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Abstract

Bacterial cell surface polysaccharides are primarily present as lipopolysaccharides or capsular polysac-

charides. They are used by cells for both structure and function and have been shown to be a virulence

factor of bacterial pathogens. Cell surface polysaccharides are widely utilised as antigenic components

in vaccines and play an important role in the protection against numerous diseases including meningo-

coccal disease and shigellosis. This study is composed of two parts: a computational section, which

investigates the capsular polysaccharide (CPS) repeating unit (RU) conformations of meningococcal Y

and W CPS vaccines and a second experimental component that involves synthetic studies toward the

O-specific polysaccharide (O-SP) RU of Shigella sonnei.

The CPS RU of MenY [→6)-α-D-Glc(1→4)-α-D-NeuNAc-(2→] and MenW [→6)-α-D-Gal(1→4)-α-

D-NeuNAc-(2→] differ only in the orientation of the C-4 hydroxyl: equatorial in MenY and axial in

MenW. However, groups Y and W CPS vaccines have different levels of antibody cross-protection. The

purpose of the computational study was to determine if these observed differences may be attributed to

CPS RU conformation.

Potential of mean force calculations were applied to disaccharide RUs of MenY and MenW, and larger

three repeating units (3RU) were simulated with molecular dynamics (MD) in solution. The molec-

ular modelling showed that differences in RU conformation between the meningococcal groups arise

primarily due to the structural differences between glucose and galactose; affecting the behaviour and

orientation of the 2→6 dihedral linkage. The 2→6 linkages in the MenY 3RU adopt a single preferred

orientation and consequently it has a single dominant molecular conformation. In contrast, the 2→6

linkages in the MenW 3RU move frequently between different rotameric conformations resulting in

multiple conformational families. These results indicate significant conformational differences between

the MenY and MenW CPS RUs, which may account for the different levels of cross-protection observed.

The synthetic component was part of a larger study to develop a novel route towards the O-SP RU of

S. sonnei for use in biological testing and physicochemical characterisation for vaccine development.

The O-SP RU of S. sonnei is→4-α-L-AltNAc-(1→3)-β -D-FucNAc4N(1→. The multi-step synthesis

was performed using known methodology as well as methods developed by the research group. The key

2,3-oxazolidinone protected intermediate was successfully synthesised in good yields and due to time

constraints the final product synthesised was two steps away from the protected FucNAc4N residue.

Additional studies were performed on the 2,3-oxazolidinone intermediate as part of a divergent syn-

thesis strategy toward the AltNAcA residue of S. sonnei. Reactions were conducted whereby β and α

derivatives of the 2,3-oxazolidinone intermediate were successfully synthesised in large scale and good

yields for further studies to be performed by the group.
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1. Introduction

Chapter 1. Introduction

The components that surround the cell and form the outermost layers are primarily constituted of pro-

teins, lipids and carbohydrates. They are involved in a wide range of roles including cell protection,

adhesion and recognition. Carbohydrates, in particular, are arguably the most abundant and structurally

diverse class of organic molecules in nature and, thus, play a pivotal role in living organisms. Therefore,

the study of these fundamental molecules and their role in biological processes is of importance.

This chapter provides an overview of bacterial extracellular polysaccharides and the role of carbohydrate-

based vaccines in protection against encapsulated organisms.

1.1 Cell surface polysaccharides

Bacteria, in comparison with many cells of higher organisms, are often found in more unpredictable and

hostile environments.1,2 To survive and grow in these harsh conditions they have developed numerous

unique cellular traits. One of these is their distinct cell envelope, which comprises of several layers of

material that surround and protect the cytoplasm as well as facilitate a wide range of cellular functions.1

These range from providing structural integrity to the cell, to the selective passage of nutrients and waste,

as well as regulating interactions between the cell and its external environment.1–3

The cell envelope is a descriptive term for the cellular surface components that form the plasma mem-

brane, cell wall and capsule. Bacterial cells often contain all three components, however, gram-positive

bacterium consist of a single plasma membrane whilst gram-negative bacterium contain both an inner

and outer membrane. The cell wall and capsule primarily constitute the surface layers with the capsule

usually present outermost of the cell envelope. Figure 1.1 shows a cross sectional view of the inner and

outer layers of a general gram-negative bacterial cell envelope.

Figure 1.1: Cross-sectional view of a gram-negative cell envelope.4
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1. Introduction

Bacterial cell surface polysaccharides are primarily present as a component of lipopolysaccharide (LPS)

or as polysaccharide units in the capsule. LPSs are only present in gram-negative bacteria as a constituent

of the outer membrane within which the lipid part of the LPS molecule is embedded.3 The carbohydrate

units of a LPS molecule linked to the lipid tail are present as a core oligosaccharide or an O-specific

polysaccharide (O-SP). The O-SP lies facing outward of the cell and is the key biochemical component

of LPS.3

The bacterial capsule is formed by expression of high molecular-weight cell surface polysaccharides

that create a multilayered, amorphous coat surrounding the cell. They can be classified into two main

groups: Polysaccharide molecules that loosely associate with the cell surface are regarded as slime

polysaccharide whilst those that closely interact with the cell surface are termed capsular polysaccharide

(CPS).5 Bacterial CPSs are generally attached to the cell surface by covalent linkage to a lipid moiety

located on the outer membrane (Figure 1.2).6,7 These can be regarded as being LPS like.

Figure 1.2: Proposed structure of the conserved reducing terminal glycolipid in E. coli and
N. meningitidis CPS.8

The long chain polysaccharide molecules that constitute bacterial cell surface polysaccharides are formed

by monosaccharides glycosidically linked together in fragments termed a repeating unit (RU). The types

of monosaccharides present in bacterial cell surface polysaccharides are wide ranging and can occur in

both the pyranose and furanose forms. Furthermore, the glycosidic linkage between any two monosac-

charides can bond at any of the hydroxyl groups present on the ring, occur in both α- or β - anomeric

forms as well as contain substituents. In addition, organic and inorganic moieties can be part of the

primary structure, substituted at certain positions along the polysaccharide or also be introduced as

branches alongside the primary chain.9. These characteristics alone lead to a high degree of diversity in

the primary chemical structure* of cell surface polysaccharide molecules that not only differ in the type

of carbohydrate residues but also their linkage positions.

Cell surface polysaccharides are commonly around 200 residues in size, range in weight from 100 to

1000 kDa and can extend approximately 100-400 nm from the cell surface.10–12 Cell surface polysac-

charides are also typically negatively charged due to uronic acids, phosphates or pyruvic acid residues.

They also often contain a large number of polar functional groups, leading them to be highly hydrated,

with their structures containing more than 95% water.13

The chemical composition of O-SPs and CPSs have been extensively researched and are generally well

defined for a large number of bacterial types.1–3 In comparison, molecular conformation of the O-SP and

CPS has not been as widely studied. Early conformational studies on the LPS of Escherichia coli and

* The primary chemical structure of a cell surface polysaccharide molecule in this text refers to the linear arrangement of
monosaccharides in the chain, similar to that of the primary structure of a protein
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1. Introduction

Salmonella typhimurium were performed by Kastowsky et al. More recent work has included further

study on S. typhimurium as well as Shigella flexneri and Streptococcus pneumoniae. These studies found

that O-SPs and CPSs can be conformationally flexible as well as highly rigid and that small changes

in chemical composition can significantly influence the conformational structure and function of cell

surface polysaccharides.14–16

Bacterial cell surface polysaccharides have been shown to play a role in mediating interactions between a

bacterium and its immediate environment and has been implicated as an important factor in the virulence

of many animal and plant pathogens.9,17,18 They have been found to protect cells from perennial effects

of desiccation and can also act as storage reserves of carbohydrates for subsequent use in metabolism.

Table 1.1 provides some of the key functions of cell surface polysaccharides.

Table 1.1: Functions of bacterial extracellular polysaccharides

Function Purpose
Prevention of dessication Transmission and survival

Adherence Colonisation of oral surfaces
Colonisation of indwelling catheters
Bacteria plant interactions

Resistance to non-specific host immunity Complement-mediated phagocytosis
Complement-mediated killing

Resistance to specific host immunity Poor antibody response to the capsule

A single bacterial species can produce a range of structurally diverse cell surface polysaccharides and

these are frequently the basis of serotyping schemes. However, different bacteria may also produce cell

surface polysaccharides that are chemically identical to other bacterial species or other organisms, such

as humans. This can make identification and effective treatment particularly challenging.

As cell surface polysaccharides are associated with the surface of pathogenic bacteria they are most

often the first antigenic components encountered by the immune system upon infection. They also have

a protective function as bacteria that do not have a significant O-SP or capsule component are either non-

or weakly pathogenic.8 Therefore, there is much interest in understanding the role that carbohydrates

play in biochemical systems and, particularly, the immune system.

1.2 Glycobiology and immunology

The primary purpose of the immune system of an organism is to detect a wide range of substances

and to differentiate between those that are potentially dangerous and those that are not. In this respect,

pathogenic bacteria are identified based on specific structures (antigens) found on their cellular surfaces,

allowing for their targeted destruction. Cell surface glycosylation is a characteristic of almost all cells

and, as a result, cell surface polysaccharide play a key role in the process of antigen recognition. This is

as the location of cell surface polysaccharides at the outermost portion of the bacterial cell surface readily

allows for their interaction with the host’s immune system. The topics of immunology and glycobiology

are very broad and only a brief overview will be provided in this Section.
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1. Introduction

Cell surface polysaccharides are a major determinant of virulence for a large number of bacteria. Bacte-

rial cell surface polysaccharide assist in masking cell antigenic surface components, such as cell surface

proteins, from the host immune system inhibiting complement activation.17,19,20 It has also been shown

that the net negative charge of CPSs assists in conferring immune resistance and similarly the more neg-

atively charged the capsule is, the greater the ability of the bacterial cell to inhibit phagocytosis. Cell

surface polysaccharides, particularly those containing sialic acid,21 are also capable of mimicking host

antigens disrupting the ability of the immune system to differentiate between self and non-self cells.

In addition, cell surface polysaccharides can also help prevent opsonization as well as complement-

mediated killing if the bacterium is phagocytosed.3

To protect the body from invading bacterial pathogens the human immune system utilises three main

classes of white blood cells: phagocytes, T-cells, and B-cells. Phagocytes are cells specialised in engulf-

ing foreign substances that are potentially harmful, such as pathogenic bacteria, and destroying them.

They may also undertake antigen presentation whereby the antigenic parts of the ingested substance are

transferred to the cell surface for display to other cells in the immune system.22 This presentation is typ-

ically done by major histocompatibility complex class II (MHC-II) molecules, which allows for antigen

specific CD4+ T-cells to bind to the complex via their T-cell receptor (TCR) and become activated.

T-cells, in general, can be classified into two main groups: Killer T-cells and helper T (TH) cells. The

former of the two is directly able to target and destroy infected cells. TH cells, on the other hand,

play a wider role in immune response. They are capable of detecting antigens displayed on the surface

of antigen-presenting cells (APC), such as phagocytes, and then activate and regulate other cells of the

immune system to elicit a response. There are also several types of B-cells which may either be activated

directly by free floating antigens or by APC.23 They are involved in antibody production.

The cell surface polysaccharides of a significant number of pathogenic bacteria stimulate B-cells di-

rectly without prior activation of T-cells and are thus known as Thymus-Independent (TI) antigens.24–29

Cell surface polysaccharides can be divided into two antigenic groups, type 1 antigen (TI-1) and type 2

antigen (TI-2) that differ in the manner they activate B-cells. TI-1 antigens, such as bacterial LPS, can

activate B cells in a polyclonal manner. In contrast, TI-2 antigens, such as bacterial CPS, induce B-cell

activation and antibody production and may require some T-cell help.30 In addition, the mechanisms by

which carbohydrate antigens induce an immune response are influenced by other factors including struc-

tural conformation, conjugation to proteins as well as the presence and nature of molecular charge.16,31

Figure 1.3a provides an illustration of TI-1 B-cell activation and the resulting response by antibody

formation.

Polysaccharide molecules are known to bind to B-cells of appropriate specificity by cross-linking 15-

20 B-cell surface immunoglobulin (sIg) B-cell receptors (BCR). This binding activates the B-cell via a

number of intra-cellular mechanisms, however, it is not yet able to secrete antibodies. Further signalling

is required before the B-cell matures to plasma cells and secretes antibodies. The process by which this

occurs is still not fully known but it is widely understood to be T-cell independent.3,34 Although, it has

been shown recently that T-cells may play a role in this signalling process and that the nature of the

polysaccharide antigen also plays a crucial role in determining the pathway activated.33,35
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Figure 1.3: (a) TI-1 B-cell activation and antibody formation by CPS.32 (b) Three known carbohydrate
antigen pathways utilised by the adaptive immune system. Reproduced with permission from Brian A.
Cobb, Dennis L. Kasper (2005), © European Journal of Immunology.33

For example, polysaccharide antigens that are naturally bound to lipids and peptides, forming glycolipid

and glycopeptide complexes, activate the T-cell dependent arm of the immune system.36 These antigens

first bind to sIg receptors on B-cells, are internalised into the cell and the antigen components are then

presented on MHC-II complex on the surface. Zwitterionic polysaccharides are also able to activate

T-cells although by a different pathway. Three known carbohydrate antigen pathways utilised by the

adaptive immune system are illustrated in Figure 1.3b.33

1.3 Carbohydrate-based vaccines

The earliest modern record associating cell surface polysaccharide as an immonoreactive antigenic com-

ponent was in the 1920s by Heidelberger and Avery in their research on S. pneumoniae.37,38 They dis-

covered that a soluble specific substance that was most likely a polysaccharide was located on the cell

surface of pneumococci, that it was serotype specific and later found that it could be used as a vaccine

providing long lasting immunity. This was supported by further research over the next several years

and in 1947 the first licensed carbohydrate-based vaccine was released against six strains of S. pneumo-

niae. However the emergence of antibiotics during the same period, and its preference as a treatment by

clinicians, led to a significant decline in vaccine research.39–42

Over many subsequent years this slowly began to change, as the efficacy of carbohydrate-based vac-

cines, particularly toward rapidly growing pathogens, was demonstrated.39,43,44 The last several decades

has also seen a gradual increase in bacterial resistance to antibiotics whilst, in contrast, the number of

novel antibiotics and drugs being released to treat infectious diseases has continued to fall. There has

thus been a renewed interest in preventative vaccination; of which carbohydrate-based vaccines play an

important role. A brief overview of notable historic achievements in the field of carbohydrate-based

vaccine research is provided in Figure 1.4.
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Figure 1.4: Notable history in the development of carbohydrate-based vaccines.42

There are two main forms of carbohydrate-based vaccines: polysaccharide vaccines and glycoconjugate

(carbohydrate-protein conjugate) vaccines. Polysaccharide vaccines are a unique type of inactivated

subunit vaccine that utilises bacterial cell surface polysaccharide as the primary antigenic component.

Glycoconjugate vaccines, on the other hand, consist of a polysaccharide or oligosaccharide component

linked to a suitably antigenic protein carrier. Polysaccharides and conjugate vaccines activate separate

arms of the immune system providing different levels of protection. Table 1.2 details the incident rate and

the availability of carbohydrate-based vaccines for a selected number of clinically significant bacterial

pathogens.

The key antigenic component of most of the pathogens listed in Table 1.2 are bacterial cell surface

Table 1.2: Estimated annual number of cases and death from selected pathogens.3, a Death rate and vaccines
statistics updated with WHO and FDA data.

Organism
(bacterial) Disease Death rate or morbidity Vaccine

Streptococcus
pneumoniae

Acute respiratory infections
and meningitis

1-2 million deaths Polysaccharide and conjugate
vaccines available.45,46

Haemophilus
influenzae

Acute respiratory infections
and neonatal meningitis

300 000 to 500 000 deaths Conjugate vaccines avail-
able. 47,48

Neisseria
meningitidis

Meningitis and bacteraemia Over 500 000 cases, 50 000
deaths (additional 60 000 left
with neurological damage)

Polysaccharide and conjugate
vaccines available.

