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Abstract 

 

POLYSACCHARIDE VACCINES FOR ENTERIC PATHOGENS: THE NEXT 

GENERATION MULTIVALENT DIARRHEA VACCINE 
 
 

 

Brittany Pequegnat     Advisor: 

University of Guelph 2016    Professor Mario A Monteiro 

 
 

 

Diarrheal disease due to enteric pathogens is a global health problem and three 

major contributors are enterotoxigenic Escherichia coli (ETEC), Shigella flexneri and 

Campylobacter jejuni. The effects of some gastric infections also go beyond the intestinal 

tract, such as C. jejuni and its link to Guillain-Barré Syndrome, and the autism associated 

pathogen, Clostridium bolteae.   

The first section of this thesis is an extension of my MSc research, in which I 

discovered the capsule polysaccharide of the autism associated bacteria, C. bolteae.  Here, 

I show the conjugation of the C. bolteae polysaccharide to a carrier protein in preparation 

for upcoming immunological testing.  More significantly, I also divulge the chemical 

synthesis of the C. bolteae capsule polysaccharide non-reducing end terminus with an 

aminopentyl linker at the reducing end: α-D-Manp-(1→4)--D-Rhap-(1→O(CH2)5NH2. 

The capsule polysaccharide of a key representative strain of C. jejuni serotype 

complex HS:5 was fully characterized in this work.  C. jejuni HS:5 capsule polysaccharide 

was determined to be highly complex composed of 3,6-dideoxy-α-D-ribo-heptopyranose, 

glucitol, α-D-glycero-D-manno-heptopyranose, MeOPN, and diester phosphate: 



 

 

 

Another interesting structural finding came from the analysis of an isogenic mutant 

of C. jejuni serotype HS:23/36 (PG3718), in which one of the two genes responsible for the 

addition of O-methyl-phosphoramidate (MeOPN) to the capsule polysaccharide was 

deactivated.  In this case, the MeOPN was not connected to position 2 or 6 of galactose as 

in the wild-type strain, but to the 4 position of the said galactose.  This isogenic strain was 

found to be more resistant to complement killing than the wild-type strain. 

Two other classes of polysaccharide conjugate vaccines are also described in this 

work; those composed of (i) C. jejuni polysaccharides (from serotypes HS:4AB and HS:53) 

and diphtheria toxoid (CRM197),  and (ii) S. flexneri polysaccharide and the ETEC protein 

CfaEB.  These polysaccharide conjugate vaccines were made using a scheme developed in 

the Monteiro laboratory, where the polysaccharides were first stoichiometric oxidized at 



 

 

primary hydroxyls with 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) and bleach and then 

conjugated to the immunostimulatory protein. These polysaccharide conjugate vaccines 

were shown to be highly immunogenic (high IgG levels) in a mouse model and represent a 

next generation multivalent diarrhea vaccine.  
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Chapter 1: Introduction 

1.1 General Carbohydrates 

A family of compounds, with the formula Cn(H2O)n, were aptly named carbohydrates 

in the nineteenth century [1]. Over the following centuries the definition of carbohydrates 

evolved and now includes molecules that do not even fit the general formula Cn(H2O)n [1]. 

As the definition of carbohydrates evolved one thing became increasingly certain, 

carbohydrates are essential molecules to life. They are found throughout nature and are 

present in both animals and plants, and they are a major energy source for both.  

The simplest carbohydrate is referred to as a monosaccharide. A monosaccharide is 

defined as a carbohydrate derivative that contains a single carbon chain, and cannot be 

hydrolyzed any further [2, 3].  Disaccharides and trisaccharides, respectively, refer to two 

and three monosaccharide residues that are coupled together through acetal and ketal 

linkages [2]. Once there are 10 or more monosaccharides in a compound, the denotations 

of oligosaccharide (10 or less) and polysaccharide (greater than 10) are used [2]. The broad 

term “sugar”, that is used every day, is normally referring to a mono-, di-, tri- or small order 

oligosaccharide [2]. Since monosaccharides are the building blocks for the higher order 

carbohydrates the focus should begin on describing the different residues that are available 

and the, sometimes subtle, differences that can make a big impact on overall structure.  

Monosaccharides can be found containing 3 carbons (trioses) up to 9 carbons (nonoses) 

[2, 4]. Most commonly when one is referring to a sugar it would be in reference to a 

monosaccharide containing 5 (pentose), 6 (hexose) or sometimes 7 (heptose) carbons. 

These carbon chains can be depicted in multiple ways, and each of these projections gives 
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insight into the overall conformation, chirality and spatial orientation of the carbohydrate 

molecule.  

The Fischer projection has the carbon chain in an open form (Figure 1). In this 

projection the chiral carbon is place at the bottom, leaving the carbon with the highest 

oxidation state at the top [2]. The Fischer projection is useful in the assignment of L- (latin: 

laevus = left) and D- (latin: dexter = right) enantiomers [4]. If the hydroxyl of the last 

stereocenter carbon is on the left hand side of the chain the configuration is L, and if it is 

on the right hand side the configuration is D [1, 2, 4]. Another important assignment that 

can be made from the Fischer projection is the anomeric configuration at C-1. Looking 

again at the last stereocenter, if the hydroxyl is on the same side as the hydroxyl at C-1 the 

anomeric configuration is α, and if it is on the opposite side the anomeric configuration is 

β [4]. 

 

Figure 1: β-D-Glucose depicted in the Fischer projection, Haworth representation, and 4C1 

chair conformation (from left to right).  

From the Fischer projection the most common ring transformation is the Haworth 

representation (Figure 1). While this representation does show the carbon chain in its cyclic 

form, it does not give any insight into the conformation that the carbohydrate takes, since 
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the 6-membered ring of a monosaccharide is not going to be found to be planar [4]. The 

cyclic form of a carbohydrate is going to assume a chair conformation, and this chair 

representation aids in the important distinction between axial and equatorial ring positions 

(Figure 1) [4]. There are two common chair representations 4C1 and 1C4, where the 4 and 1 

refer to the carbon and the superscript and subscript refer to up and down, respectively. For 

most of the D-hexopyranoses the 4C1 chair is the most stable as it places the C-6 hydoxyl 

in the equatorial position (Figure 2). 

 

Figure 2: The chair conformations of a sugar ring. 4C1 with the carbon 4 up and carbon 1 

down, and 1C4 with the opposite orientation.  

 Monosaccharides, in solution, undergo mutarotation which can result in four different 

orientations. The 6-membered pyranose ring, in its most stable chair form, can have either 

the α or β oriented anomeric center, as previously described. Additionally, 

monosaccharides can be found in the 5-membered furanose form. The furanose ring will 

also have both α- or β- oriented anomeric centers. Each monosaccharide will favour 

different orientations in varying amounts due to the influences of steric hindrance and the 

anomeric effect.  

In a carbohydrate ring, when the substituents are positioned equatorially they are more 

energetically favoured, for steric reasons, over the axial equivalents [4]. The anomeric 

center, however, is not always in compliance with these rules but answers to the rules of 

           4
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the anomeric effect. The endocyclic oxygen possesses a dipole moment which can be 

partially stabilized by dipole moment created from an α-oriented anomeric center (Figure 

3) [5]. Also governing the anomeric effect, and its increased stability of the α-oriented 

anomeric center, is hyperconjugation [5]. The O-5 (endocyclic oxygen) carries a lone pair 

of electrons in a molecular orbital (n) which will interact with the unoccupied anti-bonding 

orbital (σ*) of the anomeric carbon C-1 (Figure 3) [5]. The n  σ* interaction allows for 

electron density delocalization, ultimately resulting in the stabilization of the conformation 

[5].  

 

Figure 3: Illustration of the stabilizing effects of the anomeric effect.  

1.2 Carbohydrates in Nature 

 The monosaccharide glucose (Glc) is found in a high abundance in nature, in both 

plants and mammals. The free form of Glc can be found playing an important role as an 

energy source and osmotic regulator of blood in mammals [6]. In mammalian bodies Glc 

will ultimately transform into a precursor for fat and glycogen [6].  The major source of 

Glc in plants comes from photosynthesis, where it would be synthesized from water (H2O) 

and carbon dioxide (CO2) to give carbohydrates and oxygen (O2) [1, 4]. D-Glc is further 

used by plants to construct larger polymers like cellulose and starch [1].  
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 Cellulose and starch are both carbohydrates with a biological importance [6, 7]. 

These two polysaccharides are an excellent example of how a subtle difference in anomeric 

orientation can have a meaningful impact on overall structure (Figure 4). Cellulose and 

starch are both composed of 4-linked D-glucopyranose. In cellulose the anomeric center of 

the 4-linked D-Glc is in the β-orientation, giving the repeating units a linear structure ideal 

for stacking and prime for increased hydrogen bonding between layers (Figure 4B). 

Cellulose, therefore, is an integral part of the rigidity of plant cell walls [7]. Starch, 

conversely, expresses the α-oriented anomeric center on the 4-linked D-Glc residues 

(Figure 4A). The resulting polysaccharide chain, of starch, resembles a staircase and results 

in the polysaccharide being used by plants as a principal food reserve [4, 8].  

 

Figure 4: A) The repeating structure of starch. B) The repeating unit of cellulose.  

In addition to their function as an energy source, carbohydrates are also found in the 

shells of crustaceous animals, supporting tissues of plants, as natural antibiotics, in the 

nucleic acid structures of DNA and RNA and in the cell walls of mammalian and bacterial 

cells [1, 4].  

 The carbohydrates, or polysaccharides, present on the cell surface of bacteria are 

participating in cell signaling, adaptations to surrounding environment and can be 
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endotoxic [8]. These polysaccharides are the outermost layer of the cell wall and therefore 

make excellent targets for launching bacteria specific attacks.  

1.3 Gram Negative and Positive Bacterial Cell Walls 

 The cell wall can be used as a method of classification for bacteria. There are two 

distinct cell wall types that have earned the designations “gram-negative” and “gram-

positive”. These labels arise from the gram-staining technique which has the ability to 

distinguish between the two cell walls. Gram-staining begins by flooding heat fixed cells 

with crystal violet, which is followed by the addition of iodine [8]. After letting this set the 

stain is washed away using alcohol. The counterstain, safranin, is then applied. Observing 

the cells after the staining process will reveal purple and pink stained cells. The gram-

positive cells will be purple in colour as the cell walls outer-most layer is peptidoglycan, 

so the crystal violet stain will be retained. The gram-negative cells will appear pink because 

the outer-most layer of its cell wall is a phospholipid bilayer. The original purple dye can 

be washed away from the gram-negative cells when the alcohol is applied, allowing for the 

safranin to counterstain the membrane pink [8].  

 The differences in the cell walls can be seen outlined in Figure 5 [8]. As mentioned 

above, the gram-positive has peptidoglycan as its outermost layer. This layer of 

peptidoglycan is much thicker than the one seen in the gram-negative cell wall, and can 

have up to 25 stacked sheets [8]. The gram-negative cell wall has a thin layer of 

peptidoglycan that is sandwiched between the outer membrane and the inner membrane, 

which are both phospholipid bilayers [8].  
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 A similarity between the two cell walls is the outermost layer which is composed 

of polysaccharides. These polysaccharides that are decorating the cell surface contribute to 

cell signaling, adherence and resistance to specific and non-specific hose immunity [9]. 

While polysaccharides are found on both gram-negative and positive surfaces their 

composition is different between the two bacterial types.  

 

Figure 5: The gram negative (left) and gram positive (right) cell walls, with their respective 

carbohydrates [8].  

1.4 Polysaccharides of Gram Negative and Positive Bacteria 

1.4.1 Lipopolysaccharides 

 Lipopolysaccharides (LPS) are found on the surface of gram-negative bacteria. 

These LPS structures are normally composed of three unique and distinct regions; the 

hydrophobic region known as lipid A (or endotoxin), the non-repeating core 

oligosaccharide and the distal polysaccharide (or O-antigen) [10].  
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Figure 6: Schematic of the lipopolysaccharide (LPS) [8].  

 The lipid A region of the LPS acts as a hydrophobic anchor [10, 11]. The backbone 

of lipid A is very highly conserved and many gram-negative bacteria will synthesize a 

species of lipid A that resembles that of Escherichia coli [10]. This structure consists of a 

di-glucosamine backbone with substitutions of phospholipids at positions 2, 3 and 2′, 3′, 

and phosphate groups at positions 1 and 4′ [10, 11]. The lipid A backbone is covalently 

linked to the core polysaccharide.  

 The core polysaccharide can be split into two regions, the inner and outer core. The 

inner core is lipid A proximal and is the site of the aforementioned covalent attachment [10, 

11]. The inner core is highly conserved between species and families of bacteria and 

contains unusual sugar residues such as 3-deoxy-D-manno-octulosonic acid (Kdo) and L-

glycero-D-manno-heptose [10, 11]. Kdo has been observed in (almost) all characterized 

LPS to date, and is α-bound to the carbohydrate backbone of the lipid A structure [11]. The 

outer core is composed of more common sugars such as hexoses and hexosamines [11]. 

This region also shows more variability than the inner core and serves as the attachment 

site for the most distal region of the LPS structure [10].  

 The O-polysaccharide, or O-antigen, is the most distal region of the LPS. This 

polysaccharide is a repeating chain where each repeat unit consists of one to eight glycosyl 
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residues [11]. The O-antigen is highly variable and has limitless potential for diversity. 

Differences can be observed as sugar substitutions, sequence changes, linkage variations 

and ring conformational changes [11]. Being the outermost region of the LPS it is therefore 

a prime antigen target for the host antibody response [11]. This region of the LPS is 

therefore an optimal target for vaccine development.   

1.4.2 Lipooligosaccharides 

 Gram-negative mucosal bacteria produce a second, low molecular weight, 

polysaccharide on the cell surface [12]. This major glycolipid structures are known as 

lipooligosaccharides (LOS). While normally only observed on gram-negative bacteria, 

LOS have also been reportedly seen on the surface of some enteric bacteria, such as 

Campylobacter jejuni, and Campylobacter coli [12, 13].  

 

Figure 7: Schematic of the lipooligosaccharide (LOS). 

 The LOS is analogous to LPS with its lower molecular weight resulting from the 

absence of the distal o-antigen region [12]. The entire LOS is limited to 10 saccharide units 

or less. Heightened variability in the outer core region of the LOS is also observed [12]. 

The LOS is also known to possess similarities to some human glycolipids and gangliosides, 

which will be discussed in more detail later (Section 1.6.2) [12, 13]. 
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1.4.3 Capsular Polysaccharides 

 The majority of bacteria express capsules that play a defensive role against 

unfavorable environmental encounters, and these capsules are often polysaccharide based 

[13]. The capsular polysaccharides (CPS) consist of a varying number of repeating units 

comprised of one or more saccharide molecules [13]. They are attached to the cell wall via 

lipid anchors. CPS structures are most often observed on gram-positive bacteria, however 

C. jejuni is an example of where they are observed on gram-negative bacteria [13]. The 

immense structural diversity of the CPS structures, sometimes within a bacterial species, 

contributes to their ability to evade immune responses [9, 13]. Since the CPS is the 

outermost layer of the bacterial cells, and it has a strong correlation to immune evasion, it 

makes them the target of vaccine development.  

 

Figure 8: The schematic of the capsular polysaccharide. The repeating unit is found in the 

brackets, and the distal monosaccharide (left, orange) is the terminal sugar.  

1.5 The Importance of Characterization 

 As mentioned, the polysaccharides that decorate the cell surface can be excellent 

targets for vaccine development. Since they are often species specific, vaccines can be 

generated that will target only the bacterial strain of interest. However, this is not as easy 

as just isolating the polysaccharide and then injecting the sample into a test subject. The 

human body possesses glycolipids, glycoprotein and gangliosides which all contain 

saccharide units. If the polysaccharide taken from a bacterial cell is not properly analyzed 
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to ensure that there are no similar molecules in the human body, adverse effects can be 

observed. Cross-reactivity is a reason why it is important to characterize the structure of 

each polysaccharide before designing a vaccine candidate. 

 An important example of this cross-reactivity comes from C. jejuni. As mentioned 

above the LOS can act as a strong endotoxic entity, just like the LPS and C. jejuni, unlike 

other gram-negative bacteria, produces a CPS and LOS on its cell surface. One would 

assume that the target of choice would be the endotoxic LOS unit, over the CPS. However, 

it has been discovered that the LOS of C. jejuni displays ganglioside mimicry that can lead 

to the development of an autoimmune disease, which will be explained in more detail later 

[13]. Should the vaccine contain the polysaccharide structure of the LOS it may also attack 

the brain ganglioside of which the LOS mimics. In this case the CPS is the optimal target 

and the LOS must be carefully avoided when developing the vaccine candidate.  

1.6 Enteric Pathogens 

 Diarrheal disease caused by enteric pathogens remains one of the leading global 

health problems. In developing countries it is estimated that 2-4 billion cases of infectious 

diarrhea are occurring annually [14]. In the developing world there are 3-5 million deaths 

attributed to gastroenteritis annually, with the highest fatality rate in children under the age 

of 5 [14]. Traveller’s diarrhea is also one of the most common health problem associated 

with people travelling to the developing world.  

 Almost one half of the gastroenteritis cases ae due to bacteria that produce 

enterotoxins to cause disease [14, 15]. Of the enterotoxin producing bacteria 

enterotoxigenic Escherichia coli (ETEC) is responsible for the largest portion of the cases, 
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while Vibrio cholera is responsible for the most severe cases [14, 15]. Non-enterotoxic 

bacteria are also culprits in gastroenteritis. The major important bacterial pathogens from 

this group are Salmonella typhi, non-ETEC, some species of Shigella spp. and 

Campylobacter jejuni [14, 15]. Shigella is one of the most important causes of mortality in 

infants due to diarrheal disease. Shigella results in about 200 million episodes of diarrhea 

annually in children in the developing world, with 1 million cases resulting in death [15]. 

In the developed and developing world it has been reported that C. jejuni is one of the 

leading causes of bacterial food-borne illness [16]. Campylobacter is also known to be the 

second most common food-born pathogen associated with non-travel-associated 

gastroenteritis [17]. For some gastric pathogens their influence does not end with diarrheal 

symptoms, but spreads further in the body in the form of sequela.  

 

Figure 9: Breakdown of the incidence of pathogens with bacterial associated gastroenteritis 

in the developed world.  

1.7 The Gut-Brain Axis 

 Before a human-being is born their gastrointestinal (GI) tract is a sterile 

environment. Colonization of this system does not begin until child birth, and subsequent 
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growth comes from breast feeding and the weaning process [18]. After weaning the child 

is left with a complex microflora [18]. Natural disruptions to this flora can occur during 

illness and exposure to antibiotics, as well as adapting to new food types consumed. Over 

time however abnormal disruptions have been noted and are attributed now to the rigors of 

modern lifestyles [19]. These new stressors have allowed for a restructuring of the once 

symbiotic relationship established in the gut environment, and can result in the GI problems 

of humans [19].  

 The normal assumption when someone complains of a stomach ache is that there is 

unrest in the GI tract, but rarely does one consider the farther reaching power the GI tract 

has on the body [19]. The GI tract has a complex connection to other areas of the body 

through immune, nervous and endocrine systems. It also plays an important role as a barrier 

to protect the internal environment from external threats, meaning that an unhealthy GI 

tract can result in health issues in various unexpected parts of the body, including the brain 

[19].  

 The central nervous system (CNS) and the GI tract contain similar transmitters and 

some neurons, justifying the alternative names for the GI tract: “second-brain” or enteric 

nervous system (ENS) [19]. The CNS and the ENS work together to control and coordinate 

digestive function through the processing and interpretations of incoming sensory 

information [18]. A major form of communication between the CNS and ENS comes from 

the enteric glial cells (EGCs) [20]. The EGCs convey many similar functions as the 

astroglia of the CNS, and they also control GI functions and certain neurotransmitter 

precursors which could help establish the link between the CNS and the immune system of 

the GI tract[18-20].  
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 When the GI tract is challenged immunologically various cytokines are released 

that have the potential to lead to an increase in corticotrophin-releasing hormone (CRH), 

which is involved in the human stress response [19]. This increased release of CRH begins 

a cascade affecting the CNS, the hypothalamic pituitary adrenal (HPA) axis, and the 

peripheral nervous system [19]. Alterations in the gut-brain interaction that initiate the 

described cascade of events lead to gut inflammation, chronic abdominal pain and eating 

disorders. Resulting in the conclusion that modulations of the functions of this axis are 

associated with alterations in behavior and the stress response [21]. 

1.7.1 Clostridium and Autism-Associated Symptoms 

 In 2005 Parracho et al reported that an alarming 91.4% of autism spectrum disorder 

(ASD) patients suffered from GI disorders, including constipation and diarrhea [22]. 

Adding to this development, in 2006 Valicenti-McDerrmott et al evaluated patients with 

ASD and patients with history of family auto-immune disease and found that 70% of 

children with ASD also had GI disorders, compared to 42% of children with other 

developmental disorders [19, 23]. These high occurrences of GI disorders in ASD patients 

could be linked to a 2002 study showing that children with ASD had a higher abundance 

of clostridial species in their GI flora than control children [19, 24]. One species of 

importance, which will be described in detail later, is Clostrium bolteae [25]. 
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Figure 10: Propionic acid, a short chain fatty acid. 

 Clostridial species, when fed a diet of sugar and refined carbohydrates, produce 

short chain fatty acids (SCFAs), like propionic acid (PPA) [26, 27]. Due to its existence in 

both an ionized and non-ionized form at physiological pH, PPA is able to readily cross the 

gut-blood barrier [28]. PPA is able to travel even further in the body through its ability to 

cross the blood-brain barrier and ultimately enter the CNS [28]. When SCFAs are able to 

reach the CNS they are often taken up by the glia and, less frequently, the neurons [28]. 

The SCFAs have an effect on an array of physiological processes. Excessive concentration 

of PPA may lead to negative effects on health and behavior. There are a number of 

conditions, either inherited or acquired, that are developed at varying stages of life due to 

PPA [28]. These conditions often are associated with symptoms such as developmental 

delay or regression, seizures, metabolic acidosis, and GI problems [28]. Symptoms 

associated with elevated levels of PPA are somewhat reminiscent of those associated with 

ASDs. Recent studies have begun to explore the possibility of PPA playing an instrumental 

role in behavioral and health symptoms associated with ASDs. 

When rats were given PPA, by intracerebroventricular (ICV) administration, 

negative social behaviors were observed [26, 27]. These social impairments included a 

larger mean distance between rats, reduction in the time they spent in close proximity to 

one another, reduction in playful interactions and altered responses to the attempted 

initiation of playful interactions [29]. Immunohistochemical analysis of brain tissue from 

the ICV injected rats showed signs of reactive astrogliois, which indicates a 
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neuroinflammatory response occurred [27, 29]. The brain and behavioral abnormalities 

produced by PPA are similar to the symptoms observed in humans with ASD [29]. This 

connection demonstrates a direct influence of a bacterial metabolite on human behavior 

[19]. 

 

Figure 11: C. bolteae and the CNS/ENS effector pathway [21, 27, 30].  
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1.7.2 Campylobacter and Guillain-Barré Syndrome 

 The gangliosides are an important component of the neuronal cell membranes in the 

human brain [31]. Consisting of a ceremide core with glycans linked through a single 

glycosidic bond, these sialated oligosaccharides play a crucial role in neuronal and brain 

development. Human embryos contain the simple gangliosides GM3 and GD3 [31]. As the 

human brain develops, more complex gangliosides arise from GM3 and GD3 [31]. Of the 

complex gangliosides there are four dominant species that make up 90% of the gangliosides 

in the adult brain; GD1b, GT1b,  GD1a, and GM1a [31]. The gangliosides GM1a and GD1a 

are strongly expressed at the nodes of Ranvier, where the voltage-gated sodium channels 

are localized [32]. An autoimmune disease that attacked these gangliosides could lead to 

muscle weakness, failure of nerve-conduction and axonal degeneration [32]. 

First described in 1916, Guillain-Barré syndrome (GBS) is an autoimmune disease 

that involves mimicry of human gangliosides, specifically GM1a and GD1a [32]. GBS is 

characterized by acute neuromuscular paralysis, 20% of patients will remain severely 

disabled and approximately 5% will die [32]. The most frequently identified infectious 

agent of GBS is C. jejuni [13, 32, 33].  

