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Abstract

This thesis delves into the intricate world of carbohydrate-based vaccine antigens by employing molecular
dynamics simulations to explore the link between their structure, conformation, and immune function.
Through a series of four case studies focused on distinct antigen targets, this research aims to predict
potential cross-reactivity and cross-protection, rationalize observed immunological reactivity, and provide

valuable insights into key epitopes and mechanisms for antigen-antibody binding.

The case studies encompass the following antigens: Haemophilus influenzae types a and b, Pasteurella
multocida types B and E, Shigella flexneri serotype 6, and Streptococcus pneumoniae serogroup 10. Each
case study investigates the conformational aspects of the target antigens and proposes mechanisms for
observed immunological phenomena. The collective findings propose connections between structural
features, conformation, and their functional implications in immune responses, drawing parallels across
individual case studies to elucidate recurring motifs employed by pathogens such as antigen flexibility,

structural modifications, and backbone shielding.

By broadening the applicability of this molecular modeling methodology, this research extends its reach to
new target antigens and pathogens, offering a complementary approach to establish structure-function
relationships and inform rational vaccine design. The continued application of this methodology to a diverse
range of vaccine targets promises to expand the knowledge base in the field, potentially revealing additional
features harnessed by pathogens to gain a competitive advantage and evade the immune system. As
computational power continues to grow, the cost and time associated with modeling may decrease, further

enhancing the accessibility of this methodology for future vaccine development endeavors.
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1. Chapter 1

This thesis explores the fascinating field of glycoconjugate vaccines and their potential in combating
bacterial diseases. Through a multidisciplinary approach, this research focuses on four separate comparative
studies of bacterial carbohydrate antigens aiming to unravel links between structure, conformation, and
immunological properties. To lay the groundwork for understanding the research, the introduction first
delves into the concept of glycoconjugate vaccines, highlighting their significance in reducing the burden
of bacterial diseases and contextualizing the study as well as presenting its key aims. It then delves into the
concept of cross-protection and explores the link between conformation and function before considering
polysaccharide antigen structure and conformational considerations. The use of molecular modeling
methods, specifically molecular dynamics simulations, is introduced as a powerful tool for studying the
conformational aspects of carbohydrate-based vaccine antigens with exploration of data interpretation.
Finally, the focus turns to the structure of the thesis as the four case studies and relevant background
literature are presented, setting the stage for the subsequent detailed exploration of each study in the

following chapters.
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1.1. Overview

1.1.1. Glycoconjugate Vaccines as Tools Against Bacterial Disease

Glycoconjugate vaccines — comprising a poly- or oligosaccharide carbohydrate antigen chemically
conjugated to an immunogenic carrier protein — have proven highly effective over the last half century in
significantly reducing the burden of bacterial disease and stimulating long-lasting protection against

infection. !

Successes such as the Haemophilus influenzae type b, Neisseria meningitidis, and Streptococcus
Pneumoniae conjugate vaccines have significantly improved global health by reducing the burden of these
diseases, especially in low- middle-income countries (LMICs). 2® The usefulness of vaccines in our fight
against bacterial disease is especially significant against a background of rising antimicrobial resistance

(AMR) and increased difficulty in discovering new antibiotics. 24

Despite these successes, AMR is on the rise as is the prevalence of non-vaccine serotypes since the
introduction of these vaccines due to phenomena such as serotype replacement. ® Vaccines with more
serotypes (higher valency) may provide greater and continued disease coverage. As an example, the original
licensed pneumococcal vaccine which (comprised antigens from seven serotypes) was successful, however,
serotype replacement was seen within three years leading to the development of a 13-valent vaccine. 3
Subsequently, additional serotype replacement along with varying epidemiology has motivated the
development of third generation vaccines with even higher valency for which 15- and 20-valent vaccines

are licensed with 24- and higher valency vaccines in development. 3

There are also many other bacterial diseases accounting for significant morbidity and mortality against
which vaccines can be developed to improve global health. 2 Communicable diseases (specifically neonatal
conditions, lower respiratory infections, and diarrheal disease) are among the top causes of mortality;

especially in young children (< 5 yrs) and LMICs. ® In many cases available antibiotics are proving

14



increasingly ineffective or are not available in resource limited settings, making these pathogens important

vaccine targets. 2

Further, veterinary vaccines are an often-overlooked area for vaccine development, with potential for
significant food security and economic benefits especially in LMICs where, as with human disease,

vaccines and antibiotic treatments are not always available, are expensive, and are difficult to access. ’

There are still many bacterial disease targets for novel vaccine development and scope for improving
current vaccines which would have significant economic impact and work towards sustainable development
goals of: good health and wellbeing, no poverty, and - in the case of veterinary vaccines for livestock - zero

hunger. 8

1.1.2. Informing Future Vaccine Design

This thesis is comprised of four publications **? taking the form of case studies (presented here as results
chapters) exploring conformational aspects of carbohydrate-based vaccine antigens using molecular
dynamics (MD) modeling simulations. In these case studies, we consider groups of antigens that are
structurally similar enough for a modeling comparison to provide conformational insights into potential

cross-reactivity and immunological function for guiding rational vaccine design.

The antigens chosen for study were primarily informed by vaccines currently under investigation or in
development. We add to the existing knowledge in the field by considering structurally similar targets for
which either no known modeling data is available or for which the data is very limited and warrants
investigation with modern techniques. Additionally, this work explores several different vaccine targets

covering four distinct pathogens (including a veterinary pathogen).

The methodology used in this thesis has been previously established, and here we apply it, building on
limited (in terms of molecule size and simulation length) early MD studies as well as more recent

simulations. **® We extend the methodology by leveraging modern graphics processing unit (GPU)

15



acceleration to increase the size and simulation time of molecules studied. We also extend the data analysis

by including different approaches and visualization strategies as needed.

Given an established methodology is used, the primary contribution of the thesis is in the application of the
methodology to new problems to grow the literature and illustrate the applicability of the methodology as
well as extending data analysis approaches. This makes the inclusions of publications an appropriate choice
for the thesis as the episodic nature of the problems can be tied together with overarching observations and
findings that further contribute the literature. Overall, the intention is to use these insights to contribute to
linking conformation and function as well as informing the rational basis of vaccine antigen selection and

design.
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1.2. Background

1.2.1. The Role of Cross-Protection in Glycoconjugate Vaccine Design

A central challenge of vaccine design is achieving the maximum coverage of current and emerging bacterial
serotypes with the lowest valency, as each additional serotype component (or antigen) further increases the
difficulty in producing and the final cost of the vaccine. ** Further, each vaccine target and pathogen are

different and may not behave as expected based on previous experience.

Reduced valency can be achieved when cross-protection is demonstrated; whereby a specific vaccine
antigen elicits an immune response protecting against infection by closely related (non-vaccine) serotypes.
1319 The related (non-mutually exclusive) phenomenon of cross-reactivity occurs when a vaccine antigen

elicits an immune response that recognizes a related (non-vaccine) antigen.

Obtaining evidence for cross-reactivity as an indicator of potential cross-protection between vaccine
serotypes has historically been determined by pre-clinical studies and sera fractionation in animal models.
Immunological cross-protection in humans is typically only properly established once sufficient data on
efficacy is available. *3 Once established, cross-protection can, however, be difficult to rationalize based on

structure, as close structural similarity is not a reliable predictor of cross-protection.

Itis thus a critical aspect of vaccine design to understand the functional immunological aspects and potential
efficacy of target vaccine antigens as early as possible in the vaccine development process to ensure safe,

successful, and efficacious vaccine design in a cost- and time-effective manner.

1.2.2. Conformation is Important for Function

A central dogma in biology is the relationship between shape (or conformation) and function. In the context
of vaccines, functionality and protection is related to the antigenicity of antigen — the ability to generate

antibodies or induce an immune response in an organism. % Previous work has shown that small changes
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(such as a linkage position or substituent) in the molecular structure of saccharide antigens may have
significant effect on altering the conformation and flexibility as well as physical properties and

antigenicity. 222

Applying this, we can use structural and conformational similarity between antigens as a predictor of cross-
reactivity and potential cross-protection. Conformational analysis can further attempt to answer questions
such as: Which epitopes are important in antigenicity? Which epitopes contribute to cross-reactivity? What

are the effects of post-translational modifications and side groups on conformation?

1.2.3. Polysaccharide Antigens

The outer capsular polysaccharides (CPSs) and lipopolysaccharides (LPSs) of bacterial pathogens play an
important role in their survival and success in evading host immune responses. 2% Thus, these molecules are
targeted for inclusion in vaccines as functional antibodies against these polysaccharides would be expected

to provide pathogen specific protection. 2

These polysaccharides are comprised of repeating units (RU) of monosaccharides joined together by
covalent glycosidic linkages. 2 The RUs vary in length (usually two to six monosaccharides) and the
glycosidic linkages are formed between the anomeric carbon of one monosaccharide and a hydroxyl oxygen
of another. 2 While it seems simple enough (especially compared to protein biology), great diversity is

present in this class of molecules.

This diversity stems from both the constituent monosaccharides, and the composition of the RU.
Monosaccharides can vary in identity, be linear or cyclic, vary in ring size (furanose or pyranose), charge
(acidic versus neutral), anomeric configuration (a or ), stereochemistry (D or L), ring linkage position
and modifications such as acetylation. *2* RUs can vary in monosaccharide composition, length, branching
(the inclusion of side groups off the main RU backbone), and the use of non-sugar moieties (such as acetals,

amino acids, phosphates) amongst others. 2324
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Notably, bacteria tend to use monosaccharides uncommon to hosts such as L-rhamnose and L-fucose which
further expands the diversity of CPS and LPS. 2 The diversity in glycans across the different phyla is likely
driven by varied evolutionary pressures resulting in the development of a glycome that best favors survival.
2 For example, bacteria are evolutionarily distinct from eukaryotes, they inhabit a wider range of ecological
niches resulting in different and highly varied survival pressure, they also have shorter generational times,
and the ability to exchange genes via plasmid mediated horizontal gene transfer all of which may result in

the observed differences in glycome.

1.2.3.1 Polysaccharide Structural Elucidation

Compositional, structural, and linkage elucidation of polysaccharides is primarily performed by wet
chemical and physicochemical methods such as high performance liquid chromatography (HPLC), gas
chromatography (GC), mass spectroscopy (MS), and nuclear magnetic resonance (NMR). 2° The former
provides information on monosaccharide identity and composition as well as preliminary linkage positions
while the latter (notably NMR) allows assignment of monosaccharide identity, stereochemistry, and

configurations as well as RU composition and linkage positions. 2°

1.2.3.2 Conformational Elucidation of Polysaccharides

Conformation, however, is more difficult to study due to the high flexibility of this molecular class as well
as the relatively large molecular weights and high heterogeneity of polysaccharide samples. 2 This makes
carbohydrates and polysaccharides (despite their unassuming appearance) notoriously difficult to work with
experimentally and makes conformational elucidation by traditional laboratory-based techniques, such as

crystallography or NMR, challenging. 1326

Modern in-silico techniques have provided an alternative avenue to study conformation through molecular
modeling simulations. This allows one to model conformational behavior in a biological system and provide

insight into immunological features such as cross-protection. 3212226
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Whilst previously prohibitively expensive and slow to perform, the continual reduction in computational
cost with concurrent advances in technology leading to increased computational speed have contributed
significantly to the rise of these types of in-silico experiments in recent years. 222® Against the backdrop of
increasing costs of traditional laboratory-based chemistry (with rising costs of materials, waste disposal,
and health and safety requirements) computational experiments become an attractive tool to assist and

inform laboratory experimentation as a more sustainable approach for future research in this field.

1.2.4. Molecular Modeling in VVaccine Design

Molecular modeling is a complementary technique that can be applied to understand the conformational
aspects of molecules. *?2% Since conformation is crucial in molecular recognition, understanding the
conformational aspects of a target antigen can thus provide valuable insight and input into rational vaccine
design.®® Practically this can be achieved by performing a series of step-wise structural modifications to

better understand the effect of different components, side groups, and post-translational modifications.

1.24.1 Molecular Modeling Simulations

Molecular Dynamics (MD) simulations enable the reproduction of the time dependent behavior of
molecular systems. Using calculations, the MD simulations determine the physical properties of the system
at a specific point in time, providing valuable information that may be difficult to obtain through other

experimental.?22°

There are several different models or levels of theory that can be applied. The most accurate simulations
use quantum mechanical descriptions in which all the physical properties of the system are described by
wave functions. These simulations are, however, computationally expensive. Alternative modeling
techniques (such as MD) can use classical mechanics and approximations for greater computational

efficiency.?2%
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1.2.4.2 Molecular Dynamics

MD simulations are concerned with modeling the behavior of molecular systems over time. The simulations
are run by calculating the potential energy of the atoms in the system and then integrating the Newton’s
equations of motion for all atoms over small time steps (typically in the order of femtoseconds). At each
time step, the positions and velocities of the particles are updated based on the forces acting on them. This
process is repeated many times, allowing the simulation to capture the dynamics of the system over time;

these equations and concepts are well described in textbooks and the literature. 222628

Broadly, molecular simulations require two things: a low-energy starting structure for the molecule of
interest (in the desired solvent system) and a force field (which refers to the equations and parameters used
to describe the potential energy of the molecule/system in the simulation) used to solve Newton’s equations
of motion - the mathematical equations that underpin the simulation. 2226 The force field parameters are
determined via ab initio or semi-empirical quantum chemistry calculations on small model systems, or by

fitting to experimental data such as NMR, X-ray and electron diffraction, and infrared spectroscopy. 2

We make use of the CHARMM36 additive force field 23! which was developed for biological
macromolecules such as lipids, proteins, nucleic acids, and carbohydrates. It has been specifically
parameterized for hexopyranose monosaccharide molecules with glycosidic linkages. CHARMM36 is a
popular choice for MD simulations of carbohydrates, is well maintained and supported, and is being
extended to a Drude polarizable force field. * Furthermore, it has been shown to perform well for our

molecules of interest (specifically for rhamnose for which some force fields do not perform as well). 131832

When performing modeling simulations, the computational cost of the simulations increases significantly
as the system increases in number of particles. This is because a greater number of particles in the system
result in a greater number of inter- and intramolecular force calculations and is especially relevant in
solvated systems where the intermolecular forces between molecule and solvent as well as between solvent

molecules need to be calculated. Furthermore, for solvated systems the simulation box scales non-linearly
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and a doubling in molecule length of 2x would result in a corresponding volume increase of 23x for a cubic
simulation box. The solvent very quickly becomes the bulk of the calculation and methods such ignoring
interactions beyond a certain distance can help reduce the calculation scaling, but there is still a significant
increase and the number of particles in a simulation is an important consideration. 22" For carbohydrate-
based vaccine antigens a representative number of repeats of the RU is used. For short RUs this is relatively
cost effective, however, for longer RUs the computational cost increases significantly. 2 The use of GPU
acceleration has, thus been a major advance in the field in allowing the modeling of larger systems and with

longer simulation times. %

In this work we use an established methodology for MD simulations of polysaccharide RUs, 8 and were
further able to take advantage of recent computational advances - namely the use of more powerful GPUs
and software upgrades - which further leverage GPU acceleration of the calculations. ** These advances
were especially relevant to Chapter 5 which was the largest molecular system and longest simulation

attempted in this work and allowed these simulations to be performed with relative ease.

1.2.5. Molecular Dynamics Methodology

We used an established methodology to approach these modeling studies, as has been previously described

and is briefly explored here as well as in the methods sections of the results chapters. 118

Three repeating unit (3 RU) and six repeating unit (6 RU) chains for MD simulations were built using the
CarbBuilder software. 3% Starting structures for each molecule were built using low energy glycosidic
linkage orientations obtained from potential mean force calculations (calculated on the dihedral angle of
the glycosidic linkage). The psfgen tool was used to create protein structure files (PSF) for simulation with

the CHARMM36 additive force field for carbohydrates. 2°3°
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Where parameters were not available for residues or linkages in the CHARMM36 additive force field, they
were added either from the CHARMMZ36 protein force field (parameters for glycine) or based on parameters

already present for these types of molecules (parameters for ribitol and phosphate linkages).

Starting structures were minimized with the Nanoscale Molecular Dynamics (NAMD) program ¥’ (to ensure
the starting structures are low energy) before using the Visual Molecular Dynamics (VMD) software
solvation tool to add cubic TIP3P *° water boxes. When applicable, for charged systems, the VMD and
ionization tool was used to neutralize systems with sodium (Na*) counter ions to ensure the force in the

system converge.

MD runs were performed using the NAMD program with CUDA extensions for graphics processor

acceleration #° and the CHARMM36 additive force field.

Periodic boundary conditions equivalent to the cubic box size of the solvated system with wrapping are
used to remove boundary effects when the molecules leave the box as they will reappear on the other side
of the box. 23" The runs proceed following an initial minimization and heating protocol which allows for
gradual increases in temperature up to the desired simulation temperature while maintaining system
stability. A timestep of 1 femtosecond (fs) was used which is small enough to account for the fastest periodic
motion of a system (e.g. bond vibration in the order of ~10 fs) but large enough so as to be more

computationally efficient.

1.2.5.1 Potential Energy Calculation Considerations

Long range electrostatics for potential energy calculations were implemented with the Particle Mesh Ewald
(PME) summation grid. The PME summation algorithm uses a Fourier transform for the long-range
electrostatic contributions which converges much faster and reduces the number of calculations from
exponential to logarithmic. #* Similarly, electrostatic interactions of the 1-2 and 1-3 pairs were excluded
from the calculations and a distance-based cut-off for inclusion in the pair list for calculation of hon-bonded

forces was used. Smoothing functions were applied to both the electrostatics and van der Waals forces with
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switching and cut-off distances to gradually truncate (rather than sharply cutoff) long-range contributions

to zero.

1.2.5.2 Classical Mechanics Optimizations

A Leap-Frog Verlet integrator was used to integrate the equations of motion in which the short-range non-
bonded interactions are calculated every timestep while the full (more numerous) electrostatics calculations
were performed every other timestep. The calculation of velocity and position are also performed a half
step out of phase. Overall, this significantly reduces the number of calculations required and splits the

computational load more evenly. 4

1.2.5.3 Statistical Mechanics Considerations

Simulations were sampled under constant temperature and pressure - the isothermal-isobaric (nPT)
ensemble. Langevin dynamics “ were used to control the temperature with a damping coefficient to account
for omitted degrees of freedom. Nosé-Hoover Langevin piston dynamics were used as a barostat to maintain

a target pressure of 1 atm by varying the volume of the simulation cell. 444°

1.2.5.4 Approach to Convergence

We addressed convergence visually and using the block standard averaging method described by Grossfield
and Zuckerman “6 applied to two observables: end-to-end distance and radius of gyration. Briefly, the
method calculated the Block Standard Error (BSE) by dividing the simulation into block of different time
lengths and calculating the standard deviation between the average of the observable for that block. From
the BSE, correlation time and number of independent variables can be determined and, once block length
is greater than correlation time, the blocks can be considered independent of each other, and the simulation

can be deemed to have run for long enough.
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1.2.6. Interpreting the Data

The outputs of MD simulations are large data files describing the positions of all atoms at each time point
(or frame) of the molecule’s trajectory. Deriving meaning and results from these data requires subsequent
analysis. For our purposes, the analysis is focused around understanding molecular properties and
conformation — building on an established analysis methodology expanding and innovating as necessary to
establish the conformational rationalization for observed phenomena. 38 We provide a brief description

of the key analyses performed.

We begin data analysis by gaining an understanding of the flexibility and extension of the molecule from
the trajectory by plotting the end-to-end distance versus time for each frame. A similar plot of radius of
gyration versus time (a measure of the variation in position of the atoms of the molecule relative to the
center of mass or the root mean square deviation (RMSD) 2?) gives an indication of the compactness of the
molecule and how this changes over time. The distribution and variation in end-to-end distance and radius

of gyration gives important insight into global behaviors, anomalies, and areas for further investigation.

Next, the conformations are examined in detail using clustering analysis. Clusters are created by
systematically comparing frames based on RMSD and are grouped based on similarity (within the specified
cutoff) to a seed frame that represents each cluster. The seed frame is presented as representative of that
cluster. By analysis of the cluster occupancies and shapes of structurally related molecules we can contrast
and compare conformational aspects of these molecules such as shape, helical structure, and organization

of monosaccharides in 3D space.

The primary source of flexibility in a polysaccharide comes from the freedom implicit in the glycosidic
linkages, an analysis of the dihedral angles, phi (¢) and psi (y), of the glycosidic linkage (defined as used
in the methods section of each results chapter) can prove valuable in understanding the clusters and effects

of different linkage positions on conformation.
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From this point the results of the initial analysis direct further investigations. The nature of the antigen
surface is important for antigen-antibody binding, hence, investigating the solvent accessible surface
(SASA) in terms of which residues are most exposed for binding (from clustering analysis) as well as in
terms of hydrophobicity and hydrophilicity holds value. This is achieved by labeling the different
hydrophilic and hydrophobic or neutral groups of the molecule and applying a surface representation to
visualize areas that would be accessible to a solvent. This can further be numerically probed by rolling an
imaginary water sphere of defined size over the surface and establishing how much of the surface is
accessible and what the nature of these areas is. Furthermore, antibodies typically bind small fragments of
a polysaccharide rather than the entire molecule making focused conformational and SASA enquiries into
smaller sections of the molecule (one to six monosaccharides in length) valuable.

Additional analyses depending on the available information and data in the literature may also be possible.

1.3. Thesis Structure

This is a thesis that includes publications (listed previously) as four results chapters. These publications are

included verbatim and formatted for consistency.

Chapter 2 considers the modeling of the highly flexible type a and b H. influenzae antigens as well as a
synthetic analogue of type b. ® We observe the presence of a phosphodiester bond in the backbone combined
with a linear alditol sugar (ribitol) resulting in extreme flexibility and a potentially less immunogenic
antigen compared to a more structurally defined antigen. Further, the lack of conformation suggests that

the charged phosphate groups likely play an important role in antibody binding.

Chapter 3 explores veterinary pathogen antigens of Pasteurella multocida type B and E which are closely
related to type e and d H. influenzae antigens. ° Unlike the H. influenzae type a and b antigens from
Chapter 1, these antigens exhibit high levels of conformational definition and appear to use an uncommon

sugar, fructose, to disguise its immunogenic amino sugar backbone.

Chapter 4 compares the vaccine target antigen, Shigella flexneri type 6 with the common backbone of type
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Y with special emphasis on the conformational effect of O-acetylation, a common post-translational
modification that in some antigens (such as N. meningitidis serogroup A, Salmonella typhi Vi, and
Staphylococcus aureus type 5 and 8 CPSs) is critical. 47 This antigen is shown to be both flexible and
have a very different conformation and helix compared to the common S. flexneri backbone with the O-
acetylation not being important. In this case, the altered backbone appears to be the primary immune evasion

technique.

Chapter 5 explores the S. pneumoniae serogroup 10 CPSs which show high levels of asymmetric cross-
reactivity. 12 This chapter explores the effect of different conformational epitopes on cross reactivity. We
again see the use of a phosphodiester linkage and ribitol sugar in the backbone resulting in high levels of
flexibility. Despite differences in backbone linkages and side groups this flexibility is maintained. We
therefore investigate the side groups in more detail as the presence of an immunogenic galactofuranose on

the backbone amino sugar as a side group and how it may interact with immune factors.

