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Abstract

Investigation in to the functional role of Rgg Quorum Sensing

Systems in Streptococcus pneumoniae

Xiangyun Zhi

Abstract

The members of microbial community communicate with each other by using quorum
sensing (QS) systems, and modulate their collective ‘behavior’ for in host
colonization and virulence, biofilm formation, interspecies competition, and
environmental adaptation. Recent influx in genome data availability reveals the
presence of several putative QS sensing circuits in microbial pathogens, but many of
these have not been functionally characterized despite their utility as drug targets. To
increase the repertoire of functionally characterized QS systems in bacteria, we
studied Rggl44/Shpl44 and Rgg939/Shp939, two putative QS systems in the
important human pathogen Streptococcus pneumoniae. | find that both of these QS
circuits are induced by short hydrophobic peptides (Shp) upon sensing sugars found in
the respiratory tract, such as galactose and mannose. Microarray analysis using
cultures grown on mannose and galactose revealed that the expression of large
number of genes is controlled by these QS systems, especially those encoding for
essential physiological functions and virulence related genes such as the capsular
locus. Moreover, the array data revealed evidence for cross talk between these
systems. Finally, these Rgg systems play a key role in colonisation and virulence, as
deletion mutants of these QS systems are attenuated in the mouse models of

colonisation and pneumonia.
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Chapter [ Introduction

1.1 Streptococcus pneumoniae biology

Streptococcus pneumoniae is a member of genus Streptococcus, it is an encapsulated
Gram-positive, alpha-hemolytic, aerotolerant coccoid bacterium (Ryan and Ray, 2004)
(Figure 1.1 and 1.2). It was previously called Diplococcus pneumoniae. In 1974, it
was renamed as Streptococcus pneumoniae since in liquid media it appears in chains
(Deibel and Seeley Jr, 1974). The diameters of individual cells are between 0.5 and
1.5 um. Under electron microscope, it presents as a "lancet-shaped” diplococci but it

is also seen as short chains or single cells (Zhang et al., 2006).
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Figure 1.1 Gram staining of Streptococcus pneumoniae (X100 magnification).
Streptococcus pneumoniae was grown in BHI broth, gram strain has been down and
the slide was visualised under a 100X objective. Streptococcus pneumoniae is Gram-
positive which grows in pairs and chains.

Pneumococci do not have spores or a flagellum. They are non-motile, facultative
anaerobic and prefer to grow in 5% carbon dioxide. Being similar to other
Streptococci, it lacks catalase and are frequently incubated on blood agar plates. S.
pneumoniae can create o-haemolysis, this type of haemolysis is characterised by a
green colour around the colonies due to incomplete breakdown of hemoglobin
(Manco et al., 2006) (Figure 1.2). S. pneumoniae is ethylhydrocupreine hydrochloride
(optochin) sensitive and normally they can form a zone of inhibition around an

optochin disc. S. pneumoniae can also lyse in bile, which makes S. pneumoniae
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different from other alpha hemolytic Streptococci. On blood agar base it is cultured at
37 °C for 24 hours, and forms small gray transparent or translucence shinny and flat
colonies. S. pneumoniae depends on choline when grown in defined media. Although
it can grow in a pH range of 6.5-8.3, the optimum being 7.8. The temperature range of
growth is 25-42 °C. It is a fermentative organism, and can ferment upto 32 sugars,
some of which include glucose, galactose, fructose, lactose, maltose, raffinose,
glycogen and inulin (Bidossi et al.,, 2012, Buckwalter and King, 2012). It is a
facultative anaerobe with marked tendency to accumulate hydrogen peroxide when
cultivated aerobically. The polysaccharide capsule envelopes the microbe completely
for protection against phagocytosis. Based on the difference in capsular antigenicity,

over 90 different pneumococcal serotypes have been identified (Mavroidi et al., 2004).

Figure 1.2 Streptococcus pneumoniae colonies on blood agar plate. Streptococcus
pneumoniae was streaked out on blood agar plate with 5% hourse blood and
incubated overnight at 37 °C with 5% CO,. Colonies are surrounded by a zone of o-
hemolysis.
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1.2 Epidemiology

Streptococcus pneumoniae is a part of the human microflora which frequently
asymptomatically colonises the mucosal surfaces of the human nasopharynx and
upper airway. Around 20-30% of healthy individuals, particularly infants, carry S.
pneumoniae (Ghaffar et al., 1999). However, asymptomatic carriage is a crucial step
of infection and will lead to spread of this microbe. In addition to being commensal, S.
pneumoniae is also a crucial pathogenic bacterium and displays a strong virulence
activity when it encounters an immune compromised host (Gratz et al., 2015). The
microbe can disseminate from the upper to the lower respiratory tract and
pneumococcal disease develops as the pathogen spreads to the sinuses, the middle ear
or by invasion into the blood stream, thus giving rise to a number of diseases
including acute sinusitis, otitis media, meningitis, bacteremia, endocarditis, peritonitis,
pericarditis and brain abscess which are responsible for millions of deaths each year

(Siemieniuk et al., 2011).

Pneumococcal diseases pose a huge threat to public health, and is one of the crucial
causative agents responsible for large amount of human morbidity and mortality
(Obaro et al., 2000). It has been estimated that each year approximately 1.9 million
individuals die from invasive pneumococcal disease (IPD) all around the world, a
large proportion of these cases happens unfortunately in resource restricted countries
(Hoskins et al., 2001), due to lack of efficient detection technologies and treatment
options. Even in the United States and Europe, the annual incidence of invasive
pneumococcal disease ranges from 10 to 100 cases per 100,000 populations. It has
been estimated that 15 to 30 per 100,000 people in developed countries suffer from a
serious pneumococcal infection, which makes S. pneumoniae a very dangerous

pathogen (Zahlten et al., 2014).

Pneumococcal pneumonia is the most common case of pneumococcal infection, and is

frequently linked to young children from 6 months to 4 years old whose immune
4
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system is not fully functional to ward off infection, and those aged over 60 and
individuals with immune-deficiencies (Ryan and Ray, 2004). In recent decades,
although the number of child death decreased from 9.9 million in 2000 to 6.3 million
in 2013, epidemiological surveys demonstrated that pneumococcal pneumonia is still
responsible for an estimated 935, 000 death (15% of child death) under the age of five
in 2013. This is more than AIDS (2%), malaria (7%) and measles (2%), which is a
huge burden for human health (Liu et al., 2015). It has been reported that
approximately 60-87% of bacteremia cases are attributable to pneumococcal
pneumonia in the United States which contributes to respiratory failure and meningitis
(Carbon et al., 2006). Moreover, it has been estimated that S. pneumoniae is one of
the most prevalent agents of meningitis, as 47% of bacterial meningitis cases are
caused by the pneumococcus in the United States (Swartz, 2004). According to Black
et al. (2004), each year around 10.6 million children suffer from invasive
pneumococcal disease (IPD). The incidence of pneumococcal disease in developing
countries is much higher than the incidence in developed countries. Other than the
young children and aged, individuals at high risk also include those suffering from
HIV. It has been reported that the incidence of IPD is higher among individuals with

HIV, 97 cases in every 100,000 (Fedson et al., 1999).

1.3 Antibiotic therapy. resistance, and vaccine

Antibiotics are always considered to be the popular therapeutic strategy for
pneumococcal infections. The [-lactam antibiotics including benzyl-penicillin
(Penicillin G), ampicillin, cephalosporin C, ceftriaxone and aztreonam compounds are
usually used for pneumococcal infections (Normark and Normark, 2002). However,
antibiotic resistant S. pneumoniae are continuously isolated in many different
countries and regions in more recent decades (Zhou et al., 2012). The clonal
expansion and spread of multi-resistant S. pneumoniae due to misuse of antibiotics,

result in the increase in antimicrobial resistance. S. pneumoniae isolates are resistant
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to various antibiotics, such as penicillin, macrolides and tetracycline. Antibiotic
resistance poses a huge challenge for the treatment of pneumococcal infections
especially in developing countries which lack efficient medicine and detection
methods (Zhou et al., 2012). Previous studies have shown that there is a high level of
pneumococcal resistance to penicillin throughout the world with a MIC (Minimum
inhibitory concentration) of > 2 mg/L (Song, 2013). In Hong Kong, Taiwan and South
Korea the frequency of S. pneumoniae resistance is more than 50% (Reinert et al.,
2005). Efforts to treat pneumococcal infections have been compromised by this

continuous increase in spread of antibiotic resistant clones.

More recently, the introduction of the pneumococcal vaccines has markedly reduced
the pneumococcal infection. Given the huge threat of IPD on individuals and
community, widespread vaccination against this serious situation appears to be an
essential and highly recommendable preventive approach (de Paz et al., 2015).
Currently, there are two types of vaccine to prevent pneumococcal diseases, the 23-
valent polysaccharide vaccine (PS) and a 7-valent conjugate vaccine (PCV-7). The PS
vaccine consists of 23 polysaccharides from the most commonly isolated serotypes (1,
2,3,4,5,6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 22F,
23F and 33F) (Bogaert et al., 2004), and it is protective for individuals with a fully
developed and functioning immune system. However, it has several limitations when
applied to young children under the age of 2 years old and individuals with a
compromised immune system (Bogaert et al., 2007). This is because capsule
polysaccharide (CPS) is a T-cell-independent antigen, and has decreased
immunogenicity in young children. Thus PS is relatively poor in triggering immune

responses to prevent pneumococcal disease (Bogaert et al., 2004) .

PCV-7 is designed to provide protection against seven of the most frequent serotypes
(4, 6B, 9V, 14, 18C, 19F, and 23F) associated with invasive disease. It is very
effective in children under five years old (Black et al., 2000) and immune-deficient

individuals, among which it has greatly reduced the number of pneumococcal
6
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infections (de Paz et al., 2015). PCV-7 contains polysaccharides conjugated to protein
carriers, which can induce a T-cell dependent immune response, producing
immunoglobulin G (IgG) and memory B-cells. However, it is very expensive to
produce so it is not always available in resource-limited countries such as Africa and
South East Asia. Moreover, the prevalence of pneumococcal serotypes varies
geographically. In addition, PCV-7 is serotype specific and it also suffers from
troubles in serotype replacement (Mufbz-Almagro et al., 2008), which refers to shift
in the prevalence of circulating serotypes due to mass vaccination. In other words,
serotypes that are not represented in vaccine formulation increase in circulation while
those that are included decrease. In 2010, PCV13 has been introduced and replaced
the PCV-7. PCV13 contains 13 capsule polysaccharide (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14,
18C, 19A, 19F, 23F) conjugated to protein carrier CRM197 (de Paz et al., 2015). As
diphtheria toxoid is conjugated to the 13-valent polysaccharide, PCV13 is competent
to induce memory and activate T cell immune responses in both infants and the
elderly (Namkoong et al., 2016). It was reported that since routine PCV13 vaccination,
IPD decreased 42% overall, and 53% among children (Kaplan et al., 2013). However,
PCV13 vaccine cannot prevent pneumococcal carriage (Dagan et al., 2013, Kataoka et

al., 2017).

The therapy of pneumococcal diseases is hampered by the increasing prevalence of
antibiotic-resistant strains and the limited efficacy of the existing vaccines. Thus,
greater understanding of pneumococcal biology, metabolism, and its genetic character
is essential so that we can develop new vaccines and antimicrobials to reduce the

burden of pneumococcal diseases.

1.4 Virulence determinants

Many pneumococcal virulence determinants are involved in bacterial invasion and
modulating host defenses. These virulence factors have various effects on protecting

the bacteria against the damage from the host immune system, mediating adhesion,

7



Chapter [ Introduction

enabling invasion and improving acquisition of nutrients. Some well-known virulence
determinants of S. pneumoniae include: the pneumococcal capsule, pneumococcal
surface proteins A and C (PspA and PspC) (L&pez and Garc B, 2004), pneumolysin
(Ply) (Tilley et al., 2005), pneumococcal surface antigen A (PsaA) (Tseng et al., 2002),
pneumococcal adhesion and virulence A protein (PavA), autolysin A (LytA), choline-
binding proteins (Cbp), the neuraminidase proteins, hyaluronidase (Hyl), enolase
(Eno), pneumococcal iron acquisition A (PiaA) and pneumococcal iron uptake A
protein (PiuA) (Kadioglu et al., 2008) (Figure 1.3).

Pneumolysin

LytA

Capsule

Cell wall
Cell membrane

Figure 1.3. Schematic representation of pneumococcal virulence factors. NanA,
neuraminidase A; StrH, B-N-acetylglucosaminidase; BgaA, B-galactosidase; Hyl,
hyaluronate lyase; Eno, enolase; PavA, pneumococcal adherence and virulence factor
A; LytA, autolysin; PspC, pneumococcal surface protein C; PspA, pneumococcal
surface protein A; PiaA, pneumococcal iron acquisition A, PiuA, pneumococcal iron
uptake A, PsaA, pneumococcal surface antigen A, (adapted from Kadioglu et al.,

2008).
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The pneumococcal capsule consists of sugar polymers, and is located in the most
outer layer of S. pneumoniae, and is approximately 200-400 nm thick, which protects
bacteria from phagocytosis by inhibiting complement deposition (Hyams et al., 2010,
Kadioglu et al., 2008). It is reported that all the clinical S. pneumoniae isolates have a
capsule and mutants without a capsule are found to be avirulent (Cohen et al., 2012).
Moreover, pneumococcal capsules are usually highly charged at physiological pH,
and this may influence the function of phagocytes (Lee et al., 1991). The
pneumococcal capsule can produce a shield that protects against the Fc region of
Immunoglobulin G (IgG) and prevents the recognition by the receptors on phagocytic
cells (Winkelstein, 1981). The capsule is capable of weakening the deposition of
complement on the bacterial surface (Abeyta et al., 2003). CPS can inhibit classical
complement pathway by preventing C-reactive protein (CRP) and natural antibody
access to cell-wall phosphocholine, and inhibits acquired antibody binding to sub-

capsular protein antigens (Hyams et al., 2010).

To date, more than 90 distinct CPS types have been identified in the pneumococcus
(Henrichsen, 1995). Each CPS serotype is encoded by a unique genetic locus,
composed of distinct polysaccharide structure, and serological character. Biosynthesis
of most CPS follows a Wzy-dependent mechanism. Only serotypes 3 and 37 utilise a
synthase-dependent mechanism. Wzy-dependent CPS are composed of repeating units
of three or four monosaccharides, the order and the glycosidic linkages between the
monosaccharide is different in each serotype (Standish and Morona, 2015). In contrast,
synthase-dependent capsules are composed of one or two sugars. At the beginning of
colonisation, CPS need to be up-regulated to escape from the mucus. However, thick
CPS is disadvantageous for attachment to epithelial cells. Because the pneumococci
need to expose adhesins, such as PspC, to be able to adhere to and colonize the
nasopharynx. An array of regulators and proteins have been reported to involve in
CPS regulation. For instance, RegM (catabolite control protein A, also known as
CcpA) has been shown to affect transcription of the cps locus, which indicates that

different carbon source can affect capsule production (Giammarinaro and Paton,
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2002). In addition, Pgm, phosphoglucomutase, converts the glucose-6-phosphate to
glucose-1-phosphate, and GalU, uridylytransferase, which catalyses glucose-1-
phosphate to form uridine diphosphate-glucose (UPD-GIc), the precursor for synthesis
of pneumococcal capsule, play important roles in capsule synthesis (Cieslewicz et al.,

2001, Mollerach et al., 1998, Kadioglu et al., 2008).

Pneumococcal surface protein A (PspA) is a protective antigen found in the cell wall
of pneumococci (Ldpez et al., 1992) and reported to be present in every strain of the
pneumococcus (Crain et al., 1990). The molecular size of PSpA varies from 67 to 99
kDa. Its high charge is supposed to block the binding of complement proteins
(Jedrzejas et al., 2001), so that it prevents S. pneumoniae from clearance and
phagocytosis mediated by complement (Briles et al., 1997). The PspA mutant was
shown to be attenuated in virulence, and it had increased C3 deposition in normal
human serum, and increased complement-dependent phagocytosis by mouse
macrophages (Ren et al., 2012). In addition, PspA is found to be a lactoferrin binding
protein, which can protect S. pneumoniae against the bactericidal activity from

apolactoferrin (Shaper et al., 2004, Baril et al., 2006).

Pneumolysin A (PlyA) is a 53 kDa protein, also known as cholesterol-dependent
cytolysin, and expressed during the late log phase of growth (McAllister et al., 2004,
Mitchell and Mitchell, 2010). When pneumolysin is released from S. pneumoniae, it
binds to membrane cholesterol and produces large pores (Tilley et al., 2005). PlyA
has ability to block the cilliary motion of the epithelium in the respiratory tract, so that
it promotes pneumococcal adhesion to epithelial cells in the host (Steinfort et al.,
1989). PIyA also has a role in breaking the barrier of the alveolar capillary bed which
enables the pneumococcus to spread to the blood stream resulting in bacteraemia
(Rubins et al., 1996). It was reported that PlyA blocks the respiratory burst of
polymorphonuclear cells (PMN) (Paton et al., 1983) thus inhibiting the production of
hydrogen peroxide (Paton et al., 1983), deletion of ply will lead to attenuated

virulence of pneumococcus (Schachern et al., 2013).
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Pneumococcal surface antigen A (PsaA) is a 37 kDa protein located on the cell
membrane of S. pneumoniae (Lawrence et al., 1998), belonging to the cluster A-I
family of bacterial transporters of the essential metal ions. PsaA acts as a metal
binding protein that binds manganese ions, and it is composed of an ATP-binding
cassette (ABC) transporter. The growth of a psaA mutant need additional Mn?*
(Ogunniyi and Paton, 2015). PsaA is shown to protect S. pneumoniae from toxic
reactive oxygen species (Tseng et al., 2002), because Mn®* acts as a co-factor for
superoxide dismutase (SodA), which protects the cell from superoxide. The virulence
is dramatically reduced in psaA mutants in experimental pneumococcal infections
(McAllister et al., 2004). PsaA is highly conserved in all the pneumococcal serotypes
and its immunogenicity enables it to be a good candidate for the production of

vaccines (Baril et al., 2006).

Neuraminidases, also known as sialidase, cleave terminal sialic acid from complex
host glycans (King et al., 2006). S. pneumoniae possess three types of neuraminidases,
NanA, NanB and NanC. All pneumococcal strains have nanA and most also has nanB,
but only half of the strains, mainly involved in meningitis, can encode nanC
(Pettigrew et al., 2006). Neuraminidase structure varies (Tong et al., 2002), and only
NanA contains a C-terminal sequence LPXTG anchorage motif (LPXTGX), which
can bind to peptidoglycan of the cell wall (Camara et al., 1994). Pneumococcal
neuraminidases can cleave the terminal N-acetylneuraminic acid residues from cell
surface glycolipids and glycoproteins, in order to expose the host cell-surface
receptors for pneumococcal adhesins (Manco et al., 2006, Camara et al., 1994). NanA
is reported to boost pneumococcal colonization and plays a major role in otitis media
pathogenesis by degrading the sialic acid in the host surface as demonstrated in
experimental otitis media model in chinchilla (Tong et al., 2000). Comparing with
NanA, NanB has a much lower acidic pH optimum (Berry et al., 1996), but both
NanA and NanB are crucial for pneumococcal survival in the respiratory tract and
bloodstream, NanC mainly associated with meningitis (Pettigrew et al., 2006).

However, a report has shown that NanA has no effect on S. pneumoniae D39
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colonisation in the nasopharynx in an infant rat model or attachment in human upper
airway epithelium (King et al., 2006). The discrepancy could be caused by the

diversity of receptors and glycosylation patterns between cell types.

In addition to the virulence determinants mentioned above, pneumococcus also
possess several other LPXTG-anchored proteins, including a variety of glycosidases
(B-galactosidase (BgaA), p-N-acetylglucosaminidase (StrH) (Burnaugh et al., 2008,
King et al., 2006), pullulanase (SpuA) (Abbott et al.,, 2010), endo-a-N-
acetylgalactosaminidase (Eng) (Marion et al., 2009), and surface-exposed proteases
(e.g. PrtA, ZmpABC) (Bethe et al., 2001, Kilian et al., 1979). These proteins either
play crucial roles in cleaving and liberating carbohydrate in host niches, or directly
involved in host pathogen interactions, which are vital for pneumococcal virulence.
Above all, the pneumococcus possess an abundant repertoire of virulence
determinates, which contribute to bacterial fitness, nutrition acquirement, host-
pathogen interaction, consequently protecting bacteria against host and competing
with other microbes. Intensive studies focusing on virulence determinants in the past
30 years have significantly contributed our understanding of pneumococcal
pathogenesis (Ogunniyi and Paton, 2015). A systematic assessment of the precise role
of each virulence determinant and in depth understanding of how pneumococcus use
these virulence factors to liberate carbohydrates from its environment, and to escape
from host immune response may provide new clues for developing highly effective

vaccines and future treatments for pneumococcal diseases.

1.5 Pneumococcal adaptation in host niches

Investigations on S. pneumoniae virulence attributes enhanced our understanding of
pathogenesis of pneumococcal infections. However, these studies tended to
concentrate on few virulence determinants that have a role in host-pathogen
interaction, such as the capsule and cell-wall proteins (Wizemann et al., 2001,

Durmort and Brown, 2015). However, it is becoming clear that pneumococcal
12
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acquisition of nutrients and adaptation in varying host ecological niches during
infection are also the crucial aspect of pneumococcal virulence and fitness. Although
the efficient acquisition and catabolism of host nutrients and adaptation in vivo crucial
facets of virulence, the knowledge on these pneumococcal traits is relatively limited. S.
pneumoniae can successfully survive in host and cause an array of diseases in various
anatomical sites, which may be restricted in nutrients required for bacterial growth,
and contain different oxygen concentration and temperature range (Charpentier et al.,
2000). The exact concentrations of specific nutrients will vary with anatomical site,
and are also affected by inflammation (Durmort and Brown, 2015). Due to the
dynamic host environment, pneumococcus has developed strict control processes that
involve sensing of environmental changes and adaptive responses to regulate its gene
expression. Some of the in vivo environmental factors encountered by the

pneumococcus that are relevant for this study have been covered in detail below.

15.1 Metal homeostasis

Metals are very important for bacterial physiology and pathology as they act as
cofactors or crucial structural components of various proteins that are important for
cellular metabolism and virulence (Honsa et al., 2013, Andreini et al., 2008).
However, over accumulation of metals is detrimental for bacterial cells on multiple
cellular pathways. During infection, host pumps out necessary metals such as
manganese and iron and pumps in toxic metals such as copper and zinc to eliminate
the pathogen (Jabado et al., 2000, Forbes and Gros, 2003, White et al., 2009, Botella
et al.,, 2011). The concentrations of metals vary dramatically in the dynamic host
niches, for instance, free iron concentration is approximately 138 uM in the blood but
is surged to 257 uM during infection. The zinc concentration in blood is 16 uM but is
elevated to 641 uM during infection. The concentration of copper in blood is 11 uM,
whereas it is 6 puM in nasopharynx (Honsa et al., 2013, McDevitt et al., 2011).

Therefore pneumococcus should have the ability to maintain the metal ion
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homeostasis to provide sufficient nutrients for cellular metabolism, and at the same
time restrict the excess level in the cell to avoid the cellular damages. Manganese,
iron and zinc are imported into pneumococcal cells by transporters PsaBCA,
PitABCD and AdcCBA, respectively, whereas excessive amount of metal ions is
eliminated by specific efflux systems, including the zinc exporter CzcD (Kloosterman
et al.,, 2007), the manganese exporter MntE (Rosch et al., 2009) and the copper
exporter P1l-type ATPase transporters CopA (Veldhuis et al., 2009). Metal ion
haemostasis has been shown to be important as elimination of, CopA, PsaBCA, or
PitABCD abrogate pneumococcal virulence in various experimental infection models

(Johnston et al., 2004, Veldhuis et al., 2009, Brown et al., 2002).

15.2 Resistance to oxidative stress

The pneumococcus confronts various oxidative stress conditions at different stages of
the infection process (Yesilkaya et al., 2013). Pneumococcus is found on top of the
nasopharyngeal mucus layer which has around 20% of oxygen, then disseminate to
lower respiratory tract where it is exposed lower concentration of oxygen, around 5%.
In blood and brain the pneumococcus has to adjust its metabolism to anaerobic setting
(Yesilkaya et al., 2013). Reactive oxygen species (ROS) are generated as the by-
product of oxygen metabolism, and they include hydrogen peroxide (H,0,), hydroxyl
radical (*OH) and superoxide anions (*O,) (Saleh et al., 2013). High levels of ROS
could cause deleterious effects on proteins, DNA and lipids, consequently lead to
metabolic dysfunction and impair cellular structure and even lead to cell lysis (Niki,
2009, Henry et al., 2012). In addition, pneumococci are also able to produce large
quantities of H,O, by the activity of pyruvate oxidase, SpxB, as a by-product of
aerobic pyruvate metabolism (Pericone et al., 2002). Hydrogen peroxide production
can be detrimental to host tissues and contribute to defeat other pneumococcal
competitors including Haemophilus influenzae, Neisseria meningitidis (Margolis,

2009). Therefore, pneumococci need to have oxidative stress resistance mechanisms.
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Interestingly, pneumococcus lacks the major peroxide scavenging enzyme catalase.
Unlike other streptococci, S. pneumoniae does not have an alkyl hydroperoxide
reductase C (AhpC) (Lechardeur et al., 2010) nor PerR, which has important roles in
the oxidative stress response and in vivo fitness (Gryllos et al., 2008, Yesilkaya et al.,
2013). Pneumococci possess variety of enzymes implicated in the oxidative stress
response, including superoxide dismutase (SOD) (Yesilkaya et al., 2000), NADH
oxidase (NoxA) (Auzat et al., 1999), alkyl hydroperoxidase (AhpD) and thiol
peroxidase (TpxD) (Hajaj et al., 2012). SOD has the capacity to convert superoxide
radicals to H,O, and O,. In the absence of MnSOD (SodA), the pneumococcus shows
significant growth defect under aerobic conditions (Yesilkaya et al., 2000). Alkyl
hydroperoxidase (Ahp) catalyzes the conversion of toxic peroxide compounds to
alcohol and water, and consequently contributes to oxidative stress resistance (Mishra
and Imlay, 2012). Deletion of ahpD renders pneumococcus less virulent in both
pneumonia and bacteremia mouse models (Paterson et al., 2006). NADH oxidase
(Nox) can detoxify oxidative stress by converting O, to H,O (Auzat et al., 1999).
Studies have shown that inactivation of nox leads to attenuated virulence of S.
pnumoniae (Yu et al., 2001). In addition, the thiol peroxidase (TpxD) scavenges H,0,
(Hajaj et al, 2012; Yesilkaya et al, 2013). The mutation of tpxD affects pneumococcal
growth and survival under aerobic conditions in vitro, and renders pneumococcus less
virulent in an in vivo murine model (Hajaj et al, 2012). Hence, the ability to sense and
response to oxidative stress is important for pneumococcal in vivo fitness. However,
our understanding of how the pneumococcus modulates its response to the agents of
ROS is limited. One of the aims of this study is to identify transcriptional regulators

involved in pneumococcal oxidative stress resistance.

15.3 Carbohvdrate acquisition and metabolism

Streptococcus pneumoniae relies exclusively on its host for its nutrients. The microbe

is a strictly fermentative bacterium that relies on glycolytic metabolism to obtain
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energy for survival, proliferation and causing infection in various sites within the host
(Hoskins et al., 2001). Pneumococcus has been reported to have 21
phosphotransferase systems (PTS) and 8 ATP-binding cassette (ABC) transporters
that import at least 32 distinct carbohydrates (Bidossi et al., 2012). Adaptation to host
carbon source is closely linked to pneumococcal in vivo fitness. The PTS and ABC
transporters are important for pneumococcal colonization, transmission, and virulence,
since inactivation of transporters renders pneumococci less virulent in vivo (Bidossi et
al., 2012). Despite the capacity to ferment large number of sugars in vitro, most of
these sugars are not found in vivo. The concentration and composition of carbon
source varies in different host niches, for instance, the concentration of glucose in
human respiratory airway is less than 1 mM, whereas it is higher in blood, around 4-6
mM (Shelburne et al., 2008, Philips et al., 2003). Galactose is abundant in the airway
glycoconjugates (Terra et al., 2010b) mannose is known to be rich in N linked glycans
found in respiratory tract and blood (Sharma et al., 2014). As the concentration of free
carbohydrates is limited in respiratory tract, such as glucose, the host glycoproteins
including O- and N-linked glycans, and glycosaminoglycans are reported to provide
carbon sources for pneumococcal growth (Marion et al., 2012, Burnaugh et al., 2008).
S. pneumoniae possesses various glycosidases including BgaC (B-galactosidase C),
Eng (endo-a-N-acetylgalactosaminidase), NanA (Neuraminidase A), StrH (B-N-
acetylglucosaminidase), BgaA(p-galactosidase A), NanB (Neuraminidase B), Hyl
(hyaluronate lyase), which could deglycosylate glycans and liberate free sugars for
growth and expose the host receptors for pneumococcal attachment (Terra et al.,
2010a, Jeong et al., 2009, Marion et al., 2009). It has been shown that pneumococcal
glycosidases work in concert to liberate sugars found in complex host glycans, such as
sialic acid mainly by NanA and NanB, galactose by BgaA and BgaC, and N-acetyl
glucosamine by StrH (Paix& et al., 2015). It has been shown by our research group
that the pneumococcus is able to utilise these liberated sugars. The pneumococcus is
shown to have the required catabolic machinery for utilisation of galactose, mannose,

sialic acid and N-acetyl glucosamine. However, among these catabolic pathways, only
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elimination of galactose catabolic pathways, Leloir and tagatose, have shown to
attenuate pneumococcal colonisation and virulence in experimental infection model,
indicating the importance of galactose catabolism for pneumococcal in vivo survival
(Paix& et al., 2015). Currently, it is not known why this happens, and how the

pneumococcus modulates its galactose catabolism.

In addition to their nutritional value, some of the sugars liberated by pneumococcus
can act as signal molecule, such as sialic acid and galactose. It has been shown that
free sialic acid acts as a signal that promotes S. pneumoniae invasion of nasal tissue
and nonhematogenous invasion of the central nervous system (Hatcher et al, 2016).
Trappetti et al., (2009) showed that sialic acid enhances pneumococcal biofilm
formation, colonisation and virulence. A recent study by Blanchette et al., (2016) also

reported that galactose promotes biofilm formation during colonization.

As summarised above, S. pneumoniae is exposed to dynamic and fluctuating
conditions in host tissues. This suggests the presence of efficient regulatory
mechanisms to tightly control the expression of genes for efficient survival,
replication and virulence. As the main focus of this study is to understand the
pneumococcal transcriptional regulation, next | would like to introduce transcriptional

regulation mechanisms in bacteria with a particular focus on S. pneumoniae.

1.6 Bacterial transcriptional regulation

Prokaryotes can use their genetic material with great effectiveness to regulate the
production of proteins in the appropriate amounts at the required time in response to
fluctuating environmental conditions. This regulation typically includes genome-wide
alternations in the level of transcription, as well as posttranscriptional and
posttranslational changes (Dmitriev et al., 2006). In contrast with post-transcriptional
regulations, which mainly depend on small-RNAs, transcriptional regulation is

efficient and rapid for bacteria to change gene expression in response to different
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growth conditions (Lopez-Maury et al., 2008). The most important element in
bacterial transcriptional regulation is the multi-subunit DNA-dependent RNA
polymerase (RNAP) (Browning and Busby, 2004). The active site of the polymerase
is composed of the large f and B’ subunits, which has the components for the binding
of both template DNA and the RNA product during transcription. The two a subunits
contain two separate folded domains that are joined by a linker. The larger amino-
terminal domain (aNTD) has effect on the assembly of the B and B’ subunits and the
smaller carboxy-terminal domain (a¢CTD) is a DNA-binding module which is crucial
for certain promoters. For initiation of transcription, RNAP should be recruited to a
specific locus in the upstream region of the gene, referred to as promoter. The ¢
subunit is required for the formation of holoenzyme when RNA polymerase interacts
with a specific promoter. The o-factors contain four different domains joined by
linkers, which can recognize specific promoter sequences, locate the RNA polymerase
holoenzyme at a target promoter, and also have a role in unwinding of the DNA
duplex close to the transcript start site (Gross et al., 1998, Browning and Busby,
2004).

In Prokaryotes, the promoter contains two principal elements which are known as the
-10 hexamer and the -35 hexamer, which are located 10 and 35 nucleotides upstream
from the transcript start site. The -10 region can be specifically recognized by o
subunit and -35 region can be specifically recognized by o4 subunit. The other
important element for docking the RNAP within the promoter is the UP element,
which is located upstream of the -35 hexamer. The UP element can be recognized by
the C-terminal domain of the RNAP o subunits. These promoter elements have
separate roles in docking the RNAP, and initiation of transcription. Deficiencies in
one element can be compensated by another (Browning and Busby, 2004). For
transcription initiation, RNAP binds to the promoter DNA and forms an open
complex. The duplex DNA is unwound in the open complex close to the transcript

start point (Zupancic and Record, 1998).
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1.6.1 Transcription factors (TFESs)

TFs are a number of proteins that regulate the expression of the target gene. TFs have
DNA-binding domains. Some TFs bind to a DNA promoter region near the
transcription start site, and help form the transcription initiation complex. Other TFs
bind to regulatory sequences, such as enhancer sequence, and can either activate or
repress transcription of wide repertoire of downstream target genes. TFs with capacity
to regulate genes belonging to diverse functional categories with potential to respond
to a wide range of environmental conditions are called global TFs, and others

targeting specific gene(s) and/or operon(s) are called local TFs.

Transcription factors can be grouped in two categories: activators and repressors.
While activators can enhance the interaction between the promoter and RNA-
polymerase, repressors bind to the region close to promoter and stop RNA-
polymerase progress along the DNA strand, resulting in repression. Moreover, in
certain cases, a repressor also may suffer from allosteric competition against a
determined activator to repress gene expression. The overlapping DNA-binding
motifs could be recognized by both activators and repressors, which will induce a
physical competition to occupy the site of binding. If the affinity of repressor is higher
for its motif than the activator, transcription would be effectively blocked in the
presence of the repressor. In the bacterial cell, RNA polymerase is faced with an array
of nearly 2,000 promoter sequences. Since the RNAP is limited, tight regulatory
control is achieved by TFs, ensuring that RNAP is correctly distributed among the

competing promoters (Browning and Busby, 2004).

Generally bacterial transcriptional regulation systerms relayings on extracellular
signals can be classified broadly as two-component signal transduction systems

(TCR) and Quorum sensing systems as discussed in detail below (Chang et al., 2011).
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1.6.2 Two-Component Signal Transduction Systems

Two-Component Signal Transduction Systems (TCSs) act as a stimuli-response
system, function in detecting environmental signals, transducing signals to effectors
and coordinating gene expression. These systems are able to respond to an extremely
broad spectrum of diverse stimuli, and control a vast array of cellular function, such
as basic metabolism, virulence, cell division and differentiation. TCSs are widespread
in a variety of microorganisms, also present in some plants, but not in mammals
(Tatsuno et al., 2014). Basically, TCSs consist of a sensor histidine kinase and a
response regulator (RR) (Tatsuno et al., 2014). The sensor histidine kinase (HK)
senses stimulus or signaling molecules and autophosphorylates at a histidine residue,
transfers the phosphoryl group to an aspartate residue in the response regulator protein
(RR), which activates effector domain in RR. RRs are mostly DNA-binding
transcription factors whose affinities for their target promoters are modulated by
phosphorylation (Szurmant, 2012). Consequently, alternation of the phosphorylated

state of RRs results in gene expression profiles (Gao and Stock, 2009).

