6Manα1,6Man (10 sugars) 

7 BSA-PEG4-αManα1,6Manα1,6Man (12 sugars) 

8 BSA-PEG4-αManα1,6Manα1,6Man (15 sugars) 

9 Mannan, 1000 µg/mL 

10 Mannan, 800 µg/mL 

11 Mannan, 600 µg/mL 

12 Mannan, 400 µg/mL 
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To examine the “printing” efficiency of the BSA-glycan conjugates, we first examined the 

fluorescent output with BSA-FITC conjugates (see Figure 3.11). This study revealed that 

non-covalent immobilisation of BSA-conjugates to polystyrene microtiter plates can be 

achieved under basic conditions. From 400 μg/mL to 50 μg/mL the fluorescent intensity 

remained around 120,000 FI due to surface saturation. At concentrations below 50 μg/mL 

the fluorescence intensity decreased as concentration decreased. Therefore, at BSA-FITC 

concentrations of 50 µg/mL or more, maximal binding was reached.  

 

 

Figure 3.11: Fluorescence intensity of BSA-FITC directly bound to the polystyrene surface 
of the microplate. From 400 to 50 μg/mL BSA-FITC the surface is saturated and exhibits maximal 
fluorescence intensity. Below 50 μg/mL BSA-FITC, surface saturation decreases. 

 

Plant lectins are essential tools in biological studies. The binding profiles of common plant 

lectins, which are naturally occurring glycan-binding proteins (GBPs), are very well studied 

and they are vital for identifying and characterizing specific glycan epitopes [227]. To 

validate the assay and determine the ability of the format to give specific binding properties 

of glycan-binding proteins, fluorescent plant lectins were used. Concanavalin A (ConA) 

from Canavalia ensiformis is a Man/Glc specific plant lectin commonly used lectin for 

verifying lectin-glycan interactions [228]. At pH 7, ConA is a tetramer with four active sites 

[229] and is stable upon surface immobilisation [230] and, therefore, can be functionalized 

on various surfaces with little effect from orientation as some active sites will be exposed 

to the surface. This makes ConA a good candidate for direct immobilisation onto a surface 

for use as a positive control, as it behaves as a model lectin.   
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First, the optimal concentration of fluorescein-ConA was evaluated for BSA-PEG4-Man 

(10), i.e., ten single mannose residues conjugated to BSA via polyethylene glycol (PEG) -

ylated linkers. Figure 3.12 shows that fluorescent intensity of ConA bound to BSA-PEG4-

Man was only half as strong as that of BSA-FITC but was of adequate intensity to identify 

binding over the negative control. Furthermore, 2 µg/mL of ConA was found to be the 

optimal concentration of fluorescent plant lectin, even at the lowest concentration of 

glycan, 50 µg/mL, with fluorescent intensity reducing dramatically as lectin concentration 

is reduced to 1 μg/mL or 0.5 μg/mL (see Figure 3.12).  

When determining whether this format could be used to demonstrate binding specificity, 

BSA-2’FL was immobilised and probed with both a fluorescein-labelled fucose specific 

lectin, Ulex europaeus agglutinin I (UEA-I), and ConA. The lectins were tested with BSA-

PEG4-Man (15) to determine the ability of the assay to give specific binding interactions. 

Figure 3.13 shows that this assay format enables specific binding as the fluorescent output 

of BSA-2’FL with ConA is negligible when compared to its specific lectin, UEA-I. The same 

was seen when BSA-PEG4-Man (15) with UEA-I - negligible binding was observed. 

 

 

Figure 3.12: Fluorescence intensity of decreasing concentration of fluorescein-ConA bound 
to decreasing concentrations of BSA-PEG4-Man (10) (compound 1). From 400 to 50 μg/mL 
BSA-PEG4-Man (10) the surface is saturated. ConA (2 μg/mL) shows significantly higher 
fluorescence intensity than lower concentrations of ConA (1 μg/mL or 0.5 μg/ml). 
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Figure 3.13: Fluorescence intensity of fluorescein-UEA-I or ConA bound to BSA-2’FL (400 
μg/mL), including BSA-PEG4-αMan (15) with UEA-I as an additional negative control. The 
assay offers binding specificity with plant lectins. UEA-I specifically bound to fucosylated glycans 
and not mannose. Equally, ConA did not bind to fucosylated glycans. 

 

 To investigate this further and examine the effect of glycan valency, glycan chain length 

and linker length on the efficiency of plant lectin binding, a series of mannose containing 

BSA-conjugates and mannan from Saccharomyces cerevisiae were immobilised and 

probed with fluorescein-ConA (see Table 3.1). Figure 3.14 shows that increasing glycan 

valency has a small effect on the binding ability of ConA. This may partly be explained by 

the presence of a monosaccharide and binding site and secondary extended binding site 

of ConA, where the lectin can also bind mannose trisaccharides [231].  

Interestingly, mannan from Saccharomyces cerevisiae showed significantly greater ConA 

binding. Individual glycans display low affinity to their protein targets, but this is overcome 

in nature by multivalent display [232], thus plant lectins are usually dimers or tetramers to 

enable multivalent interactions [233]. The highly branched mannosylated structure of 

mannan may allow multivalent interactions resulting in greater binding capacity of the 

lectin to the mannan when compared to the BSA-conjugated mannose structures. The 

chemical nature of glycosidic linkages permits glycans a certain degree of flexibility, 

adopting a variety of three-dimensional shapes [234, 235]. Therefore, mannan is likely to 

be more inherently flexible enabling the correct conformational orientation for lectin 

binding.  
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Figure 3.14: Fluorescence intensity of fluorescein-ConA bound to mannose-containing 
compounds 1 – 12 (see Table 3.1). 

 

Furthermore, the use of BSA limits the number of mannose residues present in the correct 

orientation not only due to the size of BSA (BSA has a nominal size of 7.1 nm and a mass 

of 66.5kDa [236], but also due to its limited capacity to conjugate, and therefore, display 

sugar moieties. Bioconjugation of propargyl linkers on the surface of BSA to which sugar 

residues can be attached is restricted to the number of lysine residues present on the 

surface of the tertiary/quaternary BSA structure, of which BSA consists of 59 lysine 

residues, of which 30-35 have primary amines at the surface that can react [237]. 

Additionally, in this format, the orientation of the BSA-glycan to the surface is unknown, 

therefore not all the mannose residues present will be in the correct orientation for binding 

at any given time. It follows that adherence of mannan to the surface is much greater than 

mannosylated BSA conjugates due to the lack of protein component to facilitate covalent 

or non-covalent binding to the surface. In contrast to BSA-glycoconjugates, much higher 

concentrations of mannan can be bound to the surface with no surface saturation 

observed from 50 μg/mL to 400 μg/mL (see Figure 3.15), or concentrations up to 1 mg/mL 

(see compounds 9, 10, 11, 12 in Figure 3.14). 
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Figure 3.15: Fluorescence intensity of fluorescein-ConA bound to mannan from 
Saccharomyces cerevisiae. 

 

 

3.3.2.2 Live Bacteria Binding Assays 

With the validated assay in hand, we then moved to establish if the assay could show 

specific interactions of fluorescently labelled E. coli strains. The strains used were either 

WT (ORN178, FimH+) or mutants that do not express the mannose-binding FimH lectin 

(ORN208, FimH-). However, before the glycan-E. coli interactions could be probed, the 

labelling and dilution of E. coli cells were first optimised. 

Initially, different methods of fluorescently labelled the cells was investigated: basic FITC 

labelling, CellTrace™ CFSE Cell Proliferation Kit (Thermo Fischer Scientific) and a two-

step labelling procedure where bacteria were first biotinylated with biotin-NHS, followed 

by a reaction with FITC-labelled streptavidin [226]. Figure 3.16 summarises the respective 

fluorescent intensities of E. coli strains labelled using the techniques listed above. The 

CellTrace™ CFSE Cell Proliferation Kit showed the highest fluorescence intensity at 1 x 

107 cells/mL (188444 ± 4654 and 129941 ± 1481 for ORN178 and ORN208, respectively). 

However, upon dilution to 1 x 106 cells/mL and beyond, fluorescent intensity decreased 

dramatically (24035 ± 326 and 17979 ± 112 for ORN178 and ORN208, respectively). The 

second most effective labelling method was the basic FITC procedure where 1 x 109 

cells/mL showed a fluorescent intensity of 44840 and 62040 for ORN178 and ORN208, 

respectively. The two-step method using biotin-NHS and FITC-streptavidin appeared to 

produce the lowest fluorescent intensity (45822 ± 15530 and 34043 ± 956, respectively). 

Furthermore, the standard deviation of the data, represented by the error bars indicated 

an increased unreliability of this technique compared to the other labelling methods. Going 
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forward, the basic FITC protocol was employed due to its simplicity, cost effectiveness. 

Also, more cells/mL could be labelled at one time. 

Fluorescent microscopy studies revealed that this technique did not appear to give to 

uniform labelling (see Figure 3.17A). Consequently, FITC labelling was optimised by 

repeating the labelling step one or two times to increase labelling efficiency, which resulted 

in a much higher fluorescent intensity of cells in solution. As FITC reacts with a primary 

amine on the bacterial surface to form a covalent amide bond [238-241], it is thought that 

free amines in solution were eliminated by first staining, which allowed for better cell 

staining in consequent labelling steps. For example, for 1 x 109 ORN178 cells/mL the 

fluorescence intensity increased from 13733 ± 260 after one labelling step, to 252428 ± 

5325 following three repetitions (see Figure 3.17B). Therefore, the FITC labelling 

procedure with three repetitions was used for all future E. coli labelling. 
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Figure 3.14: Summary of labelling procedures tested for fluorescent labelling of E. coli 
strains, ORN178 and ORN208. (A) basic FITC-labelling, (B) CellTrace™ CFSE Cell Proliferation 
Kit and (C) a two-step procedure using biotin-NHS followed by FITC-labelled streptavidin. 
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Figure 3.15: Fluorescent microscopy imaging of FITC-labelled E. coli strains ORN178 and 
ORN208 (A) and optimisation of FITC-labelling (B). (A) Un-optimised method for FITC labelling 
E. coli led to inconsistent labelling. (B) FITC labelling was optimised by carrying out the labelling 
step once (X1), twice (X2) or three times (X3) to improve the fluorescent intensity emitted by the 
bacterial cells.  

 

With a functional glycan assay method and fluorescently labelled E. coli strains in hand, 

we probed the assay containing BSA-PEG4-Man (10) (BSA-Man) and mannan from 

Saccharomyces cerevisiae (see Figure 3.18). When a glycan assay was either blocked or 

not blocked with 3% BSA, bound BSA-Man and mannan were treated with FimH+/- E. coli 

strains. We saw that blocking made no difference to the binding capabilities of the E. coli 

in the case of BSA-Man, however, completely diminished binding to mannan. 

Furthermore, in the case of mannan, E. coli FimH+ was found to bind specifically to 

mannan, with no significant binding seen for FimH- (106400 ± 10100 and 55600 ± 6000 
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similarly to data from Disney et al., (see Figure 3.18A). In this case, it appears that there 

is some non-specific binding of E. coli to BSA or binding of other receptors to mannose as 

seen by high background from both the bacterial negative controls.  

 

Figure 3.16: Fluorescence intensity of FITC-labelled E. coli (FimH+ or FimH-) bound to BSA-
PEG4-Man (10) (BSA-Man) or mannan from Saccharomyces cerevisiae. Specific binding of 
ORN178 (FimH+) to mannan under non-blocking conditions was seen when compared to ORN208 
(FimH-). 

