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Abstract

Streptococcus pneumoniae is a formidable human pathogen. Responsible for
between 1 and 2 million deaths annually, the pneumococcus makes a major
contribution to global morbidity and mortality. In order to cause disease, the
pneumococcus must first colonise the human nasopharynx. This colonisation is
typically asymptomatic and provides the ideal niche from which the pneumococcus
can transmit itself to new hosts. However, in some cases, the pneumococcus will
undergo a ‘switch’ from harmless coloniser to invasive pathogen, transiting to
deeper, usually sterile niches in the body and causing invasive disease. A key
determinant of successful colonisation of the nasopharynx is the ability to
metabolise the different carbon sources that are available. While the pneumococcus
typically prefers to metabolise glucose, this carbon source is actively eliminated from
the human nasopharynx in an attempt to maintain airway sterility. In the absence of
glucose, galactose is the predominant sugar in this niche. Galactose can be
metabolised by two pathways in the pneumococcus, the Leloir pathway and the

tagatose-6-phosphate pathway.

A study by Trappetti et al., in 2017 was the first to show a link between carbohydrate
metabolism and cell-to-cell signalling in the pneumococcus, demonstrating that the
quorum sensing molecule Autoinducer 2 (Al-2) is likely phosphorylated during
import into the cell. Phosphorylated Al-2 is then proposed to either directly or
indirectly phosphorylate GalR, the regulator of the Leloir pathway, driving an
increase in galactose metabolism and a subsequent hypervirulent phenotype. They
propose that this phosphorylation occurs at the putative phosphorylation sites

identified by Sun et al., in 2010: Serine 317, Threonine 319 and Threonine 323.
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To better understand the role of these putative phosphorylation sites, a series of
amino acid substitution mutants were generated in which each of the sites were
replaced, either singly or in combination, with either the non-phosphorylatable
residue alanine (A) or the phosphomimetic aspartic acid (D) or glutamic acid (E).
While the use of phosphomimetic residues proved somewhat challenging, the use
of non-phosphorylatable alanine residues revealed that each of the three putative
phosphorylation sites are required for growth in galactose, successful activation of

the Leloir pathway and disease progression in a murine model of infection.

What became clear during this study was that despite having two functional
pathways encoded for galactose metabolism, there was an inability for one pathway
to rescue the other during times of metabolic distress. This indicated that these
pathways may not be as discreet as once thought. To further investigate this
potential interplay, a series of mutants were generated, deleting key genes from
either the Leloir or the T6P pathways. This approach revealed that deleting genes
from either pathway resulted in an inability to metabolise galactose, as well as
transcriptional changes indicating that there is indeed interplay between these two
pathways, with GalR possibly playing a key role as the central regulator of both
pathways. Additionally, we found that there is differential accumulation of
metabolites intracellularly as a result of these mutations, which may hold the key to

deciphering exactly how these two pathways are linked.

Finally, using dual in vivo RNA sequencing, we have revealed that GalR and its

putative phosphorylation sites play an important role in virulence, leading to skewing

of the immune response during infection.
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Collectively, the findings of this thesis have significantly advanced our
understanding of pneumococcal galactose metabolism, particularly in terms of its
regulation via GalR. Additionally, we have shed light on the interplay between the
Leloir and T6P pathways, showing for the first time that there is a definitive link that
requires both pathways to be present and functional in order to survive in the
presence of galactose, much like what is found in the human nasopharynx. We have
also shown that the putative GalR phosphorylation sites play a key role in
pneumococcal galactose metabolism, pneumococcal virulence and the host
response to infection. This project provides the foundation for further investigation
into the regulation of pneumococcal galactose metabolism, and the wide-reaching

impacts this pathway has on pneumococcal virulence and disease.
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1.1. Streptococcus pneumoniae

Streptococcus pneumoniae (the pneumococcus) is a Gram-positive bacterium that
continues to be associated with significant global morbidity and mortality. S.
pneumoniae is able to asymptomatically colonise the human nasopharynx, from
where it can transit to new, uninfected hosts, to ensure its survival as a species.
From this niche, however, the pneumococcus can also undergo a switch from
harmless coloniser to invasive pathogen, by translocating to deeper, usually sterile
sites in the body. When this occurs, localised and invasive disease can arise,
ranging from chronic rhinosinusitis and otitis media through to pneumonia,
meningitis, bacteraemia, and sepsis. Despite decades of research and development
of effective vaccination and antibiotic treatment regimes, the pneumococcus

continues to have significant impacts on healthcare.

1.2. History of Streptococcus pneumoniae

The pneumococcus was first described in 1881 independently by Louis Pasteur in
France (Pasteur, 1881) and George M. Sternberg in the United States of America
(Sternberg, 1881). They observed lancet shaped coccoid bacteria present in human
saliva. While this bacterium had previously been reported in the literature (Klebs,
1875, Eberth, 1880), they were the first to demonstrate the pathogenic potential of
the pneumococcus upon injection into rabbits. Pasteur used the saliva of a child
who had succumbed to rabies while Sternberg used his own, after which they
independently identified diplococci present within the blood of the infected rabbits.
Pasteur termed the bacterium Microbe speticemique du salive (Pasteur, 1881) while
Sternberg named it Microbe pasteuri (Sternberg, 1885). Also noted at this time by
Pasteur was the presence of what is now known as the polysaccharide capsule in

the form of material surrounding each cell (Austrian, 1981). By 1886, the pathogen
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had a strong association with cases of pulmonary pneumonia and as such was then
referred to as the Pneumococcus. In 1920, the name was again changed to
Diplococcus pneumoniae, paying homage to the diplococci that were commonly
seen as the causative agent of pulmonary pneumonia (Winslow, 1920). Finally, in
1974 the name was changed to the now known Streptococcus pneumoniae,
reflecting the presence of cocci in chains when grown in liquid media (Deibel, 1974).
The discovery of S. pneumoniae has had significant impacts on the broader
scientific community, being the pathogen in which many key discoveries have been
made. Gram staining was amongst the first of these discoveries, showing for the
first time that there were indeed differences in the structural composition of the
outermost layers of bacteria (Gram, 1884). They demonstrated that while some
bacteria were able to retain Crystal Violet stain, others were not, underpinning the
finding that all bacteria are either Gram-positive or Gram-negative (Gram, 1884).
The Quellung Reaction was another such discovery, allowing for the recognition of
different pneumococcal capsular serotypes. In the early 20" Century, Neufeld
showed that the addition of antiserum to a suspension of S. pneumoniae would
result in serotype-specific macroscopic agglutination and swelling of the
pneumococcal capsule (Neufeld, 1902). This technique, termed the Quellung
Reaction, allowed for the identification of specific pneumococcal serotypes, and was
able to be applied to other encapsulated bacteria such as Klebsiella, Neisseria and
Haemophilus spp. In the century that followed, extensive research has resulted in
the recognition of at least 100 structurally distinct capsular polysaccharide serotypes
of S. pneumoniae (Ganaie et al., 2020).

Arguably amongst the most important scientific discoveries of the 20t century were
the phenomenon of capsular transformation and the identification of DNA as the

molecule that conveys genetic information. Stryker first reported in 1916 that virulent
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pneumococci became less virulent when cultured in broth containing homologous
immune sera (Stryker, 1916). They also saw that these strains produced less
capsule, were more readily ingested by phagocytes, and displayed different
antigenic properties to their virulent counterparts. Griffith expanded on these
findings (Griffith, 1923), adapting the terminology of Arkwright (Arkwright, 1921)
determining ‘Smooth’ (S) colonies as those with a ‘lustrous and mucoid’ appearance
attributed to the presence of a polysaccharide capsule, much like what was
observed in virulent pneumococci. Unlike the ‘S’ colonies, ‘Rough’ (R) colonies
didn’t possess capsule, were avirulent in mice and didn’t lead to the production of
antisera (Griffith, 1928). Griffith was able to show that some ‘R’ forms could revert
to their original ‘S’ phenotype in vivo, while others could not. Even some ‘R’ colonies
that didn’t spontaneously revert could be transformed back to their ‘S’ phenotype
through a procedure in which mice were injected with heat-killed ‘S’ pneumococci
along with the non-revertible ‘R’ strain. He found that the ‘R’ form could not only
revert to its original capsular type, but could also acquire the capsular type of the
heat-killed ‘S’ pneumococci. These findings were quickly verified in following years
by other groups (Dawson, 1928, Neufeld, 1928, Dawson, 1931a, Dawson, 1931Db,
Sia, 1931), thus describing the first events of ‘natural transformation’ occurring
within the pneumococcus. Alloway further expanded on these findings, showing that
the events of transformation could be replicated in vitro, using extracts of lysed
pneumococci (Alloway, 1932, Alloway, 1933). A landmark study by Oswald Avery
and colleagues showed that DNA was in fact the molecule that carried hereditary
genetic information (Avery, 1944). They did so by treating lysates from a ‘S’
pneumococcal strain with DNase prior to completing a capsular transformation
reaction. They saw that this DNase treatment negated the ability for the reaction to

proceed, thereby confirming that DNA was indeed genetic material. These
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discoveries in particular were deemed critically important to both the scientific and
medical communities, and ‘initiated the era of molecular biology’ (Watson et al.,

1993).

1.3. Global Disease Burden

Globally, lower respiratory tract infections (LRTIs) are a significant cause of both
morbidity and mortality (Feldman and Anderson, 2020). Previous studies have
shown that LRTIs accounted for greater than 2.3 million deaths in 2016. Of these
fatalities, more than 650,000 occurred in children under the age of 5, while nearly
1.1 million were in people over the age of 70 (G. B. D. Lower Respiratory Infections
Collaborators, 2018). S. pneumoniae was found to be the primary cause of morbidity
and mortality among these LRTIs, resulting in more deaths than Haemophilus
influenzae type b, Influenza and Respiratory Syncytial Virus combined (G. B. D.
Lower Respiratory Infections Collaborators, 2018).

As evidenced above, pneumococcal infections most commonly occur in children
under the age of five, the immunocompromised and the elderly. Once established
in the nasopharynx, S. pneumoniae must make a career choice, either remaining
asymptomatically within the nasopharynx or invading deeper, typically sterile tissues
such as the lungs, blood, or cerebrospinal fluid (CSF) to cause both localised and
invasive disease (Fig. 1.1.) (Weiser et al., 2018). Localised spread typically results
in conditions such as sinusitis and otitis media (OM), of which the pneumococcus is
a primary causative agent (Brook, 2013, Danishyar, 2019). It is estimated that up to
80% of children will experience at least one bout of OM in their lifetime (Danishyar,
2019). Rates of OM are particularly high in Australian Aboriginal children, up to 10

times higher than the world average (World Health Organization, 1998). Invasive
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Figure 1.1. Overview of pneumococcal colonisation and invasive
disease

Streptococcus pneumoniae must firstly colonise the epithelial mucosa of the
nasopharynx. Colonisation is a prerequisite for both transmission to new
hosts, along with invasive disease in the index host. S. pneumoniae can be
shed in the nasal secretions of a carrier, thereby facilitating transmission.
Dissemination to other niches, whether by aspiration, bacteraemia, or local
spread, can result in invasive disease such as pneumonia, bacteraemia and
meningitis, or otitis media. Reproduced from Weiser et al., (2018).
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pneumococcal diseases (IPD) take the form of pneumonia, meningitis, bacteraemia,
and sepsis. Of the 120 million reported cases of pneumonia in 2010 — 2011, 14
million progressed to severe disease (Walker et al., 2013). Similar to what is
observed in the case of OM, rates of IPD are also reported to be higher in Indigenous
populations than non-Indigenous populations (Forrest et al., 2000, Australian
Institute of Health and Welfare, 2018).

As for many infectious diseases, there are certain risk factors that increase the
likelihood of disease. In the case of pneumococcal carriage, risk factors include
malnutrition, poverty, poor access to healthcare, and time spent in areas with high
levels of crowding such as childcare centres (Lynch and Zhanel, 2010). In the adult
population, lifestyle factors such as smoking, along with asthma,
immunosuppression, age, and prior history of respiratory infection can all increase
the risk of carriage (Lynch and Zhanel, 2010). Alongside these factors, living in
developed vs. developing countries can have great impact on the risk of
pneumococcal infection. In Australia, the fatality rate as a result of IPD remains at
less than 5% in both adults over the age of 65 and children under the age of 5
(Australian Institute of Health and Welfare, 2018). Conversely, the fatality rate for
IPD in children less than 5 years of age in developing countries is 10 — 40%. This
increase may be attributed to the lack of access to quality health care, malnutrition,
and limited availability of treatment options (Bogaert et al., 2004, Harboe et al.,
2009).

Co-infection with other upper respiratory tract pathogens has also been shown to
increase the risk of pneumococcal infection. Influenza in particular has been shown
to enhance pneumococcal infection, leading to increased morbidity and mortality
(Siegel et al., 2014, Sender et al., 2021). This phenomenon was observed most

dramatically during the 1918-19 Spanish Influenza Pandemic, during which a
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significant proportion of fatalities were attributed to secondary bacterial infection,
most commonly by S. pneumoniae (Morens et al., 2008). Alongside these
environmental and socioeconomic predisposing factors, the pneumococcus also

possesses a range of virulence factors that contribute to its success as a pathogen.

1.4. Pneumococcal Virulence Factors

1.4.1. Capsular Polysaccharide

The Capsular Polysaccharide (CPS) is the predominant pneumococcal surface
structure and acts as a major virulence determinant (Paton and Trappetti, 2019).
There are now 100 known pneumococcal serotypes, each with their own propensity
to cause localised or invasive disease (Ganaie et al., 2020). First described by Louis
Pasteur in the 1880s, the CPS has long since been a subject of investigation. It was
first isolated by Dochez and Avery in 1917 (Dochez and Avery, 1917) and
determined to be composed of polysaccharide in 1925 (Avery and Heidelberger,
1925). The CPS forms the outermost layer of encapsulated pneumococci as shown
in Figure 1.2., and ranges from 200 — 400 nm in thickness (Skov Sorensen et al.,
1988). Of the 100 identified serologically and structurally distinct pneumococcal
serotypes (Geno et al., 2015, Croucher et al., 2018), the majority have their CPS
covalently bound to the outer surface of the cell wall peptidoglycan (Serenson,
1990). The simplest form of CPS are linear polymers composed of repeats of two
or more monosaccharides, while more complicated structures involve branched
polysaccharides with repeat units composed of up to six monosaccharides, plus
additional side chains (Geno et al., 2015). CPS contributes to pneumococcal
pathogenesis in a number of ways. It can inhibit both the classical and alternative
complement pathways, acting as a physical barrier that prevents the binding of

immunoglobulins, C-reactive protein and complement components to deeper
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Figure 1.2. Pneumococcal structure and virulence factors

The pneumococcus has multiple virulence mechanisms that allow it to
achieve both colonisation and invasive disease. The most important of these
include the cell wall, the capsule, choline-binding proteins (PspA, PspC),
metal binding proteins (PsaA [manganese import], PiaA, PiuA [iron import
and uptake]), LPXTG-anchored neuraminidase proteins, pneumolysin,
autolysin A (LytA), enolase (Eno) and pneumococcal adhesion and virulence
protein A (PavA). Reproduced from Kadioglu et al., (2008).
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surface structures. The CPS is responsible for reducing opsonisation with C3b/iC3b
components of the complement pathway, blocking the interaction between bound
C3b/iC3b or Fc regions of immunoglobulins with their cognate receptors on
phagocytic cells (Abeyta et al., 2003, Hyams et al., 2010). Most CPS serotypes are
highly charged at physiological pH, which is thought to aid in colonisation of the
nasopharynx (Nelson et al., 2007). This charge aids in avoiding entrapment in nasal
mucous and facilitates attachment of pneumococci to the nasopharyngeal
epithelium by repelling sialic acid-rich mucopolysaccharides present in this niche.
CPS may also aid in inhibiting entrapment of pneumococci within neutrophils
(Wartha et al., 2007) and preventing the recognition of TLR ligands present on the
surface of bacteria, thereby aiding in the progression from harmless coloniser to

invasive pathogen (de Vos et al., 2015).

1.4.2. Virulence Proteins

The pneumococcus possesses a vast array of factors that aid in its virulence. This
has been an important area of research over the past 30 years, as the roles of key
proteins in virulence have become progressively clearer. While there are dozens of
proteins that have been implicated in virulence (Table 1.1), there are a few that have
also been identified as promising vaccine candidates and therefore have been

selected for further discussion below.

1.4.2.1. Pneumolysin

There are many studies showing that pneumolysin (Ply) is a wide-ranging, potent
virulence factor. The amino acid sequence of Ply is highly conserved and present
in almost all pneumococcal isolates, with only few variants described (Lock et al.,
1996, Kirkham et al., 2006). Ply is a 52 kDa protein that oligomerises in the
membrane of cells, forming a large ring-shaped pore that traverses the membrane.

The pore is composed of approximately 40 monomers and is 260 A in diameter

10
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Table 1.1. Overview of key pneumococcal virulence factors, adapted from Weiser

et al 2018.

Virulence Factor

CPS

ChoP on teichoic

acid

Lipopeptides,
lipoteichoic acid
and
peptidoglycan

fragments

Ply

PspA

CbpA/PspC/SpsA

LytA

Description

Capsular polysaccharide,
major surface antigen
divided into 100 structurally
distinct serotypes

PAFR ligand

Pathogen-Associated
Molecular Patterns
(PAMPs)

Pneumolysin, pore-forming
toxin, TLR4 ligand

Choline Binding Protein

Choline Binding Protein

Choline Binding Protein,
Autolysin

Function

Prevents entrapment by
mucous, inhibits

opsonophagocytosis

Binds PAFR on surface of
endothelial and epithelial
cells, facilitate adherence and

invasion

Promote inflammation

Cytotoxic and pro-apoptotic
for many host cells, activates
classical complement
pathway, pro-inflammatory
Limits C3 deposition on
pneumococcal cell surface,
protects against lactoferrin
Binds C3, factor H and sigA,
limits C3b deposition,
facilitates adherence and
invasion of respiratory
epithelium and blood-brain
barrier

Digests cell wall, releases
pro-inflammatory cell wall
fragments and Ply, mediates
capsule shedding during

invasion

11
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CbpD

CbpE/Pce

CbpG

CbpL

NanA

BgaA

StrH

EndoD

12

Choline Binding Protein,
Murein hydrolase

Choline Binding Protein,

Phosphorylcholine esterase

Choline Binding Protein

serine protease

Choline Binding Protein

Neuraminidase A, LPXTG

B-galactosidase, LPXTG

B-N-acetylglucosaminidase,
LPXTG

Endo-N-
acetylglucosaminidase

Hyaluronate lyase, LPXTG

Mediates fratricide and
release of extracellular DNA,
promotes biofilm formation
Decreases neutrophil activity
by inactivation of host PAF,
binds plasminogen
Implicated in mucosal and
invasive disease, cell-
attached form promotes
adherence, extracellular form
degrades fibronectin

Binds collagen, elastin and
C-reactive protein, inhibits
phagocytosis promoting
dissemination from
nasopharynx to lungs and
blood

Unmasks receptors for
adhesins, cleaves terminal
sialic acid from host
glycoconjugates, triggers
TGF-p signalling to facilitate
endothelial invasion

Cleaves sugars from host
glycoconjugates in sequential
manner

Cleaves sugars from host
glycoconjugates in sequential
manner

Cleaves sugars from host
glycoconjugates in sequential
manner

Degrades ECM and
facilitates tissue penetration



PrtA

ZmpA/igA1

ZmpB

ZmpC

PepO

PsrP

RgrA, RgrB and
RgrC

PsaA

AcdA and AdcAll

PiuA, PiaA and
PitA

Cell wall-associated serine
protease, LPXTG

Zinc metalloprotease,
LPXTG

Zinc metalloprotease,
LPXTG

Zinc metalloprotease,
LPXTG

Endopeptidase

Large O-glycosylated
serine-rich repeat protein,
LPXTG

LPXTG proteins, structural
components of pilus 1,
encoded by rIrA
pathogenicity islet

Lipoprotein, solute-binding
component of Mn-specific
ABC transporter
Lipoproteins, solute-binding
components of Zn-specific
ABC transporter
Lipoproteins, solute-binding
components of iron-specific

ABC transporters
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Cleaves lactoferrin, possible
adhesin

Cleaves human IgA+

Possible adhesin

Cleaves human matrix
metalloprotease 9
Facilitates adherence and
invasion, binds fibronectin
and plasminogen, binds C1q
to inhibit classical
complement pathway
Adhesion, binds to lung cells
via keratin 10, mediates
biofilm formation and
bacterial aggregation in the
lung

Adhesins, bind to range of
glycans, facilitate biofilm
formation and colonisation,
RgrA binds PIGR and
PECAM1 on endothelium of
the blood-brain barrier
promoting invasion

Mn uptake within host,
essential for resistance to

oxidative stress in vivo

Zn acquisition in vivo

Fe acquisition in vivo

13
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SIrA and PpmA

PhtA, PhtB, PhtB
and PhtE

PavA and PavB

Eno

GAPDH

SpxB

GIpO

SodA

Etrx1 and Etrx2

SpMsrAB2

14

Lipoproteins, peptidyl-prolyl

isomerases

Family of surface proteins
with unusual His-triad

motifs

Fibronectin-binding
proteins, NCSP

Enolase, NCSP

Glyceraldehyde-3-
phosphate dehydrogenase,
NCSP

Pyruvate oxidase
a-Glycerophosphate
oxidase

Mn-dependent superoxide
dismutase
Surface-exposed
thioredoxin-family
lipoproteins

Methionine sulfoxide

reductase

Contribute to nasopharyngeal
colonisation

Putative adhesins, facilitate
Zn acquisition in vivo along
with AdcAll, may reduce C3
deposition on pneumococcal
surface by binding factor H
Adhere to host surfaces,
important during sepsis and
meningitis

Binds and activates
plasminogen, facilitates
tissue invasion

Binds and activates
plasminogen, facilitates
tissue invasion

Generates H20:2
Generates H20:2

Resistance to oxidative
stress

Resistance to oxidative
stress

Redox partner of Etrx1 and
Etrx2
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(Tilley et al., 2005). Pore-formation leads to lysis of a wide range of eukaryotic cell
types, but at sub-lytic concentrations, Ply is associated with a plethora of cell-
modulatory activities. These include inhibition of ciliary beating on the respiratory
epithelium and brain ependyma, inhibition of phagocyte respiratory burst and
induction of cytokine synthesis and subsequent T-cell activation and chemotaxis
(Paton and Ferrante, 1983, Hirst et al., 2004, Kadioglu et al., 2004). Ply can also
activate the classical complement pathway in the absence of antibody, reducing
serum opsonic activity (Paton et al., 1984) a property that is independent of its pore-
forming activity (Mitchell et al., 1991).

Mutagenesis of the ply gene has been shown to significantly reduce the virulence
of S. pneumoniae in mice, providing direct in vivo evidence for a role in pathogenesis
(Berry et al., 1989b). Both the cell-modulatory and complement-activation attributes
of Ply have been shown to contribute to virulence in vivo (Rubins et al., 1996,
Alexander et al., 1998, Jounblat et al., 2003). Further indirect evidence for a role in
pathogenesis stems from the fact that immunisation of mice with native pneumolysin
(Paton et al., 1983) or non-toxic recombinant Ply derivatives (Paton et al., 1991,
Alexander et al., 1994) confers significant protection against multiple serotypes of
S. pneumoniae. A Ply derivative has also been shown to be an effective carrier for

type 19F CPS in an experimental conjugate vaccine (Paton et al., 1991).

1.4.2.2. Cell Surface Proteins

Cell-surface proteins are strongly considered vaccine targets as they have the
potential to stimulate the production of opsonic antibodies if they are sufficiently
exposed on the cell surface, contributing to clearance of pneumococcal infection.
There are three major classes of pneumococcal cell-surface proteins that have been
identified: choline-binding proteins, lipoproteins and proteins covalently anchored to

the cell wall via a LPXTG sortase motif (Kadioglu et al., 2008).
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1.4.2.2.1. Choline-Binding Proteins

The pneumococcus expresses phosphorylcholine (ChoP) moeties as a component
of cell-wall teichoic acids and membrane-bound lipoteichoic acids which anchor
choline-binding proteins to the cell wall. The majority of these proteins have 20
amino acid repeat sequences that facilitate attachment of the proteins to the cell
surface via ChoP, with the N-terminal sequences varying widely (Jedrzejas, 2001).
The pneumococcus encodes between 10 and 15 choline-binding proteins
(Bergmann and Hammerschmidt, 2006), including pneumococcal surface proteins
A and C (PspA and PspC) and autolysin (LytA).

PspA contains three structural domains, with an N-terminal region composed of
repeated a-helices that protrude from the surface of pneumococci (Jedrzejas et al.,
2001). Between the N- and C- termini is a proline-rich region of between 60 and 8
amino acids that likely contributes to flexibility of the protein. The C-terminus
typically houses the choline-binding region, anchoring the protein to the cell,
although the choline-binding region can be found at the N-termini in some proteins
(Jedrzejas et al., 2001). PspA interferes with the fixation of complement on the cell
surface, thereby inhibiting opsonization (Kadioglu et al., 2008). It is also a lactoferrin
binding protein, which is thought to protect pneumococci from the bactericidal
activity of apolactoferrin (Shaper et al., 2004). While the contribution of PspA to
these processes has been clearly demonstrated, the role it plays in vivo has been
harder to elucidate. Studies of both serotype 3 (McDaniel et al., 1987, Ren et al.,
2004) and serotype 4 (Hava and Camilli, 2002) pneumococci have shown that PspA
is required for growth in vivo, but the same was not found in a serotype 2 strain
(Berry and Paton, 2000, Abeyta et al., 2003, Orihuela et al., 2004).

PspC is a multifunctional cell surface protein that is known by several names (also

choline binding protein A [CbpA] and SpsA), each reflecting different aspects of
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protein function (Kadioglu et al., 2008). It has been shown to play a role in
adherence in vitro, with a pspC knockout mutant having a decreased ability to bind
to both epithelial cells and sialic acid, and showing reduced nasopharyngeal
colonisation compared to wildtype (Rosenow et al., 1997). PspC is also able to bind
to the polymeric immunoglobulin receptor that transports secretory IgA, hence the
alternative name SpsA (secretory pneumococcal surface protein A)
(Hammerschmidt et al., 2000, Zhang et al., 2000). This binding may be one of the
first stages of translocation across the respiratory epithelium, and is consistent with
a pspC knockout mutant being less virulent in a murine pneumonia model of
infection (Jounblat et al., 2003). PspC can also bind to Factor H (Janulczyk et al.,
2000, Dave et al., 2004), which has been shown to prevent formation of C3b via the
alternative complement pathway, thereby inhibiting opsonization and complement-
mediated clearance (Quin et al., 2005).

LytA is an amidase that cleaves the N-acetylmuramoyl-_-alanine bond in
pneumococcal peptidoglycan (Howard and Gooder, 1974). The action of this
enzyme results in the cell lysis observed when growing pneumococci in batch
culture, as well as being implicated in cell-wall biosynthesis and turnover. There is
a strong association between LytA and virulence, with LytA mutants showing
decreased virulence in both pneumonia and bacteraemia murine models of infection
(Berry et al., 1989a, Canvin et al., 1995, Berry and Paton, 2000, Orihuela et al.,
2004). It is thought that this contribution to virulence may be mediated by the LytA-
dependent release of pneumolysin, along with release of inflammatory

peptidoglycan and teichoic acid fragments from lysed cells.

1.4.2.2.2. Cell-Surface Lipoproteins

There are 45 pneumococcal cell-surface lipoproteins that have been reported in the

literature (Bergmann and Hammerschmidt, 2006). Some of the most important of
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these in terms of novel vaccine development are those required for the acquisition
of divalent metal ions from the host environment. Of particular importance is PsaA,
a component of the pneumococcal manganese uptake machinery, along with PiaA
and PiuA, both of which are required for the acquisition and uptake of iron (Kadioglu
et al., 2008).

PsaA was originally proposed to be a pneumococcal adhesin due to its degree of
sequence similarity to putative adhesins from other streptococci species (Sampson
et al., 1994), a theory that was supported in the literature with reports of psaA
mutants exhibiting decreased binding to mammalian cells in vitro (Berry and Paton,
1996, Briles et al., 2000). Further studies however confirmed that PsaA is the
divalent metal-ion-binding lipoprotein component of the ATP-binding cassette (ABC)
transport system used for the uptake of manganese (Dintilhac et al., 1997, McAllister
et al., 2004). The effect that PsaA has on adherence is likely a result of the
pleiotropic impact of a deficiency in manganese transport on expression of other
genes, including those for actual adhesins. This is consistent with previous
structural studies indicating that PsaA is unlikely to protrude beyond the cell wall
(Lawrence et al., 1998, Jedrzejas, 2001). It has also been shown that when the other
genes within the psaBCA operon are mutated, there are comparable impacts on
adherence observed, even though they encode components of the ABC transporter
that are embedded in the cell membrane or are on the cytoplasmic face (Johnston
et al., 2004). Importantly, mutagenesis studies of psaA have shown a role for
manganese uptake in resistance of S. pneumoniae to oxidative stress. Hydrogen
peroxide is a by-product of pneumococcal aerobic metabolism and the host also
generates reactive oxygen species during the innate immune response, both of

which expose the bacterium to oxidative stress. This role in managing oxidative
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stress is a likely explanation for the avirulence of psaA mutants in murine models of
both colonisation and invasive disease (Tseng et al., 2002, McAllister et al., 2004).
There are three operons that are implicated in iron uptake in the pneumococcus,
pia, piu and pit (Brown et al., 2001a, Brown et al., 2002). Each operon encodes a
metal binding protein, a membrane permease and an ATPase; however, the pia and
piu systems have been shown to be particularly important (Brown et al., 2002). PiaA
and PiaU comprise the lipoprotein metal-binding components of these systems. The
role of these proteins in virulence has been established, with immunisation with
these proteins deemed protective in past studies (Brown et al., 2001b). While there
is some redundancy in the three identified iron uptake systems, only a piu-pia double
mutant strain showed significantly attenuated growth in iron-deficient media.
Nevertheless, single pia and piu mutants exhibited decreased virulence in murine
models of pneumonia and bacteraemia, although a double piu-pia mutant was

attenuated to a significantly greater extent (Brown et al., 2002).

1.4.2.2.3. LPXTG Motif Proteins

The covalent anchorage of certain surface proteins to the peptidoglycan of Gram-
positive bacteria is mediated by sortase transpeptidases that recognise the amino-
acid sequence LPXTG within surface proteins, where the ‘X’ can be any amino acid.
While some pneumococci encode a single sortase, others encode multiple predicted
sortase genes (Bergmann and Hammerschmidt, 2006). In strains with multiple
sortase genes, sortase A (StrA) is believed to be responsible for anchoring most
LPXTG-containing proteins, while other sortase proteins mediate anchorage of a
subset of surface proteins, possibly in response to specific environmental cues
(Hava and Camilli, 2002). There are as many as 20 pneumococcal proteins
anchored via an LPXTG motif, including neuraminidases (Bergmann and

Hammerschmidt, 2006).
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Neuraminidases, also referred to as sialidases, cleave the terminal sialic acid
residues present on glycoproteins, glycolipids and cell-surface oligosaccharides.
Studies have shown that neuraminidases can remove the sialic acid residues from
key soluble proteins such as lactoferrin and IgA2 (King et al., 2004). There are at
least three neuraminidase genes present in available pneumococcal genomes:
nanA, nanB and nanC. All pneumococcal genomes have nanA, almost all have
nanB, and approximately 50% have nanC (Pettigrew et al., 2006). Neuraminidases
can be secreted from the pneumococcal cell, but only NanA contains an LPXTG
motif, and NanA and NanB have distinct pH optima (Berry et al., 1996), suggesting
these enzymes may have distinct functions in vivo. Experiments utilising loss-of-
function mutants in murine models of acute pneumonia have shown that both NanA
and NanB are important for survival of the pneumococcus in both the respiratory
tract and bloodstream (Manco et al., 2006). This study also showed that the NanA
mutant was quickly cleared from the respiratory tract, while the NanB mutant was
able to persist without any increase in bacterial load, indicating these enzymes have
differing roles (Manco et al., 2006). While there is no experimental evidence for
NanC playing a significant biological role, analysis of nanC sequences across
pneumococcal isolates indicated that any role it does play may be tissue-specific,
with nanC being more commonly present in CSF isolates compared to carriage
isolates (Pettigrew et al., 2006). Collectively, the pneumococcus is able to utilise

these virulence factors to facilitate its pathogenesis.

1.5. Pathogenesis

1.5.1. Transmission and Carriage

Transmission is an essential factor for the survival of the pneumococcus as a

species. It has long been known that for the pneumococcus to spread, there needed
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to be close contact with a carrier, typically young children, and that these
transmission events were more common during the colder months (Numminen et
al., 2015). This would typically coincide with viral infections of the upper respiratory
tract when shedding of respiratory secretions becomes more prevalent, creating the
ideal environment to facilitate transmission (Gwaltney et al., 1975, Musher, 2003).
The intricacies involved in this transmission, however, have only been realised in
recent years with the development of suitable animal and human-to-human
transmission models.

The pneumococcus is typically found in the mucous layer that overlays the
epithelium of the upper respiratory tract. In this environment the release of Ply
results in increased inflammation at the site, allowing for increased shedding of
pneumococci and transmission to new hosts (Zafar et al., 2017). Similarly, co-
infection with upper respiratory viruses such as influenza virus can lead to increased
shredding of pneumococci, as a result of increased stimulation of secretions (Weiser
et al., 2018). When pneumococci are ingested into the phagosome upon detection
by the immune system, they are killed by lysozyme (Davis et al., 2011). This results
in the release of Ply and subsequent pore formation, triggering a pro-inflammatory
immune response (Parker et al., 2011, Karmakar et al., 2015). The increase in
inflammation and respiratory secretions creates an unhospitable environment for
the pneumococcus, triggering transmission to a new, more suitable host (Weiser et
al., 2018). Once shed from the index host, the pneumococcus must survive for long
enough in the external environment to ensure its transmission to a new carrier.
The pneumococcus can survive for days under ambient conditions with sufficient
nutrients, and has even been cultured from soft toys recently handled by colonised
children in previous studies (Marks et al., 2014). In conditions which are considered

nutrient poor, the expression of pneumolysin can increase the survival of
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pneumococci ex vivo as a result of there being increased nutrients present within
respiratory secretions (Zafar et al., 2017). The ability for the pneumococcus to form
a biofilm can also aid in increasing survival times in nutrient-poor environments, as
they enter a ‘dormant’ state, but are capable of reverting to their original phenotype
when conditions become more favourable (Walsh and Camilli, 2011, Marks et al.,
2014).

Nasopharyngeal colonisation, also referred to as ‘carriage’ is often asymptomatic,
and a naturally occurring event within the first few months of life (Bidossi et al.,
2012). Studies have indicated that pneumococcal carriage can occur in >50% of
healthy children and between 4 — 10% of healthy adults (Regev-Yochay et al., 2004,
Hosseini et al., 2015, Wang et al., 2017). There are several factors that are required
to ensure the establishment of colonisation. The first line of defence that the
pneumococcus must overcome in the upper respiratory tract is mucous entrapment
(Feldman et al., 1992) as shown in Figure 1.3. A gel-like mucin glycoprotein
overlays the epithelium in the upper respiratory tract containing immunoglobulins
and antimicrobial peptides (Rose and Voynow, 2006). While this mucin overlay is
designed to prevent resident pathogens of the upper respiratory tract from
interacting with the epithelium, it provides an ideal environment for bacteria to reside
with ample nutrients (Weiser et al., 2018). As discussed in Section 1.4, the
pneumococcus possesses a range of adhesins that aid in its ability to bind to the
host epithelium, even increasing their expression in response to inflammation to
further promote adherence. Some of these factors include surface-located adhesins
such as pneumococcal adherence and virulence protein A (PavA) and PavB, which
bind to fibronectin and plasminogen, components of the extracellular matrix (Holmes
et al., 2001, Jensch et al., 2010). ChoP present on cell wall teichoic acid are able to

bind to platelet-activating factor receptor (PAFR), while
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Figure 1.3. Molecular mechanisms involved in pneumococcal
colonisation

Streptococcus pneumoniae must first establish contact with the epithelium and
epithelial receptors to facilitate colonisation. During colonisation, the
pneumococcus must interact and overcome the complement system to prevent
clearance by the immune system. It must also degrade the mucous present on
the epithelial layer to gain access to receptors present on these cells to promote
adherence and colonisation. During this process, the pneumococcus must also
act to impair neutrophil recruitment and activation at the site to again prevent
clearance by the innate arm of the immune system. The pneumococcus will
also utilise the pro-inflammatory effects of pneumolysin during colonisation, to
gain access to the respiratory epithelium.

Reproduced from Weiser et al., (2018).

23



Chapter 1: Introduction

PspC is able to bind to the polymeric IgG receptors (PIGR), along with host factor
H and vitronectin (Cundell et al.,, 1995, Zhang et al., 2000). Additionally, the
pneumococcus encodes at least 10 extracellular glycosidases that can enhance
adherence to the host epithelium by modifying glycoconjugates to reveal glycan
receptors (King, 2010). These glycosidases can release carbohydrates which can
be imported and metabolised. This will be discussed in more detail in Section 1.9.
Two of these glycosidases, Neuraminidase A (NanA) and B-galactosidase (BgaA)
have additional lectin domains that appear to function as adhesins independently
from their enzymatic activity (Uchiyama et al., 2009, Limoli et al., 2011).

Another factor that must be considered during colonisation is interactions between
the pneumococcus and other commensal nasopharyngeal microflora, which can be
either competitive or cooperative (Shak et al., 2013). Human colonisation studies
have shown that acquisition of S. pneumoniae after intranasal challenge leads to
increased diversity within the microbiota (Cremers et al., 2014). A stable state of
inflammation in the upper respiratory tract (URT) is the most favourable for the
presence of S. pneumoniae, such as that which occurs during coinfection with upper
respiratory viruses (Nakamura et al., 2011). Viruses such as influenza result in
expression of pro-inflammatory cytokines that upregulate expression of the
epithelial receptors used by the pneumococcus for adherence (McCullers and Rehg,
2002). This compromises the nasopharyngeal epithelium, providing more nutrients

in the immediate environment and promoting colonisation (Avadhanula et al., 2006).

1.5.2. Invasive Pneumococcal Disease

Establishing stable colonisation in the nasopharynx provides the optimum lifestyle
for S. pneumoniae. Here it is able to survive for long periods, while also having the
opportunity to readily transmit to new hosts. As mentioned above, viral infection can

result in a pro-inflammatory immune response, causing damage to the respiratory
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epithelium. These conditions can cause increases in bacterial loads in the URT. This
not only facilitates transmission, but can also increase the likelihood of invasion of
other host tissues, resulting in both localised and invasive disease, as outlined in
Figure 1.4. Progression to invasive disease in particular is most likely when the
pneumococcus transits to the lungs, or crosses the epithelial and/or endothelial
layers housing the blood or cerebrospinal fluid (CSF) (Weiser et al., 2018).