HKSs are roughly divided in to two regions, an N-terminal sensing and a C-terminal
catalytic kinase core. The N-terminal domain is composed of dimeric receptors
framed by two transmembrane (TM) helices (Casino et al., 2010). The C-terminal
kinase core is localised in the cytoplasm. The kinase catalytic core of the HKSs is
composed of two well-differentiated domains: a dimerization of a histidine
phosphotransfer domain (DHp) and a catalytic ATP binding domain (CA). The DHp
domain allocates the phosphorylatable His residue and mediates HK dimerisation.
The CA domain binds the ATP molecule for the autophosphorylation reaction (Casino
et al., 2012). RRs contain an N-terminal receiver domain (REC) and a C-terminal
effector domain. The REC is well-conserved, generally it consists of five-stranded
parallel B-sheet surrounded by five amphipathic o-helices. It comprises the

phosphrylatable Asp residues, which are involved in the phosphotransfer reaction and

20



Chapter [ Introduction

in the propagation of long-range conformational changes accompanying receiver
phosphorylation (Beier, 2012). However, the effector domains are diverse and
mediate specific response to environmental stimuli, such as oxidative stress, and

osmotic stress (Stock et al., 2000) (Figure 1.4).

In order to cope with a variety of environmental condition, some TCSs were found
exist as a network, consisting of cross-talk and the cascade of signal transductions
between different TCSs (Utsumi, 2008). Cross-talk is a signaling system in which
distinct TCSs are connected through phosphotransfer from the HK to a non- cognate
RR (Laub and Goulian, 2007). On the other hand, in cross-regulation, heterodimers or

connector proteins and peptides are involved in signal transduction between TCSs.
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K

RR | REC | Effector

Figure 1.4. The mechanisms of two component regulatory system. The system is
formed by a dimeric histidine kinase (HK) and a response regulator (RR). The HK
contains an extracellular sensor domain connected by cytoplasmic domains containing
two transmembrane helices (TM). The cytoplasmic domains are composed of a DHp
domain containing the phosphorylatable His residue in the H box and a CA domain.
The His (H) phosphorylation is mediated by ATP followed by subsequent phosphoryl
transfer to the phospholatable Asp (D) in the N-terminal receiver domain (REC) of
the RR. The effector in C-terminal is in charge of initiating the final response. Figure
is constructed based on (Casino et al., 2010).

1.6.3 Quorum sensing systems in bacteria

Unlike the TCSs, quorum sensing pathways depend on bacterial population density
and pheromones (Jimenez and Federle, 2014). Bacterial adaptation to environmental
stimuli is a complex process. Bacteria coordinate their behavior via intercellular

chemical signaling, also known as pheromone, produced by community members in a
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cell density dependent manner. This process is known as quorum sensing (QS) (Cook
and Federle, 2014), which was shown to be important for a variety of functions, for
instance, biofilm formation and dispersal (Chang et al., 2011), regulation of virulence
factors (Zhu and Mekalanos, 2003), competence development for bacterial natural

transformation (Fontaine et al., 2010) and sporulation (Steiner et al., 2012).

The core of bacterial QS communication systems are the intercellular chemical
signals (Cook and Federle, 2014). When there are a few cell present, the production of
the signal molecule is low, so signal molecule levels remain low. However, as the
bacterial population increases in a confined environment, so does the concentration of
the signal molecules. In this way, a bacterium can conduct a chemical census of the
surrounding population. Bacterial cells sense when signal molecule levels exceed a
certain threshold concentration via a specific sensor (or receptor), and therefore can

adjust gene expression accordingly.

The most intensively investigated intercellular signal molecules are the N-
acylhomoserine lactones (AHLs) produced by Gram-negative bacteria. AHLs are
synthesized by LuxI synthases from S-adenosyl-methionine (SAM) and an acyl chain
carried by an acyl carrier protein (Grandclément et al., 2015, Pereira et al., 2013).
Gram negative bacteria are capable of producing a variety of different AHL
molecules. All of the natural AHLs consist of a HSL ring covalently linked to an acyl
chain via an amide bond. Structural variation of these molecules 1s due to differences
in the length and degree of saturation of the N-acyl chain (4-18 carbons, presence or
absence of one or more double bonds) and oxidation state at the 3-position of the N-
acyl side-chains. Delicate differences in the structures of AHL molecules can
dramatically change their ability to bind to LuxR family proteins and activate target

gene expression.

AHLs are not only involved in regulation of bioluminescence in a few marine species
of bacteria, but also they control the production of B-lactam antibiotic and multiple
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extracellular enzymes associated with plant tissue destruction in Erwinia. carotovora
(Holden et al., 2007). AHLs also can regulate virulence gene expression including
genes coding for extracellular enzymes, toxins and motility, including in
Pseudomonas aeruginosa, Burkholderia spp. and Chromobacterium violaceum
(Holden et al., 2007). The first identified AHL-mediated regulatory system is related
to bioluminescence in Vibrio. fischeri. Generally, when V. fischeri population live
freely in the ocean, they are dark as the population density is low, with less than 107
cells/ml. V. fischeri utilizes a small diffusible AHL molecule, N-(3-oxohexanoyl)-L-
homoserine lactone (3-oxo-C6-HSL) which is generated by Lux/, to gauge the cell
density (Milton, 2006). LuxR is a response protein that can sense and detect AHL, and
acts as the transcriptional activator of the /ux bioluminescence gene cluster. LuxR
contains an N-terminal AHL-binding domain and a C-terminal DNA-binding domain
with a helix-turn-helix motif. When the bacterial cell density increases, the
concentration of AHL surpasses a threshold concentration and activates LuxR,
resulting in the induction of the /ux operon. This results in the production of more
LuxR and AHL, creating a positive feedback loop, initiating the production of light.
However, not all of the Gram-negative bacteria produce AHLs, some produce more
than one class of quorum sensing signal molecule. For example, Pseudomonas
aeruginosa is able to produce AHL, 2-alkyl-4-quinolone (AQ) and cyclic dipeptide
signal molecules. E. coli and Salmonella cannot produce AHL, instead they utilize Al-
2 (a group of inter convertible furanones derived from dihydroxypentanedione) and

AI-3 as quorum sensing signal molecules (Holden et al., 2007).

The main processes of QS systems in both Gram positive and negative bacteria are
similar. However, certain differences exist. In contrast with Gram-negative bacteria,
Gram-positive bacteria do not produce N-acyl-homoserine lactone (AHLs). Gram-
positives use small peptides as signal molecule to mediate QS (Fleuchot et al., 2013).
Signal peptides either can be sensed outside the cell by a sensor kinase (SK) at the
surface of the cells, or interacts directly by its response regulator after internalization

(Fleuchot et al., 2013; Cook & Federle, 2014). QS in Gram positives is initiated by
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transcription and translation of peptide precursor, which are processed post-
translationally via pheromone-specific peptidases (Eep), followed by secretion of
peptides into extracellular environment. Unlike most AHLs, which can freely diffuse
across cell membranes, peptides usually require specialized transport mechanisms
such as ATP binding cassette transporters, also known as ABC transporters. Mature
signal molecules gradually accumulate in the extracellular milieu, and once the
concentration reaches to the threshold level, the matured peptide is re-imported into
cells by oligopeptide permease transporters (opp) or Ami peptide uptake systems.
Proteolytical cleavage occurs to release the active peptide, and then peptide will

interact with its cognate cytoplasmic regulatory protein (Fleuchot et al., 2013).

In addition, the peptides also can interact with a SK of two component system, this
process leads to the autophosphorylations of the SK, and the signal is transmitted
intracellularly by phosphorylation of its response regulator (RR) (Cook & Federle,
2014) (Figure 1.5). The activation of the response regulator by signal peptide leads to
conformational changes in its C-terminal domain and alters DNA binding capacity of
response regulator, modulating its ability to activate or repress the transcription of its

target gene(s).
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Figure 1.5. Peptide signaling in Gram-positive bacteria (from Cook & Federle,
2014). Production of Gram-positive peptide pheromones involves transcription and
translation of precursors followed by processing and secretion. Once in the
extracellular environment, peptides are often further processed before interacting with
surrounding cells. To exert effects on neighboring cells, peptides are either directly
imported into the cell where they interact with their cognate receptor (A) or interact
with a surface exposed senor kinase (SK) (B). Following peptide interaction with an
SK, a signal is transmitted intracellularly in the form of phosphorylation of a response
regulator (RR). The phosphorylated RR or peptide/receptor combination can then
alter gene expression by either directly binding DNA or interacting with
transcriptional regulators such as sigma factors and RNA polymerase.

There are four classes of QS systems in Gram positive bacteria, which are
distinguished by their characteristics of the autoinducers and their receptors, including
RNPP (Rap, NprR, PIcR, and PrgX) family of regulators, Agr-type cyclical
pheromones, peptides with double-glycine (Gly-Gly) processing motifs, and Rgg
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family regulators (Cook and Federle, 2014). The best-studied regulatory protein
family, RNPP includes aspartyl phosphate phosphatases (Rap proteins), the neutral
protease regulator (NprR), the phospholipase C regulator (PIcR) and sex pheromone
receptor (PrgX). Rap has ability to bind to response regulators and inactivate it, which
represses the initiation of sporulation and competence development in Bacillus
subtilis (Rocha-Estrada et al., 2010). The phospholipase C (PIcR) regulator is a
transcriptional activator controlling the expressions of many virulence-related genes,
especially in Bacillus cereus (Rocha-Estrada et al., 2010). PIcR exerts its activity by
binding to the cognate peptide PapR, which alters its helix-turn-helix (HTH)
positioning to bind specific target promoters to initiate transcription of the PIcR
virulence regulon (Declerck et al., 2007). On the other hand, PrgX can either interact
with the chromosomally encoded activator peptide (cCF10) or the plasmid-encoded
inhibitor peptide (iCF10) (LaSarre et al., 2013), regulating the expression of the
conjugative transfer genes of the Enterococcus faecalis plasmid pCF10 via
conformational changes that reduce the oligomerization state (Shi et al., 2005). In
addition, NprR interacts with the NprX peptide, promoting the NprR HTH domain
binding to DNA, thus activating transcription (Zouhir et al., 2013, Rocha-Estrada et
al., 2010).

1.6.4 Transcriptional regulators can be targeted to develop novel

antiinfectives

Research on QS in molecular level is beneficial to elucidate the mechanisms of intra-
and intercellular communication and phenotypic adaptation of pathogens. In addition
to understanding of microbial pathogenesis, this knowledge can be used to develop
novel antiinfectives. Antibiotic resistance is one of the greatest challenges of the
twenty-first century. The problems associated with multiple-antibiotic resistance have
been compounded over the last few decades by the failure of developing new

antibacterial agents with truly novel modes of action (Holden et al., 2007). Traditional
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approaches to combat bacterial infection were primarily identified in and derived
from other microorganisms. These approaches rely on the disruption of the growth
cycle by preventing the synthesis and assembly of key components of bacterial
processes such as cell wall synthesis, DNA replication and protein synthesis.
Although these strategies and compounds were highly effective, they resulted in
substantial stress on the target bacterium, which rapidly selected for resistant
subpopulations. The increased understanding of bacterial pathogenesis and cellular
communication systems has revealed many potential strategies to develop novel drugs
to treat bacteria-mediated diseases. Quorum quenching (QQ) emerged as a new term
refering to all processes involved in the disturbance of QS (Dong et al., 2001). QQ
molecular actors such as enzymes and chemical compounds could affect the QS
pathways including QS-signal cleavage and competitive inhibition (Byers et al., 2002,

Yates et al., 2002, Delalande et al., 2005).

Usually, the enzymes that inactivate QS signals are named QQ enzymes. QQ enzymes
are reported to clear QS signal, and involved in recycling of signals and detoxication.
For instance, AiiA, the prototypic AHL lactonase, has been identified in several
strains of members of the Bacillus genus (Dong et al., 2000). AiiA hydrolyzes a large
number of substrates with acyl chain length ranging from 4 to 12 carbon atoms, with
or without oxo substitution at carbon 3 (Dong et al., 2000). On the other hand, the
chemicals disrupting QS pathways are called QS inhibitors (QSIs). QSIs may interfere
with the synthesis of the autoinducers, the cell-to-cell exchange of autoinducers, and
the perception and transduction of autoinducer signal through its interaction with
sensor/transcriptional factors (Grandclément et al., 2015). Although to date, only a
few clinical experiments have been conducted, with promising results such as those
using azithromycin as a QSI in the treatment of ventilator associated pneumonia (Van
Delden et al., 2012), it is clear that characterization of QS systems in bacteria can help

device new antiinfectives in the future.
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Transcriptional regulators have been considered as targets for anti-virulence drug
discovery strategies due to their role in bacterial virulence. Anti-virulence signaling
strategies may specifically interfere with the ability of the bacteria to recognize host
signals that alert the bacteria that they are at the locus of infection and activate
specific virulence traits that are needed to establish infection. By preventing the
expression or activity of virulence traits, the bacteria are less able to colonize the host.
In addition, as this strategy does not directly kill the bacteria, there is presumably less
evolutionary pressure for the development of resistant clones than with traditional
antibiotics (Rasko and Sperandio, 2010). Moreover, these anti-virulence drugs could
potentially be used in combination with established or novel antimicrobials in a
synergistic manner to extend the lifespan of these drugs. Some of cell-to-cell
signaling pathways are conserved in many bacterial species, and targeting of these
systems for therapeutics may vyield broad-spectrum drugs. For instance, the
membrane-bound QseC histidine sensor kinase QseC homologues are present in at
least 25 important human and plant pathogens, and qseC mutants of
enterohaemorrhagic E. coli (EHEC), S. typhimurium and F. tularensis have been
shown to be attenuated in infection (Rasko and Sperandio, 2010). Histidine sensor
kinases are ideal therapeutic targets as they are absent in mammalian cells. High
throughput screening (HTS) of a library of 150,000 small organic compounds led to
the identification of a lead structure, LED209 (N-phenyl-4-[[(phenylamino)
thioxomethyl] amino] - benzenesulphonamide), which blocks the binding of signaling
molecules (Al-3, adrenaline and noradrenaline) to QseC. This prevents the
autophosphorylation of QseC and consequently inhibits QseC-mediated activation of
the expression of virulence genes. LED209 decreased virulence of EHEC in in vitro
systems, whereas in vivo studies did not show a statistically significant decrease in
infection. It is thought this failure of LED209 in the EHEC animal model is due to the
rapid systemic absorption of the compound into the peripheral circulatory system.

Despite the drawbacks, bacterial adaptation mechanisms are viable antiinfective
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targets. Therefore, it is important to study pneumococcal adaptation mechanisms to

combact drug resistant and tolerant pneumococci.

1.7 Pneumococcal transcriptional regulation

The factors enabling S. pneumoniae to sense and respond to the environmental
changes, to compete with other bacteria for nutrients, and to protect from the
bactericidal activity of the immune system are highly regulated (Kadioglu et al.,
2008). However, studies on how the pneumococcus deals with the changing
environmental factors are relatively limited. Although a few regulatory systems from
S. pneumoniae have been studied, the function and mode of action of most

transcriptional regulators are still unknown.

1.7.1 Pneumococcal standalone regulators

In Gram negative bacteria, sigma factors are used to coordinate gene expression, for
instance, E. coli use an alternative sigma factor RpoS to regulate transcription in
stationary phase (Dmitriev et al., 2006). In contrast, S. pneumoniae genome does not
have typical stationary-phase sigma factors, instead, only an alternate sigma factor,
SigX, has been detected, which possesses limited functions, such as ClpP-dependent
degradation (Luo and Morrison, 2003). The term ‘stand-alone’ regulator was
originally used to describe transcriptional regulators and their paralogs that control
global virulence regulons in response to changing environmental conditions, yet
where the exact signals and cognate sensory elements involved remain undefined

(Mclver, 2009).

The examples of stand-alone regulators in S. pneumoniae include Mga-like repressor
A (MgrA), Catabolite Control Protein A (CcpA) and CodY (Carvalho et al., 2011,
Giammarinaro and Paton, 2002). CcpA is a member of the Lacl family of

transcriptional repressors/activators, and is the main transcriptional regulator
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functioning at the core of carbon catabolite control (lyer et al., 2005). CcpA binds to
catabolite-responsive elements (cre), and repress p-galactosidase and B-glucosidase.
Furthermore, CcpA also has been implicated in the regulation of many virulence
factors (Carvalho et al., 2011). MgrA coordinate the expression of numerous
virulence-associated genes, which encode M family proteins, C5a peptidase, and a
secreted inhibitor of complement, which is closely related to pneumococcal
pathogenicity. The MgrA deficient mutant was shown to have a decreased ability for
pneumococcal nasopharyngeal carriage and lung infection (Hemsley et al., 2003).
Pneumococcal CodY is a transcriptional repressor, which mediates nutritional
regulation and virulence. CodY effects the expression of many genes that are involved
in amino acid metabolism, biosynthesis, and uptake. Moreover, previous work has
demonstrated that CodY is necessary for bacterial adherence and colonization of the
nasopharynx in murine model (Hendriksen et al., 2008). GInR is a transcriptional
regulator involved in the regulation of glutamine and glutamate metabolism, the
absence of pneumococcal GInR leads to attenuation in virulence and colonisation in a
murine model (Al-Bayati et al., 2017). Although lots of studies work on
pneumococcal gene regulation, there are still many more yet to be functionally

characterised.

1.7.2 Pneumococcal two component systems

In addition to the stand-alone regulators, the pneumococcal genome contains 13
putative complete TCSs plus one orphan response regulator. Pneumococcal TCSs
could mediate various cellular responses including stress response, bacteriocin
(pneumocin) production, competence and pathogenicity (Paterson et al., 2006). Ten of
the pneumococcal TCSs have been shown to be important for pneumococcal
virulence (Throup et al., 2000, Hava and Camilli, 2002, Lau et al., 2001), only TSCO03,
TCS10 and TCS11 have not been found associated with virulence. For instance,

CiaR/CiaH (TCSO05), the first TCS identified in pneumococcus, has been
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demonstrated to contribute to virulence, probably in part through control of
expression of htrA, which encodes a serine protease that is a major virulence factor
(Guenzi et al., 1994). Recently, TCS06 has been found to regulate the expression of
cbpA, which codes for a major adhesin that is also a protective antigen. TCS09 also
has been reported to involve in pneumococcal virulence, a 7709 mutant in strain D39
was essentially avirulent in mouse models of pneumonia and bacteremia (Blue and
Mitchell, 2003). In contrast to wild-type-infected mice, all the mice infected with
rr09-mutant survived during infection, with bacteria being rapidly cleared. RR09 (and
presumably TCS09) therefore has the potential to contribute significantly to
pneumococcal virulence. TCS04 was also identified as a pneumococcal virulence
factor, as the TIGR4 rr04 mutant was attenuated relative to its parental wild-type
during murine pneumonia. However, considerable variation appears in TCS04 role
among different pneumococcal strains, reflecting the diversity in natural
pneumococcal populations (McCluskey et al., 2004). A TCS13 mutant was found to
dramatically attenuated in respiratory tract infection model with bacterial lung counts
reduced by about 10*-fold compared with wild-type strain 0100993. This system was
found to control a 16-gene regulon, regulating the synthesis and export of bacteriocin-
like peptides (BlpC) and immunity proteins by microarray analyzes (De Saizieu et al.,
2000). Furthermore, RR489/RitR is an orphan response regulator. Unlike the other
pneumococcal TCSs, 7489 is not located in the genome next to a cognate HK. The
rr489 has significant impact on pneumococcal virulence, as rr489 deficient mutant
displayed a more than 10" fold reduction in pulmonary bacterial counts compared
with its wild-type parent in a murine pneumonia model (Throup et al., 2000). RitR is a
regulator of iron transport, contributes to the Piu iron uptake system (Ulijasz et al.,
2004). Despite being essential for the growth of most bacteria, iron also can be
detrimental via the Fenton reaction, where it catalyses the synthesis of reactive
oxygen intermediates from hydrogen peroxide. Thus RitR is important for regulation
of iron level in pneumococcus. Absence of ritR leads to increased iron uptake, hence a

ritR mutant is more vulnerable to iron-dependent killing by streptonigrin (Paterson et
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al., 2006). To date, how RitR works in the absence of a cognate HK remains unclear.

TCS12 has been demonstrated to involve in pneumococcal competence and virulence
(Paterson et al., 2006). Pneumococcus is naturally competent and the competence is
activated through TCS12. TCS12 consists of the HK encoded by comD and the RR
encoded by comE, which together respond to competence stimulating peptide, CSP,
which is derived from a ribosomally synthesized precursor (ComC). The CSP secreted
and processed by the ComA/B ABC transporter to the extracellular environment
(Paterson, et al., 2006). When the concentration of CSP reach to a certain threshold,
the ComD HK is activated. The activated HK transfer the phosphoryl to its cognate
RR. The phosphorylated RR could mediate the expression of comC/D/E and comA/B
operons, and activates the transcription of comX, which encodes an alternative sigma
factor ComX, activating genes involved in competence. Phosphorylated ComE could
mediate the expression of comW, which contribute to ComX stabilization (Luo and
Morrison, 2003, Sung and Morrison, 2005). In addition, previous research has
demonstrated a comD (hkl12) mutant in D39 was attenuated in models of both
pneumonia and bacteremia (Bartilson et al., 2001). On the other hand, comD was

identified as a virulence factor in pneumonia model (Hava and Camilli, 2002).

TCS13 is involved in pneumococcal bacteriocin (pneumocin) production, which is
controlled by the b/p locus. The bilp locus is stimulated by the accumulation of peptide
BIpC. Pre-BIpC is processed at a double glycine motif and secreted out of the cell via
its cognate transporter BlpAB. BlpC binds to and activates the histidine kinase
receptor, BlpH, resulting in phosphorylation of the response regulator, BlpR (De
Saizieu et al., 2000). Phosphorylated BIpR upregulates the 4-6 operons in the blp
locus including a variety of genes found in the Bacteriocin-Immunity Region (BIR) of

the locus, in turn regulate the bacteriocin production (Wholey et al., 2016).

Additionally, TCS02 is essential for pneumococcal viability (Lange et al., 1999,
Throup et al., 2000). A recent study showed that TCS02 contributes to the regulation
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of cell wall and fatty acid biosynthesis as well as expression of the virulence factor
pspA, codes for a surface protein (Mohedano et al., 2005, Ng et al., 2003, Ng et al.,
2004). TCS10 has been implicated in tolerance to the antibiotic vancomycin (Haas et
al., 2005). The remaining TCSs are relatively poorly characterized although most

have been shown to contribute to virulence.

1.7.3 Pneumococcal Quorum sensing systems

Pneumococcus also adapts its metabolism to different environmental niches by using
its regulatory mechanisms, including QS systems. Similar to QS systems in other
Gram positive bacteria, QS systems use the oligopeptide as chemical signal to sense
the environmental cues, and interact with cytoplasmic receptor to coordinate gene
expression. The competence regulon is the best studied QS system as discussed
above. In addition, recently TprA/PhrA regulatory system which is similar to
PIcR/PapR in Bacillus has been studied by Hoover et al. (2015). The TprA/PhrA
system in S. pneumoniae D39 was reported to regulate a lantibiotic biosynthesis gene
cluster, which is linked to produce antimicrobial peptides that may be important for
competitive fitness during nasopharynx colonization (Hoover et al., 2015). The PhrA-
signaling peptide is derived from a precursor protein that is predicted to be exported
through the Sec pathway and processed outside the cell by proteases to release the
mature peptide. Once the PhrA peptide concentration has reached a threshold in the
extracellular environment, it interacts with an oligopeptide permease (Opp) whereby
it is brought into the cytoplasm and antagonize the inhibitory activity of TprA to
induce expression of the peptide-encoding gene, tpr4, and the lantibiotic biosynthesis

gene cluster (Hoover et al., 2015).

S. pneumoniae colonize the nasopharynx, where complex, polymicrobial communities
organized as biofilms. Thus, colonization involves interspecies competition, which
drives temporal changes in the bacterial composition of the nasopharyngeal

microbiome. LuxS/autoinducer-2 is a Quorum sensing pathway involved in
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pneumococcal biofilm formation. LuxS (S- ribosylhomocysteinase) is a protein
required for the biosynthesis of a type 2 autoinducer (AL-2) by converting S-ribosyl-
homocysteine to homocysteine and 4,5-dihydroxy-2,3- pentanedione (DPD). DPD
then spontaneously cyclises to active Al-2 that is involved in quorum sensing systems
throughout various bacterial genera (Stroeher et al., 2003). The accumulation of
secreted Al-2 in the external milieu stimulates planktonic bacteria to initiate early
formation of the biofilm structure (Vidal et al., 2011). LuxS/AI-2 was found to be
responsible for the regulation of S. pneumoniae biofilms on both abiotic surfaces and
human respiratory epithelial cells (HREC) (Galante et al., 2015). Although its
involvement in the biofilm development and virulence in several bacterial species is
well studied, the regulation and mechanism of LuxS conferred phenotypes are not

clear to date (Kyd et al., 2016).

While characterization of pneumococcal regulatory networks has been studied in
some detail, there is more research need to be done with respect to their contribution
in pneumococcal adaptation in different tissue sites with varying environmental
conditions. One of the transcriptional regulatory classes that have not been studied in
detail in S. pneumoniae is Rgg type regulators. Hence, the objective of this study is to

identify a role for Rgg type regulators in pneumococcal biology.

1.8 Rgg regulators

Rgg, ‘regulator gene of glucosyl-transferase’, family proteins are also known as GadR,
MutR, RopB and LasX (Federle, 2012). Rgg proteins are widespread in Firmicute
specie, they function as stand-alone transcriptional regulators in low-G+C Gram-
positive microbes (Chang et al., 2011). Structural prediction algorithms revealed
potentially similar secondary and tertiary structure to PIcR and PrgX, members of the
RNPP protein family. Both Rgg and RNPP family regulators contain a HTH in N
terminal domain and a tetratricopeptide repeat (TPR) in C terminal region (Lasarre et

al., 2013). N-terminal end HTH region function as a region to bind to the target
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promoter regions, thus HTH motif plays a significant role in transcriptional regulation
(Anbalagan et al., 2011). Rgg proteins are predicted to contain a tetratricopeptide
repeat (TPR) at C-terminal ends, which may have an effect on binding to peptide

pheromones (Anbalagan et al., 2011).

Rgg members, once considered to be ‘standalone regulators’ (Kreikemeyer et al.,
2003), shown to respond to short hydrophobic peptide (SHP) that serve as
pheromones. In silico analysis has showed that in streptococcal genomes there are
some small open reading frames that encode short hydrophobic peptides, which are
flanked by Rgg-regulated genes (Lasarre et al., 2013). These SHPs have been shown
to be signal peptide for Rggs. However, it should be noted that not all rggs have a
cognate shp. A new family of short coding sequences (CDSs) encoding SHPs was
firstly identified by Ibrahim (lbrahim et al., 2007), which are located upstream of
Rggs. The size of SHPs range between 22 to 23 aa, containing at least one positively
charged amino acid (lysine) in the N-terminal and one glycine in the C-terminal. The
major component of SHPs is hydrophobic amino acids, which usually flanked by a
negatively charged amino acid such as glutamate or aspartate (lbrahim et al., 2007).
The genome-wide survey of the short CDSs for SHPs revealed abundance of
unknown Rgg-Shp QS pathways in Streptococcus. A previous report has analyzed 90
different genomes to identify rgg-like genes, including in various species of
Lactobacillale and Listeriaceae genus (Fleuchot et al., 2011). A total of 494 rgg genes
were identified along with 61 adjacent shp genes (Cook & Federal, 2013). Rgg
regulators were found in all the analysed genomes except Lactobacillus salivarius.
SHPs have been classified into three groups via phylogenetic study of Rgg amino acid
sequences. In group I, the SHPs have a conserved glutamate (Glu) residue, while in
group Il; the SHPs have a conserved aspartate (Asp) residue at N terminal. In both
groups, the shp and rgg genes are transcribed divergently. Contrastingly, in group IlI,
the shp genes located at downstream of rgg genes, in a convergent orientation and the
SHPs have a glutamate or an aspartate residue. A previous study has shown that the

‘activity’ of SHP in S. pyogenes has attenuated by changing its Asp amino acid with
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an amide-bearing residue; however, the activity is maintained by changing an Asp
residue with a Glu. Therefore, all mature SHPs have an Asp or Glu at their N
terminals. These conserved residues are believe to be important for the recognition of
the precursor by the protease involved in their maturation and the activity of the

mature SHP (Fleuchot et al., 2013).

It has been reported that Rgg family members have a variety of physiological
functions. They are involved in regulation of a diverse set of genes, thus enabling
bacteria adapting to different environmental stimuli (Zheng et al., 2011). For instance,
Rgg regulators have effect on thermal adaption in Streptococcus thermophilus (Henry
et al., 2011), on the expression of the glucosyltransferase gene (gtfR) in S. oralis
(Fujiwara et al., 2000), on the pathogenicity in S. pyogenes and S. mutans, and on
control of biofilm formation in S. pyogenes (Chang et al., 2011). They are implicated
in H,O, and paraquat resistance in S. pyogenes, and bacteriocin production in S.
mutans (Qi et al., 1999) and Lactobacillus sakei (Rawlinson et al., 2005, Skaugen et
al.,, 2002). They also affect the non-glucose carbohydrate metabolism, and are
necessary for the virulence of S. suis (Zheng et al., 2011). GadR regulates the
expression of genes involved in glutamate-dependent acid resistance in Lactococcus

lactis (Sanders et al., 1998).

It has been demonstrated in other streptococci that Rgg-SHP pairs act as quorum
sensing system. For example, in S. pyogenes, three out of four Rggs, Rgg2 and Rgg3,
are associated with SHPs. These SHP peptides are synthesized as inactive precursors,
processed by pheromone-specific peptidase (Eep), and released into extracellular
medium by the general secretory (Sec) system or the ABC-type transporters. Mature
peptides are imported into cytoplasm by an oligopeptide permease transport system
called Opp or Ami, member of the ubiquitous ATP-binding cassette superfamily
(ABC transporters) (Linton and Higgins, 2007). Once inside the cells, active peptides
activate or repress the transcription of target genes to affect bacterial behaviors such

as biofilm formation (Figure 1.6) (Cook and Federle, 2014).
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Figure 1.6. Proposed model of Rgg-dependent quorum sensing in Streptococcus

pyogenes (Cook & Federle, 2013).

Nearly all streptococci genomes contain one copy of rgg/shp, but some streptococci
have multiple copies. This suggests that Rgg QS systems are widespread in the
streptococci (Fleuchot et al., 2011). Genome analysis has shown that there are 6 Rgg
homologs in Streptococcus pneumoniae type 2 D39 strain, which are coded by
SPD_0112, SPD_0144, SPD_0939, SPD_0999, SPD_1518, and SPD_1952, whose
deduced amino acid sequence exhibits 23 to 28% identity and 42 to 48% similarity to
Rgg transcriptional regulators in S. gordonii, which is regarded as a Rgg prototype.
Only SPD_0144 and SPD_0939 are associated with shp genes, coding for group Il

and | peptides, respectively. This is in contrast to S. pyogenes, which has only group |
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peptides, which may indicate the mechanism of action of Rggs in S. pneumoniae and

S. pyogenes are different.

The functional characterization of pneumococcal Rggs have not been done with the
exception of SPD_1952, which has been shown to be important for pneumococcal
virulence, oxidative stress resistance, and biofilm formation (Bortoni et al., 2009).
Therefore the objective of this study is to determine Rggs involvement in
pneumococcal biology. Particularly, 1 will study the function of two Rggs, SPD_0144
and SPD_0939, which are associated with putative shp genes (Figure 1.7). The study

will gather evidence to support the following hypotheses:

shpi44 shp939
697kb
/ / SPD_0142 - SPD 0143 - SPD_0144 SPD_0145 / / ----- / / SPD 0939 — SPD_0940  SPD 0941 —
rgg144 09939
|§| Ashp939
|—’3| Argg939
A
By Ashp144 F———=— argg/shp939

—2 | Argg1es

A
F——— Argg/shp144

—_s - Argg144/939 ----- —t

Figure 1.7. Rgg regulators in the S. pneumoniae D39 genome. The location of
rggl44 and rgg939 is indicated by the blue and green box, respectively, and their
neighboring genes is indicated by the gray box. Gene deletions are indicated below
the box and correspond to genotypes listed in Table 2.1.
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1.9 Hypothesis

1.9.1 Hypothesis on Rgg’s involvement in non-glucose sugar

metabolism

In order to proliferate and colonise, S. pneumoniae needs to obtain energy from its
host. As a preferred carbon source, glucose represses the expression of systems
involved in the use of secondary carbon sources through a process known as carbon
catabolite repression (CCR). Although the pneumococcus has specific
phosphotransferase systems (PTS) for fructose, glucose, lactose, mannitol, and
trehalose (Bidossi et al., 2012), most of these sugars are either not found or very rare
in the respiratory tract. Galactose is the prevailing sugar in the human respiratory tract,
while human blood is rich in glucose. Previous studies suggested that S. pneumoniae
can break down complex carbohydrates for their demand of nutrient (Yesilkaya et al.,
2008). In the nasopharynx, S. pneumoniae most likely relies on mucin glycoproteins
present in the mucus layer coating the epithelial cell surfaces of airway structures
(Rose and Voynow, 2006, Yesilkaya et al., 2008b). These large macromolecular
multifunctional glycoproteins are highly glycosylated with a molecular weight of 2-20
x 10° Da, containing high carbohydrate content, up to 90% (Rose and Voynow, 2006).
Mucin contains N-acetyl-glucosamine, galactose, fucose and sialic acids in its
structure, which can be utilised by the microbe (Terra et al., 2010). Galactose and N-
acetyl-galactosamines were demonstrated to be the most abundant sugars, and forms
approximately 45% of sugar content in mucin (Terra et al., 2010a). The
pneumococcus is able to cleave sugars from host glycans with a large array of
glycosidases including  neuraminidases,  galactosidases, glycanase and
hexosaminidases (King, 2010), and provide free sugars that can potentially be used

for pneumococcal growth (Burnaugh et al., 2008, Marion et al., 2012).
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The availability of carbon source varies in different host niches (King, 2010). Thus,
nutrient quantity and quality can be a stimuli that trigger adaptive changes to promote
survival of microbes in a changing environment. According to Dmitriev et al., (2006),
ropB, an ortolog of pneumococcal Rgg in S. pyogenes, is important for fructose,
mannose and sucrose utilization as the primary carbon sources. In vitro growth assay
shows that rgg deficient mutant has difficulties when grown in Chemically Defined
Medium (CDM) supplemented with fructose, mannose and sucrose (Dmitriev et al.,
2006). In addition, mannose acts as the environmental indicator, which can
significantly induces the Rgg-SHP system in S. pyogenes (Chang et al., 2015).
Alternation of carbon source requires Rgg2 and SHPs to modulate gene expression,
which is dependent upon the expression of the inducible mannose phosphotransferase
system, ptsSABCD (Chang et al., 2015). Therefore, it is reasonable to hypothesis that

pneumococcal Rggs are also important for regulation of sugar metabolism.

