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Abstract

This work forms part of a larger project investigating the conformation and dynamics of
Shigella flexneri O-antigens. S. flexneri is a leading cause of diarrhoeal related diseases, es-
pecially in Sub-Saharan Africa and Southeast Asia. There are over 30 S. flexneri serotypes and,
with the exception of serotype 6, all share a common O-antigen backbone (serotype Y), with
variations in glucosylation, phosphorylation, and O-acetylation. O-antigens are carbohydrate
polymers on the outer membrane of gram-negative bacteria. In S. flexneri, O-antigens are a pri-
mary antigenic component and are a target for conjugate vaccines currently in development.

Analysis of O-antigen conformation for different S. flexneri serotypes may inform the vaccine
development process. However, determining molecular conformation experimentally is chal-
lenging. Systematic molecular modelling protocols have proven useful in elucidating confor-
mations of polysaccharide antigens, especially when experimental methods, such as nuclear
magnetic resonance, are used for verification of modelling results.

Here we use a combination of molecular modelling and 1H nuclear magnetic resonance spec-
troscopy experiments to probe the O-antigen conformations of S. flexneri 7a and 7b. Simula-
tions of six repeating units of both O-antigens show that they are highly flexible, similar to
the S. flexneri Y O-antigen. However, we found frequent puckering of the β-D-GlcpNAc ring
away from the canonical 4C1 conformer, which has not been previously observed in studies
of Shigella or other bacterial O-antigens. To provide further insight, molecular dynamics and
metadynamics simulations of a range of 3,4-disubstituted β-D-GlcNAc trisaccharides with two
carbohydrate force fields (CHARMM36 and GLYCAM06) were performed. The simulations
reveal that 3,4-α-linked β-D-GlcpNAc puckers to a similar extent as the S. flexneri 7a and 7b
O-antigens. Moreover, for both force fields the range of β-D-GlcNAc puckering is dependant
on the anomeric configuration of both the 3- and 4- linkage, with non-4C1 conformations dom-
inant in 3,4-α-linked β-D-GlcpNAc trisaccharides.

1H nuclear Overhauser effect spectroscopy experiments were used to calculate 1H-1H distances
in S. flexneri 7a and 7b O-antigens. These experimentally derived distances match those cal-
culated from the repeating unit simulations when a mix of 4C1 and boat/skew states of β-D-
GlcpNAc are considered at a ratio of 85:15. The results also suggest that puckering of β-D-
GlcpNAc does occur in S. flexneri 7a and 7b O-antigens but that it may be over represented in
the simulations.

Two general observations can be drawn from this study: (1) the 3,4-disubstitution of β-D-
GlcpNAc with two bulky substituents leads to the ring puckering out of the 4C1 conformer;
and (2) the conformation and dynamic behaviour of β-D-GlcpNAc puckering is not accurately
modelled by current methods, identifying the need for further enhancements to existing car-
bohydrate force fields.
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Chapter 1. Introduction

Carbohydrates are among the most abundant and diverse set of naturally occurring molecules.
They are responsible for a vast array of vital biological functions, including defence, cell adhe-
sion, storage, structure, and signaling.1,2 Monosaccharides are the most basic building block
of carbohydrates and can occur in linear or cyclic form. Monosaccharides link to each other to
form more complex molecules in the form of di-, oligo-, or polysaccharides.3

In bacteria, polysaccharides play an important role as structural components on the outermost
layer of the bacterial cell. One example is lipopolysaccharides (LPS), which are uniquely found
in the outer-membrane of gram-negative bacteria. A single LPS molecule comprises three co-
valently linked but distinct domains: a lipid A tail embedded in the membrane bilayer, an
oligosaccharide core directly above, and an O-antigen (O-Ag) as the outermost component
(Figure 1.1). O-Ags mediate cellular interactions and often play an essential role in bacterial
virulence.4–6 O-Ags are carbohydrate polymers formed by repeated fragments of glycosidi-
cally linked monosaccharides.

The primary chemical structure of carbohydrates is the sequence of monosaccharide residues
in the glycan chain and their linkage positions. The molecular conformation is the three-
dimensional shape adopted by the polysaccharide, and it may have one or more distinct con-
formations depending on the flexibility of the molecule. The chemical composition and pri-
mary structure of O-Ags is strain-specific.* 2,7 The primary chemical structure of O-Ags are
generally well defined for a wide-range of bacterial types.7 In comparison, molecular confor-
mations of O-Ags have not been as widely studied.8

Determining the conformation of polysaccharides can be challenging as their inherent flexi-
bility means they can adopt multiple conformations. Molecular conformation can be investi-
gated using either experimental or computational techniques. However, using a combination

*A bacterial strain is a variant of a species that has unique genetic, biochemical, or phenotypical characteristics
that distinguish it from other bacteria of the same species.
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Figure 1.1: Structural illustration of a general lipopolysaccharide molecule illustrating its three component
parts. Reproduced with permission from [9] © Elsevier.

of both approaches can provide a more reliable measure of the molecule’s conformational be-
havior.8,10,11

The direct conformational elucidation of polysaccharides conformation is commonly per-
formed by two approaches: Nuclear Magnetic Resonance (NMR) spectroscopy (typically in
solution) and X-ray crystallography (for a crystalline solid). While these methods are capa-
ble of providing detailed atomic level information they have several limitations, such as those
associated with sample preparation, data resolution, and reproducibility.12–14

Molecular modelling using quantum mechanics (QM) or molecular dynamics (MD) methods
can provide useful theoretical insights into the chemical, conformational, and dynamic proper-
ties of molecules that are not easily measured experimentally. Although QM methods are more
accurate in energy and structure calculations, classical MD simulations (without an explicit
quantum effect) are the preferred method for modelling large molecules, such as polysaccha-
rides, due to its lower computational cost and ability to simulate the dynamics of a molecule
over time.8,10

A central component in all MD simulations is the force field — a mathematical functional form
and its corresponding parameter sets that define the potential energy of a system of atoms
based on their positions and orientations. Simulations with different force fields can yield dif-
ferent molecular conformations and dynamics and these differences may at time be significant.
Therefore, modelling using multiple force fields together with experimental measurements can
enhance the reliability of conformational analysis.8,10
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Conformational studies of polysaccharide antigens have aided in understanding the immuno-
genicity† of numerous bacterial pathogens8,15–27 and may be useful in informing the pro-
duction of novel carbohydrate-based vaccines.8,17,19 Such carbohydrate-based vaccines have
proven to be effective against a number of infectious pathogens including Neisseria meningi-

tides, Haemophilus influenzae, and Streptococcus pneumoniae among others.5

Novel vaccines are developed to have low complexity and cost, broad serogroup/serotype
coverage (through cross-protection), and maximum immune response. Both coverage and
immune response to a carbohydrate-based vaccines is dependant on the primary chemical
structure as well as the molecular conformations of the polysaccharide antigen.4–6,8 The con-
formations of polysaccharide antigens can be studied by MD simulations to provide insights
into the immune response of vaccines and their potential ability to provide cross-protection.

There are two primary types of carbohydrate-based vaccines: polysaccharide vaccines and
glycoconjugate vaccines.5 The cell-surface polysaccharide of the bacteria serves as the pri-
mary antigenic component in polysaccharide vaccines. In contrast, glycoconjugate vaccines
comprise a polysaccharide or oligosaccharide component linked to a protein carrier that is
suitably immunogenic. These vaccines have been observed to be more immunogenic, effective
in young children, and are now favoured over polysaccharide vaccines.28–30

Carbohydrate-based vaccines are currently in development against several pathogens in-
cluding those associated with diarrhoeal or dysentery diseases,5,31 such as Escherichia coli,
Salmonella, Campylobacter, and Shigella,32 which are among the leading causes of mortality
in the developing world.32–35 Over ninety-percent of all infections and deaths occur in im-
poverished countries, with the highest rates reported in south Asia and sub-Saharan Africa
(Figure 1.2).32–37

This work focuses on comparing the conformations of two structurally similar O-Ags from
Shigella flexneri to better understand the relationship between bacterial antigenic structure and
activity. S. flexneri is one of the leading causes of shigellosis; a gastrointestinal disease caused
by the Shigella family of bacteria.38 Shigellosis is among the foremost causes of death world-
wide,38–40 particularly among infants in developing countries.32–35 Treatment of shigellosis
infection has suboptimal outcomes in regions without universal provision of potable water
and sanitation. Moreover, increasingly widespread resistance to antibiotic therapies means
that preventing infection is even more important. Vaccines provide a safe and highly effec-
tive means of disease prevention. However, there are currently no licensed vaccines against
Shigella.41

†Immunogenicity is the ability of a foreign substance, such as an antigen, to elicit an immune response in an
organism.
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Figure 1.2: Global distribution of predominant Shigella species. Reproduced with permission from [35] © El-
sevier

Prevention of shigellosis should ideally be based on well established personal and food hy-
giene practices. However, this is challenging in resource-limited areas (particularly in the de-
veloping world) where access to clean water and sanitation is often scarce. A low-cost and ef-
ficacious vaccine would complement existing efforts and accelerate disease reduction.42 There
are numerous Shigella vaccines under development including live attenuated,43,44 formalin-
killed whole-cell, subunit, and novel antigen vaccines.42 All carbohydrate vaccines in devel-
opment against Shigella are glycoconjugate based and multivalent to provide cross-protection
against multiple serotypes.41,45–47

Vaccine cross-protection refers to a phenomenon in which a vaccine developed against one
type of bacterial strain provides a certain degree of protection against related, yet dis-
tinct, strains. This occurs when shared antigens or structural similarities between different
pathogens trigger an immune response that offers defense beyond the target pathogen. Cross-
protection can be particularly beneficial when it is difficult to create vaccines for every variant
of a pathogen, as in the case of S. flexneri which has multiple serotypes. By generating immune
responses that recognize and combat multiple strains or species, cross-protective vaccines en-
hance the effectiveness of immunization strategies and contribute to broader disease control
efforts.

The Global Enteric Multicenter Study (GEMS) suggests that a vaccine including S. sonnei and
three S. flexneri serotypes (2a, 3a, and 6) could offer direct protection against 64% of Shigella

strains responsible for causing moderate-to-severe diarrhea in children residing in low-income

4



Chapter 1. Introduction

and middle-income settings. If cross-protection between various S. flexneri serotypes can be
demonstrated a four-component vaccine encompassing S. sonnei and S. flexneri 2a, 3a, and 6
O-Ags could provide a comprehensive coverage (both direct and cross-reactive) for as much as
88% of Shigella strains. The O-Ag of S. flexneri is used in glycoconjugate vaccines and is a key
antigenic and immunogenic component. The O-factor is the antigenic structure of the O-Ag
and is responsible for eliciting a protective immune response.32,48,49

All but one S. flexneri serotype (serotype 6) share a common O-Ag repeating unit backbone
chemical structure: a tetrasaccharide containing three L-rhamnose residues (RhapI - RhapIII)
and a single 2-acetamido-2-deoxy-D-glucose residue.50 Differences in serotype and subtypes
arise due to O-acetylation, glucosylation, and phosphorylation at varying positions on the
repeating unit.51 While the primary structures of S. flexneri O-Ags are similar, their unique
substitution patterns may give rise to distinct molecular conformations.

The O-Ag conformations of S. flexneri serotypes Y, X, 1, 2, 3, 5 and 6 have been explored using
both MD simulations and NMR spectroscopy.15,16,22–25 The serotype Y O-Ag is highly flexible
and adopts both extended and compact conformations, including right-handed helices. Back-
bone substitution with glucosyl and O-acetyl groups in Sf 2, 3, and 5 generally restricts O-Ag
flexibility. Moreover, the specific substitution position can also either reduce chain extension
or induce helical conformations in the backbone in O-Ags of the three serotypes.22–25 Simi-
larly, the serotype 6 O-Ag is also less flexible than the serotype Y O-Ag and adopts predom-
inantly extended conformations, while O-acetylation does not significantly affect backbone
structure.24 Additionally, the O-Ag conformations of serotypes 1 and 4 have been studied us-
ing molecular modelling but in less detail.15 S. flexneri 7 O-Ag conformations have not been
previously investigated.

The S. flexneri 7a and 7b O-Ags have an α-D-GlcpII-(1→2)-α-D-GlcpI side-chain connected to
the 4-position of β-D-GlcpNAc.52,53 In addition, the S. flexneri 7b O-Ag repeating unit has an
O-acetyl group at the 2-position of α-L-RhapI (Figure 1.3). The common O-factor in Sf 7a and
7b: α-L-RhapI-(1→3)-[α-D-GlcpI-(1→4)]-β-D-GlcpNAc, has an unusual 3,4-disubstitution. The
conformational behavior of this vicinal disubstitution motif of β-D-Glcp derivatives has only
been studied in trisaccharides, which revealed unusual orientations of the 1→4 linkage.54 As
such, elucidating the conformation and dynamics of the S. flexneri 7a and 7b O-Ags and under-
standing the behaviour of the 3,4-disubstituted β-D-GlcpNAc residue in the common O-factor
is the focus of this study, to provide further insight into S. flexneri O-Ag conformations and
potentially aid in future vaccine development processes.
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Figure 1.3: SNFG schematic representations of the repeating unit of S. flexneri Y, 7a, and 7b. The O-factor
common to serotypes 7a and 7b is highlighted in yellow. 51

1.1 Problem statement

Modelling S. flexneri O-Ag conformation can inform future vaccine development by providing
insight into immune responses as well as potential cross-protection between serotypes. The
conformations of several S. flexneri O-Ags have been elucidated, however, the effect of the α-D-
GlcpII-(1→2)-α-D-GlcpI side-chain on backbone conformation and dynamics for Sf 7a and 7b
is unknown; as is the influence of α-L-RhapI 2-O-acetylation on Sf 7b. Molecular modelling,
combined with NMR spectroscopy, is proven to be a useful method for investigating polysac-
charide conformation. Conformations predicted by molecular modelling are dependant on a
number of factors including the type of force field employed and results between force fields
sometimes differ significantly. Molecular modelling of S. flexneri O-Ags with different force
fields and its effect on conformation is yet to be investigated.

1.2 Aims

We aim to study the conformation and dynamics of S. flexneri 7a and 7b O-Ags by molecu-
lar modelling and NMR spectroscopy, and elucidate the conformational characteristics of the
β-D-GlcpNAc residue, which is central to the common O-factor in the O-Ags. We will per-
form the simulations with two widely used carbohydrate force fields (CHARMM3655–60 and
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GLYCAM0661,62) and compare interproton distances from the simulations with measurements
from NMR experiments of the two O-Ags. We will also compare our observations with the pre-
viously modelled S. flexneri Y O-Ag conformations. Through this work we aim to further our
understanding of the relationship between S. flexneri O-Ag conformations, and the immune
response and cross-protection of potential vaccines.

1.3 Research questions

This work addresses the following research questions:

1. Does the α-D-GlcpII-(1→2)-α-D-GlcpI side-chain on Sf 7a and 7b affect the O-Ag con-

formation and dynamics as compared to Sf Y? Does 2-OAc of α-L-RhapI in Sf 7b change
the O-Ag conformation and dynamics compared to Sf 7a? Are the conformations of
S. flexneri 7a and 7b similar to other S. flexneri O-Ags studied?

2. Do the conformations of S. flexneri 7a and 7b O-Ags differ across force fields? Are there
conformational and dynamic differences in the backbone and residues of the O-factors
when modelled with CHARMM36 compared to GLYCAM06?

3. Do NMR spectroscopy measurements corroborate the conformations of Sf Y, 7a, and

7b identified from simulation? Can conformationally diagnostic inter-residue 1H-1H
distances be measured by NMR spectroscopy? If so, do these distances closely align with
those observed in the MD simulations?

1.4 Approach

We employ a systematic approach to the modelling and validation of S. flexneri 7a and 7b O-
Ag conformations. For each O-Ag we build a six repeating unit (6 RU) polysaccharide using
low energy torsion angles for the glycosidic linkages, as calculated from potential of mean
force (PMF) simulations of representative disaccharides. This 6 RU polysaccharide is used
as the starting conformation for the all-atom solution MD simulations with the CHARMM36
force field. CHARMM36 is employed as it has been used repeatedly in the research group to
effectively model Shigella and other O-antigens/capsular polysaccharides. We evaluate key
conformational metrics, such as the polysaccharide end-to-end distance, glycosidic torsion an-
gles, and ring pucker geometries. MD simulations of a Sf Y 6 RU model was used the primary
point of comparison with contrasts also drawn against O-Ag modelling of other S. flexneri

serotypes.22,24
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Figure 1.4: SNFG schematic representations of the saccharides modelled within this work. (a) and (b) RU of
the S. flexneri 7a and 7b O-Ag. (c)-(g) 3,4-disubstituted β-D-Glcp and β-D-GlcpNAc trisaccharides.

Six-repeating unit simulations of Sf 7a and 7b (Figure 1.4: a, b) using the CHARMM36 force
field showed puckering of β-D-GlcpNAc residues. These observations were also observed in
simulations of shorter 1 RU and 3 RU chains of Sf 7a using the same force field and a number
of different starting orientations for the glycosidic linkage torsion angles.

We performed further modelling to study β-D-GlcpNAc ring conformation to determine if the
results from the S. flexneri 7a and 7b simulations may be an artefact of CHARMM36. A series of
MD simulations were carried out with 3,4-disubstituted trisaccharides (Figure 1.4: c-g), using
the CHARMM36 and GLYCAM06 force fields. While a different force field could be chosen
for comparison with CHARMM36, we selected GLYCAM06 as it has been used to extensively
study β-D-GlcpNAc ring pucker.63 We modelled the central glucose residue with and without
a 2-NAc substitution as well as all possible α and β anomeric configurations. This was done
to measure and compare the conformation, dynamics, and energies of the 3,4-disubstituted
trisaccharides across three metrics: (1) different force fields; (2) varying anomeric configura-
tions; and (3) with and without 2-N-acetylation on β-D-GlcpNAc. We also compare the differ-
ent effects of CHARMM36 and GLYCAM06 on β-D-GlcpNAc conformation in 1 RU of Sf 7a.
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We conducted NMR spectroscopy experiments to investigate S. flexneri 7a and 7b O-Ag confor-
mations and to study the β-D-GlcpNAc ring empirically. This included 1 NMR spectroscopy
temperature measurements, homonuclear 3J coupling analysis, and 1H, 1H-NOESY studies.
Finally, we combine the results from the MD simulations and NMR spectroscopy experiments
to predict O-Ag conformation.

1.5 Contribution

We establish that the α-D-GlcpII-(1→2)-α-D-GlcpI side-chain within the O-Ag repeating unit of
Sf 7a and 7b significantly influences backbone conformation. We also reveal unusual puck-
ering of the β-D-GlcpNAc ring in the molecular modelling of both Sf 7a and 7b and show
that 1H NMR experiments of the O-Ags indicate a less pronounced puckering of the β-D-
GlcpNAc ring in comparison. Furthermore, we identify similar ring pucker conformations
in 3,4-disubstituted β-D-GlcpNAc trisaccharides and demonstrate correlation between sub-
stituent anomeric configuration and the duration of β-D-GlcpNAc ring pucker. These results
further our understanding of S. flexneri O-Ag conformation and provide valuable insights on
the contrasting effects of glycoslation and acetylation on the O-Ag backbone, which may be
useful in the development of polysaccharide-based vaccines against Shigella.

1.6 Thesis Overview

Chapter 1 (this chapter) provides background as well as the aim and approach.

Chapter 2 includes an overview of carbohydrate structure and conformation and details the
different Shigella O-Ags.

Chapter 3 describes the NMR spectroscopy of polysaccharides.

Chapter 4 outlines the molecular modelling of polysaccharides.

Chapter 5 provides a review of bacterial polysaccharide antigen modelling.

Chapter 6 discusses the molecular modelling of S. flexneri 7a and 7b O-Ags. The structure and
flexbility of the modelled repeating units are analysed and compared to previously modelled
of S. flexneri O-Ags.

Chapter 7 details the molecular modelling of 3,4-disubstituted β-D-GlcpNAc trisaccharides
with two force fields: CHARMM36 and GLYCAM06.

Chapter 8 contains conformational studies of S. flexneri O-Ags 7a and 7b O-Ags by NMR.

Chapter 9 gives the conclusions.
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Chapter 2. Bacterial Carbohydrates

Carbohydrates are a diverse class of organic molecules that are essential for life processes and
play an important role in bacterial cell communication and defence. Comprising monomeric
units called monosaccharides, carbohydrates range from simple sugars to complex, branched
structures, such as disaccharides and polysaccharides. These molecules serve as vital en-
ergy sources, structural elements, and signaling molecules in organisms. Carbohydrates also
play key roles in cell recognition, immune responses, and cellular communication. The three-
dimensional configurations, or conformations, of carbohydrates can influence their biological
function, making their study important in fields such as biochemistry, molecular biology, and
vaccine development. This chapter provides an overview of the carbohydrate structure, high-
lights the role of lipopolysaccharides in gram-negative bacteria, and discusses the different
S. flexneri carbohydrate O-Ags.

2.1 Carbohydrate Structure

Carbohydrates molecules have a wide range of structures. Monosaccharide units, such as
glucose and fructose, have various sugar types (Figure 2.1) and form the fundamental building
blocks of more complex carbohydrates. These range from simple disaccharides, where two
monosaccharides are linked, to oligosaccharides, comprising short chains of monosaccharides.
The structural variety further extends to polysaccharides, which are composed of extended
chains or networks of monosaccharide units. Variations in the type, arrangement, and linkage
of monosaccharides contribute to the vast structural diversity of carbohydrates.

2.1.1 Monosaccharides

Monosaccharides are the basic building blocks of carbohydrates and have the molecular for-
mula CnH2nOn, where n ≥ 3. A typical unsubstituted monosaccharide has a single aldehyde
or ketone group and a single hydroxyl on each of the remaining carbon atoms. They com-
monly exist in both an open-chain form and a closed ring form, where the aldehyde/ketone
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Figure 2.1: A few common unsubsituted hexose sugars in pyranose form.

carbonyl group carbon atom and hydroxyl group combine to form a hemiacetal with a new C
— O — C bond. Each open-chain monosaccharide yields two cyclic diasteriomers, denoted by
the prefixes α− and β− (Figure 2.2). The molecule can change between these two forms by a
process called mutarotation. Monosaccharides can also occur as two enantiomers designated
with a D– prefix or an L– prefix.

Figure 2.2: (Left) Fischer projection of D-glucose and L-glucose. The red atoms highlight the aldehyde group
and the blue atoms highlight the asymmetric centre furthest from the aldehyde. In D-glucose this -OH is on
the right of the Fischer projection and in L-glucose it is on the left. (right) The α and β anomers of glucopyra-
nose. Note the position of the hydroxyl group (green or red) on the anomeric carbon relative to the CH2OH
group bound to carbon 5: they either have identical absolute configurations (R,R or S,S) and are given an α

assignment, or opposite absolute configurations (R,S or S,R) and are given a β assignment.

Different functional groups can also be substituted at various positions on a monosaccharide
residue. These substitutions can change the physical and chemical properties of a monosac-
charide, altering their roles in various biological processes. The wide range of possible sub-
stituents and the position at which they bond contribute to the diversity and complexity of
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monosaccharides. Typical monosccharide substituents include methyl, O-acetyl, and N-acetyl.
In bacteria, such as Shigella, common monosaccharides are glucose with and without 2-N-
acetylation and Rhap, which is methylated at the 5-position. Substitution can alter monosac-
charide conformation by interactions with other functional groups or bending (puckering) of
the molecular ring.63,64

The ring atoms in cyclic monosaccharides are not planar. Puckering of the ring atoms away
from a planar state minimises the ring torsional strain. Typically, pyranose (cyclic hexose
monosaccharides) sugars have their ring conformations in the low-energy chair conforma-
tion.65 The pyranose form of aldohexose sugars is predominant in aqueous solution and 4C1 is
the prevalent state for all but D-idose.65–67

Figure 2.3: (a) Spherical polar representation of the Cremer-Pople parameters for a six-membered ring, de-
picting the meridian angle (ϕ), azimuth angle (θ), and pucker radius (Q); 68 (b) illustrations of the boat, skew
(skew-boat), envelope, and half-chair ring pucker conformers; 68 (c) Stoddart and Mercator representations of

the Cremer-Pople sphere. Reproduced with permission from [69] © American Chemical Society.
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The set of possible ring pucker conformations are defined by the International Union of Pure
and Applied Chemistry (IUPAC) on nomenclature originally described by Shwarz.70 Cremer
and Pople defined a set of spherical coordinates to uniquely describe different ring pucker
conformers for rings of any size.71 With the Cremer-Pople method ring coordinates are initially
mapped from Cartesian space to spherical space where three parameters (ϕ, θ, and Q) fully
describe the conformation of the ring (Figure 2.3). The first two parameters provide the precise
canonical ring pucker, while Q gives the pucker amplitude. The two idealised chair conformers
are at the poles of the Cremer-Pople sphere with values of 0◦ or 180◦. Boat (B) and skew (S)
conformers are at the equator of the sphere with θ = 90◦, while half-chair (H) and envelope
(E) puckers are at the tropics (θ = 45◦ and θ = 135◦). The specific atom numbering associated
with the different ring conformations are defined by their IUPAC designation.72

2.1.2 Disaccharides

Disaccharides are formed by the linkage of two monosaccharides through a glycosidic bond.
The glycosidic bond forms from the anomeric carbon of one monosaccharide to any position
on a second monosaccharide. Two torsion angles, ϕ and ψ* (and a third, ω, in the case of
1→6 linkages) define the conformation of a glycosidic linkage. There are a large range of
possible spatial configurations that two glycosidically linked monosaccharides can adopt as
each residue has the potential to rotate about the bond. The anomeric configuration, either α

to β, can also increase or decrease the rotational freedom of a glycosidic linkage.

Glycosidic linkage orientation is the largest contributing factor in determining disaccharide
conformation.8,13,65,73,74 The rotation around glycosidic linkages in disaccharides have been
extensively studied using both NMR spectroscopy and molecular modelling.17,75–78 Syn-ψ ori-
entations are energetically favourable and more frequently adopted in disaccharides, while
anti-ψ orientations are preferred over anti-ϕ orientations (Figure 2.4).13,16,17,75–78 As a glyco-
sidic bond can form between any two monosaccharides with many different points of linkage,
the range of different glycosidic bonds adds significant complexity to the study of disaccha-
rides and more complex carbohydrates, such as oligo- and polysaccharides.

*defined by IUPAC nomenclature: ϕ = H1 - C1 - O1 - C′
x and ψ = C1 - O1 - C′

x - H′
x
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2.1. Carbohydrate Structure

Figure 2.4: α-D-GlcpII-(1→2)-α-D-GlcpII in syn, an anti-ϕ, and an anti-ψ orientation. Glycosidic linkages in
disaccharides often prefer the syn orientations anti-ψ and anti-ϕ orientations. The anti-ψ orientation is also

favoured over the anti-ϕ orientation due to lower steric interactions between the residues.

2.1.3 Oligosaccharides and polysaccharides

Oligo- and polysaccharides are carbohydrate molecules composed of multiple monosaccha-
ride units, linked by glycosidic bonds. Oligosaccharides consist of a small number of monosac-
charides (typically 3 to 10), while polysaccharides are larger, with up to thousands of monosac-
charides. Both oligo- and polysaccharides can be either be unbranched, where each monosac-
charide residue only contains a single glycosidic linkage, or branched, where at least one
monosaccharide residue contains two or more glycosidic linkages.

Oligo- and polysaccharide conformation is strongly dependent on the primary chemical struc-
ture.8,17–24,26,73,74 Significant differences in molecular conformation can be caused by a seem-
ingly small alteration in primary structure, either by the addition or change in configuration
of a substituent or a change in linkage position.8 For a particular glycan, conformation is de-
termined principally by the orientations of the glycosidic linkages connecting the constituent
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Chapter 2. Bacterial Carbohydrates

Figure 2.5: Pyranose ring puckering (red) and glycosidic bond rotation (blue) are the major sources of confor-
mational flexibility in polysaccharide antigens. Reproduced with permission from [67] © MDPI.

monosaccharides and the flexibility of the individual monosaccharide rings (Figure 2.5). Syn-
orientations of glycosidic linkages often occur in short oligosaccharides leading to helical spi-
rals.77 However, glycosidic linkage orientations of short chained carbohydrates cannot always
be directly extrapolated to long polysaccharide chains, where glycosidic linkage orientations
can be more complex.18 Residues within an oligo- or polysaccharide rarely undergo large
changes in ring conformation,8,10,11 although, subtle variations in pucker angles can affect
overall oligo- and polysaccharide conformation.73,79

2.2 Lipopolysaccharides

Lipopolysaccharides (LPS) are important components of the outer membrane in gram-negative
bacteria, such as Shigella. They have a wide range of functions including cellular adhesion,
defence, signalling, and structural integrity. They also often mediate cellular interactions and
play a key role in bacterial virulence. A single LPS molecule comprises three covalently linked
but distinct domains: a Lipid A tail, an oligosaccharide core, and an O-Ag polysaccharide
(Figure 2.6).
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2.2. Lipopolysaccharides

Figure 2.6: (a) Cross-section of a gram-negative cell envelope depicting LPS molecules on the extracellular
surface of the outer membrane. 82 (b) Structural illustration of a lipopolysaccharide molecule illustrating its

three component parts. 83

Lipid A is the innermost portion of LPS and anchors the molecule to the bacterial outer mem-
brane. It is a potent endotoxin and can trigger a strong immune response. The core oligosac-
charide connects Lipid A to the O-Ag and varies in structure among different bacterial species.
It provides structural stability to LPS and contributes to bacterial cell integrity. The O-Ag is
the outermost component of LPS and is a polysaccharide built from repeating unit fragments.
It is highly variable among bacterial strains and plays a crucial role in determining bacterial
serotypes and antigenic variation. The O-Ag can act as a virulence factor and is often the target
of the immune response against bacteria.80,81

LPS molecules are versatile and adaptable due to its structural heterogeneity, which is primar-
ily found in the O-Ag.84 O-Ags are commonly around 150-200 residues in length, range in
weight from 10 to 20 kDa and extend approximately 100-400 nm from the cell surface.2,7,85–87

The O-Ag primary chemical structure has a high degree of diversity. A repeating unit can
be two to several monosaccharide residues in length and can include pentoses, hexoses, hex-
osamines, their 6-deoxy derivatives, and hexuronic acids among others.7 Further, the glyco-
sidic linkage between any two monosaccharides within a repeating unit can attach to the at
any of the ring hydroxyl groups, have either α- or β- anomeric configurations, and can contain
substituents, such as O-Ac, N-Ac, glycosyl, and phosphate groups.
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2.3 Shigella flexneri O-antigens

Shigella is a genus of four gram-negative bacterial species that causes shigellosis. There are four
serogroups of Shigella and approximately fifty serotypes based on O-Ag composition.51,88 The
disease prevalence of each subgroup is different: Shigella flexneri (66%), Shigella sonnei (24%),
Shigella dysenteriae, (5%), and Shigella boydii (5%).89 S. flexneri is predominant in Africa, Asia,
and South America while S. sonnei occurs more frequently in Australasia, North America, and
Europe. Approximately 90% of all infection from S. flexneri is caused by five serotypes: 1b, 2a,
2b, 3a, and 6; and these are therefore of particular interest as vaccine targets.42,89

There are nine serotypes of S. flexneri and over thirty subtypes as classified by O-Ag specificity
(Figure 2.7).51,88 S. flexneri can be classified into serogroups based on the type O-factor groups
(I; II; III; IV; V; VI; VII). Further classification into subtypes is based on group O-factors (3,
4; 6; 7, 8; 9; 10; IV-1) as determined by phage-mediated glucosylation, phosphorylation, and
O-acetylation of the O-Ag.51,90

Investigation into the structures of S. flexneri O-Ags began in the 1960s. By 1988, the fundamen-
tal carbohydrate primary structures of all known S. flexneri O-Ags had been established with a
single O-acetylation site at position 2 of α-L-RhaI identified in types 1b, 3a, 3b, 3c, and 4b. More
recent surveys of the S. flexneri O-Ag structure have listed O-Ag variants which include gluco-
sylation, additional sites of O-acetylation, and phosphorylation with phosphoethanolamine.

O-acetylation of the O-Ag may be full or partial.51 The level and position of O-acetylation mea-
sured can be affected by the bacterial strain, the method of isolation and purification, as well
as storage conditions.51 The degree of glucosylation at each position is close to stoichiomet-
ric.51 However, the first O-unit of the O-Ag chain linked to the LPS core lacks any glucosyl
residue.51,91 The common backbone across the majority of O-Ags, as well as the shared sub-
stituent groups, suggest S. flexneri serotypes may be susceptible to a significant level of vaccine
cross-protection.42,89,92,93

α-L-RhapI is stoichiometrically O-acetylated at position 2 in serotypes 3a, 3b, 3c, and
4b,90 whereas it is 80% O-acetylated in serotypes 1b and 7b.53,90 O-Ac also occurs non-
stoichiometrically at positions 3 and 4 of α-L-RhapIII in serotypes 1a, 1b, 2a, and 5a, and at
approximately 60% frequency at position 6 of β-D-GlcpNAc in type 2a. Similar O-Ac patterns
as α-L-RhapIII have been demonstrated in types Y, 6, and 6a, as well as for β-D-GlcpNAc in
types 3a and Y. The extent of O-Ac of α-L-RhapIII at positions 3 and 4 varies between strains of
the same type in the range of 30-70% and 15-30%, respectively, in types 1a, 1b, 2a, 3a, 5a, and
Y. Additionally, the same range of variation is observed between types 6 and 6a.90
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2.3. Shigella flexneri O-antigens

Figure 2.7: SNFG representations of common Shigella flexneri O-Ag repeating units. All O-Ag repeating units,
with the exception of serotype 6, share the common S. flexneri Y O-Ag backbone.
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The function of O-Ac in S. flexneri infection is not well established. However, glucosylation
of the O-Ag is known to have significant impact on the virulence of S. flexneri by changing
the polysaccharide conformation from a more filamentous to a more compact structure that
facilitates bacterial invasion of gut epithelium.94

The role of O-factors in antibody binding and immune response is important, although direct
correlation between O-factor binding and vaccine cross-reactivity cannot always be made.8

Shared antigenic primary structures may also not always lead to cross-reactivity among closely
related antigens due to subtle differences in carbohydrate structure that can profoundly influ-
ence chain conformation and molecular flexibility. As a result, investigating vaccine cross-
reactivity between antigens can be informed by conformational analysis.

It is expected that a multivalent vaccine that includes S. flexneri serotypes 2a and 3a, which
are far more widespread, would provide shared group antigens and potentially elicit cross-
protection against subtypes 2b, 3b and serotype 7b - the latter via group O-factor 6.32,42,49

However, serotype 7a lacks any shared group antigens as it only contains group O-factor IC.51

It has been suggested that excluding S. flexneri 7a from a multivalent vaccine would have
little impact on the global breadth of coverage.49 Nonetheless serotype 7 remains of interest
as a potential emerging strain as well as part of a comprehensive study of all S. flexneri O-Ag
conformations.

Serotype 7a was discovered in clinical isolates from Bangladesh and provisionally named
serotype 1c.52 However, as wild-type strains of this serotype do not react with antibodies
against O-factor I it was subsequently renamed provisionally to serotype Y394. In 1999, Trevejo
et al. discovered an untypeable S. flexneri strain from isolates of an outbreak in California.95.
This strain was provisionally named serotype 88-893. Foster et al. later performed discovered
structural similarities between provisional serotypes Y394 and 88-893.53 Consequently, a new
serotype, named serotype 7, was created and provisional serotypes Y394 and 88-893 were re-
named to serotypes 7a and 7b respectively.53

The Global Enteric Multicenter Study (GEMS) suggests that serotype 7 is accountable for a very
small fraction of Shigella disease prevalence.32,42,49 Isolates collected from afflicted patients in
Bangladesh, Egypt, Indonesia, Pakistan and Vietnam over the period of study indicated that
serotype 7 was accountable for less than 5% of all S. flexneri detected in these regions.89,96–103

However, serotype 7, as with all serotypes of low disease prevalence, remains of interest –
particularly to know if they are affected by existing treatments or if they may become potential
emerging strains in the future.