The process of invasion is a complex one. Firstly, the pneumococcus must avoid
entrapment in the mucous overlaying the epithelial layer, as explored in Section
1.5.1. The negatively charged capsule and degradation of IgA1 by the zinc
metalloprotease ZmpA aid in preventing this entrapment. From here, glycosidases
such as NanA, BgaA and StrH are able to unmask glycan targets present on the
epithelium, revealing locations for pneumococcal adhesins to bind, while
pneumolysin prevents ciliary beating (Kadioglu et al., 2008). There are five cell
surface structures in particular that mediate adherence to the apical surface of
epithelial cells; ChoP, CbpA, PavA, the large surface-exposed glycoprotein PsrP
and finally the ancillary pilus subunit RgrA which is located at the tip of pili. When S.
pneumoniae binds to PAFR via ChoP, or to PIGR via CbpA (Zhang et al., 2000), it
subverts the host receptor recycling pathways, triggering endocytosis into epithelial
cells and release at the basolateral surface upon exocytosis (Cundell et al., 1995).
The actions of pneumolysin and hydrogen peroxide can provide an alternative
method of transit to the interstitium as a result of disrupting the integrity of the
epithelium, while hyaluronate lyase (Hyl) and plasmin can degrade the extracellular
matrix, enabling paracellular invasion. Binding of ChoP to PAFR and CbpA to PIGR
also promote traversing of the endothelium, allowing access to the bloodstream and

subsequent haematogenous spread (Cundell et al., 1995, Zhang et al., 2000).
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Figure 1.4. Stages of pneumococcal adherence and invasion

To cause invasive disease, S. pneumoniae must first adhere to the epithelium
of the upper respiratory tract (a) after evading entrapment in mucous and
mucociliary clearance. Binding via ChoP to PAFR and CbpA to PIGR triggers
endocytosis of the pneumococcus into the cell, allowing transit to the
basolateral surface. Alternatively, pneumolysin and the release of hydrogen
peroxide damages the integrity of the epithelium, allowing paracellular invasion
by pneumococci. This permits haematogenous spread from the interstitium into
the blood stream (b), allowing subsequent penetration of the blood-brain barrier
and access to the cerebrospinal fluid. Reproduced from Weiser et al., (2018).
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Inflammatory cytokines present at the site of invasion will cause upregulation of
PAFR expression further facilitating invasion via this pathway (Weiser et al., 2018).
In order to traverse the blood-brain barrier (BBB), the pneumococcus again utilises
ChoP-PAFR and CbpA-PIGR binding, along with CbpA-laminin receptor binding on
the brain microvascular endothelium (Orihuela et al., 2009, Brown et al., 2014). This
allows S. pneumoniae to cross the BBB, leading to meningitis. Similar to invasion of
the respiratory epithelium, pneumolysin and hydrogen peroxide generated by o-
glycerophosphate oxidase (GIpO), as well as binding of pneumococcal surface
proteins enolase (Eno), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
choline binding protein E (CbpE) to plasmin can all lead to decreased integrity of
the BBB (Rayner et al., 1995, Attali et al., 2008, Mahdi et al., 2012), promoting

invasion of these tissues and subsequent invasive disease

1.6. Host Immune Response to Pneumococcal Infection

1.6.1. Innate Immunity

The innate immune response is essential for controlling colonisation of the URT and
for providing protection during invasive disease (Koppe et al., 2012). Innate
immunity provides a non-specific, yet rapid response initiated by the recognition of
anything considered ‘non-self’. Recognition of invading pathogens is mediated by
Pattern Recognition Receptors (PRRs). They can detect Pathogen-Associated
Molecular Patterns (PAMPs), resulting in the initiation of a signalling cascade
leading to what is known as the innate immune response (Janeway et al., 2001,
Paterson and Mitchell, 2006).

Toll-like Receptors (TLRs) are one such PRR that reside throughout human immune
cells (Koppe et al., 2012). TLR2, TLR4 and TLR9, specifically, play roles in

recognition and response to pneumococcal infection (Srivastava et al., 2005,
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Richard et al., 2014, Tomlinson et al., 2014). TLR2 is located within the plasma
membrane of cells and is able to recognise PAMPs in the form of pneumococcal
cell wall components such as lipoteichoic acid and lipoproteins (Yoshimura et al.,
1999, Schroder et al., 2003, Schmeck et al., 2006). TLR4 also resides in the plasma
membrane and recognises Ply as a PAMP (Malley et al., 2003, Koppe et al., 2012).
TLR9 is located within endosomes and can recognise pneumococcal DNA
containing unmethylated CpG motifs (Koppe et al., 2012, Albiger et al., 2005). There
is increasing evidence to suggest that TLR2 and TLR9 can enhance pneumococcal
phagocytosis and intracellular killing in leucocytes (Albiger et al., 2005, Letiembre
et al., 2005). TLRs can differentially engage with four major adaptor molecules,
myeloid differentiation primary response 88 gene (MyD88), TIR-domain-containing
adaptor-inducing-interferon B (TRIF) protein, MyD88-adaptor-like (MAL) protein,
and TRIF-related adaptor molecule (TRAM). Interaction with these adaptors triggers
signalling pathways resulting in activation of transcription factors such as NF-«xB,
IRF3 and IRF7 (O'Neill and Bowie, 2007). MyD88 specifically is also able to mediate
downstream signalling of interleukin (IL) — 1 and IL-18 receptors (Koppe et al.,
2012), resulting in inflammation.

In addition to TLRs, Nucleotide-binding and Oligomerisation Domain- (NOD-) like
Receptors (NLRs) play an important role in the innate immune response, primarily
activating NF-kB-dependent pro-inflammatory gene expression (Koppe et al.,
2012). NOD1 is activated through recognition of Gram-negative bacteria, while
NOD?2 is activated by the peptidoglycans of essentially ‘all’ bacteria (Sorbara and
Philpott, 2011). In vitro studies have previously shown that upon detection of
internalised pneumococci, there is activation of NF-kB (O'Neill and Bowie, 2007),
while NOD2-mediated recognition of S. pneumoniae mediated MCP-1 (CCL2)

production, leading to recruitment of macrophages in the upper respiratory tract.
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NOD2, together with TLR2 contribute to the clearance of pneumococcal colonisation
within the host (Davis et al., 2011). Other NLRs, such as NLRP3, can form protein
complexes known as inflammasomes (Schroder and Tschopp, 2010), which
regulate IL-1B and IL-18 post-translationally by cleaving their zygomatic pro-forms
to form functional cytokines (Koppe et al., 2012).

The actions of TLRs and NLRs lead to the recruitment of immune cells to the site of
pathogen recognition. S. pneumoniae activates phagocytic cells and is then
destroyed through different mechanisms involving TLRs, resulting in the induction
of B cells to produce cytokines such as tumour necrosis factor a (TNFa), IL-6 and
pro-IL-13 (Albiger et al., 2007, Ku et al., 2007, Wang et al., 2007, Dessing et al.,
2008, Dogan et al., 2011, Koppe et al., 2012). Complement is activated through a
C3-dependent cascade in response to infection (Kerr et al., 2005), leading to B-cell
activation through the complement receptors CD21 and CD35 (Carroll, 2004). After
antigen presentation, naive B cells differentiate into IgM*™ memory cells, producing
pneumococcus-specific IgM without the aid of T cells. Later, during hypermutation
and class switching, some of these specific IgM* B cells will differentiate into
pneumococcus-specific IgG* and IgA* memory B cells or plasma cells, thereby

branching from innate immunity into adaptive immunity (Richards et al., 2010).

1.6.2. Adaptive Immunity

Adaptive, or acquired, immunity takes longer to develop than innate immunity, but it
is pathogen-specific and highly effective. The adaptive immune response can be
divided into two main branches: cell-mediated immunity and humoral immunity.

Cell-mediated immunity is dependent on the production of T-cells, which play a key
role in the clearance of pneumococcal infection. T-cells can be further divided into
two major classes, CD4" helper T-cells and CD8" cytotoxic T-cells (Mook-Kanamori

et al., 2011). T-cell activation occurs upon recognition of antigens presented on the
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major histocompatibility complex (MHC) of antigen presenting cells (APCs) such as
macrophages, dendritic cells and B-cells (Brooks and Mias, 2018). Once activated,
CD4* helper T-cells further differentiate into either Th1, Th2 or Th17 subsets which
each play unique roles in the progression of the immune response. Th1 cells
typically produce pro-inflammatory cytokines, driving an inflammatory immune
response and recruiting additional immune cells to the site of infection. Th2 cells will
interact with B-cells to trigger class switching and the generation of antibodies
(Romagnani, 1999). Th17 cells are IL-17 producing T-helper cells that have been
shown to play a role in anti-pneumococcal immunity. The release of IL-17 from these
cells promotes recruitment of monocytes, neutrophils and macrophages to the site
of infection, resulting in enhanced bacterial clearance (Hoe et al., 2017).
Conversely, CD8" T-cells will directly kill infected host cells (van der Poll and Opal,
2009).

Humoral immunity involves the generation of antigen-specific antibodies via B-cells.
The activation of B-cells and class switching that follows results in the generation of
highly specific and functional antibodies, typically in the form of IgG and IgA, which
will promote phagocytosis through opsonisation of the target pathogen (Mook-
Kanamori et al., 2011). Post-infection, subsets of both T-cells and B-cells will
differentiate into memory cells which will continue to circulate. If re-infection were to
occur, these memory cells would be capable of undergoing rapid activation, allowing
for a faster, pathogen-specific adaptive immune response and enhanced pathogen
clearance (Sprent, 1994). This principle of ‘memory’ within the immune response is
what makes prevention methods like vaccination such a robust and reliable method

for preventing infection.
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1.7. Prevention and Treatment of Pneumococcal Disease

1.7.1. Vaccines and Serotype Replacement

The first trials of pneumococcal vaccines were reported in the early 1910s, with a
crude whole-cell vaccine (WCV) used to immunise South African gold mine workers
who showed a high incidence of severe pneumococcal infections (Wright, 1914).
This led to a raft of clinical trials to determine the safety and efficacy of
pneumococcal vaccination against particular serotypes. The validity of these
studies, however, was soon questioned due to a lack of randomisation and
methodological flaws (Lister, 1917, Ekwurzel, 1938, Felton, 1938). In the 1940s,
trials commenced on bivalent, trivalent and quadrivalent pneumococcal capsular
polysaccharide vaccines which proved more successful and showed that there
could indeed be immunity generated as a result of vaccination (MacLeod et al.,
1945, Kaufman, 1947). It was around this time that antibiotics effective in the
treatment of pneumococcal infections were introduced into clinical use. In particular,
the efficacy of penicillin against pneumococcal disease was deemed ‘miraculous’
and led to the widespread conclusion that these infections were completely curable
and didn’t need effective vaccines to control the spread and severity of infection.
Because of this, all pneumococcal vaccines were effectively withdrawn from the
market by the late 1950s (Butler et al., 1999). This changed however in 1964, when
Robert Austrian and Jerome Gold presented data on more than 2,000
pneumococcal pneumonia cases that presented at Kings County Hospital in
Brooklyn between 1952 and 1962 (Austrian, 1964). They reported that despite the
efficacy of macrolides in the treatment of infections, mortality rates within these
patients were as high as 1 in 4, with this mortality being more pronounced in the
elderly. This prompted Austrian and others to reassess the development of an

efficacious polyvalent pneumococcal polysaccharide vaccine (U.S. Congress,
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1979). With the use of a double-blind randomised trial (Austrian, 1984), Austrian
and others were able to show rates of protective efficacy against invasive
pneumococcal infection and pneumonia between 76 — 92% post-vaccination
(Austrian et al., 1976, Smit et al., 1977). This resulted in the licensure of the first 14-
valent pneumococcal polysaccharide vaccine in 1977. The implementation of this
vaccine saw a reduction in both morbidity and mortality in the healthy population,
but overall rates of pneumonia remained mostly unaffected (Riley et al., 1977). In
1983, the introduction of an expanded 23-valent polysaccharide vaccine (PPSV-23)
provided coverage against 80-90% of disease-causing pneumococcal serotypes
and this vaccine is still in use today. While PPSV-23 reduced the incidence of
invasive pneumococcal disease within the target population, the overall rates of
pneumococcal carriage and pneumonia have remained unchanged (Fine et al.,
1994, Stanek et al., 2016). One additional factor complicating the overall efficacy of
PPSV-23 is the low levels of immunogenicity it elicits in the most vulnerable target
populations, these being young children, the elderly and immunocompromised
individuals. The low levels of immunogenicity here is a result of the CPS being a T-
cell independent antigen. The majority of antibody responses occurring in response
to this antigen are a direct result of expansion of cognate B cells (Daniels et al.,
2016). This means that, while able to induce an immune response, it is not an
adequate response in these age groups, and thus the effectiveness of PPSV-23 is
compromised (Heilmann, 1990, Shapiro et al., 1991). The continued high risk of
invasive pneumococcal disease within these groups led to the development of
polysaccharide-protein conjugate vaccine (PCVs), in which each of the component
polysaccharides is conjugated to a protein carrier, thereby promoting a T-cell
dependent immune response, antibody maturation and generation of memory cells.

A 7-valent PCV (PCV7) covering serotypes 4, 6B, 9V, 14, 18C, 19F and 23F, in
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which the capsular polysaccharide was conjugated to the protein carrier CRM197,
a non-toxic variant of diphtheria toxin, was licensed in 1999. PCV?7 elicited a strong
immune response, even in children under the age of two. Widespread use in
paediatric populations resulted in a reduction in both carriage and IPD in this age
group, as well as in the adult population as a consequence of herd immunity
(Whitney et al., 2003, Hammitt et al., 2006, von Gottberg et al., 2014). In 2010,
PCV7 was expanded to include six additional serotypes (1, 3, 5, 6A, 7F and 19A),
to cover serotypes particularly prevalent in developing countries (1 and 5), as well
as others which had remained significant causes of disease globally. Types 6A and
19A were included to address the poorer than expected degree of cross-protection
elicited by the 6B and 19F antigens included in the original formulation (Bryant et
al., 2010).

Notwithstanding their high immunogenicity, PCVs elicit largely serotype-dependent
protection, and whilst their widespread use has proven highly successful in the
reduction of invasive disease caused by included serotypes, rates of disease due to
several non-vaccine serotypes has increased, partially off-setting the overall
reductions in morbidity and mortality. This phenomenon is termed ‘serotype
replacement’ and has been widely reported in the literature since the introduction of
PCVs (Dagan, 2009, Gladstone et al., 2017). This underpins the need for non-
serotype specific vaccines that will target non-capsular virulence factors common to
the majority of pneumococcal serotypes. There are a range of target protein
antigens that have been investigated for their potential use as vaccine candidates,
including neuraminidase, LytA, Ply, CbpA, PspA, pneumococcal surface antigen A
(PsaA) and polyhistidine triad protein D (PhtD) to name a few (Lock et al., 1988,
McDaniel et al., 1991, Paton et al., 1993, Sampson et al., 1997, Chen et al., 2015,

Pichichero, 2017, Afshar et al., 2020). Protein antigens such as these are expected
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to elicit a T-cell-dependent response that results in long term immunological
memory. There is also now increasing evidence to support the use of WCVs in the
prevention of pneumococcal disease, much like the principles employed in the first
documented vaccine from 1911 (Wright et al., 1914). The newer WCVs are based
on killed, non-encapsulated pneumococci, that display a wide array of protein
antigens on their outer surface. This elicits a broad anti-surface protein response
that mimics the natural human immunity that develops in late childhood-early
adulthood through previous exposure to pneumococci. Indeed, anti-protein
antibodies rather than anti-capsular antibodies are largely responsible for natural
human immunity (Wilson et al., 2015). WCVs based on mutated derivatives of the
un-encapsulated S. pneumoniae Rx1 strain have previously been shown to provide
protection against both carriage and sepsis in mice, indicating that the ability to
generate antibodies against a range of pneumococcal antigens can play a role in
preventing invasive disease and carriage (Malley et al., 2001, Lu et al., 2010, Babb
et al., 2016). These WCVs were inactivated either by chemical killing (Moffitt and
Malley, 2016) or gamma-irradiation (Babb et al., 2016, Babb et al., 2017, David et
al., 2019), and are at the late pre-clinical or early clinical trial stages of development.
WCVs offer the prospect of cheap broadly-effective protection against all

pneumococci, regardless of serotype (Morais et al., 2019).

1.7.2. Antibiotics and Emerqging Resistance

The introduction of beta-lactams such as penicillin in the 1940s led to a significant
reliance on antibiotics for the treatment of pneumococcal infections. This was a
suitable approach until the emergence of resistant pneumococcal strains, the first
of which was reported in a paediatric patient in Australia in 1967 (Hansman and
Bullen, 1967). In the years that followed, resistant isolates were continually isolated

from both patients who had previously undergone beta-lactam treatment, and those
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who hadn’t (Hansman et al., 1971). The misuse and overuse of beta-lactams played
a significant role in the development of this resistance and continues to be an issue
to this day (Cherazard et al., 2017). In 2017, penicillin-non-susceptible S.
pneumoniae was listed as one of 12 ‘priority pathogens’ that posed the greatest
threat to human health (World Health Organization, 2017). The mechanisms
underpinning this resistance are now understood to arise from structural
modification of one or more penicillin binding proteins (PBPs), such that penicillin
can no longer bind and reduce peptidoglycan synthesis (Cornick and Bentley,
2012). Rates of penicillin resistance vary globally, with non-susceptibility rates
surpassing 30% in Spain and 50% in the Middle East and East Asia, while Finland,
Sweden and Germany maintain resistance rates as low as 5% (Bruinsma et al.,
2004, Lynch and Zhanel, 2009, Mamishi et al., 2014, Cherazard et al., 2017, El
Moujaber et al., 2017).

In addition to beta-lactams, macrolides such as erythromycin, azithromycin and
clarithromycin have become standard in antibiotic treatment regimes (Cherazard et
al., 2017). Macrolides are characterised by the presence of a large lactone ring
varying from 12 to 16 atoms in size (Zhanel et al., 2001). Macrolides act by binding
to the 23S rRNA, thereby inhibiting RNA-dependent protein biosynthesis and
causing cell death (Cherazard et al., 2017). Current resistance rates to macrolides
range from 10% to 70% across the globe, with these rates continuing to rise (Zhanel
et al., 2014). Continued overuse of antibiotics is applying strong selective pressure,
which is driving the increasing rates of resistance that are seen, leaving us
dependent on new or combined treatment regimens, which are much more
expensive. It is also increasing the need for improved prevention strategies in the

fight against pneumococcal disease. Gaining a fundamental understanding of the
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processes undertaken by the pneumococcus that facilitate invasive disease can

provide new avenues for potential treatments.

1.8. Quorum Sensing (QS)

At different stages of infection, the pneumococcus is capable of forming biofilms.
Biofilms are highly organised and dense structures, with more than 99% of microbial
life thought to exist in this state (Watnick and Kolter, 2000). Within these complex
structures, individual cells can interact with neighbouring cells to coordinate a vast
array of cellular processes. This process is known as Quorum Sensing (QS) and is
governed by the coordinated sensing and release of small signalling molecules
known as autoinducers (Miller and Bassler, 2001, von Bodman et al., 2008). This
process is linked to a number of critical features in the pneumococcus, as detailed

below:

1.8.1. Oligopeptide two-component type QS

The oligopeptide two — component type QS system, found only in Gram-positive
bacteria, utilises an autoinducer signalling peptide (AIP) and a two-component
signal transduction system (TCSTS) (Novick, 2003, Claverys et al., 2006). TCSTSs
consist of a histidine kinase and a response regulator protein. When an AIP is
sensed by the histidine kinase, it transfers a phosphate group to the response
regulator protein, resulting in differential gene expression (Stock et al., 2000). The
CSP/Com system controlling genetic competence in pneumococci is an example of
this type of QS system. Indeed, it was the first QS system to be described in the

literature (Tomasz, 1965).

1.8.2. Competence and Natural Transformation

Competence is the feature governing the natural transformability of the

pneumococcus (Vidal et al., 2013). This refers to a transient state developed by a

36



Chapter 1: Introduction

range of bacterial species, during which ‘competent’ cells upregulate genes
responsible for the uptake of foreign DNA, enabling natural transformation and the
rapid acquisition of favourable traits from neighbouring cells (Moreno-Gamez et al.,
2017). Pneumococcal competence is regulated by the comABCD locus. In short,
the signalling peptide required by this system is Competence Stimulating Peptide
(CSP), encoded by the gene comC. The CSP precursor, pre-CSP is transported
from the cytoplasm across the cell membrane to the extracellular environment.
During this process, pre-CSP is cleaved to its active form CSP and begins to
accumulate in the extracellular environment, where it is able to be sensed by both
cells producing CSP and neighbouring cells via the histidine kinase ComD. This
results in phosphorylation of the cognate response regulator ComE, which then
recognises and binds specific DNA binding motifs, resulting in differential gene
expression, including late competence genes that encode proteins required for
uptake and integration of extracellular DNA (Galante et al., 2015). The release and
sensing of CSP by pneumococci during development of competence is the earliest
example of bacterial quorum sensing (Tomasz, 1965).

While competence has always been critical for the acquisition of new virulence
genes (Zhu and Lau, 2011), studies have also shown that the competence regulon
can cross-regulate virulence (Lau et al., 2001, Ibrahim et al., 2004, Guiral et al.,
2005, Claverys et al., 2007, Kowalko and Sebert, 2008). Studies assessing the role
of ComB, a component of the ABC transporter required for CSP export, have shown
that loss of function of this protein results in attenuation of S. pneumoniae in a
murine model of infection (Lau et al., 2001). Similar attenuation has also been
observed in S. pneumoniae mutants lacking the histidine kinase ComD (Lau et al.,

2001).
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1.8.3. S-ribosyl-homocysteine lyase (LuxS)-mediated Autoinducer 2 QS

A QS system common to both Gram-positive and Gram-negative bacteria that
allows them to communicate with their neighbours is the LuxS-mediated
autoinducer 2 (Al-2) QS system (Wang et al., 2012). This system is dependent on
the synthesis of the keto-pentose sugar-like molecule Autoinducer-2 by the
metabolic enzyme LuxS (S-ribosyl-homocysteine lyase). Al-2 synthesis by LuxS
occurs as a by-product of the activated methyl cycle in the pneumococcus, arising
during the conversion of S-ribosyl-homocysteine to homocysteine (Yadav et al.,
2018). Homologues of LuxS have been found across almost all bacterial species,
indicating this is a highly conserved method of cell-to-cell communication (Kaur et
al., 2018). Despite this, the mechanism whereby Al-2 accumulation mediates
transcriptional responses is poorly understood, particularly in Gram-positive

bacteria.

1.9. Pneumococcal Carbohydrate Metabolism

S. pneumoniae is a strictly fermentative organism, relying solely on glycolysis for
energy production. The pneumococcus lacks the genetic material required to
encode the tricarboxylic acid cycle and electron transport chain, leaving it reliant on
the availability of carbon sources present within the human host for survival (Hoskins
et al., 2001). The importance of carbohydrate metabolism in the pneumococcus is
exemplified by the sheer number of sugar transporters encoded within the genome.
Of all transporters present, 30% of them are dedicated to the uptake of
carbohydrates (Hoskins et al., 2001, Bidossi et al., 2012). To date, there have been
32 carbohydrates identified as potential energy sources in S. pneumoniae that can
be readily imported by 21 phosphoenolpyruvate phosphotransferase system

transporters (PTSs) and 8 ATP-binding cassette (ABC) transporters (Bidossi et al.,
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2012). These two transporter families differ primarily in their ability to phosphorylate
incoming cargo. ABC transporters are composed of an extracellular solute binding
domain, capable of binding solute and delivering it to the transporter. The solute
then traverses the membrane through the transmembrane domain (TMD). Directly
beneath the TMD sits the nucleotide binding domain, which is able to hydrolyse
ATP, providing energy to facilitate transport (Marion et al., 2011, Buckwalter and
King, 2012). The PTS on the other hand is composed of two cytoplasmic proteins,
Enzyme | and Histidine Protein (HPr) which transfer phosphate groups from
phosphoenolpyruvate to the multi-domain Enzyme Il, a sugar-specific transporter
facilitating import of the desired carbon source (Buckwalter and King, 2012, Postma
et al., 1993).

During the course of colonisation and infection, the pneumococcus encounters a
range of niches, each with distinct nutrient availability. This means that niche
adaptation by the pneumococcus is critical. Glucose (Glc) is the preferred carbon
source for the pneumococcus, followed closely by sucrose. The presence of these
sugars results in suppression of the metabolic pathways required for the utilisation
of other, non-preferred carbon sources. This suppression occurs via a process
known as ‘Carbon Catabolite Repression’ (CCR), preventing the simultaneous
utilisation of sugars to maintain metabolic efficiency. During CCR, the transcription
factor carbon catabolic protein A (CcpA) will bind to catabolite repression elements
(cre) present within the promotor region of genes responsible for non-preferred
carbon source utilisation, resulting in repression. This process has been shown to
play critical roles in pneumococcal disease progression, with deletion of ccpA
resulting in decreased colonisation of the nasopharynx and reduced transit of
pneumococci to the lungs and blood in a murine model of infection (lyer et al., 2005).

Other upper respiratory tract co-colonisers such as Haemophilus influenzae,
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Neisseria meningitidis and Moraxella catarrhalis have far greater limitations on their
ability to metabolise carbohydrates, but they are not solely reliant on them for

survival (Shakhnovich et al., 2002).

1.9.1. Glucose as a Carbon Source

As mentioned in Section 1.9, Glc is the preferred carbon source for the
pneumococcus (Carvalho et al., 2011). Glc is typically found in the blood of the
human host ranging in concentration from 3.5 mM to 5.5 mM in healthy adults, along
with inflamed tissues, however its availability differs between niches (Guemes et al.,
2016). Glc is predominantly imported by the PTS MalN-MalLM system in the
pneumococcus (Bidossi et al., 2012), resulting in phosphorylation of the incoming
cargo to Glc-1-P, permitting entry into the glycolytic pathway. In addition, there is an
additional ABC transporter that can import Glc, which is then phosphorylated to Glc-
6-P by the glucokinase Gki before entering the glycolytic pathway (Bidossi et al.,
2012). In niches such as the nasopharynx, where Glc concentrations are below
1mM (Philips et al., 2003), the pneumococcus employs a range of glycosidases
such as NanA, BgaA and StrH that are able to cleave sugars from host N-linked
glycoconjugates (King, 2010). This allows these liberated sugars to then be taken

up by their cognate PTS or ABC transporters to support energy production.

1.9.2. Galactose as a Carbon Source

Galactose (Gal) is a monosaccharide sugar that is the primary carbon source found
in the upper respiratory tract (Afzal et al., 2015). This is a tactic employed by the
human host to maintain airway sterility by actively eliminating Glc from this niche.
This then limits the bacteria that can persist there to those that can metabolise the
carbon sources available in the absence of Glc. Gal can be metabolised by two
pathways in S. pneumoniae, the Leloir pathway and the Tagatose-6-Phoshate (T6P)

pathway.
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1.9.2.1. Leloir Pathway

The Leloir Pathway is the primary pathway for metabolism of Gal in the
pneumococcus. It is not a discrete pathway found only in the pneumococcus, rather
it is found in both Gram-positive and Gram-negative bacteria. Gal is able to enter
the cell via an as yet unidentified ABC transporter. A study by Bidossi and
collaborators identified a putative ABC transporter that may be involved in Gal
import, SPD_0088-0090, but the role it plays as a transporter is yet to be confirmed
(Bidossi et al., 2012). Imported Gal is firstly converted to a-Gal by the aldolase 1-
epimerase GalM. This a-Gal is then phosphorylated intracellularly at the C1 position
by the kinase GalK, yielding a-Gal-1-phosphate (aGal1P), as shown in Figure 1.5.
aGallP is then converted to oGIlc1P by GalT, a hexose-1-phosphate
uridyltransferase, while the UDP-Glc epimerase GalE simultaneously convert UDP-
Gal to UDP-Glc. The resultant aGlc1P generated by GalT can then feed into two
subsequent pathways. The first of these is glycolysis, when aGIc1P is converted to
Glc-6-phosphate (G6P) by a phosphoglucomutase (pgm). The second is when
aGlc1P is converted to UDP-Glc by the UDP-Glc pyrophosphorylase GalU, resulting
in the generation of a key precursor for the synthesis of the various nucleotide
sugars required for capsular polysaccharide biosynthesis (Carvahlo et al., 2011,
Paixao et al., 2015)

There is little known about the regulation of the Leloir pathway in the pneumococcus.
A study by Afzal et al., was the first to show that GalR acts a transcriptional activator
of the Leloir pathway by activating galKT (Afzal et al., 2015) (see Figure 1.6). Using
gene expression analyses, they were able to show that the expression of both galK
and galT was significantly higher in the presence of Gal compared to Glc in a
serotype 2 wildtype strain (D39). They further concluded that GalR acts as the

regulator of these genes by again performing transcriptional analyses in a galR-
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deletion mutant (D39AgalR), and assessing expression of both galK and galT in the
presence of Gal. GalR belongs to the Lacl-family of transcriptional regulators, a
group that is primarily involved in the regulation of catabolic pathways utilising
sugars such as lactose, ribose, fructose and maltose, to name a few (Nguyen and
Saier, 1995). In these pathways the sugars themselves, or their phosphorylated
counterparts, act as the effector molecule for these transcriptional regulators.
Members of the Lacl-family are mostly repressors; however, some have been
reported to act as both activators and repressors, with Swint-Kruse and colleagues
reporting that Lacl-family transcriptional regulators typically have altered DNA-
binding affinity after binding with an effector ligand (Swint-Kruse and Matthews,
2009). GalR has previously been shown to be the transcriptional repressor of the
gal operon in both S. mutans and Escherichia coli in the absence of Gal (Weickert
and Adhya, 1993, Ajdic and Ferretti, 1998), so the same action was proposed to
occur in S. pneumoniae. Afzal and colleagues reported that upon deletion of galR,
galKT became inactivated, indicating that GalR does indeed act as a transcriptional
repressor in S. pneumoniae. They additionally performed growth analyses,
comparing the growth of both D39 and a galK deletion mutant (D39AgalK) in the
presence of Gal. They reported that GalK is required for the proper growth of S.
pneumoniae in the presence of Gal. These findings were among the first to elucidate
the importance of both GalR and GalK in pneumococcal Gal metabolism (Afzal et

al., 2015).

1.9.2.2. Tagatose-6-Phosphate Pathway

The Tagatose-6-Phosphate (T6P) Pathway is primarily utilised for the metabolism
of lactose in the pneumococcus, but it is also able to breakdown Gal. The TGP is
encoded by two separate operons, lacABCD under the control of the repressor

LacR2 and lacTFEG under the control of the activator LacT (Afzal et al., 2014) (see
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Figure 1.6). Uptake of Gal by this system is believed to be mediated by several
proposed PTSs, encoded by SPD 0262 - 264, SPD_0559 — 0561 and more
recently, SPD_0066 — 0069 (Bidossi et al., 2012). LacE2 is a component of the PTS
transporter responsible for importing Gal, resulting in the conversion of Gal to
Gal6P. This Gal6P is converted to tagatose-6-phosphate by the Gal-6-phosphate
isomerase LacAB, as shown in Figure 1.5. Tagatose-6-phosphate is then converted
to tagatose-1,6-bisphosphate by the tagatose-6-phosphate kinase LacC. Finally,
tagatose-1,6-bisphosphate is converted to dihydroxyacetone-phosphate and D-
glyceraldehyde-3-phosphate by the tagatose-1,6-bisphosphate aldolase LacD. The
intermediates from this conversion then feed into pyruvate metabolism (Afzal et al.,
2014). Gal taken up via the T6P pathway can enter the glycolytic pathway but does
not generate Glc1P and so does not impact capsule biosynthesis. The existence of
two distinct pathways indicates that Gal utilisation is complex, perhaps with a failsafe
should one pathway become compromised. Until recently, however, the degree of
interplay between alternative Gal utilisation pathways and pneumococcal QS, along

with the potential impacts on both virulence and survival has remained unclear.

1.10. The Interplay Between Quorum Sensing and Galactose Metabolism

A study by Trappetti et al., was the first to show a link between pneumococcal
quorum sensing and sugar metabolism (Trappetti et al., 2017). Using a serotype 2
strain (D39) that had the gene /luxS deleted (AluxS), they were able to demonstrate
a decreased ability for this mutant to grow in the presence of Gal compared to the
wild-type (D39). They were also able to show that the growth of the AluxS mutant in
Gal was able to be ‘rescued’ by the addition of the QS molecule Al-2 to the media
in finite amounts. This gave the first indication that QS is linked to carbohydrate

metabolism, as this relationship between sugar and signalling was confined to Gal
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Figure 1.5. Overview of Gal metabolism in Streptococcus pneumoniae
There are two reported pathways for the metabolism of Gal in the pneumococcus.
The first of these is the Leloir pathway (green). Here, Gal enters the cell via an
ABC transporter where it is subsequently metabolised by the proteins encoded by
galM, galK, galT, galE and galU. galK and galT are under the control of the
repressor GalR. The intermediates generated by this pathway can feed in to either
pyruvate metabolism/glycolysis (blue) or capsule production. Conversely, the
tagatose-6-phosphate pathway (orange) imports Gal into the cell via a
phosphoenolpyruvate phosphotransferase (PTS) transporter encoded by the
lacTFEG operon and phosphorylates it. The resultant Gal-6-P is subsequently
metabolised by proteins encoded by lacA, lacB, lacC and lacD. The intermediates
from this pathway can then feed into pyruvate metabolism, resulting in energy
production for the cell.
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Figure 1.6. Organisation of genes responsible for galactose metabolism in
Streptococcus pneumoniae

There are two reported pathways for the metabolism of Gal in the pneumococcus.
The first of these is the Leloir pathway (green). The regulator GalR (dark green) is
located upstream of the genes galK and galT (light green), acting as a
transcriptional activator. The tagatose-6-phosphate pathway (orange) consists of
two operons, lacABCD (light orange) under control of the repressor lacR (dark
orange) and /lacTFEG (light orange) under control of the activator lacT (dark
orange). Black arrows represent transcriptional activator sites. Black ovals
represent transcriptional terminator sites. Adapted from Afzal et al., 2014 and Afzal
et al., 2015.

45



Chapter 1: Introduction

(i.e. the AluxS mutant grew as well as the wild type D39 in Glc). They further
confirmed this link by quantifying total capsule present on both the wild-type and
AluxS strains in the presence of Gal. There was a significant decrease in the amount
of total capsule present on the AluxS mutant compared to the wild-type.
Interestingly, upon addition of Al-2, they reported an increase in total capsule on the
AluxS strain to a level comparable to that of D39. As explored in Section 1.9.2.1,
while capsule is primarily generated from Glc metabolism, it can also be generated
through the metabolism of Gal. The ‘rescue’ effect that is evident between both
growth and capsule production upon addition of Al-2 in the presence of Gal further
confirms the link between QS and sugar metabolism proposed in this study.
Additional RNA sequencing in the presence of Al-2 revealed candidate genes that
may be involved in this relationship. This included fruA, which exhibited a 1.7-fold
change in expression between the wild-type and the AluxS mutant. Further capsule
studies revealed that there was no change in the total amount of capsule in a AfruA
mutant strain in the presence or absence of Al-2, while gene expression studies
showed no change in the expression of the Leloir pathway genes galR, galK, and
galT in the AfruA mutant in the presence of Al-2. These changes led them to
conclude that FruA may be involved in the sensing and uptake of Al-2 into the cell
(Trappetti et al., 2017). FruA is a PTS transporter which will phosphorylate incoming
cargo during uptake. This led to the proposal that FruA-mediated import of Al-2
results in phosphorylation of the signalling molecule, meaning it can no longer freely
diffuse out of the cell, thus becoming trapped intracellularly. From there, they
hypothesised that this phosphorylated Al-2 (Al-2-P) may be able to directly or
indirectly facilitate phosphorylation of GalR, the activator of the Leloir pathway (e.g.
by acting as a phosphate donor), resulting in the upregulation of this pathway and a

subsequent increase in galactose metabolism. (Figure 1.7.). This left the question
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Figure 1.7. Visualising the interplay between Quorum Sensing and
galactose metabolism in the pneumococcus

As proposed by Trappetti et al., (2017), FruA may be the cognate transporter for
the signalling molecule Autoinducer 2 (Al-2). When pneumococci undergo cell-
to-cell communication (QS), Al-2 is produced as a by-product of the activated
methyl cycle, where it can then diffuse to the extracellular environment and then
be sensed by neighbouring cells. They propose that this Al-2 is able to be sensed
and imported via FruA, a PTS family transporter involved in fructose uptake.
Being a PTS, FruA can phosphorylate this Al-2 during import, thereby trapping
the AI-2P in the intracellular environment. They propose that Al-2P is then able
to directly or indirectly mediate phosphorylation of GalR, the regulator of the Leloir
pathway. This phosphorylation is proposed to occur at three putative
phosphorylation sites identified by Sun et al, (2010): S317, T319 and T323.
Phosphorylation of GalR is proposed to upregulate expression of the Leloir
pathway in the presence of Gal, resulting in increased generation of the capsule
precursor UDP-Glc. Increased UDP-GIc production results in increased total
capsule, resulting in a hypervirulent phenotype.
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of exactly where this phosphorylation may be occurring within GalR to permit this
activation of the Leloir pathway and the subsequent hypervirulent phenotype
resulting from increased capsule production. A previous study by Sun et al utilised
phosphoproteomics to identify residues that may be subject to phosphorylation
within the serotype 2 (D39) pneumococcal genome (Sun et al., 2010). There were
three such residues identified within GalR: Serine 317 (S317), Threonine 319 (T319)
and Threonine 323 (T323). Combined with these findings, Trappetti et al proposed
that phosphorylation of GalR via Al-2-P is likely occurring at the putative
phosphorylation sites S317, T319 and T323, however the exact mechanisms

allowing for this to occur was yet to be established.

1.11. Research Project

1.11.1. Rationale

The findings of Trappetti et al., (2017) provide the foundation for this study. They
concluded that mutational analysis of the putative GalR phosphorylation sites may
prove informative in elucidating the link between QS and Gal metabolism. This led

to the development of the following hypothesis and aims:

1.11.2. Hypothesis, Aims and Strateqy

Metabolism of Gal is critical for the survival of S. pneumoniae in the human upper
respiratory tract. This metabolism has been shown to occur primarily through the
Leloir pathway in the pneumococcus. Previous studies have shown that GalR is the
regulator of this pathway and may be essential for the ability to metabolise Gal.
Here, | hypothesise that GalR is essential for the ability to grow in the presence of
Gal. Further to this, | propose that the putative GalR phosphorylation sites S317,

T319 and T323 play a key role in this regulation of Gal metabolism, allowing for the
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upregulation of genes within the Leloir pathway to permit growth when Gal is the
principal carbon source. To address this hypothesis, | have developed the following
aims:

Aim 1: Elucidate the role that the putative GalR phosphorylation sites play in the
ability to metabolise Gal.

