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Abstract

Ruminococcus gnavus is considered as a prevalent member of the ‘normal’ gut microbiota
found in 90% of people and its ability to degrade mucin glycans is strain dependent. R.
gnavus shows a disproportionate representation in several diseases. Previously, the
capacity of R. gnavus ATCC 29149 glycoside hydrolases (GHs) to cleave fucose and sialic
acid epitopes from mucin glycans has been demonstrated as an important colonisation
factor. Here, we showed that R. gnavus ATCC 29149 RgGH98 releases blood group A
trisaccharide (BgAtri) from mucin glycans, enabling R. gnavus E1 strain, which is not able to
grow on mucin, to grow on RgGH98-treated mucin. Both R. gnavus ATCC 29149 and E1
strain could benefit from the released BgAtri and from access to the underlying mucin
glycans. To analyse the full complement of GHs involved in mucin glycan degradation, we
performed RNA sequencing (RNAseq) analysis of R. gnavus ATCC 29149 grown on mucin
glycans. 12 GHs were chosen for further analysis, the activity of three fucosidases on mucin
glycans was confirmed. In addition, two GH13 enzymes were analysed; RgGH13-1 and
RgGH13-2 were found to be able to hydrolyse al-4 and al-6 links in pullulan, respectively.
These enzymes may be implicated in glycogen metabolism. Using stable isotope probing
(SIP), we investigated the capacity of gut microbes (from human faecal microbiota) to
utilise Neu5Ac and 2,7-anhydro-Neu5Ac. Collinsella aerofaciens and Dorea longicatena
were found to be highly induced in the presence of Neu5Ac while no large difference in the
faecal microbiota was observed upon 2,7-anhydro-Neu5Ac supplementation. Together
these data demonstrate that the mucin glycan foraging strategy of R. gnavus ATCC 29149
is based on the removal and utilisation of mucin glycan epitopes like fucose, Neu5Ac and
BgA, and identified new enzymes and pathways that may be involved in R. gnavus

adaptation to the mucus niche.
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Introduction
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1. Introduction

1.1 Architecture and function of the gastrointestinal (Gl) tract

The human gastrointestinal (Gl) tract is responsible for the digestion of food and uptake of
nutrients. The upper Gl tract consists of the mouth, oesophagus, stomach, duodenum,
jejunum, and ileum. The lower Gl tract is made up of the colon, rectum, and the anus
(Greenwood-Van Meerveld et al., 2017). In the jejunum and ileum, nutrients are further
broken down and absorbed (Kiela & Ghishan, 2016), while in the colon, the undigested food
is exposed to the gut microbiota which degrades complex carbohydrates (Den Besten et
al., 2013). Furthermore, many of the remaining salts and most of the water are extracted
in the colon (Debongnie & Phillips, 1978; Sandle, 1998). The Gl tract contains four layers:
the innermost layer is the mucosa, underneath is the submucosa, followed by the
muscularis propria and finally, the outermost layer - the adventitia (Figure 1.1). The
structure of these layers varies, in different regions of the digestive system, depending on
their function. The adventitia, or in certain parts called the serosa, consists of supporting
tissue. The muscularis propria consists of muscle cells responsible for rhythmic peristalsis.
The submucosa contains blood vessels, lymphatic vessels, submucosal glands, and nerves.

The mucosa consists of the epithelium and the mucus layer (Reed & Wickham, 2009).
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Figure 1.1. Overview of the layers of the Gl tract. Reprinted from (Reed & Wickham, 2009), with permission from Elsevier.
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1.1.1 The Gl epithelium

The epithelial layer covering the Gl tract is made of a monolayer of cells which separates
the body from the intestinal lumen. The epithelium is involved in nutrient uptake and
protection of the tissue against the microbes in the Gl tract. The epithelial layer is renewed
through differentiation of stem cells residing in the crypts of Lieberkihn. These crypts form
pits in the intestinal layer; at the bottom, the stem cells divide and their daughter cells
migrate upwards while differentiating into different cell types (van der Flier & Clevers,
2009) (Figure 1.2). Many cells in this layer are absorptive enterocytes which are responsible
for the uptake of nutrients and other metabolic tasks (Peterson & Artis, 2014). Other
specialised cells in the epithelium include goblet cells, which produce mucins and other
mucus components (Y. S. Kim & Ho, 2010), Paneth cells, which are only located in the small
intestine, and produce a range of anti-microbial peptides (Bevins, 2006; Hooper et al.,
2003), and enteroendocrine cells which produce various hormones (Engelstoft et al., 2013).
The epithelial cells have multiple pathogen-recognition receptors, which are able to

recognise the presence of microorganisms close to the epithelium, the epithelial cells can

Small intestine e Colon

f 9
‘=~"7: Apoptotic
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bacteria b

Enteroendocrine
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C o
cell IESC é\/} %
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Figure 1.2. Overview of the gut epithelium in the small intestine and colon. Image adapted from (Peterson &
Artis, 2014), with permission from Springer Nature.
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work together with immune cells to mount an immune reaction (Santaolalla & Abreu,
2012). In the small intestine the surface area of the gut is greatly increased by the villi,

projections of the epithelium into the lumen.

1.1.2 The intestinal mucus layer

The mucus layer together with a gradient of anti-microbial peptides protects the epithelium
from the large numbers of microorganisms in the gut. The organisation and composition of
mucus varies along the Gl tract (Figure 1.3). In the stomach and the colon, the epithelium
is lined with a double layered mucus, whereas a single mucus layer covers the small
intestine (Etienne-Mesmin et al., 2019; Johansson & Hansson, 2016; Juge, 2012). In the
colon, the inner layer consists of highly structured mucin networks which are almost
impenetrable to bacteria (Johansson et al., 2008; Johansson, Holmén Larsson, et al., 2011)
and attached to the epithelium (Atuma et al., 2001; Johansson, Ambort, et al., 2011). In
contrast, the outer mucus layer facing the lumen is loose and heavily colonised with
bacteria. The composition of these two layers is highly similar (Johansson et al., 2008), and
the outer layer derives from the inner layer (Ermund et al., 2013). MUC2 is the main
component of the colonic mucus layers (Figure 4), MUC2 is a gel-forming mucin which
forms large polymers (> 100 MDa) (Johansson, Ambort, et al., 2011). Inside the cells, MUC2
is tightly packed and kept in this form due to a low pH and high Ca?* concentration, during
secretion the pH is increased and the Ca?* concentration drops, facilitating a 1000-fold
expansion of the mucins (G. C. Hansson, 2019). Once secreted, mucins form layers of tight
net-like sheets (Ambort et al., 2012; Johansson et al., 2008), which physically block bacteria
from entering the inner layer (Ermund et al., 2013; Johansson et al., 2008) and can
encapsulate bacteria in mucus to immobilise them (Bergstrom et al., 2020). The
concentration of MUC2 is four times higher in the firmer inner layer compared to the outer
layer (Johansson et al., 2008), leading to an increase in size of four times (Johansson,
Holmén Larsson, et al., 2011). A mucus associated lectin-like protein, ZG16, was found to
further prevent gram-positive bacteria from entering the inner mucus layer (Bergstrom et

al.,, 2016).
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Figure 1.3. Thickness of the mucus layer along the Gl tract. Reprinted from (Juge, 2012), with permission from Elsevier.

In addition to secreted mucins, the glycocalyx of the Gl tract comprises membrane-bound
or transmembrane mucins (Figure 1.4). Transmembrane mucins are, similarly to secreted
mucins, heavily glycosylated with complex glycan structures (Pelaseyed & Hansson, 2020).
Most transmembrane mucins contain one or more SEA (sea urchin-enterokinase-agrin)
domains, these domains are located between the heavily glycosylated extracellular domain
and the transmembrane domain. The SEA domains are cleaved after the protein is formed,
but still held in place by a strong non-covalent forces. This is to protect the epithelium from
tearing if forces are shearing the mucins (Macao et al., 2006; Pelaseyed et al., 2013).
Transmembrane mucins cover epithelial cells in a thick glycan cover, providing protection
by physical means, but the release of mucins helps keeping pathogens at bay that have
bound to the mucins (Lindén et al., 2009; Pelaseyed & Hansson, 2020). Transmembrane
mucins have also been shown to be involved in forming the shape of cells (Shurer et al.,

2019).
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Figure 1.4. Overview of mucus thickness and type throughout the Gl tract. Reprinted from (Paone & Cani, 2020), under
the Creative Commons CC-BY-NC license.

1.1.3 Mucin glycosylation

1.1.3.1 Chemical structure

Mucins are glycoproteins which consists for more than 80% of their weight of O-glycans
(Gunnar C. Hansson, 2020) and the sidechains are complex glycans of up to 12 monomers
attached by glycosidic bonds of different linkages (Holmén Larsson et al., 2009) (Figure 1.5).
Mucin glycosylation starts with the addition of O-linked N-acetylgalactosamine (GalNAc) to
serine or threonine in the mucin protein via the action of a GalNAc-transferase (ppGalNACcT)
(Brockhausen et al., 2022; Juge, 2012; Peter-Katalinié, 2005). From this first GalNAc, eight
core structures can be synthesised by glycosyltransferases, of which the first four are most
common in the Gl tract (Figure 1.5) (Guzman-Aranguez & Arglieso, 2010). Core 1 consists
of a galactose (Gal) B1-3 attached to GalNAc by the Gal-transferase C1GALT1, to produce
GalB1-3GalNAc, while core 3 consists of GIcNAcB1-3GalNAc, due to the activity of GIcNAc-
transferase B3GNT6. Core 2 is an elongation of core 1 while core 4 is an elongation of core
3 with B1-6 GIcNAc, resulting in GIcNAcB1-6(GalB1-3)GalNAc) and GIcNAcB1-6(GIcNAcB1-
3)GalNAc, respectively. The GIcNAc is added to these cores by GlcNAc-transferases GCNT1,
GCNT3 and GCNTA4. These core structures are further elongated in several ways. In type 1
chains, a Gal residue is added in a B1-3 linkage to a terminal N-acetylglucosamine (GIcNAc).
In Type 2 chains, Gal is added in a B1-4 linkage to a terminal GIcNAc, resulting in a
lactosamine unit (GalB1-4GIcNAc). Type 2 chains can be further elongated from both
branches but with a preference for the branch originating from the core starting with the

B1-6 GIcNAc (found in Core 2 and 4). The formation of Type 1 and 2 is performed by several
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GlcNAc-transferases and Gal-transferases, like B3GNT3 and B3GALTS5. Type 2 branches are
more likely to polymerise than Type 1 branches, however both can gain poly-N-
acetylactosamines units. Type 2 chains can be capped by a GIcNAc al-4 attached to the
terminal Gal, an example Type 2 glycan would be: GlcNAcal-4Galf1-4GIcNAcP1-
6(GlcNAcal-4GalB1-3)GalNAc. Gal in these chains can potentially form branching points by
adding a GIcNAc with a B1-6 linkage. (Brockhausen et al., 2022). Glycan structures with core
3 are the most prevalent in the human colonic mucus (Capon et al., 2001; Holmén Larsson

et al., 2009), while core 1 and 2 are more common in stomach mucin (Slomiany et al., 1984).

Following further elongation, these structures are usually terminated with Fucose (Fuc), N-
acetylneuraminic acid (Neu5Ac) or sulphate (Figure 1.5) (Juge et al., 2016; Z. Li & Chai,
2019). Fucose can be attached al1-2 to Gal and a1-3 or a1-4 to GlcNAc (Brockhausen et al.,
2022). Fucosyltransferases FUT1 and FUT2 can add fucose to synthesise blood group H
(BgH) epitopes. With GalNAc-transferases and Gal-transferases a GalNAc or Gal is added to
BgH in order to produce blood group A (BgA) and blood group B (BgB) epitopes, respectively
(Brockhausen et al., 2022). Neu5Ac is often attached either a2-3 or a2-6 to mucin glycans
by several sialyltransferases. In addition to ABO blood group epitopes, Lewis epitopes are
commonly found in mucin glycans as well. Lewis structures are either of type 1 (GalB1-
3GIcNAC) or type 2 (GalB1-4GIcNAc). Lewis a (Le?) is produced by the action of FUT3, which
adds a al-4 fucose to the GIcNAc of a type 1 chain. Lewis b (LeP) is formed by the
simultaneous expression of FUT2 and FUT3 and is similar to Le? with an additional fucose
al-2 attached to the Gal. Lewis x (LeX) and Lewis y (LeY) are similar to Le?and Le®, but on a
type 2 chain. Because the type 2 chain consists of GalB1-4GlcNAc the fucose is added al-3.
LeY is similar to Le® but on a type 2 chain. A combination of FUT4, 5, 6, and 7 are involved
in Le* and LeY synthesis. Neu5Ac can be added a2-3 to the terminal gal instead of fucose,

this results in sialyl-lewis a and sialyl-lewis x (Stanley et al., 2022).

In humans, there is an increasing gradient of sialic acid in mucin from the small intestine
throughout the colon. This gradient is reversed for fucosylated glycans (Robbe et al., 2003,

2004). Interestingly, a reverse pattern is observed in mice (Holmén Larsson et al., 2013).
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Figure 1.5. Overview of mucin glycosylation. (A) common mucin epitopes. (B) mucin backbone. (C) Mucin core structures.
The way glycans are linked is described by first showing the configuration of the linkage in either a or B. The following
numbers indicate which type of linkage it is. This starts with the anomeric carbon (reducing end), which is generally carbon
number 1. The second number indicates the carbon to which the linkage has formed. This originally was any unmodified
hydroxyl group attached to a carbon, generally 2, 3, 4, or 6. So an example of GalB1-3 GalNAc would be a linkage of the
1st carbon (C1) of Gal via an ether bond to the third carbon (C3) of GalNAc. This example is in a  configuration. Reprinted
from (Z. Li & Chai, 2019), with permission from Elsevier.

1.1.3.2 Role of intestinal mucin glycosylation in health and disease

The human gut is colonised by trillions of microbes, including potential pathogenic bacteria.

The GI tract has evolved strategies to combat microbes or keep them at bay by the

production of antimicrobials, antibodies, and by reducing colonisation. The Gl tract also
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promotes colonisation by commensal bacteria, which in turn not only take space and
nutrients away from potential pathogens, but also are able to themselves combat
pathogens. As described above, the mucus layer is one of the major protective measures
against potential microbial threats, not only by physically blocking threats, but also by
modulating the microbial community by the assortment of mucin glycan epitopes
(Bergstrom & Xia, 2022). In addition, accumulating evidence from both clinical and animal
studies indicates that intestinal mucins and mucin-type O-glycans play an important role in
inflammatory bowel disease (IBD), colorectal cancer (CRC), and pathogen infection, as

reviewed recently (Grondin et al., 2020; Pothuraju et al., 2021; Y. Zhang et al., 2021).

Mucin-type O-glycans, primarily core 1- and core 3-derived O-glycans, are the major mucus
barrier components throughout the Gl tract (see section 1.1.3.1). Using transgenic mouse
models, it was shown that mice lacking core 1- and/or core 3-derived intestinal O-glycan
showed more severe chronic colitis and spontaneous CRC tumours (An et al., 2007;
Bergstrom et al., 2016; Fu et al., 2011). Mucin glycan chains are shorter in ulcerative colitis
(UC) (Holmén Larsson et al., 2011), in line with studies in humans showing that in UC
patients the mucus layer is thinner (Strugala et al., 2008) (for a review see, (Fang et al.,
2021)). The FUT2 gene is responsible for the secretor status, which determines the ABO
blood group antigens in secreted mucins (Kelly et al., 1995). Non-secretors, which carry a
homozygous inactivating mutation of the FUT2 gene, have been shown to be more
susceptible for Crohn’s disease (CD) (McGovern et al., 2010). It is likely that this is due to
the effect the ABO blood group antigens have on shaping the gut microbiota (Y. Qin et al.,
2022; Tong et al., 2014).

In several cancer types, including colon cancer, a mutation in a f1-3 galactosyltransferase
pathway results in the tumour associated Tn antigen (Yu et al., 2015), a truncated mucin
glycan consisting of only the initial GalNAc. Upregulated gene expression in ST6GalNAc-1,
a sialyltransferase, results in increased immunosuppressive tumour associated STn antigen
(Neu5Aca2-6GalNAc) frequency (Beatson et al., 2015). Both unsialylated and sialylated
lewis epitopes have been shown to be upregulated in several cancer types, including
mucins in colon cancer (Pearce, 2018). For an extensive review of cancer related glycan

epitopes, see (Pearce, 2018).
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Fucose released from mucin glycans can influence the virulence of enterohaemorrhagic E.
coli (Pacheco et al.,, 2012). Similarly, the release of fucose from mucin glycans by
Bacteroides fragilis has been reported to promote the growth of Campylobacter jejuni in
the presence of mucins (Luijkx et al., 2020). Several pathogens like E. coli, C. difficile, and
Salmonella typhimurium species do not encode any sialidases, and are unable to degrade
mucin glycans which are capped by sialic acid. When uncapped by sialidases of other
species, growth of these pathogens can be promoted, either due to direct growth on sialic
acid or the access to underlying mucin glycans, indicating a protective function of sialic acid

residues (Y. L. Huang et al., 2015; Ng et al., 2013).

1.2 The gut microbiota

1.2.1 Structure and function

At birth, infants are virtually sterile, but they are immediately exposed to many
microorganisms from different sources. Already the mode of birth gives rise to different
microorganisms; bacterial diversity is lower in children born by caesarean section than by
vaginal birth, furthermore, the composition of microorganisms is different (Rutayisire et
al., 2016). The introduction of bacteria continues with close contact of the child with the
mother. Then, with breastfeeding more bacteria are introduced (Hunt et al., 2011; Solis et
al., 2010). The gut microbiota of breast-fed infants is dominated by Bifidobacterium and
other milk-associated bacteria (Ehrlich et al., 2020; Turroni et al., 2012). In infants, human
milk oligosaccharides (HMOs) play a key role in shaping the gut microbiota. HMOs are
complex sugars found in breast milk in concentrations ranging from 10-15 g/I (Azad et al.,
2018; Bode, 2015; Kunz et al., 2000). Until now, more than two hundred HMOs have been
identified (Kobata, 2010; Petschacher & Nidetzky, 2016). All HMOs are made from the same
five monosaccharides: glucose (Glc), Gal, Fuc, GIcNAc, and Neu5Ac (Bode, 2015; Kunz et al.,
2000). HMO synthesis starts with a lactose residue, which is a combination of f1-4 linked
Gal and Glc. This can be expanded with either 1-3 or f1-4 linked Gal-GIcNAc. These Gal-
GlcNAc disaccharides can be added to the backbone in two ways, either with a B1-3 link,
which elongates the chain, or with a B1-6 link, which creates a branch. This can form
complex chains which can be modified with Fuc or Neu5Ac (Figure 1.6) (Bode, 2012, 2015;
Kunz et al., 2000).
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Humans are unable to break down HMOs and these compounds therefore reach the colon
mostly intact (Engfer et al., 2000) where they are degraded and metabolised by bacteria
(LoCascio et al., 2007; Marcobal et al., 2010; Ward et al., 2006; B. Zhang et al., 2022) and
help shape the gut microbiota in the first days of an infant. Bacteria that degrade HMOs
like Bifidobacterium longum subsp. infantis, Bifidobacterium bifidum, and Bifidobacterium
breve dominate the infant gut microbiota during breastfeeding (for a recent review see
(loannou et al., 2021)). Bifidobacterium species are specialised in HMO metabolism and
gain a growth advantage when grown in the presence of HMOs (Bode, 2015; LoCascio et
al., 2007; Ward et al., 2006). However, other gut symbionts have been shown to benefit
from HMO either directly or through cross-feeding including Akkermansia muciniphila,
which is specialised in mucus degradation and associated with human health (Kostopoulos
et al., 2020), or Clostridiales species, which utilises similar pathways in HMO and mucin
glycan metabolism (Pichler et al., 2020). This expansion in beneficial bacteria can help
supress the growth of pathogenic bacteria due to competition for nutrients (for review see
Walsh et al., 2020). Because HMOs are built from similar building blocks as epithelial
surface or mucin glycans, they can also serve to combat pathogens which use these glycans
as nutrient or binding sites (Bode, 2015; Kunz et al., 2000; Walsh et al., 2020) or be used to

promote gut barrier function (Natividad et al., 2022; Suligoj et al., 2020).
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Figure 1.6. Example of HMO structures. A. building blocks of HMOs. B. different examples of $1-3 linked Gal-GIcNAc (type 1
chain) and B1-4 linked Gal-GIcNAc (type 2 chain). Branching occurs when Gal-GIcNAc is linked B1-6 to the backbone, while
elongation occurs with a B1-3 link. C. different tri-saccharide HMOs with either Fuc or Neu5Ac. D-E. Addition of either Fuc or
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Towards the age of 3, the gut microbiota stabilises and becomes more adult-like (Koenig et
al., 2011; Yatsunenko et al., 2012). The most abundant organisms in the adult gut are
bacteria, but archaea (C. Hoffmann et al., 2013; Mafra et al., 2022), viruses (Minot et al.,
2011; Nayfach et al., 2021), fungi (Ghannoum & Mukherjee, 2013; C. Hoffmann et al., 2013;
Pérez, 2021) and other eukaryotes (Hooks & O’Malley, 2020; Parfrey et al., 2011) are also

present, albeit in lower abundancies and many species are only transient in the gut.

The gut microbiota helps mature the immune system, secretory IgA modulates the gut
microbiome by specifically targeting certain invasive or highly abundant species, while
improving a rich diversity (Sutherland et al., 2016). Microbial molecular patterns, like LPS
and flagellin, further engage the immune system by activating several immune receptors

like Toll-like receptors and cytoplasmic NOD-like receptors (van den Elsen et al., 2019). This
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can activate inflammatory pathways, but can also teach the adaptive immune system to

recognise these molecular patterns (K. D. McCoy et al., 2019).

The abundance of bacteria in the small intestine is much lower than in the colon (Sender

et al., 2016; Zoetendal et al., 2012) due to a higher oxygen concentration, higher acidity,

high amounts of antimicrobial compounds, and a much shorter transit time, all contributing

to inhibit extensive colonisation (Donaldson et al., 2015) (Figure 1.7). The jejunum is

dominated by Firmicutes and Proteobacteria (Sundin et al., 2017), while Bacteroidetes and

Clostridia are more abundant in the ileum (Vasapolli et al., 2019). In the colon the total

bacterial abundance is reaching 10! per ml (Sender et al., 2016). Species from the phyla

Bacteroidetes and Firmicutes dominate (Vasapolli et al., 2019); other major phyla in the

colon of adults are the Actinobacteria, Proteobacteria, and Fusobacteria (Andersson et al.,

2008).
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Figure 1.7. Overview of the adult microbiome in the Gl tract. A. Schematic overview of the Gl tract. B. Bacterial taxa

present in the different sections of the Gl tract. C. Diversity of bacterial taxa present per Gl tract section represented by
Shannon’s index, which is a measure for both diversity and abundance. D. Relative abundance of major bacterial phyla in

the Gl tract. Reprinted from (Vuik et al., 2019), under the Creative Commons CC-BY-NC license.
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Commensal bacteria in the gut help degrade complex carbohydrates found in the diet such
as HMOs (in infants) or plant polysaccharides in adults due to the extensive repertoire of
Carbohydrate-Active Enzymes (CAZymes) encoded by their genomes to break down these
complex glycans. There are two types of CAZymes that cleave glycosidic bonds between
carbohydrates or between a carbohydrate and a non-carbohydrate moiety: glycoside
hydrolases (GHs), which cleave bonds by the insertion of a water molecule (hydrolysis), and
polysaccharide lyases (PLs), which cleave complex carbohydrates using an elimination
mechanism (www.cazy.org). Specialised bacteria can break down dietary (plant-based)
carbohydrates such as mannan (Cuskin et al., 2015), fructans (Sonnenburg et al., 2010),
xyloglucan (Larsbrink et al., 2014), xylan (Rogowski et al., 2015), raffinose (Anggraeni,
2022), or resistant starch (Ze et al., 2012).

Plant cell walls consist of highly complex carbohydrates including, cellulose, hemicellulose,
and pectin, which reach the colon undigested and there they become substrates for the
gut microbiota. Cellulose consists of B1-4 linked glucose chains and is effectively broken
down by gut microbiomes specialised in plant fibre digestion like in ruminants and termites
(Brune & Friedrich, 2000; Oyeleke & Okusanmi, 2008). Cellulose only differs from starch by
the linkage configuration between the glucose units, starch has al-4 linked units. The
ability to degrade cellulose has been found in the human gut (Chassard et al., 2011), but
only at low levels. Hemicelluloses and pectins have more complex branched structures with
variation between plants, consisting of different monosaccharide units (Koropatkin et al.,

2012; Mohnen, 2008)(Koropatkin et al., 2012; Mohnen, 2008).

As a consequence, consuming different diets (plant-based or animal-based) can alter the
gut microbiota composition, even in the short-term (David et al., 2014). The gut microbiota
of humanised mice can rapidly change following a switch from a plant polysaccharide-rich
and low-fat diet to a high-fat and high-sugar diet (Turnbaugh et al., 2009). This is reflected
in metagenomics studies in human populations showing dietary changes have a profound
effect on the human microbiota (Wilson et al., 2020), although intrinsic (e.g., age, sex,
ancestry) and extrinsic (e.g., lifestyle, geography) factors can often confounds the results

(J. Lietal., 2022; Troci et al., 2022; Wilson et al., 2020).

The major end products of fermentation are the short-chain fatty acids (SCFAs), butyrate,
acetate, and propionate, which provide approximately 10% of the calories we absorb (the
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value varies depending on our diets) and are involved in numerous physiological processes
(for a recent review see (Blaak et al., 2020)). For example, butyrate is a main energy source
for colonocytes (Bourassa et al., 2016; Roediger, 1980) and has been associated with a
reduced risk of CRC (Bourassa et al., 2016; McNabney & Henagan, 2017). In germ-free (GF)
mice, the lack of butyrate production leads to autophagy in the colonocytes (Donohoe et
al., 2011). Acetate is the most abundantly produced SCFA, and is used in lipid production
(Den Besten et al., 2013). On the other hand, propionate has been shown to inhibit lipid
production (Morrison & Preston, 2016). SCFAs produced by gut bacteria play an important
role in the development of the immune system. Butyrate induces regulatory T-cell
generation and differentiation (Arpaia et al., 2013; Furusawa et al., 2013). In addition to
being the main energy source for colonocytes, SCFAs enhance barrier function (Mathewson
et al., 2016; Suzuki et al., 2008). SCFAs from gut bacteria increase mucus production

(Burger-van Paassen et al., 2009; Gaudier et al., 2004)

In addition to SCFAs, the gut microbiome helps in the production of vitamins. These
vitamins are not only used by the host but are also essential for many gut microbes. Many
B vitamins are produced by the gut microbiota, with the estimated maximum of the daily
reference intake of B vitamins produced by bacteria being between 2.3% (B1) and 86% (B6)
(Magnusdottir et al., 2015), however this did not into account that some vitamins are only
able to be absorbed at the ileum level, and thus any of those vitamins produced will not be
taken up by the host (Barone et al., 2022). In addition to B vitamins, vitamin K is also
produced by gut bacteria (Dai et al.,, 2023). The diet supplies the gut microbiota with
essential vitamins, for example A. muciniphila and bifidobacterium species were promoted

by vitamins C, B2, D and E in vitro (Pham et al., 2021).

The gut microbiota also plays an important role in the defence against pathogenic bacteria
(Ducarmon et al., 2019; Endt et al., 2010). There are several ways gut commensal bacteria
can reduce infection by pathogens, including competition for nutrients or binding sites (for
recent reviews, see (H. Y. Cheng et al., 2019; Ducarmon et al., 2019)). The beneficial role of
commensal bacteria is also shown by the fact that after an extensive antibiotic treatment,
which kills the majority of commensals, the rate of intestinal infections increases (Buffie et
al., 2012; Sekirov et al., 2008). Furthermore, faecal microbiota transplantation from a

healthy donor is effective in alleviating recurring Clostridium difficile infections (Van Nood
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et al., 2013). Some commensal bacteria have the ability to secrete antimicrobial
compounds themselves which target specific pathogenic bacteria (Rea et al., 2010). For
example, Bacteroides thetaiotaomicron can induce the secretion of microbicidal
compounds secreted by Paneth cells, which are effective against certain pathogenetic

bacteria, while being less effective against B. thetaiotaomicron (Hooper et al., 2003).

1.2.2 Role of the gut microbiota in intestinal diseases
Many Gl diseases are associated with an alteration in the gut microbiota or ‘dysbiosis’, with

examples provided below.

UC and CD are both chronic intestinal diseases that are part of IBD. Microbial communities
in IBD patients are generally characterised by a decreased diversity and reduced abundance
in several bacterial phyla (Andoh & Nishida, 2022; Lepage et al., 2011; Martinez et al., 2008;
Sokol et al.,, 2006). For example, in CD patients Proteobacteria were found to be
significantly increased in abundance, while the abundance of Firmicutes and Bacteroidetes
were significantly reduced (Nishino et al., 2018). It does remain unclear whether the
changes in microbial diversity and abundance are a consequence or the cause of the
inflammation (Andoh & Nishida, 2022). A study analysing the results of 22 articles showed
the families Enterobacteriaceae and Lactobacillaceae, and the genus Bacteroides were
increased, while Clostridiales, and the genera Faecalibacterium and Bifidobacterium were

decreased in irritable bowel syndrome (IBS) patients (Pittayanon et al., 2019).

Some studies have shown a link between the gut microbiome and CRC, especially in
inflamed tissue (Arthur et al., 2012). Fusobacterium species have been shown in multiple
studies to be correlated with colorectal tumours (Castellarin et al., 2012; Kostic et al., 2012;
A. N. McCoy et al.,, 2013; T. C. Yu et al., 2017) whereas Bacteroidetes and Firmicutes seem
to be lowered (Kostic et al., 2012). Fusobacterium nucleatum directly promotes colorectal
tumour growth and metastasis (Rubinstein et al., 2013; Shang & Liu, 2018; Yin et al., 2022).
Recently pks+ E. coli, which can produce the genotoxin colibactin, was shown to be directly

linked to CRC development (Pleguezuelos-Manzano et al., 2020).

Several microbial species have been linked with obesity and other metabolic diseases, like
Bacteroides vulgatus (Aron-Wisnewsky et al., 2019). A large metatranscriptome study

showed an increased abundance of Firmicutes and a decreased abundance of
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Bacteroidetes in obesity, while the secrebiome (all secreted proteins by the microbiome)
revealed a significant increase in secreted CAZymes (Gallardo-Becerra et al., 2020). A.

muciniphila was found in reduced abundance in obese patients (Yun et al., 2017).

