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This thesis describes the development of a polysaccharide-based vaccine against the
major cause of bacterial diarrhea, the food-borne pathogen, Campylobacter jejuni. C. jejuni is a
leading cause of traveler’s diarrhea and can be deadly, especially in children. Military forces are
a group that is highly prone to Campylobacteriosis. Weeks after a diarrheal episode, a patient
may also suffer from autoimmune diseases, such as Guillain-Barré Syndrome.
C. jejuni exposes serotype-specific polysaccharide capsules (CPS) that play a role in
virulence. In our group, we study the use of CPSs as C. jejuni vaccine targets, and previously an
efficacious prototype CPS conjugate vaccine against C. jejuni serotype HS:23 was synthesized.
In this work, fine structural analysis of serotype HS:4B (strain PG3643) CPS revealed a
disaccharide repeating unit composed of glucopyranose (Glc) and L-glycero-D-idoheptopyranose (Hep), or its 6-deoxy derivative (6d-Hep): [→4)--ᴅ-Glc-(1→3)-β-6dHep/Hep(1→]. This CPS was further decorated by O-methyl-phosphoramidate (MeOPN) units at
positions 2 or 7 of 6d-Hep. The HS:4B CPS was selectively linked to a protein carrier that
yielded a conjugate which reacted with anti-HS:4 antisera. Of particular significance,
immunochemical analysis of the HS:4B conjugate also revealed that the O-methyl group in
MeOPN may not be involved in antibody recognition.
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CHAPTER 1: Introduction

1

Introduction

1.1 Carbohydrates in Life Processes
As the most widely distributed naturally occurring compound on Earth, carbohydrates are an
essential substance for life, and unsurprisingly, were one of the first organic compounds to have
their structures elucidated [1]. This family of compounds, known as carbohydrates, was
determined to have the general formula (CH2O)n in the nineteenth century [1, 2]. For some time,
the definition of a carbohydrate was a polyhydroxy aldehyde or ketone, however; it was later
recognized that a compound could retain properties of a carbohydrate if it was derived from a
polyhydroxy ketone or aldehyde in some way. Therefore, carbohydrates have an immense variety
of structures including those containing sugar acids, alcohols, and substituted hydroxyls to give
compounds such as deoxy sugars [1].
Carbohydrates are one of the essential products needed to start and sustain life. From the
beginning, the chemical energy of carbon dioxide, water, and the photons from the sun produced
oxygen and carbohydrates through photosynthesis. Carbohydrates are used as reactants in
anaerobic glycolysis and cellular respiration to create energy and evolve life. The complexity of
carbohydrates comes from linking monosaccharides together to form linear or branching chains.
These chains are called oligosaccharides when 2-10 monosaccharides are linked, or
polysaccharides which is a polymer of approximately 10-20 residues. An oligosaccharide usually
defines a few carbohydrate structures, whereas the polysaccharide describes a polymer of repeating
carbohydrate blocks [2].
1.1.1 Chirality and D- and L- Configurations
One fundamental concept in carbohydrate chemistry is enantiomerism. This is the concept
where substances may have the same atom attachment, but different chiral centers, such that they
2

Introduction
are non-superimposable to each other. Enantiomers have the same chemical and physical
properties, but different optical activity and interactions with other chiral molecules. Thus, it is
important to define their configuration. In carbohydrates, depending on whether the hydroxyl
group is to the left or right of the chiral center in the Fischer projection, the compound bears the
prefix “ᴅ” or “L” respectively [1, 2]. This idea is most simply explained using the smallest
carbohydrates in Figure 1.1. The configurations for larger carbohydrates with greater than three
carbon atoms is determined by looking at the hydroxyl on the chiral carbon furthest from the
carbonyl group. The sample principles are applied;

L-

representing laevus in Latin for left and ᴅ-

for dexter as right. Most carbohydrates are naturally found as ᴅ-isomers, with the exception of LFructose [2].

D-glyceraldehyde

L-glyceraldehyde

dihydroxyacetone

Figure 1.1: L- and ᴅ-glyceraldehydes have the same empirical formula and the same chemical and
physical properties. Due to their difference in configuration at their chiral center, these molecules
interacet differently with other chiral compounds. These two non-superimposable structures are
the simplest carbohydrates and easily demonstrate the concept of enantiomerism. All
monosaccharides have one or more asymmetric chiral carbons, with the exception of
dihydroxyacetone [1, 2].

1.1.2 Ring Structures
Carbohydrates can exist in both straight chain and cyclic (ring) structures. Almost all
carbohydrates are naturally found in the lower energy state ring form versus straight chain form.
From 1920 to 1930, W. Norman Haworth and researchers determined that hexoses favored forming
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six-membered rings with the hemiacetal oxygen, giving two anomeric hemiacetals: α- and βglucopyranose. The six-membered rings were called pyranoses and five-membered rings were
called furanoses [1]. Rotations of the sigma bonds between the ring carbons and about the carbon
and oxygen atoms allows for an unlimited amount of ring shapes in three dimensions. The ring
conformation refers to the shape of ring, and position of hydrogen atoms and hydroxyl groups
about the ring. The three-dimensional conformation of sugars can be in “chair” or “boat” forms as
shown in Figure 1.2, however, carbohydrates are predominantly drawn in chair conformation as it
is the most energetically favored [1, 2].
Carbohydrate rings in “chair” conformation can be found in 1C4 or 4C1 conformation. The
letter “C” in this description stands for “chair” and the numbers indicate which carbons atoms are
above and below the plane of reference. The plane of reference is made of C-2, C-3, C-5, and the
ring oxygen [3]. 4C1 is the conformation where C-1 is pointed down, below the plane of reference,
and C-4 is pointed up, above the plane of reference, when looking at the ring in stanard orientation
[1, 3]. 1C4 conformation is the opposite of the previous; C-1 is pointed up, above the plane, and C4 is pointed down, below the plane, as demonstrated in Figure 1.2. The most stable conformation
is one that places the bluky substitutents at the equitorial position; for most carbohydrates, this is
most often the hydroxyl or hydroxy methyl groups [1]. In the case of β- D-glucopyranose in the
below example, the 1C4 conformation contains hydroxyl substituents at C-1 and C-3 that are both
axial. Due to van der Waals forces between these substituents, the 4C1 conformation has
approximately 25 kJ/mol less free energy and is therefore, more energetically favoured, compared
to the 1C4 conformation [3].
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Figure 1.2: Various carbohydrate conformations and their relative energies. Chair conformations
are of low energy states, while the boat is of higher energy. (a) β-D-glucopyranose in the chair
configuration and 4C1 conformation. (b) β-D-glucopyranose in the boat conformation. This
conformation has more eclipsing and steric interactions, and therefore is at a higher energy state.
(c) β-D-glucopyranose in the chair confdormation and 1C4 conformation [1, 4].

As previously mentioned, when a ring structure forms, a new hemiacetal hydroxyl group
is created at C-1, which is now called the anomeric carbon. The hydroxyl group may form on either
side of the ring (at axial or equatorial positions) depending on which way the oxygen of the C-1
aldehyde is directed just before ring closure, forming two epimers [2]. A sugar is designated αwhen the hydroxyl group at the anomeric carbon is on the opposite face of the sugar as the -CH2OH
group, which contains C-6; if the hydroxyl group is on the same side as the -CH2OH group, the
sugar is given the prefix β- as demonstrated in Figure 1.3 [2]. Typically for hexoses, the -CH2OH
group is drawn above the plane of the ring (equatorial) so many have decided to simply state that
the carbohydrate is an α-anomer when the hydroxyl group is below the plane of the ring, and it is
a β-anomer when the hydroxyl is above the plane of the ring [5]. However, this is not the true
definition of these terms.
5
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(a)

(b)

Figure 1.3: (a) β-D-glucopyranose in chair conformation. The β- configuration is determined by
the hydroxyl group attached to the anomeric carbon being on the same face of the ring as the
-CH2OH group attached to C-5. In this case, the hydroxyl group is in the equatorial position. (b)
α-D-glucopyranose in chair conformation. The α- configuration is determined when the hydroxyl
group attached to the anomeric carbon is on the opposite face of the sugar as the -CH2OH group.
In this figure, the hydroxyl group is in the axial position [2, 5].

1.1.3 Biologically Important Carbohydrates
As the most widely distributed organic compounds on Earth, carbohydrates exhibit an
immense array of structural and functional diversity. The following subsections highlight a few
important sugars and features that are important to keep in mind when studying bacteria.
1.1.3.1 D-Glucose
D-Glucose

is the most common carbohydrate and the most important to biological

processes. It is thought that the reason D-glucose is the most common is because it is the only Dhexose that has all the hydroxyl groups in the equatorial position and therefore, has the least
amount of steric interactions [1]. D-Glucose is important in biological systems such as being the
final product in photosynthesis, and a major component of sugar biosynthesis. D-Glucose is found
in common polymeric forms such as starch (α-1→4 linked D-glucose) and cellulose (β-1→4 linked
D-glucose)

[2]. With glucose as the most abundant carbohydrate, it is no surprise that many

bacterial capsule polysaccharides and lipopolysaccharides have D-glucose as a component. DGlucose is found in several Campylobacter jejuni serotypes, food poisoning strains Hobbs 5 & 10
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of Clostridium perfringens, and Shigella flexerni serotype 2a [6–8]. Other notably common sugars
are D-mannose and D-galactose [9].
1.1.3.2 Deoxy Sugars
Deoxy sugars are those where a hydroxyl group has been substituted with a hydrogen.
Theoretically, a deoxy sugar could be made at any carbon position, however, there are only a
limited number of naturally occurring deoxy sugars. For example, D-ribose is naturally found as a
deoxy sugar at the C-2 position to give 2-deoxy-D-ribose, which is the carbohydrate component of
deoxyribonucleic acid (DNA). Another common deoxy position is at C-6 which has been found in
D-hexoses

but also in D-heptoses as bacterial cell wall components [1]. Many C. jejuni serotypes

have been discovered to contain C-6 deoxy heptoses as capsule polysaccharide components. Heatstable (HS) serotypes such as HS:23/36 (strain 81-176) and HS:4 complex (strain 8486) have a
well-defined capsule polysaccharide structure, containing C-6 deoxy heptose as shown in Figure
1.4 [6, 10].
1.1.3.3 Bacterial Polysaccharides
Many bacterial species produce polysaccharide capsules that have a variety of functions
including adhesion receptors, protection, infection resistance, and resistance to destruction by
hosts. Polysaccharide capsules may contain as many as eight to ten different monosaccharides,
making an almost infinite amount of possible combinations once stereochemistry differences are
considered. Carbohydrates are an important component of bacterial cell walls such as murein
(repeating units of alternating β-1,4 linked N-acetyl muramic acid and N-acetyl glucosamine) [11]
found in the peptidoglycan layer and teichoic acids, both of which are discussed later in this work
[2].
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(A)

(B)
Figure 1.4: Capsule polysaccharide structures of C. jejuni serotypes HS:23/36 (A) and HS:4
complex. Note the C-6 deoxy heptoses present in both serotypes [10, 12, 13].

1.1.3.4 Capsule Polysaccharide
Some bacteria have a capsule polysaccharide (CPS) that encompasses the cell wall. The
CPS is a gel containing polysaccharides of high molecular weight. It is thought that the purpose of
the CPS is to increase virulence and protect the host against invasion and phagocytosis [14]. The
CPS is one of the first components of the bacteria that the immune system encounters, thus it
contributes to immune stimulation. Since the CPS structure varies between bacterial species and
strains, the immune system makes antibodies against the specific polysaccharide for each
pathogen. Successful vaccines have been developed using CPS components conjugated to a protein
carrier [15, 16].
8

Introduction
1.2 Gram-Positive Bacteria and their Components
Bacteria can first be classified into two categories: gram-positive or gram-negative. The
Gram stain procedure is used for this classification; named after the Danish scientist, Christian
Gram, who invented the test in 1884. Gram’s test is performed by staining killed bacteria with
crystal violet. The stained cells are then washed with solvent, such as ethanol; the stain will either
remain or be washed out depending on the structure of the cell wall. A gram-positive cell retains
the stain, while a gram-negative cell will not [17].
1.2.1 Peptidoglycan
Gram-positive cell walls are much thicker than that of gram-negative bacteria counterparts.
Peptidoglycans and teichoic acids give structure and physical protection to the gram-positive cell.
Peptidoglycans are linear glycan chains of N-acetylmuramic acid and N-acetylglucosamine that
are linked in an alternating fashion. The glycan chains are cross-linked around the entire cell,
providing a rigid structure. Each N-acetylmuramic acid has a tetrapeptide of amino acids attached
to it, with alternating L- and D- configurations. The cross-linking may involve only the tetrapeptides,
or include a peptide bridge [18].
Covalently attached to the peptidoglycan may be other cell wall components such as
teichoic acids and polysaccharides, making the cell walls of this type of bacteria quite thick, 20
nm to 80 nm. This thick outer peptidoglycan layer is the reason gram-positive bacteria retain the
crystal violet stain in Gram’s test. The cell wall uptakes the stain and is then dehydrated by the
ethanol wash; thus, the lowered permeability does not allow for the wall to release the stain [14].
Gram-negative bacteria have a thin peptidoglycan layer, but a phospholipid bilayer is the
outermost cell wall component which does not retain the Gram stain [19].
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In gram-positive bacteria, the peptidoglycan layer of the outer cell wall provides a
considerable amount of strength, given that it is an entirely covalently bound structure. The only
substance in the human body that can destroy the peptidoglycan layer is lysozyme, which is found
in saliva and other secretions. Lysozyme destroys the β-1,4 glycosidic bond between the Nacetylglucosamine and N-acetylmuramic acid residues. When these cells are treated with an
antibiotic, such as bacitracin, the mechanism to form the tetrapeptide cross-links is blocked [18,
19]. Other antibiotics that inhibit cell wall synthesis include penicillins and cephalosporins.
Teichoic acids are polymers of ribitol phosphate or glycerol phosphate. These polymers may have
different amino acids and sugars as substituents, depending on the species. Teichoic acids can be
covalently linked to the peptidoglycans of the cell wall. Lipoteichoic acids are polyglycerol
phosphate structures and linked to a glycolipid in the cell membrane [18]. A diagram of a grampositive cell wall is displayed in Figure 1.5.
1.2.2 Pilus
Another component that can be found on the outer surface of both gram-positive and gramnegative bacteria is the pilus; a long arm-like structure composed of pilin proteins [18]. These
structures were first discovered in gram-positive bacteria in 1968; since then, they have been
described in several genera of bacteria including Clostridia. Pili in this genus are described as
several micrometers long, and around 6-8 nm thin. These pili are used for adhesion to the host cell,
as well as DNA uptake and flagella-independent movement. The pilus is composed of covalently
polymerized subunit proteins called pilins; as proteins, these structures are immunogenic and good
candidates for vaccine use [20].
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Figure 1.5: A typical gram-positive bacteria cell wall has a thick outer layer of peptidoglycan with
teichoic acid and lipoteichoic acids covalently attached throughout. Lipoteichoic acids attach the
peptidoglycan wall to the cell membrane by binding to glycolipids in the cell membrane [18].
Teichoic acids determine the cell shape and regulate cell division [21]. Pili and CPSs are found on
the outer part of the cell membrane. Pili are made of pilin proteins and the CPSs are unique to each
bacteria, even between strains. Both of these structures contribute to virluence. Since these
structures are exposed to the immune system, they have been used in vaccines [15, 20].