 

This data indicates that mannan could be used as a basis for the design of 

immunostimulatory compounds, inhibitory compounds or receptor decoys for mannose-

binding pathogens allowing selective colonisation. Mannose-based treatments for 

uropathogenic Escherichia coli-induced urinary tract infections are already in development 

[242]. Moreover, mannan has previously been shown to enhance IL-12 production by 

increasing bacterial uptake and endosomal degradation in dendritic cells stimulated by 

Gram positive bacteria, L. acidophilus and S. aureus [243]. Furthermore, mannan from 

Saccharomyces cerevisiae can induce beta-defensin-1 expression via Dectin-2-Syk-p38 

pathways in ovine ruminal epithelial cells [244] and mannan-oligosaccharide 

supplementation attenuates intestinal inflammation and barrier dysfunction induced by 

Escherichia coli in broilers [245]. There is also precedent for this in other species, where 

recent studies have shown that cell wall mannan from fungal species play a pivotal in host 

immune responses, allowing protection against fungal infection or facilitate immune 

invasion [246-248]. Mannans can induce anti-fungal protective immunity in Candida 

species [249, 250], for example, cell wall mannan of Candida krusei mediates dendritic 

cell apoptosis and orchestrates Th17 polarization [251]. In the literature, the inhibitory and 
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selective adhesion properties of mannosylated compounds have been examined in recent 

years. One example used hemagglutination assays to examine the inhibitory properties of 

mannose-tipped ligands and those containing a triazole ring have potential as a potent 

mannosyl ligands for targeting the FimH fimbrial lectin [252]. Alternatively, using 

saccharides to selectively colonise surfaces may be beneficial to many biotechnologies 

where promoting adhesion of benign microbes could prevent surface attachment of 

pathogens. This hypothesis was investigated by Young et al., who presented that 

mannose-decorated glycopolymer surfaces could demonstrate the selective adhesion of 

Shewanella oneidensis [253].  

When evaluating this system as a useful tool for glycan assays, there are some limitations 

to consider. Throughout the optimisation and validation process, the fluorescent intensity 

of bound entities was inconsistent. Possible reasons for this regarding the use of BSA as 

a bioconjugate were discussed in 3.3.2.1. To overcome these issues, future works could 

use multivalent dendrimers with long flexible linkers to increase incidence and ease of 

bacterial binding. Many studies have shown that multivalency improves the efficiency of 

antiadhesive compounds and an increase in flexibility of both protein and ligand can result 

in an increase in the stability of macromolecular complexes [254, 255]. Kim et al., showed 

that the binding affinities of toxins and pathogens for glycans are highly glycan density 

dependent. Specifically, toxins and pathogens bind to glycans more strongly as the 

valency of the glycans on the microarrays is increased from 1 to 4 [256]. Furthermore, 

dodecamannosylated fullerenes demonstrated improved adhesion for live uropathogenic 

E. coli [190]. Surface plasmon resonance measurements showed that glycodendrimers 

bearing aryl α-D-mannopyranoside residue clusters (tetramers) are the best ligands 

known to date toward Escherichia coli K12 FimH with subnanomolar affinities, where 

these clusters were 1000 times more potent than mannose for their capacity to inhibit the 

binding of E. coli to erythrocytes in vitro. [257].  

 A similar approach has been investigated with fucosylated compounds. When 

investigating the antibiofilm properties of fucose, a calix[4]arene scaffold in which multiple 

α-L-fucose units are linked to the platform via a flexible spacer of 6-aminocaproic acid, 

exhibited greater inhibition than its non-macrocyclic counterpart, which suggested a 

multivalency effect [258]. Similarly, Verkhnyatskaya et al., found that cyclodextrins 

decorated with multiple fucose moieties showed greater antiadhesive properties than 

compounds mono-fucosylated compounds [259]. Alternatively, a different method of 

detection could be employed. Surface plasmon resonance (SPR) techniques have been 

known to give supramolecular recognition of E. coli by fluorescent 

oligo(phenyleneethynylene)s with mannopyranoside termini groups [215]. Furthermore, 



 

   

117 
 

this technique identified that two mannose groups are necessary to have a specific 

interaction with type 1 pilli.  

To this end, in collaboration with the Blanford group (Manchester Institute of 

Biotechnology), similar lectin- or bacterial-binding interactions were investigated using an 

alternative glycan-based biosensor format. A mannose-functionalised surface of gold or 

graphene were used for probing the detection mechanism via quartz crystal microbalance 

(QCM) with dissipation and graphene field-effect transistor (GFET) to allow for both 

acoustic and electronic modes of sensing (see Figure 3.19). The QCM is a biosensor 

platform that incorporates a mechanical transducer, which operates on the principle of 

mass detection from changes to resonance frequency. A similar scheme is employed with 

GFET, but a graphene surface is used, and where modified conductivity of the surface is 

indicative of binding interactions. This format allowed selective and sensitive adhesion of 

E. coli to the mannose-functionalised biosensor; where ORN178 showed strong and 

irreversible binding to the mannose functionalised surface, whilst the ORN208 mutant 

(FimH-) did not bind (see Figure 3.20 and Figure 3.21), the methods of which can be seen 

in section 5.3.5 [260]. The improved selectivity and sensitivity of this biosensor may be 

due to the use of a small sugar probe, which circumvented the stability associated 

problems seen with large protein based bioprobes, such as the BSA glycoconjugates. 

 

 

 

 

Figure 3.17: Mannose-functionalised gold surface for QCM (A) and graphene for GFET (B). 
(A) Drop casting of 3,3'-Dithiodipropionic acid di(N-hydroxysuccinimide ester) dissolved in DMF 
was incubated on the gold before rinsing with water and ethanol. This was then repeated with 3-
azidopropyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (3-APM) to obtain a mannose-
functionalised gold surface. (B) 1-Pyrenebutanoic acid succinimidyl ester (in methanol) was drop 
casted onto the graphene surface and incubated followed by addition of 3-APM overnight to obtain 
functionalized surface.  

A B 
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Figure 3.20: QCM of E. coli variants binding to mannose functionalized surface. (A) 
Dissipation and frequency traces are plotted over increasing E. coli concentration. (B) Calculated 
areal mass density using a viscoelastic model of the 3rd, 5th and 7th harmonics. (C) Dissipation 
plotted as a function of frequency to show conformational binding of E. coli on the functionalized 
surfaces [260].  

 

 

 

Figure 3.21: Binding of E. coli FimH variants on GFET surfaces functionalized with mannose. 
(A) Full transfer curves showing shift in voltage at the charge neutrality point (VCNP) for FimH+ and 
FimH- variants at initial and final E. coli concentrations. (B) The shift VCNP plotted for both variants 
and baselined with the VCNP of the initial PBS solution and the normalised isd change at 1.2V Vg 
[260]. 
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3.3.2.3 Flow Cytometry Aggregation Assay 

From the assay data, we know that specific binding can be seen between mannan and 

FimH+ (ORN178) E. coli cells compared with the FimH- (ORN208) strain. To observe if 

mannan was capable of causing selective aggregation of E. coli strains, a dilution of 

mannan was incubated with E. coli cell lines (1 x 104 cells/mL) and was analysed by cell 

cytometry to count cell aggregates. Data was plotted as an average across replicates. 

Initially, it was observed that only mannan at 100 µg/mL can facilitate aggregation of 

ORN178 cells, where 73.1% of cells form two or more aggregates compared to a mean of 

26%, but not any other concentration of mannan or any ORN208 samples. However, upon 

repetition data suggests that there is no correlation between mannan concentration and 

aggregation in either strain (see Figure 3.22) but further optimisation and repeats are 

needed to draw firm conclusions. If successful, mannan from Saccharomyces cerevisiae, 

provides an easily accessible food supplement with potential inhibitory capabilities for 

uropathogenic E. coli. 

 

 

Figure 3.22: Flow cytometry analysis of E. coli cell lines (FimH+, ORN178 and FimH-, 
ORN208) in the presence of decreasing concentrations of mannan showing the total number 
of cells present in two or more aggregates. Initial data suggests that there is no aggregation of 
either strain in presence of mannan. Data is plotted as an average across experimental duplicates 
with the error bars representing standard deviation.  
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3.3.3 Conclusions 

When evaluating simple microtiter plate glycan assays, where BSA-mannose conjugated 

compounds were non-covalently immobilised to a polystyrene microplate. To show that 

this binding principle was valid, a FITC conjugated BSA carrier protein was used. Using 

dilutions to determine minimum binding concentrations, maximal binding was achieved 

above concentrations of 50 µg/mL BSA-FITC.  

The selectivity of the assay was then tested with fluorescent-plant lectins as a proof of 

concept. BSA-conjugated mannose was non-covalently bound to the surface of the 

microplate, displaying different numbers of glycans on the surface and different mannose 

chain lengths. Additionally, a highly valent, mannosylated polysaccharide, mannan from 

Saccharomyces cerevisiae, was bound to the surface. All compounds elicited selective 

binding with the fluorescent-plant lectin, ConA, and negligible binding to UEA-I. Moreover, 

when BSA-conjugated 2’FL was bound, the reverse was true, where selective binding of 

UEA-I was seen with negligible binding to ConA.  

The assay was tested with live bacteria, E coli ORN178 (FimH+) and ORN208 (FimH-); 

strains with varied FimH mannose lectin-binding domains to test the selectivity of the test. 

The assay was able to identify selective binding interactions with live bacteria, where 

mannan showed the greatest binding affinity. However, the assay had limited sensitivity 

and appeared to be limited by the size of the carrier protein, and number and flexibility of 

the displayed glycans as mannan was able to elicit a much high fluorescent response, 

presumably due to its greater glycan valency. By modifying the method of immobilisation, 

i.e., eliminate the use of BSA and instead use a smaller functionalised probe with a long 

flexible linker for multivalent glycan display, the binding affinity of E. coli may be improved. 

The methodology also lends itself for adaption to other mediums, such as gold 

nanoparticles, quantum dots and gold/graphene chips for use as highly specific 

biosensors for detection of pathogens or identification of pathogen-specific glycan motifs 

for the development of targeted drug therapies. This was exemplified by the collaborative 

project with the Blanford group, where mannose-functionalised small probe biosensors 

showed highly selective and irreversible binding with E. coli strains ORN178 and ORN208. 

This is advantageous in biosensor design as it allows for robust pathogen detection.  

Finally, flow cytometry methodology was investigated to determine whether mannan could 

facilitate selective aggregation of E. coli strains ORN178 and ORN208. Following brief 

optimisation, our studies did not show any indication of bacterial aggregation after pre-

treatment with mannan. However, this was only a preliminary study and with more time, 

the correct conditions may provoke a different response. 
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Chapter 4 – Conclusions and Future Outlook 

 

Human breast milk is widely regarded as the ‘gold standard’ diet for infants, providing 

complete postnatal nutrition during early neonate and further development, fined tuned 

over millions of years of evolution [2]. Contained within breast milk are a myriad of 

biologically active compounds that possess diverse roles aiding the development of the 

immune system and intestinal microbiota [4] and HMOs are one such component. They 

are non-digestible, complex carbohydrates [6] that exert prebiotic effects, as well as acting 

as anti-adhesion agents and immune system modulators [5]. However, in many cases the 

bioactive properties of complex, low abundance HMO structures are ill-defined. This is 

due to many factors, including the limited supply of human milk samples and tedious and 

labour-intensive purification procedures [89], extremely difficult chemical synthesis [99], 

and lack of a complete biosynthetic pathway to more complex structures. Nevertheless, 

they possess huge potential for the detection, prevention, and intervention of bacterial 

infection through diet or novel biosensors and therapeutics. In brief, this thesis set out to 

develop improved methodologies for the synthesis, characterisation, and purification of 

HMO analogues as well as to probe glycan-bacterial interactions via in vitro culture studies 

and the development of a glycan microplate-based binding assess capable of 

distinguishing specific interactions between plant lectins and live bacteria. This final 

chapter summarises the progress made during this thesis and the implications this 

research has for future work. 