Shigella Shigellosis – diarrhoea and
dysentery

Over 100 million cases,
100 000 deaths

Conjugate vaccines available
for certain serogroups49,50

Salmonella
enterica ssp
typhi

Typhoid (all ages) 21.6 million cases: 216 500
deaths (2004 estimate) 16
million cases: 600 000 deaths
(1984 estimate)

Polysaccharide vaccine avail-
able: conjugates in develop-
ment

a for children under five unless specified otherwise
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polysaccharides. Consequently, carbohydrate-based vaccines have either been developed or are currently

being researched as a means of disease prevention. Both polysaccharide and conjugated vaccines utilise

RU fragments from the O-SP or CPS as antigenic epitopes. Table 1.3 provides the O-SP or CPS RU

structures of vaccine relevant pathogenic bacteria. It is important to note that an organism may consist

of numerous serotypes or serogroups and that the structures listed are a small selection of those that are

known to exist.

Table 1.3: Repeating unit structures of selected important bacterial cell surface polysaccharides involved in vac-
cine development.3

Organism Serogroup/ CPS Repeating Unit Structure
Serotype

Haemophilus influenzae type b →3)-β -D-Ribf -(1→1)-D- Ribitol-(5→OPO3→

N. meningitidis

group A →6-α-D-ManpNAc(3/4OAc)-(1→OPO3→
group B →8)-α-D-Neup5Ac-(2→
group C →9)-α-D-Neup5Ac(7/8OAc)-(2→
group W →6)-α-D-Galp(1→4)-α-D-NeuNAcp(7/9OAc)-(2→
group X →4)-α-D-GlcpNAc-(1→OPO3→
group Y →6)-α-D-Glcp(1→4)-α-D-NeuNAcp(7/9OAc)-(2→

S. pneumoniae
type 1 →3)-D-AAT-α-Galp-(1→4)-α-D-GalpA(2/3OAc)-(1→3)-α-D-GalpA-(1→
type 6B →2)-α-D-Galp-(1→3)-α-D-Glcp-(1→3)-α-D-Rhap-(1→4)-D-ribitol-5-P-(O→
type 7F →6)-α-D-Galp-(1→2)-[α-D-Galp-(1→3)]-(1→3)-β -L-Rhap-[2-OAc]

(1→4)-β -D-Glcp-(1→3)-β -D-GalpNAc-
[-α-D-GalpNAc-(1→2)-α-L-Rhap-(1→4)-]-(1→

Shigella boydii O1 →4)-α-D-GlcpNAc-(1→3)-α-L-RhapNAc(1→3)-α-D-GlcpNAc
(1→3)-α-L-RhapNAc(1→3)-β -L-Glcp-1-P-(O→

Shigella dysenteriae type O1 →3)-α-L-Rhap(1→3)-α-D-Rhap(1→2)-α-D-Galp(1→3)-β -D-GlcNAcp-(1→
Shigella flexneri type 2a →2)-α-L-Rhap(1→2)-α-L-Rhap(1→3)-α-L-Rhap(1→3)-β -D-GlcpNAc-(1→
Shigella sonnei →4-α-L-AltNAc-(1→3)-β -D-FucNAc4N(1→

Polysaccharide vaccines

Polysaccharide vaccines are available against Salmonella typhi, Streptococcus pneumoniae and meningo-

coccal disease although S. typhi vaccines are no longer available in many countries. As polysaccharide

vaccines are solely carbohydrate based the immune response invoked is most commonly T-cell inde-

pendent. Upon binding to BCRs polysaccharide vaccine antigens induce B-cells to differentiate into

plasma cells and secrete antibodies. However. there is no memory B-cell formation and as a result im-

munity from polysaccharide antigens are short lived. Figure 1.5 illustrates the B-cell immune response

to polysaccharide vaccines.

Figure 1.5: B-cell immune response to polysaccharide vaccines.51
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The ability of a polysaccharide vaccine to stimulate an immune response and produce antibodies is

highly dependent on a number of factors. The mass of the polysaccharide has been noted as one factor

whereby, as a general rule, polysaccharides with a molar mass of less than 50 000 kDa have been found

to be poorly immunogenic whilst those of approximately 90 000 kDa are good immunogens.52–55 The

degree of antibody response to carbohydrate vaccines can also be affected by molecular size, specific

determinants as well as the structural conformation of the antigen.16,56,57

The age of the individual receiving the vaccine is also an important factor in the efficacy of polysaccha-

ride vaccines. CPS vaccines have been found to be not consistently immunogenic in infants of under 2

years of age as well as in elderly people.33,58 This is most probably as a result of an immature or com-

promised immune system.58 In addition, repeat doses of polysaccharide vaccine in the form of vaccine

boosters have not been found to cause a correspondingly significant increase in antibody formation. The

use of polysaccharide vaccines thus poses numerous challenges and, as a result, glycoconjugate vaccines

have been and are being developed to overcome many of these limitations.

Conjugate Vaccines

Many of the drawbacks of polysaccharide vaccines can be addressed by conjugation of the saccharide

to a suitably antigenic protein carrier.59 This allows for activation of the T-cell dependent arm of the

immune system. The activation pathways in response to conjugate vaccines is outlined in Figure 1.6.

Figure 1.6: Immune response to conjugate vaccines.51

Upon recognition by polysaccharide-specific B-cells the carrier protein from conjugate vaccines is inter-

nalised and processed . The peptides are subsequently presented on the surface of the B-cell by MHC-II

molecules for carrier specific T-cells; resulting in T-cell help for the formation of polysaccharide specific

plasma cells and memory B-cells.
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The immunogenicity of different conjugate vaccines varies as a result of differences in several factors

similar to those of polysaccharide vaccines: the length and conformation of the polysaccharide chain,

the charge of the polysaccharide, the amount of unconjugated polysaccharide in the vaccine, and the

nature of the carrier protein amongst others.60,61

1.4 Meningococcal disease

Meningitis is a disease of the central nervous system caused by inflammation of the meninges - the

protective membranes that cover the brain and spinal cord. The disease is primarily caused by bacterial

infection of the cerebrospinal fluid, however, it can also develop as a result of viral, fungal, parasitic and,

non-infectious causes. Bacterial meningitis is the most acute of these and only pathogenic in humans.

It can also lead to severe neurological damage and is fatal in approximately 50% of cases if not treated

soon after infection.62 Three species, Haemophilus influenzae, Streptococcus pneumoniae and Neisseria

meningitidis are the leading causative agents of bacterial meningitis.63,64 These three pathogens are the

leading cause of death globally in children infected by vaccine-preventable diseases.65

Incidence of the different forms of bacterial meningitis are significantly diverse with infection by N.

meningitidis (also termed meningococcus) being the most prevalent - especially amongst children and

young adults ranging from 1 to 29 years of age.4,66 Meningococcal disease occurs as a result of infection

by meningococcus, a gram-negative β -proteobacterium. The virulence of meningococcus is related to

several factors including its genotype and the variability of cell surface structures, especially that of its

CPS.67 The most prevalent groups have demonstrated the ability to readily express and modify their cap-

sules.67–70 Consequently, meningococcus is unique in its propensity to rapidly spread as wells as cause

large scale outbreaks and epidemics. Figure 1.7 provides a cross-sectional view of a meningococcal

outer-membrane showing the CPS and other surface associated structures.

Figure 1.7: Structure of the meningococcal outer-membrane, showing variability of outer-membrane
proteins and capsule used in vaccines.71

There are 13 known groups of meningococcus based on the immunologic reactivity of their CPSs but

only 6 of these (A, B, C, W, X and Y) are the cause of almost all meningococcal disease worldwide. The
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meningococcus capsule assists with transmission and colonisation of the disease as well as protecting the

bacterium from dessication, opsonisation and phagocytotic and complement-mediated killing.71–73 In

additon, other outer membrane components are also involved in pathogenisis; whereby during invasive

disease meningococcus releases LPS and outer-membrane proteins into the bloodstream, potentially

diverting the immune system.74

1.4.1 Prevalence of meningococcal disease

Meningococcal disease occurs worldwide in both developed and developing countries and is the only

form of bacterial meningitis responsible for epidemic levels of infection. N. meningitidis can only be

carried by and infect humans. The bacteria are carried in the throat, sometimes with no symptoms, and

are transmitted from person to person through droplets of respiratory or throat secretions as a result of

prolonged close contact. The incubation period is from 2 to 10 days.

The disease can vary in incidence from very rare to over 1000 cases per 100 000 population every

year.67,75–77 It is most prevalent in the regions of Sub-Saharan Africa but incidences elsewhere remain

significant even with widespread vaccination regimes.4,70 However, the degree of incidence and the

distribution of the most prevalent groups varies globally. In addition, there has been a recent emergence

of additional meningococcal groups in certain regions that have historically had low infection rates. As

a result there has been continued study of the mechanisms and epidemiology of meningococcal disease

and its causative bacterial agents.

Global prevalence

The most prevalent form of meningococcal disease is caused by group A meningococcus. The incidence

of group A disease in developed countries has been low since World War II and has remained so since

the introduction of the first meningococcal vaccines in the 1960s.67 There have been several outbreaks

of group A meningococcal (MenA) disease in Russia, China and regions of South East Asia over the past

three decades. However, it is most predominant in countries of Saharan and Sub-Saharan Africa where

there have been recurring pandemics every 5-10 years since the early 1900s. Although, introduction in

2010 of the first conjugate vaccine against MenA, designed specifically for Africa (MenAfriVac), has

led to a significant reduction in meningococcal disease incidence.62

Meningococcal groups B (MenB) and C (MenC) are most commonly found in North and South America,

Europe and Oceania. They are usually associated with lower incidence rates compared to MenA.70,77–79

In these regions MenB and MenC are the leading cause of endemic and epidemic meningococcal disease

and have caused substantial morbidity and mortality. Figure 1.8 shows the worldwide distribution of

meningococcal disease as well as incidence of reported significant outbreaks.

Meningococcal group W (MenW) predominantly occurs in the meningitis belt of Saharan and Sub-

Saharan Africa and has also caused multiple meningococcal outbreaks during the Hajj pilgrimage in

the 1990s.64,80 After the outbreak the group W disease spread worldwide and led to a meningococcal

meningitis epidemic in Burkina Faso in 2002.81,82 This was the first recorded large-scale infection of
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Figure 1.8: Worldwide distribution of major meningococcal groups and recorded outbreaks.67

MenW with 13 000 cases reported and 1 400 deaths.82,83 The past several years has also seen an increase

in confirmed cases of MenW disease in several Western European countries.84,85 England, for example,

has recently experienced a consistent increase in invasive meningococcal disease due to MenW bac-

terium. Cases in the country have increased over five fold year-on-year since 2009, from 22 in 2009 to

117 in 2014, with the incident rate is expected to increase further.85

Meningococcal Groups Y (MenY) and X (MenX) have in recent years become more widespread. The

incidence rate of MenY has increased since the 1990s in regions such as North America and parts of

the Middle East and Asia.67 MenX has only recently emerged and has caused small outbreaks in Sub-

Saharan Africa.64,67

Prevalence in Africa

The highest concentration of meningococcal disease worldwide lies in the meningitis belt of Africa

(Figure 1.9). The belt can be regarded as a narrow region that crosses the width of the continent com-

prising Saharan and Sub-Saharan Africa; from Ethiopia in the east to Senegal in the West and reaching

as far south as the Democratic Republic of Congo. The epidemiology of the disease in the region is

unique with outbreaks occurring every few years in patterns that are atypical with other regions in the

world.67,72

Five of the six most prevalent groups A, B, C, W and X are found across the meningitis belt with MenA

being the most prevalent.62 In these areas during the dry season, from December to June, populations are

at high risk of outbreaks of the disease. The reasons for this trend are still not fully understood, although

studies have confirmed that environmental factors such as absolute humidity and dust concentration are
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important.86 MenA remains the most prevalent, however, the incidence rates are falling as a result of

widespread use of MenAfriVac over the last several years.62 Nonetheless, meningitis epidemics due to

other groups remain but at lower frequencies and magnitudes.

Figure 1.9: Distribution of major meningococcal groups in Africa

1.4.2 Capsular polysaccharides of meningococcus

There are 13 known groups of meningococcal disease. The CPS RU structures of the six most prevalent

groups are depicted in Figure 1.10. Within this group there are pairs of structures that have very similar

chemical RUs. MenA and MenX CPS RUs are both monosaccharides and they only differ in terms of

the type of residue (ManNAc or GlcNAc respectively) and the position of the phosphodiester linkage.

MenB and MenC CPS RUs both consist of a sialic acid homopolymer with the major difference being

the linkage positions - C-8 for MenB and C-9 for MenC. MenY and MenW both form disaccharide

repeating units that contain a sialic acid residue and glucose or galactose respectively. As such, the

orientation of the hydroxyl at C-4 is the single variation between the two CPS RUs.

1.4.3 Meningococcal vaccines

The first successful vaccine against meningococcal disease, developed in the early 1960s, was purely

polysaccharide based and targeted groups A and C.76 This was followed a number of years later by pro-

tection against additional groups Y and W, which were introduced as a tetravalent A, C, Y, W polysac-

charide vaccine87,88 As results of its safety and immunogenicity a tetravalent polysaccharide vaccine

against these four groups remains in wide use today. In addition, there are also mono- and bivalent

polysaccharides vaccines employed in regions where they are most in need. One example of this is

MenAfriVac against group A meningococcal disease.

However, while polysaccharide meningococcal vaccines have been highly effective in older children and

adults with over 85% efficacy, they are generally poorly immunogenic in young children under 2 years of

age.88 Furthermore, meningococcal polysaccharides are T-cell independent antigens that are only able
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Figure 1.10: Capsular polysaccharide repeating unit structures of the six most prevalent meningococcal
groups.

to weakly activate memory B-cells and thus these vaccines induce a relatively short-lived immunity.51

To overcome these challenges, conjugate vaccines were developed; first against group C then A, Y, and

W as well. Both the polysaccharide and conjugate vaccine forms against meningococcal disease are

currently in use.

The use meningococcal vaccines over the last few decades have significantly reduced the infection and

mortality rates worldwide amongst both adults and children. However, potential challenges have been

identified with regards to the continued use of group-specific meningococcal vaccines. One such exam-

ple provided by Rosenstein et al. suggests that capsule switching may become an important mechanism

of virulence due to wide-spread use of vaccines that provide group-specific protection.4
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1.4.4 Polysaccharide vaccine trials of MenY and MenW

As part of the initial studies exploring possible vaccines against meningococcal disease a small scale

clinical trial testing polysaccharide vaccines against meningococcus groups Y and W was conducted.89

Monovalent and divalent vaccine forms were tested on adult volunteers and the reactogenicity, binding,

and bactericidal antibody formation of the vaccines were monitored. The immunological response of

volunteers vaccinated with both the monovalent and divalent CPS vaccines as measured by a bactericidal

antibody assay are provided in Table 1.4.

Table 1.4: Immunological responses (bactericidal antibody) of volunteers vaccinated with group Y, group W, or a
combined Y-W CPS vaccine.89

Meningococcal Week % Volunteers responding to meningococcal CPS vaccine

Antigen MenY Vaccine MenW Vaccine MenY-W Vaccine

Y 4 100 30 100

26 89 25 90

W 4 71 90 80

26 57 80 80

The results show that both the MenY and MenW monovalent CPS vaccines were able to elicit a strong

immune response against their respective antigens. All the volunteers tested with the Y CPS vaccine

elicited a significant immune response toward the Y bacterial antigen. Similarly, a very good immune

response was induced by the W CPS vaccine toward the W bacterial antigen; with 90% of volunteers

responding when measured for bactericidal antibody after 4 weeks. The divalent vaccine, as expected,

was able to protect well against both bacterial antigens.

However, when testing the vaccines for cross-protection against the opposing meningococcal antigen a

notable result was found. The MenY CPS vaccine elicited a good immune response against the group W

bacterial antigen with 71% of volunteers responding after 4 weeks. In contrast, the MenW CPS vaccine

had a comparatively weak action against the MenY antigen with 30% of volunteers responding after the

same period. This result was not readily explained as the primary repeating unit structures of the CPS

RUs for the two groups are very similar.