1.3 Gram-Negative Bacteria
Unlike gram-positive bacteria, gram-negative organisms have a thin cell wall, consisting of
only one to three peptidoglycan layers, plus an outer membrane [19]. The thin peptidoglycan layer
is suspended in the periplasmic space; a gel making up the space between the plasma membrane
and the outer membrane. The outer membrane, unique to gram-negative cells, is structurally
similar to the plasma membrane, looking like a phospholipid bilayer. The inner portion consists of
ordinary phospholipids; however, the outer leaflet is made of lipopolysaccharides (LPS). This
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outmost feature of the outer membrane exhibits defensive and toxigenic abilities for the cell [18,
19].
1.3.1 Lipopolysaccharide
Found in all gram-negative species, LPSs are well studied especially regarding the
pathophysiology of disease processes. The LPS is vital to structural and functional activity of the
Gram-negative outer membrane, but also functions as an endotoxin to the mammalian species [18,
22]. Mammalian immune systems have evolved a rapid recognition and reaction response towards
LPSs to promote inflammation and readily eliminate the invasion. However, minute amounts in
systemic circulation can cause endotoxic shock, organ failure, and even death [22].
The LPS has three components: lipid A, the core polysaccharide, and the O antigen
polysaccharide [18]. The structure of a generic LPS is given in Figure 1.6. The lipid A component
is a phospholipid of the outer membrane, but instead of glycerol, the fatty acids are connected
through a disaccharide of glucosamine (GlcN) as β-ᴅ-GlcN-(1→6)-α-ᴅ-GlcN [22, 23]. The
glucosamine disaccharides carry a phosphoryl group at carbons one and four. The phosphate can
be substituted with other functional groups to give further bactierial diversity. To this phosphoryl
based structure, as many as four acyl chains varying in length, and saturation may be attached
through ester or amide linkages [22]. The structure of lipid A is typically conserved between most
LPS investigated, but can have some variability, as noted in C. jejuni [24]. Lipid A is hydrophobic
and carriers the endotoxic properties in its structure [9].
The core polysaccharide tends to be conserved between a bacteria genus and can contain
some unusual carbohydrates such as 2-keto-3-deoxyoctulosonic acid (Kdo). Kdo is an important
component in the LPS where its role is to connect the glucosamine disaccharide of lipid A to the
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core polysaccharide through a covalent bond [18, 23]. In some literature, the core polysaccharide
is described with an inner and outer core. The inner core consists of carbohydrates closest to lipid
A, usually carbohydrates such as Kdo and L-glycero-ᴅ-manno-heptose (Lᴅ-Hep) [22]. The outer
core usually contains common hexoses such as glucose (Glc), N-acetyl glucosamine (GlcNAc),
galactose (Gal), and N-acetyl galactosamine (GalNAc), but is highly variable [24].
Lastly, the O antigen polysaccharide is the most variant, and gives specificity for each
bacterial species [9]. This is the outermost part of the LPS and therefore, experiences the most
interactions with the immune system. The repeating unit of the O antigen region may contain one
to eight carbohydrate residues which will vary in sugar type, linkage, sequence, substitutions, and
ring forms. To add to further structural diversity, the number of repeating subunits may be as few
as zero or as many as fifty. Evidently, there is a limitless amount of structural diversity in the O
antigen region, which is the reason for so much diversity in bacterial serotypes. This region is the
major antigen targeted by the immune system, which is why there is so much interest in study and
characterization [22].

Figure 1.6: Lipopolysaccharide structure of gram-negative bacteria. The outer core
polysaccharide sequence tends to be conserved between bacteria genus and usually contains
common hexoses. The O antigen polysaccharide is extremely diverse between species; both in
number and types of carbohydrates [23].
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1.3.2 Lipooligosaccharides
Lipooligosaccharides (LOS) are like LPSs in that they share similar functional activities
and lipid A structures, however, LOSs lack the O antigen portion. The core oligosaccharide region
of the LOS is limited to ten saccharide units [25]. LOSs are very common glycolipids found on
surfaces of some enteric and mucosal gram-negative bacteria. The LOS of bacteria such as
Neisseria gonorrhoeae, Neisseria meningitidis, and C. jejuni can mimic the carbohydrates found
in human gangliosides [22, 24]. Gangliosides are membrane glycolipids that have an
oligosaccharide core with one or more sialic acid structures. Gangliosides are highly enriched in
the nervous system; a C.jejuni infection that sparks anti-ganglioside cross-reactive antibodies from
molecular mimicry of LOSs can be extremely debilitating given the location of gangliosides [9,
25, 26].

Figure 1.7: Diagram of a gram-negative bacterial cell membrane with lipopolysaccharides and
capsule polysaccharides expressed on the outer membrane [19, 23].
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1.3.1 Campylobacter jejuni
C. jejuni is a gram-negative, motile, curved rod-shaped bacteria. It is the most common of
the Campylobacter species and is most associated with gastrointestinal infections [18]. C. jejuni
infections are found worldwide and are commonly transmitted through contaminated food sources.
In the United States (U.S.) alone, over 2 million cases of C. jejuni infections are reported each
year; this is nearly double that of the second most common gastrointestinal bacterial infection,
Salmonella, due to the low infecting dose of C. jejuni [18]. In addition to intestinal disease,
approximately 1 in every 1000 C. jejuni patients develop Guillian-Barré Syndrome (GBS) which
is an immune-mediated neurological disease that can lead to paralysis. The LOSs found on C.
jejuni mimic human gangliosides, causing this autoimmune disease [27, 28]. The CPS of C. jejuni
is a major influencer on the pathogenicity of GBS and can be used as a vaccine target [10].
Encapsulated bacterial infections are the most serious and common bacterial infections in the
United States and other parts of the world. With both endemic and epidemic rates of these
infections on the rise, in addition to antibiotic resistance, there is an increasing need to develop
new methods in controlling these bacteria [29].
1.4 Vaccine Discovery and Development
Vaccines have been a constant research topic for scientists ever since Edward Jenner
inoculated an 8-year-old boy with matter from cowpox lesions in 1796. Jenner observed that
milkmaids who were exposed to cowpox were immune to the smallpox virus, leading him to the
conclusion that material from the cowpox virus could be used to induce immunity in others. As
for the 8-year-old boy, some mild symptoms occurred and diminished. When the boy was exposed
to smallpox, no disease occurred thus confirming to Jenner that protection was complete and
successful [30, 31]. Jenner concluded his research in 1799; thereafter he supplied vaccines and
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was an advisor to the public and medical community [30]. The work by Jenner sparked a
revolution, both in how pathogens are viewed and the development of an entirely new way for
disease prevention and control.
Since Jenner’s vaccine emerged, several different types of vaccines have been developed.
Vaccines are classified into two categories; live and inactivated. Live vaccines may be viral, such
as Jenner’s smallpox vaccine, or bacterial. Inactivated vaccines may be whole, or fractional, which
may contain either a protein or a polysaccharide from the pathogen [32].
1.4.1 Live Vaccines
A live vaccine is made from a virus or bacteria that has been attenuated, or weakened, in
the laboratory. Attenuation is usually the result of repeated culturing. When the attenuated
pathogen is administered, the immune response produced is almost identical to the one observed
in exposure to a fully active virus or bacteria. Mild symptoms of the disease may occur in patients.
There is the risk of the vaccine virus returning to the disease-causing form, however, this has only
been known to occur with the polio virus vaccine. Some current live vaccines include those against
smallpox, influenza, measles, mumps, and rubella, chickenpox, and rotavirus [33]. Live vaccines
elicit a strong immune response after only one or two doses. This type of vaccine cannot be given
to individuals with compromised immune systems as the risk that the vaccine could produce the
actual disease is too great [34].
1.4.2 Inactivated Vaccines
Bacteria or viruses are first grown in a laboratory and then killed with heat or chemicals to
inactivate it. Currently, there are just three whole inactivated viral vaccines in the world; those to
prevent polio, hepatitis A, and rabies [32]. Whole-cell inactivated vaccines have low
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immunogenicity and require multiple doses to induce an immune response [35]. Fractional
vaccines need further purification to isolate the component used for the vaccine. These vaccines
also produce a weaker immune response, compared to live, and require booster shots to maintain
immunity [34].

1.4.2.1 Toxoids
In the 1880’s, much work was done to study exotoxin pathology, specifically diphtheria
and tetanus toxin. Into the 20th century, more work was done to isolate these toxins; a toxoid was
produced using formalin treatment [36]. A toxoid is simply an inactivated bacterial toxin that will
stimulate an immune response [34]. With current biotechnology advances, alternate methods of
producing toxoids have been investigated, such as genetically detoxifying toxins [37]. Since
toxoids are proteins, they are highly immunogenic and frequently used as protein carriers for
vaccines. The most commonly used being diphtheria, tetanus, and mutant-diphtheria toxins for
licenced commercial vaccines [38].

1.4.2.2 Polysaccharide Vaccines
Encapsulated bacteria involve the CPSs as a virulence factor during infection. A vaccine
can be made to have the body recognize these polysaccharides and build antibodies against them,
destroying the capsule and eliminating the bacteria [29, 39]. The antibody response to a
polysaccharide immunogen is affected by the physiochemical properties of the polysaccharide,
such as molecular size and conformation [29]. It is known that the polysaccharides alone have very
low immunogenicity; especially in young children and infants due to the immaturity of their
immune system [39, 40]. These vaccines also give a limited response in adults with
immunodeficiency conditions and do not elicit a boost response when given a second dose [41].
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The boost response does not work because no memory cells are created when the immune system
is exposed to these vaccines. Non-conjugated polysaccharide vaccines are not ideal because the
most vulnerable groups in the human population cannot receive them. Despite these disadvantages,
non-conjugated polysaccharide vaccines were widely and successfully used to prevent pneumonia
and meningitis before conjugation was presented [42].
1.4.2.3 Conjugate Vaccines
A glycoconjugate vaccine contains a polysaccharide conjugated to an immunogenic carrier,
such as a protein. Many licenced polysaccharide vaccines have moved towards conjugation due to
the increased immunogenicity and long-lasting protection [39]. Avery and Goebel in 1929 first
discovered that when simple, non-immunogenic carbohydrates were conjugated to proteins,
specific antibodies were produced [43]. Haemophilus inﬂuenzae type b (Hib) was the first
glycoconjugate vaccine to be licenced in the 1987 [16]. Hib existed as a non-conjugated
polysaccharide vaccine since 1985, but was quickly replaced to the conjugated vaccine two years
later [44].
The Hib vaccine was initially conjugated to diphtheria toxoid (DT), resulting in a highly
immunogenic and effective vaccine; it produced an immune response in all populations, including
children. Since this time, many different groups have conjugated other proteins to the Hib
polysaccharide, including tetanus toxoid (TT) and a cross reactive mutant (CRM197) of the
diphtheria toxoid [45].
Current licenced glycoconjugate vaccines include Hib, Streptococcus pnemoniae, and
Neisseria meningitidis [46]. A Salmonella Typhi vaccine is not yet licenced, but in advanced stages
of human trials [47]. A vaccine against Campylobacter jejuni, developed by the Monteiro group,
has proven to be fully protective in non-human primates and is currently under human trials [10].
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1.4.3 Vaccine Immunology
For the host to destroy bacteria, phagocytes must be able to recognize the pathogen, ingest,
and kill it. This requires coating the outer surface of the bacteria with antibodies and complement,
a process called opsonization. The antibodies can act as a phagocytic cell-bacterial cell ligand or
a complement activator. Both type-specific antibodies or adherence non-specifically to
immunoglobins are possible in opsonization [29]. With this end goal in mind, we can proceed to
discuss how vaccines influence the immune system in order to protect against pathogens quickly
and strongly.
Non-conjugated polysaccharide vaccines are called T lymphocyte (T-cell) independent
(TI) antigens because they activate B lymphocytes (B-cells) without employing any T-cells.
Polysaccharide antigens in their native form are recognized by B-cells through cross-linking
several surface Immunoglobin M (IgM) receptors [34, 42]. In response to these antigens, B-cells
produce IgM which is inserted into the plasma membrane. The IgM produced is antigen specific;
this antibody class is the first to rise after infection. However, little to no memory B-cells are
produced and any that are produced are short-lived [19, 41]. Polysaccharides are characterized as
TI type 2 antigens; these only simulate late maturing B cells, which are absent in infants [29]. TI
type 2 antigens are unable to stimulate the Major Histocompatibility Complex (MHC), leading to
no T-cell stimulation, thus no memory cells. Since no memory cells are created, booster
immunizations have no effect. For these reasons, the type-specific antigens created by nonconjugated polysaccharide vaccines do not elicit a response in developing or compromised
immune systems [48].
All good immunogens require two components: immunogenicity and specificity. In the
case of a polysaccharide vaccine, the polysaccharide provides antigen specificity, but there is little
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immunogenicity. Synthetically binding a carrier, such as a protein, enables high immunogenicity
and retains the specificity of the polysaccharide. Immunogenicity depends on chemical, biological,
and physical properties of the molecule. A high molecular weight, greater than 10,000 Da, is a
feature of highly immunogenic compounds. The shape and availability of determinant groups, as
well as degradability, influence immunogenicity [49]. These are the reasons why proteins are good
immunogens and are commonly used to make conjugated vaccines.
Conjugated vaccines elicit an immune response using the T-cell dependent (TD) pathway
which employs presentation of the antigen to T-cells using the MHC [48]. The protein carrier is of
high immunogenicity, which is internalized by B-cells. The B-cells then act as Antigen Presenting
Cells (APCs), presenting the antigen to MHC class II which activates T Helper (TH) cells, as
displayed in Figure 1.8. TH cells release cytokines which stimulate the formation of memory Bcells, providing a long lasting immune response [34, 41].
As previously mentioned, the mechanism in focus involves MHC class II which presents
foreign material to TH cells. MHC class II proteins are found on cells that uptake foreign antigens
from the extracellular fluid, which include macrophages, dendritic cells, and B-cells. Upon
binding, T-cells require an accessory receptor that stabilizes the interaction by increasing the cellcell adhesion strength. These accessory receptors are invariant and do not bind antigens. CD4
accessory receptor protein is expressed on TH cells and binds to MHC class II [50].
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Figure 1.8: A free polysaccharide will be recognized by B-cells, producing a short response with
no memory. The conjugated polysaccharide is highly immunogenic and so, the TD response is
carried out. The mechanism is not entirely known, but its assumed to be very diverse; a series of
six steps is generally accepted. (i) Recognition of antigen, (ii) internalization by B-cell, (iii) antigen
processing by nitrogen and oxgen species, and proteases, (iv) binding to MHC, (v) cell surface
presentation, (vi) T-cell receptor recognition [42, 48].