 

4.1 Analysis of Human Milk Oligosaccharides 

There are many methods currently available for the characterisation of HMOs, principally 

LC methods coupled with MS for analysis of pooled HMO samples. However, in this study, 

LC methods were developed for characterisation of HMO mixtures where MS was used 

only to confirm structure identification. Mixtures of HMOs (M1 and M2) provided by DSM 

were used as a test case where the identity of contained compounds was known but not 

ratios. Following analysis by HPAEC-PAD and using commercial standards and co-

injections, these mixtures were found to be incorrectly labelled. The method was able to 

resolve all peaks, apart from 3FL and LNFPIII. It also revealed the presence of additional 

compounds in M2 – Lac and 2’FL. To confirm peak identities and create a method towards 

the characterisation of non-derivatised HMOs and their semi-preparative purification, an 

improved HILIC HPLC coupled to CAD detector was developed. From the literature a 
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provisional linear gradient of 95% to 10% (v/v) acetonitrile over 12 min was used and 

developed to achieve baseline resolution of HMOs. The final gradient used was 95% to 

60% (v/v) acetonitrile over 40 min. This method was able to resolve all compounds and 

confirmed the presence of both 3FL and LNFPIII in M1. All assignments were confirmed 

by MS. The misidentification of components is thought to be due to the method of 

synthesis used by DSM – enzymatic synthesis by α-L-fucosidases, which suffers from 

reversible equilibrium and relaxed regioselectivity.  

The use of HILIC pre-packed cartridges was also explored for either the benchtop 

purification of HMOs or as a robust method of pre-purification to allow for improved 

subsequent semi-preparative HILIC HPLC purification. The 500 mg cartridges were able 

to resolve the components of both M1 and M2 at both 1 mg and 10 mg loading capacity 

using a linear gradient of acetonitrile to water (90% to 72% acetonitrile). Additionally, larger 

capacity cartridges are available, allowing for, potentially, higher resolution benchtop 

separations or higher glycan loading and thus larger-scale purification capacity. 

The HPAEC-PAD methodology was further optimised so that it could be used for the 

monitoring and quantification of enzymatic fucosyltransferase reactions, where the starting 

material and product differ by only one fucose residue. Different CarboPac columns, 

gradients and eluents were tested to achieve improved resolution of substrate and 

product. An advantage of the method over TLC is that the conversion of the starting 

material to product can be quantified by integration of the resultant peaks. Additionally, 

the instrument requires only 5 µL of sample at micromolar range (~10 µM) for optimal 

resolution therefore, when sampling precious enzymatic reactions, very little is used. The 

instrument is non-destructive; however, it operates in high electrolyte conditions with 

minimal loading concentrations, therefore, recovery of samples or peaks of interest is 

difficult. Furthermore, this is particularly bothersome when further MS analysis are 

required on individual peaks. However, it should be noted that the instrument can be 

coupled with an in-line desalting unit and MS which would allow simultaneous reaction 

quantification and MS confirmation which would potentially negate the need for expensive 

or unobtainable commercial standards – a limitation of the technique. To give a more 

thorough examination of the improved methods mentioned above, they should also be 

tested with more complex HMO mixtures and different enzymatic reactions to ensure wider 

applications are also successful.  
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4.2 Synthesis of Novel HMO Analogues 

Bacterial fucosyltransferases have been extensively used for the enzymatic synthesis of 

biorelevant and disease-associated oligosaccharides including fucosylated HMOs and 

Lewis antigens. However, much of the literature characterises the specific activity of 

α1,3/4-fucosyltransferases for the synthesis of Lewis blood group antibodies [115, 117-

121] while the α1,2-fucosyltransferases have been consistently overlooked and 

understudied. In this research project, the substrate specificity of HmFucT, a previously 

unreported enzyme, was examined for the synthesis of complex HMO analogues by 

HPAEC-PAD. The enzyme is promiscuous and can accept and convert a variety of di-, tri-

, tetra- and pent- saccharides, including core HMO structures and fucosylated glycans with 

greater than 60% efficiency in the majority of cases. The enzyme appears to have a slight 

preference towards type-1 glycans and cannot catalyse the fucosyltransfer to an internal 

Gal residue. Minimal turnover of fucosylated pentasaccharides was seen. Functionalised 

lactosides were synthesised to incorporate different functional groups at the reducing end 

terminus for probing not only the activity of the fucosyltransferase, but also to allow for 

further applications such as copper-catalysed click chemistry. An anomeric azide group, 

trifluoracetmidopropyl, aminopropyl and PEGylated azide group were used. The azide 

group was the most well tolerated (98%), with negligible turnover of the other lactosides 

(< 10%). The ability of HmFucT to catalyse the fucosylation of functionalised lactose 

derivatives could unlock the potential for using functionalised building blocks in a multi-

enzyme cascade to chemoenzymatically synthesise novel HMO analogues with 

functionality for a multitude of uses, including glycan biosensors, arrays and selective 

inhibitors.  

Due to the expense of the GDP-L-fucose sugar nucleotide donor that is required, the 

bifunctional enzyme FKP was examined for 1) its promiscuity and 2) as a part of a one pot 

reaction with the HmFucT. FKP was found to convert D-Ara and L-Gal into their respective 

GDP-sugar nucleotides, which enabled access to a range of novel non-natural HMO 

analogues with controllable chemistries at the C-5 position of the carbon ring. 

Furthermore, these donors can be processed by HmFucT giving access to novel non-

natural HMO analogues.  

In the future this work would benefit from optimising the one pot HmFucT/FKP reaction 

and upscaling it to produce useable quantities of functionalised HMOs and non-natural 

HMO analogues. These compounds could then be used for the synthesis of inhibitors, 

probes, biosensors and arrays to investigate the molecular nature of pathogen-glycan 

interactions. For example, Campylobacter jejuni is known to bind to α1,2-Fuc or H1 
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antigen [24, 58, 59], but the mechanism of this interaction is currently unknown. Site-

directed mutagenesis could be employed to improve the activity of HmFucT with more 

complex acceptor substrates, however, the protein would first need to be crystallised and 

its structure active site elucidated, as it is currently unknown. Furthermore, FKP may 

benefit from active site mutation to improve its activity with non-natural or modified 

substrates.  

 

 

4.3 Probing Bacterial-Glycan Interactions 

The gut microbiota has been established as an important player influencing many aspects 

of human physiology. HMOs are known to act as prebiotics and most studies on HMO 

utilisation by microbes focus on the interaction of naturally occurring mixtures of HMOs 

with gut bacteria. As such, HMOs are of intense interest, not only to the infant formula 

industry, but also for use in adult health food products where they can be used to restore 

a beneficial microbiota in dysbiotic adults and provide health benefits. The first part of this 

section focussed on establishing the capabilities of wild type non-pathogenic Escherichia 

coli K12 MG1655 as a model organism to study HMO utilisation of fucosylated HMOs for 

pathogens of interest. E. coli was chosen as a model organism for this study due to its 

well-characterised catabolic pathways and it was found to utilise L-fucose as its sole 

energy source, however, above 5% (w/v) L-Fuc supplementation to the media, microbial 

growth was severely inhibited. This was thought to be due to the organism’s inefficient 

carbon metabolism of L-Fuc which resulted in the accumulation of L-fuculose from ATP 

deficiency, a consequent of upregulation of gluconeogenesis and quorum sensing and 

downregulation of glycolysis. Overall, E. coli was not able to utilise 2’FL as a substitute to 

L-Fuc, nor do they effect growth when co-fed with L-Fuc. E. coli proved to be a reliable 

organism for modelling the metabolism of HMOs but only for microbes that also possess 

the fuc operon and lack fucosidase expression. Next steps would be to co-culture E. coli 

with microbes that have endogenous fucosidase expression allowing the scavenging of 

released L-Fuc to see if there is an effect when free fucose is released from HMOs. QCM 

could also be used to model bacterial biofilm formation or microbial culture dynamics in 

the presence or absence of HMOs, requiring only minimal quantities of HMOs.   

Part II aimed to investigate the unique binding specificities of different bacterial strains. 

Glycan motifs have a strong and well-characterised interaction, a relatively high surface 

coverage and a known functioning role used by multiple different pathogenic species, 
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therefore, they serve as a promising target for detection of infection and targeted drug 

therapies. A microplate-based assay was designed, which used BSA as a protein carrier 

to immobilise glycans non-covalently to a standard polystyrene microplate, to probe the 

effect of glycan valency, linker flexibility and chain length on the selectivity of bacterial 

binding. To see if this method was viable, BSA-FITC was non-covalently immobilised to a 

microplate which resulted in maximal BSA binding at 50 µg/mL.  

The assay was then validated with mannose conjugated BSA immobilised to the 

microplate with fluorescein-labelled plant lectins, ConA and UEA-I. The BSA glycans 

displayed different numbers of glycans on the surface and different mannose chain 

lengths. Highly valent, mannosylated polysaccharide, mannan from Saccharomyces 

cerevisiae, was also bound to the surface. All compounds elicited selective binding with 

the fluorescent-plant lectin, ConA, and negligible binding to UEA-I. Moreover, when BSA-

conjugated 2’FL was bound, the reverse was true, where selective binding of UEA-I was 

seen with negligible binding to ConA. A much higher fluorescent intensity was observed 

for mannan versus the BSA-glycoconjugates as a result of highly branched mannosylated 

structure of mannan, which may allow multivalent interactions resulting in greater binding 

capacity of the lectin to the mannan. Furthermore, the use of BSA limits the number of 

mannose residues displayed in the correct orientation. Moreover, the size of the BSA limits 

the number of glycoconjugates that can bind to the surface. 

The assay was tested with live bacteria, E coli ORN178 (FimH+) and ORN208 (FimH-); 

strains with varied FimH mannose lectin-binding domains to test the selectivity of the test. 

It was able to identify selective binding interactions with live bacteria, where mannan 

showed the greatest binding affinity. However, the assay had limited sensitivity and 

appeared to be limited by the size of the carrier protein, and number and flexibility of the 

displayed glycans, as mannan was able to elicit a much high fluorescent response, 

presumably due to its greater glycan valency. By modifying the method of immobilisation, 

i.e., eliminate the use of BSA and instead use a smaller functionalised probe with a long 

flexible linker for multivalent glycan display, the binding affinity of E. coli may be improved. 