A more recent study provides further support for the possible cross-protection by the group Y vaccine.

A clinical trial of a HibMenCY-TT conjugate vaccine showed markedly higher seroprotection rates

and antibody titre to group W compared to the control group, even though neither group had previously

received the group W antigen. The lack of response in controls indicates that the high group W responses

observed in the HibMenCY-TT group are not the result of natural immunity or a lack of assay sensitivity.

The results from these two trials are the motivation for the computational component in this study,

whereby the CPS RU of MenY and MenW are modelled to determine if there is a correlation between

conformation and CPS vaccine activity.
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1.5 Shigellosis

Approximately one in ten deaths of children under five worldwide is due to diarrhoeal or dysentery

related diseases,† resulting in almost 800 000 fatalities annually.90 A global multi-year study ending

in 2013 found that these incidences were primarily due to infections from four pathogens: rotavirus,

Cryptosporidium, enterotoxigenic Escherichia coli, and Shigella.90 These diseases can be endemic or

epidemic and are significantly affected by levels of hygiene, sanitation, and access to healthcare. As

such, infections are predominant in the developing world, however, with continued improvement in

education, healthcare, and socio-economic development incidences have steadily decreased over the last

decade.

Nonetheless, mortality rates continue to remain high and as a result prevention and treatment of these

disease remains universally important. In this respect, there are several effective means for preventing

and treating dysentery related diseases. The development of effective multivalent vaccines forms part of

this strategy. Vaccines have been developed for rotavirus and Escherichia coli and as of 2015 multiple

multivalent vaccine against shigellosis (Shigella disease) are in development. For children of 1-2 years

and 2-5 years Shigella ranks amongst the leading attributable incidences of dysentery (Figure 1.11).

Figure 1.11: Attributable incidence of pathogen-specific dysentery per 100 child-years by age. The bars
show the incidence rates with the 95% confidence interval indicated by the error bars.90

† Diarrhoea is defined as four or more watery bowel movements daily whilst dysentery is defined as fever, cramps, and the
presence of blood alone or with mucus, in stool. Dysentery is generally associated with higher mortality rates and has a greater
effect on long term growth and retardation than diarrhoea.
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First discovered in 1897, Shigella is a genus of gram-negative, non-motile, rod-shaped, enteric bacteria

that typically causes dysentery upon infection in humans.91,92 There is an estimated 80-165 million

cases of infection by Shigella annually, with at least 100,000 of these resulting in death each year.93

The Shigella species is classified into four groups based on common O-SP RU structures and, with the

exception of S. sonnei, each contain multiple serotypes:

Group A - S. dysenteriae: 15 serotypes

Group B - S. flexneri: 6 serotypes

Group C - S. boydii: 19 serotypes

Group D - S. sonnei: 1 serotype

There are a number of methods for reducing fatalities from dysentery related diseases. Economic ad-

vancement and education and the corresponding improvement in hygiene and sanitation arguably play

the greatest role, however, there remains a strong need for effective drugs and vaccines.94,95 Shigella bac-

teria are one of a few genus of pathogens that have had their pathogenesis and biochemical interactions

with mammalian cells studied extensively at both the cellular and subcellular levels.96–98 Nevertheless,

progress in attaining a safe and effective vaccine against the most prevalent serotypes of Shigella has

proved challenging.95

1.5.1 Prevalence of shigellosis

Global Prevalence

Shigellosis is primarily spread via contaminated food or water and thrives in regions with high popu-

lation densities and inadequate sanitation. As such, shigellosis predominantly occurs in the developing

world where it is concentrated in regions that allow Shigella bacterium to thrive. A recent study by

the World Health Organisation (WHO) found that as much as ninety-nine percent of all incidences of

shigellosis occurs in the less developed countries and infection is primarily in children under 5 years of

age.93 In addition, these infections were found to be more severe and have higher cases of mortality.

The regions where shigellosis is most prevalent include South America, the Sub-Continent and parts of

North and Sub-Saharan Africa. Figure 1.12 illustrates the global distribution of the predominant shigella

species.

Globally S. flexneri is the predominant cause of shigellosis while the strain that results deadly epidemics

in the developing world is S. dysenteriae. In more industrialised regions, such as those of North America,

Europe and Oceania, S. sonnei is the prominent serotypic cause of shigellosis.95. For example, over two

thirds of the approximately 500 000 incidences of shigellosis in the United States is due to S. sonnei.100

In addition, S. sonnei has been strongly linked as being a leading cause of traveller’s diarrhoea.101

Prevalence in Africa

In Africa shigellosis has the highest incidence in the east and western regions of Sub-Saharan Africa.

These include countries such as Somalia, Ethiopia, Kenya, and Tanzania in the East and Ghana, Mali,

Cameroon, and Nigeria in the West. It is less commonly found in the southern regions of Africa.
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Figure 1.12: Global distribution of predominant shigella species.99

Nonetheless, as shigellosis is a food and water borne disease, it particularly thrives in regions of over-

crowding, poor sanitation and a lower quality of healthcare. As a result of these epidemiological niches,

incident rates remain comparatively higher in Africa than more developed regions.

1.5.2 O-specific polysaccharides of Shigella

There are four known groups of Shigella. The O-SP RU structures of the bacterium varies significantly

between groups. The RU structure of S boydii O1 is a pentsaccharide consisting of glucose and rhamnose

derivatives. S. dysenteriae O1 and S. flexneri 2a contain tetrasaccharide RUs with N-acetylglucose,

galactose and rhamnose. S. sonnei is the only serotype that contains a disaccharide O-SP RU structure.

Table 1.5 lists the CPS RU structures of the four Shigella groups.

Table 1.5: Repeating unit structures of the four major serotypes of Shigella.102–105

Serotype O-SP Repeating Unit Structure

Shigella boydii O1 →4-α-D-GlcpOAc-(1→2)-α-L-RhapOAc(1→3)-β -L-Rhap(1→4)
-β -L-Rhap(1→3)-β -D-Glcp-1-P-(O→

Shigella dysenteriae O1 →3-α-L-Rhap(1→3)-α-D-Rhap(1→2)-α-D-Galp(1→3)-β -D-GlcNAc-(1→

Shigella flexneri 2a →2-α-L-Rhap(1→2)-α-L-Rhap(1→3)-α-L-Rhap(1→3)-β -D-GlcpNAc-(1→

Shigella sonnei →4-α-L-AltNAcA-(1→3)-β -D-FucNAc4N(1→

1.5.3 Vaccines against Shigella

There are currently no licensed vaccines to protect against shigellosis. Over the last several years there

has been an attempt to develop a multivalent conjugate vaccine against Shigella by providing protection

against the most prevalent serotypes: S. dysenteriae O1, S. flexneri 2a, S. flexneri 3a, S. flexneri 6, and

S. sonnei.95 A key virulence factor of the Shigella bacterium is the organism’s O-SP, and it is known to

elicit a strong immune response in humans.106 The O-SP has thus been used as an antigenic component

in the development of carbohydrate based conjugate vaccines.
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Figure 1.13: O-Specific polysaccharide
repeating unit of S. sonnei.

There are numerous barriers to the production of conjugate vaccines with the process often being com-

plex and expensive.44 The antigenic polysaccharides and protein carriers are biosynthesized in bacteria,

biologically or chemically cross-linked, and purified in multiple steps. Development of conjugate vac-

cines also requires biological testing and physicochemical characterisation of the manufactured prod-

ucts. This is typically done against synthetic samples and, as such, requires a sufficient quantity of pure

synthetic carbohydrate antigen. Therefore, the synthesis of the O-SP RUs in a cost effective manner and

in a sufficiently large scale is of importance.

Synthesis of the CPS RU of S. sonnei poses particular challenges. The zwitterionic polysaccharide

has a disaccharide RU made of two uncommon amino- sugars, a 2-acetamido-2-deoxy-L-altruronic acid

(AltNAcA) and a 2-acetamido-4-amino-2,4,6-trideoxy-D-galactopyranose (FucNAc4N) 1,2-trans linked

to each (Figure 1.13).104 The S. sonnei O-SP disaccharide RU also consists of three amino groups, one

of which is zwitterionic and the remaining two occur as acetamides. This chemical characteristic is not

commonly found in bacterial polysaccharides and thus makes their synthesis of particular interest.
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1.6 Scope of work

This study has two main parts. The first comprises computational modelling of meningococcal groups Y

and W CPS RUs. The second is an experimental component, which is part of a broader research project

to develop a novel synthetic route towards the O-SP RU of S. sonnei.

Aims

The aim of the molecular modelling part of the study is to determine if the different levels of antibody

cross-protection observed in the immune response to meningococcal Y and W polysaccharide vaccines

can be attributed to CPS RU conformation. The aim of the experimental section is to synthesise the

protected form of the FucNAc4N residue present in the O-SP RU of S. sonnei.

Objectives

1. Identify preferred orientations of glycosidic linkages in the disaccharide repeating units of MenY

and MenW;

2. Perform computational simulations on the RUs and undertake conformational analysis;

3. Attempt to correlate structural observations to the different levels of immunogenicity observed;

and

4. Synthesis of the D-FucNAc4N residue of S. sonnei from glucosamine hydrochloride starting ma-

terial.

The structure of the thesis is briefly outlined below:

Chapter 1 is this Introduction;

Chapter 2 outlines the molecular modelling methods used in this study;

Chapter 3 provides background and results for the computational studies performed;

Chapter 4 provides background and results for the synthesis component of the study;

Chapter 5 details the experimental methods for the synthesis performed; and

Chapter 6 gives the conclusions of the study.
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Chapter 2. Molecular modelling and analytical methods

2.1 Molecular mechanics

Molecular mechanics (MM) is a process by which systems are studied using classical (Newtonian)

mechanics. The potential energy of the system is described by a series of functional forms and parameter

sets in what is termed a force field. These parameters that describe the potential energies of different

aspects of the system can be derived empirically or from quantum mechanical calculations. The accuracy

of the calculations in molecular mechanics simulations is highly dependant on the accuracy of the force

field that describes it. In this study we use the carbohydrate optimised CHARMM36 force field.107–110

2.2 Force fields

A force field is a set of functions and parameters that describe the potential energy of a particular system

of particles. A basic modified functional form of the CHARMM36 force field111 describing the potential

energy, V, of a molecular system with respect to its individual components is given by:

Vpot = ∑
Bonds

vStretch + ∑
Angles

vBend + ∑
Dihedrals

vTorsion + ∑
Urey−Bradley

v1,3−interaction + ∑
Pairs

vNon−Bonded (2.1)

Described in the individual energy components for the internal (bonding) and external (non-bonding)

interactions for atom pair i, j:

Bonding terms

Bonds: vStretch = kstretch(r− r0)
2 (2.2)

where r is the atom pair distance, r0 is the atom pair equilibrium distance and kstretch is the bond force

constant.

Angles: vBend = kbend(θ −θ0)
2 (2.3)

where θ is the angle of the three atom group, θ0 is the equilibrium angle of the three atom group and

kbend is the angle force constant.

Dihedrals: vTorsion = kproper[1+ cos(nφ −δ )+ kimproper(ω−ω0)
2 (2.4)

where φ is the dihedral angle, δ phase shift, kproper is the proper dihedral force constant and kimproper is

the improper dihedral force constant.

1,3 interactions: v1,3−interaction = kUB(u−u0)
2 (2.5)

u is the measured 1,3 atom distance, u0 is the equilibrium 1,3 atom distance in the harmonic potential

and kUB is the Urey-Bradley force constant.
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Non-Bonding term

Nonbonded : vNon−Bonded = ε0

[(
Ri j

ri j

)12

−
(

Ri j

ri j

)6
]
+

qiq je2

ri j
(2.6)

The non-bonded term is composed of the van der Waals energy, as described by the 12-6 Leonard-Jones

potential, and the standard Coulombic potential. R is the distance at which the 12-6 Leonard-Jones

potential is zero.

2.3 Molecular dynamics

Molecular dynamics is the process by which the time, t, average motion of particles can be calculated

by means of Newton’s second law of motion as described by:

d2ri

dt2 =
Fi

mi
(2.7)

where ri is the the position of a particle with mass, mi, that is acted upon by a force Fi. Numerical

integration of the equations of motion in increments of time, δ t, allows for the forces on a particle to be

calculated at each time step. These forces are the sum of the interactions of all the other particles in the

simulated system and, with the position and velocities of a particle at a time, t, the new positions and

velocities at time t + δ t can be calculated. At the beginning of a simulation the kinetic energy of the

system is initialized by assigning random velocities from a Maxwell-Boltzmann distribution followed

by rapid temperature scaling to the specified starting temperature.

The time step employed in a MD simulation is dependent on the fastest motion of the system and which

corresponds to the vibration of bonds to hydrogen. The use of time steps that are greater than the vibra-

tional frequency of these bonds can lead to the atomic positions of the hydrogen atoms being calculated

imprecisely from one time step to the next and which may result in inaccuracies in the potential energies

generated. Consequently, constraint algorithms, such as LINCS112 or SHAKE113 can be employed to

fix particular bond lengths, such as those to hydrogen, allowing an increase in time step and a saving in

computational time if required.

2.3.1 The integrator

The required initial input conditions for a MD run is the potential interaction as a function of atom

positions as well as the positions and velocities of all the atoms in the system. At each time step the

forces of every atoms is computed as a function of bonded and non-bonded forces as well as restraints

if necessary. The basic form of the velocity-verlet algorithm114 allows for calculation of the positions,

r; velocities, v; and accelerations, a at time t +∆t from the same quantities as time t by:
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r(t +∆t) = r(t)+v(t)∆t +(a/2)t +∆t2 (2.8)

v(t +∆t/2) = r(t)+(a/2)t (2.9)

a(t +∆t) =−(1/m)∆V (r(t +∆t)) (2.10)

v(t +∆t) = v(t +∆t)+(1/2)a(t +∆t)∆ (2.11)

2.3.2 The water model

There are many different potential functions for modelling a water molecule in MD simulations. These

can be implicit or explicit solvent models and can range from being simple to quite complex. This

study uses the TIP3P water model, which is a rigid, three site model.115 Rigid models constrain the

O – H bond, restricting vibration and rotation and allowing for fast simulations where modelling does

not require high accuracy for water molecules. Three site models utilise three interaction points for each

of the three atoms in water, with each site acting as a point charge and a Lennard-Jones potential acting

on the oxygen atom. In the TIP3P water model, partial positive charges are defined on the hydrogen

atoms and a negative charge on the oxygen atom. The intermolecular interaction between two water

molecules is computed using a Lennard-Jones type potential by a single interaction point per molecule

on the oxygen atom.

2.3.3 Periodic boundary conditions

MD simulations often model a small sample of much larger chemical systems. Consequently, the surface

area to volume ratio is much greater for the MD sample and, therefore, the particles spend a much

greater fraction of time close to the edge of the system than would otherwise normally occur. This

results in what is termed ’edge effects’ whereby the interactions at the outer portions of the system have

a disproportional effect on the overall simulation.

To minimise this effect periodic boundary conditions (PBC) are employed by modelling the simulated

system as a unit cell. The particles in a single unit cell is simulated and the motion of particles in cells

adjacent to the primary cell replicate the same movement. Therefore, as one particle moves out of the

unit due to its simulation motion the same particle moves into the unit cell at the exact opposite point.

Effectively this results in the system of the primary unit cell having no walls, significantly reducing the

errors that may arise as a result of ‘edge effects’. Figure 2.1 illustrates a molecular dynamic system

when modelled with and without periodic boundary conditions.

2.4 Metadynamics

Metadynamics simulations can be regarded as a subset of MD simulations and employs many of the

same methods. However, one key contrast is the manner by which the two methods explore different
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Figure 2.1: MD simulations with (right) and without (left) periodic boundary conditions.116

system states. In the case of simulating a molecule using these methods, the system state may be defined

with respect to the overall conformation of the molecule.