C. jejuni does not express LPS, like other gram-negative bacteria, but instead 

expresses a CPS and an LOS. The LOS structures of C. jejuni can contain an unusual sugar, 

sialic acid (Neu5Ac). Human gangliosides are also sialylated structures, and despite the 

copious arrangements available for these oligosaccharides some C. jejuni LOSs contain 

similar sugar sequences which allow for mimicry [13, 32-34].  
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C. jejuni enteritis is the predominant predecessor to GBS because this infection 

causes the production of antibodies that are cross-reactive with the gangliosides [13]. The 

antibodies are generated to recognize specific moieties of the LOSs, however they may now 

also bind to various gangliosides with similar carbohydrate sequences [13]. An example of 

a characterized LOS that contains a ganglioside mimic is C. jejuni HS:4/19 [13].  

 

Figure 12: The LOS structure from the C. jejuni serotypes HS:4 and HS:19. The 

ganglioside mimics are outlined in green (GD1a) and red (GM1a). Hep refers to L-glycero-

D-manno-heptose.  

In Figure 12 it can be seen that both GM1a and GD1a can be mimicked by the HS:4 

LOS structure [13, 32]. Any generated IgG anti-GM1a and anti-GD1a autoantibodies can 

bind to the nodal axolemma, and this leads to membrane-attack complex (MAC) formation 

[32]. The MAC formation results in voltage-gated sodium channel clusters disappearing, 

which allows the detachment of paranodal myelin [32]. Once paranodal myelin is detached 

the consequences are muscle weakness and nerve-conduction failure, thus resulting in GBS 

symptoms [32].  

This important gut-brain connection illustrates why it is not only important to 

preemptively treat C. jejuni infection, but to also target the proper polysaccharide structure 

for the vaccine candidate. Generating a vaccine against the LOS of C. jejuni would result 
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in heightened antibody response to the LOS and any similar structures, such as the 

aforementioned gangliosides that it may mimic.  

1.8 Vaccines and Immunology 

1.8.1 History of Vaccine Immunology 

 A groundbreaking discovery was made in 1796 by Edward Jenner. He observed that 

milkmaids exposed to smallpox seemed to have an inherent immunity [35, 36]. Jenner went 

on to draw conclusions that the milkmaids were previously exposed to the milder cowpox 

disease which gave them protection from smallpox, and subsequently concluded that 

inoculation with pustule fluid from cowpox could protect against smallpox [35, 36]. From 

this discovery stemmed one of the most important countermeasures to the threat of 

infections and disease, vaccines.  

 Louis Pasteur  also made significant contributions to vaccines and immunology. 

From 1880 to 1890 he developed vaccines for anthrax, rabies and fowl cholera [8]. When 

he was growing the fowl cholera bacterium he left the culture for a few months before he 

used it to inject into his chickens [36]. He noted that all of the chickens got ill but none of 

them died, and that upon subsequent injection with fresh bacteria, the chickens possessed 

an unexpected protection [36]. This accidental discovery led to the use of attenuated strains 

of bacteria in vaccines. Pasteur’s most famous vaccine success came from the first human 

rabies vaccine which was used in 1885 [8]. 

 Since the birth of vaccines many diseases have come to be successfully prevented 

with some prevention rates reaching between 87 – 100% [36]. Notable diseases that have 
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seen a decrease in occurrence are: smallpox, diphtheria, mumps, measles, rubella, pertussis, 

paralytic polio, tetnus and invasive Haemophilus influenzae [36]. 

1.8.2 Brief Overview of the Immune Response  

The human immune system can be split into two subdivisions; innate (natural) and 

acquired (adaptive) immunity [37].  The innate immunity is the body’s first line of defense 

against a pathogen. This immunity is genetically programmed and can be mobilized the 

instant an infection begins [38]. The response generated is comprised of two components; 

recognition of the infecting pathogen and the recruitment of the destructive effector cell 

mechanisms, that will help kill or clear the pathogen [38]. Some infections are able to 

overcome the innate immune response, especially if the victim is immuno-compromised at 

the time of infection. The innate immune response then calls upon the white blood cells, or 

lymphocytes, which activate the adaptive immune response [38]. The effectiveness of the 

adaptive immune response is controlled by the involvement of two important types of cells; 

antigen presenting cells (APCs) and lymphocytes [36].  

 The B lymphocytes (B-cells) are an important part of the adaptive immunity. B-

cells are developed in the stem cells located in bone marrow [38]. They begin as naïve B-

cells, as they have not yet been exposed to a pathogen, and have the ability to make 

antibodies that are specific to all chemical structures. After they bind to an antigen the naïve 

B-cell will give rise to both memory B-cells and plasma cells [38]. The memory B-cell will 

be specific for the pathogen to which it was originally exposed. Any additional exposure to 

the same pathogen will cause the memory B-cell to secrete antibodies to it [37]. Memory 

B-cells survive in the body’s internal inventory of differentiated B-cells. Conversely the 

plasma cells only survive a few days in the body [36]. In their short life, the plasma cell 



CHAPTER 1: INTRODUCTION 

21 

 

will generate hundreds to thousands of antibodies. In addition to these functions the B-cells 

can also act as APCs [38]. After an antigen has been internalized by the APC part of it can 

be presented on the membrane bound major histocompatibility complex (MHC) class I or 

class II [37, 38]. Antigens that are presented using the MHC class II pathway activate the 

T-helper cells [37].  

 Like the B-cells, the T-cells arise from the bone marrow. However, instead of 

staying there to mature the T-cells migrate to the thymus gland to develop into two well-

defined types: T-cytotoxic (TC) and T-helper (TH) cells [36]. These T-cells possess a dual 

specificity for both antigen and MHC molecules expressed by APCs [39]. The APC must 

provide a sufficient amount of complexes on its cell surface to initiate a productive response 

from the T-cells [39]. The specificity of the T-cells to the MHCs is referred to as 

‘restriction’. The TC and TH cells are restricted in which class of MHC they recognize based 

on molecules on the respective presence of CD8 and CD4 molecules on their cell surface 

[39]. Class II MHCs are usually restricted to the CD4 T-cells (TH cells) [39].  

 While B-cells have the ability to recognize polysaccharides, proteins and lipids, the 

T-cells are usually only able to recognize protein. By exploitation of the mechanisms of 

both the B- and T-cell responses vaccines against bacterial PS have been optimized. The 

following sections will outline the pathway travelled by researchers to achieve an 

understanding of how to manipulate the immune response.  

1.8.3 Polysaccharide Vaccines 

 In 1923, Heidelberger and Avery made connections between pneumococcal 

serotypes and their CPSs [35]. Building upon this connection, Francis and Tillet then noted 
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that intradermal immunization with a serotype specific PS was able to bring forth antibodies 

against heterologous types of pneumococcal species [35]. Heidelberger and his co-workers 

then established that vaccinations with pneumococcal CPS could be used to give rise to 

persistent antibody-mediated immunity [35]. In the late 1940s, Colin MacLeod carried out 

extensive research on the pneumococcal CPS and this resulted in the development of a 

multivalent (4-valent and later 6-valent) CPS pneumococcal vaccine [40]. This vaccine was 

left by the wayside, however, due to the success rate of antibiotics against pneumococcal 

disease [40]. It was only after a spike in antibiotic resistance that interest in these 

discoveries was rekindled.  

 Even with antibiotic intervention Robert Austrian and Jerome Gold noted that there 

was a continued severity of pneumococcal disease [40]. Austrian went on to produce a 

modern CPS pneumococcal vaccine for adults that contained 14 antigens in 1977, and then 

23 antigens in 1983 [40]. This CPS pneumococcal vaccine became the first PS vaccine to 

be commercially launched [35]. PneumoVax (Merck & Co) proved to induce protection 

against almost 90% of infections caused by this pathogen in healthy adults [35]. One of its 

flaws was that a poor response was observed in the highest risk group, children below the 

age of 2.  

  Similar strides were taken towards a vaccine candidate for Haemophilus influenzae 

type b (Hib). In the 1920 – 1930s Margaret Pittman determined that H. influenzae that was 

encapsulated with type b PS was responsible for the largest portion of serious disease in 

children [40]. She reported the composition of the capsule to be polyribosylribitol 

phosphate (PRP). In the 1970s several research teams began efficacy studies on a Hib 

vaccine, which ultimately resulted in the licensure of the PRP vaccine in 1985 [40]. Limited 
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efficacy of this vaccine was observed in older children, and in children under 18 months, 

the highest risk group, the vaccine was ineffective. This efficacy problem is similar to the 

one noted for the pneumococcal vaccine. Researchers Avery and Goebel had already shed 

light on this problem earlier in the 1920s and 1930s by showing that, in relation to 

pneumococcus, immunogenicity could be increased by binding the PS to a carrier protein 

[40-43]. This discovery would result in a new field of vaccine discovery and development; 

glycoconjugates. 

1.8.3.1 Polysaccharide Vaccine Immune Response 

 Immunization with a PS vaccine elicits a B-cell response which is classically 

referred to as a T-independent response [40]. T-independent responses fail to stimulate 

significant or sustained amounts of antibodies in children below the age of 18 months [44]. 

Immune memory is not established by a T-independent response, and thus subsequent 

immunizations do not boost the immune response [45]. The naïve B-cells interact directly 

with the antigen and then differentiate into plasma cells to produce antibodies, in this case 

mainly IgM [45]. Since the differentiation of the naïve B-cell only results in plasma cells 

the memory B-cell stores can be quickly depleted by immunizations with free PS vaccines. 

Any protection that does occur, without memory, will only last for 1 – 2 years [44].  In 

order to generate a lasting immunity that is able to protect children less than 18 months a 

T-dependent response needs to be stimulated. 

1.8.4 Glycoconjugate Vaccines 

 By attaching a carrier protein to a simple sugar molecule Avery and Goebel noticed 

that not only were specific antibodies raised to the conjugated unit but subsequent exposure 

to the free sugar gave rise to the specific conjugate antibodies [41]. This discovery was 



CHAPTER 1: INTRODUCTION 

24 

 

pivotal in the development of polysaccharide-protein conjugates, or glycoconjugates. 

Exploitation of the immune response to the foreign peptide antigens, or carrier protein, 

allows for memory response to the conjugated PS unit [40]. 

 Schneerson and Robbins utilized this 1930 revelation in an attempt to improve the 

Hib PS vaccine. The PRP molecule was conjugated to diphtheria toxoid (DT) and became 

the first licensed glycoconjugate vaccine in the USA in 1987 [40, 43]. Immunogenicity and 

efficacy was greatly improved, but younger children (less than 15 months) still remained 

at risk [40]. In attempts to further improve upon immunogenicity and efficacy, three other 

protein carriers were used to generate glycoconjugates, non-toxic diphtheria toxoid 

(HbOC), outer membrane protein from Neisseria meningitidis (PRP-OMP), or tetnus 

toxoid (PRP-TT) [40].  

 Pneumococcal PS vaccines suffered from a similar lack of protection in the at risk 

younger children as the Hib PS vaccine. To protect the children under 2, Wyeth Lederla 

produced a heptavalent pneumococcal conjugate vaccine (to non-toxic diphtheria mutant) 

[40]. In 2000 the vaccine was licensed in the USA, and showed a significant reduction in 

adult  disease as a result of herd immunity, as well as a remarkable reduction in age-specific 

pneumococcal disease [40].  

Not surprisingly several group A and/or group C meningococcal conjugates were 

also developed, conjugated to either diphtheria toxoid (DT) or tetnus toxoid (TT) [40]. 

Increased and longer immunity in children under 2 years old was observed. This success in 

increased protection led to the UK licensing a group C conjugate in 1999, and that same 

vaccine was placed in the universal immunization schedule that same year [40]. Following 
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widespread post-license research a quadrivalent vaccine containing A, C, Y and W-135, 

was licensed in the USA in 2005 [40]. Since these novel glycoconjugates were generated, 

there have been several more glycoconjugates made commercially available (Table 1) [40]. 

European and U.S. companies dominate the vaccine industry currently, but there are other 

companies worldwide contributing to this evolving industry (Table 2) [40]. 

Also contributing to the industry are research laboratories. The Monteiro group has 

made large strides towards glycoconjugates for Clostridium difficile and Campylobacter 

jejuni. The patent for the vaccine prototype of C. difficile PSII (a polysaccharide discovered 

in the Monteiro lab) was recently acquired by Stellar Biotechnologies, Inc. Their plans to 

manufacture the conjugate could lead to increased survival rates from post-infectious 

complications due to C. difficile. Another Monteiro group success arose from the successful 

conjugation of the C. jejuni HS:23/36 serostrain 81-176 PS to the carrier protein CRM197, 

a nontoxic mutant of diphtheria toxin. This vaccine candidate recently entered into human 

clinical trials, and is currently in Phase I. This vaccine will be discussed in greater detail in 

a later section.  

The above impact from the Monteiro lab illustrates the importance of not only 

industry but also the research labs that are working to generate glycoconjugates. There is 

hope that the pooled hours and knowledge of the two will result in vaccines that are bacteria 

specific, and that the human race can combat the antibiotic resistance that has developed in 

harmful bacterial strains.  
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Table 1: Currently available carbohydrate based vaccines and their manufacturing 

companies [40]. 

 

Table 2: Breakdown of the distribution of vaccine business [40]. 
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1.8.4.1 Conjugate Vaccine Immune Response 

Conjugation of a PS to a protein can increase the immunogenicity of the weak T-

independent antigens. Proteins and peptides are T-dependent antigens and they simulate TH 

cells, ultimately resulting in a specific antibody response [45]. The induced immune 

response is long lasting, the antibodies are of high affinity and it has a high prevalence of 

IgG [40, 45]. T-dependent antigens also possess another important quality in that they are 

immunogenic in infants, which was a problem faced with free PS vaccines [45]. 

The T-dependent response begins with the phagocytosis, or endocytosis, of an 

antigen by an APC (which can be a B-cell) [36]. As mentioned earlier, should a portion of 

the antigen be presented by a membrane bound MHC class II pathway then the TH cells are 

activated. Interaction of the T-cells with the B-cell is a stimulus for differentiation into 

plasma cells as well as memory B-cells [45].  

By conjugating to a carrier protein the PS-protein complex can be processed by the 

PS-specific B-cell and then have a peptide, or glycopeptides, presented by its membrane 

bound MHC class II [45]. The following interaction with a carrier-specific T-cell results in 

PS-specific B-cell differentiation. The memory B-cells will raise high affinity IgG 

antibodies, which will result in long term protection for up to 10-15 years [44]. If the 

conjugate vaccine is introduced early in life then the T-dependent immune response will 

stimulate immunological memory as well as boosting potential when subsequent vaccine 

doses are administered [45].  

A number of carrier proteins have been successfully used in animal and human 

trials. The first carriers selected were diphtheria and tetnus toxids. These carriers were 
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chosen based on the safety track record from vaccinations with tetnus and diphtheria [45]. 

The toxoids are derived from the respective toxins through a chemical detoxification with 

formaldehyde [45]. A toxin that requires no detoxification is the non-toxic mutant of 

diphtheria, CRM197. This carrier has been utilized extensively in Hib, pneumococcal, 

meningococcal and other licensed vaccines [45]. Other notable carriers include outer 

membrane protein complex of serogroup B meningococcus, H. influenza protein D, and a 

recombinant non-toxic form of Pseudomonas aeruginosa exo-toxin [45]. 

1.8.5 Synthetic Polysaccharide Conjugate Vaccines 

 A newer approach to conjugate vaccines is synthesizing the polysaccharide repeat 

to be used in the vaccine preparation. Synthesis has the ability to provide homogenous, 

well-defined molecules [45]. This is advantageous for bacteria such as C. jejuni, where the 

harmful LOS and the CPS are both found on the cell membrane and there can be difficulties 

separating the two to obtain pure CPS. Synthetic polysaccharides are also well 

characterized and can have chemical functionalities, built-in to the structure, that are 

appropriate for conjugation.  

  Success has been seen in the development of synthetic options for glycoconjugates. 

Berkin et. al. synthesized fragments of the Neisseria meningitidis serogroup A PS [46]. The 

result was 2 monosaccharides, 1 disaccharide and 1 trisaccharide unit, and all of these 

synthetic units were then conjugated to albumin. It was observed that all of the 

glycoconjugates were recognized by the polyclonal meningococcus group A antiserum, 

showing that even a monosaccharide from the original polysaccharide was antigenic [46].  
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 Another approach for synthesis can be to make epitopes that are recognized by 

antisera. Recently in the Monteiro group a [MeOPN→6-α-D-Galp] epitope unit was 

synthesized [47]. This unit was then subject to immunotesting involving antisera collected 

from conjugated against HS:23/36, HS:4complex, and HS:1. All of the aforementioned 

serotypes contain a MeOPN (O-methylphosphoramidate) moiety at a primary position, just 

like the synthetic unit. The results of the study indicated that the epitope unit was able to 

be immunodetected by all of the antisera and hinted that the position of this immune-

important MeOPN moiety may be a point of interest for future glycoconjugate exploration 

[47].  

 These are just a few of the successes seen in glycoconjugates that include synthetic 

PS units. Natural extraction of pure PS can be time consuming and difficult to do on a larger 

scale, in this case synthesis of the PS would be advantageous. However, sometimes the 

reactions to generate the PS on interest can be difficult and involve expensive materials and 

chemicals. Researchers need to weigh their options to determine the best course of action 

for the PS of interest. If smaller epitopes are able to show the same immunogenicity, as 

seen in the Jiao et al research, then this would be the best case scenario as multiple serotypes 

of a bacterial species may be able to be protected against in one vaccine.  

  



 

 

 

Chapter 2: Scope of Research 

2.1 Scope of Thesis  

 The following research is aimed to describe novel approaches to treating GI 

bacterial-related infections. The bacteria that will be studied are C. bolteae, C. jejuni, S. 

flexneri and ETEC. The work for C. bolteae is a continuation of the work previously done 

to complete my MSc degree. This will include the satisfaction of the future work as outline 

in the MSc thesis. The work on C. jejuni will be aimed at determining CPS structures to 

move forward towards the group main objective, a multivalent vaccine for 

campylobacteriosis. The work for S. flexneri and ETEC will include the generation of a 

multi-species vaccine. Specific scopes of projects will be outlined in their respective 

chapters.  
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Chapter 3: General Methods 

3.1 Bacterial Growth 

The initial C. jejuni cell mass is grown by collaborators at the laboratory of Dr. 

Patricia Guerry in the Enteric Diseases Department of the U.S. Naval Medical Research 

Center (NMRC). The C. jejuni cells are grown in a brain heart infusion medium at a 

temperature of 37 °C, under microaerophilic conditions. The cell mass is collected and 

frozen, then sent to the Monteiro laboratory for extraction and purification of the CPS/LOS. 

3.2 Extraction and Purification 

 The extraction of carbohydrates from the whole cell mass begins with a hot 

water/phenol extraction, described originally by Westphal et. el. in 1965 [48]. After 

crushing the whole cell pellet the resulting powder is added to a round bottom flask. A 

predetermined amount of water is then added to the reaction flask. Phenol is added to the 

flask after one hour of stirring at 75 °C. The solution is then stirred for an additional 6-7 

hours at 75 °C, and transferred immediately to ice after the allotted time [48]. The reaction 

mixture will separate into two layers; water and phenol. In the aqueous water layer the 

carbohydrates will be found, and the lipophilic components of the cell will remain in the 

phenol. The aqueous layer is collected and replaced with fresh deionized water (dH2O). 

The reaction is repeated for 2 additional days.  

 The collected aqueous layers will still contain small amount of the phenol, and these 

molecules can be removed through the use of dialysis. The aqueous layer is placed under 
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running dH2O dialysis overnight in SpectroPor 1 kDa molecular weight cut-off (MWCO) 

bagging. The CPS is retained inside the 1 kDa MWCO bagging due to its larger molecular 

weight. The dialyzed layer is now frozen and lyophilized for further purification and 

analysis.  

 The product from the freeze-dried aqueous layer must be purified further. In the 

case of C. jejuni the recovered mass is ultracentrifuged at 15000 rpm for 6 hours to remove 

the LOS from the aqueous CPS. The pellet of LOS and aqueous CPS are both frozen and 

lyophilized. The aqueous CPS product is then purified further by use of a Biogel 

polyacrylamide P2 column, which uses size exclusion as separation. The collected fractions 

are used in subsequent experiments. 

 For gram negative bacteria, i.e. Shigella flexneri, the LPS needs to be separated 

from the Kdo by use of mild acid treatment. The LPS is suspended in 20 % acetic acid 

(AcOH) and stirred for 3 hours at 100 °C. The reaction mixture is then cooled to room 

temperature and then centrifuged. The LPS will remain in the aqueous layer, which is 

dialyzed in 1 kDa MWCO bagging overnight. It is then frozen and lypholized, and can be 

purified by column purification. 

3.3 Monosaccharide Composition Analysis 

 In order to examine the monosaccharide composition of the isolated CPS the 

carbohydrates must be converted into alditol acetates. This is achieved by carrying out the 

4 step alditol acetate (AA) procedure. This experiment involves; hydrolysis, reduction, 

acetylation and finally analysis by gas chromatography – mass spectrometry (GC-MS). The 

necessity to use the AA preparation of the CPS is that carbohydrates are not volatile in their 
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un-acetylated form, and therefore will not be observed in GC-MS. The acetylation of the 

carbohydrates reduces the observed hydrogen-bonding and the alditol acetate is then 

sufficiently volatile for GC analysis [49].  

 The AA experiment begins with the hydrolysis of the CPS into monosaccharides. 

This is achieved by adding a strong acid, 4 M TFA, and subsequently heating for 4.5 hours 

at 105 °C [50]. The TFA is evaporated off under air at 40 °C. The dried sample is then 

suspended in water and sodium borodeuteride (Na2BD4) is added to reduce the 

monosaccharides. The reduction allows for the aldoses to be turned into alditols. This 

transformation keeps straight chain structures and eliminate the equilibrium between open 

and closed ring forms [49]. Another advantage to reduction with Na2BD4 is that it allows 

for the distinction between the carbon 1 (C-1) and carbon 6 (C-6) positions. The reduction 

will take place at the C-1 position and therefore labels the top end of the alditol [50].  

 After 24 hours the reduction is complete and glacial acetic acid (AcOH) is added to 

the reaction. This addition catalyzes the formation of tetramethyl borate (B(OCH3)4) [50]. 

The sample is again evaporated under air at 40 °C. A methanol (MeOH) and AcOH mixture 

(95:5) is then exchanged with the sample, three times with evaporation, to aid in the 

removal of the B(OCH3)4 [50]. The dried sample is then acetylated at all free hydroxyl 

positions using acetic anhydride (Ac2O). The reaction is heated to 105 °C for 90 minutes 

and then evaporated under air at 40 °C [50]. The final alditol acetate is then extracted using 

dichloromethane (DCM) and a sodium sulfate (Na2SO4) column [50]. The column removes 

any remaining H2O, Ac2O, and basic compounds that may remain in the sample. The final 

AA product is then analyzed via GC-MS.  
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Scheme 1: Alditol acetate (AA) method reaction scheme. 

3.4 Monosaccharide Linkage Analysis 

 The determination of the linkages of the monosaccharides is determined in a similar 

fashion to the AA procedure. In order to determine the linkages the CPS is treated with the 

partially methylated alditol acetate (PMAA) procedure. In this experiment the CPS is first 

methylated at all free hydroxyl sites before carrying out the AA experiment. Methylation 

will allow for the linked and unlinked positions to be distinguished from one another.  

 Methylation is achieved by dissolving the CPS sample into dimethyl sulfoxide 

(DMSO), and stirring for 24 hours [50]. Dried powdered sodium hydroxide (NaOH) is then 

added to the reaction vial to act as a strong base in order to generate alkoxide ions [50]. 

After stirring for 15 minutes, methyl iodide (CH3I) is added and the solution becomes milky 
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white. The reaction stirs for 3 hours to generate the methylated derivatives [50]. The 

methylated derivatives are then extracted with DCM by centrifugation. The derivatized 

sugar will remain in the organic DCM layer, which can be evaporated under air at 40 °C. 

The AA procedure is then followed as before, and the resulting sample from the PMAA 

will be ready for analysis by GC-MS.  

 

Scheme 2: Partially methylated alditol acetate (PMAA) method reaction scheme. 