1.2.3 The mucus-associated microbiota

1.2.3.1 Composition in health and disease

In humans, the mucosa-associated microbiota appears to be different from the lumen
microbiota and uniform throughout the colon (see for example Jiao et al., 2022; Zoetendal
et al.,, 2002). However, due to the invasiveness of the procedure, studies profiling the
mucus-associated microbiota in humans are limited and suffer from small sample size,
confounding effects of colonic lavage, and variability in the anatomical site being sampled,
the nature of the sample, and sampling method (Juge, 2022). As a result, knowledge on
mucus-associated microbiota mainly comes from in vitro and mouse studies or from
analysis of human samples from CRC or IBD (Juge, 2022). In the mucosa the most abundant
phyla are Firmicutes, Bacteroidetes, and Proteobacteria (Jiao et al., 2022), and compared
to the lumen there is an increase of Lachnospiraceae, Ruminococcaceae, and the mucin
degrader A. muciniphila (Ouwerkerk et al., 2013). Mucus-associated bacteria such as A.
muciniphila are able to increase mucus production, providing them with an energy source
(Cani et al., 2022; Everard et al., 2013; Van Der Lugt et al., 2019), while protecting the host
against over-foraging and some pathogenic bacteria which are able to break down the
mucus layer (Donaldson et al., 2015; Y. S. Kim & Ho, 2010). Some mucus degrading enzymes
from pathogens actually trigger an increase in mucus production to ‘wash out’ these
pathogens (Navarro-Garcia et al., 2010). In IBD, the mucosal microbiota diversity is
decreased, with a reduction in Firmicutes and an increase in Bacteroidetes (Walker et al.,
2011). Significant differences were also observed between the mucosa-associated
microbiota in inflamed and non-inflamed colonic sites (Walker et al.,, 2011). Several
mucosa-associated species such as F. nucleatum and E. coli are associated with CRC (W.
Chenetal., 2012; Pengetal., 2020) while mucosa-associated Faecalibacterium species with
anti-inflammatory properties are reduced in CRC patients (W. Chen et al., 2012; Sokol et

al., 2008).
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1.2.3.2. Factors of colonisation

The adaptation of gut bacteria to the mucus layer relies on several mechanisms (for a
recent review, see (B. X. Wang et al., 2021)). As discussed above, the mucus layer acts as a
physical barrier to prevent microbes from coming into contact with the gut epithelium,
while at the same time mucins provide bacteria with epitopes which can be used for
bacterial adhesion (J. Y. Huang et al., 2011; Tasteyre et al., 2001; B. X. Wang et al., 2021).
Some commensal bacteria, like B. fragilis, have been shown to bind to immunoglobulin A
(IgA) for mucosal colonisation (Donaldson et al., 2018). IgA secreted by the human host
prevent pathogens from colonising the epithelial layer by forming bacterial clumps which
can be removed more easily from the epithelial layer (Moor et al., 2017), but can also
participate in biofilm formation of gut commensal bacteria (Huus et al., 2021). MyD88,
which regulates IgA signalling, knock-out mice show an increase in IgA binding of several
bacteria species, including Ruminococcus gnavus (Kubinak et al., 2015). IgA targets and
regulates mucus-associated bacteria more than lumen associated bacteria (Kubinak et al.,
2015). Interestingly, IgA has been shown to induce mucin associated genes pathways in B.
thetaiotaomicron, aiding in colonisation and symbiosis with other commensal bacteria
(Nakajima et al., 2018). Lactobacilli species use mucus-binding adhesins to facilitate
colonising of the mucus layer (Boekhorst et al., 2006; Muscariello et al., 2020; Roos &
Jonsson, 2002; von Ossowski et al., 2011). Recently, an adhesin in R. gnavus E1 was found
to bind mucins and immunoglobulins (Maresca et al., 2021). One of the main factors
promoting the association of gut bacteria with the mucus layer is their capacity to forage

on mucin glycan chains as described below (for a review see, (Bell & Juge, 2021).

1.2.4 Metabolism of host glycans by gut bacteria

The capacity of gut commensal bacteria to degrade HMOs or mucin glycans relies on the
complement of GHs encoded in their genomes, as recently reviewed (Bell & Juge, 2021;
Coker et al., 2021; Crost et al., 2016; Tailford, Crost, et al., 2015) (see Supplemental Table
S1). Several mucin glycan foraging bacterial species have been characterised to date
(Berkhout et al., 2022; Tailford, Crost, et al., 2015). These include for example: R. gnavus
(Crost et al., 2013), A. muciniphila (Derrien et al., 2004), B. thetaiotaomicron (Martens et
al., 2008), Bacteroides caccae (Desai et al., 2016), B. fragilis (Pudlo et al., 2015), B. bifidum

(Turroni et al., 2010), and Clostridium perfringens (Low et al., 2021).
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To cleave off terminal mucin glycans, bacteria rely on sialidases (GH33) and fucosidases
(GH29 and GH95), releasing terminal Neu5Ac and Fuc, respectively. These enzymes have
been functionally characterised in R. gnavus (Crost et al., 2013; H. Wu, Rebello, et al., 2021),
A. muciniphila (Shuoker et al., 2023), B. bifidum strains (Katayama et al., 2005; Kiyohara et
al., 2011), C. perfringens (Fan et al., 2016), and Bacteroides species such as B.
thetaiotaomicron (Sakurama et al., 2012; J. Xu et al., 2003) or B. fragilis (Luijkx et al., 2020).
B. thetaiotaomicron also encodes multiple O-glycans active sulfatases (Luis, Baslé, et al.,
2022), as recently reviewed (Luis, Yates, et al., 2022). Following removal of the glycan
epitopes, other GH families can break down the mucin glycan chains further as described

below.

Galactosidases from the GH2, GH35, GH42, GH98, GH110 families have been shown to be
active on mucin glycans. GH2 and GH35 B-galactosidases in A. muciniphila ATCC BAA-835
were found to be active on defucosylated, desialylated, and desulphurylated mucin core
structures, releasing terminal Gal (Kosciow & Deppenmeier, 2020). GH110 from B. bifidum
JCM 1254 can release Gal from BgB epitopes, to produce BgH antigens (Wakinaka et al.,
2013). GH98 from C. perfringens ATCC 10543 is able to release both BgA and BgB
trisaccharide from glycans containing these terminal structures, with a preference for
glycans with a core 2 structure over a core 1 structure (Anderson et al., 2005). Surprisingly,
a recent study showed that GH16 enzymes from B. thetaiotaomicron, B. fragilis, B. caccae,
and A. muciniphila were active on GalB1-4GlcNAc linkages in poly-LacNAc chains (type 2) in
mucins while the activity of GH16s had previously only been reported on plant

polysaccharides (Crouch et al., 2020).

Other GHs such as those belonging to GH20, GH84, GH85, and GH89 families catalyse the
release of terminal GIcNAc epitopes. A GH89 from C. perfringens strain 13 was shown to
release GIcNAc from terminal GIcNAcal-4Gal in pig gastric mucin (PGM) (M. Fujita et al.,
2011), and a similar activity was found in a GH89 from B. bifidum JCM 1254 (Shimada et al.,
2015). A GH20 enzyme from A. muciniphila was shown to be active on desialylated para-
nitrophenol (pNP) linked core 2 mucin structures, removing the beta-linked GIcNAc (M.
Wang et al., 2018). A GH20 from Prevotella strain RS2 was found to cleave terminal 6-SOs-

GlcNAc from sulphated mucin glycans (Rho et al., 2005).
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GHs catalysing the release of GalNAc residues in mucins have been demonstrated in GH27,
GH36, GH101, GH109, and GH129 families. A GH129 from B. bifidum JCM 1254 was shown
to be active on the Tn antigen (starting GalNAc attached to serine or threonine), releasing
GalNAc from the protein backbone (Kiyohara et al., 2012). GH101 from B. longum was
found to be able to cleave GalB1,3GalNAc (core 1) from serine or threonine (K. Fujita et al.,
2005) and a similar GH101 from C. perfringens strain 13 was shown to release core 1 and

core 2 from mucin pre-treated with other GHs (Ashida et al., 2008).

Additional GHs have been found to be active on structures present in mucin glycans but
were not tested on mucin itself, like GH109 (Teze et al., 2020) and GH35 from A. muciniphila
ATCC BAA-835 (Kosciow & Deppenmeier, 2019); GH2 and GH42 from B. longum subsp.
infantis ATCC15697 (Yoshida et al., 2012). Screening of metagenomic DNA from the human
gut microbiome also identified GH109 is active on blood group type A-antigen and a new
subfamily of GH31 that specifically cleaves the initial a-GalNAc from mucin-type O-glycans
(Rahfeld et al., 2019).

No bacteria possess the full complement of GHs required to fully degrade the mucin glycan
chains, and as a consequence mucin-derived oligosaccharides or monosaccharides are used
through cross-feeding by other members of the gut microbiota or pathogens in the mucosal
environment. For example, A. muciniphila enables cross-feeding of both Roseburia hominis
and Roseburia inulinivorans (Pichler et al., 2020). R. inulinivorans sialic acid metabolism was
highly upregulated during cross-feeding on mucin glycans, even though it does not encode
a sialidase, suggesting that it benefits from A. muciniphila-released sialic acid. Additionally,
R. inulinivorans encodes a GH98 enzyme able to release BgA and BgB epitopes from mucin
glycans (Pichler et al., 2020). B. breve is unable to grow on mucins, however it is able to
grow when in co-culture with B. bifidum (Bunesova et al., 2018) due to the production of
sialidases from B. bifidum, while B. breve is not able to release sialic acid from mucin glycans
(Nishiyama et al., 2018). In addition to the utilisation of released oligo-or monosaccharides,
cross-feeding on mucin glycans of A. muciniphila and other species, like Anaerostipes
caccae, shows further use of other metabolites as SCFAs and vitamin precursors (Chia et

al., 2018; Shuoker et al., 2023).

Because mucin glycans share structural similarities with HMOs many bacteria that can

(partially) degrade mucins can also degrade several HMOs. This is shown by the ability of
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mucin degrading specialist A. muciniphila to grow on HMOs (Kostopoulos et al., 2020) while
not able to grow on most dietary glycans (Derrien et al., 2004; Ottman et al., 2017). Some
bacteria only have specific fucosidases or sialidases to cleave off fucose or Neu5Ac groups,
while others might only be able to degrade the backbone of an HMO, therefore promoting

a diversity of bacteria (Bode, 2015; Marcobal et al., 2010).

1.3 Ruminococcus gnavus

1.3.1. Occurrence and role in health and disease

R. gnavus is considered as a prevalent member of the ‘normal’ gut microbiota found in 90%
of people (J. Qin et al., 2010). It is part of the Firmicutes phylum, class Clostridia and the
family Lachnospiraceae. R. gnavus is an early coloniser of the infant gut (Nilsen et al., 2020;
Sagheddu et al., 2016) but persists in adults where it belongs to 57 frequently detected
species (J. Qin et al.,, 2010). Furthermore, R. gnavus shows a disproportionate
representation in diseases such as IBD, malnutrition, brain disorders or infection with a
positive or negative association depending on the condition (Blanton et al., 2016; Crost et

al., 2023; Grabinger et al., 2019; Hall et al., 2017; Henke et al., 2019).

For example, R. gnavus was shown to be one of the species significantly reduced in children
with attention-deficit/hyperactivity disorder (ADHD) in a case-control study (Wan et al.,
2020). This alteration was associated with differences in the metabolic pathways of
neurotransmitters (e.g. serotonin and dopamine) and may contribute to ADHD symptoms.
Mice mono-colonised with R. gnavus ATCC 29149 showed an alteration in O-acetylated
sialic acids and other metabolites associated with changes in brain function and behaviour

(Coletto et al., 2022).

R. gnavus has been shown to be significantly increased in infants with allergies, and mice

intragastrically infected with R. gnavus developed asthma (Chua et al., 2018).

Pangenomic studies identified an enrichment of specific R. gnavus clades in IBD patients
(Hall et al., 2017; Lloyd-Price et al., 2019). However, no causal effect has been established.
A recent study showed that some isolates of R. gnavus produce a capsular polysaccharide
that promotes a tolerogenic immune response, whereas strains without a capsule elicit a

strong proinflammatory response in vitro (Henke et al., 2021), likely through inflammatory
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glucorhamnan (Henke et al., 2019). In addition, mouse studies showed that R. gnhavus
supplementation led to enhanced Reg3y expression, an important antimicrobial peptide
that helps maintain spatial segregation between the epithelium and the microbiota and
promote gut homeostasis (Surana & Kasper, 2017) and that increasing R. gnavus led to a
decreased severity of inflammation in mouse models of colitis (Grabinger et al., 2019). In

contrast, studies have shown an association of R. gnavus in CD (Henke et al., 2019).

In germ-free mice monocolonised with R. gnavus, it was shown that R. gnavus was
correlated with more severe IBS symptoms in mice (Zhai et al., 2023). In monocolonised
mice with R. gnavus, increased IBS symptoms were observed, including diarrhoea (Zhai et
al., 2023). Oral gavage of R. gnavus induced IBS symptoms in mice with normal microbiota
(Zhai et al., 2023). R. gnavus was found to be correlated with Serotonin, a neurotransmitter,

which can induce diarrhoea (Zhai et al., 2023).

Using gnotobiotic mouse models, it was shown that, R. gnavus could ameliorate growth
and metabolic abnormalities when added to the microbiota from undernourished donors
in recipient animals by modulating acylcarnitine metabolites, revealing R. gnavus as a
potential therapeutic target (Blanton et al., 2016). The importance of R. gnavus on host
metabolism was further demonstrated by metatranscriptomics in GF mice mono-colonised
by different bacterial species (T. W. Hoffmann et al., 2016). A recent metagenomics study
directly correlated R. gnavus with body fat percentage and associated R. gnavus with

obesity (Grahnemo et al., 2022).

Given the potential implication of R. gnavus in influencing human health and disease, there
is therefore great interest in developing strategies to target and modulate this bacterial

species in humans.

1.3.2 R. gnavus glycan utilisation
R. gnavus strains encode a different set of GHs (Figure 1.8) (Crost et al., 2013, 2016, 2023)
which have been shown to be involved in R. gnavus capacity to degrade and utilise both

dietary and host -derived glycans such as mucins and HMOs.
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Figure 1.8. Occurrence of GH families across R. gnavus strains. Reprinted from (Crost et al., 2023) under CC BY 4.0 licence.

Plant a-galactosides belonging to the raffinose family oligosaccharides (RFOs) and
considered as prebiotics, are commonly degraded by a-galactosidases produced by the
human gut microbiome. R. gnavus E1 encodes GH36 enzymes, RgAgal, RgAga2 and
RgAgaSK, able to hydrolyse melibiose, raffinose, stachyose, and verbascose (Aguilera et al.,
2012; Bruel et al., 2011; Cervera-Tison et al., 2012; Lafond et al., 2020). Interestingly, AgaSK

also exhibits kinase activity on sucrose (Lafond et al., 2020).

Starch is another source of complex carbohydrate available to the gut microbiota (Tian &
Sun, 2020). Although R. gnavus ATCC 29149 cannot grow on starch as sole carbon source
in vitro, it benefits by cross-feeding from starch-degrading organisms such as Ruminococcus
bromii. R. bromii L2-63 grown in co-culture with R. gnavus ATCC 29149 promoted R. gnavus
growth by providing resistant starch digestion products, like glucose and maltose, which R.
gnavus is able to utilise (Crost et al., 2018). When in co-culture on starch, acetate was the
main SCFA produced and there was a significant increase in the induction of Trp

biosynthesis genes and a decrease of vitamin B12-dependent methionine biosynthesis as
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compared to the R. bromiii mono-culture (Crost et al., 2018). These results also showed the
importance of cross-feeding activities in modulating the microbial metabolite profile (and

therefore of their nutritional niches in vivo).

Some R. gnavus strains are inhabiting the mucus layer overlying the Gl tract (Bell et al.,
2019). The ability of R. gnavus to grow on host glycans, such as mucin glycans and HMOs is
strain-dependent (Crost et al., 2013, 2016). Both R. gnavus ATCC 29149 and E1 are able to
grow on 2’-Fucosyllactose (2’FL) and 3-Fucosyllactose (3FL), only R. gnavus E1 is able to
grow on lactose and LacNAc, while only R. gnavus ATCC 29149 is able to grow on 3'-
sialyllactose (3’SL) (Crost et al., 2013). R. gnavus ATCC 29149 and E1 strains produce
different fucosidases able to hydrolyse 2°FL, 3FL, Le? and Le* structures. R. gnavus E1
fucosidase E1_10125 could hydrolyse fucose from sialylated sLe® and sLe* (H. Wu, Rebello,
et al., 2021). The ability of R. gnavus ATCC 29149 to utilise fucose from 3FLor 2’FL led to an
increased propanol and propionate production (most likely via the propanediol pathway)

(Crost et al., 2013).

R. gnavus strains ATCC 35913 and ATCC 29149 can grow on mucin as a sole carbon source
(purified pig gastric mucin, pPGM). Transcriptomics analyses of R. gnavus ATCC 29149 and
ATCC 35913 strains grown on pPGM showed upregulation of specific GH33 sialidase, and
GH29 and GH95 fucosidases in the mucin utilisation pathway (Crost et al., 2013, 2016),
suggesting that the strategy utilised by R. gnavus strains to grow on mucins is focused on

the utilisation of mucin glycan epitopes.
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Figure 1.9. Schematic representation of R. gnavus ATCC 29149 nan operon, nanH encodes an IT trans-sialidase
(RGna_RS08335 in new genome annotation). Taken from (Bell et al., 2019), with permission from Springer Nature.

When present in R. gnavus genomes (such as ATCC 29149 and ATCC 35913), the gene
encoding GH33 is found part of a nan cluster which is dedicated to sialic acid metabolism

(Figure 1.9) (Bell et al., 2019; Crost et al., 2013, 2016). The R. gnavus strain E1, which is not
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able to grow on mucin, lacks the nan cluster (Crost et al., 2013). Biochemical and enzymatic
characterisation of RgGH33 enzyme from R. gnavus ATCC 29149 revealed that the enzyme
was able to cleave a2-3 linked sialic acid residues releasing 2,7-anhydro-Neu5Ac instead of
Neu5Ac, classifying this enzyme as an intramolecular trans-sialidase (Tailford, Owen, et al.,
2015). Interestingly R. gnavus ATCC 29149 and ATCC 35913 are not able to grow on Neu5Ac
as sole carbon source but can grow on 2,7-anhydro-Neu5Ac (Crost et al., 2013, 2016).
Further studies unravelled the metabolic pathway of 2,7-anhydro-Neu5Ac utilisation in R.
gnavus ATTC 29149. The nan operon contains an ABC transporter (RUMGNA_02698-
RUMGNA_02696/ RGna_RS08355- RGna_RS08345). RgSBP
(RUMGNA _02698/RGna_RS08355) transporter is specific for 2,7-anhydro-Neu5Ac and is
not able to transport Neu5Ac. RgNanOx (RUMGNA_02695/RGna_RS08340) was found to
be an oxidoreductase which is able to reversibly convert 2,7-anhydro-Neu5Ac into Neu5Ac.
RgNanA (RUMGNA_02692/RGna_RS08325), a sialic acid aldolase, then produces ManNAc
from Neu5Ac. NanK (RUMGNA_02691/RGna_RS08320) and NanE (RUMGNA_02693/
RGna_RS08330) are then involved in further metabolism of ManNAc (Bell et al., 2019).
YjhC, an E. coli oxidoreductase, was shown to have a similar activity to RgNanOx, converting

2,7-anhydro-Neu5Ac into Neu5Ac using the same mechanism (Bell et al., 2020).

The presence of this unique sialic acid (2,7-anhydro-Neu5Ac) metabolism pathway in
mucus-colonising strains confers R. gnavus strains with a competitive advantage in the gut
as shown in gnotobiotic mice where the nan mutant was outcompeted by the wild-type
strain and less effective in colonising the mucus layer (Bell et al., 2019). Further in silico
analysis of sialic acid gene clusters across bacterial genomes supports the specialisation of
R. gnavus for 2,7-anhydro-Neu5Ac metabolism (Severi et al., 2021), suggesting that 2,7-
anhydro-Neu5Ac metabolism is more widespread than just R. gnavus. This ability does help

R. gnavus colonise its niche in the mucus layer and helps shape the human gut microbiota.
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2. Materials and Methods

2.1 Materials, strains, and media

2.1.1 Materials

All chemicals were obtained from Merck (Darmstadt, Germany) unless otherwise stated.
Purified PGM (pPGM) was prepared as described previously (Gunning et al., 2013). BgA
trisaccharide (BgAtri) and BgA tetrasaccharide (BgAtetra) were purchased from Elicityl
(Crolles, France). ManNAc was purchased from Carbosynth (Compton, United Kingdom).
Pyruvate was purchased from Fluka (Munich, Germany). Cytidine 5’-triphosphate (CTP) was
purchased from Chemily (Peachtree Corners, GA, USA). 3Cs ManNAc and Lactose-NCbz
were kindly provided by Jun Jang Ong. a-Amylase from Bacillus subtilis subsp. subtilis str.
168 was purchased from Prozomix (Northumberland, UK). Recombinant RgGH98 and
RgGH33 from R. gnavus ATCC 29149 were produced in-house (Tailford, Owen, et al., 2015;
H. Wu, Crost, et al., 2021). Peptidoglycan from Streptomyces venezuelae cell wall was a kind
gift from Dr Susan Schlimpert (John Innes Centre, Norwich UK). Recombinant plasmids
expressing RGna_RS05890, RGna_RS04290, RGna_RS14395, and RGna_RS14690 were a

kind gift from Dr Haiyang Wu (Quadram Institute Bioscience, Norwich UK).

2.1.2. Strains
R. gnavus strains used were ATCC 29149 (Moore & Holdeman, 1974) and E1 (Ramare et al.,
1993), both isolated from healthy adults. E. coli strains used were DH5a (Invitrogen) for

cloning and site-directed mutagenesis and TunerDE3pLacl for heterologous expression.

2.1.3. Media

R. gnavus strains were either grown in rich medium BHI-YH (Brain Heart Infusion - Yeast
extract - Haemin; as described in Crost et al., 2013) or in minimum medium supplemented
with carbohydrates. The two minimum media used were the semi defined medium YCFA
(Yeast extract - Casitone - Fatty Acids) (Duncan et al., 2002) and the synthetic medium LAB

(Tramontano et al., 2018).

BHI-YH (1 I) contained 37 g brain heart infusion, 5 g yeast extract and 10 ml of haemin 500

mg/| stock solution, in water.
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YCFA (1 1) contained 10 g casitone, 2.5 g yeast extract, 4 g NaHCOs3, 1 g L-cysteine
hydrochloride, 0.45 g K2HPOa, 0.45 g KH2PO4, 0.9 g NaCl, 0.09 g MgS04-7H20, 0.09 g CaCly,
1 mg resazurine, 10 mg haemin, 10 ug biotin, 10 pug cobalamine, 30 ug p-4-aminobenzoic
acid, 50 ug folic acid, 150 pg pyridoxamine dihydrochloride, 50 mg thiamine, 50 mg
riboflavin, 1.889 ml acetic acid, 0.6714 ml propionic acid, 0.0927 ml isobubutyric acid,

0.1104 ml isovaleric acid, and 0.1088 ml valeric acid, in water.

LAB medium (1 1) contained 3.1 g KH2PO4, 6.48 g K;HPO4, and 1.5 g tricine added to 600 ml
water. 10 ml ascorbic acid 100x stock solution, 1 ml vitamins and antioxidant 1000x stock
solution, 10 ml nucleotides 100x stock solution, 100 ml amino acid 10x stock solution, 1 ml
salts and minerals 1 1000x solution, and 100 ml salts and minerals 2 10x solution were
added separately (see Appendix 2 for the composition of stock solutions). The pH was
checked and adjusted to 6.4 if necessary, and the solution was completed to 1 | with water.

The solution was then filter-sterilised into a sterile bottle and stored in the dark at 4 °C.

E. coli strains were grown in LB media supplemented with 50 pg/ml kanamycin (final
concentration) (see 2.4.2 and 2.4.3). LB (1l) contained 10 g tryptone, 5 g yeast extract and
10 g NaCl in 1 | water. For LB agar plates 1.5% (w/v) agar was added and subsequently

autoclaved.

The growth of faecal samples was carried out in batch medium. One litre of batch medium
contained 2 g peptone, 2 g yeast extract, 0.1 g NaCl, 0.04 g K;HPO4, 0.04 g KH,PO4, 0.01 g
MgSQ04-6H,0, 0.01 g CaCl,-2H,0, 2 g NaHCOs3, 0.5 g cysteine HCI, 0.5 g bile salts, 2 ml Tween
80, 0.02 g haemin and 10 ul 0.5% (v/v) vitamin K, in water.

2.2 Bacterial growth assays

2.2.1 R. gnavus growth assays on carbohydrate sources

BHI-YH medium was pre-reduced by exposure to anaerobic conditions (85% N2, 10% H; and
5% CO3) in an anaerobic cabinet (Don Whitley, Shipley, UK) for 48 hours. Starter cultures
were made by adding 2-4% (v/v) of R. gnavus glycerol stock maintained at -80 °C to 5 ml
pre-reduced BHI-YH. The culture was grown in the anaerobic cabinet overnight at 37 °C and
an aliquot of the starter culture (1 ml) was centrifuged at 3300 g for 5 min and the pellet

resuspended in a volume of LAB medium to have an OD of 1.33. The inoculation of fresh
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LAB medium was made with 1-2% of this cell suspension. The cultures were grown
anaerobically at 37 °C in 14 ml tubes or in a 96-wells plate (200 ul/well). Optical density
(OD) was measured in tubes with an Ultrospec 10 cell density meter from GE Healthcare
(Chicago, IL, USA) at 600 nm or in plate using a plate reader (Infinite F50 plate reader from
Tecan (Mannedorf, Zlrich, Switzerland) at 595 nm or Absorbance 96 from Byonoy at 600

nm (Hamburg, Germany)).

For growth assays on LAB medium supplemented with carbohydrates as sole carbon
source, LAB was supplemented with Glc or Fuc at a final concentration of 0.5% and 0.46%,
respectively, or with BgAtri and BgAtetra diluted at 1.5 mM or 1 mM in LAB. For growth
assays with pPGM, a final concentration of 10 mg/ml pPGM was added to LAB medium
without vitamins and autoclaved, then filter-sterilised Vitamins & Antioxidants 1000x
solution and Ascorbic acid 100x solution (see Appendix 2) were added. For growth assays
in the presence of RgGH98-treated pPGM, RgGH98 enzyme was diluted with a small
volume of LAB medium (1:1) and filter sterilised, then it was added to the LAB medium
containing pPGM at a final concentration of 1.3 uM and incubated for 48 hours at 37 °C
before conducting the growth assay. For growth assays on LAB medium supplemented with
maltooligosaccharides or polysaccharides as sole carbon source, LAB was supplemented

with 27.7 mM maltooligosaccharides or 0.5% polysaccharides.

For growth assays on RgGH98-treated pPGM mucin or oligosaccharide fractions, pPGM (10
g/l) was first treated with RgGH98 (at 1.3 uM final concentration) in 0.1 M citrate buffer pH
6.0 for 72 hours at 37 °C. The sample was then heated at 50 °C for 10 min to inactivate the
enzyme and dialysed using a 7KDa MWCO cut-off membrane in 2 | water for 3 hours
followed by a change of water and a further 3-hour dialysis. The retentate, corresponding
to the enzymatically treated pPGM, was freeze-dried. The dialysate was concentrated using
a Blichi rotavapor R-210 (Flawil, Sankt Gallen, Switzerland), washed with 3x 1 ml MQ water
and run through a graphitised carbon column for clean-up. First, the column was washed
with 4 ml acetonitrile with 0.1% 2,2,2-trifluoroacetic acid (TFA), and equilibrated with 4x 1
ml H20 supplemented with 0.1% TFA, before the sample (3x 1ml) was loaded onto the
column and successively eluted using 4 ml 0.1% TFA, 4 ml 10% acetonitrile with 0.1% TFA,
4 ml 25% acetonitrile with 0.1% TFA, and 4 ml 50% acetonitrile with 0.1% TFA. Fractions for

each step were collected separately. The fractions were then analysed by HPAEC-PAD as
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described in 2.5.5 and the fraction corresponding to the oligosaccharides was freeze-dried.
The growth culture was supplemented with 1% RgGH98-treated pPGM, or the equivalent

amount of the mucin fraction of BgAtri fraction.

For growth assays on mucin glycans, B-elimination of PGM or pPGM was performed as
previously described (Pruss et al., 2021). Briefly, NaBH4 was dissolved in 150 mM aqueous
NaOH at 750 mM final concentration, and pPGM or PGM was added to this solution at a
final concentration of 1%. Following incubation overnight at 48 °C (for at least 20 hours),
the reaction was neutralised with HCI (10 M) until effervescence stopped. The sample was
then centrifuged at 14,000 x g for 30 min at 4 °C and the supernatant filtered using 0.22
um filters (Thermo Fisher) and dialysed against dH,0 with 1 kDa MWCO (Molecular Weight
Cut-Off) membranes (Spectra/Por 7 Dialysis Tubing 1 kDa MWCO, Repligen, Waltham, MA,
USA). Each 100 ml sample was dialysed in 5 | dH;0, which was refreshed 6 times with at
least 7 hours in between each dialysis. The solution was then lyophilised. The mucin glycans

were added to the media at a final concentration of 1%.

2.2.2 Faecal slurry growth assays

Faecal samples were obtained from one human donor and resuspended in PBS with 10%
glycerol. The donor was a participant recruited onto the QIB Colon Model study. The criteria
for participants of the QIB Colon Model study state that they have to be healthy adults over
18 years old, living 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 were also asked that they 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 h, and had not recently
returned from travel. Access to human faecal samples was granted by the NHS Health
Research Authority (HRA) approval of The QIB Colon Model study (Full title: Stool Sample
Collection For Research Using the QIB Colon Model; REC reference: 15/L0/2169. IRAS
project ID: 171172).

For growth of faecal slurry on 2,7-anhydro-Neu5Ac or Neu5Ac, 10% faecal slurry was added

to batch media with 2 mg/ml 3C;-Neu5Ac or 3C7-2,7-anhydro-Neu5Ac, and grown in
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anaerobic conditions. After 8 hours RNA was extracted via the phenol-chloroform

extraction protocol as described below (see 2.3.2).

2.3 Molecular biology

2.3.1 DNA extraction, quantification and quality control

R. gnavus genomic DNA extraction was done with the GeneJET Genomic DNA Purification
Kit (Thermo Fischer Scientific, Waltham, MA, USA) using the Gram-Positive Bacteria
Genomic DNA Purification Protocol or the New England Biolabs (NEB, Ipswich, MA, USA)
Monarch DNA extraction kit following the manufacturer instructions with the following
modifications. First bacteria were centrifuged at 5,000 g for 10 min and resuspended in 80
ul cold PBS by vortexing. Then 20 pl lysozyme solution (25 mg/ml) was added and briefly
vortexed. Subsequently, 100 ul NEB Tissue Lysis Buffer was added, vortexed, and incubated
at 37 °C for 10 min. Proteinase K (10 ul) (Thermo Fisher) was added, briefly vortexed and
incubated at 56 °C for 30 min under agitation at 1400 rpm. RNase A (3 ul) (Thermo Fisher)

was added, briefly vortexed and incubated at 56 °C for 5 min under agitation at 1400 rpm.

DNA concentration was measured Qubit 2.0 fluorometer (Thermo Fischer Scientific) and
DNA quality assessed with NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Fischer

Scientific).