MD simulates the natural forces within and exhibited on a molecule using classical mechanics and

can thus be regarded as a deterministic method. Systems modelled with MD will thus have a natural

tendency to move toward lower energy equilibrium conformational states. However, the different states

that can be accessed by a molecule over any period of time are entirely dependant on natural variations of

system forces. If a molecular conformation resides far away energetically from lower energy equilibrium

states, longer periods of simulation time are required or the conformational space may be inadequately

sampled.

In contrast, metadynamics employs the application of an external force to certain parts of a system that

allows for an enhanced sampling rate of conformational space. The external force can be applied to

a certain well defined segment of a system known as a collective variable (CV), such as inter-atomic

distances, bond angles, and dihedral angles. During the simulation the potential of the system as a

function of of one or more CV, Vmeta, is measured and a positive Gaussian energy potential is added,

reducing the probability of the system returning to its previous state. If the simulation is performed for a

sufficient period of time, a proper statistical average over all configurations of the CV is formed. As the

free energy measured during this process is a function of one or more CV, it is referred to as a potential

of mean force.

The metadynamics potential117 acting on the collective variable ξ as used in this study is given by:

Vmeta(ξ ) =
t i<t

∑
t ′=δ t,2δ t,...

W
Ncv

∏
i=1

exp

(
(ξi−ξi(t

′
))2

2δ 2
ξi

)
(2.12)

where Vmeta is the history-dependent potential at time, t; N is the number of CV; ξ is the value of the

CV at t; and W is the Gaussian hill-weight. In this way the potential energy landscape of the CV can be
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measured and as this is fully explored V (cv, t) approaches the potential of mean force, E(ξ ):

E(ξ )≈ lim
t→∞

Vmeta(ξ ) (2.13)

2.5 File formats

This study uses the Protein Data Bank (PDB) and and the CHARMM Protein Structure File (PSF)

formats for describing the chemical structures simulated. The PDB format used provides the three

dimensional coordinates of all the atoms in the modelled chemical system. The PSF format used details

the atom coordinates, the bonding connectivity between the atoms, three-atom angles, four-atom proper

and improper dihedral angles as well as cross-terms. These files provide a detailed description of the

system simulated and are required for executing the MD simulation as performed in this study.

2.6 Analytical methods

2.6.1 Root mean square deviation

The Root Mean Square Deviation (RMSD) of a chemical structure can be used as a measure of confor-

mational difference relative to a reference structure. Analysis of the change in RMSD of a molecular

structure over the course of a MD simulation allows for studying conformational change with time. It is

commonly calculated with respect to a simulation starting structure post equilibration of the system and

is typically done on a specific groups of atoms. Small variations in the RMSD over time indicates greater

conformational stability whilst larger fluctuations suggests a more flexible structure. Convergence of the

RMSD toward a particular range during the simulation indicates a molecular structure that is conserved

and that has likely settled in a lower energy equilibrium conformation. The weighted by mass RMSD of

a structure at a time t2 relative to a reference structure at time t1 as used in this study is given by:

RMSD(t1, t2) =
1
M

[
N

∑
i=1

mi||ri(t1)− ri(t2)||2
] 1

2

(2.14)

where M is the molar mass, m is the atomic mass, and r(t) is the position of atom i at time, t.

2.6.2 Radius of gyration

Radius of gyration, Rg, provides a measure of the overall spread of a conformational structure. The

smaller the Rg value the more compact the molecule while the larger the value the more indicates it is

more extended. The mass weighted Rg as used in this study given by:

Rg =

[(
n

∑
i=1

mi||ri− rc||2
)
/

(
n

∑
i=1

mi

)] 1
2

(2.15)
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where ri and mi is the position and mass of the ith atom, and rc is the position of the centre of mass of

the molecule.

2.6.3 Distance

End-to-end distance measurements may be used as an additional method for determining the degree of

folding for different molecular conformations. The end-to-end distance, d, used were based on measure-

ments from the ring oxygen atoms of the terminal residues and calculated by:

d =
[
(ri− r j)

2
] 1

2
(2.16)

where ri and r j are the positions atom i and atom j.

2.6.4 Cluster analysis

MD simulations generate a configuration of a modelled system at each time step. Typically this results

in a large number of configurations, although, many of these are very similar. Conformational analysis

of a molecule from a dynamics run requires studying the structure over the course of the simulated

trajectory. In this regard, clustering provides a method for grouping of these structures (at different time

steps) based on one or more predefined, measurable criteria. Clustering allows for identifying families

of structures with similar conformations

There are a number of clustering algorithms that can be used for the conformational analysis of molecules.

In this study we use a method based on the quality threshold algorithm.118 The clusters are calculated by

specifying the measurement criteria, the maximum threshold distance as well as the approximate number

of clusters to be calculated. Initially, a random point is selected from the sample and a candidate cluster

is built around it by iteratively including the next closest point until the threshold distance is surpassed.

The cluster with the most points is the first true cluster and these points are removed from the sample

for further consideration. This process is repeated with reduced set points until all points are allocated

to clusters. If a point cannot fit in any of the formed clusters it is added to an additional outlying group.

2.6.5 Solvent accessible surface area

The solvent-accessible surface area (SASA) is the surface area of a chemical structure that is accessible

to a solvent. The parameter was measured as carbohydrate properties, such as glycosidic linkage ro-

tamer conformation, molecular stretching, and ring puckering, are affected by interactions between the

carbohydrate and solvent molecules.119–121 Thus, measuring solvent-accessible area, as well as studying

the relationship between changes in molecular conformation and solvent-accessible area, may assist in

better understanding carbohydrate structural behaviour.

The SASA calculation is typically performed on each atom (or specific group of atoms) of the molecule
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by tracing a sphere with a specified radius around the atom from it’s centre. A measurement is then made

to find the points on the sphere that are occluded or exposed to solvent, giving the solvent-accessible

area around the atom. The area around each atom of the molecule calculated as being solvent exposed

are added together to provide the total solvent-accessible surface area of the molecule.
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Chapter 3. Conformations of meningococcal Y and W capsular polysac-
charide vaccines

3.1 Introduction

MenY [→6)-α-D-Glc(1→4)-α-D-NeuNAc-(2→] and MenW [→6)-α-D-Gal(1→4)-α-D-NeuNAc-(2→]
bacteria have very similar CPS RUs with the only difference being the orientation of the C-4 hydroxyl:

equatorial for MenY and axial for MenW. Figure 3.1 illustrates de-O-acetylated (dOA) dimers of MenY

and MenW CPS as used in this study. It should be noted that the sialic acid residues of the RUs are

partially OAc at C-7 and C-9 depending on the strain.122 Only a relatively small proportion of the MenY

and MenW CPS RUs are OAc (approximately 15%122) and therefore we do not consider the effects of

OAc in this investigation. This approach was also taken in the previous modelling study performed on

MenY and MenW.57

Figure 3.1: De-O-acetylated CPS dimer of MenY (RU left in blue) and MenW (RU right in green).

A small scale clinical trial by Griffis et al. showed that MenY and MenW CPS vaccines provide immune

cross-protection against bacteria of the other meningococcal group (Table 3.1).89

Table 3.1: Immunogenicity of meningococcal group Y
and W CPS vaccines.89

Antigen Y Vaccine W Vaccine Y-W Vaccine
Y Very Strong Weak Very Strong

W Strong Very Strong Very Strong

The study showed that the MenY CPS vaccine was able to provide high levels of bactericidal anti-

body against group W bacteria but that the MenW CPS vaccine was only able to weakly cross-protect

against group Y bacteria. The reasons for the observed difference are not fully understood, however, the

relationship between capsular polysaccharide conformation and immunogenicity has been previously

shown.16,123

Moore et al. modelled the MenY and MenW CPSs as part of a study investigating the nature of group
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specific epitopes.57 Their simulations employed molecular mechanics (utilising the GEometry of Gly-

cOProteins package and a modified Hard Sphere Exo-Anomeric force field)124 in combination with a

Metropolis Monte-Carlo protocol to investigate molecular conformation. The global minimum of each

individual glycosidic linkage was calculated in vacuum to determine their preferred low energy orienta-

tions. These were then used to build larger conformations, which were further minimised. The process

was repeated up to a length of 10 RUs.

The modelling predicted similar helical structures for Men Y and MenW, with four residues per turn,

and the largest difference being the orientation of the C-4 hydroxyl. In the MenW 3RU the C-4 hydroxyl

is positioned such that it lies in a hydrophobic surface region. In the MenY RU the C-4 hydroxyl disrupts

this surface, increasing the hydrophilic nature of the molecule in comparison to that of MenW. Figure

3.2 provides a model of the simulated MenY and MenW RUs.

Figure 3.2: Space filling model of 10 RUs of MenY (left) and MenW (right) showing hydrophobic and
hydrophilic regions. Hydrophobic surface (green arrow), hydrophilic surface (blue and red arrows).
Reproduced with permission from Samuel L. Moore, Catherine Uitz, Chang-Chun Ling et al. (2007),
© Clinical and Vaccine Immunology, American Society for Microbiology.57

There are several limitations with the Moore et al study. The simulations were performed with molecular

mechanics, which does not provide a time-based molecular trajectory showing the evolution of molecular

conformation with time. Additionally, the force fields employed were not calculated specifically for the

carbohydrate molecules used in the study, limiting the accuracy of the results.124 The simulations were

also performed in vacuum and, as a result, they do not take into account solvent interactions and counter

ion effects.

Metadynamics and MD simulations can be used to improve upon as well as further investigate the results

of the Moore et al study. The RUs can be modelled in solution over a time series to provide a trajectory
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of molecules. This allows for analysis of conformational dynamics whilst making it easier to identify

additional conformational types. The simulations can also be performed in solution using counter ions

and the latest class of carbohydrate specific force fields. Studies using MD methods would thus be useful

in providing additional insight into the CPS conformation RU of the two meningococcal groups.

In this study we aim to use computational studies to predict the conformations of the MenY and MenW

CPS RU. Our systematic procedure as described in Section 3.2 builds from modelling of disaccharide

units to simulations of 3RU oligosaccharides in solution. The conformational dynamics and glycosidic

linkage angles of the structures are analysed to provide insight into molecular conformation. We model

chains of 3RU length as work by Moore et al. showed that NMR shifts for 3RUs are comparable to that

of longer chains.57 In addition, they demonstrated complete inhibition of antibody binding for 3RUs in

both MenY and MenW and thus structural analysis of the 3RU may provide insight into the observed ac-

tivity.57 Furthermore, similar molecular modelling studies on 3RU and 6RU of pneumococcal serotypes

19A and 19F found no significant differences in the conformations and hydrodynamics between the

shorter and longer chains.125

Figure 3.3 provides a dOA MenY/MenW trisaccharide, which includes the RU structure as used in this

study and illustrates the glycosidic linkage dihedral angles. The atom groups defining these angles are

given in Section 3.2.

Figure 3.3: dOA MenY and MenW trisaccharide with the repeating unit and
illustrating the glycosidic dihedral angles.

Conformation of the hydroxymethyl group

MenY and MenW CPS RU are comprised of 6-linked glucose and galactose pyranose monomers re-

spectively. The rotameric distribution of the hydroxymethyl group has been primarily studied by X-

ray crystallography and NMR experiments.126–128These studies demonstrated that the conformation

of the hydroxymethyl group in glucose and galactose is an equilibrium between three staggered ro-

tameric conformations: gauche-trans (gt, ω = +65°), gauche-gauche (gg, ω = -65°) and trans-gauche

(tg, ω = ±180°) (Figure 3.4).129
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Figure 3.4: Hydroxymethyl conformations of glucose and galactose. In
these monomers the gt rotamer has no unfavourable interactions and is
favoured by the gauche-effect. The gg rotamer has unfavourable interactions
in galacto-compounds and is favoured by the gauche-effect. The tg rotamer
has unfavourable interactions in gluco-compounds and is not favoured by the
gauche-effect.129

NMR measurement of glucose and galactose monomers in solution identified differences in the ro-

tameric distribution of the hydroxymethyl group. Studies by Nishida et al. give a gg:gt:tg ratio of

approximately 53:45:2 for α-D-glucose and 18:61:21 for α-D-galactose.126,127 Further studies several

years later by Bock et al give similar results; a gg:gt:tg ratio of approximately 52:41:7 for α-D-glucose

and 12:56:32 for α-D-galactose.128

There may be several reasons for these observed differences. Glucose has a small population of tg

rotamers as a result of 1,3 steric interactions between O-6 and the C-4 hydroxyl. This is known as the

Hassel-Ottar effect.130 In addition, for both residues, the gt and gg rotamers, which have O-6 gauche to

O-5, are favoured over the tg rotamer, which does not. This may be due to the gauche effect that arises

from unfavourable interactions between the anti-bonding orbitals of the C5 – O5 and C6 – O6 bonds in

the tg rotamer.129 The force field for glucose and galactose used in this study has been constructed to

reproduce the results of these effects.107–110

Structure abbreviations and dihedral angle definitions

Table 3.2 provides the glycosidic linkages and corresponding abbreviations as used in this study.

Table 3.2: Structure and abbreviations of meningococcal
groups studied.

Structure/Linkage Abbreviation Group
α-D-Glc-(1→4)-α-D-NeuNAc Glc14N MenY

α-D-NeuNAc-(2→6)-α-D-Glc N26Glc MenY

α-D-Gal-(1→4)−α-D-NeuNAc Gal14N MenW

α-D-NeuNAc-(2→6)-α-D-Gal N26Gal MenW

The atoms that form the dihedral angles for the 1→4 glycosidic linkage in Figure 3.3 are here defined

as:

φ = H1 - C1 - O1 - C′4
ψ = C1 - O1 - C′4 - H′4
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The dihedral angles of carbohydrates bonded through a C-6 linkage as in Figure 3.3 are here defined as:

φ = O’1 - C’2 - O6 - C6

ψ = C’2 - O’6 - C6 - H6

ω = O6 - C6 - C5 - O5

3.2 Methods

We performed computational modelling of meningococcal group Y and W CPS RUs in two phases.

The first identifies preferred dihedral angle orientations of the glycosidic linkages using metadynamics

simulations.16,125 In the second phase we use these preferred angles to build larger 3RU structures,

which were simulated with molecular dynamics in solution.

The initial configurations of the disaccharides and 3RU oligosaccharides were generated with Carb-

Builder,131,132 which uses the psfgen tool133 to create a ‘protein data bank’ (PDB) and ‘protein structure

file’ (PSF)134 for use with Nano Scale Molecular Dynamics (NAMD).135 The PDB and CHARMM PSF

structure files for the starting structures of the molecules simulated are provided in Appendix A.

Phase 1: Potential of mean force calculations

The metadynamics routine incorporated into NAMD v2.9 was used to calculate the φ , ψ and ω potential

of mean force free energy surfaces for the disaccharide linkages. Simulations were performed on four

disaccharides in solution namely: Gal14N, Glc14N, N26Glc, and N26Gal (Table 3.2).

In each simulation the disaccharide was placed in the centre of a cubic box with sides of 6 nm. The box

was filled with approximately 32718 water molecules and a single Na+ counter ion. The Glc14N and

Gal14N residues were simulated for 600 ns and the N26Glc and N26Gal disaccharides for 1300 ns. The

PMF simulations were stopped when no new minima appeared within 200 ns of formation of the last

minimum; and the existing minima did not shift position by more than 5° for at least 100 ns. Structures

were collected at intervals of 250 ps for analysis.

A hillWeight of 0.5 was used for Glc14N and Gal14N, and 0.1 for N26Glc and N26Gal. The collective

variables were defined as φ and ψ for both Glc14N and Gal14N, and φ and ω for both N26Glc and

N26Gal. The ψ dihedral for N26Glc and N26Gal was not modelled as a collective variable in the

metadynamics simulations as the C6 – O6 bond has been shown to have a single preferred low energy

orientation.136 The NAMD configuration and collective variable files for the metadynamics simulations

are provided in Appendix A.