Aim 2: Investigate the interplay between the Leloir and Tagatose-6-Phosphate
pathways.

Aim_3: Determine the broader impacts of Gal metabolism in a mouse model of
pneumococcal infection.

Strategy: Firstly, a series of GalR amino acid substitution mutants will be
constructed to determine which of the putative phosphorylation sites play a role in
the ability to grow in Gal. These strains will then be further characterised by
assessing expression of related genes and their impact on invasive disease. Moving
on from here, additional gene deletion mutants will be constructed, deleting key
genes from either the Leloir or Tagatose-6-Phosphate pathways. These strains will
then be characterised in terms of growth and gene expression, before performing
metabolomics to identify the level of interplay, if any, between these two pathways.
Finally, RNA sequencing will be utilised to examine the greater transcriptomic
responses occurring in both the murine and pneumococcal genomes in response to

infection with GalR mutant vs wild type pneumococci.

49



Chapter 2: Materials and Methods



Chapter 2: Materials and Methods

2.1. Bacterial Strains and Growth Conditions

The bacterial strains used in this study are listed in Table 2.1. S. pneumoniae strains
were routinely cultured in semi-synthetic casein-based liquid media (C+Y) and
Chemically Defined Media (CDM) comprising RPMI 1640 medium (Sigma-Aldrich,
St. Louis, USA) supplemented with amino acids (Table 2.2a), vitamins (Table 2.2b),
choline and catalase as previously described (Kloosterman et al., 2006). Carbon
sources were then added to CDM at a final concentration of 0.5%, as required.
Bacteria were routinely plated on Columbia blood agar supplemented with 5%
(vol/vol) defibrinated horse blood (BA) with or without antibiotics as required (Table
2.3) and incubated at 37 °C with 5% CO2 overnight. For murine studies, S.
pneumoniae strains were grown in Serum Broth (10g/l Peptone [Oxoid], 10 g/l Lab
Lemco Powder [Oxoid], 5 g/l NaCl and 10% (v/v) heat-inactivated horse serum
[Gibco, Auckland, New Zealand]) to an approximate concentration of 1 x 108 CFU/ml
before being aliquoted and stored. All S. pneumoniae strains were routinely stored
at -80 °C. The viable count of Serum Broth stocks was retrospectively confirmed by

serial dilution and spread plating on BA.

2.2. Polymerase Chain Reaction

Polymerase Chain Reactions (PCR) were performed in a Mastercycler Flexilid
Thermal Cycler (Eppendorf, NSW, Australia). Reactions were performed using 2 x
Phusion Flash PCR Master Mix (Thermo Fisher Scientific, Victoria, Australia), as
per the manufacturer’s instructions. Primers used in these reactions are listed in
Table 2.4. Reaction conditions included an initial denaturation at 98 °C for 5 minutes
(min), followed by 35 cycles of denaturation at 98 °C for 5 seconds (sec), annealing

for 30 sec and extension at 72 °C for 15 — 30 sec per kilobase of the expected PCR
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Table 2.1. Bacterial strains used in this study

Strain Description (Resistance Phenotype) Source
D39 S. pneumoniae serotype 2, wild type Avery et al.,
1944

AgalR S. pneumoniae serotype 2 with galR deletion Dr. Claudia
(Ery®) Trappetti

AgalR Janus S. pneumoniae serotype 2 with rpsL1 allele Dr. Claudia
swap and galR replacement with Janus cassette Trappetti
(KanR)

GalRaaa S. pneumoniae serotype 2, with amino acid McLean et
substitutions S317A, T319A and T323A in galR al.. 2020
(StrepR)

GalRarr S. pneumoniae serotype 2, with amino acid McLean et
substitution S317A in galR (StrepR) al.. 2020

GalRsar S. pneumoniae serotype 2, with amino acid McLean et
substitution T319A in galR (StrepR) al.. 2020

GalRsta S. pneumoniae serotype 2, with amino acid McLean et
substitution T323A in galR (StrepR) al.. 2020

GalRaar S. pneumoniae serotype 2, with amino acid McLean et
substitutions S317A and T319A in galR (StrepR) al.. 2020

GalRata S. pneumoniae serotype 2, with amino acid McLean et
substitutions S317A and T323A in galR (StrepR) al.. 2020

GalRsaa S. pneumoniae serotype 2, with amino acid McLean et
substitutions T319A and T323A in galR (StrepR) al.. 2020

GalRoppp S. pneumoniae serotype 2, with amino acid This Study
substitutions S317D, T319D and T323D in galR
(StrepR)

GalRprr S. pneumoniae serotype 2, with amino acid This Study
substitution S317D in galR (StrepR)

GalRspr S. pneumoniae serotype 2, with amino acid This Study
substitution T319D in galR (StrepR)

GalRsmp S. pneumoniae serotype 2, with amino acid This Study
substitution T323D in galR (StrepR)

GalRppr S. pneumoniae serotype 2, with amino acid This Study
substitutions S317D and T319D in galR (StrepR)

GalRp1p S. pneumoniae serotype 2, with amino acid This Study

substitutions S317D and T323D in galR (StrepR)
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GalRspp

S. pneumoniae serotype 2, with amino acid
substitutions T319D and T323D in galR (StrepR)

This Study

GalReee

S. pneumoniae serotype 2, with amino acid
substitutions S317E, T319E and T323E in galR
(StrepR)

This Study

GalReTT

S. pneumoniae serotype 2, with amino acid
substitution S317E in galR (StrepR)

This Study

GalRset

S. pneumoniae serotype 2, with amino acid
substitution T319E in galR (StrepR)

This Study

GalRsTE

S. pneumoniae serotype 2, with amino acid
substitution T323E in galR (StrepR)

This Study

GalReet

S. pneumoniae serotype 2, with amino acid
substitutions S317E and T319E in galR (StrepR)

This Study

GalReTe

S. pneumoniae serotype 2, with amino acid
substitutions S317E and T323E in galR (StrepR)

This Study

GalRsee

S. pneumoniae serotype 2, with amino acid
substitutions T319E and T323E in galR (StrepR)

This Study

GalRpee

S. pneumoniae serotype 2, with amino acid
substitution S317D, T317E and T323E in galR
(StrepR)

This Study

GalRpaa

S. pneumoniae serotype 2, with amino acid
substitution S317D, T317A and T323A in galR
(StrepR)

This Study

GalRapa

S. pneumoniae serotype 2, with amino acid
substitution S317A, T319D and T323A in galR
(StrepR)

This Study

GalRaap

S. pneumoniae serotype 2, with amino acid
substitution S317A, T319A, T323D in galR
(StrepR)

This Study

GalRppa

S. pneumoniae serotype 2, with amino acid
substitutions S317D and T319D and T323A in
galR (StrepR)

This Study

GalRpap

S. pneumoniae serotype 2, with amino acid
substitutions S317D, T319A and T323D in galR
(StrepR)

This Study

GalRapp

S. pneumoniae serotype 2, with amino acid
substitutions S317A, T319D and T323D in galR
(StrepR)

This Study

GalReaa

S. pneumoniae serotype 2, with amino acid
substitution S317E, T317A and T323A in galR
(StrepR)

This Study

GalRaea

S. pneumoniae serotype 2, with amino acid
substitution S317A, T319E and T323A in galR
(StrepR)

This Study
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GalRaae S. pneumoniae serotype 2, with amino acid This Study
substitution S317A, T319A, T323E in galR
(StrepR)
GalReea S. pneumoniae serotype 2, with amino acid This Study
substitutions S317E and T319E and T323A in
galR (StrepR)
GalReae S. pneumoniae serotype 2, with amino acid This Study
substitutions S317E, T319A and T323E in galR
(StrepR)
GalRaee S. pneumoniae serotype 2, with amino acid This Study
substitutions S317A, T319E and T323E in galR
(StrepR)
AgalK S. pneumoniae serotype 2 with galK deletion McLean et
(Spec”) al., 2020
AlacAB S. pneumoniae serotype 2 with lacAB deletion McLean et
(Spec”) al., 2020
AlacD S. pneumoniae serotype 2 with /acD deletion McLean et
(Spec”) al., 2020
AlacD S. pneumoniae serotype 2 with lacD deletion McLean et
(Ery®) al., 2020
AgalRAlacD S. pneumoniae serotype 2 with galR and lacD McLean et
deletion (EryR, SpecR) al. 2020
A0088 S. pneumoniae serotype 2 with SPD_0088 Dr. Claudia
deletion (Ery®) Trappetti
AlacR2 S. pneumoniae serotype 2 with /lacR2 deletion This Study

(Spec®)
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Amino Acids

Concentration

Adenine 1.0 mg/ml
Alanine 4.8 mg/ml
Arginine 2.5 mg/ml
Asparagine 7.0 mg/ml
Aspartic Acid 6.0 mg/ml
Cysteine Hydrochloride 6.0 mg/ml
Glutamine 7.8 mg/ml
Glycine 3.5 mg/ml
Histidine 3.0 mg/ml
Isoleucine 4.3 mg/ml
Leucine 9.5 mg/ml
Lysine 8.8 mg/ml
Methionine 2.5 mg/ml
Phenylalanine 5.5 mg/ml
Proline 13.5 mg/mi
Serine 6.8 mg/ml
Threonine 4.5 mg/ml
Tryptophan 1.0 mg/ml
Uracil 1.0 mg/ml
Valine 6.5 mg/ml

Table 2.2b. Vitamins added to Chemically Defined Media

Vitamins Concentration
Biotin 0.01 mg/ml
Niacinamide 0.1 mg/ml
Pantothenic Acid 0.1 mg/ml
Pyridoxal Hydrochloride 0.2 mg/ml
Thiamine 0.1 mg/ml
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Table 2.3. Antibiotics used in this study

Antibiotic Abbreviation Working Concentration
Erythromycin Ery 0.2 yg/ml
Gentamicin Gent 40 pg/ml
Kanamycin Kan 200 pg/mi
Spectinomycin Spec 200 pg/mi
Streptomycin Strep 200 pg/mi
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Table 2.4. Mutagenesis oligonucleotides used in this study

Name Sequence Reference

GalRaaa F ACTCCACGGTCGCAAAATTCCTGCGCT McLean et
GGCCATGCTGGGAGCCAGACTGACATT al., 2020
AAGA

GalRaaa R TCTTAATGTCAGTCTGGCTCCCAGCAT McLean et
GGCCAGCGCAGGAATTTTGCGACCGT al., 2020
GGAGT

GalRart F AGTACTCCACGGTCGCAAAATTCCTGC McLean et
CCTGACCATGCTGGGAACCAGACTGAC al., 2020
ATTAAGAGAAAGTACCC

GalRarT R GGGTACTTTCTCTTAATGTCAGTCTGGT McLean et
CCCAGCATGGTCAGGGCAGGAATTTTG al., 2020
CGACCGGGAGTACT

GalRsat F AGTACTCCACGGTCGCAAAATTCCTAG McLean et
CCTGGCCATGCTGGGAACCAGACTGAC al., 2020
ATTAAGAGAAAGTACCC

GalRsat R GGGTACTTTCTCTTAATGTCAGTCTGGT McLean et
TCCCAGCATGGCCAGGCTAGGAATTTT al., 2020
GCGACCGTGGAGTACT

GalRsta F AGTACTCCACGGTCGCAAAATTCCTAG McLean et
CCTGACCATGCTGGGAGCCAGACTGAC al., 2020
ATTAAGAGAAAGTACCC

GalRsta R GGGTACTTTCTCTTAATGTCAGTCTGGC McLean et
TCCCAGCATGGTCAGGCTAGGAATTTT al., 2020
GCGACCGTGGAGTACT

GalRaat F AGTACTCCACGGTCGCAAAATTCCTGC McLean et
CCTGGCCATGCTGGGAACCAGACTGAC al., 2020
ATTAAGAGAAAGTACCC

GalRaaT R GGGTACTTTCTCTTAATGTCAGTCTGGT McLean et
TCCCAGCATGGCCAGGGCAGGAATTTT al., 2020
GCGACCGTGGAGTACT

GalRata F AGTACTCCACGGTCGCAAAATTCCTGC McLean et
CCTGACCATGCTGGGAGCCAGACTGAC al., 2020
ATTAAGAGAAAGTACCC

GalRata R GGGTACTTTCTCTTAATGTCAGTCTGGC McLean et
TCCCAGCATGGTCAGGGCAGGAATTTT al., 2020
GCGACCGTGGAGTACT

GalRsaa F AGTACTCCACGGTCGCAAAATTCCTAG McLean et
CCTGGCCATGCTGGGAGCCAGACTGA al., 2020

CATTAAGAGAAAGTACCC
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GalRsaa R

GGGTACTTTCTCTTAATGTCAGTCTGGC
TCCCAGCATGGCCAGGCTAGGAATTTT
GCGACCGTGGAGTACT

McLean et
al., 2020

GalRppp F

ACTCCACGGTCGCAAAATTCCTGACCT
GGACATGCTGGGAGACAGACTGACATT
AAGAG

This Study

GalRpop R

CTCTTAATGTCAGTCTGTCTCCCAGCAT
GTCCAGGTCAGGAATTTTGCGACCGTG
GAGT

This Study

GalRptT F

ACTCCACGGTCGCAAAATTCCTGACCT
GACCATGCTGGGAACCAGACTGACATT
AAGA

This Study

GalRptT R

TCTTAATGTCAGTCTGGTTCCCAGCATG
GTCAGGTCAGGAATTTTGCGACCGTGG
AGT

This Study

GalRspT F

ACTCCACGGTCGCAAAATTCCTAGCCT
GGACATGCTGGGAACCAGACTGACATT
AAGA

This Study

GalRspT R

TCTTAATGTCAGTCTGGTTCCCAGCATG
TCCAGGCTAGGAATTTTGCGACCGTGG
AGT

This Study

GalRstp F

ACTCCACGGTCGCAAAATTCCTAGCCT
GACCATGCTGGGAGACAGACTGACATT
AAGA

This Study

GalRsto R

TCTTAATGTCAGTCTGTCTCCCAGCATG
GTCAGGCTAGGAATTTTGCGACCGTGG
AGT

This Study

GalRppt F

ACTCCACGGTCGCAAAATTCCTGACCT
GGACATGCTGGGAACCAGACTGACATT
AAGA

This Study

GalRppT R

TCTTAATGTCAGTCTGGTTCCCAGCATG
TCCAGGTCAGGAATTTTGCGACCGTGG
AGT

This Study

GalRptp F

ACTCCACGGTCGCAAAATTCCTGACCT
GACCATGCTGGGAGACAGACTGACATT
AAGA

This Study

GalRptp R

TCTTAATGTCAGTCTGTCTCCCAGCATG
GTCAGGTCAGGAATTTTGCGACCGTGG
AGT

This Study

GalRspp F

ACTCCACGGTCGCAAAATTCCTAGCCT
GGACATGCTGGGAGACAGACTGACATT
AAGA

This Study
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GalRspp R

TCTTAATGTCAGTCTGTCTCCCAGCATG
TCCAGGCTAGGAATTTTGCGACCGTGG
AGT

This Study

GalReee F

ACTCCACGGTCGCAAAATTCCTGAACT
GGAAATGCTGGGAGAAAGACTGACATT
AAGA

This Study

GalReee R

TCTTAATGTCAGTCTTTCTCCCAGCATT
TCCAGTTCAGGAATTTTGCGACCGTGG
AGT

This Study

GalRerT F

ACTCCACGGTCGCAAAATTCCTGAACT
GACCATGCTGGGAACCAGACTGACATT
AAGA

This Study

GalRerT R

TCTTAATGTCAGTCTGGTTCCCAGCATG
GTCAGTTCAGGAATTTTGCGACCGTGG
AGT

This Study

GalRseT F

ACTCCACGGTCGCAAAATTCCTAGCCT
GGAAATGCTGGGAACCAGACTGACATT
AAGA

This Study

GalRseT R

TCTTAATGTCAGTCTGGTTCCCAGCATT
TCCAGGCTAGGAATTTTGCGACCGTGG
AGT

This Study

GalRste F

ACTCCACGGTCGCAAAATTCCTAGCCT
GACCATGCTGGGAGAAAGACTGACATT
AAGA

This Study

GalRste R

TCTTAATGTCAGTCTTTCTCCCAGCATG
GTCAGGCTAGGAATTTTGCGACCGTGG
AGT

This Study

GalReeT F

ACTCCACGGTCGCAAAATTCCTGAACT
GGAAATGCTGGGAACCAGACTGACATT
AAGA

This Study

GalReeT R

TCTTAATGTCAGTCTGGTTCCCAGCATT
TCCAGTTCAGGAATTTTGCGACCGTGG
AGT

This Study

GalRete F

ACTCCACGGTCGCAAAATTCCTGAACT
GACCATGCTGGGAGAAAGACTGACATT
AAGA

This Study

GalRete R

TCTTAATGTCAGTCTTTCTCCCAGCATG
GTCAGTTCAGGAATTTTGCGACCGTGG
AGT

This Study

GalRsee F

ACTCCACGGTCGCAAAATTCCTAGCCT
GGAAATGCTGGGAGAAAGACTGACATT
AAGA

This Study
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GalRsee R

TCTTAATGTCAGTCTTTCTCCCAGCATT
TCCAGGCTAGGAATTTTGCGACCGTGG
AGT

This Study

GalRpee F

ACTCCACGGTCGCAAAATTCCTGACCT
GGAAATGCTGGGAGAAAGACTGACATT
AAGA

This Study

GalRpee R

TCTTAATGTCAGTCTTTCTCCCAGCATT
TCCAGGTCAGGAATTTTGCGACCGTGG
AGT

This Study

GalRpaa F

ACTCCACGGTCGCAAAATTCCTGACCT
GGCCATGCTGGGAGCCAGACTGACATT
AAGA

This Study

GalRpaa R

TCTTAATGTCAGTCTGGCTCCCAGCAT
GGCCAGGTCAGGAATTTTGCGACCGTG
GAGT

This Study

GalRapa F

ACTCCACGGTCGCAAAATTCCTGCCCT
GGACATGCTGGGAGCCAGACTGACATT
AAGA

This Study

GalRapa R

TCTTAATGTCAGTCTGGCTCCCAGCAT
GTCCAGGGCAGGAATTTTGCGACCGTG
GAGT

This Study

GalRaap F

ACTCCACGGTCGCAAAATTCCTGCCCT
GGCCATGCTGGGAGACAGACTGACATT
AAGA

This Study

GalRaap R

TCTTAATGTCAGTCTGTCTCCCAGCATG
GCCAGGGCAGGAATTTTGCGACCGTG
GAGT

This Study

GalRppa F

ACTCCACGGTCGCAAAATTCCTGACCT
GGACATGCTGGGAGCCAGACTGACATT
AAGA

This Study

GalRppa R

TCTTAATGTCAGTCTGGCTCCCAGCAT
GTCCAGGTCAGGAATTTTGCGACCGTG
GAGT

This Study

GalRpap F

ACTCCACGGTCGCAAAATTCCTGACCT
GGCCATGCTGGGAGACAGACTGACATT
AAGA

This Study

GalRpap R

TCTTAATGTCAGTCTGTCTCCCAGCATG
GCCAGGTCAGGAATTTTGCGACCGTGG
AGT

This Study

GalRapp F

ACTCCACGGTCGCAAAATTCCTGCCCT
GGACATGCTGGGAGACAGACTGACATT
AAGA

This Study

60



Chapter 2: Materials and Methods

GalRapp R

TCTTAATGTCAGTCTGTCTCCCAGCATG
TCCAGGGCAGGAATTTTGCGACCGTGG
AGT

This Study

GalReaa F

ACTCCACGGTCGCAAAATTCCTGAACT
GGCCATGCTGGGAGCCAGACTGACATT
AAGA

This Study

GalReaa R

TCTTAATGTCAGTCTGGCTCCCAGCAT
GGCCAGTTCAGGAATTTTGCGACCGTG
GAGT

This Study

GalRaea F

ACTCCACGGTCGCAAAATTCCTGCCCT
GGAAATGCTGGGAGCCAGACTGACATT
AAGA

This Study

GalRaea R

TCTTAATGTCAGTCTGGCTCCCAGCATT
TCCAGGGCAGGAATTTTGCGACCGTGG
AGT

This Study

GalRaae F

ACTCCACGGTCGCAAAATTCCTGCCCT
GGCCATGCTGGGAGAAAGACTGACATT
AAGA

This Study

GalRaae R

TCTTAATGTCAGTCTTTCTCCCAGCATG
GCCAGGGCAGGAATTTTGCGACCGTG
GAGT

This Study

GalReea F

ACTCCACGGTCGCAAAATTCCTGAACT
GGAAATGCTGGGAGCCAGACTGACATT
AAGA

This Study

GalReea R

TCTTAATGTCAGTCTGGCTCCCAGCATT
TCCAGTTCAGGAATTTTGCGACCGTGG
AGT

This Study

GalReae F

ACTCCACGGTCGCAAAATTCCTGAACT
GGCCATGCTGGGAGAAAGACTGACATT
AAGA

This Study

GalReae R

TCTTAATGTCAGTCTTTCTCCCAGCATG
GCCAGTTCAGGAATTTTGCGACCGTGG
AGT

This Study

GalRaee F

ACTCCACGGTCGCAAAATTCCTGCCCT
GGAAATGCTGGGAGAAAGACTGACATT
AAGA

This Study

GalRaee R

TCTTAATGTCAGTCTTTCTCCCAGCATT
TCCAGGGCAGGAATTTTGCGACCGTGG
AGT

This Study

Janus F

CCGTTTGATTTTTAATGGATAATG

Sung et al.,
2001

Janus R

AGAGACCTGGGCCCCTTTCC

Sung et al.,
2001
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AgalR F AAGACAAGCCAGAACCATTTGGG McLean et
al., 2020

AgalR Ery F CGGGAGGAAATAATTCTATGAGGAAAG McLean et
TACCCTAAATCAAGAATAG al., 2020

AgalR Ery R TTGTTCATGTAATCACTCCTTCTGTGCA McLean et
ATGTCTTTTAAGGTAGCC al., 2020

AgalR R GACAAGGTTGTTGTTATCGGTGAT McLean et
al., 2020

AgalK F CCTTCATTAAGTCATAGCCAGA McLean et
al., 2020

AgalK Spec F AAATAACAGATTGAAGAAGGTATAAGAA McLean et
GTAGTTGGATACGCTCC al., 2020

AgalK Spec R TATGTATTCATATATATCCTCCTCCAAAT McLean et
TGATACGACCTGGTG al., 2020

AgalK R GTAGGACAGACATTGGCCA McLean et
al., 2020

AlacAB F AATATCGGACAAGCTGGT McLean et
al., 2020

AlacAB Spec F AAATAACAGATTGAAGAAGGTATAAGCT McLean et
CAACAAACAGACGC al., 2020

AlacAB Spec R TATGTATTCATATATATCCTCCTCATCTC McLean et
AAACCTGCAGCATC al., 2020

AlacAB R TTCGTCTGAGCTATCTACATC McLean et
al., 2020

AlacD F CTGTATCGCTATTCTCCACG McLean et
al., 2020

AlacD Ery F CGGGAGGAAATAATTCTATGAGGGTAT McLean et
CATCTCAGCTCTTGC al., 2020

AlacD Ery R TTGTTCATGTAATCACTCCTTCGCAAGA McLean et
GCTGAGATGATACC al., 2020

AlacD Spec F AAATAACAGATTGAAGAAGGTATAATGA McLean et
AGCAGCAGCTCGCGAAT al., 2020

AlacD Spec R TATGTATTCATATATATCCTCCTCGCAA McLean et

GAGCTGAGATGATACC

al., 2020
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AlacD R TGATCTGCTAGCTTCTGAC McLean et
al., 2020
A0088 F AAGATGCCATTGCTTCCCTA Dr. Claudia
Trappetti
AOO88 Ery F CGGGAGGAAATAATTCTATGAGTTCGT Dr. Claudia
GAAGAAACAGTAGGAC Trappeti
A0088 Ery R TTGTTCATGTAATCACTCCTTCGAGTCA Dr. Claudia
ACTGAGGAATGGTTA Trappetti
A0088 R GTAGCGAACAAACATCTTCTT Dr. Claudia
Trappetti
AlacR2 F GTCATCGATGTTTACGCTGC This Study
AlacR2 Spec F AAATAACAGATTGAAGAAGGTATAAGCT This Study
ATCTAAACACATTA
AlacR2 Spec R TATGTATTCATATATATCCTCCTCCGTC This Study
CATAATCTGTTTAACTG
AlacR2 R CAATCGATATCCAGTTGACCTC This Study

Spectinomycin

(J253)

GAGGAGGATATATATGAATACATACG

Trappetti et
al., 2017

Spectinomycin

(J254)

TTATACCTTCTTCAATCTGTTATTTAAAT
AGTTTATAGTTA

Trappetti et
al., 2017

Erythromycin F

GAAGGAGTGATTACATGAACAA

Trappetti et

al., 2017
Erythromycin R ATCATAGAATTATTTCCTCCCG Trappetti et
al., 2017
galR Seq F AATCTATCATGATGAACTGGTC McLean et
al., 2020
galR Seq R CATAATGGAGGGCGTATGG McLean et

al., 2020
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product. The annealing temperature was routinely modified depending on the Tm°
of the primer set to be used. PCR products were analysed by gel electrophoresis
using an 0.8% (w/v) agarose gel (Agarose Low EEO; AppliChem, Germany) in 1 x
TAE buffer (40 mM Tris, 20 mM Acetic Acid, 1 mM ethylenediaminetetraacetic acid
[EDTA]) supplemented with 0.5 pl/10 ml RedSafe Nucleic Acid Solution (Intron
Biotechnology) To prepare samples for loading, PCR products were mixed with
1/10™ volume of 10 x Loading Buffer (15% [w/v] Ficoll, 0.1% [w/v] bromophenol dye,
100 ng/ml RNAse A). Gels were electrophoresed in 1 x TAE buffer at 180 V for 45
min. DNA bands were visualised via transillumination with short wavelength
ultraviolet light using a Gel/Chemi Doc XR system (Bio-Rad, New South Wales,
Australia) and analysed using Quantity One v 4.6.9 software (Bio-Rad, New South

Wales, Australia).

2.3. Transformation and Mutagenesis of S. pneumoniae

To generate S. pneumoniae mutant strains, cells were made competent and
transformed with linear DNA as previously described (lannelli and Pozzi, 2004,
Minhas et al., 2019). Briefly, PCR was firstly utilised to generate linear DNA
containing the desired mutation — typically replacement of the gene of interest with
an antibiotic resistance cassette - with flanking regions homologous to the 5’ and 3’
regions of the gene of interest. Strains targeted for mutagenesis were then grown
overnight on BA at 37 °C. The following morning, pneumococci were taken from
these plates and grown in C+Y to an ODego of 0.25. Strains were then diluted 1:10
in fresh C+Y media supplemented with 10 pg/ml Competence Stimulating Peptide
1 (CSP-1) and incubated at 37 °C for 15 min. Following this incubation, the PCR
product described above was added to the competent cells and left to incubate at

37 °C for 3 hours (h). Cells were then pelleted via centrifugation at 13,000 x g for 5
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min before removing the supernatant and resuspending the cells in 50 pl fresh C+Y
media. The resuspended cells were then spread plated on BA supplemented with
the required antibiotic for selection of mutants and incubated overnight at 37 °C.
Successfully transformed colonies were subsequently selected and grown again on
BA supplemented with required antibiotic overnight at 37 °C to generate sufficient

biomass for long-term storage at -80 °C. Mutants were then confirmed using PCR.

2.4. Mutagenesis Utilising the Janus Cassette System

In addition to gene deletion mutants (Section 2.3), there was a need for point-amino
acid mutants within the gene galR in this study. The substitutions were achieved via
allelic exchange mutagenesis using the Janus cassette system (Harvey et al., 2014,
Sung et al., 2001). This is a three-step process, in which the endogenous rspL gene
conferring streptomycin sensitivity, was first replaced with the streptomycin-resistant
rpsL1 allele. The Janus cassette, containing a kanamycin resistance marker and a
dominant counter-selectable rpsL* marker, was then used to replace the gene of
interest by direct transformation with a linear PCR product comprising the Janus
cassette flanked by &’ and 3’ sequences homologous to the regions directly 5’ and
3 of galR. This strain was denoted as AgalR Janus (KanR, Strep®). The final step in
this process was to perform direct transformation of the AgalR Janus strain with a
linear PCR product comprising the galR gene containing the desired amino acid
substitutions, flanked by 5’ and 3’ regions homologous to the regions directly 5’ and
3’ of galR. Successful mutants were counter selected on Strep, confirming loss of
the Janus cassette and reinstates the StrepR phenotype conferred by the initial
mutation of the rpsL gene. Mutants were confirmed via PCR and Sanger

Sequencing.
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2.5. Sanger Sequencing

All Sanger Sequencing was performed through the Australian Genome Research
Facility (AGRF). To prepare samples for sequencing, PCR reactions were
performed using the GalR F and GalR R primers listed in Table 2.4. Successfully
amplified PCR reactions were then purified using the QIAquick PCR Purification Kit
(Qiagen, Hilden, Germany) as per the manufacturer’s instructions. Purified PCR
products were assessed for total DNA content and quality using a Nanodrop
spectrophotometer (Thermo Fisher Scientific, Victoria, Australia). Samples were
then diluted in RNase/DNase-free water to a final concentration of 25 ng/ul. In an
Eppendorf tube, 2 ul of PCR template was added to 9 pl of water with 1 ul of either

the GalR Seq F or GalR Seq R primer, which was then sent for sequencing.

2.6. Structural Modelling of GalR

The GalR amino acid sequence (SPD_1635) was obtained from the NCBI database
and input into SWISS-MODEL (Biasini et al., 2014). A homology model was
generated based on the 2.4-A structure (PDB: 1JFS) of the Escherichia coli purine
repressor (PurR) W147F mutant (Huffman et al., 2002). The cartoon representation
of the GalR homology model and the aligned PurR template were generated in
PyMOL version 2.3.3 (Schrodinger). The root mean square deviation (RMSD)
between the GalR model and the PurR template was determined by alignment in
PyMOL. The DNA binding domain and putative sugar binding residues were
identified by the NCBI conserved domain search (Lu et al., 2020), and the locations
of the putative phosphorylated residues were determined based on the phosphor-

proteomic findings (Sun et al., 2010).
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2.7. Growth Assay

For growth assays, S. pneumoniae strains were firstly grown overnight on plain BA
at 37 °C. The following morning, the strains were used to inoculate CDM
supplemented with either 0.5% Glucose (Glc) (CDM + Glc), 0.5% Galactose (Gal)
(CDM + Gal) or no sugar (CDM) to an ODeoo of 0.05. A final volume of 200 pl of
inoculated culture was added to a Costar 96-well flat-bottom cell culture plate in
technical triplicate (Corning Incorporated, New York, USA) and incubated at 37 °C
with 5% CO2 for 18 — 24 h. ODeoo readings were taken at 30 min intervals in either
a SPECTROstar Omega Spectrophotometer or FLUOstar Omega
Spectrophotometer (BMG Labtech). Data were visualised using GraphPad Prism v

8.3.0 (GraphPad Software, San Diego, California).

2.8. RNA Extraction

For RNA extraction, S. pneumoniae were initially plated on plain BA, incubated
overnight and then resuspended to a final ODeoo of 0.25 in either CDM + Glc or CDM
+ Gal. Strains were then incubated for 30 min at 37 °C with 5% CO. before adding
500 ul Bacterial RNA Protect (Qiagen, Hilden, Germany). Cells were then incubated
at room temperature for 5 min prior to pelleting via centrifugation at 13,000 x g. The
supernatant was then removed, and the pellets then used to perform an RNA
extraction using the RNeasy Extraction Kit (Qiagen, Hilden, Germany) with on-

column DNase treatment as per the manufacturer’s instruction.

2.9. Quantitative Real Rime RT-PCR
Real-time PCR was performed using a SYBR Green One Step qRT-PCR kit

(Thermo Fisher Scientific, Victoria, Australia) according to the manufacturer’'s

instructions, with the oligonucleotides listed in Table 2.5. Each reaction was
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Table 2.5. qRT-PCR oligonucleotides used in this study

Name Sequence Reference

gyrARTF ACTGGTATCGCGGTTGGGAT Minhas et al., 2019

gyrARTR ACCTGATTTCCCCATGCAA Minhas et al., 2019

galK RT F CACGTTTCTCTGGAGCATGA Trappetti et al., 2017

galKk RT R ATGGCACAGCCACTAAAACC Trappetti et al., 2017

galRRTF TCTCTATCGCCGACCGTATCC Trappetti et al., 2017

galRRTR GGTGTAGCCCAGCTCTTCAG Trappetti et al., 2017

galTRTF GTGGGAGAAGGTGTTTTGGA Trappetti et al., 2017

galTRTR ACGCGCAGTCTGACTATCCT Trappetti et al., 2017

lacAB RT F CGTGATTGATGCTTATGGAG McLean et al., 2020

lacAB RT R AGCCAATTCATCACCAACAAG McLean et al., 2020

lacD RT F CATCGGTTCTGAGTGTGTGG Trappetti et al., 2017

lacD RT R AAAGCGTGGGTCTGAAAAGA Trappetti et al., 2017

adhARTF TGTCGCACCTGACTCCATAG Dr. Erin Brazel

adhA RTR TGTTCAAAAAGGGGACAAGG Dr. Erin Brazel

phtE RT F AGCACCTCAAGGAAATGGTG Dr. Erin Brazel

phtE RT R TAGGGTCACTCCCCACATTC Dr. Erin Brazel

SPD_1774 RTF GTGCATTCGACAGAAAGC This Study

SPD_1774 RTR CCATAGCCCAAGTGTCTG This Study

strHRT F CAACCGACCATCCATACG This Study

strHRT R GTTGAACTAACTTCCTCTTGTGG This Study

bipB RT F TGCGTTTATTCTCATTATTTCAAC  This Study

bipB RT R TCCAGCATTTACCATATCTCC This Study

lacR2RT F GCTCAAACAAGAAAAATTAGCC This Study
GCAAATCTTTATCAGCTAATTCCT

lacR2 RT R This Study

G
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performed in a final volume of 10 yl containing PCR-grade water, SYBR Green
Master Mix, forward and reverse primers, Taq polymerase and template RNA. All
primers were used at a final concentration of 200 nM per reaction. Primers specific
for the housekeeping gene Gyrase A (gyrA) were used as an internal control.
Amplification was performed using a LightCycler 480 Il cycler (Roche, Switzerland),
including an initial denaturation at 95 °C for 2 min, followed by 35 cycles of
denaturation at 95 °C for 15 sec, annealing at 60 °C for 30 sec and extension at 72
°C for 30 sec (Minhas et al., 2020). Data were analysed using the comparative
critical threshold cycle (2-44€T) method (Livak and Schmittgen, 2001). Assays were
performed in triplicate over a minimum of two independent experiments. Statistical
analyses were performed using two-tailed Student’s ¢ test; P values of <0.05 were

deemed statistically significant.

2.10. Murine Infection Model

All animal experiments were approved by the University of Adelaide Animal Ethics
Committee. Female outbred 4- to 6-week-old CD-1 (Swiss) mice were
anaesthetized by intraperitoneal injection with ketamine (8 mg/ml) and xylazine (0.8
mg/ml) at a dose of 10 ul/g body weight. Anaesthetised mice were then intranasally
inoculated with 1 x 107 CFU of the required S. pneumoniae strain in a total of 50 l,
as previously described (McLean et al., 2020). The challenge dose was
retrospectively confirmed by serial dilution and plating on BA. At 24 h post-infection,
mice were euthanized by CO2 asphyxiation before harvesting the blood, lungs,
nasal tissue, brain and ear tissue. Pneumococci were enumerated from
homogenised tissue as described previously by serial dilution and plating on BA

supplemented with 40 pg/ml gentamicin (McLean et al., 2020). Statistical analyses
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of log-transformed CFU data were performed using two-tailed

Student’s ¢ test; P values of <0.05 were deemed statistically significant.

2.11. Adherence Assays

To assess adherence of S. pneumoniae, Detroit 562 human nasopharyngeal
carcinoma cells were used. Cells were initially cultured in Roswell Park Memorial
Institute (RPMI) media supplemented with 10 % Fetal Calf Serum (FCS), 0.2 U/ml
Penicillin and 100 pg/ml Streptomycin to confluency. Once confluent, cells were
detached by treatment with 0.05% Trypsin, following which 2 x 10° cells per well
were seeded into a 24 well micro plate and again grown to confluency. The day prior
to performing the adherence assay, the required S. pneumoniae strains were
streaked on plain BA and grown overnight at 37 °C with 5% CO.. The next morning,
the Detroit cells were washed twice with PBS to remove any remaining antibiotic,
then seeded with 500 yl of S. pneumoniae at ODeoo of 0.25 in CDM + 0.5% Gal.
Detroit cells and S. pneumoniae were then incubated at 37°C with 5% CO2 for 2 h.
Following this incubation, the medium was removed, and the cells then washed
three times in PBS. To each well, 100 pl of 0.25% Trypsin — 0.02% EDTA and 400
pl of 0.025% Triton X-100 was added and vigorously pipetted up and down to detach
cells from the plate. Cells were then serially diluted and spot plated on BA and
incubated overnight at 37 "C with 5% CO_, with single colonies then enumerated the
following day (Trappetti et al., 2011). Assays were performed in triplicate over a
minimum of two independent experiments. Statistical analyses were performed
using two-tailed Student’s ¢ test; P values of <0.05 were deemed statistically

significant.
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2.12. Uronic Acid Assay

To assess total capsule, S. pneumoniae strains were first grown overnight on plain
BA at 37 °C with 5% CO.. The following morning, strains were grown to mid-log
phase in Serum Broth before being concentrated to a final ODego of 0.5. Cells were
then pelleted via centrifugation at 3,273 x g for 20 min and the supernatant removed.
Pelleted cells were resuspended in 500 ul of 150 mM Tris and 1 mM MgSOs at pH
7.0. Cells were then lysed by addition of 0.1% DOC and incubated at 37 °C for 30
min. DNase | and RNase A were then added to the samples at a final concentration
of 100 pg/ml, along with 100 U of mutanolysin and subsequently incubated overnight
at 37 °C. The following morning, samples were treated with 100 pg/ml of Proteinase
K and incubated at 56 °C for 4 h. Samples were diluted two-fold in duplicate to a
final volume of 100 pl in ultrapure water, including 100 pl of water as a blank. To
each sample, 600 pl of sodium tetraborate solution in concentrated sulphuric acid
(12.5 mM NazB4O4 in concentrated H.SO4) was added prior to vortexing and then
heated at 100 °C for 5 min. The samples were then cooled on ice prior to adding 10
pl of either 0.5% NaOH or a solution of 0.15% 3-phenylphenol in 0.5% NaOH to
each of the duplicate tubes. Tubes were then immediately shaken before
transferring 200 pl to a 96-well microtitre tray and reading Absorbance at 520 nm
(As20) using a Spectramax M2 spectrometer (Molecular Devices, California, USA)

(Morona et al., 2006, Trappetti et al., 2017).