Microplates with functionalised surfaces could also be used to facilitate covalent binding 

with functionalised glycans, e.g., an aminoreactive NHS-activated microplate surface with 

aminopropyl functionalised HMO analogues [261]. The methodology also lends itself for 

adaption to other mediums, such as gold nanoparticles, quantum dots and gold/graphene 

chips for use as highly specific biosensors for detection of pathogens or identification of 

pathogen-specific glycan motifs for the development of targeted drug therapies. 
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4.4 Summary 

There is still a long way to go before the research conducted in this thesis can be 

developed into a viable targeted inhibitor, or glycan functionalised gold nanoparticles, 

quantum dots and gold/graphene chips for use as highly specific biosensors for detection 

of pathogens, and the identification of pathogen-specific glycan motifs for the development 

of targeted drug therapies or diet-mediated treatments. The results obtained underpin 

ongoing research into the development of chemoenzymatic approaches to the synthesis 

and analysis of biorelevant glycans and subsequent glycan innovations currently being 

conducted in the Field group and, in the wider sense, at the Manchester Institute of 

Biotechnology. Carbohydrates play an important role in disease development, prevention, 

diagnosis and care and further research is required to fully exploit their potential uses 

within therapeutics and diagnostics.  
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Chapter 5 – Materials and Methods 

 

5.1 General Methods 

All chemicals were purchased from Sigma-Aldrich (UK) and used as received unless 

otherwise stated.  Milli-Q H2O (MQ) was used for the preparation of aqueous buffers. All 

reagents and solvents used for analytical applications were of analytical quality. All HMOs 

were provided by DSM (formerly Glycom) as part of a HMO donation program, including, 

for example, 2’-fucosyllactose (2’FL), 3-fucosyllactose (3FL), lacto-N-fucopentaose III 

(LNFPIII), lacto-N-neotetraose (LNnT), as well as the HMO mixtures. 

 

5.1.1 Thin-Layer Chromatography 

Analytical thin layer chromatography (TLC) was performed on Silica Gel 60 F254 aluminium 

backed sheets (Merck). Carbohydrates were detected by staining with sulphuric acid 

reagent (5% sulphuric acid in methanol) and developed by charring. 

 

5.1.2 Mass Spectrometry 

Low-resolution electrospray ionisation mass spectrometry (ESI MS) was performed using 

an Advion expression L Compact Mass Spectrometer. Prior to injection, samples were 

filtered through a 0.22 μm membrane disk filters. Data was recorded in both positive and 

negative ionisation modes and processed using Advion Mass Express software. 

High resolution, accurate mass spectrometry (HR-MS) was performed using an Agilent 

1290 infiniti series LC system, coupled to an Agilent 6560 QTOF mass spectrometer, ESI, 

QTOF Only, Positive (or Negative) mode. 5ul of sample was flow injected into 50% (v/v) 

acetonitrile with 0.1% (v/v) formic acid. The data was analysed using Agilent MassHunter 

software. 

 

5.1.3 HPAEC-PAD Analysis 

High-performance anion-exchange chromatography coupled with pulsed electrochemical 

detection (HPAEC-PAD) analysis was performed on a Dionex IC system equipped with a 

CarboPac anion-exchange column and guard cartridge, and an electrochemical detector 
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to register peaks and determine their retention times. Flow rates remained constant as 

0.25 mL/min for all analysis. Detector settings were as follows: carbohydrates Gold quad 

waveform, PdH reference electrode, Int cell mode: on, ED_1 and ED_1_Total channels, a 

data collection rate of 20 Hz and pH 10-13. Data was analysed using Chromeleon™ (all 

Thermo Fisher Scientific). 

 

5.1.4 Gel Permeation Chromatography 

All gel permeation chromatography was carried out using a Gilson system, equipped with 

a Precision Instruments IOTA 2 refractive index detector and a fraction collector, using as 

stationary phase a Toyopearl TSK-HW40S column (1.6 cm x 90 cm) at room temperature 

(RT) in water with flow rate 0.5 mL/min. 

 

5.1.5 Nuclear Magnetic Resonance Spectroscopy 

NMR spectra were recorded on Bruker Avance III 400 MHz spectrometer equipped with a 

broadband BBFO probe or on Bruker Neo 600 MHz spectrometer equipped with a TCI 

cryoprobe.  Chemical shifts (δ) are reported in parts per million (ppm) using the water peak 

at 4.79 ppm for referencing.  

 

5.1.6 Colorimetric, Fluorescent and Cell Density Assays 

A BMG Labtech FLUOStar Omega microplate reader equipped with suitable absorbance 

filters was used for all assays. All data is presented blank corrected, as an average across 

replicates. Colorimetric assays were performed in NUNC 96 plates, cell density assays 

were performed used sterile COSTAR 96 plates and fluorescent assays were performed 

using black, flat bottom, 384-well µCLEAR® microplates (Greiner Bio-One).  

 

5.1.7 HPLC Analysis 

All HPLC was performed using the UltiMate™ 3000 Binary semi-preparative system 

(Thermo Fisher Scientific) with an in-line Diode-Array Detection (DAD) and coupled to a 

charged aerosol detector (CAD) (Thermo Fisher Scientific) via an analytical adjustable 

flow splitter (Analytical Scientific Instruments US). Data was analysed using 

Chromeleon™ (Thermo Fisher Scientific). 
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5.1.8 SDS-PAGE Analysis 

Proteins were analysed by SDS-PAGE using RunBlue precast 4-20% (v/v) gradient or 8% 

(w/v) polyacrylamide gels (Expedeon). Before analysis, protein samples (10 μL) were 

mixed with Laemmli buffer (10 μL, BioRad) and boiled at 95 °C for 10 mins. Samples were 

allowed to cool, centrifuged briefly and then loaded on to SDS-PAGE gels as 10 μL 

samples. All SDS-PAGE analysis was performed alongside a Precision Plus ProteinTM Dual 

Color Ladder (5 μL, BioRad) and run at 200 V for 50 mins in 1x RunBlue running buffer 

(Expedeon). Gels were stained with Coomassie Brilliant Blue Protein Stain (Sigma) for a 

minimum of 2 h to visualise proteins. Gels were imaged using a G:Box F3 Gel Imaging 

System (Syngene). 

 

 

5.2 Chapter 2 Experimental 

5.2.1. Analysis of HMO Mixtures by LC-MS 

LC-MS analysis of HMO mixtures was carried out using Thermo Q-Exactive Plus/Dionex 

Ultimate 3000 (Thermo Fisher Scientific) with a SeQuant ZIC-cHILIC, 3 µm, 100 Å (100 x 

2.1 mm) (Merck) column. Samples of 150 µM were injected (5 µL) via autosampler. Buffer 

A = acetonitrile with 0.1% (v/v) formic acid, buffer B = MQ. Flow rate was 0.6 mL/min. T0 

= 99% B; T1 = 0% B; T0.6 = 99% B; T1.6 = 99% B; T6 = 1% B; T7.5 = 1% B; T7.51 = 1% B. Data 

was analysed using Xcalibur software (Thermo Fisher Scientific).  

 

5.2.2 Analysis of HMO Mixtures by HPAEC-PAD 

Samples (standards 100 µM, HMO1 200 µM and HMO2 400 µM in MQ) were injected (5 

µL) via autosampler to a CarboPacTM PA100, 8.5 µm (2 x 250 mm) (Thermo Fisher 

Scientific) and eluted by a multi-step gradient at 0.2 mL/min: T0 = 0% B; T1 = 0% B; T20 = 

50% B; T25 = 50% B; T30 = 0% B; T40 = 0% B. Buffer A = 150 mM NaOH ; buffer B = 150 

mM NaOH with 600 mM NaOAc and buffer C = MQ. Samples for co-injection were prepared 

by spiking the HMO mixtures (200 or 400 µM) with a standard (100 µM) before injection. 

Data was analysed using ChromeleonTM Chromatography Data System (CDS) software 

(Thermo Fisher Scientific). 
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5.2.3 Analysis of HMO Mixtures by HILIC HPLC 

Sample was injected (50 µL) manually at total carbohydrate concentration of 20 mg/mL to 

a Luna 5 µm HILIC 200 Å (250 x 10 mm) (Phenomenex) column. The flow rate was 5 mL/ 

min using water as buffer A and acetonitrile as buffer B, both HPLC-grade. The method 

was optimised as follows: 

1. T0 = 95% B; T0.6 = 95% B; T1.6 = 95% B; T7 = 10% B; T7.05 = 95% B; T12 = 95% 

2. T0 = 95% B, T1.5 = 95% B; T34 = 10% B; T35 = 95% B; T40 = 95% B 

3. T0 = 95% B; T1.5 = 95% B; T34 = 50% B; T34.5 = 95% B; T40 = 95% B 

4. T0 = 95% B; T1.5 = 95% B; T34 = 60% B; T34.5 = 95% B; T40 = 95% B 

Following optimisation, all analyses were carried out using the multistep gradient (4) of: T0 

= 95% B; T1.5 = 95% B; T34 = 60% B; T34.5 = 95% B; T40 = 95% B. Fractions were collected 

manually, and eluent evaporated to dryness with centrifugal evaporation (Genevac EZ-2) 

for further analysis. Data was analysed using ChromeleonTM Chromatography Data 

System (CDS) software (Thermo Fisher Scientific). 

 

5.2.4 Purification of HMO Mixtures with HILIC Cartridges 

For benchtop separation of HMO mixtures, iSPE HILIC, 50 µm (6 mL, 500 mg) 50 µm 

particles column cartridges (HILICON) were used. Samples of 20 mg/mL or 200 mg/mL 

(50 µL) were applied to the column. Fractions were eluted with a gradient of 90% to 70% 

(v/v) acetonitrile by gravity and fractions (500 µL) were collected dropwise. Eluted fractions 

were analysed using TLC with butanol/acetic acid/water (2:1:1, v/v). 

 

5.2.5 Synthesis of 4-O-(β-D-galactopyranosyl)-β-D-glucopyranosyl azide 

(12) 

 

 

Anomeric azide was introduced following Shoda’s methodology [174]. 2-Chloro-1,3-

dimethylimidazolinium chloride [DMC (24.7 mg, 146 μmol, 5 eq.)] was added to a lactose 

(10 mg, 29.2 μmol), DIPEA (76.6 μL, 438 μmol, 15 eq.) and NaN3 (19 mg, 292 µmol, 10 

12 
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eq.) in MQ (0.5 mL), and the reaction mixture was stirred for 36 h at RT. After 36 h the 

reaction was analysed by TLC and 50% conversion of lactose to 1-azido lactose (12) was 

observed. More DMC (2 eq.), NaN3 (5 eq.) and DIPEA (7.5 eq.) was added to the reaction 

mixture. The reaction mixture was left for a further 36 h, stirring at RT. The reaction mixture 

was purified by gel permeation chromatography. Fractions containing carbohydrates were 

identified by TLC and staining with orcinol and then pooled. Lyophilisation gave a 

crystalline solid of 1-azido lactose (12) (10.1 mg, 27.5 μmol, 94%). 1H NMR (500 MHz, 

D2O) δ 4.76 (1H, d, H1, J1,2 = 8.6 Hz), 4.45 (1H, d, H1’, J1’,2’ = 8.1 Hz,), 3.98 (1H, dd, H6a, 

J6a,6b = 12.4 Hz, J5,6a = 1.3 Hz), 3.92 (1H, d, H4’, J3’,4’ = 3.2 Hz,), 3.87 – 3.81 (1H, m, H6b), 

3.81 – 3.74 (2H, m, H6a’, H6b’), 3.75 – 3.64 (5H, m, H3, H4, H5, H3’, H5’), 3.54 (1H, dd, 

H2’, J1’,2’ = 9.0 Hz,  J2’,3’ = 8.9 Hz), 3.31 (1H, t, H2, J1,2 = J2-3 = 8.7 Hz). 13C NMR (126 MHz, 

D2O) δ 102.9 (C1), 90.0 (C1’), 77.7, 76.7, 75.4, 74.4 (C3, C4, C5, C5’), 72.6, 72.5 (C2, 

C3’), 71.0 (C2’), 68.6 (C4’), 61.1 (C6’), 59.9 (C6). ESI-MS; calculated C12H21N3O10 

[M+Na]+: 390.12; found: 390.10. 