Phase 2: Molecular dynamics of repeating units

MD simulations in solution were performed on a 3RU of MenY and MenW. Using CarbBuilder131,132,

the glycosidic linkage dihedrals of the starting structures were set to initial values within the global en-

ergy minima identified by the PMF calculations. The starting structures as obtained from the respective

metadynamics simulations were placed in the centre of a cubic box with sides of 12 nm, solvated with
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approximately 11 000 water molecules and neutralised with 3 Na+ ions using the same method as that

of the metadynamics simulations. All the MD simulations were run for 200 ns. The system was equi-

librated 0.03 ns with a cycled temperature increase from 0 K to 300 K in 10 K increments with each

cycle commencing with a 10 000 step energy minimisation followed by a 0.001 ns MD simulation at the

specified temperature until 300 K. Structures were collected at intervals of 250 ps for analysis.

General simulation parameters

All metadynamics and MD simulations were performed using NAMD v2.9 for Linux-x86_64 or Linux-

x86_64-multicore-CUDA.135 The latter package employs NAMD CUDA extensions for the calculation

of long-range electrostatics and non-bonded interactions on GPUs. The GPU-accelerated simulations

were run on a 12 core, 4 TeslaM2090 GPU server with 64GB RAM per core and 6GB DDR5 per

GPU. Visualisation and analysis was undertaken with Visual Molecular Dynamics (VMD) v1.9.2137

or Python scripts. Solvation was performed using the VMD Solvation Box and Ions plugin.138,139.

Where necessary, molecular conformations were depicted with the PaperChain and Twister visualisation

algorithms for carbohydrates140 to highlight the glycan rings.

The metadynamics and MD simulations were performed in a cubic water box with each dimension ap-

proximately 2.5 times the longest length of the carbohydrate molecule. The TIP3P115 water model was

employed and Na+ counter ions were used to neutralise the solution. All metadynamics and MD sim-

ulations were preceded by a standard NAMD 10 000 step energy minimisation protocol pre- and post

solvation and ionisation. A modified CHARMM36 additive force field was used.107–110 The NAMD

velocity-verlet integrator114,135 was employed with a 1 fs time step. Particle mesh Ewald (PME) sum-

mation was used for long-range electrostatic interactions with κ = 0.20 Å−1 and PME grid dimensions

of 6 nm for the disaccharide simulations and 12 nm for the 3RU simulations. Non-bonded interactions

were truncated with a switching function applied between 1.2 nm and 1.5 nm to groups with integer

charge. The 1-4 interactions were not scaled as per CHARMM force-field recommendations.

All simulations employed periodic boundary conditions and were performed at 300 K and 1 atm under

NPT. Temperature and pressure were coupled using the Nose-Hoover thermostat141,142 and Langevin

piston barostat143 methods. A NPT ensemble was utilised as opposed to a NVT ensemble as constant

pressure is recommended for periodic simulations in NAMD.144. The first 10 s of the simulations were

regarded as an equilibration phase and were not included in the analysis unless indicated otherwise.

Cluster analysis was done using VMD’s internal measure cluster command to calculate clusters based

on the quality threshold algorithm.118. Structures from the MD trajectory were aligned to the first frame

and clustering was performed on the ring and glycosidic atoms of the molecules with a RMSD cut-off

size of 0.2 nm. Only clusters with greater than 5% simulation time were analysed. SASA analysis

was performed using VMD’s internal measure SASA command, which is based on the Shrake-Rupley

algorithm.145,146. An orb radius of 0.14 nm was used for the SASA analysis.
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3.3 Results and discussion

We investigated the MenY and MenW CPS conformations by first studying the disaccharide RU struc-

tures obtained from metadynamics simulations and identified dihedral orientations of the low energy

structures. We then evaluated the MD simulation results by analysing conformation and dynamics of the

MenY and MenW 3RU oligosaccharides chains.

3.3.1 Potential of mean force of calculations of Glc14N and Gal14N

Figure 3.5 illustrates the φ and ψ dihedral angle PMF surfaces of Glc14N and Gal14N calculated from

the metadynamics simulations as well as representative structural conformations at the minimum re-

gions.

As expected the surfaces are very similar as the sole difference between the dimers is the orientation of

the C-4 hydroxyl (equatorial for Glc14N and axial for Gal14N), which is located at the opposite end of

the pyranose ring from the 1→4 glycosidic linkage. The PMF surfaces of both disaccharides have three

minima regions at φ ,ψ = -25°, +40° (∆G = 3 kCal mol−1); φ ,ψ = -34°, ±180° (∆G = 5 kCal mol−1);

and φ ,ψ = -33.75°, -41.25° (∆G = 0 kCal mol−1, the global minimum). Higher energy regions above

∆G = 5 kCal mol−1 mostly lie outside of the -90° and 30° range for φ and -100° and 90° range for ψ .

The lowest energy conformer (X in Figure 3.5) of both Glc14N and Gal14N orientates to allow for a

maximum distance between the monosaccharide residues with the ring faces positioned in a non-parallel

manner. In addition, the amide substituent of the sialic acid residue for both disaccharides lies above

the face of the glucose or galactose ring. Consequently, H-5 lies within 0.35 nm to 0.4 nm of the amide

functional allowing for long range hydrogen bonding between the individual monomers.

3.3.2 Potential of mean force calculations for N26Glc and N26Gal

The φ and ω dihedral angle PMF surfaces of N26Glc and N26Gal are also very similar, although, there

are a several key differences between them. (Figure 3.6). The surfaces each contain 9 minimum regions

with the global minimum for N26Glc at c (φ , ω = 61°, 64°) and the global minimum for N26Gal at b
(φ , ω = 64°, 59°). Additional minima lie at positions a and d-i. The dihedrals and free energies for key

minimum points are summarised in Table 3.3. The free energies at minima φ , ω = -36°, -64° (f) and φ ,

ω = ±180°, -64° (i) are the same for both N26Glc and N26Gal.

Table 3.3: Values of the φ , ω dihedrals for minima labelled on the PMF surfaces of N26Glc and N26Gal. The
free energies (in kCal mol−1) relative to the global minimum of each disaccharide are shown in brackets.

Disaccharide
Conformational region

c f i b a

φ , ω (∆G) φ , ω (∆G) φ , ω (∆G) φ , ω (∆G) φ , ω (∆G)

N26Glc 61°, -64° (0) -36, -64° (4) ±180°, -64° (5) 64°, 59° (1.4) 56°, 174° (3.5)

N26Gal 61°, -64° (0.4) -36, -64° (4) ±180°, -64° (5) 64°, 59° (0) 61°, 177° (1.3)
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Figure 3.5: Solution PMF surfaces of αDGlc(1→4)αDNeuNAc (top left) and αDGal(1→4)αDNeuNAc
(top right). Labels X, a, and b denote the minima regions for both structures. Contours lie at 2 kCal mol−1

increments with the energies relative to the the global minimum at X. Below are representative structures of
Glc14n and Gal14N at positions X and b on their respective PMF surfaces. Dashed blue lines show
hydrogen bonds.
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Figure 3.6: MenY and MenW PMF plots in solution for αDNeuNAc(2→6)αDGlc (left) and
αDNeuNAc(2→6)αDGal (right). Contours are drawn at 1 kCal mol−1 intervals. The global minimum is at c;
notable local minima lie at a, b, i and f. Representative structures of N16Glc and N16Gal (below) showing the
three significant ω dihedral rotameric conformations. The tg rotamer (left), the lowest energy gg rotamer
(centre) and the gt rotamer (right). Dashed blue lines show hydrogen bonds.
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The PMF surface profile of N26Glc and N26Gal is closely related to the rotameric conformation of

the hydroxymethyl group in glucose and galactose.119 In glucose residues the gt (ω = 65°) and gg

(ω = -65°) rotamers typically have no unfavourable 1,3-interactions and are favoured by the gauche-

effect. In contrast, the tg (ω = ±180°) rotamer has unfavourable 1,3-interactions in gluco-compounds

and is not favoured by the gauche-effect. The PMF surface of N26Glc reflects these differences. The

gg rotamer (c) is lowest energy (∆G = 0 kCal mol−1) while the tg rotamer (a) is highest in energy

(∆G = 3.5 kCal mol−1). The gt rotamer (b) is 1.4 kCal mol−1 higher than the global minimum and this

difference in energy may be attributed to steric effects.

In galactose residues gt and tg rotamers are typically preferred whilst the gg form are less so due to

unfavourable 1,3-interactions. In the PMF surface of N26Gal the gt rotamer (b) is lowest in energy,

while the gg (c) and tg ((a) rotamer are 0.4 kCal mol−1 and 1.3 kCal mol−1 higher in energy respectively.

This result shows that even though the minima of N26Glc and N26Gal lie on the same regions on their

PMF surfaces there are significant differences in the free energies at these points. These differences in

preferred glycosidic linkage confirmation may have a significant effect on polymer conformation.

3.3.3 Polymer conformations

We provide here an analysis of the conformation and dynamics of the 3RU oligosaccharides of MenY

and MenW. We studied orientation of the glycosidic linkages, molecular folding, hydrogen bonding,

solvent accessible surface area, and cluster conformations. Additional analysis of root mean square

deviation, radius of gyration, dihedral measurements, and ring puckering from the MD simulations are

given in Appendix A. The PDB and PSF files of the starting structures are also listed in Appendix A. The

chemical formulae of the MenY and MenW 3RU simulated as well as labels identifying the glycosidic

linkages are provided below:

i ii iii iv v
Y: α-D-Glc(1→4)-α-D-NeuNAc-(2→6)-α-D-Glc(1→4)-α-D-NeuNAc-(2→6)-α-D-Gal(1→4)-α-D-NeuNAc

W: α-D-Gal(1→4)-α-D-NeuNAc-(2→6)-α-D-Gal(1→4)-α-D-NeuNAc-(2→6)-α-D-Gal(1→4)-α-D-NeuNAc

Glycosidic linkage conformations

Figure 3.7 shows the Glc14N/Gal14N and N26Glc/N26Gal dihedral angles of the MenY and MenW

3RU strands over the course of the 200 ns simulation. The plots for all three Glc14N and Gal14N

linkages (i, iii and v) show that the φ and ψ dihedrals remain close to the global minimum energy well.

Most lie within 1 kCal mol−1 of the global minimum, X, near φ , ψ = -33.75°, -41.25°, while almost all

fall within at least 2 kCal mol−1 of this point. A very small number of the measured dihedrals are also

located in local minima at a and b.

In contrast, the N26Glc and N26Gal plots in Figure 3.7 show clear differences in dynamic behaviour.

The N26Glc linkages remain almost exclusively within the global minimum energy well (c), with min-

ima b and f only very slightly populated. The remaining energy minima are not significantly populated.

This suggests that the gg rotamer is the sole preferred conformation of the N26Glc linkage.

The N26Gal plot shows a significantly different profile. The linkage also remains primarily in minimum
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energy well c but in addition shows frequent rotations about the ω dihedral populating minima a and b.

The dihedrals also briefly populated minima f and i, while the remaining minima are not visited. The

distribution of the N26Gal linkage dihedrals indicate that the gg rotamer is preferred, although, both the

gt and tg forms are accessed for significant periods during the simulation.

These results closely correspond to the free energies measured for N26Glc and N26Gal. The barriers

of the three lowest energy wells (a, b and c) of N26Gal are between 1 kCal mol−1 and 2 kCal mol−1

lower in energy than the corresponding energy barriers of N26Glc. Furthermore, the local minima of

N26Gal also lie lower in energy than the local minima for N26Glc. These results are reflected in the

MD simulations by the population of the different rotameric states of the 3RUs. The N26Gal linkages of

the MenW 3RU are able to move over the lower energy barriers between and populate the gg, gt and tg

minimum regions. However, the N26Glc linkages of the MenY 3RU are not able overcome these energy

barriers and remain almost entirely in the gg rotameric conformation.

To further study dynamic behaviour of the glycosidic linkages we analysed dihedral angle probabil-

ity distributions. The φ and ω probability density functions for the N26Glc and N26Gal linkages are

provided in Figure 3.8 and 3.9 respectively.
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The distribution of the φ dihedral for the N26Glc and N26Gal linkages are similar. For the N26Glc

linkages, φ lies between -50° and -100° for over 95% of the structures in the MD trajectory. The φ

dihedral of the N26Gal linkages have a similar distribution, with approximately 93% of the dihedral

angle in the 50° to 100° range. A region near -40° is also slightly more densely populated in the linkage

ii of N26Gal compared to the same region in the N26Glc linkage. The density function of the ω dihedrals

for the N26Glc and N26Gal linkages clearly show the differences in the angle distributions of MenY and

MenW 3RU. The N26Glc density function contains a single peak between -40° and -100° with over 95%

of the ω dihedral falling within this range. Similarly, the single largest peak for the N26Gal linkages

also falls within this range although the size of the region is significantly smaller at about 60%. The two

Figure 3.7: Overlay of the MD dihedral angles of MenY (left) and MenW (right) 3RU structure on metadynamics
free energy surfaces. (1) and (2) provide the dihedral angles for linkages i, iii and v for Glc14N and Gal14N
respectively. (3) and (4) provide the dihedral angles for linkages ii and iv. Contours lie at 1 kCal mol−1

increments.
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Figure 3.8: Probability density functions of the N26Glc (above) and N26Gal (below) linkage φ dihedrals in the
MenY and MenW 3RU.

Figure 3.9: Probability density functions of the N26Glc (above) and N26Gal (below) linkage ω dihedrals in the
MenY and MenW 3RU.
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smaller peaks constitute the remaining populated dihedral angles with about 20% between -150° and

150° and 15% between 40° and 100°. The preferred dihedrals for the 1→4 and 2→6 linkages of MenY

and MenW 3RU are summarised in Table 3.4.

The density functions of the N26Glc linkage ω dihedrals confirms the gg rotamer in the MenY 3RU

is preferred. This results corresponds to the standard glucose model for rotameric conformation. In

the galactose model the tg rotamer is also the preferred rotamer, however, the simulated structure for

N26Gal has the gg rotamer as the most prevalent followed by the tg and gt forms. This suggests that the

unfavourable 1,3 steric interactions between OH-4 and C-6 of the galactose residue is not the dominant

factor in determining dihedral orientation and that one or more interactions play a greater role.

Conformational dynamics

To study conformational dynamics we calculated the change in the end-to-end distance‡ for the MenY

and MenW 3RU. We also measured the ω dihedral of the N26Glc and N26Gal linkages and correlate

dihedral orientation to the end-to-end distances. The plots in Figure 3.10 illustrate the change in end-to-

end distance and ω dihedral of the MenY and MenW 3RU from their respective 200 ns MD simulations.

The end-to-end distance of the MenY 3RU (Figure 3.10-1) ranges from 1.2 nm to 2.4 nm, although,

the 10 ns average distance remains relatively constant at 1.9 nm with a standard deviation of 0.2 nm.

There are marked changes in the end-to-end distance of the MenW 3RU (Figure 3.10-2) during the MD

simulation. The distance changes little in the first 80 ns of the simulation with an average between

1.9 nm and 2 nm. For 30 ns after this the average end-to-end distance increases to over 2.2 nm and then

falls to 1.8 nm for the next 40 ns. In the remaining portion of the simulation, the MenW 3RU is distinctly

flexible with the 10 ns average end-to-end distance moving consistently between 1.8 nm and 2.2 nm.

The time series of the N26Glc linkage ω dihedrals illustrates their single preferred orientation in the

MenY 3RU. In contrast, the behaviour of the ω dihedrals in the MenW 3RU is significantly different.

The ω dihedral for both the MenY and MenW 3RU are close to -60° at the start of the simulation.

The N26Glc linkages oscillate around this value throughout the simulation with the exception of a short

Table 3.4: Preferred dihedral angles and population sizes based on the probability distributions of MenY and
MenW 3RU. The 1→4 linkages have no ω dihedral.