2.3.2. RNA extraction

RNA from R. gnavus or faecal growth assays was extracted following the phenol-chloroform
RNA extraction protocol: 0.4 ml phenol-ethanol solution (1:9 phenol pH 4.3-ethanol) was
added to 2 ml bacterial culture and mixed by inverting. The tubes were placed on ice for 30
min and then centrifuged at 10,000 g for 5 min at 4 °C and supernatant removed. Cell
pellets were then frozen at -80 °C, until all samples were collected and extraction was
performed. Then the pellets were thawed on ice for 10 min and subsequently resuspended
in 500 pl ice cold TES buffer (50 mM Tris, 5 mM EDTA, 50 mM NaCl, pH 7.5). This suspension
was added to 2 ml tubes containing 1 ml acid washed silica beads, 600 ul acid phenol, and
100 pl chloroform, and then vortexed. The tubes were run for 3 x 40 s at speed setting 6
m/s in a MP Biomedical FastPrep-24™ Classic bead-beater, while chilling on ice for 5 min

between runs. The tubes were then centrifuged at 10,000 g for 10 min at 4 °C. The top
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phase (500 ul) was then added to a new tube containing 600 pl phenol and 100 ul
chloroform, and then vortexed and centrifuged at 17,000 g for 5 min at 4 °C. The top phase
(400 ul) was then added to a new tube containing 600 ul phenol and 100 ul chloroform,
and then vortexed and centrifuged at 17,000 g for 5 min at 4 °C. The top phase (350 ul) was
then added to a new tube containing 600 ul chloroform and centrifuged at 17,000 g for 5
min at 4 °C. The top phase (200 pl) was then added to new tubes containing 20 ul 3 M
sodium acetate (pH 5.2) and 550 pl ice cold 95% ethanol. Following incubation at -80 °C for
20 min to precipitate the RNA, the tube was centrifuged at 17,000 g for 20 min at 4 °C and
the supernatant discarded. The RNA pellet was washed with 600 ul 70% ethanol and
centrifuged at 17,000 g for 10 min at 4 °C. Then the supernatant was discarded and the

RNA pellet air dried. When dried, the pellet was resuspended in 200 ul RNAse free water.

RNA was treated by using the TURBO DNA-free kit (Thermo Fischer Scientific). The
concentration of RNA was determined before and after DNase treatment using NanoDrop
2000 UV-Vis Spectrophotometer (Thermo Fischer Scientific). Quantity and quality were
then determined using Qubit 2.0 fluorometer (Thermo Fischer Scientific) and High-
Sensitivity RNA ScreenTape on Agilent 4200 TapeStation (Agilent Technologies, Santa Clara,
CA, USA), respectively.

For RNA sequencing, 50 pl RNA of at least 50 ng/ul was sent to Novogene (Hong Kong,

China) and the data analysed as described under section 2.3.5.

For RT-PCR analysis, up to 1 ug RNA was used following the method described under section
2.3.4.

2.3.3 gPCR analysis

gPCR was run in StepOnePlus Real-Time PCR System (Thermo Fischer Scientific) with the
following programme: 95 °C for 10 min, followed by 40 cycles of 95 °C for 10 s, 60 °C for 35
s, after which a denature step at 95 °C for 15 s was performed followed by complete
annealing at 60 °C for 60 s, followed by a disassociation curve gradually increasing to 95 °C

and holding there for 15 s, then followed by a final 60 °C for 15 s.

For gPCR to quantify bacterial growth, standard curves were prepared using 10-fold
dilutions of DNA amplified from the targeted region ranging from 102 to 107 copies per 2 pl

diluted in 5 ng/ul single stranded salmon sperm DNA and showed a linear relationship of
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log copy number and the Ct value. Each well contained 2 pl DNA (1 ng/ul), 2.6 ul water, 0.2
ul of both forward and reverse primer (Supplemental Table S2), and 5 pl QuantiFast SYBR
Green (Qiagen, Venlo, The Netherlands). If DNA concentration was below 1 ng/ul, more
template DNA and less water was added to the well to achieve the same final DNA
concentration. For the no-template control, 5 ng/ul single stranded salmon sperm DNA was
used instead of DNA. Log copies per well (equivalent to Log copies per 2ng of DNA) were
calculated using the standard curve. Copy number per ml of culture was calculated using
Log copies per 2ng of DNA and the total DNA amount extracted from the cells from 1 ml of

culture.

2.3.4 RT-qPCR

For RT-gPCR to determine gene transcription, standard curves were prepared using 2-fold dilutions
of R. gnavus ATCC 29149 gDNA showing a linear relationship of log gDNA concentration
and the Ct value. Reverse transcription was performed using QuantiTect Reverse
Transcription (RT) kit (Qiagen) using up to 1 ug RNA extracted as described under 2.3.2. To
check for gDNA contamination of RNA samples, RT negative controls were prepared by
replacing reverse transcriptase with water. The gqPCR reactions were performed using
StepOnePlus Real-Time PCR System (Applied Biosystems Japan, Tokyo, Japan) using the
same programme as described in 2.3.3. Each well contained 2 pl cDNA (1 ng/ul), 2.6 ul
water, 0.2 ul of both forward and reverse primer (Supplemental Table 1), and 5 pl
QuantiFast SYBR Green (Qiagen). The no-template controls used water instead of cDNA.
Relative gene expression was calculated using the 222t method, using the housekeeping

gene gyrB for normalisation and growth on glucose as the control condition.

2.3.5 Analysis of RNA sequencing data

RNAseq data analysis was performed by Dr Andrea Telatin. Briefly, FASTQ files containing
base calls and quality information for all reads that passed quality filtering were generated.
Reads were mapped to the R. gnavus reference genome using TopHat2 (Pasakarnis et al.,
2006). 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
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(Anders & 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 reads-to-mapping workflow was performed
using nf-core/rnaseq (version 3.1) (P. A. Ewels et al., 2020), using the ‘~-aligner hisat’
mode, using the following tools: Fastp (S. Chen et al., 2018), SortMeRNA (Kopylova et al.,
2012), Salmon (Patro et al., 2017), HiSat2 (D. Kim et al., 2015), Samtools (Danecek et al.,
2021), Picard, and MultiQC (P. Ewels et al., 2016). The differential gene expression analysis
was carried out using the DESeq2 package (Anders & Huber, 2010; Love et al., 2014) and
the read counts from gene expression level analysis as input data. A list of differently
expressed genes was generated using a Log2-fold change of 1 and -1 as threshold for the

change in gene expression, and a p-adjusted value threshold of 0.05 for the significance.

2.4 Heterologous expression

2.4.1. Cloning of target genes

RGna_RS14450, RGna_RS07225, RGna_RS14905, RGna_RS06060, RGna_RS08510,
RGna_RS10330, RGna_RS07930, and RGna_RS02745 were amplified from R. gnavus ATCC
29149 genomic DNA (obtained as described in 2.3.1) using Phusion high fidelity polymerase
(New England Biolabs) and gene-specific primers (Supplemental Table 1). 10 pl 5x Phusion
HF buffer, 1 ul dNTPs (200 uM final concentration) (Invitrogen, Waltham, MA, USA), 2.5 ul
forward and reverse primers (0.5 puM final concentration), and 0.5 pl Phusion
DNA polymerase, were added to 100 ng gDNA. The PCR reaction was carried out under the
following conditions: 98 °C for 3 min, 34 cycles at 98 °C for 10 s, 58 °C for 30 s, and 72 °C
for 2 min, followed by 72 °C for 10 min. The amplified DNA product was purified using the

NEB PCR/DNA clean-up kit following the manufacturer’s instructions.

Target genes were cloned into pET-28a plasmids, in frame with an N-terminal HIS-tag using
Ndel/Nhel-HF and Xhol (New England Biolabs) restriction enzymes and subsequent ligation
using T4 DNA Ligase (New England Biolabs). Briefly, 1 ug amplified DNA was incubated with
5 ul 10X rCutSmart Buffer (New England Biolabs), 1 ul of each restriction enzyme was added
and filled with nuclease free water to 50 ul for 60 min at 37 °C. After digestion the DNA was
purified again using the NEB PCR/DNA clean-up kit and quantified by NanoDrop 2000 UV-
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Vis Spectrophotometer. Ligation was performed by incubating digested plasmid DNA and
digested inserts in a 1:3 mass ratio with 2 ul T4 DNA Ligase Buffer (10X), 1 ul T4 DNA Ligase

and filled with nuclease free water to 20 pl.

2.4.2. Transformation

For transformation of ligation reactions into E. coli, 100 ng DNA was added to 50 pl
competent DH5a cells (Invitrogen), incubated on ice for 30 min and heat shocked at 42 °C
for 45 s. Following incubation on ice for 2-3 min, 300 ul SOC medium was added, and the
suspension was incubated for 1 hour at 37 °C while shaking at 180 rpm. One litre of SOC
medium contained 20 g tryptone, 5 g yeast extract, 0.58 g NaCl, 0.19 g KCl, 2.03 g MgCl,,
2.46 g MgS04-7H;0, 3.6 g glucose, adjusted at pH 7. Cells where then plated on LB
supplemented with 30 ug/ml kanamycin and incubated overnight at 37 °C. Plasmids were
extracted and purified using the NEB plasmid miniprep kit. Successful transformations were
checked by analysing uncut plasmid and plasmid digested with Ndel/Nhel-HF and Xhol in
order to remove the insert and analysed by electrophoresis on 1% agarose gel. The integrity
of the recombinant plasmids was further determined by DNA sequencing performed in-

house by David Baker and Rhiannon Evans on an Illlumina Nextseq500 instrument.

2.4.3 Production and purification of recombinant proteins

Recombinant plasmids were transformed into E. coli TunerDE3pLacl cells as described
above. TunerDE3pLacl cells were grown overnight in 10 ml LB supplemented with 30 pg/ml
kanamycin at 37 °C shaking at 180 rpm. This culture was added to 1 | LB supplemented with
30 pg/ml kanamycin and incubated at 37 °C shaking at 180 rpm for 2-3 hours. It was then
cooled to room temperature and 200 pl 1 M isopropyl B-D-1-thiogalactopyranoside (IPTG)
was added, and subsequently incubated at 16 °C shaking at 180 rpm overnight. The culture
was centrifuged at 1500 g for 35 min at 4 °C. The supernatant was discarded and the pellet
was resuspended in 15 ml binding buffer (20 mM Tris-HCI, 500 mM NaCl, pH 7.9). Cells were
put on ice and lysed using sonification for 3 min at 30% amplitude in 30 s bursts and 59.9 s

cooling and subsequently centrifuged at 17,000 g for 20 min at 4 °C.

The purification of the recombinant proteins was carried out using AKTA Pure (GE
Healthcare, Little Chalfont, UK). The supernatant was first loaded onto a 5 ml HISTrap Fast
Flow Crude column (Cytiva, Marlborough, MA, USA), equilibrated with binding buffer for

immobilised metal affinity chromatography (IMAC). Target proteins were eluted using
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elution buffer (20 mM TRIS-HCI, 500 mM NaCl, 150 mM imidazole, pH 7.9). Subsequently
proteins were separated into fractions using a gel filtration column (Hi Load 16/600
Superdex 200 pg (Cytiva)) with gel filtration buffer (20 mM TRIS-HCI, 150 mM NaCl, pH 7.9).
Protein purity in AKTA fractions were analysed using a NuPAGE Novex 4-12 % Bis-Tris gel
(Invitrogen). Protein fractions were pooled and concentrated using 10-kDa MWCO Vivaspin

column (Sartorius, Gottingen, Germany).

2.5 Enzymatic assays

2.5.1 Enzymatic reactions

The recombinant enzymes were tested against putative substrates or mucin glycans using
the reaction parameters in Table 2.1 for 24 hours at 37 °C. Reactions were performed in 50
mM citrate buffer at pH 6. The products of these reactions were analysed by HPAEC-PAD
(see 2.5.5), if mono- or oligosaccharides were used as substrate or thin-layer
chromatography (TLC) if the substrate was a polysaccharide (see 2.5.4). Quantification of
released fucose was performed by HPAEC-PAD or k-fucose kit (Megazyme, Bray, Ireland)

according to manufacturer’s instructions.

Table 2.1. Conditions of activity assays.

Substrate-enzyme Substrate only Enzyme only control
combination (pul) control (pl) ()

500 mM Citrate 15 15 15

buffer pH 6 (10x)

Substrate 1 mM or 15 15

10mg/ml

Enzyme 100 pM 15 15

mQ water 105 120 120

Total: 150 150 150

0.1 mM substrate (final concentration) was used, except for large molar mass substrates (starch, pullulan, mucin glycans)
where 1 mg/ml (final concentration) was used.

2.5.2. Kinetics

RgGH13-2 enzyme kinetics were determined using the copper-bicinchoninate reducing
sugar assay as previously described (Doner & Irwin, 1992). Enzyme reactions were
performed as described in 2.5.1. Pullulan was used as the substrate with concentrations
ranging from 0.05 mg/ml to 1 mg/ml and was incubated with 0.1 uM recombinant RgGH13-
2 taking 40 ul samples at 0, 2.5, 5, 10, 20, 30, and 45 min. These samples were instantly
guenched in 160 pl stopping solution. When all timepoints were taken all samples were

heated at 80 °C for 30 min and then cooled to 4 °C for 15 min and subsequently spun down
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at 4.000 g for 5 min at 4 °C. Then 150 pl per sample was transferred to a flatbottom
microtiter plate and ODs3o was measured. Stop solution: 1:1:1.2 mix of Solution A (5.427 g
anhydrous Na;COs and 2.42 g NaHCOs in 90 ml water was made, to this, 194.2 mg disodium-
2,2’-bicinchoninate hydrate was added, and the final volume was adjusted to 100 ml with
water), Solution B (79.8 mg CuSO4-H20 and 126.1 mg L-serine were dissolved in 90 ml water
and then adjusted to a final volume of 100 ml with water). A standard curve of maltotriose
using concentrations ranging from 4 mM to 0.02 mM in the same conditions as the reaction
was used to calculate the concentration of released maltotriose per sample. By plotting the
maltotriose concentrations over time the rate of maltotriose release was calculated.
Michaelis-Menten kinetic constants were derived using non-linear regression analysis of
RgGH13-2 enzymatic rate on pullulan with a substrate-inhibition model v = Vimax/(1 + Km/[S]

+ [S]/Ki) for best fit using excel solver

2.5.3 Enzymatic synthesis of 2,7-anhydro-Neu5Ac

Neu5Ac was first synthesised from ManNAc and pyruvate using 0.25 mmol ManNAc and
0.05 mmol pyruvate in 300 pl 0.05 M potassium phosphate buffer supplemented with 6 pl
1% NaNs. The pH was adjusted to 7.2 and 0.66 mg (from a 10 mg/ml solution) sialic acid
aldolase (Carbosynth) was added. This reaction was incubated at 37 °C for 72 hours while
shaking at 160 rpm. The reaction was followed using TLC. At the end of the reaction, an
equal portion of ice cold 96% EtOH was added to the suspension. After 15 min incubation
at -20 °C, the suspension was centrifuged at 1900 g for 5 min. The supernatant was
collected and the pellet was quenched once more with a 1:1 mixture of water and ice-cold
ethanol, spun down and both supernatants were combined, evaporated and freeze dried.
An anion-exchange column (Dowex 1x8 (Formate)) was then used to separate the ManNAc
from Neu5Ac. The column was first flushed with 2 M formic acid twice and then with ddH,0
until the outflow was ~pH 6. The sample was loaded onto the column and water was added
until all ManNAc was eluted, as confirmed by TLC. Neu5Ac was then eluted using 2 M formic
acid. This process was exactly repeated for the synthesis of 13C; Neu5Ac from 3C¢ ManNAc

and 2-13C pyruvate.

To produce 3’'SL from Neu5Ac, 0.049 mmol Neu5Ac, 0.053 mmol lactose benzyl
chloroformate (Lac-NHCbz), and 0.058 mmol cytidine triphosphate (CTP) were added in
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1.25 ml 100 mM Tris-HCl buffer containing 20 mM MgCl; at 37 °C. The pH was adjusted to
8.5. 70 ul of Neisseria meningitidis Cytidine monophosphate sialic acid synthetase (NmCSS)
(Martin et al., 1998; H. Yu et al., 2004), 20 ul 2mg/ml Pasteurella multocida sialyltransferase
3 (PmST3) (H. Yu et al., 2005) were added. This reaction was incubated at 37 °C for 72 hours
while shaking at 160 rpm. The reaction was monitored using TLC. After completion, the
reaction was quenched with an equal portion of ice cold 96% EtOH. Following 15 min
incubation at -20 °C, the suspension was centrifuged at 1900 g for 5 min. The supernatant
was collected, and the pellet was quenched once more with a 1:1 mixture of water and ice-
cold ethanol, spun down and both supernatants were combined, evaporated and freeze
dried. The sample was loaded onto a P2 size exclusion column containing Bio-Gel P2 resin
(Bio-Rad, Hercules, CA, USA). Fractions were confirmed by TLC. If needed, the sample was
further purified using a silica column made of silica gel G60 (Silicycle 60 — 200 pm, 60 A).
Fractions and purity were also confirmed by electrospray ionisation-mass spectrometry

(ESI-MS). This process was repeated for the synthesis of 13C;3’SL from 3C7 labelled Neu5Ac.

To produce 2,7-anhydro-Neu5Ac from 3’SL, 2.2 ul 0.3 mg/ml RgNanH in 20 mM Tris-HCI
with 150 mM NaCl of pH 7.9 was added to 0.25 mg 3’SL in 97.8 ul H,0. The reaction was
incubated at 37 °C at 160 rpm for 5 min. The reaction was monitored by TLC stained with a
p-anisaldehyde sugar stain. Fractions and purity were also confirmed by ESI-MS. After
completion, the reaction was quenched with an equal portion of ice-cold 96% EtOH.
Following 15 min incubation at -20 °C, the suspension was centrifuged at 1900 g for 5 min.
The supernatant was collected, and the pellet was quenched once more with 1:1 mixture
of water and ice-cold ethanol, spun down and both supernatants were combined,
evaporated and freeze dried. The sample was loaded onto a P2 size exclusion column
containing Bio-Gel P2 resin (Bio-Rad). Fractions were confirmed by TLC. If needed, the
sample was further purified using a silica column made of silica gel G60 (Silicycle 60 — 200
um, 60 A). Fractions and purity were also confirmed by ESI-MS (negative mode). This

process was repeated for the synthesis of 3C7 2,7-anhydro-Neu5Ac from 13C; labelled 3'SL.
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Table 2.2. Reaction overview of ManNAc + Pyruvate = Neu5Ac.

Chemical MW Mass (mg) mmol equivalence
(*3Cs) ManNAc 221.21(227.14) 55 (57) 0.25 5

(3C) Pyruvate 110 (111.04) 5.5 (5.5) 0.05 1

(*3C7) Neu5Ac 309.27 (316.18)  15.5(15.5) 0.05 1
Recovered (3Cs)  221.21(227.14)  45.5 (44) 0.2 4

ManNAc

The molar weight of 3C compounds is given in brackets. Mass used in 3C reaction is given in brackets.

Table 2.3. Reaction overview of Neu5Ac + Lactose-Ncbz + CTP = 3’SL-Ncbz.

Chemical MW Mass (mg) mmol equivalence
(3C7) Neu5Ac 309.27 (316.18)  15.2 (15.5) 0.049 0.95
LacNcbz 475.45 25.2 0.053 1

CTP 527.12 30.6 0.058 1.1

(13C5) 3’SLNcbz 765.3 (773.62) 37.5(37.9) 0.049 0.95

The molar weight of 3C compounds is given in brackets. Mass used in 3C reaction is given in brackets.
2.5.4 Thin-layer chromatography (TLC) analysis

TLC was carried out by spotting 4 ul reaction onto a TLC silica gel 60 F254 plate (Merck).
The plates were developed in a solvent solution of isopropanol, 25% ammonium hydroxide
solution, and water in a ratio of 6:3:1 (by volume). Carbohydrates were stained using an
orcinol solution (150 ml EtOH, 10 ml H,0 and 360 mg orcinol, the solution was cooled on
ice and then slowly 20 ml concentrated sulphuric acid was added), and coloured spots were

developed by heating of the TLC plate with a heat gun.

TLC was also used to monitor the enzymatic synthesis reactions to produce Neu5Ac, 3’SL
and 2,7-anhydro-Neu5Ac. For this purpose, the TLC plate to monitor the reaction to
produce Neu5Ac was developed in a solvent solution of 96% ethanol (EtOH) containing
dichloromethane (DCM), 1 M ammonium bicarbonate ((NH4)HCO3) and H,0 in a ratio of
6:3:0.5:0.5 (by volume). The spots were revealed with a molybdenum stain (made of 235
ml H;0, 12 g ammonium molybdate, 0.5 g ceric ammonium molybdate, and 15 ml
concentrated sulphuric acid). The TLC to monitor the reaction producing 3’SL or 2,7-
anhydro-Neu5Ac was developed using a solvent solution of ethyl acetate (EtOAc),
methanol (MeOH), H,0 at a 5:2:1 ratio (by volume). The spots were revealed with a p-
anisaldehyde stain (made of 135 ml absolute EtOH, 5 ml concentrated sulphuric acid, 1.5
ml glacial acetic acid, and 3.7 ml p-Anisaldehyde, the solution was then stirred vigorously
to ensure homogeneity) The TLC was developed by heating of the TLC plate with a heat

gun.

53



2.5.5 High-Performance Anion-Exchange Chromatography with Pulsed Amperometric
Detection (HPAEC-PAD) analysis

To prepare samples for HPAEC-PAD analysis, samples were centrifuged at 17,000 g for 10
min at room temperature, and supernatant was boiled for 10 min at 95 °C. The samples
were then analysed on a Dionex ICS-5000 (Thermo Scientific, Hemel Hempstead, UK) using
a Carbo-Pac PA1 column (Thermo Scientific). Samples were run according to the following
gradient: 0 min, 18 mM NaOH; 20-35 min, 100 mM NaOH; 35.1-50 min, 18 mM NaOH. Data

were analysed using the Chromeleon 6.80SR13 software.

2.5.6 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometer
(MALDI-ToF-MS) analysis

For mucin glycan analysis, glycans were first released from pPGM by reductive -
elimination. Briefly, 1 g pPGM was dissolved in 100 ml 0.5 M NaBH4 and 50 mM NaOH and
then incubated at 45 °C for 16 hours and subsequently neutralised using drops of 10%
acetic acid until effervescence stopped. The sample was then desalted by cation exchange
chromatography using DOWEX 50W x8 H+ resin. Samples were then freeze dried, and
borates were removed by co-evaporation with methanol under a nitrogen stream. When
dried, the glycans were permethylated by adding 200 ul Dimethyl sulfoxide (DMSQ), 300 pl
NaOH in DMSO (prepared as described in Shajahan et al., 2019), and 150 pl iodomethane
while vigorously shaken for 30 min at room temperature. The reactions were quenched by
addition of 1 ml H,0. Excess of iodomethane was removed under nitrogen and the samples
were loaded onto Supel Swift HLB SPE cartridges. Permethylated glycans were eluted in
methanol, following washing of the cartridge with H,O. Samples were then dried and
analysed using MALDI-ToF MS on a Bruker Autoflex (Bruker Daltonics, Billerica, MA, Unites

States). 2,5-Dihydroxybenzoic acid was used as the matrix at 10 mg/ml final concentration.

2.5.7 NMR analysis

NMR analysis was performed by Dr Gwénaélle Le Gall. An aliquot of the enzymatic reaction
was evaporated to dryness and reconstituted in 600 ul of NMR buffer (100 ml D,0
containing 0.26 g NaH;P0g, 1.41 g K;HPO4, and 1 mM deuterated trimethyl silylpropionate
(TSP) as a reference compound) before 'H NMR spectroscopic analysis. *H NMR spectra
were recorded using a 600-MHz Bruker Avance spectrometer fitted with a 5-mm TCI

proton-optimised triple resonance NMR inverse cryoprobe and autosampler (Bruker).
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Sample temperature was controlled at 300 K. Spectra were acquired with 64 scans, a
spectral width of 12500 Hz and an acquisition time of 2.6s. The “noesyprld” presaturation
sequence was used to suppress the residual water signal with a low-power selective
irradiation at the water frequency during the recycle delay. Spectra were then transformed
with a 0.3-Hz line broadening and zero filling, manually phased, baseline corrected, and
referenced by setting the TSP—d4 signal to 0 ppm. Metabolites (amino acids and organic

acids) were identified using the software Chenomx (V8.6).

2.5.8 Electrospray ionization mass spectrometry (ESI-MS) analysis

Reactions to produce 2,7-anhydro-Neu5Ac and Neu5Ac were analysed by ESI-MS by
diluting 1 pl samples in 50 pl or 250 pl of acetonitrile in H,0 (1:1), then between 0.1 to 1.0
ul was injected into a Shimadzu (Kyoto, Japan) ESI LC-MS QP8000, depending on the

intensity of ions. Sialic acid derivative peaks were detected using ESI negative mode.

2.6 Stable isotope probing (SIP)
2.6.1. Preparation of samples

Growth of faecal slurry and subsequent RNA extraction was performed as described above

(2.2.2 and 2.3.2).

2.6.2. Gradient generation, and fractionation by ultracentrifugation

The CsTFA gradient solution was generated by adding 4.8 ml caesium trifluoroacetate
(CsTFA) was added to 1 ml gradient buffer (100 mM Tris, 100 mM KCl, 1 mM EDTA, pH 8.0).
20 pl was taken to measure the refractive index using a Reichert AR200 Full-Range Digital
Refractometer (Buffalo, New York). 1257.9 ul (3.5% final volume) formamide was added to
the CsTFA gradient solution. Gradient buffer was added to the CsTFA gradient solution with
formamide until a refractive index of 1.3725 + 0.0002 was achieved. The mixture was added
to centrifuge cartridges and for each sample exactly 500 ng RNA was added to a cartridge.
The cartridges were centrifuged at 177,000 g (Beckman Vti 65.2 rotor) for 64 hours without
braking. The gradients were subsequently fractionated by pumping the exact volume of the
cartridge over 12 min into the top of each cartridge using an automatic peristaltic pump. A

needle was used to pierce the bottom of each cartridge and fractions were collected for 1
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min each. The refractive index of each fraction was measured. In each fraction RNA was
then precipitated by adding 40 pl sodium acetate (3M, pH 5.2), 1 ul glycogen, and 1 ml
100% EtOH, and the solution stored at -20 °C for at least 2 hours. These samples were then
centrifuged at max speed (= 20,000 g) for 30 min at 4 °C. The precipitated RNA was washed
with 500 pl 70% EtOH and centrifuged at 13,000 g for 10 min at 4 °C twice.

The RNA was subsequently airdried and then resuspended in 5 pl RNase free water and
frozen at -80 °C. RNA was converted into cDNA using QuantiTect Reverse Transcription kit.
Total bacterial 16S copies were analysed by gPCR (see 2.3.3) and sent for Illumina 16S
amplicon sequencing to MRDNA labs (Shallowater, TX, USA).

2.6.3 Analysis of 16S amplicon sequencing data

This analysis was performed by Dr Andrea Telatin. The quality profile of the raw reads (in
FASTQ format) was assessed using Fastp 0.20.0 (S. Chen et al., 2018), which was also used
to remove reads containing ambiguous bases, while the qualified region for DADA2 was
determined using seqfu qual from SeqFu 1.17 (Telatin et al., 2021) with default parameters.
The nf-core/ampliseq 2.5 pipeline (P. A. Ewels et al., 2020; Straub et al., 2020) was executed
setting the locus specific primers to (forward: CCTACGGGNGGCWGCAG, reverse:
GGACTACHVGGGTATCTAATCC for 16S rDNA). The workflow uses DADA2 (Callahan et al.,
2016) to identify the Amplicon Sequence Variants (ASVs) using its Qiime2 2022.11.1 (Bolyen
et al., 2019) wrapper. The taxonomic assignment was performed using against the SILVA
database release 138 (Quast et al., 2013) using the DECIPHER R package (Wright, 2016).
Data normalization and diversity were produced using the Rhea scripts (Lagkouvardos et
al., 2017), and the final tables exported to be further analysed and plotted using
MicrobiomeAnalyst (Dhariwal et al., 2017), and the built-in plotting provided by Dadaist2
(Ansorge et al., 2021).

2.7 Bioinformatics

2.7.1 Prediction of protein function and subcellular localisation

Protein function was predicted by BLAST (Altschul et al., 1990) analysis, amino acid
sequences were blasted against the fully annotated Swiss-Prot protein database, using the

Uniprot standard settings, and results used to predict GH function. Subcellular localisation
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was determined using SignalP 5.0 (Almagro Armenteros et al., 2019) and Psort 3.0 (Yu et
al., 2010). Transmembrane domains were predicted using TMHMM 2.0 (Krogh et al., 2001).

2.7.2 Sequence alignment and AlphaFold modelling

All sequence alignments were carried out using Clustal Omega (Madeira et al., 2022).
AlphaFold 2 modelling was performed using ColabFold v1.5.2 (Mirdita et al., 2022) using
the standard settings: msa_mode: mmseqs2_uniref_env, pair_mode: unpaired_paired,

model_type: auto, num_recycles: auto, recycle_early_stop_tolerance: auto.

2.8 Statistical analysis

Statistical analyses were performed by Dr George Savva. For the analysis of gPCR data of R.
gnavus ATCC 29149 and E1 grown on with 1% pPGM pre-treated with RgGH98, growth was
analysed using a linear mixed model. Three technical replicates (measurements) were
available at each time point. Estimated concentrations were transformed onto a
logarithmic scale, then the concentration was modelled using the interaction of time,
strain, and enzyme and all of their 2- and 3-way interactions as predictors, with nested
random effects corresponding to biological replicate and time within biological replicate.
Models were estimated using ImerTest/Ime4 for R as above, and the effects of enzyme on
growth between 0 and 9 and between 0 and 48 h for each strain was calculated from each

model using emmeans (Bates et al., 2015; Kuznetsova et al., 2017; Lenth et al., 2022).

57



Chapter 3

Role of RgGH98 in growth of R. gnavus strains on mucin
glycans
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3. Role of RgGH98 in growth of R. gnavus strains on mucin glycans

3.1 Introduction

The ability of R. gnavus to utilise mucin glycans is strain-dependent (Crost et al., 2013,
2016). Despite R. gnavus proficiency at using host-derived oligosaccharides, galactose
(Gal), fucose (Fuc), N-acetylglucosamine (GIcNAc), 2'-fucosyllactose, (2’'FL), 3-
fucosyllactose (3FL) as carbon sources, only some R. gnavus strains (e.g. ATCC 29149 and
ATCC 35913) but not E1, can utilise mucin glycans as metabolic substrates (Crost et al.,

2013, 2016).

Both R. gnavus ATCC 29149 and E1 strains contain several fucosidase genes encoding GH29
and GH95 enzymes, five and eight fucosidases, respectively. Interestingly, even though R.
gnavus E1 cannot grow on mucin as a sole carbon source, it produces fucosidases which
are active on Lewis A and Lewis X epitopes(H. Wu, Rebello, et al., 2021), common mucin
epitopes (De Bolds et al., 1995). In addition to mucins, blood group epitopes are also
commonly found in human milk oligosaccharides (HMOs) (Garcher et al., 1994; Ravn &
Dabelsteen, 2000; Thurl et al., 1997; Yan et al., 2019). An undefined galactosidase from R.
gnavus ATCC 35913 was found to be active on blood group B, cleaving of the terminal
galactose (Hata & Smith, 2004). The genes encoding GH33 and GH98 enzymes are
exclusively present in R. gnavus ATCC 29149 and ATCC 35913 and not in E1 (Crost et al.,
2013, 2016). Previous transcriptomic analyses of R. gnavus ATCC 29149 grown on purified
pig gastric mucin (pPGM) showed upregulation of the nan cluster, a cluster dedicated to
sialic acid metabolism (Crost et al., 2013). The nan cluster contains the gene coding for a
GH33 intramolecular trans-sialidase, RgNanH, which is needed for R. gnavus ATCC 29149

growth on mucin and sialoglycans (Bell et al., 2019; Tailford, Owen, et al., 2015).