Chapter 6 provides an overview of the preceding chapters and concludes the thesis with discussion of

potential implications of the work and future research questions that arise.

Here we provide further context and background for the pathogens of interest considered in these case

studies.

1.3.1. Haemophilus influenzae

H. influenzae was the leading cause of meningitis disease and resultant mortality, particularly in young
children. “¢%0 Since the 1990s, a licensed conjugate vaccine (targeting the outer CPS) of H. influenzae
serotype b (Hib), the most prevalent serotype, has been in use resulting in the epidemiology of the disease
changing. °-** Disease due to the non-vaccine, H. influenzae serotype a (Hia) is now on the rise, especially
in Indigenous North American populations despite widespread Hib vaccination. 52 This suggests that
Hib does not cross-protect against Hia and was the motivation for development of a Hia conjugate vaccine

which has been successfully tested in pre-clinical studies. ®°4 Furthermore, the AMR of H. influenzae
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has led to it being labeled a priority pathogen by the World Health Organization (WHO). *°

The disaccharide RU structures of the Hib and Hia CPSs are similar. Both comprise a disaccharide RU with
a cyclic monosaccharide and a ribitol phosphate group, however, the cyclic monosaccharide identity
(ribofuranose versus glucose) as well as the linkage positions differ between these antigens. %%
Understanding the conformational difference brought about by these structural differences can aid in

rationalizing the lack of cross-protection observed.

Limited MD studies of the types b antigen have been previously performed; however, these were very short

and were performed over two decades ago. ¢

1.3.2. Pasteurella multocida

P. multocida is a significant veterinary pathogen classified into five serogroups (A, B, D, E, and F) based
on the bacterial CPS, which is important for virulence. 5253 Serogroups B (PmB) and E (PmE) are the
primary causative agents of bovine hemorrhagic septicemia, which is associated with significant yearly
losses of livestock worldwide, especially in LMIC countries. 8% The disease is currently managed, albeit
with limited efficacy, by whole-cell vaccination hence, a more effective vaccine would have significant

benefit especially since resistance to commonly used antimicrobials has also been noted. :6466.67

The recent structural elucidation of the PmB and PmE CPSs renews interest in the CPS as a target antigen
for a vaccine supported by limited immunological studies. "t The PmB and PmE CPSs are structurally
similar to each other and to the H. influenzae types e and d CPSs " comprising the same amino-sugar
disaccharide backbone and fructofuranose side-group, but differing in their glycosidic linkage positions,

and a glycine side group in PmB. ™

Comparative modeling of PmB and PmE can inform the design of a potential P. multocida CPS vaccine

and identify the function of structural modifications and potential important epitopes.
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1.3.3. Shigella flexneri

The pathogenic Shigella bacteria are a leading cause of diarrheal disease and mortality, disproportionately
affecting young children in low-income countries. 274 With increasing rates of antibiotic resistance,
Shigella is a priority pathogen for global health bodies and an effective vaccine is critical to reduce disease
burden. 45772737577 The bacterial LPS O-antigen is the primary target antigen and a multivalent vaccine
including S. flexneri serotype 6 as a component (as well as serotypes 2a, 3, and S. sonnei) has been proposed,

with the goal of providing broad protection against Shigella disease. 747678

Several studies exploring the conformations of other S. flexneri O-antigens (O-Ags) which share a common
backbone RU, that of serotype Y, have been performed, but none have considered serotype 6. 4’
Serotype 6 has a different backbone RU with a different monosaccharide composition (notably the inclusion
of a charged, acidic residue) and non-stoichiometric phage-mediated O-acetylation for which the antigenic

and immunogenic importance has not yet been established. 7*8°

A systematic modeling study to establish the conformational aspects of serotype 6 relative to serotype Y as
well as the effect of the charged acidic moiety and non-stoichiometric O-acetylation on conformation could

provide rationalization for cross-reactivity and vaccine design as well as suggest potential binding epitopes.

1.3.4. Streptococcus pneumoniae

S. pneumoniae is a significant human pathogen and widespread use of pneumococcal conjugate vaccines
has significantly reduced disease, however, the prevalence of non-vaccine serotypes (and emergence of
antimicrobial resistant strains) has increased leading to the need for and development of higher valency,

next generation vaccines, 419.57.81-83

Serotype 10A is one such serotype, as the most prevalent of serogroup 10 (comprising four main serotypes

10A, 10B, 10C and 10F), that has been targeted for inclusion in these next-generation vaccines. 8% The
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literature reports considerable puzzling asymmetric cross-reactivity within S. pneumoniae serogroup 10

with the reasons for this asymmetry being unclear. &

The CPSs of serogroup 10 contain the same backbone RU sugars (with ribitol phosphate moieties) differing
only in linkage positions and side chain substitutions. 1889 All serotypes contain a galactofuranose
monosaccharide which is absent in mammals but occurs in a range of other bacterial pathogens and is often
critical for virulence. % The human innate immune system is able to recognize an epitope on this

monosaccharide thus pathogens have evolved to evade the immune system by modifying this epitope. 9%

Molecular modeling can be used to correlate the conformational features of these antigens with the observed
cross-reactivity data and identify potential cross-protective epitopes and rationalize the mechanisms
employed for immune evasion. Understanding this complex cross-reactivity is crucial for establishing the

minimal vaccine components to provide for a maximally efficacious vaccine.
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1 Chapter 2

2.1 Preface

The following article “Cross-reactivity of Haemophilus influenzae type a and b Polysaccharides: Molecular
Modeling and Conjugate Immunogenicity Studies” describes a molecular modeling study of the capsular
polysaccharide (CPS) of H. influenzae types b and a. * The aim of this work was to generate a
conformational model of the molecules to provide a mechanistic understanding for an observed lack of

immunological cross reactivity and to rationalize the epidemiology.

It starts by considering the H. influenzae type b CPS (the antigen used in the first ever glycoconjugate

vaccine) which is then compared to the type a antigen and a synthetic, cleavage resistant type b CPS.

Somewhat unusually for carbohydrates, the type b CPS had no defined conformation, behaving rather as a
random coil as was described by sedimentation studies. 2 The flexibility is due to the combination of linear
sugar (ribitol) and phosphodiester bond in the backbone resulting in high rotational freedom and creating a
“hinge” in the backbone. This high flexibility was likely advantageous to the virulence of the bacterium as
a poorly defined antigen is more difficult for an antibody to bind. We would expect this to make a poor
vaccine antigen, but the highly charged phosphate and its highly solvent exposed nature seemed to dominate

the surface and likely explain the success of this antigen as a vaccine target.

The type a CPS was very different, showing much greater conformational definition and a zig-zag shape.
This illustrated the significant conformational differences brought about by relatively minor structural
changes (different linkage of the linear sugar and phosphodiester). The greater conformational definition
may explain why type a is a less successful pathogen compared to type b as we expect a more defined
conformation would be easier for an antibody to recognize and bind. The modeling results are validated by
immunological data from our collaborators and the conformational differences support the need for a

bivalent vaccine to protect against both type b and a.
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The synthetic, cleavage resistant type b CPS showed some conformational differences when compared to
the native type b CPS. Pre-clinical studies, however, suggest these differences may not affect the efficacy
as a vaccine antigen and a cleavage resistant antigen is beneficial as it extends the vaccine shelf life and

simplifies the vaccine purification and formulation. 34

This work is an example of flexibility brought about by linear sugars and phosphodiester linkages in the
backbone and prompted us to consider alternative analysis methods beyond just considering the
conformational aspects. We explored the solvent accessible surface and considered potential epitopes that
better describe what a potential antibody may see as accessible for binding to derive insights and meaning

from the data.
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2.2 Abstract

Haemophilus influenzae is a leading cause of meningitis disease and mortality, particularly in young
children. Since the introduction of a licensed conjugate vaccine (targeting the outer capsular
polysaccharide) against the most prevalent serotype, Haemophilus influenzae serotype b, the epidemiology
of the disease has changed and Haemophilus influenzae serotype a is on the rise, especially in Indigenous
North American populations. Here we apply molecular modeling to explore the preferred conformations of
the serotype a and b capsular polysaccharides as well as a modified hydrolysis resistant serotype b
polysaccharide. Although both serotype b and the modified serotype b have similar random coil behavior,
our simulations reveal some differences in the polysaccharide conformations and surfaces which may
impact antibody cross-reactivity between these two antigens. Importantly, we find significant
conformational differences between the serotype a and b polysaccharides, indicating a potential lack of
cross-reactivity that is corroborated by immunological data showing little recognition or killing between

heterologous serotypes. These findings support the current development of a serotype a conjugate vaccine.
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2.3 Introduction

Haemophilus influenzae is a Gram-negative coccobacillus that is a leading cause of meningitis, otitis
media, bacteremia, and pneumonia, amongst others, particularly in children younger than five and
immune-compromised individuals, with high levels of morbidity and disability. >® There are six
encapsulated serotypes, a — f, based on the capsular polysaccharide (CPS) structure as well as
unencapsulated, non-typeable H. influenzae (NTHi) strains. % H. influenzae type b (Hib) was the
leading cause of invasive H. influenzae disease prior to the introduction of conjugate vaccines in the 1980s
and 1990s. 871112 The successful introduction of Hib vaccination in many regions has changed the
epidemiology of H. influenzae disease and resulted in the near elimination of Hib disease. Most invasive
disease is now caused by non-b serotypes and NTHi strains, with Hia appearing as a leading cause of
disease in Indigenous children in North America. >"12%* The emergence of Hia disease despite widespread
Hib vaccination suggests that Hib does not cross-protect against Hia and is the motivation for development
of a Hia conjugate vaccine. This is aligned with the WHO priority in their “Defeating meningitis by 2030:
a global roadmap”, particularly as the distribution and burden of disease is underestimated in low- and

middle-income countries (LMICs). 81013

Licensed conjugate vaccines against Hib — based on the immunogenic CPS conjugated to different carrier
proteins — are available and implemented in national immunization programs of all countries except for
China and the Russian Federation. 8! For Hia, a promising candidate conjugate vaccine — which is
expected to be cost effective in affected areas — has been developed and tested in pre-clinical studies; it
showed immunogenicity, functional antibody stimulation (by serum bactericidal assay), and protective
titers equivalent to that of the PedVaxHIB® vaccine (OMPC carrier). ®12141718 A North American
consortium including researchers at McGill University, Dalhousie University, National Research Council,
Canadian Immunization Research Network, Canadian Glycomics Network and Inventprise LLC has

identified funds to support GMP clinical lot production, GLP-toxicology studies and a Phase 1 clinical trial
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of the candidate Hia conjugate vaccine that is scheduled to take place in 2022. [A. Cox, personal

communication]

The disaccharide repeating unit structures of the Hib and Hia CPS are similar. The Hib repeating unit (RU)
—also commonly known as known as polyribosylribitolphosphate (PRP) — contains ribose, in the g-furanose
form, (Ribf) as well as ribitol phosphate (Rib-ol) linked by a 1,5-phosphodiester bond (Figure 2.1A),
whereas Hia contains g-glucopyranose (Glc) and Rib-ol linked via a 4,5-phosphodiester bond

(Figure 2.1C). *2° Ribitol phosphate is not present in the CPS of the other H. influenzae serotypes.®?

Hib vaccines have poor stability due to the susceptibility of the PRP to hydrolytic cleavage of the
phosphodiester bond through nucleophilic attack from O2 of Ribf — which is further catalyzed by the
presence of divalent cations and some adjuvants. 3#22 This must be circumvented when designing the
purification of the CPS, its conjugation and, particularly, its formulation in liquid combination vaccines. 2
One solution could be the use of a stabilized Hib antigen. The first example of a conjugate vaccine with a
fully synthetic carbohydrate moiety is the QuimiHib made in Cuba; 8> more recently a modular synthetic
route was proposed which identified an octasaccharide lead vaccine candidate. 2* The same group showed
that methylation at O2 of Ribf (see Figure 2.1B, HibMe) provides a method for preventing hydrolytic
cleavage, thus improving vaccine stability even in the presence of basic agueous media or aluminum salts,

as well as at elevated temperatures, while still inducing an immune response against Hib. 34

As cross-protection between antigens is expected to require both chemical and conformational similarity,
molecular modeling can provide insight into the potential for cross-protection between the H. influenzae
CPSs and stabilized Hib. While the structures of H. influenzae type a and b polysaccharides have been fully
characterized through wet-chemical assays and NMR, 202629 conformational studies have been limited.
Physicochemical studies of Hib CPS and a size-reduced activated intermediate showed that Hib behaves as
a highly flexible random coil. 2 Two decades ago, short molecular dynamics (MD) simulations of one RU

of the Hib CPS showed a very flexible phosphodiester linkage. % To date, we are not aware of any
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conformational studies on CPS of Hia or methyl stabilized Hib (HibMe).

To provide insight into potential cross-reactivity between the antigens, in this work we ran microsecond
MD simulations of 6 RU of Hib as well as the vaccine candidates Hia and HibMe (Figure 2.1) in order to
compare the flexibility and dominant conformations of the polysaccharide chains. For experimental
corroboration, we also investigated the cross-reactivity between Hib and Hia by performing immunological

studies in rabbits.

A) Hib
[=3)-8-D-Ribf~(1=>1)-D-Rib-0l-(5>P—>]
- o on o ]
CH,0H 0 H : o—P——
:0: f \/\(‘:\/ l‘)H
—1—0 OH
B) HibMe -"
[ 3)-8-D-Ribf20Me-(1->1)-D-Rib-0l-(5>P->]
i oH on 9 ]
CH,OH (o) H : o—pP—1—
(o] \/\Oc‘v AH
——a0 OMe
C) Hia -n
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Figure 2.1: Primary line structures and repeating units of the CPS modeled in this work: (A) H. influenzae type b

(Hib), (B) non-biological stabilized Hib (HibMe) with a methyl group at O2 of Ribf, (C) H. influenzae type a (Hia).
9,20,21,25,26
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2.4 Materials and Methods

2.4.1 Molecular Simulations

2.4.1.1 Molecular dynamics

Simulations were run using NAMD (version 2.13) ®* with CUDA extensions for graphics processor
acceleration. ** The CHARMM36 additive force field used to model the carbohydrates * and TIP3P to
model the water molecules. ¥ To represent missing glycosidic linkages, we added patches to the
CHARMMS36 force field for carbohydrates, as well as the necessary bond, angle and dihedral parameters.
These were copied from similar linkages in the existing force field. Meso-ribitol, which has a number of
alditols, is available in the CHARMM carbohydrate force field. Phosphodiester linkage parameters were
adapted from those we previously added to the force field. “° The initial coordinate files (.pdb format) and
associated molecular force field files (protein structure file format, .psf) for all systems modeled are

provided as online resources 1-6.

Starting structures for each molecule (Supplementary Figure 2.1 and Figure S2.1) were built with
CarbBuilder # using the default glycosidic linkages designated by CarbBuilder: for the p-linkages ¢,y =
40, 0 and for the phosphodiester linkages ¢, = -40, 0. These initial structures were then minimized with

NAMD for 10 000 steps at 300 K.

Chain length is an important consideration when modeling CPSs, as a short chain may have insufficient
molecular flexibility, while long chains are more computationally expensive to model. On the basis of our
previous work, we consider a 6 RU chain to be representative of the behavior of the longer polysaccharide.
Further, antibodies bind small fragments of the CPS between one and seven residues in length %
corresponding to between one and four RU in the case of H. influenzae type a and b, making a 6 RU model

sufficient to explore antibody binding epitopes.
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Minimized structures were solvated using the Visual Molecular Dynamics (VMD) software *? to add cubic
water boxes of 60 A per side for Hib/HibMe and 72 A per side for Hia. Each system was ionized with
sodium (Na*) counter ions to neutralize the system (3 ions for the 3RU, 6 for the 6 RU) at an ionic
concentration of 0.027 mol/L and 0.046 mol/L for the 72 A and 60 A boxes respectively. Initial
minimization and heating protocols comprised 5 K incremental temperature reassignments beginning at
10 K up to 300 K with 5 000 steps of NAMD minimization and 2 000 steps of MD at each temperature

reassignment.

Periodic boundary conditions equivalent to the cubic box size were employed for the solvated simulation
with wrapping on. Long range electrostatics were implemented with Particle Mesh Ewald summation
(PME) on a 60 A (Hib/ HibMe) or 72 A (Hia) grid size. ** Atoms were not held fixed, and the initial center
of mass motion was off. The 1-3 pairs were excluded from non-bonded interactions, 1-4 interactions were
not scaled, and the dielectric constant was set to 1. Smoothing functions were applied to both the

electrostatics and van der Waals forces with switching and cut of distances of 12 A and 15 A, respectively.

A Leap-Frog Verlet integrator was used to integrate the equations of motion over a step size of 1 fs. A
distance of 18 A was used as the cut-off for inclusion in the pair list for calculation of non-bonded forces.
The short-range non-bonded interactions were calculated every 1 fs, full electrostatics calculations were

performed every 2 fs, and atoms were reassigned every 10 fs. 4

Simulations were sampled under isothermal-isobaric (nPT) ensemble. Langevin dynamics were used to
control the temperature with a damping coefficient of 5/ps. Nosé Hoover Langevin piston dynamics were
used as a barostat to maintain a target pressure of 1 atm. Variable system volume was used with a piston
period of 100 fs and decay of 50 fs. Post equilibration (200 ns), simulations underwent production runs of

1 300 ns as was required for the different models to converge.

2.4.1.2 Convergence

We addressed convergence using block standard averaging * applied to two metrics: end-to-end distance
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and radius of gyration (Supplementary Figure S2.2). Block standard averaging was implemented with in-

house Python scripts, as previously described. 314°

For all simulations, the blocked standard error (BSE) reached plateaus for both metrics, indicating
convergence. The simulation lengths were large multiples of the correlation times for end-to-end distance
(Hib, 11 ns; HibMe, 11 ns; Hia, 24 ns) and radius of gyration (Hib, 11 ns; HibMe, 11 ns; Hia, 25 ns).
Further, the numbers of independent samples were >> 1 for both the end-to-end distance (Hib, 143; HibMe,
131; Hia, 64) and the radius of gyration (Hib, 131; HibMe, 142; Hia, 60). Our designated equilibration time
of 200 ns is therefore much greater than the correlation time indicating that the properties of the system are

not correlated or related on this timescale and that the simulation length should be sufficient.

2.4.1.3 Data analysis

Output trajectories were extracted every 25 ps and analyzed at 250 ps intervals. Inter-atomic distances and
dihedral angles were measured using VMD, with data analyses performed with in-house Python scripts and

plots generated using Matplotlib. 46

The end-to-end distance, r, was measured from C1 of Rib-ol at the non-reducing end, to C1 of Ribf (for

Hib) or Glc (for Hia) at the reducing end, thus excluding the highly flexible terminal residues.

The glycosidic linkages Ribf (1—1) Rib-ol and Glcp (1—4) Rib-ol are described by two dihedral angles
¢ = H1-C1-O1- Cy’ and 3 = C1-01-Cy’-H’, which are equivalent to ¢n and y in IUPAC nomenclature. 4748
The phosphodiester linkages were defined as: ¢ = Hx-Cx-Ox-P, i = Cx-Ox-P-Oy, w = Ox-P-Oy-Cy and & = P-
Oy-Cy-Hy as we have previously done for this type of linkage. “° All dihedral angles were measured as a
combination of the dihedrals from the central RUs, three and four thus providing a sample of the most

central angles.

The most common chain conformations for each simulation were determined by clustering the simulation

frames (post equilibration) into families and calculating the relative occupancies of each family. Clusters
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comprising less than 2 % of the production run (post equilibration) were discarded. Clustering was
performed using the WMC PhysBio plug-in for VMD’s built-in cluster command. *° Prior to clustering, the
molecules were aligned on the ring and linkage atoms of the central Rib-ol residue of RU 3 and Ribf residue
of RU 4. Clustering was performed as an RMSD ft to the ring and linkage atoms of the central 4 RU of the

6 RU chains (excluding the highly flexible terminal repeating units) with a cut-off of 5.5 A.

Hydrophilic/hydrophobic regions of the molecular surface were analyzed using VMD’s built-in “measure
sasa” command. The solvent accessible surface arca (SASA) analysis was performed by probing first
hydrophilic regions (comprising hydroxyl groups, carbonyl groups, ring oxygens, phosphorous, and linkage
oxygens) and then hydrophobic/ neutral regions (comprising methyl groups, CH2 groups, ring carbons, and
ring protons) of the molecule using a van der Waal’s radius of 1.4 A—analogous to that of water. The ratio
of hydrophilic to hydrophobic/neutral regions was then calculated to determine the percentage hydrophilic

surface area available for potential antibody binding.

Molecular conformations were visualized using VMD, with the PaperChain visualization algorithm used to
highlight carbohydrate rings. 3 and the hydrophilic and hydrophobic surfaces were visualized with the

Quicksurf visualization algorithm.

2.4.2 Immunological studies

CPS from Hia and Hib were isolated from cell supernatants following fermenter growth, as described
previously for Hia, however, no RNase treatment was utilized for Hib CPS isolation. > CRMig7 carrier
protein was prepared as described previously. * Conjugates of purified Hia and Hib CPS were prepared via

direct reductive amination as described previously for the Hia conjugates.®

Three New Zealand female white rabbits (Hia: RCAV1-3), (Hib: RCBV1-3) were immunized
subcutaneously with each conjugate at a 25 ug dose with the same prime and two boost strategy and

adjuvanting with incomplete Freund’s adjuvant as described previously. 2
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Final bleed day 70 (D70) rabbit sera from Hia and Hib conjugates were screened against BSA conjugates
of Hia and Hib PS in ELISA as described previously. 1? Pre-immune sera were employed as the negative

control.

Final bleed (D70) rabbit sera from Hia and Hib conjugates were screened for functionality in a serum
bactericidal assay (SBA) against Hia strain (NRCC # 6753) and Hib strain (NRCC # 4274) as described

previously. 2 Pre immune sera were employed as the negative control.
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2.5 Results

We begin with a comparison of the flexibilities of the Hib, HibMe, and Hia CPS chains, then the molecular
conformations, followed by the minimal binding epitopes and the characteristics of the molecular surface.

We then discuss the results of our immunological studies in the light of the modeling results.
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Figure 2.2: Time series of the end-to-end distance, r, in the 6 RU CPS chains. Here r is defined as the distance (A)
from C1 of Rib-ol in RU1 to C1 of Ribf in RU 6 for Hib and HibMe (A), or the equivalent C1lof Glc in RU 6 (for
Hia). Time series (left column) and histograms (right column) are plotted for r in (B) Hib, (C) HibMe, and (D) Hia.
Histograms are labelled with the standard deviation, o.

2.5.1 Chain flexibility

Time series graphs of the molecular end-to-end distance, r, over the course of the MD simulations provide

a simple metric for comparison of the molecular flexibility and extension of the 6 RU CPS chains. The r
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time series plots (Figure 2.2, left column) and corresponding histograms (Figure 2.2, right column) reveal
that all three molecules are very flexible, with rapid transition between a wide range of r values. The
similarity of the plots for Hib (Figure 2.2B) and HibMe (Figure 2.2C) indicate that the O-methyl
substitution on Hib does not affect the flexibility of the chain substantially: Hib and HibMe have the same
range of r (5-55 A), although the r histograms reveal that Hib has a greater incidence of conformations
with r < 10 A. However, Hib and HibMe together are considerably more flexible than Hia (Figure 2.2D).
The range of r is considerably broader for Hib and HibMe than for Hia (5-45 A), which lacks the extreme
extensions of the chain. Further, the more compact distribution of Hia (¢ = 7 A), with a clear peak at
approximately 30 A, indicates that it is more conformationally defined than either Hib (¢ = 10 A) or

HibMe (o =9 A).