It is generally known that the immune response to an antigen is much faster at the second
exposure, where lies the entire concept of a vaccine. For the immune response to differ, as
displayed in Figure 1.9, B-cells go through a process called class switching, where they switch
from making IgM antibodies, to antibodies of other classes. When the second antibody exposure
is recognized by TH cells, they release cytokines which stimulate B-cells to undergo somatic
hypermutation. This begins the process of switching the membrane bound antibodies to
Immunoglobin G (IgG), Immunoglobin A (IgA), or Immunoglobin E (IgE). Additionally, these
classes experience affinity maturation, where the affinity for the antigen greatly increases. Class
switching and affinity maturation are why the secondary immune response is faster and stronger
[50].
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Figure 1.9: The primary response to an antigen is slow to start, with an increase in antibodies over
several days. The secondary response to an antigen starts more rapidly, with a much greater
number of antibodies produced; this is the memory response of the adaptive immune system. The
antibodies produced in the secondary response have greater affinity for the antigen, compared to
the primary response, and evidently, can fight off the antigens more efficiently [50].
1.5 Conjugate Vaccine Development and Design Considerations
Several factors must be considered when designing a conjugate vaccine, including
selection of the antigen, protein carrier, and the antigen linkage and conjugation. The following
sections describe these topics in detail.
1.5.1 Selection of the Polysaccharide Antigen
Structural and functional properties of the polysaccharide must be considered when
developing a glycoconjugate vaccine. Four structural features should be considered: (1) the
diversity of polysaccharides; their conformations and functions are so diverse that the composition
must be studied extensively. (2) the polysaccharide size and loading onto the carrier should be
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optimized to elicit the best antibody response, (3) a long shelf life is ideal to support consumer
compliance and manufacturing, and (4) the possibility of being a polyvalent vaccine, which could
prevent several diseases. The first, and most important functional characteristic is that the
glycoconjugate must be nontoxic. Secondly, there must be no cross-reactivity or hypersensitivity
with human tissues. Last, the immune response to both the polysaccharide and the carrier must be
TD, producing high affinity antibodies [51].
Bacterial CPSs have many advantages over LPSs such as chemical stability, high
fermentation yields, ease of isolation, and demonstrated human safety. LPSs are produced by
Gram-negative bacteria, but carry a toxic lipid group, lipid A. This portion must be detoxified
before the LPS can be used; however this process greatly decreases the immunogenicity of the
isolate. Despite this, LPSs can be used for bacteria whose CPS is absent or cross-reactive. A
multivalent vaccine containing both CPS and LPS structures may have higher immunogenicity
and protection potential, compared to a monovalent vaccine [51].
1.5.2 The Protein Carrier
The most commonly used protein carriers are TT and DT due to their availability and safe
recognition by the medical community [51]. Other carriers used in licenced vaccines include
Haemophilus influenzae protein D (HiD), CRM197, and meningococcal outer membrane protein
complex (OMPC). These proteins have been successful for increasing immunogenicity, but differ
in binding affinity, quantity of antibodies created, and capability to bind several polysaccharides
[52]. It is important to keep in mind at least two variables when conjugating with toxoids: (1)
there can be variability in chemical and physical properties between toxoid lots that can affect
conjugation efficiency, and (2) the anticarrier response [51]. Since proteins and toxoids, are
immunogenic, anti-carrier antibodies may be produced upon vaccination which can restrict the
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immune response of other vaccines containing that carrier. Conjugation and other factors can effect
anti-carrier response [51, 53].
As previously described, CRM197 is a variant of the DT, due to a point mutation substituting
glycine with glutamic acid. CRM197 has advantages over DT; it is completely nontoxic and has
more side chains available for conjugation. Polysaccharide loading on these proteins is versatile
with light and heavy loading capabilities. CRM197 is said to be more fragile than DT, but that
concern is eliminated upon conjugation which provides stability [51, 52]. Several glycoconjugate
vaccines that use CRM197 are available including Menveo®, treating meningococcal diseases, and
Prevnar™ for pneumococcal diseases [53].
1.5.2.1 Naturally Occurring Protein Carriers
Proteins of bacteria may be used as the protein carrier and aid in the development of
antigens when the vaccine is used. For example, previous investigations of C. perfringens found a
pilus existing on the bacteria exclusively in poultry strains [54]. Pili are involved in adherence and
contribute to virulence because they are exposed to the immune system, therefore, are potential
vaccine candidates. Several groups have successfully developed pilus-based vaccines including
those to target Streptococcus spp. and Escherichia coli [55–57]. A vaccine targeting multiple steps
along the disease progression could be more effective than a vaccine targeting just one. A dual
antigen vaccine containing the CPS and pili of bacteria could produce various types of antibodies
that target the capsule and prevent pili adherence [58].
Another example of a vaccine utilizing naturally occurring bacterial proteins is the
proposed trivalent vaccine against enterotoxigenic E. coli (ETEC), C. jejuni, and Shigella
developed by the Monteiro group. These three bacterial species are major worldwide causes of
diarrhea, but there are no licenced vaccines for any of the three. Previous vaccine attempts have
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used Shigella LPSs and C. jejuni CPSs conjugated to commercial proteins. This Monteiro group
proposed vaccine utilizes the proteins of ETEC and polysaccharides from C. jejuni and Shigella.
Vaccines using these materials have been proven immunogenic in mice in monovalent, bivalent,
and trivalent forms [59].
1.5.3 Antigen Linkage and Conjugation
Physical properties of polysaccharides and proteins in aqueous solutions are complex,
especially with protein aggregation and denaturation. Direct conjugation success depends on the
efficiency of coupling and the number of surface groups available. Steric effects of both proteins
and polysaccharides in solution limit the availability of coupling sites and is often overcome by
using linker chains. These conjugation obstacles can be solved by decreasing the molecular weight
of the polysaccharide antigen and increasing reaction site availability with linkers [51].
Linkers can vary in flexibility and length, depending on the needs of the polysaccharideprotein pair. An ideal linker should be nontoxic and non-immunogenic; the only immunogens
targeted in the vaccine should be the protein and polysaccharide. Many linkers are available for
commercial use which avoid these problems. Linkers increase the rotational properties of the
polysaccharide-protein couple, increasing antibody binding site accessibility, and therefore overall
immunogenicity. Length of linkers can vary, and in consequence, effect the carrier-related steric
effects. Small chains have minimal contribution to these effects, while large chains allow much
flexibility and rotation, increasing immunogenicity [51]. There are many factors to consider in
conjugation such as efficiency, immunogenicity, and yields; it is difficult to say if one linkage
method is generally better than another due to the amount of polysaccharide antigens and proteins
available for use.
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A single-ended conjugate is where only one end of the saccharide is attached to the protein.
Conjugation is generally simple, with uniform composition in the product. Antigenic sites on the
saccharide are easily accessible by antibodies, with the only sterically hindered site being at the
conjugation site. When both the saccharide and protein have multiple sites for covalent binding, a
cross-linked structure will form. These structures are complex because two forms of cross-linking
are involved. First, interlinking between multiple protein and polysaccharide chains; and second,
attachment of the polysaccharide at two or more points to the same protein, producing loops. These
characteristics significantly change the properties and composition, compared to single-ended
linkages [51]. A representation of these different couplings is found in Figure 1.10.

Figure 1.10: Chemical coupling to carrier proteins [43]. In the Monteiro group, the
polysaccharides are obtained from the CPS of the bacteria and the carrier protein typically used is
CRM197.
Short saccharides need tailoring so that only two activated sites are attached, for an
immunologically ideal chain of repeating units. Longer polysaccharide chains need more
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conjugation points to be introduced at specific intervals. The structure becomes quite large and
complex as more cross-linking points are added. Decreasing the number of cross-linking sites
improves solubility and reduces complexity, however, due to the size of the polysaccharide there
is the risk that there will be changes in immunogenicity [51].
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2.1 Bacterial Polysaccharide Characterization
Several pieces of information must be obtained to determine the complete structure of a
CPS. Firstly, the monosaccharide composition must be determined; this is performed using the
alditol acetate procedure, which was first described by Gunner, et al. in 1961 [60]. The sample is
then analyzed by gas chromatography coupled with mass spectrometry (GC-MS). Next, the
linkages between these sugars are investigated using methylation analysis and GC-MS. This
method only determines how the sugars are linked, but not in any particular order. The sequence
of carbohydrate residues, along with detection of any non-carbohydrates is determined using
nuclear magnetic resonance (NMR) spectroscopy. 1D proton (1H) NMR gives information on the
general characteristics of the sample. 1D phosphorus (31P) NMR is useful to determine if any
monosaccharides are phosphorylated or have phosphorus-containing substituents. 2D NMR is
used to finalize structure, determine the sequence, and confirm linkage of monosaccharides.
2.2 Obtainment of crude bacteria material
C. jejuni cell mass was grown by our collaborators at the Enteric Diseases Department of
the U.S. Naval Medical Research Centre (NMRC). The cells were grown in a brain-heart infusion
medium at 37°C under microaerophilic conditions. The cell mass was autoclaved and frozen, then
sent to the Monteiro research group for extraction of the CPS.
2.3 CPS Extraction
Phenol-water extraction was used to extract the carbohydrates from the lyophilized cell
mass. To the cell mass in a round bottom flask, 300 mL of deionized water was added. The mixture
was stirred in a 75°C bath for 30 minutes, then 250 mL of phenol was added. The solution was
stirred at 75°C for 4.5 hours. The flask was placed immediately in ice and left overnight so the
layers would separate. On the next day, the aqueous layer was removed and replaced with the same
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amount of fresh deionized water. This extraction was repeated once more. The aqueous and phenol
layers were dialyzed separately for 2 days using a 3,500 Da molecular weight cut-off (MWCO)
dialysis membrane under running deionized water. Having a larger molecular weight than the
membrane pores, the CPS was retained in the dialysis bag and unwanted molecules such as salts
or phenol flow outside of the pores and are discarded. Dialyzed samples were frozen and
lyophilized.
2.4 Monosaccharide Composition Analysis
The alditol acetate (AA) procedure is used to determine the monosaccharide composition
of the CPS by GC-MS. To analyze these sugars by this method, they must be converted to volatile
products; this is achieved by converting the sugars to alditol acetates [61]. This method is
extremely popular among sugar analysts due to the ease of procedure and data analysis; for each
derivitized sugar, only a single peak is produced [62]. The process involves the following steps:
hydrolysis, reduction, and acetylation.
Hydrolysis begins by adding strong acid, 4M trifluoroacetic acid (TFA) to the CPS and
heating at 105°C for 4.5 hours with vortexing every 30 minutes. The sample is dried to completion
at 40°C with air flow. The purpose of this step is to break the polysaccharide into its
monosaccharide components by breaking glycosidic bonds. Deionized water is added to suspend
the sample, and sodium borodeuteride (NaBD4) reduces the anomeric carbon to a primary alcohol.
Since aldoses in solution exist in equilibrium between straight chain and ring forms, it is necessary
to convert them to alditols using this step to obtain uncomplicated chromatography. Alditols will
keep the straight chain form and will only produce one peak per monosaccharide [63].
The next day, a small amount of glacial acetic acid is added, and the sample is evaporated.
Acidic methanol is added to the sample next and evaporated; this step is repeated a total of three
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times with evaporation. The purpose of adding acidic methanol is to remove borates that are
generated from the reduction. Additionally, this generates sodium acetate (NaOAc) which is a
catalyst in this reaction. Borate forms strong complexes with polyhydroxyl compounds, such as
the monosaccharides to be analyzed; acetylation would be greatly inhibited if measures were not
taken to remove borate [63].
Step three, acetylation, is the addition of acetic anhydride (Ac2O) and heating at 105°C for
90 minutes. Hydroxyl and amino groups form acetylated esters and amides. Hydrogen bonding is
removed, making the now alditol acetate much more volatile than the initial monosaccharide. To
remove any remaining water or Ac2O, the alditol acetate sample is passed though a sodium sulfate
column with methylene chloride (CH2Cl2). Figure 2.1 outlines the alditol acetate procedure.

Figure 2.1: An example of the alditol acetate method on galactose. TFA hydrolyzes the
polysaccharide into monosaccharide components. NaBD4 reduces the aldose to alditol. Ac2O
acetylates the hydroxyl groups.
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2.5 Monosaccharide Linkage Analysis
It is not enough to only know what carbohydrates are in the polysaccharide; the linkages
between these sugars are essential to understand the three-dimensional structure of bacterial
polysaccharides. The next step in structural determination is to investigate where the
monosaccharides are linked together. This is done using partially methylated alditol acetate
(PMAA) analysis. The procedure begins with methylation of free hydroxyl groups on the
polysaccharide. After, the same steps as in the AA procedure is followed. The resulting
monosaccharides reveal the linkage placements based on the position of acetylated groups.
To methylate the polysaccharide, dimethyl sulfoxide (DMSO) is added to the sample and
stirred for 24 hours to achieve dissolution. To generate alkoxide ions needed for methylation, dry
powdered sodium hydroxide (NaOH) is added to the sample solution. After a short mixing period,
methyl iodide (CH3I) is added and the reaction is allowed to proceed for 4 hours. Polysaccharides
in the milky white solution are extracted with deionized water and CH2Cl2 using centrifugation.
The methylated polysaccharides are found in the organic layer which is then evaporated under air.
At this point, the resulting product is the polysaccharide with methylation of the once free hydroxyl
groups as in Figure 2.2. To analyze the sugars and linkage sites, the AA method is performed to
prepare these for GC-MS analysis. Since only the free hydroxyl groups were methylated, it can be
easily determined where the sugars are linked based on the acetylated groups, determined from the
mass spectrum.
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Figure 2.2: An example of the PMAA method on galactose. The free hydroxyl groups on the
polysaccharide are methylated with CH3I. The standard alditol acetate method follows; hydrolysis,
reduction, acetylation.
2.6 Gas Chromatography-Mass Spectrometry
An Agilent GC-MS was comprised of a HP 7890A GC interfaced with a 5975C mass
spectrometer (MS) triple-axis detector set to electron impact (EI) ionization. Chromatography was
obtained with an Agilent DB5-MS column (30m x 250μm dimensions, film thickness of 0.25μm).
The carrier gas was helium and used at a flow rate of 1.1mL/min. An injection volume of 1μL was
used in splitless mode and the injection temperature was set to 280°C. 5 minutes of equilibration
time was allowed before each sample analysis. The GC retention times were compared to
previously run standards to help identify monosaccharides.
The MS was operated in scan acquisition mode with a mass range of 35.0-500.0 amu. The
MS source temperature was 230°C and the MS quadrupole temperature was 150°C. The ionization
source had an voltage of 70eV. Since the data was acquired in EI mode, a harsh ionization
technique, monosaccharides were identified by looking at the fragmentation patterns of daughter
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ions. The oven programs for the AA and PMAA methods varied slightly to allow for adequate
separation of monosaccharides; oven programs are found in Tables 2.1 and 2.2.
Table 2.1: GC-MS oven program for AA method
Step
Initial
1
2
3
4

