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Abstract

Sialic acids are nine carbon monosaccharides that play a crucial role in many biological
processes. In the gastrointestinal tract they are found at the terminal position of mucin
glycans, and as such are a highly sought-after nutrient source for members of the gut
microbiota. This is typically through the release of Neu5Ac and its subsequent
metabolism. The gut symbiont Ruminococcus gnavus encodes an intramolecular trans-
sialidase which releases 2,7-anhydro-Neu5Ac from mucin glycans instead of Neu5Ac.
Here, we established protocols for the synthesis, detection and quantification of 2,7-
anhydro-Neu5Ac, which has been a limiting factor in the study of this sialic acid
derivative. We used this compound to demonstrate that the full 11 gene nan cluster the
IT-sialidase is part of is dedicated to 2,7-anhydro-Neu5Ac metabolism. To investigate
the metabolic pathway in more detail, the proteins encoded by the cluster were
recombinantly expressed in E. coli and characterised using a range of biochemical and
biophysical approaches. The predicted SAT2 transporter protein, RgSBP, was found to
be uniquely specific to 2,7-anhydro-Neu5Ac, which once inside the cell is converted by
a novel oxidoreductase enzyme, RgNanOx, to Neu5Ac. This is subsequently catabolised
to ManNAc and pyruvate by the action of a sialic acid aldolase, RgNanA, which is
structurally and biochemically similar to previously described sialic acid aldolases. Using
gnotobiotic mice we confirmed that this cluster was important for R. gnavus colonisation
and spatial location in the mucus layer in vivo, and our bioinformatic analysis showed
that the cluster was found in very few species within the gut microbiota. This was
supported by in vitro analysis using a simulated colon model showing that 2,7-anhydro-
Neu5Ac supplementation promotes growth of R. gnavus in a complex microbial
community. We also showed that the presence of R. gnavus can limit the outgrowth of
S. Typhimurium post-antibiotic treatment by reducing the levels of free and bound
Neu5Ac, by converting it to 2,7-anhydro-Neu5Ac which these pathogens cannot utilise.
The data presented in this work unravel a unique metabolic pathway for the utilisation of

2,7-anhydro-Neu5Ac and highlight its potential in novel therapeutic strategies.
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1.1 Structure and function of the gastrointestinal tract

The gastrointestinal (Gl) tract is divided into upper and lower anatomical regions, fulfilling
different biological roles. The upper region is comprised of the oesophagus, stomach
and duodenum, whereas the lower region is subdivided into the small and large intestine.
The duodenum links the upper sections of the Gl tract to the lower regions comprising
the jejunum and ileum in the small intestine, and the cecum, colon, and rectum in the
large intestine (Figure 1). The major role of the Gl tract is to facilitate the uptake of
nutrients from foods and expel waste (Liao et al., 2009). It also forms a critical barrier
between the luminal space and underlying tissue to protect against pathogenic infection,
while regulating immune response (Fasano and Shea-Donohue, 2005). The Gl tract is
the largest mucosal surface of the body covering some 400 m? and provides the greatest
interface with the external environment. Pathogens and antigens derived from the diet
are in constant contact with this surface making it a crucial site for mucosal immunity
(Turner, 2009). The gut has a unique environment comprising of consistent temperature
and large quantities of host-diet derived nutrient sources. This combination results in
intense colonisation by commensal bacteria (microbiota), which must be limited to the
luminal space by the epithelial layer and other defences (Peterson and Artis, 2014). The
large influx of food and water from the external environment also brings with it a plethora
of opportunistic and potentially pathogenic bacteria which must be expelled (Snoeck et
al., 2005). Due to the complex nature of the Gl tract’s functions, where nutrients need to
be absorbed, antigens and pathogens excluded and microbiota tolerated, a complex
membrane with selective permeability is required (Barker, 2014).
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Figure 1: Overview of the Gl tract

Overview of the Gl tract, highlighting the key features of the Oesophagus, Stomach, Duodenum,
Jejunum, lleum, Cecum, Colon and Rectum. Adapted from Servier image bank.
(http://www.servier.com/Powerpoint-image-bank) (Servier Medical Art, 2016).

In addition to longitudinal changes, the Gl tract is organised into cross sectional layers
(Liao et al., 2009). The outermost layer of the Gl tract is the adventia layer or serosa
(Figure 2). These layers contain connective tissue, blood vessels, lymphatic tissue and
nerves. The serosa secretes lubricative fluids that reduce friction at the peritoneal cavity.
The adventitia on the other hand has a large collagen content used to bind and hold
organs together. The layer responsible for peristalsis and digestive transit of food along
the gut is the muscularis propria (or externa) (Figure 2). This is a layer containing smooth
muscle arranged as two distinct layers, the inner layer is arranged circularly and the outer
layer is longitudinal. The action of these muscles, initiated by the myenteric plexus,
causes rhythmical waves of contraction and relaxation to move food through the gut.
Next is the submucosa which continues the network of blood vessels and lymphatic
tissue to allow nutrient transfer away from the gut (Figure 2). Furthermore, it contains
submucosal glands that secrete mucus supporting the role of the goblet cells (Linden et
al., 2008).

The innermost layer is the mucosa (Figure 2) which processes nutrients and compacts
waste products (Sancho et al., 2003). It consists of a highly specialised epithelial lining,

supported by the lamina propria — a network of lymphatic and connective tissues —
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capillaries to transport digested products, and the intestinal subepithelial myofibroblasts
(Leedham et al., 2005, Peterson and Artis, 2014, Powell et al., 2011).

Muscularis propria/externa  Adventia / Serosa

Submucosa

Mucosa

Figure 2: Diagram showing the cross sectional layered structure of the Gl tract

Adapted from servier image bank.

The epithelial lining itself is arranged into crypts and villi and is held together by tight
junctions to prevent leakage and maintain a continual barrier (Figure 3). At the base of
the crypts lie intestinal stem cells which differentiate and divide to make all the cells and
types of cell of the villi structures and epithelial layer (Cheng and Leblond, 1974). Cells
become more specialised as they move along the crypt-villus axis. Above the stem cells
are transit-amplifying cells (Leedham et al., 2005), these cells continue to divide and
amplify the number of progeny, however, their fate is to differentiate and not to remain
as stem cells (Crosnier et al.,, 2006). Dialogue with underlying mesenchyme cells
provides a range of chemical signals that control cell fate and differentiation (Barker et
al., 2008, Powell et al., 2011). To maintain size and organisation, epithelial cells are lost
from the villus tip, in controlled and highly regulated manner, although the underlying
mechanisms are still being elucidated (Patterson and Watson, 2017). The shedding, in
combination with stem-cell derived renewal, gives rise to a barrier which is constantly
being renewed (3-5 days in the small intestine and 5-7 days in the colon), and is crucial

for maintaining barrier integrity and function (Barker, 2014).
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Figure 3: Diagram of the crypt-villus axis in the small intestine

The differentiation of stem cells and the types of cell found in the intestinal epithelial layer are
shown. Adapted from (Dahan et al., 2007).

The majority of differentiated cells in the intestinal epithelium are absorptive enterocytes
which are adapted for metabolic and digestive functions and secrete an array of
hydrolytic enzymes (Barker et al., 2008, Peterson and Artis, 2014). These cells are
responsible for absorbing a range of dietary nutrients including salts, sugars, lipids,
peptides, amino acids and water. Moreover, enterocytes are capable of taking up and
processing antigens by lysozyme degradation, before presenting them directly to T-cells
to elicit an immune response (Snoeck et al., 2005). The other specialised cells of the
epithelial layer include: enteroendocrine cells responsible for the release of hormones
that control digestive function, mucin secreting goblet cells and Paneth cells which
provide a physical and biochemical barrier to microbes (Barker et al., 2008, Peterson
and Artis, 2014). There are important structural changes from the small to large intestine
most notably the lack of villi in the large intestine. Villi increase the surface area to allow
maximal nutrient and water absorption in the small intestine. As nutrients and water are
absorbed the left over material becomes drier, more compact and less nutritionally

beneficial; therefore an increased surface area for absorption is not necessary in the

19



large intestine. The compact stool requires greater lubrication from mucin for a smooth
transit so the number of goblet cells increases from the small to the large intestine,
increasing the mucus thickness (Barker, 2014).

1.2 The mucus layer

The Gl tract is lined by another protective barrier to luminal contents, a mucus layer
formed from mucin secretions by goblet cells and submucosal glands (Corfield, 2015,
Pelaseyed et al., 2014). These secretions give protection against chemical and
enzymatic attack of the epithelium as well as shielding from bacteria (Atuma et al., 2001,
Juge, 2012). The main structural components of mucus are mucins, the mucin family
currently encompasses 21 proteins in humans, that are differentially expressed at
different mucosal surfaces (Table 1), giving rise to diverse functions (Corfield, 2018). In
the gut these mucins are divided into secretory gel forming and membrane bound
(Bergstrom and Xia, 2013, Moniaux et al., 2001). The membrane bound mucins form a
glycocalyx around individual cells and provide key roles in signalling and attachment
(Corfield, 2015, Johansson et al., 2011a). The secretory mucins form the colonic mucus
layer, with the thickness and properties of this layer vary along the Gl tract. Colonic
mucus is formed of a bi-layer, with the inner layer impermeable to bacteria and the outer
layer heavily colonised by microbes. The colonised outer layer can reach up to 800 um
with the inner layer being less than 200 um in rats (Etienne-Mesmin et al., 2019, Juge,
2012). In the small intestine a thinner (150-300 um) single layer of mucus fills the space
between villi (Figure 4) (Atuma et al., 2001). The stomach adopts a bi-layered mucus
which protects the stomach from the harsh pH of the lumen and is colonised by very few,
specialist bacteria (Juge, 2012, Atuma et al., 2001). A recent study in rodents showed
that the mucus layer also associated with faeces and trapped the bacteria to faecal
content, suggesting that the luminal content plays a role in mucus organisation within the
Gl tract (Kamphuis et al., 2017). Bacteria have been shown to be important for mucus
organisation mediating changes in permeability, thickness and glycosylation (Arike et al.,
2017).
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Table 1: Mucin expression in main tissues of the Gl tract produced using information from Corfield,
2015.

Mucin Main Tissue Expression
secreted gel forming

MUC 2 Jejunum, lleum, Colon
MUC 5AC Stomach

MUC 6 Stomach, lleum
membrane bound

MUC 1 Duodenum, lleum, Colon
MUC 3A/B Small Intestine, Colon
MUC 4 Small Intestine, Colon
MUC 12 Colon

MUC 13 Small Intestine, Colon
MUC 15 Small Intestine, Colon
MUC 16 Respiratory tract

MUC 17 Stomach, Duodenum, Colon
MUC 20 Colon

MUC 21 Colon

As well as providing a physical barrier to bacteria, the mucus layer also hosts a number
of non-mucin proteins, that help protect the intestinal barrier. These include immune
regulatory molecules such as bactericidals, a-defensins and immunoglobulins (Etienne-
Mesmin et al., 2019, Johansson and Hansson, 2016). The mucus layer retains these
important proteins in the mucus gel, allowing more time for the molecules to target
bacteria, and slow their progression towards the epithelial barrier. Proteomic analysis of
the mucus layer has also identified a range of proteins associated with the mucus layer
whose functions are beginning to be elucidated. One example of this is ZG16. ZG16
knock-out mice showed a normal colonic mucus thickness, but bacteria were found
associated with the inner mucus layer, indicating greater mucosal penetration. The
recombinant ZG16 was found to bind to peptidoglycan in the bacterial cell wall and this
mechanism is proposed to reduce bacterial motility (Bergstrom et al., 2016).

A key feature of mucins is the variable number tandem repeat sequences (VNTR), rich
in the amino acids serine, threonine and proline, which make up the majority of these
proteins and vary in size between mucin types (Corfield, 2018). The threonine and serine
hydroxyl groups allow for the attachment of glycan side chains which are comprised of a
range of different monomeric sugars (see section 1.2.2). Mucin proteins are extremely
large reaching thousands of amino acids in length. Secreted mucins are capable of
disulphide bonding to each other through terminal D and CK domains to form oligomers

and multimers (Perez-Vilar and Mabolo, 2007) (see section 1.2.1). The range and
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variability of glycans added to the sheer size and multimeric forms of the mucin makes
structural characterisation and analysis of chemical and physical properties challenging
(Perez-Vilar and Mabolo, 2007).

Stomach Smallintestine Largeintestine
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Colon

700
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300

Mucus thickness (Um)
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Jejunum

100

Figure 4: Schematic representation of the mucus layers of the rat Gl tract

taken from Juge, 2012.

1.2.1 Mucin biosynthesis and secretion

The gel forming secretory mucins are synthesised and secreted by goblet cells with
MUC2 providing the structural basis of the mucus layer in the small and large intestine.
MUC2 is comprised of heavily glycosylated VNTR domains and N and C-terminal von
Willebrand D domains which are less glycosylated (Figure 5a). In contrast MUC1
contains a sea-urchin-sperm protein-enterokinase-agrin (SEA) domain, which is auto

catalytic to form a non-covalent attachment to the transmembrane domain.

The dimerisation of secreted mucin proteins via the C-terminus has been shown to take
place in the rough endoplasmic reticulum and is dependent on the N-glycosylation of the
proteins (Asker et al., 1998). The mucins then pass to the Golgi where further post-
translational modification occurs; most notably O-glycosylation or mucin type
glycosylation which can account for as much as 80 % of the glycoprotein mass (Arike

and Hansson, 2016). These glycosylated mucin dimers then form oligomers and
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multimers through disulphide bonds at the N-terminus before being stored in preparation
for granule exocytosis (Figure 5b) (Johansson et al., 2011a).

A
MuUC2
N C
MUC1 N-glycosylation
O-glycosylation
[ SEA
Cytoplasmic
domain
B Cell membrane

Transport to
membrane

Secretion of
mucus granules

Figure 5: MUC2 and MUC1 structures, synthesis and secretory pathways

A) Structure of MUC2 and MUC1, the main secretory and non-secretory mucins in the small and
large intestine, B) Diagrammatic representation of the synthesis, transport and secretion of non-
secretory and secretory mucins. Taken from McGuckin et al., 2011.

These interactions allow MUC2 to form (normally) six-sided ring structures (five and
seven ring structures are also observed) which can be incorporated into a repeating
pattern to form large unpacked sheets (Ambort et al., 2012). The MUC2 polymers interact
further by both covalent and non-covalent interactions to form an extremely well
organised, stratified structure (Figure 6). In the colon, this inner layer remains as a well
packed layer impenetrable to bacteria and resistant to a number a chemical processes
(Johansson et al., 2011a, Johansson et al., 2008). The loose outer layer is similar in
structure to the underlying inner layer, however, a series of proteolytic cleavage events
dysregulate the close interactions between mucins causing a four-fold expansion of the
mucus whilst not affecting the hexagonal polymeric network (Figure 6) (Johansson et al.,

2008). The addition of protease inhibitors to the firm inner mucus layer following the
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removal of the outer layer leads to a reduced replenishment rate. Furthermore, this
loosely adherent outer layer is shown to be present in germ-free mice, suggesting that
its formation is due to the action of endogenous proteases (Johansson et al., 2008).

The unfolding of secreted mucins to form the loose outer layer has been associated with
pH levels and Ca?* concentration (Ambort et al., 2012). Increasing pH and decreasing
Ca?* was shown to weaken N-terminal interactions of MUC2, this allows water to enter
and interact with the mucin glycans, forming the characteristic gel like nature of secreted
mucins. In the small intestine this is related to bicarbonate release by the cystic fibrosis
associated CFTR channel, whereas this process is not yet understood in the colon
(Gustafsson et al., 2012). The weakening of these interactions and expansion of the
mucins then allows access to the merpin-f protease which releases the mucins for the

epithelial layer (Arike and Hansson, 2016).

Figure 6: Organisation of secreted mucins

A) Hexagonal organisation of secreted mucins B) Stratified structure of the firmly attached colonic
inner layer, which undergoes proteolytic cleavage to form the loosely adherent outer layer,
adapted from Johansson et al., 2008.

The intestinal glycocalyx is primarily made up of MUC3, MUC12 and MUC17, and like
the secreted MUC2, these cell membrane mucins have large VNTR domains which are
heavily glycosylated (Johansson et al.,, 2011la). Membrane-bound mucins are
synthesised in the endoplasmic reticulum and a cleavage event takes place splitting the
protein into two subunits. Following N-glycosylation in the endoplasmic reticulum these
mucins are transported into the golgi where, like the secreted mucins, O-glycosylation of

the tandem repeats occurs before transport to the membrane (Figure 5) (McGuckin et
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al., 2011). The size of these mucins and vast variability of the glycan structures means
that the attached mucins can facilitate a wide range of interactions (Corfield, 2015).
Membrane-bound mucins do not contribute to the inner or outer mucus layer themselves,
however a study in mice encoding MUC1 showed an increased thickness of the mucus
layer compared to MUC1” mice (Malmberg et al., 2006). This suggests that the make-
up of the membrane bound glycocalyx can also impact upon the properties of the mucus

layer.

1.2.2 Mucin glycosylation

Itis proposed that the variability seen in mucin glycan chains can give rise to more coding
capability than that of both DNA and proteins. This capacity is based on three elements
of glycan structures, the first being the type of core structure of which there are 8 (Figure
7a) (Brockhausen et al., 2009), the second being the flexible length (1 — 20 residues)
and ability to form branches (Gunning et al., 2013), and the third being the variability in
the peripheral epitope which provides the greatest amount of variation with up to 16
distinct structures (Figure 7b) (Tailford et al., 2015a).

The first stage of glycosylation of mucins is the attachment of N-acetylgalactosamine
(GalNACc) to the hydroxyl group of serine and threonine residues by members of the
GalNAc transferase (GnT) family forming the Tn antigen (Bennett et al., 2012). Core
transferases then act upon this O-GalNAc residue in a sequential fashion to form one of
the 8 core structures, with structures 1 — 4 most commonly found in intestinal mucins
(Tailford et al., 2015a, Thomsson et al., 2012). Following the formation of the Tn antigen,
the core 1 T-antigen is synthesised by extension with galactose. A further addition of N-
acetylglucosamine (GIcNAc) by the core 2 GnT enzyme produces the core 2 structure.
Core 3 is produced from the T-antigen by addition of GIcNAc and addition of a second

GIcNAc converts the core 3 to core 4 (Fu et al., 2016).

The distribution of core structures has been shown to vary along the Gl tract in humans
and mice and is influenced by specific expression patterns of the core transferases (Arike
et al., 2017). Core 3 structures are spread throughout the intestinal and gastric mucus,
with core 4 structures being present in the colonic mucus of humans. Core 1 and 2

glycans dominate in the gastric and duodenal mucus (Robbe et al., 2004).

These core structures are then extended by the action of a range of other glycoside
transferases to add galactose, GalNAc and/or GIcNAc residues. The regiospecific

glycosylation is determined by the expression of glycoside transferases, which is
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influenced by the presence of the gut microbiota. Compared to germ-free mice,
conventionally raised animals show longer glycan chains, and this is proposed to give
greater protection to the protein backbone from bacterial proteases (Arike et al., 2017).
In the same study, fewer enzymes responsible for O-glycan elongation were found in the

small intestine, with shorter glycans structures also found in the small intestine of mice.

Following extension, glycans are terminated by one of the numerous epitopes which are,
in many cases, fucosylated, sialylated or sulphated (Figure 7b). Like the core structures
these terminal epitopes show species and regional specificity. For example, an
increasing sialic acid gradient has been reported from the ileum to the colon in humans,
with a reverse gradient for fucose (Robbe et al., 2003). Interestingly, studies of the glycan
patterns in mice showed opposite trends for both sialic acid and fucose making direct
comparisons of murine model studies with humans more challenging (Larsson et al.,
2013). Furthermore, colonic mouse MUC2 contains more core 1 and core 2 structures
as well as more neutral glycans than human colonic MUC2, demonstrating further that
glycosylation patterns differ between species as well as along the Gl tract within species
(Thomsson et al., 2012).

Abnormalities in O-glycosylation have been associated with diseases including
inflammatory bowel disease (IBD), and mouse models deficient in glycosyltransferases
have an to impaired barrier function and integrity, leading to the progression of disease
(Etienne-Mesmin et al., 2019). Mutations altering the function of N-acetylgalactosamine
3-B-galactosyltransferase 1 (C1LGALT1) involved in the synthesis of core 1 and core 2
derived glycans has been associated with colorectal cancer, and mice deficient in
C1GALT1 develop spontaneous colitis (Fu et al, 2011). Core 3 f1,3-N-
acetylglucosaminyltransferase (C3GnT) mice deficient in core 3 production are more
susceptible to protease degradation and have increased barrier permeability (An et al.,
2007). Double knockout core 1 and core 3 deficient mice develop a more severe colitis
with earlier onset showing that core 1 and core 3 structures are crucial to barrier function
and integrity (Bergstrom et al., 2017). This relationship between glycosylation state and
disease is not limited to large glycosylation changes resulting from mutations in core
transferases but is also observed at the terminate glycan chains. For example, the lack
of a functional copy of the fucosyltransferase gene FUT2 leads to greater susceptibility
to bacterial pathogens in both mice and humans, such as Streptococcus pneumoniae,
Neisseria menengitidis, Haemophilus influenzae and Salmonella enterica serovar
Typhimurium (S. Typhimurium), while rates of viral infection were lowered (Taylor et al.,
2018).
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Figure 7: Diversity of mucin glycan structures

A) Representation of the 8 core structures of O-glycosylation B) Summary of the main epitope
types found at the terminal position of O-glycan chains. Adapted from Tailford et al., 2015a.

1.3 Gut microbiota

Trillions of microbes reside within the lumen of the gut, a population that is relatively
stable in adults, but become perturbed in diseases. This community is dominated by
bacteria but also includes archaea, fungi and viruses. The density of microbes changes
throughout the gut culminating in the highest abundance of 10** — 102 cells per gram of
tissue in the large intestine (Kleerebezem and Vaughan, 2009). The composition of the
gut microbiome is highly dynamic and varies depending on genetic and environmental
factors (Schmidt et al., 2018).
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During the early years of life the microbiota can vary substantially, especially at important
stages such as weaning where new complex foods such as cereals, fruits and vegetables
are introduced (Koropatkin et al., 2012). The microbiota matures towards an adult like
microbiota by around the age of 3 years old and then continues to mature throughout
ageing (Yatsunenko et al., 2012). The average adult microbiota has been shown to
contain an estimated 10 bacteria made up of between 150 and 250 bacterial strains
from around 100 different species (Faith et al., 2013). Data from the MetaHit (Li et al.,
2014) and Human Microbiome Project (The Human Microbiome Project et al., 2012)
identified more than 2000 species isolated from humans that classify into 12 phyla with
Firmicutes and Bacteroidetes dominating in humans (Thursby and Juge, 2017,
Lozupone et al., 2012). Such detailed analysis of the microbiota has historically been
restricted by technological limitations; however, the increasing power of next-generation
sequencing strategies has opened the door to more highly detailed studies. Recently
released databases have greatly increased the percentage of mapped reads from large
sequencing projects, giving greater accuracy and confidence in the data analysed (Zhou
et al., 2018). Generally, genes and genetic function encoded by the microbes have been
ignored in large sequencing projects but arguably have the greatest impact on the host.
Species level identification does not account for the large genetic diversity found
between different strains of the same species. Strain level identification and
metagenome sequencing gives a better representation of the coding capacity, with the
human microbiome project cataloguing nearly 10,000,000 genes (The Human
Microbiome Project et al., 2012). Recent research has developed strain level
identification of bacteria in the microbiome further by refining and improving
metagenomic pipelines to be able to demonstrate vertical transmission of strains from
mother to infant (Asnicar et al., 2017). This type of strain level identification has also led
to the discovery of new microbial species that are represented at low abundance in the
microbiome (Hildebrand et al., 2019). These lower abundance species and strains often
represent the greatest inter-individual differences as the core microbiome is relatively

stable.

Due to functional redundancy, changes in microbial profile may not correspond to
changes in protein or metabolite profiles (Thursby and Juge, 2017, Moya and Ferrer,
2016). Therefore, recent research has been geared toward profiling metabolites as
differences here would have the greatest impact on host health and are controlled by the
cooperation of gene products from both the host and the microbiome. Monitoring

changes in concentration of well-studied metabolites such as Short Chain Fatty Acids
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(SCFAs) and identification of new metabolites with unknown functions will allow for a
deeper understanding into host-microbiome interactions (Rooks and Garrett, 2016).

1.3.1 Composition of the gut microbiota

The gut microbiota varies within an individual as well as between individuals and
between species. To date most studies of the microbiome have focused on sequencing
from faecal samples giving a snapshot of the microbial composition. However, variation
is also seen throughout the Gl tract with differences in the types of microbial species
found from the ileum to colon. A whole host of physiological factors throughout the Gl
tract impact upon microbe colonisation, including the glycan composition and mucus
thickness (see sections 1.2.1/1.2.2) (Donaldson et al., 2016). These include an increase
in pH and reduction in antimicrobials and oxygen content from proximal to distal regions
(Figure 8). These changes are associated with a much increased bacterial load and a
change in dominant phyla from Lactobacilaceae and Enterobacteriaceae to
Bacteroidaceae, Prevotellaceae, Rikenellaceae, Lachnospiraceae, Ruminococcaceae
(Donaldson et al., 2016).
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Figure 8: Changes in physiology along the Gl tract of Humans, and representation of changes in
phyla
Adapted from Donaldson et al., 2016.

As well as differences in the longitudinal direction, cross sectional variations also exist,
specifically when comparing microbes that closely associate with the mucus layer
compared to those that reside in the lumen (Tropini et al., 2017, Li et al., 2015). This
distinct microbial community has often been overlooked when studying the microbiome
due to difficulties in obtaining samples in comparison to faecal samples. Recent studies,

particularly those focussing on IBD patients where mucosal biopsies are taken, have
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investigated the differences in the microbiota associating with mucosa compared to
microbial species in the lumen, with greater variation in microbial composition found
among mucus associating bacteria than luminal (Lavelle et al., 2015). Methods to target
this spatial microbial biogeography are being developed to allow 16S sequencing from
small samples taken from specific sites (Sheth et al., 2019).

Age plays a critical role in shaping the gut microbiome, especially at key developmental
stages of early life such as weaning. Early colonisers such as Bacteroides and
Bifidobacterium, have an essential role in determining the profile of the microbial
community throughout life (Collado et al., 2016, Backhed et al., 2015). These are
generally believed to be established during birth, though some studies suggest
colonisation can occur in utero (Jimenez et al., 2008), although this was recently disputed
(de Goffau et al., 2019). Delivery method is also a key determinant in establishing this
early microbiome. Children delivered by C-section have been shown to have lower
diversity and lack Bacteroidetes species, which dominate the healthy adult gut,
compared to vaginally delivered babies (Jakobsson et al., 2014). After birth, the gut
microbiome shifts towards species that can utilise lactose and human milk
oligosaccharides (HMOs) such as Bifidobacterium (Backhed et al., 2015, Zivkovic et al.,
2011). Children that are not breast fed also lack microbial species that babies are
exposed to through lactation (Hunt et al., 2011).

Following weaning and the introduction of solid foods the microbiome undergoes another
shift towards bacteria that can degrade dietary substrates (Koenig et al., 2011). At this
stage the microbiome is more stable, and changes are not as drastic as in earlier life
stages. However, the dynamic community can still adapt to environmental factors, in
particular, changes in diet. In the colon, strict anaerobes generally utilise host-glycans or
fibre that cannot be digested by the host. Therefore, diets rich in fibre benefit the growth
of Bacteroidetes species that thrive on these nutrient sources (Desai et al., 2016).
Bacteria in the small intestine thrive on simple short sugars that are more abundant in
the small intestine (Zoetendal et al., 2012). However, these short sugars rarely reach the

large microbial population of the large intestine as they are mostly absorbed by the host.

Host genetics also play a role in shaping the microbial composition (Schmidt et al., 2018).
One of the important contributors is mucin glycosylation, which can provide nutrients
and/or binding sites that can preferentially benefit specific microbes. This has been
demonstrated in transgenic murine models. For example, deletion of FUT2, leads to
microbiome composition changes in mice (Kashyap et al., 2013). Host derived

microRNAS can also control aspects of the gut microbiota, throughout co-evolution of the
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host with the gut microbiota, it would appear that the host has developed these
microRNA molecules to target specific genes of species in the microbiota controlling
bacterial growth and replication (Liu et al., 2016). In addition bacteria have developed a
wide range of lectins to target specific glycan residues in mucins (Juge, 2012). In parallel
the host has derived its own defence lectins against bacterial glycans which have
immunomodulating properties (Matsushita et al., 2012), providing support for a model of

co-evolution between host and microbiome.
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Figure 9: Structure of the microbiota across species

Phyla are represented by colour, and the relative abundance indicated by font size, adapted from
Kostic et al., 2013.

Evidence of host genetic effects on the establishment and maintenance of microbial
communities can be found in a study where the microbiota from zebrafish was
transplanted into germ-free mice and vice-versa. Overtime the relative abundances of
each bacterial phyla shifted to be more representative of a typical microbiota found in a
wild-type representative of the recipient (Figure 10) (McFall-Ngai, 2006, Rawls et al.,
2006), supporting the role of host genetics in microbiota establishment and maintenance.
Furthermore, as discussed above, changes in mucin glycosylation has shown shifts in
the microbial communities, highlighting the importance of interactions with specific
glycan structures (Arike et al., 2017, Sommer et al., 2014, Thomsson et al., 2012).
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Figure 10: Representation of how the host species can influence the abundance of different
bacterial phyla

When the microbiota from a mouse is transplanted into a germ-free zebrafish and vice-versa, the
host reshapes the microbiota to represent that of a conventionally raised animal, taken from
McFall-Ngai, 2006.

1.3.2 Symbiosis with the qut microbiota

The host can benefit from the microbes inhabiting the gut in a number of ways including
the release of nutrients from complex carbohydrates, production of vitamins, pathogen
exclusion and development of the immune system. The major advantage of symbiosis
comes from the digestion of complex carbohydrates undigested by the host. It has been
shown that germ-free rats require a 30 % greater calorie intake to maintain weight than
wild-type rats (Wostmann et al., 1983). Humans can consume a range of dietary
compounds, many of which cannot be degraded owing to a lack of host glycoside
hydrolases (GHs) required for their breakdown. In order to overcome this short fall,
humans utilise the symbiotic microbes within the distal intestine which encode for
thousands of such enzymes opposed to the ~ 17 encoded for by humans (El Kaoutari et
al., 2013). The microbes residing in the small and large intestine encode 150 times more
genes than the human genome (Zimmermann et al., 2019). Tolerating a large community
of microbes and their associated genetic information means that the host can rely on this
community to fulfil a range of functions and produce numerous molecules that reduce
the number of genes the host has to encode for. The dense microbial population here is
well adapted to ferment starch and complex polysaccharides not degraded in the small
intestine (Hooper et al., 2002). One of the most dominant bacteria in the colon are
Bacteroides which are known to degrade a wide range of plant polysaccharides and
starch (Salyers et al., 1977). Bacteroides thetaiotaomicron degrades starch by the co-

ordinated action of enzymes encoded by the starch utilisation system (sus). The
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degradation of these products also releases by-products including SCFAs, vitamins and
nutrients that can be used by the host (Koropatkin et al., 2012). SCFAs are particularly
important, for example butyrate is the preferred energy source of colonocytes, and has
also been suggested to suppress tumour growth and inflammation as well as impact
satiety (Hamer et al., 2008). Acetate and propionate are absorbed and transported to the
liver where they are incorporated into lipid and glucose metabolism (den Besten et al.,
2013). Furthermore it has been reported that the presence of acetate may supplement
butyrate production and inhibit some enteric pathogen colonisation (Koropatkin et al.,
2012).

In addition to the fermentation of undigested foods and production of SCFAs, the gut
microbiome harbours a large repertoire of genes with the capacity to produce a range of
bioactive molecules which could be beneficial to the host. This extra coding capacity
provides humans with a source of essential vitamins, in particular, vitamin Bi2, which is

exclusive sought from bacteria, folate, riboflavin and vitamin K (LeBlanc et al., 2013).

The gut microbiota can also significantly affect the development of the host immune
system and has been extensively reviewed (e.g. Pickard et al., 2017). Early experiments
with germ-free mice showed that the gut microbiota is vital for optimal organisation and
development of lymphoid tissue. These microbe-depleted animals show impaired
healing of damaged epithelial cells, which could be reversed by gavaging the mice with
lipopolysaccharide (LPS) from bacteria (Hooper et al., 2012). Furthermore, the
microbiota affects parts of the immune system away from the intestinal lamina propria,
including the production of T-cells and other immune regulatory cells. This alteration of
T-cell balance can have far-reaching consequences including autoimmune and allergic
diseases (Pickard et al., 2017, Hirota et al., 2012).

Another key benefit of the gut microbiota is the defence against pathogens; the presence
of microbial species can stimulate the production of mucus and impact on dynamics
including the production of an impenetrable inner layer (Johansson et al., 2008). Sentinel
goblet cells react to Toll-like receptor signals, activated by the presence of microbes, to
stimulate the production of MUC2 and also signal to adjacent goblet cells to produce
MUC2, leading to bacterial exclusion from epithelial layer (Birchenough et al., 2016).
Furthermore, the degradation of the mucus layer by commensal bacteria leads to new
mucus production which brings with it a host of new antimicrobial compounds against
pathogenic bacteria (McGuckin et al., 2011). Finally, the presence of commensal
microbes means that many niche environments are already inhabited, and the microbes

present there will compete with pathogens for binding sites or nutrients, a process
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referred to as pathogen exclusion, which contributes to preventing pathogenic
colonisation and infection (Canny and McCormick, 2008). For example, colonisation with
a non-toxic Bacteroides fragilis strain led to the competitive exclusion of toxigenic B.
fragilis in mice, along with a subsequent lowering of toxin exposure (Hecht et al., 2016).
In contrast, by pre-treating the mice with antibiotics, the microbial community is
diminished opening up novel niches and nutrient sources, allowing the outgrowth of
opportunistic pathogens. The normally non-infectious bacteria (patho-symbionts) then

gain an advantage and can cause infection (Cornick et al., 2015, Ng et al., 2013).

1.3.3 The gut microbiota in disease

With the many essential roles the gut microbiota play towards host health, it is not
surprising that changes in this microbial community can have major physiological
consequences. Alterations of the microbial composition is described as a dysbiosis and
can be caused by a number of factors including antibiotics, dietary changes or influxes
of harmful microorganisms (Koropatkin et al., 2012). The mechanisms underpinning
dysbiosis have not been fully elucidated and it is difficult to determine whether changes
in the bacterial population are causative or a result of the development of a disease
(Schmidt et al., 2018). Indeed, dysbiosis of the gut microbiota has been associated with
a number of diseases including IBD, cancer, colitis, obesity and non-gut related diseases
such as liver ailments, asthma or arthritis (Rooks and Garrett, 2016, Power et al., 2014,
Keeney et al., 2014, Koropatkin et al., 2012). More recently, microbiome changes have
also been associated with brain disorders including depression, autism, Parkinson’s and
Alzheimer’s disease, leading to an increased effort to understand the gut-brain axis
(Sherwin et al., 2018). In some diseases the changes are associated with an individual
taxa, where in other diseases, the microbiome changes are more general, such as a
reduction in microbial diversity (Schmidt et al., 2018). Although causality remains to be
demonstrated, these changes in the microbial composition have been proposed as a

biomarker for several diseases.

A major cause of dysbiosis is due to the overuse of antibiotics commonly used to treat
infections. Whilst treating potentially harmful bacteria, many antibiotics will have
unwanted effects on commensal bacteria. Keeney et al. (2014) have summarised the
effects of some common antibiotics and antibiotic cocktails on the microbiota (Keeney et
al., 2014). In general, antibiotic use is associated with a decrease in microbial diversity.
Usually the community will recover within a matter of days post-treatment, but in cases
of sustained antibiotic use, some microbes can fail to return or return at much reduced

levels, resulting in dysbiosis which can lead to long-term health problems (Power et al.,
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2014). Furthermore, it has been demonstrated that repeated antibiotic treatment can
result the mono-dominance of species, that go undetected in the healthy microbiome
(Hildebrand et al., 2019). This impact on microbial communities and the associated
health concerns, combined with the ever-increasing antibiotic resistance is leading to
research directed at finding novel antimicrobial strategies.

Another way in which the microbiome is being indirectly linked to the progression and
treatment of disease is the varied way in which the microbiome metabolises a broad
spectrum of drugs. A recent study of 271 drugs showed that 176 were modified by at
least one strain found in the human gut microbiota (Zimmermann et al., 2019). The
modifications were mostly found to be oxidation, reduction, deacetylation,
hydrogenation, hydroxylation, acetylation and propionylation. A small number of previous
reports have shown that these modifications by the microbiome can inactivate or lead to

the toxification of drugs used to treat a range of conditions.

1.3.4 Ruminococcus gnavus in health and disease

Ruminococcus gnavus is a gram-positive anaerobic bacterium of the Firmicutes phylum.
It is recognised as a mucin glycan foraging bacterium and is present in more than 90%
of individuals (Qin et al., 2010). The Ruminococcus genus is split across two bacterial
families, the Ruminococcacae and Lachnospiraceae with R. gnavus being part of the
latter (Lawson and Finegold, 2015). The classification of R. gnavus has been recently
challenged following the discovery of Mediterraneibacter massiliensis, which identified
the key phenotypic and genotypic features of the Lachnospiraceae associated
Ruminococcus species. As a result a new genus ‘Mediterraneibacter’ incorporating R.

ghavus, R. faecis, R. lactaris and R. torques has been proposed (Togo et al., 2018).

R. gnavus is a common member of the human gut microbiota and an early coloniser
present in both formula and breast-fed infants (Sagheddu et al., 2016, Tannock et al.,
2013). R. gnavus mostly produces propionate which is an important SCFA in
gluconeogenesis, appetite regulation and blood pressure control (Chambers et al.,
2018). R. gnavus has also been associated with a number of disease states, most
commonly in IBD where R. gnavus is shown to have an increased abundance (Olbjorn
et al., 2019, Henke et al., 2019, Hall et al., 2017). However, it remains unclear whether
this is causative or a result of changes in the mucosal environment. Indeed, mucin
glycans have been shown to be altered in IBD with shorter and more sialylated glycans
which could provide R. gnavus with an ecological advantage (Crost et al., 2016,

Theodoratou et al., 2014, Larsson et al., 2011). R. gnavus has also been shown to have
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a causal relationship in ameliorating malnourishment symptoms and promoting weight
gain in mice colonised with microbiota from undernourished children (Chu and Aagaard,
2016, Blanton et al., 2016). Changes in R. gnavus abundance is increasingly being linked
to non-gut related disease, including spondyloarthritis and in the gut-brain cross-talk
where it is implicated in autism and stress response in high intensity sport (Breban et al.,
2017, Toh and Allen-Vercoe, 2015, Allen et al., 2015).