2.5.2 Molecular conformations

The flexibility of the CPS antigens is further demonstrated in a comparison of the dominant CPS chain
conformations for Hib, HibMe, and Hia (Figure 2.3). Hib has no dominant conformation, with the highest
occupation for a conformational family at 7 % of simulation time (Figure 2.3A, Hib1). The wide range of
collapsed (Figure 2.3A: Hibl, Hib2, Hib8) and extended (Figure 2.3A: Hib3-7 and Hib9-10)
conformations with low occupancies (< 7 %) for Hib is consistent with the random coil classification of
this antigen on the basis of sedimentation studies. > The conformations of HibMe (Figure 2.3B) are very
similar to Hib, although with more extended chain conformations: O-methyl substitution of the Ribf residue
removes the compact conformations of Hib. However, there remains a wide range of conformations of the

chain, which also behaves as a random coil.

In contrast, the conformations of Hia are much more defined and regular (Figure 2.3C), with the primary
cluster comprising 36 % of the simulation (Figure 2.3C, Hial). Zig-zag conformations of the chain
predominate (Figure 2.3C, Hial, Hiab5, Hia6), with bends at the Rib-ol of each RU. More compact

conformations with accordion-style folding of the zig-zag do occur with relatively high frequency
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(Figure 2.3C, Hia2, Hia4, Hia8, Hia9), but very extended conformations of the chain are absent. The
glycosidic linkages (Supplementary Figure S2.3 and S2.4) in the Hia simulations are more constrained

and have different orientations than in Hib. Overall, Hia therefore has markedly different conformations
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Figure 2.3: Conformational families (seed frame for each cluster is shown) for the middle 4 RU of the 6 RU CPS
chains: (A) Hib, (B) HibMe and (C) Hia. Families are scaled to illustrate differences in their relative percentage

occupancies. Residues are colored: Ribf, pink; Rib-ol, gray; Glc, blue. The phosphate groups are highlighted in
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purple and the methyls in red.

2.5.3 Binding epitopes

As the CPS regions bound by antibodies comprise one to seven residues, * it is useful to compare the 6 RU
CPS chains on this length scale. Figure 2.4 shows the three main conformations of the central 4 RU segment
(comprising 2 RU) for the Hib, HibMe, and Hia CPS chains. Overall, the three primary conformations of

the 2 RU segments are much more consistent with each other than the conformations of the 6 RU chains.

At this scale it is clear that the flexible phosphodiester linkage acts as a hinge between repeating units for
all three CPS chains. However, the conformations of the 2 RU segment are quite different across the three
antigens. The primary conformations of Hib are compact, with sharp bends exposing the phosphate group
(Figure 2.4A), whereas the primary conformations for HibMe are more extended, with the O-methyl group
quite exposed on the chain (Figure 2.4B). For Hib (Figure 2.4A) the sharp bends enable conformational
collapse and stabilizing interactions between the Rib-ol and opposing sides of the chain (Figure 2.4D)
likely increase the preference for collapsed over extended conformations in this CPS. For HibMe the bulky

methyl group at O2 of Ribf prevents collapse and more extended conformations therefore predominate.

The more moderate bends in the Hia conformations (Figure 2.4C) are due to the constrained 4,5 linked
Rib-ol. Here the phosphate hinge exposes both the phosphate groups as well as the bulky C1-C3 portion of

the Rib-ol for possible antibody binding (Figure 2.4F).
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Comparison of the solvent exposed hydrophilic and hydrophobic regions of the molecular surfaces further
highlights significant differences between the CPS antigens that may affect antibody binding. Time series
and histograms of the solvent exposed hydrophilic surface area for step in the simulation are plotted in
Figure 2.5. As expected, the surface of the Hib CPS (Figure 2.5A) is largely hydrophilic (average of 72 %)
— due primarily to the bulky charged phosphate groups. However, the addition of the hydrophobic methyl
group in HibMe greatly reduces the hydrophilicity of the exposed molecular surface to an average of 57 %

(Figure 2.5B). This can be rationalized by considering that the methyl group in HibMe is relatively bulkier
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(4 atoms) compared to the OH in Hib (2 atoms), thus the methyl substituent would contribute more to the

hydrophobicity of the molecular surface in HibMe than the OH contributes to hydrophilicity of the surface

in Hib. In addition to the conformational differences in the chain, this difference in the properties of the

surface is another factor to consider that may affect cross-reactivity between the two antigens.
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Figure 2.5: Time series plots and histograms of the percentage of the solvent accessible surface area that is

hydrophilic in the 6 RU simulations of (A) Hib, (B) HibMe, and (C) Hia. Examples of the molecular surfaces for

each CPS with hydrophilic (blue) and hydrophobic (pink) patches indicated are shown in the right column; the key

and classification for each RU moiety is given in the lower panel.
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Interestingly, the analysis shows that Hia (Figure 2.5C) has the same relative hydrophilicity as Hib, an
average of 72 % (with a narrower distribution), despite the significant structural and conformational
differences between these antigens. This is consistent with a comparison of the hydrophilic surfaces of the
Ribf (Supplementary Figure S2.5A, 69 %) and Glc (Supplementary Figure S2.5B, 69 %) residues—
which, given the common Rib-ol residue (Supplementary Figure S2.5C) contributes to the overall

hydrophilicity of the surface.

2.5.4 Immunological studies

To investigate cross-reactivity between Hib and Hia, D70 rabbit sera derived from immunizations with
three doses of the Hia and Hib conjugates were screened in ELISA for recognition of the homologous and
heterologous CPS (Figure 2.6). Only the homologous CPS was recognized in each case, confirming a lack

of cross-reactivity between the Hia and Hib CPS.
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Figure 2.6: ELISA screening of rabbit sera from Hia or Hib conjugate immunized rabbits (n=3) for recognition of:
(A) Hia-BSA conjugate or (B) Hib-BSA conjugate. Homologous serotype recognition is seen, but no cross-

recognition of the heterologous serotype. In all cases the pre-immunization sera were used as the control.

The same D70 sera were utilized in an SBA assay to assess for functionality of the sera that supports
complement mediated killing. As can be seen in Figure 2.7, the Hia conjugate derived sera could only

facilitate the killing of the Hia strain and not killing of the Hib strain. The same reciprocal results were
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obtained when the Hib conjugate derived sera were examined, confirming the inability of sera specific to

one serotype to recognize nor facilitate the killing of the heterologous serotype strains.
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Figure 2.7: Serum bactericidal assay (SBA) titration curves of rabbit sera from Hia or Hib conjugate immunized

rabbits (n=3) against: (A) Hia bacterial strain # 6753 or (B) Hib bacterial strain # 4274. We see killing of the

homologous serotype, but a lack of cross-killing of the heterologous serotype. In all cases, pre-immunization sera

were used as the control.
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2.6 Discussion

We find that Hib and the modified HibMe CPS antigens both behave as unstructured random coils in
solution. However, we show that there are also some differences between the Hib and HibMe saccharides
that may affect antibody binding: Hib has a range of collapsed, globular conformations that do not occur in
HibMe, the local conformation of the chain in Hib has more extreme bends than HibMe, and the molecular
surface of Hib is much more hydrophilic than HibMe. However, despite the differences in conformation
and molecular surface, a modified HibMe conjugate vaccine raised antibodies that recognized the natural
Hib antigen. 4 This suggests that the presence of immuno-dominant charged phosphate * is the focus of

antibody recognition and binding.

In contrast to Hib, the flexible Hia CPS forms relatively defined zig-zag conformations. We find significant
differences between the Hia and Hib CPS antigens in flexibility, conformation, and minimal binding
epitope, which does not support the existence of cross-reactivity between them. The immunological data
confirms this: sera derived from Hia CPS conjugates cannot recognize nor kill Hib strains and sera derived
from Hib CPS conjugates cannot recognize nor kill Hia strains. This is also consistent with clinical data
showing an increase in invasive disease caused by serotype a in infants and children, even after receiving a
full childhood serotype b conjugate vaccine regimen. ***° Based on the limited immunogenicity studies
detailed herein, we also note that Hia appears to elicit a stronger immune response than the highly flexible
Hib; it is interesting to postulate that the more conformationally defined Hia CPS is a stronger antigen than

Hib.

Future work is focused on the development of a Hia glycoconjugate vaccine to protect all infants and
children from this disease; funding has been secured for Phase 1 clinical trial of a prospective Hia vaccine

by a North American consortium.
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2.7 Supplementary Material
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Supplementary Figure S2.1: Starting conformations of the 6 RU CPS of: (A) Hib, (B) HibMe, and (C) Hia. The
Licorice, VDW, and PaperChain representations are used. Structures were built using CarbBuilder, solvated and
ionized using VMD, and minimized using NAMD. Water and counter ions are not shown.
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Supplementary Figure S2.2: Block standard averaging analysis calculated for the time series of (A) end-to-end
distance and (B) radius of gyration of the 6RU chains. The blocked standard error (BSE) reaches a plateau with
increased block size (ns) for all the CPSs indicating convergence. Further analysis using the approximate BSE
reveals correlation times < 25 ns (much less than the simulations times of 1 300 ns) and numbers of independent

samples >> 1 which support the convergence of the simulation.
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Supplementary Figure S2.3: Time series scatter plots for the phi (¢), psi (y), omega (w), and epsilon (g) dihedral
angles of the phosphodiester linkage for (B) Hib, (C) HibMe, and (D) Hia. Points from both central repeating units
(RU 3 and RU 4) were included to broadly sample the backbone behavior each (each assigned a different shade).
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Supplementary Figure S2.4: Heat map representation of scatter plots for the phi (¢), psi () dihedral angles of the
glycosidic linkage (left column) and psi (), omega (w) dihedral angles for the phosphodiester linkage (right
column) for: (A) Hib, (B) HibMe, and (C) Hia. Points from both central repeating units (RU 3 and RU 4) were
included to broadly sample the backbone behavior. The color scale indicates the relevant occupancy of the dihedral
angles during the simulation with red being high occupancy, and blue low occupancy. The glycosidic linkages (left
column) are defined by two dihedral angles, ¢ = H1-C1-O1-Cx” and ¥ = C1-01-Cx’-Hy’, which are equivalent to ¢n
and ¥y in JUPAC nomenclature. 4”8 Only the variable ¥ and w angles are compared for the phosphodiester
linkage (right column) since the ¢ and & angles are very consistent and similar between all the CPSs

(Supplementary Figure S2.3)
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Supplementary Figure S2.5: Licorice representation and solvent accessible surface area that is hydrophilic for
static structure of monosaccharides (A) Ribf, (B) Glc, and (C) Rib-ol with hydrophilic (blue) and hydrophobic
(pink) patches.
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3 Chapter 3

3.1 Preface

The following article “Conformational comparisons of Pasteurella multocida type B and E and structurally
related capsular polysaccharides” describes a systematic molecular modeling study of the capsular
polysaccharide (CPS) of the veterinary pathogen, Pasteurella multocida types B (PmB) and E (PmE) as

well as H. influenzae types d (Hid) and e (Hie). *

Interest in this problem was sparked following the recent structural elucidation of the PmE and PmB CPSs
and the finding of close structural similarity to the Hid and Hie CPSs. 2 This renewed interest in CPS as a
target for new vaccines against PmE and PmB disease as the current whole-cell vaccines have limited

efficacy. *°

The CPSs all share a common, immunogenic amino-sugar disaccharide backbone with different linkage
positions and vary in side group substitution with fructofuranose (an unusual monosaccharide in bacteria)
and/or an amino acid moiety. 2% A stepwise systematic approach to the modeling of the four molecules
was employed: starting with backbones and building up to fully substituted molecules. The aim of which
was to fully explore conformational differences brought about by each of the subtle structural differences

and investigate the potential for cross-reactivity.

These molecules showed high conformational definition which only increased with side-group addition
(unlike the flexible H. influenzae types a and b studied in Chapter 2). We observe small structural
differences having a significant impact on both the chain conformation and the exposed potential antibody-
binding epitopes. A single backbone linkage difference (3-linked versus 4-linked) results in a change in

helical handedness of the molecule presenting completely different potential binding epitopes.

The high conformational definition would be considered disadvantageous for the pathogen as high

conformational definition presents a better (less variable) target for antibodies and would result in greater
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immune recognition and clearance. However, we see the use of fructofuranose and/or glycine side chains
to shield these conformationally defined CPS backbones that are also immunogenic due to the presence of
amino-sugars. The side chains further act to disrupt potential binding epitopes — a proposed strategy for

immune evasion.

Overall, based on our modeling and available immunological studies, we expect limited potential for cross-
reactivity between P. multocida type B and E, suggesting that a bivalent CPS-based vaccine will be

necessary to provide adequate protection against both serogroups.

In this work, the highly conformationally defined antigens showed significant conformational differences
with a backbone shielding mechanism employed by the pathogen to disguise an immunogenic backbone.
We considered the potential binding epitopes to propose mechanistic rationalization for the specific

backbone structure employed and how it affects conformation and function.
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3.2 Abstract

Pasteurella multocida, an encapsulated gram-negative bacterium, is a significant veterinary pathogen. P.
multocida is classified into five serogroups (A, B, D, E, and F) based on the bacterial capsular
polysaccharide (CPS), which is important for virulence. Serogroups B and E are the primary causative
agents of bovine hemorrhagic septicemia, which is associated with significant yearly losses of livestock
worldwide, especially in low- and middle-income countries. P. multocida disease is currently managed by
whole-cell vaccination, albeit with limited efficacy. CPS is an attractive antigen target for an improved
vaccine: CPS-based vaccines have proven highly effective against human bacterial diseases and could
provide longer-term protection against P. multocida. The recently elucidated CPS repeat units of serogroups
B and E both comprise a ManNAcA/GIcNAc disaccharide backbone with Fruf side chain, but differ in their
glycosidic linkages, and a glycine side chain in serogroup B. Interestingly, the Haemophilus influenzae
types e and d CPS have the same backbone residues. Here comparative modeling of P. multocida serogroups
B and E and H. influenzae types e and d CPS identifies a significant impact of small structural differences
on both the chain conformation and the exposed potential antibody-binding epitopes. Further, addition of
Fruf and/or glycine side chains shields the immunogenic amino-sugar CPS backbone — a possible common
strategy for immune evasion in both P. multocida and H. influenzae. The lack of common epitopes suggests
limited potential for cross-reactivity between P. multocida type B and E, indicating that a bivalent CPS-

based vaccine will be necessary in order to provide adequate protection against both serogroups.
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3.3 Introduction

Pasteurella multocida is a widespread pathogenic encapsulated Gram-negative bacterium that primarily
infects animals. 8° P. multocida causes a range of diseases in different host species: from fowl cholera in
poultry, through hemorrhagic septicemia in cattle and buffaloes, atrophic rhinitis in swine, to snuffles in
rabbits. Further, exposure to animals (e.g. through licks, bites, scratches) causes occasional severe zoonotic
infections with P. multocida in humans. * Bovine hemorrhagic septicemia disease due to P. multocida is of
particular concern due to the significant economic losses incurred worldwide, especially in low- and
middle- income countries (LMICs) in Asia and sub-Saharan Africa where veterinary care is limited. 2 As
antibiotics are only effective if started in the very early stages of disease — a challenge in environments with
limited resources >° — hemorrhagic septicemia is primarily managed through relatively inexpensive whole
cell killed veterinary vaccines. However, these provide limited short-term protection of 6 - 12 months; 35

more effective vaccines against P. multocida could therefore have significant benefit.

P. multocida is classified into five serogroups (A, B, D, E, and F) based on the capsular polysaccharide
(CPS) and 16 serovars based on cell wall lipopolysaccharide (LPS). 12 The capsular serogroups largely
determine the hosts and diseases, with serogroups B and E associated with bovine hemorrhagic septicemia,
serogroups A and F with fowl cholera, and serogroups D and A with porcine atrophic rhinitis. 4 The CPS is
an attractive vaccine antigen target, as it is essential for virulence of P. multocida and inhibits phagocytic

uptake. 1314

The recent structural elucidation of the P. multocida serogroup B (PmB, Figure 3.1A) and E (PmE,
Figure 3.1B) 2 CPSs renews interest in the CPS as a target antigen for a bovine vaccine against P.
multocida. The CPSs in these serogroups are structurally similar (Table 3.1). The repeating unit comprises
N-acetyl-g-D-mannosaminuronic acid (ManNAcA), N-acetyl-B-D-glucosamine (GIcNAc) and S-D-
fructofuranose (Fruf): ManNACcA and GIcNAc form a disaccharide backbone, with a Fruf side chain linked

to ManNACA. 2 The serogroups differ in three respects (indicated by shaded boxes in Figure 3.1): the
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GIcNAc B(1—3) linkage in PmE is replaced with a f(1—4) linkage in PmB; the Fruf side chain f(2—4)

linkage in PmE is replaced with a f(2—3) linkage in PmB; and PmB contains an N-linked glycine (Gly)

side chain at C6 of ManNACA.

Table 3.1. Line Structures of P. multocida Type B (PmB) and E (PmE) as well as H. influenzae Type e (Hie) and d
(Hid) Repeating Unit CPSs. (Side groups indicated in bold.)

Organism Antigen repeating unit structure in CASPER format

PmE {—3) [BDFruf(2—4)] SDManpNAcA(1—3) SDGIcpNAc(1—}n
PmB {—4) [BDFruf(2—3)] SDManpNAcA6GIly(1—3) SDGIcpNAc(1—}n
Hie {—4) [BDFruf(2—3)] SDManpNAcA (1—3) BDGIcpNAc(1—}n

Hid {—3) BDManpNAcA6X"(1—4) BDGIcpNAc(1—}n

* X represents a variable amino acid moiety: either L-alanine, L-serine, or L-threonine in the proportions 2:2:1.

A) PmE C) Hid
) ( K )
3 - ;83.18J L3 = M.BJ
pla ManNAcA
B) PmB D) H|e . GIcNAc

Gly . Fruf
6
4 33. B 1 4 B 3. B 1 —
J BNAs J

Figure 3.1: CPS structures for P. multocida type E (PmE) and B (PmB) and H. influenzae type d (Hid) and e (Hie)
represented with the SNFG (Symbol Nomenclature for Glycans) symbols. 17 Differences in repeating units relative

to PmE are indicated by color shading of the background.
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Interestingly, PmE and PmB are structurally similar to the Haemophilus influenzae type e (Hie,
Figure 3.1C) and d (Hid, Figure 3.1D) CPS, a possible example of convergent evolution. H. influenzae is
a leading cause of meningitis, otitis media among other infections in children. * Type b was the primary
cause of disease prior to the development of a vaccine, however, we are now Sseeing an increase in non-
vaccine disease especially due to type a with Hie and type f also showing increases. 8 Hie is very similar
to PmB, lacking only the glycine substituent *2° while Hid has a different backbone glycosidic linkage
pattern (3-linked ManNACA and 4-linked GIcNAC), lacks a Fruf substituent, and has a variable N-linked
amino acid substitution pattern on C6 of ManNAcA (L-alanine, L-serine, L-threonine in proportion

2:2:1). 22

An understanding of the potential for cross-reactivity (and hence cross-protection) between related target
antigens — which is believed to have both structural and conformational aspects — may assist in the design
of a minimal valency vaccine that provides maximum disease coverage. 2° The structural similarity between
PmE and PmB points to the potential for cross-reactivity between these antigens, which would allow for a
cheaper monovalent bovine vaccine. Early work using purified CPS in cattle challenge and passive mouse
protection studies supports low levels of heterologous cross-reactivity and protection with good
homologous serotype protection. 242® A more recent study, in which the CPS structures were elucidated for
the first time, showed cross-reactivity between a PmB conjugate vaccine and PmE CPS, with limited cross-
protection against PmE bacteria in mice. 2 The reciprocal study, however, was not performed and further
work is still underway to extend these data. ? In the absence of more detailed experimental information on
cross-reactivity, molecular modeling can provide potentially useful information on which epitopes are
exposed and are therefore likely to be recognized by antibodies. +?” While not a current vaccine target,
modeling the structurally related Hie and Hid CPS provides insight into the conformational effect of

structural differences.

Here we report a comparative modeling study to assess the conformational impact of the different structural

features in the similar PmE, PmB, Hie, and Hid CPS antigens. We first compare the unsubstituted CPS
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backbones (PmE A Fruf, PmB A Fruf A Gly, and Hid A X — where X is the variable amino acid described
above) to determine the effect of changes in the glycosidic linkages on the chain conformation (Figure 3.2,
top panel). Next, we investigate the impact of Fruf side chains on the backbone conformation (PmE and
PmB A Gly (Hie), Figure 3.2, middle panel). Finally, the effect of the Gly amino acid side chain was

established for PmB (Figure 3.2, bottom panel).

PmE A Fruf PmB A Fruf AGly (Hie A Fruf) Hid A X
s N O N
4 B WAV NI W
ﬂiw’ NA
\ J \ V J

PmB A Gly (Hie)

PmB ManNAcA

Figure 3.2: CPS molecules of P. multocida type E (PmE) and B (PmB) and H. influenzae type d (Hid) and e
(Hie) modeled in this work (SNFG symbol representation). The top panel shows the unsubstituted backbone
molecules: PmE without Fruf (PmE A Fruf), PmB without Fruf and Gly (PmB A Fruf A Gly equivalent to Hie
without Fruf) and Hid without the variable amino acid substituent (L-alanine, L-serine, or L-threonine in the
proportions 2:2:1) represented by X (Hid A X). The middle panel shows the modeled Fruf substituted molecules:
PmE wild type, PmB without Gly (PmB A Gly; equivalent to Hie wild type). The bottom panel shows the wild type
PmB, with the Gly substituent (PmB).
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3.4 Materials and Methods

We followed our established systematic approach to the modeling of polysaccharides, as previously
described. 1272 For each of the six molecules of interest (Figure 3.1) we built CPS chains of three repeating

units (3 RU) and six repeating units (6 RU).

Chain length is an important consideration when modeling CPSs, as a short chain may have insufficient
molecular flexibility, while long chains are more computationally expensive to model. On the basis of our
previous work, we consider a 6 RU chain to be representative of the behavior of the longer polysaccharide.
Further, antibodies bind small fragments of the CPS between one and seven residues in length 2
corresponding to between one and four RU in the case of P. multocida, making a 6 RU model sufficient to
explore antibody binding epitopes. We perform 3 RU simulations to ensure the behaviors of the short 3 RU
and longer 6 RU chains are consistent, but here we present only the 6 RU results (3 RU results available in

the Supplementary Material).

Molecular dynamics (MD) simulations in aqueous solution for each of the chains followed a protocol of
initial system equilibration (200 ns) and then a production run of 800 — 1 800 ns (3 RU simulations) or
1300-2300 ns (6 RU simulations) respectively, as required for convergence. Data analyses were

performed on these simulation trajectories, as described below.