3.5 Gas Chromatography and Mass Spectroscopy 

 With volatile monosaccharide samples, AA and PMAA, the CPS can be analyzed 

by GC-MS. A ThermoFinigan PolarisQ GC-MS with a DB-17 column with an internal 

diameter of 30 m x 0.25 mm, with a film thickness of 0.15 µm was used. Ionization of the 

samples was achieved by using electron impact (EI), and an ion trap mass analyzer was 

used for generation of data. Ionization by EI is harsh, therefore daughter ion fragmentation 

patterns can be used to confirm to identity of the monosaccharide, or linkage. Helium was 
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used as the carrier gas, and the flow rate was set to 1.1 mL/min. The GC retention times 

can be compared to previously obtained data in the lab and combined with the MS 

fragmentation patterns the monosaccharide derivatives can be assigned. The AA and 

PMAA experimental profiles for GC-MS are different in order to observe adequate 

separation between the GC peaks of interest (Table 3 and 4).  

Table 3: GC-MS Profile for Alditol Acetate Analysis 

 Rate (°C/min) Initial (°C) Hold (min) 

  37 0.1 

Ramp 1 20 160 20 

Ramp 2 20 200 22.3 

Ramp 3 30 250 30 

 

Table 4: GC-MS Profile for Permethylated Alditol Acetate Analysis 

 Rate (°C/min) Initial (°C) Hold (min) 

  37 0.1 

Ramp 1 20 140 30 

Ramp 2 20 180 40 

Ramp 3 30 230 30 

 

3.5.1 Alditol Acetate Analysis 

 The GC profile of the AA samples can be compared to relative retention times 

previously collected in the laboratory. The identity of each GC peak can then be confirmed 

by analysis of the MS fragmentation pattern. Each fragmentation pattern will be 

characteristic to the structure of the sugar. The primary fragments observed result from the 

generation of radical cations due to the ionization. These radial cations decompose by the 

cleavage of carbon-carbon bonds in the backbone of the sugar, yielding the primary 

fragments. In the AA samples all positions are acetoxylated and therefore the cleavage 
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between each has the same associated probability. The generated primary fragments have 

the ability to undergo further fragmentation into secondary fragments. The sources of 

secondary fragmentation come from the loss of acetic acid (-60 m/z), and the loss of ketene 

(-42 m/z) (Scheme 3). When the secondary cleavage occurs at an α or γ carbon then the 

loss of acetic acid is preferred.  

 

Scheme 3: Primary fragmentation of an AA sample cleaves between a C-C bond between 

acetoxylated carbons. The PMAA primary fragmentation is preferentially at the C-C bond 

between two methoxylated carbons [50]. 
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Scheme 4: Secondary fragmentation from AA and PMAA generated by a 70eV ionization 

source [50]. 

3.5.2 Partially Methylated Alditol Acetate Analysis 

 Like the AA, the GC elution profile of the PMAA can be compared to relative 

retention times to determine the linkages involved in the CPS. The MS fragmentation 

patterns associated to each peak will be characteristic of the specific linked sugar. Primary 

fragments for the PMAA are generated the same fashion as the AA. The difference comes 

in that the PMAA sample contains both methylated and acetylated positions. In this case 

the fragmentation is no longer of equal probability at each position, but rather favoured at 

the increased stability of the methoxylated carbons. Due to the increased complexity of the 

derived sugar there are more possibilities for secondary fragmentation. The loss of 
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methanol (-32 m/z), formaldehyde (-30 m /z), acetic acid (-60 m/z), ketene (-42 m/z), and 

acetoxyl groups (-59 m/z) are all possible (Scheme 4). 

3.6 Electrospray Ionization – Mass Spectrometry 

 The derived CPS is analyzed by GC-MS using EI, which as stated above is a harsh 

ionization. This ionization technique, coupled with the degradation of the CPS into 

monosaccharides, does not allow for the molecular weight (MW) of the CPS to be 

determined. In order to analyze the MW a softer ionization must take place such as 

electrospray ionization (ESI). The electrospray process has the charged fine droplets pass 

through a desolvating capillary where the solvent that surrounds the molecule is evaporated 

off and the charge of the molecule is established [49]. The evaporation causes the droplet 

to become smaller as the solvent is removed, this in turn makes the charge density greater 

until the charge can no longer be held by the surface tension [49]. At this point the droplet 

is torn apart by Coulombic explosion, and this process can take place multiple times to end 

up with smaller droplets containing multiply charge molecules [49]. The advantage to this 

ionization technique is that there is little fragmentation of larger biomolecules and this 

allows for structural information to be able to be obtained [49]. 

3.7 Nuclear Magnetic Resonance 

 Nuclear magnetic resonance (NMR) is used to assist in the assignment of 

monosaccharide composition and linkages. Various one dimensional (1D) and two 

dimensional (2D) experiments can be used to give insight into the structure of the CPS. The 

1D – 1H, 1D – 31P and 2D 1H-31P experiments were carried out on a Bruker AMX 400 MHz 

spectrometer at 295 K. For 2D 1H-31P experiments at 315 K or 320 K a Bruker Advance 

600 MHz spectrometer was used. For all other 1D and 2D experiments (295 K and 315 K) 
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a Bruker AMX 600 MHz, equipped with a cyroprobe, was used. All data was analyzed 

using the Bruker TopSpin 3.1 software. All of the 2D experiments were run in absolute 

value mode. 

 Natural product NMR samples were prepared using deuterated water (D2O). The 

sample was exchanged with D2O three times, with lyophilization between each exchange. 

The sample was dissolved in 600 µL of D2O before being introduced to the NMR tube. 3-

trimethylsilyl-tetradeutro sodium propionate (TSP) is used as the proton standard, with a 

δH 0 ppm. Orthophosphoric acid is used as a phosphorous standard with a δP 0 ppm.  

3.7.1 1D – Proton NMR 

 The first NMR experiment run on the isolated CPS is a 1D – proton (1D – 1H) 

experiment. Since the NMR samples were prepared in D2O the hydrogen resonances 

observed are going to belong to the hydrogens attached to each of the ring carbons (ex. in 

a pyranose C1 – C6) [51]. The preliminary 1D – 1H will provide important information 

about the CPS, such as the number of sugars and substitutions on the sugars. The number 

of sugars present can be determined by looking at the anomeric region of the spectrum. 

Normally the anomeric resonances are found book-ending the water peak (HOD) around δ 

4.5 -5.5, with the alpha-anomer resonating downfield of the beta-anomer [52]. The protons 

associated with the ring carbons are found in the region of δ 3.0 – 4.3. This region of the 

spectrum can present with overlapping resonances and often cannot be assigned by the 1D 

– 1H alone. Notable other regions are δ 3.3 – 3.5 for MeO, δ 2.0 – 2.1 for NAc, and δ 1.6 – 

1.9 for CH2 [53].  
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3.7.2 1H-1H Correlation Spectroscopy  

 The 1H-1H correlation spectroscopy (COSY) experiment illustrates the correlation 

of protons within 2 to 3 bonds from one another. The observed cross-peaks are generated 

by a coherence transfer between protons. The experiment begins with a 90° pulse that 

generates four magnetization vectors, two for each nucleus  [54]. These four vectors rotate 

during t1 and the vectors spread out depending on their associated frequencies [54]. A 

second 90° pulse is applied and results in a transfer of polarization [54]. This gives rise to 

an FID, and after Fourier transform, with respect to t2, four frequencies are generated and 

ultimately four signals are observed. Each nuclei will generate a cross-peak with itself, 

diagonal peaks, as well as one with the other nuclei, off-diagonal peaks. The off-diagonal 

peaks give the correlations between protons that are in the same coupled spin system.  

 

Figure 13: Pulse sequence for the 2D 1H-1H COSY experiment [54]. 
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Figure 14: Schematic of a COSY involved two nuclei A and B. Four peaks are produced, 

two on the diagonal, and two off-diagonal.  

 An issue that arises when looking at oligosaccharides is that the ring region can be 

over-saturated with cross-peaks. This can make it very difficult to assign full spin systems. 

To assist in the assignment of protons other 1D and 2D techniques can be carried out, such 

as total correlation spectroscopy.  

3.7.3 Selective 1D Total Correlation Spectroscopy 

 A selective 1D total correlation spectroscopy (TOCSY) allows for homonuclear 

correlations to be observed. 1D-TOCSY experiments are helpful when solving ambiguities 

in the overlapping ring region of the proton spectrum [55]. For the selective 1D-TOCSY 

the method results in the selection of a group of protons that belong to a coupled system 

from the total spectrum. The method begins with a low power, or soft, pulse that is long in 

duration [54]. This soft pulse results in a pulse angle that is 90° and tuned to the resonance 

frequency of the selected proton [54]. The pulse generates a transverse magnetization in the 

x′,y′ plane, and during the mixing phase a “spin-lock” condition is applied [54]. Polarization 



CHAPTER 3: GENERAL METHODS 

43 

 

can be transferred from the selected proton to the remaining protons that are in its coupled 

system [54]. This results in the observation of the coupled protons in the acquisition phase 

[54]. The TOCSY results can be used in combination with 2D experiment spectra to 

determine all of the proton assignments. TOCSY experiments are extremely useful when 

the PS of interest has more than 2 monosaccharides. 

 

Figure 15: Pulse sequence for the selective 1D-TOCSY experiment [54]. 

3.7.4 2D-TOCSY 

 The 2D-TOCSY is extremely useful in the structural characterization of 

oligosaccharides. The pulse sequence is similar to that of the COSY, with one exception; 

the second 90° pulse is replaced by a spin-lock stage (90° – t1 – spin-lock – FID) [54]. Just 

as before the diagonal peaks correspond to the 1D spectrum and the peaks off the diagonal 

are the correlations between protons belonging to the same coupled system. The length of 

the mixing period, during which the spin-lock is applied, is critical to the detection range 

of the correlations within a molecule [54]. The 2D-TOCSY experiment can be used in 

combination with the COSY to determine the identity of the ring protons in an overlapping 

system.  
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3.7.5 2D 1H-13C Heteronuclear Single Quantum Correlation Spectroscopy 

 The 2D 1H-13C heteronuclear single quantum correlation spectroscopy (HQSC) 

experiment allows for the observation of new different nuclei that are one bond apart [56]. 

In this case the nuclei of interest are 1H and 13C. The 13C nucleus is an insensitive nucleus 

and therefore needs to be amplified to be observed [54]. The first step of this method 

involves the 1H polarization being transferred to the 13C by the means of an INEPT 

(Insensitive Nucleus Enhanced by Polar Transfer) pulse sequence with its amplifying effect 

[54]. Next the magnetization vectors associated to the 13C nuclei are developed over a time 

t1 [54]. Then the resulting 13C polarization, or coherence, is allowed to transfer back to the 

1H by a reverse of the INEPT sequence, allowing for the 1H resonance to be recorded [54]. 

 The carbon shifts can give insight to the nature of the proton. Anomeric protons will 

have carbons that are shifted downfield to δC 90 – 112 [53]. Ring carbons are found in the 

range of  δC 65 – 87, with the carbons involved in the glycosidic bond being more downfield 

[53]. Other notable regions are at δC 18 – 20 for deoxy-carbons, δC 52 – 58 for CH(NH) 

carbons, and δC 20 – 25 for C(=O)CH3 methyl carbons [53]. The 1H-13C HSQC assists in 

confirming the number of sugars, identifying substitutions and to begin labelling full sugar 

rings.  

3.7.6 1D Nuclear Overhauser Effect 

The linkages of the monosaccharides within the CPS are first observed from the 

PMAA GC-MS data, these results do not give the sequence of the monosaccharides. To 

assign the order of the sugars in the repeating units of the CPS 1D nuclear Overhauser 

enhancement (NOE) experiments can be used. Like the 1D TOCSY, the 1D NOE is a 

selective experiment. A particular resonance is selectively saturated by irradiating at its 
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appropriate frequency [54]. This saturation lasts a few seconds, during which a new steady 

state is established with altered energy populations [54]. This results in the NOE being 

observed.  

 

Figure 16: Pulse sequence of the 1D nuclear Overhauser enhancement experiment. 

 Irradiation of the appropriately resolved peaks in the 1H spectrum will allow for 

connections within 5 Å to be observed. Anomeric protons, when irradiated, will most often 

see their own H-2 as well as the proton from the next sugar that is at the carbon involved 

in the glycosidic bond. This aids in the building of the sequence of the monosaccharides in 

the CPS.  

3.7.7 2D 1H-13C Heteronuclear Multiple Bond Correlation Spectroscopy 

 The 2D 1H-13C heteronuclear multiple bond correlation spectroscopy (HMBC) 

experiment has the ability to see across the glycosidic bond. Therefore, it is used along with 

the 1D NOEs to build the CPS sequence. The first applied 90° pulse on the 13C nuclei acts 

as a low-pass J-filter (LPJF) [57]. This means that the one bond correlations are suppressed 

and the small couplings are passed, allowing the long-range correlations to be seen [57]. 

The long range correlations then develop over an evolution period. During this period the 

magnetization of interest is labelled with the chemical shift information of the 13C [57]. A 

90° pulse is then applied to the 13C channel and the magnetization is converted to an 

observable single-quantum magnetization [57].  
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 The unique long-range sight of the HMBC experiment has made it the most popular 

technique for multiple-bond heteronuclear chemical shifts [57-59]. For carbohydrates, the 

HMBC is important because of its ability to see across the glycosidic bond. This allows for 

confirmation of the linkages between the anomeric carbon of one sugar to the linked carbon 

on the next. A wealth of structural information can be obtained from a 1H-13C HMBC 

experiment.  

3.7.8 1D – Phosphorous NMR 

 To determine if any phosphorous containing moieties are attached to the CPS a 1D 

– phosphorous (1D-31P) experiment is carried out. The chemical shifts of interest include δ 

0.0 – 1.0 for phosphates, δ 1.0 – 2.0 for phosphodiesters, and δ 14.0 – 15.0 for MeOPN. 

The only information afforded from this spectra will be the type of phosphorous, if any, 

that is present. In order to determine where the phosphorous moiety is located 2D NMR is 

required.  

3.7.9 2D 1H-31P Heteronuclear Multiple Bond Correlation Spectroscopy 

 The 2D 1H-31P HMBC method is the same as that of the 1H-13C, only this time the 

observed cross-peaks are linking a proton to a phosphorous moiety. The CPS repeats can 

be carrying phosphorous in the form of phosphate, phosphodiester bridges and MeOPN 

(chemical shifts listed above). This 2D experiment can link the phosphorous moiety to the 

proton of the carbon to which it is attached. For C. jejuni it has become increasingly 

important to assign the site of the MeOPN and for this the 2D 1H-31P HMBC is routinely 

utilized.  
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3.8 Conjugation Techniques 

 The activation and conjugation technique used for each CPS repeat will need 

to be chosen to suit the nature of the native structure. Not all polysaccharides will contain 

the same functional groups, or the same amount of one specific functional group, therefore 

the conditions and technique will need to be specifically chosen. Conjugation chemistry 

usually relies on the modification of a functional group, such as; carboxyl, hydroxyl, 

hemiacetal, disulfide, or amino/imino [60]. Depending on the characterized structure of the 

polysaccharide a different technique can be used.  

3.8.1 TEMPO-Mediated Oxidation 

 If the polysaccharide has an open position that is a primary alcohol this functional 

group can be selectively oxidized using 2,2,6,6 – tetramethylpiperidin-1-oxyl (TEMPO) 

[61]. Previously excessive amounts of TEMPO were used to oxidize a sample, but it has 

been shown that using a stoichiometric amount of TEMPO to polysaccharide effectively 

oxidizes 2-3 monosaccharide units of each repeat chain [61]. This oxidation can be 

followed by conjugation with bovine serum albumin (BSA) or CRM197. TEMPO-mediated 

oxidation most often gives rise to carboxylic acids at the oxidized site, therefore the 

conjugation chemistry must be geared for that.  

 The procedure begins with the PS being added to a reaction vial with TEMPO, 

sodium bromide (NaBr) and 1 M sodium acetate (NaOAc) solution [61]. The reaction is 

stirred on ice and when it is at 0 °C 4% bleach (NaClO) is added. The reaction is kept at 0 

°C for 24 hours. The reaction is quenched the following day with ethanol (EtOH), and 

then placed on running water dialysis for 24 hours [61]. After dialysis the sample is 

frozen and lyophilized for NMR.  
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3.8.2 EDC-Coupling 

Coupling with EDC (1-ethyl-3(3-dimethylaminopropyl)carbodiimide) is one of the 

ways to conjugate to a protein [62]. EDC is able to react with carboxylic acids to an active-

ester intermediate [62]. When EDC is introduced in the presence of an amine nucleophile 

an amide bond is generated [62].  

This procedure begins with the addition of the TEMPO-oxidized-PS to a reaction 

vial. Added to the vial are 2-(N-morpholino)ethanesulfonic acid (MES) buffer, EDC, and 5 

M hydrochloric acid (HCl). After 30 minutes of slow stirring the carrier protein is added to 

the reaction vial with an additional equal amount of MES buffer. The reaction is stirred 

slowly at room temperature for 24 hours, and then at 37 °C for an additional 48 hours. The 

reaction is then placed onto dialysis, in 25 kDa MWCO bagging, for 72 hours. The sample 

is then frozen and lyophilized for NMR. 

3.8.3 Periodate Oxidation 

 Another way to activate the CPS is by periodate (IO4
-) oxidation. This oxidation 

transforms the relatively un-reactive hydroxyls of sugar residues into aldehydes that are 

amine-reactive [62]. Cleavage of carbon-carbon bonds that possess adjacent hydroxyls are 

the location of the oxidation. Varying concentrations of periodate effect the oxidation and 

can give some specificity with regard to which of the sugars in the polysaccharide are 

modified [62].  

The PS is solubilized in a solution containing 0.04 M sodium iodate (NaIO4) and 

0.1 M NaOAc, at a pH of 4.00 [16]. The reaction stirs at room temperature for 2 hours and 

then is kept at 5 °C for 72 hours, with intermittent stirring. After 3 days the reaction is 
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quenched with ethylene glycol and put onto dialysis (1 KDa MWCO) for 24 hours. The 

sample is then frozen and lyophilized for NMR.  

3.8.4 Reductive Amination 

Another effective method for introducing the carrier protein is reductive amination. 

Reductive amination allows for activated molecules containing an aldehyde group to be 

cross-linked to carrier molecule [62]. The carrier molecule possesses an amine group and 

this is able to react with the aldehyde groups that form intermediate Schiff bases [62].The 

reduction occurs by the use of sodium cyanoborohydride or sodium borohydride which 

allow for the formation of secondary amine bonds creating a stable conjugate [62]. 

 The periodate-oxidized-PS is solubilized in a 0.1 M borate buffer, at a pH of 9.00. 

The carrier protein is solubilized in an equivalent volume of the buffer and added to the 

activated PS to stir slowly. Sodium cyanborohydride (NaBH3CN) is added to the reaction 

vial and the solution is stirred slowly for 24 hour at room temperature [63]. The temperature 

is then increased to 37 °C for 48 hours. The reaction is then placed on dialysis (25 KDa 

MWCO) for 72 hours. The sample is then frozen and lyophilized for NMR. 

3.9 Immunological Experiments  

 The immunological analysis of the glycoconjugates were conducted by our 

collaborators in the laboratory of Dr. Patricia Guerry at the Naval Medical Research Center, 

Enteric Disease Department. The experiments carried out were gel electrophoresis, and 

immunoblotting.  
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3.9.1 Gel Electrophoresis Analysis 

 To analyze the success of conjugation a sodium dodecyl polyacrylamide gel 

electrophoresis (SDS-PAGE) analysis was carried out. The SDS-PAGE was carried out on 

12.5% acrylamide resolving gel. The staining agent was Coomassie Brilliant Blue. A 

protein ladder was used for molecular weight comparison.  

3.9.2 Immunoblot Analysis 

 A nitrocellulose membrane was blotted with the glycoconjugate and was then 

incubated with the respective whole cell anti-sera which would serve as the primary 

antibodies. Once the primary antibodies were washed, a secondary antibody, which is 

primary antibody specific, was applied. The secondary antibody is also conjugated to a 

horseradish peroxidase which allows for the gel to be visualized by a buffer containing a 

peroxidase substrate.  

3.9.3 Vaccination of Mice with Conjugate Vaccines 

 Groups of mice were injected subcutaneously with either phosphate buffered saline 

(PBS) as the control, or with PBS containing the CPS-conjugate at the reported dose. 

Following immunization blood was collected periodically in order to separate out serum. 

The serum was then used for assays looking for CPS-specific IgM and IgG levels. These 

levels were assessed by enzyme linked immune-sorbent assay (ELISA) studies.  

3.10 Synthesis General Methods 

 All reagents and chemicals were purchased from commercial suppliers and used as 

per supplier specifications. Thin layer chromatography (TLC) was carried out on silica F254. 

Visualization of sugar compounds were achieved by UV light or by charring with 10% 
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H2SO4 in ethanol. All 1D and 2D 1H and 13C NMR experiments were carried out on a 

Bruker 400 MHz spectrometer with a cryoprobe. An internal proton signal reference from 

non-deuterated solvent (δ 7.24 ppm for CDCl3) was used for the 1H spectra.  The 13C spectra 

were compared to the solvent shift (δ 77.1 ppm for CDCl3) and were reported accordingly. 

Chemical shifts are reported in parts per million (ppm), and coupling constants are reported 

in Hertz (Hz). Multiplicities are reported using the following abbreviations: s, singlet; d, 

doublet; t, triplet; dd, doublet of doublets; m, multiplet. A Rudolph Autopol II automatic 

polarimeter was used to obtain the optical rotations of each compound. Concentrations are 

articulated in g/100 mL. Concentrations (c) are reported as values of g/100mL for each 

reading. A Burker matrix-assisted laser desorption ionization – time of flight – mass 

spectrometer (MALDI-TOF-MS) was used to obtain high resolution mass spectra for the 

resultant synthetic products.  
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Chapter 4: Clostridium bolteae 

4.1 Autism Spectrum Disorders 

 Autism is a neurological disorder that is clinically defined by social and 

communication impairment, and repetitive and restricted patterns of interests, activities and 

behaviors [64]. It is estimated that the prevalence of autism ranges from 0.72 – 1.57% in 

child populations [64]. Raising an autism spectrum disorder (ASD) patient can be a 

financial strain on a family. It has been estimated that the cost of caring for an ASD patient, 

over their lifetime, is $3.2 million [65]. In the US is it reported that caring for all ASD 

patients is a $32 billion annual cost [65]. This cost would consist of treatment for speech, 

extra child care, teaching assistance and health care for any extraneous medical conditions.  

Associated with ASDs is a high instance of co-existing medical conditions, which 

include epilepsy, sleep deprivation and GI problems [64]. It has been reported that 

approximately 91.4% of ASD patients suffer from GI problems [22]. Different GI problems 

are observed in ASD patients including diarrhea, excess wind, abdominal pain, constipation 

and abnormal faeces, from most to least occurrence [22]. In some cases the ASD patient 

was reported to be suffering from multiple GI problems at the same time [22]. Parents of 

ASD patients claim that the GI problems and behavioral symptoms are exhibited in parallel 

[22].  

It has been speculated that there is a connection between the administration of 

antibiotics and the occurrence of GI disorders. On average, children who present/develop 

ASD suffered from a higher instance of ear infections, than developmentally normal 
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children, and therefore were administered significantly more antibiotics [65].  It has been 

proven that the use of antibiotics has the ability to disrupt the GI commensal flora and create 

an imbalance ecologically [66]. This shift in ecological balance then allows for the 

overgrowth of bacterial species that have the potential of being pathogenic [66]. 

An increasing amount of literature is reporting that several chronic diseases are 

associated with a GI tract that is of limited diversity in the gut ecosystem [67]. While it is 

difficult to pinpoint whether the decreased diversity is due to the disease or vice versa, it 

has been observed that ASD patients have abnormal GI bacterial flora compared to 

developmentally normal children [68]. This difference in GI flora may be relatable to the 

behavioral issues seen in ASD patients. Bercik et al. illustrated the significance of GI 

bacteria by switching the gut microbiota of a timid mouse line with a more aggressive 

mouse line. This switching resulted in a concurrent switch of the behavioral profiles of the 

mice [67, 69]. The following section will describe one of the observed abnormalities seen 

in the GI microbiota of ASD patients, and how it may relate to ASD associated symptoms.  