Ramp Rate (°C/min) Final Temperature (°C)
N/A
37
20
160
20
200
30
250
50
300
Total sequence run time: 84.2 min

Hold (min)
0.1
20.0
22.3
30.0
1.0

Table 2.2: GC-MS oven program for PMAA method
Step
Initial
1
2
3
4

Ramp Rate (°C/min) Final Temperature (°C)
N/A
37
20
140
20
180
30
230
50
300
Total sequence run time: 115.3 min

Hold (min)
0.1
30.0
40.0
30.0
5.0

2.7 Nuclear Magnetic Resonance Spectroscopy
NMR is a widely recognized, and powerful tool that is used by chemists, physicists, and
biologists alike. For polysaccharide analysis, NMR spectroscopy helps to confirm the assignments
made by monosaccharide composition and linkage analysis. Additionally, NMR allows for more
detailed characterization of the polysaccharide, such as anomeric configuration and order of linked
carbohydrates. [64]. Thus, the structural information that NMR provides can be extremely
powerful in determining the primary structures of polysaccharides [65, 66]. To fully characterize
the bacterial CPS, various methods of NMR must be applied, including one-dimensional (1D) and
two-dimensional (2D) experiments. These experiments are explained in more detail below; when
these techniques are combined with composition and linkage analysis through GC-MS, the
polysaccharide structure can be determined.
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Lyophilized samples for NMR were suspended in deuterium oxide (D2O; Sigma-Aldrich).
Since the saccharides that are used in these studies readily dissolve in aqueous solutions, the
samples are analyzed in D2O. The deuterium exchanges with hydroxyl protons and therefore, are
not observed on the 1H spectra [67]. To decrease the solvent peak and increase the quality of the
D2O NMR, some samples were subjected to D2O exchange several times through lyophilizing,
adding D2O, then repeating.
2.7.1 Instruments
All NMR samples were analyzed using the equipment available at the University of Guelph
NMR Centre. Initial 1D experiments were collected on the Bruker Avance III 400 MHz NMR
spectrometer equipped with a standard probe and a Bruker Prodigy probe at room temperature
(298K). The inner coil on this instrument can be tuned to a variety of nuclei, including carbon
(13C) and
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P, while the outer coil is turned to 1H. Unless otherwise stated, all 2D NMR were

collected on the Bruker Avance III Ultrashield 600 MHz spectrometer equipped with a 5 mm TCl
CryoProbe™. This instrument has the inner coil tuned to 1H and the outer coil tuned to 13C. NMR
data analysis was done using TopSpin 4.0 software.
2.7.2 1D 1H NMR
The first step of any NMR investigation is to start with a 1D proton 1H experiment. This
not only ensures proper set up of the instrument, but also gives the investigator an idea of the
characteristics of the molecule such as functional groups, and importantly for carbohydrate
chemists, anomeric protons. The basis behind NMR is the pulsed method and Fourier transform.
Nuclei are placed in a magnetic field and are simultaneously excited by a radiofrequency pulse,
lasting only a few microseconds [68, 69]. As the nuclei return to their equilibrium state after the
pulse, energy is emitted which is recorded by the detector. The relaxation, or decay of
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magnetization, is called free induction decay (FID). The FID is measured over time and is
represented by the spectra found in Figure 2.3. This can be converted to a frequency domain using
the Fourier transformation (FT) operation. The data in the frequency domain gives the proton
signals that are examined in this work [68].

Figure 2.3: The pulse sequence of a 1D 1H NMR. The pulse program has a recycling delay (d1)
and a 90° (ℼ/2) pulse (p1) followed by the acquisition (acq). This diagram is not to scale: the delay
is usually a few seconds, while the pulse only lasts a few microseconds [69].

Initial estimates of the number of different monosaccharide residues can be done by
looking at the number of anomeric residues found in the region of 4.4 - 5.5 ppm. Ring protons will
typically be found in the 3 - 4.2 ppm range [65]. Further investigations using 2D NMR methods
will provide further, more detailed, structural information.
2.7.3 1D 31P NMR
1D 31P was often run as an initial investigational experiment to determine if there were any
phosphorus containing substances in the sample, such as a phosphoramidate group. 31P chemical
shifts are highly temperature-dependant and can change as much as 1 ppm/K [68].
2.7.4 2D 1H-1H Correlation Spectroscopy
The 2D 1H-1H correlation spectroscopy (COSY) is usually the first 2D experiment that is
performed to further elute the chemical structure of the CPS. COSY experiments aid in assigning
resonances to individual monosaccharides; this is especially useful for polysaccharides that have
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many overlapping signals [68, 69]. Simply, the COSY displays the 1D 1H information across a
second dimension. The COSY shows crosspeaks for protons that are directly coupled two to three
bonds away; geminal and vicinal couplings. Strong signals are usually acquired when the protons
are bound to adjacent carbons [69]. The COSY pulse sequence is found below, in Figure 2.4.

Figure 2.4: The pulse sequence for a 2D 1H-1H COSY in magnitude mode begins with a 90° (ℼ/2)
pulse (p1). This is followed by a variable time, t1, and a second pulse that, in this investigation, is
45° (ℼ/4). The pulse angle of 45° is most commonly used because it produces the best signal-tonoise ratio and simple cross peaks in the final spectrum. During the second pulse, there is transfer
of magnetization; the amount that is transferred depends on the state of the spin system at t1 [67,
68].

2.7.5 2D Total Correlation Spectroscopy
Further advances in structural characterization of CPSs require Total Correlation
Spectroscopy (TOCSY) experiments. Unlike the COSY experiment, a TOCSY can produce
correlations of entire spin systems. TOCSY experiments can drastically assist in proton
assignment, especially with protons that are more than three bonds away from the known anomeric
proton [66, 67]. TOCSY experiments require long mixing times, usually greater than 100 ms, for
the magnetization to reach out to further away protons [65].
The TOCSY pulse sequence is like the COSY experiment, as it has an initial 90° excitation
pulse, and a variable time, however the second pulse is replaced by a spin-lock period. The spinlock period is where the transfer of magnetization down the spin system occurs [69]. While the
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transfer of magnetization is restricted to only directly coupled proton systems in a COSY, a
TOCSY has the advantage of oscillatory exchange where the magnetization is transferred through
the entire coupling network [69].

DIPSI2
acq
Figure 2.5: The pulse sequence for a 2D 1H-1H TOCSY experiment starts with a 90° (ℼ/2) pulse
(p1), followed by a time delay, t1, and a spin-lock period. During the spin-lock period, nuclei only
experience a weak radiofrequency field, so that differences in chemical shifts become extremely
small, and scalar couplings dominate. With this, spin states mix and polarization is transferred to
all other protons in the system, not just those with direct scalar coupling [68, 69].

2.7.5.1 1D Selective Total Correlation Spectroscopy
A 1D Selective TOCSY is of great value for systems with intensely overlapping peaks,
such as bacterial CPSs. Peaks from the 1D 1H can be selectively irradiated and have the TOCSY
pulse applied. This results in a 1D spectrum of resonances that only interact through TOCSY with
the selected peak. As a starting point for structural analysis, the anomeric protons can be irradiated
to gain useful information about which peaks in the overlapping ring region belong to which
anomeric proton.
2.7.6 2D Nuclear Overhauser Effect Spectroscopy
When through-bond analysis is not enough, Nuclear Overhauser Effect Spectroscopy
(NOESY) can be of great use. Instead of scalar coupling, the NOESY uses through space
interactions which is useful to view protons that cannot be viewed by COSY or TOCSY. In small
molecules, NOESY experiments can measure protons that are up to 5 Å apart. The intensity of the
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NOESY cross peaks depends on how far away the correlating proton is. This relationship is
commonly expressed mathematically as 1⁄𝑟 6 where r is the distance to the correlating proton. This
test is useful for confirming the configuration of sugars, and to view protons across glycosidic
linkages which will hint towards how the monosaccharides are linked [69, 70].
2.7.6.1 1D Selective Nuclear Overhauser Effect Spectroscopy
Similar to the selective TOCSY, the selective NOESY is used to irradiate specific
resonances which will filter out resonances that have NOESY correlations to it. As with the
selective TOCSY, this is extremely useful for complicated systems with many overlapping signals
[69].
2.7.7 2D Heteronuclear Single Quantum Coherence
The 2D Heteronuclear Single Quantum Coherence (HSQC) experiment correlates 1H
signals to a chosen heteroatom. The HSQC experiment generates crosspeaks that are directly
correlated to each other. In the case of our bacterial CPSs, 1H-13C correlations are of most use to
aid in structural determination [69]. Pulse sequences and other acquisition parameters can vary for
this experiment depending on individual needs.
Acquiring a 1H spectra is quite easy and fast, however, the low natural abundance of 13C
means that this is an insensitive nucleus and therefore, longer experiment times are needed to
correlate

13

C to 1H. Polarization transfer is used in heteronuclear experiments, like this one, to

increase the sensitivity of the insensitive nuclei. 13C has a natural occurrence of only 1.1%, while
1

H is 99.9% abundant; polarization is transferred from 1H to 13C to increase the gyromagnetic ratio,

ultimately increasing sensitivity of the 13C moieties attached to 1H nuclei [71, 72] . The experiment
begins with the transfer of 1H polarization to the
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Enhanced by Polar Transfer (INEPT) pulse sequence which amplifies the 13C signal. In the second
step, magnetization vectors are allowed to develop, then 13C polarization is transferred back to 1H
through reverse INEPT and 1H resonances are recorded [68].
2.7.8 2D Heteronuclear Multiple Bond Correlation
The 2D Heteronuclear Multiple Bond Correlation (HMBC) is used to investigate long
range 1H-13C and 1H-31P connections, in other words, correlations with smaller J-couplings. The
HMBC can provide information about carbons or phosphorus moieties that are two to three bonds
away from the 1H to which they correlate [68, 69]. This experiment uses a 90° 13C pulse just after
the 90° 1H pulse to suppress unwanted single bond correlations. After a delay, a second 90° 13C
pulse creates the heteronuclear multiple-quantum coherence needed for long range 1H-13C Jcouplings. After an evolution period, one final 90° 13C pulse is applied which is then followed by
the detection period. For a 1H that has more than one connectivity, the magnitude of the coupling
constant is directly related to the relative intensities of the associated crosspeaks [69].
2.8 Polysaccharide-Protein Conjugation
Glycoconjugate vaccines require an irreversible covalent linkage between the protein
carrier and polysaccharide antigen. In order for conjugation of the polysaccharide to the protein
to occur, the polysaccharide must be modified to activate certain functional groups. Since
bacterial polysaccharides have various structures, the activation and conjugation technique must
be chosen based on the native structure. Commonly modified functional groups are hydroxyls,
carboxyls, and amines [73]. For a strong immune response, the ideal conjugate vaccine should
have multiple epitopes, such as the case with long chain polysaccharides. Depending on the
polysaccharide structure, different chemical modification techniques are used [74].
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2.8.1 Periodate Oxidation
Periodate oxidation and reductive amination is a technique used to commercially produce
glycoconjugates such as Hib, meningococcal, and pneumococcal vaccines. Typically, vicinal diols
are subjected to periodate oxidation which results in the formation of aldehydes. These aldehydes
are amine reactive which are then used for the protein conjugation [74, 75]. Activation of the CPS
for conjugation was done through periodate cleavage utilizing 0.04M sodium meta-periodate
(NaIO4) in 0.1M NaOAc buffer at pH 4. The reaction was kept stirring for 2 hours then allowed to
continue for 3 days at 4°C with intermittent stirring. The reaction was quenched with ethylene
glycol and dialyzed under 1,000 MWCO for 24 hours. The sample was then frozen and lyophilized.
2.8.2 TEMPO Oxidation
The polysaccharide may be selectively oxidized using 2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPO) as a catalyst to mediate this reaction. TEMPO oxidations have been widely used to
selectively oxidize primary alcohols to carboxylic acids [75]. Stoichiometric amounts of TEMPO
are used to oxidize the only 2-3 monosaccharides in each polysaccharide chain. With this method,
there is minimal disruption to the polysaccharide antigen but there are enough carboxylic acids
generated for successful protein conjugation and antibody production in the final vaccine [76]. The
procedure begins by dissolving sodium bromide (NaBr), NaOAc, and TEMPO in deionized water.
The polysaccharide is added to this solution and then stirred in an ice bath for 10 minutes. 4%
sodium hypochlorite (NaClO) is added (1.25% of the polysaccharide mass) at 0°C; the solution is
kept stirring at 0°C for 24 hours. After this period of time, the reaction was quenched with ethanol
and dialyzed against deionized water in a 1,000 MWCO bag overnight. The sample is then
lyophilized and analyzed under NMR to identify new carboxylic acids [77]. This oxidation is
outlined in Figure 2.6.
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2.8.3 EDC Conjugation
Conjugation to the activated CPS was done using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC). EDC reacts with carboxylic acids and is used as an aid to create an active
ester. The nucleophilic amine groups on the protein attack the active ester to form an amine bond
between the protein and the carbohydrate [78]. The creation of this amine bond releases the EDC
to leave only the carbohydrate conjugated to the protein as in Figure 2.7.
To the TEMPO-oxidized CPS in a vial, the following are added: 2-(Nmorpholino)ethanesulfonic acid (MES) buffer, EDC, and 5 M hydrochloric acid (HCl). After 30
minutes of slow stirring, with an equal amount of MES from the first step, the carrier protein
CRM197, is added to the starting material. For the first 24 hours, the reaction is slowly stirred at
room temperature, and then stirred at 37°C for an additional 48 hours. The contents of the reaction
vial are placed on dialysis in a 25,000 MWCO bag for 72 hours. The sample was frozen and
lyophilized.
2.8.4 Gel Electrophoresis
To determine if the conjugation was successful, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) analysis was performed. The electrophoresis used 10%
polyacrylamide resolving gel (Bio-Rad Mini-PROTEAN® Precast Gels). Bio Rad Precision Plus
Protein™ Dual Xtra Standards ladder was used for molecular weight estimation. The gel was
stained using Coomassie Brilliant Blue.
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Figure 2.6: The TEMPO-mediated oxidation of a primary alcohol produces a carboxylic acid.
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Figure 2.7: The reaction of EDC with activated polysaccharide to assist in conjugating the
protein.
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3.1 Human Enteric Pathogens
Every year, 3-5 billion cases of acute gastroenteritis are reported worldwide, resulting in 2
million deaths in children under the age of 5 years old. This illness is the leading cause of childhood
mortality worldwide [79, 80]. Gastrointesitnal illnesses that are infectious can be transmitted
through contaminated food or water, person-to-person, or faecal-oral [79]. From a 2011 study of
known foodborne pathogens in the United States, 59% of gastrointestinal illnesses were reported
as viral infections, norovirus being the most common. 39% of these infections were bacterial, with
Campylobacter spp. and nontyphoidal Salmonella causing the most illnesses. The final 2% of
illnesses were reported as parasitic. However, from these reported cases, viral infections accounted
for only 12% total yearly foodborne deaths, while 64% of deaths were caused by bacterial
infections [81, 82]. Bacteria remain a serious threat through their ease of transmission, such as
through contaminated water or food and a lack of access to antibiotic treatment, especially for
those in the developing world.
3.2 Campylobacter jejuni and Humans
Existence of Campylobacter in humans has been known and studied for over one hundred
years. As early as 1886, Campylobacter resembling organisms were identified in stools of patients
with diarrhea. In 1963, the Campylobacter genus was recognised [83]. By 1972, the use of
selective growth media to isolate Campylobacter from stool samples was well established. Shortly
thereafter, Campylobacter spp. were classified as a common human pathogen [84].
C. jejuni is the most common species in its genus [85]. Today, C. jejuni is recognized as
the leading cause of bacterial gastroenteritis in the developed world, followed by Shigella spp. and
E. coli [83]. Over the last 5-10 years, the frequency of Campylobacter infections in developed
countries has been declining which is likely due to improved food safety standards. However, C.
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jejuni is still a threat to Canadians and those from other industrialized nations travelling to
developing countries where food and water contamination is an issue [83]. Campylobacteriosis is
especially harmful to young children and is endemic in developing countries, especially to those
within Asia, Africa, and the Middle East [83].
C. jejuni are gram-negative non-spore forming bacteria, with a curved rod shape and a
polar flagellum. The favoured commensal reservoir of C. jejuni is the gut of poultry which provides
optimal growth conditions [85, 86]. Compared to other major enteric pathogens such as E. coli or
Salmonella, C. jejuni has a relatively low infective dose; disease can occur through as little as 500
colony forming units (CFU) [86]. Campylobacteriosis disease ranges from mild to severe
depending on the bacterial strain and host conditions. Symptoms include headache, fever, and
bloody stool when left untreated can result in death [83]. Aside from acute gastroenteritis, C.
jejuni may also lead to post infection sequelae such as irritable bowel syndrome (IBS), reactive
arthritis, or an autoimmune disease called Guillain-Barré Syndrome (GBS); all which evidently
lead to further medical complications [87, 88]. GBS is the leading cause of flaccid paralysis in the
developing world [87, 89].
3.2.1 Guillain-Barré Syndrome
Although C. jejuni infections are far more common than GBS incidences, there still appears
to be a connection between the two diseases. In the developed world, the median annual incidence
of GBS is 1.3 cases per 100,000 [90]. The incidence rate of GBS in those that have had C. jejuni
infections is about 30 per 100,000 which is almost 30 times more frequent compared to the general
population without C. jejuni infection [91]. It is estimated that 30% of GBS cases are preceded by
a C. jejuni infection [87]. Studies have suggested that patients who have developed GBS after a C.
jejuni infection have more severe and irreversible neurologic issues compared to those without C.
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jejuni [90, 91]. Additionally, some studies have concluded that the risk of developing GBS is
higher if a person has been infected with certain O-antigen serotypes. These O serotypes, also
called heat stable serotypes, may play a role in molecular mimicry with human gangliosides [87].
GBS affects the peripheral nervous system (PNS) and is characterized by rapid onset limb
weakness and areflexia (loss of tendon reflexes). The disease usually peaks around two weeks after
onset, however, recovery may take months [89]. Peripheral nerve fibres are insulated by layers of
myelin sheath, formed by Schwann cells. These myelin layers speed conduction of nerve impulses
and also prevent leakage of these impulses between nodes [87]. GBS was originally considered a
demyelinating disease, however, recent studies have found that it can directly attack the axons
[92]. The first discovered method was called acute inflammatory demyelinating polyneuropathy
(ADIP); this causes macrophages to bind directly to Schwann cells and activate complement
systems which harness T-cells which are either directly cytotoxic, or recruit cytokines. In the
second form, acute motor axonal neuropathy (AMAN), macrophages guided by complements and
immunoglobins directly attack the axonal nodes and enter the periaxonal space [89].
It is well known that molecular mimicry of human gangliosides from the LOS of C. jejuni
is a major factor in causing post-infectious GBS. Several studies have provided direct evidence of
peripheral nerve degeneration in animals [93, 94]. The most studied ganglioside mimicry related
to C. jejuni is that of GM1, which structure is found in Figure 3.1 [95]. There is significant evidence
of anti-GM1 antibodies present in GBS patients who previously had C. jejuni infections. On the
contrary, those that did not develop GBS, but had C. jejuni infections, did not have anti-GM1
antibodies [89].
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GM1