Previous, bioinformatics analysis of the R. gnavus ATCC 29149 genome revealed that the
gene encoding RgGH98 is part of a cluster containing thirteen genes with RGna_RS103115
to RGna_RS10360 being part of the same operonic structure (H. Wu, Crost, et al., 2021) (for

the full list of genes identified in the cluster, see Table 3.1). Interestingly, in addition to the
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RgGH98-encoding gene, two other genes are predicted to code for GH enzymes (GH95 and

GH73) (Figure 3.1), suggesting that this cluster may also be dedicated to glycan utilisation.

Here we tested the hypothesis that RgGH98 contributes to mucin glycan metabolism of R.
gnavus strains and further explored the importance of RgGH98 in the ability of R. gnavus

strains to utilise mucin glycans.
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Table 3.1. Description of the genes in R. gnavus ATCC 29149 RgGH98 cluster.

Locus tag protein name Old locus tag* Putative function Size
(aa)
RGna_RS10300 WP_082923165.1 RUMGNA_01260 PTS ascorbate transporter 51
subunit IIC
RGna_RS10305 WP_004841949.1 RUMGNA_01259 SPFH domain-containing protein; 333
putative membrane protein
RGna_RS10310 WP_004841948.1 RUMGNA_01258 GH31 a-xylosidase (or a- 796
glucosidase)
RGna_RS10315 WP_105084834.1 RUMGNA_03121 GH95 fucosidase 2236
RGna_RS10320 WP_004844095.1 RUMGNA_03120 leucine-rich repeat domain- 679
containing protein
RGna_RS10325 WP_039959992.1 RUMGNA_03119 GH98 blood-group endo-B-1,4- 1357
galactosidase
RGna_RS10330 WP_004844093.1 RUMGNA 03118 GH73 peptidoglycan hydrolase 420
with endo-b-N-
acetylglucosaminidase specificity
RGna_RS10335 WP_039959990.1 RUMGNA 03117 phage holin family protein 146
RGna_RS10340 WP_004844091.1 RUMGNA 03116 hypothetical protein 163
RGna_RS10345 WP_009244114.1 RUMGNA 03115 hypothetical protein 83
RGna_RS10350 WP_009244115.1 RUMGNA 03113 hypothetical protein 138
RGna_RS10355 WP_004844087.1 RUMGNA 03112 hypothetical protein 164
RGna_RS10360 WP_070101560.1 RUMGNA_03111 hypothetical protein 210
RGna_RS10300- RGna_RS10310 are not part of the RgGHI98 operon. *Locus tag from former version of R. gnavus
genome annotation. The putative function is the automatically predicted function from the NCBI database.
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Figure 3.1. Schematic representation of R. gnavus ATCC 29149 gene-cluster including the RgGH98 gene. The RgGH98
encoding gene is indicated in green and other predicted GH-encoding genes are indicated in blue. RGna_RS10300-
RGna_RS10310 are not part of the RgGH98 operon.

3.2 Results

3.2.1 RgGH98 is a galactosidase active on blood group A antigen

In order to experimentally validate the predicted enzymatic function of RgGH98, the
RGna_RS10325 gene encompassing the N-terminal galactose-binding-like domain (N-term
GBLD), the catalytic domain (Cd), and the C-terminal domain was heterologously expressed
in Escherichia coli (H. Wu, Crost, et al., 2021). Structural alignment to homologous GH98

enzymes identified the general acid catalytic residue as Glu 411 (H. Wu, Crost, et al., 2021).
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The recombinant RgGH98 was tested against blood group A tetrasaccharide type Il
(BgAtetra, GalNAcal-3[Fucal-2]GalB1-4GlcNAc) as a substrate, a common mucin epitope
(Garcher et al., 1994; Ravn & Dabelsteen, 2000). The products of this enzymatic reaction
were analysed by High-Performance Anion-Exchange Chromatography with Pulsed
Amperometric Detection (HPAEC-PAD). The data showed the appearance of peaks
corresponding to BgA trisaccharide (BgAtri, GaINAcal—-3(Fucal-2)Gal) and GlcNAc and the
reduction of the peak corresponding to BgAtetra (Figure 3.2A). The peaks were absent
when the catalytic mutant (E411A) was used as control. Further work by Dr. Haiyang Wu
showed that RgGH98 was specific for BgA antigen and not active on BgB or BgH antigens
(H. Wu, Crost, et al., 2021).
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Figure 3.2. RgGH98 enzymatic characterisation. (A) HPAEC-PAD analysis of the enzymatic reaction using RgGH98 or RgGH98
E411A catalytic inactive mutant on BgAtetra. BgAtetra is cleaved into BgAtri (red arrow) and GIcNAc (blue arrow). Data kindly
provided by Ana Martinez Gascueia. (B) Schematic of the enzymatic reaction. RgGH98 cleaves BgAtetra B1-4 glycosidic
linkage to produce free GIcNAc and BgAtri.

3.2.2 RgGH98 meditates the growth of R. gnavus strains on mucins

3.2.2.1 Validation of a suitable minimum media for R. gnavus growth

The newly developed LAB medium (Tramontano et al.,, 2018) was tested as a minimal
medium for R. gnavus growth. The advantage of a defined medium is that the composition
is known, which is essential to assay the role of specific compounds in a metabolic system.
R. gnavus E1 and ATCC 29149 strains were anaerobically grown in LAB and YCFA media in

the presence or absence of glucose. No growth was observed in LAB in the absence of a

63



carbon source while the bacteria could grow to high levels in LAB supplemented with 0.5%
glucose (Figure 3.3). The growth of both strains was significantly higher in the LAB medium
supplemented with glucose, with an ODsgs reaching around 1.6 whereas the strains
reached an OD of around 1.1 in YCFA supplemented with glucose (Figure 3.3). In both
media, R. gnavus E1 strain showed a longer lag phase, which was more pronounced in YCFA

supplemented with glucose.
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Figure 3.3. Growth curves of R. gnavus ATCC 29149 and E1 in LAB or YCFA medium supplemented with 0.5% glucose. The

points show the average OD values of four replicates, error bars indicate standard deviation. AOD was calculated by
subtracting the negative control (LAB + bacteria) from the experimental samples (LAB + Glc + bacteria).

3.2.2.2 R. gnavus growth on mucin and BgA is strain-specific

To further investigate the role of RgGH98 in the ability of R. gnavus strains to grow on
mucins, we tested the ability of R. gnavus E1 strain to grow in LAB medium supplemented
with 1% mucin (pPGM) pre-treated with RgGH98. R. gnavus E1 strain showed a significant
increase in growth in RgGH98-treated mucin (p =0.023 at 9 hours and p =0.033 at 48 hours)
as compared to the control (untreated mucin). The RgGH98 treatment had less of an effect
on the growth of R. gnavus ATCC 29149, which is in line with the ability of this strain to
express RgGHI98 (Figure 3.4A). The data were confirmed by gPCR analysis of R. gnavus copy
numbers at T= 0-, 9-, and 24-hours using R. gnavus 16S, R. gnavus ATCC 29149 specific
primers, and R. gnavus E1 specific primers (Figure 3.5), with significant increases in R.

gnavus ATCC 29149 copy numbers after 9 hours of growth on both untreated pPGM
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Q0600nm

(p<0.000) and RgGH98-treated pPGM (p<0.000). R. gnavus E1 copy numbers after 9 hours
of growth on untreated pPGM was not significant (P=0.53) but was significant on RgGH98-
treated pPGM (p=0.02).

Since both R. gnavus E1 and ATCC 29149 strains could grow on RgGH98-treated mucin, we
then hypothesised that the bacteria could metabolise BgAtri, the product of the RgGH98
enzymatic reaction. Using HPAEC-PAD, we showed that when R. gnavus E1 was grown on
RgGH98-treated pPGM, the BgAtri was consumed and no longer detected in the spent

medium after 9 hours of growth, while it was detected in the no bacteria control (Figure

3.4B-D).
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Figure 3.4. Growth of R. gnavus ATCC 29149 and E1 in LAB supplemented with untreated or RgGH98-treated pPGM over 48 hours.

AOD was calculated by subtracting the negative control (LAB + mucin) from the experimental samples (LAB + mucin + bacteria).
Averages are calculated from the average of two biological repeats, error bars indicate standard deviation.
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Figure 3.5. Analysis of BgAtri utilisation during growth of R. gnavus strains on mucin. HPAEC-PAD analysis of the supernatant of R. gnavus ATCC 29149 and E1 cultures in LAB supplemented with
untreated or RgGH98-treated pPGM at (A) T= 0 hours, (B) T= 9 hours and (C) T= 48 hours. BgAtri, LAB supplemented with pPGM, and LAB supplemented with RgGH98-treated pPGM were used
as controls. This figure has also been published in (Wu, Crost, et al., 2021) and appears here with permission.
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Figure 3.6. qPCR analysis of R. gnavus growth in LAB supplemented with RgGH98-treated or untreated mucin. DNA was extracted at T=0, T=9, and T=48 hours of R. gnavus E1 or ATCC
29149 grown in LAB supplemented with 1% pPGM or 1% RgGH98-treated pPGM and analysed by qPCR using (A) R. gnavus 16S universal primer (Rg5 16S), (B) R. gnavus E1 specific primers
(RUMGNEvV3_60291), and (C) R. gnavus ATCC 29149 specific primers (RUMGNA_02237). The absolute number of bacterial quantity through qPCR was determined using a calibration curve

generated using the amplified regions for each primer pair. Data are expressed as gene copy numbers per ml. Two biological replicates with three technical replicates each are shown. Error
bars correspond to standard error.
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HPAEC-PAD was used to quantify the released BgAtri in the growth medium after 48 hours
of pre-treatment. When pPGM was treated with 1.3 uM RgGH98, which is the
concentration used across all experiments, an average concentration of 66.5 uM BgAtri was

detected in the absence of bacteria (Table 3.2).

Table 3.2. Concentrations of BgAtri released from pPGM by RgGH98.

BgA concentration in uM

T=48 T=57 T=96
pPGM + RgGH98 (1) 67.4 69.6 81.6
pPGM + RgGH98 (2) 65.7 66.1 80.4
Average 66.5 67.85 81

Samples were taken after 48, 57, and 96 hours of treatment as quantified by HPAEC. (1) and (2) correspond to biological
repeats.

To validate these findings, we next evaluated the ability of these strains to grow on
commercially available BgAtri and BgAtetra (Figure 3.6). The bacteria were grown on LAB
supplemented with 1.5 mM, 0.5 mM, and 0.05 mM concentrations of commercial BgAtri or
BgAtetra. R. gnavus ATCC 29149 grew to high density on all three concentrations of BgAtri
as well as on 1.5 mM and 0.5 mM BgAtetra, but not on 0.05 mM BgAtetra. R. gnavus E1
however was not able to grow on BgAtetra at the concentrations tested but grew at the
two highest concentrations of BgAtri (Figure 3.6). At the lowest concentration, which is
similar to the concentration of BgAtri released after 48 hours of pre-treatement of RgGH98
with pPGM, only R. gnavus ATCC 29149 (but not E1) showed growth on commercial BgAtri
(Figure 3.6). Together these results suggest that the released BgAtri was utilised but not

sufficient to fully sustain R. gnavus E1 growth.
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Figure 3.7. Growth curves of R. gnavus ATCC 29149 and E1 on BgAtri and BgAtetra. R. gnavus growth in LAB supplemented with 1.5 mM,
0.5 mM, and 0.05 mM commercial BgAtri (A) or BgAtetra (B). Averages of three replicates are shown, error bars indicate standard
deviation. This figure has also been published in (Wu, Crost, et al., 2021) and appears here with permission.
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In addition, since R. gnavus ATCC 29149 expresses RgGH98, the observed growth on
BgAtetra was consistent with RgGH98 substrate specificity to hydrolyse BgAtetra into
BgAtri and GIcNAc. Further, the effect of RgGH98-treatment on mucin was confirmed by
MALDI-TOF/TOF mass spectrometry. After RgGH98-treatment, increased levels of BgA
epitopes were detected in the growth medium due to the release of BgAtri from the mucin.
Following growth with R. gnavus E1 or ATCC 29149, BgA abundance was significantly
decreased after 24 hours (Figure 3.7), indicating consumption of BgA by both strains,
whereas the relative abundance of the other fucosylated peaks remained largely the same.
These results are in line with the ability of the strains to utilise BgAtri as a metabolic

substrate.
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Figure 3.8. Composition of mucin glycans following R. gnavus growth on untreated and RgGH98-treated mucin. Relative
abundance in nmol/mg and composition of mucin glycans of untreated and RgGH98-treated pPGM after 24 hours of R.
gnavus E1 and ATCC 29149 growth, determined by MS analysis. Red boxes are samples from RgGH98-treated pPGM, blue
boxes are from untreated pPGM. FucGalGalNAcol indicates BgAtri residue or Fuc-Gal-GalNAc-ol. This figure has also been
published in (H. Wu, Crost, et al., 2021) and appears here with permission.

We next tested whether, when growing on RgGH98-treated pPGM, the bacteria benefited
from the release of BgAtri and/or from access to the rest of the mucin glycan chain.

Following treatment of pPGM with RgGH98, the suspension was dialysed, to separate the
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enzymatically treated mucin from the released oligosaccharides (see section 2.2.1). Both
strains were grown in LAB supplemented with these two separate fractions. R. gnavus ATCC
29149 showed growth on the ‘leftover’ pPGM fraction, while R. gnavus E1 showed a
delayed growth in this fraction compared to R. gnavus ATCC 29149. No growth was
observed on the released oligosaccharide fractions (Figure 3.8), which contrasts with the
results obtained on commercial BgAtri (Figure 3.6). The lowest concentration BgAtri that R.
gnavus was grown on was slightly less than the concentration RgGH98 releases from pPGM

(50 uM compared to 60 uM), which might explain this difference.
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Figure 3.9. Growth of R. gnavus ATCC 29149 and E1 on dialysed RgGH98-treated pPGM. Growth in LAB supplemented

with dialysed RgGH98-treated pPGM fraction, dialysed released oligosaccharide fraction, or LAB supplemented with
untreated or RgGH98-treated pPGM over 25 hours. Averages of three replicates are shown.

3.2.3 The RgGH98 cluster is upregulated during growth of R. gnavus ATCC 29149 on
BgAtri and BgAtetra

In order to gain more insights into the metabolic pathway involved in BgA utilisation, we
analysed the transcriptomic response of the RgGH98 cluster (Figure 3.1) by RT-gPCR when
R. gnavus ATCC 29149 was grown on LAB supplemented with 0.5% glucose, 1 mM BgAtri,
or 1 mM BgAtetra (Figure 3.9). The lag phase during growth on both BgAtri and BgAtetra
was longer than observed previously (Figure 3.6), but a high bacterial density could be

observed after 9 hours of growth on BgAtetra, while growth on BgAtri reached a plateau
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between 11 and 24 hours of growth. Growth was verified by qPCR analysis using R. gnavus

16S and R. gnavus ATCC 29149 specific primers (Figure 3.10).
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Figure 3.10. Growth of R. gnavus ATCC 29149 on BgAtri and BgAtetra. R. gnavus ATCC 29149 was grown in LAB
supplemented with 0.5% glucose (27,7 mM), 1 mM BgAtri or 1 mM BgAtetra. A single repeat is shown.
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LC-MS analysis confirmed that R. gnavus ATCC 29149 could utilise BgAtri, with
concentrations of BgAtri in the spent medium decreasing significantly from 11 hours to 24
hours (Table 3.3). The concentration of BgAtetra did not decrease when R. gnavus ATCC

29149 was grown on BgAtetra, even though growth was observed.

Table 3.3. Concentration of BgAtri and BgAtetra in medium during growth of R. gnavus ATCC 29149.

BgA concentration in uM

TO T10/11 T24
LAB + BgAtri+ ATCC 514 uM 388 uM 0O uMm
29149
LAB + BgAtetra + 844 uM 906 uM 988 uM
ATCC 29149

Consumption of BgAtri and BgAtetra after 10 or 11 and 24 hours of R. gnavus ATCC 29149 growth as quantified by LC-MS.
BgAtri was measured after 11 and 24 hours; BgAtetra was measured after 10 and 24 hours.

RNA was extracted from samples collected at late exponential phase (T=7-11 hours
depending on growth) and after 24 hours (for concentration and quality of RNA see
Supplemental Table S3) and converted into cDNA. RT-qPCR was performed for genes within
the RgGH98 cluster using gene specific primers and the Gyrase B housekeeping gene for
normalisation and growth on glucose as the control condition. The log-fold change in gene
expression showed differences between the first three genes in the cluster
(RGna_RS10315-25), including the RgGH98 encoding gene (RGna_RS10325), and genes
RGna_RS10330-55. During early growth on BgAtri, only the first genes (RGna_RS10315-35)
were upregulated, while after 24 hours, RGna_RS10330- RGna_RS10355 and RS10320 were
upregulated. During growth on BgAtetra the whole cluster was upregulated. However,
after 24 hours, gene expression returned to basal expression, with the exception of
RGna_RS10320 and RGna_RS10325 (the RgGH98 encoding gene). RGna_RS10325, the
RgGH98 encoding gene, was highly upregulated during growth on BgAtetra, while only
slightly during early BgAtri growth, in line with its substrate specificity. The expression of
RGna_RS10315 (coding for a predicted GH95 fucosidase) was found to be highly
upregulated during growth on both BgAtri and BgAtetra while RGna_RS10330 (encoding
for a predicted GH73 acetylglucosaminidase) was upregulated during growth on both

BgAtri and BgAtetra (Figure 3.11).
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Figure 3.12. Transcriptomics analysis of RgGH98 cluster during R. gnavus ATCC 29149 growth on BgAtri or BgAtetra compared to
growth on glucose. Bars indicate fold changes of RGna_RS10315 to RGna_RS10360 expression during (A) growth on BgAtriat T11
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with 0.5% glucose as control condition. Error bars correspond to the standard-error. 15-60 correspond to RGna_RS10315 to
RGna_RS10360 genes. See Table 3.1 for full list of genes and predicted function.
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3.3 Discussion

We showed that RgGH98 plays a critical role in the ability of R. gnavus strains to grow on
mucin. The specificity of RgGH98 for BgA might give a competitive advantage in mucosal
regions where blood group epitopes are highly expressed such as in ileum, cecum, and
proximal colon (Robbe et al., 2003, 2004). This work complements previous work from the
group showing the importance of GH29 and GH95 fucosidases and GH33 sialidases in the
ability of R. gnavus to grow on mucin (Bell et al., 2019; Crost et al., 2013, 2016; Owen et al.,
2017; H. Wu, Rebello, et al., 2021). Together these data point towards the role of R. gnavus
exo-GHs in targeting the main terminal glycan epitopes (sialic acid, fucose, BgA) in intestinal
mucins, which can then be used as metabolic substrate for R. gnavus strains (Figure 3.12B).
This was recently demonstrated for 2,7-anhydro-Neu5Ac, the product of R. gnavus sialidase
reaction, which has been shown to be transported and metabolised in R. gnavus strains
due to the exquisite specificity of the transporter for 2,7-anhydro-Neu5Ac, and the
presence of an oxidoreductase converting 2,7-anhydro-Neu5Ac back to Neu5Ac (Bell et al.,

2019, 2020).

The RgGH98 enzyme is part of a gene cluster. We showed that during exponential growth
on BgAtri and BgAtetra, the whole cluster was upregulated, indicating that it is dedicated
to BgA metabolism. The genes encoding for a GH73 N-acetylglucosaminidase (GIcNAcase)
and a GH95 fucosidase were upregulated when R. gnavus was grown on both BgAtri and
BgAtetra. The GH73 overexpression is surprising as no GIcNAc residue is present in BgAtri
and annotated proteins with high sequence similarity to this GH73 are all peptidoglycan
hydrolases. Previously, the whole RgGH98 cluster was shown to be also upregulated during
growth on pPGM (H. Wu, Crost, et al., 2021), suggesting a broader role of this operon in
mucin glycan metabolism. Further, we showed that, in addition to consuming BgA, the R.
gnavus strains were able to grow on the RgGH98-enzymatically treated mucin glycan
chains, suggesting that the uncapping allows other GHs to access the underlying glycan

linkages, releasing new metabolic substrates for the bacteria (Figure 3.12).

RgGH98 was found to be specific for blood group A by HPAEC-PAD analysis. This was further
confirmed by STD-NMR and isothermal titration calorimetry (ITC) analysis (H. Wu, Crost, et
al., 2021). In contrast to RgGH98, other functionally characterised GH98s have been shown

to release both BgA and BgB trisaccharide from glycans, like Streptococcus pneumoniae

76



SP3-BS71 Sp3GH98 (Higgins et al., 2009), and GH98 E-ABase from Clostridium perfringens
ATCC 10543, which has a preference for glycans with a core 2 structure over a core 1
structure (Anderson et al., 2005). S. pneumoniae TIGR4 Sp4GH98, however, showed
specificity to Lewis Y epitopes (Higgins et al., 2009). The specificity of RgGH98 for BgA
epitopes can have potential applications as tools to discriminate between different blood

group epitopes.

Blood group epitopes have been shown to be involved in pathogen infection, as they can
be used as recognition sites (Cooling, 2015; Ruvoén-Clouet et al., 2013). For example, SARS-
CoV-2 receptor-binding domain has been shown to preferentially recognise blood group A
(S.C.Wuetal., 2021), which may underpin the higher risk of SARS-COV-2 infection reported
in patients with blood group A (Khder Mustafa et al., 2023). Advanced understanding of
the structure and function of these enzymes involved in the modification of blood group

epitopes can help future development of drugs targeting these pathogens.
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Figure 3.13 Model of R. gnavus mucin glycan degradation strategy. (A) RgGH98 cleaves BgAtri epitopes, which opens
space and allows other GH enzymes to cleave more glycans. RgGH33 cleaves Neu5Ac epitopes releasing 2,7-anhydro-
Neu5Ac, once transported into the cell this is converted back to Neu5Ac. (B) Functionally characterised GHs involved in
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Chapter 4

Identification and characterisation of R. gnavus GHs
involved in mucin glycan degradation
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4. ldentification and characterisation of R. gnavus GHs involved in mucin
glycan degradation

4.1 Introduction

Mucin glycans provide a constant source of nutrients to the bacteria inhabiting the
intestinal mucus niche. There, bacteria produce sulfatases (Luis et al., 2021), fucosidases
(GH29 and GH95) and sialidases (GH33) to remove glycan epitopes. The mucin glycan
chains are then further broken down by GHs hydrolysing glycosidic linkages to galactose
(Gal) (GH2, GH35, GH42, GH98, GH110), N-acetylgalactosamine (GalNAc) (GH27, GH36,
GH101, GH109, GH129), or N-acetylglucosamine (GIcNAc) (GH20, GH84, GH85, GH89) (Bell
& Juge, 2021; Raba & Luis, 2023; Tailford, Crost, et al., 2015). Human milk oligosaccharides
have similar structures to mucin glycans, and thus require a similar set of GH families to be

broken down (Marcobal et al., 2011).

R. gnavus, A. muciniphila (Derrien et al., 2004), B. thetaiotaomicron (Martens et al., 2008),
Bacteroides caccae (Desai et al., 2016), B. fragilis (Pudlo et al., 2015), B. bifidum (Kiyohara
et al., 2011), and C. perfringens (Low et al., 2021) have all been shown to degrade mucin
glycans and HMOs (see section 1.2.4). In Bacteroides species, these mucin glycan degrading
GHs are organised into polysaccharide utilization loci (PULs) (Bjursell et al., 2006; Feng et
al., 2022) whereas in Firmicutes and other bacteria genes involved in the metabolism of

mucin glycans are clustered in operons (Sela et al., 2008; Tailford, Crost, et al., 2015).

The capacity of R. gnavus ATCC 29149 to utilise mucin glycans is based on the complement
of GHs encoded by its genome. RgGH98 was shown in the previous chapter to be involved
in the mucin degradation strategy of this strain. Furthermore, several fucosidases and a
sialidase were shown to be active on glycans structures which are present in mucins
(Tailford, Owen, et al., 2015; H. Wu, Rebello, et al., 2021). However, the full complement
of GHs involved in mucin glycan degradation of R. gnavus is not yet known. Here we have
used RNA sequencing (RNAseq) to identify other GHs potentially involved in mucin glycan

degradation. The activity of recombinant enzymes was then tested experimentally.
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4.2 Results

4.2.1 Growth of R. gnavus ATCC 29149 on mucin glycans

R. gnavus E1 is able to grow on RgGH98-treated pPGM and on the underlying mucin
fraction (see 3.2.2.2). To further explore the role of other GHs in in R. gnavus’ ability to
grow on mucin, the growth of R. gnavus strains was tested on mucin glycans released from
the protein backbone by reductive B-elimination from PGM using NaOH and NaBHa, as
previously described (Pruss et al., 2021). Following dialysis to remove the borates from B-
elimination, the mucin glycan content was analysed by MALDI-TOF MS. Glycans of a size up
to pentasaccharides were significantly reduced after dialysis, while larger glycan structures
were at similar levels before and after dialysis (Figure 4.1). The growth of both R. gnavus
ATCC 29149 and E1 strains was tested on pPGM, PGM, pPGM mucin glycans, and PGM
mucin glycans (Figure 4.2). During growth on released PGM glycans, R. gnavus ATCC 29149
displayed a shorter lag phase compared to growth on pPGM and PGM, suggesting that
mucin glycans are easier to metabolise once released from the protein backbone. The lag
phase of R. gnavus ATCC 29149 growth on pPGM was 4 hours, while the lag phase on PGM
was 10 hours. It should be noted that while R. gnavus ATCC 29149 grew well on pPGM,
PGM, and PGM-released mucin glycans, no growth was observed on pPGM mucin glycans
which needs further investigation, this condition was not pursued in the rest of the
experiments. R. gnavus E1 did not grow on either pPGM and PGM, as expected from
previous reports (Crost et al., 2013). However, it did show some growth on mucin glycans

released from PGM, albeit to low levels (Figure 4.2).

81



3 x105 . ——
204 375.132 B-eliminated PGM after dialysis 0:M3 M3 Raw

8 T
2 387104
= —_
428 800

20
154

441309

o 551088
10 : N

692,391
song1z 17520 1402730
1059595 1229652 1611.901
05 1786.025 2026102 2404201
i 2102 2160.202 - U731 2791457 2985503 3139502 3302499 3547.437
y k I ) A Pt ). e R T T -
T a0’ 3027 179108 B-eliminated PGH before dialysis 0:H12 MS Raw
z
2
£
5]
708095
4 -
3
480.054)
2] 464021
75983 |
953,
T 1060144
4] ; 895117 i 1228187 1402.200
! 535‘092] ;uL I {1095159 ; — 1611317
: 0 1815374 1989.440 2234522 2479592
bl Hl Mgl m.l L .JuLkl u‘l | .ULL l La ; ; : . ——
0 T T T T T T T
500 1000 1500 2000 2500 3000 3500

miz

Figure 4.1. MALDI-TOF MS analysis of B-eliminated mucin glycans from PGM. Mucin glycans after (A) and before (B) dialysis by 1 kDa MWCO membrane.
Glycans with masses lower than 1 kDa were significantly reduced.
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Figure 4.2. Growth of R. gnavus ATCC 29149 and E1 on mucin and mucin-released glycans. The culture in LAB supplemented with
PGM, PGM mucin glycans, pPGM, pPGM mucin glycans was monitored by spectrophotometry over 48 hours. Averages of three

replicates are shown.
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For transcriptomics analysis, R. gnavus growth was carried out on 1% mucin glycans or 0.5%
glucose (Figure 4.3). RNA was then extracted in the late exponential phase, which
corresponded to 6 hours for growth on glucose and 7 hours for growth on mucin glycans
(Figure 4.3). RNAseq requires high quality (RNA Integrity Number >6) and high quantity
(=50 ng/ul) of RNA, quality and quantity were assessed and found to be of sufficient quality
and quantity (Supplemental Table S4) and the RNA was sequenced using an lllumina Hiseq

platform by Novogene.
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Figure 4.3. Growth of R. gnavus ATCC 29149 in LAB supplemented with 0.5% glucose or 1% mucin glycans. OD was
measured hourly of a single repeat. OD was measured for four repeats at T=0, 4, 6, and 7 hours. Error bars indicate
standard deviation.

4.2.2 Transcriptomics analysis of R. gnavus ATCC 29149

4.2.2.1 R. gnavus ATCC 29149 gene expression during growth on mucin glycans

RNAseq data was analysed using DESeq2, which generated a list of significantly
differentially expressed genes during R. gnavus growth on mucin glycan compared to
growth on glucose. This list was generated using a Log2 fold change of 1 and -1 as threshold
for the change in gene expression, and a p-adjusted value threshold of 0.05 for the
significance. Using these thresholds, 717 genes were found to be significantly upregulated,
and 652 genes were significantly downregulated in growth on mucin glycans versus growth
on glucose (Figure 4.4). The genome of R. gnavus ATCC 29149 contains 60 GH encoding

genes; during mucin glycan growth 22 were significantly upregulated while 3 were
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significantly downregulated (Table 4.1). Among GHs involved in mucin glycan degradation,
genes encoding GH2s, GH29s, GH33, GH36, GH95, and GH98 enzymes were significantly
upregulated. R. gnavus ATCC 29149 GH33, and GH29 and GH95 fucosidases have been
shown to be upregulated during growth on mucin (pPGM) and to be active on mucin glycan
epitopes, but have not been tested on mucin (Crost et al., 2016; Owen et al., 2017; H. Wu,
Rebello, et al., 2021). GH2 galactosidases have been shown to have mucin glycan degrading
activity in A. muciniphila ATCC BAA-835 (Kosciow & Deppenmeier, 2020). RgGH98 was
shown to be active on mucin glycans in chapter 3 of this thesis (H. Wu, Crost, et al., 2021).
Other significantly upregulated GHs were GH3, 4 GH13s, GH23, GH28, 2 GH31s, 2 GH32s,
GH73, GH77, GH88, and GH112 (Table 4.1).

100

Expression
Downregulated

Mot significant

-log10({padj)

., . *  Upregulated

0
log2FoldChange

Figure 4.4. Volcano plot of significantly up- and downregulated genes during R. gnavus ATCC 29149 growth on mucin
glycans versus Glc. Red dots indicate a significantly upregulated gene. Blue dots indicate significantly downregulated
genes. Horizontal line is the threshold denoting significance (p-adjusted value < 0.05). Vertical lines denote Log2 fold
change cut-offs (-1 and 1).

Table 4.1. Gene expression analysis of GH genes during R. gnavus ATCC 29149 growth on mucin glycan vs Glc.

GH family Significantly Non- Significantly Missing

upregulated significant/below downregulated data
Log2 fold threshold

GH1 3

GH2 2 2 1 1

GH3 1 3

GH5

GH13 4 4 1

GH18 1 1
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GH23 1 2 1

GH25 1 1
GH28 1

GH29 1 1*
GH31 2 1

GH32 2 1

GH33 1

GH36 1 1

GH42 1

GH73 1 1

GH77 1

GH78 1

GH88 1

GH95 1 2

GH98 1

GH105 1 1

GH112 1

GH113 1

Total 22 26 3 9

Thresholds for significance: Log2 fold change >1 or <-1; p-adj < 0.05. *This GH29 gene has a high log2 fold change, but a
p-adj of NA due to an outlier in the data.