 

5.2.6 Synthesis of 3-trifluoracetamidopropyl-4-O-(β-D-galactopyranosyl)-β-

D-glucopyranoside (14) 

 

 

 

3-Trifluoracetamidopropyl lactoside (14) was chemically synthesised by acylation of 3-

aminopropyl β-D-lactose with ethyl trifluoroacetate based on a protocol from Lau, et al., 

2010 [262]. 3-Aminopropyl lactose (13) (100 mg, 0.25 mmol, 1 eq.) and sodium carbonate 

(53 mg, 0.5 mmol, 2 eq.) were added to a round bottom flask under nitrogen. Dry methanol 

(1 mL) was added and left to equilibrate for several minutes before ethyl trifluoroacetate 

(71 mg, 1.194 g/mL at 25 °C, 0.5 mmol, 2 eq.) was added and the reaction was left to 

incubate overnight under nitrogen stirring at RT. The reaction was followed by TLC 

(DCM/MeOH, 1:1 v/v). The crude reaction was first purified by ENVITM-Carb 2g charcoal 

column (Sigma Aldrich) to remove excess ethyl trifluoracetate. The column was first 

conditioned with 1 CV of MQ followed by 1 CV of ACN and a further 1 CV of MQ. Following 

14 
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sample loading fractions (5 mL) were then collected for washes consisting of 3 x 5 mL MQ 

and 3 x 5 mL ACN:MQ (50:50, v/v).  Fraction containing the product were then combined 

and lyophilised, recovering 200 mg of crude compound. 

Impure compound was further purified by Biotage SP4. It was dissolved in 2 mL MQ and 

100 mg fine silica powder (Fluorochem, 35-70 µM) was added before lyophilisation. A 

further 1 mL MQ and 100 mg of silica was added and it was re-lyophilised. An empty 10g 

SNAP cartridge was filled with 35-70 µM silica gel and the sample was dry loaded onto 

the top of the column. The Biotage was primed with DCM and the sample was eluted 

across a gradient of 0 – 20% (v/v) MeOH for 5 CV, followed by 20% (v/v) MeOH for 20 CV 

at a flow rate of 15 mL min-1 with 1 CV waste. Fractions of 9 mL were collected and 

analysed by TLC (DCM/MeOH, 7:3, v/v and stained with orcinol). Fractions containing 

pure compound were lyophilised to give a white solid (25 mg) at a yield of 20% after 

purification. 

1H NMR (600 MHz, D2O) δ 4.40 (1H, d, H1, J1,2 = 8.0 Hz,), 4.37 (1H, d, H1’, J1’,2’ = 7.9 Hz), 

3.90 (2H, m, H6a, H7a), 3.85 (1H, dd, H4’, J3’,4’ = 3.4, 1.0 Hz), 3.76 – 3.62 (5H, m, H5’, 

H6b, H6a’, H6b’, H7b), 3.61 – 3.54 (3H, m, H3, H3’, H4), 3.51 (1H, m, H5), 3.47 (1H, dd, 

H2’, J2’,3’ = 10.0, J1’,2’ = 7.8 Hz,), 3.37 (2H, t, H9a, H9b, J = 6.9 Hzf), 3.24 (1H, dd, H2, J2,3 

= 9.0 Hz, J1-2 = 7.6 Hz), 1.84 (2H, q, H8a, H8b, J = 6.5 Hz). 13C NMR (151 MHz, D2O) δ 

102.9 (C1’), 102.0 (C1), 78.4 (C4), 75.3 (C5’), 74.8 (C5), 74.4 (C3’), 72.8 (C2), 72.5 (C3), 

70.9 (C2’), 68.5 (C4’), 67.6 (C7), 61.0 (C6’), 60.1 (C6), 36.8 (C9), 27.8 (C8). ESI-MS; 

calculated C17H28F3NO12 [M+Na]+: 518.1564; found: 518.1466 (∆ = 1.9 ppm).  

 

5.2.7 [3-amidopropyl-((2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethoxy)ethyl)]-

4-O-(β-D-galactopyranosyl)-β-D-glucopyranoside  (15) 

 

 

1-Azido-PEG4-3-aminopropyl lactoside (15) was synthesised by coupling 3-aminopropyl 

lactose (13) with an azido-PEG4-N-Hydroxysuccinimide (NHS) ester. The azido-PEG4-

NHS ester (Jena Bioscience GmbH) was first dissolved to 100 mg/mL in DMF. 3-

Aminopropyl lactose (13) (20 mg, 50 µmol, 1 eq.) was dissolved in 200 µL MQ, azido-

15 
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PEG4-NHS ester was added (25 mg, 64 µmol, 1.3 eq.) to give a total volume of 0.5 mL 

and the reaction was incubated, shaking, overnight at RT. The reaction was monitored by 

TLC and stained with orcinol and ninhydrin until it went to completion.  

The crude reaction was lyophilised, syringe filtered (PTFE 0.45 µM, GE Healthcare Life 

Sciences) and purified by Toyopearl HW-40S gel permeation chromatography (GPC) (110 

cm x 22 mm). Fractions were monitored by TLC and those containing the purified product 

were combined and lyophilised to yield 25.8 mg (77 %) of colourless solid. 1H NMR (500 

MHz, D2O) δ 4.46 (1H, d, H1, J1,2 = 8.0 Hz), 4.43 (1H, d, H1’, J1’,2’ = 7.8 Hz), 3.99 – 3.93 

(2H, m, H6a, H7a), 3.91 (1H, d, H4’, J3’,4’ = 3.4 Hz), 3.82 – 3.74 (4H, m, H6a’, H6b’, H19a, 

H19b), 3.73 – 3.62 (18H, m, H5, H6b, H7b, H5’, H13-H19), 3.65 – 3.62 (2H, m, H3, H3’), 

3.53 (1H, dd, H2’, J1’,2’ = 7.8 Hz, J2’,3’ = 10.0), 3.51 – 3.48 (2H, t, H12a, H12b, J12,13 = 5.0 

Hz), 3.30 (3H, m, H2, H9a, H9b), 2.51 (2H, t, H20a, H20b, J19,20 = 6.1 Hz), 1.83 (2H, p, 

H8a, H8b, J7,8 = J8,9 = 6.6 Hz). 13C NMR (126 MHz, D2O) δ 174.0 (CO, -CONH-), 102.9 

(C1’), 102.0 (C1), 78.4 (C4), 75.3 (C5’), 74.7 (C5), 74.3 (C3’), 72.8 (C2), 72.5 (C3), 70.9 

(C2’), 69.6, 69.6, 69.5, 69.5, 69.5, 69.5, 69.2 (C13-C19), 68.5 (C4’), 67.7 (C6), 66.7 (C20), 

61.0 (C6’), 60.0 (C7), 50.1 (C12), 36.2 (C9), 36.0 (C21), 28.4 (C8). ESI-MS; calculated 

C26H48N4O16 [M+H]+ 673.2065, [M+Na]+ 695.3065; found 673.3138 (∆ = 0.7 ppm) and 

695.2958 (∆ = 0.1 ppm), respectively. 

 

5.2.8 Acceptor Substrate Specificity of H. mustelae α1,2-FucT 

All acceptors were first purified by HILIC HPLC to remove impurities. Reaction mixture 

contained 50 mM HEPES (pH 7.0), 5 mM acceptor, 5 mM GDP-L-fucose disodium salt 

(Carbosynth), 10 mM MgCl2, alkaline phosphatase (1U) and α1,2-fucosyltransferase 

(HmFucT) (0.01U, Chemily Glycoscience) to give a total volume of 15 µL. The reaction 

mixture was incubated at 37 °C overnight with shaking (225 rpm) and monitored by TLC 

analysis. TLC solvent system was isopropan-2-ol/ammonium hydroxide/water (6:3:1, v/v) 

and stained with 5% (v/v) sulphuric acid in ethanol before charring.  

Typical enzymatic synthesis work-up involved the addition of methanol (1:1) to quench the 

reaction. The insoluble material was removed by centrifugation (14000 rpm for 2 mins) 

and the supernatant was removed and concentrated by evaporation (Genevac EZ-2) to 

dryness. The crude product was re-suspended in MQ for HPAEC-PAD analysis. Samples 

(50 µM) were injected (5 µL) via autosampler. To improve resolution of reaction 

components, the method was developed as follows: 
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1. CarboPacTM PA100, 8.5 µm (2 x 250 mm) (Thermo Fisher Scientific) with a multistep 

gradient of buffer A (150 mM NaOH) and B (150 mM NaOH with 600 mM NaOAc) ; T0 

= 0% B; T1 = 0% B; T40 = 100% B; T45 = 100% B; T50 = 0% B; T60 = 0% B. 

2. CarboPacTM PA100, 8.5 µm (2 x 250 mm) (Thermo Fisher Scientific) with an extended 

multistep gradient of buffer A (150 mM NaOH) and B (150 mM NaOH with 600 mM 

NaOAc) ; T0 = 0% B; T1 = 0% B; T40 = 30% B; T40.5 = 100% B; T45 = 100% B; T45.5 = 0% 

B; T55 = 0% B. 

3. CarboPacTM PA100, 8.5 µm (2 x 250 mm) (Thermo Fisher Scientific) with isocratic 50 

mM NaOH. 

4. CarboPacTM PA1, 10 µm (2 x 250 mm) (Thermo Fisher Scientific) with isocratic 50 mM 

NaOH. 

5. CarboPacTM PA20, 6.5 µm (3 x 150 mm) (Thermo Fisher Scientific) with isocratic 50 

mM NaOH. 

Following optimisation, method 5 was used for all HPAEC-PAD analyses of reaction 

products. Co-injections were carried out to identify the starting material and product peaks. 

All reactions were spiked with a relevant acceptor (50 µM).  

Functionalised lactosides were analysed by LC-MS. All analysis was conducted on a 

QExactive Plus equipped with an Ultimate 3000 UHPLC (Thermo, UK). The UHPLC was 

equipped with a ZIC®-cHILIC column (C18 -2.1 mm x 100 mm; 3.0 m particle size). The 

solvents employed were (A) water + 0.1% (v/v) formic acid and (B) acetonitrile + 0.1% 

(v/v) formic acid. The flow was 300 L/min and the gradient was programmed to equilibrate 

at 99% B for 2 min followed by a linear gradient to 60% B over 8 min and a further linear 

gradient to 5% B over 5 minutes before returning to 99% B for 2 min. The column was 

maintained at 40 C and the samples chilled in the autosampler at 10 C. A sample volume 

of 5 L was injected onto the column. Blank injections were analysed at the start and end 

of the analytical batch to assess the background and carryover. Data acquisition was 

conducted in full MS mode in the scan range of 90-1350 m/z with a resolution of 70,000, 

an AGC target of 3e6 and a maximum integration time of 200 ms. The samples were 

analysed in positive and negative mode in separate acquisitions. Data was analysed by 

identifying the retention from extract total ion chromatograms using Xcalibur (Thermo 

Fisher Scientific). The raw data was then process using TidyMass [175], R script that 

extracts m/z values, retention times and relative areas from which starting material and 

product masses could be quantified.  
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5.2.9 Isomer Identification by β1,3/4-Galactosidase Assay 

First the reactions from 5.2.8 were purified by HILIC HPLC (as stated in 5.2.3) to recover 

pure fucosylated product. Sample was injected (50 µL) manually. The flow rate was 5 mL/ 

min using water as buffer A and acetonitrile as buffer B, both HPLC-grade and detector 

settings used were recommended values.  The method consisted of a multistep gradient 

outlined as follows: T0 = 95% B; T1.5 = 95% B; T34 = 60% B; T34.5 = 95% B; T40 = 95% B. 