β-Gal-(1→3)-β-GalNAc-(1→ 4)-β-Gal-(1→4)-β-Glc-(1→)-Ceramide
3
↑
2
Neu5Acα

GT1a

β-Gal-(1→3)-β-GalNAc-(1→ 4)-β-Gal-(1→4)-β-Glc-(1→)-Ceramide
3
3
↑
↑
2
2
Neu5Acα2-8 Neu5Acα
Neu5Acα

GD1a

β-Gal-(1→3)-β-GalNAc-(1→ 4)-β-Gal-(1→4)-β-Glc-(1→)-Ceramide
3
3
↑
↑
2
2
Neu5Acα
Neu5Acα

GM2

β-GalNAc-(1→ 4)-β-Gal-(1→4)-β-Glc-(1→)-Ceramide
3
↑
2
Neu5Acα

GD3

β-Gal-(1→4)-β-Glc-(1→)-Ceramide
3
↑
2
Neu5Acα

Figure 3.1: The structures of major human gangliosides contain sugars such as Gal, GlcNAc,
Glc, and N-acetylneuraminic acid (Neu5Ac) [95].
As discussed in section 1.3.2, the LOSs of C. jejuni are very structurally similar to human
gangliosides. LOSs are composed of simply, a core region and the lipid A anchor. The lipid A
portion has been through extensive investigations and was fully characterized over twenty years
ago. Lipid A of C. jejuni was the first lipid A characterized to have a mixed structure, meaning it
was not a repeat of one sugar. Instead, it was composed of ᴅ-GlcN and 2,3-diamino-2,3-dideoxy49
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ᴅ-glucose (GlcN3N) [96]. More importantly, is the composition of the outer core because this
structure is highly variable and responsible for molecular mimicry of gangliosides, as outlined in
Figure 3.2 [24, 28].
HS:4/19

HS:23/36

HS:1

PEA
6
↓
β-Gal-(1→3)-β-GalNAc-(1→ 4)-β-Gal-(1→3)-α-LᴅHep-(1→3)- α-LᴅHep-(1→5)-Kdo
3
3
4
↑
↑
↑
2
2
1
Neu5Acα
Neu5Acα
β-Glc

PEA
6
↓
β-GalNAc-(1→ 4)-β-Gal-(1→4)-β-Glc-(1→2)-α-LᴅHep-(1→3)- α-LᴅHep-(1→5)-Kdo
3
4
↑
↑
2
1
Neu5Acα
β-Glc

PEA
6
↓
β-GalNAc-(1→ 4)-β-Gal-(1→3)-β-Gal-(1→3)-α- LᴅHep-(1→3)- α-LᴅHep-(1→5)-Kdo
3
2
2
4
↑
↑
↑
↑
2
1
1
1
Neu5Acα β-Gal
β-Glc
β-Glc

Figure 3.2: LOS core oligosaccharides of different C. jejuni serotypes showing the presence of
Neu5Ac. O-phosphoethanolamine is PEA. Identical structures of these oligosaccharides to human
gangliosides are outlined. Serotypes HS:4/19 mimic gangliosides GM1 (red outline) and GD1a
(blue outline). HS:23/36 mimics GM2 and HS:1 also mimics GM2 [97–99].
As previously mentioned, the outer core produces common sugars like glucose, N-acetyl
glucosamine, galactose, and N-acetyl galactosamine; however, C. jejuni also produces Neu5Ac
which is a rarer sugar that is commonly known as sialic acid. Neu5Ac is the carbohydrate present
on human brain gangliosides, thus giving the connection between PNS disease and the C. jejuni
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bacterial infection [24]. Not all C. jejuni serotypes have a LOS that produces Neu5Ac, but it is
only those with this sialic acid component that generate infections leading to GBS [97]. The
structures of core oligosaccharides from different strains are shown in Figure 3.2. One can see that
some of these oligosaccharide structures are uncanningly similar to the human brain gangliosides
shown in Figure 3.1.
The LOS of C. jejuni has been extensively studied and many strains have been found to be
associated with GBS, including HS:1, HS:2, HS:4, HS:10, HS:19, HS:23, and HS:41 to name a
few [95, 100, 101]. Although it is the presence of sialic acid in the core LOS that causes GBS, the
CPS is available as a vaccine target; the only problem being that it is a highly variable region of
the bacteria [102]. The CPS is discussed in more detail in the following section, 3.3.
3.3 Previous Investigations and Vaccine Development
The challenge in making a vaccine for C. jejuni lies in the unique nature of the bacteria
itself. Currently, there are 47 known HS Penner serotypes, which can be refined to 35 serotypes
based on cross-reactivity between types and CPS structural similarities [88]. Between these
serotypes, there is a large variety of unique CPS structures and phase variable modifications.
Additionally, a large amount of repeat infections of the same serotype has been reported which
ignites even more questions about the immune response and role of these bacterial carbohydrates
[103]. It is known that C. jejuni have serotype specific CPSs with unique characteristics such as
6-deoxy-heptoses in unusual configurations and O-methyl phosphoramidate (MeOPN)
modifications [103].
C. jejuni exhibits two levels of MeOPN phase variation: (1) loss of the entire MeOPN unit,
or (2) loss of just the methyl group on MeOPN. This amount of variation within a single serotype
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adds up to an immense number of possibilities for this CPS, not to mention that the MeOPN units
are present in different amounts and attached on different positions of the sugars [104, 105]. What
is not known is if differences in sugar composition of the CPS affects virulence, or if phase variable
modifications also have a factor in bacterial pathogenesis [104]. Studies have found that MeOPN
may help contribute to serum resistance during an invasion and protect against humoral immunity
by physically blocking antibody access to the polysaccharide chain [102, 106, 107]. Positively,
MeOPN is found on approximately 70% of strains from various geographical locations, so a
potential vaccine containing this unit has hope for most of the population [105]. Many CPSs of
different serotypes that have been characterized show MeOPN units; serogroup HS:4 is of
importance to this thesis (Figure 3.3).
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HS:1

[→4)-α-ᴅ-Galp-(1→2)-(R)-Gro-(1-P]n
2,3
↓
2
β-ᴅ-Fruf-3←{MeOPN}

HS:2

6-O-Me-ᴅ-glycero-α- L-gluco-Hep
1
↓
3
[→2)-β-ᴅ-Ribf-(1→5)-β-ᴅ-GalfNAc-(1→4)-α-ᴅ-GlcA6(NGro)-(1→]n
HS:15
3
↓
HS:19
MeOPN
MeOPN
↓
HS:23/36
2
[→4)-α-ᴅ-Galp-(1→3)-L-glycero-α-ido-Hep-(1→]n
3
↓
Hydroxypropanoyl

HS:3

HS:4

HS:5

[→3)-6d-β-ᴅ-ido-Hep-(1→4)-β-ᴅ-GlcpNAc-(1→]n
2 or 7
↓
MeOPN
[MeOPN]±
↓
7
α-Dideoxy-Hep
1
↓
6
[→7)-α-ᴅᴅ-Hep-(1→3)-Glucitol-(6→P→]
2
2
↑
↑
1
1
α-Dideoxy-Hep α-Dideoxy-Hep
7
7
↑
↑
[MeOPN]±
[MeOPN]±

HS:10

[→3)-α-ᴅ-GalNAc-(1→4)-6d- L-α-gal-Hepf-(1→]n
3
↓
MeOPN

HS:13

[→4)-β-ᴅ-Glcp-(1→3)-6d-α-ᴅ-ido-Hepp]n
2 or 7
↓
MeOPN

HS:41

[3→)-α-Arap-(1→3)-6d-α-gulo-Hepp-(1→]n
[→4)-β-ᴅ-GlcA6NGro-(1→3)-β-ᴅ-GlcNAc-(1→]n
[→3)-β-ᴅ--GlcNAc-(1→3)-α-ᴅ-Gal-(1→2)-6d-α-ᴅ-altro-Hep-(1→]n
-6d-3Me-α-ᴅ-altro-Hep-(1→]n
-ᴅ-glycero-α-ᴅ-altro-Hep-(1→]n
-3Me-ᴅ-glycero-α-ᴅ-altro-Hep-(1→]n

[→2)-β- L-Araf-(1→2)-6d-β-ᴅ-altro-Hepf-(1→2)-β- L-6d-Altf-(1→]n (75%)
[→2)-β- L-Araf-(1→2)-6d-β-ᴅ-altro-Hepf-(1→2)-α-ᴅ-Fucf-(1→]n (25%)

HS:53

α-ᴅ-Xlu
2
↓
4
[P→3)-β-6d-ᴅ-manno-Hep-(1→3)-α-6d-ᴅ-manno-Hep-(1→3)-α-6d-ᴅ-manno-Hep(1→]n
2
↓
2
α-ᴅ-Xlu