4.2 Autism and the Microbiota 

 In 1998 Ellen Bolte began a quest to find an answer for GI related problems in ASD 

patients [70]. Her hypothesis led to Clostridium species being the culprit, specifically C. 

tetani [70]. The idea of C. tetani being of interest was promising because the anaerobic 

bacillus produces a potent neurotoxin, and clostridia in general is speculated to be involved 

in a variety of other diseases [70]. The colonization of opportunistic bacteria, including 

clostridia species, is permitted due to the repeated use of general antibiotics. It was noted 

that often before a child regressed into late-onset autism that they had received multiple 

rounds of treatment with broad spectrum antibiotics [70]. Ms. Bolte’s hypothesis led to an 
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increased interest in the natural flora found in ASD patients versus various control groups.  

Recent studies have begun to uncover various bacterial species that may be involved in the 

symptoms observed in ASD patients. These bacteria include; Desulfovibrio fairfieldensis, 

Desulfovibrio piger, Sutterella wadsworthensis, Sutterella stercoricans and Clostridium 

bolteae [71-73].  

4.3 Clostridium bolteae  

 Stool samples from ASD patients were analyzed to look for abnormalities in flora 

diversity, as well as differences in colony counts of bacterial species. In a 2004 study it was 

noticed that a certain clostridial species, C. clostridioforme, was present in ASD patients 

(with late-onset autism) but was not observed in stool samples from the control group [71, 

74]. Analysis of C. clostridioforme uncovered that it was comprised of 3 principle species; 

C. clostridioforme, C. hatheway and C. bolteae [74]. Of these 3 principle species, C. bolteae 

was present in the stool of the majority of children involved in the study [71, 74]. Counts 

of C. bolteae were significantly higher in ASD children than the control group [74].   

 C. bolteae was classified recently and earned its name as a tribute to Ms. Bolte [25]. 

It is a gram-positive obligate anaerobe, found to be rod-shaped [25]. This novel bacterial 

species has been isolated from different sources, including fecal matter, blood and intra-

abdominal abscess [25]. Of great interest is its role in the development, or contribution to 

the severity of symptoms observed in late-onset autism patients. Studies have taken place 

to analyze the mechanism by which C. bolteae, and its metabolites, cause GI problems and 

related symptoms in ASD patients.  
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4.3.1 Propionic Acid 

 Enteric bacteria are known to produce short chain fatty acids (SCFAs). The 

Clostridia family often produces the SCFA propionic acid (PPA), and it has been observed 

that C. bolteae is no exception. Described in Chapter 1 was the action pathway of PPA, the 

following will go into more detail regarding the link between PPA and ASDs.  

 ASDs often present in conjunction with alteration in gut motility, bacterial 

dysbiosis, increased intestinal permeability, intestinal lesions, and impairment in the 

digestion/absorption of carbohydrates [28]. Guardians of ASD patients have noted that a 

decline in behavior and GI health occur when the patient is consuming refined food 

products that contain high concentrations carbohydrates, which lead to bacterial 

fermentation to PPA, or contain PPA as a food preservative [28]. Since PPA is known to 

cause changes in gut motility, increase colonic smooth muscle contractions, and increase 

overall frequency of contractions, there is an obvious connection to be drawn between PPA 

levels and ASDs symptom severity [28, 30]. The connection is further solidified by 

observing the relationship between the removal of the aforementioned refined food and the 

improvement of behavior and GI health [28]. From this information it can be concluded 

that elimination of PPA-producing bacteria would be advantageous for ASD patients.  

4.4 Current Treatment Options 

 Historically Clostridia are eliminated through the use of broad-spectrum antibiotics, 

such as vancomycin. Given that Clostridial species, such as C. bolteae, have been 

associated with ASDs, a vancomycin treatment was attempted in a small sampling of 

children presenting regressive late-onset autism [75]. During the 8 week study the children 

were observed for improvements in behavior and communication [75]. The majority of the 
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children showed an improvement in both psychological markers over the 8 weeks, but 

parents reported that regression back to their baseline began about 2 weeks after the 

vancomycin treatment was ceased [75]. Two to eight months after the treatment concluded 

all but one of the children were reported to have deteriorated back to baseline behavior or 

worse [75]. The short-term benefits of the study were promising, but the results indicated 

that extended use of vancomycin may be the answer. However, vancomycin is a ‘last-

resort’ antibiotic that is utilized to treat gram-positive bacterial infections. While it is a 

highly effective treatment option for Clostrium difficile infection (CDI), its use causes a 

delay in the recovery of the native fecal microflora [76]. This delay in colonization is why 

there are reoccurrences of gram-positive pathogens after vancomycin treatments. Not only 

is there a chance of reoccurrence but there is also the chance of bacteria developing 

antibiotic resistance. Enterococci, such as staphylococci, have begun to show vancomycin 

resistance, and this is a major problem in both the US and Europe [77, 78].  

The increasing threat of antibiotic resistance means that a prolonged use of 

vancomycin would not be a good option for treatment. It is known that the GI flora is 

different between ASD patients and developmentally normal individuals. By determining 

the bacteria that may be the cause of the GI symptoms, and associated behavioral traits, a 

better treatment option can be sought out. Since broad-spectrum antibiotics are not an 

option it would seem that the specific targeting of the villainous bacteria would be the best 

avenue for treatment development. 

4.5 A Novel Treatment Option 

As explored in Section 1.4 bacteria have polysaccharides (PS) as the outer-most 

decoration on their cell wall surface, and these PS can be exploited in conjugate vaccines 
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to raise bacteria specific antibodies. Since researchers have begun to uncover some of the 

bacteria associated with ASD behavior and GI problems, the PSs from their surfaces can 

be characterized and inserted into a conjugate vaccine. The Monteiro group has already 

begun to develop a PS-conjugate by characterizing a C. bolteae PS structure.  

4.5.1 C. bolteae Polysaccharide 

 C. bolteae strains 16351 and 14578 were both found to express the same CPS. 

Through NMR and GC-MS techniques it was determined that the PS was a disaccharide 

repeating unit composed of 4-linked β-D-Rha and 3-linked α-D-Man (Figure 18) [79, 80]. 

This unusual disaccharide was used to immunize New Zealand rabbits. Serum samples 

from the rabbits were collected and used in immunological studies, one of which was an 

immunoblot. The immunoblot revealed that antibodies were raised against the C. bolteae 

disaccharide and that there was a strong interaction between antibody and CPS down to a 

1:1000 dilution (i.e. 2.0 ng) [79, 80]. The described C. bolteae CPS is proven to be useful 

as both a diagnostic target and as a vaccine development candidate.  
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Figure 17: Immunoblot illustrating that antibodies were raised against the C. bolteae 

disaccharide and that there was a strong interaction between antibody and CPS down to a 

1:1000 dilution (i.e. 2.0 ng) [79, 80]. 

4.6 Scope of Research: C. bolteae 

 The goal of this research was to develop a vaccine candidate for C. bolteae based 

on the previously characterized disaccharide. Activation by TEMPO-mediated oxidation 

and conjugation via EDC-coupling to CRM197 will be described below. In addition to the 

native CPS vaccine, an attempt was made to synthesize the disaccharide and ultimately 

produce a synthetic PS vaccine candidate.  

4.7 Results and Discussion of Native CPS Conjugate 

Based on the previously described structure, activation with TEMPO-mediation 

could be carried out since there is only one primary hydroxyl group in the disaccharide. 

[79]. The TEMPO-mediation oxidation activated only the primary hydroxyl present at the 

6-hydroxyl of the Man residues (Figure 20). To ensure that the rest of the structure was left 

intact 1D-1H NMR was collected (Figure 19). It was observed that the original disaccharide 

structure was left intact and conjugation could proceed (Figure 20). 
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Figure 18: The structure of the previously characterized C. bolteae disaccharide. 

   

 

Figure 19: 1D-1H NMR of the TEMPO oxidized C. bolteae CPS. NMR was collected at 

295 K.  
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Figure 20: Conjugation of the C. bolteae disaccharide using TEMPO-mediated oxidation 

to active the primary hydroxyl on the Man residue. This was followed by EDC coupling to 

attach the activated sugar to the carrier protein CRM197.  

 EDC-coupling was used to conjugate the activated CPS to a CRM197 carrier protein 

(Figure 20). Again, the integrity of the CPS was observed following conjugation by 1D-1H 

NMR (Figure 21). Upon observation of the 1D-1H NMR spectra it was noted that 

resonances associated with the CRM197 protein were also present. These resonances were 

compared to a published spectrum (Figure 22) and proved to correspond to previously 

characterized CRM197 proton resonances [81]. The true success of the vaccine conjugate 

needs to be further confirmed using immunological studies. 
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Figure 21: 1D-1H NMR of the Conjugate C. bolteae CPS-CRM197. Comparing to Figure 

22, the resonances seen downfield between 7-8 ppm can be attributed to resonances from 

the amino acid residues Phe, Tyr and Trp. Resonances from the aliphatic amino acids can 

be observed upfield between 0-3 ppm [81]. 

 

Figure 22: 1D-1H spectra from a published work. Here they outlined some of the common 

peaks to look for after conjugation with the carrier protein CRM197 [81]. This was used to 

compare to the C. bolteae CPS-CRM197 conjugate 1D-1H spectrum.  
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4.8 Synthesis of C. bolteae Disaccharide 1  

Described is the synthesis of a disaccharide containing the non-reducing end α-D-

Manp-(1→4)-D-Rhap subunit of C. bolteae CPS in a α-D-Manp-(1→4)--D-Rhap-

(1→O(CH2)5NH2 format, 1 (Scheme 5), with a linker at the reducing end for conjugation 

to a immunostimulatory protein.     

 

Scheme 5: Generation of C. bolteae disaccharide 1 equipped with an aminopentyl linker.  

Trichloroacetimidate activated mannosyl donor 2 was prepared, using a known 

synthetic protocol, from D-Man [82]. The 4-hydroxyl rhamnosyl acceptor 3 was prepared 

from D-Rha [83]. Glycosylation of the donor 2 and the acceptor 3 was carried out using 

activator TMSOTf at -10 °C, resulting in a 69% yield of disaccharide 4 with a newly formed 

α linkage [84]. The β-anomer was not observed, due to the heightened anomeric effect of 

mannose and participation. Disaccharide 4 was treated with ammonium cerium (IV) nitrate 

(CAN) at 0 °C to remove the 4-methoxyphenol protecting group [85]. After 30 minutes, 

disaccharide 5, with a free hydroxyl at the anomeric center of D-Rha, was obtained with a 

50% yield (Scheme 6). The yield of 50% could have been improved with the use of a base 

to neutralize during the wash. 



CHAPTER 4: CLOSTRIDIUM BOLTEAE 

63 

 

 

Scheme 6: Reagents and conditions: (a) TMSOTf, CH2Cl2, -10 °C, 69% (b) CAN, 

CH3CN:H2O, 0 °C, 50%, (c) K2CO3, CH2Cl2, CCl3CN, RT, 29%, (d) TMSOTf, 5-aminio-

N-benzyloxycarbonyl pentanol, CH2Cl2, RT, 46%, (e) NH3 (l), Na (s), THF, -78 °C, 21%, (f) 

AcOH:H2O, 80 °C, 81%. 

Disaccharide 5 was activated with trichloroacetonitrile. After 48 hours of stirring 

the reaction mixture at room temperature, the trichloroacetimidate disaccharide donor 6, 

was obtained with a yield of 29%. The reported yield of 29% reflects only the collected α 

product. Disaccharide 6 was activated with TMSOTf, at room temperature, and an 

aminopentyl linker was introduced to disaccharide donor 6. After 1 hour at room 

temperature disaccharide 7, with the α-oriented aminopentyl linker was afforded with a 

46% yield (Scheme 6). Disaccharide 7 was subjected to global deprotection to yield 21% 

of product 8 (Scheme 6) [85]. The 2,3-O-isoproprylidene was not removed with the basic 

deprotection and 8 was treated with acetic acid to yield the final product 1 with an 81 % 

yield (Scheme 6) [86]. 

 The following is a description of the chemical synthesis of the non-reducing end 

terminus of C. bolteae CPS carrying an aminopentyl linker (1), α-D-Manp-(1→4)--D-

Rhap-(1→O(CH2)5NH2. Related NMR spectra for each product can be found in the 

Appendix.  



CHAPTER 4: CLOSTRIDIUM BOLTEAE 

64 

 

4.8.1 4-methoxyphenyl-2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyl-(14)-2,3-O-

isoproprylidene-α-D-rhamnopyranoside 4 

 

Compound 2 (380 mg, 1.23 mmol) and compound 3 (403 mg, 0.82 mmol) were 

dissolved into CH2Cl2 (7.5 mL). Trimethylsilyl trifluoromethanesulfonate (TMSOTf) was 

added at -10 °C to give a 5%, by mole, concentration, and the reaction was stirred for 1 

hour. The reaction was neutralized using triethylamine in equivalence to TMSOTf, pH ~7, 

and subsequently concentrated. The resulting residue was purified by column 

chromatography (3:1 hexanes/EtOAc) giving 4 (0.359 g, 69%). [𝛼]𝐷
25 +93.5° (c = 0.2, 

CHCl3). 
1H NMR (400 MHz, CDCl3): δ 6.99 (m, 2H, CH=CH), 6.81 (m, 2H, CH=CH), 

5.58 (s, 1H, H-1′), 5.43 (d, 1H, J = 1.6 Hz, H-1), 5.31 (t, 1H, J = 2.3 Hz, H-2), 5.23 (d, 1H, 

J = 2.5 Hz, H-3), 4.35 (t, 1H, J = 6.4 Hz, H-3′), 4.30 (d, 1H, J = 5.6 Hz, H-2′), 4.24 (m, 1H, 

H-6a), 4.11 (m, 1H, H-4), 4.07 (m, 1H, H-6b), 3.97 (t, 1H, J = 6.9 Hz, H-5), 3.87 (m, 1H, 

H-5′), 3.56 (dd, 1H, J = 7.1 Hz, J = 9.9 Hz, H-4′), 2.16, 2.07, 2.02, 1.97 (s, 3H, O=C-CH3), 

1.54, 1.35 (s, 3H, C-CH3), 1.23 (d, 3H, J = 6.2 Hz, H-6a/b′). 13C NMR (100 MHz, CDCl3): 

δ 117.6, 114.6 (CH=CH), 95.8 (C-1), 95.7 (C-1′), 77.6 (C-3′), 77.5 (C-4′), 75.8 (C-2′), 69.2 

(C-2), 69.1 (C-3), 68.7 (C-4), 68.5 (C-5), 64.1 (C-5′), 62.3 (C-6a/b′), 27.6, 26.1 (C-CH3), 

20.7, 20.6, 20.5, 20.4 (O=C-CH3), 18.0 (C-6a/b′).   
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4.8.2 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyl-(14)-2,3-O-isoproprylidene-α-D-

rhamnopyranoside 5 

 

Ceric ammonium nitrate (CAN) (1290 mg, 3 equiv) was added to a mixture of 4 

(500 mg, 0.78 mmol) in CH3CN:H2O (4:1, 50 mL) at 0 °C.  The reaction was stirred for 30 

min at 0 °C before quenching with brine followed by extraction with ethyl acetate. 

Extracted organic layer was dried over Na2SO4 concentrated. The resulting residue was 

purified by column chromatography (2:1 EtOAc/hexanes) giving 5 (211 mg, 50%). 1H 

NMR (400 MHz, CDCl3): δ 5.42 (d, 1H, J = 1.6 Hz, H-1), 5.39 (s, 1H, H-1′), 5.30 (m, 1H, 

H-2), 5.25 (m, 1H, H-3), 4.25 (m, 1H, H-6a), 4.24 (m, 1H, H-3′), 4.13 (m, 1H, H-2′),  4.11 

(m, 1H, H-5), 4.96 (m, H-6b), 3.99 (m, 1H, H-4), 3.96 (m, H-5′), 3.51 (dd, 1H, J = 9.9 Hz, 

J = 7.4 Hz, H-4′), 2.14, 2.07, 2.03, 1.96 (s, 3H, O=C-CH3), 1.49, 1.30 (s, 3H, C-CH3), 1.27 

(d, 3H, J = 6.2 Hz, H-6a/b′). 13C NMR (100 MHz, CDCl3): δ 96.0 (C-1′), 92.0 (C-1′), 77.8 

(C-3′), 77.53 (C-4′), 76.1 (C-5), 69.5 (C-2′), 69.1 (C-3), 69.0 (C-5′), 66.0 (C-2), 63.9 (C-4), 

62.9 (C-6a), 62.7 (C-6b), 27.9, 27.0 (C-CH3), 21.3, 21.3, 21.0, 20.9 (O=C-CH3), 19.2 (C-

6a/b′).   



CHAPTER 4: CLOSTRIDIUM BOLTEAE 

66 

 

4.8.3 2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyl-(14)-2,3-O-isoproprylidene-α-D-

rhamnopyranosyl trichloroacetimidate 6 

 

Solid K2CO3 (902 mg, 6.8 equiv) was added to compound 5 (512 mg, 0.96 mmol). 

Dry CH2Cl2 (5.0 mL) was added to the mixture to dissolve reaction into solution. While 

stirring, CCl3CN (800 µL, 8.3 equiv) was added drop wise to the reaction. After stirring for 

48 h CH2Cl2 was evaporated off to concentrate the reaction. The concentrated residue was 

purified by column chromatography (4:1 EtOAc/hexanes with 1% Et3N by volume) giving 

6 (191 mg, 29%).[𝛼]𝐷
25 -30.1° (c = 0.17, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 6.42 (s, 

1H, H-1′), 6.32 (d, 1H, J = 3.4 Hz, H-1), 4.43 (dd, 1H, J = 8.0 Hz, J = 3.4 Hz, H-2), 4.33 

(m, 1H, H-3), 4.31 (m, 1H, H-2′), 4.24 (m, 1H, H-3′), 4.22 (m, 1H, H-6a), 4.00 (m, 1H, H-

6b), 3.91 (m, 1H, H-4), 3.90 (m, 1H, H-5′), 3.76 (m, 1H, H-5), 3.58 (m, 1H, H-4′), 2.16, 

2.08, 2.02, 1.97 (s, 3H, O=C-CH3), 1.47, 1.32 (s, 3H, C-CH3), 1.31 (d, 3H, J = 6.2 Hz, H-

6a/b′). 13C NMR (100 MHz, CDCl3): δ 94.6 (C-1′), 94.2 (C-1), 77.8 (C-3), 76.7 (C-3′), 76.6 

(C-4′), 73.1 (C-2′), 72.5 (C-2), 69.6 (C-5), 69.2 (C-4), 66.6 (C-5′), 62.3 (C-6a/b), 26.1, 25.1 

(C-CH3), 21.1, 21.0, 20.9, 20.8 (O=C-CH3), 14.3 (C-6a/b′).   
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4.8.4 5-Amino-N-benzyloxycarbonyl-pentanyl-2,3,4,6-tetra-O-acetyl-α-D-

mannopyranosyl-(14)-2,3-O-isoproprylidene-α-D-rhamnopyranoside 7 

 

Disaccharide trichloroacetimidate donor 6 (544 mg, 0.80 mmol) and 5-amino-N-

benzyloxycarbonyl pentanol (222 mg, 0.94 mmol) were dissolved into solution with dry 

CH2Cl2  (5 mL) and stirred at room temperature. TMSOTf (15 µL, 0.1 equiv) was added to 

the reaction and stirring continued for 1 h at room temperature. The mixture was quenched 

with Et3N (15 µL) and concentrated. Resulting residue was purified using column 

chromatography (1:2.5 EtOAc) to yield 7 (278 mg, 46%).[𝛼]𝐷
25 -27.6° (c = 0.14, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 7.33(m, 4H, CH=CH), 5.40 (d, 1H, J = 1.4, H-1), 5.29 (m, 

1H, H-2), 5.23 (m, 2H, H-3, H-4), 4.91 (s, 1H, H-1′), 4.76 (s, 1H, -NH), 4.24 (m, 1H, H-

6a), 4.17 (t, 1H, J = 6.5, H-3′), 4.08 (m, 1H, H-6b), 4.06 (t, 1H, J = 4.5, H-2′), 3.98 (m, 1H, 

H-5), 3.68 (m, 1H, H-5′), 3.64 (m, 2H, -O-CH2-), 3.49 (m, 1H, H-4′), 3.39 (m, 2H, -O-CH2-

), 3.20 (dd, 2H, J = 13.2, J = 6.7 Hz, -CH2-NH2), 2.14, 2.07, 2.03, 1.96 (s, 3H, O=C-CH3), 

1.58, 1.52 (m, 2H, -CH2-), 1.49 (s, 3H, C-CH3), 1.37 (m, 2H, -CH2-), 1.30 (s, 3H, C-CH3), 

1.27 (d, 3H, J = 6.2 Hz, H-6a/b′). 13C NMR (100 MHz, CDCl3): δ 128.1 (CH=CH), 96.8 

(C-1′), 95.9 (C-1), 78.0 (C-3′), 77.6 (C-4′), 76.1 (C-2′), 69.5 (C-2), 69.0 (C-5), 68.8 (C-3), 

67.7, 67.4 (-O-CH2-), 65.9 (C-4), 63.6 (C-5′), 62.7 (C-6a/b), 41.1 (-CH2-NH2), 29.7, 29.1 

(-CH2-), 27.9, 26.3 (C-CH3), 23.5 (-CH2-), 21.1, 20.8, 20.7, 20.6 (O=C-CH3), 18.3 (C-

6a/b′).   
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4.8.5 5-Amino-pentanyl-α-D-mannopyranosyl-(14)-2,3-O-isoproprylidene-α-D-

rhamnopyranoside 8 

 

In a flask, liquid ammonia (20 mL) was condensed at -78 °C and a piece of sodium 

metal (83 mg, 3.6 mmol) was added. The protected disaccharide with linker 7 (210 mg, 

0.28 mmol) was dissolved into solution with anhydrous THF (4 mL) and added to the blue 

reaction mixture to stir for 1.5 h at -78 °C. Quenching of the reaction was carried out with 

MeOH (5 mL) and the ammonia was evaporated over 3 h at room temperature. The reaction 

mixture was neutralized with AcOH (150 µL), concentrated, and then passed through a 

Bio-Gel P-2 size exclusion column. The result was compound 8 (20 mg, 21%). [𝛼]𝐷
25 +82.5° 

(c = 0.2, CHCl3).  
1H NMR (400 MHz, CDCl3): δ 5.29 (d, 1H, J = 1.8 Hz, H-1), 5.08 (s, 

1H, H-1′), 4.37 (dd, 1H, J = 4.2 Hz, H-3′), 4.29 (t, 1H, J = 3.0 Hz, H-2′), 3.98 (dd, 1H, J = 

1.7 Hz, H-2), 3.88 (dd, 1H, J = 4.7 Hz, H-6a), 3.83 (m, 1H, H-5′), 3.79 (m, 1H, H-3), 3.78 

(m, 1H, H-6b), 3.77 (m, 1H, -O-CH2a-), 3.69 (m, 1H, H-4), 3.98 (m, 1H, H-5), 3.64 (m, 1H, 

H-4′), 3.59 (m, 2H, -O-CH2b-), 3.01 (m, -CH2-NH2), 1.71, 1.68, 1.47 (m, 2H, -CH2-), 1.60, 

1.42 (s, 3H, C-CH3), 1.33 (d, 3H, J = 6.3 Hz, H-6a/b′). 13C NMR (100 MHz, CDCl3): δ 98.5 

(C-1), 96.0 (C-1′), 77.4 (C-3′), 76.8 (C-4′), 75.2 (C-2′), 73.4 (C-5), 70.0 (C-2), 69.9 (C-3), 

67.8 (-O-CH2-), 66.3 (C-4), 64.5 (C-5′), 60.7 (C-6a/b), 39.1 (-CH2-NH2), 27.8, 26.4, 22.3 

(-CH2-), 26.9, 25.3 (-C-CH3), 17.1 (C-6a/b′).  
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4.8.6 5-Amino-pentanyl-α-D-mannopyranosyl-(14)-α-D-rhamnopyranoside 1 

 

 Compound 8 (20 mg, 0.044 mmol) was suspended in an 80% AcOH, in water, 

solution (5 mL). The reaction mixture was stirred for 3 hours at 80 °C. Upon completion 

the reaction was subsequently condensed, and then passed through a Bio-Gel P-2 size 

exclusion column for purification. The resulting compound 1 (15 mg, 81%) was the final 

product. [𝛼]𝐷
25 +99.6° (c = 0.2, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 5.29 (d, 1H, J = 1.6 

Hz, H-1), 4.79 (s, 1H, H-1′), 4.06 (dd, 1H, J = 1.7 Hz, H-2), 3.94 (dd, 1H, J = 1.7 Hz, H-

3′), 3.91 (m, 1H, H-2′), 3.88 (m, 1H, H-6a), 3.79 (m, 1H, H-3), 3.76 (m, 1H, H-6b), 3.75 

(m, 1H, H-5′), 3.72 (m, 1H, -O-CH2a-), 3.68 (m, 1H, H-4), 3.66 (m, 1H, H-5), 3.62 (m, 1H, 

H-4′), 3.55 (m, 1H, -O-CH2b-), 3.01 (t, 2H, J = 7.6 Hz, -CH2-NH2), 1.70, 1.66, 1.45 (m, 

2H, -CH2-), 1.34 (d, 3H, J = 6.2 Hz, H-6a/b′). 13C NMR (100 MHz, CDCl3): δ 101.13 (C-

1), 99.30 (C-1′), 78.76 (C-4′), 73.19 (C-5′), 70.41 (C-2′), 70.15 (C-3), 70.11 (C-3′), 69.92 

(C-2), 67.34, 67.25 (-O-CH2-), 66.3 (C-4), 66.3 (C-5), 60.7 (C-6a/b), 39.13 (-CH2-NH2), 

27.63, 26.27, 22.07 (-CH2-), 17.42 (C-6a/b′).  
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4.9 Conclusions 

 To complete my MSc work a conjugate of the C. bolteae disaccharide to the carrier 

protein CRM197 was made. The success of the conjugation was measured by NMR analysis. 