1.9.2 Hypothesis on Rggs role in oxidative stress resistance

The pneumococcus has to sense and respond to the changing concentrations of
oxygen during infection (Bortoni et al., 2009). Hence, effective strategies are essential
pneumococcal adaptation to the varying concentration of oxygen. S. pneumoniae is an
anaerobic fermentative organism but it can also survive in oxygenated environments,
like the nasopharynx of humans. The pneumococcus lacks many proteins that have
been shown to protect against oxidative stress in other bacterial species such as
NADP peroxidase, catalase, and the regulators of oxidative stress resistance such as
SoxRS and OxyR (Tettelin et al., 2015), although S. pneumoniae still appears to deal
effectively with the high levels of reactive oxygen species (ROS). In addition, during
aerobic growth, S. pneumoniae generates exceptionally high concentrations of H,O,
which mainly results from the activity of pyruvate oxidase, which converts pyruvate
to acetyl phosphate, CO, and H,0, (Spellerberg et al., 1996). H,O, poses a constant

threat to the survival of bacteria in the aerobic environment since it results in severe
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oxidative damage to DNA, protein, and lipids (Martindale and Holbrook, 2002), and
finally mediate cell death at high concentration. A number of key enzymes have been
implicated in the oxidative stress response, which include superoxide dismutase
(SOD), NADH oxidase, alkyl hydroperoxidase and thiol peroxidise. It has been
reported that some pneumococcal regulators are involved in modulation of oxidative
stress resistance, such as “TCS04, PsaR, CiaRH, Rgg, MerR/NImR, RitR, and SpxR”
(Yesilkaya et al., 2013). Although effector mechanisms responsible for ROS
resistance has been studied to certain extent, a detailed understanding of
pneumococcal regulatory response to oxidative stress is still unclear. Some recent
studies have shown that Rgg have a role in oxidative stress response. It has been
reported that Rgg is involved in resistance to paraquat, which is a compound that can
produce superoxide radical, in S. pyogenes (Chaussee et al., 2004). In contrast to the
wild type strain, the rgg mutant was more susceptible to killing by paraquat (Chaussee
et al., 2004). Moreover, in S. pyogenes, Rgg is involved in the repression of H,0,
resistance and decomposition (Pulliainen et al., 2008). Compared to wild type strain,
rgg deficient mutant could grow much better in presence of 3 mM H,0O;. On the other
hand, H,O, decomposition was significantly faster by stationary rgg deficient mutant.
The mRNA levels for the general stress response components GroEL and DnakK, as
well as the CovR response regulator were down-regulated in the rgg deficient mutant
strain (Pulliainen et al., 2008). Furthermore, according to Bortoni et al. (2009), in
absence of pneumococcal rgg (SPD1952), pneumococci were more susceptible to
oxidative stress. These studies show that rgg mutation presents significant growth
impairment under aerobic conditions, and leads to sensitivity to paraquat. Taken
together, it is reasonable to hypothesis that pneumococcal Rggs play a role in

oxidative stress resistance.
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1.9.3 Hypothesis on Rggs role in biofilm formation

Biofilm is formed by bacterial aggregation and adherence to inert surfaces (Talekar et
al., 2014). A high percentage of bacterial infections are caused by biofilm forming
cells. In contrast with planktonic cells, biofilm-associated cells are much more
resistant to antibiotics, which will contribute to the upsurge of antibiotic resistance

(Thomas et al., 2006).

Pneumococci colonise on the surface of human nasopharynx, closely attached to the
epithelial surface to form biofilms (Hakansson et al., 2015, Mayanskiy et al., 2015).
The biofilm-associated cells cannot be completely eliminated by using antibiotics
(Marks et al., 2014). Moreover, bacteria can be released from the biofilm and
disseminate to lower respiratory tract, the blood stream and brain to cause life-
threating diseases. However, how pneumococci regulate biofilm formation is still
unclear. According to Chang et al., (2011), Rgg regulators associated with biofilm
formation in S. pyogenes. Therefore, | hypothesize that Rggs are able to control the

biofilm formation in pneumococci.

1.9.4 Hypothesis on Rggs role of pneumococcal virulence

The pneumococcus resides in the mucosal surfaces of the host nasopharynx and upper
airway. Through a combination of virulence-factor activity and an ability to evade the
early components of the host immune response, this organism can spread from the
upper respiratory tract to the sterile regions of the lower respiratory tract, which leads
to pneumonia. To date, various studies demonstrated that certain transcriptional
regulators are able to control the expression of virulence factors, effect the nutrition
acquisition in vivo, and mediate environmental adaptation. For instance, it has been
reported that in S. pyogenes RopB which is a Rgg class of regulator, is linked to
bacterial virulence by coordinating the expression of various virulence related factors,

including the M protein which binds to the CD4 receptor on mammalian cells and
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inhibits phagocytosis, streptococcal pyrogenic exotoxin B (SpeB), which affects host-
pathogen interactions by destroying the extracellular matrix and degradation of
complement factors in host (Kappeler et al., 2009), and streptolysin O (SLO), which
IS a toxin and mediates the microbe’s haemolytic activity (Feil et al., 2014). In
addition, RopB modulates the expression of regulatory systems such as Mga, CovRS,
and FasBCAX, effecting the expression of genes encoding proteins involved in
adherence and resistance to phagocytosis (Dmitriev et al., 2006). Due to the similarity
in the sequence of Rggs, it is reasonable to hypothesise that pneumococcal Rgg
regulators might affect pneumococcal pathogenicity by coordinating virulence-
associated gene expression or via attenuated nutrient acquisition or weakened fitness

to environmental stress.

1.9.5 Hypothesis on Rog-SHP pairs being part of a quorum sensing

system

Intercellular communication is of great significance for bacterial survival, which is
crucial for gene expression in response to extracellular signals (Lasarre et al., 2013).
Recent studies suggest that several Rgg proteins involve in quorum sensing together
with SHP signaling peptides (Chang et al., 2011). To date, there are 484 Rgg-like
proteins, and 68 rgg/shp copies have been identified, although all these SHP
pheromones are generally similar (Fleuchot et al., 2013). For instance, in S. pyogenes,
Rgg2 and Rgg3 can respond to SHP2 and SHP3, respectively, to control biofilm
formation (Lasarre et al., 2013). In addition, Rgg1358 can respond to SHP1358 in S.
thermophilus LMD-9 (Fleuchot et al., 2011). Moreover, SHP1520 and RovS, which
form a QS circuit in S. agalactiae, has been identified as a cross-species signalling
system that is able to activate SHP/Rgg circuit of S. pyogenes (Cook and Federle,
2014). Both pneumococcal rggl44 and rgg939 lie adjacent to small open reading
frames encoding SHP144 and SHP939. These findings arouse interest to investigate

whether the pneumococcal Rggs and SHPs are components of a novel QS regulatory
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system, although the genetic context of Rgg/SHPs and signalling in S. pneumoniae

might be different from other streptococci.

1.10 Aims

Hence the aims of this work are to evaluate a role for Rgg regulators in the
pneumococcus, elucidate how Rgg mediated gene regulation occurs, and to determine
if selected SHPs interact with their cognate Rggs. To investigate these questions,
several isogenic Rgg and SHP mutants were constructed, and characterised in vitro by
growth studies, and microarray analysis. The Rgg mutants and wild type strains were
challenged with oxidative stress and different carbon source to check if the Rgg
regulators had any roles in oxidative stress resistance and sugar metabolism. The Rgg
regulators were overexpressed and purified, and the direct protein-DNA interactions
were determined using the purified proteins and several putative promoter probe
targets. In order to determine the regulatory roles for Rgg regulators and their
response to host-derived sugars, transcriptional lacZ-fusions to the promoters of the
rgg and shp in different strain background were constructed and analysed. To
determine the impact of Rgg regulators on pneumococcal virulence and
nasopharyngeal colonisation, Rgg mutants and wild type strains were characterised in

a mouse model of pneumococcal infection.
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2.1 Bacterial strains and plasmids

The strains and plasmids used in this study, and their characteristics have been

provided in Table 2.1.

Table 2.1. Bacterial strains and plasmids

Strain or plasmid*

Description

Source

Streptococcus pneumoniae type 2

Laboratory collection of

D39 virulent strain Dr Hasan Yesilkaya
Aroo]dd Same as D39 but SPD 0144 was Constructed in this
g8 deleted study
Same as D39 but SPD_0144 and Constructed in this
Arggl44/shp144 SHP_ 0144 were deleted study
Aroe939 Same as D39 but SPD 0939 Constructed in this
&8 gene was deleted study
Same as D39 but SPD_0939 and Constructed in this
Argg939/shp939 SHP 0939 gene were deleted study
SPD 0144 and SPD 0939 gene Constructed in this
Arggl44/939 were deleted study
SPD_0144,SHP 0144 o
Arggl44/shpl144/rgg9 " P ’ Constructed in this
39/shp939 SPD 0939,and SHP 0939 gene study
were deleted
Ashp ] 44 Same as D39 but SHP 0144 was Constructed in this
P deleted study
Ashp939 Same as D39 but SHP 0939 was Constructed in this
P deleted study
Arggl44Comp Complementation of D39Argg 44 Constructed in this

study
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Complementation of

Constructed in this

Arggl44/shp144Comp D39Arggl44/shp144 study
A rgg939Comp Complementation of D39Argg939 Constrlslfécelg in this
Complementation of Constructed in this
Argg939/shp939Comp Argg939/shp939 study
D39 with integrated Pygg144-lacZ Constructed in this
XZ1
reporter study
D39 with integrated Pspp144-lacZ Constructed in this
X7Z2
reporter study
D39 with integrated Pygge39-lacZ Constructed in this
X7Z3
reporter study
D39 with integrated Psppose-lacZ Constructed in this
X7Z4
reporter study
D39Arggi44 with integrated Constructed in this
XZ5
Prgg144-1acZ reporter study
D39Arggi44 with integrated Constructed in this
XZ6
Pshp14s-lacZ reporter study
D39Arggi44 with integrated Constructed in this
XZ8
Pshpose-lacZ reporter study
D39Argg939 with integrated Constructed in this
XZ10
Pshp144-1acZ reporter study
D39Argg939 with integrated Constructed in this
XZ11
Prgge30-lacZ reporter study
D39Argg939 with integrated Constructed in this
XZ12
Pshpase-lacZ reporter study
D39Argg144/939 with integrated Constructed in this
XZ18
Pshp14s-lacZ reporter study
X720 D39Argg144/939 with integrated Constructed in this

Pshpase-lacZ reporter

study
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D39Ashp 144 with integrated Constructed in this
X726
Pshp14s-lacZ reporter study
D39Ashp939 with integrated Constructed in this
X736
Pshpose-lacZ reporter study
. F-ompT hsdsB (rb- mb-) gal dcm
E.coli BL21 DE3 (DE3) Novagen
£ coli DH50 Antibiotic seps1t1ve strain used Laboratory collection
for plasmid propagation
Contains promoterless LacZ
pPP2* gene, tetracycline and ampicillin | Halfmann et al., 2007
resistant
Source of kanamycin resistance
pCEP* cassette, used for genetic Guiral et al., 2006
complementation
pDL278* source of spectinomyein Yesilkaya et al., 2000
resistance cassette
T7, SUMO-6His-Tag, ampicillin LifeSensors
pE-SUMO* resistant, used for Rgg939 protein
expression
6His-Tag, ampicillin resistant,
pLEICS-01* used for Rgg144 protein PROTEX, UK
expression

2.2 Chemicals

All the chemicals used in this work were purchased from Qiagen, (UK), Sigma-

Aldrich Ltd (UK), Invitrogen (UK) or Fisher Scientific (UK) unless otherwise stated.

Primers were ordered from MWG (UK). DNA polymerase and restriction enzymes

were purchased from New England Biolabs (UK).
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2.2.1 Antibiotics

The list of antibiotics used in this study is shown in Table 2.2.

Table 2.2. Antibiotic solutions used

Antibiotic Stock solution Working concentration*
Kanamycin 100 mg/ml in H,O 250 pg/ml
Spectinomycin 100 mg/ml in H,O 100 pg/ml
Tetracycline 15 mg/ml in 50% (v/v) ethanol 3 pg/ml
Ampicillin 100 mg/ml in H,O 100 pg/ml

Antibiotics prepared in distilled water (dH,O) or 50% (v/v) ethanol and filtered by
using a 0.2 pum syringe filter, divided into stocks of 500 ul, and stored at -20 °C. *
Working concentration for S. pneumoniae, 100 pg/ml of kanamycin was used for E.

coli.

2.3 Media Preparation

All media used was prepared according to manufactures instructions and autoclaved

at 121°C for 15 minutes at 15 psi pressure.

2.3.1 Brain Heart Infusion Medium

BHI broth was prepared by dissolving 3.7 g in 100 ml of distilled water and

autoclaved. The media was stored at room temperature.
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2.3.2 Blood agar base

Blood agar base (BAB) was prepared by dissolving 4.0 g in 100 ml distilled water
autoclaved and then cooled to about 50 °C. Appropriate antibiotics and 5% of
defribrinated horse blood were added to the medium, mixed well and poured into

plates at about 20 ml per plate.

2.3.3 Lauria Bertani medium

Lauria Bertani (LB) broth was prepared by dissolving 1 g of Nacl, 0.5 g of yeast
extract and 1 g of tryptone in 100 ml of distilled water, and autoclaved. Lauria Bertani

agar was prepared by addition of 1 g agar into LB medium.

2.3.4 Todd-Hewitt yeast extract medium (THY)

THY broth was prepared by 30 g of the Todd-Hewitt in one liter of distilled water

with 0.5% (w/v) yeast extract. Then, broth was autoclaved at 121 °C for 15 minutes.

2.3.5 Chemically defined medium

The composition of the defined medium is described in Table 2.3

Table 2.3. Composition of CDM used for growth of pneumococcal strains.

Ingredient g/L Ingredient g/LL
Basal Solution (pH 6.5) Amino acids (pH 6.5)
Na,-f-glycerophosphate 26.0 Alanine 0.24
KH,PO4 1.0 Arginine 0.124
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(NHy); citrate 0.6 Asparagine 0.352

Na-Acetate 1.0 Aspartate 0.4

Cysteine-HCl 0.4 Glutamate 0.5
Vitamins (pH 6.5) Glutamine 0.392
Na-p-Aminobenzoate 0.005 Glycine 0.176
D-Biotin® 0.0025 Histidine 0.152
Folic acid 0.001 Isoleucine 0.212
Nicotinic acid 0.001 Leucine 0.456
Ca(D+)Pantothenate 0.001 Lysine 0.44
Pyridoxamine-HCL 0.0025 Methionine 0.124
Pyridoxine-HCl 0.002 Phenylalanine 0.276
Riboflavinl 0.001 Proline 0.676
Thiamine-HCl 0.001 Serine 0.34
DL-6,8-Thioctic acid 0.0015 Threonine 0.224
Vitamin B12 0.001 Tryptophane 0.052
Nitrogenous bases Valine 0.324

Adenine 0.01 Micronutrients
Uracil 0.01 MgCI2 0.20
Xanthine 0.01 CaCl2 0.038
Guanine 0.01 ZnSO4 0.005
Other Chemicals
Pyruvate 0.1 Choline-HCI 0.01
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The nitrogen base was dissolved in 0.1 M NaOH, d-biotin and folic acid was
dissolved in 2 M NaOH. Basal solutions, vitamins and amino acids was adjust to
pH6.5. Glucose/ Galactose/ Mannose/ N-actyl glucosamine were added to the

appropriate amount.

2.4 Preparation of cultures

2.4.1 Growth of Escherichia coli

Escherichia coli was inoculated into LB medium. The culture was incubated at 37 °C
on a shaking platform at 200 revolution/minute (rpm). When grown on agar, LA

plates were used, and they were incubated at 37 °C overnight.

2.4.2 Growth of Streptococcus pneumoniae

Streptococus pneumoniae was grown in BHI broth, or on BA plates supplemented
with 5% (v/v) defibrinated horse blood at 37 °C in a candle jar, and incubated at 37 °C
overnight. Pneumococcal strains were also grown in chemical defined medium
(CDM) microaerobically and anaerobically supplemented either with glucose,
galactose, mannose, or N-acetyl glucosamine (Table 2.3). Pneumococcal strains were
grown initially on BAB plates, one single colony was picked up and transferred to 10
ml BHI, incubated at 37 °C until mid-exponential phase. The cultures were
centrifuged at 3500 rpm (Sorvall legend T, Thermo Scientific) for 10 min at room
temperature and the supernatant was discarded. The pellets were resuspended with 1
ml of CDM, and 200 pl was transferred into 10 ml of CDM supplemented with
selected carbon source. The cultures were then incubated at 37 °C until mid- or late-

exponential phase as required.
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2.4.3 Stock preparation of bacterial strains

The frozen stocks of the bacterial strains were prepared initially by streaking on a
blood agar plate with or without appropriate antibiotics, and were incubated at 37 °C
in a candle jar overnight. A sweep of colonies was inoculated in 10 ml BHI or LB
broth and the tubes were incubated at 37 °C until optical density at 600 nm (ODgoonm)
had reached 0.4-0.5. Then the cultures were centrifuged at 4500 rpm for 10 min in
Allegra ™ X-22 centrifuge (Beckman Coulter, USA). The supernatant was discarded
and the pellet was suspended in 2 ml of BHI or LB containing 15% (v/v) glycerol.
Then the suspension was divided into 10 aliquots in 1.5 micro-centrifuge tubes and

stored at -80 °C.

2.5 Assessment of colony forming unit counts

Bacterial colony forming unit (CFU) counts in bacterial suspensions were determined
as described previously (Miles et al., 1938). 20 ul of S. pneumoniae bacterial
suspension was mixed with 180 pl of sterile PBS in a 96-well microtitre plate,
followed by serial dilution. 60 pl of the dilutions were platted onto BA plates
supplemented with antibiotic when necessary. The plates were allowed to dry and
incubated overnight in a candle jar. The next day the plates were counted. The viable
colonies were counted in the sections where between 30 to 300 colonies were
observed. The number of colony forming units per ml was calculated using the

following formula:

CFU/ml= (numbers of colonies x dilution factor) x (1000/60)
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2.6 Plasmid extraction from E. coli

Plasmid DNA was extracted using the QIAprep spin Miniprep kit (Qiagen, UK).
Bacterial cultures were incubated for 12-16 h at 37 °C in LB broth with appropriate
antibiotics with vigorous shaking. 1.5 ml of an overnight bacterial culture was placed
in a micro-centrifuge tube, and centrifuged at 13, 000 rpm for 10 minutes at room
temperature. The supernatant was discarded and the pellet was re-suspended in 250
pL of buffer Plcontaining RNase A. 250 uL of buffer P2 was added and mixed by
inverting the tube several times. After this, 350 pL of buffer N3 was added and the
solution was mixed immediately by inverting the tube several times. The reaction was
centrifuged for 10 minutes at 13, 000 rpm and the supernatant was transferred to a
QlAprep spin column with collection tube. Then the tube was centrifuged for 30
seconds at 13, 000 rpm. The liquid was discarded and the column placed back onto
the collection tube. 750 pL of buffer PE was added and centrifuged for 30 seconds at
13, 000 rpm. The liquid was discarded and a further centrifugation of 1 minute at 13,
000 rpm was performed to remove any remaining buffer PE. To elute the DNA, the
column was placed on a 1.5 ml micro-centrifuge tube, 50 pL of DNase/RNase free
water were added to the centre of the column, left to stand for 1 min, and centrifuged

at 13, 000 rpm for 1 min. The eluted DNA was stored at -20 °C until further use.

2.7 Extraction of pneumococcal chromosomal DNA

Pneumococcal chromosomal DNA was prepared as described previously (Saito and
Miura, 1963). S. pneumoniae was incubated on blood agar (BA) plates in a candle jar
overnight at 37 °C. Then, one single colony was transferred in 10 ml of BHI broth and
incubated overnight at 37°C. 200 pl of overnight culture of bacteria (ODgoonm: 0.9-
1.1) was inoculated to 10 ml BHI, grown at 37 °C for 6-8 h. The pneumococcal
culture was centrifuged at 3500 rpm for 15 min, the pellet was re-suspend in 400 pl
TE bufter (1 M Tris-HCI and 500 mM EDTA, pH 8.0) containing 25% (w/v) of
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sucrose, 60 pl of 500 mM EDTA and 40 pl of 10% (w/v) of SDS and 2 pl of
Proteinase K (12.5 mg/ml) were added. Samples were incubated at 37 °C for 1-2 h to
obtain clear lysate. After incubation, samples were centrifuged at 13, 000 rpm for 5
min. The upper aqueous phase was transferred to a fresh tube, and an equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1, v/v, respectively) (Invitrogen, UK) was
added. The samples were centrifuge at 13, 000 rpm for 10 min, and the upper aqueous
phase was transferred to a fresh tube, without disturbing the white protein layer. This
process was repeated once more, the upper aqueous phase was transferred to a fresh
tube, and mixed with 5 volumes of 100% (v/v) ethanol and 0.1(v/v) volume of sodium
acetate (3M pH 5.2). Nucleic acids were pelleted by centrifugation, and ethanol was
discarded. Finally, the pellet was washed with 500 pl of 70% (v/v) of ethanol, the
pellet was dried at room temperature and re-suspensed in 250 pl TE buffer. DNA
samples were kept at 4 °C until needed. Concentration of DNA was determined by

using a NanoDropTM spectrophotometer at OD60nm (Thermo Scientific, UK).

2.8 Polymerase Chain Reaction (PCR)

In this study polymerase chain reaction (PCR) was performed (Saiki et al., 1988) for
mutation detection, genetic modification, and amplification of desired fragments. The
list of primers used in this study has been provided in Table 2.4. A typical PCR

reaction mixture was prepared in a final volume of 20 pl as indicated in Table 2.5.

Table 2.4. Primers used in this study.

- TM*
Primers SEQUENCE

Q ()

SPDO0144LF TGGAGGATATTGTCTTCCCAAAG 58.9

SPD0144RR CTGGGTACGAGGAAAGATATAGGTTG 63.2

TATTCACGAACGAAAATCGATTTCAATC
SPDO144LR ATCCTACCACCTCC 704
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AACAATAAACCCTTGCATAACATAGATT
SPDO144RF AGTTAAAAATGGAA 64.6
AACAATAAACCCTTGCATAACCCAGGG
SHPO144RF AAATAATCAAATCTATCA 68.5
SPDO144LF TGGAGGATATTGTCTTCCCAAAG 58.9
specF ATCGATTTTCGTTCGTGAATACATGTTAT | 59.6
specR GTTATGCAAGGGTTTATTGTTTTCTA 56.9
TTACTGGATGAATTGTTTTAGCATAGTTT
SPDO939RF TCCCATTTTCCCA 67.5
TGCGCGCCATGGTAGCACCTCTAAATGA
SPDO939LR AATTATTCTCTATC 1.4
SPDO939RR TCCCAATGTACCAATAACTCGAGG 61.0
SPDO939LF ATCCACTGAAGAGATTGAGGAAGC 61.0
TTACTGGATGAATTGTTTTAGGCTTAGG
Shp0939RF TGTACACCTAAGTC 1.4
Shp0939RR CCACTTAGTTGAAGCAGCATC 57.9
KanF GAGGTGCTACCATGGCGCGCATGC 69.5
CTAAAACAATTCATCCAGTAAAATATAAT
KanR A 55.4
Spd0939Ncol | CGCCATGGATTTCACGAGAATGCCTTAC |  66.6
Spd0939BamHI | ACGGGATCCCTTCATACTCTGACTTCCTT | 66.7
SHP0930Bamt] ACGGGATCCGATACTTCTAAAGACTTAGG 53
Spd0144BamHI | ACGGGATCCCGGAGTGGGTTATTGTCA |  68.0
SHPO144BamHI | ACGGGATCCCAAGTACAGTATAACACG | 66.0
Spd0144Ncol | CGCCATGGCAATCACCAAAGTGTCAG 66.4
Preg939Sphl | GACGCATGCTCTTCATACTCTGACTTCC |  66.6
Pragl44Sphl GACGCATGCACGAGGATTGAGTTCTG 66.4
Pshp939Sphl | GACGCATGCAATTTGTTTGCCCTTACG 65
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Pshpl144BamHl | ACGGGATCCAGTAGGAGTATCAGTTGG 66.5
Prggl44BamHI ACGGGATCCCCAAACGTAATTCCTTG 64.8
Prgg939BamHI ACGGGATCCGTTTGCCCTTACGAATTT 65
Pshp939R ACGGGATCCTCTTCATACTCTGACTTCC 66.6
TATTCACGAACGAAAATCGATGTGGGTTA
ShpOI44LR TTGTCATTCCATTT 68.5
TGCGCGCCATGGTAGCACCTCTCTTCATA
Shp0939LR CTCTGACTTCCTTTC 73
Shp144LF TGCTGTCTGCGGATAAGTTGA 57.9
Shp0939LR CCACTGGTTGATTGGCAAC 56.7
TAGGTCTCGAGGTATGAAATCAAAACTT
SPD0939Bsal GGTGTCAC 68.3
GCTCTAGATTATTTTTTGTTTACTGGT
SPD0939Xbal TTATTAAAATGG 63.1
TACTTCCAATCCATGATGATTGAAAAAA
SPD0144N TGGAACTGGGGG 69.4
TATCCACCTTTACTGTCATAAGTTCTTTA
SPDO144C TATTGCTGAAAACGC 68.5
malF GCTTGAAAAGGAGTATACTT 51.1
pCEPR AGGAGACATTCCTTCCGTATC 57.9
Fusion-seqR AGGCGATTAAGTTGGGTAAC 55.2
Fusion-seqF CTACTTGGAGCCACTATCGA 57.3
T7 forward TAATACGACTCACTATAGG 50.2
T7 terminator GCTAGTTATTGCTCAGCGG 56.7
Bold typeface nucleotides are homologous to cloning sites. *TM, melting

temperature.
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Table 2.5. The ingredients used in a typical PCR reaction.

Ingredients Volume Stock
Forward primer I ul 10 pmol
Reverse primer I ul 10 pmol
Template DNA 2 ul 15 ng/ ul

Enzyme mix 10 ul 2X

DNase/RNaes free water 6 ul

PCR settings: 95 °C for 10 minutes, followed by 30 cycles of 95 °C for 45 seconds of
denaturation, 55 °C for 45 seconds of annealing (varied depending on the Tm of
primers) and 72 °C of 1 min/kb of extension, the final extension for 10 minutes at 72

°C and hold at 4 °C.

2.9 Agarose gel electrophoresis

Agarose gel electrophoresis was used to visualise DNA fragments as described in
(Sambrook et al., 1989). Routinely, agarose (Bioline, UK) at a concentration of 1%
(w/v) was prepared in 100 ml 1X TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH
8.0). Ethidium bromide (from a stock solution of 10 mg/ml in water) was added to a
concentration of 0.5 pg/ml. The DNA samples were mixed with 3 ul of 6X loading
dye (New England Biolabs, UK) and carefully transferred to wells of the agarose gel
using a disposable micropipette. 1 Kb or 100 bp DNA ladder (New England Biolabs,
UK) were loaded into the wells of the agarose gel to measure the approximate
concentration and/or size of the DNA samples. Electrophoresis was achieved by
applying a constant voltage of around 90 V, and the DNA fragments were visualized

under UV light using a long-wave UV transluminator.
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2.10 Restriction digestion

For a restriction digestion, 2.5 pg of DNA was first mixed with the required amount
of DNase/RNase free water and the appropriate buffer, and then the restriction
endonuclease was added. The reaction incubated for a minimum of one and a half
hours at the temperature required for optimum enzyme activity (usually 37 °C). The
volume of the digestion reaction varied according to the amount of DNA to digest. A

typical reaction mixture has been illustrated in Table 2.6.

Table 2.6. A composition of typical restriction endonuclease reaction

Components Quantities
DNA 25 ul (1 pg)
Buffer (10X) Sul
Restriction enzyme 1 1 pl (10 unit)
Restriction enzyme 2 1 pul (10 unit)
DNase/RNase free water 18 ul
Total 50 wl

After incubation of the restriction digestion for three hours, a sample of the reaction
mixture was analysed on a DNA electrophoresis gel. DNA was purified using the

QIAquick PCR purification kit, and the restricted DNA was stored at -20 °C.

2.11 DNA Ligation

Ligation reaction was used to join two separate DNA molecules. The following

reaction was set up in a micro-centrifuge tube on ice (Table 2.7).
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Table 2.7. A typical ligation reaction used in this study.

Component Amount
10X T4 DNA Ligase Buffer* 2
purified Vector DNA 50 ng (0.025 pmol)
purified Insert DNA 50 ng (0.076 pmol)
Nuclease-free water to20
T4 DNA Ligase (400 U/pl) 1 (5U)

Ligation reaction was incubated at 16 °C for 16 h, and then heat inactivated at 65 T

for 10 min.

2.12 Method for the production of chemically

competent E. coli

Chemically competent E. coli was prepared according to the protocol described by
(Sambrook et al., 1989). One single colony of E. coli DHS5a was picked up and
transferred into 5 mL of LB broth containing 20 mM MgSQO, and incubated overnight
at 37°C. 1 mL of overnight culture was transferred into 100 mL LB broth in a conical
flask and incubated until ODsso nm had reached 0.8. The bacteria were centrifuged at
3000 rpm (Sorvall legend T, Thermo Scientific) for 10 minutes, and the pellet was re-
suspended in 30 mL of ice cold Tfb | (Table 2.8) buffer and kept on ice for 30 min.
The bacterial suspension was centrifuged at 3000 rpm for 10 min at 4 °C, and the
pellet was re-suspended in 4 mL of Tbf Il buffer (Table 2.8). 60 uL aliquots were

distributed into ice-cold micro-centrifuge tubes, and stored at -80 <C.
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Table 2.8. Buffers for preparation of competent E. coli cells

Tfb | buffer Tfb 1l buffer
Ingredients Quantities Ingredients Quantities
K-acetate 3mM Na-MOPS 10 mM
MnCl, 50 mM CaCl2 75 mM

KCI 100 mM KCI 10 mM
CaC|2 10 mM
Glycerol 15 %
Glycerol 15 % (v/v)

2.13 Genetic transformation of Escherichia coli

Escherichia coli competent cells were thawed on ice before use. 5 ng of DNA was

added to a 50 pL aliquot of competent cells and left on ice for 30 minutes. After that

the aliquot was quickly placed into the water bath at 42 °C for exactly 45 seconds, and

then incubated on ice for 2 minutes. 0.5 mL of pre-warmed S.O0.C medium (2%

tryptone, 0.5% (w/v) yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MqgCl,, 10

mM MgSO,, 20 mM glucose) were added into the reaction and incubated at 37 <C for

1 h on a shaking platform (200 rpm) (New Brunswick Scientific, USA). After this, an

appropriate amount of culture was plated on LA plates containing the appropriate

antibiotic, and incubated overnight for the selection of transformant colonies.

2.14 Transformation of Streptococcus pneumoniae

Transformation was done as described previously (Bricker and Camilli, 1999). S.

pneumoniae D39 was incubated on blood agar (BA) plates in a candle jar overnight at

37 °C. Then one single colony was transferred in 10 ml of BHI broth and incubated

overnight at 37 °C. 1: 50 dilutions of overnight grown D39 was done until ODgyonm
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had reached between 0.05-0.08. 860 pl of culture and the other ingredients (Table 2.9)
were added into 1.5 ml micro-centrifuge tubes. The reaction was incubated at 37 °C
for 3 hours, and then every hour 330 ul of culture was plated out on BA plates with

appropriate antibiotics. The plates were incubated overnight at 37 °C.

Table 2.9. Chemicals used in transformation of S. pneumoniae

Ingredient (stock) Volume Final concentration
100 mM NaOH 100 pl 10 mM/ml
20% BSA (W/v) 10 pl 0.2%

100 mM CacCl, 10 pl 0.2%

50 ng/ml CSP (w/v) 2 ul 1 mM/mi

2.15 RNA extraction from S. pneumoniae

The method used for extracting RNA from S. pneumoniae was described by (Stewart
et al., 2002). Bacteria were grown in BHI broth or CDM under micro-aerobic
conditions until mid-log phase (approximately ODgoonm 0f 0.3-04). 3 ml of bacterial
culture was harvest and resuspended in 500 pl Trizol reagent (Invitrogen, UK).
Samples were vortexed for 15 sec, and then 100 pl of chloroform was added. The
bacterial suspension was quickly transferred to a RiboLyser blue matrix tube
(Haybaid) and processed in a PowerLyzerTM 24 homogeniser (MO BIO, USA). After
this, the tube was left for 5 min at room temperature, and was centrifuged at 12,000 g
for 15 min at 4 °C. The upper phase was carefully transferred to a fresh micro-
centrifuge tube. 250 pL of isopropanol was added to precipitate the RNA and the
mixture was left to stand at room temperature for 15 min. Then, the tube was
centrifuged at 12,000 g for 10 min at 4 °C. The supernatant was removed, and the

pellet was washed with 75% (v/v) ethanol to eliminate remaining isopropanol,
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followed by centrifugation at 12,000 g for 5 min at 4 °C. The supernatant was

carefully removed and the pellet was re-suspended in 100 pL of RNase free water.

2.16 Treatment of RNA with DNase I

RNA was treated with the Amplification Grade DNase from Invitrogen following the
manufacturer’s instructions to remove any trace of contaminating DNA. 5 pg of RNA
was mixed with 5 ul of 10x DNase buffer (Invitrogen) and 5 pl of amplification grade
DNase I (1 unit/pl) in a final reaction volume of 50 ul. The reaction mixture was
incubated at room temperature for 15 min. After this time, 5 pl of 25 mM EDTA, pH
8.0, was added, and the reaction was heated for 10 min at 65 °C to inactivate the
enzyme. The reaction mixture was briefly placed on ice for 1 min and was then kept

in 20 °C for future use.

2.17 Synthesis of complementary DNA

First-strand cDNA synthesis was performed according to the manufacturer’s
instructions using SuperScript III reverse transcriptase (Invitrogen). DNase-treated
total RNA (~1 pg) was mixed with 1 pl of 300 ng random primers (Invitrogen) and 1
pl of 10 mM of dNTP mixture (Promega, UK) in a total volume of 20 pl with
nuclease-free water. The mixture was heated to 65 °C for 5 min. This followed by
addition of 4 pl of 5X first-strand buffer and 2 pl of 0.1 M dithiothreitol (DTT).
Contents were mixed gently and incubated at 25 °C for 2 min. 200 U SuperScript III
reverse transcriptase in 1 ul was added, and mixed gently by pipetting up and down.
Reverse transcription reaction was incubated at 42 °C for 50 min and then heated to
70 °C for 15 min to stop the reaction. The ¢cDNA sample was diluted 5 fold with

DNase-RNase free water, and was stored at -20 °C until needed.
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2.18 Quantitative reverse transcriptase polymerase

chain reaction (QRT-PCR)

This assay was used to determine the relative gene expression of selected targets. The
SensiMixTM SYBR® Hi-ROX kit (Bioline, UK) was used for qRT-PCR. 2 ul of
diluted cDNA (~15 ng), 10 pl 2X SensiMixTM SYBR Hi-ROX, 2 ul of gene specific
primers (3 pmol of each) (Table 2.10) and 6 pl of DNase/RNase free water were
mixed together and placed in the Corbett RG-6000 PCR system (Qiagen, UK). Real
time PCR was started at 95 °C for 10 min, followed by 40 cycles of 98 °C for 20 s, 55
°C for 30 s, 72 °C for 20 s and 74 °C for 20 s. The transcription levels of the genes
were normalised to transcription of gyrB. Negative controls which were not treated
with reverse transcriptase were run to check any DNA contamination. All samples
were set up in triplicate. The real time PCR data was analysed by the comparative Cr
method as described by Livak and Schemittgen (Schmittgen and Livak, 2008).
Twofold or greater differences in gene expression were considered as significant

(Yesilkaya et al., 2009).