1.3.5 Modulation of the gut microbiota

The gut microbiota continues to be linked to a number of diseases and to conferring a
symbiotic relationship with the host. The mechanism behind some of these interactions,
and the specific strains impacting these interactions are starting to be unravelled, leading
to novel therapeutic targets (Cani, 2018, Langdon et al., 2016). Targeted and untargeted

approaches have both been used to move the gut microbiome to a more ‘healthy’ state.

As previously mentioned (see section 1.3.3), antibiotic treatments are routinely used to
combat pathogens in the gut but oral antibiotics are also used to treat or prevent bacterial
infection across body sites. These antibiotics are seldom specific to the pathogen and
are usually broad-spectrum, especially in cases where the pathogen has not been
identified. This means that gut symbionts are often adversely affected by antibiotic
treatment leading to changes in microbial composition and these can be long-lasting
changes. For example ciprofloxacin, which has been reported to have a lower effect on
the microbial composition than other common antibiotics such as clindamycin or
amoxicillin, was shown to affect the abundance of 30% of the gut taxa identified using a
16S approach in humans (Dethlefsen et al., 2008). Furthermore, a follow up study
revealed that the community in some participants had not reverted back to the original
state (Dethlefsen and Relman, 2011). A recent review discussing a range of human and
mouse studies, reported that specific antibiotics target different populations within the
gut microbiome. Fluoroquinolones and B-lactams reduced diversity by 25% and
increased the ratio of Bacteroidetes to Firmicutes, moxifloxacin decreased
Faecalibacterium and Bacteroides, cefazolin increased Bacteroides levels as did
amoxicillin, and vancomycin led to a bloom in the vancomycin resistant Enterococcus,
as well as diminishing important immune factors (Dudek-Wicher et al., 2018, Panda et
al., 2014, Perez-Cobas et al., 2013, Ubeda and Pamer, 2012).

Probiotic treatments use live organisms to confer a health benefit to the host (Hill et al.,
2014). However, the usefulness of probiotics is limited by the lack of persistence of these

organisms in the gut. To confer long-term health benefits probiotics need to be taken on
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a regular basis to maintain a constant population (Kristensen et al., 2016). Therefore,
there is a need to develop next generation probiotics. These organisms will need to target
the ecological niche, as well as encode factors that confer the health benefit to the host.
This is underlined by strain-specific properties within gut bacteria species. Next
generation probiotics are likely to come from novel species within the diversity of
organisms found within our gut microbiome and move away from the microbes
traditionally used as probiotics (O’'Toole et al.,, 2017). One such example is that of
Akkermansia muciniphila. This bacterial strain has been shown to confer health benefits
to the host, in particular a reduction in body weight and fat mass in mice supplemented
with A. muciniphila (Zhao et al., 2017). The probiotic effect of A. muciniphila was shown
to be enhanced when the mucus layer in mice was thinned by a high fat diet, this is
proposed to lead to an enhanced mucin production and restoration of mucus layer (Shin
et al., 2019). Furthermore, A. muciniphila was recently shown to reduce fat mass as well
as improve a number of metabolic processes in an exploratory study using human

volunteers (Depommier et al., 2019).

Prebiotic treatments are designed to preferentially boost host organisms that confer a
health benefit to the host (Gibson et al., 2017). Numerous prebiotics have been reported
to selectively promote organisms, however, the potential impact of these substrates on
the whole microbiota is less well studied. Prebiotics could also be used in combination
with probiotics in symbiotic approaches, to improve the chances of prolonged probiotic

colonisation by providing a targeted competitive advantage.

Changes in diet can also be used as a means of regulating the microbial community
(Flint et al., 2017). An important component of the diet in shaping the gut microbiota is
microbiota-associated carbohydrates (MACs). The primary source of MACs in the diet
comes from plant fibres, which are lacking in western diet leading to the increase in
prevalence of diseases such as asthma and IBD (Daien et al., 2017). This is because
MACs are not digested by the host and pass through to the diverse community of bacteria
present in the colon, acting as their primary nutrient source. Bacteria capable of
degrading these MACs produce many products beneficial to the host, notably SCFAs.
Depletion of MACs from the diet has been shown to lead to a thinner mucus layer and in
turn a closer association of microbes to the epithelial layer, together with an increase in
inflammatory markers (Desai et al., 2016, Earle et al., 2015). The direct impact of MACs
in boosting colonic microbes was also shown to increase SCFAs which helped to
ameliorate persistence of Clostridium difficile (Hryckowian et al., 2018). Studies in

humans have shown that altering the level of resistant starch can promote certain
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microbes within days of changing diet (Walker et al., 2011). Another study comparing
‘animal based’ and ‘plant based’ diets showed much more wide-ranging changes to the
microbial composition (David et al., 2014). Gaining a further understanding of these
microbial community changes as a response to diet could give rise to targeted diets
sustaining a ‘healthy’ microbial community (Shanahan et al., 2017).

Faecal microbiota transplantation (FMT) is a more drastic microbiome-based strategy
which aims to replace the entire microbial community of the patient. It has proven
effective in treating recurring Clostridium difficile infection (van Nood et al., 2013),
although in other diseases the success rate has been much reduced. FMT is now being
investigated as a potential treatment option for a range of conditions (Schmidt et al.,
2018). As of June 2019, clinicaltrials.gov list 300 registered clinical trials of FMT
treatment for conditions including melanoma, depression and irritable bowel syndrome
(IBS). FMT relies on donated samples from ‘healthy’ donors, but a more defined cocktail
of microbial strains specifically tailored to patients and specific diseases may result in an

improved outcome.

1.4 Bacteria — Mucus interactions

1.4.1 Gut Commensal Bacteria — Mucus interactions

The mucus layer itself should be viewed as a dynamic structure rather than a static one
due to its ability to react and change based on external stimuli, in particular bacteria
(McGuckin et al., 2011). Despite the number of host defence mechanisms, members of
the gut microbiota are able to permanently colonise the outer-layer of the gut mucus
(Costello et al., 2009). These bacteria do not penetrate the inner layer, apart from when
mucus and/or barrier integrity is lost (Johansson et al., 2008, McGuckin et al., 2011). The
mutually beneficial relationship with these commensal organisms is the culmination of
appropriate barrier function that has resulted from long term co-evolution with the host
(Neish, 2009).

At the ecological level, bacteria that colonise the gut thrive on the host glycans found in
the mucus layer (Marcobal et al., 2013). The ability to utilise host glycans has been
studied in a few commensal bacteria. For example, B. thetaiotaomicron is able to utilise
host glycans as well as host dietary components (Sonnenburg et al., 2005). The ability
to adapt and use host glycans as a carbon source gives bacteria a sustainable and
consistent nutrient supply and in turn an advantage over many other, less well adapted

species. The presence of mucins in in vitro fermentation models increases the
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prevalence of certain strains of bacteria, including Bacteroidetes, Akkermansia and
Lachnospiraceae species that are known mucin degraders, whilst levels of Lactobacillus
and Bifidobacterium decrease (Tran et al., 2016). Furthermore, analysis of the human
gut microbiota revealed that as many as 86% of the microbiota encode genes for
cleavage of mucin glycans, with 89% of genomes capable of metabolising the

monosaccharides released (Ravcheev and Thiele, 2017).

Co-evolution of bacteria and host has led to a complex environment containing bacterial
species that, in combination, can fully degrade glycan chains and the mucin backbone
(McGuckin et al., 2011). In germ-free mice, the mucus layer is thinner than in wild-type
mice. This effect can be reversed by stimulation with bacterial compounds such as
peptidoglycan or LPS, demonstrating that the presence of bacteria and bacterial
compounds stimulate mucin production and secretion (Birchenough et al., 2016,
Petersson et al., 2011). These findings suggest that the presence of the microbiota is
important for renewal as well as degradation of mucin and is therefore essential for
maintenance and turnover of the mucus layer, sustaining a functional barrier against
pathogens. This was demonstrated in mice gavaged with A. muciniphila, which was
shown to positively modulate barrier function in mice (Everard et al., 2013). However,
balance is important, a study using a humanised mice model showed that the absence
of fibre in the diet led to a dramatic increase in mucus degrading microbes and increased
susceptibility to pathogens by depletion of the mucus barrier (Desai et al., 2016).

The degradation of mucins requires the sequential action of a number of enzymes in
order to access this plentiful nutrient source. B. thetaiotaomicron and other gut
commensal species have acquired a range of GHs, sulfatases and proteases to liberate
utilisable sugar monomers (Etienne-Mesmin et al., 2019). GHs are classified in the
carbohydrate active enzymes database (CAZy; www.cazy.org) by functional domains of
enzymes that cleave, modify or create glycosidic bonds (Lombard et al., 2014). Although
many bacterial GH genes have been predicted by transcriptomic analyses, relatively few
mucin glycan degrading GHs have been functionally and structurally characterised
(Tailford et al.,, 2015a). Microbes most adept at mucin degradation often encode
sulfatases, deacetylases, sialidases and fucosidases to remove terminal structures and
grant greater accessibility to the extended core structures (Etienne-Mesmin et al., 2019,
Ndeh and Gilbert, 2018). The monomers freed by the action of these enzymes may be
utilised by the bacteria themselves or released in the local environment for other,
scavenging bacteria to use (Marcobal et al., 2013). Sulfatases are of increasing interest

in the regulation of the gut microbiota. Sulphate residues terminate mucin glycans and

39


http://www.cazy.org/

have been proposed to prevent GHs from removing terminal sugars. The release of
sulphate residues has also been proposed to increase the levels of sulphate-reducing
bacteria in the gut, this leads to the production of H.S which can disrupt the mucus
network and also lead to epithelial damage (Praharaj et al., 2018, ljssennagger et al.,
2016, Rey et al., 2013).

A suite of GHs including galactosidases, N-acetylglucosaminidases and N-
acetylgalactosaminidases can then degrade the extended core structures and remove
the core structure from the mucin backbone, again releasing free monomers (Marcobal
et al., 2013, Tailford et al., 2015a). Following removal of the glycan chains, the mucin
backbone can then be more easily targeted by proteases. These proteases have been
studied in pathogenic and commensal Escherichia coli strains and have been proposed
to be involved in infection and degradation of the inner mucus layer (see section 1.4.2)
(Hews et al., 2017).

In addition to providing a reliable food source, mucin glycans also provide attachment
sites for bacteria which can give advantages in transient colonisation. As discussed
above, glycans vary greatly between species and different species have contrasting core
microbiomes (Figure 9) (Kostic et al., 2013). Microbes are able to bind to mucin glycans
of their given host using lectins or other adhesion factors (Etienne-Mesmin et al., 2019,
Juge, 2012, Johansson et al., 2011a), also supporting a model of co-evolution (Marcobal
et al., 2013). The majority of mechanisms underlying the attachment of microbes to the
gut have primarily been carried out using pathogenic models; however, recent work has
demonstrated that commensals can use similar mechanisms (Donaldson et al., 2016,
Etzold et al., 2014). Bacteria can adhere to the gut via the mucus and its glycan
structures by utilising a range of lectins for different sugar specifications allowing binding
to mucins and other glycoproteins (Etzold and Juge, 2014). Despite the multitude of
lectins present throughout the microbiome, a lack of biochemical evidence for their
specific binding patterns to oligosaccharides limits useful manipulation of their
mechanisms for probiotics (Juge, 2012). Lactobacillus and Lactococcus of the
Lactobacillaceae family have been used as models in studying commensal adhesion to
the gut with exopolysaccharides, pili and cell wall anchored mucin binding proteins
(MUBSs) shown to be involved, and host specificity determined by diversity in these
factors (Donaldson et al., 2016, Frese et al., 2013, MacKenzie et al., 2010).

Furthermore, probiotic strains have been shown to alter oligosaccharide and mucus
composition where Lactobacillus plantarum colonisation increases the production and

secretion of MUC2 and MUC3 compounds, and certain probiotic mixtures can impact
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upon oligosaccharide composition (Cornick et al., 2015, Tsirtsikos et al., 2012). Similar
findings have been shown for members of the gut microbiota, for example, B.
thetaiotaomicron can up-regulate host fucosyltransferases, increasing fucose availability
and changing the mucus composition to suit its needs (Marcobal et al., 2013). Further
evidence for bacterial manipulation of the mucus layer comes from studies in germ-free
mice where distinct colonies of genetically identical germ-free mice colonised by different
microbial communities showed major differences in barrier dynamics and in mucus
permeability (Jakobsson et al., 2015). Comparisons of germ-free and conventionally
raised mice showed large changes in glycosyltransferase expression throughout the Gl
tract, in particular those that allow for extension of the glycan chains. This was supported
by the detection of shorter MUC2 glycans in the germ-free mice (Arike et al., 2017).
Taken together, these studies show that there is strong evidence of a cross-
communication between the host mucosal surface and microbiota to reach symbiosis. A
detailed understanding of these processes at the molecular level could lead to the

development of novel therapeutics targeting the mucus-associated microbiota.

1.4.2 Enteric Pathogens — Mucus interactions

Pathogenic bacteria have the capacity to migrate through mucus and reach the epithelial
layer via flagella and chemotactic stimuli (Josenhans and Suerbaum, 2002, Haiko and
Westerlund-Wikstrom, 2013). In an attempt to slow down this migration, the host immune
system responds by releasing stored mucin granules, and with it, antimicrobial
compounds (Birchenough et al., 2016, McGuckin et al., 2011). Such interactions with the
mucins can result in shedding of the mucus layer and thus exclude pathogens (Ribet and
Cossart, 2015). If bacteria are able to penetrate through the outer and inner mucus
layers, the next challenge is to overcome the glycocalyx and membrane-bound mucins,

to reach the epithelial layer.

To circumvent these processes, pathogens have evolved a range of virulence factors
designed to evade host defences. In relation to the mucus layer, one mechanism
pathogens have developed is the secretion of proteases capable of MUC2 cleavage to
accelerate and enhance colonisation (Cornick et al.,, 2015). These cleavages
dysregulate the mucus layer, resulting in diminished viscosity and a dilution of
antimicrobial compounds (Martens et al., 2018, McGuckin et al., 2011). For example, the
StcE E. coli metalloprotease can cleave mucins, helping the bacteria to access the

epithelial layer where it can cause disease (Hews et al., 2017).
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A second strategy is to release toxins that can diffuse through the mucus layer. These
toxins have the capacity to disrupt tight junctions and block epithelial growth, disrupting
the intestinal epithelial layer (Awad et al., 2017). Furthermore, toxins can be used to
impair mucin secretion pathways, causing a decrease in the viscosity and abundance of
trapped antimicrobial compounds leading to greater colonisation (McGuckin et al., 2011).
Pathogens may also trigger inflammation of the gut which leads to an increase in the
production of antimicrobial compounds. As pathogens have a greater tolerance to these
compounds than commensal bacteria, this response provides pathogens a competitive

advantage to overcome colonisation resistance (Ribet and Cossart, 2015).

Pathogens can also interact with mucin glycans by using these as a nutrient source,
either by releasing nutrients from glycan chains using their GHs, or by scavenging
nutrients released by commensal organisms (see section 1.4.1). These cross-feeding
interactions by pathogens have been described for B. thetaiotaomicron (Martens et al.,
2018). The terminal sugars of mucin glycans, fucose and sialic acid, are released from
the mucin glycans by B. thetaiotaomicron as well as other commensal organisms. Free
sialic acid has been shown to promote growth of the pathogens S. Typhimurium (S.
Typhimurium) and C. difficile (Ng et al., 2013), whereas fucose promotes
enterohaemorrhagic E. coli infection (Pacheco et al., 2012). Some pathogens encode
their own GHs, these include S. Typhimurium LT2 which is a Salmonella strain encoding
its own sialidase, though this is uncommon among Salmonella strains (Arabyan et al.,
2017, Arabyan et al., 2016, Minami et al., 2013), and Vibrio cholerae which releases and
utilises GIcNAc from mucin glycans (Mondal et al., 2014).

As well as disturbing the mucus layer and disrupting intestinal cell layer integrity, some
pathogenic species actively avoid the mucus layer to cause infection. M-cells are
specialised epithelial cells located above Peyer’s patches of the gut which are abundant
in cells related to immunity such as macrophages. M-cells regularly sample the luminal
environment for bacteria and present antigens directly to those underlying immune
system cells initiating a secretory IgA immune response (Martens et al., 2018, McGuckin
et al., 2011, Corr et al., 2008). In order to do this, these areas of the Gl tract are devoid
of goblet cells leaving gaps in the mucus layer (Ermund et al., 2013). S. Typhimurium is
one example of a bacterium that utilises these M-cells as an entry point to invade the
host tissue. Once transported across the epithelial layer and taken up by macrophages,
S. Typhimurium uses a humber of effector proteins encoded by pathogenicity islands to
inhibit the activity of lysozymes by forming a protective vacuole where the bacteria can

grow and divide (Fabrega and Vila, 2013).
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1.5 Sialic acid

1.5.1 Mucus associated sialic acid

Sialic acid is a major epitope of mucins, and due to its terminal location, is a target for
many gut pathogenic and commensal species. The complex nature of the ‘sialome’ leads
to the diversity and specificity of these interactions (Cohen and Varki, 2010). Two major
forms of sialic acid exist, 2-keto-3-deoxynononic-acid (KDN) and neuraminic acid (Neu).
The latter can be modified to N-acetylneuraminic acid (Neu5Ac) and then onto N-
glycolylneuraminic acid (Neu5Gc) which are the most common forms found on
mammalian cells, with humans known to lack Neu5Gc (Cohen and Varki, 2010) (Figure
11). Further modifications of the hydroxyl groups add diversity to sialic acids giving the
first level of complexity. Evidence suggests that these sialic acid modifications are
differentially expressed in different tissue types (Langereis et al., 2015), however, the
biological significance of these sialic acid modifications remains largely underexplored.
Acetylation is abundant in the human Gl tract, except for individuals that do not express
O-acetylated sialic acids, interestingly this does not appear to be associated with an
increased prevalence of disease (Corfield, 2018). This acetylation is believed to have a
negative impact on sialic acid recognition by blocking binding, particularly for sialidases.
Loss in O-acetylation has been shown in cases of IBD and colorectal cancer, using
immunohistochemistry approaches, this research also showed changes in O-acetylation
along the Gl tract of individuals (Corfield et al., 1999, Smithson et al., 1997, Reid et al.,
1984, Culling et al., 1979). More recently nidovirus virolectins have been used to explore
O-acetylation of sialic acids in situ and have been implicated in aspects of cell

development, homeostasis, and other functions (Langereis et al., 2015).

The second level of diversity in the sialome comes from the type of linkage to the
underlying sugar. The most common linkages are a2-3 and a2-6 to other sugars as well
as a2-8 linkages to other sialic acids. Rarer occurrences of a2-4 and a2-9 linkages also
exist. The underlying sugar composition and glycan chains (discussed above) that sialic
acids are terminally attached to provide a third level of complexity. The glycan and mucin
types provide the fourth level of complexity with the final level of diversity provided by
the spatial distribution and organisation of sialic acids at the cell surface (Cohen and
Varki, 2010).
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Figure 11: Structure of the common sialic acid derivatives

Further diversity in sialic acids is given by substitutions at the hydroxyl groups.

Sialic acid can be utilised by gut microbes as a nutrient source, but also provides a key
target site for attachment and toxin release. Commonly this is associated with viral
infections, particularly influenza where specificity for different sialic acid linkages is used
in virus typing (Gamblin and Skehel, 2010). Binding to sialic acids has also been
demonstrated in the gut for parasitic infection (e.g. Plasmodium falciparum) and
pathogenic bacteria (Varki, 2008). Helicobacter pylori utilises the SabA adhesin which
specifically binds to sialyl-lewis-x blood groups in the stomach mucosa (Yamaoka, 2008).
In S. Typhimurium, the recognition of sialic acids is an important mechanism by which
infection takes place. Depletion of Neu5Ac from epithelial Caco-2 cells led to a reduction

in S. Typhimurium association (Arabyan et al., 2016).

1.5.1 Sialic acid metabolism in bacteria

The metabolic pathway required for bacteria to utilise sialic acid as a nutrient source is
based on two distinct metabolic pathways, originally demonstrated in E. coli and B.
fragilis (Brigham et al., 2009). Some bacteria have incomplete gene clusters for sialic
acid utilisation, either being able to release sialic acid from glycans but not utilise it e.g.
B. thetaiotaomicron and A. muciniphila, or utilise but not release sialic acid e.g. E. coli
(Lewis and Lewis, 2012). The latter has also been demonstrated for the enteric
pathogens S. Typhimurium and C. difficile which benefit from the availability of free sialic
acid in the mucosal environment (Ng et al., 2013). This leads to cross-feeding between
species and symbiotic intra-species relationships, for example Bifidobacterium bifidum
releases sialic acid that can then be utilised by Bifidobacterium breve to sustain its

growth (Nishiyama et al., 2018).

In order to utilise sialic acid as a carbon and nitrogen source, it must first be liberated
from glycan chains (Almagro-Moreno and Boyd, 2009). This is performed by sialidases
of the GH33 CAZy family (www.cazy.org), which are released by gut bacteria and cleave

the terminal sialic acid residues. Gut bacteria that express sialidases include multiple
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species of Clostridia and Bacteroides, as well as specific strains of Bifidobacterium, R.
gnavus and A. muciniphila (Juge et al., 2016). Strain specificity of sialidase expression
is a particularly important factor to consider, for example, only one sialidase from S.
Typhimurium has to date been functionally characterised (Minami et al., 2013). Bacteria
also encode O-acetylesterases to remove the acetyl groups, often present on sialic

acids, facilitating its release by sialidases (Robinson et al., 2017).

To then utilise this nutrient source, sialic acids must be transported into the bacteria. Five
different systems of sialic acid transport have been described to date in bacteria, as
recently reviewed (Figure 12) (Thomas, 2016). The nanT type transporter described in
E. coli K-12 is a major facilitator superfamily like transporter acting as a H*-coupled
secondary transporter (Martinez et al., 1995). Other bacteria utilise a tripartite ATP-
independent periplasmic transporter, the SiaP protein, which binds free sialic acid and
delivers it to the membrane associated SiaQM for transport (Allen et al., 2005). The
transmembrane QM domains can either be encoded by different genes or by a single
gene. S. Typhimurium encodes two transporter systems, the first one being homologous
to the E. coli NanT transporter and the second one being a sodium solute symporter
(SSS) (Severi et al., 2010, Almagro-Moreno and Boyd, 2009). Interestingly the SSS like
transporter of sialic acid has been shown to be important for sialic acid uptake and
colonisation in C. difficile (Ng et al., 2013).

SiaP SatA SatA

Inner membrane NanT SiaQM B & BilEGE SiaT
( MsmK
Transporter family MEFS TRAP ABC SSS
Binding protein type Cluster E Cluster C Cluster D
Archetypal system EcNanT Hi SiaPQM Hd SatABCD Sp SatABC St SiaT

Figure 12: Schematic representation of the five characterised bacterial sialic acid transporters
Adapted from Thomas, 2016.

The final class of transporters is the ABC transporter system. Two types of sialic acid
ABC transporters have been reported to date, a traditional type found in B. breve (Egan
et al., 2014) and other species, and a second type that has been named satABC but is

structurally different, lacking its own dedicated nucleotide-binding protein (Thomas,
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2016). This CUT1 ABC transporter of sialic acid transporter has been described in
Streptococcus pneumoniae and contains two permeases and a substrate binding

lipoprotein (Bidossi et al., 2012).

The most recognised pathway of utilising sialic acid is the nanA/K/E cluster first
described in E. coli (Figure 13) (Plumbridge and Vimr, 1999). Following transport of sialic
acid residues into the cell by NanT, a sialic aldolase or lyase (NanA), cleaves sialic acid
into pyruvate and N-acetylmannosamine (ManNAc), which is then phosphorylated by a
ManNAc kinase (NanK). The phosphorylated ManNAc is then converted to a
phosphorylated GIcNAc (GIcNAc-6-P) by an epimerase (NanE). It is then successively
deacetylated and deaminated by NagA (N-acetylglucosamine-6-phosphate deacetylase)
and NagB (N-acetylglucosamine-6-phosphate deaminase), respectively, two enzymes
not encoded within the nan operon but elsewhere in the genome. This results in the
production of fructose-6-phosphate which then enters the glycolysis pathway, while the
by-products from the enzyme reactions can be used as precursors in a number of
important cellular processes (Vimr, 2013). An alternative pathway has later been
discovered in B. fragilis where the nanLET cluster is utilised (Figure 13). Here NanT
transports sialic acid into the cell before a sialic acid lyase (NanL) cleaves it into pyruvate
and ManNAc. Then, NanE — which is dissimilar to the NanE found in the nanA/K/E cluster
— directly epimerises ManNAc to GIcNAc without the need for prior phosphorylation. An
alternative ManNAc kinase (RokA) then performs the phosphorylation reaction before
conversion to fructose-6-phosphate by NagA and NagB (Brigham et al., 2009).
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Figure 13: Pathways of sialic acid utilisation in E. coli (left; nanA/K/E) and B. fragilis (right;

nanL/E/T)
Adapted from Brigham et al., 2009.

Previous research in the group identified an example of an intramolecular trans-sialidase
(IT-sialidase) in the gut symbiont R. gnavus (Crost et al., 2013). This IT-sialidase —

encoded by the nanH gene — releases a modified form of sialic acid termed 2,7-anhydro-
sialic acid (2,7-anhydro-Neu5Ac) upon cleavage (Figure 14). This is the first example of
an IT-sialidase found in a gut bacterial species; however, meta-analysis suggests their
occurrence in other bacterial species (Tailford et al., 2015b). In contrast to hydrolytic

sialidases which have a broad specificity and can cleave a2-3-, a2-6- and a2-8-linked

sialic acid, IT-sialidases can only cleave a2-3 linkages (Juge et al., 2016).
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Figure 14: Products from the reactions of hydrolytic, trans- and IT trans-sialidases.

Whilst the metabolism of Neu5Ac is understood, how 2,7-anhydro-Neu5Ac is utilised by
bacteria is yet to be elucidated. In R. gnavus ATCC 29149 and ATCC 35913, the IT-
sialidase is part of a larger gene cluster which also encodes homologs of the nanA/K/E
cluster. This gene cluster is only present in mucin glycan foraging strains of R. gnavus
(Crost et al., 2013). The genes of the nan cluster are induced when R. gnavus is grown
on sialyl-conjugates. These data suggest a similar metabolic pathway as the one
described above. However, R. gnavus does not grow on Neu5Ac, suggesting a different
transport mechanism. It is also unknown whether 2,7-anhydro-Neu5Ac is converted into
Neu5Ac inside the cell (and which enzyme may be responsible for this) or if it is directly
metabolised by enzymes from the canonical nan cluster. This mechanism could greatly
impact bacterial species that rely on scavenging free Neu5Ac, by reducing Neu5Ac
availability, such as S. Typhimurium and C. difficile strains which encode the nan cluster
for Neu5Ac utilisation but lack the sialidase to remove it from glycan chains (Ng et al.,
2013).
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1.6 Aims and objectives

The overall aim of this work is to investigate the role of 2,7-anhydro-Neu5Ac in gut
symbiosis.
Specific objectives include:
0] to develop methods allowing the synthesis and analysis of 2,7-anhydro-
Neu5Ac,
(ii) to unravel the metabolic pathway of 2,7-anhydro-Neu5Ac in R. gnavus
(i) to determine the role of 2,7-anhydro-Neu5Ac metabolism on R. gnhavus
spatial adaptation to the gut
(iv) to investigate the impact of 2,7-anhydro-Neu5Ac on enteric pathogens and

gut microbiome.
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Chapter 2

Materials and Methods
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2.1 Bacterial strains and media

2.1.1 Media
2.1.1.1 Yeast extract Casitone and Fatty Acid (YCFA)

1 L YCFA contained 10 g casitone, 2.5 g yeast extract, 4 g NaHCO3, 1 g L-cysteine
hydrochloride, 450 mg KoHPO4, 450 mg KH2PO4, 900 mg NaCl, 90 mg MgS04.7H20,
90 mg CacCl;, 1 mg resazurin, 10 mg hemin, 10 mg biotin, 10 mg cobalamin, 30 mg p-
aminobenzoic acid, 50 mg folic acid and 150 mg pyridoxamine. Final concentrations of
short-chain fatty acids (SCFA) in the medium were 33 mM acetate, 9 mM propionate and
1 mM each of isobutyrate, isovalerate and valerate. The pH was adjusted to 6.5. The
medium was prepared under a headspace of 85% N, 10% H, and 5% CO, gas mix.
Thiamine and riboflavin were added anaerobically to the medium to give a final
concentration of 50 mg/L each and then the medium was autoclaved. Media was

supplemented with 11.1 mM carbon source (see section 2.1.1.7)
Brain Heart Infusion with Yeast extract and Hemin (BHI-YH)

BHI-YH contained Brain heart infusion broth (Oxoid LTD, UK) supplemented with 5 g/L
of BactoTM yeast extract (Becton, Dickinson and Company, Sparks, MD) and 5 mg/L of
hemin (Sigma-Aldrich, USA). BHI-YH agar was made by adding 1.5 % agar.

2.1.1.2 Bacteroides Defined Media (BDM)

BDM contained 100 mM KH;PO4 pH 7.4, 15 mM NaCl, 8.5 mM (NH.):SO4, 0.1 mM
MgClz, 50 uM CaCl,, 0.37 nM vitamin B2, 1.9 pM hemin (Sigma-Aldrich, USA), 0.2 mM
histidine and 4 mM L-cysteine.

2.1.1.3 Luria Bertani (LB)

1 L LB broth contained 10 g tryptone, 5 g yeast extract and 10 g NaCl. LB agar was
made by adding 1.5 % agar.

2.1.1.4 Auto-induction media (AlIM)

AIM is based on ‘Terrific Broth Base with Trace Elements' autoinduction media
(ForMedium, UK)
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2.1.1.5 M9

M9 contained 48 mM Na:HPQO4, 22 mM KH2PO4, 85 mM NaCl, 19 mM NH4Cl, 2 mM
MgSQs, 0.1 mM CaClz, 0.04 mg/ml histidine

2.1.1.6 Batch culture media

1 L batch culture medium contained 2 g peptone water, 2 g Yeast extract, 0.1 g NacCl,
0.04 g KzHPO4, 0.04 g KH2PO4, 0.01 g MgS0..6H-,0, 0.01 g CaCl,.2H,0, 2 g NaHCOs,
0.5 g Cysteine HCI, 0.5 g bile salts, 2 ml Tween 80, 0.02 g hemin, 10 pl 0.5% v/v vitamin
K. Sugars were added at a concentration 11.1 mM and vitamin Bi» supplementation at

0.37 nm where indicated.
2.1.1.7 Carbon sources

The carbon sources used were glucose (Sigma-Aldrich, USA), lactose (Sigma-Aldrich,
USA), Neu5Ac (Sigma-Aldrich, USA), Neu5Gc (Carbosynth, UK), fucose (Glycom,
Denmark), a2,3 sialyllactose (3'SL; Carbosynth, UK), a2,6 sialyllactose (6'SL;
Carbosynth, UK), a1,2 fucosyllactose (2'FL; Glycom, Denmark), a1,3 fucosyllactose
(3'FL; Glycom, Denmark), Pig gastric mucin (PGM; Sigma-Aldrich, USA) previously
purified using methods published (Gunning et al., 2013) to give pPGM, 2,7-anhydro-
Neu5Ac (see section 2.4).

2.1.2 Bacterial strains and culture conditions

The bacterial strains used in this work are as follows, Escherichia coli BL21, DH5-q,
CA434, Ruminococcus gnavus E1, ATCC 29149 and ATCC 35913, Salmonella enterica
serovar Typhimurium LT2 and SL1344, Clostridium difficile NCTC12726, Bacteroides
thetaiotaomicron ATCC 29148. The growth of strains was monitored using an ultraspec
10 cell density meter (Biochrom, UK)

R. gnavus ATCC 29149, ATCC 35913, E1, B. thetaiotaomicron ATCC 29148 and C.
difficile NCTC 12726 were routinely grown in an anaerobic cabinet (Don Whitley, UK) at
37 °C.

S. Typhimurium strains were grown in aerobic conditions in a static 37 °C incubator and
anaerobic conditions by either limiting air flow with a layer of mineral oil or placing inside
an anaerobic cabinet. E. coli strains were grown at 37 °C in aerobic conditions with 180

— 250 rpm shaking.
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Growth curves were obtained using 200 pul cultures in 96-well microtiter plates. The ODsgs
was measured every 30 or 60 min for 10 - 48 hours in an infinite F50 plate reader (Tecan,
UK) housed within an anaerobic cabinet connected to Magellan V7.0 software. Growth
of S. Typhimurium strains was also monitored using spectramax M5 (Molecular Devices,

USA), a temperature-controlled plate reader for aerobic and mineral oil assays

Co-cultures of S. Typhimurium SL1344 and B. thetaiotaomicron or R. gnavus were grown
in either YCFA or BDM medium supplemented with 11.1 mM 3’SL as carbon source
under anaerobic conditions at 37 °C. The medium was inoculated with 108 of each
bacterial strain. Co-culture growth was monitored using an ultraspec 10 cell density
meter (Biochrom, UK). To assess S. Typhimurium growth, 10-fold serial dilutions of the
co-cultures were plated on LB containing 100 pg/ml streptomycin and grown under
aerobic conditions overnight before counting. Alternatively, DNA was extracted (see

section 2.3.1.1) and bacterial growth quantified by gPCR (see section 2.3.6)

2.2 Bioinformatics

2.2.1 Identification of nan genes in Salmonella and C. difficile

Bioinformatics searches of NanA/K/E cluster proteins and NanH (sialidase) from R.
gnavus ATCC 29149 were performed against a range of Salmonella and C. difficile
strains using the TBLASTN function on the Ensembl Bacteria website with default
settings (http://bacteria.ensembl.org/). The NanH was also split by domain into CBM40

(carbohydrate binding module, www.cazy.org), IT (uncharacterised domain within the
catalytic domain of RgNanH not present in bacterial hydrolytic sialidases) and catalytic
domain (Glycoside Hydrolase family 33, www.cazy.org) in an attempt to distinguish IT-
sialidases from hydrolytic sialidases. The 146 Salmonella strains and 71 C. dificile strains

were selected to represent the range and variety of strains available within the database.

2.2.2 Sequence Similarity Networks

To carry out Sequence Similarity Network (SSN) analysis of proteins encoded by the R.
gnavus nan cluster, the InterPro families for RgNanH (Glycoside Hydrolase, family 33;
IPR001860) and RgNanA (N-acetylneuraminate lyase; IPR005264) were identified using
the UniProt database, the family identifier was used to extract protein sequences using
Enzyme Function Initiative (EFI) Enzyme Similarity tool (Gerlt et al., 2015). For the other
proteins, the families found in the InterPro database were too large to be analysed, so

the sequence BLAST tool was used with a maximum of 2500 protein sequences
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extracted. From this SSNs were generated and viewed in Cytoscape version 3.6
(Shannon et al., 2003).

2.2.3 Multigene cluster BLAST analysis

Homologous gene clusters were identified for the R. gnavus ATCC 29149 nan cluster
using MultiGeneBlast (Medema et al., 2013). The BCT (Bacteria) GenBank subdivision
was queried with the R. gnavus nan cluster sequence spanning RUMGNA_ 02701 —
RUMGNA_02691. The data were manually curated, excluding all clusters that do not
contain a predicted sialidase or are homologous to the functionally characterized S.

pneumoniae NanC cluster (Owen et al., 2015, Xu et al., 2011).

2.3 Molecular Biology

2.3.1 Genomic DNA (gDNA) extractions

2.3.1.1 In vitro anaerobic cultures

Genomic DNA was extracted from bacterial mono- or co-cultures using on 1 ml of liquid
cultures grown to exponential phase using GeneJET Genomic DNA Purification Kit

(ThermoFisher, UK), according to the manufacturer’s instructions.
2.3.1.2 Faecal samples and in vitro colon model

Genomic DNA was extracted from faecal samples and in vitro colon model samples
using the MP Biomedicals Fast DNA™ SPIN kit for Soil DNA extraction with the following
modifications. The samples were resuspended in 978 ul of sodium phosphate buffer
(provided) before being incubated at 4°C for one hour following addition of 122 pl MT
Buffer. The samples were then transferred to the lysing tubes and homogenised in a
FastPrep® Instrument (MP Biomedicals) 3 times for 40 sec at a speed setting of 6.0 with
5 min on ice between each bead-beating step. The protocol was then followed as

recommended by the supplier.

2.3.2 RNA extraction

2.3.2.1 In vitro anaerobic cultures

RNA was extracted from 3 ml of liquid cultures of R. gnavus grown to exponential phase
using RNA protect (Qiagen, Germany) and RNeasy Mini Kit (protocol 2: Enzymatic Lysis
and Mechanical Disruption of Bacteria and protocol 7: Purification of Total RNA from

Bacterial Lysate Using the RNeasy Mini Kit), according to the manufacturer’s
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instructions. DNAse treatment was performed using the TURBO DNA-free kit (Invitrogen)

or RNeasy Mini Kit (Qiagen) according to manufacturer’s instructions.