The results indicated that the conjugation by TEMPO activation and EDC coupling was 

successful. Further testing of the conjugate can take place using the rabbit sera collected 

from the pure CPS extracted during my MSc.  

In addition to the native CPS conjugate a synthetic pathway to generate a α-D-

Manp-(1→4)--D-Rhap-(1→O(CH2)5NH2, compound 1, subunit. Each synthetic reaction 

was confirmed using both NMR and HRMS data. The final synthetic unit of the end 

terminus with an aminopentyl linker at the reducing end, 1, is ready for use in conjugation 

as well as immunological testing.  
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Chapter 5: Campylobacter jejuni 

5.1 General Background 

 In 1886 Theodor Escherich first described the genus Campylobacter, in 1913 the 

Vibrio-like organism was isolated for the first time, and in 1963 the genus was created and 

has since been reviewed at length [13]. Campylobacter belongs to the epsilon class of 

proteobacteria, the order of Campylobacteriales and the family Campylobacteraceae [16, 

87]. The Campylobacteraceae family are commonly commensal bacteria or parasites in 

humans and domesticated animals [13]. This gram negative bacteria adopts a curved or S-

shape and is a non-spore former [8, 13]. Their ideal growth conditions are microaerobic 

with an optimal temperature of 30 – 37 °C, making the human gastrointestinal (GI) tract 

the perfect habitat [13]. Within the genus of Campylobacter there are several species, 

including C. fetus, C. lari, C. upsaliensis, C. coli and C. jejuni [13]. These species are 

associated with adverse health effects in mammals.  

5.2 Infections and Sequela 

5.2.1 Campylobacteriosis and Sequela 

  A more problematic health issue associated to Campylobacter is Campylobacter 

enteritis, or campylobacteriosis. The species largely linked to campylobacteriosis in 

humans are C. jejuni (95% of reported cases), and C. coli (4% of reported cases), to a lesser 

extent C. lari and C. upsaliensis (1% of reported cases) [13, 88, 89]. Not surprisingly, in 

developed and developing countries, C. jejuni is reported as one of the leading causes of 

bacterial food-borne illness [16].  



CHAPTER 5: CAMPYLOBACTER JEJUNI 

72 

 

 The US Food-Borne Diseases Active Surveillance Network (FBDASN) reported 

that over the span of 1996-2012 there is an annual incidence of 14.3 cases of 

campylobacteriosis in a population of 100,000 [17]. In the year 2012 it was reported that 

there was an increase of 14% in the incidence of campylobacteriosis, when compared to 

the cases reported in 2006-2008 [17]. Over this same period of time there was an observable 

decrease in the incidence of other food-borne bacteria, including Listeria, Salmonella, 

Shigella, and Shiga-toxigenic E. coli (STEC) O157 [17]. Other studies by the US-FBDASN 

also revealed that Campylobacter was the leading cause of travel-associated gastroenteritis, 

as well as the second most prevalent food-borne pathogen associated with non-travel-

associated gastroenteritis [17, 85]. 

 

Figure 23: Worldwide incidence and prevalence of campylobacteiosis (C. jejuni and C. 

coli) [17].  
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 Aside from campylobacteriosis, Campylobacter species are associated with other 

GI and extragastrointestinal manifestations. Other serious GI conditions include; 

inflammatory bowel disorder (IBD), irritable bowel syndrome (IBS), celiac disease and 

cholecystitis [17]. Extragastrointestinal manifestations include; Guillain-Barré Syndrome 

(GBS), Miller-Fisher Syndrome (a GBS variant), bacteremia, reactive arthritis, and 

reproductive tract complications [17]. The focus of these post-infectious sequela will be 

placed on those associated with C. jejuni infection. 

Table 5: Summary of a select grouping of post-infectious sequela of C. jejuni infection 

[85]. The post infectious risk is relative between C. jejuni patients and a healthy population.  

  

5.2.1 Inflammatory Bowel Disorder 

 Inflammatory bowel disorder (IBD) refers to conditions of the GI tract that are 

related to chronic inflammation [17]. These disorders include Crohn’s disease and 

ulcerative colitis. The pathogenesis of IBD may be influenced by the presence of various 

commensal enteric and potential pathogenic bacteria [90]. It has been discovered that there 

is an increased risk of IBD in patients that have previously reported to have been infected 

with Samlonella or Campylobacter [90]. In the case of Campylobacter it has been noted 
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that C. jejuni has the ability to cross the intestinal barrier and may cause a priming effect in 

the intestines that contribute to chronic inflammation in at risk individuals [91].  

5.2.2 Irritable Bowel Syndrome 

 Irritable bowel syndrome (IBS) is a GI disorder that is often characterized by altered 

motility of the gut and abdominal discomfort [92]. Some IBS patients note that their 

symptoms arose following acute gastroenteritis [92]. This persistence in abdominal 

discomfort, bloating, and diarrhea after a pathogen has cleared is known as post-infectious 

IBS [92].  

There is a significant risk of post-infectious IBS after a Campylobacter infection 

[93]. Studies looking at the incidence of C. jejuni-associated post-infectious IBS revealed 

percentages of 9.0-13.8% [17]. The symptoms associated to C.jejuni post-infectious IBS 

have been shown to last up to 10 years after the initial infectious event [17]. The mechanism 

by which C. jejuni stimulates IBS is still unclear, but toxicity of the Campylobacter strains 

may play an important role. Studies have gone on to illustrate that C. jejuni infection is the 

highest risk factor for post-infectious IBS, when compared to Epstein-Barr virus and 

Salmonella infections [17]. 

5.2.3 Reactive Arthritis 

 A characteristic trait of acute reactive arthritis (ReA) is sterile joint inflammation 

[94]. While the pathophysiology is largely unknown, it is known that ReA occurs following 

a urogenital or enteric infection [94]. Identification of the bacterial culprit can be difficult, 

but commonly accused are Salmonella, Yersinia and Campylobacter [94]. The typical 

development of ReA comes 4 weeks after an infection. Infection with Campylobacter has 
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shown a 1-5% incidence of developing post-infectious ReA [94]. Post-infectious ReA from 

Campylobacter has a 5% incidence for being chronic or relapsing, and the impact of chronic 

ReA from Campylobacter is not currently known [94].  

5.2.4 Guillain-Barré Syndrome 

 The most common form of acute neuromuscular paralysis is Gullian-Barré 

syndrome (GBS). It is characterized by acute progressive and symmetrical motor weakness 

of the extremities with an associated loss of tendon reflexes [13].  Annually there are 

40,000-120,000 cases of GBS reported worldwide [13]. This debilitating sequela is 

currently estimated to have a post-infectious attributable risk of 1/1000 [85]. 

Approximately one third of GBS patients will end up with respiratory problems that will 

result in ventilators required for breathing [13]. Recovery from GBS is possible but around 

20% of patients will remain severely disabled, and 5% of patients will die [13, 32]. Of those 

afflicted with GBS, two thirds report a GI or respiratory illness prior to the onset of 

numbness or tingling in the arms or legs [13]. In 1989 the first isolation of C. jejuni from 

patients with GBS was reported, currently the most frequently identified infection agents 

that is associated to GBS is C. jejuni [13, 32].  

 When GBS is preceded by an infection with C. jejuni it is considered to be an 

example of a molecular mimicry mediated disease [13]. Explained in Section 1.6.2, an 

infection with C. jejuni triggers an antibody response in which the antibodies that are 

secreted have the ability to cross-react with human gangliosides. Certain serotypes within 

C. jejuni have LOS structures that mimic the gangliosides and are therefore associated with 

post-infectious GBS (Figure 25).  
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5.3 C. jejuni Serotyping 

 Within the species of C. jejuni it became evident that there were subspecies. In order 

to properly classify an infection there needed to be a classification or identification method 

in place. In Canada in the 1980’s, two different methods for serotyping of Campylobacter 

were established [95]. The Penner scheme and the Lior scheme are widely used as either 

separate schemes or in conjunction with one another [95].  

 The Penner scheme is based off of soluble heat-stable antigens [96]. The 

development of this scheme allowed for the identification of 42 strains of C. jejuni [96]. 

Using this antigen and antisera technique also revealed that there are serotypes that are able 

to cross-react with antisera. The Lior scheme refined the serotyping of C. jejuni by looking 

at the heat-labile antigens [97]. This serotyping scheme, while different from the Penner 

scheme, observed a similar cross-reactivity profile of C. jejuni serotypes [97]. 

 Originally it was believed that the serotypes were being determined by the LPS-like 

structure that was present on the C. jejuni cell wall. However, when the polysaccharide (PS) 

structures were isolated from C. jejuni it was determined that the high-molecular weight PS 

was actually a capsular-PS (CPS) and not an LPS as it was assumed [88]. Recently it was 

determined that the CPS structure on C. jejuni is the serodeterminant that was being utilized 

in the Penner scheme [88]. Cross-reactivity between serotypes can therefore be attributed 

to the same CPS structure being shared between multiple serotypes. Based on CPS 

similarities the list of serotypes can be refined to combine cross-reactive species, and that 

leaves 35 unique serotypes instead of 47 [88]. 
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 The 35 serotypes are not all isolated from the same geographical location. Certain 

serotypes are more prevalent in certain continents [88]. In Europe the most prevalent 

serotype is HS:4complex (HS:4c), in Asia it is HS:2, in North America it is HS:4c, in 

Oceania it is HS:2, and in Africa it is HS:4c [88]. This illustrates that on a global scale the 

incidence of HS:4c and HS:2 are the highest. Expanding to incidence of a serotype that is 

2% or greater, the global serotype ranking is; HS:4c > HS:2 > HS:1/44 > HS:11 > HS:5/31 

> HS:8/17 > HS: 6/7 > HS:3 [88]. 

 On top of their global prevalence, certain serotypes are more commonly linked to 

C. jejuni post-infectious GBS. In the US it has been noted that the majority of GBS cases 

are seen after infection with HS:19 [98]. Other serotypes that are linked to GBS are HS:1, 

HS:2, HS:4c, HS:5, HS:10, HS:23, and HS:44 [98].  

5.4 Characterized Polysaccharides 

 With the high incidence of both C. jejuni gastroenteritis and post-infectious GBS it 

is no surprise that a great importance has been placed on the characterization of these 

polysaccharide structures. The LOS, as explained earlier, needs to be understood so that a 

grasp can be placed on which strains of C. jejuni have the associated risk of post-infectious 

GBS. On the other hand, the CPS can be used to generate a selective vaccine for C. jejuni 

serotypes. Emphasis for the CPS is placed on the 8 global strains outlined above, but 

research has expanded beyond these prevalent serotypes.  

5.4.1 C. jejuni Lipooligosaccharides 

 The LOS structures are notable due to their mimicry of the human gangliosides, but 

not all C. jejuni LOS structures have a ganglioside mimic within them. In general the LOS 
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is from the family of phosphorylated glycolipids [13]. Referring back to section 1.4.2 the 

LOS is composed of a core region and a lipid A anchor. The lipid A component of C. jejuni 

LOS has been studied extensively and has been completely characterized [13, 99]. The core 

region of the LOS can be split into an inner and outer region, and the inner core of C. jejuni 

has been found to contain a common trisaccharide [100]. This trisaccharide is composed of 

two sugars; L-glycero-D-manno-heptose (LD-Hep) and 2-keto-3-deoxyoctulosonic acid 

(Kdo) (Figure 24). This inner structure is also commonly substituted, at the LD-Hep 

adjacent to the Kdo, with a D-glucose (Glc) that is β(1-4) linked [13, 100]. This retained 

inner core is not the issue when it comes to post-infectious GBS, in this case one looks to 

the highly variable outer core.  

 

Figure 24: 2-keto-3-deoxyoctulosonic acid (Kdo). 

 The outer core of the C. jejuni LOS is known to display a considerable amount of 

interstrain variation [13]. The outer core of many bacterial species LOS structures are 

known to contain common sugars such as Glc, Gal, N-acetyl-glucosamine (GlcNAc) and 

N-acetyl-galactosamine (GalNAc). C. jejuni, however, likes to produce a less common 

sugar N-acetylneuraminic acid (Neu5Ac). This sugar, also known as sialic acid, is 

commonly observed in the human brain gangliosides, and it is the presence of Neu5Ac that 

causes the mimicry between C. jejuni LOS and the gangliosides [13]. Not all of the 
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serotypes of C. jejuni produce an LOS that contains Neu5Ac and thus not all serotypes are 

associated with post-infectious GBS. For example, HS:3 produces an LOS that lacks not 

only Neu5Ac but also the β-D-Gal residue to which it is normally substituted [13, 101]. 

Several of the LOS structures that contain the ganglioside mimic, as well as those that do 

not, have been structurally characterized (Figure 25) [13, 102]. Serotypes with ganglioside 

mimics that are of importance for this work are HS:4c, HS:5 and HS:23/36. 

 

Figure 25: Examples of lipooligosaccharide structures of C. jejuni. A) HS:1, the blue box 

shows the mimic of GM2, B) HS:4/19, the green box shows the mimic of GD1a, and the red 

box shows the mimic of GM1, C) HS:23/36, the purple box outlines more of the mimic of 

GM2, and D) HS:53 (RM 1221), with no ganglioside mimicry [13, 100, 103].  
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5.4.2 C. jejuni Capsular Polysaccharides 

 The CPS is made up of repeating oligosaccharide units comprised of one or a few 

different monosaccharide residues.  These oligosaccharides units can be highly variable 

among different strains of a bacterial species. This variability arises from the nature of the 

sugar residues, the number of each residue in a repeat, the linkages between residues, as 

well as the addition of moieties and modifications [13, 104]. The CPS structures of C. jejuni 

are distinct based on the inclusion of unusual heptose residues, as well as the non-sugar 

moiety O-methyl-phosphoramidate (MeOPN) [85].  

 The structural complexity that the heptoses add to the CPS is enhanced even further 

by a deoxy modification at the C6-position [85]. Most often, when a heptose is observed in 

a CPS the 6-deoxy-heptose complement is observed also [85]. The inclusion of unusual 6-

deoxy-heptose configurations is characteristic to Campylobacter spp. [105]. Currently, of 

the 16 possible stereoisomers, only six different 6-deoxy-heptose configurations have been 

observed in bacterial PSs which are 6d-D-gulo-Hep, 6d-D-galacto-Hep, 6d-D-altro-Hep, 

6d-D-manno-Hep, 6d-D-ido-Hep and 6d-D-talo-Hep [105]. Of these six configurations the 

first five listed have been observed in C. jejuni CPS structures. The first to be described 

was 6d-D-altro-Hep which was found in the variable CPS repeating unit of HS:23/36 [105-

107]. It was later described again in the disaccharide repeat of HS:41 [108]. As for the 

remaining four configurations the 6d-gulo-Hep has been observed in HS:15, 6d-D-galacto-

Hep in HS:10, 6d-D-manno-Hep in HS:53, and 6d-D-ido-Hep in the HS:4c as well as HS:13 

[48, 109-112] (Figure 26). 

 In addition to the unusual heptoses and their 6-deoxy complements there is also the 

non-sugar moiety MeOPN that adds to the complexity of the C. jejuni CPSs. Overall 
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phosphoramidates are rare in nature, but the CPS of C. jejuni isolated have proven to carry 

MeOPN approximately 70% of the time [113]. When MeOPN is found, it is in non-

stoichiometric amounts and at different linkages on different sugars, thus adding another 

layer of complexity to the CPS [85]. The gene cluster that is involved in the biosynthesis 

of MeOPN has been discovered and found to be cj1415-cj1418 [114]. These MeOPN 

biosynthesis genes are highly conserved among C. jejuni strains [114, 115]. The 

transferases that attach the MeOPN are variable among different strains based on the site 

of attachment of the MeOPN on a sugar residue [115].   

The importance of MeOPN has been illustrated when comparing the human serum 

resistance of various C. jejuni CPS-mutants. There have been several reports indicating that 

nonencapsulated C. jejuni mutants have increased susceptibility to normal human serum 

then the wild-type strains [115]. In studies involving a C. jejuni mutant that lacked only the 

MeOPN from the CPS the same serum killing pattern was observed as the mutant which 

lacked the entire CPS [115]. Infection with the MeOPN lacking mutant also resulted in 

higher levels of cytokine response and toll-like receptor (TLR) signaling than what is 

observed for the wild-type strain [115]. A conclusion can be drawn that it is not only the 

CPS that regulates human immune response to C. jejuni, but that the presence of MeOPN 

aids in the modification of immune responses and signaling. Since MeOPN is found in non-

stoichiometric amounts this could account for the varying severity of C. jejuni associated 

gastroenteritis as well as post-infectious sequela [115]. Many serotypes of C. jejuni have 

been characterized to have MeOPN, and of importance to this thesis are HS:4c, and 

HS:23/36 (Figure 26). 
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Figure 26: C. jejuni characterized CPS structures. Illustrating the complexity of C. jejuni 

CPS structures, and also showing the various heptose conformations and additions of 

MeOPN [13, 16, 48, 105-109, 111, 116-118]. 
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5.4 Developed Vaccines 

 The Monteiro group in collaboration with the U.S. Naval Medical Research Center 

(NMRC), Department of Enteric Diseases, have begun to develop CPS-conjugate vaccines 

against C. jejuni. The ultimate goal of this research is the development of a multi-valent 

vaccine that will be able to provide protection against several C. jejuni serotypes. Initial 

studies involved separate conjugates that included the CPS of HS:4c, and 81-176 

(HS:23/36) [16]. The respective CPS isolates were conjugated to the carrier protein CRM197 

and then used in immunization studies [85].  

 The conjugates first proved their abilities in a BALB/c mouse model study. These 

mice were immunized with one of the developed CPS-CRM197 conjugates in escalating 

doses [16]. One month after the third dose was administered the mice were challenged with 

the respective strain of C. jejuni [16]. The mice that had been immunized displayed 

significantly less levels of illness following the challenge than the control mice. This 

indicated that the antibodies raised against the capsule were able to afford some level of 

protection again the C. jejuni infection. However, a mouse model is not a true representation 

of human response, and a higher level model must be used [85].  

 Primates were used in the next stages of testing, specifically New World monkeys 

(Aotus nancymaae), to better portray the disease observed in humans [85]. In this study the 

focus was on the 81-176 conjugate. The monkeys were immunized with 2.5 µg of the CPS-

CRM197 conjugate, along with an adjuvant, three separate times [16]. Nine weeks following 

the final immunization the monkeys were subjected to a challenge with approximately 1011 

CFU (colony forming units) of the 81-176 serostrain [16]. Of the 14 monkeys that were 

immunized 100% of them were protected against infection with 81-176, compared to a 70% 
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infection rate in the control group [16]. The success of the 81-176 conjugate does not end 

there, the CPS-CRM197 conjugate has entered Phase I of human clinical trials. The clinical 

trial (NCT020267676) aims to establish a “safety study of a capsule-conjugate vaccine to 

prevent Campylobacter-caused diarrhea” [119]. 

5.5 Scope of Research: C. jejuni 

 The purpose of this research was to contribute to the development of multivalent 

vaccines for C. jejuni. Work was carried out to complete the characterization of HS:5, 

which is one of the 8 serotypes found at 2% or greater incidence. Evaluation of the structure 

a new HS:4c variant, HS:4ab, from Thailand was carried out. A vaccine candidate was 

developed for the previously characterized HS:53, and preliminary immunological studies 

were collected by collaborators. Finally, work with a HS:23/36 strain was done in order to 

determine a linkage site for a new MeOPN moiety.   
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5.6 Results and Discussions 

5.6.1 Results and Discussions of C. jejuni HS:5 

 The elucidation of the HS:5 structure proved to be difficult and time consuming. 

The structure was solved with the aid of collaboration with Dr. Evguenii Vinogradov at the 

National Research Council (NRC). Dr. Vinogradov provided the NMR assignments, which 

were then confirmed be comparing to GC-MS data from the monosaccharide composition 

analysis. The site of the MeOPN attachment, the sequence of the sugars and the linkages 

were assigned using NMR and linkage analysis run in our laboratory.  The NMR presented 

in this thesis was generated at the University of Guelph and was comparable to the results 

generated at the NRC. 

5.6.1.1 Monosaccharide Composition 

The GC elution profile from the alditol acetate preparation yielded three major 

peaks of interest at 36.06 min, 37.16 min, and 52.05 min. Based on relative retention times 

established in our lab, it was determined that the identity of the peaks were 3,6-dideoxy-

ribo-heptopyranose (dideoxy-Hep), glucitol (Glcol), and D-glycero-D-manno-

heptopyranose (DD-manno-Hep), respectively. The identity of each peak was confirmed 

by analyzing the fragmentation patterns.  

The fragmentation of the dideoxy-Hep residue displayed primary fragment 

intensities 159, 232, and 317 of m/z. Secondary fragments, from loss of ketene (42 m/z) 

and acetic acid (60 m/z), were also observed at 70, 95, 99, 130, 215, and 257 m/z. The 

dideoxy-Hep base peak is at 95 m/z. This fragmentation is characteristic of 3,6-dideoxy-

heptopyranoses (Figure 27). Also observed is the molecular ion with the addition of one 
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proton and less an acetic acid (M+H+-60) at 332 m/z, this confirms the characterization of 

a dideoxygentated heptose. Previously this type of sugar residue had not been seen in C. 

jejuni strains analyzed. 

 

Figure 27: Fragmentation pattern of the 3,6-dideoxy-ribo-heptose. 
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The fragmentation of the Glcol residue (Figure 28) displayed primary fragment 

intensities of 73, 217, 289, and 361 m/z. Also observed were secondary fragments from 

loss of ketene (42 m/z) and acetic acid (60 m/z), at 43, 85, 115, 139, 187, and 259 m/z. 

Glcol has a base peak at 139 m/z. The fragmentation could easily be confused with that of 

Glc since the pattern is similar. However, since Glcol is in the open chain form it does not 

form the alditol before reduction, and therefore does not carry the deuterium ion at the C1 

of the residue. This results in the odd numbered intensities being observed at higher 

abundance, therefore distinguishing it from Glc. Also observed is the molecular ion with 

the addition of one proton and less an acetic acid (M+H+-60) at 375 m/z, this confirms the 

characterization of a glucitol, as if it was glucose the value would have been 376 m/z due 

to the deuterium addition. . 

 

Figure 28: Fragmentation pattern of the Glucitol.  
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The fragmentation of the DD-manno-Hep residue (Figure 29) displayed primary 

fragment intensities of 146, 290, 362, and 433 m/z. Secondary fragments, from loss of 

ketene (42 m/z) and acetic acid (60 m/z), were also seen at 43, 86, 98, 115, 139, 140, 169, 

and 170 m/z. The DD-manno-Hep has a base peak of 140 m/z. Also observed is the 

molecular ion with the addition of one proton and less an acetic acid (M+H+-60) at 448 

m/z, this confirms the characterization of a heptose.  This fragmentation is characteristic of 

D-glycero-D-heptopyranoses.  