2.13. Metabolomics Sample Preparation

For metabolomics, S. pneumoniae strains were firstly grown overnight on plain BA
at 37 °C. The following morning, these strains were used to inoculate CDM + 0.5%
Glu or CDM + 0.5% Gal to an ODeoo of 0.25 and incubated at 37 °C for 30 min.

Following incubation, 10 ml of S. pneumoniae culture at ODggo 0.25 was infused into
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30 ml of chilled PBS and incubated on ice for 5 min. Cell suspensions were then
centrifuged at 8,000 x g for 10 min at 0 °C. The supernatant was removed and the
remaining cells resuspended in 1 ml chilled PBS and transferred to a 1.5 ml
Eppendorf tube. Cells were then washed with 1 ml chilled PBS twice more before
flash freezing the pellet in liquid nitrogen and storing at -80 °C. Pellets were then
sent to Dr. David De Souza at Metabolomics Australia (University of Melbourne) for

further analysis.

2.14. RNA Extraction of Infected Murine Lung Tissue

Groups of 12 outbred 4 — 6 week old female Swiss (CD-1) mice were anaesthetised
and challenged as described in Section 2.10. The challenge dose was
retrospectively confirmed by serial dilution and spread plating on BA. Mice were
euthanised by CO. asphyxiation at 24 h post-infection and the lungs perfused with
1 x PBS. Once removed, the lungs were placed in 1 ml of TRIzol reagent (Thermo
Fisher Scientific, Victoria, Australia) in screw-cap Eppendorf tubes. Tissue was then
homogenised using the Precellys® 24 tissue homogeniser (Bertin Technologies,
France). The homogenised tissues were then transferred to fresh Eppendorf tubes
before pelleting the cell material, removing the supernatant and resuspending the
pellet in 200 ul of TRIzol. This was then transferred to a tube containing 40 - 50 mg
of acid-washed 0.1 uyM glass beads (Sigma-Aldrich, St. Louis, USA). The tissue was
then homogenised for an additional three cycles of 30 sec at 5,000 x g with 30 sec
breaks in between. After homogenising, the tubes were left at room temperature for
5 min to allow for dissociation of nucleoprotein complexes before centrifuging for 1
min at 10,000 x g to pellet the glass beads. The supernatant was then transferred
to a fresh Safe-Lock Eppendorf tube containing 300 pl of chloroform and shaken

vigorously by hand for 15 sec. These tubes were then left at room temperature for
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2 - 3 min before centrifuging at 12,000 x g for 15 min at 4 °C. Following this step,
approximately 400 ul of the aqueous phase was transferred to a fresh Safe-Lock
Eppendorf before adding an equal volume of 70% ethanol. These tubes were then
vortexed for 10 sec before transferring 700 ul of the sample to a Qiagen RNeasy
Mini Kit Spin Column (Minhas et al., 2020). From here, RNA extraction proceeded
as per the Qiagen RNeasy Mini Kit directions. Prior to sending samples for RNA
sequencing, extracted RNA was then pooled (4 mice lungs per replicate) and
assessed for total RNA quantity using a Nanodrop spectrophotometer (Thermo

Fisher Scientific, Victoria, Australia).

2.15. RNA Library Preparation and Seqguencing

RNA Library Preparation and Sequencing was performed at the Australian Cancer
Research Foundation (ACRF) Cancer Genomics Facility. RNA submitted for
sequencing was checked for quality using a Bioanalyser (Agilent Technologies,
Santa Clara, USA) as an initial step in the QC process. rRNA depletion was
performed using the Qiagen QlAseq FastSelect rRNA HMR Removal Kit (Qiagen,
Hilden, Germany) to remove murine rRNA and the NEBNext rRNA Depletion Kit
(Bacteria) (New England Biolabs, Massachusetts, USA) for bacterial rRNA
depletion, as per the manufacturer’s instruction. Stranded cDNA synthesis and
library preparation was performed using the KAPA RNA HyperPrep Kit (Roche,
Switzerland) as per the manufacturer’s instructions. Sequencing was performed on
an lllumina NextSeq High Output Flowcell in 150 bp paired end mode. Libraries

were de-multiplexed and subject to further in-house analyses.
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2.16. Bioinformatic Analysis

The quality of raw libraries was first checked using FastQC (v0.11.8, Babraham
Bioinformatics, UK). Read quality was further enhanced be trimming adaptor
sequences using Trimmomatic v0.38 (Bolger et al., 2014). The quality of trimmed
reads was again checked using FastQC before proceeding with downstream
analyses. The published Streptococcus pneumoniae D39 (Assembly:

GCA 000014365.2) and Mus musculus genomes (Assembly: GRCm38.p6) were

used as reference genomes in this project. Trimmed reads were aligned to these
genomes to determine the number of reads that successfully mapped back to the
reference genomes using Bowtie2 (Langmead and Salzberg, 2012). SAMtools (Li
et al., 2009) was used to generate sorted BAM files that could be used for
downstream differential gene expression analyses. To determine which genes were
differentially expressed in the pneumococcal genome, the Galaxy Australia platform
provided by the Research Computing Centre at the University of Queensland was
used. Specifically, Degust (Powell, 2019) was used to quantify differentially
expressed genes. To determine which genes were differentially expressed in the
murine genome, R (R Core Team, 2021) was used. Specifically, Rsubread (Liao et
al., 2019) was used to import sorted BAM files into R and determine which genes
were differentially expressed. Limma (Ritchie et al., 2015) was used to identify

differentially expressed genes.

2.17. Flow Cytometry Analysis of Infected Murine Lung Tissue

Flow cytometric analysis of infected murine tissue was performed essentially as
previously described (David et al., 2019). At 24 h post-pneumococcal challenge with
1 x 107 CFU of either the D39, AgalR or D39aaa strain, groups of 8 outbred 4-6 week

old female Swiss (CD-1) mice were euthanised by CO2 asphyxiation and the lungs
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perfused with PBS. Lungs were then removed and finely macerated in 1 ml of pre-
warmed digestion media (Dulbecco’s Modified Eagle Medium (DMEM) [Gibco], 5%
FCS, 10 mM HEPES, 2.5 mM CaClz, 0.2 U/ml Penicillin, 50 pug/ml Gentamicin, 1
mg/ml Collagenase 1A [Sigma Aldrich] and 30 U/ml DNase [Sigma Aldrich]). Lungs
were incubated for a total of 1 h with mixing every 20 min. Following incubation,
macerated lung tissue was filtered through a 70 uM filter (Becton, Dickson and
Company, New Jersey, USA) to ensure a single cell suspension. Tissue samples
then underwent red cell lysis by incubation in red cell lysis buffer (155 mM NH4ClI
and 170 mM Tris-HCI) for 5 min at 37 °C. Cells were then washed in PBS and stored
on ice while awaiting cell counting. Single cell suspensions were added to 96-well
U-bottom trays at 1 x 108 cells per well and pelleted by centrifugation at 400 x g for

2 min. Cells were then washed once more in PBS before proceeding with staining.

2.17.1. Intracellular Cytokine Staining

For intracellular cytokine staining, cells were resuspended in 50 pl pre-warmed
Iscove’s Modified Dulbecco’s Medium (IMDM) [Gibco, Auckland, New Zealand]
supplemented with 50 ng/ml Phorbol Myristate Acetate (PMA), 1 pg/ml ionomycin
and GolgiStop (Becton, Dickinson and Company, New Jersey, USA) diluted 1:1500
and incubated at 4 °C for 4 h. Following this incubation, cells were pelleted and
resuspended in 85 pl of Cytofix/Cytoperm solution (Becton, Dickinson and
Company, New Jersey, USA) before incubating for a further 20 min at 4 °C. Cells
were then washed twice in Permwash buffer (Becton, Dickinson and Company, New
Jersey, USA) before adding antibodies as listed in Table 2.6 at pre-determined
concentrations. Cells were incubated in the presence of antibody for 30 min at 4 °C
before washing again in Permwash buffer, followed by PBS. Cells were then fixed

in 200 yl PBS + 1% PFA.
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2.17.2 Extracellular Surface Marker Staining

For extracellular surface marker staining, cells were washed once in FACS buffer
(PBS + 1% BSA + 0.04% sodium azide) before pelleting and resuspending in 50 pl
per well Mouse 5-Globulin with 1:1000 Live/Dead Stain (Becton, Dickinson and
Company, New Jersey, USA). Cells were then incubated for 15 min in the dark at
room temperature. Following this incubation, cells were washed once in FACS
buffer before being resuspended in FACS buffer containing the antibodies of interest
as listed in Table 2.6 at pre-determined concentrations. Cells were incubated in the
presence of antibody for 15 min at room temperature in the dark before washing
twice in PBS + 0.04% sodium azide. Cells were then fixed in 200 ul PBS + 1% PFA.
Data acquisition for all fixed cells was performed on a BD LSRFortessa X-20 flow
cytometer and analysed using FlowJo™ v10.7.2 Software (Becton, Dickinson and
Company, New Jersey, USA). Statistical analyses were performed using two-tailed

Student’s ¢ test; P values of <0.05 were deemed statistically significant.

2.18. Phenotypic Microarray

Caron source microarray was performed using the Phenotypic Microarray (PM)
plates PM1 and PM2 (Biolog, Inc., Hayward, California). These microplates test for
the catabolism of 190 different carbon sources (Appendix A), with each well of the
microarray containing a different carbon source. In short, cells were resuspended in
the provided buffer according to manufacturer’s instructions to an Absorbance 590
nm (Asgo) of 0.37. Following this, 100 ul of the cell suspension was added to each
well and the Asgp measured following 18 h incubation at 37 °C in a SpectraMax M2
Microplate Reader (Molecular Devices, California, USA). Catabolism was measured
as a result of the reduction of tetrazolium dye by NADH, with blank corrected Asgo

values greater than 0.65 being considered positive.
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Antibody Company Identifier
BUV395 Rat a-Mouse CD4 o

BD Biosciences Cat# 563790
(Clone GK1.5)
BUV737 Rat a-Mouse CD8a o

BD Biosciences Cat# 612759
(Clone 52-6.7)
BV421 Rat a-Mouse GM-CSF o

BD Biosciences Cat# 564747
(Clone MP1-22E9)
Alexa Fluor® 488 Rat a-Mouse IGN-y S

BD Biosciences Cat# 557724
(Clone XMG1.2)
PE Rat a-Mouse IL-17A o

BD Biosciences Cat# 559502
(Clone TC11-18H10)
PE-Cy™7 Rat a-Mouse CD45R/B220 o

BD Biosciences Cat# 552772
(Clone RA3-6B2)
APC Hamster a-Mouse CD3e o

BD Biosciences Cat# 553066
(Clone 145-2C11)
BV786 Hamster a-Mouse CD11c o

BD Biosciences Cat# 563735
(Clone HL3)
BV711 Rat a-Mouse CD24 o

BD Biosciences Cat# 563450
(Clone M1/69)
BUV396 Rat a-Mouse Ly-6G S

BD Biosciences Cat# 563978
(Clone 1A8)
BV650 Rat a-Mouse I-A/I-E o

BD Biosciences Cat# 563415

(Clone M5/114.15.2)

PE a-Mouse/Human CD11b

BioLegend Cat# 101208
(Clone M1/70)
FITC a-Mouse CD45 ]

BioLegend Cat# 103107
(Clone 30-F11)
BV421 a-Mouse CD64 _

BioLegend Cat# 139309
(Clone X54-5/7.1)
PerCP/Cyanine5.5 a-Mouse Ly-6C ]

BioLegend Cat# 128011

(Clone Hk1.4)
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3.1. Introduction

This chapter includes data published in the Journal of Bacteriology (McLean et al.,
2020), which focuses on examination of the regulation of Gal metabolism in S.
pneumoniae by mutation of the Leloir pathway regulator, GalR. As reported in
Chapter 1, the pneumococcus is a human-adapted bacterium often carried
asymptomatically in the nasopharynx. Colonisation of the URT is an essential
prerequisite for invasive disease; however, the availability of carbon sources is
scarce in this environment (Pezzulo et al., 2011). Gal is the most abundant sugar in
the URT (Paix&o et al., 2015), so it follows that the ability to metabolise it may be a
crucial factor for pneumococcal survival within this host niche.

The pneumococcus possesses two pathways for Gal metabolism, the Leloir
pathway and the tagatose 6-phosphate (T6P) pathway. The Leloir pathway will be
the main focus of this chapter. In the Leloir pathway, as shown in Figure 1.5, Gal is
proposed to enter the cell via the ABC transporter SPD_0088 (Bidossi et al., 2012)
and is converted to aGal by GalM. aGal is then phosphorylated intracellularly at the
C1 position by the kinase GalK to yield aGal1P. This is then converted into aGlc1P
by the combined action of the hexose 1-phosphate uridyltransferase GalT and the
UDP-Glc epimerase GalE, with simultaneous conversion of UDP-Glc to UDP-Gal.
From here, aGlc1P can be converted to Glc6P by phosphoglucomutase (Pgm) and
enter the glycolytic pathway, or be converted by GalU to UDP-Glc, the precursor of
activated nucleotide sugars required for CPS biosynthesis (Paixdo et al., 2015).
Regulation of this pathway, specifically galK and galT, is controlled by GalR, a
member of the GalR/Lacl family of transcriptional regulators. A previous study (Afzal
et al., 2015) showed that GalR is the transcriptional activator of the Leloir pathway.
An additiona study has indicated that GalR possesses three putative

phosphorylation sites: S317, T319 and T323 (Sun et al., 2010).
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As explored in Section 1.10, a previous study from our group showed that the QS
signalling molecule Al-2 promotes Gal metabolism by upregulation of galKT via the
regulator galR (Trappetti et al., 2017). This study also showed that Al-2 promotes
transition of the pneumococcus from harmless coloniser to invasive pathogen. Al-2
is generated as a by-product of the activated methyl cycle in S. pneumoniae and is
dependent on the metabolic enzyme LuxS, a S-ribosylhomocysteine lyase.

We therefore propose that the quorum sensing molecule Al-2 is able to (directly or
indirectly) promote phosphorylation of the three putative phosphorylation sites GalR,
resulting in upregulation of the Leloir pathway. The mechanisms behind GalR
function, the role of the putative phosphorylation sites reported by Sun et al (Sun et
al., 2010) and the extent of its role in regulation of Gal metabolism remains poorly
understood. In this chapter, site-specific mutagenesis techniques have been used
to selectively mutate these putative phosphorylation sites, either singly or in

combination, to better elucidate their role in pneumococcal Gal metabolism.
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3.2. Results

3.2.1. The location of the putative GalR phosphorylation sites

There is currently no published crystal structure available for GalR, but structures of
closely related proteins have been solved. In preparation for future site-directed
mutagenesis studies, and in the absence of structural information for GalR, we
sought to examine the location of the putative phosphorylated residues (S317,
T319, and T323) by generating a structural homology model. A homology model of
GalR was constructed using SWISS-MODEL based on the homodimeric 2.4-A
structure (PDB: 1JFS) of the Escherichia coli PurR W147F mutant (35% sequence
similarity, 93% sequence coverage) (Huffman et al., 2002). Alignment of the GalR
model (green) with the template (cyan) revealed a moderate level of variation (root
mean square deviation [RMSD], 2.868 A), with an additional loop present in the
GalR model that was absent in PurR, corresponding to residues 183 to 191 (Fig.
3.1A). To complement these studies, we performed a conserved domain search to
investigate whether any of the putative phosphorylated residues were located within
regions of possible functional importance (Fig. 3.1B). The putative Gal binding
residues (magenta) are situated at the proposed dimer interface of GalR, suggesting
a role in protein dimer stabilisation upon sugar binding, while the N-terminal region
of GalR harbors the helix-turn-helix domain (blue) responsible for the interaction
with DNA. All of the putative phosphorylation sites (orange spheres) were situated
in a region distinct from the residues proposed to be involved in Gal binding and
DNA binding (Fig. 3.1B). As any functional impact of S317, T319, or T323
phosphorylation is more likely a consequence of allosteric changes rather than a
direct impact on sugar or DNA binding, we investigated the contribution of each
putative phosphorylated residue to GalR function, but not before gaining a greater

understanding of the role of GalR itself in Gal metabolism.
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82

FIGURE 3.1 Structural homology model of S. pneumoniae GalR

(A) Cartoon representation of the protomeric homology model of S.
pneumoniae GalR (green) based on the 2.9 A structure of Escherichia coli
PurR W147F mutant (cyan; RMSD: 2.868 A). (B) Cartoon representation of
the dimeric homology model of GalR. DNA binding helix-turn-helix domain is
shown in blue and putative sugar binding regions are highlighted in magenta.
The serine (S317) and threonine (T319 and T323) residues hypothesised to
be phosphorylated are depicted as orange spheres.
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3.2.2. Impact of GalR on galactose metabolism

While investigating the regulation of the Leloir pathway, Afzal et al., (Afzal et al.,
2015) determined that deletion of galK resulted in a decreased ability to grow in M17
medium with Gal as the primary carbon source. Given our interest in the function of
GalR, we wanted to determine the impact that deletion of ga/lR had on the ability to
grow when Gal is the only carbon source present. To do this, we used a minimal
chemically defined media (CDM) that will not permit growth of S. pneumoniae
without the addition of a carbon source. First, we utilised a strain in which the galR
gene was deleted and replaced with an erythromycin (Ery) resistance cassette,
named AgalR that had been previously generated (Table 2.1). Growth in chemically
defined medium with Glc as the sole carbon source (CDM + Glc) (Fig. 3.2A) showed
that the AgalR mutant grew similarly to the D39 wild-type strain. When grown in
chemically defined medium with Gal as the sole carbon source (CDM + Gal) (Fig.
3.2B), the AgalR strain was unable to grow, thus indicating that GalR plays a key

role in the ability to utilise Gal as a carbon source.

3.2.3. Impact of SPD_0088 deletion on import of galactose and galactose

metabolism

Now knowing the importance of GalR in the metabolism of Gal, we wanted to better
understand how Gal enters the cell in the first instance. The import of Gal remains
poorly understood in the pneumococcus; however, there is one known importer, a
PTS transporter belonging to the Tagatose-6-Phosphate pathway. Import via this
pathway, however, is unable to generate intermediates for use in the Leloir pathway,
meaning additional transporters must be present. As mentioned in Section 1, a
previous study (Bidossi et al., 2012) investigated the array of carbohydrate

transporters in the pneumococcus and identified the ABC transporter SPD_0088 as
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FIGURE 3.2 Impact of galR deletion on bacterial growth

The indicated strains were grown in CDM + Glc (A) or CDM + Gal (B). Growth
was monitored by measuring OD,, every 30 min for a total of 18 h. Data points

are mean OD_,, of triplicate assays.

600

84



Chapter 3: GalR Substitution Mutants

a potential importer of Gal. To determine if this was indeed the case, a previously
generated strain (Table 2.1) in which the SPD_0088 gene had been deleted
(ASPD_0088) was assessed.

In CDM + Glc the growth of both the wild-type and ASPD_0088 was comparable
(Fig. 3.3A), while in CDM + Gal (Fig. 3.3B) ASPD_0088 showed only slightly
decreased growth compared to the wild-type. This indicates that SPD_0088 plays
only a minor role in the import of Gal into the cell under these conditions, something

that might be expected given the array of known transporters in the pneumococcus.

3.2.4. Generation of putative GalR phosphorylation site amino acid

substitution mutants

Previous work in our laboratory (Trappetti et al., 2017) was the first to show that Al-
2 signalling in the presence of Gal results in increased capsule production and
hypervirulence. This appeared to be dependent on import of Al-2 via the FruA PTS
system, leading to upregulation of the Leloir pathway. PTS systems phosphorylate
their cargo during import, suggesting the possibility that phosphorylated Al-2 might
be capable of mediating phosphorylation of GalR (directly or indirectly). As
mentioned in Section 1.10, a previous study by Sun et al., (Sun et al., 2010) utilised
phosphoproteomics to determine residues that may be subject to phosphorylation
throughout the pneumococcal genome. This study revealed three putative
phosphorylation sites within GalR: Serine (Ser) 317 (S317), Threonine (Thr) 319
(T319) and Thr 323 (T323). To determine whether these proposed phosphorylation
sites are involved in GalR-mediated upregulation of the Leloir pathway, we
performed site-directed mutagenesis to selectively replace these residues with
select amino acids that would either mimic or prevent phosphorylation at these

positions.
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FIGURE 3.3 Impact of SPD_0088 deletion on bacterial growth
The indicated strains were grown in CDM + Glc (A) or CDM + Gal (B). Growth
was monitored by measuring OD,,, every 30 min for a total of 18 h. Data points

are mean OD,, of triplicate assays.
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To do this, the Janus cassette was used (Sung et al., 2001). As mentioned in
Section 2.4, this system firstly requires the introduction of an rpsL mutation within
the parent strain. Replacement of the streptomycin-sensitive rpsL with the
streptomycin-resistant rpsL 1 allele allows for counter-selection at later stages. From
here, the gene of interest, in this case galR, is replaced with the Janus cassette
which renders the strain kanamycin resistant and streptomycin sensitive, as shown
in Figure 3.4, thus generating the AgalR Janus strain into which the amino acid
substitutions could then be introduced. Following this, PCR was used to generate
linear DNA fragments incorporating the desired ga/R amino acid substitutions. This
required the use of primer sets that would amplify from outside of the gene to the
site of the desired amino acid mutations, as shown in Figure 3.5. This approach
generates a donor PCR product which can then be transformed into the AgalR
Janus strain as described in Section 2.3. Transformation results in replacement of
the Janus cassette with this PCR product, restoring a modified version of galR to
the genome with the required amino acid substitutions included. These mutants can
then be selected for based on their resistance profiles, firstly by resistance to
streptomycin, then by concurrent resistance to kanamycin. Using this system, we
are able to replace wild-type residues with either alanine (A), which lacks the
hydroxyl group required for phosphorylation, or aspartic acid (D) or glutamic acid
(E), which places a positive charge at the respective position, thereby constitutively
mimicking the phosphorylated state. The various single and combination
substitution mutants (in the D39 background) and the abbreviation code used to
designate each of them are detailed in Table 2.1. This code comprises three
subscript letters indicating whether the three putative GalR phosphorylation sites at
amino acids 317, 319 and 323 are the wild type (S or T), or the substitution mutants

(A, D or E). The phenotypes of the various mutants were then determined.

87



Chapter 3: GalR Substitution Mutants

Specific PCR Primers

!
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PCR amplify to generate
linear transformation product

Transform into competent cells
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Allelic Exchange x
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D39 AgalR Janus = anf/strep®

FIGURE 3.4. Generation of the AgalR Janus strain

An overview of the process undertaken to generate the AgalR Janus strain. First,
the streptomycin-sensitive rps/ allele is replaced with the streptomycin-resistant
rpsL1 allele. The strain is then transformed with linear DNA housing the Janus
cassette flanked by DNA that is homologous to the regions directly up and
downstream of the gene of interest, in this case galR, yielding the AgalR Janus
strain.
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FIGURE 3.5 Generation of GalR amino acid substitution mutants

Overview of the process used to generate the GalR amino acid substitution
mutants (A). Using the primers listed in Table 2.4., PCR was utilised to firstly
generate forward and reverse products housing the desired amino acid
substitutions (B). These products were then used as the template in an Overlap
Extension PCR to yield the final donor PCR product (C). This product was then
transformed into the AgalR Janus strain. Successful mutants were selected for
based their resistance phenotypes and confirmed by Sanger sequencing.
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3.2.5. Impact of GalR putative phosphorylation sites on galactose

metabolism

3.2.5.1. Alanine Substitution Mutants

By substituting each of the putative phosphorylation sites with Ala residues,
phosphorylation is prevented from occurring, allowing us to determine which
residues, or combination of residues, must be phosphorylated to enable growth in
Gal. There were seven Ala substitution mutants generated, including a control strain
in which all three putative phosphorylation sites were replaced with Ala residues
(GalRaaa), three strains in which each putative site was substituted individually
(GalRatT, GalRsat and GalRsta) and three strains in which two putative sites were
substituted (GalRaat, GalRata and GalRsaa). Growth in CDM + Glc revealed that
each mutant grew comparably to the wild-type strain (Fig. 3.6A). Conversely, when
grown in CDM + Gal, significant growth differences between strains became
apparent (Fig. 3.6B). The GalRaaa strain was almost completely unable to grow in
Gal, while GalRsaa showed a delay in growth, with a slower generation time and a
decrease in final culture density compared to wild type D39. The remaining GalR
substitution mutants, GalRart, GalRsat, GalRsta, GalRaat, and GalRara, exhibited a
capacity to grow in CDM + Gal similar to that of D39. This indicates that mutation of
any one of the three GalR phosphorylation sites alone does not significantly impact
the capacity to utilise Gal. However, mutation of both T319 and T323, as occurs in
GalRsaa, reduced the capacity of the strain to grow in this medium. Thus, the first
GalR phosphorylation site (S317) on its own is insufficient to fully sustain growth in
Gal. Substitution of all three sites, however, essentially abolished growth, indicating

that these sites collectively play an essential role during growth in Gal.
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FIGURE 3.6 Impact of alanine substitution on bacterial growth
The indicated strains were grown in CDM + Glc (A) or CDM + Gal (B). Growth
was monitored by measuring OD,,, every 30 min for a total of 18 h. Data points

are mean OD,, of triplicate assays.
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3.2.5.2. Aspartic Acid Substitution Mutants

Preventing phosphorylation at the putative GalR phosphorylation sites by mutating
to Ala gave insight as to whether phosphorylation is essential for the utilisation of
Gal as a carbon source. We subsequently wanted to investigate the effect that
mimicking constitutive phosphorylation had on Gal metabolism. This can be
achieved through the use of an amino acid with a negatively charged carboxyl
group. Asp is one such amino acid predicated to mimic a state of constitutive
phosphorylation at the site of interest (Chen and Cole, 2015). Given this, seven Asp
substitution mutants were generated: a strain in which all three putative
phosphorylation sites were replaced with Asp residues (GalRppp), three strains in
which each putative site was substituted individually (GalRprtr, GalRspr and
GalRstp) and three strains in which two of the putative sites were substituted
(GalRppT, GalRptp and GalRspp). Growth in CDM + Glc showed that each mutant
again grew comparably to the D39 wild-type strain (Fig. 3.7A). When grown in CDM
+ Gal (Fig. 3.7B), all substitution mutants with the exception of GalRstp, where only
the third site has been substituted with Asp, displayed an inability to grow in the
presence of Gal. Interestingly, the GalRppp strain, in which all of the putative
phosphorylation sites are substituted, fails to grow in the presence of Gal. This
suggests that introduction of a negative charge at all three of the putative sites does
not adequately mimic the effect of natural phosphorylation or causes a
conformational change in GalR that interferes with its function. The fact that the
GalRstp strain has similar growth to wild type in CDM + Gal implies that the third
putative phosphorylation site may play a relatively minor role in regulation of Gal
metabolism, consistent with the near wild type growth of the Ala substitution mutant,
GalRsta in CDM + Gal. These phenotypes may also be largely attributable to natural

phosphorylation of the wild type residues at the first and second sites.
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FIGURE 3.7 Impact of aspartic acid substitution on bacterial growth
The indicated strains were grown in CDM + Glc (A) or CDM + Gal (B). Growth
was monitored by measuring OD,,, every 30 min for a total of 18 h. Data points

are mean OD,, of triplicate assays.
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3.2.5.3. Glutamic Acid Substitution Mutants

One possible reason for the apparent inability of Asp residues to mimic
phosphorylation at the various sites, at least as judged by impact on growth in CDM
+ Gal, could be due to selection of sub-optimal phosphomimetic residues. Given
that phosphomimetics require the presence of a negatively charged carboxyl group,
Glu is another amino acid that can be used to mimic phosphorylation. Based on size
similarity, Ser residues should be substituted with Asp, while Thr residues should
preferably be substituted with Glu (Thorsness and Koshland, 1987). A set of seven
Glc substitution mutants were therefore constructed, including a strain in which all
three putative phosphorylation sites were replaced with Glu residues (GalReee),
three strains in which each putative site was substituted individually (GalRerr,
GalRser and GalRste) and three strains in which two of the putative sites were
substituted (GalReer, GalRete and GalRsge). As with the previously generated
mutants, growth in CDM + Glc showed that the mutants grew comparably to the D39
wild-type strain (Fig. 3.8A). Interestingly, growth in CDM + Gal (Fig. 3.8B) revealed
that only two amino acid substitution mutants could grow under these conditions,
GalRset and GalRste, where only the second or third site was substituted with Glu.
All remaining substitution mutants failed to grow when Gal was the sole carbon
source. While it is possible that the second and third sites may play minor roles in
Gal metabolism, the capacity of GalRser and GalRste to grow in CDM + Gal may
also be attributable to natural phosphorylation of the wild type residues at the other

two sites in each case.

3.2.5.4. Alanine and Aspartic Acid Substitution Mutants

Analysis of the Ala substitution mutants provided insights into the requirement for
phosphorylation at one or more of the three putative sites for Gal metabolism.

However, the inability of either GalRppp or GalReee to grow in CDM + Gal could have
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FIGURE 3.8 Impact of glutamic acid substitution on bacterial growth
The indicated strains were grown in CDM + Glc (A) or CDM + Gal (B). Growth
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been due to the inability of either residue to effectively mimic constitutive
phosphorylation, or conformational changes induced by the density of negative
charges that impacted GalR function. Interpretation of the phenotypes of the various
single and double D and E substitution mutants was also complicated by the
presence of wild type S or T at the other site(s). To address this, a set of six
additional mutants were generated; in three of these individual phosphorylation sites
were predicted to mimic the ‘ON’ state by substitution with aspartate and the
remaining two ‘OFF’ by substitution with Ala (GalRpaa, GalRapa and GalRaap). The
other three strains comprised combinations of two phosphorylation sites were ‘ON’
and the remaining site ‘OFF’ (GalRopa, GalRpap and GalRapp). Growth in CDM +
Glc (Fig. 3.9A) showed that the mutants grew comparably to the D39 wild-type
strain. However, none of the mutant strains were able to grow in CDM + Gal (Fig.
3.9B). This indicates that the presence of the phosphomimetic residues at any of
the putative GalR phosphorylation sites is not sufficient to enable metabolism of Gal

when the other sites are mutated to Ala.

3.2.5.5. Alanine and Glutamic Acid Substitution Mutants

A further six combined Ala and Glu mutants were then also generated; in three
strains only individual phosphorylation sites were rendered ‘ON’ with the remaining
two ‘OFF’ (GalReaa, GalRaea and GalRaag); in the other three strains a combination
of two phosphorylation sites were ‘ON’ and the remaining site ‘OFF (GalReea,
GalReae and GalRage). Growth in CDM + Glc again showed that all mutant strains
could grow comparably to the wild-type (Fig. 3.10A). However, growth in CDM +
Gal (Fig. 3.10B) showed that the mutants were again unable to grow when Gal is
the sole carbon source. These findings indicate that substitution of any or all of the
sites with either of the phosphomimetic residues (Asp or Glu) is insufficient for Gal

metabolism.
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FIGURE 3.9 Impact of combined alanine and aspartic acid substitution on

bacterial growth
The indicated strains were grown in CDM + Glc (A) or CDM + Gal (B). Growth
was monitored by measuring OD,,, every 30 min for a total of 18 h. Data points

are mean OD,, of triplicate assays.
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FIGURE 3.10 Impact of combined alanine and glutamic acid
substitution on bacterial growth

The indicated strains were grown in CDM + Glc (A) or CDM + Gal (B). Growth
was monitored by measuring OD,, every 30 min for a total of 18 h. Data points

are mean OD,, of triplicate assays.
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3.2.5.6. Combined Aspartic and Glutamic Acid Residue Substitution

The results so far support the finding that Asp is the most appropriate phosphor-Ser
mimic, while Glu is the most appropriate phospho-Thr mimic (Thorsness and
Koshland, 1987). Given this, a final mutant strain incorporating the optimum
phosphomimetic residues at each site (GalRpee) was constructed. When grown in
CDM + Glc (Fig. 3.11A), GalRpee grows comparably to the wild-type. However,
when grown in CDM + Gal (Fig. 3.11B) there was no detectable growth of the
GalRpee strain, similar to what was observed for both the GalRppp and GalReee
strains. Collectively, these findings cast doubt on whether substitution of putative
phosphorylatable residues with acidic amino acids adequately mimics the wild type
phosphorylated state. Alternatively, constitutive activation of GalR due to
incorporation of phosphomimetic residues may lead to some form of feed-back
inhibition either via GalR or some other regulatory pathway or result in

conformational changes within the protein which significantly impact its function.

3.2.6. Impact of GalR amino acid substitution on gene expression

Notwithstanding the uncertainties emanating from the growth studies with
phosphomimetic mutants above, analysis of the Ala substitution mutants (Section
3.2.5.1) suggested a clear requirement for phosphorylatable residues at one or
other of the putative phosphorylation sites for growth in Gal. While growth is
informative, it still leaves questions regarding the effects of these substitutions on
the regulation of both Leloir pathway specific genes and also those in other related
pathways. Therefore, to complement the above growth data, gene expression
analyses were conducted on all the GalR Ala substitution mutants to assess the
impact on expression of both Leloir and T6P pathway genes. Strains were grown

overnight on blood agar, washed and resuspended in CDM + Gal, and then
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FIGURE 3.11 Impact of combined aspartic and glutamic acid

substitution on bacterial growth
The indicated strains were grown in CDM + Glc (A) or CDM + Gal (B). Growth
was monitored by measuring OD,,, every 30 min for a total of 18 h. Data points

are mean OD,, of triplicate assays.
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incubated for 30 min. RNA was then extracted, and expression of galR, galK,
and /lacD was assessed by quantitative reverse transcription-qualitative PCR (qRT-
PCR) (see Section 2.9) (Fig. 3.12).

Expression of galR itself was, as expected, undetectable in AgalR and was also
significantly downregulated in all the mutants tested. GalRaaa was the most
affected, showing an 88% reduction in galR expression (Fig. 3.12A). As galR has
been previously shown to regulate the galKT operon (Afzal et al., 2015), we expect
to see similarly decreased galK expression in these strains. There was significantly
decreased expression of galK in all GalR mutants compared to wild-type D39 (Fig.
3.12B). In particular, the AgalR and GalRaaa strains showed similarly low levels
of galK expression (298% reduction). These findings are largely consistent with the
effects of the mutations on the expression of galR itself (Fig. 3.12A). It is worth
noting that only those mutants with >98% reduction in galK expression (AgalR and
GalRaaa) exhibited severe growth defects in CDM + Gal (Fig. 3.12B). We also
assessed whether the absence of functional Leloir pathway expression had any
effect on the expression of the T6P pathway by
examining lacD expression. lacD encodes the last enzyme of the T6P pathway and
is responsible for the conversion of tagatose 1,6-bP to dihydroxyacetone-P and D-
glyceraldehyde-3-P, which can then feed into the glycolytic pathway.
Interestingly, lacD expression was significantly (30 to 60%) lower in all GalR
mutants compared to D39 (Fig. 3.12C), indicating a direct or indirect role for GalR
phosphorylation in the expression of T6P pathway genes. However, there was no
apparent association between reduced /lacD expression and the relative ability of

the various strains to grow in Gal.
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3.2.7. Substitution of key GalR residues results in a decreased ability to
adhere to nasopharyngeal cells

The human host environment provides an array of carbon sources that can
potentially be utilised by bacteria. The human nasopharynx and upper respiratory
tract is particularly rich in Gal, either free of as a component of cell surface
glycoconjugates (Pezzulo et al., 2011). Thus, the ability to acquire and metabolise
Gal may be an important factor in successful host colonisation. Following from our
growth and transcriptional studies, we wanted to determine if the putative
phosphorylation sites play a role in the ability to adhere to the nasopharyngeal
epithelium. To assess this, Detroit 562 nasopharyngeal cells were first grown to
confluency before being incubated with S. pneumoniae in the presence of CDM +
Gal and examined for adherent pneumococci after two hours (Section 2.11) (Fig.
3.13). With the exception of GalRsta and GalRata, there was an observed decrease
in the ability to adhere to Detroit cells when compared to D39. Interestingly, the
difference in adherence between AgalR and each of the amino acid substitution
mutants appears to be negligible. Collectively, these analyses show that GalR may
play an important role in the ability to adhere to the nasopharyngeal epithelium in
an environment where Gal is the predominant carbon source, and that the

phosphorylation sites themselves may aid in this.

3.2.8. Substitution of key GalR residues has a minimal impact on total

capsule production

The polysaccharide capsule is one of the primary virulence factors of the
pneumococcus, and is known to impact the capacity of pneumococci to adhere to
epithelial cells in vitro (Hammerschmidt et al., 2005). We therefore wanted to

determine whether there were any differences in the total amount of capsular
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FIGURE 3.13. Impact of amino acid substitution on adherence to
Detroit 562 cells
D39, AgalR, GalR,,,, GalRarr, GalRsar, GalRsta, GalRaar, GalRara and

GalRsaa and galR,;, were inoculated at a final OD, of 0.2 onto Detroit 562

monolayers in CDM + 10% FCS + 0.5% Gal. Cells were then incubated for
2 hours at 37°C before being assessed for adherence. Each strain was
assayed in technical triplicate over a minimum of two independent
experiments. Data presented are the mean + standard error of the mean,
expressed as a percentage of that for D39. *, P < 0.05; one-way ANOVA
(relative to D39).
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polysaccharide present on AgalR and GalRaaa before moving on to in vivo studies.
When compared to D39, there was no significant difference in capsule production
in the AgalR and GalRaaa strains when grown in Serum Broth (data not shown).
Serum Broth was used as opposed to CDM + Gal as this is the media used to grow
murine challenge strains. This also circumvented the issue of these strains being
unable to grow in CDM + Gal, as shown earlier in this chapter. The results indicate
that despite these strains showing differences in growth when Gal is the sole carbon
source, they are able to produce similar amounts of capsular polysaccharide,

presumably exploiting an alternative carbon source under these conditions.

3.2.9. Impact of GalR and GalR phosphorylation in a mouse model of

pneumococcal infection

Having now characterised the growth and transcriptional phenotypes of the Ala
substitution mutants, along with the influence of the substitutions on adherence to
nasopharyngeal cells and total capsule production, we next wanted determine if
these substitutions, along with GalR, also had any significant impact on the
progression of invasive pneumococcal disease in vivo. Groups of mice were
challenged intranasally with 1 x 107 CFU of wild type D39, AgalR or GalRaaa, and
the numbers of pneumococci present in various niches (nasal tissue, ear, lungs, and
blood) were determined at 24 h post-challenge (Fig. 3.14). The GalRaaa strain
exhibited a significantly attenuated virulence phenotype, with reduced bacterial
loads relative to D39 in nasal tissue (Fig. 3.14A), ears (Fig. 3.14B), and lungs (Fig.
3.14C). A similar trend was observed for bacterial loads in the blood, although this
did not reach statistical significance (Fig. 3.14D). The AgalR strain showed a

significantly decreased bacterial load in the ear, but not in any other niches.
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FIGURE 3.14. Virulence phenotypes of D39, AgalR and GalR,, ,

Groups of mice were infected intranasally with 10" CFU of the indicated strain.
At 24 h, mice were euthanised and the number of pneumococci isolated from the
nasal tissue (A), lungs (B), ears (C) and blood (D) were enumerated. Viable
counts (total CFU per tissue, or CFU per ml blood) are shown for each mouse in
each niche; the horizontal bars indicate the geometric mean (GM) CFU for each
group; the dotted line indicates the threshold of detection. Significance of
differences in GM bacterial load between groups were analysed using unpaired
ttests: *, P<0.05; ** P <0.01; **, P< 0.001.
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TABLE 3.1. Summary of GalR substitution mutant growth phenotypes.