4.2.2.2 Dedicated mucin glycan degrading operons are upregulated during R. gnavus
growth on mucin glycans

From the RgGH98 operon, only RGna RS10315 (GH95), RGna_RS10320, and
RGna_RS10325 (RgGH98) were shown to be significantly upregulated, but RGna_RS10315
(GH95) transcription was not above the Log2 threshold (Figure 4.5). The normalised level
of transcription data showed that this cluster was also expressed during growth of R.
gnavus ATCC 29149 on glucose. In contrast, the Nan cluster (RGna_RS08320 to
RGna_RS08370), which is dedicated to 2,7-anhydro-Neu5Ac metabolism (Bell et al., 2019;
Tailford, Owen, et al., 2015), was found to be highly upregulated across the entire operon
(Figure 4.6). Some genes in this cluster were among the most highly upregulated of all
genes. Furthermore, a GH29 (RGna_RS05890) and a GH95 (RGna_RS14395) gene, both part
of separate expected operons including a sugar ABC transporter, were found to be
upregulated. Interestingly, we found that an cluster of 29 genes belonging to a prophage
was highly induced on R. gnavus grown in mucin as compared to glucose growth. BLAST
analysis indicates that these genes are part of the Myoviridae bacteriophage family. This is
an unexpected development which will be worth pursing in the future (Figure 4.7 and Table

4.2).
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Figure 4.5. Expression of RgGH98 gene cluster during growth on mucin glycans. (A) Schematic of RgGH98 gene cluster. (B)
log2 fold change of RgGH98 gene cluster during growth of R. gnavus ATCC 29149 on mucin glycans compared to growth on
Glc. RgGHI8 operon is RGna_RS10360- RGna_RS10315. RGna_RS10310- RGna_RS10300 are not part of the operon. RgGH98
is shown in orange. The GH95 in the operon is shown in green. * = p-adj < 0.05.
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Figure 4.6. Expression of nan cluster during growth of R. gnavus ATCC 29149 on mucin glycans. (A) Schematic of RgGH33
gene cluster. (B) log2 fold change of RgGH33 gene cluster during growth of R. gnavus ATCC 29149 on mucin glycans
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change >1 and p-adj < 0.05.
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Figure 4.7. Expression of prophage cluster during growth of R. gnavus ATCC 29149 on mucin glycans. Log2 fold change of
prophage gene cluster during growth of R. gnavus ATCC 29149 on mucin glycans compared to growth on Glc. All 29 genes
in the cluster were significantly upregulated: Log2 fold change >1 and p-adj < 0.05.

Table 4.2. Predicted gene functions of R. gnavus ATCC 29149 prophage genes RGna_RS06995 to RGna_RS07120.

RGna_RS06995

NCBI annotation

RGna_RS07000

MULTISPECIES: XkdX family protein

RGna_RS07005

MULTISPECIES: hypothetical protein

RGna_RS07010

RNA-directed DNA polymerase

RGna_RS07015

phage tail protein

RGna_RS07020

phage tail protein

RGna_RS07025

baseplate J/gp47 family protein

RGna_RS07030

MULTISPECIES: hypothetical protein

RGna_RS07035

phage tail protein

RGna_RS07040

hypothetical protein

RGna_RS07045

hypothetical protein

RGna_RS07050

tail protein X

RGna_RS07055

phage tail tape measure protein

RGna_RS07060

hypothetical protein

RGna_RS07065

phage major tail tube protein

RGna_RS07070

phage tail sheath family protein

RGna_RS07075

hypothetical protein

RGna_RS07080

hypothetical protein
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RGna_RS07085  phage tail protein
RGna_RS07090  MULTISPECIES: hypothetical protein

RGna_RS07095  MULTISPECIES: hypothetical protein
RGna_RS07100  MULTISPECIES: DUF2190 family protein

RGna_RS07105  hypothetical protein
RGna_RS07110  HK97 family phage prohead protease

RGna_RS07115  phage portal protein

RGna_RS07120  hypothetical protein

RGna_RS07125  phage terminase large subunit family protein
RGna_RS07130 MULTISPECIES: hypothetical protein

RGna_RS07135  hypothetical protein

NCBI annotation is the automatically predicted function from the NCBI database.

4.2.2.3 Selection of GH targets for functional characterisation

In total 11 GH gene targets were chosen for functional characterisation of the predicted
enzymes (Supplemental Table S5). Each amino acid sequence was BLASTed against the
Swiss-prot database to determine closely related fully annotated proteins (Table 4.3).
RGna_RS14450, RGna_RS07225, RGna_RS14905, RGna_RS06060, RGna_RS08510,
RGna_RS14690, RGna_RS07930, and RGna_RS02745 were chosen as highly significantly
induced when R. gnavus ATCC 29149 was grown on mucin glycans. These are predicted to
code for GH32, GH23, GH31, GH13 and GH2 enzymes (see Table 4.3 for assignments).
RGna_RS14450, RGna_RS14905, RGna_RS06060, RGna_RS08510, RGna_RS14690, and
RGna_RS07930 are part of possible operons including other GHs and sugar transporter
genes. We also selected RGna_RS05890, RGna_RS04290, and RGna_RS14395 encoding
fucosidases herein named RgGH29-1, RgGH29-2 and RgGH95 previously characterised on
fucosylated oligosaccharides but not on mucin (H. Wu, Rebello, et al., 2021). Lastly
RGna_RS10330 coding for a predicted GH73 was selected as this gene is part of the RgGH98
operon (see 3.1) and was found to be significantly upregulated during R. gnavus ATCC

29149 growth on pPGM (Crost et al., 2016), although not during growth on mucin glycans.
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Table 4.3. Overview of selected R. gnavus ATCC 29149 GHs.

NZ_CP027002.1 GH NCBI annotation Swiss-Prot Log2 P-adjusted Predicted
locus tag family predicted fold value localisation
function change
RGna_RS05890 GH29  a-L-fucosidase a-L-fucosidase 3.76 6.07E-29 Cell wall
RGna_RS04290 GH29  a-L-fucosidase a-L-fucosidase 4.36 NA Cytoplasmic
RGna_RS14395 GH95  Glycoside hydrolase  Fibronectin type  3.77 1.98E-14 Cell wall
N-terminal domain-  1ll domain
containing protein protein
RGna_RS14450 GH32 Sucrose-6- Sucrose-6- 341 2.49E-14 Cytoplasmic
phosphate phosphate
hydrolase hydrolase
RGna_RS07225 GH23  Transglycosylase SLT Membrane- 3.24 0.024088 Extracellular
domain-containing bound lytic
protein murein
transglycosylase
F
RGna_RS14905 GH31  DUF4968 domain- a-glucosidase 3.25 5.14E-18 Cytoplasmic
containing protein
RGna_RS06060 GH13  Glycoside hydrolase  Cyclomaltodextri 3.21 2.35E-21 Cytoplasmic
family 13 protein nase/Neopullula
nase
RGna_RS08510 GH13  Type I pullulanase Pullulanase 2.03 6.07E-08 Cytoplasmic
RGna_RS14690 GH88  Glycoside hydrolase  Unsaturated 1.24 0.000493 Cytoplasmic
family 88 protein chondroitin
disaccharide
hydrolase
RGna_RS10330 GH73  Glucosaminidase Peptidoglycan -0.09 0.851899013 Extracellular

domain-containing
protein

hydrolase FlgJ
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RGna_RS07930 GH2 Hypothetical protein B-galactosidase 1.23 1.89E-05 Cytoplasmic
or
B-glucuronidase

RGna_RS02745 GH2 DUF4981 domain- B-galactosidase 1.60 0.0000658 Cytoplasmic
containing protein

Log2 fold change and p-adjusted value are taken from RNAseq results. NCBI annotation is the automatically predicted
function from the NCBI database. Swiss-Prot is the function predicted by Swiss-Prot BLAST analysis, using the Uniprot
standard settings and bacterial results with high identity were used.

It should be noted that while RGna_RS04290 (coding for RgGH29-2) showed high
upregulation on mucin glycans versus glucose, the DESeq2 analysis assigned a p-adjusted
value (p-adj) of NA. This was due to variations between triplicates, with one of them being
so high that the DESeq2 analysis assigned it as outlier and gave it a p-adj of NA. To verify
that this gene was indeed highly upregulated during growth on mucin glycans, a targeted
RT-gPCR analysis was performed using the same RNA sample used for the RNAseq and
primers specific for RGna_RS04290. This confirmed that all replicates were highly
upregulated compared to R. gnavus grown in Glc (Table 4.4) and that the first replicate was

much higher upregulated, mirroring the results obtained by the RNAseq.

Table 4.4. Fold change increase of RGna_RS04290 (RgGH29-2) gene during growth on mucin glycans vs Glc.

X-fold-change

Replica 1 Replica 2
Sample 1 539.5 689.1
Sample 2 4.2 53
Sample 3 4.3 5.2
Sample 4 6.6 3.6

X-fold change was determined of four samples; samples 1-3 were used for RNAseq. RT-qPCR was performed in duplicate.
X-fold changes are shown based on differences in expression calculated from changes in 2-22Ct after normalising against
the GyrB housekeeping gene.

4.2.3 Functional characterisation of selected R. gnavus ATCC 29149 GHs
4.2.3.1 Heterologous expression and purification of recombinant RgGHs
Selected GH-encoding genes were amplified by PCR and cloned into the pET-28a plasmid
containing an N terminal His-tag following transformation in E. coli DH5a cells, with the
exception of the GH29 and GH95 fucosidases, of which previously produced plasmids were
used (H. Wu, Rebello, et al., 2021). Using specific primers for selected GH-encoding genes

(see 2.4.1), PCR products were amplified from R. gnavus ATCC 29149 genomic DNA at the
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correct size (Supplemental Figure S1). No recombinant plasmid could be obtained for
RGna_RS14450 (GH32), RGna_RS14905 (GH31), and RGna_RS02745 (GH2-2). All other
genes were successfully cloned as shown on agarose gel where bands correspond to the
insert were observed following digestion of the plasmid with restriction enzymes targeting
flanking regions of the inserts (Supplemental Figure S2). The recombinant plasmids were
then used to transform E. coli TunerDE3pLacl cells for expression, and recombinant His-tag
proteins RgGH2-1, RgGH13-1, RgGH13-2, RgGH23, RgGH73, RgGH88, RgGH29-1, RgGH29-
2 and RgGH95 were purified to homogeneity using immobilised metal affinity
chromatography (IMAC), and further purified by gel filtration. Protein production and
purification was monitored by SDS-PAGE (Supplemental Figure S3). RgGH13-1, RgGH13-2,
RgGH73, RgGH23, RgGH2-1, RgGH95, RgGH29-1, RgGH29-2, and RgGH88 run at the
calculated size of 69.85 kDa, 73.26 kDa, 48.07 kDa 27.83 kDa 84.15 kDa, 103.62 kDa, 84.37
kDa, 49.72 kDa, 46.53 kDa, respectively. In summary, nine of the selected GHs were
successfully cloned, as confirmed by sequencing of the recombinant plasmids, and

expressed as shown by SDS-PAGE of the purified protein.

4.2.3.2 Enzymatic activity of R. gnavus ATCC 29149 GH29 and GH95 fucosidases

The enzymatic activity of purified recombinant RgGH29-1, RgGH29-2, and RgGH95 was first
tested on 3-fucosyllactose (3FL). RgGH29-2 and RgGH95 were previously reported to be
active on 3FL as was E1_10125 from R. gnavus E1 strain and this protein shares 94.5%
sequence similarity with RgGH29-1 (H. Wu, Rebello, et al., 2021). HPAEC-PAD analysis
showed 100% release of fucose from 3FL after 24 hours for all three enzymes (Table 4.5).
The recombinant enzymes were then tested using mucin glycans (released from PGM or
pPGM) as substrate. Following 24 hours incubation with RgGH29-1 and RgGH95, ~100 uM
fucose was released from PGM mucin glycans, while 55 UM was released with RgGH29-2.
RgGH29-2 activity was half that of the other fucosidases on mucin glycans from both PGM
and pPGM. The amount of fucose released from pPGM mucin glycans was about half
compared to PGM mucin glycans. In summary, the three fucosidases tested were able to
release fucose from mucin glycans, indicating a role of these fucosidases in mucin glycan

metabolism.
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Table 4.5. Enzymatic activity of R. gnavus ATCC 29149 fucosidases.

Released fucose (uM) on

3FL PGM mucin glycans pPGM mucin glycan
Enzyme
RgGH29-1 101.3 +£0.7 97.7 £2.3 45,1 +2.3
RgGH29-2 103.0 £1.5 55.0 +1.4 27.5 £4.6
RgGH95 99.7 +0.4 99.1 +5.0 448 +1.0

Concentration of released fucose shown in uM following 24 hours incubation with R. gnavus ATCC 29149 fucosidases.
Released concentration is average of three replicates. Substrate concentration of 3FL was 100 pM; substrate
concentration of PGM and pPGM mucin glycans was 0.1 mg/ml. + = standard deviation.

4.2.3.3 Enzymatic activity of R. gnavus ATCC 29149 GH13 enzymes

The GH13 family is a large family consisting of 45 subfamilies with broad substrate
specificity towards a range of substrates including starch and pullulan (Janecek et al., 2014;
Stam et al., 2006; www.cazy.org). Based on their sequence identity, RgGH13-1 and

RgGH13-2 are predicted to be a neopullulanase and type | pullulanase, respectively.

When the RgGH13 enzymes, RgGH13-1 or RgGH13-2, were tested against mucin glycans
released from PGM or pPGM, HPAEC results showed the appearance of a peak at 5 min
retention time which was not present in the control reactions with the RgGH13 enzymes in
the absence of substrate or with the substate in the absence of enzymes (Figure 4.8). This
indicates that the additional peak was not due to spontaneous degradation of the substrate
over time or to the presence of a contaminant in the enzyme or substrate preparation. In
addition, this peak was not observed in the experiment using a-amylase from Bacillus
subtilis subsp. subtilis 168 as a control performed in the same conditions, ruling out a
possible contamination of the substrate with glucose polymers (Figure 4.8). These reactions
were further analysed using MALDI-TOF MS and NMR. However, these analyses were
unable to identify a potential released glycan from the reaction of GH13 with mucin glycans

(Figure 4.9 and Supplemental Figure S4).

RgGH13-1 and RgGH13-2 were then further characterised and shown to be active on their

predicted substrates (see chapter 5).
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Figure 4.8. HPAEC-PAD analysis of RgGH13 enzymatic reaction on mucin glycans. (A) Analysis of the products
of the reaction with pPGM-released mucin glycans (B) Analysis of the products of the reaction with PGM-
released mucin glycans. RgGH13-1 and RgGH13-2 were used at 10 pM concentration and the reaction
performed for 24 hours. a-Amylase from Bacillus subtilis subsp. subtilis 168 (10 uM uM) was used as a control.
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Figure 4.9. NMR analysis of RgGH13-2 enzymatic reaction with mucin glycans. Comparison of NMR spectra of RgGH13-2
(blue), mucin glycans (green), and mucin glycans (1 mg/ml) incubated with 10 uM RgGH13-2 (red).

4.2.3.4 R. gnavus ATCC 29149 GHs with no demonstrated functional activity

Based on sequence identity, RgGH23 (RGna_RS07225) and RgGH73 (RGna_RS10330) are
predicted to be peptidoglycan hydrolysing enzymes (Table 4.3). Peptidoglycan is a
polysaccharide consisting of GIcNAcB1-4N-acetylmuramic acid (MurNAc) disaccharide units
with a short amino acid chain attached to each disaccharide unit. Using TLC, no release of
GIlcNAc was observed in the enzymatic reaction of RgGH23 or RgGH73 with peptidoglycan
from Streptomyces venezuelae cell wall (Supplemental Figure S5). No released products
were detected by HPAEC using mucin glycans as substrate (Supplemental Figure S6 A and
B).

RgGH88 (RGna_RS14690) is predicted to be a chondroitin disaccharide hydrolase (Table
4.3). Here the recombinant enzyme was tested against non-sulphated chondroitin, a
disaccharide consisting of glucuronic acid and GIcNAc. No activity was detected using
HPAEC on chondroitin disaccharide or on mucin glycans as substrate (Supplemental Figures

S6C and S7A).

RgGH2-1 (RGna_RS07930) is predicted to be a B-galactosidase (Table 4.3). The enzymatic
activity of recombinant RgGH2-1 was tested against lactose (Lac; GalB1-4Glc), lacto-N-
tetraose (LNT; GalB1-3GIcNAcB1-3GalB1-4Glc), lacto-N-neotetraose (LNnT; Galp1l-
4GIcNAcB1-3GalB1-4Glc), and lacto-N-triose Il (GIcNAcB1-3GalB1-4Glc). LNT and LNnT
contain terminal Gal in a B1-3 and B1-4 conformation, attached to a GIcNAc, a glycosidic
linkage which is also found in mucin glycans. A galactosidase active on these substrates

would result in the release of Gal and lacto-N-triose Il. However, no peak corresponding to
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Gal or lacto-N-triose Il was detected by HPAEC in the conditions tested (Supplemental
Figure S7B). RgGH2-1 was tested against mucin glycans and no released compound was

detected by HPAEC after an incubation of 24 hours (Supplemental Figure S6D).

The absence of functional activity of these recombinant enzymes may be due to issues with
protein folding of the recombinant enzymes, to the enzymatic conditions tested (e.g. pH,
temperature, enzyme/substrate concentrations), or that the tested compound was not a

substrate for the enzyme.

4.3 Discussion

RNAseq has been used successfully in the past to identify genes involved in both dietary
glycan (Briliuté et al., 2019) and mucin glycan degradation by B. thetaiotaomicron ATCC
29148 (Pudlo et al., 2015). Here, we used this approach to identify the complement of GHs
involved in R. gnavus ATCC 29149 mucin glycan degradation. R. gnavus ATCC 29149 showed
faster growth and to a higher density on mucin glycans compared to pPGM, suggesting that
the chemical release of the mucin glycan chains from the peptidic mucin backbone made
the mucin glycans more easily accessible to the bacteria. Full transcriptome analysis
comparing growth of A. muciniphila ATCC BAA-835, a beneficial mucin degrader (Cani et
al., 2022), on mucin and glucose has been previously performed, revealing a metabolic
model for mucin degradation for this strain (Ottman et al., 2017). On further analysis of the
data, half of A. muciniphila fucosidases and half of its sialidases were found to be
significantly upregulated during mucin glycan growth (not shown), suggesting that not all
fucosidases and sialidases are involved in mucin glycan metabolism. This was recently

validated experimentally (Shuoker et al., 2023).

Here, we showed that during R. gnavus growth on mucin glycan, 22 GHs were significantly
upregulated and three significantly downregulated as compared to growth on glucose. The
genes encoding predicted galactosidases (2 GH2, 1 GH98), GalNAcase (GH36), fucosidases
(2 GH29, 1 GH95) and sialidase (GH33) were among the significantly upregulated GHs when
R. gnavus ATCC 29149 was grown on mucin glycans as compared to glucose. Previously,
transcriptomic analysis by RNAseq of R. gnavus ATCC 29149 grown on pPGM (rather than

released mucin glycans) showed 22 GHs to be significantly upregulated compared to
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growth on glucose (Crost et al., 2016). Among these, 13 were found to be significantly
upregulated in both RNAseq datasets, including RgGH13-2, RgGH33, RgGH29-2, RgGH32,
RgGH88, RgGH2-1, and RgGH2-2. Surprisingly, RgGH13-2 was found to be the highest
upregulated GH enzyme on pPGM, in line with our results showing that RgGH13-1 and
RgGH13-2 encoding genes were found highly expressed during R. gnavus ATCC 29149
growth on mucin glycans. Both RgGH13-1 and RgGH13-2 were found to be active on
pullulan (see chapter 5). HPAEC-PAD suggested that the enzymes may be active towards
mucin glycans (from pPGM and PGM) and mucin (both pPGM and PGM). However, it was
not possible to identify the product of the reaction using MALDI-TOF and NMR analysis.
GH13 enzymes are characterised by their activity on glucose polysaccharides like starch and
pullulan and therefore GH13s are not expected to be active on mucin glycans. Further
research is needed to identify the released compound from mucin glycans by RgGH13-1

and RgGH13-2.

Interestingly, RGna_RS10330 (encoding for a predicted GH73), which is part of the RgGH98
operon was upregulated when R. gnavus ATCC 29149 was grown on pPGM (Crost et al.,
2016), but not on mucin glycans (this work), suggesting variation in the expression of this
operon during mucin glycan metabolism, although care should be taken in comparing these
datasets as the gene expression level on glucose used as control in both transcriptomics
analyses was not always similar. Unfortunately, it has not been possible to characterise the

enzymatic activity of the recombinant enzyme.

We showed that fucosidases RgGH29-1, RgGH29-2, and RgGH95 were active on mucin,
releasing fucose. RgGH29-2 and RgGH95 were previously characterised, showing
preference for al-2 linkages (H. Wu, Rebello, et al., 2021). RgGH29-1 has 94.5% sequence
identity to E1_10125, a fucosidase from R. gnavus E1 strain, which was found to be highly
specific for al-3 and al-4 linked fucose and able to release fucose from sialylated lewis A
and sialylated lewis X structures (H. Wu, Rebello, et al., 2021). It is therefore likely that
RgGH29-1 has similar substrate specificity. RgGH29-1 was 2-fold more active on mucin
glycans compared to RgGH29-2, which may be due to its ability to accommodate sialylated
epitopes although this would need to be confirmed. It is of note that while RgGH29-2 was
also found to be significantly upregulated when the bacteria were grown on pPGM (Crost

etal., 2016), RgGH29-1 and RgGH95 were significantly downregulated and two other GH95
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fucosidases were significantly upregulated (Crost et al., 2016). Taken together these results
may suggest that RgGH29s and RgGH95s share some level of redundancies but with

different substrate specificities depending on accessibility of the mucin glycan chains.

Interestingly, RNAseq analysis of R. gnavus ATCC 29149 grown on mucin glycans also
showed the induction of prophage genes in R. gnavus ATCC 29149 grown on mucin glycans.
Prophage induction in gut bacteria has been reported as a response to stress conditions
like antibiotics, temperature, and oxidative stress (Hu et al., 2021). Moreover, phage
production was promoted in Lactobacillus reuteri 6475 by dietary fructose, galactose, and
xylose (Oh et al., 2019). Prophages in L. reuteri 6475 were also induced by short-chain fatty
acids (Oh et al., 2019), a product of bacterial glycan metabolism, including mucin glycans
(Blaak et al., 2020). Several bacteriophages able to infect R. gnavus have been described,
interestingly these phages had no negative effect on the growth on R. gnavus (Buttimer et
al., 2023), suggesting a potential beneficial role of these phages. It would be interesting for
future research to investigate the role of monosaccharides released from mucin glycans
and mucin glycan metabolic products on prophage induction. The presence of genes in
sialic acid utilisation encoded by prophages has been reported to confer a growth
advantage to enterohemorrhagic E. coli (EHEC) by outcompeting other E. coli strains in
Neu5,9Ac2 rich environments, such as mucus in animal and human gut (Feuerbaum et al.,
2018; Saile et al., 2018). Another strategy by which prophages may contribute to the gut
homeostasis and pathogenesis is through their capacity to promote mucin production
(Nishio et al., 2021). The induction of prophage genes when R. gnavus is grown on mucin
glycans may provide a competitive advantage to R. gnavus strains inhabiting the mucus

niche.
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Chapter 5

Structure and function of R. gnavus GH13 pullulanases
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5. Structure and function of R. gnavus GH13 pullulanases

5.1 Introduction

In addition to host glycans, a wide variety of dietary glycans are available to the gut
microbiome. While humans only encode eight digestive GH families, the human gut
microbiome encodes extensive numbers of GHs (Kaoutari et al., 2013), enabling the
degradation of complex carbohydrates reaching the colon undigested. The released
oligosaccharides can be used for consumption and metabolism by gut microbes (Hamaker

& Tuncil, 2014; Ndeh et al., 2017; Ndeh & Gilbert, 2018).

A major component of dietary glycans is starch, which is a main dietary source of
carbohydrates, consisting of al-4 linked glucose units with al1-6 linked sidechains (Tian &
Sun, 2020). Non-resistant starch can be broken down by humans, while resistant starch
reaches the colon mostly intact (Svihus & Hervik, 2016). Only specialised gut bacteria are
able to break down resistant starch including Ruminococcus bromii and Bifidobacterium
adolescentis (Ze et al., 2012). Another glucose-based polysaccharide is pullulan, which
consists of al-6 linked maltotriose (Glcal-4Glcal-4Glc) units. Pullulan is produced by
certain fungi, most importantly Aureobasidium pullulans (Prasongsuk et al., 2018), which is
widespread in soil and plant material and has been used as an effective biocontrol agent
combatting post-harvest pathogens in fruits (Prasongsuk et al., 2018). Moreover, pullulan
is increasingly being used as food additive and as a medicine carrier (K. C. Cheng et al.,
2011; Prasongsuk et al., 2018). Both starch and pullulan are substrates for some of the
enzymes found in the GH13 family (Stam et al., 2006). This is a large GH family with 45
subfamilies (Janecek et al., 2014) (www.cazy.org); subfamilies are subgroups found within
a family that share a more recent ancestor and that are usually more uniform in molecular
function (www.cazy.org). The GH13 family is the most abundant GH family in gut bacteria
(Kaoutari et al., 2013). GH13 family enzymes are characterised by several features, they are
active on a-glucosidic linkages, they contain a triosephosphate isomerase (TIM) barrel
catalytic domain, the catalytic domain contains four to seven specific conserved regions,
and the catalytic residues are two aspartic acids and one glutamic acid (Janecek et al., 2014;
Toor et al., 2020). GH13 subfamilies 12, 13, and 14 have reported pullulanase enzyme

activity, while subfamily 20 enzymes have reported neopullulanase activity, while also
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exhibiting further cyclomaltodextrinase, and maltogenic a-amylase activities (Janecek et

al., 2014; Stam et al., 2006).

Pullulanases are divided into several types. Type | and type Il pullulanases catalyse the
hydrolysis of al-6 linkages in pullulan, therefore releasing only maltotriose units. For type
| pullulanases, this activity is exclusive while type Il pullulanases can also hydrolyse al-4
linkages in other glucose polysaccharides like starch, but not pullulan. In contrast to
pullulanases, pullulan hydrolases type | (neopullulanase) and type Il (Isopullulanase) cleave
al-4 linkages in pullulan, but not al-6 linkages, resulting in panose (Glcal-6Glcal-4Glc)
and isopanose (Glcal-4Glcal-6Glc), respectively, as end products. Generally,
neopullulanases are not able to cleave smaller oligosaccharides, but some have been
reported to cleave oligosaccharides as small as maltose (Glcal-4Glc) (Cheong et al., 2002).
Pullulan hydrolase type lll cleaves both al-4 and al-6 linkages in pullulan, resulting in a mix
of maltotriose, panose, maltose, and glucose (Hii et al., 2012; Niehaus et al., 2000). To date,
only 2 Type Ill pullulan hydrolases have been described (Toor et al., 2020), both in archaea:
Thermococcus aggregans (Niehaus et al., 2000) and Thermococcus kodakarensis KOD1

(Ahmad et al., 2014).

R. gnavus ATCC 29149 encodes 9 predicted GH13 enzymes. In the previous chapter, we
successfully expressed and purified RgGH13-1 and RgGH13-2 and assayed their activity
against mucin glycans. Here, we characterised the substrate specificity of RgGH13-1 and
RgGH13-2 and gained insights into their structural features and classification into GH13
subfamilies. Further, we tested the ability of R. gnavus ATCC 29149 to grow on glucose

oligo- and polysaccharides.
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Figure 5.1. Schematic overview of pullulan degradation products. (A) Maltose consists of two al-4 linked glucose units
(Glca1-4Glc). (B) Panose consists of an al-6 linked glucose unit and two al-4 linked glucose units (Glcal-6Glcal-4Glc). (C)
Maltotriose consists of three al-4 linked glucose units ((Glcal-4Glcal-4Glc). (D) Pullulan is a polysaccharide consisting of
maltotriose subunits, which are linked with a1-6 links.

5.2 Results

5.2.1 Structural basis for RgGH13 substrate specificity

RgGH13-1 and RgGH13-2 show a modular organisation characterised by the presence of a
catalytic domain and a carbohydrate binding module belonging to CBM34 family for
RgGH13-1 and CBM48 for RgGH13-2 (www.cazy.org). These CBM types are widespread in
GH13 enzymes, often characterised by binding affinity to starch and pullulan (Janecek et
al., 2019). RgGH13-1 and RgGH13-2 do not have any other predicted domains, including

signal peptides, suggesting that these enzymes are intracellular.

Alignment analysis of conserved sequence regions across functionally characterised GH13
enzymes indicated that RgGH13-1 belongs to subfamily GH13 20, known as a
neopullulanase subfamily, and RgGH13-2 to subfamily GH13_14 (Prof. Stefan Janecek,
Bratislava, Slovakia; personal communication). CBM34 is common in GH13 subfamilies 20
and 21, while CBM48 is, among others, highly represented in subfamilies 12, 13, and 14
(Janecek et al., 2019), which is in line with the classification of RgGH13-1 and RgGH13-2

into their GH13 subfamilies.
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Further sequence analysis was carried out to identify functionally characterised enzymes
sharing the highest amino acid (aa) identity to RgGH13-1 and RgGH13-2. RgGH13-1 was
found to have 37.5% and 42.5% aa sequence identity with two neopullulanases, Uniprot
ID: NEPU2_THEVU from Thermoactinomyces vulgaris and Uniprot ID: NEPU_GEOSE from
Geobacillus stearothermophilus, respectively, 41.4% aa identity with an intracellular
maltogenic amylase from Bacillus subtilis (Uniprot ID: BBMA_BACIU), and 43.6% aa
sequence identity with a cyclomaltodextrinase from Geobacillus thermopakistaniensis

(Uniprot ID: CDAS_GEOTM), consistent with RgGH13-1 substrate specificity.

RgGH13-2 displayed 64.9% aa sequence identity with a type | pullulanase from
Faecalicatena orotica (Uniprot ID: AOA2Y9B8P7_9FIRM) and 38.23% aa identity with a type
| pullulanase from Paenibacillus barengoltzii (P. Huang et al., 2020), also consistent with

RgGH13-2 substrate specificity.

Genes surrounding the RgGH13-1 and RgGH13-2 loci were upregulated with a similar Log2
fold change, indicating these GHs might be part of an operon. RgGH13-1 has three
maltodextrin ABC transporter genes with similar expression flanking the gene (Table 5.1).
RgGH13-2 is flanked by two maltodextrin ABC transporter genes with similar expression
(Table 5.2). In addition, RgGH13-2 is flanked by two predicted GH13 enzymes, one of which
is predicted to be a neopullulanase, a predicted glycogen debranching enzyme, and a

predicted Maltodextrin phosphorylase.

104



Table 5.1. Overview of genes flanking RgGH13-1 (RGNA_RS06060).