Table 2.10. Gene specific primers used in RT-PCR

Primers Sequence Tm (0C)
gyrBRTF TCGTGTGGCTGCCAAGCGTG 63.5
gyrBRTR GGCTGATCCACCAGCTGAGTC 63.7
SPD145RTF TTGCAGAAACAATGGAATTGA 52.0
SPD145RTR ACCACTTCTTCCACCACCTC 59.4
SPD0146RTF TGCAGTATGGTTGGATAACGA 55.9
SPD0146RTR ATTCCATGAAGCATGCAGAG 553
SPD0147RTF TTTACAGGAGCTACGGCATTT 55.9
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SPD0147RTR AAACAGCGGAACCAAGTACA 553
SPDO187RTF AAACGCCGTGTAGAAGAGTG 57.3
SPDO187RTR TATCTAGTCGGCAGAAACGG 57.3
SPDO189RTF AATCAGGAACAGGAAATGGG 553
SPDO189RTR AAAGTTACTGAGGCGCAACC 57.3
SPD0219RTF TCGTGACAACTGAAGCTCGT 57.3
SPD0219RTR TTCAGATGCGATTTCATTACG 54.0
SPD0264RTF ACGTCTACTTCACGGTCAGG 59.4
SPD0264RTR ACATTACCTGGAGCTGCTTG 57.3
SPD0327RTF TGAAGAGCTGGAAGCATCTG 57.3
SPD0327RTR TTTCCTCATCAAGCACTTCG 553
SPD0445RTF TGCGAAAGCTCTTCTTGAAA 532
SPD0445RTR AGACCAAGGAAGCCTTCAGA 57.3
SPD0561RTF TGGGTGTTACTCCAGCTCTC 59.4
SPD0561RTR GGCACCTACACCTTTAGCAA 573
SPD0915RTF GCAAATAAGATAAATGATGCTGA 535
SPD0915RTR TGAGGCTGCTAACGGTGTAT 57.3
SPD0942RTF GGAGGGATATGAGGTTCCAA 57.3
SPD0942RTR AAGGGCCGTGCATAATTAAA 53.2
SPD0945RTF TGGTAATGGCGATATCTGGA 553
SPD0945RTR CTTTCACGGCCTGTTACAAA 553
SPD0949RTF AGGTGAAGTTGAGGGATTGG 57.3
SPD0949RTR CCAAATGCAACAATTGCTCT 53.2
SPDI1050RTF GGTTCTGAGTGTGTGGCTGA 59.4
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SPDI105SORTR AAAGCGTGGGTCTGAAAAGA 55.2
SPDI1133RTF TCATGATGTTTCTCCGTGTG 553
SPDI133RTR GCATGAGGATTGCTGTTTCT 553
SPD1634RTF GGGCTGATCAACGTGCTATT 57.3
SPD1634RTR CTCAGCACGACGTTCATTGT 57.3
SPD1932RTF CTTGCATGACCTTGCTGACT 57.3
SPD1932RTR CTTCGTCAAGCTCGATACCA 57.3

2.19 Microarray experiments

These experiments were done to determine regulons for Rggs in collaboration with
Prof Oscar Kuipers, Groningen University. S. pneumoniae D39 and its isogenic
mutant strains were grown anaerobically in CDM supplemented with 55 mM
galactose or mannose as the main carbon source. RNA was extracted as described in
section 2.15, and the samples were sent on ice to the Netherlands for cDNA synthesis,

labeling, and data analysis as described before (Shafeeq et al., 2015).

2.20 Gene Splicing by Overlap Extension PCR
(SOEing PCR)

SOEing (Gene Splicing by Overlap Extension) PCR mutagenesis was used for the
construction of mutated DNA sequences (Figure 2.1). During the first step, the
genetic locus surrounding the region to be mutated was individually amplified using
the proof reading DNA polymerase (PrimerSTAR HS, Takara). The flanking
fragments were amplified by using XX-LF and XX-LR, and XX-RF and XX-RR
primer sets, respectively (where XX indicates the gene designations) (Table 2.11).
The XX-LR and XX-RF primers were designed to contain a homologous region for

spectinomycin resistance gene (SpecR). The SpecR gene was amplified from the
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plasmid pDL278 using the primers SpecF/R that are listed in Table 2.4. In the second
step, all the products were mixed in equal ratios and fused with the outermost primer
pair (XX-LF and XX-RR). PCR conditions were the same as the first step. Then, the
DNA fragments were separated on 1% (w/v) agarose, the band of interest was excised

and purified using the Wizard SV Gel and PCR Clean-Up System (Promega).

Table 2.11. Ingredients used in SOEing PCR

First step:
Ingredient Volume
Template DNA D39 genome DNA 3 ul (15 ng/ )
Reaction 1: XX-LF+XX-LR 3 ul (10 pmol/ ul)
Primers
Reaction 2: XX-RF+XX-RR 3 ul (10 pmol/ ul)
Enzyme PrimerSTAR HS (premix 2X) 25 ul
Sterilized distilled water 19 ul

PCR conditions: 30 cycles of 98 °C for 10 seconds, 55 °C for15 seconds and 72 °C for
1 minute.

Second step

Ingredient Volume

Template DNA mixed, purified PCR products 3 ul (15 ng/pul)
from first step

Primers XX-LF+XX-RR 3 ul (10 pmol/ pl)
Enzyme PrimerSTAR HS (premix 2X) 25 ul
Sterilized distilled water 19 ul

The products were stored at -20 <C for future use.
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Figure 2.1. Schematic diagram of mutagenesis by SOEing PCR. The bold crosses
represent the homologous recombination during transformation. The LR and RF
primers were designed to contain a homologous region for spectinomycin resistance
gene (SpecR). Figure constructed based on Song et al (2005).

69



Chapter II Materials and methods

2.21 H,0, survival assay

Wild type D39 and its isogenic mutants were grown in CDM under aerobic conditions
to an ODggonm Of 0.3. Then 1 ml culture was incubated either with 20 mM or 40 mM
H,0, at 37 °C for 15 min. 20 pl of bacterial culture was then serially diluted in 180 pl
of PBS. 40 pl of each dilution was spotted onto blood agar plate, and incubated
overnight at 37 °C. The number of colonies was counted on the appropriate dilution.
The percent survival was calculated by dividing the CFU of cultures after exposure to

H,0, by the CFU in the control culture without H,O,.

2.22 Paraquat susceptibility assay

The pneumococcal inoculum was prepared as described above (Bortoni et al., 2009)
and exposed to either 0.05 or 0.1 mM paraquat for 1 h. The survival was determined
by serial dilution and plating on blood agar plates. The results were expressed as

percentage survival relative to the control, which had not been treated with paraquat.

2.23 Bacterial growth assay

Growth studies were done by wusing a MultiskanTM GO Microplate
Spectrophotometer (Thermo Scientific, UK). BHI or CDM (198 pl) supplemented
with 55 mM of desired carbon source was added into the wells of a flat bottom
microtitre plate along with 2 pl bacterial suspension containing ~5 x 107 cfu/ml in
triplicate. The absorbance was determined automatically every hour by a
spectrophotometre with an adjustable temperature unit. Bacterial growth rates (u)

were calculated using the following equation:

(h™=In OD; - IN 0D, / to- 1
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Where In is the natural logarithm of a number, t; and t; are different time points on the
growth curve, OD; and OD; are the cell densities at t, and t;, respectively (Widdel,
2007).

2.24 Preparation of Streptococcus pneumoniae cell

lysate by sonication

Streptococcus pneumoniae was grown in 10 mL of BHI broth to mid log phase and
centrifuged for 10 min at 3000 g. The supernatant was discarded, and the pellet re-
suspended in 1.5 ml of PBS. The bacterial suspension was transferred into a
microcentrifuge tube and left on ice for 10 min. The sonicator (Soniprep 150) was set
to an amplitude of 8 microns. Sonication pulses of 15 sec, every 30 sec, were given to
the bacterial suspension. The cells were kept on ice at all times and the sonication
pulses were repeated 6 to 8 times. The cell lysate was centrifuged at 18, 000 g for 1
minute, and the supernatant filtered through a 25 pm Acrodisc Syringe Filter (Pall
Corporation) into a fresh microcentrifuge tubes. The filtered lysate was stored at -

80°C until further use.

2.25 Neuraminidase activity assay

The total level of neuraminidase activity in S. pneumoniae wild type and isogenic
mutants were determined by using a quantitative assay utilising the substrate 2-O-(p-
nitrophenyl)-a-D-N-acetylneuraminic acid (pNPNANA, Sigma). The pNP-NANA is
cleaved by neuraminidase with the release of free p-nitrophenol (pNP), which can be
assayed by its absorbance at 405 nm. Overnight pneumococcal culture was harvested
and resuspended in PBS, and the cell suspension was sonicated (amplitude 8 microns)
for 15 sec with 45 sec intervals. The samples were then centrifuged at 9460 g for 1
minute at 4 °C and the supernatant was stored on ice. 25 ul of clear cell lysate was

added in triplicate to each well of a 96 well plate along with 25 pl 0.3 mM pNP-
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NANA dissolved in a dilution buffer (38.4 ml 100 mM citric-acid phosphate, pH 6.6,
3.12 ml 25 mg/ml BSA, 35.5 ml dH,O, 160 pl 10% (w/v) sodium azide). The reaction
mixture was incubated statically for 2 h at 37 °C. The reaction was stopped by adding
100 pl of ice cold 0.5 M Na,COs (pH 9.6). Absorbance at 405 nm was measured in a
BioRad Plate Reader (BioRad, UK). To determine the activity of the neuraminidase

enzyme, a standard curve was prepared using known concentrations of p-NP.

2.26 Hemolyvtic assay

Hemolytic activity of pneumococcal strains was tested to determine pneumolysin
activity as previously described with some modifications (Pan et al., 2009). Cell
lysate was prepared from wild type D39 and its isogenic mutants as described in
section 2.24. Serial two fold dilutions (150 pl) of samples were prepared in microtiter
plates with PBS (pH7.4) as the diluent. 150 pl 4% sheep red blood cells were added.
After incubation for 30 min at 37 °C, the plates were centrifuged at 1000 g for 10 min,
and 150 pl of supernatant was transferred to a new plate for spectrophotometric
measurements at ODssonm. Hemolytic activity units (HU) were defined as the

reciprocal of the highest dilution of supernatant inducing at least 50% lysis of the red

blood cells.

2.27 Glucuronic acid assay

Capsular polysaccharide (CPS) production was quantified by the method described
previously (Lai et al., 2003). Five hundred microliters of bacterial culture was mixed
with 100 i of 1% (v/v) Zwittergent 3-14 detergent (Sigma-Aldrich) in 100 mM citric
acid (pH 2.0), and then the mixture was incubated at 50 <C for 20 min. The CPS was
precipitated with 1 ml of absolute ethanol. The pellet was dissolved in 200 i of
distilled water, and a 1200 i of 12.5 mM borax (Sigma-Aldrich) in H,SO,4 was added.

The mixture was vigorously vortexed, boiled for 5 min, and cooled, and then 20 i of
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0.15% 3-hydroxydiphenol (Sigma-Aldrich) was added. The absorbance of the mixture
at 520 nm was measured. The uronic acid content was determined from a standard

curve of glucuronic acid (Sigma-Aldrich).

2.28 Quantification of protein concentration using

Bradford Assay

The Bradford assay was performed following the protocol provided with the Bradford
reagent from Bio-Rad, UK (Bradford, 1976). The procedure started with the
preparation of the BSA (Bovine Serum Albumin) standards in nH,O. Standards
containing 0 to 0.8 mg/ml BSA were prepared and assayed. For this, 10 pl of each
standard was pipetted into a 96 well microtitre plate, also 10 ul of each of the
unknown proteins were pipetted into the same microtitre plate followed by addition of
200 pl of Bradford reagent in working concentration (diluted 1:5). The reaction was
incubated for 5 min at room temperature. Finally the OD was measured at 595 nm in a
Bio-Rad microplate reader Model 680. The standards were plotted and the
concentration of protein determined by using the equation from the trend line adjusted

to the points obtained by plotting the standards.

2.29 Denaturing polyacrylamade gel electrophoresis

PAGE

A Sodium dodecyl sulphate gel (SDS PAGE) was necessary for the analysis of
expression of recombinant proteins. SDS-PAGE was performed using the Mini-
PROTEAN 3 cell (Bio-rad). SDS PAGE consisted of two gels, the resolving and
stacking gel. The gel was made as described in Table 2.12. The resolving gel was
added into the assembled cassettes, up to 1 cm below the level of the comb teeth.
After polymerisation of the resolving gel, the stacking gel was added on the top of the

resolving gel. Comb was placed in the stacking gel to create the sample wells, and the
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gels were left to polymerise before loading the samples.

Table 2.12. Composition of SDS PAGE

Components 15% Resolving Components 15% stacking
gel (10mL) gel (10mL)
H,0O 2.3mL H,O 2.7mL
30% Acrylamide SmL 30% Acrylamide 670 ul
1.5 M Tris pHS8.8 2.5mL 1.0 M Tris pH 6.8 0.5 mL
10% SDS 100 pl 10% SDS 40 pul
TEMED 4 ul TEMED 4 ul
10% ammonium 150 pl 10% ammonium 50 pul
persulphate persulphate

The samples (20 pl) were mixed with 10 pl of 10X SDS loading buffer (6.25 ml 0.5
M Tris-HCI pH 6.8, 1 g SDS, 10 mM DTT, 50 mg bromophenol blue, 10 ml glycerol
and 6.25 ml dH,0). The samples were boiled for 5 minute before loading. The gel
mould was placed in the electrophoresis tank (Bio-Rad, UK) and 1X SDS running
buffer (25 mM Tris-HCI pH 8.3, 192 mM Glycine and 0.1 % (w/v) SDS) was added.
The comb was removed carefully, and 10 pl of each sample with 4X NUPAGE LDS
(lithium dodecyl sulphate) sample buffer (Invitrogen) and protein marker Precision
Plus (Bio-Rad, UK) were loaded into the wells. The gels were set to run at 150 V for
60 min. Once the electrophoresis was completed the gel cassette was gently separated
and the gel carefully removed into a large Petri dish. The gels were stained with
Coomassie Brilliant Blue staining solution (0.4 g of 0.1% (w/v) coomassie brilliant
blue, 40% (v/v) methanol, 10% (v/v) acetic acid and dH,O up to a final volume of 400

ml) overnight with gentle shaking. The staining solution was discarded, and the gels
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were rinsed with tap water, then placed in the destaining solution (25% (v/v)
isopropanol, 10% (v/v) acetic acid and dH,O up to 400 ml) for 1-2 hours with gentle
shaking. Gels were then photographed.

2.30 Protein purification

2.30.1 Purification of Rgg939

The SPD 0939 gene was amplified using SPD0939Xbal and SPD0939Bsal primers
(Table 2.4) and cloned into pE-SUMO expression vector bearing N-terminal His-6
and SUMO tags (LifeSensors, USA). The newly constructed plasmid was transformed
into E. coli DH5a for propagation and sequenced using T7 forward primer
(TAATACGACTCACTATAGGG). The sequenced recombinant plasmids were
transformed into E. coli BL21 (DE3) for protein expression. A single colony of E. coli
BL21 (DE3) carrying the desired construct was inoculated into 10 ml of LB
supplemented with 100 pg/ml ampicillin, incubated overnight at 37 °C in a shaking
incubator at 220 rpm. The overnight culture was diluted into power prime broth
(AthenaES, USA) supplemented with 100 pg/ml ampicillin to ODgoonm 0.05, and the
culture was incubated at 37 °C in a shaking incubator set at 220 rpm. Expression of
Rgg939 was induced at an ODgponm Of 1.4 with 0.5 mM IPTG (Isopropyl B-D-1-
thiogalactopyranoside) for 6 h at 30 °C. The culture was centrifuged at 10, 000 x g for
20 min at 4 °C, and the supernatant was discarded. Cell pellets were resuspened in
Buffer A (20 mM sodium chloride, pH7.5; 1.5 mM Tris, 5 mM MgCl,, with 0.5 mg
/ml lysozyme, 0.01 mg /ml DNasel and protease inhibitor). Cells were disrupted by
sonication on ice, and cellular debris was removed by centrifugation at 10, 000 xg for
20 min at 4 °C in an Avanti J-E refrigerated centrifuge (Beckman Coulter). The PD-10
columns (GE Healthcare Life Sciences, UK) were used for protein purification. 2 ml
of TALON Metal Affinity Resin (Clontech, USA) was added on the polyethylene
filter in the PD-10 columns. Then, the column was calibrated with 15 ml of the

75



Chapter II Materials and methods

binding buffer (20 mM Tris, 150 mM NaCl, pH 7.5). Protein samples were pass
through the column. His6-SUMO-Rgg939 was adsorbed to Talon column. The
column was washed with 100 ml binding buffer and 15 ml 20 mM imidazole buffer.
Afterwards, protein was eluted with 5 ml 500 mM imidazole buffer, concentration
was estimated by measuring the OD at 280 nm. The tagged protein was treated with
SUMO protease for two hours at room temperature, and re-applied to a talon column
to separate His6-SUMO from Rgg939. Pure Rgg939 was obtained in the flow-through
and was concentrated using an Amicon Ultracel 10K centrifuge concentrator. Finally,

aliquots were frozen in liquid nitrogen and stored at -80 °C.

2.30.2 Purification of Rgg144

The SPD 0144 was amplified using primers SPD0144N and SPD0144C and cloned
into pLEICS-01 expression vector bearing N-terminal His-6 (PROTEX, UK). The
recombinant plasmid was transformed into E. coli DH5a for propagation, and
sequenced by using T7 forward primer. After this, it was transformed into E. coli
BL21 (DE3) for protein expression. A single colony of E. coli BL21 (DE3) carrying
the desired construct was inoculated into 10 ml of LB supplemented with 100 pg/ml
ampicillin, incubated overnight at 37 °C in a shaking incubator at 220 rpm. The
overnight culture was diluted into 1 L Power prime broth (AthenaES, USA)
supplemented with 100 pg/ml ampicillin to ODggonm 0.05. Expression of His6-Rgg144
was induced at an ODgoonm Of 1.4 with 1 mM IPTG overnight at 37 °C in a shaking

incubator at 220 rpm.

2.30.3 Purification of inclusion bodies

Overnight bacteria growth culture carrying the recombinant plasmid was centrifuged
at 20, 000 rpm at 4 °C for 20 minutes in an Avanti J-E refrigerated centrifuge

(Beckman Coulter). Pellet was re-suspended in PBS and spun down at 20, 000 rpm at
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4 °C for 20 minutes. Pellet was re-suspended in 50 mL of Lysis buffer 1 (302.85 mg
25 mM Tris pH8.0, 876.6 mg 150 mM NaCl, 500 pl 0.5% (v/v) Triton-x-100, 200 A
1 mM EDTA, 50 mg 0.5 mg/mL Lysozyme and use nH,O top-up to 100 ml) with 2
tablets of protease inhibitor cocktail (Roche), and incubated at room temperature for
15 min with shaking. 50 ul DNase and 250 pul MgCl, were added to degrade the
chromosomal DNA, and incubated at room temperature for 15-20 min. The sample
was topped up to 70 ml with Lysis buffer 1, and was sonicated (section 2.24) followed
by centrifugation at 20000 rpm for 20 min at 4 °C. Afterwards the pellet was re-
suspend using Buffer 2 (25 mM Tris pH8.0, 0.5 M NaCl, 500 I 0.5% Triton-x-100,
200 i 1 mM EDTA and use nH,O top-up to 100 ml), briefly sonicated, and
centrifuged at 20000 rpm at 20 min at 4 °C. The pellet was then re-suspended in
Buffer 3 (25 mM Tris pH8.0, 0.5 M NaCl, 1 mM EDTA and 1 M Urea), briefly
sonicated, and centrifuged at 20000 rpm for 20 min at 4 °C. The pellet was re-suspend
using 10 ml BugBuster® Master Mix containing Benzonase® Nuclease and
rLysozyme Solution (Merck, UK) and spun down for 10 minutes at 13, 000 rpm.
Finally, the pellet was re-suspend using 25 mM Tris (pH8.0), and centrifuged for 10
minutes at 13, 000 rpm. The supernatant was discarded, and the inclusion body was

kept in -80 °C.

2.30.4 Solubilization and Refolding

Inclusion body was re-suspend in 10 ml of buffer 5 (25 mM Tris pH8.0, 6M
Guanidine Hydrochloride and 5 mM D.T.T) and centrifuged for 5 minutes at 13, 000
rpm. The supernatant was collected, and protein concentration was estimated by
Bradford assay (section 2.28). The sample was diluted to approximately to 2 mg/ml
using buffer 5, and then diluted into refolding buffer (50 mM MES, 9.6 mM NaCl, 0.4
mM KCI, 2 mM MgCl,, 2 mM CaCl,, 0.5 M arginine, 0.05% Polyethylene glycol
3550, and 1 mM DTT, pH6.0) at 1:20 by administering the protein solution slowly
into the refolding buffer at 4 °C.
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2.30.5 Dialysis

To increase the purity of protein, refolded mixture was added into dialysis membrane
(Thermo Fisher, UK) and kept in dialysis buffer (25 mM Tris pH7.4 and 150 mM
NaCl) after diluting 1 in 10 overnight at 4 °C with constant stirring. The dialysis
buffer changed twice, and the dialysed sample was passed through the PD-10 column
with TALON Metal Affinity Resin. Finally, the protein was eluted with different
concentrations of imidazole elution buffer (20 and 500 mM) and 10 fractions were

collected.

2.30.6 Gel Filtration

A Superdex 200 16/600 HiLoad column from GE Healthcare was equilibrated with
solution containing 50 mM Tris-HCI, pH 7.5, and 150 mM NaCl. Once equilibrated,
the 5 ml sample was injected into the loading loop of the AKTA purifier (GE
Healthcare Life Sciences, UK). The protein was run over the column at a flow rate of
I ml/minute according to the manufacturer’s specifications, and the fractions were
collected. The fractions were analysed using SDS-PAGE to determine the successful
recovery of eluted protein. Finally, the protein fractions were concentrated using an
Amicon Ultracel 10K centrifuge concentrator. Aliquots were frozen in liquid nitrogen,

and stored at -80 °C.

2.31 Electrophoretic mobility shift assay (EMSA)

2.31.1 In silico analysis of putative promoters, and DNA probe

preparation

In silico analysis was used to determine the putative promoter regions of target genes

using the bacterial promoter prediction tool (BPROM, Softberry) (Solovyev and
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Salamov, 2011) and the Motif-based sequence analysis tools (The MEME Suite)
(Bailey and Elkan, 1994). Based on in silico analysis, primers were designed to
amplify 100-300 bp upstream regions of each gene containing their putative
promoters. One of the primers fluorescently labeled at 5’ ends. The PCR was carried
out using D39 genomic DNA, PrimeSTAR HS premix, and the primers listed in Table
2.13. The amplified PCR products were analysed by agarose gel electrophoresis and

purified by using Wizard SV Gel and PCR Clean-Up System (Promega).

Table 2.13. Primers used for DNA probes in EMSA

Primers Sequence Tm (°C)
Shp144EMSAF CAAGTACAGTATAACACGA 50.2
Shpl144EMSAR AGTAGGAGTATCAGTTGG 514

149EMSAF AATTTTACTTTCCCAATCG 48.0

149EMSAR CAATAGCTGCCACAGGAGC 58.8

315EMSAF TTGGTTCGCGGGAAGTCTAC 59.4
315EMSAR CTTCGCTTCACTTTCTGTG 54.5
1041EMSAF CAAAACACAGGATATAGTTTC 52.0
1041EMSAR GAAACGCTTGGTCATTT 47.9
1370EMSAF GTATCAAACCATAAGAACAGG 54.0
1370EMSAR CTTCAATGTTTGGACGAATG 53.2
1127EMSAF CTGCATAATTCTCCTATTC 50.2
1127EMSAR CATGCGTGTGCCAGTTC CA 58.8
1517EMSAF GGGGATAAAGAAATTAGAGTC 54.0
1517TEMSAR CCAACAGCACTTATCATTAAA 52.0
2030EMSAF ATTGGTTTGTTAGAGGTTAAAG 52.8
2030EMSAR CAAACGCAATCAATCCTACTAG 56.5
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Shp939EMSAF GACTAATTTGTTTGCCCTTACG 56.5

Shp939EMSAR TTTCTTCATACTCTGACTTCC 54

EMSA was performed as described by (Lasarre et al., 2013) with some modifications.
0-0.8 uM recombinant protein was incubated in binding buffer (20 mM HEPES
pH7.9, 20 mM KCl, 5 mM MgCl,, 0.2 mM EDTA, pHS8.0, 0.5 mM dTT, 0.5 mM
CaCl,, 12% glycerol) with 10 nM DNA probe for 30 minutes at room temperature.
Synthetic peptide was added into the mixture at final concentration 2 pM for 20 min

when required.

Non-denaturing polyacrylamide gels (8%, v/v) were used to separate DNA-protein
complexes. Each gel was composed of 4.1 ml dH,O, 0.3 ml 10X TB buffer (Tris base
89 mM + Boric acid 89 mM), 1.6 ml 30% (v/v) acrylamide, 75 pl 10% (w/v)
ammonium persulfate (APS) and 5 pl TEMED. The gels were pre-run (without
samples) for 20 min at 200 V in 0.5X TB buffer to remove all traces of APS. The gels
were kept cool using iced 0.5X TB buffer. Following pre-run, the samples (20 pl)
were loaded into the wells and run for additional 45 min at 200 V. After
electrophoresis, the gels were carefully removed, and the gel shifts were detected by
florescence imaging using a TYPHOON Trio+scanner (GE Healthcare Life Sciences,

UK) with a 526 nm short-pass wavelength filter.

2.32 Construction of lacZ-fusions

Transcriptional /acZ-fusions were constructed according to the method described
previously (Halfmann et al., 2007). An integrative plasmid pPP2, which derived from
pBR322, was selected for constructing the /acZ reporter system (Halfmann et al.,
2007). In silico analysis was used to determine the putative promoter regions of target
genes using the bacterial promoter prediction tool (BPROM, Softberry) (Solovyev

and Salamov, 2011). The putative promoter regions were amplified using primers
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incorporated with the Sphl and BamHI recognition sites (Table 2.4). The PCR was
carried out using PrimeSTAR HS premix and D39 chromosome DNA. The amplified

PCR products were analysed on agarose gel.

The plasmid and inserts were digested using the Sphl and BamHI as previously
described in section 2.10. T4 DNA Ligase was used to ligate the each putative
promoter region into the pPP2 plasmid. Afterwards, the ligation reaction was
transformed into E. coli DHS. The successful cloning was confirmed by PCR using

seqF and seqR, and by sequencing (Table 2.4).

The recombinant reporter plasmids were transformed into different pneumococcal
strains. The incorporation of reporter construct in pneumococcal genome is mediated
through homologous recombination. The transformants were selected on blood agar
plates containing 3 pg/ml of tetracycline. Colony PCR was used for the incorporation

of reporter construct using the same primers as above.

2.33 p-galactosidase activity assay

For B-galactosidase activity assay, a previously published protocol was used (Miller,
1972). The activity in the cell lysates was measured by monitoring the development of
yellow colour, which occurs due to the hydrolysis of the chromogenic substrate O-
Nitrophenyl-B-galactopyranoside (ONPG) by [B-galactosidase. For this assay 10 ml
CDM supplemented with specific sugar with or without additions of synthetic
peptides was inoculated with S. pneumoniae reporter strains until late-exponential
phase. The synthetic peptides used in this study were shown in table 2.14. At this
stage, 3 ml of bacterial culture was taken, and centrifuged at 3500 rpm (Hettich
MIKRO 22R, Germany) for 15 minutes at 4 °C. The supernatant was removed and the
pellet was re-suspend using 3 ml of chilled Z buffer (0.80 g Na,HPO4+7H,0, 0.28 g
NaH;P04°H,0, 0.5 ml 1 M KCL, 0.05 ml 1 M MgSOy,, 0.175 ml B-mercaptoethanol

(BME), 40 ml dH,0, pH 7.0), and the ODgo was measured. Z buffer was used as a
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blank. The remaining 2 ml culture was diluted into 1:1 ratio with Z buffer. For higher
activity 1:9 ratio Z buffer: cell suspension was also used. Subsequently, 100 pl of
chloroform and 50 pl freshly prepared 0.1% (w/v) SDS was added. The samples were

mixed and incubated for 10 minutes at 28°C water bath.

After the cells lysis, 200 pul of ONPG (ortho-Nitrophenyl-B-galactoside) (4 mg/ml
stock) was added into the samples, vortexed and incubated at 30 °C. The reaction was
stopped after sufficient yellow colour was observed by adding 500 ul of 1 M Na,COs.
All the reactions were stopped after 90 minutes if sufficient yellow colour was not
observed. Samples were then centrifuged at 14, 000 rpm (Microfuge, Sigma) for 15
minutes. 1 ml of the supernatant was used to measure the OD40,m. Finally the specific

B-galactosidase activity was determined by the following equation:

Miller Units=1000*(OD420)/ (T*V*ODgo9) where T= time of the reaction in minutes
(duration of the enzymatic reaction took place), V= Volume of culture used in the

assay in mls, Miller unit represents nmol of o-nitrophenol/min/ml of cells/ODgy.

Table 2.14. Synthetic peptides used in this study

Peptide Sequence
SHP144-C8 VIPFLTNL
SHP144-C10 VIVIPFLTNL
SHP144-C11 WVIVIPFLTNL
SHP144-C12 EWVIVIPFLTNL
SHP144-C13 SEWVIVIPFLTNL
SHP144-C13REV LNTLFPIVIVWES
SHP144-CS8REV LNTLFPIV
SHP144-C14 ISEWVIVIPFLTNL
SHP144-C15 LISEWVIVIPFLTNL
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SHP939-C8 DIIIVGG
SHP939C8REV GGVIIID
SHP939-C9 MDIIIVGG

2.34 In vivo virulence studies

Virulence studies were conducted using a murine model as described previously
(Terra et al.,, 2016). Virulence studies aimed at determining survival time after
intranasal infection, bacterial numbers in blood, and the ability of pneumococcal

strains to colonise the respiratory tract.

2.34.1 Preparation of bacterial inoculum

To prepare the standard inoculum to be used for in vivo virulence studies,
pneumococcal strains were grown overnight at 37 °C until ODsgnm had reached 1.4-
1.6. The cultures were then harvested at 3000 rpm for 15 min and the supernatant was
discarded. The pellet was resuspended in 1 ml of BHI serum broth (80% (v/v) BHI
and 20% (v/v) filter sterilised fetal calf serum). 700 pl of resuspended culture was
added to fresh BHI serum broth to bring the ODsgonm to 0.7, and incubated until
ODsoonm reached 1.6. Then, 500 pl aliquots were made, and stored at -80 °C until

needed.

2.34.2 Pneumonia model

Female CD1 mice (Charles River, UK) at 8-10 weeks of age were used in this study.
Mice were lightly anaesthetised with 2.5% (v/v) Isoflurane (Isocare, UK) over oxygen
(1.4 to 1.6 litres/min), in an anaesthetic box. 50 ul of PBS containing approximately 2
x 10° CFU of S. pneumoniae was administered into the nostrils of the mouse. The

mouse was then laid on its back inside the cage to allow for the inoculum to reach the
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lungs. The inoculum dose was confirmed by colony counting on blood agar after
administration of the dose. Mice were monitored for signs of illness for 7 days
(Progressively starry coat, hunched appearance and lethargy) (Morton and Griffiths,
1985). Mice were culled when they reached a very lethargic state, the time to this

point was defined as ‘survival time’.

To determine the development of bacteremia in each mouse, approximately 20 ul of
venous blood was taken by tail bleeding from mouse at 24 and 48 h post infection.
Viable counts in blood were determined by serial dilution in sterile PBS and platting
on the blood agar plates. Data were analyzed by analysis of variance followed by the

Bonferroni posttest. P values of <0.05 were considered statistically significant.

2.34.3 Colonisation experiments

CDI mice were administered with 5 x 10° CFU/mouse of S. pneumoniae in 20 ul
PBS. Decreasing the amount of inoculum was required to avoid pneumococci
disseminate into the lower respiratory tract. The pneumococcal counts in inoculum
were determined by plating on blood agar plates after infection. The colonisation of
pneumococci in the nasopharynx was determined as described previously (Richards et
al., 2010). Mice were deeply anesthetised with 5% (v/v) isoflurane over oxygen, and
the mice were subsequently killed by cervical dislocation at 0 and 7 days post-
infection. Nasopharyngeal tissue was collected and transferred into 5 ml of sterile
PBS. Tissue samples were weighed, and then homogenised in an ultra-turrax
homogeniser (IKA-Werk, Germany). Viable counts in homogenates were determined

by serial dilution in sterile PBS, and plating on the blood agar plates.
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2.35 Statistical analysis

GraphPad prism version 7 (Graphpad, California, USA) was used to analyse all data.
The experimental results were expressed as mean =standard error of the mean (SEM).
One- and two-way analysis of variance (ANOVA) followed by Tukey multiple
comparison test were used to compare the groups for growth studies, H,O, and
paraquart killing assay, and B-galactosidase assay. The Mann Whitney test was used
for in vivo survival assay whereas one-way ANOVA followed by Tukey's multiple
comparisons test was used to compare the groups for bacteraemia development and
colonisation experiment. Less than 0.05 of p value was regarded statistically
significant. Significance was defined as * p<0.05, ** p<0.01, *** p<0.001 and ****

p<0.0001.
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Chapter Il1: Results
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Section _A. Construction of isogenic _mutants and

genetically complemented strains

The Streptococcus pneumoniae D39 serotype 2 have 5 rgg-like genes, rggl44
(SPD_0144), rgg939 (SPD_0939), rgg999 (SPD _0999), rggl518 (SPD _1518), and
rggl952 (SPD_1952), which have significant homology (between 23 to 28 % identity
and 42 to 48 % similarity at the amino acid sequence level) to what is considered as
the Rgg prototype the Rgg from Streptococcus gordonii (SGO0496). Off these five
rggs, rggl44 and rgg939 are associated with two unannotated ORFs, predicted to
code for short hydrophobic peptides (Shp). These shp genes are proximal to rggl44
and rgg939, and are designated as shp144 and shp939, respectively, in this study. To
determine the biological roles of rggl44 and rgg939, as well as to test the hypothesis
that rggl144/shpl44 and rgg939/shp939 act as quorum-sensing mediators to regulate
gene expression in response to pheromones, single and double mutations were made
to create Arggl44, Argg939, Ashpld4, Ashp939, Arggl44/shpl44, Argg939/shp939,
Argg144/939 and Arggl44/939/shp144/939 by allelic replacement mutagenesis. The
mutant strains were used to determine the phenotypic contributions of Rgg/Shp
systems in pneumococcal biology by growth studies, microarray analysis, paraquat
killing assay, and in vivo tests. Transcriptional reporter systems were also constructed
in order to determine the regulatory interactions between individual components of
Rgg/Shp systems, and to assess the environmental conditions important for the

induction of each Rgg/Shp.