Strain  Growth in Glucose ~ Growth in Galactose
Alanine Substitution Mutants

GalRaaa
GalRatT
GalRsat
GalRsta
GalRaat
GalRaTa
GalRsaa

-<-<-<-<-<-<|

<< <=<=<=<<

Aspartic Acid Substitution Mutants

GalRppp
GalRptT
GalRspt
GalRsTp
GalRptT
GalRpTp
GalRspp

< << =<=<=<<

Glutamic Acid Substitution Mutants

<

GalReee
GalRetT
GalRser
GalRste
GalReer
GalRete
GalRsee

Combined Alanine and Aspartic Acid Mutants
GalRapp
GalRapa
GalRaap
GalRppa
GalRpap
GalRapp

Combined Alanine and Glutamic Acid Mutants
GalRaee
GalRaea
GalRaae
GalReea
GalReae
GalRaee

<< =<=<<
_<

<

<< <=<=<<

<< <=<=<<
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This indicates that the putative GalR phosphorylation sites do indeed play a role in
the pathogenesis of invasive disease, while GalR may play a role in the ability to

persist in the ear during infection.

3.3. Discussion

The results of this chapter have expanded on previous findings showing that GalR
is important for Gal metabolism in S. pneumoniae (Afzal et al., 2015), revealing that
the putative GalR phosphorylation sites (S317, T319, and T323) are important for
growth in a defined medium with Gal as the sole carbon source. Mutation of all
putative phosphorylation sites to Ala (GalRaaa) significantly abrogated growth in Gal
and reduced expression of galR and galK to levels comparable to those of the
AgalR strain (Fig. 3.6B and Fig. 3.12). Growth of all substitution mutants is
summarised in Table 3.1. These mutations also had a profound impact on the ability
to adhere to nasopharyngeal epithelial cells in vitro (Fig. 3.13). Moreover, the
substitution of these amino acids with Ala appears to alter the interaction of GalR
with the galR operator sequence; as a result, the defects observed
in galK expression may be at least partially attributable to a reduction in GalR
abundance, rather than a direct alteration in binding to the galK operator. The
precise mechanism behind these defects remains unknown but may be due to
effects on folding, dimerization, or binding of effector molecules rather than by
directly preventing phosphorylation. However, structural modelling of GalR shows
that these residues are located in a distinct region to the putative Gal and DNA
binding domains (Fig. 3.1B). Additional studies exploring the interaction of purified
GalR and GalRaaa with each operator DNA sequence, e.g. using electrophoretic
mobility shift assays, may provide greater insight into the regulation of the Leloir

pathway genes.
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In S. pneumoniae, the only reported kinase responsible for phosphorylation of Ser
and Thr residues is StkP (Echenique et al., 2004, Novakova et al., 2005). A previous
proteomic study performed in medium containing Glc failed to identify GalR as a
target of StkP, but LacA, the Gal6P isomerase responsible for converting Gal6P to
T6P, was identified as a possible target for StkP-mediated phosphorylation
(Hirschfeld et al., 2019). Given that this study was performed in Glc means the
failure to detect GalR as a potential StkP target is not entirely unsurprising.
However, it would be worth investigating this further in the future. Preliminary data
from our laboratory have revealed that a D39AstkP strain was unable to grow in Gal
(E. Brazel, 2018, Unpublished), but this may be a consequence of the defect in LacA
phosphorylation rather than failure to phosphorylate GalR. The inability of an stkP
mutant to grow in Gal, however, indicates that this may indeed be the kinase
required to phosphorylate GalR. As a result, additional studies to directly examine
the role of StkP in GalR phosphorylation are required, along with further
investigation into what may be acting as the phosphor-donor in this case.

Gene expression studies demonstrated that of the various GalR mutants
constructed in this study, those with the greatest defects in growth in CDM + Gal,
namely, AgalRand GalRaaa, exhibited virtually undetectable levels
of galK expression (>98% reduction) (Fig. 3.12B), showing a direct link between
Leloir pathway gene expression and growth in Gal. The single and double-point
mutants also showed significantly reduced expression of galR and galK, but this
level of expression still enabled sufficient Leloir pathway activity to sustain growth
in CDM + Gal (Fig. 3.12A and Fig. 3.12B). Interestingly, of the single or double Ala
substitution mutants, the GalRsaa mutant was the only one to show a defect in
growth in Gal compared to D39 (Fig. 3.6B), but gene expression was similar to that

in the other mutants that grew comparably to the wild type (Fig. 3.6B and Fig. 3.12).
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Therefore, growth in Gal can occur even at low levels of galK expression. Thus, the
effects on Leloir pathway gene expression and growth in CDM + Gal could be
attributable to inadequate levels of GalR in the cell, reduced capacity of the
respective GalR phosphorylation site mutants to activate Leloir pathway genes such
as galK, or a combination of both.

The present study has shown that the GalR putative phosphorylation sites play a
significant role in adherence to the nasopharyngeal epithelial cells (Fig. 3.13) and
pneumococcal infection (Fig. 3.14). Mice infected with GalRaaa displayed
significantly reduced bacterial loads in the nasopharynx, middle ear, and lungs
relative to those infected with wild-type D39 (Fig. 3.14A-D), while mice infected with
AgalR showed decreased bacterial loads in the ear. These findings are compatible
with previous studies showing reduced nasopharyngeal colonization and reduced
systemic virulence of D39 galK and lacD deletion mutants after intranasal, but not
intravenous, challenge of mice (Paixao et al., 2015). However, the impact of the
putative GalR phosphorylation sites has not previously been investigated. Clearly,
the capacity to metabolize Gal is important for survival and proliferation in the upper
respiratory tract and the middle ear, where it is an important carbon source (Paixao
et al., 2015). Moreover, metabolism of Gal by pneumococci in vitro is known to lead
to increased production of CPS relative to cells growing on Glc, which may be the
basis for the altered virulence profiles (Trappetti et al., 2017). We previously showed
that treatment with the quorum-sensing molecule Al-2 upregulates Leloir pathway
gene expression and CPS production in the presence of Gal in vitro, as well as
virulence in an intranasal challenge model (Trappetti et al., 2017). This upregulation
was dependent on the PTS component FruA, which is presumed to be the bacterial
surface receptor for Al-2. This signalling molecule is a di-ketopentose and may

structurally mimic the natural cargo of FruA, namely, fructose, and if Al-2 is capable
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of internalization via the FruA PTS system, then it would be expected to be
phosphorylated during import. It is tempting to speculate that such phosphorylated
Al-2 may play a direct or indirect role in GalR phosphorylation, perhaps acting as a
phosphate donor, thereby mediating upregulation of the Leloir pathway. Further to
this, we can speculate that it may be StkP that is responsible for transferring the
phosphate group from Al-2P to GalR. We also know that deletion of /uxS results in
an inability to produce Al-2, as the conversion of S-ribosyl-homocysteine to
homocysteine in the Activated Methyl Cycle cannot occur. An initial aim of this
project was to determine the impact of exogenous Al-2 on growth and gene
expression in the GalR substitution mutants, however we encountered some
significant issues with both the biological activity and acquisition of the product itself.
Future experiments should include the opportunity to further investigate the
relationship between /luxS, stkP and galR with biologically active Al-2 to further
elucidate the relationship between carbohydrate metabolism and cell-to-cell
signalling in the pneumococcus. An additional step to be taken in future experiments
would be to utilise techniques such as phosphor-proteomics to determine the level
of phosphorylation that is required for activation of GalR and subsequently, the
Leloir pathway. Performing this in strains such as D39, AgalR and GalRaaa would
allow for the determination of the precise amount needed for function. We know that
the phosphorylation sites themselves are important, however the amount of
phosphorylation required for activation remains a mystery.

The overall inability of these amino acid substitution mutants to grow is made all the
more perplexing by the presence of the tagatose-6-phosphate pathway in these
cells. The T6P and Leloir pathways have been previously reported to be discreet
pathways, notwithstanding functional similarities in terms of capacity to metabolise

Gal (Afzal et al., 2014, Afzal et al., 2015). However, it could be theorised that in the
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event of the Leloir pathway being compromised in some manner, for example by
amino acid substitution at critical GalR phosphorylation sites, the T6P pathway
should be able to operate in place of the Leloir pathway to ensure survival under
these nutritional conditions. Interestingly, this wasn’t the case, opening the doorway
for reasoning that the role of GalR in pneumococcal Gal metabolism may be more
widespread than initially thought.

The impact that these amino acid substitutions may have on the overall structure
and function of GalR cannot be overlooked. While these substitutions should
theoretically act as intended, it would be remiss to argue that there is potentially no
change to the folding of GalR, and thus the ability to bind DNA and successfully
regulate the repression of both galK and galT. Further studies should aim to assess
whether this is indeed occurring in these mutants, whether this be by use of
electrophoretic mobility shift assays (EMSAs) or more intricate DNA-binding assays
that utilised recombinantly expressed and purified GalR protein variants.

This study has shown that, collectively, the GalR putative phosphorylation sites play
a key role in virulence and the ability to metabolise Gal and has revealed a complex

interplay between the Gal metabolic pathways in S. pneumoniae.
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Chapter 4: Interplay Between the Leloir and T6P Pathways

4.1. Introduction

The findings of Chapter 3 have shown the importance of GalR in Gal metabolism,
and further, a role for the putative phosphorylation sites therein. What remains
unclear is how the Leloir and T6P pathways may be able to compensate for each
other during times of metabolic stress. This chapter includes the remaining data
published in the Journal of Bacteriology (McLean et al., 2020).

S. pneumoniae can metabolise upwards of 30 different carbon sources, each
through unique pathways and via a range of different transporters. As discussed in
Chapter 1, the human host acts to maintain airway sterility by actively eliminating
the Glc present in this niche (Pezzulo et al., 2011). In the absence of Glc, Gal is the
predominant sugar, meaning that uptake and metabolism of this sugar is critical for
bacterial survival. In S. pneumoniae, Gal metabolism has traditionally been thought
to occur via two discreet pathways, the Leloir pathway, and the tagatose-6-
phosphate (T6P) pathway.

As shown in Chapter 3, in cases where GalR is shut down, there is a persistent
inability to grow in the presence of Gal, despite the presence of a theoretically
functional secondary pathway in the form of the T6P pathway, suggesting a potential
link between the two. In this chapter, mutagenesis techniques were employed to
generate targeted knockouts of genes within either the Leloir or T6P pathways
before characterising their growth, transcriptional and adherence phenotypes in the
presence of different carbon sources. Finally, metabolomics was utilised to
determine if there were differences in the abundance of key

metabolites/intermediates present in either the Leloir or T6P pathways in Gal media.
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4.2. Results

4.2.1. Both the Leloir and Tagatose-6-Phosphate pathways are required for
growth in Gal

In order to assess the contribution of the Leloir and T6P pathways to Gal
metabolism, growth of a range of both Leloir and T6P pathway mutants were
analysed in both CDM + Glc and CDM + Gal. Focussing firstly on the Leloir pathway
(Fig. 4.1), growth in CDM + Glc appears consistent for the wild-type and AgalR, as
shown in Chapter 3, and AgalK strains (Fig. 4.1A). When grown in CDM + Gal, both
the AgalR (lacking the regulator of galKT) and AgalK strains (lacking the kinase
responsible for converting aGal to aGal1P) are unable to grow (Fig. 4.1B),
supporting the hypothesis that the Leloir pathway is indeed essential for the
utilisation of Gal as a carbon source. When considering the T6P pathway mutants
(AlacAB and AlacD) (Fig. 4.2), it was initially thought that these mutations wouldn’t
have a significant impact on the ability to grow when Gal was the sole carbon
source, but this was not the case, even though the Leloir pathway remains intact in
these strains. When grown in CDM + Glc, the AlacAB (lacking the isomerase that
converts Gal6P to T6P) and AlacD mutants (lacking the tagatose-1,6-bisphosphate
aldolase) grow comparably to the WT (Fig. 4.2A). Interestingly, both the AlacAB and
AlacD mutants fail to grow in CDM + Gal (Fig. 4.2B), showing that the T6P pathway
is also necessary for the metabolism of Gal when it is the sole carbon source. This
also supports the possibility of a link between the Leloir and T6P pathways as these
strains both have an intact Leloir pathways that might have rescued growth in these
conditions. Finally, we wanted to determine whether creating mutations in both the
Leloir and T6P pathways (AgalRAlacD) would reveal any alternative pathways for

Gal metabolism in the pneumococcus (Fig. 4.3). When grown in CDM + Glc (Fig.
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Figure 4.1. Impact of Leloir pathway mutation on growth in galactose
The indicated strains were grown in CDM + Glc (A) or CDM + Gal (B). Growth
was monitored by measuring OD,,, every 30 min for a total of 18 h. Data points

are mean OD,, of triplicate assays.

116



Chapter 4: Interplay Between the Leloir and T6P Pathways

CDM + Glc

0-()IIIIIIIIII
0 2 4 6 8 10 12 14 16 18

Time (Hours)

CDM + Gal

g

0.0 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18

Time (Hours)

‘ =WT . = AlacAB = AlacD

Figure 4.2. Impact of tagatose-6-phosohate pathway mutation on growth
in galactose

The indicated strains were grown in CDM + Glc (A) or CDM + Gal (B). Growth
was monitored by measuring OD, every 30 min for a total of 18 h. Data points

are mean OD

o0 Of triplicate assays.
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Figure 4.3. Impact of combined Leloir and tagatose-6-phosphate pathway
mutation on growth in galactose

The indicated strains were grown in CDM + Glc (A) or CDM + Gal (B). Growth
was monitored by measuring OD,, every 30 min for a total of 18 h. Data points

are mean OD,, of triplicate assays.
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4.3A), the AgalRAlacD mutant grows comparably to the wild-type; however, it is
unable to grow in CDM + Gal (Fig. 4.3B). Collectively, these findings indicate
essential roles for both the Leloir and T6P pathways in the successful metabolism
of Gal, given that they must both be functional in order to permit growth when Gal

is the sole carbon source, indicating a degree of interplay between the two.

4.2.2. Contribution of GalR to the regulation of pneumococcal Gal

metabolism

To further understand the apparent cross talk between the Leloir and T6P pathways,
we analysed the expression of galR, galK, lacA, and lacD in D39, in the Leloir
pathway mutants (AgalR, AgalK and GalRaaa), the tagatose pathway mutants
(AlacAB, AlacD) and the combined Leloir and T6P pathway double mutant
(AgalRAlacD) (Fig. 4.4). The expression of galR was significantly upregulated in
both AgalK and AlacD relative to D39, whereas it was unaffected in AlacAB (Fig.
4.4A). galK expression was unaffected in AlacD, but was significantly
downregulated relative to D39 in AlacAB (Fig. 4.4B). Both galR and galK expression
were also largely abrogated in AgalR and GalRaaa, confirming the requirement for
functional GalR for activation of the Leloir pathway, as previously shown in Chapter
3. Unsurprisingly, the expression of these two genes was also abrogated in
AgalRAlacD. lacA expression (Fig. 4.4C) was significantly upregulated in AgalK
relative to D39. In the remaining mutants, the expression of both /acA and lacD was
downregulated relative to D39 (Fig. 4.4C and 4.4D). Collectively, these findings
underscore the requirement for GalR (and the putative phosphorylation sites
therein) in the activation and upregulation of the T6P pathway when the Leloir
pathway is blocked. This could be due to feedback inhibition from accumulation of

either Leloir or T6P intermediates, as has been shown for other species of
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Figure 4.4. Impact of Leloir and tagatose-6-phosphate pathway deletion
on regulation of galactose metabolism

Differential gene expression in Leloir and T6P pathway mutants. D39, AgalR,
AgalK, AlacAB, AlacD, AgalRAlacD, and GalRaaa were cultured overnight on
blood agar, washed, and resuspended to a final ODeggo of 0.25 in CDM + Gal
and incubated for 30 min. RNA was then extracted, and gqRT-PCR was used to
assess levels of galR (A), galK (B), lacAB (C), and lacD (D) mRNA, using gyrA
as an internal control. Data presented are the mean * standard deviation from
three independent experiments, expressed as a percentage of that for D39. *,
P<0.05; **, P<0.01; ***, P<0.001; ***, P<0.0001, by unpaired t test (relative
to D39); ns, not significant; X, transcript absent due to gene deletion.
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Figure 4.5. Assessing regulation of tagatose-6-phosphate pathway
expression in response to galactose

D39, AgalR and AlacD were cultured overnight on blood agar, washed, and
resuspended to a final ODsoo of 0.25 in CDM + Gal and incubated for 30 min.
RNA was then extracted, and qRT-PCR was used to assess levels of lacR2
mMRNA, using gyrA as an internal control. Data presented are the mean +
standard error of the mean from three independent experiments, expressed as
relative expression. *, P<0.05; by unpaired t test (relative to D39); ns, not
significant.
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Streptococci (Zeng et al., 2010). We also assessed expression of lacR2, the
repressor of the lacl operon (Afzal et al., 2014), in which we expected to see
decreased expression in response to Gal. In the presence of Gal, there was a
decrease in expression of lacR2 in D39AlacD relative to D39, implying de-
repression of the operon to promote upregulation of the T6P pathway genes.
However, there was no significant difference in lacR2 expression between D39 and
AgalR, indicating that effects of GalR on T6P pathway gene expression are not

mediated via lacR2 (Fig. 4.5)

4.2.3. Both the Leloir and Tagatose-6-Thosphate pathways are required for
adherence to the nasopharyngeal epithelium

The ability to metabolise galactose in the human upper respiratory tract seems an
essential feature for pneumococcal survival. To test this hypothesis, | performed an
in vitro adherence assay using Detroit 562 nasopharyngeal epithelial cells. These
cells were grown to confluency as explained in Section 2.11 and then incubated in
the presence of either D39, AgalR, AlacD or AgalRAlacD pneumococci in CDM +
Gal for two hours. Following this incubation, the number of adhered pneumococci
were determined. There was a significant decrease in the adherence observed for
the AgalR, AlacD and AgalRAlacD strains compared to D39, as shown in Figure
4.6. This potentially indicates that there is also a role for the T6P pathway in
colonisation of the URT, not just the Leloir pathway and the putative GalR

phosphorylation sites, as shown in Section 3.2.7.

4.2 4. Differentiating between intracellular and extracellular galactose

To investigate the metabolism of intracellular Gal in S. pneumoniae we examined

the in vitro growth kinetics of AgalR, AlacD, and the double mutant AgalRAlacD

122



Chapter 4: Interplay Between the Leloir and T6P Pathways

AFkkk

Ak kK
150 ;

Ak kK

100 -

A
o

% of Adherent Bacteria
(relative to D39)

Figure 4.6. Assessing adherence of Leloir and tagatose-6-phosphate
pathway mutants to Detroit 562 nasopharyngeal cells
D39, AgalR, AlacD and AgalRAlacD were inoculated at a final OD, of 0.2 onto

Detroit 562 monolayers in CDM + 10% FCS + 0.5% Gal. Cells were then
incubated for 2 hours at 37°C before being assessed for adherence. Each strain
was assayed in technical triplicate over a minimum of two independent
experiments. Data presented are the mean + standard deviation, expressed as
a percentage of adherent bacteria relevant to D39. ****, P < 0.0001; by One
Way ANOVA (relative to D39).
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in CDM with raffinose (Raf) as the sole carbon source. Raf is a trisaccharide
composed of Gal, Glc, and fructose (Fru), which is internalised via an ABC
transporter, after which the terminal Gal is released by an a-galactosidase encoded
by the Raf operon aga gene (Hobbs et al., 2019). It has been previously reported
that Gal is the intracellular inducer of the Leloir pathway in S. mutans (Zeng et al.,
2010), although this is yet to be shown for S. pneumoniae. The AlacD strain
exhibited growth kinetics in CDM + Raf nearly identical to that of the wild-type under
the same conditions (Fig. 4.7). However, when analysing the AgalR mutant, we
observed that this strain exhibited a markedly slower growth phenotype than D39
and was not able to reach an equivalent culture density, confirming the role of the
Leloir pathway in the metabolism of intracellular Gal. Interestingly, deletion of genes
from both the Leloir and T6P pathways (AgalRAlacD mutant) resulted in a strain with
severe growth perturbation in CDM + Raf, indicating a role for these pathways in the
utilisation of intracellular Gal.

We wanted to gain a better understanding of the transcriptional changes occurring
in response to discrimination between intracellular and extracellular Gal. To do this,
we examined the expression of both galR and /acD in key Leloir pathway mutants
(AgalR and AgalK), T6P pathway mutants (AlacAB and AlacD) and combined
deletion (AgalRAlacD) mutants in the presence of either CDM + Gal or CDM + Raf
(Fig. 4.8). Looking at galR expression (Fig. 4.8A), these levels remained consistent
in both media, with the exception of the AlacD strain where there was a decrease in
expression observed in the presence of Raf. Given that there is a ‘functional’ Leloir
pathway present in this strain and there was only minor growth perturbation
observed during growth in CDM + Raf, this was not unexpected. lacD expression
was significantly decreased when strains were exposed to Raf, indicating that the

Leloir pathway may play a more significant role in the utilisation of intracellular Gal.
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Figure 4.7. Impact of Leloir and tagatose-6-phosphate mutation on
utilisation of intracellular galactose

The indicated strains were grown in CDM + Glc (A) or CDM + Gal (B). Growth
was monitored by measuring OD,, every 30 min for a total of 18 h. Data points

are mean OD_,, of triplicate assays.
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Figure 4.8. Regulation of the Leloir and tagatose-6-phosohate pathways in
response to intracellular galactose

D39, D39AgalR, D39AgalK, D39AlacD and D39AgalRAlacD were cultured
overnight on blood agar, washed, and resuspended to a final ODeoo of 0.25 in
CDM + Gal or CDM + Raf and incubated for 30 min. RNA was then extracted,
and gRT-PCR was used to assess levels of galR and lacD mRNA, using gyrA
as an internal control. Data presented are the mean * standard error of the
mean from three independent experiments, expressed as relative expression.

*, P<0.05; **, P<0.01; ****, P<0.0001, by One Way ANOVA (Multiple
Comparisons).
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This is further confirmed by the growth phenotypes observed in Fig. 4.7B. Further,
the decreased lacD expression (Fig. 4.8B) in the AgalK strain compared to AgalR
aids in supporting this theory, as the presence of galR would initially signal that the
Leloir pathway is present and functional. With time, the decreased ability of this
strain to metabolise Raf to Gal and its other intermediates would become apparent,
as is seen in Fig. 4.7B. Collectively, these findings indicate that while the Leloir
pathway may play a key role in the utilisation of intracellular Gal, it is actually both

the Leloir and T6P pathways that are responsible for growth in these conditions.

4.2.5. Utilisation of carbon sources differs between Leloir and Tagatose-6-

Phosphate pathway mutants

Given the apparent link between the Leloir and T6P pathways that has been
identified through growth and transcriptional analyses, we wanted to investigate
whether there was differential metabolism of any other carbon sources between the
wild-type and the mutants AgalR, AlacAB and AlacD. To do this, we conducted
phenotypic microarrays as described in Section 2.18, which allows for visualisation
of the ability to metabolise 96 different carbon sources. As shown in Table 4.1, there
were distinct differences observed.

There was a subset of carbon sources that could be metabolised by all four test
strains, these being L-arabinose, N-acetyl-G-glucosamine, D-trehalose, D-
mannose, D-ribose, D-fructose, a-D-glucose, maltose, o-D-lactose, sucrose,
maltotriose, D-cellobiose, N-acetyl-B-D-mannosamine and L-lyxose. There was a
small subset of carbon sources that could exclusively be metabolised by the wild-
type, including D-Gal, glycerol, L-fucose, D-glucuronic acid and L-rhamnose. There

were an additional five carbon sources that were differentially metabolised between
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Table 4.1. Overview of differences in carbon utilisation in S. pneumoniae

Metabolite D39 AgalR AlacAB AlacD
L-Arabinose + + + +
N-Acetyl-G-

Glucosamine ¥ ¥ ¥ ¥
D-Galactose + - - =
D-Trehalose + + + +

D-Mannose + + + +

Glycerol + - - -
L-Fucose + = = s
D-Glucuronic + i i i
Acid
D-Xylose + + - +
D-Ribose + + + +

L-Rhamnose + = = =

D-Fructose + + + +
a-D-Glucose + + + +

Maltose + + + +
a-D-Lactose + + + +
Lactulose + + - =
Sucrose + + + +

BGI:nuect::ildz ¥ ] ] ¥
Maltotriose + + + +
D-Cellobiose + + + +
Acetoacetic

Acid * ° ; ¥

annosamine | : : +

D-Psicose - - + =

L-Lyxose + + + +
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the mutant strains. D-xylose could be metabolised by D39, AgalR and AlacD but not
AlacAB. Lactulose could be metabolised by D39 and AgalR but not AlacAB and
AlacD. B-D-methyl-glucoside and acetoacetic acid could only be metabolised by
D39 and AlacD. Finally, AlacAB was the only strain able to metabolise D-psicose.
The remaining carbon sources present in the microarray plate were unable to be
metabolised by any of the strains tested. The use of phenotypic microarray revealed
differences in the ability of different Leloir and T6P pathway mutants to metabolise
varied carbon sources. Given that the intracellular accumulation of metabolic
intermediates has been shown to be toxic in other Streptococci (Zeng et al., 2010),
we wanted to further investigate these differences using a more comprehensive

metabolomic approach.

4.2.6. Deletion of key tagatose-6-phosphate pathway genes alters the
metabolome in the presence of Gal

To gain insight into whether any metabolites/intermediates were toxically
accumulating intracellularly in the various mutants, cells were analysed using Liquid
Chromatography Mass Spectrometry and Gas Chromatography Mass Spectrometry
at Metabolomics Australia by Dr. David De Souza and Dr. Brunda Nijagal. In this
pilot study, two strains were sent for analysis: D39 and AlacAB. Strains were firstly
grown on BA overnight and resuspended to a final ODggo of 0.25 in CDM + Gal
before being incubated at 37°C for 30 min. Bacterial pellets were then harvested as
explained in Section 2.13 and sent for analysis.

As can be seen in Figures 4.9.1 and 4.9.2, there were 3 metabolites reported to be
significantly more abundant in AlacAB relative to D39. These were Glc-6-P, D-

Glyceraldehyde-3-P and Sedoheptulose-7-P. In addition, there were 7 metabolites
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Figure 4.9.1. Assessing significant changes in the metabolome in
response to tagatose-6-phosphate pathway mutation

D39 and AlacAB were cultured overnight on blood agar, washed, and
resuspended to a final ODgoo of 0.25 in CDM + Gal and incubated for 30 min.
Cells were then infused in cold PBS and pelleted prior to snap freezing. Pellets
were then shipped to Metabolomics Australia for analysis. Metabolite level in
the mutant strain is expressed as a ratio relative to that in D39. *, P<0.05; **,
P<0.01; *** P<0.0001, by unpaired t test.
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Figure 4.9.2. Assessing significant changes
response to tagatose-6-phosphate pathway mutation

D39 and AlacAB were cultured overnight on blood agar, washed, and
resuspended to a final ODgoo of 0.25 in CDM + Gal and incubated for 30 min.
Cells were then infused in cold PBS and pelleted prior to snap freezing. Pellets
were then shipped to Metabolomics Australia for analysis. **, P<0.01; ****,
P <0.0001, by unpaired t test.
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reported to be significantly less abundant in AlacAB compared to D39, these being
Fru-1,6-bP, o-D-Glc-1,6-bP, Sucrose-6-P, Acetyl CoA, NADH, Sorbitol and D-
Ribose. While some of these metabolites are found within the T6P pathway, they
can also be associated with other metabolic pathways. Non-significant
metabolomics results can be found in Appendix A.

Given that there were these changes observed within the metabolome of the AlacAB
strain, we wanted to better understand what this may mean for intracellular
metabolite accumulation within the strain. To do this, we utilised a schematic
diagram of key metabolic pathways within S. pneumoniae that had been previously
generated by Dr. Erin Brazel (Figure 4.10). In doing so, we can highlight exactly
where the mutation of AlacAB impacts metabolism and how these differences in
metabolite abundance may be linked. Of the ten metabolites identified as being
significantly different in their abundance between D39 and AlacAB, five were able
to be pinpointed. These were Sedoheptulose-7-P, Glc6P, D-Glyceraldehyde-3-P,
Fru-1,6-bP and Acetyl-CoA. Sedpheptulose-7-P was increased in the AlacAB strain
compared to D39, and is an intermediate of the Pentose Phosphate pathway, along
with nucleotide and aromatic amino acid biosynthesis. This increase may be
expected in response to the lack of conversion of Gal6P to T6P in this strain. GIc6P,
D-Glyceraldehyde-3-P and Fri-1,6-bP are intermediates of the glycolytic pathway in
the pneumococcus; however, they are also central to many other essential
metabolic pathways as shown in Figure 4.10. Finally, Acetyl-CoA was significantly
less abundant in the AlacAB strain compared to D39. This is an essential
intermediate for both pyruvate metabolism and cell membrane biosynthesis. This
decrease could again be explained by the lack of conversion of Gal6P to T6P.

However, given the distance of these two intermediates from each other in their
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Figure 4.10. Overview of metabolic changes occurring in AlacAB
Schematic diagram previously generated by Dr. Erin Brazel. Metabolites that
were significantly up- or down-regulated in abundance in comparison to D39
are indicated by a red rectangle surrounding the name and an arrow indicating
whether it was up- or down-regulated. Additionally, the location of the mutation
within the AlacAB strain relative to the pathways is shown as a red rectangle
with an X’ above the location of LacAB.
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respective pathways, much like all the metabolites identified in this approach, there

would need to be additional studies conducted to confirm these changes.

4.3. Discussion

This chapter has focussed on delving deeper into the interaction between the Leloir
and T6P pathways through use of mutagenesis, gene expression and metabolism
studies. An unexpected finding of the current study was that all the investigated
GalR mutants exhibited significantly reduced expression of the T6P pathway gene
lacD as shown in Section 3.2.6, indicating that GalR has some effect on the T6P
pathway, either directly or indirectly. This may provide a mechanistic basis for a
previously proposed subtle regulatory link between the Leloir and T6P pathways
(Paixao et al., 2015). This was further examined by comparing the growth and gene
expression phenotypes of D39 mutants with deletions in galR, galK, lacAB, lacD,
and galR plus lacD. Unlike growth in CDM + Glc, none of these mutants were
capable of growth in CDM + Gal (Fig.4.2 — 4.4) indicating that both the Leloir and
T6P pathways are essential for growth when Gal is the sole carbon source.

Other groups have previously attempted to determine the roles and responsibilities
of these pathways in Gal metabolism; however, the area still remains poorly
elucidated. A previous study of a similar D39 galK deletion mutant (Afzal et al., 2015)
reported that growth in the presence of Gal was reduced relative to wild-type D39,
but not completely abrogated as shown in the present study. This discrepancy may
be attributable to the use of a more nutrient-rich M17 medium in that study (Afzal et
al., 2015), as discussed in Chapter 3. A separate study reported complete
abrogation of growth of a D39 galK deletion mutant in Gal, whereas a lacD deletion
mutant was able to grow logarithmically in Gal, albeit after a long lag phase (Paixao

et al., 2015).
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In the present study, gene expression analyses have shown that maximal
expression of the T6P pathway genes lacA and lacD require functional GalR and
that all three putative phosphorylation sites of GalR are necessary to achieve this
function (Fig. 4.4). Additionally, there appears to be a link between galK and lacAB
gene expression. Deletion of galK upregulated /acA expression, perhaps as a
consequence of the upregulation of galR in this mutant. On the other hand, deletion
of lacAB significantly reduced galK expression, but did not impact expression of
galR. Furthermore, galR expression was significantly elevated in the /lacD mutant.
Thus, there is a complex interplay between the Leloir and T6P pathways in the
various mutants, potentially mediated by intracellular concentrations of
intermediates or end products of either pathway.

Given that the regulator of the T6P pathway in the pneumococcus is known, we
wanted to assess the changes in expression that occur in this regulator in the
presence of Gal. LacR2 acts as repressor of the lacABCD operon (Afzal et al.,
2014), indicating that we should observe decreased expression in the presence of
Gal. As expected, in the case of the AlacD strain, there was decreased lacR2
expression relative to D39, indicating de-repression of the operon to utilise Gal as a
carbon source. Interestingly, in the case of the AgalR strain, there was an increase
in lacR2 expression relative to D39. Given that the AgalR strain is unable to grow in
Gal, it might be expected that there would be de-repression of the lacABCD operon
in response to this, promoting utilisation of Gal, but this is not the case. While these
findings don’t reveal a mechanism whereby these two pathways may be linked, it
certainly adds to the evidence for these two pathways being linked.

We next wanted to assess the ability for the pneumococcus to utilise intracellular
vs. extracellular Gal. To do this, Raf was used as the sole carbon source in both

growth and gene expression assays. Raf is a trisaccharide sugar composed of Glc,
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Gal and Fru. Raf is a plant-derived sugar that is not found in the human host, but it
can be obtained from dietary sources such as starchy fruits and vegetables. Raf is
typically imported via an ABC transporter, in which the substrate binding protein
RafE delivers Raf to the transporter comprising RafEFG (Hobbs et al., 2019). Once
inside the cell, the alpha-galactosidase encoded by aga cleaves Raf into sucrose
and Gal. The sucrose is then further broken down by GtfA to Fru and Glc-1-P. The
generation of these metabolites provides options for the pneumococcus in terms of
which sugars to metabolise first. Given that Gal is the first sugar liberated by this
pathway, it provides a good option for determination of intracellular vs. extracellular
Gal metabolism. Utilising the same Leloir and T6P pathway mutants, we saw
interesting growth results in the presence of Raf. Looking firstly at the T6P pathway
mutants, the AlacD strain was able to grow comparably to the wild-type, whereas
the AlacAB strain showed a slight growth delay, but was nevertheless able to reach
the same final ODsoo as both the AlacD and wild-type strains. Interestingly, the Leloir
pathway mutants (AgalR and AgalK) both exhibited delayed growth and an inability
to reach the same ODsggo as the wild-type and T6P pathway mutants. This indicates
that the Leloir pathway may play a greater role in the metabolism of intracellular Gal.
This is also supported by the overall decrease in total lacD expression in all
assessed strains in the presence of Raf. If we look at this in terms of the import of
Gal, the T6P pathway utilises a PTS transporter for import, resulting in
phosphorylated Gal accumulating intracellularly, whereas the Leloir pathway is
proposed to use an ABC transporter, leaving the galactokinase GalK to
phosphorylate Gal in the early stages of metabolism. Given that Raf is also imported
via an ABC transporter and the cleaving of Raf via Aga doesn’t result in
phosphorylation, it is likely that this pathway would be used in preference to the T6P

pathway. It is important to note that while this assay was designed to assess growth

136



Chapter 4: Interplay Between the Leloir and T6P Pathways

with intracellular Gal, there are other ‘more preferred’ carbon sources liberated in
this pathway such as Fru and GIc1P, meaning growth may be a result of CCR
enabling growth on these sugars as opposed to Gal. While this may be the case for
the single mutants, the inability for the AgalRAlacD double mutant to grow in Raf
indicates that both the Leloir and T6P pathways are required to metabolise Gal that
is liberated from the metabolism of Raf.

The question remains as to whether there is indeed interplay between the Leloir and
T6P pathways. It was clear by this stage that we would not gain answers from
mutagenesis studies and that a more in-depth intracellular approach would be
required to elucidate this link. In the first instance, we performed a phenotypic
microarray that would allow for the visualisation of metabolism of 95 different carbon
sources. This revealed differences in the ability for D39, AgalR, AlacAB and AlacD
to metabolise different carbon sources. Unsurprisingly, D39 was the only strain
capable of metabolising galactose, further confirming the findings of our growth
studies. While there was a large proportion of carbon sources that were unable to
be metabolised by any of the strains, there was a subset that was differentially
metabolised between the mutants, including lactulose, D-xylose and acetoacetic
acid. While none of these carbon sources directly link to Gal metabolism in the
pneumococcus, these results do confirm that there are some key differences
occurring in the metabolism of these mutants. However, there are still questions
regarding the link between the Leloir and T6P pathways. Given the complexity of
these two pathways, metabolomics was suggested as a way to gain a broad
snapshot of the changes occurring in metabolite abundance in the presence of Gal
in response to Leloir and/or T6P pathway mutation. While time was a limiting factor,
we were able to gain some insight into the differences occurring between both the

wild-type and the AlacAB mutant in the presence of Gal. One of the key metabolites
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that we wanted to assess here was Gal-6-phosphate (Gal6P), given that this should
accumulate in the AlacAB strain in the absence of the Gal6P isomerase encoded by
this gene. If Gal6P and other metabolites were found to be detectable, we planned
to then send additional samples for testing to better elucidate the network of
metabolites that may be accumulating in different mutants. One of the first issues
encountered was the ability to accurately resolve Gal6P from other sugars,
particularly T6P and Fru-6-phosphate (F6P). Unfortunately, these three sugars
would co-elute with each other on the LC-MS, meaning that while we could gain
understanding of crude differences in abundance between strains, these differences
could not be accurately attributed to specific sugars. Taking this into account, there
were other metabolites that could be assessed, which yielded some rather
interesting results. Specifically, we saw significant differences in the abundance of
both sorbitol and D-glyceraldehyde 3-P, both of which are metabolites involved in
pneumococcal galactose metabolism. While the link to sorbitol is difficult to
decipher, the link to D-glyceraldehyde 3-P is much clearer. The deletion of AlacAB
means the cell can no longer convert Gal-6-P to T6P through the T6P pathway.
Theoretically, this would result in decreased T6P by-products, one of which is D-
glyceraldehyde 3-P that is generated as a result of the tagatose 1,6-diphosphate
aldolase LacD. In this study, however, D-glyceraldehyde 3-P was found to be
present in 3.5 times greater abundance within the AlacAB mutant compared to D39.
If this were the only way for the cell to generate the tagatose 1,6-diphosphate
required to generate D-glyceraldehyde 3-P, then this result would make little sense,
but it is not the only way. It would be logical to theorise that these cells would be
under an element of stress when in the presence of CDM + Gal at the time of their
harvesting, meaning the cell would be using any means necessary to attempt to

metabolise this sugar, even bypassing the need for LacA and LacB to get the job
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done. In addition to these metabolites, there were significant differences observed
in other metabolites associated more broadly with either carbon metabolism or the
Pentose Phosphate pathway, as shown in Figure 4.10. Upon further investigation,
it became apparent that there were even more Pentose Phosphate pathway
metabolites that were being differentially metabolised in the AlacAB mutant,
specifically, Fru-1,6-bP, Glc6P, D-Ribose and Sedoheptulose-7-P. This led to the
discovery of these metabolites often overlapping with other significant metabolic
pathways such as glycolysis, particularly in the case of Fru-1,6-bP, Glc6P and D-
Glyceraldehyde-3-P. Metabolism is incredibly complex, and these results certainly
highlight this. While it is possible to think of the relationship between metabolite
abundance and lacAB deletion in a closed system, it does not reflect what is truly
occurring intracellularly. As such, any significant conclusions drawn from this data
would need to go through additional validation prior to reporting. This, however,
does not preclude us from commenting on interesting differences that were
observed. Perhaps most interestingly of these was the significant decrease in
abundance of NADH in the AlacAB strain. Reduced Nicotinamide Adenine
Dinucleotide molecules (NADH) play important roles in various biological processes
across all levels of life. A previous study by (Afzal et al., 2018) investigated the
transcriptional responses that occurred in the S. pneumoniae D39 strain in the
presence of NADH. They found that there was increased expression in a range of
genes, however there were two identified that is of interest in this study. They
observed increased expression of both fba, gapN and gap genes in response to
NADH. fba encodes a fructose-bisphosphate aldolase which converts D-Frc-1,6-bP
to D-glyceraldehyde-3-P, while the gap genes encode glyceraldehyde-3-phosphate
dehydrogenases which convert D-glyceraldehyde-3-P to the energy rich

intermediate glyceraldyhyde-1,3-bisphosphate. This study proves the link between
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NADH and levels of Frc-1,6-bP and D-glyceraldehyde-3-P that may be present
intracellularly. We also observed decreased levels of Acetyl-CoA in the AlacAB
mutant compared to D39. Acetyl-CoA is another important metabolite within the
pneumococcus that is associated with a range of cellular processes. Studies have
linked the availability of Acetyl-CoA intracellularly to capsule biosynthesis (Echlin et
al., 2016) and also to the altered flux of pyruvate metabolism depending on the
availability of carbon sources (Echlin et al., 2020). These studies again underpin the
conclusion that metabolism is an incredibly complex process that, in the context of
this study, requires additional studies to elucidate.