Alternatively, RNA extraction was performed using the Monarch Total RNA Miniprep Kit
(New England Biolabs) extraction kit, according to the manufacturer’s instructions

followed by DNase treatment with RQ1 RNase-Free DNase (Promega).
2.3.2.2 Caecal content

Caecal content was resuspended in RNAlater (Sigma-Aldrich, USA) and stored at -80°C
until extraction. RNA extraction was performed using RNeasy PowerMicrobiome Kit

(Qiagen) according to the manufacturer’s instructions.
2.3.2.3 Mouse tissue

Mouse colonic tissue was gently washed and stored in RNAlater (Sigma-Aldrich, USA)
at -80 °C until RNA extraction. Homogenisation was achieved with acid washed glass
beads using the FastPrep®-24 (MP Biomedicals, USA) by 3 intermittent runs of 30 s at
6 m/s speed every 5 min, at room temperature. RNA extraction was performed using the
RNeasy mini kit (QIAGEN) following the manufacturer’s instructions for purification of
total RNA from animal tissues, including the on-column DNase digestion. Elution was
performed as recommended with 50 pl RNAse-free water. The quality and concentration
of the RNA samples was assessed using the NanoDrop 2000 Spectrophotometer
Nanodrop, the Qubit RNA HS assay on Qubit® 2.0 fluorometer (Life Technologies) or
Agilent RNA 600 Nano kit on Agilent 2100 Bioanalyzer (Agilent Technologies, Stockport,
UK).

2.3.3 cDNA synthesis

Following RNA extraction, cDNA synthesis was carried out using QuantiTect Reverse
Transcriptase (Qiagen) according to the manufacturer’s instructions with control samples

without addition of the transcriptase to test for DNA contamination (-RT).

2.3.4 Polymerase chain reaction (PCR)

PCR was carried out using the HotStarTaq Master Mix Kit (Qiagen, Germany) for both
genomic DNA and cDNA amplifications, or Go Taq® Green (Promega), with primers
detailed in Table 2. For HotStarTaq PCR, the conditions consisted of an initial 10 min 95
°C denaturation step followed by 40 cycles of 95 °C 15 sec, 60 °C 30 sec, 72 °C 1 min
(variable depending on length of amplicon; 1 min per 1 kb). For Go Taq® Green PCR,
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the conditions consisted of an initial 2 min 95 °C denaturation step followed by 35 cycles
of 95 °C 30 sec, 60 °C 30 sec, 72 °C 1 min (variable depending on length of amplicon; 1
min per 1 kb).

The PCR products were analysed on 1.5 % agarose gels using 1 kb or 100 bp DNA
markers (New England Biolabs, USA), run for 45 — 60 min at 80 — 100 volts. Gels were
stained with ethidium bromide and imaged under UV light using an Alphaimager,
alternatively 1 ul of Midori green direct DNA stain (Geneflow, UK) was added to 9 pl of
PCR product prior to loading on the gel. The sequence of the PCR products was

confirmed by sequencing using Mix2Seq (Eurofins genomics) where required.

2.3.5 Gene expression analysis by gRT-PCR

To assess to expression of the nan operon in R. gnavus ATCC 29149 during growth on
different carbon sources, gPCR was carried out in an Applied Biosystems 7500 Real-
Time PCR system (Life Technologies Ltd). Briefly, R. gnavus was grown on glucose,
3'SL or 2,7-anhydro-Neu5Ac in triplicate with cDNA samples derived from each (see
section 2.3.2.1 / 2.3.3). One pair of primers was designed for each target gene using
ProbeFinder version 2.45 (Roche Applied Science, Penzberg, Germany). Calibration
curves were prepared for each primer pair using 2.5-fold serial dilutions of R.
gnavus ATCC 29149 gDNA (see section 2.3.1.1). The standard curves showed a linear
relationship of log input DNA vs. the threshold cycle (Ct), with acceptable values for the
slopes and the regression coefficients (R?). The dissociation curves were also performed
to check the specificity of the amplicons. Each qPCR reaction (10 pl) was carried out in
triplicate with 1 ng sample (cDNA or -RT) and 0.2 uM of each primer (Table 2), using the
QuantiFast SYBR Green PCR kit (Qiagen) according to supplier's advice (with the
exception of that the combined annealing/extension step which was extended to 35 sec

instead of 30 sec).

Data obtained with cDNA were analysed only when Ct values above 36 were obtained
for the corresponding -RT (see section 2.3.3). For each cDNA sample, the 3 Ct values
obtained for each gene were averaged. The data were then analysed using the
2785CT method relative to the housekeeping gyrB (RUMGNA_00867) gene as a reference

gene and glucose as a reference condition.

2.3.6 Bacterial quantification by gPCR

Colonisation was quantified using gPCR carried out in an Applied Biosystems 7500 Real-

Time PCR system (Life Technologies Ltd) or Applied Biosystems StepOnePlus Real-
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Time PCR system (Life Technologies Ltd). One pair of primers was designed to
specifically target each bacterial species or strain. The primers (Table 2) were between
18 and 23 nt-long, with a Ty of 58-62°C. Standard curves were prepared in triplicate for
all primer pairs using a 10-fold serial dilution of DNA corresponding to 107 copies / 2 pl
to 10? copies / 2 pl diluted in 5 pg/ml Herring sperm DNA to reduce non-specific
amplification. The standard curves showed a linear relationship of log input DNA vs. the
threshold cycle (Ct), with acceptable values for the slopes and the regression coefficients
(R?. The dissociation curves were also performed to verify the specificity of the
amplicons. Each gPCR reaction (10 pl) was then carried out in triplicate with 2 ul of 1
ng/pl DNA (diluted in 5 pg/ml Herring sperm DNA) and 0.2 uM of each primer, using the
QuantiFast SYBR Green PCR kit (Qiagen) according to the manufacturer’s instructions
(except that the combined annealing/extension step was extended to 35 sec instead of

30 sec). Data obtained were analysed using the prepared standard curves.

2.3.7 Sequencing

2.3.7.1 16S sequencing

Following extraction of gDNA (see section 2.3.1.2) the concentration and quality of gDNA
was assessed by Qubit and Nanodrop. DNA was normalised to 5 ng/ul and sequenced
in house by David Baker as follows. For PCR each well contained 4 ul kapa2G buffer,
0.4 pl dNTPs, 0.08 pl kapa2G polymerase, 0.4 ul 10 uM forward tailed specific primer,
0.4 pl 10 pM reverse tailed specific primer and 13.72 pyl PCR grade water and 1 pl
normalised DNA. The PCR conditions were 95°C for 5 min followed by 30 cycles of 95°C
for 30 sec, 55°C for 30 sec and 72°C for 30 sec with a final 72°C for 5 min. Following
PCR, a 0.7X SPRI using KAPA Pure Beads (Roche) was performed eluting the DNA in
20 pl of EB (10mM Tris-HCI).

Following the first PCR and clean-up, a second PCR was performed using 5 pul of the
clean PCR product, 4 pl kapa2G buffer, 0.4 pl dNTPs, 0.08 pl kapa2G polymerase, 2 ul
of each P7 and P5 of Nextera XT Index Kit v2 index primers (lllumina) and 6.52 pl. The
PCR was run using 95°C for 5 min, 10 cycles of 95°C for 30 sec, 55°C for 30 sec and
72°C for 30 sec followed by a final 72°C for 5 min. Following the PCR reaction, the
libraries were quantified using the Quant-iT dsDNA Assay Kit, high sensitivity kit (Fisher
Scientific) and run on a FLUOstar Optima plate reader. Libraries were pooled following
quantification in equal quantities. The final pool was cleaned with 0.7X SPRI using KAPA

Pure Beads. The final pool was quantified on a Qubit 3.0 instrument and run on a High
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Sensitivity D1000 ScreenTape (Agilent) using the Agilent Tapestation 4200 to calculate
the final library pool molarity.

The pool was run at a final concentration of 8 pM on an lllumina MiSeq instrument using
MiSeq® Reagent Kit v3 (600 cycle, Illumina) following the Illlumina recommended
denaturation and loading recommendations which included a 20% PhiX spike in (PhiX
Control v3 lllumina). The raw data were analysed locally on the MiSeq using MiSeq

reporter.

Taxonomic classifications were made using the QIIME2 program (Bolyen et al., 2019)
and Greengenes database (Werner et al., 2012, McDonald et al., 2012, DeSantis et al.,

2006) by Tristan Seecharran in the group.
2.3.7.2 RNA seq

RNAseq was carried out by Novogene (HK) (Hong Kong). Briefly, mMRNA was enriched
using oligo(dT) beads, fragmented randomly in fragmentation buffer, followed by cDNA
synthesis using random hexamers and reverse transcriptase. After first-strand synthesis,
a custom second-strand synthesis buffer (lllumina) was added with dNTPs, RNase H
and E. coli polymerase | to generate the second strand by nick-translation. The final
cDNA library was obtained after a round of purification, terminal repair, A-tailing, ligation
of sequencing adapters, size selection and PCR enrichment. Library concentration was
first quantified using a Qubit® 2.0 fluorometer (Life Technologies), and then diluted to 1
ng/ul before checking insert size on an Agilent 2100 and quantifying to greater accuracy
by gPCR (library activity >2 nM). Sequencing of the library was carried out on Illumina
Hiseq platform and 125/150 bp paired-end reads were generated.

FASTQ files containing base calls and quality information for all reads that passed quality
filtering were generated. Reads were mapped to the mouse reference genome using
TopHat2 (Kim et al., 2013). The mismatch parameter was set to two, and other
parameters were set to default. Appropriate parameters were also set, such as the
longest intron length. Filtered reads were used to analyse the mapping status of RNA-
seq data to the reference genome. The HTSeq software was used to analyse the gene
expression levels, using the union mode (Anders and Huber, 2010). In order for the gene
expression levels estimated from different genes and experiments to be comparable, the
FPKM (Fragments Per Kilobase of transcript sequence per Millions base pairs
sequenced) was used to take into account the effects of both sequencing depth and gene

length. The differential gene expression analysis was carried out using the DESeq
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package (Anders and Huber, 2010) and the readcounts from gene expression level
analysis as input data. An adjusted p value (padj) cut-off of 0.05 was used to determine
differential expressed transcripts.

2.3.8 Heterologous expression and protein purification

2.3.8.1 Cloning

The target gene sequences were amplified from R. gnavus ATCC 29149 genomic DNA
(obtained as described in section 2.3.1.1) by PCR using Phusion high fidelity polymerase
(New England Biolabs) and specific primers designed to add BamHI or HindlII restriction
sites (Table 2). PCR fragments were cloned into pEHISTEV vector (Appendix 1), in frame
with the sequence encoding an N-terminal HIS-tag for purification, following restriction
enzyme digestions with BamHI, Hindlll (Roche) and ligation with T4-DNA ligase

(Promega).

For transformation into E. coli, 100 ng of DNA was added to 50 ul of chemically
competent DH5-a cells, incubated on ice for 30 min, heated to 42°C for 45 sec and
cooled on ice. 300 ul LB was added to the suspension and cells were incubated at 37°C
with shaking at 180 rpm for 1 hour. Cells were subsequently plated on LB supplemented
with 30 pg/ml kanamycin (Sigma) plates and grown at 37 °C overnight. Insertion of the
target sequence in the plasmid was confirmed by colony PCR using GoTaq G2
polymerase (Promega) with vector specific T7 primers and products analysed using 1%
agarose gel. Cells containing recombinant plasmids with a correct size construct were
grown in 10 ml LB containing kanamycin overnight and the plasmid purified using either
Qiagen or NEB miniprep kits and sequenced with T7 primers using Mix2Seq (Eurofins

genomics).

Purified recombinant plasmids with the correct sequence were transformed into
chemically competent BL21 cells using the above methodology, and successful
transformation and verification of sequence also confirmed as above, before glycerol
stocks were made by mixing 250 pl of overnight culture and 250 ul 80 % glycerol. Note,
the full-length R. gnavus IT-sialidase (RgNanH) and catalytic domain (GH33) had
previously been cloned into the pOPINF (Appendix 2) expression system which allows
the fusion of the gene of interest to an artificial HIS-tag sequence at the N-terminus and

encodes chloramphenicol resistance (Tailford et al., 2015b).
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2.3.8.2 Mutagenesis

The RgNanA active site mutant, K167A, was generated using the QuikChange Lightning
mutagenesis kit (Agilent) from purified plasmid using primers listed in Table 2.

2.3.8.3 Protein expression

For protein expression, E. coli BL21 recombinant cells were grown overnight in 10 ml LB
supplemented with kanamycin (or chloramphenicol (Sigma) for RgNanH and GH33) at
37 °C with shaking at 180 rpm. This overnight culture was then used to inoculate 800 ml
AIM containing appropriate antibiotic selection and grown at 37°C with shaking at 250
rpm for 3 hours before the temperature was reduced to 16°C for a further 72 hours.
Pellets were harvested by centrifugation at 8,000 rpm for 15 min and lysed using

BugBuster, according to the suppliers advice (Merck, Germany).
2.3.8.4 Protein purification by Immobilised Metal Affinity Chromatography (IMAC)

The bacterial cell extracts were dialysed in binding buffer (0.5 M NacCl, 20 mM Tris-HCI
pH 7.9) for IMAC using 5 ml HisTrap High Performance column (GE Healthcare), or
directly loaded onto HISTrap Fast Flow Crude columns (GE Healthcare). The crude
protein mix was loaded onto the IMAC column using the AKTAxpress (GE Healthcare)
washed with binding buffer until the UV level was stable and the protein eluted using
binding buffer containing 500 mM imidazole. Proteins were immediately desalted into gel
filtration (150 mM NaCl, 20 mM Tris-HCI pH 7.9) or lon exchange buffer using a HiPrep
26/10 desalting column using the AKTAxpress.

2.3.8.5 lon exchange using the Resource Q column

The RUMGNA_02695 (RgNanOx) protein required further purification prior to size
exclusion chromatography. Following IMAC, the protein was desalted into 20 mM TRIS-
HCI pH 6.5 and loaded onto a Resource Q anion exchange column (GE healthcare). The
protein was eluted using an increasing concentration of Buffer B (20 mM TRIS-HCI, 1M
NaCl pH 6.5) over 20 column volumes, before the protein was desalted into gel filtration

buffer as above.

2.3.8.6 Size exclusion chromatography

Partially purified proteins were concentrated using a 10-kDa MWCO Vivaspin column
(Vivaspin, Germany) prior to gel filtration with the AKTAxpress in gel filtration buffer using
a HiLoad 16/600 Superdex 75 or 200 pg column (GE Healthcare). Note that for
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RUMGNA_02695 (RgNanOx) 2 mM Tris(2-carboxyethyl) phosphine hydrochloride
(TCEP) was added to the gel filtration buffer.

2.3.8.7 Analysis of recombinant proteins

Collected fractions were analysed at each stage of purification using NUPAGE Novex 4-
12 % Bis-Tris gels (Life Technologies, UK). Fractions were pooled and concentrated
using a 10-kDa MWCO Vivaspin column (Vivaspin, Germany). Protein concentration was
determined by NanoDrop (Thermo Scientific, USA) using the extinction coefficient

calculated by Protparam (ExPASy-Artimo, 2012) from the peptide sequence.
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2.3.8.8 List of primers used

Primers were supplied by Eurofins MWG (Germany)

Table 2: List of primers used in this work.

Primer Name Sequence Function
RUMGNA_02690_F | ACGTCCGGTGGTATTCGTAA
RUMGNA_02690_R | CATACACAGGGCGAGTTCAA

RUMGNA_02691_F

TGGGATGGATACCATATCTTCG

RUMGNA_02691_R

CAATGGCACGATTACAAATCA

RUMGNA_02692_F

CTGGAACTTGGTGCAGTAAGAG

RUMGNA_02692_R

AATCTCCATGTCCTCATCTACCA

RUMGNA 02693 F | TGCAGGAGTCAAACACAAGG
RUMGNA_02693 R | CCTTGCCTTTTGGGGTGTA

RUMGNA_02694 F | ATAGACTGGCCACGGGATT

RUMGNA_02694 R | TGTAGGAAGCACTCCCTTGTATC

RUMGNA_02695 F | GTGATTGTGGCGGTACACTG

RUMGNA_02695 R | CTGTGACTCATGCACAAGGAA

RUMGNA_02696_F | GGTTTCCGTGGCATTAAAATC

RUMGNA_02696_R | CCAATCATATCTCCCCAGTTCA

RUMGNA_02697_F | TATGCCCGTTGGATTTTTGT qPCR - gene
RUMGNA_02697 R | CAGGCTGGAAAATATTGGGTAT ;ﬁ‘fﬁgf
RUMGNA_02698 F | TCGGAAGGTGAAAAAGATGG Quantification
RUMGNA_02698 R | CCACATAACCTGTGCGTGAG of RgSBP
RUMGNA_02699 F | AAGTGAAAAGTACACGCCACAA

RUMGNA._02609. R :?:ATAGGCTG CTGAATCTCTGTT

RUMGNA_02700_F | GGATGAATCAGGCGGTTATC

RUMGNA_02700_ R | TATGTGCATCGCTTGGAAAG

RUMGNA. 02701 F ETTATCCTGGGAATAGGAATTAATG

RUMGNA_02701_R | TATACGGTGTCGGCTCCAAT

RUMGNA_02702_F | CGAATCCAACACTCAAAGCA

RUMGNA_02702_R | GCACATAGCGCAATCCTTTC

EBMGNA—OOSN— GGAGCAGACCAGATCCAAAT 4PCR -
ESMGNA—OO%?— CCAATATACATTCCCGGTCTTT housekeeping
RUMGNA_02692_ | CGTCATGGATCCATGAGAAATCT

PEHISTEV_F TGAGAAGTATAAAGG

RUMGNA_02692_ | ACTGGTAAGCTTTTATAGAAATT

PEHISTEV_R TCTTCTTCGC _
RUMGNA 02694 | AAGTTCTGTTTCAGGGCCCGCA gg’cnc')r;?bmam
POPINF_F AGAGGCCCAGACAGAT Brotoins
RUMGNA_02694 | ATGGTCTAGAAAGCTTTATGGT

pOPINF_R TGAACTTTCAGTTCATC

RUMGNA_02695_ | CGTCATGGATCCATGAAAACAG

PEHISTEV_F TAGGATATGCAATTG
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RUMGNA_02695_

ACTGGTAAGCTTTCATATCGTAC

pEHISTEV_R TTCCCTCTCC

RUMGNA_02698 | CGTCATGGATCCGCAAATCAAG
pEHISTEV_F TGGCATCC st. curve of
RUMGNA 02698 | ACTGGTAAGCTTATCATTGCTG RgSBP
pEHISTEV_R CACGGTACTG

RUMGNA_02700 | CGTCATGGATCCATGATATTTGA
pEHISTEV_F TTCGATTCAG

RUMGNA_02700_ | CGTTAAAATTAAAGTTTAAAAGC
pEHISTEV_R TTACCAGT

RUMGNA_02701_ | CGTCATGGATCCATGAGTTTTG
pEHISTEV_F AGGAGATATTTTATTTTG

RUMGNA_02701_ | CGTTAAAAAAATATGAGATTCTA
pEHISTEV_R ATTTGAAAGCTTACCAGT

RUMGNA_02692 | CCCAACGTCATTGGTGTCGCG

K167A_F AATTCCTCTATGCCGG

RUMGNA_02692 | CCGGCATAGAGGAATTCGCGAC

K167A_R ACCAATGACGTTGGG

RUMGNA_02694_
F2

TGTTTCTATAGCAGCAACTGC

Primers to check ClosTron

ggMGNA—O%g“— CCAGCGTATATTTAAACTCGC mutagenesis
16S_Full_27F AGAGTTTGATCMTGGCTCAG Universal 16S | Preparation
16S_Full_RP2 ACGGCTACCTTGTTACGACTT gene ]?JrSt- curve
InvA_Full_F CTATGTTCGTCATTCCATTACC InvA gene in | quantification
InvA_Full_R CGTCAGACCTCTGGCAGTAC Salmonella by gPCR
Rg_16S_5F TGGCGGCGTGCTTAACA 16S of R.
Rg_16S_5rev TCCGAAGAAATCCGTCAAGGT gnavus
UNI_16S_F GTGSTGCAYGGYYGTCGTCA Universal 16S
UNI_16S_R ACGTCRTCCMCNCCTTCCTC gene gPCR
InvA_gPCR_F GATTTGAAGGCCGGTATTATTG InvA gene in | Primers
InvA_gPCR_R TGACGGTGCGATGAAGTTTAT Salmonella ;ﬁgﬁﬁg \tand'
RUMGNA_WT/ Primers based
MUT F GAAATCTCGGAAGGTACAGG on insertion in t%p(tea(r)]:
RgNanH to u
RUMGNA_WT_R TTCCTTTTGTACCATTTCCC distinguish
Wild type and
RUMGNA_MUT R | AGGGGTACGTACGGTTCC

mutant
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2.3.9 X-ray crystallography

For X-ray crystallography purposes, the recombinant proteins were purified as discussed
above followed by the removal of the N-terminal HIS-tag using proTEV plus (promega)
protease cleavage according to manufacturers’ instructions in 10 ml gel filtration buffer
with concentration of the protease reduced to 25 U/ml and cleavage performed at 4 °C
overnight. The reaction was dialysed in binding buffer and loaded onto an IMAC column
using the AKTAxpress system. The cleaved protein does not bind to the column and
passes into the flow through, while the proTEV protease contains an internal HIS-tag
which binds and remains on the IMAC column. The flow through containing the cleaved

target protein was concentrated and purified by gel filtration as described above.
2.3.9.1 RgNanA crystallisation and 3D structure solving

RgNanA crystallisation was performed by David Owen (Diamond Light Source, Didcot,
UK). Sitting drop vapour diffusion crystallisation experiments of RgNanA wild-type were
set up at a concentration of 20 mg/ml and monitored using the VMXi beamline at
Diamond Light Source (Sanchez-Weatherby et al., 2019). The described RgNanA wild-
type crystal structure was acquired from a crystal grown in the Morpheus screen
(Molecular Dimensions), 0.2 M 1,6-hexandiol, 0.2 M 1-butanol, 0.2 M 1,2-propanediol,
0.2 M 2-propanol, 0.2 M 1,4-butanediol, 0.2 M 1,3-propanediol, 0.1 M Hepes/MOPS pH
6.5, 20% ethylene glycol, 10% PEG 8000. The diffraction experiment was performed on
beamline 124 beamline at Diamond Light Source Ltd at 100K using a wavelength of
0.9686 A. The data were processed with Xia2 making use of aimless, dials, and
pointless. The structure was phased using MrBump through CCP4 online and Molrep
(Krissinel et al., 2018, Vagin and Teplyakov, 2010, Keegan and Winn, 2008), by CdNal
from C. difficile (PDB 4woq) prepared using Chainsaw. Refinement was carried out using
Refmac, Buster, and PDB redo (van Beusekom et al., 2018, Emsley, 2017, Smart et al.,
2012, Langer et al., 2008, Winn et al., 2003). Coot and ArpWarp were used for model
building and Molprobity for structure validation (Williams et al., 2018). It was not possible
to crystallise RgNanA wild-type in the presence of NeuSAc as it caused protein
precipitation and Neu5Ac soaking experiments dissolved the crystals. Therefore,
experiments with RgNanA K167A mutant were set up at 25 mg/ml. Diffracting crystals
grew in 0.1 M Tris/BICINE pH 8.5, 20% ethylene glycol, 100 mM MgCl,, 10% PEG 8000
and diffraction experiments performed on beamline 104 at Diamond Light Source using
a wavelength of 0.9795 A. The crystal structure was phased with PHASER (McCoy et
al., 2018) using the RgNanA wild-type crystal structure. A 60 s 5 mM Neu5Ac soak prior
to freezing generated the RgNanA K167A-Neu5Ac complex. Due to data anisotropy, the
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data were processed in autoPROC (McCoy et al., 2018, Vonrhein et al., 2011) with the
STARANISO option (Tickle and Vonrhein, 2018) and refined with Buster using the
previously obtained models of RgNanA wild-type and K167A-Neu5Ac complex.

2.3.9.2 RgNanOX crystallisation and 3D structure solving

RgNanOx crystallisation was performed by Micah Lee (Research Complex at Harwell,
Didcot, UK). Sitting drop vapour diffusion crystallisation experiments of RgNanOx were
set up at a concentration of 20 mg/ml. The described crystal structure was acquired from
a crystal grown in the JCSG Plus screen (100 mM sodium citrate pH 5.5, 20% PEG
3000). The diffraction experiment was performed on the 104 beamline at Diamond Light
Source Ltd at 100K using a wavelength of 0.9795 A. The data were processed with Xia2
making use of aimless, dials, and pointless. The structure was phased using MrBump
through CCP4 online, by PDB 5UI9_B prepared using Sculptor (Krissinel et al., 2018,
Bunkéczi and Read, 2011, Vagin and Teplyakov, 2010, Keegan and Winn, 2008).
Refinement was carried out using Phenix AutoBuild, Refmac, Buccaneer, TLSNMD, and
PDB redo (van Beusekom et al., 2018, Adams et al., 2010, Painter and Merritt, 2006,
Cowtan, 2006, Winn et al., 2003). Coot was used for model building and Molprobity for
structure validation (Williams et al., 2018, Emsley, 2017). It was not possible to crystallise
the protein with substrate due to the protein crashing in presence of 2,7-anhydro-
Neu5Ac, likely due to pH changes.

2.4 2 7-anhydro-Neu5Ac synthesis

2,7-anhydro-NeuSAc was  synthesised from  2’-(4-methylumbelliferyl)-a-D-N-
acetylneuraminic acid (MU-NANA) (Toronto research Chemicals, Canada), or fetuin
(Sigma-Aldrich, USA) pre-dialysed in 100 uM ammonium formate. The starting material
was dissolved in 2.5 ml (MU-NANA) or 20 ml (fetuin) 100 yM ammonium formate and 33
nM RgNanH or GH33 (see section 2.3.8) was added. The reactions were carried out at
37 °C statically or with gentle shaking at 100 rpm. The product was separated from MU
by folch-partitioning with Chloroform: Methanol (2:1), H.O added and vortexed. The
upper layer containing the sugar was removed and dried using a speed vacuum
(Concentrator Plus; Eppendorf, Germany). For fetuin, the reaction was enclosed in
dialysis tubing placed in 100 ml of 100 yM ammonium formate; with 2,7-anhydro-Neu5Ac
able to cross the 10-kDA MWCO while the fetuin and RgNanH / GH33 proteins remained
inside the membrane. The resulting product was freeze dried, dissolved in H.O and
separated from salts using a P2 biogel column (BIORAD, USA). The resulting 2,7-
anhydro-Neu5Ac was freeze-dried and its purity determined by NMR.
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2.5 2, 7-anhydro-Neu5Ac detection and quantification

2.5.1 Charged Aerosol Detector (CAD)

HPLC-CAD was performed using an Ultimate 3000 HPLC system (Thermo Scientific).
Separation of sialic acid compounds was achieved by Hydrophobic interaction liquid
chromatography (HILIC) using a luna 5 p HILIC-OH column with a gradient of 95% to
10% acetonitrile with 0.1% formic acid over 10 column volumes. Detection of compounds
eluted from the HILIC column was achieved using a charged aerosol detector (CAD;
Thermo Scientific). Injections of standards were analysed on an analytical size column
using 5 pl injections of 1 mg/ml solutions in H2O or 10 mM or 100 mM sodium phosphate.
Purification of 2,7-anhydro-Neu5Ac was achieved using a semi-preparative size column,

injections were between 1 and 5 mg in 100 or 200 pl H2O.

2.5.2 Mass Spectrometry

For quantification of sialic acid derivatives, multiple reaction monitoring (MRM)
transitions were determined by direct injection of sialic acid standards on a 4000 QTrap
(Sciex) mass spectrometer and validated using a Xevo TQ-S Micro (Waters) (Table 3).
Standards were prepared at 0.1 mg/ml in H,O. Separation of sialic acid molecules was
achieved either using a bioZen Glycan column (Phenomenex) or an ACQUITY UPLC
BEH Amide Column (Waters). For both columns, a linear gradient of 95% to 40%
acetonitrile containing 5 mM or 50 mM ammonium acetate was used. A volume of 5 pl

was used for injections of standards or caecal content (see below).

Table 3: Multiple reaction monitoring (MRM) transitions used in this work.

Compound Parent lon (Da) | Fragmention (Da)
2,7-anhydro-Neu5Ac | 290.1 87
2,7-anhydro-Neu5Ac | 290.1 126

Neu5Ac 308 87

NeuS5Ac 308 170

2-OMeNeu 322 87

2-OMeNeu 322 290

2.5.2.1 Caecal content preparation

Caecal content was collected from BI57/6J mice, 50 mg of caecal content was
suspended in 1 ml 5% acetic acid and 1 pl of 31 mM 2-OMeNeu was added to the sample
as an internal standard. Samples were transferred to Lysing Matrix E tubes (MP

Biomedicals) and homogenised in a FastPrep® Instrument (MP Biomedicals) 3 times for
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20 sec at a speed setting of 6.0. To remove salts, hydrophobic compounds and
oligosaccharides samples were loaded onto a cation exchange column packed in house
(DOWEX 50w x8 H"), followed by a graphitised carbon column (EnviCarb 250 mg, Sigma
Aldrich), both columns were eluted with a total of 5 ml 5% acetic acid. The remaining
sugars were dried using a speedvac (Eppendorf) and resuspended in 100 ul H2O, 400

ul acetonitrile was added to the samples prior to loading on the LC-MS.

2.6 Binding assays

2.6.1 Differential Scanning Fluorimetry (DSF)

DSF experiments were conducted in white 96 well plates (Grenier), 16 pl protein (12 uM
stock) and 2 ul of ligand (2,7-anhydro-Neu5Ac or Neu5Ac 1mg/ml) were mixed, added
to the plate and incubated on ice for 10 min. Immediately before starting the experiment,
2 ul SYPRO orange was added to each well. The reactions were run using a Biorad
CFX96 Real-time PCR, with a 10 min 10°C hold followed by temperature increases of
0.5°C per 15 sec to 90°C with readings every 15 sec. Readings were performed using
FRET with excitation at 470 nm and absorbance at 570 nm, results were analysed using
the CFX Manager (BIO-Rad) and the temperature at which 50% of the protein was
denatured exported to Excel for analysis.

2.6.2 Fluorescence spectroscopy

All protein fluorescence experiments were carried out using a FluoroMax 3 fluorescence
spectrometer (Horiba) with a connecting water bath at 37°C. Due to the presence of 15
tyrosine residues, RgSBP was excited at 297 nm with slit widths of 5 nm. RgSBP was
used at a concentration of 0.2 uM in 50 mM Tris-HCI pH 7.5 for all fluorescence
experiments. Initial binding was assed by sequential 10 uM additions of 2,7-anhydro-
Neu5Ac or Neu5Ac to a maximum of 70 uM. Binding kinetics were determined by
cumulative fluorescence changes from titration of the protein with 2,7-anhydro-Neu5Ac
were plotted in GraphPad and fitted to a single rectangular hyperbola. The Ky values
reported were averaged from three separate ligand titration experiments. Ligand
displacement assays were performed using one addition of 10 pM 2,7-anhydro-Neu5Ac,
followed by 6 sequential additions of 10 pM Neu5Ac or one addition of 10 uM Neu5Ac,
followed by 6 sequential additions of 10 uM 2,7-anhydro-Neu5Ac.
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2.6.3 Isothermal titration calorimetry (ITC)

ITC experiments were performed using the PEAQ-ITC system (Malvern, UK) with a cell
volume of 200 pl. Prior to titration, RgSBP was exhaustively dialysed into 50 mM Tris-
HCI pH 7.5 and the ligands (2,7-anhydro-Neu5Ac or Neu5Ac) were dissolved in the
dialysis buffer. The cell protein concentration was 100 uM and the syringe ligand
concentration was 2 mM. Controls with titrant (sugar) injected into the buffer only were
subtracted from the data. The analysis was performed using the Malvern software, based

on a single-binding site model. Experiments were carried out in triplicate.

2.6.4 Saturation Transfer Difference Nuclear Magnetic Resonance (STD-NMR)

For sample preparation, an Amicon centrifuge filter unit with a 10 kDa MW cut-off was
used to exchange the protein in 25 mM dig-2,2-bis(hydroxymethyl)-2,2'2"-
nitrilotriethanol pH 7.4 (uncorrected for the deuterium isotope effect on the pH glass
electrode) D,O buffer and 50 mM NaCl. 2,7-anhydro-Neu5Ac and NeubAc were
dissolved in 25 mM d19-2,2-bis(hydroxymethyl)-2,2',2"-nitrilotriethanol pH 7.4, 50 mM
NaCl. STD-NMR experiments were then performed by Ridvan Nepravishta (University
of East Anglia, UK). Characterization of ligand binding by STD-NMR Spectroscopy
(Mayer and Meyer, 1999) was performed on a Bruker Avance 800.23 MHz at 298 K. The
on- and off-resonance spectra were acquired using a train of 50 ms Gaussian selective
saturation pulses using a variable saturation time from 0.5 sec to 4 sec, for binding
epitope mapping determination while only 0.5 sec of saturation time for each selected
frequency was used to perform the DEEP-STD NMR experiments (Monaco et al., 2017).
The water signal was suppressed by using the excitation sculpting technique (Hwang
and Shaka, 1995), while the remaining protein resonances were filtered using a T filter
of 40 ms. All spectra were performed with a spectral width of 10 KHz and 32768 data
points using 256 or 512 scans. For RgSBP, due to the absence of a 3D structure, it was
impossible to derive the resonances for saturation of aliphatic and aromatic residues
found in the binding site as required by the DEEP-STD NMR technigue. Moreover,
RgSBP being a high molecular weight protein, the NMR spectra assignment is
precluded. Therefore we adopted a search for druggable sites strategy using 4-hydroxy-
1-oxyl-2,2,6,6-tetramethylpiperidine (TEMPOL) as recently described (Nepravishta et al.,
2019). Briefly, 1H-1H TOCSY spectra of the protein (500 uM) were acquired in the
presence or in the absence of TEMPOL (2.5 mM and 12.5 mM). The spectra were
performed with a spectral width of 10 kHz using a time domain of 2056 data points in the
direct dimension and 32 scans. The indirect dimension was acquired using the non-

uniform sampling (NUS) technique acquiring a NUS amount of 50% of the original 256
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increments resulting in 64 hypercomplex points. The spectra were processed with the
Topspin 3.1 compressed sensing routine. The final selected resonances were those
identified by the TEMPOL PRE effect, and not overlapping with ligand signals. The
DEEP-STD NMR data obtained were used to derive the average orientation of the ligand
bound to RgSBP by averaging the DEEP-STD factors obtained from each saturated
region. The DEEP-STD NMR and binding epitope mapping analysis were performed
using previously published procedures (Nepravishta et al., 2019, Monaco et al., 2017,

Mayer and James, 2004).

2.7 Enzyme activity assays

2.7.1 Thin Layer Chromatography (TLC)

TLC was used to analyse RgNanA enzymatic reactions with sialic acid derivatives.
Briefly, purified RgNanA (0.1 mg/ml) was incubated with 1 mg/ml Neu5Ac or 2,7-
anhydro-Neu5Ac in 100 mM ammonium formate at 37°C overnight. Reaction products
were concentrated using a concentrator plus speedvac (eppendorf) and spotted onto a
Silica gel 60 Fzs4 TLC plate (Merck) alongside ManNAc, Neu5Ac and/or 2,7-anhydro-
Neub5ac as references. The elution was performed in 2:1:1 Butanol: Acetic acid: H»O, the
plate was then dried and sprayed with the Orcinol solution (20 ml conc. Sulfuric acid, 150
ml 3,5-dihydroxytoluene (360 mg in EtOH), and 10 ml water), the plate was heated with
a heat-gun until the sugars were revealed.

2.7.2 HPLC analysis of 2-AB labelled products

To quantify the amount of ManNAc produced during the RgNanA catalysed enzymatic
reaction, 2-AB labelling was carried out on the products from the above reactions. Briefly,
samples were dried using a Concentrator Plus (Eppendorf) and 5 pl of labelling reagent
was added and incubated at 65°C for 3 hours. The labelling reagent was prepared by
dissolving 50 mg 2-aminobenzamide (2-AB) in a solution containing 300 ul acetic acid
and 700 pl DMSO, followed by addition of 60 mg sodium cyanoborohydride. The sample
was made up to 100 pl using H-O, transferred to a HPLC vial and loaded onto a
HyperClone 3u ODS (C18) 120A 150x4.6 mm 3 p column. Mobile phases of 0.25% n-
butylamine, 0.5% phosphoric acid, 0.1% tetrahydrofurane; 50% methanol; acetonitrile

and H,O were used at a 0.7 ml/min flow rate.
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2.7.3 HPLC analysis of Diamino-4,5-methylenedioxybenzene dihydrochloride (DMB)

labelled reaction products

To assay RUMGNA_02695 potential enzymatic activity, the purified recombinant protein
was incubated in 100 pl reactions at 37 °C overnight with 1 mM 2,7-anhydro-Neu5Ac in
50 mM sodium phosphate buffer pH 7.0, in the presence or absence of 500 yM NADH.
The reactions were dried using a Concentrator Plus (Eppendorf) for 1 h. Samples were
then resuspended in 50 pl of water and 50 pl of DMB-reaction buffer and incubated for
2 hours at 55°C in the dark. Ten vol. of DMB-reaction buffer contained 1.74 mg of DMB
(Carbosynth, UK), 324.6 pl MilliQ water, 88.6 ul glacial acetic acid, 58.2 pl of -
mercaptoethanol and 79.3 ul of sodium hydrosulphite. The samples were then
centrifuged for 1 min and filtrated using a 0.45 pm filter into a glass HPLC vial and directly

analysed by HPLC as follows.

DMB-labelled samples were analysed by injecting 10 pl onto a Luna 5 um C-18(2) LC
column 250x4.6 mm (Phenomenex) at 1 ml/min. Mobile phases
methanol/acetonitrile/water were used for separation of fluorescently labelled sialic
acids. The settings of the fluorescence detector were 373 nm excitation, 448 nm
emission. Samples were run alongside a 100 ng/ml Neu5Ac standard.