NZ_CP027002.1 NCBI annotation Swiss-Prot predicted Log2 fold  P-adjusted

locus tag function change value

RGNA_RS06045 DUF1667 domain- N-acetyl-gamma-glutamyl- 4.46 6.82E-06
containing protein phosphate reductase

RGNA_RS06050 FAD-dependent Thioredoxin reductase 5.07 2.01E-12
oxidoreductase

RGNA_RS06055 NAD(P)/FAD- Glycerol 3-phosphate 5.82 1.38E-17
dependent dehydrogenase
oxidoreductase

RGNA_RS06060 glycoside hydrolase Neopullulanase 3.21 2.35E-21
family 13 protein

RGNA _RS06065 maltose ABC Maltooligosaccharide ABC  2.85 5.14E-12
transporter substrate-  transporter solute-binding
binding protein lipoprotein

RGNA _RS06070 sugar ABC transporter  Maltodextrin transport 1.87 6.94E-10
permease system permease protein

MalD
RGNA _RS06075 sugar ABC transporter  Maltodextrin transport 1.71 1.77E-06

permease

system permease protein
MalC/F

Log2 fold change and p-adjusted value are taken from RNAseq results. NCBI annotation is the predicted function from
the NCBI database. Swiss-Prot is the function predicted by Swiss-Prot BLAST analysis, using the Uniprot standard settings
and bacterial results with high identity were used.
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Table 5.2. Overview of genes flanking RgGH13-2 (RGna_RS08510).

NZ_CP027002.1 NCBI annotation Swiss-Prot predicted Log2 fold  P-adjusted
locus tag function change value
RGna_RS08485  alpha-glucosidase Oligo-1,6-glucosidase 0.78 0.0003
RGna_RS08490  glycoside hydrolase Neopullulanase / 1.03 0.0046
family 13 protein Intracellular maltogenic
amylase /
Cyclomaltodextrinase
RGna_RS08495  4-alpha- 4-alpha-glucanotransferase 1.76 0.0005
glucanotransferase
RGna_RS08500 glycogen/starch/alpha- Maltodextrin 0.53 0.0198
glucan family phosphorylase
phosphorylase
RGna_RS08505 glycogen debranching  Glycogen debranching 0.81 0.0467
enzyme family protein  enzyme
RGna_RS08510 type | pullulanase type | pullulanase 2.03 6.07E-08
RGna_RS08515  sugar ABC transporter  Maltose/maltodextrin 2.09 1.73E-06
permease transport system permease
protein MalD/G
RGna_RS08520  sugar ABC transporter  Maltose/maltodextrin 2.03 6.84E-06

permease

transport system permease
protein MalC/F

Log2 fold change and p-adjusted value are taken from RNAseq results. NCBI annotation is the predicted function from
the NCBI database. Swiss-Prot is the function predicted by Swiss-Prot BLAST analysis, using the Uniprot standard settings
and bacterial results with high identity were used.

5.2.2 RgGH13 activity on pullulan

Because both GH13s are predicted to be pullulanases, the enzymatic activity of R. gnavus
recombinant enzymes RgGH13-1 and RgGH13-2 was first tested towards pullulan. The
enzymatic reaction products of RgGH13-1 with pullulan were first analysed by thin-layer
chromatography (TLC). A spot corresponding to panose was observed but no spot
corresponding to maltotriose could be identified (Figure 5.2), indicating that the enzyme
was able to cleave al-4 linkages, but not al-6 linkages. As shown by TLC, panose was
further degraded into a product which may correspond to isomaltose (Glcal-6Glc) and
glucose following further al-4 linkage hydrolysis while the al-6 linkage between two
glucose units remained intact. However, it was not possible to distinguish between maltose

and isomaltose standards by TLC.

RgGH13-2 was also found to be active on pullulan. The TLC showed the formation of

maltotriose, indicating that this enzyme could hydrolyse only the a1-6 linkages. Together
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these results suggest that RgGH13-1 is a neopullulanase (pullulan hydrolase type 1) and

GH13-2 a pullulan hydrolase type | or type II.
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Figure 5.2. TLC analysis of the enzymatic reaction of RgGH13-1 and RgGH13-2 on pullulan. (A) 1-3 = Pullulan only (assay
conditions), 4 = Pullulan (standard), 5-7 = RgGH13-1 on pullulan, 8 = panose (standard), 9 = maltotriose (standard), 10 = maltose
(standard), 11 = glucose (standard). (B) 1-3 = Pullulan only (assay conditions), 4-6 = RgGH13-1 on pullulan, 7 = glucose (standard),
8 = maltose (standard), 9 = maltotriose (standard), 10 = RgGH13-2 only (assay conditions).

Sequence alignments with sequences with high aa identity (see 5.2.1) showed conservation
of the catalytic residues including an aspartic acid (Asp) acting as the catalytic nucleophile,
a glutamic acid (Glu) as catalytic proton donor, and another aspartic acid acting as
transition-state stabiliser (Supplemental Figure S8). These correspond to Asp357, Glu386
and Asp458 in RgGH13-1, and to Asp336, Glu367 and Asp458 in RgGH13-2. Two histidine
and one arginine implicated in substrate binding were also found to be conserved in all
aligned sequences and could also be identified as His262, Arg355, and His457 in RgGH13-1
and His271, Arg334, and His457 in RgGH13-2 (Supplemental Figure S8). However, Asp468
and Arg472, shown to be involved in binding to panose, maltotetraose, and isopanose in
NEPU_GEOSE from G. stearothermophilus (Hondoh et al., 2003), were either missing from
both RgGH13-1 and RgGH13-2, as it is the case for Asp468 or from RgGH13-2 as is the case
for Argd72 (Supplemental Figure S8).
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A 3D AlphaFold 2 model of full length RgGH13-1 was generated and superimposed on G.
stearothermophilus neopullulanase TRS40 (Hondoh et al., 2003) in complex with panose
(Figure 5.3). Full-length RgGH13-2 AlphaFold 2 3D structure was superimposed with P.
barengoltzii type | pullulanase (P. Huang et al., 2020) (Figure 5.4). This analysis confirmed
the nature and location of the catalytic residues within the enzyme catalytic groove. To
validate this experimentally, two catalytic mutants were generated based on sequence
alignments with functionally characterised enzymes (Cockburn et al., 2021; Kamitori et al.,
2002). RgGH13-1 D357N and RgGH13-2 D336A catalytic mutants were heterologously
expressed and the purified mutants tested against pullulan. RgGH13-2 D336A showed total
loss of catalytic activity on pullulan (Figure 5.5B) while traces of activity could be detected
with RgGH13-1 D357N (Figure 5.5A), albeit much reduced compared to the wild-type

enzyme.

In addition, the CBM48 and the catalytic domain of RgGH13-2 were recombinantly
expressed separately, however we were unable to obtain a recombinant RgGH13-2
catalytic domain. As expected, the CBM48 domain was inactive on pullulan as shown by

TLC (Figure 5.5C).
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Figure 5.3. AlphaFold model of RgGH13-1 superimposed on Geobacillus stearothermophilus neopullulanase TRS40 in complex with
panose. (A) Overview of RgGH13-1 model superimposed on G. stearothermophilus neopullulanase TRS40 (B) Detail of catalytic residues
of both neopullulanases. RgGH13-1 catalytic residues are highlighted. (C) Modular organisation of RgGH13-1.
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Figure 5.4. AlphaFold model of RgGH13-2 superimposed on Paenibacillus barengoltzii type | pullulanase. Overview of RgGH13-2 model superimposed
on P. barengoltzii type | pullulanase. RgGH13-2 catalytic residues are highlighted. (B) Modular organisation of RgGH13-2.

Figure 5.5. TLC analysis of the enzymatic reaction of RgGH13-1 D357N and RgGH13-2 D336A catalytic mutants, and RgGH13-2 CBM48 domain with
pullulan. (A) RgGH13-1 D357N catalytic mutant with pullulan. (B) RgGH13-2 D336A catalytic mutant with pullulan. (C) RgGH13-2 CBM48 domain
with pullulan. 1-3 = pullulan only (assay conditions), 4-6 = RgGH13-1/2 mutant or CBM48 domain with pullulan, 7 = glucose (standard), 8 = maltose
(standard), 9 = maltotriose (standard), 10 = RgGH13-1/2 mutant or CBM48 domain only.



5.2.3 Functional characterisation of RgGH13-1 and RgGH13-2

5.2.3.1 RgGH13 substrate specificity on glucose oligo- and polysaccharides

In order to further determine the substrate specificity of RgGH13-1 and RgGH13-2, these
enzymes were tested on a range of glucose-containing oligo- and polysaccharides. RgGH13-
1 enzyme was found to be active on starch, releasing maltotriose, maltose and glucose, as
shown by HPAEC (Figure 5.6A). Further substrate specificity was determined by testing the
two enzymes on maltose, isomaltose, maltotriose, panose, a-cyclodextrin, and pB-
cyclodextrin at 1 mM concentrations for 24 hours. HPAEC analysis of the enzymatic
reactions revealed that recombinant RgGH13-1 released (iso)maltose and glucose from
maltotriose or panose (Figure 5.6B), while glucose was the product of the reaction with
maltose (Figure 5.3B). RgGH13-1 was less active on panose and maltose, only releasing
small amounts of maltose and glucose after 24 hours. RgGH13-1 was found to be active on
both a-cyclodextrin and B-cyclodextrin, releasing maltose and glucose (Figure 5.6C).
Because RgGH13-1 is predicted to be a cyclomaltodextrinase in addition to a
neopullulanase, this activity was expected. No activity was found on isomaltose (Figure

5.6C).

RgGH13-2 showed no activity on starch, maltotriose, isomaltose, and maltose (Figure 5.7 A
and B). It released very small amounts of glucose and maltose from panose and a-
cyclodextrin and B-cyclodextrin (Figure 5.7 A and B), but the activity after 24 hours was very
low compared to the al-6 activity seen on pullulan. Even though starch does have al-6

linked branches, no activity was found on starch.

The enzymes were then tested on glycogen, which contains al-4 linked glucose chains with
al1-6 linked sidechains, and the enzymatic reaction products analysed by TLC. RgGH13-1
released glucose and maltose from glycogen while a small smear was seen on TLC for

RgGH13-2, which may be indicative of de-branching activity of RgGH13-2 (Figure 5.8).
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Figure 5.6. Analysis of RgGH13-1 substrate specificity. HPAEC-PAD chromatograms of enzymatic reactions of RgGH13-1 with (A) starch, (B) panose, maltotriose, maltose, (C) a-cyclodextrin, B-cyclodextrin, and
isomaltose. All substrate concentrations were 0.1 mM, except starch at 1 mg/ml concentrations. Control reactions were performed under the same conditions.



500
Condition 600+ Conditi
onditon
— Glucose 100uM
4001 o — Maltose 100uM
Starch + GH13-2
— Glucose 100uM
] — Starch substrate only
] — Beta-cyclodextrin substrate only
A — Panose substrate only o )
3007 I NN — Panose 100uM ﬁamn— Beta-cyclodextrin 100uM
Q 4 ~ (@] — Beta-cyclodextrin + GH13-2
£ i k — Panose + GH13-2 £ _|
g — g — Alpha-cyclodextrin substrate only
= [ II'\ — Maltotriose substrate only = ] Aloh lodextrin 100Ul
— — a-cyclodextrin 100u
= 200 eV — Maltotriose 100uM - pheey
—1 — Alpha-cylodextrin + GH13-2
— Maltotriose + GH13-2 Ao
— N 2004 — lsomaltose substrate only
_.JL ] _/\__.ﬁ_ﬁ_ — Maltose substrate only | | it 100Ul
H — — lsomaltose 100u
100 4 — Maltose 100uM _Hm__,_
— lIsomaltose + GH13-2
. — Maltose + GH13-2 —‘“‘"—'—"_"ﬁJL GHA3-2 onl
— only
I A — GH13-2 only ] —
0 L
0 10 20 30 40 50 0 10 20 30 40 50
Time (minutes) Time (minutes)

Figure 5.7. Analysis of RgGH13-2 substrate specificity. HPAEC-PAD chromatograms of enzymatic reactions of RgGH13-2 with (A) starch, panose, maltotriose, and maltose, and (B) a-cyclodextrin, B-cyclodextrin, and
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Figure 5.8. TLC analysis of the enzymatic reaction of RgGH13-1 and RgGH13-2 on glycogen. 1-3 = glycogen only (assay
conditions), 4 = glycogen control. 5-7 = RgGH13-1 on glycogen, 8 = maltotetraose (standard), 9 = maltotriose (standard), 10 =
maltose (standard), 11 = glucose (standard) 12-14 = RgGH13-2 on glycogen.
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5.2.3.2 RgGH13-2 enzyme kinetics

To gain further insight into the enzymatic activity of RgGH13-2, the kinetic parameters of
this enzyme were determined using pullulan as substrate with concentrations ranging from
0.05 mg/ml to 1 mg/ml. A standard curve of maltotriose was used to calculate the release
of maltotriose over time. The enzymatic reaction reached a maximum turnover rate at a
pullulan concentration of 0.4 mg/ml (Figure 5.9). The curve shows a reduction at higher
substrate concentrations, which could indicate substrate inhibition. The Vmax was

calculated to be 0.6 pmoles L' s}, and an apparent Km of 0.26 mg/ml (Table 5.3).

Table 5.3. Enzyme kinetics of RgGH13-2 with pullulan.

Kim(mg/ml) Vimax (LMoles/s) Keat (s™)
Pullulan 0.26 0.6 5.8

0.02

0.018 L ® L]

0.016

0.014

0.012

0.01

0.008

0.006 ®

rate (mM * s1)

0.004

0.002

0 0.2 0.4 0.6 0.8 1 1.2
Substrate concentration (mg/ml)

Figure 5.9. RgGH13-2 activity on pullulan turnover rate at a range of pullulan concentrations. The orange line reflects
the non-linear substrate inhibition model.
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5.2.4 Growth of R. gnavus ATCC 29149 on glucose oligo-and polysaccharides

As shown above, RgGH13-1 and RgGH13-2 from R. gnavus ATCC 29149 are active on starch
and pullulan. However, R. gnavus ATCC 29149 has previously been reported not to be able
to grow on starch as sole carbon source (Crost et al., 2018). Here, we tested the growth of
R. gnavus ATCC 29149 on several glucose oligo- and polysaccharides including 0.5%
pullulan, starch, and glycogen, and 27.7 mM a-cyclodextrin, B-cyclodextrin, panose,

maltotriose, isomaltose, maltose, and glucose.

R. gnavus ATCC 29149 grew on glucose, maltose, maltotriose, as reported before (Crost et
al., 2018), and panose (Figure 5.10). The bacteria grew to highest density in the presence
of glucose. Growth on panose and maltose was similar during the lag phase and beginning
of the exponential phase, but after 16 hours of growth, the bacteria grown on panose
reached a plateau (Figure 5.10). Because the sugars were used in equimolar
concentrations, more glucose units were available to the bacteria in the presence of
panose, a trisaccharide compared to maltose, a disaccharide. These results are consistent
with the capacity of RgGH13-1 and RgGH13-2 to cleave al-4 linkage in panose, releasing
glucose, while they are unable to cleave the al-6 linkage confirmed by the inability of R.
gnavus ATCC 29149 to grow on isomaltose (Glcal-6Glc). During growth on glucose, R.
gnavus ATCC 29149 showed a shorter lag phase and a higher final OD compared to growth
on maltose, even though maltose has twice the amount of glucose units present in the

growth media.

Both RgGH13-1 and RgGH13-2 are active on pullulan, releasing a mix of panose, maltose,
and glucose, or maltotriose, respectively. Additionally, RgGH13-1 showed activity on starch
and a-cyclodextrin and B-cyclodextrin, releasing maltose and glucose. R. gnavus ATCC
29149 was able to grow on all four of the released sugars, panose, maltose, glucose, and
maltotriose (Figure 5.10). However, no growth was observed on pullulan, starch, glycogen,
a-cyclodextrin, or B-cyclodextrin (Figure 5.10). The inability of R. gnavus ATCC 29149 to
grow on pullulan, starch, a-cyclodextrin, or B-cyclodextrin despite RgGH13-1 and RgGH13-
2 substrate specificity towards these substrates, is in line with the predicted intracellular

localisation of these enzymes in the bacteria (see 4.2.2.3).
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Figure 5.10. Growth curves of R. gnavus ATCC 29149 on glucose oligo- and polysaccharides. (A) R. gnavus growth in LAB supplemented
with 27.7 mM glucose, maltose, panose or 0.5% pullulan or starch. (B) R. gnavus growth in LAB supplemented with 27.7 mM glucose,
a-cyclodextrin, B-cyclodextrin, isomaltose, maltotriose or 0.5% glycogen. AOD was calculated by subtracting the negative control (LAB
+ carbohydrate) from the experimental samples (LAB + carbohydrate + bacteria).
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5.3 Discussion

RgGH13-1 is active on pullulan releasing panose, isomaltose and glucose, and on a-
cyclodextrin and B-cyclodextrin and shows a strict specificity for al-4 linkages, indicating
that RgGH13-1 is a neopullulanase. Based on homology modelling and sequence
alignments (Prof. Stefan Janecek, Bratislava, Slovakia; personal communication), this
enzyme was classified in GH13 subfamily 20 also characterised by the presence of a CBM34
domain. Among gut bacteria, RgGH13-1 shares similar substrate specificity to a
neopullanase characterised from the human gut symbiont B. thetaiotaomicron 95-1, which

was shown to release panose from pullulan (Smith & Salyers, 1991).

RgGH13-2 is active on pullulan, releasing maltotriose and shows a strict specificity for al-
6 linkages, indicating that RgGH13-2 is a type | pullulanase. RgGH13-2 was found to be part
of GH13 subfamily 14 with a CBM48 domain. Among gut bacteria, RgGH13-2 shares similar
substrate specificity to functionally characterised Amy10 from Ruminococcus bromii L2-63

(Cockburn et al., 2021).

RgGH13-2 showed a Vmax of 0.6 umoles L s and an apparent Km of 0.26 mg/ml. This
compares to a Km of 10.5 mg/ml of Klebsiella pneumoniae type | pullulanase (Ali et al., 2013,
2015), a Km of 1.33 mg/ml of Clostridium thermosulfurogenes EM1 type Il pullulanase
(Spreinat & Antranikian, 1990), and a Km of 2.0 and 2.38 mg/ml from T. kodakarensis KOD1
and T. aggregans type lll pullulanases (Ahmad et al., 2014), respectively. Therefore
RgGH13-2 shows highest affinity for pullulan compared to other pullulanases functionally

characterised to date.

RgGH13-2 is part of a potential cluster of genes containing two more GH13 encoding genes
(RGNA_RS08485 and RGNA_RS08490), a starch/glycogen phosphorylase (RGNA_RS08500
glgP, involved in starch or glycogen metabolism), a glycogen debranching enzyme
(RGNA_RS08505), and an ABC sugar transporter (RGNA_RS08515 and RGNA _RS08520). It
is therefore likely that this cluster is involved in R. gnavus glycogen and/or starch

metabolism.

R. gnavus ATCC 29149 contains predicted glycogen synthesis genes (glgA, glgB, glgC/D) and
glycogen metabolism genes (g/gP). GIgP releases glucose-1-phosphate from glycogen

sidechains, reducing the chain length until 4 glycosyl units is reached. A debranching
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enzyme then removes the maltotetraose chain which can then be cleaved into maltose
units by a maltogenic amylase (L. Wang & Wise, 2011). RgGH13-1 and RgGH13-2 may play
a role in glycogen metabolism, with RgGH13-1 acting as an exo-acting enzyme to release
maltose from glycogen sidechains, and RgGH13-2 as a debranching enzyme. R. gnavus
ATCC 29149 does not have a gene annotated as a glgX, the glycogen debranching enzyme
in this pathway but RGNA_RS08505, which is predicted to be a glycogen debranching
enzyme, or RgGH13-2 could act as putative glgX. Pullulanases have been shown before to
have glycogen debranching activity (Shim et al., 2009). Testing RgGH13-2 activity on
branched B-cyclodextrin and on glycogen would help to confirm its role as a potential

debranching enzyme.

Although we demonstrated that R. gnavus ATCC 29149 produces two RgGH13 enzymes
functionally active on pullulan and starch (and encodes another 7 GH13 in its genome), our
results showed that this strain is unable to grow on pullulan or starch while it can utilise
degradation products maltotriose, maltose, and glucose. Both RgGH13 enzymes have a
predicted cytoplasmic localisation which would explain the inability of R. gnavus ATCC

29149 to utilise pullulan and starch.

However, a role of RgGH13-1 and RgGH13-2 enzymes in starch metabolism cannot be ruled
out. R. gnavus ATCC 29149 cross-feeding on starch with R. bromii has been shown before
(Crost et al., 2018). During starch metabolism smaller maltooligosaccharides are released
and taken up by transporters to be further broken down inside the cell (Cerqueira et al.,
2020; Cockburn et al., 2015; Crost et al., 2018). Further research on the specificity of
maltooligosaccharide transporters in R. gnavus ATCC 29149 in combination with the testing
of R. gnavus ATCC 29149 growth and RgGH13-1 and RgGH13-2 activity on a wider range of
maltooligosaccharides would be necessary in order to determine the role of these GH13

enzymes during starch cross-feeding.

For RgGH13-1, this is in consistent with the fact that neopullulanases often have
cyclomaltodextrinase activity (Hii et al., 2012). Neopullulanases, cyclomaltodextrinases,
and maltogenic amylases have been reported to have high sequence identity (40-86%) and
are often indistinguishable from each other (Lee et al., 2002). Cyclomaltodextrinases are
intracellular enzymes involved in the metabolism of cyclodextrins which are produced
extracellularly during starch metabolism and subsequently transported into the cell (Aroob

120



et al,, 2021). However, R. gnavus ATCC 29149 was not able to grow on a-cyclodextrin and
B-cyclodextrin, suggesting that this strain does not express a functional cyclodextrin
transporter or that the enzymes were not expressed in the conditions tested. Further
research is needed to understand the metabolic role of RgGH13-1 inside the bacteria. In
addition, none of the R. gnavus ATCC 29149 GH13 enzymes have predicted signal peptides
and are thus likely to be intracellular. Together with the absence of growth of R. gnavus
ATTCC 29149 on starch indicates that the GH13 encoded in its genome fulfil activities other

than starch degradation.

Pullulan is not a common dietary glycan and as discussed above many pullulanases have
other primary enzymatic functions, like starch debranching (Hii et al., 2012). The advantage
of pullulanases as starch debranching enzymes is that they are so-called ‘direct’
debranching enzymes, which do not require any modification of the substrate to be active
(Hii et al., 2012). In addition, pullulanases require only two al-4 linked glycosyl units on
each side of the a1-6 linkage, while debranching enzymes like isoamylases require larger
chains attached to the al-6 linked glucose (Hii et al., 2012). These are advantageous
properties in industry where pullulanases are utilised in starch saccharification (Hii et al.,
2012; Toor et al., 2020). Further characterisation of RgGH13-1 and RgGH13-2 on pullulan
are warranted to further explore the suitability of these enzymes for potential

biotechnological applications and establish their biological roles in bacteria.
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Chapter 6

2,7-anhydro-Neu5Ac and Neu5Ac utilisers in the human
faecal microbiome
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6. 2,7-anhydro-Neu5Ac and Neu5Ac utilisers in the human faecal
microbiome

6.1 Introduction

Sialic acid is a common terminal epitope in mucins and other glycans. Gut bacteria encoding
sialidases can release Neu5Ac from mucins to utilise as a carbon source directly or to access
the underlying glycan chains. Sialic acid released into the gut environment is an important
source of cross-feeding as it can be scavenged by other microbes including strains from the
same species, as recently reviewed (Bell et al., 2023; Bell & Juge, 2021; Berkhout et al.,
2022). Bifidobacterium breve is unable to grow on mucins, however it is able to grow when
in co-culture with Bifidobacterium bifidum (Bunesova et al., 2018), due to the release of
sialic acid from B. bifidum sialidases (Nishiyama et al., 2018). Interestingly, B.
thetaiotaomicron ATCC 29148 and A. muciniphila DSM 22959 encode sialidases able to
release sialic acid from mucin glycans in order to gain access to underlying glycans, but are
unable to utilise sialic acid (Brigham et al., 2009; K. Huang et al., 2015; Shuoker et al., 2023;
Tailford, Owen, et al., 2015). Sialic acid cross-feeding was also observed in co-cultures of
Roseburia inulinivorans or Faecalibacterium prausnitzii and A. muciniphila during growth
on mucin glycans (Shuoker et al., 2023). Sialic acid was found to be a main driver behind R.
inulinivorans and F. prausnitzii butyrate production in co-culture (Shuoker et al., 2023).
Several pathogens like E. coli, Clostridium difficile, and Salmonella typhimurium species do
not encode any sialidases, and are unable to degrade mucin glycans which are capped by
sialic acid. When uncapped by sialidases of other species, growth of these pathogens can
be promoted, either due to direct growth on sialic acid or the access to underlying mucin

glycans (K. Huang et al., 2015; Ng et al., 2013).

As reported in sections 1.3.2 and 4.2.2.2, R. gnavus ATCC 29149 encodes a GH33
intramolecular trans-sialidase (RgNanH) which cleaves off a2,3-linked terminal sialic acid
residues in mucin, releasing 2,7-anhydro-Neu5Ac (Tailford, Owen, et al., 2015). This
enzyme is part of the nan operon, which is highly upregulated during growth on mucin
glycans (see chapter 4.2.2.2) and 2,7-anhydro-Neu5Ac (Crost et al., 2013, 2016). R. gnavus
is able to metabolise 2,7-anhydro-Neu5Ac due to the selectivity of the solute binding
protein (RgSBP) part of the ABC transporter and the presence of an oxido-reductase

(RgNanOx) converting 2,7-anhydro-Neu5Ac into Neu5Ac, which then becomes substrate
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for the Neu5Ac aldolase (RgNanA) (Bell et al., 2019, 2020). So far, R. gnavus strains are the
only bacterial species shown to be able to release 2,7-anhydro-Neu5Ac from Neu5Ac bound
to glycans in the gut, prompting questions about the possibility for other gut bacteria to

benefit from this released sialic acid form.

Our group recently showed that E. coli BW25113 was shown to be able to grow on 2,7-
anhydro-Neu5Ac due to the presence of a sialic acid transporter (YjhB) able to transport
2,7-anhydro-Neu5Ac and an oxidoreductase (YjhC) able to transform 2,7-anhydro-Neu5Ac
into Neu5Ac (Bell et al., 2020). E. coli BW25113 does not encode an IT-sialidase able to
release 2,7-anhydro-Neu5Ac from glycan structures and thus relies on cross-feeding to
utilise 2,7-anhydro-Neu5Ac (Bell et al., 2020). Interestingly, E. coli can metabolise both
Neu5Ac and 2,7-anhydro-Neu5Ac (Bell et al., 2020) while R. gnavus is only able to grow on
2,7-anhydro-Neu5Ac (Crost et al., 2013, 2016). Further in silico genomic and phylogenetic
analysis of bacterial sialic acid transporters suggest that the capacity of transporting 2,7-
anhydro-Neu5Ac may occur across bacterial pathogens and commensals, although limited
in the gut environment (Severi et al., 2021). Streptococcus pneumoniae strains express a
IT-sialidase able to release 2,7-anhydro-Neu5Ac (Gut et al., 2008; G. Xu et al., 2008). This
IT-sialidase has been used in the past to enzymatically produce 2,7-anhydro-Neu5Ac in vitro
(W. Li et al., 2019; Xiao et al., 2018). S. pneumoniae D39 further contains a nan operon
encoding an ABC transporter which has been suggested to be specific for 2,7-anhydro-
Neu5Ac and an oxidoreductase gene, suggesting that S. pneumoniae D39 might also be able
to release, transport and metabolise 2,7-anhydro-Neu5Ac in the respiratory tract (Bell et

al., 2020).

Metabolic dependencies through cross-feeding in microbial communities influences the
gut microbiota composition (Mataigne et al., 2021). This could be through direct sharing of
released sugars such as sialic acid mentioned above or from sharing metabolites resulting
from the fermentation of the sugars (Culp & Goodman, 2023). To address the complexity
and experimental limitations caused by the large number of possible interactions, new
methodologies such as stable-isotope probing (SIP) used in environmental ecology have
been applied to the study of gut microbial communities. SIP is dependent on the use of
substrates labelled with stable isotopes like 2H hydrogen, °N nitrogen, or 3C carbon

(Dumont & Herndndez Garcia, 2019) in order to identify bacterial species able to
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metabolise specific compounds (Radajewski et al., 2000). When species in a bacterial
community metabolise these compounds, the heavy isotope is incorporated into their DNA
and RNA, this heavy DNA can be distinguished from the DNA of species that were not able
to metabolise the compound, which will only have unlabelled DNA, this is followed 16S
amplicon sequencing (Dumont & Hernandez Garcia, 2019). RNA-SIP can be used as an
alternative method due to the higher amount of RNA in the cells and a high turnover rate
(Weis et al., 2019). After fractionation RNA is converted to cDNA and sequenced. Both DNA-
and RNA-SIP have been used successfully in the past to determine metabolic activity in

several bacterial communities using a variety of labelled compounds (Table 6.1).

Table 6.1. Overview of published SIP experiments in microbial communities

Bacterial community Labelled compound DNA/RNA SIP Reference

Soil Methanol DNA Radajewski et al., 2000
CO; DNA Jia & Conrad, 2009

RNA Ostle et al., 2003

Methane DNA Jiaetal., 2019
phenanthrene DNA and RNA  Schwarz et al., 2018
Acetate DNA and RNA  Liuetal., 2018
Propionate RNA Lueders et al., 2004
Benzo[alpyrene DNA Zhao et al., 2022

Industrial waste bioreactor Phenol RNA Manefield et al., 2002

Activated sludge Phenol RNA Manefield et al., 2005

(wastewater treatment)

Rat caecal Inulin RNA Tannock et al., 2014

Mouse caecum Potato starch RNA Herrmann et al., 2018

Mouse faeces Potato starch RNA Herrmann, et al., 2017a
Glucose RNA Herrmann, et al., 2017b

Pig caecum Neu5Ac RNA Young et al., 2015

In vitro small intestine Glucose RNA Egert et al., 2007

fermentation model

In vitro colon fermentation Starch RNA Kovatcheva-Datchary et al.,

model 2009
Galacto- RNA Maathuis et al., 2012

oligosaccharide

Here we used RNA-SIP with enzymatically synthesised '3Cs-labelled 2,7-anhydro-Neu5Ac
and®3C;-labelled Neu5Ac to investigate the ability of members of the human gut microbiota

to metabolise these sialic acids, using faecal slurry from human donors.
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6.2 Results

6.2.1 Enzymatic synthesis of 2,7-anhydro-Neu5Ac from ManNAc and pyruvate

The enzymatic synthesis of sialic acid derivatives has been thoroughly investigated by the
group of Xi Chen (W. Li et al., 2019; Xiao et al., 2018; H. Yu et al., 2004, 2006). Here, 13C-
labelled Neu5Ac was first synthesised from '3C-labelled pyruvate and 3C¢ ManNAc using a
commercial sialic acid aldolase (W. Li et al., 2019). The follow-up reactions from Neu5Ac to
2,7-anhydro-Neu5Ac were performed in two steps based on RgNanH enzymatic hydrolysis

of 3'-sialyllactose (3’SL), as described in Figure 6.1.