Group Dihed. α-D-G*(1→4)-α-D-NeuNAc-(2→6)-α-D-G*(1→4)-α-D-NeuNAc-(2→6)-α-D-G*(1→4)-α-D-NeuNAc
i ii iii iv v

φ -50°, >95% 62°, >95% -50°, >95% 63°, >95% -49°, >95%

Y ψ ±180°, >95% -172°, >95% ±180°, >95% -173°, >95% ±180°, >95%

ω - -67°, gg, >95% - -65°, gg, >95% -

φ +48°, >95% 62°, >95% +48°, >95% 62°, >95% 50°, >95%

W ψ ±180°, >95% -172°, >95% ±180°, >95% -171°, >95% ±180°, >95%

ω - -62°, gg, 60% - -63°, gg, 60% -

‡ The end-to-end distance is the distance between the ring oxygen atoms on the terminal residues of the MenY and MenW 3RU

Page 40 of 71



3. Conformations of meningococcal Y and W capsular polysaccharide vaccines

Figure 3.10: (Top) Time series of end-to-end distances from MD simulations of 3RU of MenY (1) and MenW (2).
Centre lines show 10 ns mean, outer lines show 10 ns standard deviations. Distance measured from ring oxygen
atoms of terminal residues; (Bottom) Time series of glycosidic linkage ω dihedrals from MD simulations of 3RU of
MenY (3) and MenW (4). Linkage ii represented by (·) and iv by (x).

period between 47 ns and 50 ns where linkage iv changes to +60° and ±180° after which it rapidly

moves back to the -60° range.

The ω dihedrals of the N26Gal linkages in the MenW 3RU remain close to -60° for the first 60 ns in

the simulation. For the remaining 140 ns ω dihedral of either one or both linkages moves between -

60°, +60° and ±180°. The change in the dihedral angle closely correlate to the MenW 3RU end-to-end

distances during this period; with the end-to-end distance rising above the average when one or both the

dihedrals are at ±180° or below the average when the dihedrals are near +60°.

The graphs show correlation between the end-to-end distances and the the ω dihedral. In the MenY 3RU,

both the distance and ω dihedral remain constant throughout the simulation while in the MenW 3RU

both fluctuate significantly. The conformation of structures (a-e) reflect these differences. The MenY

3RU structures, with the exception of c are conformationally similar adopting a helical conformation. In

contrast, the MenW 3RU adopts multiple structural types and are significantly more conformationally

flexible. These include helical conformations (A and D), which are similar to that of the MenY 3RU,

more folded conformations (B and E); as well as conformations that are highly compact forming a

significantly smaller structural unit (C).
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Hydrogen bonding analysis of the MD trajectories identified no hydrogen bonds in the MenY 3RU.

The MenW 3RU showed two consistent hydrogen bonds between the C-4 hydroxyl of galactose and

the glycosidic oxygen of both N26Gal linkages (ii and iv). The hydrogen bonds were confirmed by

measuring the atom-to-atom distance from OH-4 to O-6 as well as the O4 – OH4 – O6 bond angle. We

compare this distance and angle for both N26Glc and N26Gal in the MenY and MenW 3RU respectively

(Figure 3.11).

The OH-4 to O-6 atom-to-atom distance for both N26Glc linkages remain within 0.3 nm and 0.45 nm

Figure 3.11: (Above) Time series of OH4 – O-6 distance and O4 – OH4 – O6 angle of MenY (left) and MenW
(right) 3RU. (Below) Representative MenW 3RU showing the N26Gal linkages (ii and iv) in the gg rotameric
form and the hydrogen bonds between OH-4 and O-6.
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for most of the simulation while the O4 – H-4 – O6 angle ranges from 20° to 140° with an average of

approximately 90°. The same atom-to atom distance measurements for the N26Gal linkages lie between

0.15 nm and 0.2 nm for over 60% of the simulation. The distance increases up to a 0.55 nm for periods

before returning down the 1.5 nm to 2 nm range. Overall, the measured distances confirm that it is highly

unlikely a hydrogen bond will form between OH-4 and O-6 in the N26Glc linkages.

For the N26Gal linkages in the MenW 3RU the H-4 to O-6 atom-to-atom distance fluctuates significantly.

In the over 140 ns of the simulation the average distance averages below 0.2 nm. During these periods

the O4 – H-4 – O6 angle lies mostly above 140°. This average distance and angle would suggest the

formation of a hydrogen bond.

Hydrogen bond formation strongly correlates with the N26Gal linkage ω dihedral orientation. The

hydrogen bond is present when the ω dihedral is in the gg rotameric form. As gg is not typically

favoured in galactose residues due to 1-3 steric interactions it is likely that the this configuration in the

N26Gal linkage is stabilised by the presence of the hydrogen bond.

Solvent accessible surface area

We measure solvent-accessible surface area of the MenY and MenW 3RUs and study correlation be-

tween molecular conformation and solvent-accessible area. Figure 3.12 depicts the change in the SASA

of the MenY and MenW 3RUs over the course of the MD simulations.

Figure 3.12: Change in solvent accessible surface area of MenY (left) and MenW (right) 3RU over 200 ns of MD
in solution. The line and dashed lines are the 10 ns mean average and sample standard deviations respectively

The SASA for the MenY 3RU consistently fluctuates between 14.5 nm2 and 16.5 nm2 with an average

that remains relatively constant at 15.5 nm2. The SASA of the MenW 3RU changes over a larger range

between 13.3 nm2 and 16.5 nm2 while the average also varies notably. The SASA for both 3RU CPSs

closely correlates to changes in their N26Glc or N26Gal ω dihedral. The 3RU conformations are similar

when the N26Glc and N26Gal linkages are in the gg rotameric conformation. When one of the N26Gal

linkages changes to either the gt or tg form folding of the molecule occurs, resulting in a decrease in

solvent accessibility. Figure 3.13 provides the molecular surface of representative MenY and MenW

3RU showing a map of the hydrophobic and hydrophilic regions.

The SASA potential maps on the 3RUs show that the dominant structure of MenY as shown on the left

of Figure 3.13 has a relatively large number of regions that are solvent inaccessible. The preferred con-
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formation of MenW in the centre of Figure 3.13 has a similar SASA profile. However, the conformation

at 140 ns on the far right has the 2→6 linkages in the gg rotameric conformation and has fewer solvent

accessible areas. The total SASA for the structures at 14 ns and 140 ns is 15.85 nm2 and 14.44 nm2

respectively. There does not appear to be a large difference in the total solvent-accessible area, however,

the second structure shows a deep pocket that is solvent inaccessible.

The dominant conformations of the MenY and MenW CPS RU have similar solvent accessible areas

but differ around the hydrophilic C-4 hydroxyl of the glucose and galactose residues. This region in

the MenY 3RU is slightly more solvent accessible than the same area in the MenW 3RU. However, the

SASA profile of the less dominant MenW 3RU conformations are significantly different. As expected,

the SASA decreases with increased conformational folding as a result of formation of solvent occluded

pockets.

The MenY and MenW 3RU structures displayed measurable differences in SASA depending on confor-

mation. The dominant conformers for both MenY and MenW have similar SASAs, although, the less

preferred conformations of MenW have distinctly different solvent accessible profiles.

Cluster Analysis

We performed a cluster analysis on the MenY and MenW 3RU MD trajectory to identify groups that have

similar conformations. The structures were clustered on RMSD with respect to the starting structure and

Figure 3.13: SASA potential map on the surface of MenY and MenW 3RU at 14 ns (left and centre), with the
N26Glc and N26Gal linkages in the gg rotameric form, and for MenW at 140 ns (right), with the N26Gal
linkages in the tg form. Regions in blue are more solvent accessible while those in red are less solvent
accessible.
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based on the method in Section 3.2. Figure 3.14 depicts the dominant cluster families of the MenY and

MenW 3RUs simulated.

A single cluster was identified from the MD trajectory of the MenY 3RU, with over 95% of structures

falling within this group. All the structures in this group have both N26Glc linkages in the gg rotameric

form.

A total of 3 large clusters and 2 smaller cluster groupings were identified for the MenW 3RU. The

conformations of the cluster groups strongly correlate with the rotameric forms of the N26Gal linkages.

The largest cluster contains approximately 44% of the structures from the molecular trajectory and both

N26Gal linkages in this group are in the gg rotameric form.

The second and third largest cluster groups consists of one of the N26Gal linkages in gg whilst the

other is in the tg form. The clusters effectively represent a single conformational group combined with

a population size of 27%. The remaining two groups each have one of the N26Gal linkages in the tg or

gt forms and together constitute approximately 15% of the total number of structures.

The conformational structures of the dominant structural families observed are similar to those identified

by Moore et al.57 They found that the dominant conformations of MenY and MenW have a related

helical structure in the lowest energy conformation, with four residues making one full turn. We also

found that the dominant conformation of the MenY and MenW 3RU forms a helical structure with four

to five residues forming a single turn. The smaller cluster groups of MenW have a higher degree of

folding, which corresponds to the rotameric orientation of the N26Glc linkages, and do not appear to

adopt a typical helical shape. Clusters with conformations that have one linkage in the gt or tg form are

partially folded, while the cluster with both N26Gal linkages in the gt or tg form is more highly compact.

As the relationship between CPS conformation and immunogenic activity has been previously shown,16,123

these results suggest that there is a correlation between CPS conformation and the level of antigen cross-

protection.
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Figure 3.14: Above: Mean representative structures of the MenY (blue) and MenW (green) 3RU structures. The sialic acid residues are grey and oxygen atoms red. The glucose
and galactose monomers are coloured. Below: Structural overlays of clusters of selected frames within each cluster grouping. H atoms not shown.
The scale of the smaller clusters has been reduced to emphasize their relative population sizes.
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3.3.4 Capsular polysaccharide conformation and immune response

A small scale clinical trial by Griffis et al. showed that MenY and MenW CPS vaccines provide differing

levels of immune cross-protection (Table 3.1).89 The study showed that the MenY CPS vaccine was able

to elicit high levels of bactericidal antibody against group W bacteria while the MenW CPS vaccine was

only able to elicit relatively low levels of bactericidal antibody against group Y bacteria.

The results from our study suggests a correlation between CPS conformation and MenY and MenW

vaccine cross-protection. Computational modelling suggests that the MenY CPS adopts a single pre-

ferred conformation. Consequently, B-cell receptor recognition of the MenY CPS vaccine antigen will

possibly induce the formation of a single antibody type. The antigen binding site of this antibody is

specific to the epitope of the dominant MenY CPS conformation.

In contrast, the MenW CPS can adopt multiple conformations, with some conformations that are more

dominant than others. Therefore, BCR recognition of MenW CPS vaccine antigen may induce the

formation of multiple types of antibodies. Each of these antibodies will be specific to a particular MenW

CPS conformation. Additionally, the number of each antibody type formed may be proportional to the

different conformational groups of the MenW CPS. Figure 3.15 illustrates a proposed immune response

to MenY and MenW CPS vaccines antigens and the associated antibody formation.

These assumptions suggest that, as the dominant conformations of both MenY and MenW CPS are

very similar, the antibodies produced from these conformations may also be closely related. This could

allow for some antibody cross-protection as antibodies of one meningococcal group should have strong

avidity for the dominant CPS conformation of the other group. This is observed in the vaccine trial as

both MenY and MenW show antibody cross-protection but at different levels.89

Additionally, the results from the vaccine trials suggest differences in the observed level of antibody

cross-protection could be attributed to the distribution of antibodies formed by the MenY and MenW

vaccine antigens. The MenY vaccine was able to elicit high levels of bactericidal antibody against

MenW bacteria. This indicates that the single type of antibody formed by the MenY vaccine antigen

may have sufficient avidity with one or more MenW CPS conformations to allow for cell recognition.

In contrast, MenW vaccine was found to have weak levels of antibody cross-protection. The most

abundant antibody formed by the MenW vaccine antigen should have strong avidity with the MenY

CPS due to the similarity in CPS conformation. However, as the dominant MenW CPS is accessed less

than half the time, the number of antibodies formed that are able to cross-protect are significantly less

than formed by the MenY vaccine antigen. This suggests that the MenW vaccine has weaker levels of

cross-protection as, for a fixed amount of vaccine, it generates fewer antibodies that are able to cross-

protect when compared to the MenY vaccine.
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Figure 3.15: Proposed immune response to MenY and MenW vaccine antigens that
may lead to different levels of antibody cross-protection. (a) B-cell receptor recognition
of MenY CPS vaccine antigen and formation of a single antibody type; (b) B-cell
recognition of MenW CPS vaccine antigen and formation of multiple antibody types.
Colour markings on antibodies indicate the specific type of antibody.

3.4 Conclusions

The aim of this molecular modelling study was to investigate structural conformations of meningococcal

group Y and W CPS RUs and to correlate these to the observed differences in immunogenic activity.

The single difference between the two primary structures is the orientation of the hydroxyl group at C-4:

equatorial for MenY and axial for MenW.

Metadynamics of the disaccharides and MD simulations of the 3RUs revealed clear differences in the

conformational dynamics of the structures studied. Conformational differences between the RUs were

revealed to arise primarily as a result of the orientation of the N26Glc and N26Gal linkages. The N26Gal

linkages are more flexible and able to adopt multiple rotameric conformations whereas the N26Glc

linkages adopt a single preferred rotamer.

Consequently, clustering analysis confirmed a single preferred conformer for the MenY 3RU, while the

MenW 3RU has five significant cluster groups. Extended helical structures are adopted by the largest

cluster family of both the MenY and MenW 3RUs. The additional cluster groups of MenW are more

folded with a larger number of solvent inaccessible areas.

The results from the conformational analysis suggests a correlation between the CPS conformation and

the observed differences in antibody cross-protection. This may be attributed to the distribution of the
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antibodies formed by the MenY and MenW vaccine antigens.

The MenY vaccine generates antibodies of a single type corresponding to the single preferred dominant

MenY CPS conformation. This antibody likely has strong avidity with the MenW CPS allowing for

high levels of antibody cross-protection. In contrast, the MenW vaccine antigen will generate multiple

antibodies and it is likely that only a certain percentage of these have strong avidity with the MenY CPS.

As a result, MenW vaccine, in comparison, can only weakly cross-protect against MenY bacteria.
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Chapter 4. Synthesis of the S. sonnei O-SP FucNAc4N residue

4.1 Overview

Shigella is one of the leading causes of dysentery worldwide and is caused by four known bacterial

groups: S. dysenteriae, S. flexneri, S. boydii, and S. sonnei. A Swiss collaborator is developing a gly-

coconjugate vaccine against two important groups of Shigella bacteria: S. flexneri serotype 2a and S.

sonnei. The O-SP of S. flexneri is composed of rhamnose, glucose and glucosamine, which are common

sugars. In contrast, the S. sonnei RU comprises rare amino and amino-uronic acid sugars (FucNAc4N

and AltNAcA) that provide particular challenges to glycoconjugate vaccine development.

O

NHAc

O

NH3
+

O

O

NHAc

HO O

CO2
-

FucNAc4N

AltNAcA

Figure 4.1: O-Specific polysaccharide
repeating unit of S. sonnei

The development of a vaccine against shigellosis requires synthesis of the antigenic O-SP for biological

testing and physicochemical characterisation. In this regard, our research group is developing a novel

synthetic route toward the O-SP RU of S. sonnei (Figure 4.1).147 Here, we synthesise a protected form

of the FucNAc4N residue based on a synthetic route that is currently being researched in our laboratory

group.

4.2 Synthetic routes toward the repeating unit of S. sonnei

4.2.1 Previous routes

In 1999 Tòth et al. provided the first reported synthesis of the CPS repeating unit of S. sonnei in its

zwitterionic form.148 Scheme 4.1 shows the routes to the protected forms of AltNAcA as first reported

by Tòth et al.

1

O

NH2

BnO

MeO2C

OH

OMe

b)

2 3

Scheme 4.1: Synthesis of the protected form of AltNAc by Tòth et al.148 Reagents and conditions: (a) H2/Pd-C,
MeOH, pyr, 25 °C, 2 h, 81%; (b) 1.1 equiv. of Cl3CCOCl, Et3N, CH2Cl2, 0 °C, 1 h, 70%
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Synthesis of the protected form of AltNAcA, 3, commenced from the L-glycoside (1) which was ob-

tained from the commercially available but expensive L-glucose in 6 steps.149 The method gave moder-

ately good yields, although the greatest challenge lay in the synthesis of 1 from L-glucose, as the initial

steps could only be undertaken at scales of approximately 1 g. This makes synthesising large scale

quantities of AltNAc potentially difficult. In contrast, synthesis of the protected form of FucNAc4N, 6,

can be performed on significantly larger scales. Scheme 4.2 provides the route to the protected forms of

FucNAc4N as first reported by Tòth et al.