Products were eluted and collected manually, and data was analysed using Chromeleon™ 

(Thermo Fisher Scientific). Following lyophilisation, fractions were analysed by LR-MS to 

identify fucosylated reaction products. Samples were resuspended in MQ (1 mg/mL) and 

the β1,3/4-galactosidase assay was carried out as follows using the β1,3/4-galactosidase 

kit (New England Biolabs). The reaction contained acceptor (5 μg), X1 Glycobuffer 4 and 

β1,3/4-galactosidase (8U) to give a total volume of 16 μL. Lactose was used a positive 

control and 2’FL as a negative control. Following ON incubation at 37°C, methanol (1:1) 

was used to quench the reaction and insoluble material was removed by centrifugation 

(14000 rpm for 2 mins). The supernatant was removed and concentrated by evaporation 

(Genevac EZ-2) to dryness. The crude reaction was re-suspended in MQ for HPAEC-PAD 

analysis. Samples (50 µM) were injected (5 µL) via autosampler. Reactions were analysed 

by HPAEC-PAD following resuspension in MQ (100 μM) using CarboPacTM PA20, 6.5 µm 

(3 x 150 mm) (Thermo Fisher Scientific) with isocratic elution in 50 mM NaOH at 0.2 

mL/min.  

Samples were also analysed by LC-MS, using Thermo Q-Exactive Plus/Dionex Ultimate 

3000 (Thermo Fisher Scientific) with a SeQuant ZIC-cHILIC, (C18 -2.1 mm x 100 mm; 3.0 

m particle size) column as above (see section 5.2.8). Data was analysed using Xcalibur 

software (Thermo Fisher Scientific).  

 

 5.2.10 FKP Expression and Purification 

FKP was expressed and purified following the protocol outlined in Wang et al., 2009 [146]. 

Clonal populations of BL21(DE3) cells harbouring the FKP-encoding plasmid were 

incubated in 1 L culture of 2XYT broth with carbenicillin (100 µg/mL) with shaking at 37 °C 

until OD600 = ≤1, at which time FKP expression was induced with 500 µM isopropyl β-D-1-

thiogalactopyranoside (IPTG). The temperature was lowered to 25 °C. After 12–16 h, cells 

were harvested and resuspended in 40 mL of lysis buffer (20 mM Tris-HCl, pH 7.5, 500 

mM NaCl, 10 mM imidazole, 2 units/mL DNase, 1 Complete EDTA-free protease inhibitor 

mixture tablet) per litre of culture and lysed by sonication (Vibra-Cell™ Ultrasonic liquid 
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processor). Cell debris was removed by centrifugation (15,000 X g, 4 °C, 15 min) and the 

supernatant filtered (Corning, 0.2 µM syringe filter). Proteins in the supernatant were 

purified at 4 °C using an ÄKTA pure FPLC system (GE Healthcare). The supernatant was 

passed through a HisTrapTM HP column (5 ml, GE healthcare), pre-equilibrated with buffer 

A (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 20 mM imidazole). Unbound proteins were 

washed with five column volumes (CV) of buffer A, followed by elution with buffer B (50 

mM Tris-HCl, pH 8, 500 mM NaCl, 500 mM imidazole).  Protein fractions were collected, 

combined and dialysed overnight in QA buffer (20 mM Tris-HCl (pH 7.5), 20 mM NaCl). 

FPK was confirmed and assessed for purity by SDS-PAGE gel (Criterion, Bio-Rad) and 

the concentration of the enzyme was determined by Bradford assay (~ 12 mg protein). 

The purified enzyme was stored in QA buffer at -80 °C.  

 

Figure 5.1: SDS-PAGE analysis of FKP following purification. Expected MW = 97 kDa. Bands 
at ~25 kDa are likely monomers of the FKP tetramer.  

 

5.2.11 Synthesis of GDP-sugar nucleotides 

GDP-sugar nucleotides (L-Fuc, D-Ara and L-Gal) were synthesised using the FKP 

enzyme. Reaction mixture contained 50 mM Tris-HCl (pH 7.5), 5 mM acceptor, 5 mM ATP, 

5 mM GTP, 5 mM MnCl2, inorganic pyrophosphatase (0.25 units, lyophilised form 

containing MgCl2) and 200 µL FKP (1 mg/ml) to give a total volume of 1 mL (10 x 100 μL). 

The reaction mixture was incubated at 37 °C overnight to 48 h with shaking (225 rpm) and 

monitored by TLC analysis. TLC solvent system was isopropan-2-ol/ammonium 

hydroxide/water (6:3:1, v/v) and stained with 5% (v/v) sulphuric acid in ethanol before 

charring. Methanol (1:1) was used to quench the reaction. The insoluble material was 
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removed by centrifugation (14000 rpm for 2 min) and the supernatant was removed and 

concentrated by Genevac to dryness. The crude product was re-suspended in MQ (500 

μL).  

Further analysis was carried out by strong anion-exchange chromatography (SAX) 

performed with a Dionex Ulitmate 3000 HLPC (Thermo Fisher Scientific), equipped with 

an Ultimate 3000 variable wavelength detector, using a PerSeptive Biosystems Poros HQ 

50 strong anion-exchange column (10 x 50 mm) (Thermo Fisher Scientific). Buffer A = 5 

mM ammonium carbonate and buffer B = 250 mM ammonium carbonate. The column was 

first equilibrated with buffer A for 3 min, followed by linear gradient of ammonium 

bicarbonate at a flow rate of 8 ml/min and detection with an on-line detector to monitor 

A265nm. The method was as follows: T0 = 0% B; T3 = 0% B; T11 = 100% B; T14 = 100% B; 

T16 = 0% B; T18 = 0% B and the sample was injected (50 μL) manually. Data was analysed 

using Chromeleon™ (Thermo Fisher Scientific). GDP-sugar nucleotides were confirmed 

by HR-MS of reaction mixtures. GDP-L-Fucose: ESI-MS; calculated C17H26N4O15P2 [M-H]-

: 588.0870; found: 588.0792. GDP-D-Arabinose: ESI-MS; calculated C15H23N5O15P2 [M-

H]-: 574.0667; found: 574.0637. GDP-L-Galactose: ESI-MS; calculated C17H25N5O16P2 [M-

H]-: 604.0772; found: 604.0790. 

 

5.2.12 Synthesis of HMO Analogues by One Pot Enzymatic Reaction with 

FKP and α1,2-FucT from H. mustelae 

HMO analogues were synthesised from the respective sugar nucleotide donors as a 

product of the FKP reaction to which α1,2-fucosyltransferase (HmFucT) enzyme, E. coli 

recombinant from Helicobacter mustelae (Chemily Glycoscience), with lactose as an 

acceptor. To the 20 μL of the reaction mixture detailed in 5.2.11; 5 mM acceptor, alkaline 

phosphatase (1U) and α1,2-fucosyltransferase (0.02U, Chemily Glycoscience) to give a 

total volume of 25 μL. The reaction mixture was incubated at 37 °C overnight with shaking 

(225 rpm) and monitored by TLC analysis. TLC solvent system was isopropan-2-

ol/ammonium hydroxide/water (6:3:1, v/v) and stained with 5% (v/v) sulphuric acid in 

ethanol before charring. Methanol (1:1, v/v) was used to quench the reaction. The 

insoluble material was removed by centrifugation (14000 rpm for 2 mins) and the 

supernatant was removed and concentrated by Genevac to dryness. The crude product 

was re-suspended in MQ (100 μM) and analysed by HPAEC-PAD, as above, with 

CarboPacTM PA20, 6.5 µm (3 x 150 mm) (Thermo Fisher Scientific) with isocratic 50 mM 

NaOH. Product masses were confirmed by LC-MS.  
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5.3 Chapter 3 Experimental 

5.3.1 HMO Growth Assays 

E. coli K12 MG1655 were kindly provided by Dr Elizabeth Watton (Manchester Institute of 

Biotechnology, Manchester, UK). First, starter cultures (10 mL) of E. coli K12 MG1655 in 

LB were incubated overnight with shaking at 37 °C. The cultures centrifuged at 4,000 rpm 

for 10 min, the supernatant was discarded and the cell pellet was washed twice with PBS 

before re-suspending (10 mL) in M9 minimal media (93.0 mM sodium, 22.1 mM potassium, 

18.7 mM ammonium, 1.0 mM calcium, 0.1 mM magnesium, 29.2 mM chloride, 0.1 mM 

sulphate, 42.2 mM phosphate) [263] supplemented with either 2% (w/v) Glc or 2% (w/v) 

Fuc and incubated overnight with shaking at 37 °C. Samples were repeated in quadruple. 

In a 96-well microplate, wells containing 250 uL M9 minimal media supplemented with 

either 2% (w/v) Glc or Fuc were inoculated with 1 mL starter culture and covered with an 

adhesive film (Microseal 'B' PCR Plate Sealing Film, Bio-Rad). Samples were incubated 

at 37 °C and optical density (OD600) readings were recorded every 30 min for 16 or 36 h. 

Before each cycle, the plate underwent shaking at 100 rpm for 30 sec and the readings 

were taken measuring a spiral average (2 mm) with path length correction (250 µL). All 

data is presented blank corrected, as an average across replicates. 

For co-feeding experiments, E. coli K12 MG1655 cultures were started as above. In a 96-

well microplate, wells containing 250 uL M9 minimal media supplemented with L-Fuc (0%, 

1.25% and 5%, w/v) and/or 2’FL (0%, 0.25%, 0.5%, 1% and 2%, w/v) were inoculated with 

1 mL starter culture and covered with an adhesive film (Microseal 'B' PCR Plate Sealing 

Film, Bio-Rad). All samples were repeated in duplicate. Samples were incubated at 37 °C 

and optical density (OD600) readings were recorded every 30 min for 36 h. Before each 

cycle, the plate underwent shaking at 100 rpm for 30 s and the readings were taken 

measuring a spiral average (2 mm) with path length correction (250 µL). All data is 

presented blank corrected, as an average across replicates.  

 

5.3.3 Lectin Binding Assays 

5.3.3.1 BSA-FITC Binding 

BSA-FITC was kindly provided by Dr Irina Ivanova (John Innes Centre, Norwich, UK). 

BSA-FITC (1 mg/mL in PBS) was serially diluted (1:2) in bicarbonate buffer (50 mM, pH 

10) from 400 µg/mL to 5 µg/mL. BSA-FITC sample (20 µL) was added in triplicate and 

incubated for 1 h, shaking (225 rpm) at 37 °C. Wells were washed three times with MQ 
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and dried with compressed air. Emitted fluorescence intensity was measured with a 

485/520 nm filter, gain = 2000. All data is presented blank corrected, as an average across 

replicates.  