In the first step (A), Neu5Ac was first converted into CMP-Neu5Ac using Neisseria
meningitidis CMP-sialic acid synthetase (NmCSS) (Martin et al., 1998) and cytidine
triphosphate (CTP), as previously described (W. Li et al., 2019). CMP-Neu5Ac together with
lactose were then used as substrates of Pasteurella multocida sialyltransferase 3 (PmST3)
(H. Yu et al., 2005), leading to the formation of 3’SL (Figure 6.1A). Lactose tagged with the
nonpolar NHCbz (benzyl chloroformate) tag, lactose-NHCbz, was used to aid with
subsequent purification. Following optimisation, this reaction was repeated with 3C-
labelled Neu5Ac. The progress of the reaction was monitored by thin-layer
chromatography (TLC) (Figure 6.2A). The TLC of the reaction showed spots corresponding
to the starting materials, lactose-NHCbz and Neu5Ac, as well as the reaction product 3’SL-
NHCbz (Figure 6.2A). The reaction was continued until completion or until no further
product was obtained. A P2 size exclusion column, in which large molecules elute first,
followed by a silica column, which separates molecules based on their polarity, was used
to separate the reaction products. The nonpolar NHCbz tag both increases the size of the
lactose molecule and makes it less polar, 3'SL-NHCbz is larger and less polar compared to
Neu5Ac. Purification was confirmed by TLC and by electrospray ionisation-mass
spectrometry (ESI-MS) (Figure 6.2B). A peak at was observed at 772.3 m/z, which is the
expected mass corresponding to 3’SL-NHCbz plus 7 for the '3C carbons in Neu5Ac (Figure
6.2B). No other peaks were observed, indicating that the purification process led to a pure
compound. However, the final yield of 3’SL was low (~5%) and the reaction therefore

required further optimisation.

In the second step (B), purified 3’SL-NHCbz was used as a substrate for RgNanH to produce

2,7-anhydro-Neu5Ac (Figure 6.1B). Following the reaction, a P2 size exclusion column
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followed by a silica column, then another P2 size exclusion column was used to separate
the reaction products, here the large and relatively non-polar lactose-NHCbz can be
separated from the smaller polar 2,7-anhydro-Neu5Ac. Purification was confirmed by TLC,
ESI-MS, and NMR (not shown). The purification process was further optimised to obtain a

pure product with a yield of with a yield of 30% by Jun Yang Ong (Utrecht University).
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Figure 6.1. Chemical overview of the enzymatic synthesis of 2,7-anhydro-Neu5Ac from Neu5Ac. (A) Synthesis of 3'SL-
NHCbz from Neu5Ac. (B) Synthesis of 2,7-anhydro-Neu5Ac from 3’SL-NHCbz. Figure reprinted from (W. Li et al., 2019),
with permission from Elsevier. Our strategy differs from the one depicted in the figure in the following: PmST3 was used

instead of PmST1_M144D, and RgNanH was used instead of SpNanB. Of the two nonpolar tags showed only Lactose-
NHCbz was used.
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Figure 6.2. TLC and ESI-MS monitoring the synthesis of 3’SL. (A) TLC analysis of
the enzymatic reaction for the production of 3’'SLNHCbz. Core corresponds to
all standards, 3’SL, Neu5Ac, and Lactose-NHCbz, combined. (B) ESI-MS analysis
of purified 3’'SLNHCbz. Expected size of 3’'SLNHCbz is 772.3 m/z.

6.2.2 Stable isotope probing of 2,7-anhydro-Neu5Ac metabolism in human faecal
microbiota

6.2.2.1 Rate of 2,7-anhydro-Neu5Ac utilisation and selection of SIP conditions

During an RNA-SIP experiment, the labelled compound is metabolised over time, resulting
in increased RNA labelling with longer incubation times. Sampling too early may not
provide sufficient labelled RNA. However, due to cross-feeding, longer incubation times
may result in labelled RNA in species which did not directly metabolise the labelled
compound. It is therefore important to first determine the rate of 2,7-anhydro-Neu5Ac
consumption by the bacteria in the faecal slurry. Here, faecal slurry from human donors
was grown in batch media supplemented with either 11.1 mM 2,7-anhydro-Neu5Acor 11.1
mM Neu5Ac, as described in section 2.2.2. After 24 hours growth under anaerobic
conditions, 40% of 2,7-anhydro-Neu5Ac and 60% of Neu5Ac was found to be consumed

(Figure 6.3).

In a preliminary SIP experiment, the faecal slurry was grown with 2 mg/ml 3C; Neu5Ac and
sampled at 4, 8, 12, and 24 hours. After RNA extraction, ‘heavy’ labelled RNA was separated
from ‘light’ unlabelled RNA by ultracentrifugation using a caesium trifluoroacetate (CsTFA)
gradient, as described in section 2.6. This gradient was fractionated and relative RNA

concentration in each gradient was determined by gPCR using universal bacterial 16S
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primers. An increase in RNA in heavier fractions was observed after 8 hours with an
additional peak above a density of 1.81, while after 12 hours a single peak was detected,
indicating cross-feeding (Figure 6.4). Based on these data, a sampling timepoint at 8 hours

was chosen for RNA extractions in subsequent SIP experiments.
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Figure 6.3. Utilisation of 2,7-anhydro-Neu5Ac and Neu5Ac by human faecal microbiota in batch model. Concentration is
given in mg/ml. Average of three replicates is shown. Error bars indicate standard deviation.
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Figure 6.4. Relative 16S cDNA copy numbers per gradient fraction of faecal slurry grown on Neu5Ac. cDNA per fraction
is shown for four different timepoints.
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6.2.2.2 Stable isotope probing using 13C; labelled or unlabelled 2,7-anhydro-Neu5Ac and
Neu5Ac

Human faecal slurry was grown in batch medium supplemented with both unlabelled (*2C)
or 13C;7 labelled 2,7-anhydro-Neu5Ac and Neu5Ac. RNA was extracted after 8 hours of
growth and separated as described above. The refractive index of the fractions showed
that corresponding fractions from different gradients, for example the fifth fraction of each
gradient, were consistent, (Figure 6.5) and subsequent fractions to form a consistent
gradient (R?=0.998; Figure 6.5). 16S qPCR analysis showed two distinct peaks for the 3C
samples, a peak in the fractions with lower density comprised of unlabelled RNA and a peak
in fractions of high density comprised of partially 3C labelled RNA (Figure 6.6). Only a single
peak for the 12C samples could be seen as expected since the RNA is not *3C labelled (Figure
6.6). All fractions with a density higher than 1.81 g/ml were pooled as “heavy” fractions,
and fractions below a density of 1.81 g/ml were pooled as “light” fractions. All cDNA

acquired of both heavy and light samples were sequenced using 16S amplicon sequencing.
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Figure 6.5. Overview of the average refractive index of SIP fractions. Average is taken over all 13C; labelled 2,7-anhydro-
Neu5Ac and Neu5Ac and unlabelled 2,7-anhydro-Neu5Ac and Neu5Ac fractions. Error bars indicate the standard
deviation. R? was calculated using only the first 11 fractions, which contain all RNA (blue dots).
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6.2.2.3 Analysis of the gut microbiota composition

Principle component analysis (PCoA) showed a separation between the light fraction and
heavy fraction of bacteria grown on 3C Neu5Ac, while both *2C fractions clustered together
(Figure 6.7). For the samples grown on 2,7-anhydro-Neu5Ac this separation was less
evident (Figure 6.7). Samples of bacteria grown on batch medium with no supplemented
sugar for 0 or 8 hours showed a high degree of separation from bacteria grown on sialic

acid derivatives (Figure 6.7).

At the phylum level, an increase of Actinobacteriota could be seen in the heavy fraction of
13C; 2,7-anhydro-Neu5Ac compared to the light fraction, while in the heavy fraction of 13C;
Neu5Ac both Firmicutes and Actinobacteriota were more abundant compared to the light

fraction (Supplemental Figure S9).

Several Firmicutes species showed a large change in abundance in the heavy fraction of
Neu5Ac growth and the light fraction of 3C; Neu5Ac growth. An unknown Holdemanella
species was highly increased in the heavy fraction of Neu5Ac (46-48% relative abundance
of Firmicutes species) compared to the light fraction (16-25% relative abundance of
Firmicutes species) (Figure 6.8C). In addition, Dorea longicatena relative abundance was
25-33% of Firmicutes species in the heavy Neu5Ac fraction compared to 7-12% in the light
fraction. Changes in relative abundance were less pronounced in Bacteroidota and
Proteobacteria phyla. An unknown Dorea species was also increased (9-12% of Firmicutes
species in heavy fraction to 2-4% in light fraction) (Figure 6.8C). This was accompanied by
a large increase of an unknown Romboutsia species in the light fraction (4-11% of all
Firmicutes in heavy fraction; 41-56% in light fraction) and an unknown Streptococcus

species (0.5-1.5% in heavy fraction; 5-8% in light fraction) (Figure 6.8C).

Some differences were also observed at the species level between heavy and light fractions
after growth on 3C; Neu5Ac in other species. For example, Collinsella aerofaciens showed
a relative abundance of total actinobacteria of 36-53% in the heavy fraction and 9-14% in
the light fraction (Figure 6.8A). This coincided with a decrease in an unknown
Bifidobacterium species from 74-79% in the light fraction to 39-54% in the heavy fraction,
however, this change was much less pronounced in the read numbers, indicating the

decrease in relative abundance was mostly due to the increase of C. aerofaciens. This
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indicates C. aerofaciens is able to metabolise Neu5Ac better than most other bacteria in

the samples.

Unlike Neu5Ac, only minor differences were observed between heavy and light fractions
after growth on 3C; 2,7-anhdyro-Neu5Ac (Figure 6.8). Only an unknown Holdemanella
species and C. aerofaciens showed small differences in relative abundance (Figure 6.8 A
and C). The Holdemanella species showed a small increase in relative abundance of
Firmicutes species (12-13% in the light fraction to 14-17% in the heavy fraction) (Figure
6.8C) whereas C. aerofaciens showed a doubling in relative abundance of Actinobacteria
species, 7-9% in the light fraction compared to 14-15% in the heavy fraction (Figure 6.8A).
The lack of significant changes following supplementation with *3C-labelled or unlabelled
2,7-anhdyro-Neu5Ac cannot be due to labelling issues as shown by gPCR analysis and read
numbers from 16S sequencing which demonstrated differences between heavy and light

fractions.
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Figure 6.7. PCoA plots of the heavy and light fractions of bacteria grown on 12C and 13C Neu5Ac and 2,7-anhydro-Neu5Ac. No
sugar 0 hour and 8 hour controls are indicated. Data analysed and figure made by Helena Pardo Casales.
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6.3 Discussion

The SIP results showed an increase in C. aerofaciens, D. longicatena relative abundance as
well as of an unknown Holdemanella species following supplementation of human gut
microbiota with 3C;.Neu5Ac. C. aerofaciens is a Gram-positive obligate anaerobe that is
the most abundant actinobacterium in a healthy human gut (Bag et al., 2017; Tourlousse
et al., 2020) but also associated with a number of diseases including IBS (Malinen et al.,
2010), IBD (Joossens et al., 2011), and rheumatoid arthritis (J. Chen et al., 2016). However,
little information is available on the role of sialic acid metabolism by this species in the
human gut. Previous studies in piglets identified C. aerofaciens as one of the species being
significantly increased in the gut of 6’-SL fed piglets (Jacobi et al., 2016). In addition,
metatranscriptomics analyses of caecal contents showed that to C. aerofaciens MC1 and C.
aerofaciens MC2 strains were among the top 5 species with most significant differently
expressed genes in piglets harbouring a consortium of gut bacteria from Malawian babies,
fed with a diet supplemented with sialylated bovine milk oligosaccharides (Charbonneau
et al., 2016). Another species which we found to be highly induced during growth on 3C;
Neu5Ac is D. longicatena, another Gram-positive obligately anaerobe. Not much
information is available on the role of this species in the human gut but it encodes a nan
cluster dedicated to sialic acid metabolism (Almagro-Moreno & Boyd, 2009). Therefore, the
expansion of C. aerofaciens and D. longicatena in Neu5Ac SIP is in line with these previous
reports. It is also of note that both D. longicatena and C. aerofaciens have been shown to

be increased in obese individuals (Companys et al., 2021; Gallardo-Becerra et al., 2020).

However, our analysis did not reveal induction of other known Neu5Ac utilisers of the
human gut. For example, R. inulinivorans and F. prausnitzii, which have both been shown
to benefit from Neu5Ac released by A. muciniphila when in co-culture in vitro (Shuoker et
al.,, 2023), were detected in the starting material and after 8 hours in the batch
fermentation without added sugar, these bacteria species could not be detected in the
conditions supplemented with sialic acid derivatives. R. gnavus was only found at low levels
in samples containing 12C Neu5Ac and 12C 2,7-anhydro-Neu5Ac. The genus
Bifidobacterium was highly abundant in all conditions, however its abundance was reduced
in the heavy fraction of the bacteria grown on Neu5Ac, indicating this bacteria was

outcompeted by other species. However, the analysis performed did not provide

135



information at the strain level, or in cases even species level, and this level of resolution
would be needed to better capture strains implicated in sialic acid metabolism. For
example, some Bifidobacterium species such as B. bifidum are able to release Neu5Ac, but
not metabolise it, while others such as B. breve are not able release sialic acid but are able
to utilise it through cross-feeding (Bunesova et al., 2018; Egan et al., 2014; Nishiyama et al.,
2018).

The faecal sample used for the SIP experiment was exposed to oxygen during processing.
This might result in some strict anaerobes not being able to recover and grow during the
anaerobic growth conditions. Many Proteobacteria are obligatory anaerobes, which
explains the increase in abundance of Proteobacteria between 0 and 8 hours of growth in
the media without added sugars (Supplemental Figure S9). Future experiments should take

care to keep the faecal sample anaerobic.

Previous SIP aimed at identifying Neu5Ac utilisation in pig caecal content found only the
genus Prevotella to be in a higher abundance in the heavy fraction of caecal content grown
on 13C3 Neu5Ac (Young et al., 2015). However, it should be noted that this study used 3Cs
Neu5Ac rather than 13C7 Neu5Ac (our work), which would result in a lower percentage of
labelled DNA or RNA, and an incubation time of 24 hours rather than 8 hours (our work),

potentially leading to further cross-feeding.

The nature of a SIP experiment requires early sample times to avoid cross-feeding, but this
might favour fast-growing Neu5Ac metabolisers over slow-growing Neu5Ac metabolisers.
In an experiment investigating feacal bacteria growth rates, both C. aerofaciens and D.
longicatena were found to be dominating in conditions favouring fast growing species
(Adamberg & Adamberg, 2018). Here, it is likely that the SIP conditions led to slow-growing
Neu5Ac metabolisers to be outcompeted by C. aerofaciens and D. longicatena. In the
future, it would be interesting to carry out SIP experiments using conditions promoting

different Neu5Ac utilisers.

In contrast to Neu5Ac, no large difference was observed in the heavy and light fractions of
faecal slurry grown on 3C; labelled 2,7-anhydro-Neu5Ac. Small increases in relative
abundance in both an unknown Holdemanella species and C. aerofaciens were found in the

heavy fraction of 2,7-anhydro-Neu5Ac, indicating that these species might be able to
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metabolise 2,7-anhydro-Neu5Ac faster compared to other species. In addition, it may be
informative to carry out RNAseq analysis on the RNA-SIP fractions to help determine

common or unique Neu5Ac pathways utilised by the gut microbiota.

In the future, other approaches may be applied to complement this work. Recently, D0
was used to determine metabolism of mucin O-glycan monosaccharides including Neu5Ac
by mouse colonic bacteria, by monitoring the incorporation of deuterium in bacterial
peptides (Pereira et al., 2020). SIP could also be applied to address the metabolism of
complex mucin glycans by the gut microbiota using '3C labelled mucin which has been
shown to be produced by a lung adenocarcinoma cell line grown on 3Cs glucose (Evert et

al., 2019).
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Chapter 7

General discussion
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7. General discussion

The capacity of R. gnavus strains to grow on mucins is strain specific (Crost et al., 2013) and
associated with GHs targeting mucin glycan epitopes such as fucose and sialic acids
(Tailford, Owen, et al., 2015; H. Wu, Rebello, et al., 2021). For a full overview of the

substrates R. gnavus strains can utilise, see Supplemental Table S6.

In the first part of this thesis, we focused on RgGH98, an enzyme which cleaves the Galp1-
4GIcNAc linkages in BgA epitopes, releasing BgA trisaccharide (BgAtri). BgA epitopes are
found in terminal location of mucin glycan chains (Brockhausen et al., 2022), and are used
by pathogens as recognition sites (Cooling, 2015; Ruvoén-Clouet et al., 2013). The gene
encoding RgGH98 is only present in R. gnavus strains growing on mucin such as R. gnavus
ATCC 29149 and ATCC 35913, and absent in the E1 strain (Crost et al., 2013, 2016). We
showed that while only R. gnavus ATCC 29149 could grow on BgA tetrasaccharide
(BgAtetra), both R. gnavus E1 and ATCC 29149 strains could grow on BgAtri, indicating that
these strains could metabolise the product of the RgGH98 enzymatic reaction. In line with
this result, we showed that R. gnavus E1 could grow on RgG98-pretreated mucin,
benefiting from both the released BgAtri and from access to the underlying mucin chain. In
R. gnavus ATCC 29149, gPCR analysis confirmed the transcription of the RgGH98 cluster
during growth on BgAtri and BgAtetra. These data further support the model that R.
gnavus’ strategy to adapt to mucus is through foraging mucin glycan epitopes.
Interestingly, this cluster also contains a predicted GH95 fucosidase, and a predicted GH73
peptidoglycan hydrolase. In the future, it will be interesting to characterise the function of
these GHs in order to confirm the metabolic importance of this cluster, especially during
mucin glycan metabolism. In addition, RgGH98 may have potential application in
therapeutics to limit infection by pathogens targeting BgA epitopes such as Sars-Cov-2 (S.
Wu et al., 2022).

This work also underscores the importance of characterising gut commensal bacteria at the
strain level. The importance of strain level resolution in analyses of the metabolic
capabilities has been demonstrated in other gut bacteria such as A. muciniphila where the
H2 strain has a reduced complement of GHs involved in mucin glycan metabolism
compared to other strains which may lead to different health effects (Ouwerkerk et al.,

2022) or Bifidobacterium strains, which genomic analyses showed significant variation in
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GH diversity depending on their host and environment (Rodriguez & Martiny, 2020; Turroni
et al., 2019).

To identify the complement of GHs involved in the process of mucin glycan degradation,
RNAseq was carried out on R. gnavus ATCC 29149 grown on mucin glycans. Here, we found
717 genes to be significantly upregulated, and 652 genes significantly downregulated, as
compared to growth on glucose. Among the significantly upregulated genes, 22 were GH-
encoding genes. Of these, GH33 was the most expressed together with the nan cluster
dedicated to 2,7-anhydro-Neu5Ac metabolism, in line with previous data showing the
importance of the GH33 intramolecular trans-sialidase (IT-sialidase) and nan cluster in R.
gnavus adaptation to the mucus niche (Bell et al., 2019, 2020). Sialic acid plays an important
role in the gut microbiota for food and adhesion (Bell & Juge, 2021; Sokolovskaya et al.,
2022). R. gnavus ATCC 29149 IT-sialidase releases 2,7-anhydro-Neu5Ac from sialylated
glycoconjugates including mucins (Tailford, Owen, et al., 2015). The ability to utilise Neu5Ac
is widespread in mucosa-associated bacteria (Bell & Juge, 2021) and pathogens (K. Huang
et al., 2015; Ng et al., 2013). In contrast, the ability to release, transport, and metabolise
2,7-anhydro-Neu5Ac is unique to R. gnavus in the gut environment (Bell et al., 2020),
conferring R. gnavus ATCC 29149 a nutritional advantage in scavenging the available
Neu5Ac in mucin epitopes and helping R. gnavus to colonise the mucus niche (Bell et al.,
2019). Here, SIP experiments based on human faecal microbiota provided new insights into
the capacity of microbes to utilise Neu5Ac or 2,7-anhydro-Neu5Ac. The results suggested
that that C. aerofaciens and D. longicatena could metabolise Neu5Ac at a higher rate
compared to other gut microbes whereas no significant changes in gut microbiota was
observed upon 2,7-anhydro-Neu5Ac supplementation. Future shotgun analysis of RNAseq
analysis of the SIP samples could be done to identify the metabolic pathways expressed in

the microbial community upon supplementation with these sialic acid derivatives.

In addition, we showed that R. gnavus ATCC 29149 GH29 and GH95 fucosidases, previously
shown to hydrolyse 2°FL, 3FL, LeA, and BgAtri (H. Wu, Crost, et al., 2021; H. Wu, Rebello, et
al., 2021), were also active on mucin. In humans, mucin glycan fucosylation decreases from
the ileum to the rectum (Robbe et al., 2003). An opposite gradient is found for sialic acid
epitopes in mucin (Robbe et al., 2003). In the Ileum and caecum the highest quantity of BgA
epitopes can be found (Robbe et al., 2004). The capacity of R. gnavus ATCC 29149 to utilise
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fucose, sialic acid and BgA epitopes is likely to underpin R. gnavus’ fitness to colonise the
Gl tract and its prevalence in adults (J. Qin et al., 2010). In addition, R. gnavus has been
shown to be consistently elevated in IBD (Crost et al.,, 2023). Ulcerative colitis is
characterised by a decrease in complex mucin glycan chains (Holmén Larsson et al., 2011)
which may favour R. gnavus’ mucin glycan degradation strategy as compared to A.
muciniphila which is decreased in UC (Earley et al., 2019; Zakerska-Banaszak et al., 2021)

and more adapted to the degradation of complex mucin glycan chains (Cani et al., 2022).

Interestingly, the RNAseq analysis of R. gnavus ATCC 29149 grown on mucin glycans, also
identified a highly induced prophage, which may indicate a role for this prophage in mucin
glycan foraging. Interestingly, recent work in mice showed that phages co-exist with R.
gnavus population in the gut, and that patients with IBD have an over-representation of R.
gnavus virome (Buttimer et al., 2023). In the future, it will be interesting to study prophage
induction during growth on mucin glycan and the role of these phages in the ability of gut

bacteria to colonise the mucus niche in health and disease.

In addition to their ability to utilise mucin glycans, R. gnavus strains have also been tested
on range of HMOs (Crost et al., 2013), and dietary oligosaccharides such as raffinose
oligosaccharides (Bruel et al., 2011) and starch degradation products (Crost et al., 2018)

(see Supplemental Table S6).

Here, we investigated the substrate specificity of two R. gnavus ATCC 29149 GH13
enzymes. We showed that RgGH13-1 could hydrolyse al-4 links in pullulan, starch,
glycogen, maltose, maltotriose, panose, a-cyclodextrin and B-cyclodextrin, while RgGH13-
2 was found to hydrolyse al-6 links in pullulan. RgGH13-2 was also found to be active on
glycogen, but the specific activity on this substrate was not determined. R. gnavus ATCC
29149 is not able to grow on pullulan, starch, or glycogen. Since these GH13 enzymes are
predicted to be intracellular, they may fulfil a different role, for example in glycogen
metabolism or in the catabolism of oligosaccharides released by other bacteria during
cross-feeding on starch. In the competitive gut environment, the ability to manage energy
during both nutrient rich and nutrient poor conditions is essential. Glycogen is one of the
compounds used in bacteria for energy storage. For example, Lactobacillus acidophilus was
shown to increase glycogen content during growth on raffinose, trehalose, and lactose,
while glycogen biosynthesis was repressed by glucose (Goh & Klaenhammer, 2013).
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However, in other bacteria it was found that growth on glucose led to an increase of
glycogen (Bonafonte et al., 2000). Depending on the metabolic niche and substrate
availability, conditions may favour bacterial expansion or storage of energy in preparation
for energy sparse conditions. This was demonstrated in E. coli BW25113 where glycogen
reserves were found to be beneficial during changing nutrient sources in vitro (Sekar et al.,
2020). Here, we showed that during growth of R. gnavus on mucin glycans, glycogen
synthesis genes were upregulated. This was paralleled with an upregulation of several
GH13 enzymes, as also shown in a previous study using mucin as source of carbohydrate
(Crost et al., 2018). In the future, it would be interesting to monitor glycogen contents in R.
gnavus ATCC 29149 during growth on mucin glycans. Knowledge on R. gnavus ATCC 29149
glycogen biosynthesis and metabolism during growth on mucin glycans, combined with
further functional characterisation of R. gnavus GH13 enzymes on glycogen will help
further advance our understanding of the adaptation and persistence of R. gnavus ATCC
29149 to the gut as a way to regulate nutrient storage and mobilisation upon dietary
changes in the gut environment. The ability of R. gnavus ATCC 29149 to grow on a wide
range of maltooligosaccharides should also be further investigated, specifically
oligosaccharides released during cross-feeding on starch. Further analysis of the specificity
of transporters and RgGH13-1 and RgGH13-2 will further determine their role in starch

cross-feeding.

Together these results showed the importance of GHs in R. gnavus’ capacity to colonise
different nutritional niches in health and disease and identified new enzymes and pathways
that may be involved in R. gnavus adaptation to the mucus niche, opening the way for novel

avenues of research.
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Appendix:

Appendix 1. Supplemental material

Supplemental Table S1. Overview of characterised GHs from gut bacteria active on mucin glycans.

Name GH family and function  Species Mucin substrates  reference
tested
AmGH29C GH29 A. muciniphila Mix of PGM, PCM, (Shuoker et al.,
Fucosidase BAA-835 and BF* 2023)
AmGH29D GH 29 A. muciniphila Mix of PGM, PCM, (Shuoker et al.,
Fucosidase BAA-835 and BF* 2023)
RgGH29-1 GH29 R. gnavus ATCC pPGM mucin This work
Fucosidase 29149 glycans and PGM
mucin glycans
RgGH29-2 GH29 R. gnavus ATCC pPGM mucin This work
Fucosidase 29149 glycans and PGM
mucin glycans
Afc2 GH29 C. perfringens PGM (Fanetal.,
Fucosidase ATCC 13124 2016)
AmGH95A GH95 A. muciniphila Mix of PGM, PCM, (Shuoker et al.,
Fucosidase BAA-835 and BF* 2023)
AmGH95B GH95 A. muciniphila Mix of PGM, PCM, (Shuoker et al.,
Fucosidase BAA-835 and BF* 2023)
RgGH95 GH95 R. gnavus ATCC pPGM mucin This work
Fucosidase 29149 glycans and PGM
mucin glycans
Afc3 GH95 C. perfringens PGM (Fan et al.,
Fucosidase ATCC 13124 2016)
SiaBb2 GH33 B. bifidum pPGM (Kiyohara et
Sialidase JCM1254 al., 2011)
AmGH33A GH33 A. muciniphila PCM and Mouse (Shuoker et al.,
Sialidase BAA-835 MUC2 2023)
AmGH33B GH33 A. muciniphila PCM and Mouse (Shuoker et al.,
Sialidase BAA-835 MUC2 2023)
AmGH181 GH181 A. muciniphila PCM and Mouse (Shuoker et al.,
Sialidase BAA-835 MuUC2 2023)
Amuc_0824 GH2 A. muciniphila Defucosylated, (Kosciow &
Galactosidase BAA-835 desialylated, and  Deppenmeier,
desulphurylated 2020)
PGM
Amuc_0771 GH35 A. muciniphila Defucosylated, (Kosciow &

Galactosidase

BAA-835

desialylated, and
desulphurylated
PGM

Deppenmeier,
2020)
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BT2824 GH16 B. porcine small (Crouch et al.,

Galactosidase thetaiotaomicron intestinal (SI)and  2020)
VPI- 5482 PGM

BF4058 GH16 B. fragilis Sland PGM (Crouch et al.,
Galactosidase NCTC9343 2020)

BF4060 GH16 B. fragilis Sland PGM (Crouch et al.,
Galactosidase NCTC9343 2020)

BACCAC_02679 GH16 B. caccae ATCC Sl and PGM (Crouch et al.,
Galactosidase 43185 2020)

BACCAC_02680 GH16 B. caccae ATCC Sland PGM (Crouch etal,,
Galactosidase 43185 2020)

BACCAC_03717 GH16 B. caccae ATCC Sl and PGM (Crouch et al.,
Galactosidase 43185 2020)

Amuc_0724 GH16 A. muciniphila Sl and PGM (Crouch et al.,
Galactosidase BAA-835 2020)

Amuc_875 GH16 A. muciniphila Sl and PGM (Crouch et al.,
Galactosidase BAA-835 2020)

Amuc_2108 GH16 A. muciniphila Sl and PGM (Crouch et al.,
Galactosidase BAA-835 2020)

RgGH98 GH98 R. gnavus ATCC pPGM (H. Wu, Crost,
Galactosidase 29149 et al., 2021);

This work

E-ABase GH98 C. perfringens PGM (Anderson et
Galactosidase ATCC 10543 al., 2005)

AgaBb GH110 B. bifidum JCM Salivary mucin (Wakinaka et
Galactosidase 1254 al., 2013)

SGL GH20 N- Prevotella strain  PGM (Rho et al.,
acetylglucosaminidase RS2 2005)

AgnC GH89 N- C. perfringens PGM (M. Fujita et
acetylglucosaminidase strain 13 al., 2011)

GngC GH89 N- B. bifidum JCM PGM (Shimada et
acetylglucosaminidase 1254 al., 2015)

EngCP GH129 N- B. bifidum JCM GH pre-treated (Ashida et al.,
acetylgalactosaminidase 1254 PGM 2008)

*BF = bovine fetuin
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Supplemental Table S2. Primers used in this study.

gPCR confirming growth of R. gnavus on pPGM, RgGH98-treated pPGM, BgAtri, and BgAtetra (3.2.2.2; 3.2.3):

16SRg5
Universal R. gnavus 16S

F: TGGCGGCGTGCTTAACA

R: TCCGAAGAAATCCGTCAAGGT

(Joossens et al., 2011)

RUMGNA_02237
R. gnavus ATCC 29149
specific primer

F: GCTTTATGGTCTTGCACCACT
R: AGAAAGCGTGGGTGGTATTG

Kindly provided by
Dr Emmanuelle Crost

RUGNEv3_60291
R. gnavus E1 specific
primer

F: CCGAGTCCACATCAAAATAGC

R: CAAGTCTCTTGTTTTCTCCACTGTA

Kindly provided by
Dr Emmanuelle Crost

RgGH98 operon transcriptomics RT-qPCR (3.2.3):

Gyrase B
ATCC-00867-c

F: GGAGCAGACCAGATCCAAAT

R: CCAATATACATTCCCGGTCTTT

(Crost et al., 2013)

RS10315-2 F: TTCCCGGGGACATTGATCAA Kindly provided by
R: GCTTTTGACCAGCCAGTTGA Dr Emmanuelle Crost
RS10320-2 F: CTGCGCCGGAAAGTGTTTAT Kindly provided by
R: AGCCTTTCCTGACTCTGTCC Dr Emmanuelle Crost
RS10325-1 F: AGAAGGGAGCAAAGCCAGAT F: Kindly provided by
R: TCCTCTGCCAGATTGACCAG Dr Emmanuelle Crost
R: (H. Wu, Crost, et al.,,
2021)
RS10330-2 F: AAGTTGCCGGGGAAGTGATA F: (H. Wu, Crost, et al,
R: TGAACAGCATCCGGATCGTA 2021)
R: Kindly provided by Dr
Emmanuelle Crost
RS10335-1 F: ATCACAGGCGGGATTCTTCT F: (H. Wu, Crost, et al,
R: TCATTCCTTTTCGGCACAGC 2021)
R: (H. Wu, Crost, et al,,
2021)
RS10340-1 F: GGAGGTACGAAGGGCATGTA F: (H. Wu, Crost, et al,
R: CCGTCCATTGCCCGTATTTT 2021)
R: (H. Wu, Crost, et al,,
2021)
RS$10345-2 F: TGCGTATAGTCTTTGCGTTTGT This study
R: TCATCATAAACTGCTTTCATGCC
RS10350-1 F: TGCGAGGTACAGAAAGATGGT F: (H. Wu, Crost, et al,
R: CCACTTCGCCATCATTACTTCC 2021)
R: (H. Wu, Crost, et al,,
2021)
RS10355-1 F: ACCTGGGCTCCGAAAGAATT F: (H. Wu, Crost, et al,
R: ACACCCGTTGCTAATCCCAA 2021)
R: Kindly provided by Dr
Emmanuelle Crost
RS10360-2 F: AGGGATGCCAGATTCAGTGT This study
R: TCGCCGCTATCCATGTCATA
RgGH29-2 expression confirmation RT-qPCR (4.2.2.3):
RGna_RS04290 RG6_2 F: TGGCATCATCCGGACTATCC This study

R: CCGGCTGATGTTTTCTGACC

Cloning primers (4.2.3):
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RGna_RS14450_Ndel_F
RGna_RS14450_Xhol_R

F: GCATCGCATATGATGAGACCCAAGTATCAT

R: GCATCGCTCGAGCTATGCCTCCATCCTCCATATTTT

This study

RGna_RS07225_Nhel_F
RGna_RS07225_Xhol_R

F.