2.7.4 Kinetic enzymatic assays

The enzymatic activity of RgNanA was determined using a coupled enzymatic assay.
Each reaction was performed at 37 °C in a total volume of 100 pl and contained 150 pM
NADH, 0.5 U LDH, 20, 10, 5, 4, 2, 1, 0.4, 0.2, 0.1 mM Neu5Ac and 1.5 ug purified
RgNanA in 50 mM sodium phosphate buffer (pH 7.0). The decrease in absorbance at
340 nm was measured as NADH is oxidised to NAD" by lactate dehydrogenase (LDH)
as pyruvate is produced during the conversion of sialic acid to ManNAc by RgNanA. The
reactions were monitored using FLUOstar OPTIMA (BMG LABTECH) and the initial rate
of reaction determined for each Neu5Ac concentration in triplicate before analysis was
performed by fitting the data to a Michaelis-Menten using Graph Pad Prism (V 5.03). To
determine the kinetic parameters of RUMGNA 02695 enzymatic reaction, the same
coupled reaction was used using an excess of RgNanA (15 pg) and 10 pg
RUMGNA_02695 in each reaction. For the kinetics assays, 1, 0.4, 0.2, 0.1, 0.04, 0.02
and 0.01 mM 2,7-anhydro-Neu5Ac was used and the initial rate of reaction determined
for each concentration in triplicate before analysis was performed by fitting the data to a
Michaelis-Menten using Graph Pad Prism (V 5.03).
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2.7.5 NMR monitoring of the RUMGNA 02695 (RgNanOXx) reaction

All experiments were performed by Serena Monaco (University of East Anglia, UK) using
a Bruker Avance | 500MHz spectrometer with a 5 mm PATXI 1H/D-13C/15N Z-GRD
probe at 293 K. To follow the kinetics of the reaction and assess the position of
deuteration, two samples containing 2 mM 2,7-anhydro-Neu5Ac, 100 uM NADH and 60
UM RgNanOx were used, one in PBS deuterated buffer (PBS/D,O) and one in PBS
standard buffer (PBS/H-0O, still containing 10% DO for locking purposes). The reaction
was followed by 1D NMR acquiring experiments at 15 min intervals, over 24 hours. The
reaction reached an equilibrium after about 18 hours, for both samples. The equilibrium
ratio was 1:0.16:0.09 for Neu5Ac:2,7-anhydro-Neu5Ac: “xy intermediate”, as defined by
integration of the respective acetyl methyl group signals. The standard zg pulse
sequence was used for the DO sample, while excitation sculpting was used for the H,O
sample (pulse sequence: zgesgp). 1 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid

(DSS, Sigma) was added to each sample as an internal reference and calibrated to O

ppm.

To characterise the “xy intermediate”, a new sample containing 3 mM 2,7-anhydro-
Neu5Ac, 100 uM NADH and 15 pM RgOx in PBS/D,0O was prepared, to slow down the
reaction enough to acquire an HSQC (hsqcetgpsi) in order to capture the intermediate.

2.8 ClosTron mutagenesis

R. gnavus mutants were generated using the ClosTron methodology (Heap et al., 2010),
which inserts an erythromycin resistance cassette into the gene of interest. Target sites
were identified using the Perutka method (Perutka et al., 2004). The re-targeted introns
were synthesised and ligated into the pMTLO07C-E2 vector by ATUM (MenloPark, USA).
The plasmids were then transformed into E. coli CA434 using the heat-shock protocol
(as described in 2.3.8.1), and the recombinant clones selected for chloramphenicol
resistance. Recombinant E. coli cells were grown overnight in 10 ml LB, 1 ml of the
overnight culture was pelleted and washed with PBS. The E. coli cell pellet was
resuspended in 200 pl of an R. gnavus overnight culture and the cell suspension spotted
onto a non-selective BHI-YH plate. Following incubation for 8 hours at 37°C the bacteria
were washed from the plate using PBS and plated onto BHI-YH supplemented with 250
pa/ml cycloserine (Sigma) and 15 pg/ml thiamphenicol (Sigma) and grown for 72 hours
to select against E. coli and for transfer of the plasmid to R. gnavus. Individual colonies
were grown in hon-selective BHI-YH broth overnight to allow expression of the plasmid

and genomic recombination. The culture was then plated onto a BHI-YH medium
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containing 250 pg/ml cycloserine and 10 pg/ml erythromycin (Sigma) to select clones
with successful genomic recombination. PCR and sequencing were used to confirm

recombination in the gene of interest, as described in section 2.3.4.

2.9 Batch cultures

Batch culture experiments were performed using fresh faecal material from participants
recruited onto the QIB Colon Model study (described below). The criteria for participation
are healthy adults aged 18 or over within 10 miles of the Norwich Research Park. Eligible
participants displayed a normal bowel habit, regular defecation between three times a
week and three times a day, with an average stool type of 3 — 5 on the Bristol Stool Chart,
and no diagnosed chronic gastrointestinal health problems, such as irritable bowel
syndrome, inflammatory bowel disease, or coeliac disease. Participants had not taken
antibiotics or probiotics within the last four weeks, had not experienced gastrointestinal
complaints, such as vomiting or diarrhoea, within the last 72 hours, and had not recently
returned from travel. The study was approved by the Quadram Institute Bioscience
Human Research Governance committee (IFR01/2015), and London — Westminster
Research Ethics Committee (15/L0O/2169). The informed consent of all participating
subjects was obtained, and the trial is registered at http://www.clinicaltrials.gov
(NCT02653001).

For sample preparation, ten grams of fresh faecal sample was diluted 1:10 in pre-
reduced PBS, and homogenised using a Stomacher 400 (Seward, UK) at 230 rpm for 45
sec. The working volume of each vessel was 50 mL made up of, 45 ml of pre-reduced
batch culture media supplemented with appropriate carbon source (see section 2.1.1.7)
and 5 mL of processed faecal inocula. The pH was controlled and maintained between
6.8—7.2 using pH control units Fermac 260 (Electrolab, United Kingdom), connected to
1 M NaOH and 1 M HCL solutions. Vessels were kept at 37 °C by a circulating water
jacket and anaerobiosis was maintained by continuous bubbling of the system with
oxygen-free nitrogen gas. 2 ml samples were taken at 0, 8, and 24 hours from each
vessel and the bacteria pelleted by centrifugation at 6,000 g for 5 min, the supernatant

was removed, and the pellet stored at -80 °C until DNA extraction (see section 2.3.1.2).

2.10 Mouse studies

The impact of the nan cluster on R. gnavus fithess was assessed by comparing the ability
of R. gnavus nan mutant (see section 2.8) or wild-type strain to colonise germ-free

C57BL/6J mice. A group of four 7-9 week old germ-free mice were gavaged with 108
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CFU of R. gnavus ATCC 29149 wild-type or antisense nan mutant in 100 pl PBS,
individually or in combination. Faecal samples were collected from each mouse at 3, 7
and 14 days post gavage. Following sacrifice by rising concentration of CO, gas and
cervical dislocation, the caecal content was collected for DNA extraction and RNA
extraction in RNA later (see section 2.3.2.2). Sections of colon were also taken into RNA
later (see section 2.3.2.3) or fixed in methacarn (60% dry methanol, 30% chloroform and

10% acetic acid) for FISH analysis (see section 2.10.1).

The impact of R. ghavus nan mutant on S. Typhimurium infection was assessed using
six groups of five 7-9 week old BL57/6J mice. Mice were orally gavaged with 20 mg
streptomycin (Sigma, USA) at day 0. On day 1 mice were gavaged with either 108 R.
gnavus ATCC 29149, 10% R. gnavus nan mutant or PBS and on day 2 with 108 S.
Typhimurium SL1344 or PBS as detailed in section 6.2.3. Faecal samples and welfare
checks were taken daily. Welfare checks used a 0 (no signs) — 5 (severe signs) scale to
assess symptoms of ill health. These included piloerection, abnormal respiration, oculo-
nasal discharge, tremors and/or convulsions, hunched, self-mutilation, intermittent
vocalisation and peer interaction. The weight of each mouse was also monitored and
any mouse trending towards a 20% weight loss were sacrificed immediately. Following
sacrifice by rising concentration of CO, gas and cervical dislocation, caecal content was
collected for DNA extraction. Mucus was scrapped from the small intestine into 6M
guanidium chloride (GuCl) and stored at 4°C until MUC 2 purification, the mucus from all
five mice in each group was pooled (see section 2.10.2).

Care and treatment of animals was in accordance with guidelines and approval by the
University of East Anglia Disease Modelling Unit, following the 3Rs principles. The
assessment of R. ghavus fitness in germ-free mice was performed under the project
licence NB 70/8929 and the S. Typhimurium infection experiment under project licence
RK 70/08957.

2.10.1 Fluorescent in situ hybridisation (FISH)

For FISH analysis, the colonic tissue was fixed in methacarn, was processed and
embedded in paraffin as previously described (Johansson et al., 2011b). Tissue sections
were then prepared at 8-10 pum and subsequent analysis performed by Laura Vaux in
the group. Paraffin sections were dewaxed and washed in 95% ethanol. The tissue
sections were incubated with 100 pl of Alexa Fluor 555-conjugated Erec482 probe (5" —
GCTTCTTAGTCARGTACCG -3’) at a concentration of 10 ng/ul, in hybridisation buffer
(20 mM Tris-HCI, pH 7.4, 0.9M NacCl, 0.1% SDS) at 50°C overnight. The sections were
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then incubated in a 50°C prewarmed wash buffer (20m M Tris-HCI, pH 7.4, 0.9 M NacCl)
for 20 min. All subsequent steps were performed at 4°C. The sections were washed with
PBS, the blocked with TNB buffer (0.5% w/v blocking reagent in 100 mM Tris-HCI, pH
7.5, 150 mM NaCl) supplemented with 5% goat serum. To detect mucin, the sections
were then counterstained with an anti-Muc2 antibody (sc-15334; Santa Cruz
biotechnology, USA) at 1:100 dilution in TNB buffer overnight. The sections were washed
in PBS, then goat anti-rabbit antibodies (diluted 1:500; Sigma, USA) were used for
immunodetection. The sections were counterstained with Sytox blue (S11348,
ThermoFisher, USA) diluted 1:1000 in PBS and mounted in Prolong gold anti-fade
mounting medium (ThermoFisher, USA). The slides were imaged using a Leica TCS
SP2 confocal microscope with a x63 objective. The distance between the leading front
of bacteria and the base of the mucus layer was measured with FIJI (Schindelin et al.,
2012). A total of 70 images from 8 mice were analysed. The association between
genotype and distances was estimated by a linear mixed model, including fixed effects
of genotype and area and random effects of mouse and each individual image. There
was substantial spatial correlation between adjacent observations and so an AR (1)
correlation structure was added. The resulting model had no residual autocorrelation as
judged by visual inspection of autocorrelation function. The nmle package version 3.1-
137 using R version 3.5.3 was used to estimate the model.

2.10.2 Glycan analysis of MUC2

Mouse mucus from the small intestine was collected as described in section 2.10. To
separate MUC2 from other mucins the GuCl containing mouse mucus were centrifuged
at 12,000 rpm at 4°C for 30 min to pellet the MUC2. MUC2 samples were prepared for
glycan analysis by Dimitris Latousakis as previously described (Leclaire et al., 2018).
Following separation from other mucins by centrifugation, the MUC2 samples were
subjected to B-elimination and desalting followed by permethylation. Samples were analysed
using Matrix-assisted laser desorption and ionization—time of flight mass spectrometry
(MALDI-TOF MS) and TOF/TOF-MS data were acquired with the Autoflex analyser mass

spectrometer (Bruker, UK) in the positive-ion and reflectron mode.
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Chapter 3
2,7-anhydro-Neu5Ac synthesis and

detection methods
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3.1 Introduction:

The term sialic acid covers a diverse range of nine-carbon acidic monosaccharides
commonly found in the terminal location of glycan chains of proteins and lipids (Varki,
2008). Sialic acids have been implicated in many biological processes including cell
recognition and interaction, pathogenic infection and tumour progression (Li and Ding,
2019, Cornelissen et al., 2019, Haines-Menges et al., 2015, Schauer, 2009). For
instance, some pathogens can utilise sialic acid to evade the host immune system,
whereas other pathogens seek out free sialic acid in the gut environment to use as a
nutrient source (Langereis et al., 2015, Ng et al., 2013). The most common form of sialic
acid in humans is Neu5Ac, indeed the term sialic acid is often used to refer to Neu5Ac.
However, it is known that more than 50 forms of sialic acid exist in nature, each of these
being a modification of one of the three basic sialic acids, Neu5Ac, Neu5Gc or KDN,
distinguished by their C5 substitution. Further modifications such as additional
acetylation, lactylation, methylation and sulfation gives rise to the diversity of sialic acids

(see section 1.5).

The action of IT-sialidases add another layer of complexity by releasing 2,7-anhydro
forms of sialic acid from sialylated substrates, unlike the more common hydrolytic
sialidases which release Neu5Ac. The bacterial IT-sialidase enzymes characterised to
date, from S. pneumoniae and R. ghavus, show specificity for a2-3 linked sialic acids,
whereas hydrolytic sialidases are described as active against a2-3,4,6 or 8 linked
residues (Tailford et al., 2015b, Xu et al., 2011).

Earlier work reported the presence of 2,7-anhydro-Neu5Ac in rat urine and human ear
wax and it was suggested to be bactericidal and/or serve as a reservoir of sialic acids
(Monestier et al., 2017, Suzuki et al., 1985). However, the importance of 2,7-anhydro-
Neu5Ac in biological systems, has not been investigated. Unlike other sialic acids it is
not available commercially and methods to synthesise the product have not proven
effective. This has limited research into 2,7-anhydro-Neu5Ac compared to Neu5Ac which
has been extensively studied and for which the bacterial metabolic pathways are known
(Brigham et al., 2009, Plumbridge and Vimr, 1999).

With the recent discovery of an IT-sialidase in the gut symbiont R. gnavus (RgNanH)
(Tailford et al., 2015b) it has been proposed that the enzyme plays a role in R. gnavus
adaptation in the gut. The R. gnavus IT-sialidase targets the terminal sialic acid residues
of mucin glycans, a valuable nutrient source in the gut mucosal niche. We proposed that

2,7-anhydro-Neu5Ac is a metabolic substrate for R. gnavus and may give this bacterium
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a competitive advantage over other microbes (Crost et al., 2016). To confirm this
hypothesis and to then investigate the metabolic process by which 2,7-anhydro-Neu5Ac
is utilised, mg - g quantities of the substrate are required. A further aim will be to analyse
the level of 2,7-anhydro-Neu5Ac in the gut of caecal content of mice.

The chemical synthesis of 2,7-anhydro-Neu5Ac has been previously reported following
chemical or enzymatic protocols. Lifely and Cottee showed that intramolecular
glycosylation of sialic acid under methanolysis conditions can be used to give rise to the
methyl ester of 2,7-anhydro-Neu5Ac (Lifely and Cottee, 1982). Later, the first direct
synthesis of 2,7-anhydro-Neu5Ac was described by intramolecular glycosidation of the
S-( 1-phenyl-1H-tetrazol-5-yl) glycoside derivative of Neu5Ac (Kimio et al., 1991). More
recently, the chemical synthesis of 2,7-anhydro-Neu5Ac from the methyl ester in three
steps (per-O-trimethylsilylation, intramolecular anomeric protection and desilylation) has
been described (Asressu and Wang, 2017). An alternative approach to chemical
synthesis is to use an IT-sialidase enzyme to liberate the 2,7-anhydro-Neu5Ac from
sialylated substrates. This was demonstrated by Li et al. using 2’-(4-methylumbelliferyl)-
a-D-N-acetylneuraminic acid (MU-NANA) as the substrate for a leech IT-sialidase (Li et
al., 1990). Despite the ability of these methods to produce 2,7-anhydro-Neu5Ac, the cost
associated with the respective reagents and/or substrates prohibits synthesis on a large
scale, therefore preventing the biological impact of 2,7-anhydro-Neu5Ac to be evaluated.
New methods to produce high quantities of 2,7-anhydro-Neu5Ac are described here.

In addition, a further challenge of working with 2,7-anhydro-Neu5Ac over the lack of
availability of the product is the difficulty in detecting the compound. It has no natural
absorbance or fluorescence properties that can be exploited and furthermore it cannot
be labelled by 1,2-Diamino-4,5- methylenedioxybenzene (DMB). Most sialic acids can
be DMB-labelled allowing their detection by fluorescence, however, this requires the C2
position to be available (Figure 15a). While in Neu5Ac the C2 position is free and
available (Figure 15b), in 2,7-anhydro-Neu5Ac the C2 is occupied by the C2-C7 ether
bond (Figure 15c), making in it inaccessible to the DMB labelling.
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Figure 15: DMB labelling of sialic acid derivatives

A) Reaction mechanism involved in DMB labelling of sialic acids. The reaction results in the
addition of DMB at the C1 and C2 positions of Neu5Ac. B) Structure of 2,7-anhydro-Neu5Ac with
carbon atoms numbered in red, showing that the C2 position is occupied by the C2, C7 anhydro
bridge. C) Structure of Neu5Ac with carbon atoms numbered in red.

All synthesis work relies on Electrospray ionisation — mass spectrometry (ESI-MS), NMR
and Refractive index measures for detection which requires specialised equipment and
good standards to ensure accurate peak detections. If peak separation is not optimal
these detection methods can also be masked by other compounds. This chapter includes
the development of methods that can be used to both monitor and quantify 2,7-anhydro-

Neu5Ac in biological systems.
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3.2 Results

3.2.1 Enzymatic synthesis of 2,7-anhydro-sialic acid derivatives:

We first used purified recombinant RgNanH to produce 2,7-anhydro-Neu5Ac from MU-
NANA substrate (Tailford et al., 2015b). The product was then purified using three rounds
of precipitation and folch partitioning as previously reported (Crost et al., 2016). However,
the yield was very low, the protocol labour-intensive and the price of MU-NANA used as

substrate prohibitive.

Next, a membrane-enclosed multienzyme (MEME) method was developed using fetuin
as a substrate. Fetuin was chosen as the substrate as it is a commercially available large
glycoprotein containing approximately 8% sialic acid by weight. Being a large
glycoprotein means that it can be enclosed within a dialysis membrane along with the
recombinant RgNanH protein. The small monosaccharide product is free to diffuse
across the membrane where it is more easily recovered and separated from the
substrate (Figure 16a). The product was then purified by size exclusion chromatography
on a Biogel P2 column to remove salts. The purity of the obtained product was assessed
by ESI-MS and *H and *3C NMR spectroscopy (Figure 16bc). The spectra obtained from
these methods confirmed the nature of the 2,7-anhydro-Neu5Ac product, however, they
also revealed that the product contained around 17% Neu5Ac. As Neu5Ac remained
after purification on a P2 column, it was clear that this step was not sufficient to separate
2,7-anhydro-Neu5Ac and Neu5Ac, due to their very similar molecular weights.
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Figure 16: Synthesis of 2,7-anhydro-Neu5Ac

A) Schematic representation of the 2,7-anhydro-Neu5Ac synthesis method. RgNanH releases
2,7-anhydro-Neu5Ac from the membrane enclosed fetuin. The 2,7-anhydro-Neu5Ac is able to
cross the membrane for simple purification from the substrate. B) ESI(-)-MS spectra of the
reaction product following purification on a Biogel P2 column, showing 2,7-anhydro-Neu5Ac
(289.7) as the major product with ~17% Neu5Ac bi-product (307.6). C) NMR spectra (600 MHz)
of the reaction product showing 2,7-anhydro-Neu5Ac as the major product, denoted by black
annotations, and ~ 17% Neu5Ac by-product denoted by red annotation.

To remove the Neu5Ac by-product, a sialic acid aldolase was added to the membrane
enclosed reaction (Figure 17a). We used a commercial E. coli sialic acid aldolase
(EcNanA) which converts Neu5Ac into ManNAc and pyruvate, but does not act on 2,7-
anhydro-Neu5Ac. The smaller ManNAc and pyruvate products separate more readily
from the 2,7-anhydro-Neu5Ac in size exclusion chromatography. This additional step
yielded 2,7-anhydro-Neu5Ac at 96% purity and the Neu5Ac trace was limited to <1%,
with the remaining contaminants identified as protein residues, as assessed by ESI-MS
and NMR (Figure 17b,c). This methodology now published (Monestier et al., 2017) is an
efficient, low cost method accessible to research labs to produce up to 20 mg of 2,7-

anhydro-Neu5Ac and other 2,7-anhydro-sialic acid derivatives including Neu5Gc and
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KDN. The development and optimisation of the method was led by Marie Monestier from
our group, | contributed to the enzyme production and the set up of the biogel-P2 column

purification process in our lab.
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Figure 17: Synthesis of 2,7-anhydro-Neu5Ac with addition of a sialic acid aldolase

A) Schematic representation of the 2,7-anhydro-Neu5Ac synthesis method. RgNanH releases
2,7-anhydro-Neu5Ac as the major product and the Neu5Ac by-product from the membrane
enclosed fetuin. Neu5Ac is further degraded to ManNAc and pyruvate by the action of the sialic
acid aldolase, which is inactive against 2,7-anhydro-Neu5Ac. B) ESI(-)-MS spectra of the reaction
product following purification on a Biogel P2 column, showing 2,7-anhydro-Neu5Ac (290.1) with
no Neu5Ac visible. C) NMR spectra (600 MHz) of the reaction product showing 2,7-anhydro-
Neu5Ac and no Neu5Ac.

Following the publication of our synthesis method, Dr. Xi Chen’s group (Department of
chemistry, University of California) further optimised the method (Xiao et al., 2018). Using
a One-Pot Multienzyme (OPME) strategy, Neu5Ac was first synthesised from ManNAc
and pyruvate using a sialic aldolase from Pasteurella multocida (PmNanA). The Neu5Ac
was then activated by a CMP-sialic acid synthase in the presence of CTP (cytidine
triphosphate), then transferred to lactose to form 3'SL; the 3’'SL was then used as a
substrate for the IT-sialidase from S. pneumoniae (SpNanB), releasing the 2,7-anhydro-
Neu5Ac and also regenerating the lactose acceptor (Figure 18). This method allowed

the production of gram quantities of 2,7-anhydro-Neu5Ac which we obtained in
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collaboration with Xi Chen’s group, however, we found small traces of Neu5Ac. This was
first identified by low-level activity of a NeuSAc specific sialic acid aldolase against the
compound (Figure 19a), and later confirmed by ESI-MS to be approximately 2% (Figure

19b).
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Figure 18: Schematic representation of the One-Pot Multienzyme (OPME) 2,7-anhydro-Neu5Ac
synthesis

Briefly, ManNAc and pyruvate are converted to Neu5Ac by the P. multocida aldolase, this is then
activated by a CMP-sialic acid synthases (CSS) and attached to lactose by a sialyltransferase to
produce 3’SL. The activity of the S. pneumoniae IT-sialidase is then used to produce 2,7-anhydro-
Neu5Ac.
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Figure 19: Assessment of Neu5Ac contamination in samples of 2,7-anhydro-Neu5Ac

A) Reactions of 2,7-anhydro-Neu5Ac provided by Xi Chen with RgNanA (R. gnavus sialic acid
aldolase), detection is by coupling the pyruvate produced to a lactate dehydrogenase enzyme
which further converts pyruvate to lactate and the associated conversion of NADH (absorbance
at 340 nm) to NAD* (no absorbance at 340 nm) is recorded. RgNanA has been shown to be
inactive against 2,7-anhydro-Neu5Ac and active against Neu5Ac (see section 4.2.7). RgNanA
showed activity against this 2,7-anhydro-Neu5Ac batch suggesting the presence of Neu5Ac. B)
ESI(-)-MS spectra of the 2,7-anhydro-Neu5Ac batch showing 2,7-anhydro-Neu5Ac (289.7) as the
major peak with ~ 2% Neu5Ac (307.8).

This level of contamination prompted us to develop a new purification method based on
the use of Hydrophobic interaction liquid chromatography (HILIC), and detection of 2,7-
anhydro-Neu5Ac by a charged aerosol detector (CAD). The method used a gradient from
high to low percentage acetonitrile with 0.1% formic acid to maintain the pH. A peak
corresponding to the contaminating Neu5Ac could not be seen in the 2,7-anhydro-
Neu5Ac sample (Figure 20a) and spiking the sample with Neu5Ac showed that
separation was sufficient to allow purification (Figure 20b). The peaks downstream of
Neu5Ac are likely to correspond to salts coming from the original synthesis and
purification. The peak corresponding to 2,7-anhydro-Neu5Ac was broad with a long tail
which at high concentrations begins to overlap with Neu5Ac (Figure 20c). As a
consequence, only small amounts (< 1 mg) of product could be loaded at a time resulting
in a long purification process. Further efforts are needed to refine the 2,7-anhydro-
Neu5Ac purification and achieve a more efficient separation while maintaining a baseline

separation from Neu5Ac even at high concentrations.
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2,7-anhydro-
Neu5Ac

Figure 20: HPLC purification of 2,7-anhydro-Neu5Ac

A Luna 5 p HILIC-OH column (Phenomenex) was used for the separation of peaks corresponding
to 2,7-anhydro-Neu5Ac and Neu5Ac are indicated by the arrows. A) 0.5 mg injection of 2,7-
anhydro-Neu5Ac (Xi Chen batch). B) 0.5 mg injection of 2,7-anhydro-Neu5Ac (Xi Chen batch)
with 0.5 mg Neu5Ac. C) 5 mg injection of 2,7-anhydro-Neu5Ac (Xi Chen batch) with an overlay
of B.

3.2.2 Detection and quantification of 2,7-anhydro-Neu5Ac

HILIC technology has proved capable of separating 2,7-anhydro-Neu5Ac from Neu5Ac,
however, the CAD detection method provides limitations with regards to the buffers that
can be used, as salts are strongly detected by CAD. Although standards of 2,7-anhydro-
Neu5Ac, Neu5Ac and ManNAc showed clear separation (Figure 21abc), in the presence
of buffers such as sodium phosphate, the Neu5Ac peak was obscured, and much larger
peaks for salts were visible. In 100 mM sodium phosphate, the Neu5Ac peak almost
doubled in size and the contaminant peak was also much higher than in the standards
(Figure 21d). In 10 mM sodium phosphate, the Neu5Ac and contamination peaks
overlapped each other making quantification impossible (Figure 21e). Due to CAD being
able to detect any molecule that passes through the detector, it is difficult to confidently

identify the peaks from mixed samples such as mouse caecal content (Figure 21f).
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Figure 21: HPLC analysis of sialic acids using a Luna 5 g HILIC-OH column (Phenomenex) and
detection by CAD

A) 1 mg/ml Neu5Ac in H20. B) 1 mg/ml 2,7-anhydro-Neu5Ac in H20. C) 1 mg/ml ManNAc in H20.
D) 1 mg/ml Neu5Ac in 100 mM Sodium phosphate. E) 1 mg/ml Neu5Ac in 10 mM Sodium
phosphate. F) Caecal content from a mouse orally gavaged with R. gnavus ATCC 29149.

As a result of these limitations, a new detection method was developed based on the
use of ESI-MS. The advantage of this method over CAD is that the exact mass of the
product eluting from the column can be determined. Furthermore, the product can be
ionised, and the mass of individual ions detected. Knowledge of the fragmentation
pattern of the different target molecules, which can be determined from standards,
provides a higher degree of confidence in the chemical nature of the molecule being
detected. In addition, it is possible to generate traces for individual ions, co-eluting with
a different molecular mass or different ionisation patterns which would, in principle, allow
us to remove these compounds from quantification analysis. Multiple reaction monitoring
(MRM) transitions for all the sialic acids under investigation were determined on a 4000
QTrap (Sciex, USA) mass spectrometer following direct injection of each sialic acid
standard separately and validated on a Xevo TQ-S Micro (Waters, USA) (Table 3). These
were used to detect and quantify the different sialic acids by LC-MS (liquid

chromatography — mass spectrometry).
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As with the HPLC-CAD method described above, a linear gradient of high to low
percentage acetonitrile was applied with a bioZen Glycan column (Phenomenex, USA).
The method was trialled in buffers containing either 5 mM or 50 mM ammonium acetate
as suggested by the manufacturer. Both methods allowed for separation of 2,7-anhydro-
Neu5Ac from Neu5Ac. With 5 mM ammonium acetate, the sialic acids separated very
well, however, they eluted at the lowest acetonitrile concentration used, suggesting that
an isocratic elution may improve the separation process (Figure 22a). The sialic acid
compounds also separated in 50 mM ammonium acetate along the acetonitrile gradient
(Figure 22b). However, in both cases, the peak for Neu5Ac was found to be very broad

making accurate quantification challenging.

A second column, ACQUITY UPLC BEH amide column, was also tested, again using
the same high to low percentage acetonitrile gradient. The use of a UHPLC column is
restricted to specific instruments but enabled a very good separation of 2,7-anhydro-
Neu5Ac and Neu5Ac (Figure 22c¢). The resolution of the peak corresponding to Neu5Ac
also appeared to be improved compared to the other two columns.

For analysis of crude biological samples by LC-MS, N-Acetyl-2-O-methyl-a-p-neuraminic
acid (2-OMeNeu) was chosen as an internal standard as it is a sialic acid that does not
occur naturally and therefore can be used as a reference for quantification from biological
samples. To remove salts and other contaminants from caecal contents, a clean-up
process was used. This involved desalting on an in-house packed cation exchange
column (DOWEX 50w x8 H¥) and exclusion of hydrophobic compounds and
oligosaccharides using graphitised carbon cartridges, to give a clean reaction product.
The same caecal content sample was analysed using both ACQUITY UPLC BEH Amide
and bioZen Glycan columns and the buffer compositions described above. As with
analysis of the standards, separation could be seen between Neu5Ac, 2,7-anhydro-
Neu5Ac and 2-OMeNeu. The signal for 2-OMeNeu was very inconsistent between
samples, with it not detected in a number of samples (Figure 23). It is possible that this
compound interacts strongly with the columns used in the purification process. From
crude samples, the resolution of the NeuSAc peak was poor using the bioZen glycan
column with 5 mM ammonium acetate or with the ACQUITY UPLC BEH Amide column
(Figure 22d,f). The sharpness and resolution of the peak is important for accurate
quantification. Using 50 mM ammonium acetate with the bioZen Glycan column, the

Neu5Ac peak was much better defined (Figure 22e).
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Figure 22: Separation of sialic acids using LC-MS
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The separation of the sialic acids 2-OMeNeu, 2,7-anhydro-Neu5Ac and Neu5Ac is shown for a
triple mix standard (A — C) and mouse caecal content (D — F) under different conditions, bioZen
glycan column using 5 mM ammonium acetate (A, D), bioZen glycan column using 50 mM
ammonium acetate (B, E), ACQUITY UPLC BEH column using 5 mM ammonium acetate (C, F).
The detection of sialic acids was by MS and identification of sialic acid compounds was confirmed
using MRMs (Table 3). In each case a linear gradient of 95 % to 40 % acetonitrile was used, with
a 5 pl injection volume.

87



5000~

4000- .
8 3000-
©
_;é [ )
© 2000- .
[ ]
[ )
1000 ®
>
9
0- .‘I o e®®

Figure 23: Peak area of internal standard (2-OMeNeu) added to 30 caecal content samples

Each point represents the peak area for internal standard (2-OMeNeu) from a mouse caecal
content sample. 1 pl of 31mM internal standard was added to each caecal content sample and
purification performed on cation exchange column and graphitised carbon cartridge before
analysis using LC-MS.
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3.3 Discussion

This chapter addresses the challenges of working with 2,7-anhydro-Neu5Ac, from its
synthesis to detection and quantification in biological samples. The development of a
highly efficient MEME method scalable to produce 20 mg of 2,7-anhydro-Neu5Ac is
presented. The limiting factor in this method is the final purification on a Biogel P2
column. The price of fetuin as the starting material may also become prohibitive for large
scale synthesis. One option to overcome this is to re-cycle fetuin, as shown for lactose
in the OPME method (Xiao et al., 2018) as adding sialic acid back to the asialofetuin has
been shown to be possible (Monestier et al., 2017). This gives rise to the possibility of
producing other forms of 2,7-anhydro-sialic acids such 2,7-anhydro-Neu5Gc or 2,7-
anhydro-KDN.

The advantages of the OPME method (Xiao et al., 2018) over the MEME method is
largely in the cost effectiveness and scalability of the method, leading to gram quantities
of the sugar. Furthermore, the OPME method has greater capacity to produce 2,7-
anhydro-sialic acid variants (Xiao et al., 2018). Purification of the compound was a three-
phase purification including Biogel P2, a silica column and C18 column. Applying this
three-phase purification process may help increase the scalability of the described
MEME method. However, this three-phase method does not appear to completely
remove all the Neu5Ac as seen in our analysis, performed in house. A further option for
improving the purity is to use the HILIC purification method shown here. This method
gives a good separation of 2,7-anhydro-Neu5Ac from Neu5Ac which can be crucial for
many applications. However, the resolution of the peak corresponding to 2,7-anhydro-
Neu5Ac currently limits purification to 1 mg per 40-min run. Significant improvement of
this method is therefore required to make it high-throughput and efficient enough for
gram scale synthesis. More recently Xi Chen’s group have developed a 2-step method
for synthesising 2,7-anhydro-Neu5Ac using substrate tagging and a 2-enzyme method
giving rise to a multigram scale synthesis (Li et al., 2019) with purification based on the
use of a C18 column. An alternative enzymatic approach to produce 2,7-anhydro-

Neu5Ac will be discussed in chapter 4.

We also presented the development of methods for the detection and quantification of
2,7-anhydro-Neu5Ac in biological samples. The lack of natural fluorophore or
absorbance signature limits the options for detecting these molecules, which is further
complicated by the occupation of C2 in the anhydro bridge. This occupation prevents
labelling by DMB which is routinely used for other sialic acid molecules (Monestier et al.,

2017). Here different methods were trialled for quantification and detection. Firstly, CAD
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was used for separation of sialic acids using a HILIC-OH column, this method allowed
for detection of sialic acids, however, it showed limited use due to the impact of small
contaminants of salts interfering with the peaks of interest. Mass spectrometry methods
greatly improved on this by being able to confidently identify the eluted products using
molecular weight of parent ions and fragmentation products. This also gives increased
confidence in the accuracy of quantification as co-eluting molecules can be removed

from the analysis by evaluating the fragmentation patterns.

The chromatography methods tested here allowed the separation and detection of 2,7-
anhydro-Neu5Ac and Neu5Ac in biological samples. However, accurate quantification of
Neu5Ac using these methods remained challenging due to poor resolution of the peaks.
A further challenge with the quantification from biological samples comes from the choice
of the internal standard which should be better retained during the purification process
used. Although quantification of 2,7-anhydro-Neu5Ac using these methods still requires
optimisation, the separation between Neu5Ac and 2,7-anhydro-Neu5Ac gives great
potential as a purification step in the synthesis of 2,7-anhydro-Neu5Ac. Progress in these
methods and processes will advance the understanding of the biological importance of
this molecule.
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Chapter 4
Metabolism of 2,7-anhydro-Neu5Ac

by R. ghavus
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4.1 Introduction

R. gnavus is a gut symbiont belonging to the Lachnospiraceae family of the Clostridia
class (cluster XIVa) in the Firmicutes phylum and is considered as a prevalent member
of the ‘normal’ gut microbiota; being present in more the 90% of human faecal samples
(Qin et al.,, 2010). Further, R. gnavus has been shown to be disproportionately
represented in several diseases including IBD (Olbjorn et al., 2019, Henke et al., 2019,
Hall et al., 2017). R. gnavus is one of a number of mucus associating gut microbes in
the Gl tract. These microbes utilise the mucin glycan chains, accounting for the bulk of
mucus, as a means of attachment to the gut and/or as a nutrient source (Etienne-Mesmin
et al., 2019, Marcobal et al., 2013). Mucin glycans are based on eight core glycan
structures with 1 —4 commonly found in intestinal mucins (Thomsson et al., 2012). These
core structures can then be elongated with galactose, GalNAc, or GIcNAc. These glycan
chains are terminated by one of numerous epitopes which often include fucosylated or
sialylated structures (Tailford et al., 2015a). Mucin glycosylation varies along the Gl tract
with an increase in sialic acid towards the colon in humans, the reverse trend is observed
in mice (Robbe et al., 2003). Due to its terminal location and abundance in the colon,

sialic acid is a much-coveted nutrient for gut microbes.

To gain access to this substrate, bacteria first need sialic acid to be released from the
mucin glycan chains. Several gut bacteria species encode sialidases to release sialic
acid, these sialidases are usually extracellular so the released sialic acid remains free in
the environment, where it can be imported by the bacteria or scavenged by other
microbes. Interestingly, some bacteria, such as B. thetaiotaomicron ATCC 29148,
encode sialidases but do not encode genes required for sialic acid utilisation (Brigham
et al., 2009). In such cases, it is proposed that the release of the terminal sialic acid
residues grants them greater access to the underlying sugars of the glycan chain, which
they can then use as a nutrient source. Conversely other bacterial species, including the
enteric pathogens C. difficile or S. Typhimurium, encode the full repertoire of genes
required for sialic acid utilisation but lack the sialidase to release it from the glycans, thus
relying on sialidase-producing organisms in close proximity to release the sialic acid (Ng
et al., 2013).

The genes required for sialic acid utilisation are commonly found clustered together in
‘nan’ operons. These operons have been described in numerous bacterial species, the
majority of which colonise mucosal regions of the body (Juge et al., 2016). The canonical
nanA/E/K cluster was first described in E. coli and encodes the proteins required to

transport sialic acid (NanT) and to metabolise sialic acid to GIcNAc-6-P. In this process,
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sialic acid is first converted by the N-acetylneuraminate lyase (NanA) to ManNAc and
pyruvate, the ManNAc is then phosphorylated to ManNAc-6-P by a kinase (NanK), and
finally converted to GIcNAc-6-P by an epimerase (NanE) (Plumbridge and Vimr, 1999)
(Figure 13). An alternative pathway for sialic acid metabolism also exists and was first
described in Bacteroides fragilis (Brigham et al., 2009). In this pathway, nanLET utilises
an MFS transporter (NanT) and relies on the action of an aldolase (NanL), a novel
ManNAc-6-P epimerase (also named NanE), and a hexokinase (RokA), to convert
Neu5Ac into GIcNAc-6-P (Figure 13). In both cases GIcNAc-6-P is then converted into
fructose-6-P, which is a substrate in the glycolytic pathway, by NagA and NagB, the
genes encoding these proteins are usually not associated with the nan operons but
encoded elsewhere in the genome.

Since sialic acid cleavage is an extracellular process, bacteria have evolved multiple
strategies to take up this important nutrient. At least five different classes of sialic acid
transporter have been described to date (Thomas, 2016). These include the NanT MFS
H*-coupled symporter used by E. coli and B. fragilis (Martinez et al., 1995), a secondary
transporter of the sodium solute symport (SSS) family utilised by the pathogens C.
difficile and S. Typhimurium (Severi et al., 2010, AlImagro-Moreno and Boyd, 2009), and
high-affinity sialic acid transporters mediated by substrate-binding proteins, including a
tripartite ATP-independent periplasmic (TRAP) transporter, SiaPQM, and a number of
different ATP-binding cassette (ABC) transporters (Allen et al., 2005). To date all these
transporters have been characterised transporting Neu5Ac, with some additionally being
able to transport related sialic acids Neu5Gc and KDN (Hopkins et al., 2013).