Figure 3.3: Characterized CPS structures of C. jejuni to display the complexity and diversity in sugars present, heptose
configurations, and presence of MeOPN units [15, 28, 101, 108–114].
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For a C. jejuni vaccine to be successful, it would have to cover most CPS structures.
Luckily, over half of C. jejuni infections worldwide are from the HS:4 complex, HS:1/44, and
HS:2. HS:4 complex seems to be the most prevalent and a vaccine would cover most cases in
endemic regions. It is important to note that data is lacking in the regions of the world that need it
most [103]. In addition to polysaccharide selection, the carrier protein must be given thought; past
studies in the Monteiro group have used CRM197. This protein is advantageous due to the high
purity, commercial availability, and available lysine groups for conjugation. On the other hand,
many populations are immunized with vaccines containing DT, and since CRM197 is a mutant of
DT, there is a chance that the new glycoconjugate could be eliminated from the body before the
immune system can gain specific immunity [103]. Other protein options could be cell-surface
proteins from C. jejuni, or another bacterial species, to create a multivalent vaccine. Evaluation of
a trivalent vaccine against enterotoxigenic E. coli, C. jejuni and Shigella using ETEC proteins as
the carrier is currently being investigated by the Monteiro group [59].
CRM197 has been a useful protein carrier in history and is currently used in meningococcal,
pneumococcal, and Hib vaccines which are typically given to infants. However, when these
vaccines are co-administered, lower antibody titers for some of the vaccines were observed [115].
With this protein administered routinely now, the immune system may be able to quickly clear a
new vaccine with CRM197 such that the body doesn’t have enough time to build antibodies for the
new vaccine. Clearly, commercial proteins are not the future, however, given their size, bacterial
cell-surface proteins have both immunogenicity and antigen specificity. Multivalent vaccines
where the protein also provides protection against a bacterium is the future of bacterial vaccines
but requires more work. Currently, CRM197 is successful for protecting humans as children, but
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looking into the future, the human body may be exposed to it too much for it to have a significant
effect.
The Monteiro group has investigated C. jejuni CPS conjugates to CRM197 using serotypes
HS:1, HS:2, HS:3, HS:4/13/64, HS:5, HS:10, HS:15, HS:23/36, and HS:53 with stoichiometric
periodate oxidation or TEMPO mediated oxidation for conjugation [10, 15, 103]. The CPS
HS:23/36- CRM197 has been tested most extensively and provided full protection in non-human
primates. This conjugate vaccine is currently in phase I human trials [103].
3.4 C. jejuni HS:4B
CPSHS:4B (strain PG3643) is the third CPS structure of the HS:4 serogroup to be
characterized by the Monteiro group. CPSHS:4c was identified as a disaccharide repeating unit of:
[→3)-6d-D-β-ido-Hepp-(1→4)-β-D-GlcpNAc-(1→] with a small number of 6d-ido-Hep units
containing MeOPN at C-2 or C-7 [116]. CPSHS:4AB was identified as a disaccharide repeating
unit of: [→3)-6d-D-β-ido-Hepp-(1→4)-β-D-GlcpNAc-(1→] with some 6d-ido-Hep units
containing MeOPN at C-2 or C-7, but C-2 was the favoured position [111]. CPSHS:4B was
expected to have the same structure as it’s HS:4 serogroup counterparts, but as discussed in the
following sections, this was not the case.
3.5 Structural Characterization
The mass spectral data is an important tool in addition to retention time comparisons. The
primary fragments observed are generated from radical cations due to ionization, which
decompose and cleave carbon-carbon bonds of the sugar backbone [63]. Secondary and tertiary
ions are generated through further decomposition of the primary fragments. Many common
fragments are known in sugar analysis, which makes it easier to identify why the mass spectrum
generates the report that it does. The following are some common sources of secondary and tertiary
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fragmentation and their masses: water (18 Da), formaldehyde (30 Da), methanol (32 Da), ketene
(42 Da), acetate (59 Da), acetic acid (60 Da), and acetic anhydride (102 Da).
3.5.1 Monosaccharide Composition Analysis
To view what monosaccharides are present in the sample, GC-MS of the alditol acetates
was performed [63]. The retention times on the TICs were compared with the group’s synthetic
standards to identify monosaccharides. The mass spectrum was used to confirm the
monosaccharides based on their well studied fragmentation patterns [117]. A purified sample of
HS:4B contained sugars labelled on the TIC in Figure 3.4. From past investigations, ribose was
found to be from the bacterial RNA.
It was clear that some components of the core LPS remained in the sample. Sugars such as
Gal, GalNAc, and the lesser abundant L-glycero-α-ᴅ-manno-heptose were determined to be from
the core as these were not observed in NMR investigations of purified CPS (Section 3.4.3). For
example, if GalNAc were present, we would observe a 1H at δ 2.00 ppm due to the N-acetyl methyl,
however since this was not present, it was determined that the GalNAc residue was from the core
oligosaccharide [99, 118]. The core structure of the LPS from C. jejuni serogroup HS:4 is found
in Figure 3.5. For the same reason, we hypothesize that GlcNAc is not part of the CPS structure
either. As discussed in section 1.2.1, GlcNAc is found in the peptidoglycan layer of the cell
membrane and therefore, not part of the CPS structure. Both the LPS and peptidoglycan layers are
poorly soluble in aqueous solution, which is why we do not see these carbohydrates in the NMR
spectra.
Sugars of importance in this sample were glucose, 6-deoxy-ido-heptose, 1,6-anhydro-Lglycero-ᴅ-ido-heptose, and L-glycero-ᴅ-ido-heptose residues. The presence of both 6-deoxy-ido-
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heptose and LD-heptose confirmed that this strain produced unusual heptoses as seen in other C.

L-glycero-D-ido-Heptose

GalNAc
L-glycero-α-ᴅ-manno-Heptose

GlcNAc

6-deoxy-ido-Heptose

Galactose

Glucose

Ribose

1,7-anhydro-L-glycero-ᴅ-ido-Heptose
1,6-anhydro-L-glycero-ᴅ-ido-Heptose

jejuni strains [10, 97, 103, 119, 120].

Figure 3.4: TIC of the GC-MS for alditol acetates of HS:4B. This spectrum was collected using
the method outlined in section 2.6 and the oven program in Table 2.1

Of all the carbohydrates identified in this investigation, glucose was the most abundant.
The mass spectrum revealed a fragmentation pattern that is characteristic of glucose from past
studies and our synthetic standards (Figure 3.6). Primary fragments of 73, 145, 218, 289, and 362
m/z were observed. Secondary fragments of 103, 115, 128, 157, 187, and 260 m/z were observed
from the loss of water (18 Da), formaldehyde (30 Da), ketene (42 Da), and acetic acid (60 Da).
The molecular ion minus an acetate radical (M•+-59) was observed at 376 m/z, consistent with the
glucose molecule.
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PEtN
↓
6
β-ᴅ-Galp-(1→3)-β-ᴅ-GalNAc-(1→4)-β-ᴅ-Gal-(1→3)-L-α-ᴅ-Hepp-(1→3) -L-α-ᴅ-Hepp-(1→5)-Kdo
3
3
2
4
↑
↑
↑
↑
α-Neu5Ac
α-Neu5Ac
β-ᴅ-Glcp
β-ᴅ-Glcp

Figure 3.5: Structure of the LPS core oligosaccharide from C. jejuni HS:4 serogroup [99, 118].

Figure 3.6: The mass spectrum of glucose from alditol acetate analysis.
The next major carbohydrate observed was 6-deoxy-ido-heptose (Figure 3.7). Again,
comparing to past studies and synthetic standards, the retention time and mass spectrum
confirmed this sugar. Primary fragments of 87, 159, 231, 303, and 375 m/z were noted.
Secondary fragments of 99, 116, 129, 171, 188, 201, and 273 m/z were generated from losses of
water (18 Da), formaldehyde (30 Da), and acetic acid (60 Da). Additionally, the molecular ion
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plus a minus an acetate radical (M•+-59) was confirmed present at 390 m/z. This ion confirmed
that the carbohydrate was indeed a 6-deoxy-heptose.

Figure 3.7: The mass spectrum and fragmentation pattern of 6-deoxy-ido-heptose.
L-glycero-α-ᴅ-manno-heptose

eluted before L-glycero-D-ido-heptose and both heptose

residues displayed a similar mass spectrum (Figure 3.8). The primary ions consisted of 73, 145,
217, 290, 362, and 434 m/z. Secondary fragments generated from the loss of formaldehyde (-30
Da), ketene (-42 Da), and acetic acid (-60 Da) were 86, 103, 115, 140, 170, 187, 259, and 332 m/z.
The molecular ion minus an acetate radical (M•+-59) was confirmed present at 448 m/z. The
fragmentation pattern, as well as the TIC retention time, confirmed the presence of these heptoses.
Evidence that these heptoses are in a unique configuration such as L-glycero-α-ᴅ-manno-heptose
or LD-ido-heptose is given by the presence of anhydro heptoses which elute before glucose in the
TIC.
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Figure 3.8: The mass spectrum and fragmentation pattern of heptoses found in C. jejuni HS:4B.

As discovered in past studies, heptoses in these strange configurations tend to form
interesting and unusual products when subjected to acidic hydrolysis [119, 120]. This sugar
typically exists in 4C1 conformation, however when hydrolyzed, it adopts 1C4 conformation and
creates the anhydro sugar in Figure 3.9 [119, 121]. Evidently, when this sugar is acetylated, it
forms something much different that what is typically seen and elutes before glucose on the TIC.
The presence of 1,6-anhydro-ᴅ-ido-heptose was confirmed though comparing the mass
spectral data (Figure 3.10) to previous investigations and to the known fragmentation pattern [119].
From these uniquely configured ido-heptoses, two anhydro sugars may be formed: 1,6-anhydroido-heptose or 1,7-anhydro-ido-heptose during acidic hydrolysis. These sugars have some of the
same fragments on the mass spectrum, but they can be easily distinguished by looking at the
relative intensity of the ions and the base peaks. For example, 1,6-anhydro-ido-heptoses have base
peak of 153 m/z ions which is very intense compared to the rest of the ions, while 1,7-anhydroido-heptoses have a base peak of 139 m/z and 111 m/z [120].
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(a)

(b)
m/z = 360

Figure 3.9: The unique structures formed when heptoses are hydrolyzed and acetylated. (a) The
1
C4 conformation of 1,6-anhydro-Lᴅ-ido-heptose. (b) When 1,6-anhydro-Lᴅ-ido-heptose is
acetylated, a carboxylic acid is lost as the sugar breaks into straight chain form. The straight chain
form is found in Figure 3.10.

Figure 3.10: The mass spectrum of 1,6-anhydro-Lᴅ-ido-heptose with alditol acetate analysis.
With this information, it was confirmed that this residue was 1,6-anhydro-Lᴅ-ido-heptose.
The primary ions were 144, 171, 216, 243, 301, and 315 m/z. The fragment 315 m/z was generated
from the positively charged ion formed from the breakage of the ring structure seen in Figure 3.9
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(b). Secondary ions of 81, 97, 111, 115, 139, 153, 157, 199, and 213 m/z were generated by
fragmentations of water (-18 Da), formaldehyde (-30 Da), ketene (-42 Da), acetate (-59 Da), and
acetic acid (-60 Da).
A very small amount of 1,7-anhydro-Lᴅ-ido-heptose was detected; this uniquely configured
structure with fragment losses is viewed in Figure 3.11 and the mass spectrum is in Figure 3.12. A
primary fragment of 301 m/z was observed; another primary ion of 315 m/z should be observed
but was not due to the low abundance of this molecule. Secondary ions of 128, 139, 153, 157, 170,
213, and 241 m/z were generated by fragmentations of water (-18 Da), formaldehyde (-30 Da),
ketene (-42 Da), acetate (-59 Da), and acetic acid (-60 Da).

(a)
(b)

Figure 3.11: The unique 1,7-anhydro-heptose structure that forms when heptoses are hydrolyzed
and acetylated. (a) The 1C4 conformation of 1,7-anhydro-Lᴅ-ido-heptose. (b) Some components
of the fragmentation pattern of this structure.
62

Campylobacter jejuni

360 → 301 → 241 →199 → 139

Figure 3.12: The mass spectrum of 1,7-anhydro-Lᴅ-ido-heptose with alditol acetate analysis.

Finally, the GalNAc and GlcNAc fragments were observed with the mass spectrum shown
in Figure 3.13. The primary ions were 73, 145, 217, 289, and 360 m/z. Secondary fragments were
103, 115, 139, 259, and 318 m/z. These ions were generated through the loss of formaldehyde (30 Da), ketene (-42 Da), and acetic acid (-60 Da). The molecular ion minus an acetate radical
(M•+-59) was viewed as 375 m/z.
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Figure 3.13: The mass spectrum of GalNAc and GlcNAc.

3.5.2 Partially Methylated Alditol Acetates
Although knowing what monosaccharides are present is vital, it is also extremely important
to know how these carbohydrates are linked. Since we know what carbohydrates are present, we
can use this information to determine the linkages through their unique mass spectrum
fragmentation patterns. Before the PMAA was performed, the polysaccharide was treated with
mild acid to ensure the material did not contain any lipid A or Kdo components. No evidence of
Gal, GalNAc, GlcNAc, or L-glycero-α-ᴅ-manno-heptose as seen in the AA, was found in the
PMAA after mild acid treatment. Figure 3.14 shows the GC-MS TIC of the PMAA with important
sugars labelled. These findings are similar to previously reported linkages found in the C. jejuni
HS:4 family [119]. The following linkages were identified: terminal-linked glucose, 1,4-glucose,
2,3-linked 6-deoxy-ido-heptose, 3-linked L-glycero-ᴅ-ido-heptose, and 2,3-linked L-glycero-ᴅ-idoheptose.
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2,3- 6-deoxy-ido-heptose
3-L-glycero-ᴅ-ido-heptose

1,4-Glucose

Terminal-linked Glucose
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Figure 3.14: The TIC of HS:4B with PMAA. This spectrum was collected using the method
outlined in section 2.6 and the oven program in Table 2.2.

The first important residue found on the PMAA was terminally-linked glucose, mass
spectrum and fragmentation pattern are found in Figure 3.15. Since it is terminally linked, the ring
hydroxyl groups were methylated at all positions except C-1 and C-5. Primary ions were 45, 118,
161, 162, 205, 206, and 249 m/z. Secondary fragments of 102, 129, and 145 m/z were formed from
the losses of ions such as methanol (-32 Da) and acetic acid (-60 Da).
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Figure 3.15: The fragmentation pattern and mass spectrum of terminal-linked glucose.
The next eluted, and a very abundant component was 1,4-linked glucose. The mass
spectrum of this sugar is in Figure 3.16 and shows the base peak of 118 m/z. The primary ions
were 45, 118, 162, 233, and 277 m/z. Secondary fragments of 102, 173, and 113 m/z were
generated from the loss of acetic acid (-60 Da). The molecular ion minus an acetate radical
(M•+-59) was viewed as 272 m/z.
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Figure 3.16: The fragmentation pattern and mass spectrum of 1,4-linked glucose.

The mass spectrum of 2,3-linked-6-deoxy-ido-heptose was detected as shown in Figure
3.17. The main fragmentation was around the methylated hydroxyl group at C-4. Primary ions
from this molecule were 45, 175, and 262 m/z. Secondary ions generated were 128, 160, and 202
m/z through the loss of methanol (-32 Da), ketene (-42 Da), and acetic acid (-60 Da).
The 3-linked L-glycero-ᴅ-ido-heptose was detected in the mass spectrum provided in
Figure 3.18. The mass spectrum showed mainly primary fragments. These primary fragments were
45, 89, 118, 205, 234, and 350 m/z. A secondary fragment of 145 m/z was observed through the
loss of acetic acid (-60 Da). The molecular ion minus an acetate radical (M•+-59) was observed as
336 m/z.
Lastly, the mass spectrum of 2,3-linked L-glycero-ᴅ-ido-heptose was identified and shown
in Figure 3.19. Primary fragments were identified as 45, 89, 205, 262, and 378 m/z. Secondary
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fragments included 101, 145, 160, and 202 m/z. These fragments were generated through the loss
of ketene (-42 Da), acetate (-59 Da), and acetic acid (-60 Da).

Figure 3.17: The fragmentation pattern and mass spectrum of 2,3-linked-6-deoxy-ido-heptose.

Figure 3.18: The fragmentation pattern and mass spectrum of 3-linked L-glycero-ᴅ-ido-heptose.
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Figure 3.19: The fragmentation pattern and mass spectrum of 2,3-linked L-glycero-ᴅ-idoheptose.