5.3.3.2 Fluorescent Plant Lectins Binding Assay 

BSA-mannose and BSA-2’FL conjugates were kindly provided by Dr Irina Ivanova and Dr 

Rositsa Karamanska (John Innes Centre, Norwich, UK). First, the optimal concentration 

of fluorescent plant lectin was established. BSA-PEG4-Man (10) BSA-Man/mannan + 

lectin (Table 3.1, Compound 10) was diluted in bicarbonate buffer (50 mM, pH 10) from 

400 µg/mL to 50 µg/mL. In a 384-well µCLEAR® microplate (black, flat bottom, Greiner 

Bio-One) 20 µL of each BSA-FITC sample was added in triplicate and incubated for 1 h 

shaking (225 rpm) at 37 °C. Wells were washed three times with MQ and dried with 

compressed air. Wells were blocked with 3% BSA overnight, shaking (225 rpm) at RT 

before being washed three times with MQ and dried with compressed air. For each 

concentration of BSA-PEG4-Man (10), 2 µg/mL, 1 µg/mL or 0.5 µg/mL fluorescein-ConA 

(20 µL, Vector Labs), or 2 µg/mL fluorescein-UEA-I (20µL, Vector Labs) as a control, were 

incubated in binding buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 4 mM Ca2+ (4 mM 

Mn2+, ConA only)) for 1 h, shaking (225 rpm) at 37 °C. They were then washed three times 

with MQ and dried with compressed air. Emitted fluorescence intensity was measured with 

a 485/520 nm filter, gain = 2000. All data is presented blank corrected, as an average 

across replicates.  

With the method optimised, the same procedure was carried out on compounds 1-12 

(Table 3.1). Glycans (BSA-mannose conjugates = 50 µg/mL, 20 µL and mannan 

Saccharomyces cerevisiae (Sigma Aldrich) = 1000 – 400 µg/mL, 20 µL), including BSA-

FITC as a positive control, were physiosorbed in triplicate in wells of a 384-well microplate 

and incubated for 1 h, shaking (225 rpm) at 37 °C. Wells were washed three times with 

MQ and dried with compressed air. Wells were blocked with 3% BSA overnight, shaking 

(225 rpm) at RT before being washed three times with MQ and dried with compressed air. 

2 µg/mL fluorescein-ConA (20 µL) in binding buffer was then added to wells and incubated 

for 1 h, shaking (225 rpm) at 37 °C. Emitted fluorescence intensity was measured with a 

485/520 nm filter, gain = 2000. All data is presented blank corrected, as an average across 

replicates. Negative controls were mannan, BSA-Man, ConA and BSA-PEG4-Man (10) 

with UEA-I.  
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5.3.4 Live Bacteria Glycan Arrays 

E. coli strains ORN178 and ORN208 were provided by Professor P. E. Orndorff (North 

Carolina State University, USA). First, fluorescent labelling of E. coli strains ORN178 (WT, 

FimH+) and ORN208 (mutant, FimH-) was optimised and three different staining methods 

were reviewed. In all cases, ORN178 and ORN208 were first cultured in LB (10 mL) 

overnight at 37 °C, shaking (180 rpm). The cultures centrifuged at 4,000 rpm for 10 min, 

the supernatant was discarded, and the cell pellet was washed twice with PBS. Below 

details the methods used for each of the labelling methods: 

1. Basic Fluorescein Isothiocyanate (FITC) Labelling 

The cell pellet was re-suspended in PBS to OD600 = 1. To diluted cells (1 mL), 25 µL FITC 

(4 mg/mL in ethanol) was added, covered and incubated for 30 min, shaking (400 rpm) at 

37 °C, protected from light. Excess FITC was then removed by centrifugation (5 mins at 

10,000 rcf); the supernatant was discarded, and the cell pellet washed three times with 1 

mL PBS. When this method was further optimised, the FITC staining step was repeated a 

further one or two times. Finally, following the centrifugation of the last labelling step, cells 

were re-suspended in E. coli binding buffer (PBS containing 1 mM CaCl2 and 1 mM MnCl2). 

Fluorescence Microscopy:  

Fluorescence microscopy was carried out using an LED Snapshot Widefield microscope 

(Zeiss Axioplan 2). FITC-labelled ORN178 and ORN208 cells were mounted using 

agarose pads. Agarose pads were made using 1% (w/v) low-melt agarose solution in 

water to which 2 µL cell culture was added (OD600 = 1.5) before the coverslip applied. 

Images were captured using a X100 oil-immersion lens and the FITC channel at 50% 

power and 500 ms exposure. Images were processed using ImageJ.  

2. CellTrace ™ CFSE Cell Proliferation Kit (Thermo Fischer Scientific) 

Cell labelling was achieved by following the manufacturers protocol. The cell pellet was 

re-suspended in PBS and diluted to contain 1 x 106 cells/mL. To 1 mL of cells, 1 µL of 

CellTrace ™ (stock = 5 mM in DMSO) was added and incubated for 20 mins at 37 °C, 

protected from light. To remove any free dye, 5 mL PBS with 3% BSA was added. Cells 

were pelleted by centrifugation (5 mins at 10,000 rcf), supernatant discarded and re-

suspended in E. coli binding buffer (PBS containing 1 mM CaCl2 and 1 mM MnCl2). 

3. Two-step labelling procedure: Biotin-Streptavidin  

Protocol was based on methods of Otten et al., 2016 [226]. The cell pellet was re-

suspended in PBS to OD600 = 1. To diluted cells (1 mL), 2.5 µL (+)-Biotin N-
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hydroxysuccinimide (NHS) ester (10 mg/mL in DMSO, Sigma Aldrich) was added and 

incubated at RT for 2.5 h. To remove unbound Biotin-NHS ester, cells were centrifuged (5 

mins at 8000 rpm) and re-suspended in PBS (repeated three times). To 50 µL of 

biotinylated cells, 100 µL streptavidin-FITC (1:40, Thermo) was added and incubated for 

1 h, shaking (400 rpm) at 37 °C. To remove unbound streptavidin-FITC, cells were 

centrifuged at (5 mins at 8000 rpm) and re-suspended in PBS (repeated three times). 

Following final centrifugation, cells were re-suspended in E. coli binding buffer (PBS 

containing 1 mM CaCl2 and 1 mM MnCl2).  

 

To test the fluorescent intensity of each staining method across a range of E. coli dilutions, 

cells were diluted in E. coli binding buffer and added to wells of a 96-well plate in triplicate. 

Emitted fluorescence intensity was measured with a 485/520 nm filter, gain = 2000. All 

data is presented blank corrected, as an average across replicates. 

 

For the live bacteria array, glycans (BSA-PEG4-Man (10) = 50 µg/mL, 20 µL and mannan 

= 1000 µg/mL, 20 µL), were physiosorbed in triplicate in wells of a 384-well microplate and 

incubated for 1 h, shaking (225 rpm) at 37 °C. Wells were washed three times with MQ 

and dried with compressed air. For samples that were blocked, 3% BSA was added to 

well and incubated overnight, shaking (225 rpm) at RT before being washed three times 

with MQ and dried with compressed air. FITC-labelled E. coli were diluted in binding buffer 

to 1 x 108 cells/mL and added to wells (20 µL), before incubating for 1 h, shaking at 37 °C. 

Wells were washed three times with PBS and dried with compressed air. A BMG Labtech 

FLUOStar Omega microplate reader was used to measure emitted fluorescence intensity 

with a 485/520 nm filter, gain = 2000. All data is presented blank corrected, as an average 

across replicates. Positive controls were BSA-PEG4-Man (10) with ConA and mannan with 

ConA. Negative controls were BSA-PEG4-Man (10), mannan, ORN178 and ORN208. 
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5.3.5 Quartz Crystal Microbalance and Graphene Field Effect Transistors as 

Biosenors 

All methods in this section pertain to the work done in collaboration with Mohamed, A et 

al., [260].  

5.3.5.1 General  

Au-coated AT-cut α-quartz resonators with a fundamental frequency of (4.95 ± 0.05) MHz 

(QSX 301) were purchased from Biolin Scientific. All water was deionized before use to 

18.2 MΩ cm at 25 °C. 

Measurements using a quartz crystal microbalance with dissipation monitoring (QCM-D) 

were carried out on QSense E1 (Biolin Scientific) with a QFM 401 flow module. 

Deprotected sugars were lyophilized using a Büchi Lyovapor L-200 freeze dryer. 

Purification of the protected sugars via flash column chromatography was conducted using 

Biotage SP4 flash chromatography system with normal phase silica (pre-packed SNAP 

Ultra cartridges). 1H, COSY, 13C, DEPT-135 and HSQC NMR spectra were recorded on a 

Bruker Avance III 400 MHz at 298 K. Chemical shifts (δ) recorded in CDCl3 and D2O are 

reported with respect to the solvent residual peak at 7.26 and 4.79 ppm in 1H NMR, 

respectively. 

5.3.5.2 Cell Culture 

E. coli ORN178 and ORN208 were grown overnight at 37 °C in LB media (10 mL) to attain 

an optical density measured at 600 nm (OD600) of approximately 1.0 (~108 cells/mL). The 

cultures were centrifuged at 4,000 rpm for 10 min, the supernatant was discarded and the 

cell pellet was washed twice with PBS before re-suspending in fresh PBS buffer.  

5.3.5.3 Quartz Crystal Microbalance Analysis 

QCM-D resonators were washed with acid piranha etch 1:3 H2SO4:H2O2 (30%) and 

exposed to UV-ozone for 30 min. The resonator was then rinsed with ethanol then water 

and finally dried in a stream of N2 gas. The resonator was functionalized with mannose by 

first drop casting 150µL of 27 mM 3,3'-Dithiodipropionic acid di(N-hydroxysuccinimide 

ester) (DTSP) dissolved in DMF and left overnight at room temperature in N2 glovebox. 

The resonator was then rinsed with water and ethanol. The same procedure was then 

repeated with 150µL 27 mM 3-azidopropyl 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside 

(3-APM). The surface was then washed with water, ethanol, and acetone sequentially. All 

overnight incubation steps were carried out in N2 glovebox to avoid thiol oxidation. 
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The sensor was loaded into a flow module (QFM 401) through which buffer was drawn 

through at 1 mL min–1 by peristaltic pump. The cell was maintained within 2 mK of 25 °C 

with the incorporated Peltier cooler. QSoft (v2.5.21) was used to acquire the frequency 

and dissipation changes for odd harmonics up to 13. The sensor was considered stabilized 

when the drift was <5kHz over 10 min. ConA adsorption were carried out in pH 7.4 HEPES 

buffer with added cations (10 mM HEPES, 150 mM NaCl, 4 mM CaCl2, 4 mM MnCl2) to 

facilitate ConA binding. E. coli adsorption was carried out in phosphate buffer pH 7.4. 

The mass of dissolved adlayer was estimated using the Sauerbrey equation (eq. 1), which 

assumes a rigid adlayer, and by fitting to a Voigt viscoelastic model. 

 ∆m = –C 
∆fN
N

  (1) 

where m represents the adlayer mass density (ng/cm-2), C is a proportionality constant 

that depends only on the intrinsic properties of the sensor (−17.9 ng Hz−1 cm−2 for 5 MHz 

crystals), N is the harmonic number (an odd positive number), and ∆fN is the frequency 

shift for that harmonic. 

Sauerbrey analysis used the seventh harmonic because of its moderate penetration depth 

and low sensitivity to mounting effects. Viscoelastic fits used the frequency and dissipation 

responses from harmonics 3, 5, and 7, employing the chi squared minimization algorithm 

in QTools (v3.1.24.301), constraining the shear modulus to between 104 and 108 Pa and 

viscosity to between 10–4 and 10–1 Pa.  