The ability of R. gnavus to utilise mucin glycans is strain-dependent and associated with
the expression of an IT-sialidase. The IT-sialidase encoded for by R. gnavus is also part
of an extended gene cluster including the canonical NanA/E/K cluster of genes as well
as genes encoding for a predicted ABC transporter and genes of unknown function
(Crost et al., 2016). ABC transporters have been further subdivided into three classes,
Sialic acid transporter (SAT), SAT2 and SAT3. ABC transporters are classified by their
three domain structures including two permeases and a solute binding protein (SBP),
with an ATPase domain fused with one of the permeases or shared with other systems.
The SBP proteins are further classified into clusters according to sequence identity
(Scheepers et al., 2016). The first SAT system was characterised from Haemophilus
ducreyi which uses an SBP of the cluster C family (Post et al., 2005), and where one of
the permeases is a fusion with the ATPase domain. The SBPs of the SAT2 and SAT3
systems come from the cluster B family and do not encode an ATPase domain within

the cluster, a characteristic of the CUT1 family of carbohydrate ABC transporters (Marion
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et al., 2011a). The R. gnavus transporter is predicted to encode a SAT2 system (Crost
etal., 2016), a SAT2 system is also presentin S. pneumoniae which additionally encodes
a SAT3 system which is required for growth on Neu5Ac, while the function of the SAT2
system is unknown in this bacterium (Marion et al., 2011b).

Despite encoding the necessary genes for sialic acid utilisation, R. gnavus is not able to
grow on Neu5Ac as a sole carbon source (Crost et al., 2013). The IT-sialidase encoded
by R. gnavus was found to cleave off terminal a2-3-linked sialic acid from glycoproteins,
releasing 2,7-anhydro-Neu5Ac instead of Neu5Ac (Tailford et al., 2015b). This cluster,
which is not found in non-mucin glycan foraging strains of R. gnavus, was shown to be
upregulated during growth on mucin (Crost et al., 2016). Together these data suggest
that the extended nan cluster in R. gnavus may be dedicated to 2,7-anhydro-Neu5Ac
and not Neu5Ac utilisation. This mechanism may be part of selfish strategy employed by

R. ghavus releasing the much-coveted sialic acid in a form that only it can use.
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4.2 Results

4.2.1 Growth of R. gnavus on sialylated substrates

To investigate the specificity of R. gnavus toward sialylated substrates, a mucin glycan
foraging strain, R. gnavus ATCC 29149 was grown under strict anaerobic conditions on
a range of sialylated and sialic acid carbon sources, as well as glucose as a positive
control (Figure 24). This strain was able to grow on glucose, 2,7-anhydro-Neu5Ac and
3’'SL to similar densities, but was unable to grow on Neu5Ac, Neu5Gc, lactose or 6’SL.
This agrees with the reported specificity of the IT-sialidase for 3'SL but not 6'SL and
demonstrates that R. gnavus can utilise the product of the IT-sialidase, 2,7-anhydro-
Neu5Ac, as a preferential carbon source.

Absorbance 595 nm

Time (hours)

— 2,7-anhydro-Neu5Ac glucose — lactose — 3'SL
— 6'SL — Neu5Ac — Neu5Gc — YCFA

Figure 24: Growth curves of R. gnavus on sialic acids

Change in ODsgs absorbance were measured over time of microtiter cultures of R. gnavus ATCC
29149 grown in YCFA using 11.1 mM 2,7-anhydro-Neu5Ac, glucose, lactose, 3'SL, 6’SL, Neu5Ac
or Neu5Gc as sole carbon sources.

4.2.2 The R. gnavus nan cluster is transcribed as one operon

The R. gnavus nan cluster (Figure 25a) is made up of 11 protein encoding genes, the
first two proteins RUMGNA_02701 and 02700 have unknown functions, while
RUMGNA_02699 is homologous to the AraC type transcriptional regulator.
RUMGNA_02698-02696 are predicted to form an ABC transporter of the SAT2 type with
two permeases and an SBP and RUMGNA_02695 is a predicted oxidoreductase of
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unknown function. The remaining genes are RUMGNA_02694 (IT-sialidase / RgNanH)
and homologs of the NanE (RUMGNA_02693), NanA (RUMGNA_02692) and NanK
(RUMGNA_02691) proteins found in the canonical nan clusters.

It was previously reported that six genes of the cluster including homologs of the
NanA/E/K canonical nan cluster form part of the same operon which is induced during
R. gnavus growth on 3’SL and mucin (pPGM) (Crost et al., 2013). To investigate whether
the five other genes (RUMGNA 02701 — RUMGNA _02697; Figure 25a) form part of the
same operon, a transcriptomic analysis was performed on R. ghavus ATCC 29149 when
grown on 3'SL as a sole carbon source. PCR amplification was performed across
adjacent genes including RUMGNA_ 02694 (which is part of the operon described in
Crost et al., 2013) with gDNA, cDNA (from R. gnavus grown on 3’SL), and a no reverse
transcriptase control (-RT) used as templates. The results show amplification for each
primer pair from the cDNA samples, suggesting that these six genes are transcribed as
the same transcript forming part of the R. gnavus extended nan operon (Figure 25b).

This indicates that the full 11 genes function together in an operon.
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Figure 25: Composition of the R. gnavus nan cluster

A) Diagram depicting the layout of the nan cluster in R. gnavus ATCC 29149. The red arrow
indicates genes previously shown to belong to the same operon (Crost et al., 2013) B) PCR to
determine other genes that are part of the nan cluster, each panel contains cDNA from R. gnavus
ATCC 29149 grown with 3’SL (3’SL), a control where the reverse transcriptase was omitted from
cDNA synthesis (-RT), gDNA (DNA) from R. gnavus ATCC 29149 and a blank (&). Primer pairs
used (abbreviated to the last 3 numbers of the gene ID (see A) with F-forward and R-reverse) are
indicated for each panel, with DNA marker sizes from 100 bp ladders (New England Biolabs),
bright bands are 500 bp and 1 kb.

4.2.3 R. gnavus nan operon is induced during growth on 2,7-anhydro-Neu5Ac or 3'SL

To confirm that the R. gnavus nan operon is implicated in the utilisation of 2,7-anhydro-
Neu5Ac, expression analysis of the operon was carried out when R. gnavus ATCC
29149 was grown on 2,7-anhydro-Neu5Ac or 3'SL as sole carbon and compared to
growth on glucose (Figure 26). All 11 genes within the operon were upregulated when
2,7-anhydro-Neu5Ac or 3'SL was used as the sole carbon source, whilst the expression
of the two flanking genes, RUMGNA 02690 and 02702, did not change. This result both
defines the limit of the operon and confirms the relevance of the extended nan operon in

the metabolism of 2,7-anhydro-Neu5Ac.
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Figure 26: Expression of the R. gnavus nan cluster on 2,7-anhydro-Neu5Ac and 3'SL

gPCR analysis showing fold changes in expression of nan operon genes when R. gnavus ATCC
29149 was grown with 3'SL or 2,7-anhydro-Neu5Ac compared to glucose using 2-2ACt calculation.
The bars indicate the average fold change in gene expression with standard deviation indicated
with data based on three biological samples each analysed in triplicate. Statistical significance
was determined using one-way analysis of variance (ANOVA) with a Dunnett’'s multiple
comparison test. NS, no significant change in expression (p > 0.05), * p < 0.05, p < 0.01, ** p <
0.001.

Several hypotheses could be proposed to explain the specificity of R. gnavus to utilise
2,7-anhydro-Neu5Ac and not Neu5Ac. One scenario is that the transporter is specific to
2,7-anhydro-Neu5Ac and does not allow Neu5Ac to enter the cells (Figure 27a). This
would then require RgNanA or another enzyme to be active against 2,7-anhydro-Neu5Ac
inside the cell. A second scenario is that both 2,7-anhydro-Neu5Ac and Neu5Ac are
transported into the cell. In this case, the first metabolic enzyme involved in sialic acid
metabolism, RgNanA or an enzyme of unknown function, would be specific for 2,7-

anhydro-Neu5Ac and not active against Neu5Ac (Figure 27D).
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Figure 27: Diagram depicting the possible scenarios for R. gnavus metabolism of 2,7-anhydro-
Neu5Ac

2-7-anhydro-Neu5Ac may be specifically transported inside the bacteria before being converted
into Neu5Ac and metabolised (A) or alternatively both 2,7-anhydro-Neu5Ac and Neu5Ac may be
transported inside the bacteria and metabolic enzymes could be specific to 2,7-anhydro-Neu5Ac

(B).

4.2.4 Bioinformatic analysis of the R. gnavus nan operon

Previous bioinformatic analyses predicted the function of some of the genes of the cluster
(Table 4). Here, further bioinformatics analyses were used to identify which genes of the
nan operon may be involved in 2,7-anhydro-Neu5Ac metabolism. Sequence Similarity
Network (SSN) is a tool used for predicting the function of uncharacterised proteins within
protein families based on sequence identity and domain architecture with other

characterised proteins (Gerlt et al., 2015).
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Table 4: Functions or predicted functions of R. gnavus nan operon proteins.

Gene identifier Function Reference

RUMGNA_02701 | Unknown (putative sialic acid esterase)

RUMGNA_02700 | Unknown (putative sugar isomerase)

RUMGNA_02699 | Predicted transcriptional regulator (AraC
type)

RUMGNA_02698 | Predicted ABC transporter Soluble binding
protein

RUMGNA_02697 | Predicted ABC transporter trans-membrane
domain

RUMGNA_02696 | Predicted ABC transporter trans-membrane
domain

RUMGNA_02695 | Unknown (putative oxidoreductase)

RUMGNA 02694 | IT-sialidase (Tailford et al.,
2015b)

RUMGNA_02693 | Predicted NanE

RUMGNA_02692 | Predicted NanA

RUMGNA _ 02691 | Predicted NanK

SSN analysis was first performed on RgNanH, the only characterised protein of the
cluster known to be involved in 2,7-anhydro-Neu5Ac metabolism (Crost et al., 2016,
Tailford et al., 2015b). RgNanH belongs to the GH33 family of glycoside hydrolases
encompassing sialidases (Lombard et al., 2014). SSN analyses of the GH33 sequences
showed the presence of two distinct groups we predicted represent the hydrolytic
sialidases and IT-sialidases. R. ghavus sequences were found exclusively in the IT-
sialidase group. S. pneumoniae was represented in both groups, as expected from
previous reports showing that S. pneumoniae encode as many as 3 sialidase genes,
including one (NanB) with similarity to the R. gnavus IT-sialidase (Xu et al., 2011) (Figure
28a).

Transport of 2,7-anhydro-Neu5Ac is likely to be via the predicted ABC transporter
(RUMGNA_02696 — 698). The specificity of ABC transporters is conferred by the SBP,
which in R. gnavus is encoded by RUMGNA_02698. The Uniprot families for the ABC

SBPs were too large to perform a meaningful SSN analysis. Therefore, BLAST analyses
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were carried out with the EFI-ESN top BLAST feature using the top 2,500 hits against
RUMGNA_02698 (Figure 28c). The RUMGNA_02698 protein clustered with a group of
uncharacterised proteins predicted to be SBPs, some predicted to be involved in
carbohydrate transport. This group contained strains of S. pneumoniae as shown for the
analysis of the sialidases.

For RUMGNA 02692 (RgNanA), the predicted sialic acid aldolase, the SSN analysis
was performed for the full family of sialic acid aldolases identified in the uniprot database
(N-acetylneuraminate lyase; IPR005264). The analysis showed that RgNanA forms part
of a cluster that is connected to, but distinct from the other sialic acid aldolases (Figure
28b). As was the case for RgNanH and RgSBP, the cluster containing the R. gnavus
sialic acid aldolase protein also contains several representative strains from S.
pneumoniae. The similar makeup of the clusters containing the RgNanH, RgSBP and
RgNanA suggests that these proteins may be involved in the specificity of R. gnavus 2,7-

anhydro-Neu5Ac metabolism/transport over Neu5Ac.

For the SSN analysis of the three proteins that do not have a predicted function,
RUMGNA_02695 (Figure 28f), RUMGNAQ02700 (Figure 28e) and RUMGNA_02701
(Figure 28d), the EFI-ESN top BLAST feature was once again used. The
RUMGNA_02701 proteins grouped with sequences found in species closely related to
R. gnavus including Blautia strains, the proteins are all uncharacterised or predicted
GDSL-lipase-like proteins. Some of the proteins are predicted as acylhydrolases PFAM
family PF13472. This could point to a role in deacetylation of sialic acids like the NanS
proteins (Rangarajan et al., 2011), but this protein does not appear to be present in
species such as S. pneumoniae found co-occurring with the RgNanH and RgNanA and
RgSBP proteins in this analysis.

SSN analysis of RUMGNA 02700 showed that the R. gnavus protein belongs to a small
subset of eight other uncharacterised proteins from species including Blautia strains
(Figure 28e). These uncharacterised proteins fall into the PFAM group PF04074 which
classifies these proteins as having a domain of unknown function. The YhcH/YjgK/YiaL
superfamily these proteins are predicted to be part of include proteins involved in biofilm
formation (Kim et al., 2009), or a possible sugar isomerase of sialic acid metabolism
(Teplyakov et al., 2005). Again, the cluster containing R. gnavus proteins does not

include species found co-occurring with RgNanH, RgNanA or RgSBP.

The RUMGNA_02695 SSN analysis grouped the R. ghavus protein with proteins from

nearly 400 strains including S. pneumoniae as was the case with RgNanA and RgNanH.
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Other species found in this cluster include strains of E. coli, Staphylococcus
pseudintermedius and S. Typhimurium. The proteins all belong to PFAM family
PF02894; which is a sub family of GFO_IDH_MocA containing an NAD binding domain.
Characterised proteins in this family have a range of targets including glucose, galactose
and fructose (Taberman et al., 2016). The species found in the RUMGNA_02695 protein
cluster are similar to those found for RgNanH, RgNanA and RgSBP, again possibly

suggesting a shared role in 2,7-anhydro-Neu5Ac metabolism.
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® R. gnavus proteins ® S. pneumoniae proteins

Figure 28: Sequence Similarity Networks (SSN) of predicted proteins in the R. gnavus nan cluster

Nodes representing proteins from R. gnavus species (red) and S. pneumoniae (green) are
highlighted. Clusters containing proteins from the nan cluster are shown using a dashed circle,
and only clusters with edges to the R. gnavus cluster are shown. A) InterPro family of sialidases.
B) InterPro family of sialic acid aldolases. C) Top 2500 Blast hits of RgSBP. D) Top 2500 Blast
hits of RUMGNA_02701. E) Top 2500 Blast hits of RUMGNA_02700. F) Top 2500 Blast hits of
RUMGNA_02695.

Species that encode proteins within the same SSN clusters as the R. gnavus proteins
are shown in Table 5. The data show that, of the unknown proteins, RUMGNA_02695
shares the most co-occurring species with RgNanH, RgNanA and RgSBP, suggesting a
potential role in 2,7-anhydro-Neu5Ac metabolism. RUMGNA_ 02701 and 02700 do not
share so many co-occurring species so their role may not be specific to this pathway.
From bioinformatics analysis we hypothesised that RUMGNA_02695, RgNanH, RgNanA
and RgSBP may be involved in the specific metabolism of 2,7-anhydro-Neu5Ac. These

predicted proteins were targeted for heterologous expression and biochemical
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characterisation. For the other predicted proteins of unknown function (RUMGNA_02700
and RUMGNA_02701), heterologous expression will be carried out to determine

function.

Table 5: Identification of species co-occurring with SSN analysis of R. gnavus proteins, grey
shading denotes that the given species encodes a co-occurring protein.

Species RgSBP | R_02695 | R_02700 | R_02701

Acinetobacter baumannii

Actinobacillus minor

Actinomyces glycerinitolerans

Actinomyces johnsonii

Actinomyces naeslundii

Actinomyces oris

Actinomyces viscosus

Aggregatibacter aphrophilus

Alloiococcus otitis

Avibacterium paragallinarum

Anaerobium acetethylicum

Bacillus bataviensis

Bacillus galactosidilyticus

Bacillus oleivorans

Bacillus sp. B-jedd

Bacillus sp. FJAT-18017

Beutenbergia cavernae

Blautia hansenii

Blautia sp. YL58

Brachyspira hampsonii

Brevibacillus borstelensis

Brevibacillus brevis

Brevibacillus choshinensis

Brevibacillus formosus

Chelonobacter oris

Chlamydia trachomatis

Clostridium bolteae

Clostridium chromiireducens

Clostridium clostridioforme

Clostridium hathewayi

Clostridium papyrosolvens

Clostridium symbiosum

Clostridium tertium

Dolosicoccus paucivorans

Dolosigranulum pigrum

Dorea longicatena

Enterococcus canintestini
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Enterococcus cecorum

Enterococcus faecalis

Escherichia coli

Eubacterium coprostanoligenes

Fictibacillus enclensis

Fictibacillus solisalsi

Firmicutes bacterium

Gallibacterium anatis

Gallibacterium salpingitidis

Gemella haemolysans

Glaesserella parasuis

Granulicatella balaenopterae

Haemophilus haemoglobinophilus

Haemophilus parainfluenzae

Haemophilus pittmaniae

Haemophilus sputorum

Hungatella hathewayi

Intestinimonas butyriciproducens

Klebsiella pneumoniae

Lachnoanaerobaculum
saburreum

Lactobacillus salivarius

Leptotrichia goodfellowii

Leptotrichia sp. oral

Lysinibacillus contaminans

Lysinibacillus sphaericus

Lysinibacillus varians

Macrococcus canis

Macrococcus caseolyticus

Macrococcus goetzii

Marvinbryantia formatexigens

Microterricola viridarii

Mobiluncus mulieris

Muribacter muris

Paenibacillus antarcticus

Paenibacillus ihbetae

Paenibacillus macquariensis

Paenibacillus odorifer

Paenibacillus pectinilyticus

Paenibacillus pini

Paenisporosarcina quisquiliarum

Pasteurella multocida

Pediococcus acidilactici

Pediococcus pentosaceus

Psychrobacillus psychrotolerans
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Rodentibacter pneumotropicus

Ruminococcus gnavus

Ruminococcus torques

Ruthenibacterium lactatiformans

Salmonella enterica

Spirochaetes bacterium

Sporosarcina psychrophila

Staphylococcus cohnii

Staphylococcus delphini

Staphylococcus intermedius

Staphylococcus lentus

Staphylococcus lutrae

Staphylococcus pseudintermedius

Streptobacillus moniliformis

Streptococcus australis

Streptococcus canis

Streptococcus cristatus

Streptococcus gordonii

Streptococcus infantis

Streptococcus merionis

Streptococcus mitis

Streptococcus oralis

Streptococcus parasanguinis

Streptococcus pneumoniae

Streptococcus salivarius

Streptococcus sanguinis

Streptococcus suis

Treponema lecithinolyticum

Trueperella bernardiae

Trueperella pyogenes

Tepidanaerobacter syntrophicus

Tissierella creatinophila

Vibrio ponticus

Virgibacillus phasianinus

Virgibacillus soli

MultiGeneBlast analysis of the R. gnavus nan cluster revealed that this cluster is shared
by a limited number of species including 37 different S. pneumoniae, S. suis, Blautia
hansenii, Blautia sp. YL58 and Intestinimonas butyriciproducens (Figure 29). This
analysis was limited to those cluster containing a sialidase. All 37 S. pneumoniae clusters
have roughly the same layout, with the area between the two sub-clusters being the most
variable. These genes have been shown to be responsible for Neu5Ac metabolism in S.
pneumoniae TIGR4 (Marion et al., 2011b). The Streptococcus clusters have an RpiR-
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type regulator, where as an AraC-type regulator is observed in others, including R.
gnavus. Blautia sp. YL58 is the only other cluster that contains the RUMGNA_RS11885
lipase/esterase homolog, but S. suis A7 and |. butyriciproducens AF211 both have a
different type of esterase (acetyl xylan esterase; Figure 29). This finding suggests that
the specialisation of the R. gnavus nan cluster, may be unique to R. gnavus and confer

a competitive advantage over other members of the gut microbiota.

Ruminococcus gnavus ATCC 29149 - NanH cluster (RUMGNA_RS11835 - RUMGNA_RS11885)
A aEGdEGECENaE<acT 1 Rokfamily protein

B NeuSAc lyase
Blautia hansenii DSM 20583 (CGC63 00220 - CGC63_00175) B MenNAG6-P epmerase

adIaedCCC @I <a & sialidase

[ oxidoreductase

O eEGaETE e e@ B oA st
B AraC-type regulator

Blautia sp. YL58 (A4V09_13825 - A4V09_13860)

Streptococcus pneumoniae TIGR4 - NanB cluster (SP_1674 - SP_1691) M p-galactosidase
ERE@ECHICKTIKK K@K KxXK—1a [ lipase / esterase
I RpiR-type regulator
Streptococcus suis A7 (SSUAT_0863 - SSUA7_0873) [ acetyl xylan esterase
(C@aaeEaaC  XKxKEKEaedca<cr [ other

Intestinimonas butyriciproducens AF211 (IB211_03259¢ - 1B211_03270)

pommmm—— - gES g WD

Streptococcus pneumoniae TIGR4 - NanC cluster (SP_1324 - SP_1331)

Figure 29: Gene organization in predicted homologs of the R. gnavus nan cluster

Schematic representation of the variety of in silico identified nan cluster homologs. The 37 S.
pneumoniae cluster organisations are highly similar and represented here by the NanB of NanC
clusters from S. pneumoniae TIGR4. Cluster locus tag ranges are bracketed, and genes are
colour coded by predicted function as described in the inset.

4.2.5 The predicted transporter of R. gnavus nan operon is specific to 2,7-anhydro-
Neu5Ac

The RUMGNA_02698 gene, encoding the predicted SBP of the transporter (RgSBP),
was cloned into the pEHISTEV expression vector fused to an N-terminal HIS-tag and the
protein recombinantly expressed in E. coli. The SBP contains a predicted signal peptide
to target the protein for secretion, with the signal peptide predicted to be cleaved between
residue 29A and 30A by both Signal 3-L and Signal P prediction tools. The recombinant
protein was produced without this domain. Following successful expression, the HIS-
tagged recombinant protein was purified by Immobilised Metal Affinity Chromatography
(IMAC) and gel filtration. SDS-PAGE analysis showed the presence of a band at the
expected molecular weight of 49.7 kDa (Figure 30).
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Figure 30: SDS-PAGE analysis of recombinant RUMGNA_02698 (RgSBP) purification

Fractions were analysed on a 4-12% BIS-TRIS gel, SM — starting material before gel filtration,
marker — N.E.B broadrange pre-stained protein marker (expected size 49.7 kDa) D1 corresponds
to small peak identified in gel filtration, E6 — F3 correspond to representative fractions from the
major peak following gel filtration.

The ligand specificity of the purified recombinant protein, RgSBP, was tested by
Differential Scanning Fluorimetry (DSF) against 2,7-anhydro-Neu5Ac and Neu5Ac
(Figure 31). In complex with a ligand, proteins are more stable, and the temperature
required to melt the protein increases, by measuring the difference in melting
temperature between the apoprotein and bound protein the relative strength of binding
to different ligands can be calculated (Figure 31a). Using this approach, the data showed
that the addition of NeuS5Ac led to a minor increase in the protein melting temperature of
1°C. This small increase could also reflect a change in pH or buffer composition on
adding Neu5Ac. On the other hand, 2,7-anhydro-Neu5Ac led to a larger difference in
melting temperature of 5°C (Figure 31b), suggesting that the protein is able to bind 2,7-
anhydro-Neu5Ac.
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Figure 31: Differential scanning fluorimetry of RgSBP with Neu5Ac or 2,7-anhydro-Neu5Ac

A) Diagram showing the principle of DSF, as the temperature increases the protein begins to
unfold, this allows SYPRO-orange dye to bind to the exposed hydrophobic regions. The exclusion
of water from the dye increases it fluorescence, the melting temperature is determined at half of
the maximal fluorescence. In complex with a ligand, proteins are more stable and so the melting
temperate increases. B) The ATm is the melting temperature of the protein with ligand subtract
the melting temperature of the protein with no ligand added.

To confirm the ligand specificity of RgSBP, changes in protein fluorescence upon
addition of 2,7-anhydro-Neu5Ac or Neu5Ac were evaluated. Due to the presence of 15
tyrosine residues in RgSBP, fluorescence changes were measured by exciting the
protein at 297 nm. Addition of 10 uM or 20 uM 2,7-anhydro-Neu5Ac resulted in a change
in the spectrum intensity with a significant shift at 350 nm. 2,7-anhydro-Neu5Ac caused
a 16% quench in the fluorescence of the protein at ligand saturation (Figure 32a). In
contrast, addition of Neu5Ac at 10 puM, 20 uM or 70 uM did not change the spectra,
indicating no interaction (Figure 32b). Titration of 0.5 uM RgSBP with 2,7-anhydro-
Neu5Ac was performed in triplicate and change in intensity at 350 nm measured. When
the data were fit with a hyperbolic curve, a Kd of 1.349 uM (+/- 0.046) (Figure 32c) was
calculated. The lack of binding to Neu5Ac was further demonstrated by measuring
changes in fluorescence following sequential additions of 10 uM ligands. Following six
sequential additions of 10 uM Neu5Ac, no change in intensity was observed at 350 nM,
whereas the subsequent addition of 10 uM 2,7-anhydro-Neu5Ac led to a large decrease
in intensity (Figure 32d). Conversely, addition of 10 uM 2,7-anhydro-Neu5Ac resulted in
a large decrease in intensity and six subsequent additions of 10 uM Neu5Ac caused no
further reduction or reverse in the intensity (Figure 32d), indicating that Neu5Ac is unable
to displace 2,7-anhydro-Neu5Ac, and further supporting the specific interaction between

RgSBP and 2,7-anhydro-Neu5Ac. | performed these fluorescence assays during a 1
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week visit to the lab of Gavin H. Thomas at the University of York, who assisted me in

experimental set up and data analysis.
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Figure 32: Steady-state fluorescence analysis of ligand binding to RgSBP

Fluorescence emission spectrum of 0.5 uM RgSBP excited at 297 nm in the presence or absence
of 2,7-anhydro-Neu5Ac A or Neu5Ac B. C) Titration of 0.5 puM RgSBP with 2,7-anhydro-Neu5Ac,
average of triplicate readings with standard error. D) Displacement of Neu5Ac with 2,7-anhydro-
Neu5Ac, six sequential additions of 10 uM Neu5Ac to 0.5 uM RgSBP followed by one addition of
10 uM 2,7-anhydro-Neu5Ac, and displacement of 2,7-anhydro-Neu5Ac with Neu5Ac, one
addition of 10 yM 2,7-anhydro-Neu5Ac followed by 6 subsequent additions of 10 uM Neu5Ac.
The signal peaks are artefacts attributed to external light during sample addition.

The binding was further assessed by isothermal titration calorimetry (ITC) using 100 uM
RgSBP, and sequential additions of 2 mM ligand. Binding to 2,7-anhydro-Neu5Ac gave
a Kqgof 2.42 £ 0.27 uM, conversely no binding was observed with Neu5Ac (Figure 33).
This is in agreement with the results obtained by fluorescence spectroscopy. Together
these data clearly show that RgSBP specifically binds to 2,7-anhydro-Neu5Ac but not to
Neu5Ac, in line with the growth of R. gnavus ATCC 29149 on 2,7-anhydro-Neu5Ac but
not Neu5Ac (Crost et al., 2016).
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Figure 33: ITC isotherms of RgSBP binding to sialic acid derivatives

A) RgSBP binding to 2,7-anhydro-Neu5Ac. B) RgSBP binding to Neu5Ac. The data shown are
representative of triplicate readings.

4.2.6 Structural studies of RgSBP

To gain structural insights into the ligand specificity of RgSBP, several batches of purified
recombinant protein were provided for X-ray crystallography studies. Unfortunately,
despite numerous trials by David Owen at the Diamond Light Source, the structure has
not yet been solved. The binding of RgSBP to 2,7-anhydro-Neu5Ac was further analysed
by STD (saturation transfer difference) NMR epitope mapping and DEEP (differential
epitope) -STD NMR studies by Ridvan Nepravishta working in the group led by Jesus
Angulo at the University of East Anglia (Norwich, UK). Epitope mapping (Figure 34a)
revealed that protons H3, H4 and H6 showed the highest STD (%) factors, indicating that
these protons would interact most closely with the protein. Conversely, protons H7, H8,
H9 and those belonging to the CHs group showed lower STD (%) and are likely to not
associate directly with the protein. Due to the lack of a crystal structure and the large
molecular weight of RgSBP (49 kDa), it was not possible to determine individual residues
involved in the binding of 2,7-anhydro-Neu5Ac by DEEP-STD NMR. It was however
possible to determine that protons H4, H6, H7, H8 and H9" were favourably oriented
towards aromatic residues and that H3 and protons belonging to the CHs group

preferentially orientate towards aliphatic residues (Figure 34b).
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Figure 34: STD NMR analysis of the interaction between RgSBP and 2,7-anhydro-Neu5Ac

A) Binding epitope mapping of 2,7-anhydro-Neu5Ac interacting with RgSBP. The initial slopes
STDo (%) were normalised against the highest STDo, assigned as 100%. The obtained factors
were classified as weak (0-60%), intermediate (60-80%) or strong (80-100%). B) Average DEEP-
STD NMR factors for 2,7-anhydro-Neu5Ac obtained saturating RgSBP in spectral regions 0.6,
0,78, 1.44 ppm for aliphatic and 7.5, 7.23, 7.27 for aromatic residues.

4.2.7 NeubAc is the preferential substrate for RgNanA

The specificity of the transporter explains why R. gnavus ATCC 29149 is able to grow
on 2,7-anhydro-Neu5Ac but not Neu5Ac. However, how 2,7-anhydro-Neu5Ac is then
metabolised inside the cell remains unknown. SSN analysis suggested that the R.
gnavus aldolase falls into a distinct sialic acid aldolase clade (Figure 28). To investigate
this further, the amino acid sequence of the R. gnavus aldolase (RgNanA) was compared
with aldolase sequences of known bacterial Neu5Ac utilisers, E. coli, S. Typhimurium, P.
multocida and C. difficile. This bioinformatics analysis showed that whilst the key active
site residues Y139 and K167 were conserved in RgNanA, there were changes in
residues previously identified to be involved in the binding to Neu5Ac in these strains.
These amino acid changes are T50S, T169S and S211G (Figure 35) and potentially

point to the sialic acid aldolase being active against a modified sialic acid substrate.
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R.gnavus MAFMKORSKTMRNLEKYKGVIPAFYACYDKEGNISPEGVQGLTKYFVKK-GVKGVYVNGS

E.coli  —=——=—-—------ MATNLRGVMAALLTPFDQQQALDKASLRRLVQFNIQQ-GIDGLYVGGS
Salmonella --MAKALQGVMAALLTPFDHQQQLDSESLRRLVRFNIGQ-GIDGLYVGGS
PmNanA -—-—--———---——- MKNLKGIFSALLVSFNADGSINEKGLREIVRYNIDKMKVDGLYVGGS
C.diff  -——---—————- MRTTDMKGIYSALLVSFDKEGNINEKGLRQIIRHNIDVCKVDGLYVGGS

.k . * . . sk ekk Kok

R.gnavus IGECIYQSVEDRKIVLENVMKVAEGKLTVIAHVACNNTKDSQELARHAEGLGVDAIAAIP

E.coli TGEAFVQSLSEREQVLEIVAEEAKGKIKLIAHVGCVSTAESQQLAASAKRYGFDAVSAVT
Salmonella TGEAFVQSLAEREQVLEIVAEEAKGKITLIAHVGTVSTAESQQLASAAKRYGFDAVSAVT
PmNanA TGENFMLSTEEKKEIFRIAKDEAKNEIALIAQVGSVNLQEAIELGKYATELGYDSLSAVT
C.diff TGENFMLSTDEKKRIFEIAKDEVKEEIKLIAQVGSVNLKEAVELAKFTTDLGYDAISAVT

SkKk . * see . PR I . *okaaak

R.gnavus PIYFHLPEYAIAQYWNAISAAAPNTDFVIYNIPQLAGVALTQNLFVEMRKNPNVIGVKNI

E.coli PFYYPFSFEEHCDHYRAIIDSADGLPMVVYNIPALSGVKLTLDQINTLVTLPGVGALKQT
Salmonella PFYYPFSFEEHCDHYRAIIDSADGLPMVVYNIPALSGVKLTLDQINTLVTLPGVSALKQT
PmNanA PFYYKFSFPEIKHYYDSIIEAT-GNYMIVESIPFLTGVNIGVEQFGELYKNPKVLGVKFT
C.diff PFYYKFDFEEIKHYYNTIINSV-DNRLII¥SIPFLTGVDMSLDQFGELFENEKIIGVKET
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R.gnavus SMPVQDIQMFKQAAGAEYIIFNGPDEQFMSGRVIGAEGAIGITYGAMPELYLKLDECINA

E.coli SGDLYQMEQIRR-EHPDLVLYNGYDEIFASGLLAGADGGIGSTYNIMGWRYQGIVKALKE
Salmonella SGDLFQMEQIRR-AHPDLVLYNGYDEIFASGLLAGADGGIGSTYNIMGWRYQGIVQALRE
PmNanA AGDFYLLERLKK-AYPNHLIWAGFDEMMLPAASLGVDGAIGSTFNVNGVRARQIFELTQA
C.diff AADFYLLERMRK-TFPNKLIFAGFDEMMLPATVLGVDGAIGSTEFNVNGVRARQIFELTKN
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R.gnavus GKMTEARKIQYACNEIIYKMCSAHGNMYAVIKAILKINEGLELGAVREPLPALVDEDMETI

E.coli GDIQTAQKLQTECNKVIDLLI--KTGVERGLKTVLHYMDVVSVPLCRKPFGPVDEKYLPE

Salmonella GDVAKAQRLQTECNKVIDLLI--KTGVERGLKTVLHYMDVVSVPLCRKPFAPVDEKYLPA

PmNanA GKLKEALEIQHVTNDLIEGIL--ANGLYLTIKELLKL-DGVEAGYCREPMTKELT---PE
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Figure 35: Sequence alignments of RgNanA with sialic acid aldolases from known bacterial
Neu5Ac utilisers

Alignments of sialic acid aldolase sequences from E. coli, S. Typhimurium, P. multocida
(PmNanA), C. difficile and RgNanA were made using the clustal omega multi comparison online
tool. Red text denotes key catalytic or binding residues identified in PmNanA (Huynh et al., 2013).
Yellow highlighting denotes conserved binding site residues, blue highlighting denotes conserved
active site residues, green highlighting denotes amino acid change from PmNanA.

To test the substrate specificity of RgNanA, the full gene sequence was amplified, cloned
and heterologously expressed in E. coli, and the recombinant enzyme purified by IMAC
and gel filtration (Figure 36).
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Figure 36: SDS-PAGE analysis of recombinant RUMGNA_02692 (RgNanA) purification

Fractions were analysed on a 4-12% BIS-TRIS gel, SM — starting material before gel filtration,

marker — N.E.B broadrange pre-stained protein marker (expected size 37.1 kDa). C9 — D4
correspond to representative fractions from the major peak following gel filtration.

The ability of RgNanA to convert sialic acid into ManNAc and pyruvate was first assessed
by Thin Layer Chromatography (TLC). The data showed that Neu5Ac was converted to
ManNAc by RgNanA or by the E. coli aldolase (EcNanA) used as a control, but there
was no conversion of 2,7-anhydro-Neu5Ac (Figure 37).
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Figure 37: TLC analysis of sialic acid aldolase reaction products

2,7-anhydro-Neu5Ac or Neu5Ac were incubated with RgNanA, a commercial E.coli sialic acid

aldolase (EcNanA) or no enzyme (control) at 37 °C in NaP for 24 hours. The TLC was eluted in
2:1:1 Butanol: Acetic acid: H,0.
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To confirm the nature of the reaction products, the products were 2-AB labelled and
analysed by HPLC. Incubating RgNanA or EcNanA with Neu5Ac led to the appearance
of a peak corresponding to ManNAc. However, no peak corresponding to ManNAc was
observed when the enzymes were incubated with 2,7-anhydro-Neu5Ac (Figure 38).
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Figure 38: HPLC analysis of 2-AB labelled sialic acid aldolase reactions

RgNanA or a commercial E. coli sialic acid aldolase were incubated with 2,7-anhydro-Neu5Ac or
Neu5Ac at 37 °C in NaP for 24 hours. GIcNAc was added as an internal standard in each analysis.

The kinetic parameters of RgNanA were then determined using a coupled activity assay
where the pyruvate released from the conversion of Neu5Ac to ManNAc was monitored
by coupling to lactate dehydrogenase and measuring the loss of absorbance at 340 nm
as NADH was converted to NAD" (Figure 39a). The initial rate of reaction with increasing
concentrations of Neu5Ac was determined from the Michaelis-Menten curve (Figure
39b). The ket was calculated to be 2.757 + 0.033 s and the Ky 1.473 + 0.098 mM. These
results are in line with kinetic parameters of other bacterial sialic acid aldolases

functionally characterised to date (Table 6) (Wang et al., 2018).
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Figure 39: Enzymatic assay of RgNanA with Neu5Ac as substrate

A) Schematic representation of coupled sialic acid aldolase enzymatic assay. B) Michaelis-
Menten plot of the rate of reaction for RgNanA with increasing concentration of Neu5Ac substrate
in 50 mM NaP pH 7.0. The rate of reaction at each Neu5Ac concentration was determined in
triplicate by measuring the drop in absorbance at 340 nm due to conversion of NADH to NAD+ in
the coupled reaction.

Table 6: Kinetic parameters of characterised NanA proteins using figures taken from Wang et al.,

2018.