20



2.3. Shigella flexneri O-antigens

Figure 2.8: Structures of the biological repeating units of S. flexneri 7a and 7b O-Ags. Each structure is repre-
sented in schematic chemical representation (top), SNFG notation (middle) and standard nomenclature (bot-

tom).
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The O-Ag backbone for both serotype 7a and 7b is the same as S. flexneri Y. However, the two
serotypes also include an α-D-GlcpII-(1→2)-α-D-GlcpI side-chain connected to the 4-position of
β-D-GlcpNAc, which forms part of O-factor IC. The S. flexneri 7b O-Ag repeating unit also has
an O-acetyl group at position 2 of α-L-RhapI that comprises O-factor 6. (Figure 2.8). Sf 7a there-
fore contains a single immunodeterminant O-factor while Sf 7b has two O-factors (Figure A.1).
These O-factors are found in serotypes 1, 3, and 4, while they also share structural similarities
with other S. flexneri O-factors. Together with the O-Ag backbone these immunodeterminants
play an important role in bacterial infection. Understanding the molecular conformations of Sf

7a and 7b backbone and O-factors is of interest and methods such as NMR spectroscopy and
molecular modelling can be useful in this regard.
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Chapter 3. NMR Spectroscopy of Polysaccharides

NMR spectroscopy is the principle method for determining the primary structures and con-
formation of polysaccharides. Carbohydrates do not crystallize readily, making conforma-
tional analyses by widely used X-ray crystallography techniques challenging.14 In contrast,
NMR spectroscopy allows for the study of molecules in both solid and solution states, en-
abling analysis of primary structure and conformation.13 NMR provides a convenient and
non-destructive method to probe the structure of biomolecules in general and carbohydrates
in particular.65,104 However, as with all experimental methods, NMR has a number of limi-
tations. For example NMR cannot resolve atomic resolution as X-ray crystallography105 and
also certain molecular processes are too fast or too slow on the NMR time scale, and cannot be
measured using NMR spectroscopy techniques.13 Nevertheless, NMR remains a valuable tool
for studying polysaccharides.

3.1 NMR spectroscopy

We provide here an overview of NMR spectroscopy, outlining the concepts of chemical shifts
and their temperature dependence, coupling constants and several NMR spectroscopy meth-
ods as used in this study, such as diffusion-filtered NMR, zero quantum suppression, and nOe
spectroscopy.

In an NMR spectroscopy experiment a molecular sample is placed within a strong, constant
magnetic field, which causes spin active nuclei (such as those of 1H and 13C) to align in the
direction of the magnetic field. Pulses of radio waves at a range of frequencies are applied
to the sample and, depending on the frequency and the electronic environment of the nuclei,
the nuclei are perturbed away from their aligned position.106 The protons relax and spin align
with the magnetic field after the radio pulse. In doing so they emit specific frequencies that
are characteristic of their electronic environment. These frequencies can be measured to un-
ambiguously determine the relative position of atoms within a molecule and therefore provide
information on the structure, dynamics, and interactions of the molecule itself. NMR exploits
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the magnetic properties of diamagnetic atoms and therefore spectroscopy that measure the fre-
quencies of hydrogen (1H NMR) and carbon-13 (13C NMR) are the most common, although,
other atoms such as 15N, 19F and 31P can also be detected by NMR spectroscopy.

3.1.1 1H NMR chemical shifts

The 1H NMR chemical shift is a fundamental aspect of NMR spectroscopy that provides crucial
information about the chemical environment of hydrogen atoms in a molecule. The value of
the chemical shift is the difference between the resonant (Lamour) frequency of the spinning
protons and the signal of the reference molecule usually tetramethylsilane (TMS). The shift
is influenced by the electronic environment surrounding a proton, including factors such as
electronegativity, neighboring atoms, and molecular structure. Distinctive chemical shifts for
different proton environments enable the identification of functional groups and aid in deter-
mining the overall molecular structure. The higher the chemical shift value, the more shielded
the proton, while lower chemical shift values indicate a less shielded or more electronegative
environment. 1H NMR chemical shift analysis is a powerful tool in elucidating molecular
structures and is widely utilized in fields such as organic and medicinal chemistry.

3.1.2 Coupling constants in 1H NMR spectroscopy

Coupling constants in proton NMR spectroscopy provide valuable insights into the connec-
tivity and arrangement of atoms in a molecule. Scalar coupling constants (J-couplings), both
homonuclear (JH,H and JC,C) and heteronuclear (JC,H), are mediated through bonds. The mag-
netic interaction between coupled protons can be measured and these constants quantify the
splitting patterns observed in NMR spectra. The number of peaks in a multiplet, determined
by the coupling constants, reveals the neighboring protons influencing each an atoms reso-
nance frequencies. Analysis of coupling constants aids in identifying molecular fragments, de-
termining stereochemistry, and structure of organic compounds. The magnitude of a coupling
constant reflects the extent of spin-spin coupling, with larger values indicative of stronger cou-
pling. The magnitude of the coupling constant is also related to geometry by the Karplus type
relationship:107

J(θ) = Acos2θ − Bcosθ + C (3.1)

where A, B and C are constants and θ is the torsion angle. A single value of the coupling
constant corresponds to several torsion angles (Figure 3.1), which means that the torsion angle
cannot be unambiguously determined by measuring a single coupling constant. Analysis of
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3.1. NMR spectroscopy

Figure 3.1: Coupling constant as a function of the torsion angle /◦ for 3JCOCH. 108

coupling constants aids in identifying molecular fragments, determining stereochemistry and
structure of organic compounds.

3.1.3 Temperature dependence of 1H NMR chemical shifts

1H NMR chemical shifts are temperature dependant. Typically, changes in temperature will
cause a molecule to tumble at a faster (for increased temperature) or slower rate (for reduced
temperature) but will not significantly affect the position of the measured chemical shifts.
However, in certain circumstances the chemical shifts of certain protons are temperature de-
pendent.109

Higher temperature may cause conformational changes by overcoming bond rotation barri-
ers and change an atoms electronic environment. Hydrogen bonds may also be weakened,
lessening the electron withdrawing effect of the hydrogen bond acceptor on the proton. As
a result the proton becomes more shielded and its chemical shift decreases. The temperature
dependence on glycosidic proton chemical shift, and consequently, the molecular conforma-
tional changes with temperature, has been observed in human milk oligosaccharides110, type
III Group B Streptococcus CPS111, and Streptococcus pneumoniae type 4.112

3.1.4 Diffusion-filtered 1H NMR

Diffusion filtered 1H NMR experiments can be used to remove signals of solvents or other
impurities with lower molecular weights than the compound of interest. With respect to sol-
vent suppression, this method allows for the selective removal of the solvent peak without
affecting resonances of high molecular weight compounds that overlap it, as is the case with
pre-saturation techniques.
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This diffusion filtered technique uses the same principle as that of diffusion-ordered spec-
troscopy. Signals of different compounds are separated by their translational diffusion coeffi-
cients and all resonances belonging to faster moving molecules are removed.

3.1.5 Zero quantum suppression in NMR spectra

In two-dimensional experiments the inability to separate z-magnetization and zero quantum
coherence can cause numerous difficulties. For example, in nuclear Overhauser effect spec-
troscopy (NOESY) cross-peaks evolve due to z-magnetization during the mixing time* giving
in-phase peaks on the spectrum. However, in coupled two-spin systems anti-phase terms will
also develop during t1 and some of these will be turned into zero-quantum coherence by the
90◦ pulse at the end of t1.

By applying a systematically calibrated pulse gradient, known as the z-filter,113 post t1, the
peaks that arise from zero-quantum coherence can be fully eliminated from an NMR spectra.
Figure 3.2 illustrates the effect of zero-quantum coherence and its ability to swamp an in-phase
resonance of a NOESY cross-peak.

Figure 3.2: Example of NOESY cross-peaks of dipolar coupled spins (a) without zero-quantum suppression
showing the effect of zero-quantum coherence and its ability to swamp an in-phase resonance of a NOESY
cross-peak; and (b) with zero quantum suppression showing well defined NOESY cross-peaks. Reproduced

with permission from [106] © John Wiley & Sons, Inc.

3.1.6 The nuclear Overhauser effect

The nuclear Overhauser effect (nOe) arises from the mutual dipolar relaxation of two or more
protons. In large molecules, such as proteins and polysaccharides, there are typically many
protons that are dipolar coupled to at least one other proton. In a NOESY experiment this cou-
pling will give rise to a peak in the spectrum if the protons are within approximately 5 Å.114,115

*the duration during which magnetization transfer occurs between different nuclear spins.
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Figure 3.3: The effect of spin diffusion on nOe derived distances. Protons I and S are 4 Å apart and there is a
third spin X equidistant between I and S. The I-S NOESY cross-peak build-up is shown for different distances
of I-X. Spin diffusion has a marked effect on the distance measured between I-S when a third spin is present
between the proton pair. The nOe build-up between I-S is faster and the initial rate approximation is valid for

shorter mixing times with shorter distances of I-X. Reproduced with permission from [114] © Elsevier.

A NOESY cross-peak is not quantitative with respect to interproton distances. At best it can
be described as being semi-quantitative.115 A cross-peak suggests that the protons may be
within 5 Å. However, under certain assumptions, such as the Isolated Spin Pair Approximation
(ISPA) and the initial rate approximation, the cross-relaxation rate between a pair of protons is
inversely proportional to the sixth power of the distance between them.115

Arguably the largest contributor to breakdown of the Isolated Spin Pair Approximation is the
effect of spin diffusion (Figure 3.3).114 In multi-spin systems where several or more proton are
within 5 Å of each another there will be mutual dipolar relaxation between the spins. This can
lead to spin diffusion contributing to the nOe enhancement and as a result one would measure
a distance between proton pairs shorter than they are in reality.

The sign and magnitude of the nOe depends on the rotational correlation time (Figure 3.4),
which is a function of the size of the molecule, viscosity and temperature among other fac-
tors.114 Typically, the 1H-1H nOe is small and positive for small molecules and large and neg-
ative for large molecules. Selecting appropriate experimental parameters plays a large role in
determining the quality of the spectra recorded and the measurements obtained. For example,
a temperature at higher experiment may provide better peak resolution, but it also decreases
the correlation time of the molecule, leading to a faster decay in the nOe transfer reducing the
intensity of the peaks for a given mixing time.
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Figure 3.4: Variation of cross-relaxation rate with correlation time. O-Ags have high molecular weights and,
therefore, longer correlation times, faster cross-relaxation, and faster nOe build-up. The nOe can thus be
measured with shorter mixing times, which is better as it minimizes the effect of spin diffusion. Reproduced

with permission from [114] © Elsevier.

Conformational analysis using nOe build-up curves

The cross-relaxation rate, σ, for a dipolar coupled proton pair (IS) can be determined from the
following relation:

ηIS(τm) = 2στm (3.2)

where η is the nOe intensity at mixing time, τm. There are three general approaches for calcu-
lating the cross-relaxation rate base on Equation 3.2: the Classical method, the PANIC (Peak
Amplitude Normalization For Improved Cross-Relaxation)116,117 method and the Dixon118

method.

The Classical method has two different forms. The first and most basic form of the Classical
method takes the form of Equation 3.2; the second involves normalisation of the cross-peak
intensity by the auto-peak intensities (ηap) at zero mixing time as described in Equation 3.3.

ηIS(τm)
1
2 η

ap
I (0) + 1

2 η
ap
S (0)

= 2στm (3.3)
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The normalised classical method provides an improvement over the Classical method. Nor-
malising by the auto-peak intensity and zero mixing time reduces the experimental differ-
ences, such as shimming, between the NOESY spectra run at different mixing times. A fur-
ther improvement over the Normalised Classical method is the PANIC method (Equation 3.4)
whereby the cross-peak intensity is normalised with respect to the auto-peak at that mixing
time.

ηIS(τm)
1
2 η

ap
I (τm) +

1
2 η

ap
S (τm)

= 2στm (3.4)

The PANIC method largely restores the linear dependence of the nOe enhancement on τm

typically allowing for longer mixing times for which the initial rate approximation remains
valid. The Dixon method (Equation 3.5) is simply an extension of the PANIC method whereby
the cross-relaxation rate is calculated as a function of mixing time.

ηIS(τm)

ηap(τm)τm
= 2στm (3.5)

Given the calculated cross-relaxation rate for a cross-peak for proton pair IS, σIS, and reference
peak, σre f , with a known interproton distance, rre f , we can calculate the distance between IS
assuming the ISPA is valid (Equation 3.6).

rIS = rre f (σre f /σIS)
1/6 (3.6)

Equation 3.6 is typically correct for short and middle internuclear distances. For longer dis-
tances, spin diffusion may occur whereby magnetization is transferred between two nuclei via
a third.

3.2 Polysaccharide structure analysis by NMR spectroscopy

Structure elucidation and conformational analysis of polysaccharide antigens by NMR spec-
troscopy typically employ a multi-step process. Firstly, the polysaccharide antigen are ex-
tracted from the bacterial cell and then purified. Subsequently, NMR spectroscopic analysis
is carried out to determine the monosaccharide residues present in the carbohydrate antigen,
and their linkage positions are identified. Finally, based on heteronuclear 3JC,H coupling and
1H-1H distance measurements observed, representative three-dimensional structures can be
constructed.
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3.2.1 Primary structure determination

NMR spectroscopy is a leading method for elucidating the primary structure of polysaccha-
rides.13 Solution-state NMR spectroscopy requires homogeneous and not overly viscous mate-
rial.13 Achieving this requires the use of several physicochemical separation techniques.13,104

In the case of LPS, it has been customary to analyse the polysaccharide portion by removing
the lipid component through a mild acid treatment. However, this technique may result in
undesired alterations and degradation, necessitating alternative approaches to address these
issues.12,119 Nonetheless, in some instances, it is feasible to analyse the complete LPS molecule,
including its polysaccharide component as has been done with Escherichia coli O124 and S.

dysenteriae type 3 LPS.120

NMR spectroscopy of polysaccharide usually begins with recording 1D 1H and 13C NMR spec-
tra or a 2D 1H, 13C HSQC NMR spectrum.13,121,122 The number of constituent monosaccharides
can be obtained from anomeric resonances, typically between 4.4–5.5 ppm for 1H NMR and
90–110 ppm for 13C NMR spectra. Each spin system and the resonance of ring proton and
carbon atoms can be assigned from 2D techniques such as 1H, 1H COSY; 1H, 1H TOCSY; and
1H, 13C HSQC experiments. Nuclear Overhauser effect spectroscopy (NOESY), for through
space interactions, and 1H, 13C HMBC experiments, for long-range chemical shift correlation,
can be used when coupling constants are small and magnetization is not transferred around
the whole spin system.

After assigning all the 1H and 13C resonances within the ring, the linkage positions can be
investigated. Glycosylation shifts can be obtained by comparing the chemical shifts of the
polysaccharide to those of corresponding monosaccharides and compensating for the effects
caused by glycosylation.13 Inter-residue 1H, 1H NOE and 1H, 13C HMBC correlations can be
employed to find the sequence of sugar residue in the chain.

Computerised methods can assist in polysaccharide structure determination. CASPER
(Computer-Assisted SPectrum Evaluation of Regular polysaccharides) calculates chemical
shifts based on constituent monosaccharides within oligo- and polysaccharides as well as gly-
cosylation shifts from substitutions.123–125 CASPER determines 1H and 13C chemical shifts
from known structures allowing for comparison and validation of experimental values. For
unknown structures, CASPER can determine the carbohydrate sequence by finding structures
with the smallest difference between experimental and calculated chemical shifts.

The primary structures of polysaccharide antigens for a wide range of bacteria have been re-
solved by NMR spectroscopy. These include, but are not limited to, approximately 79 Kleb-

siella capsular polysaccharides (CPS), 176 Escherichia coli O-Ags126, 98 Streptococcus pneumoniae
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CPSs,127 and 30 Shigella flexneri O-Ags.7 These studies have been able to identify small differ-
ences in linkage positions, O-Ac patterns, chemical substitutions, and the presence of unusual
residues with methods that have been greatly simplified by NMR spectroscopy.

3.2.2 Conformational analysis

NMR can also be used to provide insight into molecular conformation. Such analysis usu-
ally measures transglycosidic heteronuclear coupling constants, residual dipolar coupling con-
stants and nOe 1H-1H distances.13,121

Carbohydrate conformation can be investigated through experimental measurements, such as
1H-1H distances derived from nOe spectroscopy, or 3J couplings. However, such comparisons
are not always directly possible or, if so, may be ambiguous8,13,128 For example, glycosidic
linkage torsion angles can be inferred indirectly through heteronuclear 3JC,H coupling mea-
surements but these only provide a weighted average of all torsion angles populated.13,129,130

Further, 1H-1H distances can be used to determine the orientations of glycosidic linkages13,131

and measurement of inter-residue 1H-1H distances can help identify possible molecular con-
formations.8 Measurements from NOESY spectra can also help reveal the presence of chair
or non-chair pucker states.128 However, conformations of non-chair pucker states in pyra-
nose and furanose rings in solution cannot be easily established with current experimental
approaches.128

The most common method carbohydrate conformational analysis by NMR employs the mea-
surements of 1H-1H distances using NOESY experiments.13 However, these are restricted to
interproton distances that are ∼5 Å or less, as beyond this distance nOe correlations are too
weak to measure accurately.114 Additionally, polysaccharide spectra are generally not well de-
fined, even when compared to other biomolecules such as nucleic acids and proteins, and may
have many peaks overlapping, making it challenging to take accurate measurements with high
degree of confidence.132,133

Although NMR spectroscopy has been useful in determining the primary structures of many
polysaccharide antigens, the number of antigens with resolved conformations is relatively
small. Early studies involved the use of through space interactions to measure atoms which
non-bonded atoms may be near to one another allowing for conformations to be inferred. For
example, nOe and Rotating Frame Overhauser Enhancement (ROE) spectroscopy has been
used to measure 1H-1H distances in Moraxella catarrhalis and Escherichia coli O-Ags and static
conformational models have been built based on these measurements.130,134,135 More recently,
heteronuclear 3JC,H coupling and 1H-1H distances derived from nOe spectroscopy has often
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been combined with other techniques, such as MD simulations, to provide detailed informa-
tion on both molecular conformation and dynamics, as has been demonstrated with studies of
Escherichia coli and Shigella flexneri.15,135–139
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MD simulations employ the principles of classical mechanics to model the motion of atoms
over time as a function of the interatomic forces in a molecular system. These forces are de-
scribed by a series of functions and parameters that are specific to a particular group of atoms
or class of molecules.140,141 For example, there are different force fields for proteins,142–146

lipids,147–149 carbohydrates,55–58,60,62 and nucleic acids150–153 as the behavior and interactions
of molecules can vary widely based on their chemical composition, environment, and struc-
ture.

Computational methods are capable of supplementing experimental measurements as well
as providing theoretical physical, chemical and biochemical insights that may otherwise
be very challenging or impossible to obtain.8,10,154–156 The computational modelling of car-
bohydrates is typically performed with two common methods: QM and/or MD simula-
tions.8,10,140,154,157–159 QM methods, in comparison to MD, are capable of highly accurate en-
ergy, electronic, and structure determination. However, these are typically restricted to rela-
tively small chemical systems.160,161 MD studies are generally limited to structure calculations
and high-level chemical analysis but can be performed on much larger systems, such as those
involving polysaccharides.

4.1 The model

A force field is a set of functions that describes the interactions and behavior of atoms in a
molecular system. The parameters of a force field are determined in a process known a force
field parameterisation, through QM calculations, experimental methods or, ideally, a combi-
nation of both.162 A classical mechanics function and set of force constants together define the
potential energy of a molecular system. The potential energy, Vpot, of a molecular system with
respect to its individual components can be defined by the general function:
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Vpot = ∑
Bonds

vStretch + ∑
Angles

vBend + ∑
Dihedrals

vTorsion + ∑
Urey−Bradley

v1,3−interaction + ∑
Pairs

vNon−Bonded (4.1)

The individual energy components of bonding and external non-bonding interactions between
each atom pair i, j are as follows:

Bonding terms

Bonds: vStretch = kstretch(r − r0)
2 (4.2)

where r represents the distance between the atom pair, r0 denotes the equilibrium distance for
the atom pair, and kstretch refers to the bond force constant.

Angles: vBend = kbend(θ − θ0)
2 (4.3)

where θ represents the angle formed by the three-atom group, θ0 corresponds to the equilib-
rium angle of the three-atom group, and kbend denotes the angle force constant.

Dihedrals: vTorsion = kproper[1 + cos(nϕ − δ)] + kimproper(ω − ω0)
2 (4.4)

ϕ represents the torsion angle, δ corresponds to the phase shift, kproper denotes the force con-
stant for proper dihedral interactions, and kimproper represents the force constant for improper
dihedral interactions.

1,3 interactions: v1,3−interaction = kUB(u − u0)
2 (4.5)

where u represents the measured 1,3 atom distance, u0 denotes the equilibrium 1,3 atom dis-
tance within the harmonic potential, and kUB represents the Urey-Bradley force constant.

Non-Bonding term

Nonbonded : vNon−Bonded = ϵ0

[

(

Rij

rij

)12

−

(

Rij

rij

)6
]

+
qiqje

2

rij
(4.6)

The non-bonded term in the equation consists of two components: the van der Waals energy,
described by the 12-6 Leonard-Jones potential, and the standard Coulombic potential. R rep-
resents the distance at which the 12-6 Leonard-Jones potential becomes zero.
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4.2 The integrator

In MD simulations, the integrator algorithm calculates the change in atomic position over time
based on the forces acting on the atoms. To initiate an MD run, the initial position, connec-
tivity, and velocity of all atoms at the start time are required. In each subsequent time step,
the forces exerted on each atom are computed, taking into account bonded and non-bonded
interactions, as well as any restraints if applicable. The Velocity-Verlet algorithm,163 calculates
atom positions (r), velocities (v), and accelerations (a) at time t + ∆t based on their values at
time t by:

r(t + ∆t) = r(t) + v(t)∆t +
1
2

at + ∆t2 (4.7)

v(t + ∆t/2) = r(t) +
1
2

at (4.8)

a(t + ∆t) = −
1
m

∆V(r(t + ∆t)) (4.9)

v(t + ∆t) = v(t + ∆t) +
1
2

∆ta(t + ∆t) (4.10)

4.3 Metadynamics

Metadynamics simulations are a type of potential of mean force (PMF) calculation and a subset
of MD simulations. While MD and metadynamics employ similar methods, they differ in how
they explore system states.

MD is a deterministic approach that models the forces acting on atoms and their subsequent
motion over time using classical mechanics. As a result, systems simulated with MD naturally
tend to transition towards lower energy states determined by the potential energy functions
of the system.162 However, the range of accessible system states within a given period of time
depends on the inherent variations of forces in the system. If a particular state is energetically
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distant from lower energy states, longer simulation times may be necessary, or lower energy
states may be poorly sampled or missed altogether.162

In contrast, metadynamics simulations use external forces to accelerate the sampling of sys-
tem space.164 These external forces act on specific sets of atoms within the system known as
collective variables (CVs), which can include inter-atomic distances, bond angles, and torsion
angles.165 During the simulation, the potential of the system, Vmeta, is measured as a function
of one or more CVs. Positive Gaussian energy potentials are then added, reducing the likeli-
hood of the system returning to its previous state. By running the simulation for a sufficient
duration, a statistically representative average of all CV configurations is obtained.164,165 The
free energy obtained through this process, being dependent on one or more CVs, is referred to
as the potential of mean force.

In addition to metadynamics other approaches also be employed to enhance conformational
sampling. These include, increasing the simulation time-step, replica exchange (temperature
or Hamiltonian), and hydrogen mass repartitioning among others. However, it should be
noted that these methods also have their limitations: the loss of time-domain information
(replica exchange) and loss of the ability to analyse certain chemical and physical properties
(increased time-steps, hydrogen mass repartitioning).

4.4 Periodic boundary conditions

MD simulations typical model a small segment of a much larger chemical system. The model
system has a significantly greater surface area to volume ratio and the simulated molecules
spend a greater proportion of time closer to the outer physical boundary of the system. Con-
sequently, the interactions at the edge parts of the system have a disproportionally large effect
on the overall simulation. This results in erroneous behaviour and is termed the ‘edge effect’.

Periodic boundary conditions (PBC) are employed to minimise the impact of this ‘edge effect’.
A system is modelled as a unit cell of a much larger theoretical environment (Figure 4.1). Dur-
ing a simulation, the motion of all particles in adjacent unit cells replicate the same movement
of the simulated unit cell. When a particle moves out of the simulated unit cell during its
motion, a corresponding particle of the same type enters the unit cell at the exact opposite
position. This process effectively eliminates the walls within the simulated unit cell, greatly
reducing errors that could arise in the abscence of periodic boundaries.
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Figure 4.1: Illustration of an MD simulation with (right) and without (left) periodic boundary conditions. 166

4.5 Water models

Water models for the simulation of water molecules in MD simulations range from a simple
two site model167, that models a water molecule as two single point charges, to more complex
six site models,168–170 which employs a six point charge system. Most carbohydrate force fields
were parameterised with TIP3P,171 a three site model force field. Water models are generally
developed to model the properties of pure water and rarely optimized for interactions with
solutes, such as proteins, carbohydrates or lipids.10 Rather, it is the force field of the solute that
is usually modified to perform optimally with a given water model.10 It is not advisable to
use a water model different to that employed in the carbohydrate force field parameterisation
process.

4.6 Carbohydrate force fields

The development of a force field for carbohydrates is particularly challenging due to the
molecules structural complexity and diversity.172 Moreover, their relative flexibility means that
they generally do not adopt a single conformation in solution.173 Due to this, suitable experi-
mental information to derive potential energy functions remain sparse and many carbohydrate
force field parameters are derived from non-carbohydrate molecules that have structurally
similar components.141,172,174 Nonetheless, carbohydrate force fields continue to improve and
have advanced to the level where they have been shown to outperform more sophisticated
semi-empirical QM methods in certain instances.175
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There are currently four main all-atom carbohydrate-specific force fields used in molecular
modelling: CHARMM3655–58,60, GLYCAM0662, GROMOS176–179, and OPLS-AA180–182. The
former two force fields are more widely used and can model a wide range of carbohydrates.
The latter two are parameterised for a narrower selection of monosaccharides and glycosidic
linkages and are more suitable for the simulation of unlinked glycans.156 These force fields are
primarily tailored for biologically and chemically relevant furanoses and pyranoses monomers
and their polysaccharides — no larger ring carbohydrates are defined.141,154 We provide a brief
overview of CHARMM36 and GLYCAM06.

4.6.1 CHARMM36

The CHARMM all-atom biomlecular force field144,183 is among the most widely used gen-
eral force fields. The CHARMM force field for carbohydrates55–60 (CHARMM36) is pa-
rameterised for the simulation of common furanose and pyranose molecules — such as fu-
cose, glucose, galactose, xylose, N-acetylglucosamine, N-acetylgalactosamine, glucuronic acid,
iduronic acid, and N-acetylneuraminic acid among others — allowing for the simulation of
molecules from single monomeric units to extended polymer chains. CHARMM36 speci-
fies unique atom types for different anomers which is not a feature of other force fields154

and reproduces structure, dynamics and thermodynamic properties of numerous important
monomers as crystal structures and in aqueous solution.154,156

Recent developments of a polarizable empirical force field for hexopyranose based on the
CHARMM Drude polarisable force field184 has increased the modelling accuracy of furanose
and pyranose monosaccharides185–187 and their glycosidic linkages,184,188,189 by supporting
electronic polarization instead of the standard fixed charge approximation.190 Recent studies
on α-linked mannopyranose disaccharides demonstrates the improved utility of Drude ver-
sus the additive CHARMM36 force field in investigating complex carbohydrates and demon-
strate that Drude polarizability improves “the underlying physical forces dictating the wider
conformational sampling dipole moments and radial distribution functions with water of the
hydroxyl groups”.191

4.6.2 GLYCAM06

The GLYCAM06 force field provides a set of complete parameters for the simulation of a wide
range of carbohydrates and glycoconjugates.61,62 Similarly to CHARMM36, it can be used to
model numerous standard and non-standard furanose and pyranose monosaccharides as well
as glycan chains. The parameter set can also be extended to incorporate glycoproteins, glycol-
ipids,192,193 lipopolysaccharides,194 lipids,195 proteins, and nucleic acids.196
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A strength of GLYCAM06, compared to other carbohydrate optimised force fields, comes in
large part from its very careful treatment of electrostatic interactions. In GLYCAM06, each
atom within a sugar unit is assigned a particular partial atomic charge as opposed to being
assigned partial charges based on a restricted set of atom types, as is done in many other
formulations.141,154 This feature was achieved by fitting torsion terms to rotational data from
small achiral molecular fragments, rather than to tetrahydropyran-based models of intact α-
and β-pyranosides as used with CHARMM36. An intrinsic benefit of this feature is that it
naturally facilitates an equilibrium between conformers with axial and equatorial substituents
at the anomeric centre through the simulation of ring-flipping.

GLYCAM06 does not employ any generic torsion terms (e.g. of the type X–C–C–X). All torsion
terms are derived in a hierarchical manner using fitting valence parameters to a series of more
than 100 model compounds encompassing several molecular classes. These include hydrocar-
bons, alcohols, ethers, amides, esters, carboxylates and mixed functional groups, such as ether
alcohols, ether amides, alcohol amides and ether carboxylates.196 Another feature unique to
GLYCAM06 is the manner in which atomic partial charges are calculated. MD simulations are
used generate an ensemble of conformations employed in the charge averaging.197,198

4.6.3 Carbohydrate force field limitations

The strength of current additive all-atom carbohydrate force fields has been demonstrated
by many studies across numerous applications. For example, CHARMM3655–58,60 has been
shown to provide molecular ensembles of polysaccharides from MD simulations that are in
very good agreement with 1H-1H distances derived from NOESY experiments of the same
polysaccharides;138,139 while GLYCAM06 has been able to accurately model ring pucker in
heparonome79 and amylose polymers73 Nonetheless, limitations in the force fields become
apparent as more experimental data becomes available.8,61,140,141,158 Comparative modelling
between force fields have also revealed significant differences in several measurable parame-
ters and resultant conformational ensembles.8,154,196,199

There are a number of limitations with current carbohydrate force fields. The force fields only
support common carbohydrate molecules, which are a small subset of all known sugars. How-
ever, as force fields are continuously improved, further molecules will be parameterised, in-
creasing the number molecule types that can be simulated by molecular dynamics. Nonethe-
less, carbohydrates that contain sugar residues or functional groups that are not parameterised
cannot be modelled without such updates to existing force field parameter sets. While param-
eters for undefined molecules and functional groups can, and often are, estimated (without
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going through a full force field parameterisation process) this can lead to increased errors and
decreased accuracy of a simulation.

For disaccharides and longer chains, torsion angles adopted by glycosidic linkages have been
shown to be force field dependant. For example, anti-ψ orientations of the glycosidic linkages
are less favoured in CHARMM3678,200 and OPLS-AA18 compared to GLYCAM06.

Similarly, the accurate parameterisation of carbohydrate ring pucker conformations has
proven challenging. This is as the degree to which a force field is able to correctly repro-
duce the conformation and dynamics, of a sugar ring as well as the interactions between rings,
depends on a delicate balance between inter- and intramolecular forces.201

In both CHARMM36 and GLYCAM06, ring puckering thermodynamics in solution is not
used as target data during the force field parameterisation process. Instead, puckering in-
formation obtained from experiment and quantum mechanical gas phase puckering energet-
ics for tetrahydropyran are used during validation, post the parameterisation protocol.202,203

However, validation can also be challenging. Pyranose ring puckering occurs at the multi-
microsecond and beyond timescale,66,79,175 which is near the upper limit of typical present-day
all-atom explicit-solvent MD simulations. Thus, limitations in force field accuracy may not be
readily apparent simply based on analysis of such simulation test results.67

Recent studies on the ring dynamics of unsubstituted aldohexoses using the CHARMM Drude
polarizable force field have demonstrated that, while the inclusion of polarizability increases
ring flexibility, the sampling does not agree with experimental data.204 Development of the
CHARMM Drude polarizable force field is on-going and further improvements of the polariz-
able Drude parameters are required to improve ring pucker dynamics.191,204

Development of a robust carbohydrate force field capable of modelling oligosaccharides and
polysaccharides is a particularly challenging task. Ideally, during the parameter development
and validation processes one needs to account for and consider the influence of the inherent
flexibility of glycans. None of the carbohydrate force fields explicitly optimise for oligosac-
charides and polysaccharide parameter sets as it is simply not experimentally and computa-
tionally feasible to do so. Instead, they are parameterised for mono- or disaccharide units and
later validated for longer chain residues by explicit modelling. The accuracy and validity of the
modelling is subject to the limitations of molecular modelling techniques and it is also highly
dependant on the force field used as well as the methodology employed.

However, studies that specifically compare carbohydrate force fields are rare. Small molecules
show comparable results205,206 while simulations of larger or more complex systems of gly-
cans reveal significant differences in free-energies and molecular conformations and dynamics
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between the force fields studied.78,199,207–212 For example, several studies report conformation
collapse of polysaccharides that are abundant with rhamnose residues. MD simulations of
S. flexneri serotype Y O-Ag repeating units by Kang et al. demonstrate that stable hairpin bend
conformations are preferred in when modelled with the GLYCAM06 force field, but not when
CHARMM36 is used.16 Galochkina et al. observed similar irreversible conformational collapse
when modelling a Salmonella typhimurium O-Ag. They report the formation of a hairpin “glob-
ule” formation with GLYCAM06, but not with the OPLS-AA force field.18 Similar results are
shown for the Escherichia coli serotype O25b O-Ag.213 Lazar et al. confirm this conformational
collapse with the GLYCAM06 force field and demonstrate that it occurs in saccharide chains
rich with α-L-rhamnose residues after relatively long simulation intervals.199 They show that
this phenomenon arises due to specific orientation of α-L-Rha→α-L-Rha glycosidic linkages
that have anomalously low energy, which are subsequently sustained by intramolecular inter-
actions in the saccharide chain. Moreover, the lack of partial aliphatic hydrogen charges in the
GLYCAM06 are identified as the source of this anomaly.
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Carbohydrates of a wide range of forms, from monosaccharides to polysaccharides, have been
studied extensively by molecular modelling.8,10,155,214 In this chapter we discuss molecular
conformations and dynamics from the modelling of small pyranose carbohydrate molecules
(with a specific focus on ring pucker) and bacterial polysaccharides.

5.1 Modelling small carbohydrate molecules

Mono-, di-, and trisaccharides have been studied extensively by computational simula-
tions.154,155,214 Their relatively small physical size and mass means that modelling of many
chemical and structural properties do not require extensive resources, while their broad pres-
ence in chemical and biochemical systems lend themselves to particular scientific interest.
Nonetheless, the high energy interconversion barriers of ring conformers in water for each
of the various carbohydrate ring forms as well as the relatively slow transitions, often in the
microsecond timescale, means that that long simulation times are required to study the differ-
ent ring conformations.214

α-D-glucopyranose and β-D-glucopyranose are amongst the most intensively explored of all
carbohydrate rings, in both vacuum and solution. There are 14 canonical pucker states that
minimize the angle strain within the β-D-glucopyranose ring: 2 chair forms (4C1 and 1C4), 6
possible distinct boat forms (1,4B, 2,5B, 3,OB, B1,4, B2,5 and B3,O), and 6 skew forms (1S3, 1S5,
3S5, 3S1, 5S1, 5S3). All free energy studies of β-D-glucopyranose to date64,215–218 identify the
4C1 chair as the global free energy minimum in aqueous solution, in agreement with empirical
evidence.13,155,219,220

Mayes et al. used DFT methods to compile the first complete library of low-energy local min-
ima and puckering interconversion transition states for five biologically relevant pyranose sug-
ars: β-xylose, β-mannose, α-glucose, β-glucose, and β-N-acetylglucosamine; and demonstrate
that energy require ring pucker transitions increases with greater ring substitution.64 Lyu et al.
mapped the complete conformational energy surface and the corresponding pseudorotation
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Figure 5.1: Puckering dynamics for key monosaccharides (O-methyl) found in glycosamino glycans from
5 ms MD simulations using GLYCAM06 in water, for (b) iduronicacid(IdoA), (c) iduronic acid-2-O-sulfate
(IdoA2S), (d) glucuronic acid (GlcA) and (e) N-acetylglucosamine. 63,175 The dynamics are visualized using
the Cremer-Pople azimuthal angle (labelled according to canonical pucker) against time and (a) shows the
typical 3D-conformers found in the puckering equilibrium. Reproduced with permission from [155] © NCBI

path of the interplay between deoxyribose ring puckering and intramolecular H-bonding in
2‘-deoxycytidine, 2‘-deoxyadenosine, 2‘-deoxythymidine, and 2‘-deoxyguanosine.221

A metadynamics study evaluating three carbohydrate force fields (GLYCAM06, GROMOS
45a4 and OPLS) to model different ring conformations of β-D-glucopyranose was performed
by Spiwok et al.217 All three force fields show the 4C1 conformation as the most stable in vac-
uum and water, with a high barrier for interconversion to other conformations, while GLY-
CAM06 was found to be consistent with previous metadynamic studies.