3.4.1 Molecular dynamics

The 3 RU and 6 RU chains were built using our CarbBuilder software (version 1.2.42). %! Starting
structures for each molecule were built using low energy glycosidic linkage orientations obtained from
potential mean force calculations (Supplementary Figure S3.1), as per our previous work 2 The psfgen
tool was used to create protein structure files (PSF) for simulation with the CHARMM36 additive force
field for carbohydrates. 3232 For the PmB molecule with Gly we used the CHARMM36 protein force field

parameters for glycine, which are compatible with the CHARMMZ36 additive force field. 3* We modeled
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only the 6 RU model for this molecule. Starting structures were minimized with the Nanoscale Molecular
Dynamics (NAMD) program (version 2.13) for 10 000 steps at 300 K. Minimized structures were solvated
using the Visual Molecular Dynamics (VMD) software ** solvation and ionization tools to add cubic
TIP3P 36 water boxes of 50 A per side for the 3 RU systems and 70 A per side for the 6 RU systems. Systems
were then neutralized with one sodium (Na*) counter ion per repeating unit (three ions for the 3 RU, six for
the 6 RU). Initial minimization and heating protocols comprised 5 K incremental temperature
reassignments beginning at 10 K up to 300 K with 500 steps of NAMD minimization and 8 000 steps of
MD at each temperature reassignment. Solvated and ionized structures (PDB and PSF files) for each 6 RU

system are available as Supplementary Material.

Simulations of 3 RU and 6 RU were run using NAMD (version 2.13) *” with CUDA extensions for graphics

processor acceleration.

Periodic boundary conditions equivalent to the cubic box size were employed for the solvated simulation
with wrapping on. Long range electrostatics were implemented with the Particle Mesh Ewald summation
grid spacing set to 1. 3 Atoms were not held fixed, and the initial center of mass motion was turned off.
The 1-3 pairs were excluded from non-bonded interactions, 1-4 interactions were not scaled, and the
dielectric constant was set to 1. Smoothing functions were applied to both the electrostatics and van der

Waals forces with switching and cut-off distances of 10 A and 12 A, respectively.

A Leap-Frog Verlet integrator was used to integrate the equations of motion over a step size of 1 fs. A
distance of 15 A was used as the cut-off for inclusion in the pair list for calculation of non-bonded forces.
The short-range non-bonded interactions were calculated every 1 fs, full electrostatics calculations were

performed every 2 fs, and atoms were reassigned every 10 fs. 4

Simulations were sampled under the isothermal-isobaric (nPT) ensemble. Langevin dynamics ** were used
to control the temperature with a damping coefficient of 5/ps. Nosé-Hoover Langevin piston dynamics were

used as a barostat to maintain a target pressure of 1 atm. 4243 Variable system volume was used with a piston
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period of 100 fs and decay of 50 fs. Simulations of 1 500 ns (2 500 ns for PmB A Gly and PmB) were
performed for the 6 RU systems comprising 200 ns of equilibration and 1 300 ns (2 300 ns for PmB A Gly
and PmB) of production run as was required for convergence (Supplementary Figure S3.2). The 3 RU
systems were run to 1 000 ns, except for PmE A Fruf which was run to 2 000 ns, as required for convergence

(data available as Supplementary, Figure S3.3 and Figure S3.4).

3.4.2 Convergence

We addressed convergence using block standard averaging * applied to two metrics: end-to-end distance
and radius of gyration (Supplementary Figure S3.2). Block standard averaging was implemented with in-

house Python scripts.

For all simulations, the blocked standard error (BSE) reached plateaus for both metrics, indicating
convergence. The simulation lengths were large multiples of the correlation times for end-to-end distance
(PmE A Fruf, 6.3 ns; PmB A Fruf A Gly, 9.24 ns; Hid A X, 5 ns; PmE, 1.4 ns; PmB A Gly, 47.7 ns; PmB,
101.63 ns) and radius of gyration (PmE A Fruf, 3.9 ns; PmB A Fruf A Gly, 11.7 ns; Hid A X, 7.9 ns; PmE,
0.9 ns; PmB A Gly, 45.6 ns; PmB, 97.4 ns). Further, the numbers of independent samples were >> 1 for
both the end-to-end distance (PmE A Fruf, 237.8; PmB A Fruf A Gly, 162.3; Hid A X, 299.2; PmE, 1067.7;
PmB A Gly, 52.5; PmB, 24.6) and the radius of gyration (PmE A Fruf, 385.9; PmB A Fruf A Gly, 127.7;
Hid A X, 189.4; PmE, 1710.2; PmB A Gly, 54.9; PmB, 25.7). Our designated equilibration time of 200 ns
is therefore greater than the correlation time indicating that the properties of the system are not correlated

or related on this timescale and that the simulation length should be sufficient.

3.4.3 Data analysis
Molecular conformations were visualized using VMD, with the PaperChain and Twister visualization

algorithms used to highlight carbohydrate rings and chains, * as required.

78



Trajectories were extracted at 25 ps intervals with analysis performed on frames 250 ps apart. Metrics, such
as end-to-end distances, were extracted from the simulation trajectories using Tcl scripting via VMD’s Tk
console. Data analyses were performed with in-house Python scripts and plots generated using

Matplotlib. 46

3.4.4 Chain flexibility

The end-to-end distance, r, was measured from C1 of ManNACA at the non-reducing end, to C3/4 of

GIcNACc at the reducing end of each chain, thus excluding the highly flexible terminal residues.

3.4.5 Glycosidic linkages

Given the limited flexibility of the carbohydrate ring, the primary source of flexibility in the repeating unit
arises from the glycosidic linkages between neighboring monosaccharides. These glycosidic linkages are
conveniently described by two dihedral angles, ¢ and 1. As per our previous work, we define ¢ = Hy-Cs-
0:-C’x and ¥ = C1-0:-C’«-H’x with X representing the linkage position. 2 In the case of the Fruf linkages

which are (2->x) linked, these definitions were adjusted to ¢p = C1-C2-02-C’x and i = Co-0,-C’x-H’x.

3.4.6 Conformational analysis

The most common chain conformations for each simulation were determined by clustering the production
trajectory frames into families and calculating the relative occupancies of each family. Clusters comprising
less than 6 % of the production run (post equilibration) were discarded. Clustering was performed using the
WMC PhysBio plug-in for VMD’s built-in measure cluster command. #’ Prior to clustering, the molecules
were aligned on the RU 3 and RU 4 residues excluding the Fruf/Gly residue(s) and any hydrogens on the
backbone. Clustering was then performed as an RMSD fit to the ring and linkage atoms of the central four
repeating units of the chains excluding non-ring atoms, the Fruf/Gly residue(s), and the highly flexible

terminal RU 1 and RU 6. Five clusters were created with a cut-off of 3 A.
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Clustering analysis was also performed on the central two repeating units, RU 3 and RU 4. Alignment was
performed using the ManNACA residue of RU 4 (excluding hydrogens) and was followed by clustering
using the ring and linkage atoms of RU 3 and RU 4 excluding non-ring atoms and Fruf/Gly residue(s)
creating three clusters with a cutoff of 1.1 A, before discarding clusters comprising less than 6 % of the

trajectory.

3.4.7 Solvent accessible surface

Hydrophilic/hydrophobic regions of the molecular surface were analyzed using VMD’s built in “measure
sasa” command. The solvent accessible surface area (SASA) analysis was performed by probing first
hydrophilic regions (comprising hydroxyl groups, carbonyl groups, ring oxygens, nitrogen, and linkage
oxygens) and then hydrophobic/neutral regions (comprising methyl groups, CH2 groups, ring carbons, and
ring protons) of the molecule using a van der Waal’s radius of 2.5 A — larger than that of water to imitate a
potential small binding molecule. The ratio of hydrophilic SASA to total SASA was then calculated to

determine the percentages of the hydrophilic and hydrophobic surface area exposed to solvent.
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3.5 Results

We compare the effect of differing backbone linkages and substituents on the conformation and dynamics
of the six CPS chains. We begin with a comparison of CPS chain extension and flexibility, followed by the
molecular conformations and finally analyze the potential binding epitopes exposed on the saccharide

chains.

3.5.1 Chain extension and flexibility

The molecular extension and flexibility of a carbohydrate is commonly measured by the fluctuation in the
end-to-end distance, r, of the chain, during a simulation (Figure 3.3A). Times series plots of r for the
simulations of 6 RU of each of the six CPS reveal considerable differences in chain extension and dynamics
across the antigens (Figure 3.3B-G, left column). This is consistent with the trend observed for the 3 RU

chains (Supplementary Figure S3.3).

The three unbranched CPS chains (Figure 3.3B-D) have similar flexibilities (¢ = 5 for all three 6 RU
molecules), with a wide range of conformations (see the trajectory snapshots at 50 ns intervals shown above
the graphs). However, the backbones show considerably different chain extensions, as is clear from the r
distribution histograms (Figure 3.3, center column). PmE A Fruf, comprising all f(1—3) glycosidic
linkages, is the least extended chain, with a modal r value of 34 A (Figure 3.3B). Replacement of either of
the two glycosidic linkages in the backbone with a f(1—4) linkage increases the length of the RU and thus
the overall chain extension: Hid A X (with a 4-linked GIcNAc) has an increased modal r value of 38 A
(Figure 3.3D) and PmB A Fruf A Gly (with a 4-linked ManNACcA) is the most extended chain with a modal

r value of 45 A (Figure 3.3C).

Addition of Fruf and/or Gly side chains to the ManNACcA backbone residue has little effect on the CPS
chain extension, the modal r values remain very similar to the unsubstituted backbones: PmE 37 A (Figure

3.3E), PmB A Gly 44 A (Figure 3.3F) and PmB 45 A (Figure 3.3G). Interestingly, side chains considerably
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Figure 3.3: Time series of the end-to-end distance, r, in the 6 RU CPS chains. (A) r, is measured (A) from C3/C4 of

GIcNAc at the reducing end to C1 of ManNACcA at the non-reducing end thus excluding the highly flexible terminal

residues. Time series plots (left column) and corresponding histograms (center column) for the simulation

trajectories are shown for: (B) PmE A Fruf, (C) PmB A Fruf A Gly, (D) Hid A X, (E) PmE, (F) PmB A Gly, and (G)

PmB; the initial 200 ns (indicated by lighter color) are considered initial equilibration and the remaining trajectory

is the production run. X represents a variable amino acid moiety: L-alanine, L-serine, or L-threonine.
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Conformational snapshots at 50 ns intervals are shown above the time series plots; SNFG line structures are shown

in the right column. The histograms are labeled with the standard deviations (¢) and modal peak r value.

decrease the flexibility of the f(1—3) linked PmE (¢ = 2), but not the f(1—4) linked PmB molecules
(o =5 for both). The decrease in PmE flexibility can be explained by increased steric hindrance: the
addition of a side chain to the already highly substituted ManNACA residue (2-NAc, 5-COOH substituted,
and 3- or 4-linked to neighbor) results in all ring hydroxyls being substituted. Close comparison of the r
time series plots in Figure 3.3C (PmB A Fruf A Gly) with Figure 3.3F (PmB A Gly) and G (PmB), shows
a similar decreased flexibility of the chain on a ~250 ns time scale. However, on a 1 000 ns time scale, new
populations of very low r values appear that maintain the overall chain flexibility on a level similar to the
unsubstituted backbone. Interestingly, in the more substituted PmB these populations occur more frequently

than in PmB A Gly.

The glycosidic linkages are the primary source of flexibility in the CPS chains. Side chains on ManNAcA
reduce the overall flexibility of the chains through impeding rotation of the ManNAcA—GIcNAc glycosidic
linkage through steric clashes between neighboring residues; rotation of the GIcNAc—ManNACcA is largely

unaffected (Supplementary Figure S3.5 and Table S3.1).

3.5.2 CPS chain conformations

For all the 6 RU CPS the primary conformations are well defined helices (Figure 3.4), which dominate for
more than 50 % of simulation time in all cases (minor conformational clusters and the cluster occupancy
are shown in the Supplementary Material, Figures S3.6 and S3.7) which is consistent with the
conformations observed in the 3 RU chains (Supplementary Figure S3.2). The helices, however, differ in
their handedness according to the constituent glycosidic linkages: the (1—3) linked PmE (Figure 3.4A)
and the PmE A Fruf unsubstituted backbone (Figure 3.4B) form right-handed helices, whereas the

molecules containing a B(1—4) glycosidic linkage — PmB A Fruf A Gly (Figure 3.4C), PmB A Gly
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(Figure 3.4D), PmB (Figure 3.4E), and Hid A X (Figure 3.4F) — all form left-handed helices. Further,

the PmE molecules are more compact than the PmB molecules.

In all cases, addition of Fruf and/or Gly side chains reduces the flexibility of the CPS backbone. For PmE,
a Fruf side chain increases the occupancy of the primary helical conformation from 51 % (PmE A Fruf,
Figure 3.4A) to 77 % (PmE, Figure 3.4B), and results in a more extended helix; the modal r distance
increases from 34 A to 37 A (Figure 3.3). Similarly, the 53 % occupancy of the main helical conformation
of PmB A Fruf A Gly (Figure 3.4C) increases to 80 % in PmB A Gly (Figure 3.4D), although in this case
the helices have similar extensions. The addition of a Gly side chain in PmB (Figure 3.4E) does not alter
the backbone conformation or flexibility of the primary helical conformation. Further, the Fruf
(Figure 3.4B, D and E, magenta) or Gly (Figure 3.4E, orange) side chains are highly solvent exposed and

thus present potential targets for antibody binding, while also shielding the backbone residues.

The alignment of the hydrophobic (NAc, grey) and hydrophilic (COOH, red) residue substitutions differs
in the three backbones, resulting in a considerable difference in surface hydrophilicity (Supplementary
Figure S3.8). For PmE A Fruf (Figure 3.5A) the NAc and COOH moieties are well separated on the
backbone, whereas PmB A Fruf A Gly has frequent shielding of the groups of ManNAcA COOH by the
NAc on an adjacent GIcNAc residue resulting in a considerably less hydrophilic surface. However, the Fruf
side chains with their many exposed hydroxyl groups increase the hydrophilicity of the molecular surface
(Figure 3.5, Quicksurf visualizations). This is particularly in the case of PmB (Supplementary Figure

S$3.8), which has the potential to impact antibody binding.

As discussed above, the simulations of PmB A Gly and PmB show minor populations with short r distances.
These populations are associated with bent conformations of the CPS chain. The bent conformations align

adjacent NAc groups (Figure 3.5A E and F), which may assist with conformational stabilization.

84



& it

C) PmB A Fruf A Gly E@”—.ﬂ D) PmB A Gly &f—l% E)PmB LETH

gls gl3
RH ; ' j ,
53% 80%

F) Hid A X K da il

A) PmE A Fruf . &pa?f B) PmE
3

3 B3 B
2NA 2NA
Bl4
'E 77%
Gly
B3

80%

RH

59%

Figure 3.4: Primary conformational families (seed frame for each cluster is shown) determined by cluster analysis
of RU 2 to RU 5 of the CPS for (A) PmE A Fruf, (B) PmE, (C) PmB A Fruf A Gly, (D) PmB A Gly, (E) PmB, and (F)
Hid A X. The handedness of the helix is indicated on the left of the figure by LH (left-handed) or RH (right-handed).
X represents a variable amino acid moiety: L-alanine, L-serine, or L-threonine. Conformations are visualized with
the VDW (van der Waal; left) and Quicksurf representations (right). VDW representations were colored as for
SNFG symbols: ManNACcA green, GIcNAc blue, NAc grey, COOH red, Fruf magenta, and Gly orange. For the

Quicksurf representation, hydrophobic and neutral atoms were colored red, hydrophilic atoms blue.
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Figure 3.5: The main conformational families (seed frame for each cluster is shown) of (A) PmB A Gly and (B)

PmB with NAc pairing of the non-primary clusters indicated in zoomed in boxes. The VDW (van der Waal)
representation was used with colors as per SNFG: ManNACA residues are shown in green, GIcNAc residues in blue,

NAc groups in grey, COOH groups in red, Fruf in magenta, and Gly in orange.

3.5.3 Epitopes

As the CPS regions bound by antibodies comprise one to seven residues, it is useful to compare the 6 RU
CPS chains on this length scale. Figure 3.6 focuses on the principal conformations of the two central repeat
units (RU 3 and RU 4) for each of the six molecules; potential binding epitopes (Ep) are indicated by shaded
boxes. There are key differences in the alignment of the side chains and residue substitutions, forming a
range of different epitopes (despite a relatively conserved backbone). In the following analysis, we focus

on substitutions on opposing sides of the CPS chain, which we term A and B.
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For side A, the PmE A Fruf molecule (Figure 3.6A) has a hydrophobic epitope exposing three partially
aligned N-acetyl groups, EpA-1. On side B, EpB-1 comprises the exposed COOH (red), of C6 on
ManNACA, and the N-acetyl on GIcNAc in the following RU. In PmE, the Fruf substitution considerably
changes side A, forming the EpA-2 epitope with the three aligned NAc groups seen in EpA-1 now shielded
by the Fruf residue. Similarly, on side B, the Fruf shields the exposed COOH forming the EpB-2 epitope
(the NAc would also be shielded by the adjacent Fruf as in PmE the Fruf residues alternate faces).
Conformationally, we see increased conformational definition as the occupancy increases from 56 % in

PmE A Fruf to 83 % in PmE.

In PmB A Fruf A Gly (Figure 3.6C) side A of the chain is considerably altered (compared to PmE A Fruf),
with one NAc replaced by a hydrophilic carboxylic acid group and a further NAc joining the group, forming
EpA-3. Side B remains similar to the PmE molecules, though, with the ManANACA N-acetyl replacing the
GlcNAc N-Acetyl — forming EpB-1°. Fruf substitution in PmB A Gly (Figure 3.6E) completely disrupts
the molecular surface presented on both sides of the CPS with shielding Fruf residues forming epitopes
EpA-4 and EpB-3. Conformationally, we see the occupancy increase from 47 % to 51 %. Additional Gly
substitution in PmB (Figure 3.6F) replaces COOH groups with bulkier Gly and thus further alters both
sides of the chain, forming epitopes EpA-5 and EpB-4. The addition of Gly further increases the occupancy
to 70 % and suggests that for this longer, less compact, helix an additional side group is required to achieve

adequate shielding.

Interestingly, Hid A X (Figure 3.6C) has altered both sides of the chain, forming EpA-6 and EpB-5. On
side A, the NAc pairs are sandwiched by COOH groups on either side with %-% turn between NAc and
COOH groups; on the mostly unsubstituted side B, the NAc of the ManNACA is positioned where the
COOH is in PmE and PmB. The central paired NAc in EpA-6 may be similar enough to EPA-1 to allow

for antibody cross-reaction.
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PmB A Gly, (E) PmB, and (F) Hid A X. X represents a variable amino acid moiety: L-alanine, L-serine, or L-
threonine. The VDW (van der Waal) representation was used with colors as per SNFG: ManNACA residues are
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orange.
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3.6 Discussion

This study of six structurally similar CPS provides further evidence that small structural differences in a
carbohydrate chain can have a large impact on both molecular conformation and the epitopes exposed for
antibody binding. Although P. multocida type E and B as well as the related H. influenzae type d and e CPS
molecules all have well-defined helical molecular conformations, these studies predict that the presence of
B(1—4) glycosidic linkages in the backbone changes both the handedness of the helix and increases the
extension of the helices relative to chains with only g(1—3) linkages. Further, side chain substitution of
the backbone with Fruf decreases the molecular flexibility, with a concomitant increase in conformational
definition. This has the potential to increase the antigenicity of the CPS fragments, as a more
conformationally defined molecule presents a better target for antibodies. However, side chain substitutions
also considerably alter the binding epitopes, and potentially shield the ManNAcA-GIcNAc backbone from
antibody binding with the longer, more accessible serotype B helices requiring more than one side group
to achieve the same level of backbone shielding as those of serotype E. The ManNACcA and GIcNAc amino
sugars are expected to be immunogenic. The ManNACA residue is often found with other amino sugars and
is a motif commonly expressed by pathogens. “¢*° Further, mannose binding proteins found in the lungs
and serum of Bovidae (such as surfactant proteins, mannose binding proteins, and collectins) are highly
specific for fucose, mannose, N-acetyl-D-mannosamine, N-acetyl-D-glucosamine, and glucose, playing an
important role in immune activation and bacterial clearance. % Therefore, we expect that the highly

exposed Fruf and Gly substituents may be used to disguise an immunogenic backbone.

Our simulations suggest very limited cross-reactivity between any of the six CPS we modeled, in line with
the immunological data currently available. Early studies using whole-cell killed vaccines as well as CPS
extracts demonstrated limited cross-protection between serotypes B and E. 2#% Elucidation of the CPS
structures containing the acid-labile Fruf 2 allows interpretation of these experiments as well as the
systematic modeling studies presented here. The significant differences that we have found in the CPS

backbone conformations and lack of common epitopes between the CPS predict limited cross-reactivity
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and cross-protection these two serotypes, therefore supporting the development of a bivalent CPS-based
vaccine. A bivalent vaccine has been found to be effective against a type E challenge in cattle with passive

mice protection against both type E and B, suggesting the cattle should also be protected against type B. 2

For the closely related H. influenzae type e (Hie) and d (Hid) CPSs we also suggest a lack of cross-reactivity
as the Hid A X CPS has very different conformations and potential binding epitopes from the Hie (PmB
A Gly) and, most notably, the absence of the Fruf residue in Hid has an impact on the binding surface of the
molecule as well as on the potential epitopes. This may also account for Hid being a less successful
pathogen: the lack of Fruf side chain results in more exposure of the immunogenic backbone. Low levels
of cross-reactivity between Hie and Hid may occur; with limited cross-protection. Although the variable
amino acid substituents of Hid (L-alanine, L-serine, L-threonine) were not modeled here, we expect a
similar result with the amino acids having little impact on conformation but shielding the backbone although

potentially less effectively than Fruf.