Species Km (MM) Keat (S1) Keat/ Km (ST mM1)
R. gnavus 15 2.757 1.838

S. mycoplasma 1.8 6.588 3.660

C. glutamicum 33.5 9.380 0.280

E. coli 3.5 83.125 23.750

P. multocida 4.9 18.375 3.750

C. perfringens 3.2 16.032 5.010

S. carnosus 2.0 4.000 2.000

L. plantarum 1.8 10.080 5.600

In parallel, the purified recombinant protein was provided for X-ray crystallography
studies and the crystal structure of RgNanA solved at 1.6 A resolution by David Owen
(Diamond Light Source, Didcot, UK). RgNanA showed the typical fold of sialic acid
aldolases consisting of a (B/a8) TIM barrel with an adjacent three-helix bundle. The
RgNanA active site was structurally homologous to that of known Neu5Ac utilisers
including C. difficile, E. coli and P. multocida (Figure 40a). To obtain a crystal structure

in complex with Neu5Ac, an active site mutant (K167A) was generated by site directed
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mutagenesis and purified as above. Soaking of RgNanA K167A with Neu5Ac yielded a
crystal structure in complex with the open chain ketone form of Neu5Ac. Neu5Ac forms
extensive interactions with the enzyme active site, hydrogen bonding to the side chains
of Ser49, Ser50, Ser 169, Asp194, Glu 195 and Tyr257 and to the backbone of Ser50,
Gly192, Aspl194, Gly 211 (Figure 40b). A close inspection of the RgNanA active site
showed that residues found to be important for the catalytic activity of the E. coli enzyme
(Daniels et al., 2014) are conserved in the R. ghavus protein with the exception of E. coli
Thrl67 which is Serl69 in RgNanA, however, the hydroxyl groups of both superimpose
(Figure 40a). Furthermore, the EcNanA T167S mutation has been reported to have no
impact on the catalytic activity of the enzyme (Daniels et al., 2014). RgNanA also showed
similar kinetic parameters to previously characterised bacterial sialic acid aldolases
(Figure 39, Table 6). Despite differences in highly conserved residues found in the active
site as compared to other bacterial sialic acid aldolases, these experiments demonstrate
that Neu5Ac is the substrate for RgNanA and that the enzyme does not act on 2,7-

anhydro-Neu5Ac.

Figure 40: Comparison of RgNanA crystal structure with characterised bacterial sialic acid
aldolases

A) Crystal structure comparison of the active site of sialic acid aldolases from R. gnavus (cyan),
C. difficile (yellow), E. coli (green) and P. multocida (brown), the backbone of each protein is
shown in grey ribbons and residues important for binding are displayed as coloured sticks. B) The
RgNanA K167A active site is shown in orange with the open chain Neu5Ac bound shown in cyan.
The green mesh represents the Neu5Ac Fo-Fc difference map at the 3o level. Hydrogen bonding
interactions are depicted using black dashed lines. In addition, the unbound RgNanA wild type
active site is shown in grey.
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4.2.8 RUMGNA 02695 catalyses the interconversion of 2,7-anhydro-Neu5Ac to Neu5Ac

The findings that RgSBP is specific for 2,7-anhydro-Neu5Ac (see section 4.2.5) and that
RgNanA is specific for NeuS5Ac (see section 4.2.7) suggest that, once transported into
the cell, 2,7-anhydro-Neu5Ac needs to be converted to Neu5Ac to become a substrate
for RgNanA. The conversion of 2,7-anhydro-Neu5Ac to Neu5Ac is likely to be carried out
by one of the enzymes within the R. gnavus nan cluster. Bioinformatic analysis (see
section 4.2.4) showed that RUMGNA _02695 co-occurred with a similar group of species
to the RgNanA and RgSBP (Figure 28, Table 5) now shown to be involved in the 2,7-
anhydro-Neu5Ac utilisation pathway, whereas RUMGNA_02700 and 02701 did not co-
occur with similar species in the same way, suggesting that RUMGNA_02695 is a strong
candidate for the conversion of 2,7-anhydro-Neu5Ac to Neu5Ac. To test this hypothesis,
the full gene sequence was amplified from R. gnavus ATCC 29149 genomic DNA, cloned
and heterologously expressed in E. coli, before purification of the recombinant enzyme
by IMAC, lon Exchange (IEX) and gel filtration. SDS-PAGE analysis showed the
presence of a band at the expected molecular weight of 45.2 kDa (Figure 41).
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Figure 41: SDS-PAGE analysis of recombinant RUMGNA_02695 purification

Fractions were analysed on a 4-12% BIS-TRIS gel, SM — starting material before gel filtration,
marker — N.E.B broadrange pre-stained protein marker (expected size 45.2 kDa). D6 — E4
correspond to representative fractions from the major peak following gel filtration.

The uniprot annotation of RUMGNA 02695 describes an oxidoreductase with a
Rossman fold, suggesting that the enzyme activity may require either NAD or FAD
cofactors to accept or donate electrons. Therefore, the activity of the recombinant protein
was tested with 2,7-anhydro-Neu5Ac as a potential substrate in the presence of NAD*,
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NADH or FAD as a potential cofactor. The products of each reaction were DMB labelled
to enable detection of Neu5SAc by HPLC as previously reported (Monestier et al., 2017).
It is of note that 2,7-anhydro-Neu5Ac cannot be labelled by DMB as carbon 2 is engaged
in the C2, C7 anhydro bridge which makes it not accessible to the DMB dye (see section
3.1). Neu5Ac was detected as a reaction product when the enzyme was incubated with
2,7-anhydro-Neu5Ac in the presence of either NAD* or NADH, but not in the presence

of FAD or in the absence of a cofactor (Figure 42).
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Figure 42: HPLC analysis of recombinant RUMGNA_02695 reactions with 2,7-anhydro-Neu5Ac

HPLC analysis of DMB-labelled RUMGNA_02695 reactions with 2,7-anhydro-Neu5Ac using
different co-factors. NAD (black), NADH (pink), FAD (blue), no co-factor (brown), and a Neu5Ac
standard (green).

The enzymatic reaction was further monitored by direct injection negative mode ESI-MS
as this also allows detection of 2,7-anhydro-Neu5Ac (see section 3.2.2). This analysis
confirmed the conversion to Neu5Ac observed by HPLC when NAD* or NADH was used
as a cofactor. Interestingly, the reactions did not go to completion showing a ratio of 1:2
for 2,7-anhydro-Neu5Ac:Neu5Ac (Figure 43a). This result suggested that the enzymatic
reaction may be reversible. To test this hypothesis, the recombinant enzyme was
incubated with Neu5Ac in the presence of either NAD* or NADH and the reaction
products analysed by ESI-MS. The analysis showed that the enzyme could produce 2,7-
anhydro-Neu5Ac from Neu5Ac (Figure 43b), reaching an equilibrium with a ratio of
approximately 1:2 as observed previously (Figure 43a), confirming that the reaction is

reversible, favouring Neu5Ac as a reaction product.

To further investigate the role of the cofactors in the enzymatic reaction, experiments

were set up to monitor the fate of NAD*/NADH over the course of the reaction. Since
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NADH but not NAD* absorbs at 340 nm, the redox state of NAD*/NADH could be
monitored in a simple plate reader assay. Whether the enzyme was incubated with
Neu5Ac or 2,7-anhydro-Neu5Ac as starting substrate and NAD* or NADH as a cofactor,
no change in absorbance at 340 nm was detected, suggesting that the enzyme
mechanism may involve oxidation and reduction of NAD*/NADH cofactor (Figure 43c).

Since no net change in NADH concentration was observed during the conversion of 2,7-
anhydro-Neu5Ac to Neu5Ac by RUMGNA 02695, the Kkinetic parameters of the
enzymatic reaction were determined by coupling with the RgNanA assay in the presence
of an excess of RgNanA and LDH (Figure 43d). To confirm that a sufficient excess of
RgNanA was used, preliminary reactions were conducted using 10 mM 2,7-anhydro-
Neu5Ac and, following establishment of an initial rate, 1 mM Neu5Ac was added. This
led to a rapid drop in the absorbance, confirming that the RgNanA excess was sufficient
and that RUMGNA 02695 was the rate limiting enzyme. For the kinetics studies, an
increasing concentration of 2,7-anhydro-Neu5Ac from 0.01 mM to 1 mM was used.
Under these conditions the k.. was calculated to be 0.0824 + 0.0043 s and the Ky 0.074
+ 0.014 mM (Figure 43d).
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Figure 43: Cofactor requirement and enzyme kinetics of RUMNGNA_02695

Direct injection negative mode Mass Spectrometry analysis of RUMGNA_ 02695 reactions with
A) 2,7-anhydro-Neu5Ac (MW-1 = 290) or B) Neu5Ac (MW-1 = 308), with different cofactors
defined in the figure. C) Change in absorbance at 340 nm over time for reactions of
RUMGNA _02695 with either 2,7-anhydro-Neu5Ac or Neu5Ac as substrate and either NAD+ or
NADH as cofactor. D) Michaelis-Menten plot of the rate of reaction for RUMGNA_02695 with
increasing concentrations of 2,7-anhydro-Neu5Ac. The rate of reaction (UM NADH) at each

concentration was determined in triplicate by measuring A3s4onm change and using a standard
curve.

To further understand the mechanism of action of RUMGNA_02695, the conversion of
2,7-anhydro-Neu5Ac to Neu5Ac was monitored by *H NMR, in collaboration with Serena
Monaco in Jesus Angulo’s group (University of East Anglia, Norwich, UK). The
conversion of 2,7-anhydro-Neu5Ac to Neu5Ac was monitored at 15 min intervals for 24
hours in heavy water (D20) or light water (H2O) at 20 °C. This analysis revealed the
presence of a third species (XY), which appeared at its highest concentration at early
time points before reducing, suggesting that it is an intermediate product (Figure 44a).

Equilibrium in the reaction was reached at 18 hours and integration of the respective
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acetyl methyl groups showed a final ratio of 1: 0.16: 0.09 for Neu5Ac: 2,7-anhydro-
Neu5Ac: XY. In the D,O sample, the peaks associated to the axial protons on C3 and
C5 of the Neu5Ac product were absent (and the multiplicity of the neighbouring protons
was simplified), strongly suggesting that the reaction chemistry occurs around these
carbons. Further, heteronuclear single quantum correlation (HSQC) analysis of the
reaction mixture containing the intermediate at higher concentration was carried out and
compared with the HSQCs of Neu5Ac and 2,7-anhydro-Neu5Ac alone (Figure 44b). For
Neu5Ac and 2,7-anhydro-Neu5Ac eight proton-carbon peaks are present, however, by
HSQC, only seven proton-carbon peaks not belonging to the substrate or product can

be counted, suggesting that one of the XY intermediate carbons could be fully oxidised.
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Figure 44: NMR characterisation of the RUMGNA_02695 reaction

A) integration of the acetyl methyl groups for Neu5Ac, 2,7-anhydro-Neu5Ac or XY intermediate
from 2D NMR analysis of the conversion of 2,7-anhydro-Neu5Ac to Neu5Ac via the XY
intermediate. Spectra were obtained every 15 min. B) HSQC analysis of the reaction compared
with the HSQCs of Neu5Ac and 2,7-anhydro-Neu5Ac alone. Proton-carbon peaks corresponding
to the reactions are shown in blue, those corresponding to Neu5Ac in purple and those
corresponding to 2,7-anhydro-Neu5Ac in red. Proton-carbon peaks not corresponding to Neu5Ac
or 2,7-anhydro-Neu5Ac are denoted by green boxes.
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From these data a mechanism (Figure 45) was proposed for the conversion of 2,7-
anhydro-Neu5Ac to Neu5Ac by Jim Naismith at the Research Complex at Harwell
(Didcot, UK). In the first step, 2,7-anhydro-Neu5Ac is oxidised at carbon 4 by the NAD”*
cofactor, this labilises the protons on carbon 3, allowing the protons to exchange with
the deuterium, consistent with the NMR analysis. In the following steps the 2,7-anhydro
bond is broken and the Neu5Ac ring is flipped, although the order of these events is yet
to be determined and they may occur simultaneously. The C=C double bond (compound
4; Figure 45) can then be hydrated with the addition of a hydroxyl group. The product of
this (compound 5; Figure 45) displays keto enol tautomerization and the enolate
formation (compound 5i; Figure 45) allows for exchange of the hydrogen at carbon 5,
again in agreement with the NMR data. This compound is then reduced to give the final
Neu5Ac compound and regenerate NAD*. The regeneration of NAD* also explains why
no net change in the ratio of NAD* and NADH was observed in the enzymatic reaction
(Figure 45).

NAD" NADH HO

NS

oxidation

ing fli
reduction TI' ring flip
5 4 o

enolate, allows exchange of C5 hydrogen

Figure 45: Predicted mechanism for the reversible conversion of 2,7-anhydro-Neu5Ac to Neu5Ac
by RUMGNA_02695

The reaction is shown in the favourable direction converting 2,7-anhydro-Neu5Ac (1) to Neu5Ac
(6). The order of events taking compound 2 to compound 4 including the opening of the 2,7
secondary ring and the primary ring flip has yet to be determined. The red arrows indicate the
keto enol tautomerization of compound 5 that allows for the C5 hydrogen exchange.
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The recombinant RUMGNA_02695 was provided to Jim Naismith’'s lab for X-ray
crystallography and the crystal structure of the apo protein was solved by Micah Lee,
using the structure of an SDR (short chain dehydrogenase/reductase) enzyme from
Agrobacterium radiobacter as a scaffold (PDB 5U19_B). The protein shows a typical SDR
type fold, characterised by a central B-sheet with helices on either side, with a dimeric
conformation and the NAD cofactor can be seen bound to the protein (Figure 46a). In
contrast to the majority of SDR proteins, RUMGNA 02695 does not appear to have the
complete catalytic tetrad typical of SDR proteins (Persson et al., 2009), lacking the
asparagine residue in the active site. A putative active site containing the putative active
site lysine is shown in Figure 46b. So far attempts to co-crystallise the protein with the
substrate have been unsuccessful but a predicted substrate binding pocket can be

identified close to the NAD cofactor.

Figure 46: Crystal structure of recombinant RUMGNA_02695

A) Dimeric structure of RUMGNA 02695 shown in green and red, with the NAD cofactor bound
(blue). B) Structure of putative active site of RUMGNA_02695, protein backbone is shown in cyan
cartoon with residues and NAD shown in sticks.
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These data indicate that RUMGNA_02695 is a novel oxidoreductase whose activity is
critical for the conversion of 2,7-anhydro-Neu5Ac into Neu5Ac, which will then become
a substrate for RgNanA. We therefore refer to RUMGNA_02695 as RgNanOx in the rest
of the study.

4.2.9 Remaining ‘uncharacterised’ proteins from the R. gnavus nan cluster

Among the proteins of unknown function in the R. gnavus nan cluster, RUMGNA_02699
is a predicted transcriptional regulator, RUMGNA_02697 and 02696 are predicted to be
the permeases for the ABC transporter protein, and RUMGNA_02693 and 02691 share
a high degree of similarity to characterised NanE and NanK proteins involved in Neu5Ac
metabolism, and where therefore not characterised here. RUMGNA 02701 shares some
homology with NanS proteins responsible for de-acetylation of sialic acids (Rangarajan
et al., 2011, Steenbergen et al., 2009), and one of the proteins co-occurring with
RUMGNA_02700 in the SSN analysis is annotated as a potential isomerase of sialic acid
metabolism. To assess the function of these two predicted proteins, the full gene
sequences were amplified, cloned and heterologously expressed in E. coli.
Unfortunately, the RUMGNA 02701 recombinant protein produced remained insoluble
under the conditions tested, including expression in different media and changing the
temperature and volume used for expression (Figure 47). For RUMGNA 02700 little or
no expression was observed despite attempts to optimise the expression by altering

growth media, temperature or volume (Figure 48).
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Figure 47: SDS-PAGE analysis of recombinant RUMGNA_02701 expression

The soluble and insoluble fractions following expression were analysed. The insoluble fraction
was resuspended in an equal volume of extraction buffer and diluted 1/10. Marker — N.E.B
broadrange pre-stained protein marker (expected size 45.2 kDa).
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Figure 48: SDS-PAGE analysis of recombinant RUMGNA_02700 expression

The soluble and insoluble fractions following expression were analysed. The insoluble fraction
was resuspended in an equal volume of extraction buffer and diluted 1/10. Marker — N.E.B

broadrange pre-stained protein marker (expected size 18.4 kDa).
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4.3 Discussion

This chapter discusses the identification and characterisation of proteins involved in the
metabolic pathway for 2,7-anhydro-Neu5Ac utilisation by R. gnavus. The ability to
metabolise sialic acid has been shown to be important for R. gnavus in mucin glycan
utilisation in vitro (Crost et al., 2016). The R. gnavus nan cluster associated with sialic
acid metabolism was previously shown to be upregulated during growth on mucin, and
here it was demonstrated that growth on 2,7-anhydro-Neu5Ac induces expression of the
extended cluster, suggesting that the nan cluster is dedicated to 2,7-anhydro-Neu5Ac
metabolism. To metabolise an exogenous substance, a transport system is required for
the uptake of the compound into the cells. The R. ghavus nan cluster encodes a SAT2
ABC transporter made up of two predicted permeases (RUMGNA_02696 and 02697)
and one binding protein (RUMGNA_02698 or RgSBP) (Crost et al., 2016). Studying the
SBP revealed that this ABC system is specific for 2,7-anhydro-Neu5Ac, whilst showing
no affinity to Neu5Ac; explaining why R. gnavus is unable to utilise Neu5Ac despite
encoding a cluster for sialic acid utilisation. RgSBP binds 2,7-anhydro-Neu5Ac with a Kqg
of 2.42 £ 0.27 uM, this is lower than the typical nm range seen for characterised SAT
transporters for NeuS5Ac (Gangi Setty et al., 2018), perhaps reflecting the exclusive
access R. gnavus has towards 2,7-anhydro-Neu5Ac. This is the first characterised SAT2
transporter, and the first shown to transport 2,7-anhydro-Neu5Ac. This type of
transporter has also been identified in S. pneumoniae, S. gordonii and S. sanguinis
suggesting that these species may also be able to transport 2,7-anhydro-Neu5Ac
(Almagro-Moreno and Boyd, 2009).

Once inside the cell 2,7-anhydro-Neu5Ac can be metabolised. In Neu5Ac utilisation the
first step in metabolism is the conversion of Neu5Ac to ManNAc and pyruvate by a sialic
acid aldolase (Brigham et al., 2009, Plumbridge and Vimr, 1999). Bioinformatic analyses
of RgNanA showed that although classified as a sialic aldolase, it formed part of a unique
clade in SSN analysis with differences within the binding domain which we hypothesised
may be involved in the recognition of a different sialic acid substrate. However,
recombinant RgNanA was shown to be active against NeuSAc and not 2,7-anhydro-
Neu5Ac with kinetics similar to other characterised sialic acid aldolases. In addition, its
crystal structure revealed a well conserved binding pocket with previously characterised
Neu5Ac aldolases. Although these amino acid changes seemed to have little impact on
protein function, they could point to a different evolutionary lineage for the R. gnavus like
aldolases and therefore provide additional means of distinguishing Neu5Ac and 2,7-

anhydro-Neu5Ac utilisers based on sequence analysis.
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To become a substrate for RgNanA, 2,7-anhydro-Neu5Ac needs to be converted to
Neu5Ac. Here, a novel enzymatic reaction was identified catalysed by RgNanOx. The
enzyme, which is predicted to contain a Rossman fold domain, utilises NAD*/NADH as
a cofactor to reversibly convert 2,7-anhydro-Neu5Ac into Neu5Ac, with no net change in
the oxidation state of NADH. The reversibility of the enzyme gives rise to a potential new
method for 2,7-anhydro-Neu5Ac synthesis, using NeuS5Ac as a starting material. The
desired 2,7-anhydro-Neu5Ac can be separated from Neu5Ac using the methods
developed in chapter 3. The method may also be useful for generating 2,7-anhydro-
Neu5Ac derivatives, such as 2,7-anhydro-Neu5Gc or 2,7-anhydro-KDN as well as C*3

labelled versions of 2,7-anhydro-Neu5Ac and optimisation is ongoing in the lab.

The RgNanOx apo structure was solved and found to have a typical SDR protein family
fold. SDR proteins represent a large family of proteins utilising NAD(P)/H as cofactor.
The enzymes in this family have a broad functional diversity with substrates ranging
alcohols, sugars, steroids, aromatic compounds, lipids and xenobiotics (Persson et al.,
2009). Together with NMR analysis, the enzymatic and structural data allowed us to
propose a mechanism of action for RgNanOx. Future research will aim to produce
inactive mutants of the protein to obtain the crystal structure of RgNanOx in complex with
the substrate or intermediate. A detailed characterisation of the active site and substrate
binding pocket will allow identification of compounds that could be used to validate the
proposed enzymatic mechanism. In addition, manipulation of the active site may enable
the equilibrium of the protein to shift towards the production of 2,7-anhydro-Neu5Ac
which could lead to the development of a high throughput economically viable protocol
for the synthesis of 2,7-anhydro-Neu5Ac.

Once converted into ManNAc and pyruvate by RgNanA, ManNAc is expected to be
further metabolised into GIcNAc-6-phosphate, following phosphorylation and
epimerisation of ManNAc by RgNanK and RgNanE which both show high level similarity
to the enzymes described to date. In summary, this work unravelled a novel pathway for

R. ghavus 2,7-anhydro-Neu5Ac metabolism as depicted in Figure 49.
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Figure 49: Proposed pathway of 2,7-anhydro-Neu5Ac metabolism by R. gnavus

2,7-anhydro-Neu5Ac is specifically transported inside the bacteria by RgSBP before being
converted into Neu5Ac by an unknown mechanism (orange arrow), where it becomes a substrate
for RgNanA, which converts into ManNAc which is further metabolised by NanK and NanE.

The RUMGNA_02701 protein shares some similarity with NanS proteins. These proteins
are responsible for the deacetylation of sialic acids prior to metabolism (Phansopa et al.,
2015, Steenbergen et al., 2009). As the R. gnavus nan cluster is dedicated to 2,7-
anhydro-Neu5Ac it may be that RUMGNA_02701 is dedicated to deacetylation of 2,7-
anhydro-Neu5Ac derivatives. Future work will aim to heterologously express soluble
protein and asses its ability to deacetylate sialic acid derivatives. This could be achieved
through further optimisation of the expression conditions, by producing modified

constructs or refolding of the protein from urea or guanidine.

A protein co-occurring with RUMGNA 02700 in the SSN analysis is predicted to be an
isomerase of NeuS5Ac metabolism. One possibility is that the predicted protein may
facilitate the opening of the Neu5Ac ring structure into the linear form catalysed by sialic
acid aldolases to produce ManNAc and pyruvate. The recombinant protein was poorly
expressed under the conditions tested here, purifying a sufficient amount of protein will

help test for an increased activity when the protein is added to RgNanA kinetics assays.

The R. gnavus nan cluster encodes an AraC type transcriptional regulator
(RUMGNA_02699). The arabinose regulator in E. coli represses cluster regulation in the

absence of arabinose and induces expression in the presence of arabinose (Schleif,
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2010). It is likely that the regulation of the nan cluster is mediated by 2,7-anhydro-
Neu5Ac or a downstream metabolite. This could be confirmed in R. gnavus by creating
mutants of specific nan cluster genes (using the methods discussed in section 5.2.1.1),
such as RgNanOx, that would block the metabolic process and assessing the expression
of the cluster when 2,7-anhydro-Neu5Ac is added exogenously.

Bioinformatics analysis revealed that this cluster is a unique sialic acid metabolic
pathway, specific to few bacterial species, this analysis was limited to those clusters that
contained an IT-sialidase. However, it is known that some bacteria are able to scavenge
Neu5Ac but lack the sialidase required to release it (Nishiyama et al., 2018, Ng et al.,
2013), in future work it would be interesting to investigate whether any of the bacteria
co-occurring with RgSBP or RgNanOx as shown by SSN analysis, are able to utilise 2,7-
anhydro-Neu5Ac, independent of whether or not they encode an IT-sialidase.
Furthermore, there are species that encode homologs of RgNanOx, but do not appear
to have a homolog of the transporter protein including strains of E. coli and S.
Typhimurium LT2, which may suggest the presence of other 2,7-anhydro-Neu5Ac
transporters or, RgNanOx may have another role in these bacteria.
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Chapter 5
Impact of the R. gnavus nan cluster

In gut symbionts
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5.1 Introduction

In the previous chapter, the complete pathway of 2,7-anhydro-Neu5Ac metabolism in R.
gnavus was unravelled. How widely distributed among the gut microbiota this pathway
is has yet to be determined, although our SSN analysis and multigene cluster analysis
suggested that the distribution of the R. gnavus extended nan cluster was restricted to a
small subset of bacterial species (see section 4.2.4). We therefore hypothesised that 2,7-
anhydro-Neu5Ac may be metabolised by a limited number of species in the gut, therefore
conferring a competitive advantage in vivo over other members of the microbiota and

that it may be used to selectively promote R. gnavus growth.

In this chapter we will first investigate the effect of 2,7-anhydro-Neu5Ac supplementation
on the faecal microbial composition using a human-based in vitro batch culture system.
Taxonomic analysis will give insight into the bacterial species able to benefit either

directly or indirectly from 2,7-anhydro-Neu5Ac.

In order test this hypothesis that the nan cluster confers R. ghavus strains a competitive
advantage, we developed a method which enabled for the first time to genetically
manipulate R. gnavus. We generated R. gnavus nan mutants which were characterised

in vitro and used for in vivo colonisation assays in germ-free mice.
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5.2 Results

5.2.1 2, 7-anhydro-Neu5Ac preferentially promotes R. gnavus growth in an in vitro colon

model

To determine the impact of 2,7-anhydro-Neu5Ac on the faecal microbial community,
anaerobic in vitro batch culture experiments were carried out using 2,7-anhydro-Neu5Ac,
3’'SL or NeuSAc as a sole carbon source in a simulated model colon under anaerobic
conditions. The faecal microbiome of seven human donors were first screened in the
group by Sandra Tribolo for the presence of R. gnavus using gPCR and primers specific
to the 16S of R. gnavus, specific to RgSBP and universal bacterial 16S primers. Despite
the report that 90% of the population harbour R. gnavus (Qin et al., 2010), only two out
of the seven donors tested were found to be positive for R. gnavus, CM001 and CM100
(Figure 50a). Of these, the sample from donor CM001 showed a Ct value (the number
of cycles taken for the signal to cross the threshold) of 22.47 whereas the sample of
CM100 donor displayed a Ct value of 29.81, compared to values of 34-36 for the other
samples which is similar to value obtained with no template controls. However, while
CMO001 showed the presence of the RgSBP gene, as determined by gPCR, CM100 did
not (Figure 50a), suggesting that the strain(s) of R. gnavus present in CM100 cannot
utilise 2,7-anhydro-Neu5Ac. CM001 was therefore chosen as the donor for the batch
culture experiments.

The faecal slurry from the CM001 donor was used to seed batch models containing 2,7-
anhydro-Neu5Ac, 3’SL, NeuSAc or no additional carbon source (control). In the control
and Neu5Ac supplemented vessels, no growth of R. gnavus was observed, whereas in
the 3’'SL and 2,7-anhydro-Neu5Ac supplemented vessels R. gnavus growth was
detected by gPCR (Figure 50b). R. gnavus growth was more apparent in the 2,7-
anhydro-Neu5Ac batch, supporting the hypothesis that 2,7-anhydro-Neu5Ac can be
metabolised by a limited number of species.
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Figure 50: Determination of R. gnavus growth in an in vitro colon model

gPCR was carried out using primers specific to R. gnavus 16S (white bars), RgSBP (grey bars)
or universal 16S primers (black bars). A) Ct values for gPCR of DNA extracted from faecal
samples of seven donors, to identify donors with R. gnavus in their microbiome. B) R. gnavus and
RgSBP copies per mg faeces of samples taken from batch culture fermentations, using Neu5Ac,
3'SL, 2,7-anhydro-Neu5Ac or no carbon source (control) after 0 and 24 hours performed by
Sandra Tribolo. C) Repeat of the experiment in B without Neu5Ac supplementation with data
presented per ml of sample taken.

| repeated the experiment using the same donor (CM001) and conditions. However, the
growth of R. gnavus in the presence of 2,7-anhydro-NeuSAc or 3'SL was not observed
(Figure 50c). To investigate this further, anaerobic mono-cultures of R. gnavus ATCC
29149 were grown in the medium used in the colon model in the presence of glucose,
NeuSAc or 3'SL as a sole carbon source. R. gnavus did not grow under any of these
conditions, indicating that the batch culture medium alone is not capable of supporting
R. gnavus growth (Figure 51a). To determine if a key component was lacking from the
medium, R. gnavus was grown in a 50/50 mix of the batch medium and BDM (a defined

media R. gnavus was previously shown to grow in; see section 6.2.4.1). This 50/50
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mixture did support R. gnavus growth, suggesting that additional supplementation to the
batch medium was required (Figure 51b). A detailed comparison of the composition of
the two media revealed that histidine and vitamin B1> were present in BDM but not in the
in vitro colon batch medium. Next, R. gnavus mono-cultures were grown in the batch
medium supplemented with histidine, vitamin B> or both. The presence of vitamin B
allowed for the growth of R. gnavus, suggesting that R. gnavus is auxotrophic for vitamin
Bi2in a minimal medium (Figure 51c).

Therefore, batch culture experiments were repeated with vitamin B12 supplementation,
this time the bloom of R. ghavus was observed with 2,7-anhydro-Neu5Ac or 3'SL
supplementation compared to Neu5Ac and control vessels as shown by gPCR (Figure
51d). This agrees with the original data and supports the hypothesis that vitamin B is a
requirement for R. gnavus growth.

The difference in the growth of R. gnavus in the two batch model experiments presented
in Figure 50b and ¢ may be explained by either a change in the donor’s diet, leading to
a reduced level of vitamin Bi> or in a change in the donor’s microbiome, leading to a
reduction in the level of vitamin B1> producing microbes. This will be the subject of further
investigation using the batch model system.
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Figure 51: Analysis of R. gnavus growth with vitamin Bi2 and/or histidine supplementation

A) Change in absorbance at ODsgs over time of microtiter cultures of R. gnavus ATCC 29149
grown in batch media using glucose, NeuSAc or 3’SL as carbon sources. B) Change in
absorbance at ODsos over time of microtiter cultures of R. gnavus ATCC 29149 grown in batch
medium, BDM or a 50/50 mix of both (BatchBDM). C) Change in absorbance at ODsgs over time
of microtiter cultures of R. gnavus ATCC 29149 grown in batch media using glucose as carbon
sources supplemented with histidine, vitamin B12 or both. D) gPCR from colon model experiments
using batch media supplemented with vitamin Bi2, R. gnavus (white bars) and RgSBP (grey bars)
copies per ml of samples taken from batch culture fermentations, using Neu5Ac, 3'SL, 2,7-
anhydro-Neu5Ac or no carbon source (control) after 0 and 24 hours are shown.

The impact of 2,7-anhydro-Neu5Ac on the faecal microbial community was determined
by 16S sequencing (Figure 52). Samples from the two experiments showing an increase
of R. gnavus when batch cultures were supplemented with 2,7-anhydro-Neu5Ac or 3’'SL
were sequenced. The data supports the gPCR data with an increased relative frequency
of R. gnavus in the 2,7-anhydro-Neu5Ac and 3’SL supplemented vessels after 24 hours.
Interestingly, only five other operational taxonomic units (OTUs) showed a similar
increase using 2,7-anhydro-Neu5Ac as carbon source, bacteria from the genus
Roseburia were abundant (~20%) in the donor’s microbiome but were not detected after

24 hours of fermentation except for in the 2,7-anhydro-Neu5Ac supplemented vessels.
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The other OTUs that showed an increased abundance in the presence of 2,7-anhydro-
NeuSAc and 3’'SL were the genera Sutterella, Blautia, Phascolarctobacterium,
Oscillospira and Butyricicoccus pullicaecorum. These data give support to the
hypothesis that 2,7-anhydro-Neu5Ac is limited to very few species, as seen by
bioinformatics analysis (see section 4.2.4) and may provide these species with a

competitive advantage in the mucosal niche.
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Figure 52: Taxonomic profiles of batch culture experiments supplemented with sialic acids

The results are shown from two independent experiments. A) shows the full profile, B) shows
species identified to have an increased abundance in the 2,7-anhydro-Neu5Ac samples.
Sequencing was performed on samples at the beginning of experiment (TO control) and after 24
hours (T24). Four different experimental conditions were tested, no sialic acid supplementation
(Control), Neu5Ac supplementation, 3'SL supplementation and 2,7-anhydro-Neu5Ac
supplementation. Taxonomic classifications were made using the QIIME2 program and
Greengenes database and are defined in the key presented in Appendix 3.

5.2.1 Importance of the R. gnavus nan cluster in vitro and in vivo

5.2.1.1 Production of R. gnavus mutants using ClosTron technology

The ClosTron method has been shown to be effective for generating mutants in Clostridia
species (Heap et al., 2010). The methodology and approach described in Figure 53a
was applied to R. ghavus ATCC 29149. Briefly, genomic target sites for RgNanH were
identified and the retargeted intron system, used to target these regions, was
synthesised and ligated into the pMTLO07C-E2 vector (Figure 53b). The recombinant

plasmid was transformed into E. coli CA434 and conjugation performed with R. gnavus
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ATCC 29149. Selection for successful chromosome recombination was carried out by
plating onto plates containing cycloserine, to select against E. coli and erythromycin to
select for successfully transformed R. gnavus (Figure 53a). The recombination event
introduces an erythromycin resistance cassette into the gene of interest, both disrupting
function of the target gene and providing a selection marker. Two insertion mutants were

produced in the sense or antisense direction for RgNanH.

ATCC 29149
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Figure 53: Outline of ClosTron mutagenesis strategy

A) Schematic representation of R. gnavus mutant generation using ClosTron. The targeted
plasmid was transformed into E. coli CA434. The recombinant E. coli strain was then conjugated
with R. gnavus ATCC 29149. R. gnavus colonies positive for plasmid transfer were then selected,
before chromosome recombination (see B) and further selection. B) Schematic representation of
chromosome recombination using ClosTron. The ClosTron plasmid encompasses an intron
(yellow) into which the ermB gene (blue) is inserted, which is inactivated by the insertion of a
small region of DNA (black). The intron can mediate its own splicing from RNA transcripts, but
the process is orientation specific. Transcription of the ermB gene results in an mRNA transcript
containing the intron insertion, the LtrA protein (green) also encoded by the plasmid binds to the
transcript, splicing out the small piece of DNA. The transcript binds (by virtue of the re-targeted
sequence) to specific sequences in the target gene within the chromosome (Chr). LtrA “nicks” the
DNA target and inserts the RNA. The reverse transcriptase activity of LtrA now synthesises the
complementary DNA strand. Host nucleases degrade the insert RNA and DNA polymerase
synthesises the opposite DNA strand. Host ligases seal the two gaps, leading to completion of
the process, in which a functional ermB gene is now present in the target gene (Kuehne and
Minton, 2012).
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Confirmation that the recombination event took place within the RgNanH encoding gene
was obtained by PCR using primers spanning the expected insertion site and observing
a band corresponding to the amplification product at the expected size (2.6 kb opposed
to 450 bp for wild-type) (Figure 54). In addition, DNA sequencing confirmed the correct
incorporation of the erythromycin resistance gene in the R. gnavus genome.

1kb
0.5 kb
0.1 kb

3 kb

1kb

0.5 kb
bl 0.1 kb

123 4 5 6 123 4 5 6

Figure 54: PCR analysis of R. gnavus mutants

In each panel 1 and 2 are clones from the sense direction mutations, 3 and 4 are clones from the
antisense direction mutagenesis, 5 is gDNA from R. gnavus ATCC 29149 and 6 is a no template
control. The primers used in each panel were A) primers spanning the expected insertion site in
RgNanH (expected amplicon size is 450 bp for wildtype and 2.6 kb for mutants), B) primers from
a separate region of the nan operon (RUMGNA 02700 — 02699), C) universal 16S primers, and
D) R. gnavus specific 16S primers. Panels are separted by both 100 bp 1 kb DNA markers (New
England Biolabs) were used, bright bands are 500 bp and 1 kb.

5.2.1.2 The nan cluster is essential for R. gnavus to utilise sialoglycans or 2,7-anhydro-

Neu5Ac in vitro

To assess the effect of the R. gnavus nan cluster on the ability of R. gnavus ATCC 29149
to utilise sialic acid and sialoconjugates, R. gnavus ATCC 29149 wild-type, and both
sense and antisense mutant strains were grown anaerobically with glucose, Neu5Ac,
3’'SL or 2,7-anhydro-Neu5Ac as a sole carbon source. The R. gnavus wild-type strain
was able to utilise glucose, 3’'SL and 2,7-anhydro-Neu5Ac as a sole carbon source, but
no growth was detected using the R. gnavus mutants on 3’SL or 2,7-anhydro-Neu5Ac
whereas mutants grew to levels comparable to the wild-type strain on glucose (Figure
55). The lack of growth on 3'SL is expected as without the IT-sialidase (RgNanH), R.
gnavus would not be able to liberate the 2,7-anhydro-Neu5Ac product from

sialylconjugates. The absence of growth on 2,7-anhydro-Neu5Ac for the two mutants is
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more surprising as RgNanH is not expected to be required for the metabolism of 2,7-

anhydro-Neu5Ac (see section 4.3), only its release from sialylated substrates.
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Figure 55: In vitro growth assay of R. gnavus nan mutants on sialic acid and sialylated substrates

Growth curves of A) R. gnavus ATCC 29149 (wild-type), B) R. gnavus antisense mutant C) R.
ghavus sense mutant using the following sugars as sole carbon sources: media only (YCFA), 2,7-
anhydro-Neu5Ac, 3'SL, Neu5Ac, glucose. Centre point is the mean of three replicates with
standard error of the mean shown by error bars.