While only a pilot study, these results show that it would be worthwhile to investigate
the differences in the metabolome present in all Leloir and T6P pathway mutants
discussed in this chapter. While we still don’t have a clear answer as to how these
two pathways may be linked, there is now evidence to suggest that there may
intracellular accumulation of metabolites occurring within these strains. If this
accumulation were toxic to the cell, it may result in an inability for the mutants to
grow in the presence of Gal, leading to cell death and the subsequent growth
phenotypes we observed in Figures 4.1 to 4.3.

Unfortunately, due to the SARS-CoV-2 pandemic across 2020 and 2021, we were
unable to continue with additional metabolomics experiments as planned. Had we
been able to, the plan was to send the additional Leloir and T6P pathway mutants,
including GalRaaa for analysis. While it was likely that we would have continued to
face issues with attempting to resolve Gal6P from other sugar species, we still would
have been able to gain insight into the differences in metabolite abundance
occurring between strains.

We can conclude at this point that the Leloir and T6P pathways are likely not

discreet as previously reported in the literature (Afzal et al., 2014, Afzal et al., 2015,
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Paixdo et al., 2015). The combination of growth and transcriptional analyses
conducted in this chapter, along with assessing the difference in metabolism of D39
and the AlacAB mutant reveals that there is a definitive link between these two
pathways. In future, it would be ideal to repeat metabolomics analyses of D39 and
the AlacAB strain, along with other Leloir and T6P pathway mutants, to allow for
comprehensive comparison of the abundance of key metabolites between mutants

to shed light on exactly how these two pathways are able to influence each other.
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5.1. Introduction

The findings of this thesis so far have shown an important role for GalR not only in
the regulation and utilisation of Gal, but also in virulence. The findings from Chapter
3 revealed that while deletion of galR itself may not have significant impact on
bacterial loads in the lungs, substitution of the putative GalR phosphorylation sites
does. It also revealed a critical role for these sites in Gal metabolism. Chapter 4 built
on these findings, showing that there is a likely link between the Leloir and T6P
pathways, with both being required for the successful metabolism of Gal. These
findings also indicated that GalR may be responsible for this regulation.

In this chapter, we wanted to explore the impact that GalR and its putative
phosphorylation sites may have during infection and determine the transcriptional
changes occurring in both the host and the pathogen. A previous study from our
group was among the first to utilise the technique ‘dual in vivo RNAseq’ in a murine
model of infection. This cutting-edge approach allows for simultaneous analysis of
the transcriptomes from both the pneumococcus and the host in a particular tissue,
which in this case was the lung. This led to the conclusion that single nucleotide
polymorphisms within the regulator of the raf operon, RafR, resulted in
transcriptomic differences in both pathogen and host that led to differential
neutrophil recruitment during infection and distinct tissue tropism (Minhas et al.,
2020). Here, we employed the same approach with the strains D39, AgalR and
GalRaaa in @ murine model of infection, harvesting RNA from the lungs and
performing RNA sequencing. By using this broad-spectrum approach, the aim was
to identify any genes that were differentially expressed in both genomes during
infection, possibly identifying key differences in the immune responses to each of

the three different strains.
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5.2. Results

5.2.1. Comparative Host/Pathogen Transcriptomics

As shown in Chapter 3, there are differences in the abundance of D39 and GalRaaa
in the lungs at 24 h post-infection. Before commencing this study, we needed to
determine an appropriate time point to harvest RNA for dual in vivo RNAseq. Having
previously assessed bacterial loads at 24 h for the three test strains (D39, AgalR
and GalRaaa), we reassessed this data to see if there were any major differences in
abundance at this time point. Figure 3.14 shows that while there was a difference
in the abundance of these strains at 24 hours, they were small enough that any
changes observed in downstream experiments would likely not be due to a dose
effect. Additionally, these bacterial loads should be sufficient to yield ample RNA for
sequencing, in theory.

Accordingly, mice were challenged as described in the Section 2.14. In brief, groups
of 12 mice were anaesthetised and challenged with 1 x 107 CFU of either D39, AgalR
or GalRaaa. At 24 hours post-infection, the mice were humanely euthanised and the
lungs harvested, washed and placed in Trizol before proceeding with downstream
processing (see Section 2.15). Once the RNA was extracted from each lung sample,
RNA quality was assessed using a Nanodrop Spectrophotometer (Thermofisher
Scientific, Waltham, Massachusetts) and subsequently pooled into three replicates,
such that each replicate was representative of 4 mice. The RNA was then sent to
the Australian Cancer Research Foundation (ACRF) Cancer Genomics Facility for
sequencing and analysis. A more detailed explanation of the methods used by
ACRF can be found in Section 2.15.

Once sequencing was completed, the reads generated were firstly subject to an
initial ‘clean up’ pipeline to remove adaptor sequences and trim reads, as explained

in the Section 2.16. Following this, reads were then mapped back to the
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pneumococcal genome as shown in Table 5.1. For D39, there was an average of
6,345 reads that mapped back to the pneumococcal genome. For AgalR, there were
on average 19,515 successfully mapped reads and 16,792 reads on average for
GalRaaa. While there was no threshold set for the number of reads that needed to
be successfully mapped back to the genome to proceed with analyses, this was
substantially lower than the approximately 1 — 2 million reads mapping back to the
pneumococcal genome in the dataset used by Minhas et al., (2020). This was not
improved by adjusting the programs used for adaptor removal and read trimming.
Notwithstanding this deficiency, we decided to proceed with downstream analyses,
as detailed in the Section 2.16, to determine if there were any major differences in

the in vivo transcriptomes of the three strains.

5.2.2. Pneumococcal transcriptional changes occurring in response to

infection

There were five genes identified as being differentially expressed in the
pneumococcal genome — adhA, phtE, pflA (SPD_1774), strH (SPD_0063) and bipB.
Given that these genes reached significance within the RNAseq dataset, we
immediately sought to confirm these results using qRT-PCR. Using the same RNA
that was sent for RNA sequencing, we performed qRT-PCR with primers specific
for each of these genes, as listed in Table 2.4. This approach revealed that there
were no statistically significant differences in the expression of adhA, phtE or pfiA.
However, the expression of strH (SPD_0063) was significantly upregulated in
GalRaaa comparted to D39 and AgalR, as shown in Figure 5.1. As mentioned in
Chapter 1, strH is an N-acetylglucosaminidase responsible for cleaving host
glycoconjugates in the upper respiratory tract. Additionally, expression of blpB was

significantly downregulated in
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Table 5.1. Number of S. pneumoniae-specific reads from RNAseq

Sample ID Number of Reads % of Total Reads
D39 -1 14,367 0.22%
D39 -2 4,020 0.11%
D39-3 648 0.01%
AgalR -1 18,372 0.25%
AgalR - 2 12,144 0.16%
AgalR -3 28,031 0.43%
GalRaaa — 1 30,906 0.45%
GalRaaa — 2 6,903 0.10%
GalRaaa -3 12,567 0.18%
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Figure 5.1. Validation of differentially expressed pneumococcal genes in vivo
The RNA from the lungs of female 4-6 week old Swiss mice infected with either
D39, AgalR or GalRaaa was firstly extracted and then pooled. gRT-PCR was then
used to assess levels of adhA, phtE, pflA, strH and blpB mRNA with gyrA as an
internal control. Data presented are the mean * standard error of the mean
expressed as relative expression. *, P<0.05; **, P<0.01; **, P<0.001; by a
Student’s t-test.
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AgalR compared to D39, and in GalRaaa compared to AgalR. BlpB is a bacteriocin-
like protein that is described as a pseudogene (Kjos et al., 2016). Due to this, the
role of this gene was not further explored in any detail, with focus shifting to

differentially-expressed murine genes identified within the dataset.

5.2.3. Murine transcriptional changes occurring in response to

pneumococcal infection

Dual in vivo RNAseq provides a unique advantage in that you can assess the
transcriptomes of both the host and pathogen simultaneously during infection. As
might be expected given the greater mass of host tissue relative to bacterial cells,
the number of reads mapping to the murine genome was much higher than for the
pneumococcal genome (Table 5.2). There was an average of 4,713,108 murine
specific reads across the D39 samples. For the AgalR samples, there was an
average of 7,015,534 reads mapping to the murine genome and an average of
6,709,8773 murine reads across the GalRaaa samples. As with the pneumococcal
reads, the murine reads were firstly subjected to adaptor removal and trimming prior
to mapping back to the murine genome. We immediately moved through our
analysis pipeline, as described in the Section 2.16 before conducting statistical
analyses to determine which genes, if any, were differentially expressed in the lungs
of these mice during infection.

Interestingly, there were no significantly differentially expressed genes identified
when comparing AgalR infected mice to GalRaaa infected mice, indicating these
strains are quite similar in the context of host response to infection. However, there
were genes identified when comparing both D39 vs. AgalR infection and D39 vs.
GalRaaa infection as shown in Table 5.3 and Table 5.4 that were differentially

expressed. All genes listed have an adjusted p-value of less than 0.05 and a greater
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Table 5.2. Number of Mus musculus-specific reads from RNAseq

Sample ID Number of Reads % of Total Reads
D39 -1 6,370,678 99.78%
D39 -2 3,590,923 99.89%
D39-3 4,177,723 99.99%
AgalR -1 7,221,437 99.75%
AgalR - 2 7,257,886 99.84%
AgalR -3 6,567,280 99.57%
GalRaaa — 1 6,726,994 99.55%
GalRaaa — 2 6,701,552 99.90%
GalRaaa -3 6,701,074 99.82%
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than 1 log>-fold change. Table 5.3 lists genes that were significantly upregulated in
mice infected with D39 compared to both AgalR and GalRaaa. There were 15 genes
identified in this approach with some of these having roles implicated in the immune
response ranging from cell recruitment to inflammation. These include the ccl12
gene encoding the chemokine CCL12, a ligand of CCR2 which recruits
mononuclear phagocytes to the site of infection, s700a8, a gene with a role in
inflammation and neutrophil activation, and the gene encoding the T cell activation
marker CD69. These findings indicate that in the case of infection with D39, there
may be an increase in both T cell infiltration to the infection site and also the

recruitment of neutrophils along with other immune cells.

Table 5.4 list genes that were significantly downregulated in D39-infected mice
compared to both AgalR and GalRaaa. While there were no obvious pathways in the
immune response that appeared to be exclusively down-regulated in comparison to
the mutants, there were still differences observed in genes linked to cell mobility
(Actg2), cell signalling (Ptp4a3) and macrophage scavenger receptors (Scara3).
This shows that there are defined differences within the immune response when
comparing D39 to the GalR mutants, however further analyses are required to fully
understand the impact that GalR and the putative phosphorylation sites play in the
murine immune response. The remaining differentially expressed murine genes

yielded from this approach are listed in Appendix C.
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Table 5.3. Consistently up-regulated murine genes in D39 infection

Gene Log FC Adjusted p-value
Gnb1l 0.0389
LOC115489778 0.0446
Ccl20 0.0352
Kcnip1 0.0361
S100a8 0.0289
Gm15564 0.0383
Gm6377 0.0389
Magt1 0.0312
Ccl12 0.0268
Gm15056 0.0299
Ubd 0.0204
Cd69 0.0381
Vnn1 0.0289
Gphn 0.0358
Camk1d 0.0358
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Table 5.4. Consistently down-regulated murine genes in D39 infection

Gene Log FC p:e:f;le Gene Log FC p:::f;le
Nr1d1 -2.4536 0.0204 Hr -1.4103 0.0475
Slc2a4 -2.0522 0.0268 Chst3 -1.3956 0.0381

Mhrt -1.919 0.0389 Fbin1 -1.3610 0.0327
Grip2 -1.8703 0.0358 Speg -1.3589 0.0204
Wdr83os -1.8663 0.0478 Gli2 -1.3441 0.0204
Nptx1 -1.7879 0.0427 Adcy5 -1.3245 0.0287
Megf6 -1.6444 0.0252 Lgr6 -1.3239 0.0204
Olfml2a -1.6277 0.0389 Asb2 -1.3218 0.0358
Atp1b2 -1.6238 0.0204 Acta2 -1.3120 0.0268
Fbin2 -1.5989 0.0499 Tafab -1.3011 0.0358
Stum -1.5964 0.0289 Kcnk3 -1.2983 0.0204
Ltbp4 -1.5809 0.0204 Dnm1 -1.2933 0.0327
Tnxb -1.5495 0.0204 Smad9 -1.2835 0.0372
Hmcn2 -1.5433 0.0426 Sod3 -1.2797 0.0249
D430041D05Rik | -1.5139 0.0381 Col27a1 -1.2683 0.0204
Col16a1 -1.4757 0.0358 Eln -1.2654 0.0317
Cd248 -1.4649 0.0478 Zfp469 -1.2630 0.0204
Slc4a3 -1.4607 0.0389 Ntrk3 -1.2615 0.0227
Mn1 -1.4602 0.0496 Emc10 -1.2532 0.0496
Mrgprf -1.4594 0.0358 Inmt -1.2252 0.0395
Fgfrd -1.4495 0.0344 Dmpk -1.2247 0.0252
Stac -1.4461 0.0204 Aoc3 -1.2175 0.0358
Synpo?2| -1.4214 0.0204 Slc8a2 -1.2080 0.0379
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Table 5.4 (Contd.) Consistently down-regulated murine genes in D39 infection.

Gene Log FC p:e:f;le Gene Log FC p:e:f;le
Ptgis -1.1993 | 0.0204 Ptprs -1.1196 0.0204
Ppp1ri4a -1.1992 | 0.0496 Gstm1 -1.1147 0.0204
Des -1.1937 | 0.0268 Lgi4 -1.1077 0.0443
Ldb3 -1.1923 | 0.0327 Notch3 -1.1024 0.0229
Emid1 -1.1919 | 0.0227 Smtn -1.0960 0.0268
2610027K06Rik | -1.1902 | 0.0360 Cspg4 -1.0958 0.0204
9330158H04Rik | -1.1753 | 0.0268 Col14a1 -1.0957 0.0438
Ntf3 -1.1747 | 0.0268 Heyl -1.0884 0.0358
Sftpc -1.1738 | 0.0268 Scara3 -1.0759 0.0465
Dgkb -1.1730 | 0.0389 Kcng4 -1.0624 0.0358
Clip3 -1.1683 | 0.0370 Actg2 -1.0563 0.0360
Wscd2 -1.1649 | 0.0327 Ptp4a3 -1.0558 0.0327
Jph2 -1.1630 | 0.0204 Meg3 -1.0550 0.0357
Gpc6 -1.1615 | 0.0358 Aqgp1 -1.0539 0.0381
Acacb -1.1610 | 0.0496 Cnn1 -1.0486 0.0360
Adcyap1r1i -1.1557 | 0.0426 Adamtsl5 | -1.0465 0.0357
HIf -1.1551 | 0.0268 Cand2 -1.0438 0.0449
Ncam1 -1.1363 | 0.0443 Zfyve28 -1.0403 0.0227
Mtss2 -1.1351 | 0.0227 Slc45a4 -1.0390 0.0204
Podn -1.1326 | 0.0360 Smoc1 -1.0368 0.0358
Per3 -1.1254 | 0.0268 Pgm5 -1.0191 0.0400
lgsf9b -1.1226 | 0.0204
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5.2.4. Interrogation of the murine immune response to pneumococcal

infection

When considering pneumococcal infection, it is important to factor in the range of
different cell subsets present within a particular niche that the pneumococcus must
interact with. In the context of the murine lung, there are endothelial and epithelial
cells, parenchymal, and immune cells, both resident and recruited, just to name a
few. The innate immune response with alter the trafficking and recruitment of
specific immune cells subsets in response to infection (Luster et al., 2005).
Therefore, to complement the transcriptional responses examined in Section 5.2.3,
we wanted to investigate the differences in immune cell recruitment occurring during
infection by flow cytometry.

Typically, gRT-PCR would be used to validate the results obtained from RNA
sequencing, as was performed by Minhas et al 2020. In their study, there was a
consistent correlation between the results obtained from both RNA sequencing and
gRT-PCR. Given that we utilised the same methods as that of Minhas et al, we were
considering whether our results needed to be validated using the same methods.
Additionally, as a result of the COVID-19 pandemic, there were significant delays in
obtaining standard DNA oligos for use in qRT-PCR. Nevertheless, potentially
complementary information could be gained using Flow Cytometry to analyse
immune cell subsets present during infection and determine whether the observed
transcriptomic differences impacted cell trafficking within the infected lung. An
antibody panel was designed to allow for visualisation of differences in cytokine
production, along with the panel used by Minhas et al 2020, to assess differences
in monocyte, macrophage and dendritic cell subsets. These antibodies, as well as
the methods used, are detailed in the Section 2.17 and Table 2.6. The gating
strategies used can be found in Appendix D. This approach would use murine lung

tissue, infected in the same manner as was done to harvest RNA for sequencing,
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from which single cells would be isolated, stained with required antibodies and fixed
before acquiring data via Flow Cytometry.

Figure 5.2. shows the breakdown of broad cell subsets present in murine lungs in
response to infection with either D39, AgalR or GalRaaa. While an uninfected lung
control may have assisted interpretation, we were principally interested in
differences between lungs infected with the two GalR mutants vs D39. Thus, in
addition to attempting to minimise the number of mice used, an uninfected control
was not included. There were no significant differences in the abundance of B cells,
T cells or CD4+ T cells, between any of the infected tissues. The only significant
difference detected was in the number of CD8+ T cells present in response to
infection with GalRaaa when compared to AgalR.

Figures 5.3 and 5.4 show the proportion of CD4+ and CD8+ T cells, respectively,
expressing the cytokines GM-CSF (Granulocyte-Macrophage Colony-Stimulating
Factor), IL (Interleukin) -17A and Interferon (IFN) y. To determine this, single cells
were stimulated with Phorbol Myristate Acetate (PMA) and lonomycin prior to
staining with antibodies specific to the cytokines themselves as explained in Section
2.17. The process of stimulation can be quite harsh and often results in a high
degree of cell death occurring within the sample, meaning that the results for each
group of mice were concatenated to gain one singular representative figure
indicative of 8 mice in total. As such, there are no statistical analyses that can be
conducted for these data. The most striking finding across both of these figures is
the increase in recruitment of GM-CSF producing CD4+ and CD8+ positive T cells
to the site of GalRaaa infection relative to the other two strains. GM-CSF is generated
by a range of cells in response to inflammation, particularly T cells, mast cells and

macrophages (Shi et al., 2006). The increase in these cell subsets may provide an
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explanation as to why bacterial loads in the lungs were lower for GalRaaa than for
D39 and AgalR at 24 h post pneumococcal challenge (Fig. 3.14).

Figures 5.4 and 5.6 assess the abundance of monocyte, macrophage and dendritic
cell subsets as performed by Minhas et al 2020. Using this antibody panel, we would
be able to assess the abundance of neutrophils, eosinophils, dendritic cells, NK
cells, macrophages (alveolar and interstitial) and monocytes (resident and
inflammatory). There were no significant differences observed in any of the reported
immune cell subsets using this panel.

Overall, the most striking findings from this study was the increased expression of
strH in the GalRaaa strain during infection, indicating some rewiring of pneumococcal
carbohydrate metabolism. Given the issues encountered with numbers of
pneumococcal reads obtained during RNA extraction, it would be worthwhile to
reoptimize these protocols to either enrich for pneumococcal-specific reads to give
us more confidence in these results. Excitingly, we also observed rewiring of the
murine immune response during infection, with an increase in the abundance of
CD4+ and CD8+ GM-CSF expressing T cells during to GalRaaa infection.
Collectively, these results underpin the role of galactose metabolism in
pneumococcal infection, however further work must be done to fully elucidate this

relationship.
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Figure 5.2. Quantification of immune cell subsets in murine lungs at 24
hours post-infection.

Groups of 8 mice were anaesthetised and challenged with 1 x 10”7 CFU of the
respective strains (see Section 2.17) and humanely euthanised at 24 h post-
infection. Lungs were removed and single cell suspensions were prepared,
stained with appropriate antibodies (Table 2.6), fixed and examined by flow
cytometry, as described in Section 2.17. Populations represented include B
cells, T cells, CD4+ T cells and CD8+ T cells. All quantitative data are presented
as mean + S.D., analysed by One-Way ANOVA (*p < 0.05).
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Figure 5.3. Cytokine expression by CD4+ T cells in infected lung tissue.
Groups of 8 mice were anaesthetised and challenged with 1 x 10”7 CFU of the
respective strains (see Section 2.17) and humanely euthanised at 24 h post-
infection. Lungs were removed and single cell suspensions were prepared,
stimulated with PMA and ionomycin, stained with appropriate antibodies (Table
2.6), fixed and examined by flow cytometry, as described in Section 2.17.
Populations represented include CD4+ T cells secreting GM-CSF, IL-17A and
IFNy.
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Figure 5.4. Cytokine expression by CD8+ T cells in infected lung tissue.
Groups of 8 mice were anaesthetised and challenged with 1 x 10”7 CFU of the
respective strains (see Section 2.17) and humanely euthanised at 24 h post-
infection. Lungs were removed and single cell suspensions were prepared,
stimulated with PMA and ionomycin, stained with appropriate antibodies (Table
2.6), fixed and examined by flow cytometry, as described in Section 2.17.
Populations represented include CD4+ T cells secreting GM-CSF, IL-17A and
IFNy.
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Figure 5.5. Quantification of immune cell subsets in murine lungs at 24 hours
post-infection.

Groups of 8 mice were anaesthetised and challenged with 1 x 10" CFU of the
respective strains (see Section 2.17) and humanely euthanised at 24 h post-
infection. Lungs were removed and single cell suspensions were prepared, stained
with appropriate antibodies (Table 2.6), fixed and examined by flow cytometry, as
described in Section 2.17. Populations represented neutrophils, eosinophils,
natural killer cells (NK cells), CD11b+ dendritic cells (CD11b+ DCs) and CD11b-
dendritic cells (CD11b- DCs). All quantitative data are presented as mean + S.D.,

analysed by One-Way ANOVA.
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Figure 5.6. Quantification of immune cell subsets in murine lungs at 24 hours

post-infection.

Groups of 8 mice were anaesthetised and challenged with 1 x 107 CFU of the
respective strains (see Section 2.17) and humanely euthanised at 24 h post-infection.
Lungs were removed and single cell suspensions were prepared, stained with
appropriate antibodies (Table 2.6), fixed and examined by flow cytometry, as
described in Section 2.17. Populations represented include macrophages (M®),
alveolar macrophages (AM®), interstitial macrophages (IM®), monocytes,
inflammatory monocytes (iMono) and resident monocytes (rMono). All quantitative
data are presented as mean + S.D., analysed by One-Way ANOVA.
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5.3. Discussion

In this chapter, a combination of microbiological, immunological and bioinformatic
techniques were employed to shed light on the role of GalR and its putative
phosphorylation sites in pneumococcal infection.

The process of dual RNAseq is a relatively new technique, with our group being
amongst the first to show that alterations in pneumococcal sugar metabolism can
rewire the host immune response to infection. The study by Minhas et al in 2020
built on their previous paper which showed that a single nucleotide polymorphism
within the regulator of the raffinose operon rafR resulted in specific niche tropism
during infection (Minhas et al., 2020). Using dual in vivo RNAseq, the RNA from
lung tissue of mice infected with S. pneumoniae was able to be isolated and
sequenced. Using this technique, they demonstrated that the SNP resulted in
differential expression of multiple sugar transporters which effectively fine-tuned
carbohydrate metabolism in those strains. Additionally, they showed that this SNP
also resulted in extensive rewiring of the host transcriptome, including differential
expression of genes encoding cytokine and chemokine ligands and receptors.
Given that this process allows visualisation of the transcriptome from both the host
and pathogen perspective, it was an ideal approach to employ in this project.
Using the same methods and sequencing approach as Minhas et al, we planned to
perform dual in vivo RNA sequencing that would allow examination of the impact of
galR mutations on the host and pathogen transcriptomic response during infection.
Unfortunately, the number of reads that mapped back to the pneumococcal genome
was suboptimal for all samples, suggesting poor yield of bacterial RNA, potentially
compromising the sensitivity of the bacterial transcriptomic analyses. AGRF
subsequently analysed the quality of the RNA samples to determine the RNA

Integrity Number (RIN) (a value between 1 and 10 that indicates the quality of the
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sampled RNA; the lower the RIN, the more degraded the RNA) (Schroeder et al.,
2006) (See Appendix B). The RIN values for the sequenced samples ranged
between 5.9 and 7.1, whereas values between 7 and 8 would typically be
considered necessary for reasonable quality analyses (Puchta et al., 2020). Poorer
than expected RNA integrity may have contributed to the low read depth for bacterial
transcripts, which clearly impacts sensitivity. There is also a possibility of distortion
of the findings if a given class of RNA was more sensitive to degradation than
another.

Despite the poor RNA quality and low read count, there were still 5 genes that were
identified as being significantly differentially expressed within the pneumococcal
genome. Two of these genes had differential expression confirmed via qRT-PCR,
namely strH and blpB. As mentioned in Section 1.4.2, strH is a surface glycosidase
that aids in pneumococcal invasion by revealing glycan targets on host epithelial
cells which allow adhesins to bind. In both the RNA seq data and qRT-PCR
validation, expression of strH was significantly upregulated in GalRaaa compared to
AgalR. Given that galactose metabolism is so important for survival in the upper
respiratory tract, it would make some sense that expression of strH would be
upregulated in the phosphorylation site mutant. We know from our functional studies
in Chapter 3 that the phosphorylation site mutations render the GalRaaa strain
unable to grow in or metabolise galactose. It is possible that as a result of the amino
acid substitutions in this strain, the cell is attempting to upregulate enzymes that will
liberate alternative carbon sources, such as GlcNac, which will enable metabolism.
While interesting, this hypothesis requires further investigation that was beyond the
scope of this thesis. In the case of blpB, this is a bacteriocin-like protein that was
significantly downregulated in the GalRaaa strain, as shown in Figure 5.1. BlpB is a

component of the ABC transporter responsible for exporting the bacteriocin BlpC in
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the pneumococcus (Dawid et al., 2007). It has been previously shown that BIpB is
responsible for inhibiting sensitive pneumococcal strains during colonisation and
also provides a fithess advantage in both in vitro biofims and competitive
colonisation models. Additionally, the production of blpC and its exporter bIpAB are
under the control of comE, a gene also required for competence and natural
transformation (Kjos et al., 2016, Wholey et al., 2016). This provides a link between
competence, Gal metabolism and invasion capacity in the lungs, similar to that
reported by Trappetti et al., (2017), who demonstrated a link between carbohydrate
metabolism and cell-to-cell communication. Despite this, blpB is classified as a
pseudogene in the serotype 2 strain D39 according to the Kyoto Encyclopaedia of
Genes and Genomes (KEGG), meaning that while it resembles a gene, it has likely
lost the ability to encode a functional protein over time as a result of accumulated
mutations. Pseudogenes will typically be subject to degradation and eventual
removal as a result of these continued mutations (Kuo and Ochman, 2010).
Consequently, no additional investigations were performed into this gene.

While it was disappointing that there was not more information that could be gleaned
from the pneumococcal-specific RNA sequencing analysis, the murine
transcriptomic analysis yielded more promising results. There was a much greater
number of reads that successfully mapped back to the murine genome, giving
greater confidence in the data that were generated. Genes were identified that were
differentially expressed and associated with the murine immune response and
immune cell recruitment. While there were no differentially expressed genes
identified when comparing AgalR and GalRaaa infected mice, there were differences
between both WT and AgalR and WT and GalRaaa infected mice. In particular, there
was a subset of genes that were upregulated in both the WT vs. AgalR and WT vs.

GalRaaa comparisons of infection. These included cc/712, a gene encoding a CCR2
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receptor ligand involved in monocyte recruitment and cc/20, a gene involved in Th17
cell recruitment. There was also differential expression of cxc/9 and cxcl13, genes
involved in Th1 and T follicular helper recruitment and B cell recruitment,
respectively. Additionally, there were genes that are associated with inflammation
that were upregulated including s700a8, s100a9 and ms4a4a. The RNA sequencing
results were indicative of potentially increased T cell infiltration in D39 infection
compared to both AgalR and GalRaaa, along with a potential increase in the number
of neutrophils, granulocytes and eosinophils present during infection. The immune
cell subsets that we proposed may be impacted were similar to those assessed by
Minhas et al., 2020. As such, we decided that our next steps would be to perform
flow cytometry analysis to determine if there were indeed any differences in the
abundance of different immune cell subsets in response to infection, replicating the
antibody panel used in their study. Additionally, we wanted to further probe whether
there were differences in the cytokines being expressed by immune cells during
infection, which led to the development of a secondary antibody panel which allowed
us to visualise expression of IL-17A, IFN-y and GM-CSF.

Through use of FACS, we were able to determine that there was a significant
difference in the number of CD8+ T cells present during infection in response to the
GalRaaa strain when compared to AgalR infection. Further, there was an increase in
the number of CD4+ and CD8+ T cells expressing GM-CSF in response to GalRaaa
infection compared to infection with the other two strains. GM-CSF is a pro-
inflammatory cytokine that is associated with a range of inflammatory autoimmune
diseases in humans such as rheumatoid arthritis and inflammatory lung disorders
(Hamilton et al., 1980, Shi et al., 2006). It has also been identified as a mediator in
lung inflammatory models, controlling the number of responding neutrophils and

macrophages, as well as limiting expression of Toll-like Receptor 4, a plasma-bound
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receptor that is able to recognise pneumolysin during infection (Malley et al., 2003,
Shi et al., 2006, Koppe et al., 2012). Interestingly, GM-CSF has also been shown to
enhance monocyte recruitment and activation to sites of infection. Resting T cells
typically do not produce GM-CSF, but they can do so transiently upon activation
(Shi et al., 2006). It has been shown on multiple occasions that T cells can produce
GM-CSF in response to activation with anti-CD3, although its direct effect on T cells
remains poorly defined (Quill et al., 1989, Levitt et al., 1991, Himes et al., 2000).
The receptor for GM-CSF comprises both an a-chain and a B-chain. The B-chain of
the receptor is not expressed on most resting cells, meaning that there must be
elevated levels of GM-CSF present to trigger production of the a-chain on these
cells (Shi et al., 2006). Experimental models in mice deficient in GM-CSF have
revealed that while GM-CSF is essentially dispensable in terms of maintaining
normal levels of hematopoietic cells and their precursors, it is essential for both
resistance to local infection and normal pulmonary physiology (Wada et al., 1997).
T cells isolated from GM-CSF deficient mice have diminished Th1 and Th2
responses, indicating that this cytokine is critical for regulation of T cell mediated
immune responses (Wada et al., 1997, Shi et al., 2006). Based on these findings
we can propose that the response to the GalRaaa mutant results in skewing of the
immune response away from a traditional Th1 mediated response toward GM-CSF
from both CD4+ and CD8+ cells. Interestingly, this does correlate with the findings
of our RNA sequencing data, showing that there may be increases in both
inflammation and Th1 cell recruitment.

Unfortunately, there were no significant differences observed in the additional
immune cell subsets shown across Figures 5.2 to 5.6. However, the differences
observed in production of GM-CSF in response to infection warrant further

investigation. As mentioned in the Section 5.2.4, the way in which the data were
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presented for cytokine production in CD4+ and CD8+ T cells required the
concatenation of the results of all 8 mice per group into a single data point. In future,
a repeat of this experiment with either greater mouse numbers or a means of
enrichment for these cytokines would be beneficial to validate these results.

Nevertheless, the finding that GalRaaa infection results in remodelling of the immune
response relative to the wild type shows that galactose metabolism does indeed
impact the immune response to pneumococcal infection and warrants further

investigation to fully characterise this relationship.
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This thesis has focussed on attempting to decipher the intricacies of pneumococcal
Gal metabolism. Despite carbohydrate metabolism being critical to survival, it
remains poorly characterised in S. pneumoniae.

Chapter 3 focussed on gaining greater insight into regulation of Gal metabolism in
the pneumococcus. We observed an essential role for GalR in the use of Gal as a
carbon source, as well as altered expression of the Leloir pathway due to deletion
of the gene. There was also a marked loss in the ability of the GalR mutant to adhere
to the nasopharyngeal epithelium. While the role of GalR as the regulator of the
Leloir pathway has been known for some time (Afzal et al., 2015), its importance in
metabolism, regulation and adherence had not been shown. While essential for
these processes, we observed that there was minimal impact of GalR deletion on
virulence in vivo. Given that a pneumococcal pneumonia model was used here, this
is not entirely unsurprising. We expect that use of a nasopharyngeal colonisation
model may yield more significant results, but this was beyond the scope of the
project. Having uncovered more of the functions of GalR within the pneumococcus,
we wanted to further investigate the role of the putative phosphorylation sites
identified by Sun et al., While these sites have not been further characterised in the
literature, much less confirmed as phosphorylation sites, we wanted to determine
whether they contributed in any way to Gal metabolism in the first instance.
Selective mutation of each of these sites to non-phosphorylatable Ala residues
showed that the presence of even a single wild-type putative phosphorylation site
was sufficient to permit growth in Gal. Combined mutation of all three sites to Ala,
however, showed significant growth perturbation, indicating that these sites do play
an essential role in the ability to metabolise Gal. We know from our structural
modelling studies that the putative phosphorylation sites are not located near the

DNA or Gal binding domains of the GalR dimer, so while these substitutions may
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result in structural changes within the protein, they should not directly impact the
ability to bind galactose or the promoter region of the galKT operon. By assessing
transcriptional changes occurring in response to these amino acid substitutions, we
discovered that amino acid substitution results in decreased expression of galK, but
that only a minimal amount of galK expression is required to successfully metabolise
Gal. Interestingly, we again observed that there was no significant upregulation of
the T6P pathway gene /acD in strains that were unable to metabolise Gal, namely
GalRasa. This was amongst the first evidence suggesting that there may be a link
between these two pathways which was further investigated in Chapter 4. We also
revealed a potential role for the putative phosphorylation sites in adherence to the
nasopharyngeal epithelium, with the GalRaaa strain showing a decreased ability to
adhere to Detroit cells in the presence of Gal. Finally, we revealed a role for these
sites in pneumococcal virulence, with bacterial loads of the GalRaaa strain being
significantly lower in the lungs, nose and ears at 24 hours post-challenge. What
remained unclear at this stage, was whether the phosphomimetic amino acid
substitutions were functioning sufficiently to show true growth phenotypes as a
result of particular sites being ‘phosphorylated’.

The findings of Trappetti et al suggested that in the presence of Gal, phosphorylated
Al-2 may be able to phosphorylate GalR, either directly or indirectly, resulting in
upregulation of the Leloir pathway and a subsequent hypervirulent phenotype as a
result of increased UDP-GIc generation. While the exact mechanism of GalR
phosphorylation is yet to be determined, the wanted to investigate impact of
exogenous Al-2 on the putative phosphorylation sites as a function of growth in Gal.
We know from the findings of Trappetti et al., that Al-2 must be present in a
‘goldilocks’ concentration intracellularly to elicit positive effects on growth in Gal.

That is, too much exogenous Al-2 results in growth inhibition in Gal media (Trappetti
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et bal., 2017). Thus, it is possible that the phosphomimetic amino acid substitutions
might actually mimic a level of phosphorylation that interferes with GalR function,
thereby accounting for the failure of most of the mutants to grow in CDM + Gal. We
also know that the presence of luxS means a pneumococcal cell is capable of
constitutively generating its own Al-2 as a by-product of the Activated Methyl Cycle,
potentially adding to the extent of phosphorylation at the wild type sites. Deciphering
the exact mechanism of GalR phosphorylation is complex, and was unfortunately
beyond the scope of this PhD. This, however, does not mean that is should not be
investigated further. The inability to source biologically active Al-2 significantly
derailed attempts to fully elucidate the mechanisms behind phosphorylation of GalR,
however gaining access to this in the future, coupled with techniques such as
phosphoproteomics, could provide strong insight. Nonetheless, the findings gained
from the alanine substitution mutants alone was sufficient to identify the importance
of the putative phosphorylation sites in Gal metabolism, regulation and virulence.