Guvench et al. characterised the ring puckering thermodynamics of ten common biologi-
cal pyranose monosaccharides.67 They demonstrate that the CHARMM36 force field reliably
models ring puckering across the molecules studied while also capturing the subtle variations
of the 4C1 and 1C4 states.
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Sattelle and Almond63 investigated ring pucker kinetics of on N-acetylglucosamine monosac-
charide and derivatives by multi-microsecond length MD simulations in solution using the
GLYCAM06 force field. They showed that, while the 4C1 chair is overwhelmingly the dom-
inant state, the ring conformation is dynamic and puckering does occur to a notable extent
(Figure 5.1). For methyl α- and β-D-idopyranosides the 1C4 chair is preferred.

Later MD simulations demonstrated ring flexibility for some monosaccharides over microsec-
ond timescales66,73,155,222 suggesting that while saccharide ring puckering can and does occur,
pyranose rings predominantly remain in low-energy 4C1 (or 1C4 for idopyranose) conforma-
tions, with bulky substituents generally maintained in the equatorial orientation. Alibay et
al. employed enhanced sampling MD simulations to probe the ring conformations of Gly-
cosaminoglycan (GAG) related monosaccharides, as well as associated acetylated and sulfated
GAG compounds. They suggest that in some cases, due to the high energy barriers between
ring pucker states, an excess of 15 µs is required for adequate sampling.

For aldohexopyranose idose, the unique presence of three axial ring hydroxyl groups causes
considerable conformational flexibility and can be used as a model for rationalising the rela-
tionship between anomeric configuration and pyranose ring pucker.66 Sattelle et al. studied
the ring pucker in methyl α- and β-L-idopyranosides with multi-microsecond MD simulations
using the GLYCAM06 force field in three explicit water models.66 They found that the calcu-
lated puckering exchange rates and free energies were independent of the water model. Both
the α- and β-anomers favoured the 1C4 state but this was less so for the α configuration (85% of
the simulation time) compared to the β configuration (>99% of the simulation time) and with
1C4 ↔4 C4 exchange at rates of 20 µs−1 and 1 µs−1 respectively.

Moreover, they show that computed α-anomer 1C4 ↔4 C4 puckering rates depend on the exo-
cyclic C6 substituent, when comparing hydroxymethyl and carboxyl groups. The slower ring
pucker kinetics and restricted pseudorotational profile of the β-anomer “is caused by water oc-
cupying a cavity bounded by the anomeric 1-O-methyl and the C6 hydroxymethyl groups”.66

NMR measurements of pyranose ring vicinal 1H-1H spin-couplings (3JH,H) trend with com-
puted values from the MD simulations in all instances. These simulation results highlight the
effect of both anomeric configuration as well as substitution on ring pucker dynamics and help
rationalise the different methyl α- and β-L-idopyranoside 3JH,H values.

Chythra et al. analysed the influence of the polarizable CHARMM Drude force field “on the
ring dynamics of five major types of unsubstituted aldohexoses: glucose, mannose, galactose,
altrose, and idose — and their anomers”.204 Their study revealed that the CHARMM36 addi-
tive force field favours 4C1 conformations while the inclusion of polarizability enhances ring
flexibility. Nonetheless, comparisons with experimental data revealed inconsistencies in the
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Figure 5.2: Conformations of the modelled heparanome glycans and the effect of ring flexing and ring rigid
behaviour in all-atom and coarse-grained simulations. Reproduced with permission from [79] © American

Chemical Society.

observed simulation ring pucker sampling and which will require updates to the polarizable
Drude parameters.

The conformational behavior of linear oligo-β-(1→3)-D-glucoside biopolymers were studied
using NMR experiments and molecular modelling.223 Interestingly a significant amount of
anti-orientations for the β-1→3-linkage, although the simulations were short and the observa-
tions were not confirmed by HSQC-NOESY experiments.

Sattelle et al. investigated sugar ring flexing and its effect on conformation and bioactivity in
eleven heparanome oligosaccharides (Figure 5.2). Heparanome glycans are known to play a
role in diverse set of biological processes including cancer, coagulation, nervous system de-
velopment, and inflammation.224 Unbiased solution multi-microsecond MD simulations of
eleven heparanome oligosaccharides using the GLYCAM06 force field suggest that polymeri-
sation alters the ring pucker dynamics of IdoA2S residues present within the chain. The ring
flexing of the IdoA2S residues is also shown to be sensitive to chain position and substitu-
tion of adjacent residues. They also demonstrate that incorporating this ring pucker behaviour
into a coarse-grain model allows for improved accuracy in the simulation of macromolecular
sugars.

Interestingly, Kong et al. assessed the ability of the machine learning potentials combined with
semi-empirical quantum chemical methods to model ring pucker conformers of five monosac-
charides and oxane in the gasphase.225 They found that this approach provides reasonable
accuracy and computational efficiency but that the models reproduce chair more accurately
than non-chair geometries.
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5.2 Modelling bacterial polysaccharide antigens

Polysaccharide folding on a bacterial cell membrane is typically very hard to reproduce in sim-
ulated systems.18 Both the mechanism of cell-surface polysaccharide biosynthesis and well as
the molecular heterogeneity of the outer membrane composition pose particular challenges to
molecular modelling. For example, LPS molecules are synthesized on the inner membrane and
transported to the cell surface in a limited number of special sites.226,227 O-Ag chain folding
starts before LPS transfer to the outer membrane and this preliminary stage determines further
evolution of the O-Ag conformation in the membrane environment.

Furthermore, An epitope* presented by a bacterial cell, such as an immunodeterminant of a
carbohydrate antigen, can elicit an array of antibodies, differing in amount, type, and avidity.
The structure of a single antigen-antibody complex will likely not account for all families of
antibodies and alternative epitopes that may be involved in such an interaction.8 There are
many number of different conformational carbohydrate antibody-antigen complexes. Thus
it may be more efficient in terms of both resources and time to model the conformation and
dynamics of the free, unbound polysaccharide antigen in solution.8,19

A systematic and incremental approach for the modelling of polysaccharide antigens in solu-
tion has proved effective in a number studies.8,16,18 First the preferred orientations of the gly-
cosidic linkages in the polysaccharide antigen are calculated by potential of mean force (PMF)
calculations of representative disaccharide units.8,228 These preferred orientations are then
used to build an oligosaccharide for use as a starting structure in MD simulations. The MD
simulations are performed with carbohydrate specific force fields in solution (using counter-
ions for ionic antigens where required) for a duration of several hundred nanoseconds to a
few microseconds. This approach allows for the study of the conformation and dynamics of
the polysaccharide over time.

MD simulations of polysaccharide antigens can be challenging due to the significant computa-
tional resources required to model them accurately. To overcome this issue, it has been shown
that using oligosaccharides with several repeating units can provide a good approximation of
the conformation and flexibility of an entire polysaccharide antigen.16,17,19,22–24 However, the
accuracy of the simulation is highly dependent on factors such as the number of residues in a
repeating unit, the constituent monosaccharides, and the nature of glycosidic linkages.

Achieving sufficient conformational sampling is a challenge in MD simulations of polysaccha-
rides. To achieve convergence, a simulation must be run for a long enough period to obtain a
representative statistical weighting of all low-energy conformations. The starting structure of a

*The region of an antigen molecule to which an antibody attaches.
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polysaccharide antigen is crucial, as it can significantly impact the simulation time required to
achieve adequate sampling and convergence. Because of the large number of degrees of free-
dom in a polysaccharide molecule and its potential for significant flexibility, relatively long
simulations must be performed. Although it is not possible to determine exactly when conver-
gence has occurred, statistical methods can provide estimates.

Polysaccharide antigens can adopt a single well-defined conformer or cluster into a family
of conformations.8,13,19,22–24,229 By analyzing a polysaccharide antigen MD simulation trajec-
tory, it is possible to identify the preferred conformations and distributions of the antigen’s
repeating units and determine whether any familties of cluster conformations exist. Other de-
rived chemical and physical properties, such as hydrodynamic size, viscosity, hydrogen bond-
ing, and ring conformations, can also be measured. It is important to note that the accuracy
and validity of the carbohydrates modelled are subject to the limitations of molecular mod-
elling techniques, as well as the force field and methodology employed. Therefore, it is critical
to carefully consider these factors when interpreting the MD simulations results of carbohy-
drates.

Simulations of carbohydrates can be validated by comparison with experimental data. Where
possible, conformational structures can be elucidated from X-ray crystallography and directly
compared with those from modelling. A somewhat less direct validation can be performed
by NMR nOe experiments to measure interatomic distances of molecules and compared to
those obtained in modelled structures. Such approaches are quite common,19,22,126,135,230,231

although, measurements can be limited due to constraints of the nOe effect. A core part of the
three dimensional characterization of gylycans remains the ability to relate NMR observables
to populations of oligo- or polysaccharides.10

Modelling of bacterial carbohydrate antigens including Salmonella, Escherichia coli, Streptococ-

cus pneumoniae, Neisseria meningitides, and Shigella flexneri, has illustrated the broad range of
conformations possible, as discussed below.

5.2.1 Salmonella

Molecular modelling has been performed on several CPS and OAg of Salmonella bacterium
including S. typhi Vi, S. typhimurium serotype B, and S. enteritidis.

S. typhi Vi: [-α-D-GalNAc-]n

S. typhimurium serotype B: →2)-[α-D-Abe(1→3)]α-D-Manp-(1→4)-α-L-Rhap-(1→3)-α-D-Galp-(1→

S. enteritidis: →3)-α-D-Galp-(1→2)[α-Tyvp-(1→3)]-α-D-Manp-(1→4)-α-L-Rhap-(1→

48



5.2. Modelling bacterial polysaccharide antigens

Salmonella typhi Vi causes typhoid fever and the bacterial CPS is an antigenic component. The
CPS antigen is a homopolymer polysaccharide with an α-(1→4)-GalpNAcA repeating unit and
variable O-acetylation at C-3.232,233 Legnani et al. modelled hexasaccharides corresponding
to S typhi Vi CPS as well as analogs containing a zwitterionic motif with various degrees of
acetylation.234 They found that the CPS has two preferred conformations; both with extended
geometries but without any tendency towards supercoiling. The most stable conformation was
a clockwise helix and the less stable conformation an anticlockwise helix. 3-O-acetylation also
confers rigidity to the oligosaccharide affecting both its flexibility and hydrophobic character.

More recent work on Salmonella enterica serovar Typhi and Citrobacter freundii, which both pro-
duce the same Vi polysaccharide, explored the “effects of O-acetylation on the physical and
immunological characteristics” of the CPS.235 The study revealed that the Vi polysaccharides
from the two bacteria differ with respect to viscosity in water and de-O-acetylation susceptibil-
ity, even though NMR reveals them to be structurally identical.235 MD simulations elucidate
the conformational changes caused by de-O-acetylation on Vi polysaccharide viscosity and
antigenicity. The modelling reveals that O-acetylated Vi polysaccharide is a more rigid helix in
solution. In comparison, de-O-acetylation leads to the polysaccharide adopting a more flexible
coil with increased sodium ion interaction, which may be a cause of the reduced O-acetylated
polysaccharide viscosity. In addition, “partial de-O-acetylation unveils concealed epitopes,
recognized by both human and sheep anti-Vi PS immune sera”.235

Salmonella typhimurium is a zoonotic pathogen and major non-typhoidal Salmonella disease
that can cause gastroenteritis in humans. The O-Ag is constructed from the tetrasaccharide
repeating unit: →2)[α-D-Abe(1→3)]α-D-Manp-(1→4)-α-L-Rhap-(1→3)-α-D-Galp-(1→. Mod-
elling of a 12 RU S. typhimurium serotype B O-Ag were performed by Galochkina et al. using
two force fields (GLYCAM and OPLS-AA).18

The 1 µs MD simulations reveal that the O-Ag repeating units can undergo reversible or ir-
reversible coil-to-globule transitions depending on the force field or temperature (Figure 5.3).
The mechanism of these transitions is related either to the rotation of the carbohydrate residues
around the glycosidic linkages or to flips of the pyranose rings. Interestingly, they found that
the presence of rhamnose in the O-Ag chain significantly increases its conformational mobility.
Additionally they found that O-Ag ring conformations from the GLYCAM simulation differs
significantly from that of the OPLS-AA model — while no mannose ring flips we observed
with either force field, several transitions with long lifetimes of up to 200 ns in the 1C4 state
were observed for galactose.

S. enteritidis is a predominant cause of food-borne salmonellosis in humans.236 The CPS re-
peating unit consists of a trisaccharide backbone and a 3,6-dideoxy-D-arabino-hexopyranosyl
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Figure 5.3: The long O-Ag chain from Salmonella typhimurium demonstrates qualitatively different conforma-
tional behavior depending on the temperature and the force field used. Novel simulation scenarios such as
single O-Ag chain collapse into a dense globule or reversible coil-to-globule transitions cannot be deduced

from the previous results for the shorter oligosaccharides. Reproduced with permission from [18] © NCBI.

side-chain: →3)-α-D-Galp-(1→2)[α-Tyvp-(1→3)]-α-D-Manp-(1→4)-α-L-Rhap-(1→, where Tyvp

is a 3,6-dideoxy-D-arabino-hexopyranosyl group.237 Olsson et al. modelled the tetrasaccharide
repeating unit from the Salmonella enteritidis CPS.238 The MD simulations reveal two confor-
mational familties and indicate that the chain flexibility may be greater when the mannosyl
residue is vicinally disubstituted at O-2 and O-3 by the galactosyl and tyvelosyl groups re-
spectively — even though this initially appeared to be a more sterically crowded and confor-
mationally restricted oligosaccharide. Additionally, these results are consistent with the NMR
and modelling measurements on α-D-Glcp-(1→3)[β-D-Glcp-(1→4)]-α-D-Glcp-OMe in which
the anti-ψ conformational state at the (1→4)-linkage was significantly populated.239 Notably,
analysis of the ring pucker conformations of the tyvelosyl group showed that while the 4C1

state is dominant both 1C4 and other ring conformations are transiently observed.
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5.2.2 Escherichia coli

Escherichia coli is the predominant facultative anaerobe of human colonic flora and includes
both pathogenic and commensal strains.240 Pathogenic strains are the most common cause of
urinary tract infections and food poisoning.9 E. coli is also responsible for many gastrointesti-
nal diseases such as travelers’ and infantile diarrhea.227 The structures of approximately 197
E. coli O-Ags, with 27 subgroups have been elucidated to date.126 The conformations of E. coli

groups O5ab, O5ac, O6, O91, and O176 CPS were studied using NMR spectroscopy and molec-
ular modelling and demonstrate that subtle variations in polysaccharide primary structure can
lead to significant conformational differences.

O5ab: →4)-β-D-Quip3NAc-(1→3)-β-D-Ribf -(1→4)-β-D-Galp-(1→3)-β-D-GalpNAc-(1→

O5ac: →2)-β-D-Quip3NAc-(1→3)-β-D-Ribf -(1→4)-β-D-Galp-(1→3)-β-D-GalpNAc-(1→

O176: →4)-α-D-Manp-(1→2)-α-D-Manp-(1→2)-β-D-Manp-(1→3)-α-D-GalpNAc-(1→

O6: →4)-α-D-GalpNAc-(1→3)-β-D-Manp-(1→4)-β-D-Manp-(1→3)-β-D-GlcpNAc-(1→

O91: →4)-α-D-Quip3NAc-(1→4)-β-D-Galp-(1→4)-β-D-GlcpNAc-(1→4)-β-D-GlcpA6NGly-(1→3)-β-D-GlcpNAc(1→

The O-Ags of E. coli O5ab and O5ac are composed of very similar linear tetrasaccharide repeat-
ing units — with the linkage position of the β-D-Quip3NAc residue as the only difference. For
both O5ab and O5ac a family of repeating unit conformations were identified. O5ab may have
four distinct conformations while the O5ac family may be smaller with two distinct conforma-
tions.

Modelling of E. coli LPS within a lipid bilayer have been performed for serotypes O6, O91, and
O176 using the CHARMM36 force field.136,138,139 Wu et al. constructed a model of an E. coli

R1 (core) O6 (antigen) LPS molecule and performed several all-atom simulations of the LPS
(lipid and O-Ag) in a membrane bilayer.241 The simulations included varying lengths of O-Ag
repeating units (0RU, 5RU, and 10RU) on the LPS molecule. The MD simulation results show
that increasing LPS molecular length significantly influences LPS structure and dynamics as
well as on the LPS bilayer properties (Figure 5.4). 1H,1H NOESY experiments were conducted
on the O-Ag to measure interproton cross-relaxation rates and distances. They reveal that the
effective 1H-1H distances show generally very good agreement between the NMR experiments
and MD simulations of the O-Ag repeating units.

1H-1H NOESY and HSQC-NOESY experiments were used to calculate 1H-1H cross-relaxation
rates and transglycosidic 3JC,H coupling in the E.coli O91 O-Ag. MD simulations of 10RU chains
of the O-Ag were performed in solution as well as within an LPS bilayer. Comparison of the
NMR measurements against those of solution MD simulations of a 10RU chain demonstrate
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Figure 5.4: LPS lipid bilayer snapshots: (A) LPS10 (lipid A + R1 core + 10 units of O6 antigen) and (B)
MIX10_50 (LPS0/LPS10 mixed bilayer with 50% LPS10). The coordinate sets are from the 100 ns time point.
Lipid A, R1 core, O6 antigen repeating units 1–5, and repeating units 6–10 are coloured in gray, cyan, orange,
and blue, respectively. Calcium ions are shown in yellow spheres. Water molecules and KCl are not shown

for clarity. Reproduced with permission from [242] © American Chemical Society.

that modelling is able to reproduce the dynamical behavior of internal correlation times for the
O-Ag. The simulations demonstrate that conformations of the O-Ag in solution and within the
LPS bilayer are similar but not identical with respect to populated states. The O-Ag simulated
within the LPS bilayers had more extended chains as a result of spatial limitations due to close
packing.

Patel et al. used NMR spectroscopy and MD simulations to determine the conformational pref-
erences of E. coli O176 O-Ag.139 The O176 O-Ag consists of a tetrasaccharide backbone with
three mannopyranose residues and a single N-acetylglucosamine residue. The experimentally
derived internuclear distances of the O-Ag with ten repeating units showed very good agree-
ment to those calculated from MD simulations of the O-Ag in solution. Analysis of the LPS
bilayer simulations with five and with ten RUs revealed that, although similar with respect to
populated states in solution, the O-Ag in LPS bilayers had more extended chains compared to
when in directly solution.

The modelled O176 LPS bilayer conformations were compared to MD simulations of O-Ag
polysaccharides from E. coli O6 and O91.136,138 For all three O-Ags, the ensemble of struc-
tures present for the polysaccharides in solution were consistent with the results from their
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1H,1H NOESY experiments. The similarities between the O-Ag on its own and as a constituent
of the full LPS in bilayer environment show that it is possible describe the LPS conformation
and dynamics from MD simulations in solution alone.

5.2.3 Streptococcus pneumoniae

The conformational properties of several Streptococcus pneumoniae polysaccharide antigens
have been widely investigated.17,27,78,243–247 S. pneumoniae is the main cause of invasive pneu-
mococcal disease and is largely responsible for community acquired pneumonia and menin-
gitis in children and the elderly. There are over a hundred different serotypes of S. pneu-

moniae and the bacterial CPS is essential for pathogenesis.248 Below, we discuss the applica-
tion of molecular modelling to explore vaccine cross-protection in three key pneumococcal
serogroups, Pn19 and Pn6, and Pn 14:

Pn 19F: →4)-α-D-ManpNAc-(1→4)-α-D-Glcp-(1→2)-α-L-Rhap-(1→P→

Pn 19A: →4)-α-D-ManpNAc-(1→4)-α-D-Glcp-(1→3)-α-L-Rhap-(1→P→

Pn 6A: →2)-α-D-Galp-(1→3)-α-D-Glcp-(1→3)-α-L-Rhap-(1→3)-D-Rib-(5P→

Pn 6B: →2)-α-D-Galp-(1→3)-α-D-Glcp-(1→3)-α-L-Rhap-(1→4)-D-Rib-(5P→

Pn 6C: →2)-α-D-Glcp-(1→3)-α-D-Glcp-(1→3)-α-L-Rhap-(1→3)-D-Rib-(5P→

Pn 6D: →2)-α-D-Glcp-(1→3)-α-D-Glcp-(1→3)-α-L-Rhap-(1→4)-D-Rib-(5P→

Pn 14: →6)-β-D-GalpNAc-(1→4)-β-D-GlcpNAc-(1→3)-β-D-Galp-(1→4)-β-D-Glcp-(1→

Kuttel et al. explored the conformations and dynamics of the polysaccharide antigen repeating
units from serotypes 19F and 19A in an attempt to understand the low cross-protection of 19F
vaccine against 19A disease.17,78 The CPS repeating unit of both serotypes are trisaccharides
with N-acetlymannose, glucose and rhamnose residues: (19F) →4)-α-D-ManpNAc-(1→4)-α-
D-Glcp-(1→2)-α-L-Rhap-(1→P→; (19A) →4)-α-D-ManpNAc-(1→3)-α-D-Glcp-(1→2)-α-L-Rhap-
(1→P→. The only difference in the primary chemical structures of the repeating units is the
linkage position of the glycosyl residue to Rhap: 1→2 linked in Pn19F and 1→3 linked in
Pn19A.

Free energy surfaces were calculated for the glycosidic linkages and compared with 100 ns so-
lution MD simulations with the CHARMM36 and the GLYCAM06 force fields.17,78 Although
key differences were identified between the force fields, overall they were in agreement in pre-
dicting a 19F and 19A repeating unit conformations. The modelled CPS repeating units from
both serotypes “form unstructured random coils, with inflexible repeat units linked by mobile
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phosphodiester linkages”.17 However, in 19F the rhamnose residue is nearly orthogonal to the
backbone chain whereas in 19A it is more linear. This results in the 19F CPS adopting a wider
range of conformational families than the more restricted 19A trisaccharide, which suggests a
probable conformational difference between the 19F and 19A polysaccharides and may explain
the low cross-protection of 19F vaccines against 19A disease.

A recent examination of serogroup 6 pneumococcal capsules revealed eight serotypes, with
four of particular interest: Pn6A, Pn6B, Pn6C, and Pn6D, which all feature ribitol phosphate
in a trisaccharide RU.249 Multivalent polysaccharide vaccines demonstrate that vaccines wtih
Pn6A are able to provide cross-protect against Pn6C, but Pn6B cannot. However, vaccines with
Pn6B can cross-protect against Pn6A and Pn6D. MD simulations elucidated the conformations
of serogroup 6 polysaccharides, revealing significant differences among serotypes.8 Replacing
galactose with glucose increased stability, while the substitution of sugar linkages impacted
conformation. Pn6B displayed the greatest conformational diversity, partially explaining its
ability to cross-protect against Pn6A and Pn6D, but not Pn6C.

Pneumococcal serotype 14 (Pn14) CPS is structurally similar to Streptococcus agalactiae serotype
III (GBSIII PS), with the addition of sialic acid as on GBSIII as the only difference. However,
they have unique immunogenicites.250 MD simulations of Pn14 and GBII repeating units pro-
vide insight into the diverse conformations of the two antigens.246 Interestingly, the simula-
tions demonstrate that the two CPSs share a dominant solution conformation. The backbone
of the CPSs are stabilised by their side chains but further from the branch-point there is more
flexibility.

5.2.4 Neisseria meningitides

Neisseria meningitidis (meningococcus) is a gram-negative bacteria responsible for several life-
threatening diseases including meningitis, meningococcemia, and pneumonia. It can cause
both endemic and epidemic infection across all age groups and mortality rates can be high
if the infection is not treated rapidly and appropriately. The widespread use of conjugate
meninogococcal vaccines over the last decade, particularly in sub-Saharan Africa has seen a
significant reduction in the number of reported cases.

There are twelve meningococcal serogroups, with the vast majority of all incidences globally
attributed to six of these: A, B, C, W, X, and Y. The N. meningitidis CPS is the main virulence
factor and a primary antigenic component. Structurally there are pairs of CPS from the dif-
ferent serogroups that a very similar. The CPSs from groups A and X respectively consist of
phosphodiester linked α-D-ManpNAc and α-D-GlcpNAc homopolymers. Serogroup B and C
CPSs are also homopolymers but of sialic acid residues that vary in their linkage positions and
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O-acetylation patterns. The serogroup Y and W CPSs are formed by disaccharide repeating
units of sialic acid and α-D-Glcp (for MnY) or α-D-Galp (for MnW) residues.

MnA: →6)-α-D-ManpNAc(3/4OAc)-(1→OPO3→

MnX: →4)-α-D-GlcpNAc-(1→OPO3→

MnB: →8)-α-D-NeupNAc-(2→

MnC: →9)-α-D-NeupNAc(7/8OAc)-(2→

MnY: →6)-α-D-Glcp-(1→4)-α-D-NeupNAc(7/9OAc)-(2→

MnW: →6)-α-D-Galp-(1→4)-α-D-NeupNAc(7/9OAc)-(2→

The CPS repeating units of serogroups Y and W are almost identical. Both are disaccharides,
contain a sialic acid residue, and in the case of MnY an α-D-Glcp residue while MnW contains
a α-D-Galp residue. The only difference in the repeating units is the stereochemistry of the C-4
hydroxyl group of the Glc/Gal residue, which is equitorial in MnY and axial in MnW.

The structural similarity between the CPS repeating units of the two serogroup suggests the
possibility of cross-protection between MnY and MnW vaccines. While cross-protection has
not been deliberately tested in current licensed vaccines, a small scale clinical trial evaluated
mono- and divalent MnY and MnW vaccine formulations.251 The study showed that both the
mono- and divalent vaccines were able to elicit a strong immune response and elicit antibodies
against their respective antigens. Moreover, the monovalent was also able to elicit antibodies
against the other serogroup but elicited different levels of cross-protection. Approximately
71% of volunteers given the MnY vaccine had antibody against MnW four weeks after taking
the vaccine. Less than half of this number (30%) of volunteers given the MnW vaccine had
antibody against MnY after the same period. Molecular modelling of the CPSs can provide a
potential rationale for these observed differences.

Kuttel et al. modelled the conformation and dynamics of the meningococcal Y and W polysac-
charide antigens. 3 RU strands of MnY and MnW had distinct differences in the orientations
of the α-D-NeupNAc-(2→6)-α-D-Glcp linkage in MnY and α-D-NeupNAc-(2→6)-α-D-Galp link-
age in MnW. The α-D-NeupNAc-(2→6)-α-D-Glcp linkage has a single orientation correspond-
ing to the gg conformation whereas the α-D-NeupNAc-(2→6)-α-D-Galp linkage moved freely
between the three staggered conformations: gg, gt, tg.

This behaviour results in MnY adopting a single preferred conformation while MnW exhibits
a family of conformations (Figure 5.5). These results provide a potential explanation for the
observed differences in the MnY and MnW vaccines. MnY CPS would likely raise antibodies
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Figure 5.5: Representative structures from the dominant conformational families for the capsular polysaccha-
rides in MnY (left) and MnW (right). Reproduced with permission from [8] © American Chemical Society.

against a single conformation only while MnW would raise antibodies against a family of
conformations, only one of which would correspond to the MnY antigen.

Molecular modelling has also provided insights into the loading of sialic acid-containing
meninogococcal CPSs (MnY, W, C) onto a carrier protein.252 MD simulations with 6 RUs chains
for 1 µs reveal significantly different molecular flexibilities (MnW > MnC > MnY) and that the
shorter simulations with 3 RU strands do not adequately model the flexibility of the CPSs.
Further modelling revealed a correlation between CPS flexibility and the number of chains
terminally attached to the CRM197carrier whereby increased chain flexibility enables accom-
modation of additional CPSs on the protein surface.

There are currently three licensed tetravalent conjugate vaccines against meningococcal
serogroups A, C, Y and W.253 The CPSs of MnA and MnX are both homopolymers of amino
sugars α-D-ManNAc and α-D-GlcNAc featuring phosphodiester linkages at C-6 and C-4, re-
spectively. The similar primary structure of these polysaccharides raises the possibility that
vaccination targeting MnA could offer cross-protection against MnX diseases. MD simulations
revealed that the MnA CPS behaves as a flexible random coil with significant population of
compact S-bend conformations, which become less conformationally defined with increasing
length.20,21 The MnX CPS, in contrast, “forms a more stable regular helical structure” with four
residues per turn and these results are supported by NMR analysis.20,21 Moreover, the simula-
tions indicate that the O-Ac groups in MnX are prominently exposed to the solvent, promoting
more extended conformations compared to the relatively compact structures of MenA, which
lack O-aAc. These findings carry potential implications for the strategic design of conjugate
vaccines and suggest that O-acetylation may influence the efficacy of cross-protection.
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5.2.5 Shigella flexneri

The O-Ag conformations for S. flexneri serotypes Y, X, 2, 3, 5 and 6 have been explored using
NMR and MD simulations, which showed that, while serotype Y is highly flexible, glucosy-
lation and O-acetylation in S. flexneri 2, 3, and 5 restricts O-Ag flexibility.15,16,22–24 The O-Ag
structures of serotypes 1 and 4 have also been studied but in less detail.15 The conformation
and dynamics of S. flexneri 7a and 7b O-Ags are yet to be investigated and are the focus of this
study.

Theillet et al. performed studies of the conformations of w S. flexneri O-Ags† using a combina-
tion of experimental and modelling techniques.15 MD simulations of 3RU O-Ags found “that
in all O-Ags, but 1a and 1b, serotype-specific substitutions of the backbone do not induce any
new backbone conformations compared with the linear type O-Ag Y.”15 corroboration in part
by NMR nOe measurements, although, the uncertainty associated with the measured nOe dis-
tances is quite large and may correlate to different conformations than those obtained from the
modelling.

Clement et al. investigated the conformations of S. flexneri 5a O-Ags as part of a Shigella vac-
cine program.77 Modelling with the MM3 force field and comparison with 1H-1H distance
measurements from NMR indicated a single conformation for the S. flexneri 5a O-Ag: a right-
handed 3-fold helix with the glucosyl residue on RhaII pointing outwards. Conformational
analysis of the S. flexneri Y O-Ag254 suggest it adopts a linear chain and the differences in
conformation between S. flexneri Y and 5a is attributed to the branched glucosyl residue.

When modelling O-Ags it is important to consider chain length: shorter chains may not have
enough molecular flexibility, while longer chains are computationally expensive to model. In
the case of S. flexneri, studies in mice have shown that a 3RU chain adequately represents the O-
Ag conformation.15,22,23,47 Antibodies usually bind to small fragments of the O-Ag, typically
between one and seven residues, which corresponds to 1–2 RU in the case of S. flexneri.15,47

More recent modelling of Sf Y, 2, 3, 5, and 6 O-Ags were performed on 6 RU chains.22–24

The S. flexneri Y O-Ag of up to 6 RU was modelled with a well-defined, systematic approach by
Kang et al.16 These studies revealed that simulations of a few repeating units display polymer-
like flexibility. Additionally, hairpin-like conformations facilitate the formation of metastable
compact states.16

†O-Ags for serotypes 1a, 1b, 2a, 2b, 3a, 3b, 4a, 4b, 5a, 5b, X, and Y were modelled computationally. NMR
conformational analysis were performed for serotypes 1a, 2a, 3a, and 5a O-Ags. 15
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Figure 5.6: Dominant conformations of the central 4 RU of the 6 RU chains for (a) Y, (b) 2a, (c) O-3-acetylated
2a, (d) 2b, (e) 3a, (f) 3b, (g) 5a, and (h) 5b. Relative occupancies in the simulations (excluding the initial 200 ns)
are indicated as percentages. Clusters of less than 5% are not shown. The sugars are coloured: pink for Rha,
dark-blue for GlcNAc, cyan for Glc side chains, and red for O-acetyl groups. Reproduced with permission

from [22].
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These results were confirmed in-part with extended multi-microsecond length MD simulations
(Figure 5.6 and Figure 5.7).22,24 The studies demonstrated the extreme flexibility of the un-
branched backbone with a high number of both extended and compact conformations. More-
over simulations with the GLYCAM06 force field showed formation of collapsed, globular
conformations16 that were absent when modelled with CHARMM36.22,24

MD simulations of S. flexneri serotypes 2, 3, and 5 revealed that all have flexible backbones,
with substitutions affecting chain dynamics in different ways. Three general heuristics for
the effects of substitution were proposed: “(1) substitution on rhamnose C (RhaI) reduces the
extension of the O-Ag chain; (2) substitution at O-3 of rhamnose A (RhaIII) restricts the O-Ags
to predominantly helical conformations, (3) substitution at O-3 of rhamnose B (RhaII) has only
a slight effect on conformation”.22,23 Where possible we will look to extend the assumptions of
the effect of substitution on backbone conformation.

Further conformational modelling of S. flexneri 6 O-Ag showed significant differences com-
pared to S. flexneri Y with chains that are predominantly extended.24 Moreover, it was found
that O-acetylation has little effect on backbone conformation and hence may not be essential
for antigenicity†.24 These results are corroborated in part by an in vivo study in mice, which
indicate that O-acetylation of the S. flexneri 6 O-Ag does not have an impact on immune re-
sponse.

These studies collectively suggest that a quadrivalent glycoconjugate vaccine containing
serotypes 2a and 3a could provide coverage against S. flexneri serotypes 3b and 5 but not
serotype 6.22–24 This study will allow for the conformational comparison of S. flexneri 7a and 7b
to these studied O-Ags. It may also be possible to form assumptions on bacterial antigenicity
and potential vaccine cross-protection.

†Antigenicity is the generation of a specific antibody by immune cells in response to an antigen
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Figure 5.7: Dominant conformations of the middle four repeating units of the 6 RU O-Ag chains for S. flexneri:
(a) Sf Y, (b) Sf 6n, (c) Sf 6, (d) Sf 6-3Ac, and (e) Sf 6-4Ac. The relative occupancies of the conformational
clusters (excluding the initial 200 ns of equilibration) are shown as percentages with clusters less than 6% not
shown. The colour scheme is as follows: blue for Glc and GlcpNAc; purple for Rhap; yellow for Galp, GalpA,
and GalpNAc; green for the COOH group of GalA; red for the O-acetyl groups. Reproduced with permission

from [24]

60



Chapter 6. Molecular Modelling of Shigella flexneri 7a

and 7b O-antigens

S. flexneri is a gram-negative bacterium and a causative agent of shigellosis; a gastrointestinal
disease caused by the Shigella family of bacteria.38,42,49 Shigellosis is among the leading causes
of infant death in developing countries.38–40 The S. flexneri O-Ag is a key immunogenic com-
ponent and understanding its molecular conformation is of interest. Previous studies have
modelled and analysed the conformations of S. flexneri Y, 1, 2, 3, 5, and 6.15,16,22–25 This work
focuses on comparing the conformations of structurally similar O-Ags from two subtypes of
the S. flexneri bacterium: 7a and 7b (Figure 6.1). In this chapter we outline the methods used
to model O-Ag repeating units of S. flexneri 7a and 7b and analyse the simulation results, with
comparisons made to conformations of the S. flexneri Y O-Ag from previous studies.22,24

6.1 Methods

We follow a systematic approach that we have established for modelling polysaccharides.8 We
start by using preferred orientations of the glycosidic linkages for representative disaccharides
present in the Sf 7a and 7b repeating units, precalculated using solution metadynamics sim-
ulations.228 Using these values, and taking into account the glycosidic linkage torsion angles
measured from the Sf Y 6 RU simulations,22,24 we build a single 6 RU polysaccharide each of
Sf 7a and 7b. These static structures were built using CarbBuilder v2.1.34228,255 and are used
as the starting model for the MD simulations.