To investigate this further the expression of the full nan cluster was tested by qPCR using
the same primer sets as for analysis of the cluster expression in wild-type R. gnavus on
different carbon sources (see section 4.2.3). The expression of the whole operon in both
sense and antisense mutant strains was compared to that of the wild-type strain using 2°
AACt calculations with gyrB as a housekeeping gene (Figure 56). The expression of the
operon in both mutants was found to be negligible from RUMGNA 02698 through to
RUMGNA_02690, while some residual expression was detected in the first transcribed
genes of the cluster (RUMGNA_02701 through RUMGNA_02699). These data indicate
that the RgNanH (RUMGNA _02694) insertion affected the expression of other genes in
the operon, explaining the mutant phenotype, with regards to 2,7-anhydro-Neu5Ac
growth. Taken together, these data demonstrate that the mutation of the RgNanH gene

disrupts expression of the full operon, making these nan cluster mutants.
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Figure 56: Gene expression analysis of wild-type and mutant nan operon

Fold change in expression was determined by gPCR of R. ghavus han mutants compared to R.
gnavus wild-type using 2-22Ct calculation. Black boxes represent expression changes for the
antisense mutant and white boxes represent expression changes for the sense mutant.

5.2.2 In vivo colonisation of germ-free mice by R. gnavus wild-type and nan mutants

5.2.2.1 The nan cluster is essential for the colonisation and spatial location of R. gnavus

in the gut

To assess the impact of the nan cluster on the fitness of R. gnavus in vivo, germ-free
C57BL/6J mice were gavaged with 108 CFU R. gnavus ATCC 29149 or R. gnavus
antisense nan mutant or a mixture of wild-type and nan mutant strains at 108 CFU each
(Figure 57). During mono-colonisation experiments, both wild-type and mutant strains
were detectable in the faecal content at day 3, 7 and 14 post-gavage at mean levels of
between 10° and 107 bacteria per mg of faeces (Figure 57a). Both strains were also
detected in the caecal content of mono-colonised mice sacrificed at day 14. In
competition experiments, primers based on the insertion in the RgNanH gene were used
to distinguish between wild-type and nan mutant R. gnavus. The wild-type strain reached
mean colonisation levels comparable to the levels obtained during mono-colonisation,
whereas the mutant strain was severely outcompeted, reaching only 10* copies per mg
at day 3, before decreasing further at day 7 and day 14 to levels below the level of

detection, in both the faecal and caecal contents (Figure 57b).
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Figure 57: Colonisation of germ-free C57BL/6J mice with R. gnhavus ATCC 29149 wild-type or
nan mutant strains

Mice were monocolonised with A) R. gnavus wild-type (black) or nan mutant (red) strains

individually or B) in competition. Mice were orally gavaged with 10° of each strain, faecal samples
were analysed at 3,7 and 14 days after inoculation and caecal samples at 14 days after
inoculation using gPCR. C) Fluorescent in situ hybridisation (FISH) and immunostaining of the
colon from R. gnavus monocolonised C57BL/6 mice. R. gnavus ATCC 29149 and R. gnhavus nan
mutant are shown in red. The mucus layer is shown in green and an outline of the mucus is shown
in the first panels. Cell nuclei were counterstained with Sytox blue, shown in blue. Scale bar: 20
um. D) Quantification of the distance between the leading front of bacteria and the base of the
mucus layer. A total of 70 images of stained colon from 8 R. gnavus monocolonised mice were
analysed. The asterisks (***) show the significant significance (P=0.0135, by linear mixed model
analysis), centre point indicates the mean, box limits, upper and lower quartiles; whiskers,
minimum and maximum.

The impact of the nan deletion on the ability of R. gnavus to penetrate the mucus layer
was determined in mono-colonised mice by measuring the distance of the nan mutant or
wild-type R. gnavus strains to the epithelial layer throughout the colon by fluorescent in
situ hybridization (FISH) staining using confocal microscopy (Figure 57c). The data
produced and analysed by Laura Vaux, showed that the nan mutant resided 19.70 um
from the epithelial layer, 5.06 um further away than the wild-type strain, 14.64 um (Figure
57d).
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5.2.2.2 The presence of the nan cluster leads to large shifts in colonic metabolites during

mono-colonisation

To further investigate whether the difference in colonisation was due to a change in sialic
acid metabolism, transcriptomic analyses were carried out on the caecal contents and
colonic tissue from mice mono-colonised with R. gnavus or antisense nan mutant. The
mouse transcriptomics data showed that the colonisation with the nan mutant did not
affect the mouse expression response in comparison to colonisation with wild-type R.
gnavus. Only one gene was found to be differentially expressed between wild-type and
nan mutant colonised mice corresponding to a down regulation of an immunoglobulin
heavy variable gene in the nan mutant colonised mice (Figure 58a). On the bacterial
side, a total of 27 genes were found to be differentially expressed between wild-type and
nan mutant in vivo (Figure 58b). All 27 genes were lower expressed in the nan mutant,
these include 9 of the 11 genes in the nan cluster shown to be down regulated in vitro
(Figure 56). The other genes have limited information on their putative function but
appear to fall into three gene clusters associated with phage and capsid proteins (Table
7).
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Figure 58: Bacterial and host transcriptomic analysis of mice colonised by R. gnavus or nan
mutant

Volcano plots representing the differentially expressed genes in colonic mouse tissue A) or
bacteria B) when mice were mono-colonised with R. gnavus ATCC 29149 or nan mutant. Genes
are differentially expressed when Logzfold change is greater than 1 or less than -1 and Logio(padj)
(significance score) is above 1.3. Differentially expressed genes that are down regulated in the
nan mutant compared to the wild-type strain are shown as green dots, no genes for upregulated
in the nan mutant for mouse or bacterial transcriptomics. Non-differentially expressed genes are
shown as blue dots.
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Table 7: ldentification of R. gnavus genes differentially expressed in nan mutant during

colonisation, bold denotes genes in the R. gnavus nan cluster.

Gene_id description
C5Y99_08390 | RgNanK
C5Y99_08395 | RgNanE
C5Y99_08400 | RgNanA
C5Y99_08405 | RgNanH
C5Y99_08410 | RgNanOx

C5Y99_08415

carbohydrate ABC transporter permease

C5Y99_08420

sugar ABC transporter permease

C5Y99_08425

RgSBP

C5Y99_08440

hypothetical protein

C5Y99_13530

hypothetical protein

C5Y99_16285

hypothetical protein

C5Y99_16290

DUF4236 domain-containing protein

C5Y99_16300

XRE family transcriptional regulator

C5Y99_16305

hypothetical protein

C5Y99_16310

hypothetical protein

C5Y99_16315

3-hydroxyacyl-CoA dehydrogenase

C5Y99_16320

phage antirepressor Ant

C5Y99_16435

PBSX family phage terminase large subunit

C5Y99_16440

phage capsid protein

C5Y99_16445

minor capsid protein

C5Y99_16510

tape measure domain-containing protein

C5Y99_16520

hypothetical protein

C5Y99_16540

XRE family transcriptional regulator

C5Y99_16545

hypothetical protein
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C5Y99_ 16550 | hypothetical protein

Novel00028

SRNA00096

Interestingly no bacterial genes were found to be upregulated in the mice colonised with
the R. gnavus nan mutant. R. gnavus ATCC 29249 has the ability to grow on other mucin
glycans in vitro such as fucose and fucosylated substrates (Crost et al., 2013). Therefore,
it was hypothesised that R. ghavus may induce the expression of these mucin degrading
enzymes to compensate for the loss of expression of the nan operon. To test that the
nan mutant was still able to utilise fucose, growth curves were carried out for the R.
gnavus wild-type and nan mutant using fucose and fucosylated substrates as sole
carbon sources (Figure 59). The data showed no difference in the ability of wild-type or
nan mutant to utilise fucose, with both able to grow on fucose, 2’ fucosyllactose (2'FL)
and 3’ fucosyllactose (3'FL), suggesting that the nan mutants could also utilise fucose
from mucin glycans in vivo, in agreement with the level of colonisation observed in mono-

colonised mouse experiments (Figure 57).
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Figure 59: In vitro growth assay of R. ghavus nan mutants on fucose and fucosylated substrates

Growth curves of A) R. gnavus ATCC 29149 (wild-type), B) R. gnavus antisense mutant using
the following sugars as sole carbon sources: media only (YCFA), fucose, 2’ fucosyllactose (2'FL),
3’ fucosyllactose (3'FL), lactose or glucose. Centre point is the mean of three replicates with
standard error of the mean shown by error bars.

In addition to the transcriptomics analyses, caecal content metabolite profiles from mice
mono-colonised with R. gnavus wild-type or the nan mutant were analysed by Metabolon
(USA). In contrast to the low number of differentially expressed genes, a total of 119

metabolites were found at significantly different concentrations between the two groups,
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106 more abundant and 13 less abundant in the nan mutant colonised mice (Figure 60).
A further 94 chemicals narrowly missed the significance cut off. These changes in
chemical composition were associated with specific pathways, those associated with
amino acid metabolism, gamma glutamyl, phosphatidylethanolamine and plasmogen
were more abundant in the nan mutant colonised mice and those involved in fatty acid
metabolism higher in the wild-type R. gnavus colonised mice. Also, of note is that sialic
acid was found at higher levels in the mice colonised with wild-type as compared to mice
colonised with the nan mutant, consistent with the release of 2,7-anhydro-Neu5Ac and
Neu5Ac by RgNanH.
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Figure 60: Metabolite changes in germ-free mice colonised with R. gnavus wild-type or nan
mutant

Caecal content from germ-free mice colonised with R. gnavus ATCC 29149 or nan mutant were
analysed for their metabolic profile by Metabolon. Individual metabolites are grouped as part of
the sub and super pathways they are part of, and each line represents 1 metabolite. Red indicates
those metabolites that are statistically (p < 0.05) more abundant in the nan mutant group and
green more abundant in wild-type colonised mice. Pale red and pale green indicate metabolites
trending towards significance (0.05 < p < 0.10).
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5.3 Discussion

In vitro colon model experiments demonstrated that 2,7-anhydro-Neu5Ac is able to
promote the growth of R. gnavus as shown using both gPCR assays and 16S
sequencing. Furthermore, 16S sequencing identified the Roseburia, Sutterella, Blautia,
Phascolarctobacterium, Oscillospira and Butyricicoccus genera as being able to benefit
from 2,7-anhydro-Neu5Ac supplementation, though only Blautia was identified by the
bioinformatics analysis of the R. gnavus nan cluster. Since the ability to utilise 2,7-
anhydro-Neu5Ac appears species- or strain-specific, as is the case with R. gnavus, it is
possible that the specific strains do not have a deposited sequenced genome available.
Oscillospira is a central component of the gut microbiota that has been associated with
obesity that is routinely detected using 16S sequencing methods (Gophna et al., 2017,
Konikoff and Gophna, 2016). However, it has yet to be cultured and so there is no
genomic sequence available, it therefore remains unclear whether members of this
genus encode an extended nan cluster or not. Members of the genera Roseburia and
Butyricicoccus have been associated with IBD, and Sutterella with autism and IBD
(Hiippala et al., 2016, Machiels et al., 2014, Wang et al., 2013, Eeckhaut et al., 2013),
as has R. gnavus (see section 1.3.3). To confirm the 16S sequencing results gPCR
analysis can be performed using primers to target each genera of bacteria shown to
increase in abundance, as we have done for R. gnavus. It would also be beneficial to
include more repeat experiments and try 2,7-anhydro-Neu5Ac supplementation with
different donors, to identify which other species may benefit from 2,7-anhydro-Neu5Ac

supplementation.

The 16S sequencing gives good information about bacteria that can benefit from 2,7-
anhydro-Neu5Ac, though it is not possible to determine whether these increases in
abundance are a result of primary metabolism of 2,7-anhydro-Neu5Ac or a result of
secondary metabolism and cross-feeding. Two approaches could be used to test this,
firstly strains of bacteria showing a bloom by 16S sequencing analysis could be grown
in mono-culture using 2,7-anhydro-Neu5Ac as a sole carbon source. Alternatively, we
could use a stable isotope probing (SIP) approach using *C-labelled 2,7-anhydro-
Neu5Ac. This has been performed for Neu5Ac using a *C labelled compound (Young et
al., 2015). Recent SIP approaches to assess if a cell or bacterium is metabolically active
have used heavy water (D,0) that can be used to distinguish active from not active cells
using Raman microspectroscopy. The resulting fingerprint can detect shifts caused by
2H incorporation by an active cell and as the measurement is non-destructive, cells can

be processed and sorted post-measurement (Berry and Loy, 2018). This method may
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be preferred when considering 2,7-anhydro-Neu5Ac metabolism due to the difficulties

and cost of producing a *3C labelled 2,7-anhydro-Neu5Ac (chapter 3).

As discussed in section 1.3.3, R. gnavus has been positively or negatively associated
with several disease states, while R. gnavus intervention has been shown to have a
positive outcome in pre-clinical models of malnutrition and inflammation (Grabinger et
al., 2019, Blanton et al., 2016). As R. gnavus is a prevalent member of gut microbiota
(Qin et al., 2010), a prebiotic that can selectively boost the growth of R. gnavus strains
has potential medical value in specific conditions. Here, we have shown in vitro that 2,7-
anhydro-Neu5Ac can selectively promote the growth of R. gnavus in a simulated model

colon. Future work will determine whether this can also be applied in vivo.

The in vitro colon model experiments also revealed that vitamin Bz is an essential
nutrient for R. gnavus which was previously unknown. The inter-individual response to
2,7-anhydro-Neu5Ac in the colon model could be due to changes in the donor’s vitamin
B2 intake either through supplements or diet, or a change in the abundance of vitamin
Bi1> producing bacteria in the donor’s microbiome. This will be investigated further by
determining the levels of vitamin B1, from these experiments. Recently a bioinformatics
analysis has been conducted to assess the ability of bacteria to synthesise vitamin Bi»
(Shelton et al.,, 2019). In this analysis R. gnavus was classified as a ‘tetrapyrrole
precursor salvager’, this implies that R. gnavus encodes the pathway for vitamin B
synthesis, but lacks the genes required to synthesise the tetrapyrrole precursors and so
must salvage these from the environment to produce vitamin Bi.. Future experiments
will be performed supplementing R. gnavus mono-cultures with these precursors, for

example porphobilinogen, to validate these findings in vitro.

The ClosTron methodology (Heap et al., 2010) has provided a tool to successfully
generate R. gnhavus mutants, the first reported method to genetically manipulate R.
gnavus strains. However, the use of resistance markers resulted in the down regulation
of the complete operon. Future efforts will explore the use of alternative insertions such
as stop codons or short nonsense sequence to target individual genes of interest as
opposed to full clusters. A variety of different ClosTron vectors and methodology for
generating plasmids with a variety of characteristics has been described (Heap et al.,
2009). Here the nan operon mutant was used to investigate the impact of the nan cluster
on in vivo fitness of R. gnavus. In competition with R. gnavus wild-type strain, the mutant
strain was heavily outcompeted and after 14 days could no longer be detected. In mono-
colonised mice, the R. gnavus nan mutant also resided further away from the epithelium

on the edge of the mucus layer, suggesting that the nan operon is important for mucus
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penetration. This ability of colonising the mucosal niche may also contribute to the

success of R. gnavus as one of the most frequent human colonisers (Qin et al., 2010).

The RNAseq analysis showed that the introduction of a nan mutation in R. gnavus led to
the down-regulation of the full nan operon but also affected the expression of an
additional 18 genes in the mutant strain during in vivo colonisation. No genes were
upregulated which was unexpected as losing access to an important nutrient source
would likely need to be compensated for. It would be interesting to carry out this
transcriptomic analysis in vitro, to distinguish whether these changes are a consequence

of the nan mutation or associated with the in vivo colonisation.

The transcriptome analysis for colonic tissue of mice colonised with R. gnavus wild-type
compared to the R. gnavus nan mutant revealed only one gene with an altered
expression. This was a downregulation of an immunoglobulin heavy variable gene in the
mutant colonised mice, and likely reflects a targeted response to a protein not present in
the nan mutant although the rationale for this remains unclear. In contrast to the low level
of transcriptomic changes in the mouse colon or bacteria, 119 chemicals showed an
altered concentration in metabolite analysis, most of which were more abundant in the
nan mutant colonised mice, highlighting the complexity of host-microbe interactions and
further supporting the importance of monitoring changes in metabolites, to unravel these
interactions and identify therapeutic strategies (Moya and Ferrer, 2016).

In summary, data presented in this chapter showed the potential of 2,7-anhydro-Neu5Ac
as a next generation prebiotic for R. gnavus which could be used in conditions where
increasing R. gnavus proportion in the gut is advantageous. The development of a
method to allow genetic manipulation opens new possibilities for investigating important
biological functions of R. gnavus and associations with disease. Here, we did not
investigate how bacteria with the nan operon may shape the rest of the microbiome.
Future work will aim to tackle this question both in vitro and in vivo. To establish R.
gnavus in conventional mice an antibiotic treatment is first required to open up the niche,
this could introduce some bias in the interpretation of data from an in vivo study.
Alternatively, the colon model can be used with a donor that does not contain R. gnavus
which can be seeded with either R. gnavus wild-type or the nan mutant to determine
changes in the microbial community. Further, in vitro colon model experiments using **C-
labelled 2,7-anhydro-Neu5Ac will provide a more definite answer on the bacteria able to
metabolise this compound in the gut microbiota. This information is important to assess

the potential therapeutic ability of R. gnavus strains or 2,7-anhydro-sialic acid derivatives.
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Chapter 6
Impact of the R. gnavus nan cluster

on enteric pathogens
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6.1 Introduction

Sialic acid is an important molecule used by pathogenic organisms in a number of ways.
Pathogenic bacteria can use sialic acid expressed on the surface of vertebrate cells or
secreted glycans as a target site for adherence, for toxin release or to mask themselves
(Severi et al., 2007). Viruses can take up free sialic acid and express it on the cell surface
to evade the immune system (Wasik et al., 2016). In bacterial pathogens, sialic acid can
be found in cell surface components including LPS, capsular polysaccharides or
flagellum (Haines-Menges et al., 2015). In addition, bacteria can utilise sialic acid as a
nutrient source. Catabolism of sialic acid has been shown to confer competitive
advantages in enteric pathogens such as S. Typhimurium, C. difficile or V. cholera. This
can occur via the expression of sialidases releasing the sialic acid followed by its
transport and catabolism inside the cell as is the case for V. cholera (Almagro-Moreno

and Boyd, 2009), but also in gut commensal bacteria such as B. fragilis.

Alternatively, some pathogens do not encode a sialidase and scavenge free Neu5Ac
released from mucin glycans by members of the gut microbiota as is the case for S.
Typhimurium and C. difficile (Ng et al., 2013). For example, B. thetaiotaomicron, a gut
commensal bacterium, expresses a sialidase but lacks the genes required to utilise sialic
acid, resulting in the release of free Neu5Ac in the environment which becomes available
for pathogens to scavenge. Mouse studies revealed that post-antibiotic treatment, there
is an increase in the level of free NeuSAc which is associated with the outgrowth of
pathogens. In the previous chapters, R. gnavus was shown to cleave sialic acid in the
form of 2,7-anhydro-Neu5Ac. Here we will test the ability of pathogens to utilise 2,7-
anhydro-Neu5Ac in vitro and investigate the hypothesis that the IT-sialidase-expressing
R. gnavus can reduce the pool of free Neu5Ac available to these pathogens, in turn

reducing proliferation of these pathogens in vivo.
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6.2 Results

6.2.1 Bioinformatics of S. Typhimurium and C. difficile sialic acid utilisation pathway

To better understand how S. Typhimurium and C. difficile utilise free sialic acid or
sialoconjugates, a bioinformatics analysis was carried out to identify the presence of the
nanA/K/E cluster and sialidases in these strains. A total of 146 Salmonella strains and
71 C. difficile strains were analysed by BLAST searching for homologues of the R.
gnavus ATCC 29149 NanA, NanE and NanK encoded protein sequences against the
genome sequences. All strains returned BLAST hits for NanA, NanE and Nank,
suggesting that the ability to utilise sialic acid is conserved among Salmonella and C.
difficile species. The IT-sialidase encoding sequence from R. gnavus strains is divided
into the catalytic GH33 domain, the carbohydrate binding CBM40 domain and the
inserted domain (Figure 61). The inserted domain is found within the IT-sialidases of R.
gnavus but is not present in hydrolytic sialidases; however, its function has yet to be

determined biochemically.

Signal Peptide Inserted (1)

l50 237 373 1466

[ CBMA40 (L)

25 243 723

Figure 61: Domain structure of R. gnavus IT-sialidase

The annotation is based on the IT-sialidase of R. gnavus ATCC 29149 green — Signal peptide,
orange — CBM40 (carbohydrate binding), blue — catalytic domain (GH33) and red IT domain
(domain inserted into catalytic domain).

A bioinformatics search was carried out for the presence of these three domains in
Salmonella and C. difficile genomic sequences. Only two strains of Salmonella were
found to be positive for the presence of the GH33 domain in their genomes; Salmonella
enterica subsp. enterica serovar Typhimurium str. LT2 (S. Typhimurium LT2) and
Salmonella enterica subsp. diarizonae serovar 60:r.e,n,x,z15 str. 01-0170 whereas no
gene encoding a GH33 like domain was identified in C. difficile strains. These two
sialidases were found to be 97.4 % identical to each other and neither protein produced
BLAST hits for the ‘IT’ domain. Furthermore, whereas the gene encoding the R. ghavus
IT-sialidase is located within the same cluster as the nanA, nanE and nanK genes, the
sialidases in the two positive Salmonella strains are found in a different genomic location

to the utilisation genes. Together these analyses suggest that all C. difficile strains and
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the majority of Salmonella strains are not able to cleave sialic acid from sialylated
substrates (due to the absence of a sialidase) but are likely to utilise sialic acid (due to
the presence of the canonical nan cluster).

6.2.2 In vitro mono-cultures of enteric pathogens

In order to validate the bioinformatics findings and determine how Salmonella enterica
and C. difficile utilise sialic acid derivatives and sialoconjugates, two strains S.
Typhimurium LT2 (sialidase positive) and S. Typhimurium SL 1344 (no-sialidase) and
one C. difficile strain (NTCT 12726) were grown using a range of carbon sources. For S.
Typhimurium, these growth assays were carried out in both aerobic and anaerobic
conditions as it is a facultative anaerobe while C. difficile was grown under strict
anaerobic conditions. As expected from the bioinformatics analysis, S. Typhimurium
SL1344 was unable to grow on lactose, 3'SL, 6’SL or purified porcine gastric mucin
(pPGM), owing to the lack of a sialidase, but could grow to high density on Neu5Ac,
Neu5Gc and glucose (Figure 62a). Conversely, S. Typhimurium LT2 strain was able to
grow on 3’SL as well as glucose, Neu5Ac and Neu5Gc, demonstrating that it can liberate
sialic acid. Interestingly it could not grow on 6’SL or pPGM, in agreement with previous
work on the reported substrate specificity of the LT2 sialidase, showing strong preference
for a2-3 linked sialic acid over a2-6; furthermore the sialidase has been shown to have
a much reduced activity against complex branched structures such as mucin (Hoyer et
al., 1991, Minami et al., 2013). S. Typhimurium LT2 was also unable to utilise lactose,
indicating that the growth seen on 3’'SL is due to the release and metabolism of Neu5Ac
and not lactose. In addition, the results demonstrate that while there was no difference
in the sugars that could be utilised by S. Typhimurium in aerobic vs. anaerobic conditions
(Figure 62b), there was a difference in the rate of growth which is to be expected as
aerobic respiration generates more adenosine triphosphate (ATP) (Pfeiffer et al., 2001).
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Figure 62: Growth curves of S. Typhimurium under aerobic and anaerobic conditions

Change in absorbance at OD600 over time of aerobic A) and anaerobic B) microtiter cultures of
S. Typhimurium LT2 and SL 1344 using the following sugars as sole carbon sources: media only
(M9), glucose, lactose, 3'SL, 6°SL, Neu5Ac, Neu5Gc, Mucin (pPGM).

We then tested the hypothesis that S. Typhimurium and C. difficile strains would not be
able to grow on 2,7-anhydro-Neu5Ac due to differences in the nan operon compared to
R. gnavus and the lack of an IT-sialidase. Growth curves of S. Typhimurium SL1344 and
C. difficile NCTC 12726 on sialic acid derivatives confirmed that both could utilise
Neu5Ac and Neub5Gc but neither could utilise 2,7-anhydro-Neu5Ac (Figure 63).
Furthermore, it was confirmed that C. difficile could not utilise sialoconjugates due to the
absence of a sialidase gene, whilst it could grow on glucose, Neu5Ac and Neu5Gc to

high density under the same conditions.
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Figure 63: Growth of S. Typhimurium and C. difficile on sialic acids

Change in absorbance at ODsgs over time of microtiter cultures of A) S. Typhimurium SL1344
using 2,7-anhydro-Neu5Ac, glucose, Neu5Ac, Neu5Gc, or YCFA alone. B) C. difficile NCTC
12726 using 2,7-anhydro-Neu5Ac, glucose, Neu5Ac, Neu5Gc, 3'SL, 6’SL, lactose or YCFA alone.

6.2.3 In vitro co-cultures of S. Typhimurium with R. gnavus or B. thetaiotaomicron

It has been shown that the release of Neu5Ac in the gut by commensal species such as
B. thetaiotaomicron, and the subsequent scavenging of the Neu5Ac by S. Typhimurium
and C. difficile leads to increased pathogenicity post antibiotic treatment (Ng et al., 2013).
R. gnavus releases 2,7-anhydro-Neu5Ac from glycans, which could potentially reduce
the level of free NeuSAc available to the pathogens and thus limit the growth of S.
Typhimurium and C. difficile. To assess this in vitro the growth of co-cultures of R. gnavus
ATCC 29149 with S. Typhimurium SL1344, and B. thetaiotaomicron ATCC 29148 with
S. Typhimurium SL1344 using 3'SL as the sole carbon source was tested. B.
thetaiotaomicron has been shown to metabolise 3'SL in vitro by using lactose liberated
by its hydrolytic sialidase activity, while it is not able to utilise the Neu5Ac liberated (Yu
et al., 2013). Based on the mono-culture results showing that S. Typhimurium can utilise
Neu5Ac but not lactose nor 2,7-anydro-Neu5Ac, it was hypothesised that S.
Typhimurium would be able to cross feed on the Neu5Ac released by B. thetaiotaomicron
sialidase, whilst it should not be able to cross-feed from the activity of the R. gnavus IT-

sialidase which releases 2,7-anhydro-Neu5Ac and lactose.
6.2.4.1 Choice of minimal media for co-culture assays

In order to perform these co-culture experiments, a minimal medium is required to
support the growth of B. thetaiotaomicron or R. gnavus with S. Typhimurium or C.

difficile. Two minimal media were tested, YCFA which has previously been used for
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studies with R. gnavus, and BDM which is routinely used for B. thetaiotaomicron (see
Materials and Methods). Growth curves for each bacterium were conducted under
anaerobic conditions using both media with and without glucose supplementation. The
data showed that YCFA was capable of supporting the growth of all four bacteria in the
presence of glucose, but also showed low levels of growth without glucose
supplementation (Figure 64). This growth without glucose is low with R. gnavus and B.
thetaiotaomicron but is substantial for both S. Typhimurium and C. difficile. This limits
the use of YCFA as a minimal medium for these co-culture experiments, as low-level
growth on tested carbon sources may be masked. For BDM, no growth of any of the
four strains was observed in the absence of glucose. With glucose present, growth was
supported for R. gnavus, B. thetaiotaomicron and S. Typhimurium, while C. difficile
showed no growth. Therefore, BDM can be used for co-cultures of the two commensal

strains with S. Typhimurium but is not suitable for co-cultures with C. difficile.
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Figure 64: Growth curves of S. Typhimurium, C. difficile, R. gnavus and B. thetaiotaomicron on
minimal media

Change in absorbance at ODsgs over time of microtiter cultures of C. difficile NCTC 12726 (Cd,;
orange), B. thetaiotaomicron ATCC 29148 (Bt; pink), S. Typhimurium SL1344 (St; blue) and R.
ghavus ATCC 29149 (Rg; green) using either A) YCFA or B) BDM without carbon source (dashed
lines) or with 11.1 mM glucose (solid line).

6.2.4.2 Cross-feeding of S. Typhimurium in the presence of bacteria expressing an IT-

sialidase or hydrolytic sialidase

To assess the potential of S. Typhimurium to cross-feed on sugars liberated by the IT-

sialidase of R. gnavus, co-culture assays were performed in vitro and compared to co-
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cultures of S. Typhimurium with B. thetaiotaomicron. As shown above, S. Typhimurium
SL1344 cannot utilise 3'SL (Figure 62), therefore any growth would be due to the sialic
acid released by either R. gnavus or B. thetaiotaomicron. Growth of co-cultures in BDM

was monitored over time by measuring ODsgs.

The data showed that the B. thetaiotaomicron co-culture did not grow within the 24-hour
time period used for the experiment, whereas the R. ghavus co-culture grew to high
density within the same time period (Figure 65). To investigate this further, R. gnavus
and B. thetaiotaomicron mono-cultures were grown on glucose or 3’'SL in BDM. These
results showed an increased lag-phase of B. thetaiotaomicron growth on 3'SL compared
to R. gnavus with growth only observed after 24 hours (Figure 66). This difference in the
lag-phase makes direct comparisons between the R. ghavus and B. thetaiotaomicron

co-cultures in BDM challenging.
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Figure 65: Growth curves of S. Typhimurium co-cultures with R. gnavus or B. thetaiotaomicron

Change in absorbance at ODsgs over time of co-cultures of S. Typhimurium SL1344 with R.
ghavus ATCC 29149 (orange) or B. thetaiotaomicron ATCC 29148 (blue) in BDM with 11.1 mM
3'SL.
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Figure 66: Growth curves of R. gnavus or B. thetaiotaomicron on 3'SL

Change in absorbance at ODsgs over time of microtiter cultures of A) B. thetaiotaomicron ATCC
29148, B) R. gnavus ATCC 29149 in BDM with 11.1 mM 3'SL (red), glucose (orange), lactose
(black) or BDM alone (blue).

To overcome this, co-cultures of R. gnhavus and S. Typhimurium SL1344 grown on 3'SL
in BDM were performed alongside a S. Typhimurium mono-culture using an equimolar
amount of Neu5Ac in BDM to mimic the conditions of a B. thetaiotaomicron and S.
Typhimurium co-culture. These results showed that S. Typhimurium growth was reduced
10 fold in co-culture compared to the level of growth observed in the mono-culture of S.
Typhimurium with Neu5Ac (Figure 67). Although lower, growth of S. Typhimurium was
still observed in co-cultures with R. gnavus. This is likely due to the presence of ~15%
Neu5Ac which is a by-product of the IT-sialidase reaction, providing S. Typhimurium with

a metabolisable carbon source (Monestier et al., 2017).
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Figure 67: Growth of S. Typhimurium in co-culture with R. gnavus

S. Typhimurium SL1344 was grown under anaerobic conditions at 37 °C in BDM as a monoculture
using Neu5Ac as a sole carbon source (white) or in co-culture with R. gnavus ATCC 29149 using
3’SL as a sole carbon source (black). The CFU / ml for S. Typhimurium SL1344 at time O, 8 h and
24 hours was assessed by plating.

Next, co-cultures of S. Typhimurium SL1344 with R. gnavus or B. thetaiotaomicron were
carried out using YCFA, taking into account the background growth of S. Typhimurium
in YCFA unrelated to sialic acid. These results indicated that the presence of R. ghavus
reduced the growth of S. Typhimurium compared to the B. thetaiotaomicron co-culture,
showing a 10-fold difference at 24 hours, similar to the result obtained in BDM media
(Figure 68).
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Figure 68: Co-cultures of S. Typhimurium in co-culture with R. gnavus or B. thetaiotaomicron

S. Typhimurium SL1344 was grown in co-culture with R. gnavus ATCC 29149 (grey) or B.
thetaiotaomicron ATCC 29148 (white) using 3’'SL as a sole carbon source in YCFA. The CFU /
ml for S. Typhimurium SL1344 at time 5, 8 and 24 hours was assessed by plating.

Follow up independent growth assays were carried out to test that the S. Typhimurium
growth in BDM co-cultures with R. gnavus was due to the 15% Neu5Ac released by the
IT-sialidase and not another nutrient source. Firstly, R. gnavus was grown on 3'SL
overnight, the R. gnavus was pelleted and the resulting supernatant filter sterilised, both
pellet and supernatant were used as a potential carbon source for S. Typhimurium.
Further, S. Typhimurium SL1344 growth was tested using 3'SL as a sole carbon source
in BDM medium or with addition of either recombinant IT-sialidase from R. gnavus or a
commercially available hydrolytic sialidase. Finally, Neu5Ac equimolar to the
concentration of 3'SL (11.1 mM) used and Neu5Ac at 15% of that concentration (1.7
mM) were used as carbon sources in BDM medium in the presence of S. Typhimurium
to mimic the expected release of Neu5Ac by the hydrolytic and IT-sialidase, respectively.
The results of these growth assays (Figure 69) showed that NeuS5Ac and 3’SL with
addition of the hydrolytic sialidase allowed for the highest levels of S. Typhimurium
growth. Furthermore, 3'SL treated with the recombinant IT-sialidase, the R. gnhavus
supernatant or 15% Neu5Ac all showed a similar level of growth but reduced in
comparison to growth using Neu5Ac or 3’SL treated with a hydrolytic sialidase. Untreated
3’SL and the R. gnavus cell pellet did not support growth of S. Typhimurium. Together,
these data suggest that the basal growth of S. Typhimurium observed in the co-culture
experiments with R. gnavus is due to the 15% Neu5Ac released by the IT-sialidase

reaction.
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Figure 69: Growth curves of S. Typhimurium on Neu5Ac released from exogenous sialidase
activity

Absorbance at ODsgs over time of microtiter cultures of S. Typhimurium SL 1344 grown under
anaerobic conditions in BDM supplemented with, spent media from R. gnavus ATCC 29149
culture grown on 3’'SL in BDM overnight (black), R. gnavus cell pellet from the same overnight
growth (red), 11.1 mM Neu5Ac (orange), 1.7 mM Neu5Ac (15%; yellow), 11.1 mM 3'SL (green),
11.1 mM 3’SL with addition of recombinant R. gnavus IT-sialidase (blue) or 11.1 mM 3’SL with
addition of a hydrolytic sialidase (purple).

6.2.3 Impact of R. gnavus on the colonisation of S. Typhimurium in vivo

The in vitro data suggest that the presence of R. gnavus ATCC 29149 can limit the
availability of NeuS5Ac released from sialylated substrates compared to bacteria
expressing hydrolytic sialidases. This was further investigated in a preliminary in vivo
study using conventional C57BL/6J mice. Briefly, mice were orally gavaged with
streptomycin to disrupt the gut microbiota making mice susceptible to infection and
colonisation by R. gnavus. After 24 hours, mice were orally gavaged with wild-type R.
gnavus, R. gnavus nan mutant (see section 5.2.1.1) or with PBS as control. After a further
24 hours mice were then challenged with S. Typhimurium SL 1344 and monitored for 2

days before culling on day 4 (Figure 70).
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R. gnavus

Streptomycin R. gnavus nanm S. Typhimurium Cull
DayO Day1 Day 2 Day 3 Day 4
Group Streptomycin R. gnavus Salmonella
A Yes Wild-type No
B Yes Nan mutant No
C Yes No No
D Yes Wild-type Yes
E Yes Nan mutant Yes
F Yes No Yes

Figure 70: Design of the in vivo study to assess the impact of R. gnavus colonisation on S.
Typhimurium infection

Each group contained 5 mice (2 males and 3 females or 3 males and 2 females), housed in
separate cages. Briefly at day 0, all mice were orally gavaged with 20 mg streptomycin, at day 1
mice were gavaged with 108 cells R. gnavus ATCC 29149, R. gnavus nan mutant or PBS, before
S. Typhimurium SL1344 challenge at day 2 with 108 bacteria. Faecal pellets were collected on
each day before culling at day 4.

Colonisation of the mice by the R. gnavus ATCC 29149 strains was confirmed by qPCR
from faecal pellets taken at day 3 or caecal content collected at day 4 (Figure 71). The
majority of mice that were gavaged with either the wild-type or nan mutant R. gnavus
strains remained colonised throughout the experiment, however, exceptions were
observed. Group A mice were all colonised by wild-type R. gnavus at both day 3 and day
4 as expected, however, in group D, mouse 4 was not colonised at day 3 or 4 and while
mouse 2 was colonised at day 3, it was no longer colonised at day 4. For the R. gnavus
nan mutant groups, mouse 2 of group B was not colonised and in group E, all mice were
colonised at day 3, but that colonisation was no longer observed in any mice by day 4,
this may be due to the S. Typhimurium challenge, as we previously reported that the nan

mutant R. ghavus shows impaired colonisation (see section 5.2.1.2).
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Figure 71: R. gnhavus colonisation of mice during the S. Typhimurium challenge study

In vivo colonisation level by R. ghavus ATCC 29149 or nan mutant was carried out by gPCR
analysis at day 3 and day 4 of the experiment of all 5 mice (mouse 1 white bar — mouse 5 black
bar) in each group. Groups A and D were gavaged with wild-type R. gnhavus, Groups B and E
were gavaged with nan mutant R. gnavus and groups C and F were gavaged with PBS. Red stars
indicate where samples were missing or not collected, the limit of detection for the primers used
is 10" copies / mg faeces.

Following S. Typhimurium challenge, the welfare of mice was monitored each day using
a 0 (no signs) — 5 (severe signs) scale to assess symptoms of ill health. These included
piloerection, abnormal respiration, oculo-nasal discharge, tremors and/or convulsions,
hunched, self-mutilation, intermittent vocalisation and peer interaction. The weight of
each mouse was also monitored, and any mouse that was trending towards a loss of
20% body weight before the next check was sacrificed early by schedule 1; this was the
case with one mouse in group E and one mouse in group F that were lost at day 3. The
total welfare scores were calculated for each mouse to give a ‘wellness’ score, the scores
for day 3 were performed blinded by Laura Vaux, the day 4 scores were not blinded. The

data showed that the groups of mice colonised with R. gnavus wild-type showed less
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severe symptoms than the mice colonised with the nan mutant or control group at day 3
and day 4 (Figure 72).
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Figure 72: Mouse welfare scores for in vivo S. Typhimurium challenge study

Average welfare scores for the three groups challenged with S. Typhimurium SL 1344, R. gnhavus
ATC 29149 group — grey bar, R. gnavus nan mutant group — white bar and control group black
bar. Welfare scores are calculated on a 0 (no signs) — 5 (severe) scale for piloerection, abnormal
respiration, oculo-nasal discharge, tremors and/or convulsions, hunched, self-mutilation,
intermittent vocalisation and peer interaction. For each mouse the total welfare score was
calculated. Scoring at day 3 was blinded and at day 4 was not blinded.