5.3.5.4 Graphene Field-Effect Transistors 

10 mM 1-Pyrenebutanoic acid succinimidyl ester (PBASE) (in methanol) was drop casted 

onto the graphene surface and left overnight in N2 glovebox followed by addition of 10 mM 

3-APM overnight in N2 glovebox to obtain functionalized surface. The surface was then 

rinsed with methanol and water. Phosphate-buffered saline (PBS) pH 7.4 from pre-

formulated tablets was diluted 100-fold to 0.1 mM phosphate, 27 µM KCl, 1.37 mM NaCl. 

This solution was used in E. coli analysis. ConA analyses also included 40 µM CaCl2 and 

40 µM MnCl2. Transfer characteristics were obtained by applying a constant 0.1 V drain-

source voltage (Vds) and sweeping the gate voltage (Vg) from 0–1.5 V with 0.03 V steps 

using an Agilent E5270B SMU. Raman spectra were measured with an InVia (Renishaw, 

UK) with a 532 nm laser and 2600 gr/mm. Raman maps were acquired from 1100 to 3200 

cm–1 with 10 µm between points over a 50 µm2 surface.  
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5.3.5.5 Data analysis 

The currents from the GFET transfer curves acquired at gate voltages over a 0.24 V 

window centred on the minimum current were fit to a quadratic equation, and the value of 

VCNP was estimated from that fit. The response (∆VCNP) was taken as the difference 

between VCNP in the presence of ConA or E. coli and VCNP in buffer only. 

The QCM frequency response and shift in the GFET charge-neutral point were fit to Eq. 2 

using OriginPro 2020b to obtain values for the equilibrium dissociation constant (Kd).  

 R([x]) = Rmax 
[x]

Kd + [x]
 + C  (2) 

where R is the measurement response (∆f for QCM, ∆VCNP for GFET), Rmax is the limiting 

response at infinite concentration, [x] is the concentration of the species being titrated, and 

C is a constant offset. The offset was fixed to 0 Hz when fitting QCM data and allowed to 

vary for GFET data. 

 

5.3.6 Flow Cytometry Aggregation Assay 

To prepare samples, ORN178 and ORN208 were first cultured in LB (10 mL) overnight at 

37°C, shaking (180 rpm). The cultures centrifuged at 4,000 rpm for 10 min, the supernatant 

was discarded, and the cell pellet was washed twice with PBS. The cell pellet was re-

suspended in E. coli binding buffer (PBS containing 1 mM CaCl2 and 1 mM MnCl2) and 

diluted to 1 x 104 cells/mL. Diluted cells were then incubated, shaking (225 rpm) at 37 °C 

for 30 min with decreasing concentrations (1000, 100, 50, 20, 10, 0 µg/mL) of mannan 

from Saccharomyces cerevisiae (Sigma Aldrich) in a total volume of 500 µL.  

Imaging cytometry was performed on an ImageStream X (Amnis). Images of 20,000 cells 

were captured with a 60x/NA 0.9 objective (pixel size 0.33um) and excited with 736nm 

laser at 3.75mW to generate back scatter. LED illumination was used to generate bright 

field images. The diameter of the core was maintained at 5um, with a bead percentage of 

25%. Data was collected with 'remove beads' selected to prevent onboard focus beads 

being acquired in the data files. Analysis was performed on IDEAS v6.1.187 (Amnis). An 

analysis mask was generated to count the number of cells per image based on the back 

scatter signal. Utilizing the 'spot count' wizard within the software, cells per event, or 

image, were enumerated and exported as a text file. Data was plotted in Windows Excel. 
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Chapter 6 – Appendix 

 

6.1 Appendices from Chapter 1 

Appendices 1.1: Characterised Bifidobacterium strains and genes, which utilise HMOs [40].  

 

 Strain Protein/Enzyme Abbreviation/ 
Gene Locus 

Enzymatic 
Activity 

HMO 
Substrates 

Ref 

1 B. bifidum 
JCM1254 

1,2-α-L-fucosidase AfcA Extracellular 2’FL, LNFPI, limited 
activity on 3FL and 

LNFPV 

 
[264] 

2 B. bifidum 
JCM1254 

1,3/4-α-L-fucosidase AfcB Extracellular 3FL, LNFPII, 
LNFPIII 

 
[265] 

3 B. bifidum 
JCM1254 

Exo-α-sialidase SiaBb2 Extracellular 3’SL, DSLNT, 6’SL  
[266] 

4 B. bifidum 
JCM1254 

β-galactosidase BbgIII Extracellular LacNAc, LNnT, 
LNH, Lac 

 [42] 

5 B. bifidum 
JCM1254 

Lacto-N-biosidase LNbB Extracellular LNT, LNH  
[267] 

6 B. bifidum 
JCM1254 

β-N-
Acetylglucosaminidase 

BbhI Extracellular LNT1  [42] 

7 B. bifidum 
JCM1254 

GNB/LNB phosphorylase LnpA1 Intracellular LNB/GNG  
[268] 

8 B. bifidum 
JCM1254 

GNB/LNB phosphorylase LnpA2 Intracellular LNB/GNB  
[268] 

9 B. longum 
sp. infantis 

ATCC 15697 

Transporter SBP FLP1-BP - 2’FL  
[269] 

10 B. longum 
sp. infantis 

ATCC 15697 

Transporter SBP FLP2-BP - 2’FL, 3FL, LDFT, 
LNFPI 

 
[269] 

11 B. longum 
sp. infantis 

ATCC 15697 

α-L-fucosidase AfcA Intracellular LNFPI, 2’FL, 3FL 

 

 
[270] 

12 B. longum 
sp. infantis 

ATCC 15697 

1,3/4-α-L-fucosidase AfcB Intracellular LNFPIII, 3FL  
[270] 

13 B. longum 
sp. infantis 

ATCC 15697 

1,3/4-α-L-fucosidase Blon_0248 Intracellular LNFPIII  
[270] 

14 B. longum 
sp. infantis 

ATCC 15697 

α-L-fucosidase Blon_0426 Intracellular LNFPIII  
[270] 
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15 B. longum 
sp. infantis 

ATCC 15697 

β-galactosidase Bga2A Intracellular Lac, LacNAc, LNnT  [43] 

16 B. longum 
sp. infantis 

ATCC 15697 

LNT β-galactosidase Bga42A Intracellular LNT, LNB  [43] 

17 B. longum 
sp. infantis 

ATCC 15697 

β-N-
Acetylglucosaminidase 

Blon_0459 Intracellular LNT, LNH, LNT1  
[271] 

18 B. longum 
sp. infantis 

ATCC 15697 

β-N-
Acetylglucosaminidase 

Blon_0732 Intracellular LNT, LNH, LNT1  
[271] 

19 B. longum 
sp. infantis 

ATCC 15697 

β-N-
Acetylglucosaminidase 

Blon_2355 Intracellular LNT, LNH, LNT1  
[271] 

20 B. breve 
UCC2003 

Transporter SBP NahS  LNnT  [41] 

21 B. breve 
UCC2003 

β-galactosidase LntA Intracellular LNT, LNnT, Lac  [41] 

22 B. breve 
UCC2003 

β-galactosidase LazZ2 Intracellular LNnT, Lac  [41] 

23 B. breve 
UCC2003 

β-galactosidase LacZ6 Intracellular LNnT, Lac  [41] 

24 B. breve 
UCC2003 

β-N-
Acetylglucosaminidase 

NahA Intracellular LNT2  [41] 

25 B. breve 
UCC2003 

GNB/LNB phosphorylase LnbP Intracellular LNB  [41] 

26 B. longum 
sp. longum 
JCM1217 

Lacto-N-biosidase LnbX Extracellular LNT, LNH, LNFPI, 
LST a 

 
[272] 

27 B. longum 
sp. longum 
JCM1217 

Chaperone for LnbX LnbY Extracellular -  
[272] 

28 B. longum 
sp. longum 
JCM1217 

Transporter SBP GL-BP - LNB, GNB  
[273] 

29 B. longum 
sp. longum 
JCM1217 

β-N-
Acetylglucosaminidase 

BLLJ_1391 Intracellular LNT1  
[274] 

30 B. longum 
sp. longum 
JCM1217 

N-acetylhexosamine 1-
kinase 

NahK Intracellular GlcNAc/GalNAc  
[275] 

31 B. longum 
sp. longum 
JCM1217 

GNB/LNB phosphorylase LnpA Intracellular LNB/GNB  
[275] 
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6.2 Appendices from Chapter 2 

 

Appendices 2.1: HILIC LC-MS analysis of HMO mixtures M1 (A) and M2 (B). 

 

 

Appendices 2.2: HPAEC-PAD retention times of commercial HMO standards. 

 

 

 

 

 

 

 

Commercial Standard Retention Time (min) 

Lac 6.065 

2’FL 6.533 

3FL 4.500 

LNFPIII 4.505 

LNnT 9.462 

Lac 

[M+Na]
+

 

2’FL/3FL  

[M+Na]
+

 

LNFPIII  

[M+Na]
+

 

LNFPIII 

[M+H]
+

 

LNnT 

[M+H]
+

 

Lac 

[M+Na]
+

 2’FL/3FL 

[M+Na]
+

 
 

LNnT 

[M+Na]
+

 

LNnT  

[M+H]
+

 

A 

B 
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Appendices 2.3: Low-resolution mass spectra of M1 HILIC HPLC peaks 1 – 4. A) Lac; B) 3FL; 
C) LNnT; D) LNFPIII. 

 

B 

A 

D 

C 
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Appendices 2.4: Low-resolution mass spectra of M2 HILIC HPLC peaks 1 – 4. A) Lac; B) 3FL; C) 

LNnT; D) LNFPIII. 

 

 

B 

A 

C 

D 
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Appendices 2.5: HPAEC-PAD analysis of crude commercial compounds 8 – 11 (A to D).  

 

 

Appendices 2 6: HPAEC-PAD retention times of commercial standards (compounds 1 to 11).  

Compound Name Abbreviation Retention Time (min) 

1 Gal 8.950 

2 Lac 14.675 

3 LacNB 18.417 

4 LacNAc 14.817 

5 3FL 12.225 

6 LNT1 23.359 

7 LNT2 20.550 

8 LNT 47.209 

9 LNnT 28.742 

10 LNFPII 12.634 

11 LNFPIII 11.792 
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Appendices 2.7: Summary of α-1,2-fucosyltransferase activity from H. mustelae for 
compounds 1 to 15.  

Entry Substrate Conversion 

(%) 

Product 

1 

 

100 

 

2 
 

76 

 

3 
 

95 

 

4 
 

71 

 

5 

 

60 

 

6  61  

7 

 

0 

 

8 

 

100 

 

 

9 

 

100 

 

 

10 

 

21 

 

11 

 

5 
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12 

 

98 

 

13 
 

3 

 

14 
 

7 

 

15 
 

9 
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Appendices 2.8: Low resolution mass spectra of fucosylated HMO analogue reaction 
products from α1,2-FucT following HILIC HPLC purification. (A) LNT-Fuc, (B) LNnT-Fuc, (C) 
LNFPII-Fuc and (D) LNFPIII-Fuc.  

  
 

Appendices 2.9: SAX chromatography retention times of commercial nucleotide standards. 

 

 

Commercial Standard Retention Time (min) 

AMP 5.540 

ADP 7.367 

ATP 9.230 

GMP 6.230 

GDP 8.244 

GTP 10.234 

A 

B 

C 
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