6.1.1 MD simulations

We conducted independent all-atom, solution MD simulations* for Sf 7a and 7b in a 90 Å3

water box. The simulations were 1 µs in length at a 1 fs time-step, each for 6 RU chains of

*All molecular modelling simulations were performed at the University of Cape Town High Performance Com-
puting Facility.
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Figure 6.1: Structures of the biological repeating units of S. flexneri 7a and 7b O-Ags. Each structure is repre-
sented in SNFG notation (top) and standard nomenclature (bottom).

Sf 7a and 7b. Simulations were performed with the CHARMM36 force field,55–58,60 which is
optimised for carbohydrate-based simulations.

All MD simulations were conducted in solution using NAMD v2.13.256 The TIP3P water
model was employed to simulate the aqueous solution.171 Both prior to and after solvation
the MD simulations followed a standard NAMD protocol consisting of 10,000 steps of en-
ergy minimization. Each system was equilibrated in the first 100 ns of the simulation. The
CHARMM3655–58,60 all-atom force field was used in the simulations.

The NAMD velocity-verlet integrator163 was employed and long-range electrostatic interac-
tions were computed using the Particle Mesh Ewald (PME) summation method, with a κ value
of 0.20 Å and PME grid dimensions of 12 nm. Non-bonded interactions were truncated, and
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a switching function was applied between 1.2 nm and 1.5 nm for groups with integer charge.
The 1–4 interactions were not scaled as per CHARMM36 force field recommendations.257 All
simulations used periodic boundary conditions. Temperature and pressure were controlled
using the Nose-Hoover thermostat258,259 and Langevin piston barostat260 methods under the
NPT ensemble at 300 K and 1 atm. The NPT ensemble was chosen over the NVT ensemble due
to the recommendation of constant pressure for periodic simulations in NAMD.261

6.1.2 Analysis and visualisation

For visualising and analysing the data, we utilized Visual Molecular Dynamics (VMD)
v1.9.2262 or developed in-house Python scripts using the MDAnalysis library.263,264 The ini-
tial 100 ns of all simulations were considered as an equilibration phase and were excluded
from analysis, unless otherwise stated. We analyse the conformation and dynamics of the
modelled glycans by several measurable parameters including block standard error (to deter-
mine simulation convergence), cluster conformations, glycosidic linkage torsion angles, and
pyranose ring puckering. Direct comparison of all measured parameters are made against pre-
viously conducted simulations of Sf Y.22,24 The molecular conformations were rendered using
the Tachyon VMD engine and visualised with the van der Waals or Licorice representations.
When necessary, the PaperChain visualisation algorithm265,266 was employed to emphasize
the glycan rings.

Simulation convergence

We use block averaging analysis to assess simulation convergence267,268 in a manner similar
to previous carbohydate modelling studies.22–24,26,27,199,252 The block averaging algorithm di-
vides a simulation trajectory consisting of N frames into M blocks, each containing n frames
in length.

N = nM (6.1)

A single measurable parameter (e.g. radius of gyration, root mean square deviation or end-
to-end distance) is selected and an average is calculated for each block. The block length, n,
is incrementally increased. At each value of n, the block averages are recalculated. We then
compute the mean for each block, the mean of all the block means, and the standard error of all
the block means (the block standard error — BSE). The BSE is plotted as a function of the block
size and the simulation is indicated to have converged once the BSE asymptotes to a plateau.
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Torsion angles

The atoms that form the glycosidic linkage torsion angles are defined as:

ϕ = H1 - C1 - O1 - C′
x

ψ = C1 - O1 - C′
x - H′

x

O1 and O6 rotamer conformations are defined by C(n + 1) − C(n) − O(n) − H as used in
previous studies.269 Hydroxyl orientations were binned as gauche (g−), anti (t) or gauche (g+)
centred on −60, ±180 and +60◦, respectively. Hydroxymethyl conformations (tg, gt and gg)
were defined by the torsions O6-C6-C5-O5 as has also been done in similar studies.63

Molecular end-to-end distance

The end-to-end distance, r, of a modelled polysaccharide is a measure of chain extension and
flexibility. We define r for all S. flexneri O-Ags as the distance between C2 of α-L-RhaII in the
first repeating unit of the polysaccharide backbone (atom i) and C1 of α-L-RhaI in the terminal
repeating of the backbone (atom j) as follows:

r =
[

(

xi − xj

)2
]

1
2

(6.2)

where xi and xj are the positions atom i and atom j.

Pyranose ring pucker

The Cremer-Pople pucker parameters for each ring were calculated according to a proto-
col provided by Kooijman,270 which is based on the original Cremer-Pople derivations.71

The angle ranges for the Cremer-Pople azimuth (θ) angle used to distinguish between chair
and boat/skew conformers for pyranose rings as used in this study are as follows: 4C1:
0◦ <= θ < 30◦, boat/skew: 75◦ <= θ < 105◦, and 1C4: 150◦ < θ <= 180◦. We do not
anaylse half-chair and envelope states as they are very short lived states and we do not sample
the MD trajectory at a sufficiently high frequency to perform an adequate analysis.

Free energies of the β-D-Glcand β-D-GlcpNAc ring pucker were calculated from simulated
equilibrium data of the trisaccharides studied using the CHARMM36 and GLYCAM06 force
fields. The ∆G = −RTln|Keq| relationship is used to compute the free energy differences;
where ∆G is the change free energy, R is the gas constant, T is the Temperature, and Keq is the
equilibrium constant.
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Conformational clustering

Conformational clustering is a method of grouping molecular structures obtained from differ-
ent time steps of a simulation trajectory. This can be achieved by employing various clustering
algorithms that identify structures with similar conformations based on one or more prede-
fined, measurable criteria.271,272

We used a modified Quality Threshold Algorithm273 to compute clusters. This algorithm in-
volves three parameters: the measurement criteria, the maximum threshold, and the estimated
number of clusters. The algorithm starts by selecting a random point as the centre of the first
cluster. It then iteratively adds the closest points until the threshold distance is exceeded. This
process is repeated for the remaining points until all points are assigned to clusters, with out-
liers grouped together.

The 6 RU O-Ag in each each frame of the MD trajectory was aligned along the ring and glyco-
sidic linkage atoms using the root mean square difference (RMSD) metric, with a cut-off of 2 Å
for the Sf Y O-Ag and 8 Å for the Sf 7a and 7b O-Ags. We extracted the centroid frame, rep-
resenting the geometric mean, from each particular cluster as a representative conformation.
Only clusters containing a proportion of simulation frames greater than 5% were considered
for analysis.

6.2 Results

In analysing the MD simulations of Sf Y (as modelled in previous studies), 7a, and 7b, we
first determine convergence of each of the simulations. We then compare and contrast the
extension and flexibility of the saccharide chains, followed by identification and analysis of
the dominant conformational families for each O-Ag. We subsequently evaluate all glycosidic
linkage torsion angles in the repeating unit and finally the ring pucker conformations of the
residues.

6.2.1 Simulation convergence

We used block averaging analysis of two metrics of chain flexibility – end-to-end distances and
radius of gyration — to asses MD simulation convergence (Figure 6.2). The blocked standard
error (BSE) of both metrics reaches a plateau for Sf Y indicating convergence of the structure
over the course of the simulation. While the Sf 7a BSE begins to plateau there is still large
variation in the BSE at small block sizes (approx. 40 ns), which suggests that convergence has
not occurred. Sf 7b has not converged over the course of the simulation as the BSE does not
plateau.
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Figure 6.2: Block averaging analysis calculated for the time series of (a) end-to-end distance and (b) radius of
gyration of the 6 RU O-Ags for serotypes Y, 7a, and 7b.

For Sf Y the correlation time indicates sufficient sampling at 50 ns — far less than the simu-
lation time of 2000 ns. The correlation times for the Sf 7a and Sf 7b are over 50 ns — close
to the simulation times of 1000 ns. The lack of convergence and the long correlation times in
the serotype 7 simulations is unusual and unexpected. Similar 6 RU simulations of other S.

flexneri22–24 and other bacterial antigens reveal that simulations between 1 µs and 2 µs provide
good conformational sampling. Extended simulations of Sf 7a and 7b may be required to allow
for sufficient conformational sampling and convergence. Further analysis of the glycan chain
flexibility, glycosidic linkage torsion angles, and ring conformations should provide further
insight into reasons the simulations did not converge.

6.2.2 Chain extension and flexibility

The time series of polysaccharide end-to-end distance, r, provides a simple measure of chain
extension and flexibility. The r time series of the three S. flexneri O-Ags (Figure 6.3) indicates
that Sf Y is flexible, adopting both extended as well as compact conformations. The mean r

for Sf Y is 39.6 Å (σ = 15 Å) with a range of 5 Å to 75 Å (Figure 6.3-b). The chain is highly
flexible; repeatedly fluctuating between collapsed and extended forms. There are two clear
peaks in the r distribution of Sf Y — at 26 Å and corresponding to a more collapsed molecular
conformation and at 53 Å with a more extended chain.

In contrast, Sf 7a (Figure 6.3-c) fluctuates between extended and compact forms. While Sf Y
has a bimodal distribution, Sf 7a is uni-modal with a single peak at 46.0 Å and left-skewed
towards extended conformations. The mean length is 46.0 Å (σ = 11 Å). The disaccharide side
chain to the 4-position of β-D-GlcpNAc significantly changes the conformation and dynamics
of the O-Ag backbone.
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Figure 6.3: (a) The end-to-end distance, r, is indicated on the 6 RU Sf Y molecule and is measured between
C2 of α-L-RhaII in the first repeating unit of the polysaccharide backbone and C1 of α-L-RhaI in the terminal
repeating of the backbone. Time series graphs (left column) and corresponding histograms (right column) for
the simulation trajectories are shown for O-Ags (b) Sf Y (2 µs), (c) Sf 7a (1 µs), (d) Sf 7b (1 µs). Conformational
snapshots, at 100 ns intervals for Sf Y and 50 ns intervals for Sf 7a and 7b, are shown above the time series

plots. The histograms are labeled with modal peak r value(s) (p) and standard deviations (σ).
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The r time series for Sf 7b (Figure 6.3-d) also fluctuates between extended and compact con-
formations, but the latter predominates. The r histogram has a single right-skewed peak with
a mean of 34 Å (σ = 13 Å). The single peak is at 26 Å. The shorter distances suggest that 2-OAc
of α-L-RhaI, which is present only on Sf 7b, causes the backbone to adopt a more collapsed
conformation. These more compact conformations occur in the second half of the simulation
and may be closely correlated to specific glycosidic linkage orientations or ring conformations.

Sf 7a adopts extended conformations for longer periods than Sf Y and 7b, while Sf 7b main-
tains compact conformations for longer periods compared to the other two O-Ags. All three
O-Ags share a common backbone repeating unit but the disaccharide side-chain causes Sf 7a
and 7b to have significantly different flexibility to Sf Y by inducing changes in orientation of
the backbone glycosidic linkages. However, Sf 7a and 7b have a small difference in their pri-
mary chemical structure (O-Ac on RhaII of Sf 7b) yet there are large differences in the flexibility
of their glycan chains. While end-to-end distance serves as a valuable yet imperfect measure of
glycan flexibility, a more useful understanding of O-Ag conformation can be obtained through
a comprehensive analysis of polysaccharide chain conformations and glycosidic linkage tor-
sion angle rotations.252

6.2.3 O-antigen conformations and dynamics

We compare the central 2 RU dominant backbone chain conformations from the 6 RU S. flexneri

7a and 7b O-Ag simulations. All three polysaccharides have multiple conformational families.

Sf Y has a highly flexible unbranched backbone, with diverse conformational families.22,24 The
two peaks observed in the r histogram do not correspond to any particular conformation, but
rather represent a broad range of both compact and extended as well as helical and non-helical
forms (Figure 6.4: a-d). The primary cluster is an extended conformation as predicted earlier
using the HSEA method,77 and accounts for 62% of the simulation conformations. A smaller
extended family accounts for a further 9% of the conformations. There are two additional
compact conformations at 11% and 9%. These findings are consistent with a different MD
study of serotype Y, which also found a variety of conformations in shorter chains with up to
four repeating units.16

Our modelling of Sf 7a reveals a single dominant conformer (70%) with an extended chain
(Figure 6.4-e) that corresponds to the single peak observed in the r histogram. The two minor
conformers (13% and 7%) are more compact and a differently elongated chain respectively
(Figure 6.4: f, g). This suggests that the disaccharide glucose side chain of Sf 7a causes the
backbone to favour more extended forms compared to the unbranched Sf Y.
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6.2. Results

Figure 6.4: Dominant conformations of the central two repeating units in the 6 RU O-Ag for S. flexneri Y (top
row), 7a (middle row), and 7b (bottom row) O-Ags. Relative occupancies in the MD simulations (excluding
the initial 100 ns) are indicated as percentages. Clusters of less than 5% are not shown. The sugars are shown
with the VdW representation in VMD and coloured as follows: green for Rha, dark-blue for GlcNAc, cyan for

Glc, and red for O-acetyl groups.
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Sf 7b, in contrast, has two conformational families — a moderately compact, loosely curved
conformer (59%); and a compact helix (27%) (Figure 6.4: h, i). Overall, Sf 7b adopts more
compact conformations than 7a indicating that 2-OAc on α-L-RhapI induces more compressed
backbone conformations. The 2-OAc on α-L-RhapI is located on the outer edges of the helical
turn, likely making it more available for binding. None of the conformations families in either
Sf 7a and 7b adopt readily identifiable helical form.

Changes in polysaccharide conformation primarily occur due to two factors: changes in glyco-
sidic linkage torsion angles and, to a lesser extent, changes in the pucker of the sugar rings. We
observe puckering in the β-D-GlcNAcp residues into non-chair conformers in both Sf 7a and
7b but not Sf Y. This puckering likely directly influences the O-Ags conformations by altering
the glycosidic linkage torsion angles.

6.2.4 Glycosidic linkage torsion angles

We analyse the glycosidic linkage torsion angles as they are a principle degree of freedom
for polysaccharides. Figure 6.5 compares the glycosidic linkages for the four central repeating
units in Sf Y, 7a, and 7b. The orientation of glycosidic linkages is determined by the two torsion
angles, ϕ and ψ, as defined: ϕ = H1 - C1 - O1 - C′

x and ψ = C1 - O1 - C′
x - H′

x.

The H1-RhapIII – H2-RhapII (Figure 6.5: a-g) and H1-GlcpNAc – H2-RhapIII (Figure 6.5: n-
p) glycosidic linkages adopt very similar orientations across all three O-Ags while the H1-
RhapII – H3-RhapI (Figure 6.5: h-j) and H1-RhapI – H3-GlcpNAc (Figure 6.5: k-m) linkages are
significantly different.

The are two preferred orientations for the H1-RhapIII – H2-RhapII and H1-GlcpNAc – H2-
RhapIII glycosidic linkages for all three O-Ags — ϕ, ψ ≈ +45◦,+15◦ and ϕ, ψ ≈ +45◦,+60◦.
Similarly, there are two dominant orientations for the H1-GlcpNAc – H2-RhapIII glycosidic
linkages with populated regions at ϕ, ψ ≈ +25◦,+45◦ and ϕ, ψ ≈ −50◦,+30◦. These results
suggest that the disaccharide side chain, present only in Sf 7a and 7b, does not significantly
alter the orientation of these three glycosidic linkages.

In contrast, the H1-RhapII – H3-RhaI and H1-RhapI – H3-GlcpNAc linkages are different in all
three O-Ags. In Sf Y the linkage is predominantly populated at ϕ, ψ ≈ +40◦,+20◦. There is
also a less populated at ϕ, ψ ≈ +30◦,+50◦ and a small anti ψ torsion. The H1-RhapII – H3-
RhapI glycosidic linkage of Sf 7a populates similar torsion angles to Sf Y but has a different
distribution. The glycosidic linkage torsion angle is primarily centred in a narrow range at
ϕ, ψ ≈ +40◦,+15◦. There are also two additional population centres that are much smaller
in size. The larger and broader grouping is at ϕ, ψ ≈ +30◦,−60◦ while the smaller and more
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Figure 6.5: Scatter plots illustrated as heat maps for the glycosidic linkage torsion angles (ϕ, ψ) in the four
central repeating units (RU2-RU5) of the modelled O-Ag polysaccharide of Sf Y (e, h, k, n), 7a (a, c, f, i, l, o),
and 7b (b, d, g, j, m, p). ϕ, ψ defined as H1 - C1 - O1 - C′

x and C1 - O1 - C′
x - H′

x respectively. The heat maps
combine the points from the four central repeating units to broadly sample backbone behavior. The color scale
on the upper-left indicates the relative occupancy of the torsion angles during the simulations. The structure

on the left depicts the O-Ag residues and glycosidic linkages.
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concentrated group is at ϕ, ψ ≈ −40◦,−20◦. However, the H1-RhaII – H3-RhaI glycosidic
linkage of Sf 7b occupies two distinct regions: ϕ, ψ ≈ +40◦,+15◦ and ϕ, ψ ≈ +30◦,−60◦.
There is a near equal distribution between the two centres. The H1-RhaII – H3-RhaI linkage
adopts a broader conformational space compared to Sf Y, 2a, and 2b.22 The presence of the
2-OAc on α-L-RhaI leads to a bi-modal distribution of the glycosidic linkage torsion angle as
also observed in Sf 3a and 3b.23

The H1-RhaI – H3-GlcpNAc glycosidic linkage is different in the three O-Ags. In Sf Y only
the ϕ region is populated between 0◦ and +60◦. The ψ torsion angle ranges from −80◦ to
60◦. The glycosidic linkage also spends a short period of time in the anti-orientation at ϕ, ψ ≈

+20◦,±180◦.

The linkage in Sf 7a and 7b adopts different torsion angles in comparison. In Sf 7a the H1-
RhaI – H3-GlcpNAc linkage covers a range between −20◦ and 10◦ in ϕ and between 0◦ and 80◦

in ψ. The torsion angle heat map forms an unusual shape with the predominant population
centre at ϕ, ψ = 50◦, 20◦ and a smaller centre at ϕ, ψ = 0◦, 40◦. In Sf 7b the torsion primarily
populates three regions with the largest at ϕ, ψ ≈ +50◦,+20◦ and the two smaller regions at
ϕ, ψ ≈ +20◦,+30◦ and ϕ, ψ ≈ +50◦,−20◦. Each of these centres are also smaller than those in
Sf Y and 7a.

The H1-GlcI – H4-GlcpNAc linkage connects the disaccharide side chain to the backbone in
Sf 7a and 7b (Figure 6.5: c, d). The glycosidic linkage torsion angle populated by both serotypes
are similar — between −100◦ and −20◦ in ϕ and between −80◦ and 70◦ in ψ indicating that
the linkage is quite flexible. There are two primary population centres in both serotypes at
ϕ, ψ ≈ −50◦,−20◦ and ϕ, ψ ≈ −60◦,−60◦. There is also a much smaller populated region in
the ϕ+ region of Sf 7b but it does not appear significant.

The torsion angles of the H1-GlcII – H2-GlcI linkage are similar for Sf 7a and 7b (Figure 6.5: a,
b). There is a single large centre at ϕ, ψ ≈ −40◦,−40◦ that spreads between ψ ≈ 0 and ψ ≈ −80.
There is also a less populated region at ϕ, ψ ≈ −30◦,−40◦. In addition, the glycosidic linkage
adopts an anti-orientation for short periods (ϕ, ψ ≈ −20◦,±180◦), however, Sf 7a populates
this space for more time than Sf 7b.

Both Sf 7a and 7b show unusual orientations of the H1-RhaI – H3-GlcpNAc and H1-GlcI –
H4-GlcpNAc glycosidic linkages. Moreover, time series analysis of the torsion angles for the
two linkages reveal a non-systematic alternation between states — selecting random samples
of the ϕ and ψ torsion angles from the trajectory provides significant different values. Such
behaviour may play a role in the observed non-convergence in the BSE sampling, although,
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other factors could also contribute. Therefore, the ring pucker conformations of the residues
were analysed with initial focus on the β-D-GlcpNAc ring.

6.2.5 β-D-GlcpNAc ring pucker

The conformational differences between Sf 7a, 7b, and Y also appears to be associated with
puckering of β-D-GlcpNAc and is further investigated. The ring of pyranose sugars can adopt
a range of shapes, called puckers, but are generally in 4C1. Here we employ the Cremer-Pople
method, which uses three parameters (ϕ, θ, and Q) to fully define the ring pucker conformation
of a pyranose ring (Section 2.1.1). The meridian (ϕ) and azimuth (θ) angles are used to identify
the specific pucker state while the amplitude (Q) provides the magnitude of the pucker. The
two chair conformers are denoted 4C1 and 1C4 with values of θ ≈ 0◦ and θ ≈ 180◦ respectively.
For both chairs ϕ can adopt any value between 0◦ and 360◦. For boat/skew conformers θ ≈ 90◦

and the value of ϕ defines the specific type of boat or skew.

Time series of the Cremer-Pople θ parameters for β-D-GlcpNAc in the four central repeating
units of the 6 RU Sf Y, 7a and 7b demonstrate the presence of 4C1, boat/skew, and 1C4 states
(Figure 6.6). Polar heatmaps of the Cremer-Pople meridian (ϕ) and azimuth (θ) for the β-D-
GlcpNAc residue in the four central repeating units of Sf Y, 7a and 7b illustrate the population
distribution across the different ring pucker states (Figure 6.7).

In Sf Y the 4C1 (θ ≈ 0) chair conformation of the β-D-GlcpNAc ring is dominant as ex-
pected.22–24,63 Two β-D-GlcpNAc residues (Figure 6.6: b, d) adopt boat/skew conformation
(θ ≈ 90) for 25 ns (about 1% of the simulation time). These correlate to 1,4B and 1S5 ring pucker
states (Figure 6.7: b, d).

In contrast, the β-D-GlcpNAc ring in both Sf 7a and 7b adopts pucker states where boat/skew
conformers are the most prevalent (Figure 6.6: e - h). Further, in RU4 the β-D-GlcpNAc residue
adopts a 1C4 conformer θ ≈ 180 about half-way through the simulation and maintains this
pucker state until the end. The three common ring pucker states adopted by β-D-GlcpNAc in
Sf 7a and 7b are 4C1, 1,4B, 1S5, and 1C4 (Figure 6.8).

For both Sf 7a and 7b boat/skew conformers are dominant in β-D-GlcpNAc residues of RU3,
RU4 and RU5 — present for approximately 62% of the simulation (Figure 6.6: e-l, Figure 6.7:
e-l). Interestingly, in Sf 7a and 7b a single β-D-GlcpNAc residue enters the 1C4 pucker confor-
mation and remains in this state for about half of the simulation. In both O-Ags, once β-D-
GlcpNAc adopts a 1C4 state, it does not transition into any other conformer, remaining entirely
in 1C4. Additionally, the variation in β-D-GlcpNAc ring conformation significantly influences
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Figure 6.6: (a-l) Time series plots for the β-D-GlcpNAc Cremer-Pople ring pucker θ paramter in the four-
central repeating units of Sf Y, 7a and 7b. Relationship between θ and ring pucker conformation: 4C1 (θ ≈ 0◦),
boat/skew (b/s, θ ≈ 90◦), 1C4 (θ ≈ 180◦). In all four central repeating units of Sf Y β-D-GlcpNAc remains
entirely in 4C1, with the exception of a short transition into boat/skew conformers. Sf 7a and 7b on average
adopt boat/skew states for over half of the simulation time. The 1C4 state is occupied for shorter periods
across all the repeating units while the 4C1 state is adopted only in a single repeating unit (RU5 in Sf 7a and
RU3 in Sf 7b). (m) Distribution of β-D-GlcpNAc ring pucker conformations. Averaged from the four central

repeating units in Sf Y, 7a, and 7b.
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Figure 6.7: Polar heatmap plots for the β-D-GlcpNAc ring pucker θ angle in the four-central repeating units
of the O-Ags of Sf Y, 7a and 7b. Sf Y almost entirely populates the θ ≈ 0 region (corresponding to 4C1 ring
conformer) across all four central repeating units with very minor scatterings at θ ≈ 90 (boat/skew) in two of
the repeating units.Sf 7a and 7b primarily populate the θ ≈ 90 (boat/skew) region across all four repeating
units with smaller centres at θ ≈ 0 (4C1). β-D-GlcpNAc in a single repeating unit (RU5 for 7a and RU3 for 7b)

also populate θ ≈ ±180 (1C4) for extended periods.
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Figure 6.8: The three common ring pucker conformers of β-D-GlcpNAc in Sf 7a; represented by two chair
conformers (4C1 and 1C4) and a boat/skew (bt/sk) conformer (1,4B/1S5). β-D-GlcpNAc in Sf 7b adopts the
same pucker states. Structures shown using the Licorice representation in VMD with GlcNAc (blue), Rha

(green), and Glc (cyan).

the overall O-Ag backbone conformation. This is most notable in Sf 7b, which mains a com-
pact conformation through most of the second half of the simulation; this closely correlates to,
and is likely caused by, a β-D-GlcpNAc in a central repeating unit adopting a 1C4 state through
the same period.

The β-D-GlcpNAc rings rarely adopt the idealised pucker conformations as defined by the
Cremer-Pople parameters. For example, the 4C1 state rarely adopts a ϕ = 0◦ value. Rather
it fluctuates within a range relatively close to this number. This is also the case for the 1C4

and boat/skew conformations observed. Interestingly, the Sf Y pucker values are evenly dis-
tributed around the origin (ϕ = 0◦, θ = 0◦). However, in Sf 7a and 7b they rather populate a
region between ϕ = 320◦ and ϕ = 40◦. This suggests that even when β-D-GlcpNAc is in 4C1

it adopts a conformation that more closely aligns with the OH5, OE, and OH1 states. Similarly
the 1C4 conformer is closer to the ϕ = 270◦ and ϕ = 360◦ regions corresponding to 1H2 and 3E

respectively.

The large variations observed in the backbone conformation as well as the glycosidic linkage
torsion angles can, at least in part, be attributed to puckering of the β-D-GlcpNAc rings across
the different repeating units. Puckering into boat/skew and inverted chair conformers is only
observed in the β-D-GlcpNAc residues and not in the α-L-Rhap or α-D-Glcp moieties. Further,
analysis of both the Sf 7a and 7b trajectories do not reveal any intra- or intermolecular hy-
drogen bonding or hydrophilic/hydrophobic interactions that may induce puckering of the
β-D-GlcpNAc ring.
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6.3 Discussion

The simulations of Sf 7a and 7b showed significant β-D-GlcpNAc ring puckering across all the
repeating units in both O-Ags, which affects the orientations of the H1-RhapII – H3-RhapI and
H1-RhapI – H3-GlcpNAc glycosidic linkages. These results suggest that the presence of the
disaccharide glucose side chain in Sf 7a and 7b has a localized effect on the backbone linkage
orientations, which is consistent with effect of side chains and O-Ac substitutions of other
S. flexneri O-Ags.22–24.

Further, there is a relationship between glycosidic linkage orientation and the β-D-GlcpNAc
ring pucker. The H1-GlcI – H3-GlcpNAc and H1-GlcI – H4–GlcpNAc torsion angles and the
β-D-GlcpNAc pucker conformation is correlated for both Sf 7a and 7b O-Ags. In the torsion
angle heat map there is a narrow primary population centred at ϕ, ψ ≈ −50◦,−60◦, which
correlates to a 4C1 β-D-GlcpNAc state. Additionally, there is a broad, more sparsely distributed
stretch occupied between ϕ, ψ ≈ −30◦,+30◦ that occurs in conjunction with a boat/skew β-
D-GlcpNAc pucker. In the MD simulation trajectory the H1-GlcI – H4-β-D-GlcpNAc torsion
angle is more flexible when β-D-GlcpNAc is in a non-chair conformation.

MD simulations of 3RU S. flexneri 1a and 1b O-Ags,15 which have the same β-D-GlcpNAc 3,4-
disubstitution as Sf 7a and 7b, confirm that this specific glucosylation pattern has a major
influence on the conformation of the H1-RhapI – H3-GlcpNAc linkage located within the same
RU. The mean lengths of the Sf 1a and 1b O-Ag modelled are also shorter and r histogram
profiles have a large range than those of other investigated Sf O-Ag segments. Although there
is no analysis on ring puckering within the repeat units.

Puckering of β-D-GlcpNAc has not been observed to such an extent in other polysaccharide
antigens.8,15–24 Microsecond MD simulations of the β-D-GlcpNAc monosaccharide with the
GLYCAM06 force field showed that the ring puckers, transitioning into the 1S3, 1S5, 2SO, OS2,
and 1C4 states.63 However, the amount of time spent in non-4C1 states and the number of
pucker conformers explored decreased with increased ring substitution. In Sf 7a and 7b the
disaccharide glucose attached to the 4-position of β-D-GlcpNAc likely provides the necessary
torque to pucker the ring and affects which pucker states are entered.

NMR measurements of S. flexneri O-Ags, in contrast, have not indicated any β-D-GlcpNAc ring
pucker, although, the primary purpose of these studies were structure elucidation and not con-
formational analysis.15,51,90 This would initially suggest that the unusual MD simulation con-
formations of Sf 7a and 7b may not be a realistic phenomenon but rather occur due to artifacts
of the force field. However, an NMR and modelling study of 3,4-disubstituted glucopyra-
noside trisaccharides revealed “larger conformational changes with multiple energy minima”
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for the α-(1→4)-linkage compared to the α-(1→3)-linkage.54, which is similar to results from
the Sf 7a and 7b simulations. To further explore and better understand these observations
we perform MD simulations on a series of 3,4-disubstituted β-D-GlcpNAc trisaccharides using
two different carbohydrate optimised force fields.
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disubstituted β-D-GlcpNAc trisaccharides:

A Comparison of Two Force Fields

In Chapter 6 we revealed unusual ring puckering of the β-D-GlcpNAc residues in the MD
simulations of S. flexneri 7a and 7b O-Ags. Puckering has not been observed in simulations
of Shigella O-Ags or other bacterial polysaccharides.15,16,22–25 While pyranose ring pucker has
been widely modelled with QM,64,216,274,275 and MD simulations63,66,73,155,222,276,277 we find no
immediate rationale for the β-D-GlcpNAc ring pucker observed in Sf 7a and 7b. We hypothesis
that that the ring flips may be due to the 3,4-disubstitution pattern of β-D-GlcpNAc, which
causes an increase in steric strain around the residue and induces puckering of the ring.

In this chapter we further investigate the observations in the Sf 7a and 7b simulations to de-
termine the conditions that cause β-D-GlcpNAc ring pucker. We compare the conformations,
dynamics, and ring pucker free-energies of selected 3,4-disubstituted β-D-GlcpNAc trisaccha-
rides with two carbohydrate force fields: CHARMM36 and GLYCAM06. The trisaccharides
include β-D-Glcp anomers linked at the 3- and 4- positions of either β-D-Glcp or β-D-GlcpNAc
(Figure 7.1). The 3- and 4- positions are substituted with β-D-Glcp, as the residue has more
mature and better defined force field parameters, instead of α-L-Rhap as found in Sf 7a and 7b,
which has known inconsistencies.199,214

We model the central glucose residue with and without a 2-NAc substitution as well as all
possible α and β anomeric configurations. This was done to measure and compare the con-
formation, dynamics, and energies of the 3,4-disubstituted trisaccharides across three metrics:
(1) different force fields; (2) varying anomeric configurations; and (3) with and without 2-N-
acetylation on β-D-GlcpNAc. We also model β-D-GlcpNAcOMe (1-O-methylation) in aaGN to
compare the effect of a fully substituted residue on ring pucker conformation.

Metadynamics simulations of the trisaccharides will allow us to calculate PMF energies be-
tween the different pucker states and compare them to the atypical ring pucker conformations
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Figure 7.1: Structures of the trisaccharides and S. flexneri 7a O-Ag 1 RU modelled. Each structure is repre-
sented in SNFG notation and standard nomenclature.

and associated free energies observed in the MD simulations. The results should also provide
a better understanding of the current force field parameters and how they affect the energies
of, and therefore transitions between, different pucker states. Furthermore, the study may also
give further insight into β-D-GlcpNAc conformations observed in the MD simulations and
could potentially aid in a future force field optimisation process.

Additional simulations are performed with 3,4-disubstituted β-D-GalpNAc and β-D-ManpNAc
trisaccharides. These residues are compared with β-D-GlcpNAc for two reasons: (1) they occur
frequently in O-Ags and other cell surface polysaccharides and (2) each residue only differs
in the orientation of a single group when compared to β-D-GlcpNAc — the 4-position in β-D-
GalNAc is axial and so is the 2-position for β-D-ManNAc. Finally, we perform MD simulations
on a single repeating unit of Sf 7a with CHARMM36 and GLYCAM06, to compare and contrast
the effects of the different force fields on repeating unit conformation.
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7.1 Methods

We follow a similar approach for the trisaccharide MD simulations as we did for the modelling
of Sf 7a and 7b. We use preferred orientations for the glycosidic linkages, precalculated using
solution metadynamics simulations,228,278 to build the trisaccharides. For simulations using
the CHARMM36 force field, structures were built using CarbBuilder v2.1.34.228,255 Structures
modelled with the GLYCAM06 force field were constructed using the glycam.org carbohydrate
builder278 with the default glycosidic torsion angles.

7.1.1 Simulation setup and parameters

All simulations* (MD and metadynamics) were conducted in solution using NAMD v2.13.256

The TIP3P water model was employed to simulate the aqueous solution.171 Prior to and af-
ter solvation, both metadynamics and MD simulations followed a standard NAMD protocol
consisting of 10,000 steps of energy minimization. An all-atom force field, either a modified
version of CHARMM3655–58,60 or GLYCAM06,62 was used in the simulations.

The NAMD velocity-verlet integrator163 and long-range electrostatic interactions were com-
puted using the Particle Mesh Ewald (PME) summation method, with a κ value of 0.20 Å and
PME grid dimensions of 8 nm for the simulations. All simulations were performed with a
34 Å3 water box. Non-bonded interactions were truncated, and a switching function was ap-
plied between 1.2 nm and 1.5 nm for groups with integer charge. The 1-4 interactions were not
scaled in the CHARMM36 simulations as recommended by the CHARMM36 force field.257 All
simulations used periodic boundary conditions. Temperature was controlled with the Nose-
Hoover thermostat258,259 method at 300 K

7.1.2 MD simulations

All-atom, unbiased solution MD simulations with a time step of 1 fs, were run on 3,4-
disubstituted β-D-Glc and β-D-GlcpNAc trisaccharides. Pressure was controlled with the
Langevin piston barostat260 method under NPT ensemble at 1 atm. The NPT ensemble was
chosen over the NVT ensemble due to the recommendation of constant pressure for periodic
simulations in NAMD.261

Simulations were initiated with all pyranose rings in the 4C1 conformer. All trisaccharide MD
simulations were performed for 2 µs, with the exception of aaGN, which was modelled for
4 µs. A further all-atom, unbiased MD simulation was performed on a 1RU polysaccharide of

*All molecular modelling simulations were performed at the University of Cape Town High Performance Com-
puting Facility.
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Sf 7a for 1 µs using CHARMM36 and GLYCAM06 force fields for comparative purposes. Each
system was equilibrated in the first 100 ns of the simulation.