Our modeling investigation of Streptococcus pneumoniae serogroup 10 found that strongly cross-reactive
serotypes share common epitopes. 2’ Here we find no evidence for common epitopes between the six CPSs
studied, which suggest little potential for cross-protection between them. This is supported by early
immunological studies with PmE and PmB CPSs that showed low levels of limited cross-protection.
However, direct structural information on the interactions of CPSs with antibodies is required for
corroboration of our prediction that the lack of cross-protection between the CPS is due to an absence of
shared epitopes. Unfortunately, molecular binding studies of CPSs with bactericidal antibodies are not
currently available and are rarely feasible as they require significant resources to perform the challenging
isolation and characterization of monoclonal antibodies against the specific antigen of interest.
Furthermore, structural determination is required in order to generate crystal structure files that are
necessary to perform in-silico molecular binding experiments. To date this has been performed for Group
B Streptococcus and some meningococcal serotypes through a vaccine manufacturer partnership with

several research groups. > In the absence of direct structural data, immunological studies using reciprocal
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PmB and PmE CPS (or, preferably, the CPS conjugate vaccines and structural mutants modeled here) would
assist in determining the importance of specific structural moieties/epitopes on the CPS for cross-protection.
Such validation would be extremely valuable, as elucidation of the structural basis for cross-protection
would greatly aid in the rational development of more effective CPS-based vaccines against Pasteurella

multocida.
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3.7 Supplementary Material
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Supplementary Figure S3.1: Contour plots for the PMF calculations of the disaccharide glycosidic linkages
for the modeled molecules. The left column displays the 1 23 linked PMFs for: (A) ManNAcA(1 23)GIcNAc,
(B) GlcNAc(1 >3)ManNACcA, (C) Fruf(2 »3)ManNAcA. The right column displays the 1 24 linked PMFs
for: (D) ManNAcA(1 24)GIcNAc, (E) GIcNAc(1 24)ManNAcA, (F) Fruf(2 24)ManNAcA. Higher energy is

represented by redder lines and lower energy by bluer lines.
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Supplementary Figure S3.3: (A) Block standard averaging analysis for modeled 3 RU P. multocida and H.
influenzae CPS molecules with block standard error (BSE) versus block size (ns) calculated on end-to-end
distance in the left column and BSE versus block size calculated on radius of gyration in the right column. For
all molecules, the BSE visually reaches a plateau. Time series of the end-to-end distance, r, in the 3 RU CPS
chains with r defined as the distance (A) from C3/C4 of GIcNAc of RU 1 to C1 of ManNACA in RU 3. Time
series plots (left column) and corresponding histograms (right column) for the simulation trajectories as well as
main clusters are shown for: (B) PmE A Fruf, (C) PmB A Fruf, (D) Hid A X, (E) PmE, and (F) PmB A Gly. X

represents a variable amino acid moiety: L-alanine, L-serine, or L-threonine. For each trajectory the initial
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200 ns (lighter coloring) are considered initial equilibration and the remaining trajectory is the production run.
The histograms are labelled with the standard deviations () and modal peak r value. For the clustering
analysis, alignment was performed on the central (RU 2) backbone residues (excluding Fruf) and clustering
was performed on the ring and backbone atoms excluding any side groups with five clusters and a cutoff of 1.5
A. Clusters are shown in the VDW (van der Waal) representation using colors as per SNFG were used. 1517
ManNACA residues are shown in green, GIcNAc residues in blue, NAC groups in grey, COOH groups in red,
and Fruf in magenta. Notably PmE shows two distinct populations of r which correspond to different alignments
of NAc groups (grey) in the molecule. The primary occupancy at 54 % resembles a minor cluster in the 6 RU
molecule and is highly prevalent largely due to the short nature of the chain and the high flexibility of the

terminal repeating units.
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Supplementary Figure S3.4: Heatmap plots for the 3 RU molecules showing phi (¢) vs psi (y) dihedral
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Fruf A Gly, and (C) Hid A X as well as for the ManNAcA 2>GIcNAc and GIcNAc ManNAcA and
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alanine, L-serine, or L-threonine. The linkages were defined as we have done previously for these types of
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Supplementary Figure S3.5: Heatmap plots for the modeled 6 RU molecules showing phi (¢) vs psi (i)
dihedral angles for ManNAcA 2GIcNAc and GIcNAc 2ManNACcA glycosidic linkages of: (A) PmE A Fruf,
(B) PmB A Fruf A Gly, and (C) Hid A X as well as for the ManNAcA >GIcNAc and GIcNAc ManNAcA and
Fruf 2ManNACcA linkages of (D) PmE, (E) PmB A Gly, and (F) PmB. X represents a variable amino acid
moiety: L-alanine, L-serine, or L-threonine. The linkages were defined as we have done previously for these

types of linkages. 2728 Glycosidic linkages were defined as ¢ = H1-C1-01-C’x and i = C1-01-C’x-H . For the
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heatmaps, higher occupancy is indicated by redder areas and lower occupancy by bluer areas as shown in
the legend on the right of the heatmaps. SNFG line structures are shown in the right column for each
molecule. The backbone molecules (A, B, and C) have similar major occupancies (represented by redder
areas on the heatmap) with the PmB A Fruf A Gly (4-linked ManNAcA) more flexible in the
GIcNAc 2ManNACcA linkage and Hid A X (4-linked GIcNAc) in the ManNAcA 2GIcNAc linkage than PmE A
Fruf (fully 3-linked backbone). The substituted molecules (D, E, and F) have similar primary occupancy, but
are less disperse and flexible than the backbone molecules (redder and less disperse heatmaps) which is
expected from the steric hindrance caused by greater substitution. Further, the Fruf ManNAcA linkages are
very similar in primary occupancy, but for PmE this linkage is more disperse and flexible than for PmB A
Gly or PmB.

Table S3.1: Tabulation of the phi, psi (¢,1) dihedral angles for each glycosidic linkage of the modeled molecules.

M ManNACA = GIcNAc | GIcNAc = ManNAcA Fruf = ManNAcA
olecule (@) (@) @)
PmE A Fruf 45, -10 45, 40 N/A
PmB A Fruf A Gly 45, -10 60, -10 N/A
Hid A X 45, -10 45, 60 N/A
PmE 50, -10 45, 30 150, 10
PmB A Gly 50, -5 40, 15 165, 25
PmB 50, -10 45,0 160, 25
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Supplementary Figure S3.6: Main conformational families and associated percentages identified for the
modeled 6 RU P. multocida CPS molecules with the terminal repeat units (RU 1 and RU 6) excluded from
analysis. (A) PmE A Fruf, (B) PmE, (C) PmB A Fruf, (D) PmB A Fruf A Gly, (E) PmB, and (F) Hid A X. X
represents a variable amino acid moiety: L-alanine, L-serine, or L-threonine. The VDW (van der Waal)
representation was used with colors as per SNFG: ManNACcA residues are shown in green, GIcNAc residues
in blue, NAc groups in grey, COOH groups in red, Fruf in magenta, and Gly in orange. Line structures are

also shown above the clusters using SNFG colors.
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Supplementary Figure S3.7: Distribution and time series plots of the end-to-end distance and radius of
gyration versus time (ns) for the main conformational families of the modeled 6 RU molecules: (A)
PmE A Fruf, (B) PmB A Fruf A Gly, (C) Hid A X, (D) PmE, (E) PmB A Gly, and (F) PmB. X represents a

variable amino acid moiety: L-alanine, L-serine, or L-threonine.
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Supplementary Figure S3.8: Total solvent accessible surface area (SASA) to a 2.5 A probe (left column)

with time series plots of hydrophilic SASA (A) vs time (ns) (middle column) and histograms showing
probability distributions of hydrophilic SASA (&) (right column) for the following 6 RU molecules: (A) PmE
A Fruf, (B) PmB A Fruf A Gly, (C) Hid A X, (D) PmE, (E)PmB A Gly, and (F) PmB. X represents a variable

amino acid moiety: L-alanine, L-serine, or L-threonine. Average percentage of the surface area that is

hydrophilic is indicated on the histograms in the right column. The backbones have similar total SASA
increasing in the order: PmE A Fruf < PmB A Fruf A Gly < Hid A X. The hydrophilic SASA, however, has a
different order: PmB A Fruf A Gly < Hid A X < PmE A Fruf. Thus, adding Frufincreases both the total
SASA and the hydrophilic SASA for PmE (54 % to 56 %) and PmB A Gly (47 % to 58 %) with the greater

increase for the PmB molecule potentially due to greater extension in this molecule. The subsequent addition
of Gly to PmB again increases the total surface area, but the relative hydrophilic surface stays the same (58
%).
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4 Chapter 4

4.1 Preface

The following article, “Conformational and Immunogenicity Studies of the Shigella flexneri Serogroup 6
O-Antigen: The Effect of O-Acetylation”, describes a computational modeling study of the Shigella flexneri
serotype 6 (Sf 6) lipopolysaccharide O-antigen (O-Ag). ! Sf 6 is a leading cause of S. flexneri diarrheal
disease and mortality making the Sf 6 O-Ag a proposed target for inclusion in a multivalent vaccine to

ensure broad protection against Shigella. 2

This stepwise modeling study explored the conformational aspects of the Sf 6 O-Ag which has a different
backbone structure and composition from that shared by the other S. flexneri serotypes. The Sf 6 O-Ag was
compared to the common, Sf Y, O-Ag as well as that of a non-biological, neutral Sf 6 O-Ag and of O-

acetylated Sf 6’s as partial, non-stoichiometric O-acetylation is present. 3*

Our simulations showed flexibility in all the modeled molecules - in common with serogroups Y, 2, 3, and
5 modeled previously. >® Conformational differences between Sf Y and Sf 6 both in helical handedness (as
seen in Chapter 3) and in helical extension were observed. The change in helical handedness was as a result
of the change of a linkage in the backbone from a 3-linked, flexible equatorial configuration in serotype Y

to a more constrained, 4-linked axial configuration in Sf 6 (the same motif was seen in Chapter 3).

Our study also considers the effect of charge on the backbone and molecular surface as well as the impact
of O-acetylation (known to affect antigenicity and immunogenicity in other antigens) on the antigenicity of

Sf 6. Both have limited effect on conformation but do affect molecular surface hydrophilicity slightly.

Overall, this study indicated significant conformational differences between the Sf Y and Sf 6 suggesting
low cross-reactivity between Sf 6 and Sf Y and supporting the need to include Sf 6 in an effective vaccine.

These results are further supported by an in vivo study in mice which was performed by our collaborators
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and serves as experimental validation for the modeling work.
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4.2 Abstract

The pathogenic bacterium Shigella is a leading cause of diarrheal disease and mortality, disproportionately
affecting young children in low-income countries. The increasing prevalence of antibiotic resistance in
Shigella necessitates an effective vaccine, for which the bacterial lipopolysaccharide O-antigen is the
primary target. S. flexneri serotype 6 has been proposed as a multivalent vaccine component to ensure broad
protection against Shigella. We have previously explored the conformations of S. flexneri O-antigens from
serogroups Y, 2, 3, and 5 that share a common saccharide backbone (serotype Y). Here we consider
serotype 6, which is of particular interest because of an altered backbone repeat unit with non-
stoichiometric O-acetylation, the antigenic and immunogenic importance of which have yet to be
established. Our simulations show significant conformational changes in serotype 6 relative to the serotype
Y backbone. We further find that O-acetylation has little effect on conformation and hence may not be
essential for the antigenicity of serotype 6. This is corroborated by an in vivo study in mice, using
Generalized Modules for Membrane Antigens (GMMA) as O-antigen delivery systems, that shows that O-

acetylation does not have an impact on the immune response elicited by the S. flexneri serotype 6 O-antigen.
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4.3 Introduction

Diarrheal disease is the eighth most common cause of death world-wide, with the highest mortality in
infants and geriatrics. "° Diarrheal disease disproportionately affects low-income regions: approximately
90 % occurs in south Asia and sub-Saharan Africa. 8° After rotavirus, the pathogenic Gram-negative
bacterium Shigella is the primary cause of diarrheal mortality, so the increasing prevalence and antibiotic
resistance of Shigella is a cause for concern. 281® As a vaccine has been licensed for rotavirus, Shigella is

a focus of current vaccine development. 28

The O-antigen (O-Ag) on the bacterial cell surface lipopolysaccharide is the primary target of the host
immune response against Shigella and the focus of current vaccine design. 2% On the basis of O-Ag
composition, the Shigella species is divided into the four subgroups Shigella dysenteriae, Shigella flexneri,
Shigella sonnei, and Shigella boydii. 23 S. flexneri is the most common subgroup to cause disease (66 %),
followed by S. sonnei (24 %), S. dysenteriae (5 %), and S. boydii (5 %).1 For S. flexneri, five serotypes—
2a, 6, 3a, 2b, and 1b—account for almost 90 % of disease. 2! Based on analysis of structural similarities,
it has been proposed that a tetravalent vaccine containing S. flexneri serotypes 2a, 3a, 6, and S. sonnei,
would provide direct protection against 75 % of S. flexneri disease, with potential for broader coverage

against non-vaccine serotypes (from shared group antigens) as high as 90 %, 21014

S. flexneri is differentiated into serogroups based on type O-factor groups (I; II; 1I; 1V; V; VI; VII) and
further into serotypes based on group O-factors (3,4; 6; 7, 8; 9; 10; IV-1) that are determined by phage-
mediated glucosylation, phosphorylation, and O-acetylation of the O-Ag. *'°> Apart from serogroup 6, all
of the S. flexneri serotypes share a common backbone repeating unit (serotype Y (Sf Y), Figure 4.1A) 315
comprising four residues: three rhamnoses (Rha) and a single N-acetylglucosamine (GIcNAc). The
serogroup 6 (Sf 6) backbone repeating unit consists of two Rha residues, a galacturonic acid (GalA), and
an N-acetylgalactosamine (GalNAc) residue (Figure 4.1C) * and is acidic due to the presence of the

charged GalA residue.
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Figure 4.1: Primary line structures (differences between serotypes shown in bold) and schematic diagrams of the O-
antigen repeating units of S. flexneri modelled in this work: (A) serotype Y (Sf Y), (B) non-biological serotype 6n (Sf
6n) with Gal instead of GalA, (C) serotype 6 (Sf 6), (D) serotype 6 with 100 % O-acetylation at O3 of Rhalll (Sf 6-
3Ac), and (E) serotype 6 with 100 % O-acetylation at O4 of Rhalll (Sf 6-4Ac). Diagrams use the Symbol
Nomenclature for Glycans (SNFG) 817 with green triangle for Rha, blue square for GIcNAc, blue circle for Glc,

yellow circle for Gal, yellow half diamond for GalA, yellow square for GalNAc, and red triangle for O-acetyl.

Sf 6 has only one structural modification characterized: a phage-mediated, random and non-stoichiometric
03/04 acetylation of Rhalll (residue A, Figure 4.1D-E). ** Modification on O3 confers group O-factor 9
onto Sf 6 and is also observed in serotypes 1b, 2a, 5a, 7a, Y1, and Y2. ** An important question in the
context of the O-Ag as a vaccine target is whether O-acetylation is important for antigenicity and
immunogenicity; in the case of S. flexneri serotype 2a (Sf 2a), O-factor 9 has been shown to not add to

broad antibody recognition.

When it is present, cross-protection between antigens allows for reduction of the number of costly vaccine
components. 1 Cross-reactivity between serotypes is expected when a shared epitope is present and,
although Sf 6 has a different backbone from the non-serotype 6 backbones, cross reactivity between Sf 2a
and Sf 6 is expected, due to the shared O-factor 9 epitope. In clinical trials, vaccination with an O-acetylated

Sf 2a conjugate in humans (children and adults) induced protective antibodies against Sf 6. % The reverse
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was also seen in two cases where children (unvaccinated with Sf 2a) who developed Sf 6 disease
subsequently developed protective antibodies against Sf 2a. 2° However, data from mouse models showed

no cross-reactivity between Sf 6 and Sf 2a. %

Molecular modeling of antigen conformations can provide insight into the likelihood of cross-protection
between S. flexneri O-Ags. > We have previously modelled the conformations of S. flexneri serogroup Y,
2, 3, and 5 O-antigens. >® The molecular dynamics simulations revealed that S. flexneri serotypes are highly
flexible, with a wide distribution of conformations. Substitutions of the backbone residues (glucosylation
and/or O-acetylation) were found to limit the flexibility and distribution of conformations to varying
degrees and we proposed three guiding heuristics to describe and predict the effect of substitutions. ¢ In
particular, of relevance to Sf 6 is that we found that substitution with O-factor 9 restricts the O-Ags to
predominantly helical conformations. Conformational differences highlighted by this work support the
inclusion of both serotypes 2a and 3a in a potential vaccine. We now focus on Sf 6 (type O-factor VI; group

O-factor 9), the second most prevalent cause of S. flexneri disease in low- and middle-income countries. 4

In this work we performed molecular dynamics (MD) simulations of the five structures listed in Figure 4.1:
the common Sf'Y backbone (Figure 4.1A); a neutral (non-biological) serotype 6n in which GalA is replaced
with Gal (Sf 6n; Figure 4.1B); Sf 6 (Figure 4.1C); as well as Sf 6 with 100 % O-acetylation at either O3
of Rhalll (Sf 6-3Ac, Figure 4.1D) or O4 of Rhalll (Sf 6-4Ac, Figure 4.1E). The specific aims of this study
are to compare: (a) the conformation and dynamics of the unique Sf 6 backbone with the common Sf 'Y
backbone; (b) the conformation of Sf 6 with the neutral Sf 6n, to establish the effect of charge on

conformation; and (c) the effect of O-acetylation at O3 or O4 of Rhalll (residue A) on Sf 6 conformation.

To corroborate our modeling results on O-acetylation, we performed immunological studies in mice with
the aim of understanding whether the presence of the O-acetyl group has an impact on S. flexneri 6 O-Ag
immunogenicity. We genetically manipulated wild type Sf 6 by deleting the oacC gene which codes for the

O-acetyltransferase C enzyme that is responsible for the O-acetylation of the O-Ag on Rhalll (residue A).
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Mice were then immunized using Sf 6 Generalized Modules for Membrane Antigens (GMMA) 2 (a
proposed alternative delivery system for Shigella O-Ags) 222 obtained from either the wild-type or the

oacC knock-out S. flexneri 6 strains 2 and the immune responses compared.
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4.4 Materials and Methods

4.4.1 Molecular simulations

We used our established systematic approach to the modeling of polysaccharides, as follows. 5% To identify
the preferred orientation of each glycosidic linkage, two-dimensional ¢,y potential mean force (PMF)
calculations were performed for the glycosidic linkages of all the disaccharide fragments of the O-Ag
repeating units. The glycosidic linkage orientations are generally defined by two dihedral angles, ¢= Hs-

C1-0:-Cy’ and ¥ = C;1-01-Cy’-Hy’, which are equivalent ¢ and ¥ in IUPAC nomenclature. ®°

The preferred glycosidic linkage orientations identified by the PMFs were then used to build three repeating
unit (3 RU) O-Ag chains for initial Molecular Dynamics (MD) simulations in aqueous solution (data not
shown), which were then extended to six repeating unit (6 RU) chains. Chain length is an important
consideration when modeling O-Ags, as a short chain may have insufficient molecular flexibility while
long chains become extremely time consuming and too computationally expensive to model. S. flexneri
exhibits a range of O-Ag chain lengths, however, 3 RU is considered sufficient to represent O-Ag
conformation (based on our previous work with S. flexneri and studies in mice where as few as 1.5 RU were
immunogenic). 56212627 Fyrthermore, antibodies have been shown to only bind small fragments of the O-

Ag between one and seven residues in length corresponding to 1-2 RU in the case of S. flexneri. 8

Following initial system equilibration, molecular dynamics runs of 1-2 us were performed and data analyses

were performed on these production runs.

44.1.1 PMF calculations

Disaccharide structures were built using CarbBuilder and visualized with Visual Molecular Dynamics
(VMD) software. 23 PMF calculations were performed using the Metadynamics package incorporated
into the Nanoscale Molecular Dynamics (NAMD) software. 3 The ¢ and i dihedrals used as collective

variables to establish preferred conformations for rotation about the ¢ and v dihedrals of the glycosidic
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linkages in the disaccharide units.

For all neutral disaccharides, calculations were performed in vacuum (gas phase). For all charged
disaccharides, calculations were performed in solution, using the TIP3P 3 model of water with a sodium
counter-ion to ensure system neutrality (a requirement for the calculations of electrostatic interactions to

converge). Systems were solvated and ionized using VMD’s built in solvation and ionization tools.

Each disaccharide system was run at 300 K for 1 000 ns (vacuum simulations) or until the biasing energy
reached at least 10 kCal.mol-1 (solution simulations). Once the runs were complete, internal scripts were

used to extract global and local minimum energies and to generate contour plots of ¢ versus .

4.4.1.2 Molecular dynamics

Simulations were run using NAMD (version 2.13) with CUDA extensions for utilizing graphics processors

for parallel computing. 3¢ The CHARMM36 additive force field was chosen for the simulations. %

The data for Sf 'Y from our previous work ° was extended by 1 000 ns and included in this study. Starting
structures of the Sf 6 O-Ags (Figure 4.1) were built with CarbBuilder using the global minima for the
glycosidic linkages determined from the PMF calculations. The starting structures were subsequently

minimized using NAMD for 10 000 steps at 310 K.

Minimized structures were solvated in cubic TIP3P 3 water boxes of 90 A per side. The charged Sf 6, Sf
6-3Ac and Sf 6-4Ac systems underwent an ionization step to add six sodium (Na+) counter ions to
neutralize the system. Initial minimization and heating protocols comprised 5 K incremental temperature
reassignments beginning at 10 K up to 310 K with 5 000 steps of NAMD minimization and 2 000 steps of

MD at each temperature reassignment.

Periodic boundary conditions equivalent to the cubic box size were employed for the solvated simulation
with wrapping on. Long range electrostatics were implemented with Particle Mesh Ewald summation

(PME) on a 90 A grid size. ¥ 1-3 pairs were excluded from non-bonded interactions, 1-4 interactions were
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scaled by a factor of 1, and a dielectric constant of 1 was used for the system. Smoothing functions were
applied to both the electrostatics and van der Waals forces with switching and cut-off distances of 15 A and

12 A respectively.

A Leap-Frog Verlet integrator was used to integrate the equations of motion over a step size of 1 fs. A
distance of 18 A was used as the cut-off for inclusion in the pair list for calculation of non-bonded forces.
The short-range non-bonded interactions were calculated every 1 fs, full electrostatics calculations were

performed every 2 fs, and atoms were reassigned every 10 fs. %

Simulations were sampled under isothermal-isobaric (nPT) ensemble. Langevin dynamics were used to
control the temperature with a damping coefficient of 5/ps. Nosé-Hoover Langevin piston dynamics were
used as a barostat to maintain a target pressure of 1 atm. Variable system volume was used with a piston
period of 100 fs and decay of 50 fs. Post equilibration (200 ns), simulations underwent production runs of
1800 ns for Sf Y and Sf 6, 800 ns for Sf 6n, and 900 ns Sf 6-3Ac and Sf 6-4Ac as different simulation

lengths were required for the different models to appear converged.

4.4.1.3 Simulation convergence

We addressed the convergence using the method of block standard averaging, applied to two measurables:
molecular end-to-end distance and radius of gyration (see Supplementary Figure S4.1), as previously

described and implemented the method using in-house Python scripts. ¢3¢

For all serotypes modeled, the blocked standard error (BSE) can be seen to have reached plateaus. The
simulation lengths were large multiples of the correlation times (Sf Y, 50 ns; Sf 6n, 24 ns; Sf 6, 6 ns; Sf 6-
3Ac, 11 ns; Sf 6-4Ac,18 ns) and numbers of independent samples (Sf Y, 40; Sf 6n, 83; Sf 6, 180; Sf 6-3Ac,
102; Sf 6-4Ac, 60) were >>1. Furthermore, the equilibration time of 200 ns was >> the correlation time
indicating that the properties of the system are not correlated or related on this timescale and that the

simulation length should be sufficient. Thus, the simulations appear converged and 200 ns equilibration is

sufficient. For Sf'Y and Sf 6, longer simulation times were required for convergence (both 2 000 ns) than
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for Sf 6n (1 000 ns), Sf 6-3Ac (1 100 ns), and Sf 6-4Ac (1 100 ns).

4.4.1.4 Data analysis

Output trajectories were extracted every 25 ps and analyzed at 250 ps intervals. Inter-atomic distances and
dihedral angles were measured using VMD’s TK console and graphical user interface (GUI) with data

analyses performed using in-house Python scripts and plots generated using Matplotlib. 4°

The end-to-end distance, r, was measured from C2 of Rhall (residue B) at the non-reducing end, to C1 of

Rhal/GalA (residue C) at the reducing end, thus excluding the highly flexible terminal residues.

The dihedral angles for each glycosidic linkage were measured as a combination of the dihedrals from the

central repeating units, 3 and 4 thus providing a sample of the most central angles.