 

Figure 29: Fragmentation pattern of the D-glycero-D-manno-heptose.  
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5.6.1.2 Monosaccharide Linkage  

 The purified CPS was then subjected to monosaccharide linkage analysis via GC-

MS. The resulting GC profile indicated that there were many linkages involved in the CPS. 

Of interest were nine major peaks in the profile. These nine peaks were compared to relative 

retention times from our lab and were assigned accordingly. Four key fragmentation 

patterns are outlined for the HS:5 structure(s).  

The first peak of interest, at 35.69 min, corresponds to a terminal Dideoxy-Hep 

(Figure 30). Characteristic primary intensities were observed at 45, 118, 175, and 233 m/z. 

Secondary fragments, from loss of ketene (42 m/z), acetic acid (60 m/z), formaldehyde (30 

m/z), and methanol (32 m/z), were observed at 43, 70, 75, 95, 101, 127, 144, 169, and 

201(m/z). Also observed is the molecular ion with the addition of one proton and less an 

acetic acid (M+H+-60) at 248 m/z, and the molecular ion with the addition of one proton 

and less a methanol (M+H+-32) at 276 m/z. 
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Figure 30: Fragmentation pattern of the terminal 3,6-dideoxy-ribo-heptopyranose.  

 

The second peak of interest, at 41.11 min, corresponds to -2,3,6)Glcol (Figure 31). 

Characteristic primary intensities were observed at 45, 117, 233, and 277 m/z. Secondary 

fragments, from loss of ketene (42 m/z), acetic acid (60 m/z), formaldehyde (30 m/z), and 

methanol (32 m/z), were observed at 87, 99, 113, 131 and 173 (m/z). Also observed is the 

molecular ion with the addition of one proton and less an acetic acid (M+H+-60) at 291 

m/z, and the molecular ion with the addition of one proton and less a methanol (M+H+-32) 

at 319 m/z. 
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Figure 31: Fragmentation pattern of the -2,3,6)Glucitol. 

 

The next peak of interest, at 58.11 min, corresponds to -2,6)DD-manno-Hep(1- 

(Figure 32). Characteristic primary intensities were observed at 45, 190, 233, 234 and 277 

m/z. Secondary fragments, from loss of ketene (42 m/z), acetic acid (60 m/z), formaldehyde 

(30 m/z), and methanol (32 m/z), were observed at 88, 99, 113, 130, 131 and 173 (m/z). 

Also observed is the molecular ion with the addition of one proton and less an acetic acid 

(M+H+-60) at 364 m/z, and the molecular ion with the addition of one proton and less a 

methanol (M+H+-32) at 392 m/z. 
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Figure 32: Fragmentation pattern of the -2,6)D-glycero-D-manno-heptopyranose(1-. 

 

The last peak of interest, at 73.90 min, corresponds to -2,6,7)DD-manno-Hep(1- 

(Figure 33). Characteristic primary intensities were observed at 190, 261 and 305 m/z. 

Secondary fragments, from loss of ketene (42 m/z), acetic acid (60 m/z), formaldehyde (30 

m/z), and methanol (32 m/z), were observed at 85, 88, 99, 111, 127, 130, 159 and 201(m/z). 

Also observed is the molecular ion with the addition of one proton and less a methanol 

(M+H+-32) at 464 m/z. 
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Figure 33: Fragmentation pattern of the -2,6,7)D-glycero-D-manno-heptopyranose(1-. 

 Other linkages of each of the monosaccharides were observed in the GC 

chromatogram, but only the peaks of highest intensity were analyzed in this section. All of 

the 9 labelled peaks provide useful information in the construction of the CPS structure and 

were not ignored when reporting the CPS structures present in HS:5.  

  



CHAPTER 5: CAMPYLOBACTER JEJUNI – HS:5 

94 

 

5.6.1.3 1D-1H NMR 

The 1D-1H NMR profile showed distinct anomeric, ring, and substitution 

resonances (Figure 34). In the anomeric region the six observed resonances all fall within, 

or close to, the α anomeric region, δ 4.90 – 5.30 ppm. Of the six observed anomeric 

resonances 4 of them are tightly grouped together at δ 5.21, 5.20, 5.18, and 5.16 ppm. The 

other two, more separate, anomerics were observed at δ 4.96 and 4.87 ppm.  

Aside from the characteristic anomeric resonances there was a distinct ring 

resonance region from δ 4.33 – 3.46 ppm, and a collection of four characteristic resonances 

at δ 2.16, 2.09, 1.81, and 1.64 ppm which are indicative of deoxy modifications. From the 

AA results it was found that there was a 3,6-dideoxy-heptose and the NMR results confirm 

two set of deoxy peaks δ 2.16 and 1.81 ppm, attributed to the H3/3′ and  δ 2.09 and 1.64 

ppm which are attributed to the H6/6′. Full proton assignments were made using further 1D 

and 2D NMR techniques, as described below.  

 

Figure 34: 1D – 1H spectrum of the HS:5 CPS. NMR was conducted at 297K.  

5.6.1.4 1D – 31P NMR  

 To assess the presence of non-sugar moieties a 1D – 31P spectra was obtained. Based 

on previously characterized C. jejuni serotypes two types of phosphorous containing 

moieties can be expected; a phosphodiester bridge, as well as an O-methylphosphoramidate 
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(MeOPN) substituent. These substitutions have characteristic resonance regions of around 

δ -1.00 – 2.00 ppm and δ 14.00 – 15.00 ppm, respectively.  

 The HS:5 CPS sample displayed resonances that indicate the presence of both of 

the aforementioned 31P moieties (Figure 35). A distinct doublet-like peak at δ 1.31 and 0.96 

ppm was observed and attributed to a phosphodiester bridging between repeating units. 

Also observed was a weaker resonance at δ 14.50 ppm which eludes to the presence of a 

non-stoichiometric amount of MeOPN on the CPS structure. The attachment sites for both 

the bridge and the MeOPN can be determined through the use of a 2D 1H – 31P HMBC 

experiment, which will be presented later in this work.  

 

Figure 35: 1D – 31P spectrum of the HS:5 CPS. NMR was conducted at 297K.  
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5.6.1.5 2D 1H – 1H COSY 

 The 2D 1H – 1H COSY for the purified HS:5 CPS proved to be quite complex 

(Figure 36). Looking back at the 1D 1H (Figure 34) it is easy to see that a large amount of 

overlap in occurring in the ring region of the spectra. Knowing that 6 anomerics are 

involved in the CPS then it becomes understandable that this region of the spectra is 

crowded. This crowding did not allow for the assignment of the ring systems, and therefore 

additional 1D and 2D NMR experiments needed to be used.  

 

Figure 36: 2D 1H-1H COSY of the HS:5 CPS (A,B,C: DD-manno-Hep, K,L,N: Dideoxy-

Hep). NMR experiment was collected at 297K.  
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5.6.1.6 1D – 1H TOCSY 

 To look further into the ring systems 1D-1H TOCSY experiments were used. The 

first peaks looked at to be irradiated were the resonances associated with the deoxy 

substituents. This irradiation, of the H3′ proton, allowed for a visualization of the 

resonances associated to the protons in the 3,6-dideoxy-ribo-heptose residues (Figure 37). 

Anomeric resonances do not have adequate resolution from one another to be able to be 

irradiated for TOCSY analysis.  

 

Figure 37: Selective 1D TOCSY spectra, where the “*” denotes the proton which was 

irradiated. The top cell shows the anomeric resonances of the DD-manno-Hep seeing their 

H-2. The bottom shows the H-4 of the dideoxy-Hep being able to see both directions 

through to H-1, and H-7/7’. NMR experiments were collected at 297K.  
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5.6.1.7 2D – 1H-13C HSQC 

 The complexity of the NMR and the structure led to collaboration with Dr. 

Vinogradov at the NRC. HSQC results were compiled by Dr. Vinogradov and compared to 

the results that were collected at the University of Guelph. The following assignments were 

confirmed between both of the NMR data collections (Figure 38, Table 6).  

 Seen in the 2D HSQC are four anomeric resonances, one of which was a cluster of 

the anomerics from the three D-glycero-D-manno-heptose residues. Also seen is a large 

cluster in the ring resonance region which confirms the overlapping observed in the 1D 1H 

spectra.  

Table 6: Full assignment of 1H and 13C chemical shifts. (A,B,C: DD-manno-Hep, K,L,N: 

Dideoxy-Hep, X,Y,Z: Glcol). 
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Figure 38: 2D 1H-13C HSQC of the HS:5 CPS. (A,B,C: DD-manno-Hep, K,L,N: Dideoxy-

Hep, X,Y,Z: Glcol). NMR experiment was collected at 297K.  

 



CHAPTER 5: CAMPYLOBACTER JEJUNI – HS:5 

100 

 

5.6.1.8 1D 1H-1H NOE 

 Following the assignments of the protons and carbons associated with each of the 

sugar residues, the linkages could be determined. Selective NOE irradiation was carried out 

on all of the anomeric resonances (Figure 39).  

 When the anomeric of system N was irradiated it was able to see H-2 of system A, 

B and C. This indicates that there is a dideoxy-Hep substituted at the 2 positon of every 

DD-manno-Hep. When L-1 was irradiated it was able to see the H-3, and to a lesser extent 

H-2, of systems Y and Z. This result indicates that the 3 position of Glcol Y and Z a 

dideoxy-Hep is attached. The final dideoxy, K, when irradiated saw H-6 of system A, which 

indicated that DD-manno-Hep could also be substituted at the 6-position with the dideoxy.  

 When all 3 of the DD-manno-Hep anomeric protons were irradiated, they were all 

able to see the anomeric of system N which is attached to A, B and C at position 2. 

Anomeric A and C were also able to see H-2 of system X, while the anomeric of B was 

able to see Z3. This indicated that the Glcol were linked at the 2 or 3 position to the DD-

manno-Hep residues. 
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Figure 39: Selective 1D NOESY spectra, where the “*” denotes the proton which was 

irradiated. Linkages of the anomeric protons to adjacent residues are assigned based on the 

results of these 1D experiments. (A,B,C: DD-manno-Hep, K,L,N: Dideoxy-Hep, X,Y,Z: 

Glcol). NMR experiments were collected at 297K. 

5.6.1.9 2D 1H-31P HMBC 

 The 1D – 31P spectrum indicated that both a phosphodiester bridge and a MeOPN 

were present in the CPS repeat unit.  Having the full proton assignments established, as 

well as the linkages almost all assigned, the attachment sites of the phosphorous moieties 

was clear. The Glcol (X, Y and Z} were all linked at the 6-poisiton, as seen in the linkage 

analysis results, but no connections to H-6 were observed in the 1H NMR techniques. In 

addition, the DD-manno-Hep (A, B and C) were all linked at the 7-position, and this was 

also not accounted for in the 1H experiment. Using a 2D 1H-31P HMBC it became clear that 

these connections were the sites of the phosphodiester bridge, found at 1.30 and 0.96 ppm 

in the 31P spectrum. This gave a backbone structure of the repeat that has the Glcol linked 

through position 6 to a phosphate, which is then linked to the 7-poisition of the DD-manno-

Hep.  
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 Also observed in the 2D 1H-31P HMBC was a cross peak for the methyl group of 

the MeOPN at 14.50 ppm. The connection observed at a 1H shift of 3.75 ppm is the methyl 

group of the MeOPN and the MeOPN phosphorous. However, from the linkage analysis is 

was observed that there was a small amount of 7-linked dideoxy-Hep. The H-7/7’ of the 

dideoxy-Hep are observed at 3.74/3.77 ppm and are believed to have their connection with 

the MeOPN phosphorous at the same shift as the methyl group.  

 

Figure 40: 2D 1H-31P HMBC of the HS:5 CPS. The cluster of connections upfield in the 
31P spectrum ae indicative of a phosphodiester bridge, and the single connection downfield 

is characteristic of MeOPN. NMR experiment was collected at 310K.  
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5.6.1.10 HS:5 PG2559 CPS Structure(s) 

 Based on the NOEs and the PMAA linkage data there was indications that the 

structure was not simple. In fact it was determined that there was a major CPS repeat as 

well as three variants of the main structure. In Figure 41, the main CPS structure found is 

variant i, and ii, iii, and iv are the less observed variants. The MeOPN that was discovered 

has the potential to be substituted at the 7-position of any of the dideoxy-Hep residues and 

this is indicated in the structures. The presence of the -2,6)D-glycero-D-manno-Heptose(1-

, as well as the -2)D-glycero-D-manno-Heptose(1-,is due to the phosphate preferentially 

remaining with the less sterically hindered glucitol following base hydrolysis in the PMAA 

preparation.  

 

Figure 41: The four characterized structures of the variable CPS associated with the C. 

jejuni serotype HS:5.  

 



CHAPTER 5: CAMPYLOBACTER JEJUNI – HS:5 

104 

 

 

Figure 42: The structure of the HS:5 following basic conditions of the PMAA. Preferential 

cleavage of the phosphate leave it connected to the less sterically hindered glucitol over the 

highly substituted D-glycero-D-manno-Heptose.   
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5.6.2 C. jejuni HS:4AB 

C. jejuni HS:4c was previously characterized by a member of the Monteiro group 

[48]. It was found to be a disaccharide containing a 3-linked 6-deoxy-ido-heptopyranse (6d-

ido-Hep) and a 4-linked N-acetyl-glucosamine (GlcNAc). This repeating unit was found to 

be substituted with O-methyl phosphoramidate (MeOPN) at the 2 and 7 positions of the 6d-

ido-Hep, with a higher prevalence of the 7-substitution.  

This work analyzes a new strain of HS:4, that types as both A and B in the HS:4 

multiplex system. This type strain has the genome fully characterized and will be used as a 

challenge for vaccine studies. Comparison to the HS:4complex will allow for differences 

and similarities to be noted. 

 

Figure 43: The reported structure of the HS:4c [48].  

5.6.2.1 1D-1H NMR 

 The 1D – 1H of the HS:4AB strain proved to be the same as the previously collected 

spectrum for the HS:4c. Notably two anomeric peaks were observed at δ 4.81 and 4.65 
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ppm, as well as the characteristic peak at δ 2.06 ppm for the NAc from the GlcNAc, and 

the two peaks at δ 1.99 and 1.79 ppm that correspond to the deoxy resonance from the 6d-

ido-Hep. To confirm that the structure was in fact the same 2D NMR was needed.  

 

Figure 44: 1D – 1H NMR comparing the new HS:4AB CPS (Top) with the published HS:4c 

(Bottom). Anomeric B-1 is underneath the HOD in the spectrum shown, but was observed 

by NMR at 310K (spectrum not shown). NMR was collected at 295K.  

5.6.2.2 2D 1H-13C HSQC 

 Comparison of the HS:4AB and HS:4c HSQCs showed further that the structures 

were in fact the same. The ring systems for both strains were identical and the structure was 

confirmed for the HS:4AB to be the same as what was previously reported for the HS:4c. 

The next step was to confirm the presence of phosphorous containing moieties that were 

seen in the HS:4c. 
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Figure 45: 2D 1H-13C HSQC of the published HS:4c CPS (Top), and the HS:4AB CPS 

(Bottom). NMR was collected at 297 K. 
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5.6.2.3 1D – 31P NMR 

 The previously characterized HS:4c showed two peaks in the 1D – 31P spectra at δ 

14.27 (minor) and 14.76 (major) (Figure 46). The newly analyzed strain HS:4AB also 

showed two peaks in 1D – 31P, but at δ 14.27 (major) and 14.58 (minor) (Figure 46).  

 

Figure 46: 1D – 31P spectrum of the published HS:4c CPS (Top) and the 1D – 31P spectrum 

of HS:4AB (Bottom) displaying two MeOPN resonances at δ 14.27 and δ 14.56. NMR was 

collected at 297 K. 
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 This change in abundance of the peak at δ 14.27 ppm indicates that the HS:4AB 

favours the opposite linkage of the MeOPN than that of HS:4c. Confirmation of the 

linkages of the two MeOPN were necessary to assign which linkage site the HS:4AB 

favours, as well as confirm that the linkage sites remained the same as what was previously 

reported for the HS:4c.  

5.6.2.4 2D 1H-31P HMBC 

 A 2D 1H-31P HMBC was carried out to obtain the linkage sites of the MeOPN 

moieties (Figure 47). Previously the HS:4c was found to carry MeOPN at both the 2 and 7 

positions of the 6d-ido-Hep, and the HS:4AB 1H-31P HMBC indicated two cross peaks 

indicating the 2 and 7 positions as well. The peak at δ 14.27 ppm corresponded to the 2-

linkage of the MeOPN and thus is the more abundant site for the moiety. In the HS:4c the 

δ 14.27 ppm peak was small than its downfield counterpart and therefore the 7-linkage was 

the favoured site for the MeOPN. Since a difference in structure was found a new conjugate 

of HS:4 in the HS:4AB form was made. 
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Figure 47: 2D 1H-31P HMBC illustrating the connection of the MeOPN to the 2 and 7 

positions of the 6d-ido-Hepp. NMR was collected at 295K.  

 

Figure 48: 1D slices taken from the 1H-31P HMBC. A) The slice corresponding to the row 

of δP 14.27, and B) the slice corresponding to the row of δP 14.56. 
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5.6.2.5 Activation and Conjugation 

 Based on the previously made HS:4c conjugate, activation will be carried out via 

periodate oxidation. This will allow for a single ended conjugate to be made, by generating 

two aldehyde functional groups at the vicinal diol at positions C3 and C4 of the terminal 

GlcNAc (Figure 49). The success of oxidation was determined from the presence of intact 

CPS after the oxidation took place.  
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Figure 49: Conjugation of the HS:4AB CPS, using periodate oxidation at the terminal 

GlcNAc residue, followed by reductive amination to CRM197. The same method was used 

for the BSA conjugation.  

Periodate Oxidation 

Reductive Amination 
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Proceeding periodate oxidation, the activated CPS was subject to reductive 

amination (Figure 49). Two different protein carriers were utilized; CRM197 and BSA. The 

conjugates were analyzed by 1D-1H NMR to look for intact CPS as well as traces of protein. 

Both conjugates displayed both CPS and protein, and therefore the resulting CPS-Protein 

conjugates were then used for immunological studies. 

5.6.2.6 Immunological Studies 

 Immunological studies were carried out by our collaborators at the U.S NMRC 

Department of Enteric Diseases (Dr. P. Guerry’s Laboratory). The prepared HS:4AB-

CRM197 and HS:4AB-BSA conjugates were first analyzed to confirm that the conjugation 

was successful. Using SDS-Page with a lane marker both conjugates and the free proteins 

were run. In Figure 50A it was observed that the conjugate in lane 2 was in fact successful. 

Compared to lane 3, pure CRM197, there was evident smearing above the molecular weight 

of the protein indicating a higher weight from the attachment of the CPS. The same can be 

seen in the second gel in Figure 50B. This time BSA is the protein used for conjugation, 

and comparing lanes 1 and 2 it can be seen that the conjugate (lane 1) again has smearing 

above the protein alone (lane 2).  
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Figure 50: SDS-Page A) Lane 1: Marker, Lane 2: HS:4AB-CRM197, Lane 3: CRM197. B) 

Lane 1: HS:4AB-BSA, Lane 2: BSA, Lane 3: Marker. 

 Following mass determination of the conjugates, they were then subject to 

immunoblot analysis. First, both of the conjugates and the free proteins were incubated with 

the whole cell anti-sera that was raised against the HS:4c previously. The results indicated 

that both of the conjugates (lane 1 and 3) were recognized by the HS:4c anti-sera (Figure 

51). After this immunoblot, the HS:4AB-CRM197 conjugate was also incubated with the 

CRM197-antisera (Figure 52).  It was observed that the HS:4AB-CRM197 conjugate was also 

recognized by the CRM197-antisera. Both immunoblots combined show that the HS:4AB-

CRM197 conjugate displayed specificity for both the CPS and the protein, resulting in a 

successful glycoconjugate.  
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Figure 51: Anti-HS:4c Whole Cell Immunoblot. Lane 1: HS:4AB-CRM197, Lane 2: 

CRM197, Lane 3: HS:4AB-BSA, and Lane 4: BSA. Rabbits expressing anti-HS4AB also 

carried anti-CRM197 antibodies (most of them do). 

 

Figure 52: Anti-CRM immunoblot. Lane 1: HS:4AB-CRM197, Lane 2: CRM197. 
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5.6.3 C. jejuni HS:53 

The structure of HS:53 had been previously characterized in 2007 [111]. There were 

a total of three PS variations, PS1, PS2 and PS3, isolated from RM1221 [111]. Only one 

PS was of interest in the strain that was received for study, PS1.  

 PS1 is trisaccharide repeat containing two 3-linked α-6-deoxy-D-manno-

heptopyranose, and one 3-linked β-D-6-deoxy-manno-heptopyranose. These repeats are 

bridged by phosphates, giving the overall structure of [-P-3)-β-6d-manno-Hep-(1-3)-α-6d-

manno-Hep-(1-3)-α-6d-manno-Hep-(1-]n, where 6d-manno-Hep is D-6-deoxy-manno-

heptopyranose (Figure 53). Since the structure was known, all NMR obtained was 

compared to a published table to confirm successful purification and isolation [111].  

 

Figure 53: The published HS:53 PS1 repeat structure of [-P-3)-β-6d-manno-Hep-(1-3)-α-

6d-manno-Hep-(1-3)-α-6d-manno-Hep-(1-]n [111]. 
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5.6.3.1 1D-1H 

 The one dimensional proton NMR (1D-1H) was collected on a purified CPS sample 

(Figure 54-Bottom). This 1D – 1H profile was compared to the previously published work 

(Figure 54-Top) [111]. The profile obtained for the isolated PS1 matched with the 

previously generated 1D – 1H spectrum (Figure 54) [111]. To further confirm that the 

isolated CPS was the correct structure, 1D – 31P NMR, as well as 2D NMR, using both 1H 

and 13C nuclei, were carried out.  

 

Figure 54: 1D – 1H of the published HS:53 (Top) compared with the received strain 

(Bottom). NMR was collected at 297 K.  

5.6.3.2 1D – 31P 

 It was previously discovered that the PS1 from HS:53 contained a phosphodiester 

linkage. This linkage was found using 1D – 31P NMR. In the 1D – 31P spectrum a signal 

was observed at δ -2.7 ppm [111]. The 1D – 31P of the newly isolated PS1 was compared 

to this data, and was found to match. The 1D – 31P spectra yielded a single signal at δ -

2.7997 ppm (Figure 55). 
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Figure 55: 1D – 31P of the HS:53 sample. Indicating that the phosphodiester bridge was 

present in the newly purified sample. NMR was collected at 295K.  

5.6.3.3 2D 1H – 13C HSQC 

 All of the proton and carbon shifts for PS1 were previously published and could be 

used for comparison in 2D 1H – 13C NMR (Table 7) [111]. The published data was 

compared to the newly generated HSQC spectra and was found to have all peaks matching 

between the two (Figure 56). 

Table 7: HS:53 published NMR assignments (1H/13C) [111]. 

Residue H/C 1 H/C 2 H/C 3 H/C 4 H/C 5 H/C 6a/6b H/C 7a/7b 

-P-3)-β-6d-manno-

Hep-(1- 

5.45 4.15 3.97 3.68 3.94 1.74/2.14 3.76/3.80 

97.2 71.3 78.1 71.1 71.8 34.4 59.3 

-3)-α-6d-manno-

Hep-(1- 

5.18 4.28 4.11 3.68 3.87 1.74/2.13 3.76/3.80 

103.0 68.2 78.4 69.9 70.7 34.4 59.3 

-3)-α-6d-manno-

Hep-(1-P- 

4.86 4.27 4.16 3.64 3.48 1.78/2.17 3.76/3.80 

97.8 71.4 79.3 70.5 74.0 34.6 59.3 
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Figure 56: 2D 1H-13C HSQC of the analyzed HS:53, with all cross-peaks labelled based on 

comparison to the published data (Table 7). 
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5.6.3.4 2D 1H – 13C HMBC 

 Linkages were confirmed via a 2D 1H – 13C HMBC experiment. It could been seen 

through this experiment that proton A1 at δ 5.45 ppm produced a cross peak with the B3 

carbon at δ 78.4 ppm, proton B1 at δ 5.18 ppm produced a cross peak with the C3 carbon 

at δ 79.3 ppm, and proton C1 δ 4.86 ppm produced a cross peak with the A3 carbon at δ 

78.1 ppm (Figure 57). 