7.1.3 Metadynamics simulations

Metadynamics simulations were used to calculate the Cremer-Pople ϕ, θ potential of mean
force of puckering for the β-D-Glcp ring (in aaG) and β-D-GlcpNAc ring (in aaGN, baGN,
abGN, and bbGN). The simulations were performed with NAMD v2.13256 compiled with the
open-source, community-developed PLUMED v2.6 library.279–281

Post solvation of the trisaccharide each system was equilibrated in a two-step process. First, the
system was heated in a cycle from 10 K to 300 K at 10 K increments, with a 10000 step energy
minimisation and a 100 ps NPT MD simulation at each step. The second equilibration step was
a 2 ns MD simulation under NVT. The metadynamics simulations were performed at a 0.1 fs
timestep for between 25 ns and 50 ns, under NVT as per PLUMED recommendations,279–281

until no new minima were found and the existing minima did not shift by 5◦ for a period of at
least 5 ns.

The PLUMED sum-hills algorithm279–281 was used to convert the energies from the hills file
into potential of mean force values with mintozero enabled, bin = 179 in both dimensions,
with minimum and maximum values of 0, 0 and 2pi, pi respectively.

7.1.4 Analysis and visualisation

For visualising and analyzing the data, we used Visual Molecular Dynamics (VMD) v1.9.2262

or Python scripts using the MDAnalysis library.263,264 The molecular conformations were ren-
dered using the Tachyon VMD engine and visualised using the van der Waals or Licorice rep-
resentations. When necessary, the PaperChain visualisation algorithm265,266 was employed to
emphasize the glycan rings.

The initial 100 ns of all simulations were considered as an equilibration phase and were ex-
cluded from subsequent analyses, unless otherwise stated. When analysing pyranose ring
pucker conformations we do not consider half-chair and envelope states as they are very short
lived and we do not sample the MD trajectory at a sufficiently high frequency to perform an
adequate analysis.
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Simulation convergence

We use block averaging analysis to assess simulation convergence267,268 in a manner similar
to previous carbohydate modelling studies.22–24,26,27,199,252 The block averaging algorithm di-
vides a simulation trajectory consisting of N frames into M blocks, each containing n frames
in length.

N = nM (7.1)

A single measurable parameter (e.g. radius of gyration, root mean square deviation or end-
to-end distance) is selected and an average is calculated for each block. The block length, n,
is incrementally increased. At each value of n, the block averages are recalculated. We then
compute the mean for each block, the mean of all the block means, and the standard error of all
the block means (the block standard error — BSE). The BSE is plotted as a function of the block
size and the simulation is indicated to have converged once the BSE asymptotes to a plateau.

Torsion angles

The atoms that form the glycosidic linkage torsion angles are defined as:

ϕ = H1 - C1 - O1 - C′
x

ψ = C1 - O1 - C′
x - H′

x

O1 and O6 rotamer conformations are defined by C(n + 1) − C(n) − O(n) − H as used in
previous studies.269 Hydroxyl orientations were binned as gauche (g−), anti (t) or gauche (g+)
centred on −60, ±180 and +60◦, respectively. Hydroxymethyl conformations (tg, gt and gg)
were defined by the torsions O6-C6-C5-O5 as has also been done in similar studies.63

Pyranose ring pucker

The Cremer-Pople pucker parameters for each ring were calculated according to a proto-
col provided by Kooijman,270 which is based on the original Cremer-Pople derivations.71

The ranges for the Cremer-Pople azimuth (θ) angle used to distinguish between chair and
boat/skew conformers for pyranose rings as used in this study are as follows: 4C1: 0◦ <=

θ < 30◦, boat/skew: 75◦ <= θ < 105◦, and 1C4: 150◦ < θ <= 180◦. Transition between ring
pucker states is calculated as a change from chair to boat/skew (or vice-versa) and where such
a change is maintained for at least 200 ps. We do not anaylse half-chair and envelope states as
they are very short lived states and we do not sample the MD trajectory at a sufficiently high
frequency.
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Free energies of the β-D-GlcpIII and β-D-GlcpNAc ring pucker were calculated from simulated
equilibrium data of the trisaccharides studied using the CHARMM36 and GLYCAM06 force
fields. The ∆G = −RTln|Keq| relationship is used to compute the free energy differences;
where ∆G is the change free energy, R is the gas constant, T is the Temperature, and Kew is the
equilibrium constant.

The number of pyranose ring pucker transitions and average lifetime of a transition were calcu-
lated for the trisaccharide simulations. A transition between ring pucker states is defined here
as a change from chair to boat/skew (or vice-versa) and where such a change is maintained
for at least 200 ps. For each simulation we counted the number of transitions per ring. The
average lifetime (the time a pyranose ring spends in a particular pucker state) was measured
by calculating the time between ring pucker transitions.

7.2 Results

We analyse the MD simulations of the trisaccharides across several measures. We first deter-
mine simulation convergence, followed by comparison of the glycosidic linkage torsion angle
orientations, and then analysis of the ring pucker dynamics and conformations. We continue
with the metadynamics simulation analysis of the trisaccharides by studying the ring pucker
free energies and transition states. Finally, we compare and contrast the CHARMM36 and
GLYCAM06 MD simulations of 1 RU of Sf 7a.

7.2.1 Simulation convergence

We calculate the Block Standard Error (BSE) as a function of the radius of gyration to analyse
simulation convergence (Figure 7.2). The BSE for aaG reaches a plateau at block sizes well
below 100 ns in both the CHARMM36 and GLYCAM06 simulations, which suggests that the
simulations converge. The BSE for aaGN does not plateau within the same block size for both
force fields; indicating that these simulations have not converged.

The remaining trisaccharides (baGN, abGN, bbGN) reach convergence during their respective
simulations (Figure A.2). Interestingly, however, bbGN from the GLYCAM06 simulation has
a higher BSE and takes longer to plateau within a 100 ns block size compared to the other
trisaccharides.

Typically, the BSE for small molecules (such as the trisaccharides studied) would be expected
to converge during 1-2 µs MD simulations. The failure of the aaGN simulations to do so
is likely due to their highly flexible glycosidic linkages and extensive puckering of the β-D-
GlcpNAc ring. We extended the aaGN simulations to 4 µs but still did not achieve convergence
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Figure 7.2: Block Standard Error (BSE) of aaG and aaGN from the CHARMM36 and GLYCAM06 simulations.
The aaG simulations (green, orange) converge. The aaGN simulations (red, blue) do not converge.

within this time period. Longer simulations may be required for the β-D-GlcpNAc to achieve
equilibrium and simulation convergence.

7.2.2 Glycosidic linkage torsion angles

Figure 7.3 provides a comparison of the glycosidic linkage torsion angles for the trisaccharides
modelled and both force fields. The 1→3 and 1→4 glycosidic linkages of the trisaccharides
adopt orientations that are different for all the molecules as well as across force fields. Both
linkages consistently populate multiple energy minima regions, although, they appear to be
more flexible in aaG and aaGN and more constrained in baGN, abGN, and bbGN.

The ϕ, ψ torsion angles for the aaG H1-GlcI – H3-GlcIII glycosidic linkage are similar between
the two force fields (Figure 7.3: a, c). In both, ϕ primarily remains within the +30◦ to +60◦

range. The ψ angle is more flexible; fluctuating between +20◦ and +80◦ (CHARMM36), and
−30◦ and +60◦ (GLYCAM06). The ϕ, ψ glycosidic linkage torsion angle time series (Figure A.3:
a, d) also highlight a small number of transitions to the anti-orientation in the simulations of
both force fields.

In contrast, the ϕ, ψ torsion angles for the H1-GlcII – H4-GlcIII glycosidic linkage (Figure 7.3:
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Figure 7.3: Scatter plots for the glycosidic linkage torsion angles (ϕ, ψ) in aaG, aaGN, baGN, abGN and bbGN.
The colour scale on the upper-left indicates the relative occupancy of the torsion angles during the simulations.
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b, d) are different between the two force fields. In the CHARMM36 simulation the region be-
tween ϕ, ψ = −90◦,−90◦ and ϕ, ψ = 0◦, 90◦ is highly populated. There is also a less populated
region at ϕ, ψ = −20◦,+30◦. In the GLYCAM06 simulation, the glycosidic linkage adopts a
single orientation of ϕ, ψ = −40◦,−30◦.

There are large differences in the aaGN H1-GlcI – H3-GlcpNAc ϕ, ψ glycosidic linkage tor-
sion angles between the two force fields (Figure 7.3: e, g). The ϕ torsion in the CHARMM36
simulation remains relatively constant throughout, maintaining a value between ϕ = 0◦ and
ϕ = −60◦. With GLYCAM06 the ϕ torsion also largely remains within the same range but
there are significantly more transitions to the +ϕ region (Figure A.3: e, g). The ψ torsion is
more flexible in both force fields and occupies the region between −60◦ and −60◦.

The aaGN H1-GlcI – H4-GlcpNAc linkage adopts very similar orientations to the 1→3 link-
age in the CHARMM36 simulation (Figure 7.3: f). In the GLYCAM06 it is more constrained
adopting a single orientation at ϕ, ψ = −60◦,−50◦ (Figure 7.3: h).

The H1-GlcI – H3-GlcpNAc linkage of baGN populates a single region at ϕ, ψ = 60◦, 30◦ for
both force fields (Figure 7.3: i, k). The H1-GlcII – H4-GlcpNAc linkage for baGN has two
population centres with CHARMM36 (Figure 7.3: j). A major one at ϕ, ψ = −60◦,−45◦ and
a minor one at ϕ, ψ = −20◦,+20◦. The H1-GlcII – H4-GlcpNAc linkage for the GLYCAM06
simulation populates a single region at ϕ, ψ = −60◦,−30◦ (Figure 7.3: l).

The ϕ, ψ torsion angles of the abGN H1-GlcI – H3-GlcpNAc and H1-GlcII – H4-GlcpNAc
glycosidic linkages also adopt a narrow, well defined region (Figure 7.3: l, p). The ϕ, ψ tor-
sion angle of the H1-GlcI – H4-GlcpNAc glycosidic linkage has two population centres with
the CHARMM36 simulation centred at ϕ, ψ = −60◦,−40◦ and ϕ, ψ = −20◦,+30◦. With
GLYCAM06 the ϕ, ψ torsion angle is located at the same regions, although, the centre at
ϕ, ψ = −20◦,+30◦ is very sparsely populated. The abGN H1-GlcII – H4-GlcpNAc glycosidic
linkage is centred at ϕ, ψ = +60◦,+20◦ and ϕ, ψ = +50◦,+30◦ for CHARMM36 and GLY-
CAM06 respectively.

The ϕ, ψ torsion angles for the bbGN glycosidic linkages occupy similar space for both force
fields (Figure 7.3: q, t). The H1-GlcI – H3-GlcpNAc glycosidic linkage is at ϕ, ψ = +60◦,+30◦

and for H1-GlcII – H4-GlcpNAc at ϕ, ψ = +60◦,+20◦. There is also populated region at ϕ =

−180◦ but this is small, very sparsely populated and correlates to a non-4C1 β-D-GlcpNAc
conformation.

Across all the trisaccharides simulated observations suggest a correlation between the 1 → 3
glycosidic linkage torsion angle with β-D-GlcpNAc ring pucker. However, the orientation of
the 1 → 4 linkage does not appear to be as closely related to ring conformation. This dynamic
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is consistent with the relationship between glycosidic torsion angles and ring pucker confor-
mations from the Sf 7a and 7b simulations. The anomeric configuration of both linkages also
appears to be important. Further analysis of the ring pucker dynamics and conformation will
allow us to compare pucker states of the different trisaccharides and identify the importance
of glycosidic linkage orientation and anomeric configuration.

7.2.3 Ring pucker of β-D-GlcpIII and β-D-GlcpNAc

Ring pucker dynamics of β-D-GlcpIII and β-D-GlcpNAc

We begin by comparing the ring pucker dynamics of β-D-GlcpIIIin aaG with β-D-GlcpNAc in
aaGN, which have distinct differences. For both force fields the β-D-GlcpNAc ring puckers
to a significantly greater extent than the β-D-GlcpIII ring. The ring pucker dynamics of β-D-
GlcpNAc in baGN, abGN, and bbGN are similar across the three trisaccharides but all differ
greatly to both β-D-GlcpIII in aaG and β-D-GlcpNAc in aaGN (Figure 7.4 and Table 7.1).

In both the CHARMM36 and GLYCAM06 simulations of aaG equilibrium of the β-D-GlcpIII

pucker is achieved well within the 2 µs simulation time. The 4C1 chair is the overwhelmingly
dominant conformer for both force fields. Boat/skew and 1C4 are adopted for substantially
shorter periods.

In the aaG CHARMM36 simulation (Figure 7.4-b) the 4C1 conformer (θ ≈ 15◦) occurs approx-
imately 98.4% of the time. Boat/skew (θ ≈ 88◦) makes up the remainder and there are no
1C4 conformers. There are a total of 6 4C1 ↔boat/skew transitions† at an average forward
and backward rate‡ of 3 µs−1. The average lifetime of the 4C1 pucker is approximately 253 ns
- and 5 ns for the boat/skew conformers. During the short periods that β-D-GlcpIII is in the
boat/skew pucker state ϕ adopts two values: 90◦ (5S1) and 150◦ (3SO).

In the GLYCAM06 simulation of aaG (Figure 7.4-d), β-D-GlcpIII adopts 4C1 for about 87.5%
of the time, with an average of θ ≈ 13◦. It also populates the boat/skew and 1C4 for ex-
tended periods with approximate θ averages of 86◦ and 167◦ respectively. There are 32 forward
4C1 ↔boat/skew transitions at a rate of 18 µs−1 and 27 backward transitions at a rate of 13.5
µs−1. In comparison, there are fewer 1C4 ↔boat/skew transitions, with 13 forward transitions
in total, at a rate of 6.5 µs−1, and 10 backward transitions at a rate of 5 µs−1.

These results highlight the differences of β-D-GlcpIII modelling between the two force fields.
As there are fewer boat/skew transitions in the CHARMM36 simulations it suggests that the

†A transition between ring pucker states is defined here as a change from chair to boat/skew (or vice-versa)
and where such a change is maintained for at least 200 ps.

‡A forward transition is the movement from a pucker state to a different pucker state for a defined transition.
A backward transition is the reverse movement for the same defined transition.
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Figure 7.4: Cremer-Pople pucker azimuth (θ) parameter for β-D-GlcpIII (in aaG) and in β-D-GlcpNAc (in aaGN,
baGN, abGN, bbGN) from the CHARMM36 and GLYCAM06 force fields. Simulation time is 4 µs for aaGN
and 2 µs for for all other trisaccharides. Note that when θ is at 0◦ or 180◦ (i.e. the poles of the Cremer-Pople

sphere) there is no direct correlation between ϕ and pucker conformation.
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Table 7.1: Ring pucker parameters for β-D-GlcpIII in aaG and β-D-GlcpNAc in aaGN, baGN, abGN, and bbGN.
The number of transitions between the different pucker states, the rate of transition, the average lifetime of

each pucker conformer, and the average Cremer-Pople ring pucker amplitude (Q) are provided.

Pucker Parameters
CHARMM36 GLYCAM06

aaG aaGN baGN abGN bbGN aaG aaGN baGN abGN bbGN

Number of 4C1 → boat/skew transitions 6 12 0 1 1 32 28 4 3 5

Number of boat/skew → 4C1 transitions 6 10 0 1 1 27 52 4 3 3

Number of 1C4 → boat/skew transitions 0 3 0 0 0 13 16 2 3 9

Number of boat/skew → 1C4 transitions 0 3 0 0 0 10 15 2 3 8

Average rate of 4C1 → boat/skew transitions (µs−1) 3 3 0 0.5 0.5 18 7 2 1.5 2.5

Average rate of boat/skew → 4C1 transitions (µs−1) 2.5 2.5 0 0.5 0.5 13.5 13 2 1.5 1.5

Average rate of 1C4 → boat/skew transitions (µs−1) 0 8.5 0 0 0 6.5 8 1 1.5 4.5

Average rate of boat/skew → 1C4 transitions (µs−1) 0 7.5 0 0 0 0 5 7.5 1 1.5 4

Average lifetime of 4C1 (µs) 25.3 0.6 2 2 1.95 47 0.54 0.73 0.56 0.52

Average lifetime of 1C4 (µs) 0 0.89 0 0 0.45 2.7 50 0.03 0.04 0.2

Average lifetime of boat/skew (µs) 5 0.08 0 0 0.05 1.3 0.42 0.05 0.05 0.8

Average Q 0.57 0.53 0.56 0.57 0.59 0.36 0.56 0.53 0.53 0.54

energy barrier between these states is greater when compared to GLYCAM06. Further, the 1C4

conformer is not accessed at any point in the CHARMM36 simulation. In the GLYCAM06 sim-
ulation, however, β-D-GlcpIII repeatedly enters the 1C4 state for significant periods of time. This
also indicates that the energy barrier for the 1C4 ↔boat/skew transition in the GLYCAM06
simulations is significantly lower than that of CHARMM36. The lower interconversion barri-
ers for GLYCAM06 is consistent with previous simulations of β-D-glucopyranose.217

In contrast, β-D-GlcpNAc in aaGN has a lower population of 4C1 chair (Table 7.1). In the
CHARMM36 simulation (Figure 7.4: e, f), between 0 µs and 2.1 µs β-D-GlcpNAc makes a single
transition into 1C4 and remains in this conformer for approximately 0.3 µs. It then regularly
fluctuates between 4C1 and boat/skew pucker states. Within the first 2.1 µs there are a total
of 12 forward 4C1↔boat/skew transitions and 5 backward transitions. The average 4C1 and
boat/skew lifetime during this period is 0.26 µs and 0.23 µs respectively. In the last 1.9 µs of
the simulation there is a significant change in the pucker dynamics of β-D-GlcpNAc; it does not
adopt the 4C1 state and there are therefore no 4C1↔boat/skew transitions. During the latter
half of the simulation β-D-GlcpNAc spends over 90% of the time in the 1C4 conformer with
an average lifetime of 0.96 µs. There are also only 2 forward and backward 1C4↔boat/skew
transitions.
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The GLYCAM06 simulation of aaGN (Figure 7.4: f, h) show markedly different ring pucker
dynamics in β-D-GlcpNAc. Unlike in the CHARMM36 simulation the 4C1 conformer is domi-
nant with an average lifetime of 0.54 µs. There are 28 forward 4C1↔boat/skew transitions at a
rate of 7 µs−1. The are 52 backward transitions at a rate of 13 µs−1.

The Cremer-Pople pucker amplitudes (Q) in the CHARMM36 and GLYCAM06 simulations
are similar for β-D-Glcp in aaG (Figure A.6). While in the 4C1 state Q is in the range of 0.5-0.6
(approximately 88% of the simulation time). While in the boat/skew conformer state Q is ap-
proximately between 0.7 and 0.8 (approximately 11% of the simulation time). The distribution
of Q between these ranges is similar to that of the pucker conformer distribution itself. The
aaGN simulation shows similar absolute values in the ranges of Q for both force fields. When
in the 4C1 or 1C4 canonical pucker Q lies within the 0.5 - 0.6 range and when in a boat/skew
state Q is within the 0.7 - 0.8 range.

Simulations of baGN, abGN and bbGN show some similarities and a few differences in the
ring pucker dynamics of β-D-GlcpNAc when compared to that in aaGN. In the CHARMM36
simulation of baGN, β-D-GlcpNAc remains solely in the 4C1 state. However, in the GLYCAM06
simulation β-D-GlcpNAc adopts both chair conformations as well as boat/skew pucker states.
It maintains a 4C1 conformer for approximately 90% of the simulation time white boat/skews
(4%) and the 1C4 chair (6%) make up the remainder.

In the GLYCAM06 simulation of baGN there are a total of 7 forward 4C1↔boat/skew tran-
sitions at an average rate of 3.5 transitions µs−1 and 6 backward transitions at an average of
3 µs−1. There are 4 forward and an equal number of backward 1C4↔boat/skew transitions
at an average rate of 2 µs−1. However, it should be noted that all but one 4C1 ↔boat/skew
transition occurred within the first microsecond of the simulation indicating that β-D-GlcpNAc
ring pucker may have taken a few hundred nanoseconds to equilibrate. Although, this cannot
be confirmed unless the simulation time is extended for at least several more microseconds,
which is outside the scope of this work.

In the abGN CHARMM36 simulation, β-D-GlcpNAc makes a single short-lived transition to
the boat/skew pucker states; while in the bbGN CHARMM36 simulation β-D-GlcpNAc sim-
ilarly makes two short lived 1C4↔boat/skew transitions. The results indicate that the ring
pucker dynamics of the baGN, abGN and bbGN are all similar with either no transitions or
short-lived transitions out of the 4C1 chair.

The β-D-GlcpNAc pucker dynamics in the GLYCAM06 simulations of abGN and bbGN are
also similar to that of baGN. The 4C1 chair remains the overwhelmingly dominant conformer
but is present a little less frequently, at about 80-85% of the time. This is in stark contrast to the
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pucker dynamics off aaG and aaGN GLYCAM06 simulations where the boat/skew and 1C4

conformers are much more prevalent.

Ring pucker conformers of β-D-GlcpIII and β-D-GlcpNAc

The ring pucker conformation and dynamics of β-D-GlcpNAc in aaGN is notably different to
that of β-D-GlcpIII in aaG and to β-D-GlcpNAc in the other N-acetylated trisaccharides, adopt-
ing similar pucker conformations to those observed in the Sf 7a and 7b simulations. Figure 7.5
illustrates the percentage occupancies for the boat/skew pucker states in the trisaccharides and
Figure 7.6 depicts the most common canonical puckers of β-D-GlcpIII in aaG and β-D-GlcpNAc
in aaGN and the pseudorotational transition pathways.
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Figure 7.5: Occupancies of different boat/skew pucker conformers of β-D-GlcpNAc in aaG (blue), aaGN (or-
ange), baGN (green), abGN (red), and bbGN (purple). In the CHARMM36 simulations β-D-GlcpNAc in aaGN
has the greatest occupancy of boat/skew states, significantly more so than the other trisaccharides. In the GLY-
CAM06 simulations β-D-GlcpNAc of aaGN also has the greatest boat/skew occupancy but the other trisac-

charides adoption of boat/skew conformations are significant as well.
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Figure 7.6: The most common canonical puckers of β-D-GlcpIII in aaG and β-D-GlcpNAc in aaGN and the pseudorotational transition pathways from the CHARMM36
and GLYCAM06 simulations. Structures shown using the Licorice representation in VMD.
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The β-D-GlcIII ring pucker in aaG primarily maintains 4C1 (the lowest energy conformation)
across both force fields. Different boat/skew pucker states as well as 1C4 are also popu-
lated to differing extents. In the CHARMM36 simulations of aaG, the primary boat/skew
puckers of β-D-GlcIII are 5S1 (ϕ ≈ 90◦, ∆G = +1.50 kcal mol−1) and 2S1 (ϕ ≈ 150◦,
∆G = +1.70 kcal mol−1). Transitions to and from the 4C1 chair occur primarily via the 5S1

conformer by the 4C1 ↔ 5S1 ↔ 2SO ↔ B1,4 path (Figure 7.6-a).

In the GLYCAM06 simulation of aaG the 4C1 conformer of β-D-GlcIII transitions to different
boat/skew conformers and 1C4 at a higher frequency (Figure 7.6-b). The more frequently pop-
ulated non-chair conformers are OS2 (ϕ ≈ 330◦, ∆G = +0.61 kcal mol−1) and 3,OB (ϕ ≈ 0/360◦,
∆G = +0.95 kcal mol−1). B2,5, 1S5, 1,4B, 1S3, and B3,O are less occupied (∆G ≥ 1.3 kcal mol−1).
The primary transition paths is by the 4C1 ↔ OS2 ↔ 3,OB and 4C1 ↔ OS2 ↔ B2,5 ↔ 1C4 route
indicating that transitions to the inverted chair occurs via the less dominant B2,5 conformer.

Comparing the CHARMM36 simulation of aaGN, the lowest energy β-D-GlcpNAc ring con-
former is between B1,4 and 5S1 (ϕ ≈ 77◦). There are two primary pathways by which β-
D-GlcpNAc in aaGN transitions between 4C1 (∆G = +0.54 kcal mol−1) and 1C4 (∆G =

+0.32 kcal mol−1). The first, and more direct route, includes two skew intermediates:
4C1 ↔3 S1 ↔1 S5 ↔1 C4. The second and longer route occurs via a boat conformer:
4C1 ↔3 S1 ↔ B1,4 ↔5 S1 ↔1 S5 ↔1 C4 (Figure 7.6-c). These unusually small differences
between the free energies of the chair and non-chair conformers, relative to that of aaG, indi-
cate that N-acetylation significantly changes the energy profile of the trisaccharide.

In contrast, the GLYCAM06 simulation of aaGN has 4C1 as lowest the energy conformer and
1C4 is ∆G = +0.55 kcal mol−1 (Figure 7.6-d). The transition between the two pucker chair
conformers occurs via a single path: 1C4 ↔ B2,5 ↔O S2 ↔3,O B ↔1 C4. All boat and skew
conformers are visited, and with the exception of the 2,5B, all are within +2.00 kcal mol−1 of
4C1.

The ring puckers of β-D-GlcpNAc in baGN, abGN, and baGN do not adopt the same confor-
mations as aaG and aaGN for both force fields. These three trisaccharides either do not pucker
out of 4C1 or only do so for shorter periods of time. In the CHARMM36 simulations of baGN
and abGN β-D-GlcpNAc remains entirely in 4C1 for the length of the simulation. However,
bbGN makes a single transition to 1S5 and 1,4B for approximately 5 ns before returning to 4C1.

In the GLYCAM06 simulations of baGN the only notable non-chair conformations are 3S1

(∆G = +1.10 kcal mol−1) and 3,0B (∆G = +0.10 kcal mol−1) although, these states are popu-
lated for less than 2% of the total simulation time. The pathway from 4C1 to 1C4 occurs via the
higher energy 1S5 pucker: 4C1 ↔3,0 B ↔1 S5 ↔1 C4.
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The confomers adopted by β-D-GlcpNAc in the both the CHARMM36 and GLYCAM06 sim-
ulations of abGN are very similar to that of baGN. However, the computed relative ener-
gies of 3,0B (+0.87 kcal mol−1) and 1S5 (∆G = +0.96 kcal mol−1) in the GLYCAM06 simu-
lation are greater in comparison to CHARMM36 while OS2 (∆G = +0.96 kcal mol−1) and 1C4

(∆G = +0.87 kcal mol−1) are lower in energy.

The bbGN simulations show a greater degree of β-D-GlcpNAc puckering for both force
fields. The most prevalent boat/skew states in the CHARMM63 simulation are 3S1 (∆G =

+1.70 kcal mol−1), B1,4 (∆G = +1.94 kcal mol−1), and 5S1 (∆G = +1.70 kcal mol−1). For
GLYCAM06 the most frequented boat/skew conformers are 3S1 (+0.57 kcal mol−1) and B1,4

(∆G = +1.63 kcal mol−1), which are both closer in energy to the ground state than in the
CHARMM36 simulation. The 1C4 chair (∆G = +0.76 kcal mol−1) is also populated in the
GLYCAM06 simulation but not in the CHARMM36 simulation.

Figure 7.7 depicts relative occupancies of the different pucker states for all trisaccharides stud-
ied on flattened Cremer-Pople spheres. Figure 7.8 illustrates and Table A.2 lists the free en-
ergies of the observed chair, boat and skew conformers using the standard ∆G = |RTlnKeq|

relationship.

Similar to the Sf 7a and 7b simulations the ϕ and θ pucker values of β-D-GlcpIII (in aaG) and
β-D-GlcpNAc (in aaGN) are not evenly distributed around the origin when the rings are in
the 4C1 state. The rings populate the region between ϕ, θ = 320◦, 0◦ and ϕ, θ = 40◦, 0◦, which
correspond to OH5, OE, and OH1. In contrast, the ϕ and θ pucker values of β-D-GlcpNAc are
evenly distributed around the origin for the CHARMM36 simulations of baGN, abGN, and
bbGN, as well as all the GLYCAM06 simulations. This suggests that the 4C1 conformer of β-
D-GlcpNAc in these trisaccharides is not more closely aligned conformationally to a particular
half-chair or envelope state for these trisaccharides.

These results indicate that the energy differences between the different β-D-GlcpNAc pucker
states is reduced when both GlcpI and GlcpII have the same anomeric configuration. When
both linkages are α-linked the relative energy difference between 4C1 and boat/skew pucker
states are lower in energy than when both residues are β-linked. If the anomeric configurations
for the two residues are different (one α and the other β) the relative energies between the 4C1

and boat/skew conformers are significantly greater, resulting in reduced puckering of the β-
D-GlcpNAc ring.
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Figure 7.7: Polar projections of the Cremer-Pople puckering sphere for aaG, aaGN, baGN, abGN and bbGN
as simulated with the CHARMM36 and GLYCAM06 force fields. Polar projections for GlcI and GlcII from the
CHARMM36 simulations are now shown as both residues for all trisaccharides remain in 4C1 for the entire
simulation. The north-pole (4C1) lies at the centre of the ring and the south pole (1C4) is at the perimeter.
Simulation time for is 4 µs for aaGN and 2 µs for all other trisaccharides. *Note aaG contains the GlcIII residue

and not GlcpNAc.
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Figure 7.8: Free energies of the β-D-GlcIII (in aaG) and β-D-GlcpNAc (in aaGN, baGN, abGN, and bbGN) ring
pucker as calculated from simulated equilibrium data of the trisaccharides for the CHARMM36 and GLY-
CAM06 force fields computed using the standard ∆G = −RTln|Keq| relationship. Where no value is specified
the free-energy could not be calculated. The minimum energy ring pucker conformer for β-D-GlcIII/β-D-

GlcpNAc for all but one trisaccharide is 4C1 - in aaGN it is 5S1.
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Effect of 1-O-methylation on ring pucker of aaGN

The β-D-GlcpNAc residue in Sf 7a and 7b is fully substituted, with anomeric linkages at the
1-, 3-, and 4- positions. The trisaccharides modelled thus far do not include substitution at the
anomeric position. We methylate the anomeric position of β-D-GlcpNAc and simulated α-D-
GlcpII -(1→3)-[α-D-GlcpI -(1→4)]-β-D-GlcpNAcOMe as an initial model of polymerisation and
to better understand the ring pucker conformations of a fully substituted a β-D-GlcpNAc that
is 3,4-α-disubstituted.

The pucker conformers adopted by β-D-GlcpNAcOMe are similar to those as β-D-GlcpNAc
in aaGN for both force fields. However, the amount of time spent in each of these differs
significantly (Figure 7.9: a-d). In the CHARMM36 simulation the time series plot immediately
shows that the β-D-GlcpNAc residue quickly inverts from 4C1 to 1C4 and remains in this state
for almost the entire duration of the simulation. Only a single transition is made, for a brief
period of about 100 ns, into a boat/skew state. At no point does it return to 4C1. Similarly, in
the GLYCAM06 simulation β-D-GlcpNAcOMe spends significantly more time (≈ 75%) in 1C4

than in 4C1 or the boat/skew states.

These results suggest that O-methylation of the anomeric position leads to further deviation
away from the 4C1 conformer (Figure 7.9: e-h). The addition of a bulky -OMe group to the
equatorial position of β-D-GlcpNAc to form (β-D-GlcpNAcOMe) may further increase the steric
interaction of the already highly strained region around the ring. It appears that to alleviate
some of this strain puckering occurs, placing the substituent groups in an axial position and
further apart for extended periods of time even at the expense of increased 1,3-diaxial interac-
tions in the substituents.

Finally, it should also be noted that there is no significant change in the torsion angles adopted
by the 1→3 and the 1→4 linkages when compared to the β-D-GlcpNAc simulations. Addi-
tionally, the α-D-GlcpI and α-D-GlcpII residues maintain a 4C1 conformation throughout both
simulations.
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Figure 7.9: Time series of the Cremer-Pople azimuth pucker, θ, parameter for β-D-GlcpNAc in aaGN (a, b) and
β-D-GlcpNAcOMe in aaGNOMe (c, d). Polar projections of the Cremer-Pople puckering sphere β-D-GlcpNAc
in aaGN (e, f) and β-D-GlcpNAc in aaGNOMe (g, h). Simulations with CHARMM36 have a white background

and with GLYCAM06 a grey background.
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Ring pucker of GlcpI and GlcpII

Thus far we have only discussed the ring puckering behaviour of β-D-GlcpIII and β-D-
GlcpNAc. However, analysis of the GlcpI and GlcpII residue puckers can also provide further
insight into trisaccharide conformation.

In the CHARMM36 simulations of all five trimers (aaG, aaGN, baGN, abGN, and bbGN) the
GlcpI and GlcpII residues remain entirely in the 4C1 conformer (θ ≈ 0◦). At no point during the
simulations do either of the two Glcp residues deviate away from this state (the CHARMM36
plots in Figure 7.10). On the other hand, in the GLYCAM06 simulations, GlcI and GlcII display
different ring pucker behaviour for all the trisaccharides (the GLYCAM06 plots in Figure 7.10
and Figure 7.11).

Figure 7.10: Time series of the Cremer-Pople pucker azimuth (θ) for α-D-GlcI and α-D-GlcII in aaGN (4 µs) as
well as aaG, baGN, abGN, and bbGN (2 µs) using CHARMM36 and GLYCAM06 force fields. Ring puckering
of these two saccharides are relatively rigid in the CHARMM36 simulations while it is more flexible in the

GLYCAM06 simulations.
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In the GLYCAM06 simulation of aaG both α-D-Glc residues transition to boat/skew conform-
ers (where the OS2 conformer is adopted most frequently) as well as to 1C4 (Figure 7.10: g, h).
α-D-GlcI makes several boat/skew ↔ 1C4 transitions and in total spends ≈ 400 ns in 1C4. How-
ever, almost all of this time is within the first 1 µs of the simulation. In the second half of the
simulation α-D-GlcI maintains a 4C1 almost entirely, with only two transitions to boat/skew
and 1C4. α-D-GlcII also remains in 4C1 for close to the entire simulation with only a few brief
transitions to non-4C1 conformers.

In contrast, both α-D-GlcI and α-D-GlcII pucker significantly in the GLYCAM06 simulation of
aaGN. GlcI undergoes 4C1 ↔ boat/skew ↔ 1C4 transition relatively frequently (Figure 7.10:
c, d). It is either in 4C1 or 1C4 for most of the simulation, spending approximately the same
amount of time in each state. As is common with the other GLYCAM06 simulations observed
thus far α-D-GlcI adopts boat/skew states for only short periods of time as it transitions be-
tween the two chair conformers. α-D-GlcII remains in 4C1 for ≈ 90 % of the simulation with
two transitions boat/skew and 1C4. The average lifetime of the 1C4 chair is 273 ns and 103 ns
respectively for α-D-GlcI and α-D-GlcII respectively. The average lifetime of the boat/skew
residues is approximately 2 ns for both α-D-GlcI and α-D-GlcII.

Interestingly the notable puckering of GlcI and GlcII observed in aaGN is not seen in baGN
and abGN (Figure 7.10: k, l, o, p). The Glcp residues in these trisaccharides make a very small
number of short-lived transitions into either a boat/skew or 1C4 state. They remain stable in
4C1 for almost the entire simulation. However, GlcpI and GlcpII in bbGN show greater dy-
namic behaviour, puckering to slightly greater extents into both boat/skew or 1C4 conformers
(Figure 7.10: s, t).

It is increasingly evident that when β-D-GlcpNAc is either both α- or β-linked at the 3- or 4-
positions there is increased puckering in all residues. This may be attributed to potentially
greater steric strain between adjacent substituents on the β-D-GlcpNAc ring. Furthermore,
these steric interactions may be larger when both the 3- and 4- positions are α-linked when
compared to both being β-linked, which is why we see a significant degree of puckering in
aaGN and less so in bbGN. The baGN and abGN residues show the least amount of puckering
(or none at all depending on the force field) as the different orientations at the 3- and 4-linkages
potentially help reduce the steric strain around the β-D-GlcpNAc ring.
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Figure 7.11: Polar projections of the Cremer-Pople puckering sphere of GlcI and GlcII for aaG, aaGN, baGN,
abGN and bbGN as simulated with the GLYCAM06 force field. The north-pole (4C1) lies at the centre of the
ring and the south pole (1C4) is at the perimeter. Projections from the CHARMM36 simulations are not shown
as both GlcI and GlcII for all trisaccharides remain in 4C1 for the entire simulation time. Simulation time is

4 µs for aaGN and 2 µs for all other structures.
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7.2.4 The free energy of ring puckering in β-D-GlcpIII/β-D-GlcpNAc

We expand on the MD simulations by conducting a PMF analysis on the trisaccharides. We
measure the energy differences between various pucker conformations of β-D-GlcIII (in aaG)
and β-D-GlcpNAc (in aaGN, baGN, abGN, and bbGN). We also conduct a comparative analysis
of the energy differences for the pucker interconversion pathways for both force fields.