3.1 Mutagenesis by gene splicing overlap extension

PCR (SOEing PCR)

Previously scientists described a novel approach to introduce targeted mutagenesis in

bacteria using a method called DNA splicing by overlap extension, which is based on
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the polymerase chain reaction (SOEing PCR) (Horton et al., 1989). In contrast to
plasmid based mutagenesis systems, SOEing PCR is a rapid and efficient strategy to
generate desired modification at any position of a DNA molecule in vitro without a
need for cloning and plasmid propagation (Akerley et al., 2002). S pneumoniae is
naturally competent, which refers to a physiological state that makes it possible to
take up and incorporate extracellularDNA into pneumococcal genome, makes the
SOEing method ideal to introduce mutations in the pneumococcus (Seitz and

Blokesch, 2014).

To introduce the mutation, initially two separate PCR reactions were set up. While the
first reaction used LF/LR, RF/RR and SpecF/SpecR or KanF/KanR primers, the
second one utilised LF/RR primers. These primer sets amplified the left and right
flanks of the target genes, omitting the amplification of the target gene, by virtue of
primers XX-LR and XX-RF spanning at the either side of target. Left and right flank
regions were amplified using D39 genomic DNA as a template, while pDL278 or
pCEP were used to amplify aadA, for spectinomycin resistance, or aph, for
kanamycin resistantce, respectively. As part of the primers XX-LR and XX-RF
overlapped with the amplicons representing aadA or aph, these fragments could be
joined together in a second round of PCR by using the mixture of three fragments as
template from the first round PCR. Finally, the fused PCR products were transformed
into S. pneumoniae D39. The homologous recombination between the flanks leads to

the deletion of the target gene and insertion of antibiotic cassette.

3.1.1 Construction of Arggl44, Arggl44/shpl44., and Ashpl44

S. pneumoniae D39, a virulent type 2 laboratory strain, was used for the construction
of Arggl44, Arggl44/shpl44, and Ashpl44. To mutate rggl44, shpl44, or both the
genetic regions surrounding rggl44, and shpl44 were amplified from D39 DNA, and

the gene conferring resistance to spectinomycin resistance cassette was amplified
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from pDL278 (Yesilkaya, 1999), which are shown in Figure 3.1A, 3.2A and 3.3. The
amplicons were subjected to gel electrophoresis and the corresponding bands were
extracted from the gel in order to obtain the right sized products. Subsequently, the
purified products were mixed and joined together with the outer primers by PCR
(Figure 3.1B, 3.2B and 3.3). After purification from the agarose gel, the in vitro
mutagenized constructs were transformed individually into D39. Spectinomycin

resistant colonies were selected for mutation confirmation by PCR and sequencing.
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Figure 3.1. Agarose gel electrophoresis analysis showing the amplified antibiotic
resistance gene, the flanking regions of rgg/44, and the fused SOEing fragment.
Lane 1 in both panels is 100 bp DNA ladder (New England Biolab, UK) A., lane 2 is
left flank of the rgg/44, which is approximately 812 bp, lane 3 is the right flank of the
rggl44 gene, which is approximately 857 bp, lane 4 is spectinomycin resistance
cassette which is approximately 1158 bp. B. lane 2 is the fused SOEing fragment,
which is approximately 2827 bp.
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Figure 3.2. Agarose gel electrophoresis analysis showing the amplified antibiotic
resistance gene, the flanking regions of rggl44/shpl44, and the fused SOEing
fragment. Lane 1 is 100 bp DNA ladder (New England Biolab, UK) in both panels.
A. lane 2 is left flank of the rgg/shp144, which is approximately 812 bp, lane 3 is the
right flank of the rggl/44/shpl44 gene, which is approximately 749 bp, lane 4 is
spectinomycin cassette. B. lane 2 is the fused SOEing fragment, which is
approximately 2724 bp.
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Lane 1 2 3 4 5 6

Figure 3.3. Agarose gel electrophoresis analysis showing the amplified antibiotic
resistance genes, the flanking regions of shp144, and the fused SOEing fragment.
Lane 1 and 5 is 1 kb DNA ladder (New England Biolab, UK), lane 2 is left flank of
the shpl144, which is approximately 760 bp, lane 3 is the right flank of the shpl44
gene, which is approximately 749 bp, lane 4 is spectinomycin cassette, which is
approximately 1158 bp. Lane 6 is the fused SOEing fragment, which is approximately
2667 bp.

3.1.2 Construction of Argg939., Argg939/shp939, and Ashp939

To construct Argg939, Argg939/shp939, and Ashp939, the genetic regions
surrounding 7gg939, rgg939/shp939 and shp939 genes, as well as the gene conferring
resistance to kanamycin resistance cassette were amplified from the D39 DNA and
pCEP, respectively. The amplicons were subjected to gel electrophoresis and the
corresponding bands were extracted from the gel in order to obtain the right products
(Figure 3.4A, 3.5A and 3.6). Subsequently, the purified products were mixed and
joined together with the outer primers (Figure 3.4B, 3.5B and 3.6). After purification
from the agarose gel, the in vitro mutagenised constructs were transformed

individually into D39. Kanamycin resistant colonies were selected for mutation
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confirmation by PCR and sequencing.
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Figure 3.4. Agarose gel electrophoresis analysis showing the amplified antibiotic
resistance gene, the flanking regions of rgg939, and the fused SOEing fragment. .
Lanel is 1kb DNA ladder (New England Biolab, UK) in both panels. A, lane 2 is
kanamycin cassette which is approximately 895 bp, lane 3 is the left flank of rgg939,
which is approximately 848 bp. lane 4 contains the amplicons for the right flank of
rgg939, which is approximately 806 bp. B. lane 2 represents the amplicons for fused
SOEing fragment, which is approximately 2549 bp.
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Figure 3.5. Agarose gel electrophoresis analysis showing the amplified antibiotic
resistance gene, the flanking regions rgg/shp939, and the fused SOEing fragment.
A. Lane 1 contains 1 kb DNA ladder (New England Biolab, UK), lane 2 represents
the amplicons kanamycin cassette, which is approximately 895 bp, lane 3 is for the
PCR products for the left flank of rgg939/shp939, which is approximately 848 bp,
lane 4 is right flank rgg939/shp939, which is approximately 626 bp. B. Lane 1 is 1 kb
DNA ladder (New England Biolab, UK), lane 2 is the fused SOEing fragment, which
is approximately 2369 bp.
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Figure 3.6. Agarose gel electrophoresis analysis showing the amplified antibiotic
resistance gene, the flanking regions of shp939, and the fused SOEing fragment. Lane 1
and 5 is 1 kb DNA ladder (New England Biolab, UK), lane 2 is the left flank of shp939,
which is approximately 836 bp, lane 3 is right flank shp939, approximately 626 bp. lane 4 is
kanamycin cassette, which is approximately 895 bp. Lane 6 contains PCR products for the
fused SOEing fragment, which is approximately 2357 bp.

3.1.3 Construction of Arggl44/939 and Argg/shp144/939

Streptococcus pneumoniae Arggl44 and Arggl44/shpl44, were used for the construction of
S. pneumoniae Arggl144/939 and Argg/shp144/939 double mutants, respectively. To construct
Argg144/939, the genetic region containing rgg939 gene and kanamycin resistant gene were
successfully amplified, and the joined product was transformed into Argg/44. Similarly, for
Argg/shp144/939 mutation, the mutated locus from Argg939/shp939 was amplified and
transformed into the Arggl44/shpl44 mutant. The kanamycin resistance gene replaces the
chromosomal copy of the rgg939 or rgg939/shp939 gene through homologous
recombination, thereby generate a double mutant. For each mutation event, a selected
spectinomycin and kanamycin resistant transformant was tested by PCR to show the

successful mutagenesis of both targets in the same strain background.

3.1.4 Confirmation of mutagenesis by PCR

Targeted gene mutagenesis was confirmed by PCR, and the confirmation strategy is
illustrated in (Figure 3.7A and B). The Spec® or Kan® transformants potentially carrying the
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mutated target genes, were grown overnight in BHI at 37<C. The genomic DNA was
extracted from these colonies and used as templates for PCR amplification. Different primer
combinations were used to confirm gene replacement for each target. The LF-F and RF-R
primers were used to amplify both wild type and mutant DNA. While the DNA template from
wild type amplified the genes with their flanking regions, a PCR fragment (left flank of gene
800 bp + Spec® gene 1158bp + right flank of gene 800 bp) was amplified from the mutant
DNA of each target. In addition, the primers LF- F and Spec-R were used to amplify the left
flanking region of each target gene and the Spec® cassette whereas the primers Spec-F and
RF- R were used to amplify the Spec® cassette and the right flanking region of each target
gene, resulting PCR products with sizes of 1958 bp. Furthermore, the primers Spec-F and/
Spec-R were used to amplify the Spec® cassette (1158 bp) from the relevant mutants (Figure
3.7A). The mutants constructed with kanamycin resistance marker, rgg939 and rgg/shp939
and double mutants, were essentially analysed using the same strategy as illustrated in Figure

3.7B. The amplified PCR products were analysed by agarose gel electrophoresis (Figure 3.8).
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Figure 3.7. Illustration showing the PCR strategy to confirm gene replacement in
mutant strains. Confirmation of single mutation using the spectinomycin resistance gene
(aadA) (A) and the kanamycin resistance gene (aph) (B). LF indicates left flank, RF is for
right flank. The generic primers used for confirmation strategy and the expected amplicon
sizes have been indicated. The sequence of each specific primer is shown in Table 2.4.
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Figure 3.8. Agarose gel electrophoresis analysis confirming successful construction of (A)
Arggldd, (B) Arggldd/shpldd, (C) Ashpldd (D) Argg939, (E) Argg939/shp939, (F)
Ashp939, (G) Arggl44/939, (H) Arggl44/939/shp144/939. In A, B and C, lane 1 is 1 kb
DNA ladder (New England Biolab, UK), lane 2 and 3 contain the amplicons for the left flank
plus spectinomycin cassette. Lane 4 and 5 are for the right flank plus spectinomycin cassette.
Lane 6 and 7 represent the amplicons for the spectinomycin cassette. In D, E, F, G and H,
lane 1 is 1 kb DNA ladder (New England Biolab, UK), lane 2 and 3 is the left flank plus
kanamycin cassette. Lane 4 and 5 is the right flank plus kanamycin cassette. Lane 6 and 7
have amplicons for the kanamycin cassette. Lane 8 and 9 is the left flank + spectinomycin or
kanamycin cassette + right flank.
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3.2 Complementation of mutant strains

Insertion-deletion mutations may cause polar effect, which means that mutation can affect the
expression of downstream genes. Any gene located downstream of the mutation without its
own promoter, in an operon organisation, will not be expressed due to termination of
transcription (Shapiro, 1969). If the target gene is the first gene of a predicted operon, then
the possibility of a polar effect caused by mutation is higher (Guiral et al., 2006). Hence,
complementation of Arggl44, Arggl44/shpl44, Argg939 and Argg939/shp939 were done to
rule out the possibility of polar effect of mutations. Plasmid pCEP is the most popular vector
for genetic complementation in S. pneumoniae. Plasmid pCEP is derived from pR410, a 9540
bp single copy plasmid, which can replicate in E. coli, and illustrated in Figure 3.9. A
maltose-inducible promoter and kanamycin resistant gene are separated by multiple cloning
sites. Therefore, the chromosomal expression platform (CEP) is flanked by more than 2 kb
DNA homologous to pneumococcal genome, which mediates homologous recombination in S
pneumoniae. By using pCEP, the intact copy of the gene will be driven by a maltose-
inducible promoter and inserted into downstream of the amid operon, which is a
transcriptionally silent site without any cellular functions, avoiding disrupting the cell
physiology (Alioing et al., 1996, Guiral et al., 2006). The expression of cloned genes can also

be driven by their native promoter in this system.
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Figure 3.9. Genetic map of pCEP. freR: Trehalose operon repressor, amiF and amiF:
oligopeptide ABC transporters, treR and treP: trehalose-utilization system, kan: kanamycin
resistance cassette. The multiple cloning site MCS consists of BstZ17I, Ncol, Sphl and
BamHI restriction sites. malR: maltosaccharide-inducible promoter. aadA: the spectinomycin
resistance gene, repA: required for autonomous plasmid replication.

3.2.1 Amplification of rgg genes for complementation

The entire gene sequence of rggl44, rggld4/shpl4d4, rgg939 and rgg939/shp939, as well as
approximately 100 bp upstream of the respective genes predicted to contain putative
promoter regions, was amplified with primers SPD939BamHI/SPD939Ncol, SHP939BamHI/
SPD939Ncol, SPD144BamHIl/ SPD144Ncol and SHP144BamHI/ SPD144Ncol, which
introduces Ncol and BamHI sites into the 5° and 3’ ends of the amplicons, respectively. The
amplified PCR products were purified using a Wizard SV Gel and PCR Clean-Up System
from Promega (UK), and the successful amplification was demonstrated by agarose gel

electrophoresis (Figure 3.10).
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Lane 1 2 3 4 5

Kilobases

Figure 3.10. Agarose gel electrophoresis analysis of amplicons for genetic
complementation of mutants. Lane is 1 kb DNA marker (New England Biolabs), Lane 2-5
are amplicons representing the putative promoter and the coding regions of rgg939 (1012 bp),
rgg939/shp939 (1113 bp), rggl44 (971 bp) and rggl44/shpl44 (1012 bp).

PCR products were digested with Ncol and BamHI, and ligated into the Ncol and BamHI
digested pCEP vector, which has been shown in Figure 3.11. An aliquot of the ligation
product was transformed into E. coli competent cells DH5a for propagation and confirmation
purposes. The transformants were selected on Luria-Bertani (LB) agar plates supplemented
with kanamycin (150 pg/ml). The recombinant plasmids were purified by using the Wizard
SV Gel and PCR Clean-Up System from Promega, and tested by PCR using primers MalF
and pCEPR, whose recognition sites are localised up- and downstream of the cloning site,
respectively. The sequencing result is showing in Apendix 2. 100 ng of respective
recombinant plasmid was transformed into Arggl44, Arggl44/shpld4, Argg939 and
Argg939/shp939, respectively. The transformants were selected on blood agar plates
supplemented with spectinomycin (100 pg/ml) and kanamycin (250 pg/ml). Successful
integration into the pneumococcal genome was confirmed by colony PCR using primers
MalF and pCEPR. An illustration of this PCR strategy is shown in Figure 3.12. For the
negative control, approximately 264 bp product was amplified in the empty vector. For the
positive transformants, approximately 1424 bp, 1235 bp, 1377 bp and 1276 bp product were
amplified, respectively (Figure 3.13 A, B, C and D).
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Lane 1 2 3 4

Kilobases

Figure 3.11. Agarose gel electrophoresis analysis showing the digested and undigested
pCEP. Lane 1: 500 ng of 1 kb DNA ladder (NEB). Lane 2 contains undigested pCEP. Lane 3
and 4 contain Ncol and BamHI digested pCEP, respectively.

— MalF pCEPR

MalR op Target gene + promoter region

88 bp 84 bp

Figure 3.12. Illustration showing the strategy used to confirm successful integration of
the inserts carrying the intact copy of each gene with their putative promoters within
the pneumococcal genome of Arggl44, Argg/shpl44, Argg939 and Argg/shp939. Primers
MalF and pCEPR were used to amplify the target genes and their putative promoter regions
along with 172 bp of sequence surrounding the cloning site. The resulting PCR products were
1424 bp for rggl44/shp144, 1235 bp for rggi44, 1377 bp for rgg939/shp939 and 1276 bp for
rgg939 inserts.
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A B

Lane 1 2 3 4 5 6 7 Lanel 2 3 4 5 6 7

Figure 3.13. Agarose gel electrophoresis analysis confirming the successful genetic
complementation of mutants for Argg/shpl44 (A), Arggl44 (B), Argg/shp939 (C) and
Argg939 (D), as well as the negative control (E). Lane 1 is 500 ng of 1 kb DNA ladder
(NEB). (A) Lane 2-7 are positive transformants, which include the up-stream region and
coding sequence of rgg/shpl44, with an expected amplicon size of approximately 1424bp.
(B) Lane 2-7 are positive transformants, which include the up-stream and downstream region
of cloning site, promoter regions and rggl/44, with an expected amplicon size of
approximately 1235bp. (C) Lane 2&3 are positive transformants, which include the up-
stream and downstream region of cloning site, promoter regions and rgg/shp939, with an
expected amplicon size ofapproximately 1377 bp. (D) Lane 2 - 5 are positive transformants,
which include the up-stream and downstream region of cloning site, promoter regions and
rgg939, with an expected amplicon size of approximately 1276bp. (E) Lane 2 & 3 show PCR
product approximately 264 bp obtained with pCEP without any insert using the MalF and
pCEPR primers.
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Section B. Phenotypic characterisation of the Rgg
mutants.

It was reported that Rgg regulators have a variety of physiological functions. They are
involved in thermal adaption in S. thermophilus (Henry et al., 2011), pathogenicity in S.
pyogenes and S. mutans, and have an effect on control of biofilm formation in S. pyogenes
(Chang et al., 2011). They are implicated in H,O, and paraquat resistance in S. pyogenes, and
bacteriocin production in Streptococcus mutans (Qi et al., 1999) and Lactobacillus sakei
(Rawlinson et al., 2005). They also affect the non-glucose carbohydrate metabolism, and are
necessary for the virulence of S. suis (Zheng et al., 2011). However, the biological roles of
pneumococcal Rgg have not been investigated. Hence, the effects of Rgg deletion were

investigated by growth assay, H,O, and paraquat Killing assay, and in vitro virulence assays.

The possible effect of the Rgg deficiency on S. pneumoniae growth was determined by
growing the wild-type D39 and the isogenic mutants in BHI broth or CDM supplemented
with 55 mM glucose, galactose, mannose, N-actyl glucosamine (GIcNAc), fructose or sucrose
as the sole carbon source as previously described in section 2.23. Any attenuation in growth

on selected sugar would imply the direct or indirect involvement of the rgg regulation.

3.3 Growth of pneumococcal strains in BHI

In BHI broth, similar growth rates and yields were measured for D39 wild type and Rgg
deficient mutants under micro-anaerobic growth environment (Figure 3.14), (p>0.05).
Calculated growth rates and yield are shown in Table 3.1. The growth rates (u) ranged
between 0.567 to 0.738 h™. Bacterial yield (maximal ODggonm) for different strains ranged
between 1.525 and 1.566. The results suggest that the mutants are not deficient in growth in

rich medium.
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Figure 3.14. Pneumococcal growth curves performed micro-aerobically in BHI. Error
bars show the standard error of the mean for three individual measurements each with three
replicates. No significant differences were seen when comparing the growth rates of mutant
strains to the wild type D39 using oneway ANOVA and Dunnett's multiple comparisons test.

(p>0.05).

Table 3.1. Growth rate (n) and yield when pneumococcal strains grow in BHI. Values
are average of at least three independent experiments each with three replicates. ‘£’ indicates

standard error of means (SEM).

Strains Growth rate Yield
D39 0.6640.036 1.5740.003
Arggléd4 0.7340.031 1.5340.006
Arggl44/shpl44 0.7240.039 1.58+40.006
Argg939 0.7440.002 1.5640.010
Argg939/shp939 0.7340.013 1.5740.003
Arggl144/939 0.6740.034 1.5640.013
Argg144/939/shp144/939 0.6840.005 1.5640.006
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3.4 Growth of pneumococcal strains in CDM with
different sugars

In order to test the role of Rggs in carbohydrate utilisation, D39 and the isogenic rgg/shp
mutants were incubated in chemically defined medium supplied with 1% (w/v) glucose,
galactose, mannose, fructose, sucrose or N-actyl glucosamine (GIcNAc) as the primary
carbon source. There was no significant difference in growth between the wild type and the
Rgg mutants when glucose, galactose, fructose, sucrose or N-actyl glucosamine (GICNAC)
were used as primary carbon source (p>0.05) (Figure 3.15, 3.16, 3.17, 3.18 and 3.19). The
result implied that rgg inactivation did not decrease the glucose, galactose, fructose, sucrose
and GIcNAc utilization of the organism under in vitro conditions. Complemented mutants
had the similar phenotype as the wild type. However, when mannose was used as the sole
carbon source (Figure 3.20), Rgg mutants displayed attenuated growth; the yields and growth
rates were shown in Table 3.2. The rgg144 and rgg939 displayed a lower growth yield (1.03
+ 0.024 and 0.95 =+ 0.048, respectively) compare to the wild type D39 (1.21 = 0.007),
(p<0.0001). In addition, rggl44 and rgg939 display slower growth rates (0.35 +0.006 and
0.3340.039, respectively) compare to the wild type (0.40 +=0.009) (p<0.05). Moreover, the
double mutants Arggl144/939 had the lowest growth rate (0.3040.014) (p<0.001) and yield
(0.90 =+ 0.016) compared to the wild type (p<0.0001). The growth rate and vyield of
Arggl44/939 is significant lower than Arggl44 and Argg939 (p<0.001 and p<0.05,
respectivly). This result indicates that rggl44 and rgg939 are required for pneumococcal

growth on mannose, implying their involvement in mannose metabolism.

The genetically complemented strains Arggl44Comp and Argg939Comp were also grown
micro-aerobically in CDM supplemented with 55 mM mannose as the sole carbon source
(Tables 3.2). Introduction of an intact copy of the rggs restored the growth rates of the
complemented strains, indicating that the observed phenotype in the mutants were not due to
polar effect of mutation.
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Figure 3.15. Pneumococcal growth curves performed micro-aerobically in CDM
supplemented with 1% (w/v) glucose. Error bars show the standard error of the mean for
three individual measurements each with three replicates. No significant differences were
seen when comparing the growth rates of mutant strains to the wild type D39 using one way
ANOVA and Dunnett's multiple comparisons test (p>0.05).
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Figure 3.16. Pneumococcal growth profiles performed micro-aerobically in CDM
supplemented with 1% (w/v) galactose. Error bars show the standard error of the mean for
three individual measurements each with three replicates. No significant differences were
seen when comparing the growth rates of mutant strains to the wild type D39 using oneway
ANOVA and Dunnett's multiple comparisons test (p>0.05).
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Figure 3.17. Pneumococcal growth profiles performed micro-aerobically in CDM
supplemented with 1% (w/v) sucrose. Error bars show the standard error of the mean for
three individual measurements each with three replicates. No significant differences were
seen when comparing the growth rates of mutant strains to the wild type D39 using oneway

ANOVA and Dunnett's multiple comparisons test (p>0.05).
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Figure 3.18. Pneumococcal growth curves performed micro-aerobically in CDM
supplemented with 1% (w/v) fructose. Error bars show the standard error of the mean for
three individual measurements each with three replicates. No significant differences were
seen when comparing the growth rates of mutant strains to the wild type D39 using oneway

ANOVA and Dunnett's multiple comparisons test (p>0.05).
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Figure 3.19. Pneumococcal growth curves performed micro-aerobically in CDM
supplemented with 1% (w/v) GIcNAc. Error bars show the standard error of the mean for
three individual measurements each with three replicates. No significant differences were
seen when comparing the growth rates of mutant strains to the wild type D39 using oneway
ANOVA and Dunnett's multiple comparisons test (p>0.05).
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Figure 3.20. Pneumococcal growth profiles in CDM supplemented with 1% (w/v)
mannose. Error bars show the standard error of the mean for three individual measurements
each with three replicates. Rgg deficient mutants have decreased growth rate and lower yield
relative to the wild type strain (n=9). (Growth rate: Arggl/44 & D39: *p<0.05, Argg939 &
D39: *p<0.05, Arggl144/939 & D39: *** p<0.001, Arggl44 & Arggl44/939: *** p<0.001,
Argg939 & Arggl44/939: *p<0.05; yield: Arggl44 & D39, ****p<(0.0001, Argg939 & D39,
*x%%p<0.0001, Arggl44/939 & D39, ****p<0.0001, Arggl44 & Arggl44/939: *** p<0.001,
Argg939 & Arggl44/939: *p<0.05).
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Table 3.2. Growth rate (p) and yield of pneumococcal strains grow in CDM with 1%
(w/v) mannose. Values are average of at least three independent experiments. ‘+’ indicates

standard error of means (SEM).

Strains Growth rate Yield
D39 0.40 +0.009 1.21 +0.007
Arggléd4 0.35 +=0.006 1.03 +0.024
Argg939 0.33 +0.039 0.95 +0.048
Argg144/939 0.30 +0.014 0.90 +=0.016
Arggl44Comp 0.39 +0.0012 1.22 +0.005
Argg939Comp 0.41 +0.008 1.20 +0.009

3.5 Rggs confer protection against H,O,

Streptococcus pneumoniae produces large amounts of H,O, by the activity of the enzyme
pyruvate oxidase during its aerobic sugar metabolism but the organism itself can tolerate high
concentrations of H,0O, that would normally lead to oxidative stress and result in peroxidation
of lipids, DNA lesions, protein oxidation and even cell death in other bacterial species
(Birben et al., 2012). It was reported that Rgg family regulators are involved in reactive
oxygen species (ROS) resistance. The Rgg mutant in S. pyogenes was less tolerant to
paraquat (Chaussee et al., 2004). In addition, pneumococcal rgg1952 mutant strain showed

susceptibility to oxidative stress (Bortoni et al., 2009).

To test the contribution of rggs and shps in peroxide resistance, pneumococci were grown in
CDM supplemented with 1% (w/v) glucose, and when ODggo Nm reached 0.3, 20 mM H,0,
was added into bacterial suspension and incubated for 30 min at 37 <C. The percentage of
surviving bacteria was determined by serial dilution relative to the control that had not been
treated by H,O, (Figure 3.21A). The challenge of pneumococci with 20 mM of H,0, led to
88.3 +2.8%, 68.1 +8.3%, 64.4 +5.4% 67.7 £3.0%, 65.7 +2.1%, and 57.8 +2.5%, survival
of D39, Arggl44, Ashpl44, Argg939, Ashp939, Arggl44/939, respectively. The percentage
survival of Arggl44, Ashpl144, Argg939, Ashp939, Arggl44/939, were statistically lower than
the wild type (p <0.0001). The percentage survival of Arggl44/939 was significant lower
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than Arggl44 and Argg939 (p<0.05). This result suggests that both Rgg/Shp systems play a
role in protection against H,O,. Complemented mutants had the similar phenotype as the wild
type (79.1 £ 1.9 %, 73.4 £ 2.7 %, 75.8 £ 2.9 % and 75.3 + 4.2) (p>0.05), (Figure 3.21B),

which demonstrated the role of Rgg on ROS resistance is not due to the polar effect.
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Figure 3.21. The susceptibility of pneumococcal strains to 20 mM H,0O,. The percentage
of surviving pneumococci was determined by serial dilution relative to the control that had
not been treated by H,O,. Error bars indicate the SEM (n=8, ****p<0.0001).
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3.6 Rggs involve in paraquat resistance

To determine whether Rgg/Shp systems are involved in protection against superoxide,
pneumococci were grown in CDM supplemented with 1% (w/v) glucose, and when ODggo Nm
reached 0.3, 0.5 mM or 1 mM paraquat (a redox active compound that generates intracellular
superoxide in the presence of oxygen) were added into bacterial suspension and incubated for
30 min at 37<C. The percentage of surviving bacteria was determined by serial dilution
relative to the control that had not been treated with paraquat. The challenge of pneumococci
with 0.5 mM of paraquat (Figure 3.22A) led to a 76.9 5.6 %, 62.4 £4.9%, 53.4 =% 2.5,
45.1 + 1.9%, 59.0 £ 3.6 % and 625 + 4.5 % survival of D39, Arggld4, Argg939,
Argg144/939, Ashp939 and Ashpl44, respectively, which is illustrated in Figure 3.22A. In
comparison to D39, the percentage of survival significantly decreased for Argg939 (p<0.001)
Argg144/939 (p<0.0001) and Ashp939 (p<0.05). There was no significant difference between
D39 and Arggl44 (p>0.05), D39 and Ashpl44 (p>0.05). However, the challenge of
pneumococci with 1mM of paraquat led to a 75.3 £6.8%, 46.3 9% 3.9, 40.5 £3.7%, 31.7 +
3.9%, 49.9 + 1.3% and 47.1 £ 2.73% survival of D39, Arggl44, Argg939, Arggl44/939,
Ashp939 and Ashpl44, respectively, which is illustrated in Figure 3.22B. The percentage
survival of Arggl44, Argg939 and Arggl44/939, Ashp939 and Ashpl44 was statistically
lower than D39 (p<0.0001, p<0.0001, p<0.0001, p<0.001, p<0.01, respectively). The
percentage survival of Arggl44/939 was significant lower than Arggl44 and Argg939
(p<0.05). These results suggest that rggl44, rgg939, shp939 and shpl44 are all involved in

protection against superoxide.
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Figure 3.22. The susceptibility of pneumococcal strains to 0.5 mM (A) and 1 mM (B)
paraquat. The percentage of surviving bacteria was determined by serial dilution relative to
the control that had not been treated by paraquat. Error bars indicate the SEM, (n=8,*p<0.05,
**p<0.01, *** p<0.001, **** p<0.0001, ns: p>0.05).
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3.7 Phenotypic characterisation of Rgg/Shp circuits

Rggs were found to be involved in the pathogenicity of various streptococcal species, for
instance, in S. suis Rgg mutant shows increased adhesion to Hep-2 cells and haemolytic
activity in vitro (Zheng et al., 2010), thus several enzymatic activities were tested to identify
the effect of pneumococcal Rgg on virulence. In this section, Rggs’ contributions to
pneumococcal neuraminidase activity, haemolytic potential and capsule synthesis were

assessed individually.

3.7.1 Neuraminidase activity

Streptococcus pneumoniae has three neuraminidases, including NanA, NanB and NanC,
which could directly cleave terminal sialic residues (Kadioglu et al., 2008). To investigate the
effect of Rgg on neuraminidase activity, wild type D39 and Rgg-Shp mutants were assayed at
pH 6.6 using the chromogenic pNP-NANA substrate as described in section 2.25. The results
are shown in Table 3.3. Neuraminidase activity for wild type pneumococci was similar as its
isogenic mutants, it ranged between 53.8 £ 3.1 to 57.2 £ 2.6. The difference was not
statistically significant (p>0.05), which shows that the deletion of Rggs do not have effect on

neuraminidase activity.

Table 3.3: Neuraminidase activity in S. pneumoniae. Neuraminidase activity was assessed
at pH 6.6. Average values are expressed as nmole p-NP released per minute per pg total
protein, and represent the average of three separate experiments, using triplicates in each
experiment. ‘+’ indicates standard error of means (SEM).

Strains Neuraminidase Unit
D39 54.0+3.6
Arggl44 572+2.6
Argg939 549+19
Arggl144/939 53.8+3.1

3.7.2 Hemolvtic activity

Pneumolysin is an important virulence factor in S. pneumoniae, the absence of pneumolysin
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protein abolishes hemolytic activity (Alexander et al., 1998). The effect of Rgg on hemolytic
activity was tested in the cell lysates of wild type D39 and Rgg mutants using 4% of sheep
red blood cells as described in section 2.26. The results are shown in Figure 3.23. Hemolytic
activity for wild type pneumococci was similar to its isogenic mutants (p>0.05). They all
produced approximately 64 HU in 1 mg total protein, which indicated that the deletion of
Rggs do not affect hemolytic activity.
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Figure 3.23. The hemolytic activity of the wild type and rgg mutants. The dotted
horizontal line means the highest dilution of the supernatant inducing at least 50% lysis of red
blood cells. The error bars indicates the SEM. (p>0.05).

3.7.3 Capsule content determination by glucuronic acid assay.

Capsular polysaccharide (CPS) is the most important pneumococcal virulence factor, which
can protect bacteria from phagocytosis, and plays a crucial role in the pneumococcal survival
in different environment. In order to determine whether Rggs have any role in capsule
production, polysaccharide capsule isolation followed by glucuronic acid assay were carried
out as described in section 2.27. The results are shown in Figure 3.24. Compared with the
wild type strain D39 (23.4 £ 2.4 pg/ ml), the rgg939 mutant strain produced the most
glucuronic acid (41.9 £ 2.3 png/ ml) (p<0.01), followed by rggl/44 mutant, which produced
37.16 = 2.10 pg/ ml of glucuronic acid (p<0.01). The result shows that Rgg may inhibit the

capsule synthesis.
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Figure 3.24. The glucuronic acid concentration from capsules of pneumococcal strains.
Wild-type D39 and Rgg mutants were grown in CDM supplemented with 55 mM mannose.
Glucuronic acid quantification assay was done by using prepared pneumococcal capsule. The
error bars indicate the SEM, (n=9, **p<0.01).
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Section C. Construction of lacZ reporter systems and [-
galactosidase assays

3.8 Construction of lacZ-fusions

Transcriptional fusions are frequently used to analyze gene expression patterns, monitor the
regulatory systems, and investigate their response to different environmental niches, such as
pheromones, carbon source and reactive oxygen species (ROS) in both prokaryotic and
eukaryotic organisms. Transcriptional fusions between promoter regions of interest and
reporter gene encoding an easily assayable product makes possible to monitor target gene
under defined environmental conditions. The available reporter genes include the E. coli -
galactosidase /acZ gene (Shapira et al., 1983), the green fluorescent protein gene gfp from the
jelly fish Aequorea victoria (Prasher et al., 1992), the luciferase gene, /uxAB, from the firefly
Photinus pyralis (Bronstein et al., 1994), the E. coli chloramphenicol acetyl transferase gene,

cat, (Gorman et al., 1982) and the E. coli B-glucuronidase gus gene (Jefferson et al., 1987).

The E. coli lacZ gene has been used in this study as it is well established in monitoring the
regulation of gene expression, and the lacZ activity can be easily assayed by a fB-
galactosidase assay (Miller, 1972). The integrative plasmid pPP2, derived from pBR322, was
selected for constructing the /acZ reporter systems, which is shown in Figure 3.25. This
plasmid was designed to have a promoterless -galactosidase gene, lacZ gene, from E. coli
(Halfmann et al., 2007). Translation start signal is from the protease gene, htrd, of S.
pneumoniae. The ampicillin resistance gene [-lactamase gene (bla) and tetracycline
resistance gene tetM can be used to select the transformants in E. coli and S. pneumoniae,
respectively. The other crucial feature of this plasmid is that it is designed to integrate into the
genetic region of S. pneumoniae containing endogenous [-galactosidase gene, bgaAd
(SPD_0562), via homologous recombination. This abolishes the background B-galactosidase
activity. Once transcriptional fusions are constructed, the promoter of target gene will drive
the expression of promoterless lacZ gene. Therefore, the regulatory scheme can be

investigated by lacZ activity.
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Figure 3.25. Genetic map of the integrative promoter probe plasmids pPP2. The S.
pneumoniae genes SPD 0541(SPR_0541) and bgad serve as homologous sites for genomic
integration of fetM-promoter-lacZ fusions. The fetM gene confers tetracycline resistance in S.
pneumoniae. The B-lactamase gene (bla) confers ampicillin resistance in E. coli. 3.3.1
Identification and amplification of putative promoters.