 

Figure 57: 2D 1H – 13C HMBC of HS:53 highlighting the linkages between the 3 residues. 

NMR was collected at 295K.  
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5.6.3.5 TEMPO oxidation and EDC Coupling 

 Since the HS:53 structure yields three primary hydroxyl groups at the C7 positions, 

of all three Sug units, there was the obvious ability to TEMPO oxidize for conjugation 

(Figure 58). A 2D 1H – 13C HMBC NMR spectrum was generated following TEMPO 

oxidation which indicated that aldehyde functionalities were generated at the C7 positions 

of the Sug units and that the intact CPS was still present. Two conjugates were generated 

from the TEMPO oxidized CPS, one with BSA and one with CRM197, via EDC coupling 

(Figure 58).  

5.6.3.6 Periodate Oxidation and Reductive Amination 

 At the terminal end of the CPS there is one Sug unit that is not linked at the 3 

position. This residue is prime for undergoing periodate oxidation. The oxidation will 

reveal two aldehydes by breaking the vicinal diol between C3 – C4 (Figure 59).  A 2D 1H 

– 13C HSQC revealed that the CPS was still intact after the oxidation. Reductive amination 

was carried out to generate a single-ended conjugate with CRM197 (Figure 59).  
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Figure 58: Conjugation of HS:53 using TEMPO-mediated oxidation to activate the 

primary hydroxyl group on the heptose, this could occur at any one of the heptoses or more 

than one. This was followed by EDC coupling to attach the carrier proteins BSA (shown) 

and CRM197. 
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Figure 59: Conjugation of HS:53 using periodate oxidation to activate the terminal sugar 

of the CPS. This was followed by reductive amination to attach the carrier protein CRM197.  
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5.6.3.7 Immunological Studies 

 Immunological studies were carried out by our collaborators at the U.S NMRC 

Department of Enteric Diseases (Dr. P. Guerry’s Laboratory). The prepared HS:53(RA)-

CRM197 and HS:53(TEMPO)-BSA conjugates were first analyzed to confirm that the 

conjugation was successful. Using SDS-Page with a lane marker both conjugates and the 

free proteins were run. In Figure 60A it was observed that the RA conjugate in lane 2 was 

in fact successful. Compared to lane 3, pure CRM197, there was evident smearing above the 

molecular weight of the protein indicating a higher weight from the attachment of the CPS. 

The same can be seen for the TEMPO conjugate when BSA is the protein used for 

conjugation. Comparing lanes 4 and 5 it can be seen that the conjugate (lane 4) again has 

smearing above the protein alone (lane 5).  

 Following mass determination of the conjugates, they were then subject to 

immunoblot analysis. First, both of the conjugates and the free proteins were incubated with 

the whole cell anti-sera that was raised against HS:53 previously. The results indicated that 

both of the conjugates (lane 1 and 3) were recognized by the HS:53 anti-sera (Figure 60B). 

After this immunoblot, the HS:53(RA)-CRM197 conjugate was also incubated with the 

CRM197-antisera (Figure 60C).  It was observed that the HS:53(RA)-CRM197 conjugate was 

also recognized by the CRM197-antisera. Both immunoblots combined show that the 

HS:53(RA)-CRM197 conjugate displayed specificity for both the CPS and the protein, 

resulting in a successful glycoconjugate. 

 Not mentioned was the HS:53(TEMPO)-CRM197 conjugated that was prepared. It 

was noted from the initial SDS-Page that the conjugation was unsuccessful. There seemed 

to be very little protein in the sample. The conjugate should be attempted again to compare 
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to the HS:53(TEMPO)-BSA conjugate, which was successful. Also, a conjugate that is 

HS:53(RA)-BSA should be prepared to use in comparison studies with the CRM197 

conjugate that did show antigenic properties.  

 

Figure 60: A) SDS-Page of conjugates. B) Anti-HS:53 Whole Cell Immunoblot. C) Anti-

CRM197 Immunoblot. RA refers to the HS:53 reductive amination conjugate, and TEMPO 

refers to the HS:53 TEMPO oxidized CPS conjugate.  

5.6.3.8 Mouse Vaccination with HS:53 RA-CRM Conjugate 

 The HS:53-CRM197 conjugate (RA-CRM) was used to immunize mice. The mice 

were immunized with two different concentrations of the RA-CRM conjugate, 0.5 µg and 

3.5 µg. It can be seen that the 3.5 µg concentration had a better response for raising the IgG 

titers of the mice. In order to determine the optimal concentration additional studies should 

be carried out with higher concentrations of the conjugate, for example 5 µg or 10 µg 

(Figure 61).  
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Figure 61: Mice were immunized with the HS:53 RA-CRM conjugate at 0.5 µg and 3.5 

µg concentrations. The 3.5 µg concentration was more successful in raising the anti-HS53 

IgG titers.  
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5.6.4 HS:23/36 CJJ1435::cm Mutant (PG3718) 

 The CPS structure of HS:23 and HS:36 have been studied at length. They were 

found to both express the same variable trisaccharide CPS. There are 4 variable 

trisaccharides, all 4 contain β-GlcNAc, α-Gal and D-glycero-α-D-altro-Hepp (DD-altro-

Hep). The variability of the CPS has been attributed to differences in the Hep structure, 

which had modifications such as deoxy at the 6-position, and methylation at the O-3-

postion (Figure 62) [106, 107].  

 

Figure 62: The variable CPSs of HS:23/36. A) Possesses the 6-deoxy-altro-Hep, B) 

possesses the 6-deoxy-3-OMe-altro-Hep, C) possesses the D-glycero-D-altro-Hep, and D) 

possesses the 3-OMe-D-glycero-D-altro-Hep [106, 107]. 
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 Not only did the HS:23/36 CPS contain a variable heptose but it was also found to 

carry a MeOPN residue. The MeOPN has been found at both the 2 and 6 position of the α-

D-Gal residue. The addition of the MeOPN at Gal-2 and Gal-6 has been attributed to the 

genes CJJ81176_1420 and CJJ81176_1435 respectively. Recently our collaborators (U.S. 

NMRC) have been developing mutations to these genes to explore the serum resistance and 

antigenic properties of the presence, or absence, of MeOPN at these positions. Studying the 

cells from the gene mutation samples it was noticed that not only were there the two 

expected MeOPN shifts at δP 14.48 and 14.20  (Figure 63, Y and Z) but there was also a 

new shift at δP 14.72 (X) (Figure 64). This discovery uncovered the necessity to characterize 

the new CPS to determine the linkage site of the newly observed MeOPN (X) in a 

CJJ1435::cm mutant (PG3718).  

 

Figure 63: 1D 31P NMR spectra showing the two distinct MeOPN-associated resonances 

(Y and Z). A) CPS of C. jejuni 81-176 wildtype that contains only one MeOPN units (peak 

Y). B) CPS of C. jejuni 81-176 wild-type that contains two MeOPN units (peak Y and Z).  
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Figure 64: 1D 31P NMR spectra showing the newly observed MeOPN-associated 

resonance (X). NMR was collected at 320 K. 

5.6.4.1 2D 1H – 31P HMBC 

 The first additional NMR spectrum collected was a 2D 1H – 31P HMBC. This was 

to check for the Gal-2 and Gal-6 linkages before conducting a full analysis of the CPS by 

NMR and GC-MS. The 2D 1H – 31P HMBC showed a new cross-peak that was not 

previously observed for either the Gal-2 or Gal-6 MeOPN attachments. The cross-peak was 

underneath the HOD peak at 295K, which resulted in the spectrum being collected a second 

time at 320K (Figure 65). The stronger cross peak at δ 4.92 (1H) and δ 14.72 (31P) became 

the resonance of interest and was labelled peak X. It was decided that full characterization 

was required, GC-MS and NMR experiments were carried out.  
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Figure 65: 2D 1H-31P HMBC of 3718 illustrating the newly observed cross peak for 

MeOPN, peak X. NMR was collected at 320K.  

5.6.4.2 1D – 1H 

 A 1D – 1H spectrum was collected for PG3718, and compared to the previously 

published spectrum. It was noted that the CPS contained 1 or 2 anomeric shifts that were 

visible at 295K, to observe the β-anomer NMR needed to be conducted at a higher 

temperature. A second 1D – 1H spectrum was collected at 315K which revealed 2 more 

resonances in the downfield range for anomeric resonances (Figure 66). From a previously 

published 81-176 waaC CPS, anomeric resonances were observed at δ 5.12 for 6d-DD-

altro-Hep, δ 4.98 for α-Gal and δ 4.75 for β-GlcNAc [120]. Similar anomeric shifts were 

observed in PG3718 at δ 5.06 (A), 5.05 (B) and 4.80 (C) (Figure 66). An additional 

resonance was observed in the anomeric region was at δ 4.92 (X) (Figure 66). Other 

comparable resonances were observed at δ 3.78 for the CH3 of the MeOPN, δ 2.04 for the 

CH3 of the GlcNAc, and δ 1.74 of one of the 6-deoxy protons (Figure 66). Additional 2D 

NMR experiment were conducted to determine the identity of the resonances in the 

anomeric region, and to attempt to assign their corresponding ring systems.  
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Figure 66: 1D 1H of the 3718 isolated CPS. NMR was collected at 315 K. 

5.6.4.3 2D 1H-13C HSQC – Anomeric Region 

 To determine the number of residues involved in the CPS a 2D 1H-13C HSQC was 

conducted. Looking upfield in the 1H direction at the anomeric region there were 4 visible 

cross-peaks (Figure 67). It was noted that proton shift at δ 4.92 had a 13C cross peak at δ 

79.04, which is above the expected range of an anomeric carbon (δ 90 -112). It was then 

noted that this unusual cross-peak came at the same proton shift at peak X from the 2D 1H 

– 31P HMBC. The remaining cross peaks were labelled as system A, B and C, respectively 

(Figure 67). Other cross-peaks that were noted were that of the 6-deoxy from the 6d-DD-

altro-Hep, the CH3 from GlcNAc, and the CH3 from the MeOPN. To assign the remaining 

protons including the identity of X, and their respective carbons, additional 1D and 2D 

experiments were required.  
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Figure 67: Anomeric region of the 1H-13C HSQC. Labeled A, B and C are the sugar 

anomeric resonances. Upfield, labeled X, is the corresponding carbon to the MeOPN linked 

proton X. NMR was collected at 297 K. 

5.6.4.4 2D 1H-1H COSY 

 A 2D 1H-1H COSY was performed on the CPS in an attempt to assign the ring 

systems of A, B and C. The ring region from the 1H-13C HSQC showed overlapping and 

this was reiterated in the ring region of the 1H-1H COSY (Figure 68). Even with the crowded 

ring region the connections between H-1 of the 3 systems and their respective H-2 could 

be assigned. It was observed that A-1 had a cross peak at δ 3.79 (A-2), B-1 had a cross-

peak at δ 3.92 (B-2), and C-1 had a cross peak at δ 3.89 (C-2) (Figure 68). To assist with 

further proton assignments both 2D and selective 1D TOCSY experiments were carried 

out.  
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Figure 68: The 1H-1H COSY was only able to give connections in the anomeric region. H-

1 to H-2 for systems A, B and C were all assigned. NMR spectrum was collected at. 315 

K. 

5.6.4.5 2D-TOCSY 

 The 2D-TOCSY allowed for protons within the same system to see each other 

through a transfer of magnetization. Overlaying the 2D-TOCSY and COSY more 

information and insight into the ring systems was achieved. Notably, peak X was able to 

be linked to an anomeric resonance, and the identity of the residue was uncovered.  

 Knowing the location of proton B-1 and B-2 the COSY could be following further 

to reveal B-3 at δ 4.21 (Figure 69A). The overlay of the 2 spectrum then revealed a cross-

peak from both the COSY (red) and the TOCSY (blue) that linked B-3 to peak X at δ 4.98 

(Figure 69A). Peak X was reassigned as B-4. These assignments were confirmed by 
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assignment of proton B-1 to B-4 on the 2D TOCSY spectrum (Figure 69B). A 1D slice 

from the 2D TOCSY was extracted for the anomeric resonance B-1 (Figure 70). This slice 

revealed 3 additional peaks, and the peak at δ 4.25 could be assigned as B-5 by referring 

back to the 2D spectra and finding a connection to B-4. The remaining 2 resonances at δ 

3.77 and δ 3.93 were not able to be assigned using this data alone.  

Systems A and C were analyzed in a similar fashion. The resulted in the assignment 

of A-3 at δ 4.34, and C-3 at δ 3.50 (spectra not shown). In addition to starting from the 

anomeric resonances, the 6-deoxy resonances were assessed. Starting at H-6/6’ a strong 

connectivity was observed at δ 3.79 in both the COSY and TOCSY, this corresponded to 

H-7 (Figure 71). Another cross-peak to the H-6/6’, TOCSY only, was noticed at δ 4.15 

(Figure 71). This was assigned as the H-5 of the 6d-DD-altro-Hep system. Using the 

overlay of the two 2D experiments, and also a 1D slice of the row corresponding to the H-

5 resonance (δ 4.15), H-4 was assigned at δ 3.85 (Figure 71 and 72). Using this new 

connection, the overlaid 2D spectra were revisited and a cross-peak between δ 3.85 (H-4) 

and δ 4.34 (A-3) was observed. This resulted in system A being assigned as the 6d-DD-

altro-Hep.  System C could not be analyzed through this technique past the proton C-3, 

however information could be gathered regarding its identity through the chemical shift of 

the anomeric proton. Since the GlcNAc was the only β-anomer in the CPS it could be 

deduced that the anomeric shifted the most upfield would correspond to the β-configured 

sugar. This assumption is also backed-up by the previously reported anomeric shift of the 

β-GlcNAc at δ 4.75, compared to this CPS at δ 4.76 [120]. 
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Figure 69: A) Overlay of 1H-1H COSY (red) and 2D 1H-1H TOCSY (blue) to assist in the 

assignments of the B system. B) 2D 1H-1H TOCSY with assignments of B. NMR was 

collected at 315 K. 
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Figure 70: System B 1D slice from the 2D 1H-1H TOCSY. NMR was collected at 315 K. 

 

Figure 71: 2D 1H-1H TOCSY and 1H-1H COSY overlay focusing on the Deoxy resonances. 

NMR was collected at 315 K. 
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Figure 72: 1D slice taken from 2D 1H-1H TOCSY, selecting the row of the resonance at δ 

4.15. NMR was collected at 315 K. 

With system A assigned to the 6d-DD-α-altro-Hep and system C assigned to the β-

GlcNAc, system B was assigned as the α-Gal. Assignments of the ring carbons would serve 

as confirmation of the identities of systems A-C.  

5.6.4.6 2D 1H-13C HSQC (Revisited) 

 The associated carbons could now be assigned for the rings, and the remaining 

protons of the Gal (B) and GlcNAc (C) were able to be assigned. The anomeric cross-peaks 

were assigned in Figure 65, where it is now known that; A = 6d-DD-α-altro-Hep, B = α-

Gal, and C = β-GlcNAc. System A carbons were assigned first in their entirety since all of 

the proton shifts were known; δ 101.6 (A-1), 85.2 (A-2), 72.6 (A-3), 74.0 (A-4), 70.1 (A-

5), 36.4 (A-6), 36.5 (A-6’), and 61.0 (A-7) (Table 8, Figure 73). The downfield carbon shift 

of A-2 at δ 85.2 agrees with the assignment of system A as the 6d-DD-α-altro-Hep, since 

it is linked at the 2-position and this results in a downfield shift of the linked carbon.  

System B’s carbons were then assigned, for proton 1-5; δ 99.6 (B-1), 70.2 (B-2), 

79.2 (B-3), 79.0 (B-4), and 71.6 (B-5) (Table 8, Figure 73). Again, the linkage of the α-Gal 
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is at the 3-position and it’s carbon is shift downfield to δ 79.2, and B-4 is the attachment 

site of the MeOPN moiety therefore the downfield shift of its carbon to δ 79.0 is expected 

as well. The remaining protons to be assigned for the α-Gal system are B-6/6’. Two proton 

shifts with the same carbon shift were found at δ 3.93/δ 63.4 and δ 3.77/ δ 63.3 (Figure 73), 

this is characteristic of the geminal protons at the 6-position of a hexopyranose.  

 

Figure 73: 1H-13C HSQC with full assignments. NMR was collected at 297 K.  
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Table 8: Proton and Carbon assignments of the PG3718 CPS.  

 

Finally, system C’s carbon 1, 2 and 3 were assigned; δ 105.0 (C-1), 59.7 (C-2), and 

78.0 (C-3) (Table 8, Figure 73). The downfield shift of C-3 at δ 78.0 agrees with the linkage 

being at the 3-position of the β-GlcNAc, confirming the assignment. Remaining to be 

assigned for system C is proton/carbon 4, 5 and the 6/6’. The C-4 was assigned at δ 77.8 

and the C-5 was assigned as δ 70.5 based on comparison to the previously characterized 

HS:23/36 CPSs [120]. The C-6/6’ based on comparison to previous data are likely at a very 

similar shift to the B-6/6’ protons and carbons, this results in the cross-peaks not being 

visible in the HSQC, since they are overlapped. An addition cross-peak attributed to the β-

GlcNAc is at δ 2.05/δ 25.1, and this is from the CH3 group of the N-acetyl substituent.  

5.6.4.7 GC-MS Analysis 

 Monosaccharide composition and linkage analysis was also carried out on the CPS 

to confirm the results observed through NMR. From the composition analysis it was first 

noted that unlike previously characterized HS:23/36 structures, there was very little 

presence of the 3-OMe-6d-altro-Hep. The majority of the altro-Hep was in the 6-deoxy 

form, with an additional small amount of the unmodified Hep (Figure 74). In addition to 
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the heptose variations, the Gal and GlcNAc were also observed in the composition analysis. 

All peak identities were confirmed by comparison to relative retention times, as well as 

analysis of fragmentation patterns (Figure 75).  

 

Figure 74: The GC elution profile of the isolated CPS. The expected monosaccharides 

were observed; Gal, 3-OMe-6d-altro-Hep, 6d-altro-Hep, and GlcNAc. 
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Figure 75: The MS fragmentation patterns of each of the expected monosaccharides. A) 

Gal, B) 3-OMe-6d-altro-Hep, C) 6d-altro-Hep, and D) GlcNAc. 
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 The linkage analysis was also rich in information. The previously seen major 

linkages of -3)Gal(1-, -2)6d-altro-Hep(1-, and -3)GlcNAc(1- were all observed, as 

expected (Figure 76).  In addition to these linkages there were also terminal Gal, -2)altro-

Hep(1-, which were seen in small quantities previously, and a newly observed peak 

corresponding to -3,4)Gal(1- (Figure 76). Again all peak identities were confirmed by 

comparison to relative retention times, as well as analysis of fragmentation patterns (Figure 

77 and 78). The -3,4)Gal(1- being present confirmed the assignment of an attachment site 

for MeOPN being at the 4-position of the 3-linked Gal in the CPS structure. 

 

Figure 76: The GC elution profile of the linkage analysis.  

  



CHAPTER 5: CAMPYLOBACTER JEJUNI – HS:23/36 (PG3718) 

143 

 

 

Figure 77: The MS fragmentation patterns of the expected linkages. A) -3)Gal(1-, B) -

2)6d-altro-Hep(1-, and C) -3)GlcNAc(1-. 
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Figure 78: The MS fragmentation pattern of the new linkage -3,4)Gal(1-, confirmation of 

the new MeOPN linkage site.  

5.6.4.8 3718 Final Structure 

 Returning to the connection observed in the 2D 1H – 31P HMBC, peak X can now 

be positively assigned. This assignment results in a new connection of MeOPN in the 

HS:23/36 structure at the 4-position of α-Gal (Figure 79). This gives a new variable CPS 

structure to the HS:23/36 serotype (Figure 80).  
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Figure 79: 2D 1H-31P HMBC with the assigned linkage of the new MeOPN, Gal-4. 

 

Figure 80: The new variable structure of HS:23/36, with the MeOPN attachment site at 

Gal-4. 
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5.6.4.9 Conjugates of the PG3718 CPS 

 A conjugate of the PG3718 CPS was prepared using periodate oxidation and 

reductive amination. Periodate was used to activate the CPS by producing two aldehydes 

at the vicinal diol of the 6d-altro-Hep, positions 3 and 4 (Figure 81). The oxidized CPS was 

analyzed by NMR and was found to be intact based on 1D-1H and 2D 1H-13C HSQC 

experiments. The MeOPN was still attached to the CPS, shown by 1D 31P (Figure 82). 

 The oxidized CPS was then subjected to reductive amination with two different 

carrier proteins, CRM197 (Figure 81) and BSA. The two conjugates were analyzed by 1D 

1H and 31P NMR and did not show any sign of deterioration to the CPS. The conjugated 

were then sent for immunological testing.  
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Figure 81: Conjugation of the PG3718 CPS by first activating with periodate oxdiaton, and 

then conjugating to CRM197 via reductive amination.  
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Figure 82: 1D 31P following the periodate oxidation of the PG3718 CPS. 

 A second set of conjugates were prepared using TEMPO-mediated oxidation to 

activate the CPS. The activation took place at the primary hydroxyls on each of the 

monosaccharides, GlcNAc 6-OH, Gal 6-OH and 6d-altro-Hep 7-OH (Figure 84). 

Following the oxidation the activated CPS was analyzed by NMR. No noticeable changes 

were observed in the 1D 1H or 2D 1H-13C spectra. The MeOPN was also still observed in 

the 1D 31P spectra (Figure 83).  
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Figure 83: 1D 31P of the TEMPO-mediated oxidized PG3718 CPS. NMR was collected at 

297 K. 

 Conjugation of the activated CPS to both CRM197 and BSA was carried out using 

EDC-coupling. Following the conjugation both the CPS-CRM197 and CPS-BSA conjugates 

were analyzed by NMR. The 1D 1H indicated that the conjugation took place, and the 1D 

31P was still positive for the MeOPN. The conjugates were sent to our collaborators for 

immunological testing.   
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Figure 84: TEMPO-mediated oxidation of the PG3718 backbone. EDC-coupling is used 

to attach the CRM197 to the activated CPS, only one example attachment shown. 
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5.6.4.10 Immunology Results 

 Immunological testing was carried out by Dr. Guerry’s laboratory. The 4 conjugates 

were first run on SDS-PAGE with a lane marker and the free proteins (Figure 85A). The 

conjugates prepared using reductive amination to both CRM197 and BSA (CRM-RA and 

BSA-RA respectively) showed smearing above the free proteins (Figure 85A). This 

smearing indicates that the protein was successfully conjugated to the activated CPS. The 

TEMPO-mediated conjugates (CRM-TEMPO and BSA-TEMPO) were not as successful. 

The CRM-TEMPO showed only one band high up on the gel, and the BSA-TEMPO shows 

some smearing but is very weak (Figure 85A).  

 The conjugates were then tested with the anti-whole cell of PG3718 (Figure 85B). 

Again the RA conjugates proved to be more successful. The CRM-RA and BSA-RA both 

showed a stronger recognition to the anti-whole cell sera, while the TEMPO conjugates 

were not observed. Anti-CRM testing also took place, with the CRM-RA showing strong 

recognition and the CRM-TEMPO not showing observable recognition to the anti-CRM 

sera (Figure 86A).  

 Finally the conjugates were tested with the anti-CCV which is from the existing 

HS:23/36 CPS-CRM197 vaccine (Figure 86B). It is important to have recognition to the 

anti-CCV antibodies since the backbone structure, excluding the Gal-4 MeOPN, is the same 

as the wild-type, and this strain (PG3718) has been found to possess heightened resistance 

to complement killing over the wild-type. Again the RA conjugates showed a strong 

recognition to the anti-CCV sera, while the TEMPO was not observable (Figure 86B).  
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Figure 85: A) SDS-PAGE of conjugates. B) Anti-Whole Cell (PG3718) immunoblot. RA 

refers to the PG3718 reductive amination conjugates and TEMPO refers to the TEMPO 

oxidized PG3718 CPS conjugates.  