Energy landscape of the β-D-GlcpIII/β-D-GlcpNAc ring

We calculate PMF energies for the different pucker conformations of β-D-GlcpIII and β-D-
GlcpNAc in the trisaccharides (Figure 7.12). We measure the energy differences between dif-
ferent pucker states and compare them to the unusual pucker conformations observed in the
MD simulations. The simulations of both force fields show significant differences in the free-
energy profiles of the β-D-GlcpIII and β-D-GlcpNAc pucker states. The anomeric configuration
at the 3- and 4-positions of β-D-GlcpNAc also affects the ring pucker transition energies, with
α disubstitution having the lowest energy barriers.

For the CHARMM36 PMF simulation the global minimum energy calculated for the β-D-GlcIII

ring pucker in aaG (Figure 7.12-a) resides at ϕ, θ = 16◦, 13◦; corresponding to 4C1. The energy-
well below 1 kcal mol−1 relative to the global minima covers the region from 0◦ − 70◦ and
290◦ − 360◦ in ϕ, and 10◦ − 25◦ in θ. Note that this minima is not located at θ = 0◦, which
would correspond to an ideal 4C1 state. Instead it is close to OE, OH1, and 2H1, which is in
partial agreement with observations from the CHARMM36 aaG MD simulations. At θ = 0◦

the ring pucker conformer is approximately ∆G = +5.5 kcal mol−1 greater in energy.

There is a single local minimum that is less than 1 kcal mol−1 greater in energy at ϕ, θ = 82◦, 86◦

(∆G = +0.80 kcal mol−1), consistent with a 5S1 pucker. There are three other notable local min-
ima corresponding to boat/skew conformers at ϕ, θ = 148◦, 90◦ (2SO, ∆G = +1.3 kcal mol−1);
ϕ, θ = 213◦, 87◦ (1S3, ∆G = +2.6 kcal mol−1); ϕ, θ = 269◦, 88◦ (1S5, ∆G = +2.7 kcal mol−1).
The 4C1, 5S1 conformers occur frequently in the CHARMM36 aaG MD simulations but the
other states are not observed for significant periods of time. The energy-well in the 1C4 region
(θ ≈ 360◦) is above ∆G = +4 kcal mol−1 and 1C4 is not populated in the MD simulation.

In the GLYCAM06 PMF simulation of aaG (Figure 7.12-b) the global minimum for the β-D-
GlcIII ring pucker is at ϕ, θ = 323◦, 15◦; also corresponding to a 4C1 conformer. There are
three local minima in the boat/skew region at ϕ, θ = 0◦, 87◦ (3,0B, ∆G = +1.5 kcal mol−1);
ϕ, θ = 278◦, 87◦ (1S5, ∆G = +1.9 kcal mol−1); and ϕ, θ = 310◦, 83◦ (OS2, ∆G = +1.8 kcal mol−1).
There is a single energy-well in the 1C4 area at ϕ, θ = 80◦, 170◦ (∆G = +2.7 kcal mol−1).
These are also the most frequented β-D-GlcpNAc pucker states in the aaG GLYCAM06 MD
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Figure 7.12: Mercator plot of the Cremer-Pople pucker meridian (ϕ) and azimuth (θ) parameters from potential
of mean force calculations for the ring pucker of β-D-GlcIII in aaG and β-D-GlcpNAc in aaGN and baGN. For
all trisaccharides, with the exception of aaGN, and across both force fields the lowest energy β-D-GlcpNAc
ring conformer corresponds to the 4C1 state. For aaGN modelled with CHARMM36 the lowest energy β-D-
GlcpNAc conformer is 3S1 while with GLYCAM06 it is OS2. Contours labels provide energy differences in

kcal mol−1. The location of the global energy minimum designated by X on each plot.
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simulation — 4C1 is the overwhelmingly dominant conformer with others present for shorter
periods.

In contrast, the β-D-GlcpNAc ring pucker energies from the aaGN CHARMM36 PMF sim-
ulations are significantly different (Figure 7.12-c). The global energy minimum resides at
ϕ, θ = 28◦, 87◦, which correlates to 3S1. There is a single minima for 4C1 at ϕ, θ = 2◦, 16◦

(∆G = +1.5 kcal mol−1). In comparison, the 1C4 conformer has a single, smaller energy-well
and its minimum is lower in energy (+0.8 kcal mol−1). There are multiple local minima in the
boat/skew region and these are will within +2 kcal mol−1 of the global minimum. These re-
sults are similar to the those of the aaGN CHARMM36 MD simulations - the 4C1 conformer is
higher in energy than both 1C4 and several boat/skew states. However, the PMF calculations
indicate that 3S1 is the lowest energy pucker overall whereas in the MD simulations 5S1 is the
most frequented followed by B1,4 and 3S1.

The aaGN GLYCAM06 PMF simulation energy landscape (Figure 7.12-d) shows a distinctly
different profile to that of the CHARMM36 simulation. There are broad energy-wells in the 4C1

(∆G = +0.2 kcal mol−1) and 1C4 (+1.0 kcal mol−1) regions. The global minimum corresponds
to OS2 and is located at ϕ, θ = 343◦, 88◦. There are two other local minima in the boat/skew
region, which are fewer than those observed in the CHARMM36 simulation. These are found
at ϕ, θ = 159◦, 81◦ (2SO, 1.1 kcal mol−1) and ϕ, θ = 272◦, 87◦ (1S5, 1.5 kcal mol−1). The aaGN
GLYCAM06 MD simulation also suggests small energy differences with frequent transitions
between the chair and boat/skew states, although, the 4C1 state has the lowest free energy.

The energy landscape of the β-D-GlcpNAc from the PMF simulations of baGN, abGN, and
bbGN show similar profiles to those of aaG for the respective force fields. The energy min-
ima for the boat/skew conformers are also located in the same regions. For the CHARMM36
simulations (Figure 7.12: e, g, i) these correspond to 3S1, B1,4, 2SO, 1S3, and 1S5. While in the
GLYCAM06 simulations (Figure 7.12: f, h, and j) the minima correlate to the OS2, 2SO, and 1S5

conformers. The global minima for both force fields is located in the 4C1 region. The local
minima for the boat/skew conformers are approximately +1.0 kcal mol−1 to +3.0 kcal mol−1

higher in energy while the 1C4 pucker is within 1.0 kcal mol−1 of 4C1. These results also corre-
spond with the MD simulations of the trisaccharides for both force fields.

The main difference between the energy profiles of aaGN and the other N-acetylated trisac-
charides is the 4C1 ↔boat/skew and 1C4 ↔boat/skew transition paths. In the CHARMM36
simulations, these paths in aaGN are as low as approximately 4 kcal mol−1 while in the baGN,
abGN, and bbGN it is 6 kcal mol−1. The energy differences between the chair and boat/skew
conformers are lower in the simulations at 4 kcal mol−1 for all structures.
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These results correlate well with those observed in the MD simulations. In the CHARMM36
simulations β-D-GlcpNAc tends to spend longer periods in boat/skew while in the GLY-
CAM06 simulations the chair conformers are preferred, with rapid transitions into and out
of boat/skew. The energies of the ring pucker transition pathways provide further insight into
the β-D-GlcIII and β-D-GlcpNAc ring pucker behaviour.

Transition energies of the β-D-GlcpIII/β-D-GlcpNAc ring

We map the transition pathways between the chair and boat/skew conformers of β-D-GlcIII

(in aaG) and β-D-GlcpNAc (in aaGN, baGN, abGN, and bbGN) to determine the energy
differences between different pucker states and to identify potential ring pucker pathways
for the MD simulations. The energy differences between adjacent pucker states along each
path are provided in modified Stoddart diagrams. Figure A.11 illustrates the energy dif-
ferences along the paths between chair and boat/skew conformers but does not include
the half-chair/envelope pucker states that lie between them. Figure 7.13 depicts the half-
chair/envelope along the paths only where the energy differences between adjacent pucker
states are less than or equal to +5.0 kcal mol−1 from the respective chair conformer. The ring
pucker transition energy pathways shows clear contrasts between the two force fields.

The Stoddart diagram for the aaG CHARMM36 PMF simulation shows that energy differ-
ence between 4C1 and the boat/skew conformers are almost all less than 5 kcal mol−1. The
only exception is the 4C1 ↔3,O B transition, which is 6.5 kcal mol−1. All boat/skew con-
formers are within 3.2 kcal mol−1 of 1C4 and within 2.8 kcal mol−1 of adjacent boat/skew
conformers. The lowest energy boat/skew transition is 0.6 kcal mol−1 (B3,O ↔1 S3 and
B2,5 ↔O S2) and the highest energy transition is 2.8 kcal mol−1 (3,OB ↔ 3S1). There are
three 4C1 ↔ half-chair/envelope ↔ boat/skew transition paths that are less than 5 kcal mol−1:
4C1 ↔ OH1 ↔ 3S1; 4C1 ↔ E1 ↔ B1,4; and 4C1 ↔ 2H1 ↔ 5S1 (Figure 7.13: a). The lowest
energy transition is 4C1 ↔O H1 (+4.4 kcal mol−1) and OH1↔

3 S1 (−0.8 kcal mol−1). The transi-
tions between 4C1↔boat/skew states observed in the aaG MD simulations correspond to these
low energy pathways.

The GLYCAM06 aaG Stoddart diagrams show that the energy differences between adja-
cent chair/boat-skew pucker states along the given paths are, with one exception, all within
5 kcal mol−1. The only transition along a given path that are greater than this is 4C1 ↔ 2,5B

at 5.9 kcal mol−1. Moreover, the energy differences between 4C1, 1C4, and boat/skew pucker
states that are neighbours on the Stoddart transition paths are lower than almost all of those in
the CHARMM36 PMF simulation.
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Figure 7.13: Transition state interconversion pathways as calculated from potential of mean force calculations
for the ring pucker of β-D-GlcIII in aaG and β-D-GlcpNAc in aaGN. Only half-chair and envelope transitions
that are less than or equal to 5 kcal mol−1 are shown in yellow. For aaG only several selected pathways
are below 5 kcal mol−1 for both CHARMM36 and GLYCAM06 and these correspond closely with the path-
ways observed in the corresponding MD simulations of these trisaccharides. For aaGN there are a few more
pathways below 5 kcal mol−1 for CHARMM36 but there are many more for GLYCAM06, indicating that N-
acetylation reduces the energy required to transition out of 4C1 and that this change is greater in GLYCAM06.

There are also a greater number of 4C1 ↔ half-chair/envelope ↔ boat/skew transition paths
that are below 5 kcal mol−1 in the GLYCAM06 simulation (Figure 7.13-b). The transition en-
ergies to and from the half-chair/envelope states are also mostly lower than the CHARMM36
PMF simulation. For example, the frequent 4C1 ↔ OS2 transition via OH5 has an energy barrier
of over 5 kcal mol−1 in the CHARMM36 simulation while the same transition energy barrier
is 3.2 kcal mol−1 in the GLYCAM06 simulation. Interestingly, the common 4C1 ↔ 3S1 ↔ B1,4

transition has the same energy barrier for both force fields at 4.1 kcal mol−1 and 1.9 kcal mol−1

respectively. Although, these are the sole exceptions. The overall lower energy barriers be-
tween to the half-chair/envelope states provides an explanation for the greater frequency of
4C1 ↔ boat/skew and boat/skew ↔ 1C4 transitions seen in the GLYCAM06 MD simulations.

In contrast to β-D-GlcIII in aaG, the energy differences between the pucker states of β-D-
GlcpNAc in aaGN are generally smaller. For both force fields there are no adjacent pucker
states along the defined paths that are more than 5 kcal mol−1. In the CHARMM36 PMF sim-
ulation there are seven 4C1 ↔ half-chair/envelope ↔boat/skew paths less than 5 kcal mol−1

(Figure 7.13-c). The lowest energy path is 4C1 ↔ OH1 (+3.9 kcal mol−1) and OH1 ↔ 3S1

(+2.4 kcal mol−1). In contrast, there is only a single such path from 1C4: 1C4 ↔ 1E

(+4.8 kcal mol−1) and 1E ↔ 1,4B (+2.6 kcal mol−1). These low energy transition pathways
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provide a rationale for the conformations observed in the aaGN CHARMM36 MD simulations.

The Stoddart diagrams for the GLYCAM06 PMF simulation of aaGN illustrate that all
4C1 ↔half-chair/envelope and boat/skew↔half-chair/envelope conformers are below
5 kcal mol−1 and the energies along these paths are also less than those in the CHARMM36
simulation. The lowest energy path from 4C1 is along the 4C1 ↔ 2H1 (+2.8 kcal mol−1) and
1H1 ↔ 5S1 (+0.3 kcal mol−1) route (Figure 7.13: d), which is approximately 1 kcal mol−1

less in energy than the lowest energy route out of 4C1 from the CHARMM36 simulation.
All paths into and out of 1C4 are less than 5 kcal mol−1. Similar to the CHARMM36 simu-
lation the lowest energy path is via the 1E intermediate along 1C4 ↔1 E (+3.7 kcal mol−1) and
1E ↔1,4 B (+2.8 kcal mol−1).

The transition pathways of baGN, abGN, and bbGN reveal larger energy difference between
the chair and boat/skew when compared to aaGN for both force fields. However, the energies
between different pucker states are consistently higher in the CHARMM36 PMF simulations
compared to the GLYCAM06 PMF simulations, which accounts for the increased dynamic be-
haviour of the ring pucker in the GLYCAM06 MD simulations.

These results provide further insight into the ring pucker dynamics of β-D-GlcpNAc observed
in the MD simulations of aaGN. In the CHARMM36 MD simulations there are fewer transi-
tions into and out of 4C1. The boat conformers are also preferred and are adopted for greater
periods of time, while the 1C4 state is overwhelmingly dominant. This can be attributed to
a number of factors. The 3S1, 5S1, B3,O, and 1C4 conformers are all lower in energy than 4C1.
Moreover, there is a relatively low 4C1 ↔half-chair/envelope↔boat/skew barrier. These two
components contribute to the low 4C1 states observed in the MD simulation. Furthermore,
the higher energy barriers between 4C1 and half-chair/envelope pucker states, and the lower
energy barriers into and out of boat/skew states, means that boat/skew conformers will be
favoured.

Energy landscape of the GlcpI and GlcpII rings

The trisaccharide MD simulations indicate that the behaviour of the GlcpI and GlcpII ring
pucker may be force field dependant. No notable puckering of these residues are observed
in the CHARMM36 simulations while a small but significant amount is present in the GLY-
CAM06 simulations.

The PMF simulations also reveal no pucker of either of the GlcpI and GlcpII rings. This is not
particularly surprising as the simulation time is relatively short and the timescales observed
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for the ring puckering is in the order of a several hundred nanoseconds; as observed from the
MD simulations.

Similar behaviour is observed in the PMF simulations of all other trisaccharides. In short,
these simulations are not sufficiently long to probe the relationship between the ring pucker of
β-D-GlcpNAc and that of GlcpI or GlcpII. The results indicate that the energies measured are a
function β-D-GlcI/β-D-GlcpNAc ring pucker and are not affected by puckering of the GlcpI or
GlcpII residues.

Comparisons with the energy landscape of 3,4-disubstituted β-D-GalpNAc and β-D-

ManpNAc rings

We simulated 3,4-disubstituted β-D-GalpNAc and β-D-ManpNAc trisaccharides to probe
whether the puckering behaviour observed in 3,4-disubstituted β-D-GlcpNAc is present in
other monosaccharides. The residues only differ with β-D-GlcpNAc in the orientation of a
single group — the 4- and 2- positions are axial in β-D-GalpNAc and β-D-ManpNAc respec-
tively. In β-D-GlcpNAc both are equatorial. Figure 7.14 provides the potential of mean force
energies, illustrated as contour plots of Cremer-Pople ring pucker parameters, for different
pucker conformations.

The global minimum for the β-D-GalpNAc ring pucker in the CHARMM36 simulation (Fig-
ure 7.14-a) corresponds to 4C1 and is located at ϕ, θ = 70◦, 11◦. Boat/skew conformers
are all greater than 4 kcal mol−1 in energy with all 4C1 ↔ boat/skew transition paths over
5 kcal mol−1. The 4C1 ↔ B1,4 path is lowest in energy between 5 − 6 kcal mol−1. All other
paths are over 6 kcal mol−1 in energy. The 1C4 state has a minimum at ϕ, θ = 305◦, 168◦

(+1.3 Kcal mol−1).

The transition paths in the GLYCAM06 simulation of β-D-GalpNAc (Figure 7.14-b) all appear to
be of greater energy than those in CHARMM36. In the 50 ns metadynamic simulation the ring
only entered two boat/skew conformational states - ϕ, θ = 189◦, 80◦ (B3,O, +4.0 kcal mol−1)
and ϕ, θ = 205◦, 81◦ (1S3, +3.2 kcal mol−1). The global minimum also corresponds to a 4C1

pucker state at ϕ, θ = 217◦, 14◦. No other boat/skew or chair conformers are traversed during
the simulation and the minimum transition to all any of them from 4C1 is 7 kcal mol−1.

The CHARMM36 PMF simulation of aaManN (Figure 7.14-c) shows that the energy profile of
the β-D-ManNAc residue is also significantly different to that of β-D-GlcpNAc in aaGN. The
energy barrier between 4C1 and boat/skew conformations is over 7 kcal mol−1. Only a single
boat/skew conformation is traversed during the simulation at is located at ϕ, θ = 213◦, 84◦
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Figure 7.14: Mercator plot of the Cremer-Pople pucker meridian (ϕ) and azimuth (θ) parameters from potential
of mean force calculations for the ring pucker of β-D-GalpNAc in aaGalN and β-D-ManpNAc in aaManN. For
both trisaccharides and force fields 4C1 is the lowest energy ring pucker conformer. Contours labels provide

energy differences in kcal mol−1.

(1S3, +3.3 kcal mol−1). The relative energy of the 1C4 conformer can also not be determined as
β-D-ManpNAc does not enter the pucker state at any point during the 50 ns simulation.

The GLYCAM06 PMF simulation of aaManN (Figure 7.14-d) reveals that the 4C1 ↔ boat/skew
transition paths of β-D-ManpNAc all have an energy barrier greater than 6 kcal mol−1. The
4C1 conformer is also the most stable state with a minimum at ϕ, θ = 68◦, 14◦. The minimum
region corresponding to 1C4 is located at ϕ, θ = 2◦, 168◦ (+2.6 kcal mol−1).

The results from the aaGalN and aaManN PMF simulations indicate that the change in orien-
tation of the hydroxyl at either the 4- or 2-position significantly changes the ring pucker energy
profile. The single reorientation of the from equatorial to axial appears to greatly stabilise the
4C1 pucker state.
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7.2.5 MD simulations of the S. flexneri 7a O-Ag repeating unit with CHARMM36

and GLYCAM06

The trisaccharide MD and PMF simulations of 3,4-disubstituted β-D-GlcpNAc highlighted sig-
nificant differences between the CHARMM36 and GLYCAM06 force fields. Particularly with
respect to the dynamic behaviour and conformations adopted by the β-D-GlcpNAc ring. To
further compare and contrast the differences between the two force fields we perform solution
MD simulations on a single repeating unit of Sf 7a with each force field.

The results show that the β-D-GlcpNAc ring adopts a 1C4 conformation for extended periods of
time in the simulations of both force fields (Figure 7.15: c). In the CHARMM36 simulation the
β-D-GlcpNAc ring spends approximately 40% of the simulation time in 1C4. The β-D-GlcpNAc
ring enters the 3S1, B1,4, and 5S1 states (Figure 7.15: g) as it also does in the 6 RU simulation.
However, in this 1 RU structure it also populates the 1S5 conformer for significant periods of
time.

The β-D-GlcpNAc residue from the 1 RU modelled with GLYCAM06 spends approximately
80% of the simulation time in the 1C4 pucker state (Figure 7.15: c, h). It also makes constant
transitions into boat/skew but these are short-lived. This is markedly different not only to the
CHARMM36 Sf 7a 1RU but also to the GLYCAM06 simulations, where significantly more time
is spent in boat/skew states.

The results from these 1RU simulations are similar to the trisaccharide simulations. They show
that the GLYCAM06 modelled structure has a more dynamic β-D-GlcpNAc ring. Making more
frequent transitions between different pucker states. This indicates that the energy barrier
between the different pucker conformers is smaller in GLYCAM06 than the CHARMM36 force
field.
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Figure 7.15: Time series of the Cremer-Pople ϕ pucker parameter for β-D-GlcpNAc in aaGN (a, b) and 1RU
of Sf 7a (c, d). Polar projections of the Cremer-Pople puckering sphere for β-D-GlcpNAc in aaGN (e, f) and
the 1RU of Sf 7a (g, h). Simulations with CHARMM36 have a white background and with GLYCAM06 a grey

background.
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7.3 Discussion

The β-D-GlcpNAc ring puckers into boat/skew in all the trisaccharides modelled regardless of
the anomeric configuration or orientation of the glycosidic linkages. However, the extent of
ring pucker is highly dependant on linkage configuration with α-disubstitution correlated to
the most pucker followed, to a lesser extent, by β-disubstitution. When the anomeric configu-
rations at the 3- and 4- positions are not the same (i.e. one is α- and the other β-) we observe
the least amount of β-D-GlcpNAc ring pucker.

3,4-disubstituted β-D-GlcpNAc puckering occurs in both force fields. All GLYCAM06 simu-
lated structures had faster ring pucker transition rates than those modelled with CHARMM36,
which is consistent with previous simulations of monosaccharides.217 These results suggest
that the energy required to transition between pucker states is highly sensitive to anomeric
configuration of the 3- and 4- linked residues as well as the force field employed.

It is commonly assumed that the orientations of glycosidic linkages in oligosaccharides or
polysaccharides are similar to those in their individual disaccharide components. In gen-
eral, information obtained from disaccharide units can be extended to oligo- and polysaccha-
rides.8,10,196 However, modelling of 3,4-disubstituted trisaccharides show that this assumption
on additivity does not always hold; the orientations of both the 3- and 4- glycosidic link-
ages, as well as the β-D-GlcpNAc ring conformations, are different to those of related disac-
charides. This could be due to stereoelectronic interactions between the substituting sugars,
which cause the glycosidic linkage torsion angles in the trisaccharides to differ from those
in the corresponding disaccharides — as is the case for 3,4-disubstituted β-D-Glcp and β-D-
GlcpNac residues.

For example, Soderman et al. studied glucose trisaccharides with a 3,4-disubstitution pattern
and varying anomeric configurations using Metropolis Monte Carlo simulations in conjunc-
tion with the HSEA force field.54 They showed that the trisaccharide α-D-GlcpI-(1→3)-[α-D-
GlcpI (1→4)]-β-D-GlcpOMe, had “larger conformational changes with multiple energy min-
ima” at the α-(1→4)-linkage compared to the α-(1→3)-linkage and with a correlated depen-
dence between the glycosidic torsion angles ϕ and ψ.54 They also note that the α-linked glu-
cosyl groups exhibit larger flexibility and greater glycosidic linkage deviations compared to
the β-linked groups, demonstrating the effect of anomeric configuration on glycosidic linkage
orientation and trisaccharide conformation, which we also observe in our study.

QM and MD simulations of β-D-GlcpNAc monosaccharide and its derivatives all indicate that
increased substitution of the β-D-GlcpNAc ring increases ring stability.63,64 The 4C1 state is
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favoured as the amount of energy required to transition to boat/skew increases with ring sub-
stitution. Consequently, in microsecond MD simulations greater substitution of β-D-GlcpNAc
leads to the ring spending more time in 4C1 and making fewer transition to other pucker states.
This is not observed in aaG and aaGN where 3,4-disubstitution appears to increase the amount
of ring puckering. Puckering also occurrs in baGN, abGN, and bbGN but to a lesser degree.

In 2011 Satelle and Almond reviewed the ring conformations of high-resolution (≤ 2.0 Å) crys-
tallographic Protein Data Bank (PDB) and Cambridge Structural Database (CSD) GlcpNAc
monosaccharides.63 They discovered that approximately 97% of the over 3100 occurrences
adopted a 4C1 conformer, while 0.5% were 1C4, and 2.6% adopted boat or skew conforma-
tions. The PDB structures were observed in non-enzyme structures such as viral hemagglu-
tinin, SNA-II, CD2, and interleukin-19.282–285 In total, two free GlcpNAc monosaccharides were
analysed and these were retrieved from the CSD.

In non-4C1 states ring substituents of β-D-GlcpNAc have increased axial characteristics — or
are fully axial as in 1C4. Bulky groups in an axial configuration are typically disfavoured in
these rings as it can lead to increased 1,3-diaxial steric interactions. In the equatorial con-
figuration these strains do no occur and therefore the 4C1 pucker state is preferred. However,
bulky groups substituted at the 3- and 4- positions of β-D-GlcpNAc will lead to increased steric
crowding around the ring as there is a large group at positions 2, 3, 4 and 5.

This strain can be minimised in two general ways. The first is rotation of the glycosidic linkages
at the 3- and 4- positions as well as rotation of the N-Ac and CH2OH groups. The second is by
puckering of the β-D-GlcpNAc ring. These changes will likely increase torsional and ring strain
but may also decrease steric strain between the ring substituents. This effect is possibly the
cause of β-D-GlcpNAc pucker in the trisaccharide simulations. The correlation of the glycosidic
linkage orientations and β-D-GlcpNAc ring pucker further supports this hypothesis. When β-
D-GlcpNAc adopts a boat/skew conformation, the glycosidic linkages become more flexible
and closely resemble the typical disaccharide torsion angles. Puckering into pseudoequatorial
conformations, as occurs in boat/skew states, potentially allows for increased flexibility of
the glycosidic linkages and reduces the steric interactions of the substituents. The 3- and 4-
substitution likely produces the necessary torque to pucker the ring even though this may
result in increased 1,3-diaxial interactions and ring strain. These steric and torsional forces
are in a constant state of interaction and change as the molecule moves towards lower energy
states and are potential contributors to the ring puckering observed.

The ring pucker free energies measured can be closely correlated to the structures observed
in the trisaccharide MD simulations for both the CHARMM36 and GLYCAM06 force fields.
This indicates that the ring puckering behaviour is a consequence of force field parameters, at
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least in part, and not solely due to the nature of the simulated system. A consequence of this
is that either these force fields do not accurately parameterise 3,4-disubstituted β-D-GlcpNAc
structures, or such puckering is an actual chemical characteristic, or a combination of both.
Experimental measurements may be able to provide further insights into these assumptions.
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flexneri 7a and 7b O-Ags

In Chapter 6 we modelled the Sf 7a and 7b O-Ag and identified unusual puckering of the
β-D-GlcpNAc ring. The 3,4-disubstitution pattern of the β-D-GlcpNAc residue, with the disac-
charide glucose attached to the 4-position, likely provides the necessary torque to pucker the
ring. The trisaccharide simulations in Chapter 7 also highlight the effects of 2-N-acetylation
and anomeric configuration on β-D-GlcpNAc ring pucker conformation and dynamics. How-
ever, based on these observations alone we are unable to determine whether the simulations
reveal a real phenomenon or if the unexpected ring conformations are a result of the force
fields.

In this chapter, we analyse the conformations of Sf Y, 7a and 7b with NMR spectroscopy ex-
periments. We aim to provide empirical evidence for the conformations observed in the O-
Ag simulations and determine whether the unusual puckering observed can be corroborated
experimentally. Previous experimental and modelling studies of S. flexneri Y, 1, 3, 5 and 6
O-Ags15,16,22–25 do not reveal puckering of the β-D-GlcpNAc ring. As such, experimental mea-
surements of Sf 7a and 7b can provide insight into the conformations of the O-Ags and poten-
tially highlight unusual ring conformations.

To aid in the conformational analysis we perform a series of 1H NMR experiments on Sf Y,
7a and 7b. We also compare the measurements against those from previous studies of β-D-
GlcpNAc monosaccharide (GN) and a trisaccharide (R3GN)125 as these structures, based on
their substitution patterns, represents a model for β-D-GlcpNAc in Sf Y and the branching
region of Sf 7a and 7b (Figure 8.1).
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Figure 8.1: Structures of GN and R3GN in chemical representation (top) and standard nomenclature (bottom).

8.1 Methods

We investigate O-Ag conformation and dynamics by NMR spectroscopy using several differ-
ent approaches. We measure the change in anomeric 1H chemical shift with temperature and
calculate 3JH,H couplings for the ring protons of β-D-GlcpNAc in Sf Y and 7a by 1D 1H, 1H-
TOCSY. We perform NOESY experiments on Sf 7a and 7b to identify through space coupling
between proton pairs. Finally, we compare NOESY derived 1H-1H distances with distances
calculated from the MD simulations of Sf 7a and 7b using a root mean square difference anal-
ysis.*

8.1.1 Sample preparation

The O-Ag from S. flexneri serotype Y (10 mg), 7a (8 mg) and 7b (10 mg) were separately
deuterium-exchanged by dissolving the samples in excess of 99.9% D2O followed by freeze-
drying. The freeze-dried samples were then dissolved in 0.5 mL 99.9% D2O added to a 5 mm
NMR tube, freeze-dried, and re-dissolved in 0.6 mL of 99.99% D2O; sodium 3-trimethylsilyl-
(2,2,3,3-2H4)-propanoate (TSP) was added as internal reference (δ1H 0.00 ppm).

8.1.2 1H NMR and 13C NMR measurements

1D 1H, 1H TOCSY experiments with mixing times of 30, 60, 90 and 120 ms were recorded
on a 700 MHz Bruker AVANCE III spectrometer equipped with a TCI Z-Gradient Cryoprobe.

*All NMR experiments were performed in collaboration with the Widmalm Research Group at the Department
of Organic Chemistry, University of Stockholm. 286

118



8.1. Methods

Selective irradiation was achieved using a R-SNOB pulse with a 100 ms excitation time centred
on the H1-GlcpNAc resonance. The 3JH,H measurements of the GlcpNAc-residue of Sf Y and
Sf 7a from 1H-NMR and 1D 1H, 1H TOCSY were all processed using a Lorentz-Gaussian (lb=
–3 and gb=0.15). The TOCSY spectra of Sf Y and 7a were made through irradiation of H1-
GlcpNAc. Relevant 3JH,H couplings were calculated from position H1 as well as the total width
of the peaks from positions H2, H3 and H4.

8.1.3 1H NMR temperature studies

1H NMR temperature studies were performed of S. flexneri Y and 7a O-Ag at 5 K increments
between 278.15 K and 318.15 K. An additional measurement for Sf 7a was made at 343.15 K.
An external TSP reference was used. Methanol-d4 was employed for temperature calibration.
Temperature studies on Sf 7b were not be performed due to significant peak overlap in the
1H NMR spectra.

8.1.4 1H NMR nuclear Overhauser effect spectroscopy

1H NMR chemical shifts assignments of the serotypes 7a O-Ag have been previously re-
ported.52 Partial assignments for Sf 7b have also been reported.53 Proton – proton cross-
relaxation rates were measured using a 2D 1H, 1H-NOESY experiment with a zero-quantum
suppression filter113 on a Bruker Avance 500 MHz, equipped with a 5 mm TCI (1H/1C/1N)
Z-Gradient (53.0 Gcm-1) CryoProbe. The experiments were recorded over a spectral width of
7.0 ppm using non-uniform sampling (NUS) at a 20% level of coverage, with 16k×256 data
points using 18 scans per T1 increment and a total recycle time between scans corresponding
to five times the longest T1. For all experiments, a 40 kHz broad and 20 ms long adiabatic
smoothed CHIRP287 pulse was used for the elimination of zero-quantum coherence.

NOESY and HSQC experiments were recorded at 42 ◦C for Sf 7a to avoid spectral overlap be-
tween the HDO-peak and H1-GlcpNAc. Experiments at this temperature allows for better res-
olution of the anomeric protons compared to the published assignment recorded at 70 ◦C.52,53

To confirm assignments at the new temperature, 1H, 13C-HSQC and 1H, 13C-HSQC-TOCSY
were recorded for Sf 7a.

The 2D 1H, 1H-NOESY experiments of serotypes 7a O-Ag were run at two different tempera-
tures. At 290.15 K eleven different cross-relaxation delays (mixing times) of 30, 40, 50, 60, 70,
80, 90, 110, 120, 150 and 200 ms were used. At 315.15 K ten different mixing times of 30, 40, 50,
60, 70, 80, 90, 110, 150 and 200 ms were used. Only the experiments at 315.15 K were used for
determining cross-relaxation rates. The 2D 1H, 1H-NOESY experiments of serotypes 7b O-Ag
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were run at 325.15 K with four mixing times of 30, 50, 60, and 90 ms. Relatively short mixing
times were recorded for both O-Ags to minimize the contribution from spin diffusion.

We employed non-uniforming sampling as opposed to uniform sampling for the nOe measure-
ments. In a study comparing the two approaches, NUS was found to have slightly lower cross-
relaxation rates, which may be related to the high dynamic range of nOe measurements.139

However, when calculating 1H-1H distances from cross-relaxation rates we employ a similar
approach, which results in the “effective inter-nuclear distances derived from US or NUS 1H,
1H-NOESY data to become highly similar under equal measuring time conditions”.139

Integral volumes were calculated using the TOPSIN v4.2 software package. The F1 and F2 radii
of each integrated peak (or set of peaks) were iteratively selected to provide optimal curve
fitting. Cross-relaxation values were calculated using the Classical, Normalised Classical,
PANIC (Peak Amplitude Normalization for Improved Cross-Relaxation)116,117 and Dixon118

approaches (as described in Chapter 3). The measured nOe cross-peak volumes at different
mixing times were fitted by linear regression to maximise the r2 value. AutoPeak volumes at
different mixing times were fitted with a standard exponential function.

1H-1H cross-relaxation rates (σ) for the observed proton pairs were calculated for Sf 7a utilizing
the classical and PANIC approach to generate nOe build-up curves. The Dixon approach was
used to obtain the cross-relaxation rates for the resolved proton pairs of Sf 7b. We derive the
cross-relaxation rates for the classical and normalised classical plots from the first order term
of the second order polynomial. For the PANIC the plots the cross-relaxation is equal to the
gradient of the line of best fit and for the Dixon plots the cross-relaxation is obtained from
the y-intercept. The cross-relaxation rates of the resolved correlations were obtained from
polynomial fittings with r2

> 0.97 while ensuring that the y-intercept was within 5% of the
value at the longest mixing time. Visual inspection of the plots provided further assurance of
the appropriateness of the fitting procedure.138,139

Standard errors were calculated for all cross-relaxation rates and experimentally determined
proton-proton distances. Errors in σ were calculated using the bootstrap resampling proce-
dure and are reported as one standard deviation. Errors were subsequently estimated for the
experimentally determined proton-proton distances based on a ±1 standard deviation.138,139

1H-1H distances

The approach herein to measure 1H-1H distances is similar to those used in studies of oligo-
and polysaccharides.110,135,139,242 The cross-relaxation rates obtained for the different proton
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pairs were used to calculate their corresponding distances, rij, in accordance with the isolated
spin pair approximation288 by:

rij = rre f (σre f /σij)
1/6 (8.1)

where rre f , is the reference 1H-1H distance, σre f is the reference cross-relaxation rate and σij is
the proton pair cross-relaxation rate. Effective 1H-1H distances, rij,e f f , from the Sf 7a and 7b
MD simulations were calculated by:

rij,e f f = ⟨r6
ij⟩

−1/6 (8.2)

The reference distances, rre f , are also calculated from the MD simulations by:

rre f = ⟨r6
ij⟩

−1/6 (8.3)

All 1H-1H distances from MD simulations of Sf 7a and 7b were calculated by averaging over
all saved time frames, excluding the first 100 ns, which is taken as equilibration. Only proton
pairs from the four central repeating units were used in the measurements. The H1-GlcI –
H2-GlcI (2.47 Å) distance was used as reference for methine-methine correlations. Distances
from methyl-methine correlations were obtained using Me-RhaII – H5-RhaII (2.60 Å) as the
reference. Reference distances were calculated using the effective 1H-1H distance from the MD
simulation of the respective O-Ag. Additional reference proton pairs cross-peaks could not be
clearly and unambiguously identified from the nOe spectra.