3.5.3 NMR Investigations
Typical NMR investigations started out with 1D NMR to get a general picture of the
structure, then with more interest, 2D NMR investigations were done to further identify structural
features of the polysaccharide. NMR observations in addition to GC-MS data allowed for
structural characterization of the polysaccharide.
3.5.3.1 1D 1H NMR
Initial observations of the 1D 1H NMR spectrum, Figure 3.20, revealed the typical pattern
of a polysaccharide as seen in past C. jejuni studies [111, 119]. Two distinct anomeric resonances
at δ 5.10 and 5.02 ppm were seen downfield of the water with one deuterium (HOD) resonance. A
third anomeric signal which was quite bulky in width was observed upfield to the HOD resonance.
The anomeric appeared to have three main chemical shifts within it, δ 4.72, 4.74, and 4.75 ppm.
A ring region was observed in the area of δ 3.21 – 4.51 ppm, which included the two large
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characteristic peaks of protons near MeOPN units at δ 3.87 and 3.90 ppm. Several resonances were
noted in the typical “deoxy” region of the spectrum, ranging from δ 1.35 – 2.27 ppm.
3.5.3.2 31P NMR
Previous characterizations of C. jejuni serotypes revealed that two types of phosphorus
groups can be expected: a MeOPN substituent or a phosphodiester bridge. These moieties are
expected at δ 14.00 – 15.00 ppm and δ 0.00 – 2.00 ppm respectively. The 1D 31P NMR of HS:4B,
as shown in Figure 3.21, revealed a strong signal at δ 15.14 ppm, indicative of the MeOPN
substituent present. A smaller signal at -0.04 ppm was noted. A 2D 1H-31P HMBC was needed to
determine where the MeOPN units were attached on the polysaccharide.

B
A A′

Figure 3.20: 1D 1H spectrum of HS:4B collected on a 400 MHz spectrometer with 256 scans per
increment at 298K. For ease and future reference, we have named the anomeric signals: δ 5.10
ppm “A”; δ 5.02 ppm “A′”, and the group of three centered at δ 4.74 ppm “B.”
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Figure 3.21: 1D 31P spectrum of HS:4B collected on a 400 MHz spectrometer with 400 scans
per increment at 298K.

3.5.3.3 2D 1H-1H COSY
The 2D 1H-1H COSY was complex, especially in the ring region where there appeared to
be overlap of signals, shown in Figure 3.22. Despite the crowding, H-2 and H-3 resonances were
able to be assigned for some anomeric signals. For residue B, H-2 was identified at δ 3.49 ppm
and H-3 was confirmed at δ 3.81 ppm. No further information about this residue could be gathered
from the COSY due to the complexity of the ring region. Of residue A′, H-2 was identified at δ
4.14 ppm and H-3 at δ 4.29 ppm. With knowledge from past research, it appeared that residue A′
was a deoxy-containing sugar [111, 119]. Three distinguishable pairs of cross peaks were
identified outside of the crowed ring region in this COSY. Firstly, with knowledge of deoxy-sugars
and their NMR resonances, H-6 and H-6′ were identified at δ 2.12 and 1.96 ppm respectively. From
the H-6 cross peaks, correlations to H-5 and H-7 were identified at δ 4.25 and 3.90 ppm
respectively.

No information was able to be gathered for residue A.
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A′ H-7/H-6′
A′ H-7/H-6

A′ H-1/H-2

B H-1/H-2

A′ H-5/H-6
A′ H-5/H-6′

A′ H-2/H-3

B H-2/H-3

Figure 3.22: 2D 1H-1H COSY spectrum of HS:4B collected on a 600 MHz spectrometer with
512 increments in the F1 dimension and 2 scans per increment, collected at 298K.

3.5.3.4 1D and 2D 1H-1H TOCSY
As expected from previously viewing the 2D COSY spectrum, the 2D TOCSY was indeed
complicated, as displayed in Figure 3.23. The strong correlation to previously characterized H-6,6′
protons of residue A′ confirmed the identity of H-5 and H-7 protons. Compared to the 2D COSY,
the TOCSY had several more resonances, especially noted under the region of resonance B.
Looking closely, some signals under resonance B did not line up perfectly in the middle; resonance
B indeed appeared to be a set of two different signals, rather than one. In addition, resonance A
had a TOCSY correlation to the location of B H-1, further validating the idea of an additional
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signal under the shift of B H-1. More information was gathered on this using 1D selective
experiments. Since the ring region was so complicated, selective 1D 1H TOCSY experiments were
used to irradiate specific protons.

Figure 3.23: 2D 1H-1H TOCSY spectrum of HS:4B collected on a 400 MHz spectrometer with
384 increments in the F1 dimension and 8 scans per increment, collected at 298K. This experiment
has 50 ms of DIPSI2 mixing.

1D Selective 1H TOCSY experiments were useful to sort out the chemical shifts in the
complex ring region attached to the anomeric protons. This experiment not only confirmed the
shifts of previously identified residues from the 2D COSY, but also allowed for assistance in
interpreting the 2D TOCSY. At the beginning of this investigation, the anomeric peaks of
resonances A, A′, and B were irradiated at δ 5.10, 5.01, and 4.74 ppm respectively. Irradiation of
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H-1 for resonance A′, confirmed the locations of H-2 and H-3 at δ 4.14 and 4.29 respectively as
determined from the 2D COSY experiment.
Irradiation at δ 5.10 ppm
A

H2

H1

H3
H4

Irradiation at δ 5.02 ppm
A′

H2
H1
H3

H1

H3 of A

H3
H4

H1 of A

Irradiation at δ 4.74 ppm
B

H5

H2

Figure 3.24: 1D 1H Selective TOCSY spectrum of HS:4B irradiating at several different locations.
This was collected on a 600 MHz spectrometer with 8 scans per increment at 298K and 120 ms of
DIPSI2 mixing.

As seen in Figure 3.24, there were several peaks of the same chemical shift that appeared
in spectrums irradiating resonances A and B; those being δ 5.10, 4.74, and 4.39 ppm. With the
anomeric of resonance A appearing in the spectrum that irradiated B H-1, it sparked the theory
that there could be a proton belonging to resonance A at the same chemical shift of B H-1. To
determine which resonances had true TOCSY connections to B, the H-2 of B was irradiated to
generate the spectrum in Figure 3.25. This 1D selective TOCSY aided in confirming H-3 at δ 3.81
ppm, identified H-4 at δ 3.86 ppm, and H-5 at δ 3.76 ppm. Increasing the TOCSY mixing time
from 80ms to 200ms revealed correlations at δ 4.04 and 4.05 ppm that were identified as H-6 and
H-6′. 1D TOCSY analysis of resonance A identified H-2 and H-3 (Figure 3.24) at δ 4.73 and 4.39
ppm respectively. H-2 was split into two resonances, instead of the unresolved doublet as seen for
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H-3; this hints that an MeOPN unit may be attached at position 2. H-4 of resonance A may be the
split resonance at 4.45 ppm as seen in Figure 3.24. Due to the splitting, similar to what is seen on
H-2, this may also have a MeOPN unit attached.

80 ms TOCSY mixing
H1

H3
H4
H5

H2

200 ms TOCSY mixing

H6/H6′

Figure 3.25: 1D 1H Selective TOCSY spectrum of resonance B irradiating at δ 3.48 ppm, collected
on a 600 MHz spectrometer with 128 scans per increment at 298K. The top spectra (orange) was
acquired with 80 ms of DIPSI2 mixing was able to produce H-1, H-3, H-4, and H-5. The bottom
(blue) spectra was acquired with 200 ms of DIPSI2 mixing and shows the appearance of H-6/H6′.
A 1D 1H Selective TOCSY irradiating the region containing the H-6,6′ protons of residue
A was done to confirm the location of the H-5 and H-7 protons. The spectrum is viewed in Figure
3.26. Both H-6 and H-6′ protons are present in the spectra, as well as signals at the same chemical
shift as previously identified H-5 and H-7, confirming their location. This TOCSY also revealed
that H-4 of this residue still was not able to be seen whether irradiating H-1 or H-6,6′. This has led
to the conclusion that A′ is indeed a heptose residue in ido configuration; all protons are cis to each
other. This results in low coupling constants and poor transfer of magnetization through the ring.
This validates that the ido configuration found on the GC-MS results is indeed true.
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H7
H6 ′
H6
H5

Figure 3.26: 1D 1H Selective TOCSY spectrum of HS:4B irradiating at δ 1.76 ppm, collected on
a 600 MHz spectrometer with 8 scans per increment at 298K. This experiment had 120 ms of
DIPSI2 mixing.

3.5.3.5 1D 1H-1H NOESY
1D NOESY investigations were performed an attempt to determine linkages between the
sugars and view through space interactions of protons. Figure 3.27 shows the 1D selective NOESY
irradiating H-1 of residue A overlaid with the 1D TOCSY of residue A. When interpreting the 1D
NOESY, it is useful to compare it to the 1D TOCSY to look for new resonances. IntraNOE
connections of A H-1/A H-2 and A H-1/A H-5 were noted. The connection to H-5 hinted towards
this carbohydrate having a β anomeric configuration. Irradiation of anomeric A also produced the
interNOE connection of A H-1/B H-4. This correlation may suggest that these two sugars were
linked through A H-1 → B H-4. This hypothesis was later confirmed in HMBC investigations in
section 3.4.3.8.
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H4 of B
H1

H5 of A

H2
H3

Figure 3.27: A 1D selective NOESY (purple) overlaid with the 1D selective TOCSY (green) of
the irradiation of residue A at δ 5.10 ppm. The TOCSY only shows protons within the ring system
(H-2 and H-3). Resonance A had NOESY correlations to protons in other ring systems. H-3, H-4,
and H-5 peaks of B are shown in the NOESY. Additionally, H-5 of A′ had NOESY correlations to
A. The 1D selective NOESY was collected on a 600 MHz spectrometer with 32 scans per
increment at 298K and 120 ms of DIPSI2 mixing.

The 1D NOESY of B had extensive amounts of resonances, however, knowing that when
irradiating B H-1, we were also irradiating A H-2, resonances belonging to A needed to be filtered
out from the data. As in Figure 3.28, two intraNOE connections were noted: B H-1/B H-2, and B
H-1/B H-5. The connection to H-5 hinted towards this carbohydrate having a β anomeric
configuration. An interNOE connection of B H-1/A′ H-3 hinted to the linkage through B H-1 →
A′ H-3. Since H-2 of A was also being irradiated, H-1 and H-3 of A were noted.
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H1 of B
and H2 of A
H1 of A

H3 of A
H4 of B
H3 of B
H5 of B

H3 of A′
H6 of B

H2 of B

Figure 3.28: A 1D selective NOESY irradiating residue B at δ 4.74 ppm saw many correlations
to protons of A, A′, and B ring systems. The 1D selective NOESY was collected on a 600 MHz
spectrometer with 32 scans per increment at 298K and 120 ms of DIPSI2 mixing.

3.5.3.6 2D 1H-31P HMBC
Now with an adequate amount of structural data regarding proton location, it was time to
move onto studying other nuclei. To study where the MeOPN units identified in section 3.4.3.2
were linked, a 1H-13P HMBC was acquired, as in Figure 3.29. Several major cross peaks were
identified in Figure 3.28. The first, at δH 4.29/δP -0.04 ppm and suggested the presence of a
phosphodiester bridge at H-3 of A′. This possibility was further investigated using a 1H-13C HMBC
in section 3.4.3.8. The second phosphorus residue contained two proton cross peaks; one of the
proton shifts was previously identified as H-7 at δH 3.90/δP 15.14 ppm. The second cross peak was
identified as H-7′ at δH 3.87/δP 15.14 ppm. Underneath these crosspeaks also laid the resonance of
the methyl protons of the MeOPN unit at δH 3.87/δP 15.14 ppm. This overlap of cross peaks was
confirmed in the 1H-13C HSQC in section 3.5.3.7 These two cross peaks suggest the presence of
MeOPN units at C-7 of residue A′. Next, the cross peak at δH 4.74/δP 15.14 ppm was determined
as the MeOPN unit attached to C-2 of A. At the same proton shift, a cross peak at H-2 of resonance
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A was identified again but at a lower phosphorus shift; δH 4.74/δP -0.04 ppm. Lastly, a cross peak
was noted at the H-1 position of residue A at δH 5.10/δP 15.14 ppm, which could be stemming
from the MeOPN being as position C-2 of A.
From the data gathered thus far, we can identify residue B as the glucose unit, residue A′
as the 6-deoxy-ido-heptose with MeOPN substitutions at C-7/7´, and a phosphodiester bridge at
C-3. Residue was A the L-glycero-ᴅ-ido-heptose unit with MeOPN substitutions at C-2. More
assignments and structural features are identified in the following sections.

A H-2

A´ H-3

A H-1 A H-2

A H-7/7′

A H-4
CH3 of MeOPN

Figure 3.29: 2D 1H-13P HMBC spectrum of HS:4B collected on a 400 MHz spectrometer with
256 increments in the F1 dimension and 16 scans per increment at 298K.

3.5.3.7 1H-13C HSQC
To gain a better understanding of the carbon shifts, a DEPT experiment was run that
allowed for proton multiplicities on carbon atoms to be distinguished. In other words, shifts where
the carbons had two protons attached (CH2) point downwards and shifts where the carbons had an
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odd number of protons (CH and CH3) point upwards [69]. This allowed the easy validation of
deoxy residue chemical shifts. The HSQC correlates single bond carbon and proton resonances so
from the known proton shifts, the carbon shifts of those residues were assigned using this HSQC
in Figure 3.30. Most of the crosspeaks have now been assigned and their chemical shifts are
summarized in Table 3.1. The methyl group from the MeOPN unit was identified at δH 3.90/δC
54.77 ppm.

A′6′ A′6

B6

CH3
A′7 A′7′

A′2
A′5

A2

A3 A′3

A1 A′

B3
B5
A′4

B2

B4

1

B1

Figure 3.30: HSQC spectra using the DEPT experiment for the carbon shifts. This spectrum was
collected on a 600 MHz spectrometer with 256 increments in the F1 dimension and 2 scans per
increment.
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Table 3.1: Summary of chemical shifts of identified sugars in HS:4B.
Sugar
Chemical Shift (ppm)
H-1/C-1
H-2/C-2
H-3/C-3
H-4/C-4
H-5/C-5
H-6′/C-6
H-6/C-6
H-7′/C-7
H-7/C-7

A

A′

B

5.09/98.88
4.73/72.72
4.39/78.27
4.45/49.19

5.02/100.06
4.14/69.10
4.29/78.17
3.87/79.63
4.25/73.16
2.12/33.11
1.96/33.11
3.90/58.98
3.88/58.98

4.74/102.73
3.49/73.49
3.81/74.66
3.86/79.63
3.76/75.52
4.05/60.96
4.04/60.96
N/A
N/A

3.5.3.8 1H-13C HMBC
The 1H-13C HMBC shown in Figure 3.31, was run to evaluate bonds over glycosidic
linkages to confirm results of the GC-MS PMAA. Several crosspeaks confirmed the linkage of the
following: 3-linked heptose to 4-linked glucose [→3)-Hep-(1→4)-Glc-(1→] and 6-deoxy heptose
to 4-linked glucose [6d-Hep-(1→4)-Glc-(1→]. To start, the cross peak at δH 4.74/ δC 78.28 ppm
is the H-1 chemical shift of Glc (residue B) and the C-3 chemical shift of Hep (residue A). This
cross peak confirms the (1→3) linkage of glucose to heptose [Glc-(1→3)-Hep-(1→]. Next, the
cross peak at δH 5.10/ δC 79.64 ppm is the H-1 chemical shift of Hep and the C-4 shift of Glc. This
confirms the (1→4) linkage of heptose to glucose [Hep-(1→4)-Glc-(1→]. Lastly, the cross peak
at δH 5.02/ δC 79.31 ppm is the H-1 chemical shift of 6-deoxy-Hep (residue A′), and the C-4 shift
of Glc. This confirms the (1→4) linkage of 6-deoxy heptose to glucose [6d-Hep-(1→4)-Glc-(1→].
Theoretically, the carbon shift of C-4 of Glc correlating to 6-deoxy-Hep should be the same as the
C-4 shift of Glc correlating to Hep, however, the presence of MeOPN units may slightly alter the
chemical shift.
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AH-1/AC-2

A′H-1/A′C-2

BH-1/AC-3
AH-1/BC-4

A′H-1/BC-4

Figure 3.31: HMBC of HS:4B indicating important crosspeaks that show linkages between
residues A′ and B. The spectrum was collected on a 600 MHz spectrometer with 512 increments
in the F1 dimension and 56 scans per increment.