4 5

O

NHTCA

AcO

N3

SEt

6

Scheme 4.2: Synthesis of the protected form of FucNAc4N by Tòth et al.148 Reagents and conditions: (a)
NH2CH2CH2NH2 (excess), EtOH, reflux, 2 h, 94%; (b) i. 1.2 equiv. of Cl3CCOCl, Et3N, CH2Cl2, 0 °C, 20 min,
ii. pyr, Ac2O, 25 °C, 2 h, 94%.

In 2014 Pfister et al. developed a novel route to the repeating units of S. sonnei.150. The synthesis of the

AltNAcA residue (not shown here) is similar in method to that of the original route as it also commences

from L-glucose. However, the final product was achieved in fewer steps and in moderately improved

yields. The synthesis of the FucNAc4N residue commenced from 7 which was readily obtained from

glucosamine hydrochloride. The subsequent steps involves selective reduction of C-6 by a sequence

involving initial deacetylation of 7, selective tosylation at O-6 and reacetylation to form 8, displacement

of the tosylate to form iodide 9, and this was followed by preparation of a selectively protected derivative

11 by full deacetylation of di-acetate 9 followed by selective, low-temperature acetylation of O-3. Azide

12 was then prepared by initial formation of the 4-triflate from 11, followed by an SN2 of the azide

(Scheme 4.3).

O

NHCOCCl3

AcO

a)

OAll

AcO

OAc

7

O

NHCOCCl3

AcO

b)

OAll

AcO

OTs

8

O

NHCOCCl3

AcO

c)

OAll

AcO

I

9

O

NHCOCCl3

HO

d)

OAll

HO

10

O

NHCOCCl3

AcO

e)

OAll

HO

11

O

NHCOCCl3

AcO OAll

N3

12

Scheme 4.3: Synthesis of the protected form of FucNAc4N by Pfister et al.150 Reagents and conditions: (a) i.
NaOMe, MOH, rt, 30 min, ii. TsCl, pyr, 0 °C, 3 h, iii. Ac2O, rt, 3 h 88%; (b) NaI, Butanone, reflux, 4 h, 83%; c)
i. NaBH3CN, DMF, 110 °C, 30 h, ii. NaOMe, MeOH, rt, 3 h 86%; (d) AcCl, pyr, THF, -80 °C to rt, 16 h, 90%;
(e) i. Tf2O, pyr, DCM, 0 °C, 30 min, ii. NaN3, DMF, rt, 2 h, 82%; (f) Na2CO3, MeOH, rt, 16 h, 92%.

In this study we aim to synthesise the O-SP RU of S. sonnei in good yields, using cheap, readily available

starting materials.
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4.2.2 Novel route towards FucNAc4N employing a 2, 3 oxazolidinone protected interme-
diate

A novel route to the D-FucNAc4N and L-AltNAcA units of S. sonnei has recently been under investi-

gation by our research group. The study focuses on a divergent synthesis via the key 2,3-oxazolidinone

protected glucosamine intermediate (Figure 4.2). Synthesis of the intermediate was first demonstrated

by Benakli et al in 2001 in a simple and highly efficient route from N-acetyl glucosamine, which can be

undertaken on a large scale.

O

NH2

HO

HO

OH

OH

O

SPh

NH

O

HO

OH

O

O

SPhAcO

N3

NHAc

O

SPhHO

OAc

NHAcCO2
-

O

AcO

N3

NHAc O

SPhHO

O

NHAcCO2
-

S. sonnei O-SP RU

AltNAcA FucNAc4N

2,3-protected oxazolidinone

intermediate

Glucosamine hydrochloride
37

HCl

Figure 4.2: Proposed synthesis of the S. sonnei O-SP repeating unit from N-acetyl-D-glucosamine
hydrochloride via the 2,3-protected oxazolidinone protected glucosamine intermediate.

An approach to the synthesis of D-FucNAc4N starting from D-glucosamine hydrochloride is illustrated

in the retro-synthetic analysis provided in Scheme 4.4.

O

SPhHO

N3

NHPG

Deprotection O

SPh

NHPG

PGO

N3

Azide introduction O

SPh

NHPG

PGO

HO

Selective 

reduction at C-6

O

SPh

NHPG

PGO

HO

OH

Deprotection

Scheme 4.4: Retrosynthetic analysis of the protected derivative of FucNAc4N from glucosamine hydrochloride

Formation of the axial azide at C-4, in the otherwise protected 4,6-dideoxy galactoside, requires substi-

tution of the 4-OH with inversion in the 4,6-dideoxy glucoside. De-oxygenation at C-6 can be achieved
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by selective primary iodination in the precursor diol, followed by reduction. The 4,6-diol in turn arises

from selective protection of the 2-amino and 3-hydroxyl groups in phenyl 2-amino-1-thio-D-glucoside,

which can be readily obtained by thiophenylation of N-actyl glucosamine. In this study we use the above

approach and methodology developed by the group to synthesise the FucNAc4N residue of S. sonnei..

4.3 Results and discussion

4.3.1 Synthesis of the β thioglycoside (33)

Synthesis of the 2, 3-oxazolidinone protected glucosamine intermediate 37, commenced from the inex-

pensive and readily available glucosamine hydrochloride (31). The standard direct acetylation of this

starting material provided N-Acetyl-D-glucosamine pentacetate (32) in high yields.

O

NH2

HO

HO

OH

OH

a)

HCl

31

O

NHAc

AcO

AcO

OAc

b)

OAc

32

O

SPh

NHAc

AcO

AcO

OAc

33

Scheme 4.5: Synthesis of the β thioglycoside intermediate (33). Reagents and conditions: (a) Ac2O, pyr, 25 °C,
4 h, 94%; (b) HSPh, SnCl4, DCM, 60 °C, 20 h, 91%

Synthesis of the kinetically favoured α anomer of N-acetyl-D-glucosamine was confirmed by 1H NMR.

A single anomeric signal can be identified as a doublet at 6.14 ppm with a coupling constant of J = 3.67 Hz,

confirming the sole presence of the α anomer. Acetylation of the amine and the hydroxyl groups was

confirmed by the presence of five 3H singlets between 2.17 and 1.91 ppm. Assignment of the signals

was done by comparison to literature values. NMR spectra for the structures synthesised are provided

in Appendix B.

The second step involves conversion of the glycosyl acetate to a phenylthioglycoside. The presence of

the N-Acetyl group at C-2 allows for the stereoselective formation of the β thiophenyl anomer (33). The

reaction is Lewis acid catalysed by SnCl4, which coordinates to the carbonyl of the anomeric acetate.

The mechanism for the formation of the β thioglycoside is shown in Figure 4.3.

The 1H NMR spectrum for 33 shows 4 methyl singlets between 1.95 and 2.05 ppm confirming the pres-

ence of the three OAc and one NAc groups. A triplet and doublet is found between 7.48 and 7.26 ppm

for 5 protons indicating the successful addition of the thiophenyl group. The doublet at 4.83 ppm with

J = 10.1 Hz confirms the sole formation of the β product.
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Figure 4.3: Mechanism for β -phenylthioglycoside formation.

4.3.2 Synthesis of the 2, 3-oxazolidinone protected glucosamine intermediate (37)

Synthesis of the 2, 3-oxazolidinone protected glucosamine intermediate, 37, as described by Benakli

et al requires a free amine and hydroxyl at C-2 and C-3 respectively (Scheme 4.6).151 The first

step is to form free hydroxyl groups at C-3, C-4, and C-6 employing the standard de-acetylation

methodology of NaOMe in methanol. This method is sufficient to deprotect the hydroxyl groups

but not the secondary amine. In order to achieve N-deacetylation a tert-butyloxycarbonyl (Boc)-

protecting group is first added to the nitrogen under standard N-Boc protection methodology to

form 34 in good yields.
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O
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NH

O

HO

OH

O

37

Scheme 4.6: Synthesis of the 2, 3-oxazolidinone protected glucosamine intermediate (37). Reagents and
conditions: (c) Boc2O, DMAP, THF, 65 °C, 4 h, 92%; (e) NaOMe, MeOH, 25 °C, 2 h, 97%; (e) TFA, MeOH,
25 °C, 24 h, 71%; (f) 4-NPC, NaHCO3, acetonitrile/H20, 25 °C, 2.5 h, 83%.
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The presence of the Boc group reduces the resonance into the amide carbonyl group with the result that

the electrophilicity of the carbonyl carbon of the amide increases. Treatment with NaOMe is then able

to deacetylate the N-Boc-amide efficiently to give 35 in high yields of over 95%. Synthesis of 34 was

confirmed by NMR. The loss of the amide proton signal and the presence of the signal for the tertiary

butyl protons confirmed the Boc protection of the amide. The formation of the deacetylated intermediate

35 was also confirmed by 1H NMR by the absence of the series of acetyl singles on the hydroxyls and

amide. The set of NMR spectra for these products can be found in Appendix B.

Subsequent deprotection of N-Boc to provide the free amine (36) can be achieved with a mild acid. It

is reported that this can be performed with trifluoroacetic acid (TFA) in methanol to provide the product

with very goods yields.151 However, in our experience removal of the Boc group from the amide using

this method was achieved in yields of less than 50%. Moreover, efficiency of the reaction reduced

considerably with reactions on scale-up to several grams. Attempting the reaction in pure TFA at room

temperature and increasing the reaction time from 16 h to 24 h increased the yield to approximately 65%

- 70%. Nonetheless, the efficiency of the reaction remains highly dependent on scale with yields being

significantly reduced with reactions of more than 2 grams.

Under certain circumstances Boc-deprotection of a secondary amine can be achieved by heating under

acidic conditions. However, in this case heating can result in hydrolysis of the thioglycoside. Alternate

methods were explored including methodology employing Tetra-n-butylammonium fluoride (TBAF)

and heating under reflux for 72 h to deprotect the Boc group. The reaction can be left on for longer peri-

ods allowing it to go to completion without the risk of elimination of the thiophenyl group. Nonetheless,

the work up for this reaction requires an acid wash to remove the excess TBAF and this poses a challenge

as 36 is also water soluble, making purification of the product more challenging.

The mechanism for the formation of the 2, 3-oxazolidinone protected glucosamine intermediate, 37,

from β -thioglucosamine is shown in Figure 4.4. The reaction proceeds by nucleophilic attack on the

carbonyl carbon of 4-nitrophenyl chloroformate by the free amine on the sugar to form a nitrophenyl

carbamate, which is then attacked by O-3 with ultimate release of the stabilized p-nitrophenolate anion.

This results in a five membered ring forming with an oxazolidinone group between C-2 and C-3.
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Figure 4.4: Mechanism for oxazolidinone intermediate formation

The reaction was undertaken on a scale of more than 5 grams and good yields (80%) of 26 were achieved.

It was noted that if the 4-nitrophenyl choloformate is added at higher temperatures or too quickly mul-

tiple products form, as evident from spots appearing during TLC analysis that have similar R f values

and that are not readily separable by column chromatography. The formation of 37 was confirmed by
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1H NMR and where the assignment of protons was ambiguous comparisons were made to literature

values.151

4.3.3 De-oxygenation at C-6 for the synthesis of Phenyl 2-amino-2-N,3-O-carbonyl-2,6-
dideoxy-1-thio-β -D-glucopyranoside (40)

The next step in the synthesis of D-FucNAc4N involves the de-oxygenation at C-6, which can be

achieved by selective primary tosylation of 37, followed by iodination and reduction (Scheme 4.7).

Synthesis of the tosylate (38) was performed at low temperature using one equivalent of tosylchloride to

allow for selective tosylation solely at C-6. Product 38 was isolated in good yields.
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Scheme 4.7: Synthesis of Phenyl 2-amino-2-N,3-O-carbonyl-2,6-dideoxy-1-thio-β -D-glucopyranoside (40).
Reagents and conditions: (g)TsCl, pyr, 0 °C, 2 h, 86%; (h) NaI, butanone, 25 °C, 6 h, 71%; (i) H2/PdC 25 °C,
24 h, 67%.

A functional group interconversion was carried out on 38 to convert the tosyl- to an iodo- group. Subse-

quent halogenation under H2/PdC conditions results in reductive elimination of the iodine and formation

of a methyl group at C-6 to provide 40. Synthesis of the product was confirmed by identifying signals

of the five aromatic protons at 7.4 ppm as well as the presence of the C-6 methyl singlet near 1.4 ppm.

4.3.4 Synthesis of the protected form of FucNAc4N, 42

The final two steps in the synthesis of FucNAc4N involved the azidation with inversion at C-4 followed

by deprotection at C-2 and C-3. The second last step is performed by the addition of trifluoromethane-

sulfonic anhydride to 40 in pyridine at -30 °C to provide azide 41. The final deprotection is carried out

with NaOH in THF at 60 °C immediately followed by N-Acetylation with acetic anhydride in pyridine.

These steps were not performed due to time constraints, however, the full Scheme for the synthesis of

FucNAc4N is provided in Scheme 4.8 based on additional work recently conducted in our group.
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Scheme 4.8: Synthetic route toward the protected form of FucNAc4N, 42 (Note that the final sequence
40→40→42 was completed by another member of the research group). Reactants and conditions: (a) Ac2O,
pyr, 25 °C, 4 h; (b) HSPh, SnCl4, DCM, 60 °C, 20 h; (c) Boc2O, DMAP, THF, 65 °C, 4 h; (d) NaOMe, MeOH,
25 °C, 2 h; (e) TFA, MeOH, 25 °C, 24 h; 4-NPC, NaHCO3, acetonitrile/H20, 25 °C, 6 h; (g)TsCl, pyr, 0 °C, 2 h;
(h) NaI, butanone, 25 °C, 6 h; (i) H2/PdC 25 °C, 24 h; (j) Inversion and azide formation; (k) 2,3-deprotection and
acetylation

4.4 Conclusions

The synthesis carried out was part of a broader research project working toward a novel synthesis of

the O-SP repeating unit of S. sonnei. The aim of this study was to synthesise the protected form of

the FucNAc4N residue, 42, of S. sonnei via the 2,3-oxazolidinone protected intermediate (37). The

2,3-oxazolidinone intermediate was synthesised successfully from N-acetyl glucosamine via the thio-

glycoside based on existing methodology. However, one notable challenge was identified in that the

deprotection of the N-Boc group in phenyl 2-amino-2-deoxy-1-thio-β -D-glucopyranoside (34) posed a

greater challenge and provided significantly lower yields than has been previously reported.

Due to time constraints the final step achieved was de-oxygenation of C-6 to provide phenyl 2-amino-

2-N,3-O-carbonyl-2,6-dideoxy-1-thio-β -D-glucopyranoside (40). The final protected form of the Fuc-

NAc4N residue, 42, can be readily achieved from 40 by inversion and azidation at C-4 followed by
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de-protection and acetylation at C-2 and C-3. In addition, we synthesised the α and β anomer deriva-

tives of the 2,3-protected oxazolidinone intermediate as part of investigations into a divergent synthesis

of the AltNAcA residue of S. sonnei O-SP.
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Chapter 5. Experimental

5.1 General procedures

All chemicals were purchased as reagent grade from Sigma-Aldrich. Unless otherwise noted, all sol-

vents were purchased from Kimix (South Africa) as analytical reagent grade and used without further

purification. Dichloromethane and toluene were distilled over calcium hydride. All reactions were mon-

itored by analytical thin layer chromatography on silica gel 60 F254 pre-coated on aluminum plates.

Spots were visualised by UV (254 nm) light and/or staining with ceric ammonium sulphate, followed

by heating. Column chromatography was carried out using silica gel (200–300 mesh). 1H NMR spectra

were recorded with a Varian 300 MHz spectrometer at 30 °C. Chemical shifts (in ppm) were referenced

to tetramethylsilane (δ=0 ppm) in deuterated chloroform. 13C NMR spectra were recorded using the

same NMR spectrometers and were calibrated with CDCl3 (δ=77.00 ppm).