3.8.1 Identification and amplification of the putative promoters of selected
enes

The upstream regions of rggl44, rgg939, shpl44 and shp939 were screened using BPROM, a
promoter recognition software to detect the putative promoter regions for the target genes. An
illustration of each predicted promoter region are shown in Figure 3.26A. The promoter
prediction tool detected the core promoter elements -10 (marked in purple) and -35 (marked

in red) in the upstream of all screened genes, the start codon was marked in green (Figure
3.26B, C and D).
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------- - //1 reg9%9
Shp]44 Shp939
B.

ATTTAGAACGAGGATTGAGTTCTGTATTGTACAAGGCTCGGTCCTTTTAGAGTCAG
CTTAAGGCTGGCTTTTTCAATCACCAAAGTGTCAGAATGTTITGACAAATGAACA
CAAATAATGATATAATATGCAAAAGCTAGGAGGTGGTAGGATGATTGAAAAA
GAACTGGGGGAATTT

C.

CTTTTCTT CTATTATATTCCTCCTTGTTAGTAATAACTTTATTATACCAGGGAAAT
AATCAAATCTATCAAAATCGCAAATAAGAAATTTCTATAAGAAAAAATATCAAATAT
GCGATTTITTAAAATAAGCCAATTTTCGTGTTATACTGTACTTGTAAAGCACTTGA
AGCAAATCCTAGGTCGCAGAAGTGGTTTACAAATGAAGATAATTGAAGGAGTGTA
AAAGATGTTAAATTTACAATTTGCAGAAACAATGGAATTGACAGAAGCTGAGTTG
CAAGATGTTAGAGGAGGC

D.

AATTTTTCTAAGTGTGACACCAAGTTTTGATTT AGTTTTCCCATTTTCCCAACA
AAAATTAACTTATTTCTTATTTATTGTACAATAAATAAAAAATGAAAGGAAGTCAG
AGT AAGAAAATTTC

Figure 3.26. Rgg/Shp pairs in the S. pneumoniae D39 genome (A) and intergenic region
maps for rggl44 (B) shpi144 (C), rgg939 and shp939 (D) gene pairs. A. The bent arrows
indicate the putative promoter regions (B, C and D). Sense DNA strand for the promoter
region of each gene. The start codon of each gene is in green, the putative -10 regions are in
purple, the -35 regions are in red. The rgg939 and shp939 genes may share the same promoter
region as the upstream regions of these two genes overlap.

After identification, these four putative promoter regions were amplified by using primers
listed in Table 2.4, which are modified to incorporate Sphl and BamHI sites. After the
amplification of the putative promoter regions by PCR, the samples were cleaned up and all

the samples were analysed by agarose gel electrophoresis to illustrate their successful
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amplification. Figure 3.27A and 3.27B illustrate the amplification of all the promoter regions
of rggl44, rgg939, shpl44 and shp939.

A B

Lane 1 2 3 4 5 Lane 1 2 3

Base Pairs

Figure 3.27. Agarose gel electrophoresis showing the amplified putative promoter
regions of shp (A) and rgg (B) genes. Lane 1: 500 ng of 100 bp DNA ladder (NEB). (A).
Lane 2 & 3: amplified promoter region of shpl44, which is approximately184 bp. Lane 4 & 5:
amplified promoter region of s4p939, which is approximately 136 bp. (B). Lane 2: amplified
upstream region of rggl/44 (193 bp). Lane 3: amplified putative promoter region of rgg939
(136 bp).

3.8.2 Preparation and digestion of plasmid pPP2.

Plasmid pPP2 was double digested using the restriction enzymes Sphl and BamHI. Successful
digestion of pPP2 was illustrated by agarose gel electrophoresis (Figure 3.28), and was
compared to the undigested pPP2.
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Lane 1 2 3
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Figure 3.28. Agarose gel electrophoresis of the digested and undigested pPP2. Lanel: 500
ng of 1 kb DNA ladder (NEB); Lane 2: undigested pPP2. Lane 3 pPP2 double digested with
Sphl and BamH].3.8.3 Cloning of putative promoters to pPP2

T4 DNA Ligase was used to ligate the each putative promoter region into the pPP2 plasmid.
Afterwards, the ligation reaction was transformed into E. coli DH5a. Colony PCR was done
by using primers Fusion-Seq-F and Fusion-Seq-R for the confirmation of successful
construction of the recombinant plasmids. PCR amplification using pPP2 plasmid as template
produces approximately 200 bp products, which served as a negative control. Additionally,

after the recombinant plasmids were extracted, they were sequenced.

Sequencing results indicated that all transcriptional fusions had been constructed
successfully. The new constructed plasmids were transformed into the wild type or mutant
pneumococci, and were integrated through homologous recombination. The transformants
were selected on blood agar plates containing 3 pg/ml of tetracycline. Again, colony PCR
was used for the identification and confirmation of the positive colonies using the Fusion-
Seq- F and Fusion-Seq-R primers. The colony PCR in both cases was performed as it
illustrated in Figure 3.29. The resulting reporter strains were designated as XZ1 (Prgg144-laczZ-
wt), XZ2 (Pshp1aa-lacZ-wt), XZ3 (Prggaze-lacZ -wt), XZ4 (Psnpeze-lacZ-wt), XZ5 (Pryq144-lacz-
Arggl44), XZ6 (Psnpras-lacZ-Arggi44), XZ8 (Psnpese-lacZ -Arggi44), XZ10 (Pshpias-laczZ-
Argg939), XZ11 (Prygese-lacZ-Argg939), XZ12 (Pshpeze-lacZ-Argg939), XZ18 (Pshpias-lacz-
Arggl44/939), XZ20 (Psnpose-lacZ-Argg144/939), XZ26 (Psnpras-lacZ -Ashpl44), XZ36
(Pshpose-lacZ -Ashp939).
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336 bp-393bp

Fusion-seq-F Fusion-seq-R
—> <

[ Promoter |  /acZ gene

Figure 3.29. Illustration showing the strategy used to confirm successful integration of
the transcriptional lacZ fusions within the pneumococcal genome. Fusion-Seq-F and
Fusion-Seq-R primers were used to amplify the inserts containing putative promoter regions.
The resulting PCR products ranged from 336 to 393 bp, for rgg/44 and rgg939, respectively,
in size while the empty pPP2 plasmid yielded PCR products of 200 bp in size using the same
set of primers.

The amplified PCR products were analysed by agarose gel electrophoresis (Figure 3.30). As
can be seen in Figure 3.30, lanes 2-5 and 9-12 show successful amplification of inserts
representing promoter regions of each gene, and 200 bp upstream and downstream of the
cloning site in pPP2. The PCR products in lanes 2-5 and 9-12 had the expected approximate
sizes for P,eg144 (393 bp), Peppras (384 bp), Prge030 (336 bp) and P03 (336 bp), respectively.
In addition, lane 6, 7, 13 and 14 show a promoterless fragment of the pPP2 plasmid (200 bp)

using the same set of primers, Fusion-Seq-F and Fusion-Seq-R.
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Lanel 2 3 4 5 6 7 8 9 10 11 12 13 14
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Figure 3.30. Agarose gel electrophoresis confirming the successful integration of the
recombinant pPP2 into wild type D39 genome. Lanes 1 and 8 are 100 bp DNA ladder (NEB).
Lanes 6, 7, 13 and 14 are negative control, which use empty pPP2 plasmid as template (200
bp), Lanes 2 and 3 are the amplicons from P,ge744 (393 bp), lanes 4 and 5 are amplicons from
Pgp144 (384 bp). Lanes 9, and 10 are amplicons from the P 4030 (336 bp). Lanes 11, and 12
are amplicons from the Pg;,030 (336 bp). All of the PCR reactions used the primers Fusion-
Seq-F and Fusion-Seq-R.

3.9 Assessing the inducibility of Rgg-Shp circuits

The protocol used here is derived from previously published reports (Miller, 1972, Zhang and
Bremer, 1995). The promoters that were investigated in this study were cloned in front of the
promoterless /acZ gene as described in section 2.32. The recombinant reporter systems were
transformed into S. pneumoniae. If the promoter is responsive to the selected stimuli, it would
drive the expression of promoterless /acZ gene, leading to the production of -galactosidase.
Afterwards, the level of B-galactosidase activity as a measure of promoter activity could be
determined in the cell extracts by measuring the appearance of yellow colour over time due to
hydrolysis of O-nitrophenyl-D-galactoside (ONPG), a chromogenic lactose mimic, by -

galactosidase.

3.9.1 Promoter induction by Shp

In S. pneumoniae D39 genome, there are two small, unannotated open reading frames (ORF)
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which were designated as the genes for short hydrophobic peptides (s/4p), which are proximal
to rgg genes. The Rgg-Shp pairs are proposed to act as quorum sensing systems (Chang et al.,
2011). These SHP peptides are usually synthesized as inactive precursors, processed by
pheromone-specific peptidase (Eep), and released to extracellular medium by the general
secretory (Sec) system or the ABC-type transporters. Processed peptides are re-imported into
cytoplasm by an oligopeptide permease transport (Linton and Higgins, 2007). Once inside the
cells, active peptides activate or repress the transcription of target genes to affect bacterial

phenotype such as biofilm formation (Figure 3.31).

Processing

~ - ~~
Oligopeptide

export permease

4 Eep .P

S § N

Pre-peptides Active peptides
\
Rgg144 Rgg939
""""" B A e S
shp144 rgg939

Figure 3.31. Proposed model of Rgg-dependent quorum sensing in Streptococcus

pneumoniae.
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To test the regulatory interaction between Rgg and Shp for each Rgg-Shp circuit, DNA
segments likely to encompass the promoters of the shp144 and shp939 genes (Pg,144 and
Pyp039) were selected for fusion to the bacterial B-galactosidase gene, lacZ. Thus, Pgy,44-lacZ
and Pgp030-lacZ transcriptional fusions were constructed and integrated into wild type and
their respective isogenic mutants. The reporter strains were grown in CDM supplemented
with glucose, microaerobically, and B-galactosidase activity was determined to evaluate the
responsiveness of respective promoters to the synthetic peptides. Specifically, it was aimed to
determine if (1) Shp peptides are secreted, (2) the type active variant of Shp144 and Shp939,
(3) if the induction of -galactosidase activity depends on the concentration of peptide, (4) if

Rggl44 or Rgg939 are required for regulation of shp144 or shp939 respectively.

3.9.2 Shp144 is a secreted peptide

A previous study (Chang et al., 2011) in Group A Streptococcus reported that shp genes
encode short nascent peptides, approximately 26 amino acid, which function as signaling
molecules involved in quorum sensing pathway to mediate gene expression. Since microbial
cell-to-cell communication systems typically rely on secreted signaling molecules in Gram
positive bacteria, the Shp144 in pneumococcal genome was proposed to be the precursor of
the pheromone. To test if the pheromone is secreted, the late exponantional phase cell-free
culture supernatants from wild type strain (which contains intact »gg and shp copies),
Argglad, Argg939/shp939 and Ashpl44 were mixed with Pg,44-lacZ-Ashpl44 mutant
background. The mutant strain background was used for the reporter construct to eliminate
induction by endogenously produced Shpl144. The expression of the shpl44 promoter was
then tested (Figure 3.32). The activity is expressed in nmol p-nitrophenol/min/ml. Fresh
uninoculated CDM was used as negative control. The -galactosidase activity of the reporter
strain was shown to be 445.2 + 7.0 MU, 165.4 + 2.3 MU, 416.5 £ 6.5 MU, 157.3 + 8.7 MU
and 173.5 £ 3.8 when either wild type, Arggld4, Argg939/shp939, Ashpl44 or CDM,
respectively, were used. The -galactosidase activity of the reporter strain incubated with the
supernatant from Ashpl44 was significantly lower than that treated with wild type
supernatant (p<0.001). This was consistent with Ashpl44 being devoid of pheromone to
promote the induction of shpl44 promoter, and induction of shp by their own peptide has
been shown in other streptococci (Lasarre et al., 2013, Fleuchot et al., 2011). This

demonstrates the functional complementation of the cells of the reporter strain by the late
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exponential phase supernatant of the wild type strain, very likely through secreted product of
the shp144. Moreover, the -galactosidase activity of the reporter strain Py, 44-lacZ-Ashp 144
incubated with the late exponential phase supernatant from Argg939/shp939 was significantly
higher than that treated with Ashpl44 supernatant (p<<0.0001), though the activity induced by
Argg939/shp939 strain supernatant was lower than that induced by the wild type spent culture
supernatant (p<0.01), indicating that deletion of rgg939/shp939 affects the production or
secretion of Shpl44. As expected the B-galactosidase activity in Py, 44-lacZ-Ashp144 was
similar when the supernatant from Argg/44 or fresh CDM were used (p>0.05), indicating that
Rggl44 is required for the induction of shpl44. In addition, the Rgg144/Shp144 circuit could

not respond to the supernatants prepared from early exponantional phase.
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Figure 3.32. B-galactosidase activity in Pg,r4-lacZ-Ashpl44 incubated with the late
exponential phase culture supernatants from wild type, Arggl44, Argg939/shp939,
Ashp144 and CDM (uninoculated). The activity is expressed in nmol p-nitrophenol/min/ml.
Values are average of three independent experiments each with three replicates. The error
bars indicated the SEM. (**p<0.01, **** p<(0.001).
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Similar experiments were done to test the expression levels (in Miller units) of pneumococcal
transcriptional lacZ-fusions to the promoter of shp939 in shp939 mutant background (strain
XZ36) mixed with cell-free culture supernatant prepared from late exponential phase wild
type, Argg939, Arggl44/shpl44, Ashp939 and CDM (uninoculated) supplemented with 55
mM of glucose. None of the added culture supernatants had the ability to increase the
induction of B-galactosidase activity of lacZ-fusions to the promoters of shp939 in shp939
mutant background. This was thought to be due low level secreted peptide to reach the

threshold to trigger the expression in the assay condition used.

3.9.3 SHP144-C12 is the most active variant of SHP144 peptides

Previous studies (Chang et al., 2011, Aggarwal et al., 2014) demonstrated that 8 amino acid
residue peptide representing C-terminal portion (15 to 23) of SHP3 in S. pyogenes, which
also have Rgg-Shp QS systems, is necessary for Pg,,s-luxAB induction. To determine the
amino acid sequence of the active form of the secreted SHP144 pheromone, different length
synthetic peptides, 8 to 15 amino acid residues, representing C-terminal end of SHP144,
SHP-CS8, -C10, -Cl11, -C12, -C13, -C14, -C15, - were added into the cultures of XZ3 (P44~
lacZ- wt) which contains intact copies of rgg/shp. In addition, C13Rev, reverse C13 peptide,
and SHP939-C8, representing 8 residue long SHP939 peptide, were included in the assay as
control peptides to determine the specificity of induction. The strain XZ0 containing
promoterless pPP2 (pPP2-WT) was used as a control to demonstrate if an inducible promoter
is present in the reporter strain. In addition, XZ3 (P44 - lacZ- wt) without added peptide
was also included as a control (vehicle). The B-galactosidase activity of Pg,144 reporter in
response to different size synthetic SHP variants was illustrated in Figure 3.33. The
Expression levels (in Miller units) were shown in Table 3.4. While SHP144-C13, -C14, and -
CI15 could also induce the expression of the shp promoter significantly compared to the
vehicle (447.2 + 12.6 MU, 412.9 £ 3.2 MU, and 328.6 + 3.8 MU, respectively), SHP144-C12
generated the highest B-galactosidase activity (689.4 + 7.1 MU), compared to vehicle (274.2
+ 10.3 MU) (p <0.0001). These data suggest that SHP144-C12 is the most active variant of
SHP144 peptides, and this form is possibly the putative product of a C-terminal cleavage of
the 23 amino acid peptide precursor. However, SHP144-C8, -C10 and -C11 could not induce
Pgp144 driven B-galactosidase activity above background level (286.3 + 12.4MU, 278.4 £ 6.5
MU, 272.9 + 19.0 MU, respectively), compared to the vehicle (p>0.05). Moreover, SHP939-
C8 does not induce the Pg,;44 expression (270.5 £ 4.3 MU) compared to the vehicle,
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(»>0.05).
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Figure 3.33. Expression levels (in Miller units) of pneumococcal transcriptional lacZ-
fusions to the promoters of shpl44 in a wild-type background strain (D39) grown
microaerobically in CDM supplemented with different synthetic SHP144 variant or
vehicle (no added synthetic peptide). The activity is expressed in nmol p-
nitrophenol/min/ml. Values are average of three independent experiments each with three
replicates. (* p<0.05, ****p<0.0001). Error bars indicate the SEM.
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Table 3.4. Expression levels (in Miller units) of pneumococcal transcriptional lacZ-
fusions to the promoters of shpl44 in a wild-type background strain (D39) in CDM
supplemented with different synthetic SHP144 variant or vehicle (without adding any
synthetic peptide). The activity is expressed in nmol p-nitrophenol/min/ml. Values are
average of three independent experiments each with three replicates. ‘+’ indicates standard
error of means (SEM).

Peptide Sequence B-galactosidase activity
(Miller units)
vehicle | - 274.2+10.3
SHP144-C8 VIPFLTNL 286.3+12.4
SHP144-C10 VIVIPFLTNL 278.4+6.5
SHP144-C11 WVIVIPFLTNL 272.9+19.0
SHP144-C12 EWVIVIPFLTNL 689.4 + 7.1
SHP144-C13 SEWVIVIPFLTNL 4472 +12.6
SHP144-C14 ISEWVIVIPFLTNL 412.9+£3.2
SHP144-C15 LISEWVIVIPFLTNL 328.6 £3.8
SHP144-C13Rev LNTLFPIVIVWES 268.7+15.5
SHP939-C8 DIIIVGG 270.5+4.3

3.9.4 SHP939-C8 is the most active variant of SHP939 peptides

To determine the most active variant of SHP939 pheromone, different length of synthetic
peptides, SHP-CS, -C9, -C8Rev (reverse peptide) and SHP144-C13 variants, were added into
the cultures of Pg,039 reporter in a wild type background strain (XZ4) As SHP939 is 90%
identity to SHP3 of S. pyogenes, Chang et al., (2011) already showed SHP3-C8 is the most
active variant of SHP3, so in this study, we selected only SHP939-C8 and C9 to test the
induction of Pg,939. As before, the strain XZ0 containing promoterless pPP2 plasmid (pPP2-
WT) was used as a control to demonstrate if an inducible promoter is present in the reporter

strain, and XZ4 (Pg,030-lacZ-wt) without added peptide was included to show that the
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induction is due to added peptide. The B-galactosidase activity of P,039 reporter in response
to synthetic SHP variants was illustrated in Figure 3.34. The Expression levels (in Miller
units) were shown in Table 3.5. Without adding synthetic peptide (vehicle), the shp939
promoter was not induced. The P-galactosidase activity of XZ4 containing Pgpe30-lacZ
construct was 3.7 = 0.4 MU. This was because wild type strain (XZ4) could not produce
sufficient quantities of pheromone to induce Rgg939 signaling autonomously, and therefore it
was concluded that Pg,,030 required an exogenous supply of pheromone to induce observable
B-galactosidase activity in reporter assay. Similar result was obtained when the reporter strain
treated with SHP939-C8 reverse peptide (3.5 + 0.3 MU) compared to the vehicle (p>0.05).
On the other hand, as expected both SHP-C8 and C9 were capable of inducing -
galactosidase activity in XZ4 strain (Pgyp030 - lacZ- wt) significantly at the concentrations
tested (250 nM) compared to the activity in vehicle (p<0.0001). In contrast to SHP939-C9
(28.2 + 4.4 MU), C8 induction resulted in much higher activity (143.7 + 3.1 MU) in XZ4
(»<0.0001). This result demonstrated that SHP939-C8 is the most active variant of SHP939
peptides. Moreover, the induction by SHP939-C8 was specific as SHP144-C13 peptide could
not induce the promoter of s4p939 (3.0 £ 0.1 MU), (p>0.05).
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Figure 3.34. B-Galactosidase activity of the XZ4 in response to synthetic SHP variants.
Expression levels (in Miller units) of pneumococcal transcriptional /acZ-fusions to the
promoters of sAp939 in a wild-type background strain (D39) grown microaerobically in CDM
supplemented with different synthetic SHP939 variants, or control peptides. The activity is
expressed in nmol p-nitrophenol/min/ml. Values are average of three independent
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experiments each with three replicates. Error bars indicated the SEM. (****p<0.0001).
Vehicle control is XZ4 (P30 -lacZ-wt) without adding any peptide.

Table 3.5. Expression levels (in Miller units) of pneumococcal transcriptional lacZ-
fusions to the promoters of shp939 in a wild-type background strain (D39) in CDM
supplemented with different synthetic SHP939 variant or vehicle (without adding any
synthetic peptide). The activity is expressed in nmol p-nitrophenol/min/ml. Values are
average of three independent experiments each with three replicates. ‘+’ indicates standard
error of means (SEM).

Peptide Sequence B-galactosidase activity
(Miller units)
vehicle | - 3.7£04
SHP939-C8 DIIIIVGG 143.7 £3.1
SHP939-C9 MDIIIVGG 282+44
SHP939C8REV GGVIIID 35+£03
SHP144-C13 SEWVIVIPFLTNL 3.0+0.1

3.9.5 Induction of B-galactosidase activity depends on the concentration of

peptide

The experiments described above demonstrated that various SHP peptides are produced by S.
penumoniae and that each variant has a distinct potential to induce Rgg-dependent
transcription in reporter strains. Quorum-sensing mechanisms involve signalling molecules
reaching a threshold concentration to trigger the expression of their target gene(s) (Winzer et
al., 2002, Podbielski and Kreikemeyer, 2004, Siehnel et al., 2010). To check whether this
applies to the Rgg/SHP144 and Rgg/SHP939 systems, the expression of the shpl44 and
shp939 promoters were measured in XZ3 (Pgpiss-lacZ-wt) and XZ4 (Pgype39-lacZ-wt)
supplemented with individual specific synthetic peptides at different concentrations (Fig. 3.35
and 3.36). The strain XZ0 (pPP2-WT) was used as a control to demonstrate if an active
promoter was present in the reporter strains. The XZ3 (Psnpras-lacZ-wt) without synthetic

peptide addition was used as negative control. The B-galactosidase activity of the XZ3 strain
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was shown to be 280.6 + 9.2 MU, 320.6 + 4.0 MU, 388.5 £ 5.4 MU, 416.0 £4.9 MU, 484.1 +
4.1 MU and 557.0 £ 9.7 MU when the culture medium was added with 0 nM, 10 nM, 25 nM,
50 nM, 125 nM, and 250 nM of synthetic SHP144-C12, respectively, (p<0.01, p<0.0001,
p<0.0001, p<0.0001, p<0.0001). Increased induction of P-galactosidase activity by the

SHP144-C12 was observed, and was correlated with its concentration in the medium.
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Figure 3.35. Expression levels (in Miller units) of XZ3 (Psnp144-lacZ-wt) in response to
different concentrations of synthetic SHP144-C12. The activity is expressed in nmol p-
nitrophenol/min/ml. Values are average of three independent experiments each with three
replicates. Error bar indicate the SEM. (**p<0.01, ****p<0.0001, relative to the XZ3 (Psnp144-
lacZ-wt) without adding any synthetic peptide.)

Similar results were obtained with Pg,,;44 induction. The B-galactosidase activity of the XZ4
(Pshpaso-lacZ-wt) was shown to be 3.7 + 0.4 MU, 48.1 + 1.3 MU, 75.2 £ 2.0 MU, 93.0 + 1.6
MU, 112.5 + 3.7 MU and 143.7 + 3.1 MU when treated with 0 nM, 10 nM, 25 nM, 50 nM,
125 nM, and 250 nM of synthetic SHP939-C8, respectively (p<0.0001), (Figure 3.36).
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Figure 3.36. Expression levels (in Miller units) of XZ4 (Psnpoz9-lacZ-wt) in response to
different concentrations of synthetic SHP939-C8. The activity is expressed in nmol p-
nitrophenol/min/ml. Values are average of three independent experiments each with three
replicates. Error bars indicate the SEM. (****p<0.0001, relative to the XZ4 (Pgnpo30-lacZ-wt)
without adding any synthetic peptide).

3.9.6 Rgg144 is required for C12 induction of P;,,;.,

To evaluate the role of Rggs in shpl44 regulation, Pg,144-lacZ fusion was transformed into
wild type, Argg939, Arggl44 and Arggl44/939 strains. It was hypothesised that if Rggs had
any role in shpl44 regulation, B-galactosidase activity in strain containing Pshpl44::lacZ
construct would be different between the wild type and mutants. The B-galactosidase activity
of these strains were determined in CDM with our without addition of SHP144-C12. The B-
galactosidase activity conferred by P, 44-lacZ construct in the wild type background was
291.5 £ 3.3 MU without peptide, but when SHP144-C12 was added, the B-galactosidase
activity increased significantly to 577.1 £ 8.8 MU, (»p<0.001). This result shows that wild
type strain with intact copies of rgg/shp could respond to the synthetic SHP144-C12 peptide.
On the other hand, the activity level in Py,44-lacZ-Argg939 strains was 344.8 £ 2.5 MU with
the addition of SHP939-C8, but only 186.3 £+ 2.4 MU without peptide (»p<0.0001). Thus in the
absence of rgg939, SHP144-C12 still could induce the expression of Pg,.44, but the B-
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galactosidase activity was lower than that induced by Pg,44-lacZ in wild type background,
indicating that Rgg939 is required for full induction of Pg,,;4+. However, when Py, 44-lacZ
construct was in the Arggl/44 background, there was no induction above background level
regardless of addition of SHP144-C12. Indeed, the activity level was 21.5 + 0.2 MU and 21.5
+ 0.3 MU, with or without the addition of SHP144-C12, respectively, (p>0.05). Similarly, in
Argg144/939, the activity level of Py, 44-lacZ was 6.1 £ 0.3 MU without peptide, and it was
7.1 £ 0.2 MU with the peptide as expected (p>0.05). Pgy,144-lacZ could not respond to
SHP144-C12 in Arggl44 and Arggl44/939 backgrounds (Figure 3.37). These data
demonstrated that rgg/44 is necessary for Pg,44 responsiveness to SHP144-C12, and the

presence of Rgg939 is required for full induction of P44
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Figure 3.37. Expression levels (in Miller units) of pneumococcal transcriptional lacZ-
fusions to the promoter of shpl44 in wild type or Arggl44, Argg939 and Arggl44/939
with (+) or without SHP144-C12 synthetic peptide. The strains were grown micro-
aerobically in CDM supplemented with 55 mM of glucose. The activity is expressed in nmol
p-nitrophenol/min/ml. (n=9, **** p<(0.0001). Error bars indicate the SEM.

3.9.7 Rgg939 is required for C8 induced activation of P93¢

To determine the function of Rggs in shp939 regulation, P,030-lacZ fusion was transformed

into the wild type, and the mutant backgrounds: Argg939, Arggl44 and Arggl44/939. As
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before, the B-galactosidase activity was determined in CDM with or without addition of
inducing SHP939-C8 peptide. The results are shown in Figure 3.38. The B-galactosidase
activity of the P930-lacZ fusion in the wild type background was 3.1 = 0.7 MU without
peptide, but when SHP939-C8 was added, the B-galactosidase activity increased significantly
to 113.6 £ 0.8 MU (p<0.001). This result shows that Pg,930-lacZ strain in wild type
background with intact copies of rgg/shp could respond to the synthetic SHP939-C8 peptide.
However, the activity level driven by Py,030-lacZ in the Argg939 background was 1.9 + 0.2
MU and 1.9 + 0.1 MU with and without the addition of SHP939-C8, respectively, (p>0.05).
This shows that without Rgg939, Py,030-lacZ cannot respond to SHP939-C8, indicating that
Rgg939 is required for Pg,939 responsiveness to SHP939-C8. As expected, in Arggl44/939,
the activity level was 1.6 + 0.2 MU and 1.7 £ 0.1 MU with and without the addition of
SHP939-C8, respectively. There was no significant difference between presence and absence
of synthetic peptide in Arggl44/939 background (p>0.05). On the other hand, the activity
level driven by Py,,039-lacZ was 55.0 £ 0.9 MU in the Arggl44 with the addition of SHP939-
C8, but only 1.9 = 0.11 MU without peptide (p<0.0001). This result shows that Rgg144 is
required for full induction of the promoter of rgg939, because the induction of Py,939-lacZ by
the peptide in wild type background was significantly higher than that of Arggl44
(»<0.0001).
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Figure 3.38. Expression levels (in Miller units) of pneumococcal transcriptional lacZ-
fusions to the promoter of shp939 in wild type or Arggl44, Argg939 and Arggl144/939
with (+) or without SHP939-C8 synthetic peptide. The strains were grown micro-
aerobically in CDM supplemented with 55 mM of glucose. The activity is expressed in nmol
p-nitrophenol/min/ml (n=9, **** p<0.0001). Error bars indicate the SEM.
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3.9.8 The role of carbon source on the expression of rggs

Microbial nutrient acquisition and metabolic pathways are very important for pneumococcal
adaptation and in vivo fitness. Therefore, I investigated Rgg/Shp circuits role in nutrient
metabolism. Initially, their induction by different sugars was determined. In this study,
glucose, galactose, mannose and N-acetyl glucosamine (GIcNAc) were used to determine the
role of the Rgg regulators in host derived sugar metabolism, as these sugars are abundant in

the human respiratory tract or in blood (Rose and Voynow, 2006).

In order to evaluate the responsiveness of rgg promoters to different carbon source, the
reporter strains XZ1 (Prggras-lacZ-wt) and XZ3 (P,g030-lacZ-wt) were grown in CDM
supplemented with glucose, galactose, mannose or N-acetyl glucosamine microaerobically,
and B-galactosidase activity was determined. The CDM without adding any sugar was used as
negative control (8.0 £ 0.6 MU). The results indicated that the highest induction of /lacZ was
obtained when XZ1 was grown on mannose (56.1 + 2.5, n=9, ****p<(0.0001 compare to
glucose), then by galactose (45.2 + 3.3, n=9, ****p<(0.0001 compare to glucose) and glucose
(17.3=£ 0.6, n=9), while the presence of N-acetyl glucosamine led to the lowest -
galactosidase activity (14.0 = 0.7, n=9) (Figure 3.39) (Table 3.6). The growth on mannose
resulted in higher induction than galactose (p<0.05). Similarly, the growth in glucose led to a

significantly higher induction than CDM control that did not contain any sugar (p<0.01).

The XZ3 (Prgge3o-lacZ -wt) displayed a similar expression profile as XZ1 (Prgg144-lacZ-wt) in
mannose, and the highest activity was obtained on mannose (18.6 MU + 1.7, n=9, p<0.001
relative to glucose), then by galactose (12.1 £ 1.2, p>0.05 relative to glucose) and the lowest
was on N-acetyl glucosamine (7.5 MU =+ 0.9, n=9, p>0.05 relative to glucose) (Table 3.7).
The induction by mannose was higher than that by galactose (12.1 £ 1.2 MU), (p<0.01).
These results suggest that the induction of rgg promoters is influence by the type of sugars
used, and it is very likely that rgg/44 and rgg939 play an important role in mannose and

galactose metabolism.
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Table 3.6. Expression levels of strain XZ1 grown microaerobically in CDM
supplemented with 55 mM of glucose, galactose, mannose or N-acetyl glucosamine. ‘+’
indicates standard error of means (SEM).

Carbon source Miller Units
CDM 8.0+0.6
Glucose 17.3+ 0.6
Galactose 452 +33
Mannose 56.1+2.5
GlcNAc 14.0+0.7
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Figure 3.39. Expression levels of strain XZ1 grown microaerobically in CDM
supplemented with 55 mM of glucose, galactose, mannose or N-acetyl glucosamine
(GlcNAc). The activity is expressed in nmol p-nitrophenol/min/ml. Values are average of at
least three independent experiments each with three replicates. Error bars indicate the SEM.
(*p<0.05, **p<0.01, ****p<0.0001, ns: no significant).
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Table 3.7. Expression levels of strain XZ3 grown microaerobically in CDM
supplemented with 55 mM of glucose, galactose, mannose or N-acetyl glucosamine. ‘+’
indicates standard error of means (SEM).

Carbon sourse Miller Units
CDM 4.7+0.3
Glucose 9.8+0.5
Galactose 12.1+1.2
Mannose 18.6 1.7
GlcNAc 7.5+09
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Section D. Determination of Rggl44 and Rgg939 by
Microarray analysis

DNA microarrays are small, solid supports onto which the sequences from thousands of
different genes are immobilised, or attached at fixed locations. They are used to obtain a
comprehensive genome-wide survey of gene expression patterns by using standard statistical
algorithms to arrange genes according to similarity in pattern of gene expression (Brown and
Botstein, 1999). In addition, they are utilised for various other applications, such as for
detection of different microbial species, cell types, for evaluation of effect of different stimuli
on cells, and for assessment of gene function. When microarrays are used for gene expression
analysis, fluorescently labeled cDNA is hybridized to microarray chip, and subsequently the
bound cDNA is detected using laser technology. Then, the data is analysed using various

computational methods (Harrington et al., 2000).

To reveal the wider influence of Rggs on pneumococcal biology and the genes regulated
directly or indirectly by Rggs, D39, Arggl44 and Argg939 were analysed by using DNA
microarrays in collaboration with Prof Oscar Kuipers and Dr Sulman Shafeeq, University of
Groningen, the Netherlands. D39, Arggl44 and Argg939 strains were inoculated micro-
anaerobically in CDM supplemented with 55 mM, galactose or mannose as the main source
of carbon, due to inducibility of rgg genes by these sugars, and then total RNA was extracted

in Leicester. The samples were shipped to Groningen for microarray analysis.

3.10 Microarray analysis for Arggl44

The largest number of differentially expressed genes in rgg mutants was seen on mannose.
On mannose, 154 genes were differentially expressed in Arggl44 relative to the wild type; of
these 131 increased in expression and 23 decreased (Appendix). These findings confirm the
role of Rggl44 as a global regulator with a prevalent repressor function. All of the
significantly differentially transcribed ORFs have been classified into COG category (Figure
3.40A and B). The notable genes upregulated by Rggl144 included those putatively involved
in i.) replication, recombination and repair, ii.) translation, ribosomal structure and biogenesis,
iii.) capsule biosynthesis, iv.) nucleotide, transport and metabolism, and v.) those coding for

hypothetical proteins. Furthermore, the locus adjacent to Rgg SPD_1518, encoding
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SPD_1513-SPD_1517, is also negatively regulated by Rggl44. This reveals a potential
regulatory interaction between Rggl44 and Rggl518. The notable genes upregulated by
Rggl144 included those putatively involved in oxidative stress response (gor oxidoreductase
(SPD_0685), sugar metabolism and amino acid transport and metabolism (pepA, pepC and
pepQ). The genes positively regulated by Rggl44 included the adjacent VP1 peptide and
downstream genes (SPD_145-147), which have been shown to have a role in biofilm

formation and virulence, and to be regulated by Rgg144 (Cuevas et al., 2017).