What became evident during investigation of the putative phosphorylation sites was
that there is a degree of interplay occurring between the Leloir and the T6P
pathways. Given that these two pathways have been reported as being independent
of each other in the literature, the seeming interplay between the two was
interesting. As there is a fitness cost involved in maintaining complete pathways
within the genome, there must be a reason for both pathways being present. Either
they are discreet pathways with different roles, or they are linked, like what has
previously been shown for S. mutans (Zeng et al., 2010). From the growth analyses
conducted with both Leloir and T6P pathway mutants in Chapter 4 it is evident that
these pathways are incapable of rescuing each other in times of metabolic distress.
Similarly, transcriptional studies show that deletion of either galK or lacD results in

similar upregulation of GalR. Previous studies by Afzal et al., have shown that LacD
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is under the control of the repressor LacR (Afzal et al., 2014). However, this result
indicates that there may be some cross talk between these two pathways, with GalR
potentially acting as a master regulator. Interestingly, additional transcriptional
studies looking at expression of lacR showed decreased expression in the AlacD
mutant, as expected, indicating de-repression of the lacABCD operon to promote
growth in Gal. Conversely, lacR expression was upregulated in the AgalR mutant,
indicating once again that GalR may be required for correct regulation of these two
pathways.

Given that there is a defined link between these two pathways in S. mutans, our
next step was to determine if there may be toxic accumulation of metabolic
intermediates such as Gal6P that may be resulting in an inability to grow when Gal
is the sole carbon source. Utilising both phenotypic microarray analyses and
metabolomics, we did observe some differential metabolism occurring between the
mutants, albeit none that could definitively be linked to toxicity when accumulating
intracellularly. This is an area of the project that warrants further investigation in
order to fully characterise the metabolome of the each of the Leloir and T6P pathway
mutants, so definitive differences in metabolism can be identified. While this
particular question remains unanswered, Chapter 4 has definitively shown that there
is indeed a link between the Leloir and T6P pathways in the pneumococcus, a stark
contrast to what has previously reported in the literature (Afzal et al., 2014, Afzal et

al., 2015, Paixao et al 2015).

Having now gained a better understanding of the interplay between the Leloir and
T6P pathways and the regulation of Gal metabolism via GalR and its putative
phosphorylation sites, the next question to answer was the role of GalR in virulence.

While its impact in a pneumonia model of infection was answered in Chapter 3, what
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remained unclear is what transcriptome changes occur in both the pathogen and
the host during infection. From the findings of Minhas et al., this question could be
answered using dual in vivo RNA sequencing. There were issues with the number
of reads recovered that were specific to the pneumococcal genome, as detailed in
Chapter 5. Unfortunately, these low read numbers meant there were no substantial
conclusions that could be drawn from the bacterial transcriptomic dataset, aside
from the consistent upregulation of the surface exoglycosidase strH in the GalRaaa
strain. As discussed in Section 5.3, this would not be unexpected as the strain is
unable to metabolise Gal and is therefore attempting to upregulate enzymes that
would result in the liberation of other carbon sources, such as the GlcNac that is
released by StrH. Fortunately, there was a much greater recovery of murine-specific
reads that could be interpreted with increased confidence. The results of the murine-
specific RNA sequencing indicated that there were potential changes occurring in
the murine immune response during infection with each of the three strains that
were assessed: D39, AgalR and GalRaaa. Flow cytometry analysis confirmed that
there were indeed changes occurring in the immune response during infection,
particularly with GalRaaa. There was a significant increase in the number of CD8+ T
cells recruited to the infected lung tissue. CD8+ T cells are a critical component of
the adaptive immune response and play a key role in the clearance of intracellular
pathogens. The increase in this cell subset may explain why we observed
decreased bacterial loads of GalRaaa in the lungs at 24 hours post infection, as
shown in Chapter 3. Additionally, we observed an increase in the amount of GM-
CSF being expressed from both CD4+ and CD8+ T cells in response to GalRaaa
infection. Collectively, this indicates a skewing of the immune response away for the

standard Th1 response toward a GM-CSF response. This underpins a critical role
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Chapter 6: Final Discussion

for the putative GalR phosphorylation sites in the development of an adequate
immune response, a finding that has not yet been reported in the literature.

The findings presented in this thesis have detailed significant advancement in our
understanding of Gal metabolism in the pneumococcus from a range of
perspectives. Starting at the most basic level, we have shown that GalR is critical
for the successful utilisation of Gal as a carbon source in vitro. Further, we have
revealed that the putative phosphorylation sites S317, T319 and T323 also play
critical roles in the ability to utilise Gal, while also resulting in altered transcription of
key Leloir and T6P genes. For the first time, we have shown that the Leloir and T6P
pathways are linked in the pneumococcus, as shown by the inability for one pathway
to rescue the other in the event of metabolic distress. Much like S. mutans, these
pathways are likely linked in terms of their intracellular metabolites and may be
under the control of a universal regulator in the form of GalR. However, further
studies are required to confirm this. Finally, we have identified a role for the putative
GalR phosphorylation sites in pneumococcal virulence, showing that substitution of
these residues to non-phosphorylatable Ala results in rewiring of the murine immune
response towards a GM-CSF-specific response. We now have a greater
understanding of exactly how Gal is utilised and the internal checks that must be
achieved in order to permit this. The true importance of GalR is now being realised,
with further studies likely to show that the role of GalR extends beyond the ability to
metabolise Gal. We have also gained a greater appreciation for the role of
carbohydrate metabolism in other, wider reaching intracellular processes within the

pneumococcus such as virulence.
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Appendix A: Non-Significant Metabolomics Results
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Assessing changes in the metabolome in response to tagatose-6-
phosphate pathway mutation

D39 and D39AlacAB were cultured overnight on blood agar, washed, and
resuspended to a final ODgoo of 0.25 in CDM + Gal and incubated for 30 min.
Cells were then infused in cold PBS and pelleted prior to snap freezing. Pellets
were then shipped to Metabolomics Australia for analysis.
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phosphate pathway mutation
D39 and D39AlacAB were cultured overnight on blood agar, washed, and
resuspended to a final ODgoo of 0.25 in CDM + Gal and incubated for 30 min.
Cells were then infused in cold PBS and pelleted prior to snap freezing. Pellets
were then shipped to Metabolomics Australia for analysis.
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Appendix B: RNA Sequencing Bioanalyser Results

Electrophoresis File Run Summary
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Bioanalyser results of combined Mus musculus and Streptococcus
pneumoniae RNA

RNA sent for sequencing was subjected to Bioanalyser Analysis before
proceeding with sequencing on the lllumina platform. A summary of these
results are shown above.
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Appendix C: Differentially Expressed Murine Genes

Table C1 - Differentially expressed M. musculus genes: D39 vs. AgalR

Adjusted
Gene Fold Change
p-value

Ubd 1.2471 0.0204
Alk 1.0523 0.0204
Clec12a 1.0023 0.0204
Ms4ada 1.0760 0.0213
Ccl12 1.3059 0.0268
$100a8 1.5690 0.0289
Vnnl 1.1186 0.0289
Gm15056 1.2816 0.0299
Magtl 1.3692 0.0312
Cxcl9 1.3420 0.0312
Ccl20 2.0133 0.0352
Gphn 1.0687 0.0358
Gm34790 1.2393 0.0358
Cxcl13 1.1564 0.0358
Camk1d 1.0122 0.0358
Kcnipl 1.6763 0.0361
$100a9 1.1309 0.0361
Cd69 1.1455 0.0382
Gm15564 1.5233 0.0383
Gnb1l 3.4443 0.0389
Gm6377 1.4625 0.0389
Gm30339 1.0313 0.0389
LOC115489778 2.5595 0.0446

212



Appendices

Table C2 - Differentially expressed M. musculus genes: D39 vs. AgalR

Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Nridl -2.4536 0.0204 Esr2 -1.4334 0.0268
Atplb2 -1.6239 0.0204 Acta2 -1.3121 0.0268
Ltbp4 -1.5810 0.0204 Des -1.1937 0.0268
Tnxb -1.5495 0.0204 9330158H04Rik -1.1753 0.0268
Stac -1.4462 0.0204 Ntf3 -1.1748 0.0268
Synpo2l -1.4214 0.0204 Sftpc -1.1739 0.0268
Speg -1.3589 0.0204 HIf -1.1551 0.0268
Gli2 -1.3442 0.0204 Mamdc2 -1.1385 0.0268
Lgr6 -1.3239 0.0204 Per3 -1.1254 0.0268
Kenk3 -1.2983 0.0204 Smtn -1.0961 0.0268
Col27a1 -1.2683 0.0204 Adcy5 -1.3246 0.0288
Zfp469 -1.2631 0.0204 Stum -1.5965 0.0289
Ptgis -1.1994 0.0204 Map2k6 -1.2302 0.0289
Jph2 -1.1630 0.0204 Ptpru -1.0046 0.0302
Igsfob -1.1226 0.0204 Eln -1.2655 0.0317
Ptprs -1.1197 0.0204 Fbinl -1.3610 0.0327
Gstm1l -1.1148 0.0204 Dnml -1.2933 0.0327
Cspgd -1.0959 0.0204 Ldb3 -1.1924 0.0327
Slc45a4 -1.0390 0.0204 Wscd2 -1.1650 0.0327
Ntrk3 -1.2615 0.0228 Ptp4a3 -1.0558 0.0327
Emid1l -1.1920 0.0228 Fgfrd -1.4495 0.0344
Mtss2 -1.1352 0.0228 Meg3 -1.0551 0.0357
Zfyve28 -1.0404 0.0228 AdamtsI5 -1.0466 0.0357
Notch3 -1.1024 0.0229 Coll6al -1.4758 0.0358
Sod3 -1.2798 0.0250 Kcng4 -1.0625 0.0358
Megf6 -1.6445 0.0253 Grin2c -2.8305 0.0358
Dmpk -1.2247 0.0253 Grip2 -1.8704 0.0358
Slc2a4 -2.0522 0.0268 Mrgprf -1.4594 0.0358
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Table C2 (Contd.)

Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Asb2 -1.3219 0.0358 Inmt -1.2252 0.0395
Tafas -1.3011 0.0358 Pgm5 -1.0191 0.0400
Aoc3 -1.2175 0.0358 Ephx1 -1.0175 0.0424
Gpc6 -1.1616 0.0358 Hmcn2 -1.5434 0.0427
Heyl -1.0884 0.0358 Adcyaplrl -1.1558 0.0427
Smocl -1.0369 0.0358 Nptx1 -1.7880 0.0427
2610027K06Rik -1.1903 0.0361 Col14a1 -1.0957 0.0438
Podn -1.1326 0.0361 Ncam1l -1.1363 0.0444
Actg2 -1.0563 0.0361 Lgid -1.1077 0.0444
Cnnl -1.0486 0.0361 Cand2 -1.0438 0.0450
Clip3 -1.1684 0.0370 Scara3 -1.0759 0.0465
Smad9 -1.2836 0.0373 Hr -1.4104 0.0475
Slc8a2 -1.2081 0.0379 Wdr83os -1.8663 0.0479
D430041D05Rik -1.5140 0.0382 Cd248 -1.4650 0.0479
Chst3 -1.3956 0.0382 Ppplrlda -1.1992 0.0496
Agpl -1.0540 0.0382 Mn1l -1.4603 0.0497
Mhrt -1.9193 0.0389 Emcl0 -1.2532 0.0497
Olfml2a -1.6278 0.0389 Acacb -1.1611 0.0497
Slc4a3 -1.4607 0.0389 Fbin2 -1.5990 0.0500
Dgkb -1.1730 0.0389 Grin2a -1.1879 0.0500
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Table C3 - Differentially expressed M. musculus genes: D39 vs. GalRaaa

Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Hexb 5.9386 0.0013 Slc6al4d 1.4700 0.0034
Lars2 5.6611 0.0013 Hsp90aal 1.2585 0.0034
Gm36876 5.6535 0.0013 Gm46595 4.2743 0.0035
Jarid2 4.4706 0.0013 Epcam 1.1406 0.0035
Arhgap21 3.0548 0.0013 Peakl 1.6814 0.0036
Hsp90b1 1.2180 0.0013 Zfp791 1.1511 0.0036
Ubd 1.5795 0.0023 LOC115488073 3.4751 0.0036
Gphn 1.6425 0.0025 LOC115488074 3.4541 0.0036
Sspn 6.1008 0.0025 LOC115488065 3.3337 0.0036
Gm46178 4.4274 0.0027 Ssb 1.2144 0.0036
Cntnap5b 1.9865 0.0027 Qrfprl 1.2442 0.0036
Gm15564 1.8440 0.0027 LOC115488075 3.5562 0.0037
Dnah7b 1.2846 0.0027 Poflb 1.1514 0.0037
Gnb1l 5.0678 0.0027 LOC115489767 3.4369 0.0038
l131ra 5.6407 0.0028 Adad1l 1.1896 0.0038
ll1rapll 1.6723 0.0028 Defb41 1.1942 0.0038
Gm30821 6.3549 0.0029 Pletl 1.4442 0.0039
Camk1d 1.3163 0.0029 Gm15056 1.1888 0.0039
Vmn2r53 1.1438 0.0030 Atf2 1.1394 0.0039
Kcnipl 2.0681 0.0032 Rgsl 1.3729 0.0042
LOC105245440 5.9545 0.0033 Zfp990 1.1468 0.0043
D130009118Rik 5.5965 0.0033 LOC115489778 2.9756 0.0044
4933404012Rik 5.2941 0.0033 LOC115488077 3.0969 0.0047
Ccl20 2.3448 0.0033 Vnnl 1.1351 0.0048
Tceal9 1.4908 0.0033 Hmgn5 1.5488 0.0066
Mal2 1.1467 0.0033 Gm6377 1.3072 0.0067
Akrlcl4d 1.3163 0.0033 Tmem56 1.0791 0.0069
LOC115488060 3.4070 0.0034 Ttpa 1.1007 0.0072
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Table C3 (Contd.)

Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

mt-Rnrl 3.2089 0.0074 Magtl 1.1036 0.0159
Lrrigl 1.1322 0.0079 Gm34259 1.5663 0.0179
Mns1 1.1231 0.0081 A530046M15Rik 1.2330 0.0183
Tfap2d 1.0450 0.0082 LOC115486438 1.2850 0.0186
Mis18bpl 1.0342 0.0085 Ccdc113 1.0126 0.0191
4931440J10Rik 1.1508 0.0085 Spink5 1.2523 0.0193
Cd69 1.0006 0.0086 Enkur 1.0261 0.0214
Sfrl 1.2094 0.0087 Hypk 1.0324 0.0216
Rnu2-10 1.6531 0.0089 Gm41810 1.5446 0.0227
Cd300Id 1.0731 0.0089 Slcola5 1.2142 0.0227
Zc3h7a 1.5488 0.0090 Ccdcl160 1.0307 0.0236
Zfp820 1.3849 0.0095 mt-Rnr2 1.9969 0.0254
Mageb16 1.0273 0.0114 LOC115487917 1.2770 0.0259
Gm19935 1.0592 0.0119 $100a8 1.0337 0.0262
Ccl12 1.1051 0.0121 Zfp804a 1.3102 0.0323
Cxcl5 1.2404 0.0125 Syt10 1.0960 0.0334
Ctla2a 1.3090 0.0126 Gm41042 1.0579 0.0376
D130079A08Rik 1.6308 0.0126 Col6ab 1.0286 0.0408
LOC115487918 1.7882 0.0129 Serpinb3a 1.3010 0.0420
LOC115487919 2.1634 0.0155 Wfdc17 1.0036 0.0482
Serpinb2 1.9968 0.0158
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Table C4 - Differentially expressed M. musculus genes: D39 vs. GalRaaa

Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Nridl -3.1378 0.0013 Zmiz2 -1.3866 0.0031
Sod3 -2.0027 0.0013 Mcf2l -1.0697 0.0031
Ltbp4 -1.9786 0.0013 Bcarl -1.1291 0.0031
Csrnpl -1.0074 0.0013 Psd -1.4074 0.0032
Gsel -1.2225 0.0021 Ptgis -1.3738 0.0032
Tns2 -1.4503 0.0024 Atplb2 -1.9549 0.0033
Tgfblil -1.1230 0.0025 Des -1.6226 0.0033
Cspgd -1.5081 0.0025 Ptprs -1.3011 0.0033
Jak3 -1.5143 0.0025 Efhd2 -1.1090 0.0033
Shank3 -1.1071 0.0025 Fblim1 -1.0600 0.0033
Sdc3 -1.0845 0.0025 Riporl -1.0495 0.0033
Gm42002 -1.1425 0.0026 Fhi3 -1.3895 0.0033
Socsl -1.8030 0.0028 Prrc2a -1.3314 0.0033
Rnasek -1.6582 0.0028 Nr4al -1.2723 0.0033
Gli2 -1.5309 0.0028 Pdlim7 -1.1554 0.0033
Nbl1l -1.3411 0.0028 Glis2 -1.1123 0.0033
Gipc3 -1.6982 0.0029 Crtc2 -1.0705 0.0033
Zfp469 -1.6353 0.0029 Slc2a4 -2.4536 0.0033
Sphk2 -1.5780 0.0029 Grip2 -2.1291 0.0033
Col27a1 -1.4303 0.0029 Xirpl -1.9247 0.0033
Hspg2 -1.3186 0.0029 | Mrgprf -1.8748 0.0033
Mfap4 -1.1244 0.0029 Speg -1.7707 0.0033
Hspb7 -2.0079 0.0029 Dmpk -1.7502 0.0033
Ldb3 -1.6930 0.0030 Snail -1.6972 0.0033
Midn -1.4351 0.0030 Slc43al -1.6390 0.0033
Hspb1 -1.4259 0.0030 Btbd2 -1.5356 0.0033
Syvnl -1.1676 0.0030 Acta2 -1.5113 0.0033
Atp2al -2.1703 0.0030 AdamtsI5 -1.5054 0.0033
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Table C4 (Contd.)

Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Kenk3 -1.4803 0.0033 Sox7 -1.0481 0.0033
HIf -1.4454 0.0033 Ndrg2 -1.0445 0.0033
Ncln -1.4411 0.0033 Trp53 -1.0389 0.0033
Slc25a39 -1.4406 0.0033 Tspand -1.0262 0.0033
Tmem259 -1.4272 0.0033 Leng8 -1.0150 0.0033
Jph2 -1.3541 0.0033 Pip5klc -1.0042 0.0033
Acacb -1.3528 0.0033 Cand2 -1.3281 0.0034
Perl -1.3413 0.0033 Hdac5 -1.2361 0.0034
Kcng4 -1.3120 0.0033 Pdeda -1.0865 0.0034
DvI3 -1.2935 0.0033 Mlip -1.3625 0.0035
Gpril53 -1.2852 0.0033 Igsfob -1.1832 0.0035
Ftll -1.2672 0.0033 Egrl -1.1476 0.0035
Lgr6 -1.2667 0.0033 Ubaldl -1.5012 0.0036
Armc5 -1.2611 0.0033 Ucp2 -1.4687 0.0036
Steap3 -1.2578 0.0033 Carmn -1.1705 0.0036
Pearl -1.2295 0.0033 Asb2 -1.6402 0.0036
Id3 -1.2246 0.0033 Tnxb -1.5880 0.0036
Actg2 -1.2170 0.0033 Cx3cl1 -1.5064 0.0036
Cdcd2epl -1.2016 0.0033 Cyp27al -1.2027 0.0036
Ttyh3 -1.1758 0.0033 Notch3 -1.1699 0.0036
LoxI1 -1.1623 0.0033 Coro6 -2.2430 0.0036
Selenow -1.1365 0.0033 Finc -1.8921 0.0036
Pim3 -1.1187 0.0033 Actcl -1.6858 0.0036
Wbp?2 -1.1115 0.0033 Ccdc97 -1.2348 0.0036
Zyx -1.0680 0.0033 Ntrk3 -1.1478 0.0036
MIf2 -1.0600 0.0033 Ipo4d -1.0278 0.0036
Nlgn2 -1.0561 0.0033 Tafas -1.4406 0.0036
Col6a2 -1.0538 0.0033 Pnpla2 -1.4134 0.0036
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Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Plbd2 -1.3948 0.0036 Adcy5 -1.5231 0.0039
Zfpdl4a -1.3838 0.0036 Osrl -1.3862 0.0039
Adamtsl2 -1.2053 0.0036 Hmcn2 -1.8662 0.0039
Pom121 -1.1730 0.0036 Srl -1.3373 0.0039
Agpatl -1.0713 0.0036 Coqg8a -1.6855 0.0039
Mknk2 -1.1861 0.0036 Zfp703 -1.6032 0.0039
Mrvil -1.0506 0.0036 Kend3 -1.3206 0.0039
Slc25a23 -1.3718 0.0037 Stac -1.1821 0.0039
I13ra -1.5587 0.0037 Adgrll -1.1089 0.0039
Gm29943 -1.8660 0.0037 Per3 -1.1373 0.0040
Zcchc3 -1.6034 0.0037 Sgca -2.1788 0.0041
Smtn -1.4792 0.0037 Rexol -1.4761 0.0041
Rgma -1.2177 0.0037 Lmf2 -1.3227 0.0041
Plekhg2 -1.2085 0.0037 Slc25a22 -1.3164 0.0041
Adamtsl4 -1.1402 0.0037 Zfp651 -1.2339 0.0041
Eef2k -1.1271 0.0037 Grik3 -1.2269 0.0041
Tcf3 -1.1830 0.0038 Ggal -1.1843 0.0041
Nacad -1.4518 0.0038 Myo18b -1.5494 0.0041
Emcl0 -1.9698 0.0038 Synpo2| -2.1457 0.0041
Fbinl -1.6131 0.0038 Mbd6 -1.5141 0.0041
Lrrn2 -1.3165 0.0038 Mylk4 -1.3957 0.0041
Dtx3 -1.2569 0.0038 KIf15 -1.3038 0.0041
Ntf3 -1.2339 0.0038 Rbm38 -1.3734 0.0041
Plcd1 -1.2041 0.0038 Tpm?2 -1.2883 0.0041
Bclol -1.1746 0.0038 Cic -1.1192 0.0042
Plekha4d -1.0126 0.0038 Polr2a -1.0489 0.0042
Igsf8 -1.1509 0.0039 Notchl -1.0470 0.0042
Docké6 -1.0537 0.0039 Fbin2 -1.7475 0.0042
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Table C4 (Contd.)

Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Cntnapl -1.1771 0.0042 Scube3 -1.0613 0.0045
Fbxo31 -1.1888 0.0042 Pdeba -1.3574 0.0045
Stum -1.6929 0.0043 Ryrl -1.8752 0.0045
Copz2 -1.2431 0.0043 Bgn -1.1862 0.0045
Rnf126 -1.3285 0.0043 Vwal -1.8109 0.0046
Dok7 -1.7320 0.0043 Hr -1.4913 0.0046
Cygb -1.3599 0.0043 Kctd15 -1.3198 0.0046
Mirla-1hg -2.4703 0.0044 Heyl -1.2083 0.0046
Mn1l -1.6842 0.0044 Syngapl -1.0574 0.0046
Zfp579 -1.4840 0.0044 Rbck1 -1.1984 0.0046
Pfkm -1.3960 0.0044 Pdk2 -1.6879 0.0046
Rfng -1.3121 0.0044 Tob2 -1.1361 0.0046
Ptp4a3 -1.1943 0.0044 Phfl -1.0988 0.0046
Pde4dip -1.0727 0.0044 Ephb2 -1.0243 0.0046
Usp21 -1.0637 0.0044 Nlgn3 -1.3438 0.0046
Npdcl -1.0580 0.0044 Dact3 -1.5532 0.0046
Rasl11b -1.0535 0.0044 Nfic -1.0464 0.0046
Pcnx3 -1.0445 0.0044 Mlycd -1.0558 0.0047
Banfl -1.1219 0.0044 BC034090 -1.1529 0.0047
Sntal -1.0895 0.0044 Mfsd10 -1.3906 0.0048
Pfnl -1.0671 0.0044 Cd3e -1.2660 0.0048
Gm16576 -1.0485 0.0044 Grina -1.1602 0.0048
Numbl -1.0434 0.0044 Acbd4 -1.0027 0.0048
Obscn -1.6159 0.0044 Tle5 -1.1804 0.0048
Abat -1.0909 0.0044 Pgm5 -1.0722 0.0048
Robo4 -1.0792 0.0044 Lrrc32 -1.0879 0.0048
Sf3a2 -1.2154 0.0044 Tmem182 -1.2862 0.0048
Abca2 -1.2530 0.0044 Wdr83os -2.4740 0.0049
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Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

G6pc3 -1.6669 0.0049 Pdlim3 -1.1237 0.0060
Nrih2 -1.0388 0.0049 Tubb4a -1.4985 0.0060
Zdhhc8 -1.0979 0.0049 Clip3 -1.4811 0.0060
Cpsfal -1.0853 0.0049 Lncppara -1.1445 0.0061
Rara -1.0092 0.0049 Al837181 -1.5986 0.0061
Emid1l -1.2463 0.0050 Ky -1.4296 0.0061
Atnl -1.2364 0.0050 Bcatl -1.0918 0.0061
Rtn4rl2 -1.0329 0.0050 9330158H04Rik -1.0912 0.0061
Eln -1.3702 0.0050 Tecr -1.3014 0.0061
Gm42339 -1.0237 0.0050 H2acl9 -1.7871 0.0062
Phactr3 -1.8051 0.0051 Kenjl12 -1.3485 0.0062
Wnk2 -1.5973 0.0051 Pdzd7 -1.1829 0.0062
Ap5bl -1.4733 0.0051 Miga2 -1.0267 0.0062
Josd2 -1.0585 0.0051 N4bp3 -1.3928 0.0062
Ncdn -1.2188 0.0051 Osbp?2 -1.3758 0.0062
Sgsh -1.3307 0.0051 Pkd1 -1.0243 0.0062
Stc2 -1.1614 0.0053 Gasb -1.3056 0.0063
Popdc2 -1.1385 0.0054 Thra -1.0229 0.0063
Cwc22 -3.4081 0.0054 Cdr2l -1.0019 0.0063
Aoc3 -1.5406 0.0054 Asb18 -2.0928 0.0063
Irf2bp1l -1.0864 0.0054 Cd248 -2.0067 0.0063
Gas2l1 -1.1442 0.0055 Lamb2 -1.0664 0.0063
Lrgl -1.5849 0.0055 Gm39606 -1.4985 0.0064
Erf -1.0952 0.0056 Mgst3 -1.3859 0.0065
Gpsm3 -1.3667 0.0057 Alpk3 -1.0425 0.0065
Cacnb3 -1.0105 0.0058 Col7a1 -1.0984 0.0065
Cdh13 -1.1046 0.0059 Cilp -1.8500 0.0065
Sipal -1.1240 0.0059 Med29 -1.2262 0.0065
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Table C4 (Contd.)

Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Slc35b2 -1.1169 0.0065 Slc7a5 -1.0651 0.0070
Fasn -1.0673 0.0065 Cacnals -1.5620 0.0070
Htra3 -1.8334 0.0065 Eno2 -1.2823 0.0072
Col9a3 -1.0245 0.0065 Fcgrt -1.0542 0.0072
Ebf2 -1.4682 0.0065 Repinl -1.3015 0.0072
H4c4 -1.1865 0.0065 Prrt2 -1.7811 0.0072
Xirp2 -1.1426 0.0065 Pcbp4 -1.2386 0.0072
Sbk1 -1.0247 0.0065 Mbd3 -1.1676 0.0072
H19 -1.6469 0.0066 Mybpc2 -1.1298 0.0072
Mt2 -1.0561 0.0066 Tead3 -1.0278 0.0072
Mmpl7 -1.2841 0.0066 Mvk -1.0398 0.0072
Ints5 -1.2201 0.0066 Cdk18 -1.1737 0.0072
Six5 -1.4460 0.0066 Csf2ra -1.1695 0.0072
Plekhh3 -1.3650 0.0067 Ace -1.1493 0.0072
Nfatcd -1.1911 0.0068 Gprl82 -1.1312 0.0072
Mxra7 -1.0929 0.0068 Nr2f6 -1.1286 0.0072
Slc4a3 -1.6707 0.0068 Map3k11l -1.0044 0.0072
Meg3 -1.1772 0.0069 Ncsl -1.3533 0.0073
Igfbp6 -1.6471 0.0069 Shmt2 -1.1238 0.0073
Sox18 -1.5533 0.0069 Fastk -1.0502 0.0073
Myh2 -1.4775 0.0069 Crip2 -1.5116 0.0074
Smyd1 -1.4069 0.0069 Vamp2 -1.3280 0.0074
Slc29al -1.3535 0.0069 Atcayos -2.0184 0.0074
Adamts?7 -1.2199 0.0069 Tpral -1.2966 0.0074
Gstm1l -1.0932 0.0069 Emp3 -1.0645 0.0074
Fam110a -1.0406 0.0069 Col5a3 -1.3696 0.0074
Pkdcc -1.0262 0.0069 Bves -1.1044 0.0074
Scara3 -1.2246 0.0069 Espn -1.1053 0.0074
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Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Pthlr -1.1565 0.0076 Prr12 -1.0302 0.0082
Tmem38a -1.3356 0.0077 Mast3 -1.1222 0.0082
Lamc3 -1.0443 0.0077 Gata5s -1.3153 0.0082
Mdgal -1.2323 0.0077 Gm10914 -1.1875 0.0082
Slc39a3 -1.0142 0.0077 Gsn -1.0143 0.0082
Nrid2 -1.0121 0.0077 Ryr3 -1.0053 0.0082
Scndb -1.7900 0.0078 Flt3l -1.1959 0.0082
Fcgbp -1.5323 0.0079 Gm33449 -2.1390 0.0083
Aplml -1.0224 0.0079 Podn -1.1820 0.0083
Gpcl -1.1515 0.0080 Npepll -1.1259 0.0084
Asmt -1.6560 0.0080 Ticam1l -1.0784 0.0084
Lrp3 -1.3865 0.0080 Vegfb -1.2143 0.0084
Wscd2 -1.1717 0.0080 Ckb -2.0230 0.0085
Pdlim4 -1.2907 0.0080 Myot -1.9415 0.0085
Trim47 -1.2253 0.0080 Slc24a2 -1.1996 0.0085
Kdm6b -1.1380 0.0080 Tbx15 -1.4709 0.0085
Adrm1 -1.0956 0.0080 Inkal -1.3204 0.0085
Mygl -1.0436 0.0080 Slc22a17 -1.1677 0.0085
Mfsd12 -1.0278 0.0080 Cbx7 -1.0044 0.0086
Ltbp3 -1.0187 0.0081 Tysnd1 -1.0454 0.0086
Aatk -1.1691 0.0081 Eefla2 -1.2618 0.0086
Tagln -1.3140 0.0081 Efhd1 -1.7534 0.0086
Sh3glb2 -1.2248 0.0081 Adgrbl -1.2787 0.0086
Rnf26 -1.1907 0.0081 Mfsd5 -1.2992 0.0086
Itga7 -1.0009 0.0081 Pygm -1.5220 0.0086
Dgx1 -1.2930 0.0081 Gm30974 -1.7032 0.0086
Hamp -2.2191 0.0082 Carnsl -1.4431 0.0087
Actn2 -1.2066 0.0082 Mapk8ip1 -1.3829 0.0087
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Table C4 (Contd.)

Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Pias3 -1.0630 0.0087 Hs3st5 -1.5337 0.0097
Cacnalh -1.7482 0.0087 Cycl -1.0202 0.0097
D630003M21Rik -1.5901 0.0087 Tldc2 -1.0892 0.0097
Celsr2 -1.0174 0.0087 Milxipl -1.6294 0.0097
Aldoart2 -1.3143 0.0087 Clqgtnfe -1.3200 0.0099
3425401B19Rik -1.1315 0.0087 Dll4 -1.0847 0.0099
Slc6al7 -1.1172 0.0088 Cox6a2 -1.9978 0.0099
Dnml -1.3323 0.0088 Nrbp2 -1.1132 0.0099
Plscr3 -1.1425 0.0088 Scubel -1.0937 0.0099
Eno3 -1.3912 0.0089 KIhI30 -1.5083 0.0099
Islr -1.4083 0.0089 AY036118 -1.3136 0.0100
Traf4 -1.1618 0.0089 Gaa -1.1002 0.0100
Myl9 -1.0046 0.0089 A330074K22Rik -1.3246 0.0100
Zfpll -1.0858 0.0089 Actal -1.9157 0.0101
Ndrgd -1.6491 0.0090 Mypn -1.3453 0.0102
Kctd17 -1.3636 0.0090 Cdh22 -1.0242 0.0102
Gm36583 -1.1749 0.0090 Hspb6 -1.7773 0.0102
Chacl -1.3158 0.0091 Cnnl -1.1745 0.0102
Dbp -2.1919 0.0091 Mb -1.4472 0.0102
Mtl -1.0037 0.0091 LOC115489726 -1.1008 0.0102
TIr9 -1.0291 0.0092 Smocl -1.0561 0.0102
KIhl17 -1.0654 0.0092 H4cl4 -1.8228 0.0102
Tmem201 -1.1311 0.0092 Adcyaplrl -1.0745 0.0103
Galnt16 -1.2885 0.0093 Fstl3 -1.3163 0.0104
Sptb -1.2018 0.0093 Coll6al -1.4284 0.0105
Isynal -1.0656 0.0093 Scn5a -1.5528 0.0105
Cdh24 -1.5642 0.0094 Shank1 -1.3282 0.0105
Gm34554 -1.8497 0.0096 Fam171b -1.5042 0.0106
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Gene Log FC Gene Log FC
p-value p-value

Smarcd3 -1.1931 0.0106 Rnpepll -1.0240 0.0119
Ablim2 -1.0487 0.0107 Actr3b -1.0228 0.0119
Apc2 -1.0225 0.0107 Fam89b -1.3605 0.0119
2610027K06Rik -1.0876 0.0107 Nsun5 -1.1184 0.0119
Igf2 -1.4663 0.0107 Ptovl -1.0836 0.0119
1700017B0O5Rik -1.0208 0.0108 2310011J03Rik -1.1658 0.0120
Pias4 -1.0028 0.0108 Plpp2 -1.0997 0.0121
Hmg20b -1.0227 0.0108 Fkbp10 -1.0116 0.0121
Armh4 -1.3702 0.0108 Myom?2 -1.0324 0.0121
KIhdc8b -1.1584 0.0109 Mybphl -1.3651 0.0122
KIf16 -1.0671 0.0109 Nctcl -2.3592 0.0123
St6galnac4 -1.0420 0.0109 Nptx1 -1.5370 0.0123
Hgfac -1.0685 0.0109 Cyp26b1 -1.3796 0.0123
Abhd17a -1.1347 0.0109 Tmem150a -1.1063 0.0123
Atpl3a2 -1.0384 0.0111 5430431A17Rik -1.5492 0.0123
Hdac10 -1.1373 0.0112 Trim72 -1.2789 0.0123
Gm34213 -1.0945 0.0113 Slcl6all -1.2690 0.0123
Srpx -1.0155 0.0113 Gm41530 -1.1659 0.0123
Rogdi -1.4230 0.0113 Fxyd6 -1.1051 0.0123
Pdzrn4 -1.0893 0.0113 Rex1bd -1.0757 0.0124
Gm30807 -1.5421 0.0114 Kenk18 -2.5162 0.0124
Slc25a34 -1.7879 0.0114 Tsscd -1.2420 0.0124
Krtcap2 -1.0522 0.0115 Prr5 -1.1050 0.0124
Mospd3 -1.3391 0.0115 Gm34189 -1.1725 0.0126
Chst3 -1.3186 0.0115 Kcnal -1.7872 0.0126
Adssl1 -1.0439 0.0118 Rnf165 -1.1905 0.0126
Phlda3 -1.3482 0.0118 Mtss2 -1.0833 0.0126
Ckmt2 -1.2297 0.0119 Scnéda -1.3273 0.0129
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Table C4 (Contd.)

Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Ccdc8 -1.1690 0.0129 Kihi31 -1.1936 0.0147
Ddah2 -1.4958 0.0129 Gsgll -1.1832 0.0149
Slc8a2 -1.2413 0.0130 Gm32908 -1.0687 0.0150
Inmt -1.0404 0.0130 Pppl1ril3l -1.0369 0.0151
Ppplrlda -1.4909 0.0130 n-TGgccl3 -2.1718 0.0151
Atp5d -1.1939 0.0130 Efs -1.2246 0.0151
Gm46655 -1.2647 0.0130 Prss22 -1.6149 0.0151
Tmem8b -1.2370 0.0130 Nkg7 -1.3572 0.0152
Smad9 -1.1257 0.0130 Myh1 -1.2528 0.0153
Ano5 -1.7587 0.0131 Vars2 -1.1112 0.0153
Ifrd2 -1.2924 0.0131 Samd1l -1.3467 0.0154
Rbm20 -1.2091 0.0132 Spib -1.0837 0.0154
H4c2 -1.5281 0.0132 SIn -1.3106 0.0154
Gapdh -1.0079 0.0136 Shisall -1.1298 0.0155
Cyp8b1 -1.0804 0.0137 | Npy1r -1.0738 0.0155
Trargl -1.2933 0.0138 Erfe -1.1613 0.0157
Fgf12 -1.0311 0.0138 Gpaal -1.1140 0.0157
Gm11266 -1.0433 0.0138 Cavin3 -1.1749 0.0158
Tepsin -1.1042 0.0139 Gm46652 -1.3326 0.0159
Acd -1.2702 0.0140 Hcfclrl -1.1269 0.0159
Capn3 -1.3585 0.0141 Tead2 -1.0224 0.0159
Wfdcl -1.1805 0.0141 Adcyl -1.2694 0.0160
Grhpr -1.1017 0.0144 Faapl100 -1.1665 0.0160
Mustnl -1.1292 0.0144 Lynx1 -1.1350 0.0161
Dhtkd1 -1.7735 0.0145 Sema6b -1.0972 0.0161
Gmpr -1.5465 0.0145 Sypl2 -1.9074 0.0162
Rnf207 -1.5992 0.0146 Thap?7 -1.4859 0.0162
Trim54 -1.3215 0.0146 Fgfrd -1.0595 0.0162
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Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Ebf3 -1.1608 0.0162 Dnlz -1.0395 0.0197
Cacng7 -1.2294 0.0164 Plind -1.3185 0.0200
Shisa4 -1.2453 0.0167 Hba-a2 -1.4901 0.0203
Atp6vOe2 -1.1462 0.0173 Primal -1.2548 0.0204
Tnnt3 -1.0455 0.0173 Myoz3 -1.2937 0.0205
RtI8b -1.0078 0.0174 Myl3 -1.7354 0.0205
Med16 -1.3464 0.0174 Lzts3 -1.1232 0.0208
Apobec2 -1.7212 0.0174 Evalb -1.0008 0.0209
Dcst2 -1.1758 0.0174 Gm31251 -1.3008 0.0209
Zfp358 -1.1814 0.0175 1110002E22Rik -1.8892 0.0210
Mamstr -1.0831 0.0175 Gm33496 -1.6130 0.0214
H2ac18 -1.5840 0.0176 Nkainl -1.0912 0.0214
Ccdc3 -1.2428 0.0180 Opcml -1.0676 0.0215
Acan -1.9048 0.0182 Pmm1l -1.3749 0.0215
Clenl -1.2360 0.0182 Tesc -1.1716 0.0215
Dnajc30 -1.3216 0.0182 Egf -1.1749 0.0217
Bdh1l -1.0092 0.0183 1110018N20Rik -1.0240 0.0217
Dusp27 -1.1775 0.0183 Pusll -1.2112 0.0217
Myl7 -1.1098 0.0188 Hjv -1.0064 0.0219
Gm11725 -1.1575 0.0188 Nrap -1.1929 0.0219
Myl4 -1.2376 0.0188 Atxn712 -1.1736 0.0219
Cacnali -1.1860 0.0192 Lgi4 -1.3233 0.0221
Mybpcl -1.0590 0.0193 Sox10 -2.8947 0.0223
Musk -1.1034 0.0194 Serpinfl -1.1058 0.0224
Kentl -1.2536 0.0194 Polrmt -1.0310 0.0224
Probl -1.0894 0.0195 Adgrb2 -1.0687 0.0224
Rufy4 -1.0165 0.0195 C130080G10Rik -1.0598 0.0225
Gm9899 -1.1355 0.0196 Ncam1l -1.1253 0.0226
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Adjusted Adjusted
Gene Log FC Gene Log FC
p-value p-value

Sbk2 -1.6193 0.0229 Cstad -1.0363 0.0262
Myo7b -1.1836 0.0229 Ptprcap -1.6167 0.0262
Abhd11 -1.0837 0.0230 Syp -1.0596 0.0262
Gm35438 -1.0232 0.0230 Arhgap33 -1.1119 0.0268
Pianp -1.9248 0.0231 Rpphl -1.0471 0.0271
Fndc5 -1.1823 0.0231 Myoz1l -1.8308 0.0274
Crlf2 -1.2381 0.0233 Zfp385c¢ -1.0596 0.0275
Tcap -1.4531 0.0234 Ankrd13b -1.1375 0.0277
Rflna -1.1657 0.0236 Pla2gde -1.4593 0.0277
Gm33470 -1.1440 0.0237 Rab3a -1.1773 0.0277
Atpla2 -2.7748 0.0238 Clec3b -1.0019 0.0282
LOC102636795 -1.8666 0.0239 Acr -1.0872 0.0282
Myh6 -1.2012 0.0241 Ost4 -1.2418 0.0286
Secl6b -1.2522 0.0241 Adprhlil -1.5805 0.0288
Csdc2 -2.3329 0.0242 Faim?2 -1.2259 0.0288
Cdt1 -1.2450 0.0244 Atf5 -1.0043 0.0289
Fjx1 -1.0742 0.0246 Plinl -2.0479 0.0296
LOC115488495 -1.0300 0.0246 Mfap5 -1.2802 0.0300
Poldl -1.1444 0.0247 Fmod -1.3397 0.0301
Agbll -1.1218 0.0248 Ldhd -1.0136 0.0301
Srm -1.0955 0.0249 Ndufall -1.1883 0.0305
Ppan -1.1557 0.0251 Rtl1 -1.3492 0.0306
Hba-al -1.3784 0.0251 Mhrt -1.8419 0.0307
Dphl -1.0729 0.0253 Zdhhc12 -1.6895 0.0307
Nosl -2.0681 0.0254 Abcc8 -1.0195 0.0309
Ap5sl -1.2138 0.0256 Jrk -1.2606 0.0312
Megf6 -1.1495 0.0260 D430041D05Rik -1.0727 0.0314
Dhh -1.0755 0.0261 Camk2a -1.8670 0.0314
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Gm34147 -1.0381 0.0314 Abcb9 -1.0299 0.0385
Ache -2.3098 0.0321 Fbxl22 -1.1334 0.0387
Mylk2 -1.2619 0.0322 Htrlb -1.0236 0.0391
gene888 -2.4552 0.0331 Npas4 -1.7374 0.0392
Myl1l -1.2167 0.0332 Myh13 -1.1414 0.0392
Cacngl -2.2953 0.0332 Cidec -1.4093 0.0392
Drp2 -1.0891 0.0334 Gm12963 -1.1823 0.0394
Cadm3 -1.1969 0.0342 Dohh -1.1089 0.0396
Frem2 -1.2575 0.0345 Crhr2 -1.3804 0.0399
Map1llc3a -1.6207 0.0345 Gm39793 -2.0682 0.0407
Hectd2o0s -1.0926 0.0350 Gm35657 -1.1331 0.0413
Gm39335 -1.1458 0.0350 Gm33289 -1.0262 0.0420
Aspa -1.0083 0.0352 Gm33320 -2.5942 0.0421
Nid2 -1.0388 0.0355 Pkmytl -1.0382 0.0428
Lrrcdb -1.0676 0.0357 Car3 -1.2436 0.0431
Itgb4 -1.0050 0.0361 Slc8a3 -1.0662 0.0433
Hhipll -1.0919 0.0367 Myoz2 -1.0879 0.0441
Dxo -1.0033 0.0367 Myh4 -1.2683 0.0449
lgdccd -1.9571 0.0368 Gm39938 -1.1046 0.0456
Atplad -1.1165 0.0369 Lrrnl -1.3483 0.0463
Fbn2 -1.2988 0.0371 Ckm -1.7686 0.0464
Lrrc27 -1.0643 0.0376 Gm10863 -1.1774 0.0464
Kihl41 -1.2757 0.0379 gene768 -2.0514 0.0489
Olfml2a -1.3079 0.0382 Slc25a47 -1.2754 0.0496
Vatll -1.0736 0.0385 Cdh19 -1.1463 0.0496
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Appendix D: FACS Gating Strategies
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Gating strategy for identification of cytokine-expressing immune cells in
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pneumococcal infected murine lung tissue
Cells were first gated for size and singularity, before excluding dead cells.
Remaining live cells were then gated to select for B cells, T cells and double
negative (DN) cells. T cells were selected and gated to identify CD4+ and
CD8+ cells. Both of these subsets were then further gated to identify cells
expressing either GM-CSF, IFN-y or IL-17A.
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ABSTRACT Streptococcus pneumoniae (the pneumococcus) is a formidable human
pathogen that is capable of asymptomatically colonizing the nasopharynx. Progres-
sion from colonization to invasive disease involves adaptation to distinct host
niches, which vary markedly in the availability of key nutrients such as sugars. We
previously reported that cell-cell signaling via the autoinducer 2 (Al-2)/LuxS quorum-
sensing system boosts the capacity of S. pneumoniae to utilize galactose as a carbon
source by upregulation of the Leloir pathway. This resulted in increased capsular
polysaccharide production and a hypervirulent phenotype. We hypothesized that
this effect was mediated by phosphorylation of GalR, the transcriptional activator of
the Leloir pathway. GalR is known to possess three putative phosphorylation sites,
S317, T319, and T323. In the present study, derivatives of S. pneumoniae D39 with
putative phosphorylation-blocking alanine substitution mutations at each of these
GalR sites (singly or in combination) were constructed. Growth assays and transcrip-
tional analyses revealed complex phenotypes for these GalR mutants, with impacts
on the regulation of both the Leloir and tagatose 6-phosphate pathways. The ala-
nine substitution mutations significantly reduced the capacity of pneumococci to
colonize the nasopharynx, middle ear, and lungs in a murine intranasal challenge
model.

IMPORTANCE Pneumococcal survival in the host and capacity to transition from a
commensal to a pathogenic lifestyle are closely linked to the organism’s ability to
utilize specific nutrients in distinct niches. Galactose is a major carbon source for
pneumococci in the upper respiratory tract. We have shown that both the Leloir and
tagatose 6-phosphate pathways are necessary for pneumococcal growth in galactose
and demonstrated GalR-mediated interplay between the two pathways. Moreover,
the three putative phosphorylation sites in the transcriptional regulator GalR play a
critical role in galactose metabolism and are important for pneumococcal coloniza-
tion of the nasopharynx, middle ear, and lungs.

KEYWORDS GalR, Streptococcus pneumoniae, carbon metabolism, galactose,
pneumococcus, protein phosphorylation, virulence

treptococcus pneumoniae is a human-adapted bacterium often carried asymptom-

atically in the nasopharynx. However, in a proportion of carriers, it can spread to
other sites of the body and cause a wide range of illnesses, including otitis media and
sinusitis, as well as severe diseases such as bacteremia, pneumonia, and meningitis (1,
2). Globally, S. pneumoniae infections account for 1 million to 2 million deaths every
year, making it one of the world’s foremost bacterial pathogens (3, 4). Colonization of
the upper respiratory tract (URT) is an essential prerequisite for invasive disease.
However, in this environment, carbon sources are scarce and the host actively elimi-
nates glucose (Glc) to help maintain airway sterility (5). Galactose (Gal) is the most
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abundant sugar in the URT (6), so it follows that the ability to metabolize it may be a
crucial factor for pneumococcal survival within host niches.

In a previous study, we discovered a direct link between carbohydrate utilization
and virulence (7). In particular, we found that the quorum-sensing signaling molecule
autoinducer 2 (Al-2) promotes transition of the pneumococcus from colonizer to
pathogen. Importantly, Al-2 signaling via the fructose-specific phosphoenolpyruvate
phosphotransferase system (PTS) component FruA enables the bacterium to utilize Gal
as a carbon source and upregulates the Leloir pathway, thereby leading to increased
production of capsular polysaccharide (CPS) and a hypervirulent phenotype (7). CPS
precursors are synthesized from Glc 1-phosphate, which can be produced via either the
Glc 6-phosphate pathway in the presence of Glc (as occurs in the blood) or the Leloir
pathway when Gal is the predominant sugar (as occurs in the URT).

S. pneumoniae possesses two pathways for galactose metabolism, the Leloir path-
way and the tagatose 6-phosphate (T6P) pathway. In the T6P pathway, extracellular Gal
is transported into the cell and phosphorylated through a PTS (unrelated to FruA) (8).
The resultant Gal 6-phosphate is then converted into T6P by the enzyme Gal
6-phosphate isomerase (encoded by lacAB). The T6P kinase (encoded by /lacC) then
converts T6P into tagatose 1,6-bP. Finally, lacD codes for the tagatose 1,6-bP aldolase,
which converts tagatose 1,6-bP into dihydroxyacetone-P and p-glyceraldehyde-3-P (9,
10). In the Leloir pathway, Gal enters the cell via a proposed ABC transporter (8). It is
then phosphorylated intracellularly at the C1 position by a specific kinase (encoded by
galK) to yield Gal 1-phosphate, which is then converted into Glc 1-phosphate by hexose
1-phosphate uridyltransferase (encoded by galT) and UDP-glucose epimerase (encoded
by galE). The transcriptional regulator of this pathway is GalR, which is believed to
possess three putative phosphorylation sites, S317, T319, and T323 (11). We previously
proposed that phosphorylated Al-2 imported via FruA facilitates phosphorylation of
GalR at these sites, thereby activating (or relieving repression of) the gal operon (7). In
the present study, we conducted mutational analysis of the putative GalR phosphory-
lation sites and examined the impact on expression of Leloir and T6P pathway genes
and Gal metabolism.

RESULTS

The location of the GalR putative phosphorylation sites. In the absence of
structural information for GalR, we sought to examine the location of the putative
phosphorylated residues (5317, T319, and T323) by generating a structural homology
model. A homology model of GalR was constructed using SWISS-MODEL based on the
homodimeric 2.4-A structure (PDB: 1JFS) of the Escherichia coli PurR W147F mutant
(35% sequence similarity, 93% sequence coverage) (12). Alignment of the GalR model
(green) with the template (cyan) revealed a moderate level of variation (root mean
square deviation [RMSD], 2.868 A), with an additional loop present in the GalR model
that was absent in PurR, corresponding to residues 183 to 191 (Fig. 1A). To complement
these studies, we performed a conserved domain search to investigate whether any of
the putative phosphorylated residues were located within regions of possible func-
tional importance (Fig. 1B). The putative galactose binding residues (magenta) are
situated at the putative dimer interface of GalR, suggesting a role in protein dimer
stabilization upon sugar binding, while the N-terminal region of GalR harbors the
helix-turn-helix domain (blue) responsible for the interaction with DNA. All of the
putative phosphorylated residues (orange spheres) were situated in a region distinct
from the residues proposed to be involved in galactose binding and DNA binding (Fig.
1B). As any functional impact of S317, T319, or T323 phosphorylation is more likely a
consequence of allosteric changes rather than a direct impact on sugar or DNA binding,
we investigated the contribution of each putative phosphorylated residue to GalR
function. We constructed a series of GalR amino acid substitution mutants in S.
pneumoniae D39 in which S317, T319, and T323 were replaced, either singly or in
combination, with the nonphosphorylatable residue alanine (A), using the Janus cas-
sette system (see Materials and Methods). A total of 7 substitution mutants were
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GalR and Pneumococcal Gal Metabolism

A

FIG 1 Structural homology model of S. pneumoniae GalR. (A) Cartoon representation of the protomeric
homology model of S. pneumoniae GalR (green) based on the 2.9-A structure of the Escherichia coli PurR
W147F mutant (cyan; RMSD, 2.868 A). (B) Cartoon representation of the dimeric homology model of GalR. The
DNA binding helix-turn-helix domain is shown in blue, and the putative sugar binding regions are highlighted
in magenta. The serine (S317) and threonine (T319 and T323) residues hypothesized to be phosphorylated are

depicted as orange spheres.

generated (designated D39,aa D391 D39sa1, D391, D39aat: D39a1a @and D3944),
as well as a galR deletion mutant (D39AgalR) (see Table 1).

Impact of GalR putative phosphorylation sites on galactose metabolism.
Growth in chemically defined medium with Glc as the sole carbon source (CDM + Glc)
revealed that each mutant grew comparably to the D39 wild-type strain (Fig. 2A).
Conversely, when grown in chemically defined medium with Gal as the sole carbon
source (CDM + Gal), significant growth differences between strains became apparent
(Fig. 2B). First, in comparison to D39, the D39AgalR strain displayed complete abroga-
tion of growth in the presence of Gal, indicating an essential role for galR in the ability
to utilize galactose, as previously shown (13). The D39,,, strain, where the three
putative phosphorylation sites are nonphosphorylatable, showed almost a complete
inability to grow in galactose. D39.,, showed a delay in growth, with a slower
generation time and a decrease in final cell density compared to D39. The remaining
GalR substitution mutants, D39 11, D39¢a1, D39¢1a, D394a1 @and D39,1,, had a capacity
to utilize Gal similar to that of D39. This indicates that mutation of any one of the three

TABLE 1 Strains used in this study

Journal of Bacteriology

Strain Description? Source
D39 Capsular serotype 2 NCTC 7466
D39AgalR galR deletion-replacement mutant, erythromycin’ This study
D39AgalK galK deletion-replacement mutant, spectinomycin® This study
D39AlacAB lacAB deletion-replacement mutant, spectinomycin’ This study
D39AlacD lacD deletion-replacement mutant, erythromycin* This study
D39AgalRAlacD galR, lacD deletion-replacement mutant, erythromycin® and spectinomycin” This study
D39AgalR Janus galR deletion-replacement mutant utilizing Janus cassette, kanamycin, streptomycin® This study
D39 an galR S317A, T319A, T323A amino acid substitution mutant, kanamycins, streptomycins This study
D397 galR S317A amino acid substitution mutant, kanamycin®, streptomycin® This study
D39t galR T319A amino acid substitution mutant, kanamycins, streptomycin” This study
D39%a galR T323A amino acid substitution mutant, kanamycins, streptomycin® This study
D39at galR S317A, T319A amino acid substitution mutant, kanamycins, streptomycin® This study
D397a galR S317A, T323A amino acid substitution mutant, kanamycins, streptomycin® This study
D39pn galR T319A, T323A amino acid substitution mutant, kanamycins, streptomycin® This study
aSuperscript “r" and “s” following antibiotic names indicate resistance and sensitivity, respectively.
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FIG 2 Impact of GalR mutations on bacterial growth. D39, D39AgalR, D39xn D39p1r, D394, D391,
D39pa1 D3947a and D39, Were grown in CDM + Glc (A) or CDM + Gal (B). Growth was monitored by
measuring the ODy,, every 30 min for a total of 18 h. Data points are the mean OD,,, from triplicate
assays.

GalR phosphorylation sites alone does not significantly impact the capacity to grow in
CDM + Gal. However, mutation of both T319 and T323, as occurs in D39, ,, reduced
the capacity of the strain to grow in this medium. Thus, the first GalR phosphorylation
site (5317) on its own is insufficient to fully sustain growth in Gal.

To complement these data, gene expression analyses were conducted on all the
GalR mutants to assess the impact on expression of both Leloir and T6P pathway genes.
Strains were grown overnight on blood agar, washed and resuspended in CDM + Gal,
and then incubated for 30 min. RNA was then extracted, and expression of galR, galK,
and lacD was quantitated by reverse transcription-qualitative PCR (qRT-PCR) (see
Materials and Methods) (Fig. 3). Expression of galR itself was, as expected, undetectable
in D39AgalR. galR expression was also significantly downregulated in all the mutants
tested, with D39,,4 being the most affected, showing an 88% reduction in expression
(Fig. 3A).

It was previously shown that galR regulates the galKT operon (14). Here, there was
significantly decreased expression of galK in all GalR mutants compared to wild-type
D39 (Fig. 3B). In particular, the D39AgalR and D39, ,, strains showed similarly low levels
of galK expression (=98% reduction). These findings are largely consistent with the
effects of the mutations on the expression of galR itself (Fig. 3A). It is worth noting that
only those mutants with >98% reduction in galK expression (D39AgalR and D39,,,)
exhibited severe growth defects in CDM + Gal (Fig. 2B).
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FIG 3 Differential gene expression in GalR mutants. D39, D39AgalR, D39,aa D391 D39a7 D394,
D391 D394, and D39, , were cultured overnight on blood agar plates, washed, and resuspended
to a final ODg,, of 0.25 in CDM + Gal and incubated for 30 min. RNA was then extracted and the
levels of galR (A), galK (B), and lacD (C) mRNA were quantitated by qRT-PCR using gyrA as an internal
control. Data presented are the mean * standard deviation from three independent experiments,
expressed as a percentage of the result for D39. *, P < 0.05; **, P <0.01; ***, P <0.001; ****,
P < 0.0001, unpaired t test (relative to D39); ns, not significant; X, transcript absent due to gene
deletion.
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FIG 4 Differential growth of Leloir and T6P pathway mutants. D39, D39AgalR, D39AgalK, D39AlacAB,
D39AlacD, and D39AgalRAlacD were grown in CDM + Glc (A) or CDM + Gal (B). Growth was monitored
by measuring the ODy,, every 30 min for 18 h. Data points are the mean ODg,, from triplicate assays.

We also assessed whether the absence of functional Leloir pathway expression had
any effect on the expression of the T6P pathway by examining lacD expression. lacD
encodes the last enzyme of the T6P pathway and is responsible for the conversion of
tagatose 1,6-bP to dihydroxyacetone-P and p-glyceraldehyde-3-P, which can then feed
into the glycolytic pathway. Interestingly, lacD expression was significantly (30 to 60%)
lower in all GalR mutants than in D39 (Fig. 3C), indicating a direct or indirect role for
GalR phosphorylation in the expression of T6P pathway genes. However, there was no
apparent association between reduced lacD expression and the relative ability of the
various strains to grow in CDM + Gal (Fig. 2B). Collectively, these analyses indicate that
all three putative GalR phosphorylation sites, S317, T319, and T323, are essential for
galactose metabolism in S. pneumoniae and are required for the activation of both the
Leloir and T6P pathways.

Both the Leloir and T6P pathways are required for growth in galactose. In order
to assess the contribution of the Leloir and T6P pathways to Gal metabolism, growth
of D39, D39AgalR, D39AgalK, D39AlacAB, D39AlacD, and D39AgalRAlacD was analyzed
in both CDM + Glc and CDM + Gal (Fig. 4). All mutant strains grew as well as D39 when
Glc was the only carbon source (Fig. 4A). In contrast, in CDM + Gal, all mutant strains
displayed complete abrogation of growth (Fig. 4B). Thus, the presence of both the
functional Leloir and T6P pathways is required for growth in Gal, indicating potential
interplay between these two pathways.

Contribution of GalR and its putative phosphorylation sites to regulation of
Gal metabolism. To further understand the apparent cross talk between the Leloir and
T6P pathways, we analyzed the expression of galR, galK, lacA, and lacD in D39,
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FIG 5 Differential gene expression in Leloir and T6P pathway mutants. D39, D39AgalR, D39AgalK, D39AlacAB,
D39AlacD, D39AgalRAlacD, and D39 ,,, were cultured overnight on blood agar, washed, and resuspended to a final
0Dy, of 0.25 in CDM + Gal and incubated for 30 min. RNA was then extracted, and qRT-PCR was used to assess
levels of galR, galK, lacAB, and lacD mRNA, using gyrA as an internal control. Data presented are the mean =
standard deviation from three independent experiments, expressed as a percentage of that for D39. *, P < 0.05; **,
P < 0.01; ***, P<0.001; ****, P < 0.0001, by unpaired t test (relative to D39); ns, not significant; X, transcript absent
due to gene deletion.

D39AgalR, D39AgalK, D39AlacAB, D39AlacD, D39AgalRAlacD, and D39,,4 (Fig. 5). The
expression of galR was significantly upregulated in both D39AgalK and D39AlacD
relative to D39, whereas it was unaffected in D39AlacAB (Fig. 5A). galK expression was
unaffected in D39AlacD but was significantly downregulated relative to D39 in
D39AlacAB (Fig. 5B). Both galR and galK expression were also largely abrogated in
D39AgalR and D39, ,,, confirming the requirement for functional GalR for activation of
the Leloir pathway, as previously shown in Fig. 3B. Unsurprisingly, the expression of
these two genes was also abrogated in D39AgalRAlacD.

Interestingly, lacA expression (Fig. 5C) was significantly upregulated relative to D39
in D39AgalK. In the remaining mutants, the expression of both lacA and lacD was
downregulated relative to D39 (Fig. 5C and D). Collectively, these findings underscore
the requirement for GalR (and putative phosphorylation sites therein) for upregulation
of the T6P pathway when the Leloir pathway is blocked. This could be due to feedback
inhibition from accumulation of either Leloir or T6P intermediates. We also assessed
expression of lacR2, the repressor of the lacl operon. In the presence of Gal, there was
a significant decrease in expression of lacR2 in D39AlacD relative to D39, implying
derepression of the operon to promote upregulation of the T6P pathway genes.
However, there was no significant difference in lacR2 expression between D39 and
D39AgalR, indicating that effects of GalR on T6P pathway gene expression are not
mediated via lacR2 (data not shown).

Impact of putative GalR phosphorylation in a mouse model of pneumococcal
infection. To determine the role of putative GalR phosphorylation during pneumococ-
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FIG 6 Virulence phenotypes of D39 and D39,,,. Groups of 16 mice were infected intranasally with 107 CFU of the
indicated strain. At 24 h, mice were euthanized, and the numbers of pneumococci isolated from the nasal tissue
(A), ears (B), lungs (C), and blood (D) were enumerated. Viable counts (total CFU per tissue or CFU per ml blood)
are shown for each mouse in each niche; the horizontal bars indicate the geometric mean (GM) CFU for each group;
the dotted line indicates the threshold of detection. The significance of the differences in GM bacterial load
between groups was analyzed using unpaired t tests; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

cal infection, the virulence of the S. pneumoniae D39 and D39,,, strains was assessed
in a murine model of infection. Groups of mice were challenged intranasally with
1 X 107 CFU of each strain, and the numbers of pneumococci present in various niches
(nasal tissue, ear, lungs, and blood) were determined at 24 h postchallenge (Fig. 6). The
D39,44 Strain exhibited a significantly attenuated virulence phenotype, with reduced
bacterial loads relative to D39 in nasal tissue (Fig. 6A), ears (Fig. 6B), and lungs (Fig. 6C).
No significant difference in bacterial numbers between D39 and D39, ,, was observed
in the blood (Fig. 6D).

DISCUSSION

The results of this study support previous findings that GalR is important for
galactose metabolism in S. pneumoniae (14). Here, we demonstrated that the putative
GalR phosphorylation sites (5317, T319, and T323) are required for growth in a defined
medium with Gal as the sole carbon source. Mutation of all putative phosphorylation
sites to alanine (D39,,,) completely abrogated growth in Gal and reduced expression
of galR and galK to levels comparable to those of the D39AgalR strain (Fig. 2B and Fig.
3). Moreover, the substitution of these amino acids with alanine appears to alter the
interaction of GalR with the galR operator sequence; as a result, the defects observed
in galK expression may be at least partially attributable to a reduction in GalR abun-
dance, rather than a direct alteration in binding to the galK operator. The precise
mechanism behind these defects remains unknown but may be due to effects on
folding, dimerization, or binding of effector molecules rather than by directly prevent-
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ing phosphorylation. However, structural modeling of GalR shows that these residues
are positioned in a distinct location to the putative galactose and DNA binding regions
(Fig. 1B). Additional studies exploring the interaction of purified GalR and GalR,, With
each operator DNA sequence may provide greater insight into the regulation of the
Leloir pathway genes.

In S. pneumoniae, the kinase responsible for phosphorylation of serine and threonine
residues is StkP (15, 16). A previous proteomic study performed in medium containing
Glc failed to identify GalR as a target of StkP, but LacA was identified as a possible target
for StkP-mediated phosphorylation (17). Preliminary data have revealed that a
D39AstkP strain was unable to grow in Gal (data not shown), but this may be a
consequence of the defect in LacA phosphorylation rather than GalR. As a result,
additional studies to directly examine the role of StkP in GalR phosphorylation are
required.

Gene expression studies demonstrated that of the various GalR mutants constructed
in this study, those with the greatest defects in growth in CDM + Gal, namely,
D39AgalR and D394, 5, exhibited virtually undetectable levels of galK expression (>98%
reduction) (Fig. 3B), showing a direct link between Leloir pathway gene expression and
growth in Gal. The single and double point mutants also showed significantly reduced
expression of galR and galK, but this level of expression still enabled sufficient Leloir
pathway activity to sustain growth in CDM + Gal (Fig. 2B). Interestingly, within the
single or double point mutants, the D39, , mutant was the only one to show a defect
in growth in Gal compared to D39 (Fig. 2B), but gene expression was similar to that in
the other mutants that grew comparably to the wild type (Fig. 2B and Fig. 3). Therefore,
growth in Gal can occur even at low levels of galK expression. Thus, the effects on Leloir
pathway gene expression and growth in CDM + Gal could be attributable to inade-
quate levels of GalR in the cell, reduced capacity of the respective GalR phosphorylation
site mutants to activate Leloir pathway genes such as galK, or a combination of both.

An unexpected finding of the current study was that all the investigated GalR
mutants exhibited significantly reduced expression of the T6P pathway gene lacD (Fig.
30), indicating a direct or indirect effect of GalR on the T6P pathway. This may provide
a mechanistic basis for a previously proposed subtle regulatory link between the Leloir
and T6P pathways (6). This was further examined by comparing the growth and gene
expression phenotypes of D39 mutants with deletions in galR, galK, lacAB, lacD, and
galR plus lacD. Unlike growth in CDM + Glc, none of these mutants was capable of
growth in CDM + Gal (Fig. 4), indicating that both the Leloir and T6P pathways are
essential for growth under these conditions. A previous study of a similar D39 galK
deletion mutant (14) reported that growth in the presence of Gal was reduced relative
to wild-type D39 but not completely abrogated as shown in the present study. This
discrepancy may be attributable to the use of a more nutrient-rich M17 medium in that
study (14). A separate study reported complete abrogation of growth of a D39 galK
deletion mutant in Gal, whereas a lacD deletion mutant was able to grow logarithmi-
cally in Gal, albeit after a long lag phase (6).

In the present study, gene expression analyses have shown that maximal expression
of the T6P pathway genes lacA and lacD require functional GalR and that all three
putative phosphorylation sites of GalR are necessary to achieve this function (Fig. 5).
Additionally, there appears to be a link between galK and lacAB gene expression.
Deletion of galK upregulated lacA expression, perhaps as a consequence of the
upregulation of galR in this mutant. On the other hand, deletion of lacAB significantly
reduced galK expression but did not impact expression of galR. Furthermore, galR
expression was significantly elevated in the lacD mutant. Thus, there is a complex
interplay between the Leloir and T6P pathways in the various mutants, presumably
mediated by intracellular concentrations of intermediates or end products of either
pathway.

Notwithstanding the above-described complexities, the present study has shown
that the GalR putative phosphorylation sites play a significant role in pneumococcal
infection. Mice infected with D39,,4 displayed significantly reduced bacterial loads in
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the nasopharynx, middle ear, and lungs relative to those infected with wild-type D39
(Fig. 6). These findings are compatible with previous studies showing reduced naso-
pharyngeal colonization and reduced systemic virulence of D39 galK and lacD deletion
mutants after intranasal, but not intravenous, challenge of mice (6). However, the
impact of the putative GalR phosphorylation sites has not previously been investigated.
Clearly, the capacity to metabolize Gal is important for survival and proliferation in the
upper respiratory tract and the middle ear, where it is an important carbon source (6).
Moreover, metabolism of Gal by pneumococci in vitro is known to lead to increased
production of CPS relative to cells growing on Glc, which may be the basis for the
altered virulence profiles (7). We previously showed that treatment with the quorum-
sensing molecule Al-2 upregulates Leloir pathway gene expression and CPS production
in the presence of Gal in vitro, as well as virulence in an intranasal challenge model (7).
This upregulation was dependent on the PTS component FruA, which is presumed to
be the bacterial surface receptor for Al-2. This signaling molecule is a di-ketopentose
and may structurally mimic the natural cargo of FruA, namely, fructose, and if Al-2 is
capable of internalization via the FruA PTS system, then it would be expected to be
phosphorylated during import. It is tempting to speculate that such phosphorylated
Al-2 may play a direct or indirect role in GalR phosphorylation, perhaps acting as a
phosphate donor, thereby mediating upregulation of the Leloir pathway. This study has
shown that, collectively, the GalR putative phosphorylation sites play a key role in
virulence and the ability to metabolize Gal and has revealed a complex interplay
between the Gal metabolic pathways in S. pneumoniae.

MATERIALS AND METHODS

Structural modeling of GalR. The GalR amino acid sequence (SPD_1635) was obtained from the
NCBI database and input into SWISS-MODEL (18). A homology model was generated based on the 2.4-A
structure (PDB: 1JFS) of the Escherichia coli purine repressor (PurR) W147F mutant (12). The cartoon
representation of the GalR homology model and the aligned PurR template were generated in PyMOL
version 2.3.3 (Schroédinger). The root mean square deviation (RMSD) between the GalR model and the
PurR template was determined by alignment in PyMOL. The DNA binding domain and putative sugar
binding residues were identified by the NCBI conserved domain search (19), and the locations of the
putative phosphorylated residues were determined based on the phosphoproteomic findings (11).

Bacterial strains and growth conditions. The S. pneumoniae strains used in this study are listed in
Table 1. Pneumococci were routinely cultured on Columbia blood agar base supplemented with 5%
sterile horse blood overnight at 37°C with 5% CO,. In order to select for mutant strains, blood agar plates
were supplemented with 0.2 ug/ml erythromycin, 200 pg/ml spectinomycin, 200 wg/ml kanamycin, or
200 pg/ml streptomycin, as appropriate. Growth experiments were performed with pneumococci grown
in chemically defined medium (CDM) supplemented with vitamins, amino acids, choline, and catalase, as
previously described (20), and either 0.5% glucose (CDM + Glc) or galactose (CDM + Gal).

Construction of mutants. Genes were deleted from S. pneumoniae using overlap extension PCR
using the primers listed in Table 2, followed by transformation, essentially as previously described (21).
For strains harboring single amino acid substitutions within galR, allelic exchange mutagenesis was
performed through use of the Janus cassette system, as described previously (20, 22). Mutants were
confirmed by PCR and Sanger sequencing using the primers listed in Table 2 (AGRF, Adelaide, Australia).

Growth assays. Growth assays were performed in flat-bottom 96-well microtiter plates with a final
volume of 200 ul. Cells were inoculated at a starting optical density at 600 nm (ODg,,) of 0.05 in either
CDM + Glc or CDM + Gal and then incubated at 37°C with 5% CO, (20). The OD,,, was measured every
30 min for a total of 18 h in a SpectroSTAR Omega spectrophotometer (BMG Labtech). Assays were
performed in triplicate with a minimum of two independent experiments.

Bacterial RNA extraction and real-time qRT-PCR. S. pneumoniae strains were first cultured over-
night on blood agar plates at 37°C with 5% CO,. Cells were then harvested, washed, and resuspended
in 1 ml of CDM + Gal to a final ODg,, of 0.25. Cells were then incubated for 30 min at 37°C with 5% CO,,
after which RNA was extracted using a Qiagen RNeasy minikit as per the manufacturer’s instructions.
Gene expression was analyzed using one-step relative real-time gRT-PCR in a Roche LC480 real-time
cycler, as described previously (20). The primers used to amplify target genes (listed in Table 2) were used
at a final concentration of 200 nM. Amplification data were analyzed using the comparative critical
threshold (222¢7) method (23) and are presented as a percentage of total expression relative to that for
D39 for each gene. Assays were performed in triplicate with a minimum of two independent experi-
ments. Statistical analyses were performed using two-tailed Student’s t test; P values of <0.05 were
deemed statistically significant.

Murine infection model. All animal experiments were approved by the University of Adelaide
Animal Ethics Committee. Female outbred 4- to 6-week-old CD-1 (Swiss) mice were anaesthetized by
intraperitoneal injection with ketamine and xylazine before being intranasally inoculated with 1 X 107
CFU of D39 or D39,,, in a total of 50 ul, as previously described (24). The challenge dose was
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TABLE 2 Primers used in this study

Journal of Bacteriology

Primer Sequence (5'-3’)

GalR F AAGACAAGCCAGAACCATTTGGG

GalR Ery F CGGGAGGAAATAATTCTATGAGGAAAGTACCCTAAATCAAGAATAG

GalR R GACAAGGTTGTTGTTATCGGTGAT

GalR Ery R TTGTTCATGTAATCACTCCTTCTGTGCAATGTCTTTTAAGGTAGCC

LacD F CTGTATCGCTATTCTCCACG

LacD Ery F CGGGAGGAAATAATTCTATGAGGGTATCATCTCAGCTCTTGC

LacD R TGATCTGCTAGCTTCTGAC

LacD Ery R TTGTTCATGTAATCACTCCTTCGCAAGAGCTGAGATGATACC

Ery F GAAGGAGTGATTACATGAACAA

Ery R CTCATAGAATTATTTCCTCCCG

GalK F CCTTCATTAAGTCATAGCCAGA

GalK Spec F AAATAACAGATTGAAGAAGGTATAAGAAGTAGTTGGATACGCTCC

GalK R GTAGGACAGACATTGGCCA

GalK Spec R TATGTATTCATATATATCCTCCTCCAAATTGATACGACCTGGTG

LacAB F AATATCGGACAAGCTGGT

LacAB Spec F AAATAACAGATTGAAGAAGGTATAAGCTCAACAAACAGACGC

LacAB R TTCGTCTGAGCTATCTACATC

LacAB Spec R TATGTATTCATATATATCCTCCTCATCTCAAACCTGCAGCATC

LacD F CTGTATCGCTATTCTCCACG

LacD Spec F AAATAACAGATTGAAGAAGGTATAATGAAGCAGCAGCTCGCGAAT

LacD R TATGTATTCATATATATCCTCCTCGCAAGAGCTGAGATGATACC

LacD Spec R GTTGCGTAATCACATCATAGAT

J253 GAGGAGGATATATATGAATACATACG

J254 TTATACCTTCTTCAATCTGTTATTTAAATAGTTTATAGTTA

AAA F ACTCCACGGTCGCAAAATTCCTGCGCTGGCCATGCTGGGAGCCAGACTGACATTAAGA

AAA R TCTTAATGTCAGTCTGGCTCCCAGCATGGCCAGCGCAGGAATTTTGCGACCGTGGAGT

ATT F AGTACTCCACGGTCGCAAAATTCCTGCCCTGACCATGCTGGGAACCAGACTGACATTAAGAGAAAGTACCC
ATT R GGGTACTTTCTCTTAATGTCAGTCTGGTTCCCAGCATGGTCAGGGCAGGAATTTTGCGACCGTGGAGTACT
SAT F AGTACTCCACGGTCGCAAAATTCCTAGCCTGGCCATGCTGGGAACCAGACTGACATTAAGAGAAAGTACCC
SAT R GGGTACTTTCTCTTAATGTCAGTCTGGTTCCCAGCATGGCCAGGCTAGGAATTTTGCGACCGTGGAGTACT
STAF AGTACTCCACGGTCGCAAAATTCCTAGCCTGACCATGCTGGGAGCCAGACTGACATTAAGAGAAAGTACCC
STAR GGGTACTTTCTCTTAATGTCAGTCTGGCTCCCAGCATGGTCAGGCTAGGAATTTTGCGACCGTGGAGTACT
AAT F AGTACTCCACGGTCGCAAAATTCCTGCCCTGGCCATGCTGGGAACCAGACTGACATTAAGAGAAAGTACCC
AAT R GGGTACTTTCTCTTAATGTCAGTCTGGTTCCCAGCATGGCCAGGGCAGGAATTTTGCGACCGTGGAGTACT
ATA F AGTACTCCACGGTCGCAAAATTCCTGCCCTGACCATGCTGGGAGCCAGACTGACATTAAGAGAAAGTACCC
ATA R GGGTACTTTCTCTTAATGTCAGTCTGGCTCCCAGCATGGTCAGGGCAGGAATTTTGCGACCGTGGAGTACT
SAA R AGTACTCCACGGTCGCAAAATTCCTAGCCTGGCCATGCTGGGAGCCAGACTGACATTAAGAGAAAGTACCC
SAA R GGGTACTTTCTCTTAATGTCAGTCTGGCTCCCAGCATGGCCAGGCTAGGAATTTTGCGACCGTGGAGTACT
gyr-RT-F ACTGGTATCGCGGTTGGGAT

gyr-RT-R ACCTGATTTCCCCATGCAA

galR-RT-F TCTCTATCGCCGACCGTATCC

galR-RT-R GGTGTAGCCCAGCTCTTCAG

galK-RT-F CACGTTTCTCTGGAGCATGA

galK-RT-R ATGGCACAGCCACTAAAACC

galT-RT-F GTGGGAGAAGGTGTTTTGGA

galT-RT-R ACGCGCAGTCTGACTATCCT

lacA-RT-F CGTGATTGATGCTTATGGAG

lacA-RT-R AGCCAATTCATCACCAACAAG

lacD-RT-F CATCGGTTCTGAGTGTGTGG

lacD-RT-R AAAGCGTGGGTCTGAAAAGA

galR-Seq F AATCTATCATGATGAACTGGTC

galR-Seq R CATAATGGAGGGCGTATGG

retrospectively confirmed by serial dilution and plating on blood agar plates. At 24 h postinfection, mice
were euthanized by CO, asphyxiation before harvesting the blood, lungs, nasal tissue, and ears.
Pneumococci were enumerated from homogenized tissue as described previously by serial dilution and
plating on Columbia blood agar plates supplemented with 40 uwg/ml gentamicin (20). Statistical analyses
of log-transformed CFU data were performed using two-tailed Student’s t test; P values of <0.05 were
deemed statistically significant.
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