5.2 Synthesis

2-Acetamido-1,3,4,6-tetra-O-acetyl-α-D-glucopyranose (32)

O

OAc

NHAc

AcO

AcO

OAc

32

Acetic anhydride (26 ml, 0.28 mol) was added to a stirred solution of N-Acetyl glucosamine 31 (6.21 g,

28.8 mmol) in pyridine (20 mL) under argon. The reaction mixture was left to stir for 6 h at 25 °C when

TLC showed the reaction had gone to completion. The resulting solution was diluted with 100 ml DCM

and washed with 1 M HCl solution (3 x 100 ml). The organic layer was recovered and dried over sodium

sulphate, filtered and concentrated under reduced pressure to provide 32 as a while solid (10.43 g, 93%).

R f = 0.29 (1:1 Ethyl acetate: Hexane); m.p. 184-186 °C (lit.152 186-189 °C).

1H NMR (300 MHz, CDCl3) δ ppm: 6.15 (d, J=3.67 Hz, 1H, H-1), 5.54 (d, J=8.80 Hz, 1H, H-

3), 5.14 - 5.25 (m, 2H, H-4), 4.52 - 4.50 (m, 1H, H-6’), 4.23 (dd, J=4.03 , 12.54 Hz, 1H, H-6),

4.04 (dd, J=2.43, 12.49 Hz, 1H, H-5), 3.94 - 3.99 (m, 1H, H-2), 2.17, 2.06, 2.03, 2.02, 2.91 (5s,

15H, 5 x CH3). 13C NMR (100 MHz, CDCl3) ppm: 171.72 (C=0), 170.65 (C=0), 169.90 (C=0),

169.05 (C=0), 168.55 (C=0), 90.17 (C-1), 77.43 (C-5), 77.01 (C-3), 76.58 (C-4), 61.56 (C-6), 51.10 (C-

2), 23.02 (CH3CO), 20.90 (CH3CO), 20.69 (CH3CO), 20.66 (CH3CO), 20.53 (CH3CO).
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Phenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-1-thio-β -D-glucopyranoside (33)

O

SPh

NHAc

AcO

AcO

OAc

33

Thiophenol (3.5 ml, 31.7 mmol, 1.2) was added to a stirred solution of glycosyl acetate 32 (10.03 g,

25.8 mmol) and activated 4 Å molecular sieves (2 g) in DCM (50 ml) under Ar at 25 °C. To this, a

solution of SnCl4 (1 M in DCM, 3.5 ml, 25.7 mmol) was added. The reaction mixture was heated under

reflux at 45 °C for 24 hrs after which the reaction mixture was allowed to cool to room temperature.

The molecular sieves were filtered off using celite and quenched with the addition of NaHCO3 (150 ml).

The resulting mixture was washed with DCM (3 x 100 ml) and the organic layer was dried with sodium

sulfate, then filtered and the solvent removed under vaccuum. The final product was recrystallised from

hexane containing a minimum amount of DCM to produce 33 as a white solid (10.30 g, 91%). R f =

0.27 (3:2 Ehthyl acetate: Hexane); m.p. 190-192 °C (lit.152 199 °C).

1H NMR (300 MHz, CDCl3) ppm: 7.48 – 7.42 (m, 2H, Ar-H), 7.29 – 7.26 (m, 3H, Ar-H), 5.58 (d,

J=9.02 Hz, 1H, NH), 5.22 (dd, J=10.09, 9.48 Hz, 2H, H-3), 4.90 (dd, J=9.94, 9.48 Hz, 2H, H-4), 4.83

(d, J=10.4 Hz, 1H, H-1), 4.20-3.98 (m, 2H, H-6, H-6’), 4.06 – 3.98 (q, J=10.41, 9.17 Hz, 1H, H-2),

3.73 – 3.69 (m, 1H, H-5), 2.06, 2.01, 2.01, 1.97 (4s, 12H, 4 x CH3); 13C NMR (100 MHz, CDCl3) ppm:

171.0 (C=0), 169.5 (C=O), 169.3 (C=O), 169.1 (C=O), 132.8 (Ar), 131.4 (Ar), 128.8 x Ar), 85.9 (C-1),

79.2 (C-5), 76.5 (C-3), 74.2 (C-4), 61.3 (C-6), 55.2 (C-2), 21.3 (CH3CO), 20.9 (CH3CO), 20.8 (CH3CO),

20.8 (CH3CO), 20.7 (CH3CO). NMR spectra agree with literature values.151

Phenyl 2-amino-2-deoxy-1-thio-β -D-glucopyranoside (36)

O

SPh

NH2

HO

HO

OH

36

A catalytic amount of freshly prepared 1 M NaOMe solution was added to an ice cooled stirred solution

of 34 (4.72 g, 13.7 mmol) in a minimum volume of MeOH. The reaction mixture was allowed to stir

for 10 min, slowly brought to 25 °C and stirred for a further 60 min. Once TLC confirmed the starting

material had fully reacted 5 g of Amberlyst IR-120 were added and the reaction mixture was allowed

to stir for a further 20 min to provide 35. The amberlyst was removed by filtration and TFA (100 ml,

1.31 mol, 100) was added to in 20 ml aliquots to over a 2.5 hour period and the reaction mixture was left

to stir at 25 °C for a total of 24 hrs or until TLC showed the reaction went to completion. Excess TFA was
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removed under reduced pressure and the solution was purified under a short column of silica gel (9.5:5

EtOAc:MeOH) to provide 36 as a brown oil which solidifies into a gum (1.69 g, 71%). Rf = 0.25 (9.5:5

EtOAc:MeOH)

1H NMR (300 MHz, D2O) ppm: 7.52 – 7.48 (m, 2H, Ar-H), 7.32 – 7.28 (m, 3H, Ar-H), 4.84 (d, J=10.4

Hz, 1H, H-1), 4.22 (dd, J=12.2, 5.3 Hz, 1H, H-6), 4.16 (dd, J=12.2, 2.6 Hz, 1H, H-6’), 4.03 (q, 1H,

H-3), 3.75 – 3.66 (m, 2H, H-5, H-4), 3.49 (q, 1H, H-2); 13C NMR (100 MHz, D2O) ppm: 132.94 (Ar-C),

130.56 (Ar-C), 127.85 (2 x Ar-C), 125.69 (2 x Ar-C), 85.27 (C-1), 80.68 (C-5), 71.95 (C-3), 68.04 (C-4),

61.27 (C-6), 55.71 (C-2). NMR spectra agree with literature values.147,151

Phenyl 2-amino-2-N,3-O-carbonyl-2-deoxy-1-thio-β -D-glucopyranoside (37)

O

SPh

NH

O

HO

OH

O

37

To a vigorously stirred, ice cooled solution of 36 (5.03 g, 16.9 mmol) in 200 ml water, and NaHCO3

(7.11 g, 84.7 mmol), an ice cooled solution of p-nitrophenoxycarbonyl chloride (8.53 g, 42.3 mol)

in acetonitrile (50 ml) was added drop-wise over 20 minutes. The reaction mixture was stirred for

2 hrs at 25 °C until TLC showed the reaction went to completion. The resulting solution was extracted

with EtOAc (3x50 ml), dried over Na2SO4, concentrated, and purified using flash chromatography (3:7

Hexane:EtOAc to 1:9 Hexane:EtOAc) to provide 37 (4.57 g, 83%) as a yellow oil. R f = 0.55 (EtOAc)

1H NMR (300 MHz, CD3OD) ppm: 7.68 – 7.65 (m, 2H, Ar-H), 7.43 – 7.39 (m, 3H, Ar-H), 4.99 (d,

J=9.1 Hz, 1H, H-1), 4.25 – 4.13 (m, 1H, H-3), 3.97 - 3.79 (m, 3H, H-4, H-6, H-6’), 3.55 – 3.50 (m,

1H, H-5), 3.39 – 3.37 (m, 1H, H-2); 13C NMR (100 MHz, CD3OD) ppm: 162.11 (C=O), 133.73 (Ar),

133.57 (Ar), 130.24 (Ar), 129.31 (Ar), 86.27 (C-1), 86.21 (C-5), 84.04 (C-3), 68.67 (C-4), 62.23 (C-6),

61.70 (C-2). NMR spectra agree with literature values.147,151

Phenyl 2-amino-2-N,3-O-carbonyl-2-deoxy-1-thio-6-O-tosyl-β -D-glucopyranoside (38)

A solution of 37 (3.14 g, 10.5 mmol) and activated 4 Å molecular sieves was stirred in dry pyridine

(25 ml) under argon and cooled to 0 °C. Freshly recrystallised p-toluenesulfonyl chloride (2.15 g,

12.7 mmol) was added to this and stirred for 6 hrs at 0 °C. The reaction mixture was allowed to warm

to room temperature, filtered through celite, washed with 1 M HCl (3x20 ml) and the combined EtOAc

extracts dried over Na2SO4. The reaction mixture was concentrated and purified using a short column

of silica gel (1:1 EtOAc:Hexane) to yield 38 (4.10 g, 86%)as a yellow oil. R f = 0.61 (EtOAc).
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38

1H NMR (300 MHz, CDCl3) ppm: 7.47–7.43 (m, 2H, Ar-H), 7.32–7.28 (m, 3H, Ar-H), 7.47–7.43 (m,

5H, Ar-H), 5.08 (s, NH), 4.70 (d, J=9.6, 1H, H-1), 4.36 (dd, J=2.15, 1H, H-6), 4.37 (dd, J=2.16, 1H,

H-6’), 4.10 (t, J=9.81, 1H, H-3), 3.98 (td, J=2.89, 1H, H-4), 3.56–3.6 (m, 1H, H-5), 3.26–3.33 (ddd,

J=1.31, 1H, H-2), 2.44 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3) ppm: 158.49 (C=0), 145.46 (Ar),

133.82 (Ar), 132.88 (Ar), 130.23 (Ar), 130.13, (Ar), 129.53 (2xAr), 128.24 (Ar), 84.67 (C-1), 84.07 (C-

3), 79.23 (C-5), 67.89 (C-6), 67.39 (C-4), 58.28 (C-2), 21.88 (CH3). NMR spectra agree with literature

values.147
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Phenyl 2-amino-2-N,3-O-carbonyl-2,6-dideoxy-6-iodo-1-thio-β -D-glucopyranoside (39)

39

Dry butanone (17 ml) was added to a mixture of NaI (2.60 g, 6.37 mmol) and 38 (1.44 g, 3.19 mmol) un-

der Argon. The reaction mixture was stirred at 80 °C for 10 hrs. The reaction mixture was concentrated

and purified using flash chromatography to provide 39 (0.92 g, 71%) as a white solid. R f = 0.68 (EtOAc);

m.p. 161-164 °C (lit.147 167 °C-169 °C).

1H NMR (300 MHz, CO(CD3)2) ppm: 7.68–7.65 (m, 2H, Ar-H), 7.35–7.32 (m, 3H, Ar-H), 4.75 (d,

J=9.58 Hz, 1H, H-1), 4.59 (s, 1H, NH), 4.25–4.20 (m, 1H, H-3), 3.97–3.79 (m, 3H, H-4, H-6, H-6’),

3.5–3.55 (m, 1H, H-5), 3.29–3.45 (m, 1H, H-2); 13C NMR (100 MHz, CO(CD3)2) ppm: 159.37 (C=O),

133.21 (Ar-C), 132.71 (Ar-C), 131.05 (2 x Ar-C), 129.26 (2 x Ar-C), 86.23 (C-1), 85.53 (C-3), 81.27

(C-5), 74.14 (C-4), 62.99 (C-2), 5.39 (C-6). NMR spectra agree with literature values.147

Phenyl 2-amino-2-N,3-O-carbonyl-2,6-dideoxy-1-thio-β -D-glucopyranoside (40)

O

SPh

NH

O

HO

O

40

39 (1.47 g, 3.61 mmol) and NaHCO3 were dissolved in MeOH (6 ml) followed by the addition of a

mixture of 10 wt % Pd/C (1.04 g) in MeOH. The reaction mixture was flushed with H2 allowed to remain

in a hydrogenator for 24 hrs at 4 bar. The reaction mixture was subsequently filtered through celite and

purified using flash chromatography to provide 40 (2.68 g, 67%) as a white solid. R f = 0.64 (7:3

EtOAc:Hexane); m.p. 167-170 °C. (lit.147)

1H NMR (300 MHz, CDCl3) ppm: 7.59–7.55 (m, 2H, Ar-H), 7.43–7.40 (m, 3H, Ar-H), 4.99 (d, J=9.58,

1H, H-1), 4.17–4.25 (m, 1H, H-3), 3.57–3.61 (m, 1H, H-4), 3.43–3.47 (m, 1H, H-5), 3.11–3.14 (m, 1H,

H-2), 2.52 (d, 1H, OH), 1.41 (d, J=5.8, 3H, H-6); 13C NMR (100 MHz, CDCl3) ppm: 158.93 (C=O),

133.38 (Ar-C), 131.05 (Ar-C), 130.01 (2 x Ar-C), 128.99 (2 x Ar-C), 86.95 (C-3), 86.67 (C-1), 77.99

(C-5), 72.32 (C-4), 59.83 (C-2), 17.08 (C-6). NMR spectra agree with literature values.147
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Chapter 6. Conclusions

This study has two main components. The aim of the molecular modelling analysis was to investigate

structural conformations of meningococcal group Y and W CPS RUs and to correlate these to observed

differences in immunogenic activity. The sole difference between the two primary structures is the

orientation of the hydroxyl group at C-4: equatorial for MenY and axial for MenW.

The first phase in the computational modelling involved solution metadynamic simulations of four dis-

accharides: Glc14N, Gal14N, N16Glc, and N26Gal. The single preferred conformation of the Glc14N

and Gal14N disaccharides are almost identical. The dominant conformations of N26Glc and N26Gal

are also similar, although, the results suggest that the N26Gal linkage can rotate more freely than the

N26Glc linkage.

The second phase comprised of MD simulations of MenY and MenW 3RUs. Our calculations showed

clear differences in the solution conformations of the two structures. The molecular conformations of

the two RUs correspond to the orientation of the N26Glc and N26Gal linkages resulting in the MenY

3RU having less conformational flexibility than the MenW 3RU.

Clustering analysis of the structures from the MD trajectories confirm a single preferred conformer

for the MenY 3RU, with over 95% of the structures populating this group. The MenW 3RU has five

significant cluster groups. The largest group is conformationally similar to that of the MenY 3RU cluster

and is formed by 44% of the structures. The remaining four clusters of MenW have significantly smaller

populations.

The structural analysis indicates a correlation between CPS conformation and the observed differences in

cross-protection of MenY and MenW CPS vaccines. The results suggest that the MenY vaccine may be

able to generate a sufficiently large number of antibodies with high avidities, targeting the dominant CPS

conformations of the MenW bacterium and allowing for strong cross-protection. However, the MenW

vaccine produces a range of multiple antibodies but a smaller amount of the antibodies against the single

preferred CPS conformation of the MenW bacterium, resulting in weaker levels of cross-protection.

We conducted the conformational analysis on the dOA RUs of MenY and MenW. However, the CPS of

the two meningococcal groups may be partially O-acetylated at C-7 and C-9 of the sialic acid residue.

The structural nature of MenY with respect to different levels of O-acetylation, has been previously

investigated spectroscopically.153,154 The effect of O-acetylation on molecular conformation can be fur-

ther studied for both MenY and MenW CPS RUs particular as there is a known correlation between

O-acetylation and immunogenic activity.154

The experimental component was part of the broader research project to develop a novel synthetic route

the the O-SP of S. sonnei. We have successfully developed a novel route toward the FucNAc4N residue

of S. sonnei from glucosamine hydrochloride via a 2, 3-oxazolidinone protected glucosamine interme-

diate. Additional studies we also performed on the 2,3-oxazolidinone intermediate as part of a divergent

synthesis strategy toward the AltNAc residue of S. sonnei.
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If required we will continue to explore alternate methods155 toward the 2,3-oxazolidinone intermediate

that may provide improved yields. As part of the on going research we will also work the divergent

synthesis methodology to achieve both the FucNAc4N and AltNAcA residues from a common starting

material.
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