 

Figure 86: A) Anti-CRM immunoblot. B) Anti-CCV (HS:23/36-CRM197 Vaccine) 

immunoblot. RA refers to the PG3718 reductive amination conjugates and TEMPO refers 

to the TEMPO oxidized PG3718 CPS conjugates. 
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5.8 C. jejuni Conclusions 

 The capsular polysaccharide of HS:5 was structurally characterized. It was found 

that the structure was complex and contained unusual monosaccharides. The 

monosaccharide composition was found to be 3,6-dideoxy-α-D-ribo-heptopyranose, 

glucitol and α-D-glycero-D-manno-heptopyranose. Also found in the structure were a 

phosphodiester bridge and non-stoicheiometric amounts of MeOPN.  

 For HS:4AB the structure was confirmed to be similar to that of the previously 

characterized HS:4complex. Differences were observed in the substitution amounts of the 

2-linkage and 7-linkage of the MeOPN, with a reversed emphasis of the MeOPN at the 2-

position of HS:4AB. A conjugate of the HS:4AB CPS to CRM197 was made by activation 

by periodate oxidation and conjugation by reductive amination. The conjugate was 

successful and was recognized by sera from the HS:4complex.  

 The CPS of HS:53 was purified and prepared for conjugation to CRM197 and BSA. 

Two separate pathways of conjugation were used, the first starting with activation by 

periodate oxidation followed by reductive amination, and the second using TEMPO-

mediation to activate and EDC coupling for conjugation. The CPS that was reductively 

aminated to CRM197 and the CPS EDC-coupled to BSA were both successful. The two 

conjugates were recongized by the anti-sera for HS:53. In addition, the CPS-CRM197 

conjugate was used in a mouse model study and was able to raise anti-HS:53 IgG titer levels 

in the mice. 

 The isogenic mutant PG3718 also had an associated interesting structural finding. 

The deactivation of one of the genes involved in the expression of MeOPN caused a change 
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in the location of said structure. Instead of the MeOPN being present at the 2 or 6-position 

of the galactose residue it was instead found to be at the 4-position. This strain of HS:23/36 

(PG3718) was previously found to possess heightened resistance to complement killing 

than the wild-type strain. This could be due to an ability to inhibit the recognition of the 

GlcNAc(1→3)Gal linkage, which is recognized serum antibodies. This heightened 

resistance of the Gal-4 linkage may shift the HS:23/36 strucuture to favour the substitution 

of the MeOPN at the Gal-4 position.  Conjugates of the newly elucidated structure were 

generated. Two conjugates, to the carrier proteins CRM197 and BSA, were developed by 

activation by periodate oxidation and conjugation by reductive amination. The conjugates 

activated by periodate and conjugated to both CRM197 and BSA via reductive amination 

were successful based on SDS-PAGE. The TEMPO conjugates did not show success by 

MW analysis. The CRM-RA and BSA-RA conjugates were able to be recognized by the 

anti-Whole Cell and anti-CRM sera, and most importantly they were able to be recognized 

by the anti-CCV sera that was collected from the pre-existing HS:23/36-CRM197 prototype 

vaccine. The CRM-RA conjugate will be used in a mouse model study.  

 

 



CHAPTER 6: SHIGELLA FLEXNERI AND ETEC  

155 

 

Chapter 6: Shigella flexneri and Enterotoxigenic Escherichia coli 

6.1 Shigella flexneri 

 In 1896 the first species of Shigella was isolated by Kiyoshi Shiga [121]. The 

organisms in the genus of Shigella belong to the same family as Escherichia, 

Enterbacteriacae [121, 122]. They are un-encapsulated organisms that type as gram 

negative facultative anaerobic bacilli [121, 122]. They are found to be non-motile and non-

sporulating [121]. The first species was noticed during an outbreak of dysentery in Japan, 

and in the 40 years following the initial discovery another 3 species were found [121]. The 

four species are S. dystenteriae, S. flexneri, S. sonnei and S. boydii, which were all names 

after their respective founders Shiga, Flexner, Sonne and Boyd [121, 122].  

 These 4 species are divided further into serotypes that are dependent on variations 

in the O-antigen region of their LPS [122]. Based on this type of classification S. flexneri 

has 13 distinct serotypes; 1a, 1b, 1c, 2a, 2b, 3a, 3b, 3c, 4a, 4b, 5a, 5b and 6 [122, 123]. 

Currently humans are the only natural hosts for the organism. Shigella is responsible for 

causing acute bacillary dysentery, also referred to as Shigellosis [121, 124].  

6.1.1 Shigellosis 

 Shigellosis occurs in approximately 164.7 million people annually [122]. Of these 

cases there are 1.1 million reported deaths, and 163.2 million annual cases are observed in 

developing countries [122]. Children below the age of 5 account for 69% of all patients 

[122]. Shigellosis can be caused by low infectious inoculum, as few as 10 organisms, and 

still be considered highly contagious [121]. The incubation period is normally 1-4 days 
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before infection is observed. The effects of infection can range from short-lasting watery 

diarrhea to IBD [121]. Infection presents with symptoms such as fatigue, fever, malaise and 

anorexia [121]. In rare cases adults can also present with ReA from S. flexneri serotype 

infections [121].  

 The most predominant transmission of Shigella is from faecal-oral contact. 

Shigellosis is a problem in developing countries where there is poor hygiene and unsafe 

drinking water [121]. No one is immune to shigellosis, but it has been noted that certain 

groups are more at risk [121]. Worldwide, the highest incidence of shigellosis is in children 

between the ages of 1-5 [121, 124].  

 Shigella is associated with 30-50% of dysentery cases, and 5-10% of diarrheal cases 

[121]. On top of that, endemic shigellosis is the responsible party for approximately 10% 

of diarrheal episodes observed in children below the age of 5 in developing countries [121]. 

It is also responsible for a staggering 75% of diarrheal deaths [121]. Notably one species 

of Shigella has a bigger influence in developing countries and that is S. flexneri [122]. 

Considered to be a hyperendemic species, S. flexneri is responsible for around 10% of all 

reported diarrheal episodes in children below the age of 5 [121]. The S. flexneri serotype 

2a is causes endemic shigellosis with the highest prevalence [121, 122, 124, 125]. Serotype 

2a is also an important cause of endemic shigellosis in the United States [122, 126].  

Emphasis has been placed on the prevention of S. flexneri 2a shigellosis.  
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6.1.2 Shigella flexneri Lipopolysaccharides 

 The structures of the S. flexneri LPSs have been explored extensively and many of 

the serotypes have their LPS characterized. It was noted that the basal inner region of the 

LPS is retained across the serotypes (Figure 87) [123, 127].  

 

Figure 87: The proposed inner core structure of S. flexneri. The polyheptose phosphate 

backbone contains heptoses such as Kdo, and LD-manno-Hep [127].   
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Figure 88: Characterized LPS structures of S. flexneri [123].  

The O-specific chain of the LPS is where variant is observed, however most of the 

LPS O-chains have the same primary unbranched unit, Y [123]. Unit Y is composed of the 

repeating structure: [3)-β-D-GlcNAc-(12)-α-L-Rha-(12)-α-L-Rha-(13)-α-L-Rha-

(1]n [123]. The secondary type specific side-chains are identifiers of the serotypes. These 

side chains are composed of α-D-Glc and O-acetylation [123]. The primary Y chain is 

observed in serotypes 1a, 1b, 2a, 2b, 3a, 3c, 4a, 4b, 5a and 5b (Figure 88) [123, 128, 129]. 

Emphasis of this work will be on the LPS of serotype 2a. Recently the structure of 2a was 

revised and was found to contain O-acetylation at the 3-position of Rha adjacent to GlcNAc 

at 30-50% occurrence, and at the 6-position of the GlcNAc at a 30-60% occurrence [124]. 
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6.1.3 Current Treatment Options 

 Shigellosis is a continued human health problem, and therefore there have been 

many attempts to elude the infection. A logical first step was the intervention with 

antimicrobial agents. While the antimicrobials did have a positive impact, it is known now 

that overuse of antimicrobial agents causes antimicrobial resistance and S. flexneri is 

developing antibiotic resistance at an increasing rate [122, 130]. Species specific 

vaccinations are a more realistic treatment approach.  

 For S. flexneri there have been recent vaccine candidates that have made use of 

attenuated cells, killed strains, and most importantly specific synthetic PS [121]. The S. 

flexneri 2a O-specific PS vaccine was generated by covalently linking the purified LPS to 

the recombinant exoprotein A of Pseudomonas aeruginosa (rEPA) [131, 132]. The S. 

flexneri LPS-rEPA conjugate was analysed for immunogenicity in a study involving 4-7 

year old children [131]. The conjugated was able to elicit a significant raise in the mean 

levels of serum IgG that was only to the LPS [131]. Additionally, when revaccination was 

carried out it was observed that it was able to induce a booster-like response to the S. 

flexneri 2a LPS [131]. This proved that the LPS-rEPA conjugate would be safe and 

immunogenic in the target group. Continued exploration of an LPS-protein conjugate for 

the serotype 2a is therefore possible.  

6.2 Enterotoxigenic Escherichia coli 

 Enterotoxigenic Escherichia coli (ETEC) is an E. coli pathotype that has an 

enormous burden on global disease [14, 133]. ETEC makes use of its surface fimbriae (pili) 

to attach to the hosts intestinal epithelial cells [133]. This fimbriae attachment is an early 

and vital step towards diarrhea pathogenesis [133]. One of the most prevalent fimbriae 
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among ETEC strains is the colonization factor antigen 1 (CFA/1) fimbriae [133]. A mature 

CFA/1 fimbriae is typically a polymer that consists of >1000 copies of the major pilin 

subunit CfaB, and a few, or just 1, copies of the adhesive minor pilin subunit CfaE which 

resides in the tip [133]. Interest in the fimbriae comes from their ability to induce protective 

immune responses to bacterial disease [133]. A fusion protein, CfaEB, was generated to 

include both the CfaE and CfaB subunits and to emulate the tip of the CFA/1 fimbriae 

[133]. The CfaEB major-minor subunit fusion protein was able to elicit higher anti-CfaE 

IgG and IgA titers, when administered with an adjuvant [134]. Anti-CfaE titers are 

important due to their ability to inhibit the binding of CFA/1 to human erythrocytes [133]. 

6.2.1 ETEC Infections 

 The most common cause of diarrhea in the developing world is ETEC [14, 15]. In 

the developing world it is responsible for 1 billion cases of diarrhea, where 300,000-

400,000 cases are in children less than 5 [14]. The illness lasts from 3 – 5 days and the 

severity ranges from mild diarrhea with no dehydration to severe cholera-like disease 

[14].The majority of reported cases are mild in nature, but ETEC diarrhea is still responsible 

for 300,000 – 500,000 deaths per year and most reported deaths are in children under the 

age of 5 [14]. ETEC is also responsible for a staggering one third to a half of all traveller’s 

diarrhea cases from Asia, Africa and Latin America [15]. Medical intervention for ETEC 

diarrhea is in dire need and progress towards a solution is being made.  

6.2.2 Current Treatment Options 

 Oral administration of colonization factors (CFs) has been attempted, however the 

purified CFs are expensive to produce and they are sensitive to degradation [15]. To avoid 

degradation the CFs have been placed inside of biodegradable microspheres that can 
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survive the acid conditions of the stomach [15]. These microspheres with incorporated CFs 

did not yield significant protection [15]. Another option was to use inactivated whole cells 

of the ETEC. The inactivated cells were used in an adult study and were able to show 70-

100% protection in the adult volunteers [15]. A double-blind study in volunteer children 

was also attempted, but no significant protection was reported [15]. A more promising 

treatment is the development of Shigella/ETEC multivalent vaccines. These vaccines 

involve the engineering of Shigella strains, which are attenuated, to act as live vectors that 

will express ETEC antigens [15]. The goal would be to generate 5 different Shigella strains 

that present the most important CFs, including CFA/1. The 5 strains could then be colonized 

simultaneously in the gut to protect against disease using the inserted antigens [15]. 

6.3 Scope of Research: Shigella flexneri and ETEC 

 The goal of this research is to use the ETEC CfaEB major-minor subunit protein in 

place of the carrier protein in a glycoconjugate for S. flexneri 2a. The activation of S. 

flexneri was attempted previously in our group with 10% TEMPO-mediated oxidation with 

little success. In this work the activation conditions will be full TEMPO-mediation 

oxidation, with EDC-coupling to the CfaEB protein. The success of this work will be 

important in achieving the ultimate goal of a S. flexneri – ETEC – C. jejuni multi-species 

conjugate.  

6.4 Results 

The S. flexneri 2a LPS was purified from a whole cell mass. The expected LPS is 

already known to be [-2)-α-L-Rha-[-3)-OAc 30-50%]-(1-2)-α-L-Rha-(1-3)- α-L-Rha-[(4-

1)-β-D-Glc]-(1-3)-β-D-GlcNAc-[-6)-OAc 30-60%]-(1-]n (Figure 89) [124]. The structure 
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of the ETEC CfaEB protein is also known, and the protein was sent purified by 

collaborators (Dr. Guerry’s laboratory) [133]. 

 

Figure 89: The known structure of S. flexneri 2a [124]. 

Previously the Monteiro group attempted a multi-species vaccine that would 

include Shigella flexneri 2a, ETEC, and eventually C. jejuni. The initial attempt at 

conjugation of the S. flexneri 2a LPS and the ETEC was unsuccessful by immunological 

studies. Described below is my attempt to achieve successful conjugation.  

6.4.1 NMR of S. flexneri 2a 

 A new batch of S. flexneri 2a was treated with mild acid to extract the LPS. After 

column purification the LPS was prepared for NMR to compare to the previous batch and 

literature. The 1D 1H of the new batch matched that of the previously isolated batch, which 

match the originally characterized LPS (Figure 90).  
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Figure 90: 1D 1H spectrum of the S. flexneri 2a LPS, after purification by acid hydrolysis 

and column elucidation. NMR was collected at 297 K.  

 For confirmation a 2D 1H-13C HSQC was run on the new LPS and was compared 

to the literature values (Table 9). The entire HSQC was assigned based on the published 

work and confirmed the structure of the S. flexneri 2a batch that was received (Figure 91, 

Table 9). Since the LPS structure matched the literature conjugation of the LPS to the ETEC 

CfaEB protein could take place.  

Table 9: Literature values for S. flexneri 2a LPS. (Table taken from Kubler-Kielb et 

al.)[124] 
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Figure 91: S. flexneri 2a 1H-13C HSQC labelled as per literature values (Table 9). 
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6.4.2 Conjugation of S. flexneri 2a LPS to ETEC Protein (CfaEB) 

 Activation of the LPS was carried out using TEMPO-mediated oxidation (Figure 

92). The oxidation would take place at the 6-hydroxyl of the branched α-D-Glc, and could 

also take place at the 6-hydroxyl of the β-D-GlcNAc when the position is not O-acetylated 

(OAc 30-60%) [124].  NMR of the TEMPO-oxidized LPS showed minor changes in the 

proton (Figure 94), and no change to the 2D 1H-13C HSQC, indicating that the LPS structure 

was intact. The conjugation of the activated LPS to the CfaEB was carried out using the 

EDC-coupling method. The resulting conjugate was analyzed by NMR to identify sugar 

and protein presence (Figure 94). The conjugate was then sent for immunological testing.  

 

Figure 92: Activation of the S. flexneri 2a LPS by TEMPO-mediated oxidation at the 

GlcNAc 6-hydroxyl, and conjugation by EDC-coupling to the ETEC protein CfaEB. 
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Figure 93: 1D 1H spectrum of the S. flexneri 2a LPS after TEMPO-mediated oxidation. 

NMR was collected at 297 K. 

 

Figure 94: 1D 1H spectrum of the S. flexneri 2a LPS after conjugation to the ETEC protein 

CfaEB. NMR was collected at 297 K. 

6.4.3 Immunological Studies 

 The success of the LPS-CfaEB conjugate relies on its ability to be recognized by 

both the antibodies for S. flexneri 2a and CfaEB. The conjugate was first subjected to SDS-

PAGE to determine that the conjugation was successful. The conjugate when compared to 

the native CfaEB showed smearing at MWs greater than the pure protein. This indicated 

that the conjugation of the LPS to CfaEB was successful (Figure 95). Next the conjugate 

was tested for its ability to be recognized by both the anti-CfaEB and anti-Shigella serum. 

The conjugate was recognized by both of the anti-sera, and no cross-reactivity was noted 
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between CfaEB and the anti-Shigella serum, indicating that the conjugate is specific for 

both components of the conjugate (Figure 95).  

 

Figure 95: SDS-PAGE of the LPS-CfaEB conjugate compared to the pure native CfaEB 

protein. Immunoblot for the conjugate with both the anti-CfaEB sera (middle) and the anti-

Shigella sera (Right).  

 Since the conjugate was successful in being recognized by the anti-CfaEB and anti-

Shigella serum it was put into mice for an immunogenicity study. The LPS-CfaEB 

conjugate was administered to mice at both a 1 µg and 5 µg concentration (Figure 96). Both 
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concentrations of the LPS-CfaEB conjugate were able to raise significant levels of anti-

LPS IgG titers in the mice (Figure 96).  

 

Figure 96: Immunogenicity in a mouse model using 1 µg and 5 µg concentrations of the 

LPS-CfaEB conjugate. Anti-LPS IgG titers for both concentrations have been elevated to 

significant levels.  

 The LPS-CfaEB conjugate was also analyzed for its ability to raise antibodies to the 

CfaE portion of the fimbriae. The same concentrations, 1 µg and 5 µg, were used and again 

significant levels of anti-CfaE IgG were raised (Figure 97). In addition to this study the 

conjugate was analyzed for haemaglutination inhibition (HAI) titers. Since the CFA/1 can 

bind to human erythrocytes and cause agglutination it is important to make sure that HAI 

titers are raised from the CfaE presence. The concentrations were again 1 µg and 5 µg and 

it was observed that the titers were significantly raised with the conjugate. These titers were 

compared to the previously positive results from a C. jejuni HS:23/36-CfaEB conjugate, 

and the 5 µg was comparable (Figure 98).  
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Figure 97: Immunogenicity in a mouse model using 1 µg and 5 µg concentrations of the 

LPS-CfaEB conjugate. Anti-CfaE IgG titers for both concentrations have been elevated to 

significant levels. 

 

Figure 98: Immunogenicity in a mouse model using 1 µg and 5 µg concentrations of the 

LPS-CfaEB conjugate. HAI titers were raised to a significant level consistently for the 5 

µg concentration, and the average level was comparable to the C. jejuni HS:23/36-CfaEB 

conjugate.  
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6.5 Conclusions 

 The S. flexneri 2a LPS-CfaEB conjugate proved to be successful. Preliminary 

immunoblotting indicated that the conjugate was recognized by both the anti-Shigella and 

anti-CfaEB antibodies. Furthermore the conjugate was then successful in raising the anti-

LPS IgG titer levels in a mouse model study. It was also able to raise the anti-CfaE IgG 

levels in the mice. Of equal importance, it was able to  raise haemaglutination inhibition 

(HAI) titer levels. The conjugate shows promising ability for the protection against S. 

flexneri  2a, and CFA/1 containing strains of ETEC, as well as the ability to resolve the 

haemaggultination caused by CFA/1.  

 Conjugation of C. jejuni serotype HS:23/36 has also been undertaken and has been 

proven successful, as illustrated by the HAI titer levels in Figure 98. The next step for the 

two CfaEB conjugates would be to combine the C. jejuni HS:23/36 CPS, S. flexneri 2a LPS 

and the ETEC fusion protein CfaEB into one multispecies vaccine.
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 The work accomplished for the C. bolteae conjugate and synthetic subunit has the 

potential to have a sizable impact on the lives of those with GI problems related to autism. 

The PS-CRM197 vaccine candidate can be tested with the pre-existing sera from exposed 

rabbits, and if successful the conjugate can be administered to additional animal models. 

Of more significance will be the success of the synthetic subunit. If the subunit is able to 

be recognized by the rabbit sera then there is more potential for a vaccine to be generated. 

The C. bolteae cells are difficult to grow in large quantities so it would be advantageous to 

be able to generate single subunits in the laboratory for conjugation. Reducing the wait time 

of cell growth and extraction of the CPS can allow for higher production rates. Both of 

these options have the ability to reduce the amount of GI problems observed in ASD 

patients. This is important because patients with ASD are suffering not only GI problems 

but behavioural problems that may be linked to their discomfort. Reducing the rate of 

occurrence would also impact parents and caregivers, since it may improve the patient’s 

overall mood and quality of life, as well as reduce trips to doctors and hospitals for the 

severe GI cases.  

 Moving forward to the C. jejuni work, the characterizations and conjugations of 

each serotype assist in the overall goal of a multivalent vaccine. Being one of the 8 most 

prevalent serotpyes, the characterization of HS:5 was of great importance. The serotype can 

now be activated and conjugated to a carrier to ensure immunogenic response and then be 

considered for inclusion into the multivalent vaccine. The confirmation of the structures of 

HS:4AB and HS:53 allow for an expansion of the pool of C. jejuni conjugates. These 
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conjugates are all working, again, towards a comprehensive understanding of the C. jejuni  

species   as well as a unified attack on the illnesses associate with the bacteria. In addition 

to the natural serotypes, looking at mutations of specific genes a proactive combat against 

the bacteria. As the human race unleashes its attacks on the C. jejuni we could be forcing 

the bacteria to look for new ways to avoid our immune system, and this could come through 

the evolution of the bacterial polysaccharides that it produces. Looking at the isogenic 

mutant of HS:23/36 (PG3718) it was noted that a small change in an MeOPN regulatory 

gene results in a completely new placement of the moiety. By turning the CJJ1420 ON and 

the CJJ1435 OFF the strain showed more resistance to human serum than the wild type 

strains with either the Gal-2 (Peak Y) or Gal-6 (Peak X) MeOPN. Previously there was an 

observed reaction with serum antibodies, in individuals that were unvaccinated, to the 

HS:23/36 capsule. This reaction has been attributed to pre-existing antibodies to a 

somewhat widely encountered GlcNAc(1→3)Gal linkage. The fact that the Gal-4 strain 

(PG3718) was more resistant to human serum indicates that when the MeOPN is present at 

the Gal-4 position there is an inhibition of the reaction of the antibodies specific to the 

GlcNAc(1→3)Gal. Since the genes responsible for the Gal-2 (CJJ1420) and Gal-6 

(CJJ1435) in the wildtype can be turned ON or OFF there is a possibility that the Gal-4 

linkage will become the predominant MeOPN substitution of HS:23/36 in the future.  

Generating conjugates to mutants, and testing their ability to be recognized by 

previously generated antibodies will be of great importance. This will be especially true of 

mutants to strains involved in prototype vaccines, such as the HS:23/36 vaccine, since the 

bacteria has the ability to evolve and adapt to external stresses and pressure. The ability of 
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the vaccine antibodies to recognize the isogenic mutant conjugate is a promising result for 

human protection.  

Finally the importance of the next generation multivalent vaccine, which include multiple 

species, must be outlined. While individual vaccines to protect us from bacterial infections 

are excellent, the ability to administer one vaccine to protect against an umbrella of species 

would be better. Inclusion of the major bacterial species responsible for GI aliments would 

be a well-rounded protection could be achieved before travelling to countries with high risk 

of infection. This could also mean that in developing countries a single vaccine could be 

administered to a wide population that would reduce the incidence of death among children 

below the age of two, as well as a wider population protection for all individuals living in 

high risk areas. A single inclusive vaccine is advantageous over multiple single species 

vaccines in not only reduction of cost but also the ability to have higher production and 

distribution, and this is what makes multi-species vaccines the next generation of 

multivalent vaccines. 
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4: 1H NMR (CDCl3, 400 MHz) 

 

4: 13C NMR (CDCl3, 100 MHz) 
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5: 1H NMR (CDCl3, 400 MHz) 

 

5: 13C NMR (CDCl3, 100 MHz) 
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6: 1H NMR (CDCl3, 400 MHz) 

 

6: 13C NMR (CDCl3, 100 MHz) 
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7: 1H NMR (CDCl3, 400 MHz) 

 

7: 13C NMR (CDCl3, 100 MHz) 
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8 (after Bio-Gel P-2): 1H NMR (D2O, 400 MHz) 
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1 (after Bio-Gel P-2): 1H NMR (D2O, 400 MHz) 