3.5.3.9 1H-13C HSQC with No Decoupling
The final piece of information needed to characterize the polysaccharide of HS:4B is the
anomeric configuration of the sugars. To determine if the sugar is in α- or β- configuration, a 1H13

C HSQC with no decoupling can be performed; this creates twice the crosspeaks on the HMBC

and the coupling constants between the anomeric crosspeaks are measured. In 1969, Perlin and
Casu discovered that there was approximately a 10 Hz difference in the 1JC-H coupling constants
of the anomeric centres between α- and β- glycosides [122, 123]. In general, the mean 1JC-H values
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are about 170 Hz for α- and 160 Hz for β- anomers [123]. The difference here comes from the
feature that the lone pairs of the oxygen on the ring atom and the equatorial C-H of the α- anomer
are gauche to each other. While the β- anomer has the axial C-H bond where there is one trans and
one gauche interaction with the lone pairs of the ring oxygen [123, 124].
The non-decoupled 1H-13C HSQC is shown in Figure 3.32. Measurements of the 1JC-H
coupling constants revealed that all the sugars in the HS:4B polysaccharide were β-anomers. The
1

JC-H coupling constant of heptose (A) was 162.10 Hz, and 163.43 Hz for 6-deoxy-heptose (A′).

To the two glucose (B) anomerics, 1JC-H coupling constants measured 162.05 and 162.29 Hz.

A

162.10 Hz

A′

163.43 Hz

162.05 Hz

B

162.29 Hz

Figure 3.32: 1H-13C HSQC with no decoupling to measure the one-bond 1JC-H between the
anomeric crosspeaks to determine configuration. This was run on a 600 MHz spectrometer with
256 increments in the F1 dimension and 8 scans per increment.
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3.5.4 TEMPO Oxidation and Conjugation of HS:4B
With a sound idea of the structure of HS:4B, TEMPO oxidation could now be performed
to selectively create carboxylic acid groups in preparation for conjugation. Based on the structure,
TEMPO was decided as the best route for polysaccharide activation to selectively oxidize the
primary alcohol at C-6 of the [→4)-Glc-(1→]. With this method of oxidation, and later
conjugation, the structure of the polysaccharide is retained, which is needed to train the immune
system against C. jejuni HS:4B CPS. After oxidation, a 1H-13C HMBC was run to look for the
creation of carboxylic acid type groups. Figure 3.33 shows a comparison of the HMBC data before
and after TEMPO oxidation where newly created carboxylic acid groups are seen in the area of δC
176 ppm. Also noted in the Figure as the formation of new aldehyde groups which were found
around δH 8 ppm. Ideally, the conjugate should only contain carboxylic acids for the EDC to react
with, so the polysaccharide was reduced with NaBD4 to eliminate the aldehyde groups.
Reduction of the TEMPO oxidized polysaccharide was done by reducing it in deionized
water and NaBD4 overnight, followed by treatment of 5% AcOH in MeOH, and dialysis. After
lyophilization, another 1H-13C HMBC was run to compare this material to the starting CPS. Figure
3.34 shows the preservation of carboxylic acid type structures, existing around δC 176 ppm and
complete elimination of aldehyde groups.
After reduction, there was one noted change to the polysaccharide that was seen in the 1H
NMR. Figure 3.35 shows a comparison of all four stages of chemistry that this polysaccharide was
subjected to. It was seen that there was a major decrease in the 1H intensity of the protons belonging
to the methyl group of MeOPN after reduction. A

31

P of the conjugate (Figure 3.36) confirmed

that there was a decrease in the phosphorus intensity that was found at δ 15.14 ppm in the purified
polysaccharide, and a new phosphorus signal at δ 9.69 ppm. Additionally, the most downfield
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anomeric was no longer noted. From this information, it was hypothesized that the NaBD4
reduction must have removed the methyl group of some MeOPN units and the new phosphorus
signal was the MeOPN unit without the methyl group, or the MeOPN unit was cleaved entirely. A
scheme for this modification is in Figure 3.37.

Aldehydes

Figure 3.33: Before and after TEMPO oxidation of HS:4B. The blue crosspeaks in the HMBC is
of the purified CPS and is shifted slightly right in order to compare the two sets of data. The
creation of carboxylate type crosspeaks are viewed between 160 and 170ppm. Aldehyde groups
were also formed, reduction was done to remove these.

85

Campylobacter jejuni

Figure 3.34: Comparison of TEMPO oxidized HS:4B (red) and HS:4B subjected to TEMPO and
subsequent reduction (blue). The TEMPO oxidized data in blue is shifted slightly to the right in
order to easily compare changes in the data.
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Purified Polysaccharide

After TEMPO oxidation

After TEMPO oxidation and
reduction

CRM197 conjugate

Figure 3.35: Comparison of 1H NMR results for the different modifications of HS:4B.
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Figure 3.36: 31P NMR of the final HS:4B-CRM197 conjugate collected on a 400 MHz
spectrometer with 512 scans per increment.

Figure 3.37: Scheme of the possible reduction of the MeOPN unit resulting in loss of the methyl
group.
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To validate that the new substituent on the reduced MeOPN unit was potentially a hydroxyl
unit, and not simply a hydrogen, an undecoupled

31

P NMR was run to measure J-couplings, as

shown in Figure 3.38. The one-bond coupling constant of phosphorus to a hydrogen, 1JPH, is much
larger than 100 Hz. The two-bond coupling constant of a phosphorus to a hydrogen, 2JPH, is only
around 10 Hz [125]. With this knowledge, the undecoupled 31P NMR of the conjugate showed a
10 Hz J-coupling of the new resonance at just above δ 9 ppm, therefore this is a two-bond
phosphorus-hydrogen coupling.

10 Hz

Figure 3.38: 1D undecoupled 31P NMR of the CPSHS:4B-CRM197 conjugate to measure the Jcoupling of the newly created phosphorus resonance due to reduction of the MeOPN unit. This
spectrum was collected on a 400 MHz spectrometer with 4096 scans per increment.
A 1H-31P HMBC was collected to determine where the new phosphorous moiety and the
remainder of the MeOPN unit was linked on the CPS (Figure 3.39). Cross peaks of H-4 of
resonance A correlated to the remainder of the MeOPN unit at δH 4.51/ δP 14.33 ppm; these cross
peaks did shift slightly from their original resonances, possibly due to the modification of MeOPN
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units. A small cross peak correlating to A H-7/7′ and the MeOPN unit was found at δH 3.88/ δP
14.33 ppm, which indicated a small amount of MeOPN unit remaining on the CPS. No cross peak
was observed for A H-2, so the MeOPN unit was assumed to be completely cleaved off this
position. A cross peak at about the resonance of A H-4 was observed correlating to the newly
generated phosphorous moiety, suggesting that the modified phosphorous may be attached at that
position on the polysaccharide.

A H-4

CH3 of
MeOPN

A H-4

A H-7/7′

Figure 3.39: 2D 1H-31P HMBC of the CPSHS:4B-CRM197 conjugate. This was run on a 400 MHz
spectrometer with 256 increments in the F1 dimension and 144 scans per increment.
Conjugation success of the polysaccharide to the protein was identified through both 1H
NMR and SDS-PAGE. The 1H NMR of the conjugate in Figure 3.35 shows that the resonances
from the polysaccharide remain sharp and defined, while the new resonances from the protein are
typical of carrier proteins: broad and poorly defined. The broad resonances indicate that the protein
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remained folded. It is important to compare the glycan resonances of the conjugate to the native
polysaccharide to ensure that the structure is still intact [126]. In the case of the HS:4B conjugation,
the major resonances of the polysaccharide remained intact throughout the oxidation and
conjugation process.
Loaded onto the SDS-PAGE gel was the protein molecular weight ladder, the HS:4BCRM197 conjugate and three dilutions of it, the protein CRM197, and a dilution of it. The higher
molecular weight compounds do not travel down the gel as easily as lower molecular weight
compounds do. Knowing where the CRM197 is on the gel, the smear above the protein at high
molecular weight indicates successful conjugation of sugar and protein. Figure 3.40 shows the
smear at high molecular weight for the HS:4B-CRM197 conjugate.
In summary, to construct this polysaccharide conjugate vaccine, the sugars were selectively
oxidized at the C-6 position. The activated polysaccharide was then conjugated to the protein using
EDC to aid in the linkage. This process is displayed in Figure 3.41.
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Figure 3.40: SDS-PAGE gel of the CPSHS:4B-CRM197 conjugate at different concentrations. The
higher molecular weight structures do not travel through the gel easily and are left at the top of the
gel, while lower molecular weight structures will travel further towards the bottom.
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Figure 3.41: Overview of the oxidation and conjugation process to construct the HS:4B-CRM197
conjugate vaccine.
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3.5.5 Immunological Studies
As a comparison, our collaborators at the U.S. NMRC also created a CPSHS:4B-CRM197
conjugate and ran gels with ours. The NMRC vaccine was constructed using periodate oxidation,
instead of TEMPO mediated oxidation. The periodate oxidation technique aims to cleave the bond
between C3 and C4 of the non-reducing end, which in the case of CPSHS:4B is the terminal glucose.
This modification generates aldehyde functional groups, allowing for a single-ended conjugation.
However, due to the vicinal hydroxyl units throughout all glucose units in the CPS, the use of
periodate oxidation for CPSHS:4B cleaved the glucose rings throughout the entire polysaccharide.
Periodate oxidation of CPSHS:4B left only the heptoses, 6d-heptoses, and the MeOPN units intact
for full antibody recognition.
To assess molecular weight, an electrophoresis gel was run with both NMRC and Guelph
conjugates and stained with Alcian blue. Figure 3.42 shows both conjugates shift to a higher
molecular weight than CRM197, thus indicating successful conjugation.
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Figure 3.42: SDS-PAGE gel run by the U.S. NMRC stained with Alcian blue.
Next, immunoblotting was done was to assess the conjugate’s ability to generate protective
antibodies [127]. Such antibodies were raised by the periodate oxidation constructed NMRC
CPSHS:4B-CRM197 vaccine and tested against the Guelph and NMRC vaccines. It is important to
remember that the NMRC vaccine was constructed using periodate oxidation, so all the glucose
units were cleaved. Interestingly, the results showed smears across both vaccines, indicating
antibody recognition, of both vaccines (Figure 3.43). A CRM197 sample was run along with these
glycoconjugates as a negative control to prove that these antibodies were not recognizing the
protein carrier. From NMR of the Guelph vaccine, we know that the methyl group of the MeOPN
unit was lost, so our vaccine only contains O-phosphoramidate (OPN). The NMRC vaccine is
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thought to contain the entire MeOPN unit. Interestingly, some antibodies that were raised by a
vaccine containing MeOPN units, also recognize OPN units on the Guelph vaccine.
These observations regarding differences in MeOPN unit expression, as well as recognition
by antibodies raised by a vaccine with all the glucose units cleaved, lead us to the hypothesis that
the main antibody recognition site may be around the heptose, 6d-heptose, and MeOPN containing
heptose units. This hypothesis is further backed by the periodate oxidation construction of the
NMRC vaccine, in that the there is disruption of the glucose, yet there is still strong antibody
recognition.
It is still unknown as to why C. jejuni creates these strange and variable MeOPN units, but
it may be a defense strategy for the species; a way to further elude the immune system. In C. jejuni,
MeOPN is found in non-stoichiometric amounts, which is likely due to phase variation of CPS
biosynthesis genes. These genes may undergo phase variation at two levels. The first variation
determines on/off CPS expression due to slip strand mismatching, while the second variation
modulates CPS structure. This second variation includes changes to glycan synthesis genes, such
as deoxy-heptose, dmhA, as well as MeOPN biosynthesis genes [6].
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Figure 3.43: Immunoblot of NMRC and Guelph vaccines against antibodies raised by the NMRC
vaccine to recognize CPS. The smear on the Guelph vaccine is not as strong as the NMRC vaccine
because the Guelph vaccine only contains OPN units. Some antibodies raised do recognize OPN
units on the Guelph vaccine, as well as MeOPN on the NMRC vaccine.
Lastly, the vaccines were tested against antibodies generated from CRM197, the results are
in Figure 3.44. The NMRC vaccine that was conjugated to CRM197 did react with CRM197
antibodies, however, the Guelph vaccine did not react with these antibodies. Further investigation
should be done to determine the reason for such results. Perhaps the Guelph vaccine was overly
conjugated.
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Figure 3.44: Immunoblot of NMRC and Guelph vaccines against antibodies raised by the NMRC
vaccine to recognize CRM197. The NMRC vaccine was recognized by these antibodies, however,
the Guelph vaccine was not.
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Conclusions
This work accomplished the structural characterization for C. jejuni HS:4B and the
construction of a CPSHS:4B-CRM197 conjugate vaccine. NMR and GC-MS methods were used to
determine the CPS structure of C. jejuni HS:4B. As with other C. jejuni serotypes, CPSHS:4B was
found to contain heptoses in unusual configurations and non-stoichiometric MeOPN units.
CPSHS:4B was characterized as [→3)-β-6d-ido-Hep/β-ido-Hep-(1→4)-β-Glc-(1→] with nonstoichiometric MeOPN units at C-2 and C-7 of the heptoses. This C. jejuni serotype, HS:4B, is
part of the HS:4 complex. This complex is known to create a repeating unit similar to what was
found here, however, the other CPSs characterized in the HS:4 complex have contained GlcNAc
instead of Glc. This discovery is a testament to how versatile and complex this species is.
Successful oxidation of the CPS allowed for conjugation to CRM197. The conjugation
was confirmed successful through NMR and SDS-PAGE analysis. The conjugate was sent to the
U.S. NMRC for immunological testing against previously raised HS:4B antibodies. Interestingly,
the antibodies recognized the CPSHS:4B-CRM197 conjugate, even though it contained OPN instead
of MeOPN. Comparison to structural modifications of the NMRC vaccine led us to the
hypothesis that the main antibody recognition site may be around the heptose, 6d-heptose, and
MeOPN containing heptose units.
Future work on this project entails the additional investigation of C. jejuni CPSs to
determine suitable strains to use as vaccine candidates.
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