Molecular conformations were visualized using VMD and clustering of production run trajectories were
performed using the WMC PhysBio GUI for VMD’s built-in cluster command. #* Prior to clustering, the
molecules were aligned on the ring and linkage atoms of the least flexible central repeating unit, RU 3.
Clustering was performed on the ring and linkage atoms RUs 2, 3, 4, and 5, avoiding the highly flexible

terminal repeating units 1 and 6. A cut-off of 5.5 A was set and clusters < 6 % were discarded.

Hydrophilic/hydrophobic regions of the molecular surface were analyzed using VMD’s built in “measure
sasa” command. The solvent accessible surface area (SASA) analysis was performed by probing first
hydrophilic regions (comprising hydroxyl groups, carbonyl groups, amine groups, ring oxygens, and
linkage oxygens) and then hydrophobic/neutral regions (comprising methyl groups, CH» groups, ring
carbons, and ring protons) of the molecule using a van der Waal’s radius of 1.4 A - analogous to that of
water. The ratio of hydrophilic to hydrophobic/neutral regions was then calculated to determine the

percentage hydrophilic surface area available for potential antibody binding.

When necessary, carbohydrate rings were visualized using the PaperChain visualization algorithm and the
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hydrophilic and hydrophobic surfaces were visualized using the Quicksurf visualization algorithm. 4243

4.4.2 Immunological studies

We compared the immune responses in vaccinated mice and their functional activity against both Sf 6 and
de-O-acetylated Sf 6 strains. We genetically manipulated wild type Sf 6 by deleting the oacC gene which
codes for the O-acetyltransferase C enzyme that is responsible for the O-acetylation of the O-Ag on Rhalll
(residue A). Mice were then immunized using Sf 6 GMMA 2 obtained from either the wild-type or the
oacC knock-out S. flexneri 6 strains. 2* GMMA are Outer Membrane Vesicles (OMV) naturally released
from Gram-negative bacteria mutated to increase OMV Yyield, proposed as an alternative delivery system

for Shigella O-Ags. 222

4.4.2.1 Bacterial strains, mutant generation and growth conditions

A S. flexneri 6 wild type strain was obtained from the Wellcome Trust Sanger Institute and Public Health
England. % Strain Sf6_Sh10.8537 was selected for the generation of deletion mutants. To generate the
mutants, the kanamycin resistance gene aph was used to replace the tolR and the oacC genes. The resistance
cassette replacement constructs were amplified from the pKD4 vector using the following primers: Fw
ATGTTTGAAATTGATAGCCTATTATTAATAACATCCGTGATAATCTTGTCGTGTAGGCTGGA-

GCTGCTTC and Rv GGTTTGTTTTGTTATATTAATGAAAGGTAGTTCAATTAATTTAAATGTTA-
CATATGAATATCCTCCTTAG. PCR products were used to transform recombination-prone S. flexneri 6
recipient cells carrying pKD46 as described previously. *° The oacC gene was also deleted in a non-AtolR

background (not overblebbling) for use as a target strain in SBA experiments.

All bacterial strains were grown at 30 °C in liquid Luria—Bertani (LB) medium in a rotary shaker for
16 hours. For GMMA production, overnight cultures were diluted in HTMC medium (15 g/L glycerol,
30 g/L yeast extract, 0.5 g/L. MgSOQs4, 5 g/L KH2PO4, and 20 g/L K:HPO,) to an optical density at 600 nm

(OD600) of 0.3 and grown at 30 °C in a rotary shaker for 8 hours using baffled flasks with a liquid to air
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volume ratio of 1:5.

4.4.2.2 GMMA production and characterization

After growth, bacteria were pelleted through centrifugation at 5000% g for 45 minutes at 4 °C. Cell-free
supernatants were ultracentrifuged at 175,000x g for 2 hours at 4 °C; the resulting pellet, containing
GMMA, was washed with phosphate-buffered saline (PBS), further ultra-centrifuged at 175,000x g for

2 hours at 4 °C and finally resuspended in PBS.

GMMA purity was assessed by HPLC-SEC analysis; “6 total protein content was estimated by microBCA
(Thermo Scientific, Waltham, MA, USA); O-Ag sugar content was quantified by determination of methyl

pentoses (6-deoxyhexoses) with the Dische colorimetric method. 4

O-Ag extraction and purification from GMMA was performed as previously described.

Nuclear magnetic resonance (NMR) spectroscopy was used to confirm O-Ag identity and to calculate the
degree of O-acetylation. > All NMR spectra were acquired at 50 °C with an AEON AVANCE I11 600 MHz
spectrometer (Bruker, Billerica, MA, USA) equipped with a high-precision temperature controller using a

5 mm QCI CryoProbe as previously described. 2

4.4.2.3 Immunogenicity studies in mice

Animal studies were performed at the GSK Animal Care Facility under the animal project 526/2020-PR
26/05/2020, approved by the Italian Ministry of Health. Five-week-old female wild-type mice were
immunized intraperitoneally with 200 pL of vaccine at days 0 and 28. Sera were collected at day 42.

Different O-Ag doses were tested in the range 0.005-0.5 mg.

Individual mouse sera were tested for anti-O-Ag total IgG by enzyme-linked immunosorbent assay
(ELISA), as previously described. “¢ S. flexneri 6 Group 4 Capsule (G4C), 2! sharing the same O-Ag RU,

at a concentration of 5 pg/mL in carbonate buffer pH 9.6, was used as a coating antigen. Single sera were
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tested against both a wild-type and an oacC knock-out S. flexneri 6 strain in a serum bactericidal assay

(SBA) based on luminescent readout as described previously. 249

Results of the assay were expressed as the IC50: the reciprocal serum dilution that produced a 50 %
reduction of luminescence, which corresponds to 50 % growth inhibition of the bacteria present in the
assay. °%°! GraphPad Prism 7 software was used for curve fitting and 1C50 determination. Titers below the
minimum measurable signal were assigned a titer of 50, corresponding to half of the first dilution of sera

tested.

Statistical analysis was performed using GraphPad Prism 7. Dose-response relationships were evaluated
through Spearman’s rank correlation. The parallelism of dose-response curves was assessed by the parallel
line method: when the slopes of the curves for O-Ac and non-OAc O-Ags obtained by log-transforming
ELISA or SBA results vs log transformed antigen doses were not significantly different from each other,

comparison of the Y-intercepts was performed.
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4.5 Results

Using the simulation data for Sf 'Y, Sf 6n, Sf 6 and the O-acetylated Sf 6-3Ac and Sf 6-4Ac, we first compare
the chain flexibilities of the O-Ags, then consider the molecular conformations, the characteristics of the
molecular surface and finally contrast the minimal binding epitopes. In the light of these results, we then

consider the effect of O-acetylation on Sf 6 immunogenicity in mice.

4.5.1 Chain extension and flexibility

Time series plots of the molecular end-to-end distance, r, over the course of the MD simulations provide a
simple comparison of the molecular flexibility and chain extension of the O-Ags. We defined r (illustrated
in Figure 4.2A) as the distance from C2 of Rhall (residue B) in RU 1 to C1 of Rhal (residue C) in RU 6
(for SfY), or the equivalent C1 of GalA in RU 6 (for Sf 6’s). Comparison of the r time series plots
(Figure 4.2 left column) and corresponding histograms (Figure 4.2 right column) reveals significant
differences between the SfY and Sf 6 O-Ags. Sf Y (Figure 4.2B) is the most flexible, with the greatest
variance (¢ = 15) and range (10 A to 70 A) of r. Further, r has a bimodal distribution for Sf Y (with peaks
at 25 A and 52 A) that is markedly different from the unimodal, right skewed distributions of the S 6’s:
the Sf'Y backbone has a significant population of compact conformations that is absent in the Sf 6’s. In
contrast, the distribution of r across the four variations of Sf 6 is remarkably similar: the graphs show that
the chains are predominantly extended and that the addition of charge or O-acetylation to the Sf 6 backbone
has only a minor effect on the O-Ag chain extension and flexibility. The uncharged Sf 6n (Figure 4.2C) is
the most flexible Sf 6 O-Ag with the largest range of r (15 A to 70 A, o = 12). Sf 6 (Figure 4.2D) has a
similar r distribution (10 A to 70 A, o = 11), while the O-acetylated Sf 6-3Ac (Figure 4.2E) and Sf 6-4Ac
(Figure 4.2F) are the most extended chains and show some reduction in flexibility (¢ = 10). Overall,

flexibility of the O-Ags decreases in the order Sf Y >> Sf 6n > Sf 6 > Sf 6-4Ac > Sf 6-3Ac.
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Figure 4.2: End-to-end distance, r, is defined as shown in (A) with end-to-end distance time series analysis as well as
histograms for (B) SfY, (C) Sf6n, (D) Sf 6, (E) Sf 6-3Ac, and (F) Sf 6-4Ac. The standard deviation of each histogram, o, is

shown.

4.5.2 Molecular conformations

4.5.3 Molecular surface

While similar in conformation, the O-Ags differ in charges and substituents. Comparison of the hydrophilic
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and hydrophobic regions of the molecular surface in the O-Ags highlights differences between the O-Ags

that may affect antibody binding.

Time series and histograms of the hydrophilic surface area of each frame of the trajectory are plotted in
Figure 4.4, where hydrophilic surface area refers to the percentage of the surface area that is hydrophilic
relative to total solvent accessible surface area. Sf Y (Figure 4.4A) is markedly more hydrophobic than
Sf 6n (Figure 4.4B) and Sf 6 (Figure 4.4C), and also shows a greater variation in surface hydrophilicity.
This is because the extended conformations of the backbone (Figure 4.4F) expose more hydrophobic
patches (blue) than the collapsed conformations of SfY (Figure 4.4G). The hydrophobicity of SfY relative
to the S 6’s can be rationalized by considering the surfaces of the individual constituent monosaccharides
of the backbone (Supplementary Figure S4.4) — Gal is markedly more hydrophilic than Glc or Rha.
Overall, the hydrophilicity of the exposed O-Ag surface decreases in the order: Sf 6 (55 %) > Sf 6n (52 %)

> Sf 6-3Ac (51 %) > S 6-4Ac (50 %) > ST 'Y (46 %).

Unsurprisingly, the charged Sf 6 is more hydrophilic than the neutral O-Ag (Sf 6n). It is also clear that O-
acetylation decreases the hydrophilicity of the chain: with Sf 6-3Ac (Figure 4.4D) showing a smaller

decrease (4 %) than Sf 6-4Ac (5 %, Figure 4.4E) which has the O-methyl more exposed on the chain.

4.5.4 Minimal binding epitope

As antibodies bind to O-Ag regions comprising one to seven residues, 28 it is useful to consider the
differences in the 6 RU O-Ag’s on this length scale. Figure 4.5 compares the main conformation and the
surface hydrophilicity of a central four residue (BCDA) segment across the Sf Y and Sf 6 O-Ags. It is clear
that STY (Figure 4.5A) has a very different conformation from the SF 6’s. The Sf'Y repeating unit is more
condensed, residue B is rotated 180 °, and the residue B methyl (Me) group interacts with the N-Acetyl on
residue D. The surface representations for Sf Y also show smaller regions of hydrophilicity (blue) compared

to the Sf6°s.
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Figure 4.4: Time series and histogram plots of relative % hydrophilic surface area for: (A) SfY, (B) Sf 6n, (C) Sf 6,
(D) Sf 6-3Ac, (E) Sf 6-4Ac. VMD Quicksurf representation of the hydrophilic (blue) and combined
neutral/hydrophobic (pink) surfaces of the O-antigens are shown in (F) ordered from highest (Sf 6) to lowest (Sf Y)
% hydrophilic surface. (G) VMD Quicksurf representation of a collapsed Sf Y conformation from around. Note that
for SfY and Sf 6, longer simulation times were required to reach convergence (both 2 000 ns) than for Sf 6n
(1 000 ns), Sf 6-3Ac (1 100 ns), and Sf 6-4Ac (1 100 ns).
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Figure 4.5: Close up of BCDA residues of RU 3/4 in the licorice/paperchain/VDW and Quicksurf representations of
the primary clusters of: (A) SfY, (B) Sf 6n, (C) Sf 6, (D) Sf 6-3Ac, (E) Sf 6-4Ac O-antigens. The
licorice/paperchain/VDW colors: purple — Rha; dark blue — Glc; yellow — Gal; green — COOH; red — O-acetyl;
orange — Me; and cyan-electron withdrawing portion of NAc. The Quicksurf colors: blue — hydrophilic surface; pink

— hydrophobic & neutral surface.

The Sf 6’s (Figure 4.5B-D) all have similar conformations of the central BCD fragment; the methyl (Me)
on residue B interacts with the hydroxyl (OH) or carboxylic acid (COOH) group on C6 of residue C. The
substitutions on the Sf 6 backbone do not affect the orientation of this fragment significantly, but they do
affect the DA fragment and the binding surface. Relative to Sf 6 (Figure 4.5C), O-acetylation at O3 in
Sf 6 3Ac (Figure 4.5D) or O4 in Sf 6-4Ac (Figure 4.5E) results in a disruption of the hydrophilic regions
(blue) of residue A (O3 and O4 region) and residue D (NAc region). For the residue A region, the substituted

position (O3 or O4) becomes hydrophobic, reducing the size of the local hydrophilic region and, in the case
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of Sf 6-4Ac, shifts upwards due to a change in orientation of the O-acetyl to reduce steric hindrance. The
residue D region (associated with NAc) shifts towards residue A in Sf 6-3Ac due to NAc — O3Ac

interactions and in Sf 6-4Ac, merges with the O3 hydrophilic region.

Overall, the differences between Sf Y and Sf 6 orientations and hydrophilic surfaces indicate the likely
antigen binding sites are significantly different. Furthermore, this four-residue region is very similar in the
St 6’s, suggesting that O-acetylation does not have a significant effect on the potential antigen binding site,

and hence immunogenicity, of the Sf 6 O-Ag.

45,5 The impact of O-acetylation on the immunogenicity of Sf 6 GMMA in
mice

To investigate the impact of O-acetylation on the immune response induced by the Sf 6 O-Ags (and verify
the predictions made by modeling) the GMMA-producing strain Sf 6 Sh10.8537 AtolR was further mutated
to abolish Rhalll O-acetylation by removing the oacC gene - coding for the O-acyltransferase C enzyme -
responsible for the backbone modification that confers the presence of O-factor 9. Both GMMA we free of
soluble proteins and DNA as detected by HPLC-SEC analysis. The O-Ag to protein weight ratio was 0.4
in the wild type GMMA and 0.23 in 40acC GMMA. The O-Ag chains on both GMMA had three main
populations at average sizes of 174 kDa (G4C), 22 kDa and 1.7 kDa, % respectively. 1H NMR analysis of
the O-Ag extracted from the 40acC GMMA confirmed the absence of O-acetylation on Rhalll, while the
O-Ag from the wild type GMMA was O-acetylated at positions 3 and 4 of Rhalll (73.3 % and 17.9 %,

respectively), as shown in Supplementary Figure S4.5.

The characterization of the resulting GMMA by 1H NMR analysis (Supplementary Figure S4.5)
confirmed the absence of O-acetylation on Rhalll. Moreover, the % O-acetylation at positions 3 and 4 of

Rhalll of the native O-Ag were calculated as 73.26 % and 17.95 %, respectively.
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Figure 4.6: Immunogenicity in mice of S. flexneri 6 GMMA differing in O-Ag O-acetylation on Rha'"". Eight CD1
mice per group were immunized intraperitoneally with three doses of O-Ag (0.005, 0.05, 0.5 ug). S. flexneri 6
Group 4 Capsule (G4C), encompassing the same RU of the O-Ag, was used as the ELISA coating antigen. (A)

Summary graph of anti-G4C specific 1gG geometric mean units (bars) and individual antibody levels (dots) on the

left; statistical comparison of the resulting dose response curves on the right; (B) Summary graphs of SBA IC50 titers
against S. flexneri 6 wild type (on the left) and AoacC (on the right) strains. ELISA and SBA data were analyzed
using the parallel line approach. Each curve represents log-transformed doses on the abscissa and the log-
transformed ELISA units or SBA titers on the ordinate. The parallelism of the lines was tested by comparison of the
slopes, which resulted in no significant differences. Subsequently, the Y-intercept of the curves were compared, and

the p-values are reported in the graphs.

The immunogenicity of GMMA displaying O-Ag with or without O-acetylation on Rhalll was tested in a
dose ranging study in mice, comparing GMMA constructs at the same O-Ag dose. Analysis of sera collected
two weeks after the second immunization at day 28 (day 42) showed that wild type and 4oacC GMMA did

not induce significantly different anti-O-Ag total 1gG response in the dose range tested (Figure 6A).

SBA analysis against both wild type and 4oacC S. flexneri serotype 6 strains confirmed the results obtained
in ELISA, indicating additionally, that the functionality of the antibodies induced was not affected by O-

Ag O-acetylation (Figure 6B).
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4.6 Discussion

Our simulations show that the Sf Y and Sf 6 O-Ags are very flexible, in common with serogroups 2, 3, and
5 modeled previously. However, while Sf'Y adopts both elongated and collapsed structures, including right-
handed helices, the Sf 6 O-Ags are predominantly in an extended left-handed helical conformation. This
conformational change is a result of the change of the BC linkage from a flexible equatorial configuration
in Sf Y to a more constrained axial configuration in Sf 6. Due the significant conformational differences

between the Sf Y backbone and Sf 6, cross-protection between Sf 6 and Sf Y is not expected to occur.

O-acetylation is known to alter carbohydrate chemical and physical properties, such as molecular
conformation and hydrophobicity, thereby affecting the antigenicity and immunogenicity of antigens of
relevance for vaccine design. %2 Recent reviews on Shigella vaccine development 2 and the role of O-
acetylation %2 confirm its contribution to the functional immune response for some licensed bacterial
polysaccharide-based vaccines (Salmonella typhi Vi and Neisseria meningitidis serogroup A), but not for
others, indicating that the importance of O-acetylation must be established on a case-to-case basis. For
Shigella, O-acetylation is recognized as a source of additional antigenic diversity and has been characterized
by group O-factors. 2* In the case of Sf 6, the presence of Rhalll3/4Ac introduces group O-factor 9 and
three subtypes have been recognized on the basis of levels of O-acetylation (1 and I1) and its absence (l11). *2
Further, the presence of an O-acetylated rhamnobiose (aLRhalll3/4Ac(1—3)aLRhall) has been suggested

as the structural basis for the observed cross-reactivity between Sf 2a and SF6. %2

Our simulations show that O-acetylation of Sf 6 at O3 or O4 of Rhalll (residue A) does not alter the
backbone conformation significantly, suggesting that O-acetylation may not be essential for antigenicity.
However, O-acetylation results in a significant decrease in the hydrophilicity of the O-Ag in Sf 6 compared
to de-O-acetylated Sf 6 based on solvent accessible surface area calculations. This may affect the binding
affinity of Sf 6 compared to de-O-acetylated Sf 6, however, the biological significance of this parameter is

yet to be established.
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Indeed, our comparison of Sf 6 O-Ags with and without O-acetylation on Rhalll (delivered on GMMA) in
mice confirmed that O-acetylation does not play a major role in the ability of the O-Ag to induce antibodies
able to recognize the O-acetylated RU and to kill O-acetylated or de-O-acetylated S. flexneri 6 bacteria.
The results obtained in vivo corroborate the modeling analysis, showing no impact of O-acetylation on
immunogenicity. This is in line with the marginal difference observed in the O-Ag conformation. These
results are also in agreement with our previous studies on CRM197 glycoconjugates in which an O-

acetylated and de-O-acetylated CRM197 glycoconjugate induced similar IgG and SBA titers.

Further validation of the importance of the O-acetylation and cross reactivity of S. flexneri serotype 6 in
other animal models (and preferably humans) is necessary to definitively confirm the role of O-acetylation
in immunogenicity and provide insight into appropriate, representative animal models for Shigella sp

vaccine development.
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4.7 Supplementary Material
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Supplementary Figure S4.1: Block standard averaging analysis calculated for the time series of (A) end-to-end
distance and (B) radius of gyration of the 6 RU O-antigen chains. The blocked standard error (BSE) reaches a
plateau with increased block size (ns) for all of the O-antigens indicating convergence. Further analysis using the
approximate BSE reveals correlation times < 55 ns (much less than the simulations times of 1 000-2 000 ns) and

numbers of independent samples >> 1 which support the convergence of the simulation.
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Supplementary Figure S4.2: 6 repeating unit static structures of the Sf Y repeating unit, each with one of the
structural modifications seen in serotype 6’s backbone: (A) Sf'Y backbone with no replacement, (B) replacing the
BC (aLRhal—3aLRha) linkage with an (a¢LRhal—4aLRha) linkage, (C) replacing residue C, rhamnose, with
galactose (linkages unchanged), (D) replacing residue D, GIcNAc, with GalNAc (linkages unchanged). Only
structure (B) changes from a right-handed to left-handed helix indicating the change in linkage position (which

involves changing from an equatorial to axial linkage) causes the change in handedness of the helix.

131



A) =
SfY E
B) 1zoj
sfén -
©) r
Sf6 .
D) 120
Sf6-3Ac - .
E) 120

Sf6-4Ac - .

-60
-120

e v, 3 T e
31 e el
X g R
b ;*«‘?i
{93 MM'} b
3 . 7
At Tk il
U 4

-120-60 0 60 120

—-120-60 0 60 120

-120-60 0 60 120

-120-60 0 60 120

nnnnn

ooooo

nnnnn

Supplementary Figure S4.3: Heat map representation of scatter plots for the phi (¢), psi () dihedral angles of
each glycosidic linkage for: (A) SfY, (B) Sf 6n, (c) Sf 6, (D) Sf 6-3Ac, (E) Sf 6-4Ac. Changes in chain conformation

are primarily caused by changes in the orientations of the constituent glycosidic linkages due to the carbohydrate

rings being quite constrained. Points from both of the central repeating units (RU 3 and RU 4) were included to

broadly sample the backbone behavior. The color scale indicates the relevant occupancy of the dihedral angles

during the simulation with red being high occupancy, and blue low occupancy.
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Table S4.1: Tabulation of primary and secondary occupied dihedral angles of glycosidic linkages for the modeled

Glycosidic Linkage (of repeating unit ABCD)

O-antigens.

O-antigen AB BC CD DA
Primary Secondary Primary Primary Secondary Primary Secondary
(9. ¥) (¢, ) (¢, ) (¢, ) (¢, ¥) (¢, w) (¢.9¥)
SfY 50, 15 40, -45 45,10 40, 10 40, -45 50, 10 40, -45
Sf6n 45, 15 40, -30 25,25 55, -10 N/A 50, 15 60, -10
Sf6 45, 15 40, -45 30, 20 55,0 N/A 50, 15 N/A
Sf 6-3Ac 45, 15 40, -45 25,25 55, -5 N/A 55, -5 N/A
Sf 6-4Ac 45, 15 35, -45 25,25 55, -5 N/A 55, 15 N/A
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Supplementary Figure S4.4: (A) line structures of S. flexneri RU constituent monosaccharides, (B) CPK models of

the monosaccharides, (C) Quicksurf representation of monosaccharides with hydrophilic regions in blue and
hydrophobic/neutral regions in pink. Monosaccharides are arranged in order of decreasing % hydrophilic surface:
GalA, 74 %; Gal, 68 %; Glc, 62 %; Rha, 60.4 %; Rha3Ac, 60.2 %; RhadAc, 59.3 %; GalNAc, 59 %; GIcNAc, 58 %.
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Supplementary Figure S4.5: *H NMR spectra (from 1 to 6 ppm) of S. flexneri 6 O-Ags extracted from GMMA
produced by the wild type (red) and AoacC mutant (blue) strains, confirming expected O-acetylation patterns.