We compare 1H-1H distances calculated from the MD simulations of Sf 7a and 7b against
distances derived from nOe spectroscopy of the O-Ags using two approaches. In the first ap-
proach we directly compare distances calculated from the four central repeating units of the en-
tire MD simulation trajectory (excluding the first 100 ns) against the NOESY derived distances.
In the second approach we combine repeating units that have β-D-GlcpNAc in either 4C1 or
boat/skew states across a range of different ratios — from 97.5:2.5 to 70:30 4C1:boat/skew in
2.5% increments. We perform these measurements in a multi-step process:

1. Extract all repeating units from the MD simulation trajectory that only contain β-D-
GlcpNAc in 4C1.

2. Randomly extract the required number of repeating units from the MD simulation tra-
jectory that only contain β-D-GlcpNAc in boat/the skew states.
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Chapter 8. NMR conformational studies of Sf 7a and 7b.

3. Combine the randomly selected repeating units from 1) and 2) to obtain the required
ratio of 4C1:boat/skew β-D-GlcpNAc.

4. Calculate 1H-1H distances from this combined group of repeating units using Equa-
tion 8.2.

Finally, we calculate and compare the RMSD between 1H-1H distances calculated from these
measurements against the NOESY derived distances for both O-Ags. The RMSD calculations
allows for determining which distances change significantly with molecular conformation
which distances do not.

8.2 Results

The NMR conformational studies of Sf 7a and 7b are divided into several parts. We begin
with 1H NMR temperature measurements of Sf Y and 7a followed by an analysis of 3JH,H cou-
pling on the β-D-GlcpNAc residue of the two O-Ags. Sf 7b is not included in these studies as
the 1H NMR peaks of interest are not sufficiently defined for accurate measurements. Finally,
we interpret the NOESY spectra of Sf 7a and 7b, calculate 1H-1H derived from the nOe corre-
lations, and compare these experimental 1H-1H distances against those determined from the
respective MD simulations.

8.2.1 1H NMR temperature studies of S. flexneri Y and 7a O-Ags

Standard 1D 1H NMR measurements, to calibrate the spectrometer and minimise peak over-
lap, showed significant change of chemical shift for several anomeric protons as a function
of temperature. This behaviour was not observed for Sf Y or other S. flexneri O-Ags. We
therefore performed 1H NMR temperature studies of Sf Y and 7a to measure the temperature
dependence of the anomeric proton chemical shift. However, the anomeric proton chemical
shift peaks for Sf 7b are not well defined across the temperature range and the O-Ag is not
included in this analysis.

Sf 7a shows a greater change in chemical shift as a function of temperature (∆δ/∆T) for the
anomeric protons compared to Sf Y (Figure 8.2). H1 of β-D-GlcpNAc has a +0.3 ppb/◦C for
Sf Y and +1.3 ppb/◦C for Sf 7a (Figure 8.2: b, d), a large difference of 1 ppb/◦C. Similarly,
there is a 1 ppb/◦C difference for H1-RhapI at +0.7 ppb/◦C for Sf Y vs −0.3 ppb/◦C for Sf

7a (Figure 8.2: b, c). The change in chemical shift for H1-RhapII in the two O-Ags is less than
+0.2 ppb/◦C for both O-Ags. However, H1-RhapIII also shows a significant difference with
−0.4 ppb/◦C for Sf Y and −1.1 ppb/◦C for Sf 7a (Figure 8.2: a, c).

122



8.2. Results

Figure 8.2: (a - f) Change in 1H NMR chemical shift between the measured temperature range for the anomeric
protons in S. flexneri Y and 7a O-Ags. (g) Change in 1H NMR chemical shift as a function of temperature
(∆δ/∆T, ppb/°C) between the measured temperature range for the anomeric protons in S. flexneri 7a and Y
O-Ags. For all anomeric protons, with the exception of H1-RhapII, the magnitude of ∆δ/∆T, ppb/°C is greater

in Sf 7a compared to Sf Y.
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Chapter 8. NMR conformational studies of Sf 7a and 7b.

A significant temperature dependence was also observed for the branched H1-GlcpI and H1-
GlcpII residues in Sf 7a. H1-GlcpI (Figure 8.2-e) has a change of −2.3 ppb/◦C while H1-GlcpII

has a lesser but notable correlation to temperature (Figure 8.2-f) at −0.9 ppb/◦C.

These results demonstrate a correlation between the change in anomeric proton chemical shift
with distance from the O-Ag branch point (Figure 8.2-g) — the further the anomeric proton
from the branch point on β-D-GlcpNAc, the smaller the difference in chemical shift when com-
pared to Sf Y. The large change in chemical shift of H1-GlcpI and H1-GlcpNAc may indicate
conformational flexibility at the branch point of the O-Ag.110

8.2.2 3JH,H coupling in β-D-GlcpNAc

The magnitude of the 3JH,H coupling is a function of the torsion angle between the vicinal pro-
ton pairs, as described by the Karplus equation (Equation 3.1),107 and can provide an indirect
measure of significant distortions in the β-D-GlcpNAc ring.66,289 We measure 3JH,H couplings
for β-D-GlcpNAc in Sf Y and 7a (Figure 8.3) and perform a comparative analysis with β-D-
GlcpNAc in R3GN and GN (Figure 8.4).125

Figure 8.3: Selected regions of the 1D 1H, 1H-TOCSY spectra of the H1 to H4 resonances from N-acetyl-D-
glucosamine residue in Sf 7a (top) and Y (bottom). Double arrows indicate the value of (a and e) 3J H1, H2;
the total width of the dd corresponding to (b and f) 3J H2, H1 + 3 H2, H3; (c and g) 3 H3, H2 + 3 H3, H4; and

(d and h) 3 H4, H3 + 3 H4, H5. 286
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Figure 8.4: Scalar 3JH,H coupling constants (Hz) for selected protons in the GlcpNAc residue of β-D-GlcpNAc-
OpNP (GN), α-L-Rhap-(1→3)-[α-D-Glcp-(1→4)]-β-D-GlcpNAc-OPr (R3GN), S. flexneri 7a, and Y. 54,125

The Sf Y and 7a H1 doublet 3JH,H couplings (Figure 8.3: a, e) are similar at 8.5 Hz and 8.1 Hz
respectively. As are the H2 doublet-of-doublet 3JH,H couplings (Figure 8.3: b, f): Sf Y = 17.1 Hz
and Sf 7a = 8.1 Hz, indicating that the H1 – H2 and H2 – H3 torsion angles are similar be-
tween the two O-Ags. In contrast, the Sf Y and 7a H3 (Figure 8.3: c, g) and H4 (Figure 8.3:
d, h) doublet-of-doublet 3JH,H couplings are significantly different: H3 Sf Y = 19.0 Hz, Sf 7a =
15.2 Hz; H4 Sf Y = 18.6, Sf 7a = 15.2 Hz. These measurements suggest notable differences in
the stereoelectronic environments at H3 and H4 between the two O-Ags.

The largest difference in 3JH,H coupling is for the H3-H4 proton pair. In Sf Y and GN the
value is 9.0 Hz, indicating that substitution at the 3-position by RhaI has no discernible effect
on the coupling magnitude. In comparison, the 3JH,H H3-H4 coupling in Sf 7a and R3GN are
smaller at 6.2 Hz and 6.6 Hz respectively. The difference in the β-D-GlcpNAc H3-H4 (and to
an extent the H2-H3) 3JH,H coupling between Sf Y and 7a can be rationalised by differences in
ring distortion between these proton pairs. In the 4C1 conformation H3-H4 are antiperiplanar
with a torsion angle of approximately 170◦ (Figure 8.5-a), while in boat/skew conformations
the angle may be smaller (Figure 8.5-b). Stereoelectronic changes caused by substitution at the
4-position of β-D-GlcpNAc in Sf 7a may not solely account for the difference in values. Instead,
changes in the ring proton torsion angles, such as through distortions of the β-D-GlcpNAc ring,
may significantly contribute to the coupling observed.

The β-D-GlcpNAc H1-H2 3JH,H couplings for GN, Sf Y and 7a have similar values: 8.6 Hz,
8.5 Hz and 8.1 Hz respectively; but smaller for R3GN at 7.5 Hz. The magnitude of the H2-
H3 3JH,H coupling in GN (10.4 Hz) and Sf Y (10 Hz) are similar. However, the H2-H3 3JH,H
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Chapter 8. NMR conformational studies of Sf 7a and 7b.

Figure 8.5: The H3-H4 torsion angle from two of the possible conformations of the β-D-GlcpNAc ring in Sf 7a.
The anti-periplanar arrangement (a) will provide a larger 3JH,H coupling compared to the non-antiperiplanar

arrangement (b).

coupling in Sf 7a is 9.0 Hz; as is shown in the H2 doublet-of-doublet (Figure 8.3). The H2-H3
3JH,H coupling in R3GN is even smaller at 7.2 Hz. These measurements indicate that the tor-
sion angle between H2-H3 is smaller in Sf 7a and R3GN, suggesting potential ring distortions
between H2-H3, compared to Sf Y and GN. 1H, 1H-NOESY experiments can provide further
insight into β-D-GlcpNAc ring conformation through detection of intra- and inter-residue cor-
relations, and 1H-1H distances.

8.2.3 1H, 1H-NOESY spectra of S. flexneri 7a and 7b O-Ags

We analyse and compare selected regions of the Sf 7a and 7b 1H, 1H nOe spectra as shown in
Figure 8.6. In Sf 7a all trans-glycosidic linkage correlations† apart from H1-RhapIII – H2-RhapII

are resolved, allowing for analysis of cross-peak intensities. Three trans-glycosidic proton
pairs are of similar intensity: H1-RhapII – H2-RhapI, H1-RhapI – H3-GlcpNAc, and H1-GlcpII

– H2-GlcpI (Figure 8.6-d), which suggests that the trans-glycosidic distances may be similar.
In contrast, the H1-GlcpNAc – H2-RhaIII cross-peak is stronger (Figure 8.6-c), which points to
a shorter distance between the protons. H1-GlcpI – H4-GlcNAc, however, has a noticeably
weaker cross-peak and may be further apart (Figure 8.6-e).

Cross-peaks for three proton pairs on the Sf 7a β-D-GlcpNAc ring were identified: H1-
GlcpNAc-H3-GlcpNAc, H1-GlcpNAc-H5-GlcpNAc, and H3-GlcpNAc-H5-GlcpNAc, for all

†Correlations of glycosidic protons directly across a glycosidic bond.
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Figure 8.6: Selected regions of 1H, 1H-NOESY spectra at 500 MHz from the O-Ags of S. flexneri 7a (a – e) along
the F2 dimension and 7b (f) along the F1 dimension for mixing times of 110 and 150 ms respectively with

annotations showing relevant intra-residue cross-peaks. 286
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mixing times. The presence of these cross-peaks, together with the 3JH,H coupling measure-
ments, indicate that the β-D-GlcpNAc ring does not solely adopt the unusual 1C4 conforma-
tion. If 1C4 was present for significant periods of time the H1, H3, and H5 ring protons would
be equatorial and the nOe correlations would be notably weaker.63,66,125

Inter-residue methyl-methine correlations for Me-RhapI – H1-GlcpI and Me-RhapI – H1-GlcpII

indicate a syn-orientation of the H1-RhapI – H3-GlcpNAc linkage (Figure 8.6: a, b), as only
in the syn-orientation is the Me-RhapI in sufficiently close proximity to the branched Glcp

residues. Further, these methyl-methine correlations also suggest that the H1-GlcpI – H4-
GlcpNAc may be in a syn-orientation — if H1-GlcpI – H4-GlcpNAc adopts an anti-orientation
for extended periods of time the Me-RhapI – H1-GlcpI and Me-RhapI – H1-GlcpII cross-peaks
would either be significantly smaller or not present at all.290,291 Therefore, based on the nOe
cross-peaks observed, it is more likely the H1-GlcpI – H4-GlcpNAc linkage adopts a syn-
orientation as opposed to an anti-orientation.

Additionally, the inter-residue H1-GlcpI – H5-RhapI cross-peak intensity is similar to the intra-
residue H1-GlcpII – H2-GlcpI correlation (Figure 8.6: c, d). Similarly, cross-peak intensities of
H1-GlcpI – H3-GlcpNAc and H1-GlcpI – H4-GlcpNAc are of comparable size (Figure 8.6-e).
These observations suggest that each set of proton pairs are equidistant and that the measure-
ments correspond to one or more distinct conformations of Sf 7a.

The 1H and 13C NMR spectra of the Sf 7b contains extensive peak overlap due to partial
O-acetylation of RhapI2Ac.53 O-acetylation does not significantly change the chemical shifts
of the anomeric protons, with the exception of H1-GlcpI, which changes from 5.76 ppm to
5.80 ppm (Figure 8.6-f). The same inter-residue cross-peaks are observed in the 1H, 1H NOE
spectra of Sf 7b as in Sf 7a. The peak intensities of H1-GlcpI – H3-GlcpNAc and H1-GlcpI –
H4-GlcpNAc are of similar size suggesting the distances between the protons in each pair are
similar between the two O-Ags. Additionally, no N-acetyl nOe contacts were identified in both
Sf 7a and 7b. Similarly, no RhapI 2-OAc contacts in Sf 7b were present.

8.2.4 S. flexneri 7a O-Ag 1H-1H distances

We calculate O-Ag 1H-1H distances from the Sf 7a MD simulations and NOESY experiments.
1H-1H distance measurements provide a means for comparing the O-Ag conformations mod-
elled by MD simulation against the O-Ag studied during the NOESY experiments.135,138,139

Intra- and inter-residue 1H-1H cross-peaks within and between all residues in the NOESY spec-
tra of Sf 7a allow for the quantitative analysis of interproton distances by auto- and cross-peak
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Figure 8.7: 1H, 1H NOESY buildup curves from the S. flexneri 7a O-Ag employing the PANIC approach —
trans-glycosidic (top-left), inter-residue (top-right), intra-residue (bottom-left), and methyl-methine (bottom-

right). Cross-relaxation rates obtained from the slopes of the fitted data.

integration.135,136,138,139 We calculate cross-relaxation rates (Table B.1) between proton pairs us-
ing nOe buildup curves292 derived from the four approaches (Classical, Normalised Classical,
PANIC and Dixon; Equations 3.2 - 3.5).

We expect the classical, normalised classical and PANIC nOe buildup curves to be straight
lines that intersect the origin. All three methods provide straight line plots for all cross-peaks
but only the normalised classical and PANIC intercept near the origin. Additionally, the Dixon
buildup curves have an unusual positive gradient. Typically Dixon curves have a negative
gradient118,293–295 indicating that, for increasing mixing times, the cross-peak intensity (ηIS)
generally rises slower than the product of the auto-peak intensity (ηap) and mixing time (τm):
ηap(τm)τm (Equation 3.5). These results indicate that the normalised classical and PANIC ap-
proaches provide a more accurate measure of cross-relaxation rates. However, the PANIC
method gives the best fit of the data points (Figure 8.7) and provides the most consistent dis-
tance measurements across all measured cross-peaks. It is therefore solely used in the further
analysis of this section and from herein referred to as the experimental measure.

Figure 8.8 depicts selected 1H-1H distances and the conformation of residues at the β-D-
GlcpNAc branch-point in Sf 7a; showing the large number of intra- and inter-resdiue nOe
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Figure 8.8: (a) Selected 1H-1H distances calculated from the NOESY spectra of Sf 7a. The are a large number
of intra- and inter- residue nOe interactions, highlighting the short distances between protons on the neigh-
bouring α-L-RhaI, β-D-GlcpNAc, and α-D-GlcpI residues. (b) Conformations of residues at the β-D-GlcpNAc
branch-point in Sf 7a showing the orientation of the α-D-GlcpI and α-D-GlcpII side chains towards α-L-RhaI

and away from C6 of β-D-GlcpNAc, as indicated by the 1H-1H distance measurements.

interactions and the orientations of the side chain. The experimentally derived backbone
trans-glycosdic distances, H1-RhaII – H3-RhaI (2.39 Å), H1-RhaI – H3-GlcpNAc (2.34 Å), and
H1-GlcpNAc – H2-RhaIII (2.10 Å); fall in a range that indicate the linkages are predominantly
or entirely in syn-orientation (Figure 8.8-a).15,77 The side chain H1-GlcpII – H2-GlcpI distance
(2.37 Å) also correspond to a syn-orientation. These distance align with trans-glycosidic dis-
tances of S. flexneri serotypes 1, 2, 3, and 5.15,77

In contrast, we cannot readily determine whether the H1-GlcpI – H4-GlcpNAc linkage is in
solely the syn- or anti-orientation based on the experimentally measured distances alone. A
distance of 2.72 Å indicates a linkage that is too long for one that is in the syn-orientation,
which would be nearer to 2.2 Å,15 and too short for one that is entirely in the anti-orientation,
which would be nearer to 3.5 Å.296 The glycosidic linkage may either alternate between syn-
and anti- states (and we measure the average distance from these two states) or remain at a
position between the two orientations, although the latter would be unusual.

Three inter-residue distances were measurable: H1-GlcpI – H5-RhaI (2.34 Å), H1-GlcpI – H3-
GlcpNAc (2.66 AA), and H1-GlcpI — H1-GlcpII (2.44 Å); and provide insight into the orienta-
tion of the glycosidic linkages and conformation around the β-D-GlcpNAc branch-point. All
these measurements disfavour an anti-orientated H1-GlcpI – H4-GlcpNAc linkage as the dis-
tances would otherwise be much longer. The three intra-residue β-D-GlcpNAc distances are
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Table 8.1: 1H, 1H distances calculated from the MD simulations (rMD in Å) and NMR nOe experiments (rexp

in Å) from the S. flexneri 7a O-Ag. Calculated from 1H,1H-NOESY NMR buildup curves using the PANIC
approach. Computed distances from the MD simulation are based on the four inner RUs of the O-Ag and are

subdivided into trans-glycosidic, inter-residual, intra-residual, methyl-methine, proton pairs.

Proton Pair rexp rMD % diff. Proton Pair rexp rMD % diff.

Trans-glycosidic Intra-residue

H1-RhaII H3-RhaI 2.39 ± 0.029 2.32 ± 0.003 3% H1-GlcpNAc H3-GlcpNAc 2.44 ± 0.030 2.97 ± 0.001 20%

H1-RhaI H3-GlcpNAc 2.34 ± 0.029 2.34 ± 0.003 0% H1-GlcpNAc H5-GlcpNAc 2.63 ± 0.032 2.81 ± 0.003 6%

H1-GlcpNAc H2-RhaIII 2.10 ± 0.029 2.30 ± 0.003 9% H3-GlcpNAc H5-GlcpNAc 2.95 ± 0.038 3.53 ± 0.001 18%

H1-GlcpI H4-GlcpNAc 2.72 ± 0.035 2.29 ± 0.004 17% Inter-residue

H1-GlcpII H2-GlcpI 2.37 ± 0.030 2.38 ± 0.004 2% H1-GlcpI H5-RhaI 2.34 ± 0.028 2.79 ± 0.003 18%

Methyl-methine H1-GlcpI H3-GlcpNAc 2.66 ± 0.034 2.68 ± 0.003 1%

Me-RhaI H1-GlcpI 3.14 ± 0.023 3.29 ± 0.002 5% H1-GlcpI H1-GlcpII 2.44 ± 0.031 2.28 ± 0.004 7%

Me-RhaI H1-GlcpII 3.01 ± 0.021 3.23 7% Reference

Me-RhaII H2-RhaI 3.93 ± 0.030 3.93 3% H1-GlcpI H2-GlcpI - 2.45 ± 0.001 -

Me-RhapI H4-RhapI 2.70 ± 0.020 2.87 6% H1-GlcpII H2-GlcpII - 2.49 ± 0.002 -

Me-RhapII H4-RhapII 2.51 ± 0.017 2.86 13% H1-RhapIII H2-RhapIII - 2.47 ± 0.001 -

Me-RhapIII H4-RhapIII 2.69 ± 0.019 2.87 6% H5-RhapII Me-RhapII - 2.60 ± 0.002 -

interesting as explained. The H1-GlcpNAc – H3-GlcpNAc (2.44 Å) and H1-GlcpNAc – H5-
GlcpNAc (2.63 Å) distances are consistent with a 4C1 ring. However, the H3-GlcpNAc – H5-
GlcpNAc (2.95 Å) distance is longer in comparison, which would only be possible with a level
of ring distortion between C3 and C5.

Six methyl-methine distances were recorded. Three of these are inter-residue and conforma-
tionally diagnostic. The Me-RhapI – H1-GlcpII (3.14 Å) and Me-RhapI – H1-GlcpI (3.01 Å) dis-
tances indicate the GlcpII residue is rotated toward RhapI and away from C6 of β-D-GlcpNAc
(Figure 8.8-b). There is also a long range nOe contact between Me-RhapII – H2-RhapI (3.93 Å).

We now compare the experimentally measured 1H-1H distances in Sf 7a with those calculated
from the MD simulations (Table 8.1, Table B.2, and Table B.6). The percentage difference for
most proton pair distances are quite large with an average of 9% for methine-methine pairs
and 7% for methyl-methine pairs. However, there is reasonably good agreement for almost
all trans-glycosidic proton pairs, with an average difference of approximately 4%. The only
exception is H1-GlcpI – H4-GlcpNAc where the difference is 17 %. These results suggest that,
with the exception of H1-GlcpI – H4-GlcpNAc, the glycosidic linkage orientations of the exper-
imentally studied and modelled O-Ags may be similar.
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Figure 8.9: Root mean square difference for selected 1H-1H distances calculated by NOE experiments and
MD simulations of Sf 7a. Measurements made at different ratios of 4C1 and boat/skew conformations of β-D-
GlcpNAc. The lower the RMSD the more closely the 1H-1H distances between the two methods are aligned.
RMSD distance calculations made for the following proton pairs: (a) H1-GlcpI – H4-GlcpNAc; (b) H1-GlcpI –
H5-RhaI; (c) intra-residue β-D-GlcpNAc proton pairs; (d) All proton pairs (blue curve), and all proton pairs

except H1-GlcpI – H4-GlcpNAc, H1-GlcpI – H5-RhaI and intra-residue β-D-GlcpNAc (orange curve).

The intra-residue β-D-GlcpNAc distances as well as H1-GlcpI — H5-Rhap also have large differ-
ences of more than 15%. The 1H-1H distances for all other methyl-methine and inter-residue
methine-methine distances are within 10%. The experimentally measured distances do not
suggest puckering of the β-D-GlcpNAc ring to the extent observed in the MD simulations and,
therefore, these large differences are not unexpected.

In the Sf 7a MD simulation the β-D-GlcpNAc spends ∼70% of the simulation time in
boat/skew conformations. However, the experimentally measured 1H-1H distances do not
indicate puckering of β-D-GlcpNAc to such an extent. The RMSD between distances from the
Sf 7a nOe experiments and the Sf 7a MD simulation for different 4C1 and boat/skew ratios
is listed in Figure 8.9. Some distances have a large change as a function of boat/skew per-
centage while other distances remain relatively constant. The H1-GlcpI – H4-GlcpNAc RMSD
(Figure 8.9-a) changes significantly, decreasing steadily from a 0% boat/skew contribution to
a minimum at ∼15%, and then increasing to a 30% contribution. Similarly, the H1-GlcpI —
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H5-Rhap RMSD decreases between 0% and 12.5% then increases consistently up to 30% (Fig-
ure 8.9-b). The experimental and simulation distances for these two proton pairs are closest
with a small percentage of boat/skew β-D-GlcpNAc residues present. If β-D-GlcpNAc is solely
in 4C1 or, alternatively, adopts a large percentage boat/skew conformers, the RMSD of the
distances are much larger. This suggests that β-D-GlcpNAc does not remain solely in 4C1 nor
does it spend a significant amount of time in boat/skew conformations. Rather it remains
predominantly in 4C1 with short periods in boat/skew conformations.

In contrast, the intra-residue β-D-GlcpNAc RMSD values have a different pattern (Figure 8.9-
c). The H1–GlcpNAc – H3-GlcpNAc RMSD increases by a small amount across the range of
boat/skew contributions, indicating that the H1–GlcpNAc – H3-GlcpNAc distance does not
change significantly as a function of the boat/skew percentage. However, the H1-GlcpNAc
– H5-GlcpNAc and H3-β-D-GlcpNAc – H5-β-D-GlcpNAc RMSD values both fall by a large
amount with increased boat/skew contribution, indicating that these distances more closely
align with a boat/skew conformation, with ring distortion between C3 and C5.

The RMSD value for all other proton pairs (excluding H1-GlcpI – H4-GlcpNAc, H1-GlcpI – H5-
RhaI and intra-residue β-D-GlcpNAc) remain relatively constant (Figure 8.9-d, orange curve)
— their measured 1H-1H distances do not appear to change significantly with different β-
D-GlcpNAc pucker states. For all proton distances measured, the RMSD falls from a 0%
boat/skew contribution to approximately 15% after which it begins to level-off (Figure 8.9-
d, blue curve).

Overall the lowest RMS, and therefore the smallest difference in distances, occurs when ap-
proximately 85% of repeating units from the MD simulation trajectory have β-D-GlcpNAc in
4C1 with the remainder 15% of repeating units contain β-D-GlcpNAc in boat/skew — an 85:15
4C1:boat/skew mix. In this mix it is likely the boat/skew β-D-GlcpNAc conformations pre-
dominantly adopt 3S1, B1,4, and 5S1 states. Nonetheless, in the absence of an accurate molec-
ular model it is difficult to identify which pucker states are exactly populated and to what
extent.

8.2.5 S. flexneri 7b O-Ag 1H-1H distances

Similar to the 7a O-Ag 1H-1H distance measurements, we calculate O-Ag 1H-1H distances from
the Sf 7b MD simulations and NOESY experiments. We compare distances calculated from the
simulations with those derived from the NOESY experiments. We also perform a comparison
between Sf 7a and 7b where distances for the same 1H-1H pair can be measured for both O-
Ags.

133



Chapter 8. NMR conformational studies of Sf 7a and 7b.

Table 8.2: 1H,1H cross-relaxation rates (σ, s˘1) from the O-Ag of S. flexneri 7b derived from 1H, 1H-NOESY
NMR experiments analysed according to the Dixon approach. Experimentally derived distances (rexp in Å)
and effective 1H, 1H distances (rMD in Å). Computed distances from the MD simulation are based on the four

inner RUs of the O-Ag. *reference proton-pair.

Proton Pair σ rexp rMD

H1-GlcpI H3-GlcpNAc 0.08 ± 0.002 2.78 ± 0.069 2.69 ± 0.004

H1-GlcpI H4-GlcpNAc 0.08 ± 0.002 2.78 ± 0.069 2.31 ± 0.003

H1-GlcpI H5-RhaI2Ac 0.26 ± 0.004 2.31 ± 0.057 2.85 ± 0.002

H1-GlcpI H2-GlcpI* 0.18 ± 0.003 - 2.45 ± 0.001

Figure 8.10: 1H-1H distances derived from the nOe experiments and MD simulations of Sf 7a and 7b illus-
trating the similar experimental and MD distances for H1-GlcpI – H3-GlcpNAc, and the large differences for
H1-GlcpI – H4-GlcpNAc and H1-GlcpI – H5-RhaI2Ac. For each proton pair the experimental distances are
similar for both O-Ags. Similarly, the distances calculated from the MD simulations of both O-Ags are similar

for each proton pair.
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The 1H,1H NMR NOESY spectra of Sf 7b has extensive peak overlap. However, a small num-
ber of peaks were sufficiently separated to allow for a quantitative analysis of three 1H-1H
distances. Table 8.2 lists the experimentally measured cross-relaxation rates and distances for
the Sf 7b NOESY experiments as well as the corresponding effective distances from the Sf 7b
MD simulations.

There is poor agreement between the distances derived from experiment and modelling for
two of the measured 1H-1H distances: H1-GlcpI — H4-GlcpNAc (rexp = 2.78, rMD = 2.31), and
H1-GlcpI — H5-RhaI2Ac (rexp = 2.31, rMD = 2.85). However, the H1-GlcpI — H3-GlcpNAc
distances are more closely aligned (rexp = 2.78, rMD = 2.69). While there are only a few Sf 7b
1H-1H distance measurements these results suggest significant differences between the O-Ag
studied experimentally and the O-Ag modelled by MD simulations, which is similar to the
observations of Sf 7a.

Direct comparison of the experimentally measured 1H-1H distances between Sf 7a and 7b as
well as distances from the MD simulation reveal interesting results (Figure 8.10-b). The ex-
perimental distances for each proton pair are similar between the two O-Ags. Likewise, the
distances derived from the MD simulations of both O-Ags are comparable for each proton pair.
Therefore, based on the experimental and MD simulation measurements, it appears that the
β-D-GlcpNAc conformation of the two O-Ags may be similar.

8.3 Discussion

The NMR spectroscopy experiments corroborate, in part, the MD simulation results and fur-
ther highlight the conformational differences between Sf Y, 7a and 7b. In particular, the exper-
iments reveal unsual behaviour of the β-D-GlcpNAc residue of Sf 7a and provide evidence for
potential puckering into boat/skew conformations.

Conformational differences between Sf Y and 7a are revealed by 1H NMR temperature stud-
ies, confirming that the glycosidic proton chemical shifts of Sf Y are relatively insensitive to
changes in temperature, while in Sf 7a they are far more sensitive. On average the glycosidic
proton chemical shifts change by approximately 0.4 ppb/◦C in Sf Y and by over 1.3 ppb/◦C
in Sf 7a. Moreover, the greatest chemical shift changes in Sf 7a occur for protons close to
the branch-point, suggesting a greater degree of dynamic behaviour in and around the β-D-
GlcpNAc ring when compared to other Shigella O-Ags. This could be attributed to the flexibil-
ity of the disaccharide side chain.

Potential puckering of the Sf 7a β-D-GlcpNAc ring is supported by both 3JH,H coupling mea-
surements and intra-residue β-D-GlcpNAc 1H-1H distances derived from NOESY experiments.
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The magnitude of the 3JH,H couplings for the Sf Y β-D-GlcpNAc ring protons suggest an an-
tiperiplanar arrangement that is consistent with S. flexneri 2, 3, and 5; and would suggest 4C1

conformation.15,90,125 However, there are conspicuously large deviations from these 3JH,H cou-
pling constants in the Sf 7a β-D-GlcpNAc ring protons, suggesting that the ring protons are
more axially orientated. Interestingly the largest difference is near the branch point between
H3 and H4: Sf Y 3JH3,H4 = 9.0 Hz and Sf 7a 3JH3,H4 = 6.2 Hz, which indicate potential distortions
between C3 and C5.

This assumption is further supported by NOESY experiments of Sf 7a. Intra-residue β-D-
GlcpNAc 1H-1H distance measurements indicate that the H1-GlcpNAc – H3-GlcpNAc (2.44 Å)
and H1-GlcpNAc – H5-GlcpNAc (2.63 Å) distances are consistent with a 4C1 ring.297 However,
the H3-GlcpNAc – H5-GlcpNAc (2.95 Å) distance is far longer and, similar to the coupling
measurements, also suggests a degree of ring distortion between C3 and C5. Additionally,
the NOESY derived 1H-1H distance show that all but one glycosidic linkage predominantly
adopts a syn-orientation, which is consistent with the glycosidic linkage orientations of other
S. flexneri O-Ags.15,16,22–25 The exception, H1-GlcpI — H4-GlcpNAc, has a measured distance
of 2.72 Å indicating that the linkage is between a syn- and anti-orientation. This unusual
orientation is also supported by the inter-residue 1H-1H distances measured.

The experimentally derived distances do not suggest puckering of the β-D-GlcNAc ring to
the extent observed in the MD simulations of Sf 7a. However, better agreement is obtained
when considering a smaller boat/skew contribution from the MD simulations. A smaller dif-
ference in the 1H-1H distances is achieved when the β-D-GlcpNAc ring is approximately 85%
of the time in 4C1 and the remaining 15% in boat/skew. This is less than half of the observed
boat/skew population from the MD simulation and with no 1C4 conformers present. These
results suggest that the β-D-GlcpNAc may pucker into boat/skew conformers but that the MD
simulations do not accurately reflect the extent to which this occurs and are biased towards
boat/skew and 1C4 conformations.
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We have demonstrated that S. flexneri 7a and 7b O-Ags exhibit unusual conformational be-
haviour caused by puckering of the β-D-GlcpNAc residue. A systematic approach of molec-
ular modelling confirms that the results are consistent across MD simulations with different
force fields. The conformations predicted by modelling are supported by NMR spectroscopy
analyses, which suggests that puckering of β-D-GlcpNAc does occur but that it is over repre-
sented by the simulation force fields. These unusual conformations have not been previously
observed in simulations or experiments of Shigella or other bacterial O-Ags.

MD simulations of Sf 7a and 7b reveal that the side chain affects backbone conformation and
dynamics, restricting its flexibility compared to Sf Y, which adopts a range of conformational
families. Additionally, α-L-RhaI 2-O-acetylation in Sf 7b causes the O-Ag to adopt more com-
pact conformations compared to Sf 7a. These results are consistent with simulations of Sf 2,
3, and 5, which also demonstrate that side-chains and O-acetylation significantly affects O-Ag
flexibility and conformation.

However, simulations of Sf 7a and 7b also show puckering of the β-D-GlcpNAc residue. The
ring adopts the 4C1 conformation only for short periods and spends the majority of the sim-
ulation time in either boat/skew or 1C4 states. All S. flexneri O-Ags previously modelled do
not pucker to the same extent: the β-D-GlcpNAc ring in all repeating units maintain a 4C1

conformer.

This unusual puckering of β-D-GlcpNAc is not restricted to Sf 7a and 7b but occurs in 3,4-
disubstituted β-D-Glcp and β-D-GlcpNAc trisaccharides as well. Our simulations demonstrate
that 2-N-acetylation, anomeric configuration, and force field all play a role in puckering of 3,4-
disubstituted β-D-GlcpNAc. 2-N-acetylation of 3,4-α-linked β-D-Glcp trisaccharides increases
both the degree and frequency of β-D-Glcp ring puckering. In 3,4-α-linked β-D-GlcpNAc trisac-
charides, β-D-GlcpNAc puckers to a similar extent as in Sf 7a and 7b; for both force fields
(CHARMM36 and GLYCAM06) the β-D-GlcpNAc ring fluctuates between boat/skew and 1C4
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conformers. However, there is substantially more frequent puckering in the GLYCAM06 sim-
ulations compared to the CHARMM36 simulations. In contrast, puckering is significantly re-
duced in 3,4-β-linked trisaccharides compared to 3,4-α-linked trisaccharides. In the case of
3-β,4-α-linked and 3-α,4-β-linked β-D-GlcpNAc, ring puckering occurs for even shorter peri-
ods, underscoring the strong correlation between anomeric configuration and ring pucker.

PMF calculations demonstrate that 2-N-acetylation of 3,4-disubstituted β-D-Glcp generally de-
creases the energy required for the ring to convert between different pucker states. Sim-
ilarly, lower energies are required for ring interconversion in 3,4-α-linked and 3,4-β-linked
β-D-GlcpNAc compared to 3-β,4-α-linked and 3-α,4-β-linked β-D-GlcpNAc trisaccharides. Ob-
servations from our MD simulation and PMF calculations are novel but are also supported by
early molecular modelling studies of 3,4-disubstituted β-D-Glcp trisaccharides.