GCATCGGCTAGCGGAAGAGAGAAAGAGATCAATGC

R: GCATCGCTCGAGTCACTGCTTTTTCTCCTTTGC

This study

RGna_RS14905_Ndel_F
RGna_RS14905_Xhol_R

F.

GCATCGCATATGATGAAGATATGTTTACAGGCAGGAG
R: GCATCGCTCGAGTTACATTCCGATCATGTC

This study

RGna_RS06060_Ndel_F
RGna_RS06060_Xhol_R

F.

GCATCGCATATGATGAATTTTACAACAGTTTTGCATC
R: GCATCGCTCGAGTTATTCAGTTTCTTTAAAAATCAG

This study

RGna_RS08510_Nhel_F
RGna_RS08510_Xhol_R

F.

GCATCGGCTAGCATGGGAAAGACAGCAAAGCAATGG
R: GCATCGCTCGAGTTACCTGCTCTCTTCCTTTTTTCC

This study

RGna_RS14690_Ndel F
RGna_RS14690_Xhol R

F.

GCATCGCATATGATGATTAAGAAGATAAATATTGAAG

R.

GCATCGCTCGAGTTACCACCATACCTTCCAGTCTTTC

This study

RGna_RS07930_Nhel_F
RGna_RS07930_Xhol_R

F: GCATCGGCTAGCATGAGACGAAAAATAGAA
R: GCATCGCTCGAGTTAAGAATTTTTTACATGCC

This study

RGna_RS02745_Nhel F
RGna_RS02745_Xhol R

F: GCATCGGCTAGCATGATTATTCAGAGACAT

R: GCATCGCTCGAGCTGTAAGGAAGACAGGGTATAA

This study

Cloning primers for RgGH13-2 CBM48 domain (5.2.2)

RGna_RS14690_Ndel_F

F:

GH13_2_Xhol_CBM48_R GCATCGGCTAGCATGGGAAAGACAGCAAAGCAATGG
R: GCATCGCTCGAGCGTTTTTCTCAAATCCACCGCC

This study

Stable Isotope Probing fraction gPCR (6.2.2)

16S Universal

F: AGAGTTTGATCMTGGCTCAG

R: ACGGCTACCTTGTTACGACTT

F: (Heuer et al., 1997)
R: (Weisburg et al., 1991)

Numbers in brackets correspond to the thesis chapter where their use is described.

Supplemental Table S3. RNA concentration and quality extracted from R. gnavus ATCC 29149 growth on 0.5% (27.7 mM)
glucose, 1 mM BgAtri, or 1 mM BgAtetra.

Sample RNA Concentration (ng/ul) Tapestation RINe
Glucose T=7 16.7 8.1
BgAtri T=11 1.06 7.4
BgAtetra T=10 2.05 8.7
Glucose T=24 2.22 7.9
BgAtri T=24 6.24 8.5
BgAtetra T=24 <2 7.5

Extraction volume was 3 ml. RNA was extracted at late exponential phase (T=7-11 hours) and after 24 hours. RNA
concentration was measured by Qubit after DNase treatment. RINe was determined by Tapestation analysis.

Supplemental Table S4. RNA concentration and quality extracted from R. gnavus ATCC 29149 growth on 0.5% glucose and

1 mM mucin glycans.

Sample RNA Concentration (ng/ul) Tapestation RINe
Glc1 172 8.6
Glc2 142 8.6
Glc3 142 8.5
Glc4 116 8.5
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Mucin glycans 1 89 8.8
Mucin glycans 2 144 8.7
Mucin glycans 3 156 7.9
Mucin glycans 4 136 8.7

Extraction volume was 5 ml. RNA was extracted at late exponential phase (T=6 for glucose samples and T=7 for mucin

glycan samples. RNA concentration was measured by Qubit after DNase treatment. RINe was determined by

Tapestation analysis.

Supplemental Table S5. List of selected R. gnavus ATCC 29149 GHs.

New locus tag

Old Locus tag

GH family

Protein product

RGna_RS05890

RUMGNA_03411

GH29

WP_233447390.1

RGna_RS04290

RUMGNA_03833

GH29

WP_004844769.1

RGna_RS14395

RUMGNA_00842

GH95

WP_004841212.1

RGna_RS14450

RUMGNA_00830

GH32

WP_004841190.1

RGna_RS07225

RUMGNA_00204

GH23

WP_233447397.1

RGna_RS14905

RUMGNA_01009

GH31

WP_004841524.1

RGna_RS06060

RUMGNA_03447

GH13

WP_004844422.1

RGna_RS08510

RUMGNA_01668

GH13

WP_004842563.1

RGna_RS14690

RUMGNA_00961

GH88

WP_004841431.1

RGna_RS10330

RUMGNA_03118

GH73

WP_004844093.1

RGna_RS07930

RUMGNA_02609

GH2

WP_004843532.1

RGna_RS02745

RUMGNA_00001

GH2

WP_039959057.1
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Supplemental Table S6. Overview of all glycans used as substrate for R. gnavus growth.

ATCC 29149 El References

Mucin and mucin glycan components

Glucose N . (Crost et al., 2013, 2016, 2018;
Grabinger et al., 2019); This work

Gal + + (Crost et al., 2013)

GalNAc - - (Crost et al., 2013)

GIcNACc + + (Crost et al., 2013)

Fucose N . (Crost et al., 2013; Grabinger et
al., 2019)

Neu5Ac - - (Crost et al., 2013, 2016)

2,7-anhydro-Neu5Ac + - (Crost et al., 2016)

BgA trisaccharide . . (H. Wu, Crost, et al., 2021); This
work

BgA tetrasaccharide N i (H. Wu, Crost, et al., 2021); This
work
(Crost et al., 2013; H. Wu, Crost,

PPGM * ) et al., 2021); This work

BgAtri decapped pPGM + + This work

Mucin glycans + - This work

HMOs

Lactose - + (Crost et al., 2013)

2’FL + + (Crost et al., 2013)

3L N N (Crost et al., 2013; Grabinger et
al., 2019)

3'SL + - (Crost et al., 2013, 2016)

6’SL - - (Crost et al., 2013, 2016)

LNT - - (Crost et al., 2013)

LNNnT - - (Crost et al., 2013)

LacNAc - + (Crost et al., 2013)

Glucose oligo- and polysaccharides

Soluble starch - Nt (Crost et al., 2018); This work

Resistant starch - Nt (Crost et al., 2018)

Pullulan - Nt This work

Glycogen - Nt This work

Maltose + Nt (Crost et al., 2018); This work

Isomaltose - Nt This work

Maltotriose + Nt (Crost et al., 2018); This work

Panose + Nt This work

Maltotetraose + Nt (Crost et al., 2018)

a-Cyclodextrin - Nt This work

B-Cyclodextrin Nt This work

Other dietary glycans

Melibiose Nt + (Bruel et al., 2011)

Raffinose Nt + (Bruel et al., 2011)

Nt = Not tested. * R. gnavus was shown to grow on lactose after 60 hours in (Grabinger et al., 2019).
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Supplemental Figure S1. Agarose gel electrophoresis of amplified R. gnavus GHs by PCR. GHs amplified
from R. gnavus ATCC 29149 gDNA (primers listed in 2.4.1). Lanes 1: RGna_RS14450 (insert size: 1.30 Kb);
2: RGna_RS14450 negative; 3: RGna_RS14905 (gene size: 2.50 Kb); 4: RGna_RS14905 negative; 5:
RGna_RS06060 (insert size: 1.85 Kb); 6: RGna_RS06060 negative; 7: RGna_RS08510 (insert size: 1.95 Kb);
8: RGna_RS08510 negative; 9: RGna_RS14690 (insert size: 1.22 Kb); 10: RGna_RS14690 negative; 11:
RGna_RS10330 (insert size: 1.26 Kb); 12: RGna_RS10330 negative; 13: RGna_RS07225 (insert size: 0.66
Kb); 14: RGna_RS07225 negative; 15: RGna_RS02745 (insert size: 3.11 Kb); 16: RGna_RS02745 negative;

17: RGna_RS07930 (insert size: 2.24 Kb); 18: RGna_RS07930 negative. Negatives are PCR runs without
gDNA.
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Supplemental Figure S2. Agarose gel electrophoresis of recombinant plasmids encoding selected R. gnavus GHs. Agarose gel of pET-
28a recombinant plasmids digested with Ndel/Nhe-HF and Xhol. Lanes 1: RGna_RS06060 (insert size: 1.85 Kb); 2: RGna_RS08510
(insert size: 1.95 Kb); 3: RGna_RS10330 (gene size: 1.26 Kb); 4: RGna_RS07225 (insert size: 0.66 Kb); 5: RGna_RS07930 (insert size:
2.24 Kb); 6: RGna_RS14395 (insert size: 2.78 Kb (cut 3 times due to Ndel restriction site in gene)); 7: RGna_RS05890 (insert size:
2.25 Kb); 8: RGna_RS04290 (insert size: 1.31 Kb); 9: RGna_RS14690 (insert size: 1.22 Kb). pET-28a plasmid size = 5.369 Kb.
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RgGH13-2

R‘GHSS

Supplemental Figure S3. SDS-PAGE of selected R. gnavus recombinant GHs. (A) RgGH13-1, RgGH2-1, RgGH29-1, RgGH95, RgGH29-2, and
RgGH88 were run with ladder 1. The gel containing RgGH13-2 and more RgGH13-1 was run with ladder 2. The gel containing RgGH23 and
RgGH73 was run with ladder 3. Lanes correspond to AKTA fractions chosen based on the analysis of the AKTA peak. Protein names in the
gels are given above the gels, for gels with two proteins the white dashed line demarcates the different protein fractions. (B) Protein ladders
used in SDS-PAGE, 1: PageRuler™ Prestained Protein Ladder, 10 to 180 kDa. 2: Color Prestained Protein Standard, Broad Range (10-250 kDa),
New England Biolabs. 3: Prestained Protein Marker Broad Range (7-175 kDa), New England Biolabs.
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Supplemental Figure S4. MALDI-TOF MS analysis of RgGH13-2 activity on pPGM mucin glycans. Comparison of pPGM
mucin glycans (pink) and pPGM mucin glycans treated with RgGH13-2 (red).
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Supplemental Figure S5. TLC analysis of the enzymatic reaction of RgGH73 and RgGH23 with peptidoglycan. 1 =
GlcNAC (standard), 2 = RgGH73/23 + Peptidoglycan 0.1x, 3 = RgGH73/23 + Peptidoglycan 0.01x, 4 = RgGH73/23 +
Peptidoglycan 0.001x, 5 = Peptidoglycan 0.1x (assay conditions), 6 = Peptidoglycan 0.01x (assay conditions), 7 =
Peptidoglycan 0.001x (assay conditions), 8 = RgGH73/23 only.
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Supplemental Figure S6. HPAEC-PAD analysis of enzymatic reaction of RgGHs on mucin glycans. (A) Enzymatic reaction of RgGH23 with mucin glycans. (B) Enzymatic reaction of RgGH73 with

mucin glycans. (C) Enzymatic reaction of RgGH88 with mucin glycans. (D) Enzymatic reaction of RgGH2-1 with mucin glycans.
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Supplemental Figure S7. HPAEC-PAD analysis of enzymatic reaction of RgGH88 and RgGH2-1 on
predicted substrates. (A) Enzymatic reaction of RgGH88 with chondroitin. (B) Enzymatic reaction
of RgGH2-1 with HMOs.
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RGN}'—\_RSOSS 10(cH13-2) CATHROGFRVIMDVVYNHTYSL————— DSWLO———-ETMPWYFYRVWEDG————SVSNG— 299
tr |20A3E3R1S3 |A0A3E3R1S3 SFIRM FATLHENGFRVIMDVVYNHTYFL————— DSWFO———-RTIVEPWYYYRVHENG————ETANG— 299
tr |QYSPSa0|QSP SAO_THEAG - EEAHRRGIRITIFDEFVENHSGIGHWAFLDVASRGRESPYWNWY FVORWPFELGDGFAYLG— 427
tr|Q5JIDY| QSJIDS_THEKO DEAHRRGMEVIFDEFVENHCGIGNEPAFLDVWERGNESPYWDWEFFVEEWPFELGDGSAYVG— 4c4
RGNAE RS06060 (GH13-1) FEAHORGIRIMLDAVFNHCGYCHPFWODVLMHGEESEYYDYFYILDADEPIFDGOVLDGV 304
sp| 068 T751] NEPUQ_THEVU DEAHRRGIRIILDAVFNHAGDOFFAFRDVLORGEQSRYRDWFFIEDFPVS—————————— 276
sp |Q9R9HE| BEMA BACIU SOLHORGMEIMLDAVFNHIGSASPOWODVVENGDOSRYRDWFHIHSFEVT —— 281
sp |P385%40|NEPU_GECSE DRCHERGIRVMLDAVFNHCGYEFAPFODVWENGESSEYRDWFHIHEFPLO—— 279
sp |R0RTUSPEES | EDAS_GE CoTM FRCHERGIRVMLDAVFNHCGYEFGPFODVLENGAASRYRDWFHIREFPLO—————————— 279
L FLuFrrrad b * . HEH
RGN}'—\_RSOSS 10(cH13-2) SACGNDVASECAMCARYTITLESVLYWAEEYHMDGFR. GLL— 341
tr |20A3E3R1S3 |A0A3E3R1S3 SFIRM SACGNDVASERTMCANY IVDSVLYWAGEYHIDGFR. GLL— 341
tr |QYSPSa0|QSP SAO_THEAG T e W-WGELGSLEPELNTANPEVEEYLIGAATHWLD-FGFDGIRT QELT 472
tr|Q5JIDY| QSJIDS_THEKO ————————————— W-WGFGSLPELNTANCEVREYLIGARATHWIE-FGFDGIR NEVL 509
RGNAE RS06060 (GH13-1) POEITPREELNYRTFAY-TPTMPEWNTGNPEVEEYLLEALCFWTERYHIDGWRLEBVSNEV— 362
sp|Q08751 |NEPU2_THEVU ————KTSRTNYETFAVQVPAMPRLRTENPEVEEYLEDVARFWME-QGIDGWRL EV- 330
sp|Q9RYHS| BEMA BACIU ——--D---DNYDRFAF-TADMPRLNTANPEVORYLLDIALYWIREFDIDGWRL EV- 332
sp|P38540|NEPU_GEOSE ————TEPRPNYDTFRF-VPQMPRLNTANPEVERYLLDVATYWIREFDIDGWRL EI- 333
sp |ROATUSPEES |CDAS_GEOTM ————TEPRPNYDTFAF-VPQMPRLNTAHPEVERYLLDVATYWIREFDIDGWRL EI- 333
- * . * - ek * * -
RGNA_RS08510 (GH13-2) -DVELMNRIRRGLDARYGTGERLVFGEFWRADETAVEGNALLADRAHTIHLLDEQVGMFSD 400
tr|AOZA3E3R153 |A0A3E3R1S3 9FIRM -DTGLMNRIEMELSSRYGRGERLVFGEFWSASETPMEQEALPALRRNIDRLNPQVGFFCD 400
tr|Q9PSA0|Q9PSA0 THERG NAEEFFSELRRAIKER--HPDAYIVGEIWELSPRWVOGNMFDSIMN-YALGRDILLAYAR 529
tr|Q5JIDY|Q5JIDY_THERC DPGTFFPELRRAVEER-—KPDAYLVGEIWTLSPEWVEGDRFDSIMN-YALGRDILLNYAR 566
RGNA_RS06060 (GH13-1) -PHDFWREFRFRVEDR-—NPELYIL DNSLPWLMGDQFDAVMN-YEFAMPIWKYFRE 418
sp|Q08751 | NEPU2_THEVU -DHAFWREFRRLVESL--NPDALIVGEIWHDASGWLMGDQFDSVMN-YLFRESVIRFFAT 386
sp|Q9RYHE | BBMA BACIU -DHVFWRTFRQAVSTE--KPDVYILGEIWHSAEPWLRGDEFHARMN-YPFTEPMIEYFAD 383
sp|P38540|NEPU_GEOSE -DHEFWREFROEVRAL--KPDVYILGEIWHDAMPWLRGDQFDAVMN-YPFTDGVIRFFAK 389
sp |ROATUSPEES |CDAS_GEOTM -DHQFWREFROAVRAL--KPDVYILGEIWHDAMPWLRGDOFDAVMN-YFLADAAIRFFAK 389
- - - - - * k& - - - - -
RGN}'—\_RSOSS 10(cH13-2) DTRDAIRGSVFEAEEPGFANGGRDLEEQILASVEAWCGOREPEVEAPSOVITYV, 460
tr |2a0A3E3RK1sS3 |AOA3E3K133_9E‘IRM DTRDATRGHTFEGGTPGEVNGGRGOEGATLSSVEAWCGPG—SEVOQAPSCOVVTY V. 459
tr|QYP9Sa0|QY%PSRA0 THEAG GDW NGERTL ELLGRYYASY————————— GENVIAMGFNLVSSHBTS 566
tr|Q5JIDY| QSJIDS:THEKO GLL SGESAM FMMGRYYASY————————— GENVVAMGFNLVDSHBTS 603
RGNAE RS06060 (GH13-1) ERE--—-GERIYSEEQFR—————— YATGRLLTSY————————— PENVTANLFNLLESHBTE 460
sp |068751|NEPU‘2_THEVU GEI HAERFD AELTRAPMLY-————————— PEQAROGLWNLLDSHBTE 423
sp |Q9R9HE| BEMA BACIU QTI SASEMR HEVNAHLMNG————————- MEQANEVMFNLLDSHBTE 425
sp |P385%40|NEPU_GECSE EEI SARQFA NOMMHVLHSY-————————— PNNVNEAAFNLLGSHBTS 426
sp |R0RTUSPEES | EDAS_GE CoTM EDM SASEFR DELMHVLHSY————————— PEOVNERAAFNLLGSHBTPE 426
- - - ok
RGN}'—\_RSOSS 10(cH13-2) TLWDELCET-——TASEELRRECYRLAAGMYLTCOGIPFLLSGEEFARTRGGRDNTYNAPT 517
tr |20A3E3R1S3 |A0A3E3R1S3 SFIRM TLWDELSLT———VEDEAERMRANEMARAVYMTCOGRIFFLSGEEASRTRGGLENSYNAPT 51e
tr |QYSPSa0|QSP SAO_THEAG - RVLTILGGGNLGDTPRPEATORLELLSTLLY TLPGMPVT FOGDERGLLGDREE——HFD——3 622
tr|Q5JIDY| QSJIDS_THEKO RVLTDLGGGRELGDTPSNESIOFRLELLSTLLYATLPGTPVI FOGDERGLLGDEREG——HYD——E 659
RGNAE RS06060 (GH13-1) RILNRAGQD—————————— VSLVELAYLFMFIFPGTPCVY YGGEIGMGGGEH——————— S 503
sp| 068 T751] NEPUQ_THEVU RFLTSCGGN-—————————— EARFRLAVLFOMTYLGTPLIYYGDEIGMAGATD——FP————-D 467
sp |Q9R9HE| BEMA BACIU ELLTRCEND—————————— EFFARATLAFMFAOTGSPCIYYGTEIGLDGEND——P-——-L 469
sp |P385%40|NEPU_GECSE RILTVCGGD—————————— IRFVELLFLFOLTFTGSPCIYYGDEIGMTGGND——P-———E 470
sp |R0RTUSPEES | EDAS_GE CoTM RLLTVCGGD—————————— VREVELLFLFQLTFTGSPCIYYGDEIGMTGGND——FP————E 470
- * * *
RGNA_RS08510 (GH13-2) TINRLDWEQAYREQELVEYYRGLITLRFMLPGLWDESAQAARRILKTWRTDGCVGLYVDN 577
tr |20A3E3R1S3 |A0A3E3R1S3 SFIRM EINRLIWNEMYEQYELVEYYSGLIALRRRLPGLCDESFDAWERIRDEWETDGVVGELVDN 576
tr|QYPSa0| QSPSAO_THEAG - HRYPICWDT--VNEDVLNHYESLADLRESVPAL-TSSFIRFY—————— TSEE-—-GVLAFF 671
tr|Q5JIDY| QSJIDS_THEKO CRYPICWDT--VNEDVLNHYRATLAELRRERVPATL-RSSAMEFY—————— TARG——-GVMAFF T08
RGNAE RS06060 (GH13-1) NROCMIWEREFCNRELFEFISEMIELRFEYDSF-CSTELOWI —————— NSE-——-N3LALE 553
sp| 068 751 |NEFUZ _ THEVU CREPMIWEERECNRGLFEFYRELIRLRHRLAST-TRGNVESW————— HADFOANLYAFV 520
sp |Q9R9HE | BEMA BACIU CRECMVWEREFCNODMLOFMERLIATLRROENTLLTEGHLEWN————— LLDDENDFISFES 523
sp |P38540| NEPU:GEOSE CRECMVWDPMCONFEELHOHVECOLIATRROYRSL-RRGEISFL—————— HADDEMNYLIYE 523
sp |R0RTUSPEES | CDAS GEOTM CRECMVWDPEFRCNERELYEHVECOLIATLRROYRAT~RRGIVAFL—————— AADDEVNHLVYZR 523

- k. . e

- koo -

Supplemental Figure S8. Amino acids sequence alignment of RgGH13-1 and RgGH13-2 with fully annotated pullulanase
sequences. tr|AOA3E3K1S3|AOA3E3K1S3_9FIRM is a type | pullulanase from Faecalicatena orotica.
tr| Q9P9A0| Q9P9A0_THEAG is a type llI pullulanase from Thermococcus aggregans. tr|Q5JID9|Q5JID9_THEKO is a type
Il pullulanase from Thermococcus kodakarensis. sp|Q08751|NEPU2_THEVU is a neopullulanase from
Thermoactinomyces vulgaris. sp|Q9R9H8|BBMA_BACIU is an intracellular maltogenic amylase from Bacillus subtilis.
sp|P38940|NEPU_GEOSE is a neopullulanase from Geobacillus stearothermophilus. sp| AOA7U9P668 | CDAS_GEOTM is a
cyclomaltodextrinase from Geobacillus thermopakistaniensis. Highlighted in green are catalytic residues. Highlighted in
blue are binding residues. * correspond to fully conserved residues, : to residues with highly similar properties. . to
residues with weakly similar properties.
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13C 12C

M Bacteria;Bacteria;Proteobacteria M Bacteria;Bacteria;Fusobacteriota M Bacteria;Bacteria;Firmicutes
Bacteria;Bacteria;Desulfobacterota M Bacteria;Bacteria;Cyanobacteria B Bacteria;Bacteria;Campylobacterota

M Bacteria;Bacteria;Bacteroidota M Bacteria;Bacteria;Actinobacteriota M Archaea;Archaea;Furyarchaeota

Supplemental Figure S9. Relative abundance of bacterial phyla in heavy and light SIP fractions. Heavy fractions contain
RNA from all gradient fractions with a density of more than 1.81 g/ml, light fractions contain RNA from all gradient
fractions with a density of less than 1.81 g/ml. 2,7-anhydro-Neu5Ac fractions contain RNA from bacteria grown on 13C;
labelled 2,7-anhydro-Neu5Ac. Neu5Ac fractions contain RNA from bacteria grown on 13C;labelled Neu5Ac.
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2,7-anhydro-Neu5Ac Neu5Ac 2,7-anhydro-Neu5Ac Neu5Ac No sugar
13C 12C
W Actinomyces m Actinomyces graevenitzii  m Actinomyces adontolyticus m Bifidobacterium m Rothia mucilaginosa
W Coriobacteriales W Atopobium parvulum H Collinsella W Collinsella aerofaciens M Eggerthellaceae
W Adlercreutzia equolifaciens ® Eggerthella lenta M Gordonibacter

Supplemental Figure S10. Relative abundance of Actinobacteriota species in heavy and light SIP fractions per major
bacterial phyla. Heavy fractions contain RNA from all gradient fractions with a density of more than 1.81 g/ml, light
fractions contain RNA from all gradient fractions with a density of less than 1.81 g/ml. 2,7-anhydro-Neu5Ac fractions
contain RNA from bacteria grown on 13C; labelled 2,7-anhydro-Neu5Ac. Neu5Ac fractions contain RNA from bacteria
grown on 13C; labelled Neu5Ac.
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m Bacteroides uniformis m Bacteroides vulgatus W Barnesiella m Coprobacter
M Butyricimonas M Butyricimonas M Butyricimonas paravirosa B Odoribacter splanchnicus
W Paraprevotella W Prevotellaceae NK3B31 group ® Alistipes Alistipes finegoldii
m Alistipes ihumii M Alistipes indistinctus M Alistipes obesi W Alistipes putredinis
M Alistipes shahii M Parabacteroides M Parabacteroides B Parabacteroides
M Parabacteroides Parabacteroides distasonis Parabacteroides merdae

Supplemental Figure S11. Relative abundance of Bacteroidota species in heavy and light SIP fractions per major bacterial
phyla. Heavy fractions contain RNA from all gradient fractions with a density of more than 1.81 g/ml, light fractions
contain RNA from all gradient fractions with a density of less than 1.81 g/ml. 2,7-anhydro-Neu5Ac fractions contain RNA
from bacteria grown on 13C; labelled 2,7-anhydro-Neu5Ac. Neu5Ac fractions contain RNA from bacteria grown on 13C;
labelled Neu5Ac.
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M Erysipelatoclostridium M Erysipelotrichaceae UCG-003 bacterium W Erysipelotrichaceae

[Clostridium] innocuum group

B Turicibacter sanguinis

m Lactiplantibacillus

W Streptococcus
Christensenellaceae

B Christensenella massiliensis

M Christensenellaceae R-7 group

M Christensenellaceae R-7 group
Christensenellaceae R-7 group

m Clostridium sensu stricto

B Clostridium sensu stricto

u Defluviitaleaceae UCG-011
[Eubacterium] eligens group

B [Eubacterium] hallii group

® [Ruminococcus] gauvreauii group

® [Ruminococcus] torques group

B Holdemanella

M Enterococcus

m Limosilactobacillus

W Streptococcus anginosus

H Christensenellaceae

B Christensenella minuta

B Christensenellaceae R-7 group
Christensenellaceae R-7 group
Christensenellaceae R-7 group

m Clostridium sensu stricto

B Anaerofustis

W Lachnospiraceae

M [Eubacterium] fissicatena group

B [Eubacterium] ventriosum group

m [Ruminococcus] gnavus group

[Ruminococcus] torques group

B Holdemania filiformis

W Lactobacillaceae HT002

m Limosilactobacillus

u Clostridia

H Catabacter

M Christensenellaceae R-7 group

B Christensenellaceae R-7 group
Christensenellaceae R-7 group
Clostridia UCG-014

m Clostridium sensu stricto

B Eubacterium
Lachnospiraceae

M [Eubacterium] fissicatena group

B [Eubacterium] xylanophilum group

® [Ruminococcus] torques group

Agathobacter

Agathobacter Anaerostipes Anaerostipes hadrus
H Blautia H Blautia u Blautia

Blautia M Blautia M Blautia faecis
W Blautia luti M Blautia massiliensis B Blautia obeum

B Lachnospiraceae CAG-56

m Coprococcus catus

B Coprococcus

m Coprococcus comes

W Coprococcus

m Coprococcus eutactus

Supplemental Figure S12. Relative abundance of Firmicutes species in heavy and light SIP fractions per major bacterial
phyla. Heavy fractions contain RNA from all gradient fractions with a density of more than 1.81 g/ml, light fractions
contain RNA from all gradient fractions with a density of less than 1.81 g/ml. 2,7-anhydro-Neu5Ac fractions contain RNA
from bacteria grown on 13C; labelled 2,7-anhydro-Neu5Ac. NeuSAc fractions contain RNA from bacteria grown on 13C;
labelled Neu5Ac.
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Supplemental Figure S13. Relative abundance of Proteobacteria species in heavy and light SIP fractions per major bacterial
phyla. Heavy fractions contain RNA from all gradient fractions with a density of more than 1.81 g/ml, light fractions
contain RNA from all gradient fractions with a density of less than 1.81 g/ml. 2,7-anhydro-Neu5Ac fractions contain RNA
from bacteria grown on 13C; labelled 2,7-anhydro-Neu5Ac. Neu5Ac fractions contain RNA from bacteria grown on 13C;
labelled Neu5Ac.
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Appendix 2. LAB stock solutions composition

Amino acid 10x

Ingredients: g/L
I-Histidine 1.7
I-Isoleucine 2.4
I-Leucine 10
I-Methionine 1.25
I-Valine 7
[-Arginine 7.2
[-Cysteine 2
I-Glutamic acid 6
[-Phenylalanine 4
I-Proline 7
I-Asparagine 5
I-Aspartic acid 0.5
I-Glutamine 6
I-Serine 5
I-Threonine 5
[-Alanine 4
Glycine 3
I-Lysine 5
I-Tryptophan 2
[-Tyrosine 3
Nucleotides 100x
Ingredients: g/L
Adenine 1.1
Guanine 0.56
Uracil 2.3
Xanthine 0.38
Salt & minerals 1 1000x
Ingredients: g/L
ZnS047H,0 5
CoCl,-6H,0 0.19
CuSO, (anhydrous) 0.12
H3BO3 0.75
Kl 0.11

MnSO04-H.0 0.11
(NH4)6M0,024-4H,0  0.19
FeCls 3
FeS04.7H.0 4
EDTA 7.34

Nitrilotriacetic acid 7.34

Salt & minerals 2 10x

Ingredients: g/L
KCHsCO, (Potassium acetate) 9
Ammonium citrate dibasic 17
MgCl, 3.86
NaCl 30
CaCl2 (anhydrous) 0.302
K>SO, 0.23

Vitamins & Antioxidants 1000x

Ingredients: g/L
myo-Inositol 2
L-Glutathione reduced 15
Biotin 6
Thiamine HCI 0.56
Riboflavin 0.9
Pyridoxamine-2HCI 5
Niacin 0.9
Pyridoxine HCI 4.8
Calcium Pantothenate 1.2
Folic acid 0.56
p-Aminobenzoic acid  0.056
Lipoic acid 1

Ascorbic acid 100x

Ingredients: g/L
Ascorbic acid 50
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