Diagnostic signals are assigned in the spectra. *=acetate buffer. For the annotations, GN = GIcNAc, R = Rha.
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5 Chapter 5

5.1 Preface

The following article “Modeling of Pneumococcal Serogroup 10 Capsular Polysaccharide Molecular
Conformations Provides Insight into Epitopes and Observed Cross-Reactivity” describes a modeling study
of the Streptococcus pneumoniae serogroup 10 capsular polysaccharides (CPSs) which exhibit complex

asymmetry and high levels of mistyping.

The S. pneumoniae serogroup 10 CPSs contain a ribitol phosphate moiety (a motif seen in Haemophilus
influenzae - Chapter 2) which contributes significant flexibility to the backbone. 4® The serogroup 10 CPSs
also have side groups which play an important role in innate immune evasion. As for H. influenzae in

Chapter 2, on a whole molecule level, the conformational analysis was not very informative.

This work required us to look more closely at potential binding epitopes rather than whole molecule
conformations alone to rationalize the complex asymmetrical cross-reactivity observed. We were also able
to provide further insights into potential antigen-antibody interactions through the overlaying of our
potential binding epitopes with known galactofuranose recognizing intelectins (carbohydrate binding

proteins of the immune system).

These additional analyses allowed for the rationalization of the observed epidemiology as well as the
complex, asymmetrical cross-reactivity within the serogroup. This is useful to the design of next generation
pneumococcal vaccines as the inclusion of a single serotype would be expected to provide sufficient

protection against the remaining serotypes.
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5.2 Abstract

Streptococcus pneumoniae is an encapsulated gram-negative bacterium and a significant human pathogen.
The capsular polysaccharide (CPS) is essential for virulence and a target antigen for vaccines. Although
widespread introduction of pneumococcal conjugate vaccines (PCVs) has significantly reduced disease, the
prevalence of non-vaccine serotypes has increased. On the basis of the CPS, S. pneumoniae serogroup 10
comprises four main serotypes 10A, 10B, 10C and 10F; as well as the recently identified 10D. As it is the
most prevalent, serotype 10A CPS has been included as a vaccine antigen in the next generation PCVs.
Here we use molecular modeling to provide conformational rationales for the complex cross-reactivity
reported between serotypes 10A, 10B, 10C, and 10F anti-sera. Although the highly mobile phosphodiester
linkages produce very flexible CPS, shorter segments are conformationally defined, with exposed S-D-
galactofuranose (BDGalf) side chains that are potential antibody binding sites. We identify four distinct
conformational epitopes for the immunodominant BDGalf that assist in rationalizing the complex
asymmetric cross-reactivity relationships. In particular, we find that strongly cross-reactive serotypes share
common epitopes. Further, we show that human intelectin-1 has the potential to bind the exposed exocyclic
1,2-diol of the terminal SDGalf in each serotype; the relative accessibility of 3- or 6-linked fDGalf may
play a role in the strength of the innate immune response and hence serotype disease prevalence. In
conclusion, our modeling study and relevant serological studies support the inclusion of serotype 10A in a

vaccine to best protect against serogroup 10 disease.
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5.3 Introduction

Streptococcus pneumoniae is an encapsulated gram-negative bacterium and an important human pathogen
responsible for significant disease and mortality, especially in children under five. * The capsular
polysaccharide (CPS) is essential for virulence and an important target antigen for vaccines. ** Although
100 different serotypes have been identified, most disease is caused by a subset of pathogenic serotypes. 8
Vaccines against the CPS of S. pneumoniae have been developed either as a pneumococcal polysaccharide
vaccine (PPV) or a pneumococcal conjugate vaccine (PCV) - polysaccharide conjugated to a carrier
protein. 4 Unlike polysaccharide vaccines, the glycoconjugate vaccines induce a T-cell dependent immune
response and are effective in young children; the age group highly susceptible to infections ° This has led
to the licensure of PCVs targeting, initially, seven (PCV7, serotypes 4, 6B, 9 V, 14, 18C, 19F and 23F),

then ten (PCV10, PCV7 plus serotypes 1, 5 and 7F), and 13 (PCV13, PCV10 plus serotypes 3, 6A and 19A)

aPnl10B

1 é

serotypes.
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Figure 5.1: S. pneumoniae serogroup 10 rabbit antisera cross-reactivity trends showing the cross-reactivity of
antisera (o) raised against serogroup 10 CPSs (o Pnl0A, a Pnl10B, o Pnl0C, and o Pnl0F). 3 Self-cross-reactivity
titer was set as 100 % with 50 % self-titer, 25 % self-titer, and 3 %7 % self-titer represented by solid arrows,

dashed arrows, and dotted arrows, respectively.
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Widespread introduction of PCVs has significantly reduced the burden of invasive pneumococcal disease
(IPD) due to vaccine serotypes ° However, increased prevalence of non-vaccine serotypes (due to serotype
replacement as well as different geographical and socio-economic vaccination programs and prevalence of
serotypes) means that IPD is still a leading cause of lower respiratory infection morbidity and mortality -
13 This necessitated the development of the third generation of PCVs, with higher serotype valency and
protection against the emerging serotypes. 4 A PCV15 vaccine (PCV13 plus serotypes 22F and 33F) and a
PCV20 vaccine (PCV15 plus serotypes 8, 10A, 11A, 12F and 15B) have been licensed and higher valency

vaccines such PCV24 (PCV20 plus serotypes 2, 9N, 17F and 20) and PCV30 are in development. 1416

The epidemiology of serogroup 10 varies quite significantly across different geographical regions, with
Pn10A considered the most prevalent, followed by Pn10B, with Pn10C and Pn10F occasionally isolated
but not considered a major burden of disease. 1"2° The prevalent serotype 10A is present in PPV23 and

targeted for inclusion in the third generation PCVs: in PCV20 and PCV24, 8152122

The literature reports considerable cross-reactivity within S. pneumoniae serogroup 10: between serotypes
10A (Pn10A), 10B (Pn10B), 10C (Pn10C), and 10F (Pn10F), summarized in Figure 5.1. 8 Specifically,
serotype-specific rabbit antisera (o Pn) raised against one serotype recognized the CPS of the other
serotypes, albeit with a lower affinity. ® These data show some puzzling asymmetry, as follows. Strong
reciprocal cross-reactivity was observed between Pn10A and Pn10B; as well as between Pn10C and Pn10F.
Then, while Pn10A and Pn10B show strong cross-reactivity with Pn10C, the reciprocal cross-reactivity of
Pn10C with these serotypes is weaker. Similarly, while Pn10A and Pn10B show moderate cross-reactivity
with Pn10F, the reciprocal cross-reactivity of Pn10F is even weaker. The reasons for this asymmetry are
unclear. Little information on the cross-reactivity and prevalence of the recently identified serotype 10D

(Pn10D) is available. ®

The repeating unit (RU) structures of the four main capsular polysaccharides in serogroup 10 (Table 5.1

and Figure 5.2) contain the sugars f-D-galactofuranose (fDGalf), f-D-galactopyranose (fDGal), N-acetyl-
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B-D-galactosamine (BDGalNAc), a-D-galactopyranose (eDGal), and D-ribitol-5-phosphate (Rib-ol-5P). #
6 Pn10A and Pn10C share a common backbone as do Pn10B and Pn10F; side chain substitutions create four
structurally distinct CPSs. Note that Pn10D has a considerably different backbone from the rest of

serogroup 10 8and so was not included in this study.

Table 5.1: Line structures of S. pneumoniae repeating units for serogroup 10 CPSs, side groups in bold.

Pn10A: | [—5) pDGalf(1—3) BDGalp(1—4) [ADGalf(1—3)] [ fDGalp(1—6)] fDGalpNAc(1—3) aDGalp(1—2)
DRib-0l-5P(P—]

Pn10B: | [—5)#DGalf(1—3) BDGalp(1—4) [ADGalf(1—3)] BDGalpNAc(1—3) aDGalp(1—4) DRib-0l-5P(P—]

Pn10C: | [—5) fDGalf(1—3) BDGalp(1—4) [ADGalf(1—6)] BDGalpNAc(1—3) aDGalp(1—2) DRib-0l-5P(P—]

Pn10F: | [—5) BDGalf(1—3) BDGalp(1—4) [ADGalf(1—6)] SDGalpNAc(1—3) aDGalp(1—4) DRib-0l-5P(P—]

Pnl10D: | [—6) aDGlcp(1—3) aDGlcp(1—4) [fDGalf(1—3)] [ADGalp(1—6)] BDGalpNAc(1—3) aDGalp(1—1)
DRib-ol-5P(P—]

The backbones for Pn10A (Figure 5.2A) and Pn10C (Figure 5.2C) have a aDGal(1—2)Rib-0l-5P linkage
Pn10B (Figure 5.2B) and Pn10F (Figure 5.2D) have a aDGal(1—4)Rib-0l-5P linkage. Furthermore, the
substitutions on the branching pDGalNAc residue differ, as follows. Pn10B, Pn10C, and Pn1OF are all
singly substituted with fDGalf: at position three in Pn10B and at position six in both Pn10C and Pn10F.
Pn10A has a double substitution on sSDGalNAc: a fDGalf residue at position three and a fDGal residue at

position six.

All serogroup 10 serotypes contain the 5-D-galactofuranose monosaccharide - fDGalf. Absent in mammals,
this sugar occurs in a range of bacterial pathogens (such as Mycobacterium tuberculosis, Klebsiella
pneumoniae and S. pneumoniae) and is often critical for virulence and/or viability of the organism 2*and
has been identified as an immunodominant epitope. ® Human intelectin-1 (hintL-1) is a carbohydrate
binding protein in the human innate immune system that recognizes the exocyclic terminal 1,2-diol (ETD)

epitope which is present in galactofuranose, but not galactopyranose. 22 This ETD motif is bound by
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hintL-1 with high specificity in molecules such as D-glycero-D-talo-oct-2-ulosonic acid (KO), 3-deoxy-D-
manno-oct-2-ulopyranosonic acid (KDO), fDGalf, and glycerol-1-phosphate. 2627 As binding by hintL-1 is
associated with increased phagocytosis of the pathogens, pathogens have evolved to evade the immune
system by modifying the ETD motif (such as masking with O-acetylation) thus preventing hintL-1

recognition. 23

A)
B)
S Galf
(O Galp
GalNAc
C)
D)

Figure 5.2: S. pneumoniae serogroup 10 CPS repeating unit structures for (A) Pn10A, (B) Pn10B, (C) Pn10C, and
(D) Pn10F represented with the SNFG (Symbol Nomenclature for Glycans) system. 2 Similarities and differences in

repeating units are indicated by background color shading.

Molecular modeling is a complementary technique that can be used to correlate the conformational features
of carbohydrate antigens with data on serotype cross-protection produced by immunological studies (such
as serological evaluations, animal trials, human trials, or epidemiological studies). *1-* Recently, we have

explored the importance of the presentation of structural features or epitopes on bacterial CPS for serotype
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cross-protection. 3”38 Here we apply our established molecular modeling methodology to the four primary
S. pneumoniae serogroup 10 CPSs (Pn10A, Pn10B, Pn10C and Pn10F) to establish their conformation and
identify potential cross-protective epitopes. We aim to rationalize the observed cross-reactivity data and

thus inform the design of the next generation of vaccines.
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5.4 Materials and Methods

We used our established systematic approach to the modeling of polysaccharides, as previously
described, 34 to build three repeating unit (3 RU) chains followed by 6 RU chains of Pn10A, Pn10B,

Pn10C, and Pn10F in aqueous solution for initial molecular dynamics (MD) simulations.

Chain length is an important consideration when modeling CPSs, as a short chain may have insufficient
molecular flexibility, while long chains are more computationally expensive to model. On the basis of our
previous work, we consider a 6 RU chain to be representative of the behavior of the longer polysaccharide.
Further, antibodies bind small fragments of the CPS between one and seven residues in length #
corresponding to 1 RU (or a fraction thereof) in the case of S. pneumoniae making a 6 RU model sufficient

to explore antibody binding epitopes.

Following initial system equilibration, MD simulations were performed of 3 RU and 6 RU chains of each

of the CPSs. Data analyses were performed on these production runs, as described below.

5.4.1 Molecular dynamics

The 3 RU and 6 RU chains were built using in-house CarbBuilder software (version 1.2.42) %3 and
visualized with the Visual Molecular Dynamics (VMD) software. * Starting structures for each molecule
were built using low energy glycosidic linkages from potential mean force calculations, as per our previous
work % and the psfgen tool was used by CarbBuilder to create protein structure (PSF) files for simulation
with the CHARMM36 additive force field used to model the carbohydrates. “>%€ The starting structures
were subsequently minimized with the Nanoscale Molecular Dynamics (NAMD) program (version 2.13)
for 10 000 steps at 300 K. Minimized structures were solvated using VMD’s built in solvation and ionization
tools to add TIP3P 47 cubic water boxes of 84 A per side for 3 RU systems and 140 A per side for 6 RU
systems. Systems were then neutralized with one sodium (Na*) counter ion per repeating unit (three ions

for the 3 RU, six for the 6 RU). Initial minimization and heating protocols comprised 5 K incremental
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temperature reassignments beginning at 10 K up to 300 K with 500 steps of NAMD minimization and 8 000
steps of MD at each temperature reassignment. Solvated and ionized structures (PDB and PSF files) for

each 6 RU system are available as Supplementary Material.

Simulations of 3 RU were run using NAMD (version 2.13) “with CUDA extensions for graphics processor
acceleration; “° simulations of 6 RU were run using NAMD (version 3.0) with CUDA extensions for

graphics processor acceleration and a GPU resident computational mode.

Periodic boundary conditions equivalent to the cubic box size were employed for the solvated simulation
with wrapping on. Long range electrostatics were implemented with the Particle Mesh Ewald summation
grid spacing set to 1. 5° Atoms were not held fixed, and the initial center of mass motion was off. The 1-3
pairs were excluded from non-bonded interactions, 1-4 interactions were not scaled, and the dielectric
constant was set to 1. Smoothing functions were applied to both the electrostatics and van der Waals forces

with switching and cut-off distances of 10 A and 12 A, respectively.

A Leap-Frog Verlet integrator was used to integrate the equations of motion over a step size of 1 fs. A
distance of 15 A was used as the cut-off for inclusion in the pair list for calculation of non-bonded forces.
The short-range non-bonded interactions were calculated every 1 fs, full electrostatics calculations were

performed every 2 fs, and atoms were reassigned every 10 fs. 5

Simulations were sampled under isothermal-isobaric (nPT) ensemble. Langevin dynamics %? were used to
control the temperature with a damping coefficient of 5/ps. Nosé-Hoover Langevin piston dynamics were
used as a barostat to maintain a target pressure of 1 atm. °3°*Variable system volume was used with a piston
period of 100 fs and decay of 50 fs. Simulations of 3 000 ns were performed for the 6 RU systems (3 RU
systems were run to 1 000 ns) comprising 200 ns of equilibration and 2 800 ns of production run as was

required for convergence.
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5.4.2 Convergence

We addressed convergence using block standard averaging >° applied to two metrics: end-to-end distance
and radius of gyration (Supplementary Figure S5.1). Block standard averaging was implemented with in-

house Python scripts.

For all simulations, the blocked standard error (BSE) reached plateaus for both metrics, indicating
convergence. The simulation lengths were large multiples of the correlation times for end-to-end distance
(Pn10A, 74 ns; Pn10B, 110 ns; Pn10C, 69 ns; Pn10F, 99 ns) and radius of gyration (Pn10A, 70 ns; Pn10B,
108 ns; Pn10C, 69 ns; Pn10F, 120 ns). Further, the numbers of independent samples were >>1 for both the
end-to-end distance (Pn10A, 40; Pn10B, 27; Pn10C, 45; Pn10F, 30) and the radius of gyration (Pn10A, 43;
Pn10B, 28; Pn10C, 44; Pn10F, 25). Our designated equilibration time of 200 ns is therefore greater than
the correlation time indicating that the properties of the system are not correlated or related on this

timescale and that the simulation length should be sufficient.

5.4.3 Data analysis

Molecular conformations were visualized using VMD, with the PaperChain and Twister visualization

algorithms used to highlight carbohydrate rings and chains *® as required.

Trajectories were extracted at 25 ps intervals with analysis of performed on frames 250 ps apart. Metrics
such as end-to-end distances were extracted from the simulation trajectories using Tcl scripting via VMD’s

Tk console. Data analyses performed with in-house Python scripts and plots generated using Matplotlib. 7

5.4.3.1 Chain flexibility

The end-to-end distance, r, was measured from C1 of aDGal at the non-reducing end, to C1 of fDGal at

the reducing end thus excluding the highly flexible terminal residues.
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5.4.3.2 Conformational analysis

The most common chain conformations for each simulation were determined by clustering the production
trajectory frames into families and calculating the relative occupancies of each family. Clusters comprising
less than 6 % of the production run (post equilibration) were discarded. Clustering was performed using the
WMC PhysBio plug-in for VMD’s built-in measure cluster command. % Prior to clustering, the molecules
were aligned on the RU 4 backbone excluding the Rib-ol-5P residue and any hydrogens on the backbone.
Clustering was then performed as an RMSD fit to the ring and linkage atoms of the central four repeating
units of the chains, excluding the highly flexible terminal RU 1 and RU 6. Eight clusters were created with

a cut-off of 8 A.

Clustering analysis was also performed on a single repeating unit, RU 4, and on the fDGalNAc — fDGalf
linkage of RU 4. For the RU 4 analysis, molecules were aligned on the fDGalNAc residue of RU 4,
excluding hydrogens. Clustering was then performed on the ring and linkage atoms of RU 4, creating five

clusters with a cutoff of 1.5 A, before discarding clusters comprising less than 10 % of the trajectory.

Similarly, for the fDGalNAc — pDGalf linkage, molecules were aligned on the fDGalNAc residue of RU
4 and clustering was then performed on the fDGalNAc and fDGalf ring and linkage atoms. Four clusters
were created with a cut-off of 1.5 A and clusters comprising less than 6 % of the production run (post-

equilibration) were discarded.

5.4.3.3  hintL-1 binding

The protein data bank (PDB) file describing the structure of human intelectin-1 (hintL-1) bound to allyl--
galactofuranose (allyl fGalf) (PDB ID: 4WMY) was obtained from the official RSCB PDB. % Overlay of
our CPS molecules with the hintL-1 protein binding site were created by aligning the 04, C5, O5, C6, and
06 atoms of the central side group pDGalf residue from each CPS molecules with that of the allyl fDGalf
in the hintL-1 binding site. We then identified frames where the molecular conformation aligns with the

hintL-1 binding site free from protein-CPS intersection with good alignment of the galactofuranose rings
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and exocyclic terminal-1,2-diol (ETD) moieties. For the 3 RU molecules, we aligned pDGalf from RU 2

and for the 6RU molecules, fDGalf from RU 3.
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5.5 Results

We begin with a comparison of the flexibility of the serogroup 10 CPSs. This is followed by analysis of the
CPS molecular conformation, exposed potential binding epitopes and, finally, an exploration of the

potential for CPS binding to the hintL-1 human innate immune protein.

5.5.1 Chain flexibility and conformation

The fluctuation in molecular end-to-end distance, r, over the length of the simulation is commonly used as
a measure of chain extension and flexibility in carbohydrates. Here we define r to exclude the mobile
terminal residues (Figure 5.3A). Times series plots of r for each CPS (Figure 5.3B-E, left column) reveal
that all four molecules are highly flexible, fluctuating between a wide range of r values. Trajectory
snapshots at 50 ns intervals (shown above the graphs) illustrate the considerable diversity in the molecular
conformations over all the simulations. This flexibility is an expected consequence of a linear alditol (Rib-
ol-5P) with a phosphodiester linkage in the CPS backbone: modeling of Haemophilus influenzae serotypes

aand b CPS, which also contain this moiety, showed similarly flexible molecules. %

Comparison of the r distributions (Figure 5.3B-E, right column) reveals some broad differences between
the serotypes: Pn10A and Pn10F have bimodal distributions, whereas Pn10B and Pn10C are closer to
unimodal, narrower and somewhat shifted to smaller values of r. Interestingly, it is the most structurally
dissimilar pairs of molecules — Pn10A and Pn10F (Figure 5.2B,E); Pn10B and Pn10C (Figure 5.2C,D) —
that are most similar with respect to the r distributions. While all four molecules are flexible, these data
suggest an order of flexibility of Pn10A ~ Pn10F > Pn10B > Pn10C and, relatively speaking, a slightly

increased incidence of extended conformations for Pn10A and Pn10F.

The extreme flexibility of the CPS backbone means that there are no dominant chain conformations for any
of the four carbohydrates (Figure 5.4). For RU 2 to RU 5 of the CPS backbone (i.e. 20 backbone residues)

we found very few significant conformational families that occupy more than 6 % of the simulation. Further,
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those we identified accounted for relatively small portions of the simulation (less than 25 %). This indicates

that these flexible chains behave as random coils, in common with other flexible carbohydrates that we

have modeled. 3840
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Figure 5.3: (A) The end-to-end distance, r, is indicated on the 6 RU Pn10A molecule. Time series graphs (left

column) of r and corresponding histograms (right column) for the 3 000 ns simulation trajectories are shown for:
(B) Pn10A, (C) Pn10B, (D) Pn10C, and (E) Pn10F. Conformational snapshots at 50 ns intervals are shown above

the time series plots. The histograms are labeled with the standard deviations (o) and modal peak r value(s).
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A)
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Backbone Gal @ Phosphate Side chain Galp
@ Ribol @ Side chain Galf

Figure 5.4: Main conformational families (seed frame for each cluster is shown) identified for the 6 RU S.
pneumoniae serotype CPS, with the terminal repeat units (RU 1 and RU 6) excluded from analysis: (A) Pn10A, (B)
Pn10B, (C) Pn10C, and (D) Pn10F. Backbone galactose residues are shown in yellow, ribitol residues shown in
grey, phosphate in purple, side group galactofuranose residues in orange, and side group galactopyranose residues
in light green. The primary clusters occurred regularly throughout the trajectory. The secondary cluster of Pn10B
occurred regularly in the second half of the simulation along with the primary cluster; for Pn10C the secondary

cluster occurred only for ~400 ns around the 1 500 ns timestep.
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We therefore conclude that none of these flexible CPS show evidence for a conformational epitope.
However, most of the CPS chain flexibility originates from the backbone phosphodiester linkage to the
Rib-ol-5P in the CPS backbone, with the other glycosidic linkages being relatively constrained
(Supplementary Figure S5.2), potentially forming stable epitopes. Further, in all four molecules, the side
chain gDGalf and fDGal residues are solvent exposed (Figure 5.4) and are therefore accessible for antibody
binding. As antibodies bind to carbohydrate epitopes that typically comprise one to seven residues, * it

proved more useful to compare the 6 RU CPS we modeled on this smaller length scale.