3.11 Microarray analysis for Argg939

218 genes were differentially regulated in the wildtype versus the Rgg939 deletion mutant.
Of these 177 are negatively regulated and 41 positively regulated by Rgg939 (Appendix). All
of the significantly differentially transcribed ORFs have been classified into COG category
(Figure 3.40A and B). Interestingly, the genes upregulated in Argg939 had a substantial
overlap to those upregulated in Arggl44. The Venn diagram (Figure 3.41) clearly shows the
relative transcript levels in Arggl44 and Argg939 in mannose were compared to Arggldd
and Argg939 in galactose as generated by VENNY
(http://bioinfogp.cnb.csic.es/tools/venny/index.html). There are 102 genes that are
significantly differentially transcribed in both Arggl44 Man and Argg939 Man, showing that
Rgg proteins have a core regulon. These included genes putatively encoding for bacteriocin
(BlpU) (SPD _0046), amino acid transport and metabolism (SPD _0150), inorganic ion
transport and metabolism (SPD_0151), replication, recombination and repair (SPD 0179-
SPD 0181), translation, ribosomal structure and biogenesis (SPD 191-SPD 219), capsule
biosynthesis locus (SPD_0315-SPD_0327), cell wall/membrane/envelope biogenesis
(SPD_1200), and lipid transport and metabolism (SPD_1127). In addition to this overlap, a
number of loci were found to be differentially regulated only by Rgg939. These included
genes encoding for putative cell division proteins (SPD _0007-SPD 0011), iron transport
(SPD_0915-SPD _0920), cell membrane biogenesis (SPD _0940-SPD _0950), ATP synthase
(SPD _1338-SPD 1340), and choline transport (SPD_1642-SPD 1644). Moreover, similar to
Rggl44, it was found that Rgg939 also influences the expression of genes regulated by other
rgg genes. Specifically, Rgg939 upregulates the Rggl44-regulated VP1 locus (SPD 0145-
SPD 0147). These interactions suggest cooperative behaviors across these Rggs. Moreover,

the regulon overlap suggests that Rgg proteins have a core regulon that may be related to
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generalized functions of this protein family, and finally the differences between the regulons

demonstrates that each Rgg also has specific roles under the same environmental condition.

When the mutants were grown on galactose, the size of putative regulon for both rgg genes
were smaller than that on mannose (Appendix). For Rggl44, the affected loci included
SPD_0144-SPD_0149 and SPD_1514-SPD_1516, which were down regulated in the mutant
relative to the wild type. On the other hand, in Argg939, SPD_0146-SPD 0147 and
SPD_0940-SPD_0950 expression went up, while the expression of SPD_1513-SPD 1516
went down. Downregulation of SPD_1513-SPD_1516 was noteworthy because this locus is
upregulated in Argg939 on mannose. This shows that under different environmental
conditions, the same Rgg can act either as repressor or the activator for the same target gene.
We also found that the regulation exerted by different Rggs on the same target is influenced
by the carbon source. For example, for SPD_145-SPD_147 while Rgg939 is a repressor on
galactose, Rggl44 acts as an activator for the same locus on mannose.
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Figure 3.40. Numbers of genes significantly differentially transcribed in Arggl44 (black
bars) or Argg939 (grey bars) on mannose relative to the wild type. (A.) The up-regulated
ORFs. (B.) The down-regulated ORFs. Gene classes: [C] Energy production and conversion;
[D] Cell cycle control, cell division; chromosome partitioning; [E] Amino acid transport and
metabolism; [F] Nucleotide transport and metabolism; [G] Carbohydrate transport and
metabolism; [H] Coenzyme transport and metabolism; [I] Lipid transport and metabolism; [J]
Translation, ribosomal structure and biogenesis; [K] Transcription; [L] Replication,
recombination and repair; [M] Cell wall/membrane/envelope biogenesis; [O]
Posttranslational modification, protein turnover, chaperones; [P] Inorganic ion transport and
metabolism; [Q] Secondary metabolites biosynthesis, transport and catabolism; [R] General
function prediction only; [S] Function unknown; [T] Signal transduction mechanisms; [U]
Intracellular trafficking, secretion, and vesicular transport; [\VV] Defense mechanisms;
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Argg939 GAL Argg939 MAN

106
(38.1%)

40
(14.4%)

Arggl144 GAL Arggl144 MAN

Figure 3.41. Venn diagram of the genes significantly differentially transcribed due to
loss of rggl44 and rgg939. The relative transcript levels in Arggl44 and Argg939 in
mannose were compared to Arggl44 and Argg939 in galactose. For all intersections, which
are not drawn to scale, the numbers of genes are indicated. The total number of genes
influenced in each condition tested was: Arggl44 Man: 154 genes, Argg939 Man: 218,
Arggl44 Gal: 28 genes and Argg939 Gal: 21 genes.

3.12 Confirmation of microarray results by gRT-PCR

Microarray results were confirmed by quantitative reverse transcriptase PCR (qRT-PCR).
The pneumococcal strains wild type D39, Arggl44 and Argg939 were inoculated micro-
anaerobically in CDM supplemented with 55 mM glucose, galactose or mannose as the
carbon source. Total RNA was prepared from mid-exponential phase, and was treated with
DNase | to eliminate the DNA contamination. The total RNA was confirmed by agarose gel

electrophoresis (Figure 3.42). Lanes 2-8 show the total extracted RNA from wild type D39,
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Arggl44 and Argg939, respectively. The quality and concentration of each RNA samples

was determined by Nano-drop spectrophotometer.

Lane 1 2 3 4 5 6 7 8

Figure 3.42. Agarose gel electrophoresis showing the pneumococcal total RNA. L- 500
ng of 100 bp DNA ladder (New England Biolabs (NEB), UK). Lane 2: D39 RNA prepared in
galactose, Lane 3: Arggl44 RNA prepared in galactose. Lane 4: Argg939 RNA prepared in
galactose. Lane 5: D39 RNA prepared in glucose. Lane 6: D39 RNA prepared in mannose.
Lane 7: Arggl44 RNA prepared in mannose. Lane 8: Argg939 RNA prepared in mannose.

First strand cDNA was synthesised using SuperScript 11l reverse transcriptase and random
primers as described in section 2.17. The transcription levels of the genes were normalised to
transcription of DNA gyrase B gene (gyrB) as its expression is known to remain constant in
different environmental conditions (Goerke et al., 2001). The transcript level of each gene
was analysed using the gene specific primers (Table x as described in section x.) The data
was data was analysed by the comparative Cr method (2**“") as described by Livak and
Schemittgen (Schmittgen & Livak, 2008). Twofold or greater differences in gene expression
were considered as significant (Yesilkaya et al., 2009). The results showed that gqRT-PCR
analysis was in accordance with microarray data (Table 3.8-3.13). Although there was a
difference in absolute fold changes of each gene between qRT-PCR and microarray analysis,

the trend of expression was, however, consistent in both methods.
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Table 3.8. Fold difference in expression of selected genes in Argg939 relative to wild type
D39 strain grown micro-anaerobically in CDM supplemented with galactose. * Fold
difference > 2 were considered to be significant, - indicates down regulation of genes, *
represents the standard deviation for three individual measurements.

) Fold difference *
Gene tag Function .

gqRT-PCR Microarray

SpD 0145 | CAAXamino terminal -10.61 6.39
protease family protein

SPD_0146 | CAAX amino terminal 6.81 5.49
protease family protein

SPD_0147 transporter, major 5,63 3.9
facilitator family protein
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Table 3.9. Fold difference in expression of selected genes in Arggl44 relative to wild type
D39 strain grown micro-anaerobically in CDM supplemented with galactose. * Fold
difference > 2 were considered to be significant, - indicates down regulation of genes, +
represents the standard deviation for three individual measurements.

Fold difference *

Gene tag Function gRT-PCR  Microarray
SPD_0942 hypothetical protein 8.07 4.72
SPD_0945 AMP-binding enzyme, putative 2.66 3.4
SPD_0949 bacterial transferase hexa_peptlde 5 83 414

(three repeats), putative
SPD_0451 type | restriction-modification 3.95 9 96

system, S subunit, putative

Table 3.10. Fold difference in expression of selected genes in Arggl44 relative to wild
type D39 strain grown micro-anaerobically in CDM supplemented with mannose. * Fold
difference > 2 were considered to be significant, - indicates down regulation of genes, +
represents the standard deviation for three individual measurements.

Fold difference *

Gene tag Function ]
gRT-PCR Microarray

spD_o146 | CAAXamino terminal 6.82 2.67
protease family protein

SPD 0187 ana_eroblc ribonucleoside- 295 4.08
- triphosphate reductase

acetyltransferase, GNAT

SPD_0189 : :
- family protein

2.20 3.95

SPD_0445 | phosphoglycerate kinase -2.46 -3.92
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Table 3.11. Fold difference in expression of selected genes in Argg939 relative to wild
type D39 strain grown micro-anaerobically in CDM supplemented with mannose. * Fold
difference > 2 were considered to be significant, - indicates down regulation of genes, +
represents the standard deviation for three individual measurements.

) Fold difference *
Gene tag Function .
gRT-PCR Microarray
SPD 0187 ana_eroblc ribonucleoside- 5 40 4.72
- triphosphate reductase
SPD 0189 acetyltransferase, _G NAT family 953 485
protein
hypothetical protein,
SPD_0942 Carbohydrate transport and 280.14 4.56
metabolism
SPD_1932 maltodextrin phosphorylase -4.55 -3

Table 3.12. Fold difference in expression of selected genes in wild type D39 grown
micro-anaerobically in CDM supplemented with galactose relative to glucose. * Fold
difference > 2 were considered to be significant, - indicates down regulation of genes, +
represents the standard deviation for three individual measurements.

Fold difference *

Gene ta Function .
g unet gRT-PCR Microarray
. leoside-
SPD 0187 ana_eroblc ribonucleoside 267 587
- triphosphate reductase
PT 1
SPD_0561 S system, [1C component, 48.17 5.5
putative
aspartate carbamoyl-
SPD_1133 1.21 -14.92
transferase
1,6-diphosph
SPD_1050 tagatose 1,6-diphosphate 129.79 11.93
aldolase
I -1-phosph
SPD_1633 galactose-1-phosphate 21.67 11.23
uridylyltransferase
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Table 3.13. Fold difference in expression of selected genes in D39 grown micro-
anaerobically in CDM supplemented with mannose relative to glucose. * Fold difference
> 2 were considered to be significant, - indicates down regulation of genes, xrepresents the
standard deviation for three individual measurements.

. Fold difference*
Gene tag Function .
qRT-PCR  Microarray
SPD 0219 ribosomal protein L17 -7.69 -3.58
SPD 0264 PTS system, mannose-specific 6.25 507
- ITAB components
SPD 1133 aspartate carbamoyl transferase -2.27 -3.75
SPD 0915 1¥on-compound ABC .transport.er, 333 D4
iron compound-binding protein
SPD 0327 UDP-galactopyranose mutase -2.28 -4.56
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Section E. Expression and purification of recombinant
proteins

Recombinant proteins for Rggl44 and Rgg939 were produced to investigate their direct
interaction with shp genes, SPD 0315, SPD 1127, SPD 1370 and SPD 2030 by electrical
mobility shift assay (EMSA).

3.13 Expression and purification of Rgg144

3.13.1 Amplification of target genes and cloning

The rggl44 was amplified with PrimeSTAR HS premix using the primers listed in Table 2.4.
The amplified PCR products were analysed by agarose gel electrophoresis (Figure 3.43). The
results demonstrated the successful amplification of the target gene. Figure 3.43 show the
expected amplicon sizes for rgg/44 (864 bp). The amplicons were then purified from the
agarose gel slabs using the Wizard SV Gel and PCR Clean-Up System to remove the

remaining enzyme and salt from the PCR products.

Lane 1 2 3

Kilobases
- 10.0
— 8.0

- 6.0.

— 5.0

-~ 4.0

Figure 3.43. Agarose gel electrophoresis showing the amplicons for rggl44. L1- 500 ng of
1 kb DNA ladder (NEB, UK); Lane 2-3 rgg/44 which is approximately 864 bp.

150



Chapter III Results

3.13.2 Cloning, transformation and DNA sequencing

The gel-purified amplicons for the transcriptional regulators were cloned into pLEICS-01
(PROTEX, University of Leicester), and a portion of ligation mixture was then transformed
into E. coli DH5a competent cells by heat shock. The extracted recombinant plasmids were
sequenced using T7 promoter-F and pLIECS-01-Seq-R primers whose recognition sites are
localised in immediately up and downstream of the cloning site, respectively. The sequencing
results confirmed successful cloning of the genes and the absence of mutations. The
recombinant plasmids were then transformed into E. coli BL21 (DE3) pLysS competent cells

for protein expression.

3.13.3 Small-scale protein expression

Small-scale protein expression was done to detect the expressed proteins before moving to
large scale expression and protein purification. Different conditions were used to optimize the
expression of each recombinant protein. E. coli BL21 (DE3) pLysS carrying the desired
construct were induced at different growth phases (when OD600nm was 1.2-1.6) in power
broth medium with different IPTG concentrations (0.1, 0.5 and 1 mM) at different
temperatures (18, 24, 30 and 37 °C). The optimal conditions for Rggl44 protein expression
was found to be induction with 1 M IPTG when the ODgg reached between 1.4, and further
incubation overnight at 37 °C in a shaking incubator at 220 rpm. SDS-PAGE results showed
that recombinant proteins Rggl44 was not soluble, as large amount of protein Rggl44

appears in the pellets rather than the supernatants (Figure 3.44A).

3.13.4 Large-scale protein expression and purification

The optimal conditions determined in the small-scale expression were selected and used in
large-scale protein expression and purification. Large-scale samples (before induction, after
induction, after sonication and clear cell lysate) were prepared as described previously.
Inclusion bodies were purified and solubilized as described in section 2.30. The Rggl44 was
refolded and dialyzed. The dialyzed sample was passed through the purification column,
washed with washing buffer and the samples were collected. Finally, the protein was eluted

with different concentrations of imidazole elution buffer (20, and 500 mM) and 10 of 1 ml
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fractions were collected. The histidine-tagged recombinant proteins were bound to the
TALON Metal affinity Resin inside the purification column, which has excellent affinity and
specificity for his-tagged proteins. Rggl44 was purified by gel filtration using a Superdex
200 16/600 HiLoad column (Figure 3.45). After purification, the eluted protein fractions were
analysed by SDS-PAGE along with control samples. Purified fractions of each protein,
encoded by rggl44 are seen in Figure 3.44B. The computed molecular weight of Rggl44
including the histidine tag (1.7 kDa) is as follows: 35.7 kDa. This was defined visually by
seeing the highest yields, and later by the Bradford assay.

240 +

Absorbance®™ (mAU)
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Volume (ml)

Figure 3.44. Purification of Rgg144 on a Superdex 200 16/600 HiL.oad Column. Rggl44
was purified by affinity Chromatography on TALON column and eluted by imidazole, and
then loaded onto the Superdex 200 HiLoad 16/600 column and purified by gel filtration.
Fractions were collected and those between the red lines were run on polyacrylamide gels to
confirm the presence and purity of the sample.
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Figure 3.45. SDS-polyacrylamide gel electrophoresis showing purification of Rggl44.
(A): Lane 1 is protein ladder. A: lane 2, 3, 4 and 5 is the supernatant after treated with lysis
buffer 1, 2, 3 and 4 respectively. Lane 6, 7, 8 are 2 ul, 4 ul and 6 pl of the inclusion body.
(B): is the different fraction collected by gel filtration.

3.14 Expression and Purification of recombinant Rgg939

The pE-SUMO expression vector (LifeSensor) was selected to construct a new recombinant
plasmid for rgg939 expression as it can dramatically enhance the solubility of recombinant

proteins in E. coli. The pE-SUMO contains N-terminal His-6, SUMO tags and T7 promoters.
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The §. pneumoniae D39 rgg939 gene (SPD _0939) was amplified using gene-specific primers
SPS939Xbal /SPD939Bsal. The amplified PCR products were analysed by agarose gel
electrophoresis (Figure 3.46). The results demonstrated the successful amplification of the
target gene rgg939. The PCR product was digested with Bsal and Xbal, while vector was
digested with Bsal. Insert and vector was ligated. The newly constructed recombinant
plasmid pXZ1, was senquencsed and transformed into E. coli BL21 (DE3) before each

purification.

Lane 1 2 3 4 5 6 7 8
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Figure 3.46. Agarose gel electrophoresis showing the amplicons for rgg939. L1- 500 ng of
100 bp DNA ladder (NEB, UK); Lane 2-8 rgg939 which is approximately 855 bp.

3.14.1 Expression and purification

The optimal conditions determined in the small-scale expression were selected and used in
large-scale protein expression and purification (as described in section 2.30). Bacteria were
grown in 2X YT medium until ODgponm Was 0.8-1.2. At this point 0.5 mM IPTG was added to
induce the protein expression. Induced bacteria were grown at 30 °C for further 6 hrs. Cell
pellet was lysed and the clear cell lysate was passed through the purification column. Finally,

the protein was eluted with different concentrations of imidazole elution buffer (20, 40,100,
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300, 500 mM) and 1-10 ml fractions were collected. The recombinant proteins were bound to
the TALON metal affinity resin inside the purification column, which has excellent affinity
and specificity for his-tagged proteins. After purification, the eluted protein fractions were
analysed by SDS-PAGE along with control samples. Purified fractions of Rgg939 encoded by
the genes rgg939 is seen in lanes 2 (Figure 3.47). The computed molecular weight of each
protein including the histidine tag (1.7 kDa) is as follows: 34.9 kDA.

Lane 1 2
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Figure 3.47. SDS-polyacrylamide gel electrophoresis showing purification of Rgg939.
Lane 1 is protein ladder. Lane 2 is Rgg939 collected by gel filtration.
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Section F. Electrophoretic mobility shift assay (EMSA)

The electrophoretic mobility shift assay (EMSA) also called gel shift assay is the most
common affinity electrophoresis technique used quantitative analysis of interacting systems,
such as protein and nucleic acid interactions. The most common methods was described by
(Garner and Revzin, 1986). This method depends on electrophoretic separation of a protein
and DNA, DNA fragments and proteins are mixed in a suitable buffer and binding is allowed
to occur, since the probe binds to the protein, The mixture is then separated by nondenaturing
gel electrophoresis, the complex of DNA and protein will stay up on the gel as its moves
more slowly than the free probe (Molloy, 2000). For visualization of the DNA-protein
interaction, the DNA probe is commonly labelled with a radioactive, fluorescent or biotin
label (Rodgers et al., 2000). Although ethidium bromide staining method is used in some
experiments, this method is less sensitive to detect small amount of interactions. The isotopic
label with **P-phosphate may suffer from the short half —life of the label and safety problem
of the operator (Jing et al., 2003). When using a biotin label, it needs additional step with
blotting the gel to a positively charged nylon membrane, which are time consuming. The
EMSA assays using FAM labeled DNA probe is sensitive, fast, and does not need addition of

detective step for visualization.

To date, there are several different approach have been used for detection of protein-nucleic
acid interactions. The most popular approaches are nitrocellulose filter binding and
Chromatin Immunoprecipitation (ChIP) (Carey et al., 2009). However, filter binding can not
be applied in assays which need competitor proteins. In addition, CHIP is mainly used to
detect the location of DNA binding sites on the genome for a target protein in living cells or
tissues but it is prone to false positive results (Reid et al., 2000, Ren et al., 2000). On the
other hand, EMSA assay is sensitive, relatively easy to perform and fast to get results.
Therefore, EMSA assay was selected to detect the interaction of Rggl44 and selected
promoters of shpl44, SPD 0315, SPD 1041, SPD 1127, SPD 1370, SPD 1517, and
SPD 2030. These targets were selected for EMSA because the whole operon of SPD 0315
(The capsule locus), SPD 1041(the nrd operon, which involved in nucleic acid transport and
metabolism), SPD 1127 (lipD operon involved in lipid transport and metabolism),
SPD 1370 (the rps operon, the ribosomal protein), SPD 1517 (the operon involved in

defense mechanism), SPD 2030 (The operon involved in ribosomal structure and
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biogenesis.) were all differentially regulated in rgg/44 and rgg939 mutants in microarray

analysis.

3.15 In silico promoter analysis

The upstream regions of shp144, SPD_0315, SPD_1041, SPD_1127, SPD_1370, SPD_1517
and SPD_2030 were screened using the bacterial promoter prediction tool (BPROM) and
Motif-based sequence analysis tool (MEME) (http://meme.nbcr.net/meme/tools/meme) to
detect the putative promoter regions and the putative binding motifs for the target genes,
respectively. An illustration of each predicted promoter region and binding motifs are shown
in Figure 3.48. The promoter prediction tool detected the core promoter elements -10 and -35
in the upstream of all screened genes: shpl44, SPD 0315, SPD 1041, SPD_1127, SPD_1370,
SPD_1517, and SPD_2030. Moreover, the motif-based sequence analysis tool MEME
identified the putative binding site within the promoter regions of the screened genes (Figure

3.49). Therefore, these genetic regions were selected for EMSA analysis.

A

AGTAGGAGTATCAGTTGGATTTTTCTTTTCTT CTATTATATTCCTCCTTGTTAGTAATAAC
TTTATTATACCAGGGAAATAATCAAATCTATCAAAATCGCAAATAAGAAATTTCTATAAGAA
AAAATATCAAATATGCGATTTITTAAAATAAGCCAATTTTCGTGTTATACTGTACTTG

B.

TTGGTTCGCGGGAAGTCTACTAAGATACTTAAAGATGCAGATAGTGAAAAAAGGTGTAGACA
TTACCGTAAAAAAGTGATATAATCGTAAGATGTTCAATGTATAGGTGTTAATC AGTAGA
CGTTTTAAAAAATCACGTTCACAGAAAGTGAAGCGAAG

C.

CAAAACACAGGATATAGTTTCTTTAAAAACAATTTATAGGATAATCATTGCTATTTCACAATACA
AACACTATATATTGTGTTTATATATAAAAACAACAAAAGAACACCACTATATTTAGTTCAAATCA
TTGACAAAATTTTATTTTCTGATATACTAAGATAGTATTAAATTTTGAAGAGGAGTTACACA
GTAACCGTTTATTCTAAAAACAATTGTGTCCAATGTAAAATGACCAAGCGTTTCTTG

D.
CTGCATAATTCTCCTATTCTAGAAGGGGAGGACCAGTATTTCTTITTATGATAGGACTAGATTGTG

GTATAATAGAGAGAATAAGTTTTTTTAGTAAGACAAAGGAGAAAATAG ATTTATGCAGGA
ATTCTTGCCGGTGGAACTGGCACACGCATG
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GTATCAAACCATAAGAACAGGAAAACGCCCATGTGGCGTTTTTTCGAATTCTAGTGTTTTTACT
TGCGTAAAAAAATTTTTTCTAGTATAATAGTTTATTGTGAGCGAACCTCACTTACCCCTTGCAA

AGTCTTGGGGTCATTAGACCAAAAGGAGGAACATATCA GCTAAATACGAAATTCTTTATAT

CATTCGTCCAAACATTGAAG

F.

GGGGATAAAGAAATTAGAGTCTATACATAATAAGTAAAGGAGGAATTTGTATGATATACCATCG
TTTAGAATAAGTCTATATTTAAAATAGAAOGTTATAAGGAATCTTCTTGAATAAAAAATGAAAG
GAAACAGAAAAA AAAATTAAGAAATTATTGAAAATGGTTATTCCTGTTTTAATGATAAGTG
CTGTTG

G.

ATTGGTTTGTTAGAGGTTAAAGAATCTTAATTTCAATATGTGTAAAGGTAGGTTTACTGAATT
GTAAACTACCTTTTICTTATAATTGATAGAATTACTGATTACACTTTTAAAAAGTCGCTTTTTG
AGGGGTATTATGGTATAATGGGTGCCAAGAGGTTTTGA AAAAAATTTTATGTAAGTCCA
ATTTTTCCTATTCTAGTAGGATTGATTGCGTTTG

Figure 3.48. Illustration showing the analysis of the predicted promoter region of shpl144
(A), SPD 0315 (B), SPD_1041(C), SPD_1127 (D), SPD_1370 (E), SPD_1517 (F),
SPD_2030 (G). Sense DNA strand for the promoter region of each genes. The start codon of
each gene is in green, the putative -10 regions are in purple, the -35 regions are in red. The
primer sequences were highlighted in yellow.
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Figure 3.49. The putative Rgg binding motif, generated de novo from the upstream
regions of SPD 0315, SPD 1127, SPD_1370, SPD 2030 and shp144.
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3.16 Amplification of putative promoter regions

The putative promoter regions for SPD 0315, SPD 1041, SPD 1127, SPD 1370,
SPD 1517, SPD 2030 and pfIB (which was used as the negative control, because pfIB is not
deferentially expressed in rgg/44 mutant) with their putative binding sites were amplified
using the FAM labeled primers listed in Table 2.13. The amplified PCR products were
purified using a Wizard SV Gel and PCR Clean-Up System from Promega (UK). The

amplified promoter regions were analysed on agarose gel electrophoresis (Figure 3.50).

Lanel 2

Base Pairs

Figure 3.50. Agarose gel electrophoresis showing the amplicons for each probes. L1- 500
ng of 100 bp DNA ladder (NEB, UK); (A) Lane 2, P,z (210 bp). Lane 3; Pspp 0315 (162 bp),
Lane 4: Pgpp 1041 (249 bp), Lane 5: Pspp 1127 (158 bp), Lane 6: Pspp 1370 (212 bp). Lane 7:
Pspp 1517 (198bp), Lane 8: Pspp 2030 (223bp). (B) Lane 2: Pgypia4 (184 bp). ‘P’ refers to
promoter.
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3.17 Electrophoretic mobility shift assay EMSA

3.17.1 Recombinant Rggl44 interacts with P 7. Pspp 0315, Pspp 11272

Pspp 1370 and Pspp 2030-

EMSA was used to analyse the interaction of the Rggl44 with Pg,144, Pspp 0315, Pspp 1127,
Pspp 1370 and Pgspp 2030 according to the protocol described in section 2.31 (‘P’ means
promoter). Increasing amounts (0.05 -0.6 uM) of the purified His-tagged recombinant
Rggl44 was mixed with constant amount of labeled P44, Pspp 0315, Pspp 1127, Psep 1370 and
Pspp 2030 DNA probes individually, and DNA-protein mixtures were analysed in non-
denaturing condition by PAGE. The results showed that Rggl44 was able to bind to Py, /44,
Pspp 0315, Pspp 1127, Pspp 1370 and Pspp 2030, as the mobility of DNA probe in the presence of
protein was different than that of DNA alone (Figures 3.51). As shown in Figures 3.51, lanes
2-6, Rggl44 bound to the each probe in a dose-dependent manner and the band shift
increased with increasing protein concentration. To demonstrate the specificity of Rggl44
binding to Pgp144, Pspp 0315, Pspp 1127, Pspp 1370 and Pspp 2030, P was included in the assay as
a negative control. As can be seen in Figure 3.51, there was no change in mobility of P,z in
the presence of Rggl44, indicating the specific binding of Rggl44 to the selected DNA

probes.
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Figure 3.51. Electrophoretic mobility shift assays indicating the Rggl44 binding to
different DNA probes. DNA binding of the His-tagged Rggl144 protein to promoter regions
of the target genes of the shpi44 (A), SPD 0315(B), SPD_1127(C), SPD 1370
(D),SPD_2030 (E) and P,z (F), the negative control. Lane 2- 6: contains 10 nM probes and

0.05 -0.6 uM Rggl144.
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Section G. In vivo virulence studies

It was reported that Rgg family regulators have crucial roles in virulence, for instance, rgg
mutant in S. suis displayed attenuated virulence in an experimental piglet infection model
(Zheng et al., 2011). In addition, S. pyogenes exotoxin B (SpeB), which affects host-pathogen
interactions by destroying the extracellular matrix and degradation of complement factors in
host (Kappeler et al., 2009), is regulated by Rgg. Thus, it was hypothesised that Rgg is
involved in pneumococcal survival and virulence. To support this hypothesis we tested
Arggl44, Ashpl44, Argg939 and Ashp939 in a mouse model of pneumococcal pneumonia
and colonisation that develops after intranasal infection.Animal models are crucial tools to
investigate the infectious disease (Chiavolini et al., 2008). For pneumococcal diseases, the
mouse represents the most commonly used animal model, as mouse cost is low, easy to
handle, and researchers can use sufficient amount of mouse to obtain statistically significant
results for analysis (Mohawk and O'Brien, 2011). The inbred strains show more-uniform
responses to experimental treatments including vaccines, and antibiotics, as they have tightly
controlled immune system. Therefore, the inbred strains are widely used to test the efficiency
of vaccination, and drugs. Outbred mouse strains can display maximum phenotypic diversity,
although the genetic diversity in mice is lower than that of humans, they could be used to
mimic the natural variation in response to infection, thus the outbred mouse are popular in
analysing pathogenicity mechanisms (Chiavolini et al., 2008). For pneumococcal pneumonia
model, the infection through intranasal aspiration is the most popular approach, as it is fast
and easy to operate, do not need invasive surgical procedures. Moreover, it mimics the

natural infection process in humans (Chiavolini et al., 2008)

3.18 Contribution of Rggs and Shps in pneumococcal

virulence

The contribution of Rggs and Shps to pneumococcal virulence was determined in a mouse
model of pneumococcal infection as previously described in section 2.34.2. The mutant
strains Arggl44, Argg939, Ashpl44, Ashp939, the double mutant Arggl44/939 (double
mutants was used to check if rggs have synergistic effect on pneumococcal virulence), the
genetically complemented mutants, Argg/44Comp, Argg939Comp, and the wild type strain

D39 were included in the assay.
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The survival times of mice infected with the strains are shown in Figure 3.52. The results
showed that the median survival time of mice infected intranasally with Arggl44, Argg939,
Ashpl44, Ashp939, and Arggl44+939 (104 +14.2,98 h =£15.3, 139 h =14.5, 112 h =18.8
and 109 h *11.2, respectively, n=10) were significantly longer than the wild type infected
group (46 h 3.5, n=10) (p<0.01), hence there is no synergistic effect among Rggs in vivo.
The introduction of intact copies of rgg/44 and rgg939 into the mutants, Arggl/44 and A939,
respectively, reconstituted the virulence of these strains as the median survival times of mice
infected with Argg/44Comp (49 h = 8.8, n=5) and Argg939Comp (72 h = 25.5, n=5) were

not significantly different from the wild type infected cohort (»p>0.05). The results obtained
with the complemented strains rule out the possibility of polar effect of mutations, and relate

to the significant attenuation of virulence due to the loss of Rggs and Shps.
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Figure 3.52. Survival time of mice infected intranasally with approximately 2 x 10°
pneumococci. Symbols show the times mice became severely lethargic. The horizontal bars
mark the median times to the severely lethargic state. Each point is the mean of data from ten
mice. Significant differences in survival times are seen comparing with the wild type strain
using Mann Whitney test. (**p<0.01, **** p<(0.001).
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The progression of bacteraemia in animals infected with the pneumococcal strains was also
determined. The log;o CFU/ml of pneumococci retrieved from the blood of mice infected
with pneumococcal strains is shown in Figure 3.53. The bacterial load in the Arggl44
infected group was significantly lower at 24 and 48 h post-infection (logjo 2.13 + 0.33
CFU/ml and logj( 2.68 £ 1.01 CFU/ml respectively, n=10) compared to the wild type strain at
24 h (logio 4.72 = 0.74 CFU/ml, n=10) and 48 h post-infection (log;o 7.25 = 0.48 CFU/ml,
n=10) (»p<0.0001). Moreover, numbers of Argg939 in the blood of mice was significantly
lower at 24- and 48 h post-infection (log;o 1.54 + 0.51 CFU/ml and log; 4.20 = 0.97 CFU/ml
respectively, n=10) compared to the wild type strain at 24 h (log;o 4.98 £ 0.32 CFU/ml, n=10)
and 48 h post-infection (log;o 8.43 £ 0.18 CFU/ml, n=10) (p<0.01). Moreover the progression
of bacteraemia in cohort infected with complemented strains Argg/44Comp at 24 h (logio
3.07 = 1.03 CFU/ml, n=5) and 48 h post-infection (logjo 5.32 + 1.24 CFU/ml, n=5) was
similar to that of wild type infected cohort (»>0.05). Moreover, both complemented strains
Arggl44Comp and Argg939Comp had significantly higher bacterial load in the blood of
infected mice at 24 and 48 h of post infection compared to the respective mutant strains

Arggl44 and Argg939 (p<0.01).
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Figure 3.53. Progression of bacteraemia in mice infected intranasally with D39,
Arggld44, Argg939, Ashpl44, Ashp939,
complemented strains at 24 h (A) and 48 h (B) post-infection. Each point is the mean of
data from ten mice. Error bars show the SEM. Significant differences in bacterial counts are
seen comparing with the wild type strain using oneway ANOVA and Tukey's multiple
comparisons test. (* p<0.05 and ** p<0.01).
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3.19 Contribution of Rgg144 and Rgg939 in pneumococcal

colonisation

The role of Rggl44 and Rgg939 in nasopharyngeal colonisation was investigated as
previously described in section 2.34.3. Pneumococci were administered intranasally and the
numbers of bacteria were determined by serial dilution of homogenised nasopharyngeal
tissue of infected mice at the time of infection and 7 days after infection. The number of
colony forming unit was assessed for per mg of homogenised tissue. One hour after infection,
the bacterial load in the nasopharyngeal tissue for all strains (log;p 2.41 £ 0.16 CFU/mg, logo
2.24 + 0.34 CFU/mg, logip 2.39 + 0.19 CFU/mg, log;p 2.61 + 0.16 CFU/mg and log; 2.54 +
0.27 CFU/mg, for Arggl44, Argg939, Arggl44/939, Arggl44Comp and Argg939Comp,
respectively, n=5) was similar to that of wild type (logjo 2.49 £ 0.11 CFU/mg, n=5) (p>0.05)
(Figure 3.54A). On the other hand, at 7 days post-infection the colony counts for Arggl44,
Argg939, Arggl44/939 (logio 1.72 + 0.11 CFU/mg, log;o 1.47 £ 0.18 CFU/mg and log;o 0.98
+ 0.19 CFU/mg respectively, n=5) were significantly lower than the counts of wild type strain
(logip 2.98 £ 0.17 CFU/mg, n=5) (p<0.01, p<0.01 and p<0.0001 for Arggi44, Argg939,
Argg144/939, respectively) (Figure 3.54B). No significant differences were seen in the
bacterial load of the complemented strains, Argg/44Comp and Argg939 (logio 2.53 + 0.26
CFU/mg and logjo 2.67 £ 0.33 CFU/mg respectively, n=5) compared to the wild type
(»>0.05). These results strongly suggest that Arggl/44 and Argg939 contribute to

pneumococcal colonisation.
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Figure 3.54. Pneumococcal strains defective in rggl44, rgg939 and rggl44/939 were less
able to colonise nasopharynx. Mice were infected approximately with 5 x 10° CFU
pneumococci. At day 0 (A) and day 7 (B), five mice were culled, and CFU/mg of bacteria
were determined by serial dilutions of nasopharyngeal homogenates. Each column represents
the mean of data from five mice. Error bars show the standard error of the mean. Significant
differences in bacterial counts are seen comparing with the wild type strain using one-way
ANOVA and Tukey's multiple comparisons test. ** p<0.01 and **** p<0.0001).
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Streptococcus pneumoniae can cause a wide range of disease including sinusitis, otitis media,
meningitis, pneumonia and sepsis, which usually associated with high mortality and
morbidity (O'Brien et al., 2009). Worldwide, pneumonia is still the leading cause of death
among children less than 5 years old, causing 1.6 million deaths annually (Kim et al., 2016).
Persons at higher risk for invasive pneumococcal disease (IPD) include infants, adults > 65
years old, people suffering chronic diseases, and those with compromised immune system
(Walker et al., 2013, Robinson et al., 2001). Antibiotics have been a first choice of therapeutic
approach for IPD. However, after overuse of antibiotic, multi-resistant pneumococcal clones
emerged and disseminated worldwide. Penicillin, erythromycin, and trimethoprim-
sulfamethoxazole resistant pneumococci are wide spread all over the world, tetracycline,
chloramphenicol, fluoroquinolone resistances were also identified with various levels among
different countries (Klugman, 1990, Jones et al., 2013, Kim et al., 2016). The prevalence of
antibiotic resistance creates a difficulty for treating pneumococcal infections. Therefore, there
is an urgent need to develop new antiinfectives. One of the ways to design efficient
antiinfectives relies on the identification of the pathways that are critical for in vivo survival

of the microbe so that they can be expoited to develop efficient antimicrobials.