The modelling predictions of Sf 7a and 7b were corroborated by NMR spectroscopy experi-
ments. 1H NMR temperature studies indicate dynamic behaviour around the branch point of
β-D-GlcpNAc for Sf 7a when compared to Sf Y. Additional 3 JH,H measurements of Sf 7a reveal
much smaller coupling between the β-D-GlcpNAc ring protons than in Sf Y. The coupling con-
stants for Sf 7a are also significantly different to those in monosaccharide β-D-GlcpNAc but
align with those measured from α-L-Rhap-(1→3)-[α-D-Glcp-(1→4)]-β-D-GlcpNAc-OPr, which
is a similarly branched 3,4-α-linked β-D-GlcpNAc trisaccharide. These results partially support
the presence of boat/skew conformations.

NOESY derived 1H-1H distances of Sf 7a mostly match those calculated from the MD simula-
tions. The combined experimental and simulation measurements indicate that β-D-GlcpNAc
does pucker, with the ring is approximately 85% of the time in 4C1 and the remaining 15% in
boat/skew — likely corresponding to 3S1, B1,4, and 5S1 states. While we could only measure
a few 1H-1H distances for Sf 7b, due to peak overlap, the results do not differ significantly to
those from Sf 7a.

With the exception of idopyranose (which prefers 1C4), all pyranose sugars adopt the pre-
dominantly low-energy 4C1 conformation as bulky substituents generally favour an equatorial
orientation. The β-D-GlcpNAc monosaccharide puckers into non-4C1 states for short periods
of time and increased substitution typically decreases the rate of puckering. β-D-GlcpNAc
residues in di-, oligo-, and polysaccharides favour a 4C1 conformation with little evidence
of boat/skew or 1C4 states. Our results suggest that 3,4-disubstitution of β-D-GlcpNAc with
bulky groups contributes to the unusual ring pucker and conformational behaviour of Sf 7a,
7b, and the trisaccharides studied.
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We demonstrate that the α-D-GlcpII-(1→2)-α-D-GlcpI side-chain in the O-Ag repeating unit
of Sf 7a and 7b significantly impacts the backbone conformation. We also identified un-
usual puckering of the β-D-GlcpNAc ring in both Sf 7a and 7b during molecular simulations.
1H NMR experiments support these results but show that β-D-GlcpNAc puckers to a lesser de-
gree than is predicted by the simulations. These observations are important as β-D-GlcpNAc
is central component of the Sf 7a and 7b O-factor — a key antigenic structure responsible
for eliciting a protective immune response. These findings contribute to the understand-
ing of S. flexneri O-Ag conformation and provide valuable insights for the development of
polysaccharide-based vaccines against Shigella.

There is substantial scope for future work based on this study. The Sf 7a and 7b conformations
can be resolved with greater accuracy. However, this will likely require force fields that more
appropriately model the 3,4-disubstituted β-D-GlcpNAc ring pucker, which may necessitate
updates to force field parameters as they currently favour boat/skew and 1C4 conformations.
Modelling of S. flexneri serotype 1 O-Ags, which have a similar structure to serotype 7 O-Ags,
may also determine if β-D-GlcpNAc puckers to the same extent. The energies, conformations,
dynamics of a wide range of N-acetylated 3,4-disubstituted pyranose sugars can also be cal-
culated to determine if they exhibit similar conformational behaviour to 3,4-disubstituted β-D-
GlcpNAc trisaccharides.
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Appendix A: Modelling

A.1 S. flexneri O-Ag O-factors

A.2 MD simulations of 3,4-disubstituted βDGlcNAc trisaccharides

A.2.1 Simulation convergence

Figure A.1: O-factors of S. flexneri 7a and 7b O-Ags. Sf 7a includes O-factor IC only while Sf 7b includes
O-factors IC and 6. 51

A-1



Appendix A. Modelling

Figure A.2: Block Standard Error (BSE) of baGN, abGN, and bbGN from the CHARMM36 and GLYCAM06
simulations.

A.2.2 Glycosidic linkage torsion angles
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A.2. MD simulations of 3,4-disubstituted βDGlcNAc trisaccharides

Figure A.3: Time series plots of the 1→3 glycosidic linkage in aaG and aaGN.
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Appendix A. Modelling

Figure A.4: Scatter plots illustrated as heat maps, with heat scale on the top, for the GlcII glycosidic torsion
angle (ψ) against Cremer-Pople azimuth (θ) parameter for GlcNAc in aaG, aaGN, baGN, abGN and bbGN.

Modelled with CHARMM36 (white background) and GLYCAM06 (grey background).A-4



A.2. MD simulations of 3,4-disubstituted βDGlcNAc trisaccharides

A.2.3 Pucker kinetics of β-D-GlcpNAc in aaGN, baGN, abGN and bbGN

Table A.1: Pucker and kinetic parameters for β-D-GlcpNAc in α-D-Glc(1→3)[α-D-Glc(1→4)]β-D-GlcpNAc
(aaGN). Pucker conformers in the CHARMM36 simulation show distinct differences at before and after ap-

prox. 2 µs. Parameters measured on both sides of this time are also provided.

Pucker Kinetic Parameters
CHARMM36 GLYCAM06

0-2 µs 2-4 µs 0-4 µs 0-4 µs

Average Q 0.598 0.529 0.559 0.552

Total number of 4C1 →boat/skew transitions 12 (5) 0 12 28

Average rate of 4C1 →boat/skew transitions (µs−1) 5 0 3 7

Total number of boat/skew→4 C1 transitions 10 (5) 0 10 52

Average rate of boat/skew→4 C1 transitions (µs−1) 5 0 2.5 13

Total number of 1C4 →boat/skew transitions 1 (0.5) 2 3 16

Average rate of 1C4 →boat/skew transitions (µs−1) 0.5 1 8.5 8

Total number of boat/skew→1 C4 transitions 1 (0.5) 2 3 15

Average rate of boat/skew→1 C4 transitions (µs−1) 0.5 1 7.5 7.5

Average lifetime of 4C1 chair (µs) 0.26 0 0.6 0.54

Average lifetime of 1C4 chair (µs) 0.23 0.96 0.89 50

Average lifetime of boat/skew (µs) 0.3 0.02 0.08 0.42
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Appendix A. Modelling

Figure A.5: Cremer-Pople pucker meridian (ϕ) parameters for β-D-GlcpIII in aaG and in β-D-GlcpIII (e-h)
as simulated with CHARMM36 and GLYCAM06 force fields. Simulation time for aaG is 2 µs and 4 µs for
aaGN. Note that when θ is at 0◦ or 180◦ (i.e. the poles of the Cremer-Pople sphere) there is no direct correlation

between ϕ and pucker conformation.
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A.2. MD simulations of 3,4-disubstituted βDGlcNAc trisaccharides

Figure A.6: Cremer-Pople pucker amplitude (Q) for β-D-Glc in α-D-Glc(1→3)[α-D-Glc(1→4)]β-D-Glc (aaG)
and β-D-GlcNAC in α-D-Glc(1→3)[α-D-Glc(1→4)]β-D-GlcpNAc (aaGN) as simulated with CHARMM36 and

GLYCAM06 force fields. Simulation time is 2 µs for aaG and 4 µs for aaGN.

A.2.4 Glycosidic linkage torsion angles and GlcpIII/GlcpNAc pucker conforma-

tion

The time series plots of the GlcI (the 1 → 3 linkage) ψ glycosidic torsion angle and the β-
D-GlcpNAc Cremper-Pople azimuth (θ) angle suggest a correlation between the two parame-
ters. Figure A.9 depicts the relationship between these two values in the form a scatter plot
illustrated as heat map. It should be noted that there does not appear to be an immediate
correlation between the GlcpII (the 1 → 4 linkage) ψ and θ (Figure A.4).

There is no direct relationship between the GlcpI ψ glycosidic linkage torsion angle and the
ring pucker θ parameter for aaG (Figure A.9: a, b). When β-D-GlcpNAc is in 4C1 (θ ≈ 0◦) ψ is
centred at +50◦ for CHARMM36 and +40◦ for the GLYCAM06 simulation. For GLYCAM06
there is a region populated when β-D-GlcpNAc is in boat/skew (θ ≈ 90◦) and 1C4 (θ ≈ 180◦),
although, these are too sparesly populated to draw a definitive correlation.

However, studying first the CHARMM36 of aaGN, when β-D-GlcpNAc is in 4C1 the GlcpI

linkage is predominantly in +ψ (≈ +70◦) with a very small fragment in −ψ (≈ −70◦) (Fig-
ure A.9-c). When β-D-GlcpNAc is in boat/skew the GlcpI linkage populates a small region
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Figure A.7: Cremer-Pople pucker amplitude (Q) for β-D-GlcNAC in β-D-Glc(1→3)[α-D-Glc(1→4)]β-D-
GlcpNAc (baGN), α-D-Glc(1→3)[β-D-Glc(1→4)]β-D-GlcpNAc (abGN), and β-D-Glc(1→3)[β-D-Glc(1→4)]β-D-

GlcpNAc (bbGN) as simulated with CHARMM36 and GLYCAM06 force fields.
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A.2. MD simulations of 3,4-disubstituted βDGlcNAc trisaccharides

Figure A.8: Cremer-Pople pucker meridian (ϕ) and azimuth (θ) parameters for β-D-GlcpNAc in baGN, abGN
and bbGN as simulated with the (a) CHARMM36 and (b) GLYCAM06 force fields. Note that when ϕ is at
or close to 0◦ or 180◦ (i.e. the poles of the Cremer-Pople sphere) there is no direct correlation between ϕ and

pucker conformation.
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Table A.2: Free energies of the β-D-GlcIII (in aaG) and β-D-GlcpNAc (in aaGN, baGN, abGN, and bbGN) ring
pucker as calculated from simulated equilibrium data of the trisaccharides for the CHARMM36 and GLY-
CAM06 force fields computed using the standard ∆G = −RTln|Keq| relationship. The global minimum en-
ergy values corresponding to a defined pucker conformer is shown in blue. Energies of less than 1 kcal mol−1

are shown in green. The minimum energy ring pucker conformer for β-D-GlcIII/β-D-GlcpNAc for all but one
trisaccharide is 4C1 - in aaGN it is 5S1. The ’-’ symbol indicates the energy for the pucker state could not
be directly calculated due to an insufficient number of conformational samples. Only chair, boat and skew

conformers are listed.

Pucker Conformer
∆G CHARMM36/GLYCAM06 (kcal mol−1)

aaG aaGN baGN abGN bbGN

4C1 0.00 / 0.00 +0.54 / 0.00 0.00 / 0.00 0.00 / 0.00 0.00 / 0.00

3,OB - / +0.95 +2.04 / +0.22 - / +0.10 - / +0.87 - / +0.74

3S1 -/ +1.20 +0.85 / +0.21 - / +1.10 - / +0.96 +1.70 / +0.57

B1,4 +1.84 / +1.86 +0.20 / +1.65 - / - - / - +1.94 / +1.63

5S1 +1.43 / - +0.12 / +1.89 - / - - / - +1.70 / -

2,5B +1.84 / - +2.04 / - - / - - / - - / -

2SO - / - +1.73 / +1.48 - / - - / - - / -

B3,O - / +1.86 - / +1.65 - / - - / - - / -

1S3 - / +1.86 +2.04 / +1.65 - / - - / - - / -

1,4B - / +1.61 +2.04 / +1.48 - / - - / - - / -

1S5 - / +1.31 +0.85 / +1.48 - / +1.65 - / +1.61 - / -

B2,5 - / +1.31 +1.31 / +1.65 - / - - / - - / -

OS2 - / +0.61 +2.04 / +1.65 - / - - / +0.96 - / -

1C4 - / +1.44 +0.31/ +0.55 - / - - / +0.87 - / +0.76
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A.2. MD simulations of 3,4-disubstituted βDGlcNAc trisaccharides

Figure A.9: Scatter plots for the GlcpI glycosidic torsion angle (ψ) against Cremer-Pople azimuth (θ) angle
for GlcpNAc in aaG, aaGN, baGN, abGN and bbGN. Modelled with CHARMM36 (white background) and

GLYCAM06 (grey background). The colour scale on the top indicates the relative occupancy of θ and ψ
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at +ψ (≈ +70◦) and a more densely populated area at −ψ (≈ −30◦). Moreover, when β-D-
GlcpNAc is in 1C4 there is a single large population centre at −ψ (≈ −30◦). This indicates a
shift from +ψ for 4C1 for −ψ to 1C4 for the GlcpI linkage in the CHARMM36 simulation. In the
GLYCAM06 simulation both the GlcpI linkage rotates between +ψ and −ψ when β-D-GlcpNAc
is in 4C1 and this continues to occur when it is in boat/skew as well as 1C4.

The degree of puckering of β-D-GlcpNAc in baGN, baGN and bbGN (Figure A.9: e-j) is min-
imal and there is no apparent relationship between glycosidic linkage torsion angle, ψ, and
the ring pucker θ parameter in these trisaccharides. However, the correlation between ψ and
θ in the CHARMM36 simulation of aaGN is clear. Nonetheless, in this case it is difficult to
identify whether the change in the torsion angle preceeds the change in pucker or vice-versa
and whether a change in one causes, in part or in whole, a change of the other.
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A.2. MD simulations of 3,4-disubstituted βDGlcNAc trisaccharides

A.2.5 Effect of the 1→3 and 1→4 glycosidic linkage starting torsion angle on β-D-

GlcpNAc ring pucker in aaGN

In the initial stages of this study we trialled several different combinations of torsion an-
gles for the 1→3 and 1→4 glycosidic linkages in aaGN. These structures were built with
CarbBuilderII228,255 and based on known preferred torsion angles for the α-D-Glc(1→3)β-D-
GlcpNAc and α-D-Glc(1→4)β-D-GlcpNAc linkages.

The purpose of this analysis was to investigate whether the starting torsion angle of the glyco-
sidic linkages played a significant role in the conformations adopted by aaGN over the course
of the simulations. In particular, we focused on the β-D-GlcpNAc ring puckering i.e was there
puckering present and if so to what extent does it occur.

Furthermore, a potential correlation between the glycosidic linkage starting orientations and
β-D-GlcpNAc is tentatively suggested by the Sf 7a and Sf 7b O-antigen studies (Chapter 7)
where β-D-GlcpNAc consistently remains in 4C1 when the α-L-Rha(1→3)β-D-GlcpNAc linkage
adopts an anti-orientation.

Simulations were run for between 50 ns and 200 ns with the CHARMM36 force field and were
stopped if there was more than 20 ns of continuous β-3scD-GlcpNAc puckering. Table A.3
provides the list of the starting glycosidic linkage torsions trialled and the simulation times for
each.

In short, the initial starting orientations of the 1→3 and 1→4 glycosidic linkages had no impact
on β-D-GlcpNAc ring puckering or, additionally, the torsion angles eventually adopted by the
1→3 and 1→4 linkages. In each of the simulations β-D-GlcpNAc ring would pucker into the
conformations observed in the aaGN simulations and the glycosidic torsion angles would do
the same.
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Table A.3: Starting torsion angles for trial simulations of aaGN

αDGlc(1→3)βDGlcNAc αDGlc(1→4)βDGlcNAc Simulation time (ns)

ϕ, ψ = +3,+10 ϕ, ψ = −31,+45 100

ϕ, ψ = +20,+24 ϕ, ψ = +44,−70 200

ϕ, ψ = +28,+31 ϕ, ψ = +24,+13 200

ϕ, ψ = +40,−36 ϕ, ψ = +32,+62 100

ϕ, ψ = +60,+40 ϕ, ψ = +40,−30 150

ϕ, ψ = +2,−6 ϕ, ψ = +40,−32 50

ϕ, ψ = −70,−70 ϕ, ψ = +8,+64 150

A.2.6 Hydroxyl, hydroxymethyl and N-Acetyl rotamer populations

Orientation of the hydroxyl, hydroxymethyl and N-Acetyl groups of sugars can play an im-
portant role in their interactions with other molecules,298 such as through hydrogen bonding
with water molecules or enzyme receptor sites. We provide here a detailed breakdown of
the percentage distributions for the rotamer populations of these groups in the trisaccharides
simulated, for both the CHARMM36 and GLYCAM06 force fields (Table A.4).

Across all GLYCAM06 simulated structures the trans orientation of the NHAc residue is pre-
ferred. In the CHARMM36 simulations the syn orientation is more prevalent (≈75%) with the
exception of aaGN, where NHAc is neither in a distinct cis or trans state for the majority of
time. (Figure A.10). This again is likely due to the constant puckering of the β-D-GlcpNAc ring
in aaGN.

There is a similar distinction for the O-1 and O-6 rotamer populations between the two force
fields. For both O-1 and O-6 the g+ and g− are preferred for CHARMM36 while t is more
prevalent for GLYCAM06.

The hydroxymethyl group adopts different rotamers for aaG and aaGN compared to the other
trisaccharides for the CHARMM36 simulations. The tg and gt rotamers are more prevalent
in aaG and aaGN while the gt and gg are more populated in the other trisaccharides. In the
GLYCAM06 simulations gg is the single dominant orientation.
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A.2. MD simulations of 3,4-disubstituted βDGlcNAc trisaccharides

Table A.4: Rotamer populations of hydroxyl, hydroxymethyl and N-Acetyl groups on β-D-GlcpNAc from the
CHARMM36 and GLYCAM06 simulations. The GLYCAM06 values are in bold and italicised.

Rotamer
Population (%)

aaG aaGN baGN abGN bbGN

O-1

t 14, 33 17, 35 16, 33 16, 36 16, 38

g+ 39, 3 21, 4 20, 4 22, 3 21, 3

g− 23, 11 34, 10 34, 11 33, 10 34, 10

O-2

t 1, 8 - - - -

g+ 3, 2 - - - -

g− 43, 57 - - - -

-NHAc
cis - 32, 0 80, 0 74, 0 76, 0

trans - 9, 61 7, 75 8, 67 9, 67

O-6

t 8, 33 71, 30 7, 37 8, 30 7, 27

g+ 25, 18 14, 17 27, 19 37, 25 34, 20

g− 21, 9 24, 11 21, 6 12, 5 15, 10

-CH2OH

tg 48, 1 28, 2 10, 2 2, 2 2, 5

gt 41, 26 32, 25 50, 19 31, 15 35, 38

gg 2, 61 18, 58 40, 70 61, 7 55, 55
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Figure A.10: NHAc torsion angle (H2 - C2 - N2 - HN) in aaGN for the CHARMM36 and GLYCAM06 simula-
tions

A.3 β-D-GlcpIII/β-D-GlcpNAc ring energies
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A.3. β-D-GlcpIII/β-D-GlcpNAc ring energies

Figure A.11: Interconversion pathways as calculated from potential of mean force calculations for the ring
pucker of β-D-GlcIII in aaG and β-D-GlcpNAc in aaGN, baGN, abGN, and bbGN. The energies between dif-
ferent pucker states are smaller for aaGN compared to baGN, abGN, and bbGN. Comparing force fields, the
energy differences between different pucker states are greater in the CHARMM36 simulations than the GLY-

CAM06 simulations. Only chair and boat/skew conformers are shown.
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A.4 Distance restrained molecular modelling of S. flexneri 7a and 7b

O-Ags

MD simulations performed on 6RU of Sf 7a and 7b were performed for 1 µs length using the
CHARMM26 force field, with a 1 kcal distance restraint applied to the C1 − C3, C1 − C5, and
C3−C5 atoms of the β-D-GlcpNAc residues for deviations away from 4C1. All other simulation
parameters are the same as the unrestrained Sf 7a and 7b simulations.

A.4.1 Glycosidic linkage torsion angles
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A.4. Distance restrained molecular modelling of S. flexneri 7a and 7b O-Ags

Figure A.12: Scatter plots illustrated as heat maps for the glycosidic linkage torsion angles (ϕ, ψ) in the four
central repeating units (RU2-RU5) of the modelled O-Ag of Sf Y (a-d), 7a (e-j), and 7b (k-p). ϕ, ψ defined as
H1 - C1 - O1 - C′

x and C1 - O1 - C′
x - H′

x respectively. The heat maps combine the points from the four central
repeating units to broadly sample backbone behavior. The color scale on the upper-left indicates the relative
occupancy of the torsion angles during the simulations. The structure on the left depicts the O-Ag residues
and glycosidic linkages. Distance restraints are applied to the β-D-GlcpNAc rings to Sf 7a and 7b only for

deviations away from 4C1.
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A.4.2 β-D-GlcNAc ring pucker

Figure A.13: Time series plots for the β-D-GlcpNAc Cremer-Pople ring pucker θ paramter in the four-central
repeating units of the modelled O-Ags polysaccharide of Sf Y, 7a and 7b. Relationship between θ and ring
pucker conformation: 4C1 (θ ≈ 0◦), boat/skew (b/s, θ ≈ 90◦), 1C4 (θ ≈ 180◦). In all four central repeating
units of Sf Y β-D-GlcpNAc remains entirely in 4C1, with the exception of a short transition into boat/skew
conformers. β-D-GlcpNAc in both Sf 7a and 7b on average adopt boat/skew states for approximately 16%
of the simulation time. The 1C4 state is not occupied for any period. Distance restraints are applied to the

β-D-GlcpNAc rings to Sf 7a and 7b only for deviations away from 4C1.
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A.4. Distance restrained molecular modelling of S. flexneri 7a and 7b O-Ags

Figure A.14: Polar heatmap plots of the Cremer Pople ϕ and θ parameters for β-D-GlcpNAc in the four-central
repeating units of Sf Y, 7a and 7b.
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Table A.5: Calculated coupling constants for β-D-Glcp in aaG and β-D-GlcpNAc in aaGN, baGN, abGN, and bbGN. Coupling constants calculated using an approxi-
mation of the Haasnoot-Arnot equation. 299Observed and calculated coupling constants for D-GlcpNAc monosacharide by Sattelle et al. also provided. 63

Coupling
CHARMM36 GLYCAM06 GlcNAc

aaG aaGN baGN abGN bbGN aaG aaGN baGN abGN bbGN NMR MD

J1,2 7.83 4.33 8.76 8.68 8.74 6.37 6.76 7.81 7.71 6.95 3.5 3.2

J2,3 8.54 3.99 10.11 10.02 10.23 6.87 7.62 9.01 8.99 8.15 10.7 10.1

J3,4 7.96 3.36 8.79 8.75 8.97 7.35 7.16 7.98 8.07 7.57 9.9 9.9

J4,5 9.51 2.87 9.73 9.75 9.76 9.18 7.77 8.97 8.91 7.84 9.3 10.0

J5,6 proR 7.09 4.56 7.12 8.14 7.96 8.48 8.07 8.84 9.13 7.92 5.2 4.5

J5,6 proS 2.18 5.43 2.17 2.24 2.25 2.14 2.54 2.27 2.10 2.52 2.3 3.2
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B.1 NMR spectra
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Figure B.1: HSQC of Sf 7a O-Ag.
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B.2. 3 JH,H Coupling measurements

B.2 3 JH,H Coupling measurements

Figure B.2: Selected regions of a PERCH-simulated (top-left) and an experimental (bottom-left) 1H NMR spec-
trum of the vicinal branched trisaccharide: α-L-Rhap-(1→3)[α-D-Glcp-(1→4)]-β-D-GlcpNAcOPr (top-right)
and related 3 JH,H couplings (table). The measurements demonstrate the differences in the 3 JH,H couplings

between R3GN and GN. 286

B.3 nOe spectroscopy studies
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Figure B.3: Trans-glycosidic, inter-residue, and intra-residue (top), and Methyl-methine (bottom) 1H-1H dis-
tances derived from 1H,1H-NOESY NMR buildup curves analysed using the Classical, Normalised Classical,
PANIC and DIXON methods for Sf 7a. The average of the methods for each proton pair is shown as dark blue

dots on the graph.
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Table B.1: 1H-1H cross-relaxation rates (σ in s˘1), respective distances (in Å), and associated statistical measures from the O-Ag of S.
flexneri 7a derived from 1H,1H-NOESY NMR buildup curves and analysed by the Classical, Normalised Classical, PANIC, and
DIXON approaches subdivided into trans-glycosidic, inter-residual, intra-residual, methyl-methine and reference proton pairs.
Methine-methine reference distances: H1-GlcpI — H2-GlcpI (2.45 Å), H1-GlcpII — H2-GlcpII (2.49 Å), H1-RhapIII — H2 RhapIII

(2.47 Å). Methyl-methine reference distance H5-RhapII — Me-RhapII (2.60 Å).

Proton Pair σ∗
C σNC σP σD rC rNC rP rD rave. rrange rstd.dev. rSE rcv

Trans-glycosidic

H1-RhapII H3-RhapI 1.27 0.96 0.76 0.72 2.23 2.34 2.40 2.31 2.32 0.17 0.06 0.03 0.03

H1-RhapI H3-GlcpNAc 0.79 0.99 0.88 0.75 2.41 2.33 2.34 2.29 2.34 0.13 0.05 0.02 0.02

H2-RhapIII H1-GlcpNAc 1.40 2.01 1.67 1.57 2.19 2.07 2.11 2.02 2.10 0.17 0.06 0.03 0.03

H1-GlcpI H4-GlcpNAc 0.21 0.35 0.36 0.28 3.02 2.78 2.73 2.69 2.80 0.33 0.13 0.06 0.05

H1-GlcpII H2-GlcpI 0.61 0.85 0.80 0.51 2.52 2.39 2.38 2.44 2.43 0.14 0.05 0.03 0.02

Inter-residue

H1-GlcpI H5-RhaI 0.88 1.11 0.87 0.78 2.37 2.29 2.35 2.27 2.32 0.09 0.04 0.02 0.02

H1-GlcpI H3-GlcpNAc 0.26 0.42 0.40 0.33 2.91 2.69 2.67 2.62 2.72 0.29 0.11 0.05 0.04

H1-GlcpI H1-GlcpII 0.40 0.65 0.68 0.50 2.70 2.50 2.45 2.45 2.52 0.25 0.10 0.05 0.04

aCalculated with rij = rre f · (σre f /σij)
1/6 with reference proton distances derived from 1 µs, of MD simulation of the six-repeating

unit polysaccharide in solution.
b Reference distance rre f derived from MD simulations were calculated according to rre f = ⟨r6

ij⟩
−1/6.

* in ten-billions
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Table B.1 Continued:

Proton Pair σ∗
C σNC σP σD rC rNC rP rD rave. rrange rstd.dev. rSE rCV

Intra-residue

H1-GlcpNAc H3-GlcpNAc 0.59 0.89 0.70 0.65 2.53 2.37 2.44 2.35 2.42 0.19 0.07 0.04 0.03

H1-GlcpNAc H5-GlcpNAc 0.85 0.55 0.43 0.39 2.38 2.57 2.64 2.54 2.53 0.26 0.09 0.05 0.04

H3-GlcpNAc H5-GlcpNAc 0.31 0.19 0.22 0.19 2.83 3.07 2.96 2.87 2.93 0.24 0.09 0.05 0.03

Methyl-methine

Me-RhapI H1-GlcpII 0.28 0.40 0.38 0.20 3.28 3.30 3.14 3.61 3.33 0.47 0.17 0.09 0.05

Me-RhapI H1-GlcpI 0.18 0.27 0.29 0.10 3.04 3.09 3.01 3.21 3.09 0.20 0.08 0.04 0.02

Me-RhapII H2-RhapI 0.82 0.04 0.08 0.02 3.73 4.48 3.93 4.67 4.20 0.94 0.39 0.19 0.09

Me-RhapI H4-RhapI 0.46 0.70 0.72 0.45 2.80 2.82 2.70 2.80 2.78 0.11 0.04 0.02 0.02

Me-RhapII H4-RhapII 0.87 1.38 1.12 0.86 2.52 2.52 2.51 2.51 2.51 0.01 0.00 0.00 0.00

Me-RhapIII H4-RhapIII 0.62 0.96 0.75 0.56 2.66 2.68 2.69 2.69 2.68 0.03 0.01 0.01 0.00

Reference

H1-GlcpI H2-GlcpI 0.54 0.77 0.79 0.55 - - - - - - - - -

H1-GlcpII H2-GlcpII 0.42 0.59 0.60 0.40 - - - - - - - - -

H1-RhapIII H2-RhapIII 0.84 0.85 0.65 0.54 - - - - - - - - -

H5-RhapII Me-RhapII 0.71 0.59 0.6 0.4 - - - - - - - - -
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Table B.2: 1H, 1H cross-relaxation rates (σ) with associated standard errors (SE), standard error of slope (SES),
coefficient of determination (r2), calculated effective 1H, 1H distances (rexp in Å) from NMR nOe experiments
of S. flexneri 7a O-Ag. Calculated from 1H,1H-NOESY NMR buildup curves using the PANIC approach.
Proton pairs are subdivided into trans-glycosidic, inter-residual, intra-residual, methyl-methine, proton pairs.

Proton Pair σ σ SE σ SES σR2 rexp rexp SE

Trans-glycosidic

H1-RhaII H3-RhaI 0.763 0.004 0.016 0.997 2.393 0.029

H1-RhaI H3-GlcpNAc 0.884 0.004 0.020 0.997 2.335 0.029

H1-GlcpNAc H2-RhaIII 1.669 0.008 0.019 0.999 2.101 0.026

H1-GlcpI H4-GlcpNAc 0.356 0.002 0.015 0.990 2.718 0.035

H1-GlcpII H2-GlcpI 0.800 0.004 0.011 0.999 2.375 0.030

Inter-residue

H1-GlcpI H5-RhaI 0.873 0.004 0.025 0.995 2.341 0.028

H1-GlcpI H3-GlcpNAc 0.403 0.002 0.012 0.994 2.662 0.034

H1-GlcpI H1-GlcpII 0.683 0.004 0.030 0.988 2.438 0.031

Intra-residue

H1-GlcpNAc H3-GlcpNAc 0.697 0.003 0.015 0.997 2.430 0.030

H1-GlcpNAc H5-GlcpNAc 0.431 0.002 0.011 0.996 2.633 0.032

H3-GlcpNAc H5-GlcpNAc 0.219 0.001 0.009 0.99 2.948 0.038

Methyl-methine

Me-RhaI H1-GlcpII 0.295 0.002 0.022 0.969 3.140 0.023

Me-RhaI H1-GlcpI 0.381 0.002 0.008 0.997 3.009 0.021

Me-RhaII H2-RhaI 0.077 0.000 0.005 0.98 3.926 0.030

Me-RhapI H4-RhapI 0.723 0.004 0.040 0.982 2.703 0.020

Me-RhapII H4-RhapII 1.117 0.005 0.022 0.998 2.515 0.017

Me-RhapIII H4-RhapIII 0.746 0.004 0.017 0.997 2.689 0.019
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Table B.3 lists the experimental and modelled 1H, 1H distances for the MD simulations of Sf

7a. The results show that the difference between the experimental and modelled distances are
significantly smaller when a restraint is applied to β-D-GlcpNAc for deviations away from 4C1.
In particular, there is very good agreement between the experimental and modelled H1-GlcpI

— H4-GlcpNAc and H1-GlcpI — H5-RhaI distances, which have very large differences in the
unrestrained simulations.
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Table B.3: 1H, 1H distances calculated from MD simulations (rMD, rMDRest) and NMR nOe experiments (rexp

and rexpRest) in Åfrom the O-Ags of S. flexneri 7a. Calculated from 1H,1H-NOESY NMR buildup curves as an
average of the normalised classical and PANIC approaches, effective 1H, 1H distances as determined from a
modelled 6RU O-Ag of Sf 7a with distance restraints applied to the β-D-GlcpNAc ring for deviations away
from 1C4. Computed distances are based on the four inner RUs of the polysaccharide and are subdivided into

trans-glycosidic, inter-residual, intra-residual, methyl-methine and reference proton pairs.

Proton Pair rexp rMD % diff. rexpRest. rMDRest. % diff.

Trans-glycosidic

H1-RhaII H3-RhaI 2.39 2.32 3% 2.40 2.30 4%

H1-RhaI H3-GlcpNAc 2.34 2.34 0% 2.34 2.23 5%

H2-RhaIII H1-GlcpNAc 2.10 2.30 9% 2.11 2.28 8%

H1-GlcpI H4-GlcpNAc 2.72 2.29 17% 2.73 2.69 1%

H1-GlcpII H2-GlcpI 2.37 2.38 2% 2.38 2.23 7%

Inter-residue

H1-GlcpI H5-RhaI 2.34 2.79 18% 2.35 2.37 1%

H1-GlcpI H3-GlcpNAc 2.66 2.68 1% 2.68 2.67 1%

H1-GlcpI H1-GlcpII 2.44 2.28 7% 2.44 2.23 9%

Intra-residue

H1-GlcpNAc H3-GlcpNAc 2.44 2.97 20% 2.44 2.80 14%

H1-GlcpNAc H5-GlcpNAc 2.63 2.81 6% 2.64 2.31 13%

H3-GlcpNAc H5-GlcpNAc 2.95 3.53 18% 2.96 2.88 2%

Methyl-methine

Me-RhaI H1-GlcpII 3.14 3.29 5% 3.14 3.20 2%

Me-RhaI H1-GlcpI 3.01 3.23 7% 3.01 3.10 3%

Me-RhaII H2-RhaI 3.93 3.93 3% 3.93 3.97 1%

Me-RhapI H4-RhapI 2.70 2.87 6% 2.70 2.88 6%

Me-RhapII H4-RhapII 2.51 2.86 13% 2.51 2.86 13%

Me-RhapIII H4-RhapIII 2.69 2.87 6% 2.68 2.86 6%
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Table B.4: Experimentally derived 1H-1H distances (rexpt in Å) for Sf 7a calculated by 1H,1H-NOESY NMR
buildup curves, effective 1H-1H distances (rMD, rMD0%, and rMD15% in Å) as determined from the modelled
6RU O-Ag of Sf 7a. The effective distance rMD0% calculated from the entire unrestrained MD trajactory, rMD0%
refers to only the 4C1 conformation of the GlcpNAc residue, while rMD15% distances were calculated based on
an 85:15 ratio of 4C1 vs. boat/skew conformations. Computed distances are based on the four inner RUs
of the 6RU O-Ag and are subdivided into trans-glycosidic, inter-residual, intra-residual, methyl-methine and
reference proton pairs. The H1-GlcpI — H4-GlcpNAc and H1-GlcpNAc — H3-GlcpNAc distances are in bold

as they have the greatest difference between the experimental and unrestrained MD distances.

Proton Pair rexp rMD rMD0% rMD15%

Trans-glycosidic

H1-RhaII H3-RhaI 2.40 2.32 2.32 2.32

H1-RhaI H3-GlcpNAc 2.34 2.34 2.22 2.24

H2-RhaIII H1-GlcpNAc 2.11 2.30 2.29 2.29

H1-GlcpI H4-GlcpNAc 2.73 2.29 2.94 2.72

H1-GlcpII H2-GlcpI 2.38 2.33 2.33 2.34

Inter-residue

H1-GlcpI H5-RhaI 2.35 2.79 2.30 2.35

H1-GlcpI H3-GlcpNAc 2.67 2.68 2.65 2.65

H1-GlcpI H1-GlcpII 2.45 2.28 2.22 2.23

Intra-residue

H1-GlcpNAc H3-GlcpNAc 2.44 2.97 2.78 2.81

H1-GlcpNAc H5-GlcpNAc 2.64 2.81 2.23 2.28

H3-GlcpNAc H5-GlcpNAc 2.96 3.53 2.76 2.83

Methyl-methine

Me-RhaI H1-GlcpII 3.14 3.29 3.24 3.24

Me-RhaI H1-GlcpI 3.01 3.23 3.15 3.16

Me-RhaII H2-RhaI 3.93 3.82 3.94 3.92

Me-RhapI H4-RhapI 2.70 2.87 2.88 2.87

Me-RhapII H4-RhapII 2.51 2.86 2.85 2.86

Me-RhapIII H4-RhapIII 2.69 2.87 2.87 2.87
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Table B.6: Percentage difference of 1H-1H distances derived from nOe measurements and MD simulations for
Sf 7a O-Ag.
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Table B.7: 1H-1H distances for different boat/skew contributions for Sf 7a O-Ag.

Table B.8: Root mean square difference between NMR and MD 1H-1H distances derived for Sf 7a O-Ag.
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