5.5.2 Epitopes

The principal conformations for the single central repeating unit (RU 4) in each of the CPS chains are
shown in Figure 5.5. With the highly mobile phosphodiester linkage excluded, we find dominant
conformations with high occupancies ranging from 30 % to 80 % for the primary cluster and 13 % to 24 %
for the secondary cluster; more than 50 % of the simulation trajectory falls within these dominant clusters.
For Pn10A (Figure 5.5A) the 6-linked fDGal side chain (yellow) protrudes from the backbone and is
located close to the phosphate group, providing a conformational rational for the dominance of fDGal as
an antibody binding epitope for Pn10A. %° In contrast, the immunodominant ADGalf side chain in Pn10A is
3-linked and aligned with the backbone and thus less exposed for binding. This is also the case for the 3-
linked sDGalf side chain in Pn10B (Figure 5.5B), which is in a similar orientation to Pn10A. However,
Pn10C and Pn10F (Figure 5.5C and D) have a 6-linked fDGalf side chain, which is considerably more
exposed and thus a more promising epitope. This 6-linked side chain is also more flexible than the 3-linked
pDGalf in Pn10A and Pnl0B; it is oriented in different directions across the dominant conformational
clusters in Pn10C and PnlOF. As the pDGalf residue is conserved across the serogroup, this
immunodominant epitope could form the basis of the observed serotype cross-reactivity. In particular, for
pDGalf, the exocyclic 1,2-terminal diol (ETD, colored green in Figure 5.5) is a potential epitope for CPS
binding of the hintL-1 human innate immune protein. A second ETD from the 4,5-linked ribitol of Rib-ol-

5P is present in Pn10B and Pn10F, shown in cyan in Figure 5.5B and D.
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Backbone Gal @ Phosphate Side chain Galp
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Figure 5.5: Main conformational families (seed frame for each cluster is shown identified for RU 4 in the backbone
of 6 RU S. pneumoniae serotype CPS: (A) Pn10A, (B) Pn10B, (C) Pn10C, and (D) Pn10F. Backbone galactose
residues shown in yellow, Rib-o0l-5P residues shown in grey, phosphate in purple, side group SGalf residues in

orange, side group SGal residues in light green, ETD portion of fGalf in green, and ETD portion of Rib-ol-5P

residues in cyan.

To explore the range of conformations of the immunodominant fDGalf epitope in finer detail, we focus on
the conformations of the f/DGalNAc — fDGalf disaccharide in the CPS chain in Figure 5.6. The primary
(blue) and secondary (red) conformational families are super-imposed in Figure 5.6A for all four serotypes.
It is clear that 3-linked SDGalf (Pn10A and Pn10B) side chains have a single dominant conformation (>
90 % occupancy), whereas Pn10C and PnlOF, with 6-linked pDGalf, do not. Pn10C has two main
conformations (56 % and 20 % occupancy, respectively) while Pn10F has three (37 %, 20 %, and 17 %

occupancy, respectively). Comparison of representative structures for each conformational family suggests
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four distinct conformational epitopes (EP) of the f/DGalNAc — pDGalf disaccharide across the serotypes
(Figure 5.6B). Pn10A and Pn10B share the same dominant conformational epitope of 3-linked SfDGalf,
which we term EP1. Pn10C and Pn10F also share a main conformation for their 6-linked pDGalf, which
we term EP2, as well as a secondary conformation (EP3). Pn10F also has a unique conformation of this
disaccharide, which we term EP4. Further - considering the fDGalf and ETD orientations relative to the

backbone - EP1 and EP3 are similar while EP2 is related to EP3 by a 180° rotation; EP4 is a distinct epitope.

These conformational epitopes identified for fDGalf help to rationalize the trends in cross-reactivity
observed for serogroup 10 (Figure 5.1), as follows. Firstly, the strong reciprocal cross-reactivity of Pn10A
with Pn10B can be attributed to the shared EP1 epitope (Figure 5.6B, first panel). Similarly, the shared
epitopes EP2 and EP3 explain the strong reciprocal cross-reactivity between Pn10C and Pnl0OF (Figure
5.6B, second and third panels). Then, the cross-reactivity of Pn10A/Pn10B with Pn10C/Pnl10F can be
explained by the conformational similarities between EP1 and EP2/EP3 (Figure 5.6B, first three panels).
Further, for Pn10A/Pn10B the cross reactivity is stronger with Pn10C than with Pn10F, because the
combined prevalence of the EP2 and EP3 epitopes is considerably more in Pn10C (76 %) than in Pn10F
(57 %). Likewise, the weaker reciprocal cross-reactivity of Pn10C with these serotypes can be explained
by the lower prevalence of the EP2 and EP3 conformational epitopes in Pn10C — fewer antibodies generated
against these epitopes would hence, be less likely to recognize EP1 dominant in Pn10A/Pn10B. Similarly,
the still weaker reciprocal cross-reactivity of Pn10F can be explained by the even lower expression of EP2

and EP3 as well as an additional conformational epitope, EP4, not shared by any of the other serotypes.
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Figure 5.6: Conformational epitopes of the /DGalNAc — DGalf disaccharide in S. pneumoniae serogroup 10,
RU 4. (A) Super-imposed conformational families (> 5 %) of the s/DGalNAc —4DGalf disaccharide with associated
percentages for the four CPS molecules. (B) Representative conformational epitopes (EP1-4) of thef/DGalNAc —
ADGalf disaccharide for the four CPS molecules, with associated percentage occupancies, grouped according to

conformational similarity.
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5.5.3 hintL-1 binding

The exocyclic 1,2-terminal diol on fDGalf (ETD) is a potential epitope for CPS binding to the hintL-1
human innate immune protein. We used the crystal structure of hintL-1 bound to allyl pADGalf 6%’ as a
template for possible binding of the serogroup 10 CPS. Example conformations of the 3RU CPS with the
central fDGalf ETD in the chain super-imposed on the ETD in the hintL-1 binding site are shown in
Figure 5.7B-E. These structures illustrate that it is possible for hintL-1 to bind the EP1/EP2 epitope without
involvement of the CPS backbone. However, the 3-linked pDGalf on Pn10A and Pn10B results in closer
proximity of the CPS backbone to the protein than the 6-linked SDGalf on Pn10C and Pn10F, suggesting
that these serotypes will bind less readily. For the 6 RU CPS chains we identified similar conformations
(Supplementary Figure S5.3). Interestingly, the more collapsed conformations (Supplementary Figure
S5.3A and B) have better potential for binding, as the fGalf side chain projects from the backbone, with
consequently less protein-CPS entanglement with the flexible backbone. Lastly, Supplementary Material
Figure 5.4 presents the potential hintL-1 binding of the ETD of Rib-ol-5P present in Pn10B and Pn10F.
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Figure 5.7: Human intelectin-1 (hIntL-1) binding. (A) Monomer of the crystal structure of hintL-1 bound with allyl-
beta-galactofuranose (PDB ID: 4WMY). Example conformations of the 3 RU CPSs with the DGalf side chain
positioned in the hintL-1 binding site are shown for (B) Pn10A, (C) Pn10B, (D) Pn10C, and (E) Pn10F. The end-to-
end distance (r) of these conformations are 33 A, 41 A, 16 A, and 33 A for Pn10A, Pn10B, Pn10C, and Pn10F
respectively. Overlay of our CPS molecules with the hintL-1 protein binding site were created by aligning the O4,
C5, 05, C6, and 06 atoms of the central side group (RU 2) gDGalf residue from each CPS molecule with that of the
allyl gDGalf in the hintL-1 binding site. We then identified frames where the molecular conformation aligns with
the hintL-1 binding site free from protein-CPS intersection with good alignment of the galactofuranose rings and

exocyclic terminal-1,2-diol (ETD) moieties.
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5.6 Discussion

Our simulations show that S. pneumoniae serogroup 10 have highly flexible CPSs, which is unsurprisingly
due to the backbone linear Rib-ol-5P alditol. Highly flexible bacterial CPSs are common and we have
previously suggested that this is a strategy for bacterial evasion of the host immune system: a flexible
backbone with multiple conformations presents a “moving target” to the immune system. % For serogroup
10, this mobility may be especially necessary given the presence of an immunodominant PO, group ° and
the presence of a non-mammalian galactofuranose sugar to which the human immune system has a natural
defense. Between the highly mobile phosphodiester linkages to Rib-ol-5P, the segments of the CPS chain
are relatively rigid and the pDGalp and gDGalf side chains form exposed and well-defined epitopes. In
particular, the fDGalf side chains are common to all four serotypes and considered to be immunodominant.
2 Qur analysis of the conformational epitopes of fDGalf provides a rationalization of the observed cross-
reactivity between the serotypes in serogroup 10. We suggest that the varying flexibilities found for the
four DGalf conformational epitopes identified has relevance for their observed complex patterns of cross-
reactivity, as follows. The relatively immobile 3-linked fDGalf forms the EP1 epitope in Pn10A and Pn10B;
it is dominant (95 %) in both serotypes and therefore there is strong cross-reactivity between them. This
suggests cross-protection of a Pn10A vaccine against Pn10B, and also accounts for the reported mistyping

of a Pn10A isolate as Pn10B. 2

The more flexible 6-linked pDGalf, present in both Pn10C and Pnl10F, gives rise to the conformational
epitopes EP2 and EP3, which are similar to the EP1 epitope and suggests some cross-protection for a Pn10A
vaccine against both Pn10C and Pn10F. The relative proportions of EP2 and EP3 expressed in the serotypes
accounts for the asymmetry of cross-reactivity (Figure 5.1), as the stronger cross-reactivity of
Pn10A/Pn10B with Pn10C than with Pn10F corresponds to a higher prevalence of the EP2/EP3 epitopes in
Pn10C (76 % versus 57 %). This is in line with our modeling of the CPS from meningococcal serogroups
Y and W: %2 we found that the less flexible serogroup Y CPS has a single dominant conformation, which

corresponds to only one of several conformational epitopes exhibited by the closely related, but more
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flexible, serogroup W CPS. This explained the asymmetric cross-protection observed in the clinic:
vaccination with serogroup Y elicited cross-protection against serogroup W in the majority of subjects,
whereas minimal cross-protection was observed against serogroup Y following serogroup W vaccination.
Further, the pDGalf EP1 epitope could correspond to the factor serum 10d epitope reported in the literature,
as 10d reacts strongly with Pn10A and Pn10B (displaying EP1), but only weakly with Pn10C and Pn10F

(displayin”®32/EP3). 862

Pn10C and Pn10F also share both the pDGalf EP2 and EP3 conformational epitopes, which explains their
strong mutual cross-reactivity, although Pn10F has an additional conformational epitope EP4 (17 %) not

present in the other serotypes.

The recently discovered serotype Pn10D has a different backbone (and was not modeled in this study), but
also exposes the 6-linked pDGalp and 3-linked SDGalf side chains found in Pn10A. 8 As expected,
immunization with a polysaccharide vaccine containing Pn10A raised cross-opsonic antibodies against
Pn10D, further confirming the inclusion of serotype 10A in a vaccine to best protect against serogroup 10
disease. These side chains are also present in S. pneumoniae serotype 39 which shows cross-reaction with
factor serum 10d that reacts with Pn10A. ? Partial O-acetylation on the terminal ADGalf in serotype 39 may

be an example of masking of this key epitope to escape innate immunity. 84%°

Finally, we showed that the hintL-1 human innate immune protein has the potential to bind the EP1/EP2
epitope in serogroup 10, containing the exocyclic 1,2-terminal diol on ADGalf. Binding of 3-linked pDGalf
EP1 epitope in Pn10A and Pn10B results in closer proximity of the CPS backbone to the protein than for
the more accessible 6-linked pDGalf EP2 epitope in Pn10C and PnlOF, suggesting that serotypes
Pn10A/Pn10B will be bound less readily. This may play a role in the strength of the innate immune response

and hence serotype disease prevalence with more cases reported for Pn10A/Pn10B than Pn10C/Pn10F.
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In conclusion, the common epitopes we have identified for serogroup 10 support a vaccine containing
serotype 10A providing adequate cross-protection against serogroup 10 disease, as indicated by serological

studies.
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5.7 Supplementary Material
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Supplementary Figure S5.1: Block standard averaging analysis for modeled S. pneumoniae serogroup 10 CPS
molecules. (A) block standard error (BSE) versus block size (ns) calculated on end-to-end distance. (B) BSE versus

block size calculated on radius of gyration. For all molecules, the BSE visually reaches a plateau.
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Heatmap plots of dihedral angles for backbone linkages. (A) glycosidic linkages phi

() vs psi () for the fDGalf — fDGal; fDGal — fDGalNAc; fDGalNAc — aDGal; and aDGal — SDRib-ol-5P

linkages for each serotype. (B) phosphodiester linkages ¢ vs 1, omega (w), and epsilon (&) for the SDRib-ol-5P —

[SGalf linkage of each serotype. The phosphodiester linkages are more flexible than the glycosidic linkages. The

linkages were defined as we have done previously for these types of linkages. ¢ Glycosidic linkages were defined as

¢ = H1-C1-01-Cx’ and Y = C1-O1-Cx -Hx’ and the phosphodiester linkages were defined as: ¢ = Hx-Cx-Ox-P,

1) = Cx-0Ox-P-Oy, w = Ox-P-Oy-Cy and € = P-Oy-Cy-Hy.
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Supplementary Figure S5.3: Alignment of human intelectin-1 bound to allyl- -galactofuranose (hintL-1) with S.
pneumoniae serogroup 10 CPS SDGalf ETD moieties. Alignment of 6 RU CPSs RU 4 side group fDGalf with hintL-
1 binding site for: (A) Pn10A, (B) Pn10B, (C) Pn10C, and (D) Pn10F. All four molecules align well and would be
expected to bind. It was noted that collapsed chain conformations as in (A) and (B) were easier to align as there

was less CPS-protein intersection.
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Supplementary Figure S5.4: Alignment of human intelectin-1 bound with allyl-$-galactofuranose (hintL-1) with S.
pneumoniae serogroup 10 CPS Rib-ol-5P ETD moieties. Alignment of 3 RU CPSs RU 42Rib-ol-5P ETD with hintL-
1 binding site for: (A) Pn10B, (B) Pn10F. Adequate fitting of Rib-0l-5P in the hintL-1 binding site was achieved by
aligning C6, 06, and C3 of the allyl- -galactofuranose with O1, C1, and C4 of the Rib-OI-5P molecule. While we
were able to fit the ETD moiety in the hintL-1 binding site, the stereochemistry of the Rib-ol-5P ETD is opposite to
that of molecules expected to bind hintL-1 and as such further studies are required to establish binding ability of the
Rib-ol-5P ETD with hintL-1. %27
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6 Chapter 6

6.1 Summary and Conclusions

In this work we have applied molecular modeling methodology to compare structurally similar antigens
across four different case studies using the results to propose potential cross reactivity and resultant cross
protection to inform future vaccine design. We further attempted to rationalize observed immunological

phenomena and provide insights into important epitopes and mechanisms for antigen-antibody binding.

Understanding the conformational aspects of these target vaccine antigens is important for informing
efficient and low-cost vaccine design as many of the insights gained from a conformational analysis are not

available through other experimental or theoretical analyses. *

The first publication included in this thesis examined the capsular polysaccharides (CPSs) of Haemophilus
influenzae types b and a. 2 These data showed high levels of flexibility (due to a linear sugar and
phosphodiester bond) and predicted a lack of cross-protection between the two serotypes supporting the
need for a bivalent vaccine to protect against both serotypes. Further study of a more stable methyl
protected, synthetic, type b antigen showed conformational and surface differences compared to the type b
antigen. On the basis of immunological studies, however, the synthetic antigen would still be expected to

provide protection and could improve vaccine formulations. 34

The second publication systematically compared the CPSs of Pasteurella multocida types B and E as well
as the structurally similar H. influenzae types e and d. ® These CPSs were conformationally well defined
and there were significant conformational differences between the CPSs including different helical
handedness resulting from different backbone linkage positions. Taking a closer look at potential binding
epitopes we further determined differences between the CPSs. Comparing the backbone (CPS without side

chains) epitopes to the type B and E epitopes, we noted the lack of common epitopes as well as the use of
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side groups in disrupting potential binding epitopes. The backbones are amino-sugar rich and highly
immunogenic; side groups effectively shield the backbone and add steric hindrance to the backbone
epitopes. Low levels of cross reactivity may be explained by the conserved monosaccharide composition
and defined conformations. However, as suggested by available immunological studies, effective cross
reactivity and cross protection is not expected and a bivalent vaccine would be required for effective disease

protection. &°

The third publication considers the lipopolysaccharide (LPS) O-antigen of Shigella flexneri serotype 6 in
relation to the common serotype Y backbone. 1° These antigens exhibit conformational flexibility; however,
structural differences result in different conformations: notably a difference in helical handedness from a
difference in backbone linkage position (as for Pasteurella multocida). Furthermore, the presence of non-
stoichiometric O-acetylation did not appear to affect conformation, suggesting this modification is not
critical for immunogenicity. Verification in better models (preferably from human clinical data) is required
as current animal models are not representative. The conformational differences between serotype 6 and
other S. flexneri serotypes indicated the need to include serotype 6 as part of an effective vaccine as

proposed.

The fourth publication included in this thesis investigated complex asymmetric cross-reactivity seen in the
Streptococcus pneumoniae serogroup 10 CPSs. 12 High flexibility was again observed (as previously due
to a linear sugar with a phosphodiester bond) and further conformational analysis of smaller epitopes was
able to rationalize the observed cross-reactivity. * The repeating units (RUs) included a non-mammalian
galactofuranose sugar - to which the human immune system has a natural defense. **® Overlaying the
dominant antigen conformations with the crystal structure of the bound immune protein that recognizes
galactofuranose, (human intelectin-1), explained the observed serotype epidemiology. By varying the
positioning of the galactofuranose residue to make binding more difficult, some serotypes are better able to
evade immune detection. Further conformational study of the galactofuranose epitope rationalized the

observed complex asymmetric cross-reactivity in the serogroup. These results support the inclusion of
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serotype 10A in a vaccine as it would be expected to provide adequate cross-protection against serogroup

10 disease.

As a cohesive body of work, these case studies expand the applicability of the methodology to new antigens
and new pathogens. Furthermore, examining high-level patterns provides insights into different
mechanisms utilized by pathogens to evade the immune system and evidences the usefulness of this
methodology in informing vaccine design. While each individual problem is substantial, the overall
culmination of these findings provides even greater insights; proposing overarching mechanistic
rationalization for structural and conformational features and attempting to connect structure, conformation,

and function.

In this work we encountered several different strategies based in structure and conformation for immune
evasion. For one, high conformational flexibility creates a moving target that is harder for the immune
system to recognize. Another is implementing small structural changes (such as a linkage difference) which
result in significant conformational differences and provides a low metabolic “cost”, efficient means of
producing a completely different molecular surface (such as a change in helical handedness). Similarly,
shielding of immunostimulatory components/epitopes by disguising them with non-immunogenic

substituents or hindering binding through steric bulk or incompatible conformations.

We encountered high flexibility of antigens in H. influenzae (Chapter 2) and S. pneumoniae (Chapter 5)
making the conformational analysis of the whole molecules relatively uninformative. H. influenzae type a
and b have short (disaccharide), linear RUs while S. pneumoniae serogroup 10 have longer
(hexa/heptasaccharide) RUs and include side groups. In both cases, a phosphodiester linkage and a linear
sugar (ribitol) are present; this provides more flexibility than that of a normal glycosidic linkage and cyclic
monosaccharide as there are more degrees of freedom in the linear sugar and greater rotational freedom in

the phosphodiester linkage. The observed flexibility was more pronounced in H. influenzae than S.
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pneumoniae and can be linked to structure as the steric strain of the side groups and longer RU in S.

pneumoniae would be expected to reduce flexibility compared to the less hindered H. influenzae.

We suggest that the flexibility confers an advantage to these pathogens as the lack of conformational
definition makes the antigen harder to recognize and more difficult for antibodies to bind. Despite this
hypothesis, we note the significant success of the H. influenzae type b vaccine and in Chapter 2 suggest
immunodominance of the charged phosphate group (which is highly exposed for binding) as the mechanism
of immune recognition. In S. pneumoniae the use of the non-mammalian galactofuranose sugar improves
pathogen virulence but is also a target for existing immune clearance mechanisms. In this case, the high
flexibility appears to help hinder binding of the galactofuranose residue; only certain molecular
conformations allow for galactofuranose epitope binding by innate immune proteins without significant

steric hindrance from the rest of the polysaccharide chain.

When flexibility was less prevalent and conformation more defined, as in P. multocida (Chapter 3) different
strategies were employed. P. multocida type B and E have short (trisaccharide), branched RUs with
immunogenic amino-sugar rich backbones. Of the antigens studied in this work, P. multocida had the
greatest conformational definition and — with an immunogenic backbone — could be considered an easy
target for immune clearance. The pathogen, however, adds non-immunogenic side group residues which
appear to both add steric bulk, and disguise the backbone potential binding epitopes. Interestingly these
fructofuranose side groups are extremely labile, removed by very mild acid hydrolysis, and may allow

environmental modulation of the antigen.

Despite shared monosaccharide composition, the P. multocida type B and E pathogens exhibited different
conformations primarily due to a difference in helical handedness completely changing the molecular
surface and potential binding epitopes. This difference was brought about by a single linkage position
difference in the backbone and is an example of how a small structural difference can significantly affect

conformation and in turn prevent cross reactivity by creating two conformationally distinct antigens.
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Similarly, in S. flexneri (Chapter 4), which has a linear, tetrasaccharide RU, a shift in helical handedness
due to a single linkage position difference was a key conformational difference between the serotype 6 and
serotype Y backbones. The change in helical shape and handedness brought about by structural changes

effectively change the epitopes and prevents cross reactivity and protection.

A key theme seen throughout these case studies was the importance of potential binding epitopes in
rationalization of the observed cross-reactivity (or lack thereof). This was especially valuable in the context
of high molecular flexibility and low conformational definition when other qualitative analyses were
unhelpful as for S. pneumoniae serogroup 10 (Chapter 5). Despite a lack of conformational definition on a
molecular level, observed cross-reactivity could be rationalized by looking at smaller epitopes and
identifying common potential binding epitopes. In contrast, the lack of significant common potential
binding epitopes in the flexible H. influenzae type a and b (Chapter 2) as well as S. flexneri serotype 6
(Chapter 4) correlates with a lack of cross-reactivity. In P. multocida type B and E (Chapter 3) — despite
having greater conformational definition on a molecular level — a lack of shared epitopes correlates with

(and further supports) a lack of observed cross-reactivity.

This work adds valuable case studies and applications of the molecular modeling methodology to the
conformational analysis of vaccine antigens that have not yet been modeled. Furthermore, it expands on
the established methodology and by linking in-silico modeling with immunological observations and results
it contributes insights into the functional nature of the conformational and structural features observed.
Additional links are drawn between the individual case studies to highlight motifs commonly employed by

pathogens.

The continued application of the methodology to different vaccine antigen targets will continue to grow the
knowledge in the field and potentially bring to light additional features exploited by pathogens in evading
the immune system. Further validation of work though immunological studies, especially in the case of P.

multocida, can further support the interpretations presented here and help to validate the use of molecular
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modeling as a complementary technique informing the rational design of vaccines. We further hope that
the constant increase in computational power will assist in reducing computational cost and time allowing

the modeling of systems with greater ease and making this methodology more accessible.
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