Colonisation of the mice by S. Typhimurium SL1344 was also investigated in the mice at
day 3 and day 4 by gPCR measuring the copies of the InvA gene (Barbau-Piednoir et
al., 2013). The S. Typhimurium colonisation level in the mice colonised with R. gnavus
wild-type is skewed by one data point which is 100 times higher than the other mice in
the same group. This sample also had a much higher DNA yield (760 ng/mg faeces)
compared to the other samples in the same group (24.9 -193.5 ng/mg faeces). The qPCR
data obtained for day 3, suggest a reduction in S. Typhimurium colonisation in the group
colonised with wild-type R. gnavus compared to the nan mutant and control groups
(Figure 73). At day 4, all mice seem to be clearing the S. Typhimurium with the R. gnavus

nan mutant and wild-type group showing a similar colonisation level.
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Figure 73: Impact of R. gnavus on S. Typhimurium infection in vivo

gPCR analysis showing the colonisation level S. Typhimurium SL1344 at day 3 (left) and day 4
(right) of three groups colonised with R. gnavus ATCC 29149 wild-type, nan mutant or PBS by
guantification of the InvA gene.

The microbial composition of the mice was monitored at each day of the experiment
(Figure 74). At day 0 the microbiome across all groups was similar and following
antibiotic treatment (day 1), the diversity in the microbiome of all mice was depleted. At
day 1, the composition of the microbiome was shown to vary across mice in each group
and appeared to have a cage-dependent profile (Figure 74). Following addition of R.
gnavus and an additional 24 hours, the diversity of the microbiome across all groups
increased and R. gnavus could be detected in groups A, B, D and E in agreement with
the gPCR data (Figure 74; day 2). However, there was variability between the gut
microbiomes which again appeared to be cage-dependent. For example, although all
mice in Group A and Group D were treated in the same way, the microbial profiles of the
2 groups were clearly different, this was also true of groups B and E, and C and F.
Following S. Typhimurium challenge (Groups D, E and F; day 3 and 4) the microbiome
continued to be perturbed, unfortunately the OTU classification could not identify S.
Typhimurium at the genus or species level, but numerous groups of the family
Enterobacteriaceae were detected. In the non-S. Typhimurium challenged groups
(Groups A, B and C) the microbial diversity continued to increase through day 3 and 4
and by day 4, it was almost representative of the day O microbiome, with no obvious

differences between groups. Therefore, this preliminary in vivo mouse study will need
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repeating taking into account the variability in microbiome seen throughout the
experiment.
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Figure 74: Taxonomic profiles from the in vivo study of S. Typhimurium colonisation

Faecal samples were taken from mice at day 0, day 1, day 2, day 3, and day 4 of the study, and
the taxonomic profile determined by 16S sequencing. Samples are sorted by time point and group
number (see Figure 70). Taxonomic classifications were made using the QIIME2 program and
Greengenes database and are defined in the key presented in Appendix 4.

We also examined the MUC2 glycosylation pattern in these mice (Appendix 5). The data
showed minimal changes in the mucin glycosylation pattern between groups of mice
colonised with R. gnavus wild-type or R. gnavus nan mutant. However, upon S.
Typhimurium challenge, the mucin glycans were shorter consistent with an inflamed
epithelial layer expected during S. Typhimurium infection.
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6.3 Discussion

Bioinformatics confirmed that while all strains of Salmonella and C. difficile have the
capacity to metabolise Neu5Ac, the majority lack the sialidase required for the release
of Neu5Ac from mucin glycans, except for two Salmonella enterica strains. In these two
strains, the gene encoding the predicted sialidase is not in the same location as the rest
of the sialic acid utilisation genes suggesting that they were acquired from different gene
transfer events. One of these sialidases, from the S. Typhimurium LT2 strain, has been
characterised experimentally and is commercially available (Minami et al., 2013). Growth
curves of selected strains of both pathogens supported the bioinformatic analyses, with
growth observed on Neu5Ac but not on sialoconjugates, except for the LT2 strain which
could utilise a2-3 linked sialic acid oligosaccharides. These in vitro growth assays also
showed that neither C. difficile nor S. Typhimurium could utilise 2,7-anhydro-Neu5Ac,
supporting the hypothesis that R. gnavus ATCC 29149 may have the capability to reduce
proliferation of these pathogens in vivo by cleaving off sialic acid from mucin glycans and

releasing it in a form that they cannot use.

This hypothesis was first tested in vitro in co-cultures of S. Typhimurium SL1344 and R.
gnavus ATCC 29149 using 3'SL as a sole carbon source. While S. Typhimurium could
not utilise 2,7-anhydro-Neu5Ac nor 3'SL, it could still benefit from the IT-sialidase activity
of R. gnavus. This is likely due to the 15% Neu5Ac released by the R. gnavus IT-sialidase
(Monestier et al., 2017). This hypothesis was supported by growth assays showing that
growth of S. Typhimurium using the supernatant of R. gnavus ATCC29149 grown on
3'SL, 3'SL treated with the IT-sialidase or NeuSAc at 15% of the concentration of the
3’'SL used, all produced a similar level growth, while S. Typhimurium grown on 3’SL
treated with a hydrolytic sialidase or equimolar Neu5Ac showed much higher growth

levels.

It has been shown in vivo that both S. Typhimurium and C. difficile benefit from the
release of free Neu5Ac by the gut symbiont B. thetaiotaomicron post antibiotic treatment
(Ng et al., 2013). In vitro we showed that in co-cultures of S. Typhimurium SL1344 with
B. thetaiotaomicron using 3’SL as a sole carbon source, growth of S. Typhimurium was
ten times higher than in co-cultures with R. gnavus. However, more work is required to
support these results such as a transcriptomic analysis to measure expression of genes
involved in sialic acid utilisation by S. Typhimurium when in co-culture with R. gnavus.
Taken together, these data provide support to the hypothesis that R. ghavus could

reduce S. Typhimurium proliferation in vivo.
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This hypothesis was then tested in antibiotic-treated mice colonised with either R. gnavus
ATCC 29149 wild-type strain or the R. gnavus nan mutant followed by S. Typhimurium
challenge. These studies suggested that R. gnavus could reduce S. Typhimurium
colonisation by approximately 10-fold. Although this was not statistically significant,
animal welfare appeared improved in the group treated with R. gnavus wild-type.
Furthermore, no mice in the R. gnavus wild-type colonised group reached the 20% cut
off limit for weight loss, whereas one mouse in each of the other groups did pass this
limit. A more highly powered study using an attenuated S. Typhimurium strain that does
not cause systemic infection will need to be carried out to confirm these preliminary
findings. Alternatively, a mouse strain genetically resistant to S. Typhimurium infection
such as CBA/J (Sabag-Daigle et al., 2016, Plant and Glynn, 1976) would allow the

monitoring of S. Typhimurium colonisation over a longer time frame.

Here the variability in the profile of the gut microbiome following antibiotic treatment
makes interpretation of the data more challenging. Therefore, acquiring a more
consistent background microbiome at the time of infection would also be beneficial to the
study. This could be achieved by giving germ-free mice a defined microbial community
containing R. gnavus wild-type or the nan mutant followed by a period of adaptation
before S. Typhimurium challenge. This could also be achieved by providing mice a more
humanised microbiome which may be more clinically relevant. Furthermore, to better
define the gut microbiome of these mice we could consider using metagenome
sequencing techniques, this may also give the added benefit being able to detect S.
Typhimurium levels. Finally, since mice are capable of producing Neu5Gc where humans
are not, a more physiologically relevant model would be CMAH knock out mice, that no
longer produce Neu5Gc (Hedlund et al., 2007).

Importantly for this study, differences in S. Typhimurium colonisation and animal welfare
were observed between the wild-type R. gnavus and the R. gnhavus nan mutant. These
results suggest that the impact on S. Typhimurium is not just due to colonisation
resistance by R. gnavus but is linked to sialic acid metabolism. Following up on work
presented in the previous chapter, we propose that 2,7-anhydro-Neu5Ac may be used
as a next-generation prebiotic to boost R. gnavus in the gut as a strategy to reduce

pathogen infection.
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Chapter 7

Conclusions and perspectives
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Sialic acid is known to be involved in a number of biological processes including
immunity, brain development and disease progression, it can also be metabolised as a
nutrient source by bacteria (Varki, 2008). As well as its wide ranging and variety of roles,
sialic acid comes in many different forms, providing specificity to interactions with
different organisms. These interactions are reasonably well studied, though new
biological implications of sialic acids continue to be found. One form of sialic acid that
has been little researched is 2,7-anhydro-sialic acid, which was first isolated from wet
cecum in 1985 (Suzuki et al., 1985). Five years later it was discovered that leech
encoded an enzyme (IT-sialidase) that could release 2,7-anhydro-Neu5Ac from
sialylated substrates (Li et al., 1990). However, the ability to study this biomolecule has
been limited by the effectiveness of methods used to detect and synthesise it. Chemical
syntheses with very low production at high cost were for a long time the only described
methods for synthesising 2,7-anhydro-Neu5Ac, limiting the scientific community in
investigating the potential biological roles of this sialic acid. Owing to the recent discovery
by our group of an IT-sialidase in the gut symbiont R. gnavus (Tailford et al., 2015b), and
the potential of 2,7-anhydro-Neu5Ac in modulating gut microbiota composition in the
mucus (this work), renewed efforts have focussed on the synthesis of this compound
using enzymatic approaches.

Here we developed a method for the synthesis of 2,7-anhydro-Neu5Ac using the
recombinant IT-sialidase from R. gnavus ATCC 29149 allowing for mg production of pure
2,7-anhydro-Neu5Ac. Since the IT-sialidase releases around 15% Neu5Ac as a by-
product, a commercial sialic aldolase was added to convert the Neu5Ac into ManNAc
and pyruvate which could be separated from the 2,7-anhydro-Neu5Ac product more
readily in a membrane-enclosed multi-enzyme reaction. Shortly after the publication of
our method (Monestier et al., 2017), the group of Xi Chen (Department of chemistry,
University of California) developed a method for the gram scale synthesis of 2,7-anhydro-
Neu5Ac again based on the action of an IT-sialidase, this time from S. pneumoniae (Xiao
et al., 2018), and later a more concise protocol using Neu5Ac as starting material (Li et
al., 2019). The purification protocols described use a three-phase purification including
Biogel P2, a silica column and C18 column. However, these methods did not allow
separation of Neu5Ac, which is likely a by-product of the IT-sialidase reaction. We
therefore developed a HPLC based protocol to separate 2,7-anhydro-Neu5Ac and
Neu5Ac (see section 3.2.1). Following further optimisation, this protocol could provide a
robust method of purifying 2,7-anhydro-Neu5Ac to a high level of purity. Alternatively, we
could explore the use of RgNanOx, an enzyme involved in the R. gnavus nhan metabolic

pathway (identified in this work) to produce 2,7-anhydro-Neu5Ac (see section 4.2.8). As
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we showed that this is a reversible reaction, RgNanOx could be used for the conversion
of Neu5Ac to 2,7-anhydro-Neu5Ac, the excess Neu5Ac would need to be removed using
the HPLC method described in this work. Additionally, optimisation of this method would
require the shift of the reaction equilibrium towards the production of 2,7-anhydro-
Neu5Ac. At 37 °C in sodium phosphate buffer, MS analysis showed a ratio of 2:1
Neu5Ac:2,7-anhydro-Neu5Ac, whereas at 20 °C in PBS (used for NMR experiments) the
equilibrium ratio was 10:1. This suggests that it is possible to alter the position of the
equilibrium under different experimental conditions. Owing to the resolution of the crystal
structure of RgNanOx (section 4.2.8) and the identification of key residues in the enzyme
active site, it may also be possible to generate mutants of the enzyme to favour the
production of 2,7-anhydro-Neu5Ac. Finally, the ability of RgNanOx to act on different
forms of sialic acid could be tested with the aim of producing 2,7-anhydro-sialic acid
derivatives, such as 2,7-anhydro-Neu5Gc and 2,7-anhydro-KDN from Neu5Gc and KDN,

respectively.

As well as the synthesis of 2,7-anhydro-Neu5Ac, detection and accurate quantification
of this sialic acid derivative from biological samples is challenging. NeuS5Ac and its
derivatives are generally detected by labelling the compounds with DMB. However, this
is dependent on the C2 position of the sialic acid ring being available which is not the
case for 2,7-anhydro-Neu5Ac. Here, we have developed an MS approach to allow for
the detection of 2,7-anhydro-Neu5Ac using MRMs which accurately identifies this
compound. Future work is warranted to improve the method of sample preparation for

quantification of 2,7-anhydro-Neu5Ac from complex samples such as caecal contents.

One important question linked to the recent discovery of IT-sialidase expression by R.
gnavus is whether 2,7-anhydro-Neu5Ac can be metabolised as a nutrient source like
Neu5Ac is by certain members of the gut microbiota (Nishiyama et al., 2018, Lewis and
Lewis, 2012). We showed that all R. gnavus strains expressing the IT-sialidase could
grow on 2,7-anhydro-Neu5Ac while they were not able to grow on Neu5Ac. The pathway
of Neu5Ac metabolism in bacteria is well understood. Here we elucidated the pathway
of 2,7-anhydro-Neu5Ac metabolism in R. ghavus (see section 4.2). The IT-sialidase
expressed by R. gnavus ATCC 29149 has been shown to be part of a larger gene cluster
as compared to Neu5Ac clusters (Crost et al., 2016) which we showed is upregulated
during growth of R. gnavus on 2,7-anhydro-Neu5Ac or 3'SL. To identify the proteins
involved in this metabolic pathway, the genes encoded by the R. ghavus nan cluster

were selected based on bioinformatic analysis and recombinantly expressed in E. coli.
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These recombinant proteins were then assessed for function using a range of

biochemical and biophysical approaches.

The first protein investigated was the SBP of the predicted ABC transporter (RgSBP).
SBPs are extracellular domains of sugar transport conferring substrate specificity. Using
a combination of DSF, fluorescence spectroscopy and ITC analysis, we showed that
RgSBP was specific for 2,7-anhydro-Neu5Ac and did not bind Neu5Ac. As well as
confirming the transport route of 2,7-anhydro-Neu5Ac, this finding also explains why R.
gnavus is unable to utilise Neu5Ac as a sole carbon source. RgSBP is part of a predicted
SAT2 transporter and is homologous to the uncharacterised S. pneumoniae, S. gordonii
and S. sanguinis SAT2 (Scheepers et al., 2016, Almagro-Moreno and Boyd, 2009). Our
SSN analysis of RgSBP also identifies these three species as well as 44 other bacterial
species as encoding an RgSBP like protein (see section 4.2.4, Table 5). It is known that
S. pneumoniae encodes up to three sialidases including two hydrolytic sialidases and an
IT-sialidase (Xu et al., 2011). This bacterium has been shown to utilise Neu5Ac and the
presence of an RgSBP like protein in S. pneumoniae would suggest that it can also utilise
2,7-anhydro-Neu5Ac. The ability to release sialic acid in both the Neu5Ac and 2,7-
anhydro-Neu5Ac forms, would potentially provide S. pneumoniae a significant
advantage in accessing this valuable nutrient source. RgSBP is the first characterised
domain of a SAT2 transporter and the first shown to bind 2,7-anhydro-Neu5Ac. To date
the crystal structure for RgSBP has not been resolved.

In the canonical pathway of NeuSAc metabolism, NanA converts Neu5Ac to ManNAc
and pyruvate (Brigham et al., 2009). Bioinformatic analysis of R. gnavus NanA (RgNanA)
revealed that the enzyme differs in sequence compared to Neu5Ac aldolases
characterised to date, particularly in key substrate binding residues. It was therefore
hypothesised that the substrate specificity may be different. Using a combination of
absorbance-based kinetics assays and HPLC, we found that RgNanA was specific for
Neu5Ac and not 2,7-anhydro-Neu5Ac, which was in agreement with the solved crystal
structure of RgNanA showing conserved binding and active site structure to previously

characterised Neu5Ac aldolases (see section 4.2.7).

With RgNanA being active against Neu5Ac and 2,7-anhydro-Neu5Ac being transported
by RgSBP, it was likely that an intracellular conversion of 2,7-anhydro-Neu5Ac to
Neu5Ac was required. Bioinformatics analysis of genes in the R. gnavus nan cluster
suggested that RUMGNA_ 02695 (RgNanOx) was a likely candidate. Using HPLC and
MS methods, we confirmed that the recombinant RgNanOx was capable of reversibly

converting 2,7-anhydro-Neu5Ac to Neu5Ac (see section 4.2.8). The crystal structure of
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RgNanOx was determined using X-ray crystallography showing a dimeric formation with
a typical SDR protein fold. This fold is characterised by a central 3-sheet with helices on
either side and, in most cases, a catalytic tetrad of asparagine, lysine, serine and tyrosine
(Kavanagh et al., 2008). RgNanOx showed conserved features apart from the
asparagine which is lacking in the active site. SDR proteins are abundant in all domains
of life and have been associated with a range of substrates including alcohols, sugars,
steroids, aromatic compounds, lipids and xenobiotics (Persson et al., 2009, Kavanagh
et al., 2008). So far, we have not been able to obtain a crystal structure in complex with
a product or intermediate. Future efforts will focus on mutant generation to further
understand the reaction mechanism of this novel enzyme, the first shown to be active

against 2,7-anhydro-Neu5Ac.

Neu5Ac metabolism is widely spread among members of the gut microbiome, however,
to date 2,7-anhydro-Neu5Ac metabolism has only been shown for R. gnavus (Crost et
al., 2016). Understanding the function of proteins in the extended nan cluster of R.
gnavus allowed us to refine the bioinformatics analysis to identify members of the
microbiota that encode homologues of 2,7-anhydro-Neu5Ac metabolism proteins (see
section 4.2.3). SSN analysis of the RgNanOx identified 69 bacterial species that encode
a similar protein, with 40 of these also associated with an RgSBP like transporter. For
the 29 species not encoding a transporter protein, it is possible that other unknown 2,7-
anhydro-Neu5Ac transport proteins exist. Alternatively, if no 2,7-anhydro-Neu5Ac
transport mechanism is present, then a novel role for RgNanOx may also exist. For
example, E. coli BW25113 encodes an RgNanOx homologue (YjhC), and our preliminary
data showed that it has the same function as RgNanOx, however, we also showed that
this E. coli strain cannot use 2,7-anhydro-Neu5Ac as a sole carbon source (data not
shown), suggesting an alternative role for RgNanOx like enzyme, potentially as a way of
storing sialic acid as 2,7-anhydro-Neu5Ac. In addition to the bioinformatics analysis of
individual genes involved in 2,7-anhydro-Neu5Ac metabolism, a MultiGeneBlast analysis
was carried out. This analysis showed that only species closely related to R. gnavus and
S. pneumoniae strains share a similar nan cluster. Taken together these results suggest
that the presence of the IT-sialidase and 2,7-anhydro-Neu5Ac metabolism pathway may
provide R. gnavus with a competitive advantage in the gut by allowing the bacteria to

release sialic acid in a form, 2,7-anhydro-Neu5Ac, only it can use.

To investigate this in the context of a complex microbiota, we used a batch culture system
seeded with human faecal microbiota. We showed by qPCR that 2,7-anhydro-Neu5Ac

and 3'SL were able to promote the growth of R. ghavus, and this was also supported by
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16S analysis of the microbial community. Interestingly, and in support of the hypothesis,
only two other species showed a similar trend in the presence of 2,7-anhydro-Neu5Ac.
These were identified as being from the genera Roseburia, Sutterella, Blautia,
Phascolarctobacterium, Oscillospira and Butyricicoccus. These results will be confirmed
using gPCR analysis of these species as shown for R. gnavus in this work. Interestingly
bioinformatics analyses only predicted Blautia to encode RgNanOx, RgNanH or RgSBP
homologs. It is not clear from this sequencing analysis whether these bacteria are
primary utilisers of 2,7-anhydro-Neu5Ac or whether they benefit from secondary
metabolites. This could be tested using growth assays of monocultures with 2,7-anhydro-
Neu5Ac or using SIP methods based on 3C-labelled 2,7-anhydro-Neu5Ac, as discussed
in section 5.3. The findings presented here could potentially give rise to the use of 2,7-
anhydro-Neu5Ac to boost levels of R. gnhavus as a next generation prebiotic strategy. R.
gnhavus is associated with several diseases including IBD, malnutrition, obesity and brain
disorders (see section 1.3.3). As R. gnavus is present in the microbiome of 90% of the
human population (Qin et al., 2010), its modulation with a prebiotic strategy could lead

to novel treatments in conditions associated with an under representation of R. gnavus.

To further explore the impact of 2,7-anhydro-Neu5Ac on the host, one approach will be
to use mouse models. Although R. gnavus was seen to be part of the natural mouse
microbiota in earlier studies, R. gnavus is not naturally present in C57BL/6J mice, housed
at the Disease Modelling Unit (DMU), UEA. We found that to allow colonisation of R.
gnavus in these mice, an antibiotic treatment was necessary, alternatively we could use
‘humanised’ mice, taking germ-free mice and gavaging them with a human faecal slurry.
This later approach is more representative of the human situation and we could monitor
the presence or absence of R. ghavus in the faeces of the donor, and add specific strains
of R. gnavus, for example R. gnavus ATCC 29149 wild-type or nan mutant. The ability
to mutate R. gnhavus ATCC 29149 as described below will provide novel insights into the
mechanisms underpinning the potential impact of 2,7-anhydro-Neu5Ac on the host and

microbiome.

Here we used the ClosTron technology (Heap et al., 2010) to generate an R. gnavus nan
cluster mutant and showed that the nan cluster is critical for the fitness of R. gnavus in
the gut of gnotobiotic mice. The nan mutant was less able to penetrate the mucus layer
than the wild-type and in co-colonisation was heavily out competed by R. gnavus wild-
type. In addition to these studies, the large fithess cost of lacking a functional nan operon
was shown in S. Typhimurium infection studies by qPCR (see section 6.2.3). Following

S. Typhimurium challenge, the R. gnavus wild-type strain persisted in the mice, whereas

173



the R. gnavus nan mutant could not be detected in the faecal or caecal content 2 days
following S. Typhimurium challenge. These data suggest that the nan cluster is important
for successful R. gnavus colonisation of the mucus layer and its persistence in the gut.

Finally, we proposed that R. gnavus or IT-sialidase activity may reduce the amount of
bound and free Neu5Ac in the gut, by releasing bound sialic acid in the form of 2,7-
anhydro-Neu5Ac. It has been shown that an increase of free NeuSAc post antibiotic
treatment leads to an increase in S. Typhimurium and C. dificile colonisation in mice (Ng
et al.,, 2013). These pathogens do not encode their own sialidases and so rely on
commensal organisms in close proximity to release Neu5Ac that they then scavenge. It
was therefore proposed that decreasing the level of free Neu5Ac in the gut may be an
anti-infective approach, not relying on the use of antibiotics and thus alleviating
antimicrobial resistance. Here, we first showed in vitro that the enteric pathogens S.
Typhimurium and C. difficile are unable to utilise 2,7-anhydro-Neu5Ac or sialoconjugates
as a sole carbon source, whereas they can use Neu5Ac. We next showed that although
S. Typhimurium was able to benefit from the activity of the IT-sialidase, due to the release
of ~15% sialic acid as Neu5Ac, the observed growth was reduced as compared to that
from the activity of a hydrolytic sialidase (see section 6.2.4.2). To extend these in vitro
studies it would be interesting to assess the ability of S. Typhimurium to grow on mucins
or other sialylated substrates in the presence of a complex microbial community,
supplemented with R. gnavus wild-type or nan mutant in combination with 2,7-anhydro-
Neu5Ac as a prebiotic to boost R. gnhavus growth. These experiments would more closely
resemble the gut environment and the competition for sialic acids occurring between gut

commensal microbes and pathogens in vivo.

In vivo, we observed that pre-colonisation with R. gnavus ATCC 29149 afforded some
protection against S. Typhimurium infection both in terms of animal welfare and
colonisation level. This was not observed for mice pre-colonised with the nan mutant
suggesting that this is linked to sialic metabolism. However, these preliminary data will
need supporting through further in vivo studies. Future experiments will require long-term
colonisation mouse models, using either mice more resistant to S. Typhimurium infection
such as CBA/J (Sabag-Daigle et al., 2016, Plant and Glynn, 1976) or attenuated strains
of S. Typhimurium, in order to compare the impact of pre-colonisation with B.
thetaiotaomicron, a bacterium encoding a hydrolytic sialidase, and R. gnavus on S.

Typhimurium infection.

In conclusion, we showed that 2,7-anhydro-Neu5Ac is metabolised by the R. gnavus nan

cluster, and that the ability to metabolise 2,7-anhydro-Neu5Ac confers R. gnavus with a
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competitive advantage over other members of the gut microbiota. A method for mutating
R. gnavus was also presented and was used to demonstrate the presence of this nan
cluster plays a vital role in R. gnavus fitness in the gut. Due to its ability to reduce Neu5Ac
level in situ, R. gnavus may be considered as a next-generation probiotic to limit the
impact of pathogen infection therefore reducing the need for antibiotics. However, this
approach may be challenging due to difficulties in upscaling the anaerobic production of
this bacterium and finding a delivery method that does not expose R. gnavus to high
levels of oxygen, which may Kkill the bacterium. In addition, regulatory procedures
surrounding next-generation probiotics are continuing to be developed and may provide
further restrictions (O’'Toole et al.,, 2017). Alternatively, given the specificity of 2,7-
anhydro-Neu5Ac towards R. gnavus without compromising the rest of the gut microbiota,
this sialic acid derivative may be considered as a prebiotic in disease conditions which
would benefit from an increase in R. gnavus strains. One such example is in
undernutrition where it has been shown that adding R. gnhavus to a microbiome from
malnourished children in mice could ameliorate growth and metabolic abnormalities
compared to mice colonised with the malnourished microbiome alone (Blanton et al.,
2016). Another example would be in the context of colitis as it was recently shown that
boosting levels of R. gnavus led to an alleviation of intestinal inflammation in interleukin

10 deficient mice susceptible to colitis (Grabinger et al., 2019).

In summary, we showed that 2,7-anhydro-Neu5Ac is an important contributor of
symbiosis in the gut and a molecular target for microbiome-based strategies to improve

human health.
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Appendices

Appendix 1: Map of pEHISTEV plasmid.
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Appendix 2: Map of pOPINF plasmid.
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Appendix 3: Legend for taxonomic classifications made in Figure 52.

. k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Enterobacteriales;f__Enterobacteriaceae;__;__

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__ Roseburia;__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;_ ;__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Faecalibacterium;s__prausnitzii
k__Bacteria;p

Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f __Bacteroidaceae;g_ Bacteroides;s

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__ Blautia;s__
. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Veillonellaceae;g__Phascolarctobacterium;s__
. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Ruminococcus;s__
. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__ Coprococcus;s__
. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__;s__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;

[ R —

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f __Lachnospiraceae;g__Lachnospira;s__

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Oscillospira;s__

k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Bifidobacteriales;f__Bifidobacteriaceae;g__Bifidobacterium;s__

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Roseburia;s__faecis

. k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae;g__Collinsella;s__aerofaciens

. k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Burkholderiales;f__Alcaligenaceae;g__Sutterella;s__

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Ruminococcus;s__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Blautia;s__producta
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;_ ;
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Ruminococcus;s__gnavus
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Dorea;s__longicatena

. k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f __Erysipelotrichaceae;g_ ;s

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Gemmiger;s__formicilis

. k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Bacteroidaceae;g__Bacteroides;s__uniformis

. k__Bacteria;p

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g

Firmicutes;c__Clostridia;o__Clostridiales;f __Lachnospiraceae;g__Coprococcus;s__catus

Butyricicoccus;s__pullicaecorum

k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Bacteroidaceae;g__Bacteroides;__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Dorea;s__formicigenerans
k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae;g__Adlercreutzia;s__

. k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Porphyromonadaceae;g__Parabacteroides;s__distasonis

. k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Bifidobacteriales;f__Bifidobacteriaceae;g__Bifidobacterium;s__adolescenis

. k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__[Barnesiellaceae];__;__

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Dorea;s__
k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Streptococcaceae;g__Streptococcus;s__
k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Bifidobacteriales;f__Bifidobacteriaceae;g__Bifidobacterium;s__longum

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium;s__

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g_ ;s_
. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Blautia;s__obeum

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__;g_ ;5

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Anaerostipes;s__
. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Ruminococcus;_
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g_ ;s__

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium;s__celatum

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Clostridium;s__citroniae
k__Bacteria;p__Verrucomicrobia;c__Verrucomicrobiae;o__Verrucomicrobiales;f__Verrucomicrobiaceae;g__Akkermansia;s__muciniphila
. k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae;g__Eggerthella;s__lenta
. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Veillonellaceae;g__Veillonella;__
. k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Bifidobacteriales;f__Bifidobacteriaceae;g__Bifidobacterium;s__bifidum
. k__Bacteria;p__Fusobacteria;c__Fusobacteriia;o__Fusobacteriales;f__Fusobacteriaceae;g__Fusobacterium;s__

k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Rikenellaceae;g_ ;s
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k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__[Odoribacteraceae];g__Butyricimonas;s__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Clostridium;s__symbiosum

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__[Mogibacteriaceael;g_ ;s_

- k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f __Enterococcaceae;g__ Enterococcus;s__

.kﬁBacteria;p Firmicutes;c__Clostridia;o__ Clostridiales;f__Christensenellaceae;g__ ;s

. k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__ Erysipelotrichales;f _Erysipelotrichaceae;g__ Clostridium;s__spiroforme
. k__Bacteria;p__Proteobacteria;c__Deltaproteobacteria;o__Desulfovibrionales;f__Desulfovibrionaceae;g__Bilophila;s__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Veillonellaceae;g__Veillonella;s__dispar

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Veillonellaceae;g__Veillonella;s__parvula

k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Pasteurellales;f__Pasteurellaceae;g_ Haemophilus;s__parainfluenzae

k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f__Erysipelotrichaceae;g__[Eubacterium];s__dolichum
. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g_ SMB53;s__
- k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Porphyromonadaceae;g__Parabacteroides;s__

. k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Streptococcaceae;g__Streptococcus;__

- k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Roseburia;s__

k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Bacteroidaceae;g__Bacteroides;s__fragilis

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptostreptococcaceae;g__ Peptostreptococcus;s__anaerobius

k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Enterobacteriales;f__Enterobacteriaceae;g__Morganella;s

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Clostridium;s__aldenense

k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Enterobacteriales;f__Enterobacteriaceae;g__Morganella;__

N

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Blautia;__

. k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f__Erysipelotrichaceae;g__Clostridium;s__ramosum

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptococcaceae;g__rc4-4;s___
k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f __Coriobacteriaceae;g__Collinsella;__
k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Enterococcaceae;g__Enterococcus;s__casseliflavus
k__Bacteria;p__Firmicutes;c__Bacilli;o__Turicibacterales;f__Turicibacteraceae;g__Turicibacter;s__
k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae;g__;s__

- k__Bacteria;p__Fusobacteria;c__Fusobacteriia;o__Fusobacteriales;f__Fusobacteriaceae;__;

- k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptostreptococcaceae;_ ;

- k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g_ Dorea;__

-kiBacteria:p Firmicutes;c__Clostridia;o__ Clostridiales;f__ [Tissierellaceae];g__ Peptoniphilus;s__

k__Bacteria;p__Firmicutes;c__Clostridia;o__ Clostridiales;f__Lachnospiraceae;g__Clostridium;s__hathewayi

k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f __Leuconostocaceae;g_ Weissella;

k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Bifidobacteriales;f _ Bifidobacteriaceae; ;

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptostreptococcaceae;g_ ;s_

. k__Bacteria;p__Proteobacteria;c__Gammaprotecbacteria;o__Enterobacteriales;f__Enterobacteriaceae;g__Shigella;__

. k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Bacteroidaceae;g__Bacteroides;s__ovatus

. k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Bifidobacteriales;f__Bifidobacteriaceae;g__Bifidobacterium;s__breve

. k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Neisseriales;f__Neisseriaceae;g__Eikenella;s__
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Veillonellaceae;__;_

k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae;g__Collinsella;s__

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Faecalibacterium;__

k__Bacteria;p.

- k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Bifidobacteriales;f__Bifidobacteriaceae;g__Bifidobacterium;__
- k__Bacteria;p__Firmicutes;__;_ ; ; ;

. k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae;g__Eggerthella;s__
- k__Bacteria;__;__;_;_ ;. ;

k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Burkholderiales;

P —

k__Bacteria;p__Firmicutes;c__Bacilli;o__Gemellales;f__Gemellaceae;__;

k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f__Erysipelotrichaceae;__;_

k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium;__

morganii

Proteobacteria;c__Gammaproteobacteria;o__Pseudomonadales;f__Pseudomonadaceae;g__Pseudomonas;s__fragi
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Appendix 4: Legend for taxonomic classifications made in Figure 74.

k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae

. k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__$24-7

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g_ Ruminococcus;s__gnavus

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Ruminococcus

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae
k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Lactobacillaceae;g__Lactobacillus
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Bacteroidaceae;g__Bacteroides
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales
k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Enterococcaceae;g__Enterococcus

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae

. k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales

. k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae;g__Adlercreutzia
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Oscillospira
k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Lactobacillaceae;g__Lactobacillus;s__reuteri
k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Enterobacteriales;f__Enterobacteriaceae
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae

. k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f__Erysipelotrichaceae;g__Allobaculum

. k__Bacteria;p__Deferribacteres;c__Deferribacteres;o__Deferribacterales;f Deferribacteraceae;g_ Mucispirillum;s__schaedleri

. k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f__Erysipelotrichaceae;g__Clostridium;s__cocleatum

. k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Bacteroidaceae;g__ Bacteroides
k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Burkholderiales;f__Alcaligenaceae;g__ Sutterella
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Coprococcus
k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales;f__Staphylococcaceae;g__Staphylococcus;s__sciuri
k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Lactobacillaceae;g__Lactobacillus

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Anaerotruncus

. k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Rikenellaceae

. k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales;f__Staphylococcaceae;g__Jeotgalicoccus;s__psychrophilus

. k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Porphyromonadaceae;g__Parabacteroides
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Porphyromonadaceae;g__Parabacteroides;s__distasonis
k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales;f __Staphylococcaceae;g__Staphylococcus
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium
k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f__Erysipelotrichaceae

. k__Bacteria;p__Verrucomicrobia;c__Verrucomicrobiae;o__Verrucomicrobiales;f__Verrucomicrobiaceae;g__Akkermansia;s__muciniphila

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Mogibacteriaceae

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Oscillospira
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Prevotellaceae;g__Prevotella
k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Actinomycetales;f _Corynebacteriaceae;g__Corynebacterium;s__sttionis
k__Bacteria
k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales;f__Staphylococcaceae;g__ Staphylococcus

. k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Actinomycetales;f__Yaniellaceae;g__Yaniella

. k__Bacteria;p__Firmicutes;c__ Bacilli;o__Lactobacillales;f __Streptococcaceae;g__ Streptococcus

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Dehalobacteriaceae;g__Dehalobacterium

. k__Bacteria;p__Proteobacteria;c__Betaprotecbacteria;o__Burkholderiales;f__Oxalobacteraceae;g__Ralstonia
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k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Butyricicoccus;s__pullicaecorum
k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f _Aerococcaceae
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Candidatus Arthromitus

. k__Bacteria;p__Proteobacteria;c__Deltaproteobacteria;o__Desulfovibrionales;f__Desulfovibrionaceae;g__Desulfovibrio;s_ C21_c20

. k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales;f__Planococcaceae;g__Sporosarcina

. k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Aerococcaceae;g__Facklamia

. k__Bacteria;p__TM7;c_ TM7-3;0__CWO040;f__F16
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f _Lachnospiraceae;g__ Roseburia
k__Bacteria;p__Tenericutes;c__Mollicutes;o__Anaeroplasmatales;f__Anaeroplasmataceae;g__Anaeroplasma
k__Bacteria;p__Firmicutes
k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rickettsiales;f__mitochondria

. k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Enterococcaceae

. k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae

. k__Bacteria;p__Firmicutes;c__ Bacilli;o__ Bacillales;f _Bacillaceae

. k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Enterococcaceae;g__Enterococcus

k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f _Aerococcaceae
k__Bacteria;p__Firmicutes;c__Bacilli
k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g__Clostridium
. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Christensenellaceae
. k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f __Rikenellaceae
. k__Bacteria;p__Bacteroidetes;c

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f Ruminococcaceae;g__Faecalibacterium;s__prausnitzii

Bacteroidia;o__Bacteroidales;f__Bacteroidaceae;g__Bacteroides;s__ovatus

k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales
k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f__Erysipelotrichaceae;g_ Coprobacillus
k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales;f__Bacillaceae;g__Anoxybacillus
k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f__Erysipelotrichaceae;g__ Clostridium

. k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Gemmiger;s__formicilis

. k__Bacteria;p__Firmicutes;c_ Bacilli;o__ Bacillales;f _Bacillaceae

. k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Actinomycetales;f__Corynebacteriaceae;g__Corynebacterium

. k__Bacteria;p__Firmicutes;c__Bacilli;o__Gemellales
k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Pseudomonadales;f__Moraxellaceae;g__Acinetobacter
k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f__Erysipelotrichaceae
k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o__Burkholderiales
k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Enterobacteriales;f__Enterobacteriaceae;g__Proteus;

. k__Bacteria;p__Tenericutes;c__Mollicutes;o__RF39

. k__Bacteria;p__Firmicutes;c__Clostridia

. k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f _Rikenellaceae;g__Alistipes

. k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f__Porphyromonadaceae;g__Parabacteroides
k__Bacteria;p__Proteobacteria;c__Deltaproteobacteria;o__Desulfovibrionales;f__Desulfovibrionaceae;g__Desulfovibrio
k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales;f__Planococcaceae;g__Staphylococcus;s__saprophyticus
k__Bacteria;p__Bacteroidetes;c__Sphingobacteriia;o__Sphingobacteriales

k__Bacteria;p__Bacteroidetes
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Appendix 5: Glycosylation pattern of MUC2 from mice in the S. Typhimurium challenge study

The abundance of each glycan is shown for each group (Figure 70) as depicted by the legend.
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