I hypothesised that the environmental adaption is critical for pneumococcal survival in vivo.
The pneumococcus is exposed to different environmental parameters in different host tissues
during colonisation and invasive disease, including different composition of carbon source,
oxidative stress and osmotic pressure. The microbe has a high level of adaptive capacity.
These adaptive mechanisms are vital for the in vivo survival of the pneumococcus and
therefore represent a viable route for the treatment of bacterial infections. However, our

knowledge about how the pneumococcus adjusts to the dynamic host niches is limited.

The pneumococcus has several regulatory proteins, and they modulate the microbe’s
phenotype under different environmental conditions. Examples include 13 TCS and multiple
stand-alone regulators (Paterson et al., 2006). In addition, the pneumococcal genomes contain
several regulatory systems resembling QS systems (Greenberg, 2003). Microbes can talk to
each other by using QS circuits, and QS systems enable microbes to modulate their
phenotype in a cell density dependent manner. At the start of this project, the knowledge on
pneumococcal QS systems was limited mainly to ComABCDE, BIpABCSRH and the
LuxS/Autoinducer 2 systems (Galante et al., 2015). Therefore, my objective was to determine

whether these in silico identified putative circuits would operate as QS systems, and what
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roles they would play in pneumococcal biology. Research on QS pathways is beneficial for
identification of new therapeutic targets for pneumococcal diseases. Unlike traditional
antibiotics, QS system inhibitors do not interfere with the essential metabolic processes,
hence there will be less selective pressure for emergence of resistance (Rasko and Sperandio,

2010).

The landmark study of Feluchot et al (2011) reported a comprehensive list of rgg genes
associated with short hydrophobic peptides (Shp) in streptococci. A number of Rgg proteins
have been investigated due to their central roles in the control of important physiological
processes in streptococci other than pneumococcus (Sulavik et al., 1992, Fernandez et al.,
2006, Pulliainen et al., 2008). In addition to stand-alone rgg that do not have an associated
pheromone coding gene, genome analysis has revealed that some gg homologs are located in
the genome adjacent to small open reading frames that encode putative short hydrophobic
peptides, SHP (Ibrahim et al., 2007). Possibly due to the small size (20-23 aa), the genes
encoding SHPs are mostly unannotated in sequenced genomes, but they have been researched
along with rgg, and the available evidence has revealed SHP-induced modulation of Rgg
quorum sensing pathways (Chang et al., 2011, Fleuchot et al., 2013, Ibrahim et al., 2007).
Accumulating evidence suggests that Rgg regulators, in combination with cognate peptides,
provide a common mechanism for genetic regulation among the streptococci. Functional
Rgg-peptide examples now available from S. thermophilus (Rggl1358-Shp1358c) (Fleuchot et
al., 2011) and ComR-ComS (Fontaine et al., 2010), S. mutans (ComR-ComS) (Mashburn-
Warren et al., 2010), and S. pyogenes Rgg2/3 (Chang et al., 2015), as also presented in my
study in pneumococcus, substantiate the suggestion that Rgg proteins are cytoplasmic

regulatory proteins that directly bind to the cognate peptides.

The knowledge on the functional roles of pneumococcal Rggs has been largely unknown,
except a recent work detailing the involvement of a peptide in the Rgg144 regulon in biofilm
formation and pneumococcal pathogenesis (Cuevas et al., 2017). Despite the structural
similarities among different Rggs in streptococci, the study of Rggs in S. prneumoniae is
worthy not because the genetic complexity of Rggs in S. pneumoniae is higher than the other
streptococci, for example, different pneumococcal strains contain between 2 to 7 Rgg
homologs (personal communication with Dr Luisa Hiller) whereas S. pyogenes only has 4
Rgg homologs. In addition, the signalling in S. pneumoniae is also different than in other

Streptococci. For example in certain pneumococcal strains such as Taiwan 19F-14 there is no
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SHP associated-Rgg, and in other pneumococcal strains the signalling peptides belong to
either Group I, III or both, whereas in S. pyogenes, the signalling peptide can be either SHP
Group I or XIP. Hence, due these attributes of pneumococcal Rggs, it was thought at the

outset of this project that Rggs would play unique roles in pneumococcal biology.

In this study I characterised two new peptide-dependent signaling systems, Rgg144/Shp144
and Rgg939/Shp939, in S. pneumoniae. QS circuits in Gram positive bacteria known to have
the following features: 1) they use processed peptides as pheromones, 2) the activity of QS
circuits is growth phase dependent, and 3) the cognate Rgg regulators act as cytoplasmic
receptors for intracellular signalling peptides. The newly characterised Rgg/Shp144 and
Rgg/shp939 circuits fulfilled all the criteria of quorum sensing system, my data support the
hypothesised model in which SHP144 and SHP 939 is derived from a precursor peptide,
produced and exported to extracellular environment, and processed to functionally active
state. Once the peptide had reached a sufficient extracellular concentration, it would be re-
imported into cell via the oligopeptide permease and bind to the Rgg regulators.The Rgg
regulators will have conformational changes, and bind to the promoter regions of Rgg
regulons, switch on or switch off the transcription. This mechanism resembles quorum-

sensing pathways of other Gram-positive bacteria.

QS systems are active when high cell density is present. The Rggl144/Shp144 circuit could
respond to the spent late exponential culture supernatants from wild type strain rather than the
early exponential phase supernatants. At late exponential phase of growth, the system would
be active due the presence of higher concentration of pheromone in the extracellular
environment, stimulating the expression of shp. This result was in line with the findings in
other streptococcal Rgg/Shp systems (Chang et al., 2011, Fleuchot et al., 2011). However,
Ppo39::lacZ driven B-galactosidase activity could not be induced irrespective of the growth
phase of culture supernate. This suggests that in the culture supernates used the concentration
of inducing peptide was low probably due not to use optimal condition that would induce the

synthesis of active pheromone.

These QS circuits were responsive to the synthetic peptides representing the C-terminal end
of each Shp. SHP144-C12 and SHP939-C8 were found to be the most active variants for
activation of the respective circuits. Difference in size of the activating peptides for each QS

system suggests that the processing cascades for these circuits could differ. In addition, it also
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implies that the binding sites of these peptides may display some structural differences. For
different Rgg/Shp circuits, the size of the most active peptide has been shown to display a
wide variation. For example, SHP1358-C9 is the most active peptide for Rggl358 in S.
thermophilus (Fleuchot et al., 2011), C-terminal eight amino acids is the minimum length of
SHP required for the expression of shp3 in S. pyogenes (Chang et al., 2011). This may be
caused by the diversity in the structure of the cognate Rgg. The concave surface of C-
terminal repeat domain of each Rgg could be different, which was identified as the binding
site for their cognate peptide pheromones by X-ray crystal structure analysis of Rgg2 in S.
pyogenes (Parashar et al., 2015). Aggarwal and his colleagues demonstrated that multiple
variants of SHP peptide can be produced by GAS streptococcus. Their results showed that
different SHP peptide variants has different affinities for binding to Rgg proteins, and the
binding affinities are related to transcriptional activity (Aggarwal et al., 2014). They also
reported that unprocessed pre-peptide do not have the ability to induce the quorum sensing

circuit.

It is intriguing to point out that nearly identical orthologs of rgg939/shp939 are present in S.
pyvogenes and S. thermophilus with 90% and 87% identity, respectively. The orthologs of
rggl44 are found in S. mitis, S. pseudopneumoniae and S. intermedius, with 93%, 93%, and
63% identity, respectively. It is speculated that these signaling pathways provide useful
quorum-sensing functions for each species, and that, in the case of S. pneumoniae which
share the nasopharynx with S. pyogenes, interspecies signalling may occur (Cook et al.,
2013). However, it should be noted that the genetic location surrounding rgg orthologs in
these related species have not been conserved. For example, although pneumococcal rgg939
and spy49 0449 are nearly identical, the genes surrounding them are different. The rgg939 is
surrounded by genes coding for hypothetical proteins and for a UDP-N-acetyl-D-
mannosaminuronic acid dehydrogenase (SPD_0940), whereas the upstream of spy49 0449
has a putative operon coding for vicR/vicK two-component response regulator, while the
downstream region contains aroE, codes shikimate 5-dehydrogenase, and genes for protein of
unknown function. Hence, the different genomic backgrounds may lead to the different

functional roles of Rggs.

Very little is known regarding the processing of SHP peptides. It will be interesting to
determine how SHP peptides are exported from the cell. Some of the specific questions

include if export is coupled to peptide maturation or if these are temporally and/or spatially

172



Chapter IV Discussion

distinct steps in the circuit. Chang et al demonstrated that a metalloprotease (Eep, coded by
spy49 1620c) has a role in processing of SHP3, but not absolutely required for induction of
the P,3 promoter when SHP3 is abundant. Pneumococcus has an eep ortholog (SPD _0245)
which is 62.9% identical to spy49 1620c at nucleotide sequence level, which may have
similar role in SHP peptide processing and should be tested in future. Moreover, recently, an
ABC transporter called PptAB was identified, which contribute to Rgg-SHP signalling
pathway in S. agalactiae (Perez-Pascual et al., 2015) and S. pyogenes (Chang and Federle,
2016). The PptAB has been demonstrated as the primary transporter for SHP pheromones in
GAS, as pptAB mutant lost the ability for robust Py,s-lux induction, whereas the addition of
synthetic SHP-C8 pheromone complemented the functional deficiency, which demonstrated a
role for pheromone production rather than signal detection (Chang and Federle, 2016).
Interestingly, the ortholog of gene encoding PptAB has also been found in S. pneumoniae
D39 by in silico analysis. SPD 0464 encoding an ABC transporter shares 76.8% identity with
PptAB. Hence I hypothesis that the ABC transporter encoded by SPD 0464 could be the
transporter for SHP pheromones in pneumococcus. Hence, further work is required to
determine the role of SPD 0464 in pheromone export in future as detailed in Future plan. In
addition, how the SHP is re-imported into the cell is still not clear. It was reported that ami
operon, which encodes a multicomponent oligopeptide transporter, is involved in the re-
importation of the SHP1358-C9 pheromone into the cell in S. thermophilus (Fleuchot 2012).
The expression of the shp1358 gene is abolished in an amiCDE: :spec mutant. Pneumococcus
also has an ami operon (SPD _1667-SPD 1671). Hence it is reasonable to assume that
pneumococcal Ami transporter is responsible for SHP peptide importation. The role of
pneumococcal Ami transporter in SHP peptide importation could be characterised in detail in

future.

My data support the hypothesis that there is a potential cross-talk between Rggl44/Shp144
and Rgg939/Shp939. There are several lines of evidence to support this conclusion. Firstly,
the full induction of one Rgg/Shp system required the presence of other system. In addition,
the microarray data showed that there is a large overlap of regulon for each Rgg/Shp systems
on mannose. Furthermore, a detailed analysis of microarray data also revealed that one
Rgg/Shp circuit controlled the expression of loci potentially controlled by other Rgg. For
example, Rgg939 upregulates the Rggl44-regulated VP1 locus (SPD 0145-SPD 0147).

Currently, wider implications of this potential cross-talk are not known. It has been well-
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documented in S. pyogenes that Rgg2 and Rgg3 together tightly regulate two linked genes
encoding new peptide pheromones. Rgg?2 was reported to activate transcription of and is
required for full induction of the pheromone genes, while Rgg3 was shown to play an
antagonistic role and represses pheromone expression. The authors reported that the
regulatory interaction between Rgg2/Rgg3 systems determined production of biofilms

(Chang et al., 2011).

The exploitation of QS systems for development of potential therapeutic targets rely largely
on their detailed genetic characterisation. This involves how microbes process and transport
QS signals. Hence, future studies should concentrate on how microbes process and transport
pheromones as well as on structural characterisation and activation mechanism of Rgg/Shp

circuits.

4.1 Rggs have effect on pneumococcal virulence and

survival

Rgg regulators have been reported to modulate gene expression in GAS, and implicated in
regulation of microbial stress response and pathogenicity (Aggarwal et al., 2014, Chaussee,
2002, Chaussee et al., 2003, Chaussee et al., 2004). Rggs were reported to enhance the
bacterial fitness in various host niches, and provide protection from host immune response. In
recent decades, various researchers attempted to unravel the role of Rggs in virulence in
different species of streptococci. However, only RopB and Rgg2/3 have been characterised in
detail in pathogenesis (Chaussee, 2002, Chaussee et al., 2003, Chaussee et al., 2004, Chang et
al., 2011, Lasarre et al., 2013). Little is known about the contribution of Rggs in

pneumococcal pathogenesis.

The hypothesis on the role of Rgg quorum sensing systems in pneumococcal virulence and
colonisation was tested in an in vivo murine model. The results demonstrated that mutation of
rggl44, rgg939, shpl44 and shp939 rendered the pneumococcus less virulent (Section 3.15),
and less able to colonise the nasopharynx in a mouse model of pneumonia and colonisation
(Section 3.16). The reduction in colonisation and virulence in the mutants is very likely due
to the inability of mutants to utilize mannose efficiently, increased susceptibility to oxidative

stress, and Rggs’ regulatory role over several genes potentially involved in several important
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biological pathways as discussed below.

A. Rggs are involved in mannose utilisation

Streptococcus pneumoniae relies exclusively on carbohydrates as a carbon source and
devotes 30% of all transport mechanisms to carbohydrate import. It is predicted that there are
21 phosphotransferase systems (PTS) and up to eight ATP-binding cassette (ABC)
transporters that import at least 32 distinct carbohydrates (Bidossi et al., 2012). My data
showed that Rggs play an important role in mannose utilisation. Host glycans found in the
respiratory tract, such as O- and N-linked glycans as well as those in blood, such as
transferrin, contain mannose. The pneumococcus is known to have mannosidase activity, and
has the pathways to utilise mannose (Kahya et al., 2017, King, 2010). The assertion that Rggs
play an important role in mannose utilisation is supported by the fact that the expression of
both rggs was stimulated by galactose and mannose, and the absence of Rggs led to the
reduced utilisation of mannose. Moreover, the transcriptional lacZ reporter assay results
further confirmed the importance of Rgg growth in presence of mannose, as the reporter
assays can directly evaluate the responsiveness of target promoter to selected conditions
(Pessi et al., 2001). The result demonstrated that the highest induction of /acZ was obtained

when XZ1 (Pyge144-lacZ-wt) was grown on mannose, then by galactose.

Despite pneumococcal Rggs’ responsiveness to mannose and galactose, I did not detect any
differentially expressed genes, as far as known, involved directly in mannose or galactose
catabolism in putative Rggl44 and Rgg939 regulons. I hypothesise that galactose and
mannose act as signals to alter pneumococcal phenotype in vivo. Pneumococcus usually
occupies the upper respiratory system, but free carbohydrates are scarce in the airway,
especially for glucose, which is the preferred carbon source for several microbes (Carvalho et
al., 2011, Bidossi et al., 2012). The concentration of glucose is reported to be less than 1 mM,
in contrast to its content in blood (~4-6 mM) (Philips et al., 2003, Shelburne et al., 2008).
Therefore, in vivo growth in the nasopharynx requires alternative carbon sources. The
pneumococcus acquires carbon through modification and import of complex glycans
(Burnaugh et al., 2008, Yesilkaya et al., 2000, Marion et al., 2012, King, 2010, Carvalho et
al., 2011). On the surface of the human respiratory tract there is a constant interaction
between the pneumococcus and high molecular weight glycoproteins covering the apical

epithelial surfaces of respiratory tract, such as mucin, which is rich in galactose and mannose.
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Recent findings indicate that sugars derived from deglycosylation provide suitable carbon
and energy sources for nasopharyngeal growth (Yesilkaya et al., 2008a, Terra et al., 2010a,
Burnaugh et al., 2008). S. pneumoniae is equipped with at least 10 extracellular (exo- or
endo) glycosidases with a broad range of specificities, including galactosidase,
heaxosaminidase, and neuraminidases (Kahya et al., 2017, King, 2010). These enzymes can
break down O-linked glycans (Marion et al., 2009, Terra et al., 2010a, Jeong et al., 2009,
King et al., 2006), N-linked glycans (e.g. NanA, StrH, BgaA, NanB) (Burnaugh et al., 2008,
King et al., 2006), and glycosaminoglycans (hyaluronic acid) (e.g. Hyl) (Marion et al., 2012),
providing free sugars that can potentially be used by the pneumococcus to grow (Marion et

al., 2012, Burnaugh et al., 2008).

The initial breach of glycan component of mucin is prevented due to the presence of terminal
sialic acid (Manco et al., 2006). Lack of access to mucin sugars ensures that Rggs down
regulate large number of genes involved in protein and capsule synthesis as well as those
required for iron uptake and cell division. Such an expression profile ensures a lower growth
rate and promotes a stable commensal existence on mucosal surface. However, once the sialic
acid removed in parallel to gradual increase in pneumococcal numbers, the microbe will
eventually have access to the sugars located ‘below’ sialic acid, such as galactose and
mannose. Access to these sugars will subsequently increase the expression of cognate shp
genes, hence the synthesis of Shp peptides, which then interact with their Rgg proteins,

activating Rgg/Shp circuits to modulate target gene expression.

A similar phenotype for Rgg in mannose utilisation was reported in Streptococcus pyogenes
(Dmitriev et al., 2006, Chang et al., 2015). Inactivation of rgg (ropB) disrupted coordinate
expression of genes associated with the metabolism of nonglucose carbon sources, such as
fructose, mannose, and sucrose. The changes were associated with an inability of the mutant
strain to grow using these compounds as the primary carbon source (Dmitriev et al., 2006).
Furthermore, Chang and his colleague demonstrated mannose could activate the Rgg-SHP
signalling in Streptococcus pyogenes. The detailed mechanism of how mannose regulates the
Rgg-SHP pathway is still poorly understood. The inactivation of Rgg has effect on mannose
utilization might be due to the changes in regulatory activities from an intermediary
transcriptional factor of PTS systems rather than the direct influence from mannose uptake

(Chang et al., 2015), or due to inefficient cleavage and catabolism of mannose.
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In the past few decades, the study of S. pneumoniae has been heavily focused on factors that
directly impinge on host-pathogen interactions, such as toxins, cell wall components,
adhesins and capsule (Kadioglu et al., 2008). In contrast, investigation of pneumococcal
physiology has only recently been addressed, in spite of it being a fundamental aspect of
pneumococcal survival in vivo. Historically, the study of bacterial catabolism of complex
carbohydrates has contributed to understanding basic bacterial physiology. The limiting
access of primary nutrients to potential pathogenic microbes is a crucial approach to cut down
the habitability of pathogens on susceptible host tissues (Chang et al., 2015). Successful
colonisation of the human host and invasion of normally sterile sites, such as the blood or
subcutaneous tissues, is likely to require adaptation to growth with mannose which are found
in N- and O-linked glycans. Therefore, increased understanding of these Rgg-mediated
regulatory pathways is going to be exteremely beneficial for rational interruption strategies

and thereby weaken the ability of pneumococci to invade or colonise host tissue.

B. Rggs have role in capsule synthesis

The success of S. pneumoniae as a commensal depends on its ability to colonise and be
transmitted between humans (Wyllie et al., 2016, Hammerschmidt et al., 2005). The primary
ecological niche for S. pneumoniae is the epithelium of the upper airways, presumably within
the nasopharynx. For successful colonisation of the upper airways, the pneumococcus must
overcome host-mediated trapping, killing and clearing, and adapt to a new environment and
the amount of available nutrients (Wyllie et al., 2016). The optimal strategy for successful
colonisation may be a compromise between requirements for a thick capsule to escape early
innate immunity and for a thinner capsule when S. pneumoniae adheres to the host cells. My
data shows that Rggs play a role in pneumococcal colonisation through their role in control of

capsule expression.

The pneumococcal capsule is an important virulence factor. The expression of capsule was
reported to reduce pneumococcal entrapment in the mucus, thereby allowing the
pneumococcus to access the epithelial surfaces. This allows the microbe to gain a foothold in
vivo (Vernatter and Pirofski, 2013, Nelson et al., 2007, Kadioglu et al., 2008). The
pneumococcus can regulate capsule expression in response to environmental signals via a
number of mechanisms. Down-regulation of capsule expression during the transparent phase

is assumed to promote successful colonisation (Hammerschmidt et al., 2005), whereas up-
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regulation in the opaque phase contributes to evasion of host immune responses after tissue
invasion (Wyllie et al., 2016, Kim et al., 1999). Hence, it is very likely that the mutant strains,
due to Rggs role in downregulation of capsule locus, produced more capsule in the
nasopharynx, which led to the decrease in colonisation ability of the mutants. The extent of
colonisation could have been also influenced by changes in biofilm formation, as Rggl44
positively regulates virulence peptidel (VP1), which increases biofilm development (Cuevas
et al., 2017). Combined, Rggs may increase adherence via downregulation of the capsule
synthesis and increase in biofilm development via upregulation of VP1. This explanation is
consistent with the in vitro results, which showed elevated level of capsule synthesis in the

mutants compared to the wild type on mannose.

The positive association between Rgg expression and virulence is less intuitive, given that
capsule production has been shown to enhance pneumococcal virulence. This contradiction,
the reduced virulence in the mutants despite increased expression of c¢ps locus, can be
explained by different scenarios. Firstly, despite the increased expression of capsule in less-
virulent Rgg deletion mutants, Rggs influence other genes that may play a role in virulence.
For example, we have shown that the Rggl44-regulated VP1 is a potent virulence factor, thus
lower levels of VP1 in the mutant may contribute to the decrease in virulence. Secondly, as
our array data showed the regulation exerted by Rggs is condition specific. Therefore, as the
pneumococcus migrates into the deeper tissue sites, its encounter with mannose may be
limited than the concentration of mannose used in our in vitro regulon determination. The
microarray data reveals further other possible mechanisms for reduction in colonisation and
virulence. For example, we have seen reduction in expression of iron transport locus, changes
in the expression of genes responsible for choline binding proteins, ATPase synthase, and cell
division, which are known to be important for pneumococcal attachment, proliferation and

energetics (Stenz et al., 2011).

C. Pneumococcal Rggs are involved in ROS resistance

In addition, the reduced virulence in Rgg mutants also could be due to their susceptibility to
oxidative stress, and consequently a decreased ability to colonise and invade. In this study, |
determined the susceptibility of pneumococcus to ROS by exposing the pathogen to 0.5-1
mM paraquat (a superoxide-generating agent) or 20 and 40 mM hydrogen peroxide. It was

found that deletion of rgg/44 and rgg939 rendered pneumococci more susceptible to paraquat
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and HzOz.

Although S. pneumoniae is a part of the commensal flora in the upper respiratory tract of
humans, the microbe can migrate to the lower respiratory tract or can cause systemic disease
when individuals have a weakened immune system (Potter et al., 2012). However, it is
assumed that the pneumococci are exposed to almost normal air (20% O;) on top of the
nasopharyngeal mucus layer, to micro-aerobic conditions (around 5% O;) in the lower
respiratory tract, to anaerobic conditions when in blood and the cerebral spinal fluid (CSF)
(Yesilkaya et al., 2013). During growth aerobically, S. pneumoniae produces high levels of
H,0, (about 0.5-2 mM) due to pyruvate oxidase activity which can be further reduced to
yield the damaging hydroxyl radicals via the Fenton reaction (Pesakhov et al., 2007). During
pneumococcal inflammation, neutrophils in particular are recruited to the site of infection and
release diverse ROS such as H,O,, OHe, and O,e through the oxidative burst, which can
have adverse effects on cell viability, DNA, and other cellular compounds. Apart from the
damaging effect of oxygen radicals, the variation in oxygen concentration may affect
pneumococcal gene expression, which may have effect on capsular polysaccharide synthesis,
carbon metabolism, competence development and membrane composition (Bortoni et al.,
2009, Weiser et al., 2001, Pesakhov et al., 2007). Hence, efficient survival mechanisms are

required to remove the adverse effects of reactive oxygen species (ROS).

Pneumococci have the ability to survive in various concentrations of oxygen and previous
studies have demonstrated that the ability to resist the toxicity of ROS is vital for survival in
oxygenated environments of host tissues (Hajaj et al., 2012). It has been reported that
superoxide dismutase, thiol peroxidase, NADH oxidase and alkyl hydroperoxidase are
involved in reducing levels of ROS in S. pneumoniae (Yesilkaya et al, 2013). The
pneumococcus has neither catalase nor oxidative stress response regulators that are present in
other bacteria, such as OxyR, SoxRS and PerR (Tettelin et al., 2002). Although several
reports demonstrated that the pneumococcus contains various proteins and regulators to
protect themselves from oxidative stress (Hajaj et al., 2017, Yesilkaya et al., 2000, Yesilkaya
et al., 2013, Ulijjasz et al., 2004), the mechanism of detoxification and the regulatory network

of oxidative stress are still poorly understood.

Since pneumococcus does not express catalase, it is expected to rely on some other ways to

decompose H,O,. The inactivation of Rggs led to pneumococci more susceptible to oxidative
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stress could be explained as (i) Rgg might directly regulate the oxidative response through
regulatory impact on oxygen detoxifying enzymes, or (ii) Rgg regulates the oxidative stress
by mediating the expression of other genes involved in cellular metabolism. For example,
capsule thickness and efficient production of ATP is known to be important for microbial
oxidative stress resistance (Carvalho et al., 2013). The microarray data shows that
inactivation of rggl/44 lead to 2.6 fold down-regulation of gor, codes for glutathione
reductase. It is reasonable to suggest that S. pneumoniae can utilise and import extracellular
glutathione by ABC transporters to detoxify the oxidative stress due to its disulfide reductase
activity. Potter and his colleagues showed that the mutation of gor renders pneumococci
susceptible to superoxide, and decreases its ability to colonise and invade in a murine model
(Potter et al., 2012, Yesilkaya et al., 2013, Masip et al., 2006). Hence, the inactivation of rgg
may affect the expression of gor and consequently renders pneumococcus more susceptibility
to superoxide. In addition, Rgg regulates the oxidative stress by controlling the expression of
the gene coding ABC transporters, which are mainly implicated in microbial nutrient uptake
and removal of toxins and antibiotics (Uljjasz et al., 2004, Yesilkaya et al., 2013). The
microarray data show several ABC transporter genes up-regulated in both Arggl/44 and
Argg939, including SPD 0151, SPD_0915, SPD 0916, SPD 0917, and SPD 1463, which
are involved in inorganic ion transport and metabolism. Rggs’ involvement in oxidative stress
response could be explained by the fact that Rggs act as the repressor of these iron
transporters, preventing pneumococcus from oxidative stress by reducing levels of
intracellular iron, hence controlling the hydroxyl ion producing from the Fenton reaction
(Touati, 2000). Currently, it is not known whether the regulatory impact of Rgg on gor or the
transporter genes is direct or indirect. This can be studied in future by EMSA and reporter

assays as widely used in this study.

Similar phenotypic effect has also been reported for an »gg mutant of S. pyogenes, which was
more sensitive to paraquat (Chaussee et al., 2004). In addition, the deletion of one of the
pneumococcal rggs (SDP_1952) rendered microbe more susceptible to paraquat rather than
peroxide, which might be due to up regulation of thiol peroxidase in the mutants (Bortoni et
al., 2009). However, in S. pyogenes M49 serotype strain deletion of rgg mutation rendered the
mutant more resistant to hydrogen peroxide than the wild type strain and mutants also could
decompose H,O, more efficiently (Pulliainen et al., 2008). Difference in Rggs role in

oxidative stress resistance can be due to these microbes capacity to deal with reactive oxygen
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species. More research on the relation between Rgg and Gor, and the iron transporters in
oxidative stress will unravel the mechanism of Rgg mediated oxidative stress resistance. A
comprehensive understanding of the mechanism of pneumococcal resistance to oxidative
stress may contribute to our understanding of how microbe successfully colonise and develop

invasive infection.

The role of Rgg on bacterial virulence has been reported in other streptococci as well.
However, it was demonstrated that Rgg mutant was more virulent than its wild type strain in
S. pyogenes in a murine intraperitoneal infection model (Chaussee et al., 2003, Chaussee et
al., 2004, Pulliainen et al., 2008). The discrepancy between my study and that of previous one
could be due to several reasons (i) Genome polymorphism: Although S. pneumoniae and S.
pyogenes are members of Firmicutes, each species has a distinct biology, which is evident
from the range of diseases each cause. Hence, in different species of streptococcus Rggs may
play unique roles. (ii) The Rgg sequence diversity means that each Rgg may be controlling
different set of genes. Indeed Rggs have various roles in different microorganisms. Such as
RopB could regulate the expression of a secreted cysteine proteinase (SpeB) in GAS (Ajdic
and Ferretti, 1999, Pulliainen et al., 2008, Lyon et al., 1998), also act as a global
transcriptional regulator, mediate the expression of several extracellular proteins including M
protein, C5a peptidase, the SLO cytolysin, and streptokinase (Chaussee, 2002, Watson et al.,
2001), and control the expression of genes coding virulence factors including mga,

csrRS/covRS, fasBCA, and saga (Chaussee et al., 2003, Chaussee et al., 2004).

Pneumococcal Rggs mainly regulate the expression of capsule locus, iron transporters,
oxidative stress response, sugar metabolism and amino acid metabolism, which are supported
by our microarray data.Strikingly, despite low similarity between Rggl44 and Rgg939, we
observe substantial overlap among the regulons of these Rggs. It should be also noted that

though there is an overlap, there are also unique targets regulated by each Rgg.

Rgg regulators are part of RRNPP (Rgg, regulator gene of glucosyltransferase; Rap, response
regulator  aspartate  phosphatases; NprR, neutral protease regulator; PIcR,
phosphatidylinositol-specific phospholipase C gene regulator; PrgX, pheromone-responsive
transcription factor) family proteins (Lasarre et al., 2013, Rocha-Estrada et al., 2010, Cook
and Federle, 2014). Structure—function studies showed that Rap, NprR, PIcR, and PrgX

employ a structurally similar C-terminal tetratricopeptide (TPR)-like repeat domain to bind
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their cognate peptide pheromones (Parashar et al., 2015). It may be possible that under
different environmental conditions the conserved structural properties in different Rggs
respond to same stimuli, which leads to the regulation of same genes, while differences in
folding pattern or its affinity for the target DNA regulatory elements may provide target
specificity to each Rgg, resulting in differences in regulon composition. Currently, there is no
established paradigm for the action mechanism for Rggs, and the future structure-function
studies similar to those done for PIcR and PrgX can test these hypotheses (Parashar et al.,

2015).

Antibiotics have been instrumental in the fight against infectious diseases (Parashar et al.,
2015), but the effectiveness of existing antibiotics is in danger due to the rapid rise of
resistant bacteria. Soon after mainstream antibiotic usage, multi-resistant pneumococcal
clones emerged and disseminated worldwide. During the 1970s and 1980s, pneumococci
resistant to penicillin (MIC of 0.1 g/ml), erythromycin, and trimethoprim-sulfamethoxazole
(TMP-SMX) spread rapidly globally, including to Australia, Papua New Guinea, Israel,
Spain, Poland, South Africa, and the United States (Kim et al., 2016, Henderson et al., 1988,
Klugman et al., 1986). There is an urgent need to identify new microbial targets for anti-
infectives, which will allow the development of new classes of antibiotics. Most antibiotics
act by directly inhibiting key central cell functions, namely DNA, protein or cell wall
synthesis (Kohanski et al., 2010). A different approach is to target virulence factors,
metabolic functions or environment responsive elements (Alksne and Projan, 2000). Our data
clearly show that Rggl44 and Rgg939 can be potential targets for next-generation drugs.
Hence, the future studies need to focus on the methods to interfere with the interaction

between signal peptide and Rgg proteins to modulate pneumococcal virulence.
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The pneumococcal Rgg-Shp quorum sensing systems are complex circuits carrying important
cellular functions. Their importance in microbial physiology and virulence requires more
detailed analysis in future. One area of research could be how peptide signals of Rggs are
exported and imported back into the cell. It was reported that the Ami transporters are
involved in the re-importation of the SHP1358 (15-23) pheromone into the cell in S.
thermophilus (Fleuchot et al., 2011). The pneumococcal amid gene is 85.6% identitical to
amiA of S. thermophilus. Hence, it is reasonable to hypothesise that pneumococcal Ami
transporter is responsible for SHP peptide importation. The role of pneumococcal Ami
transporter in SHP peptide importation can be characterised by lacZ reporter assay. The amid
mutant will be constructed by SOEing PCR. Then Py, 44-lacZ reporter can be transformed
into AamiAAshpi44. The B-galactosidase activity will be tested for the new constructed
strains: P, 44-lacZ-AamiAdAshp144 with or without in addition of synthetic peptide Shp144-
C12. The XZ26 (Pspp144-lacZ) will be use as a positive control. It is expected that the Py, 744
lacZ-AamiAAshp144 strain can not response to the synthetic peptide. Hence, the sythctic
peptide will not be sensed or imported by the cells lacing the oligopeptide transporter AmiA,
but it could be sensed and imported into cells by the reporter strain with ami operons (XZ26).

Similar experiment will be done for Py,,030-lacZ reporter.

How pneumococcus exports and processes SHP peptide is still unknown. The Eep protease
plays a key role in the maturation of various pheromones and anti-pheromones of E. faecalis
(An et al., 1999) and S. gordonii (Vickerman et al., 2010). Chang et al (2011) demonstrated
that Eep encoded by spy49 1620c has a role in processing of SHP3. Pneumococcus has an
eep ortholog (SPD 0245) which is 62.9% identical to spy49 1620c; hence it is reasonable to
hypothesis that pneumococcal Eep has a similar role in SHP peptide processing. Moreover,
recently, an ABC transporter called PptAB was identified contributing to Rgg-SHP signalling
pathway in S. agalactiae (Perez-Pascual et al., 2015) and S. pyogenes (Chang and Federle,
2016). The PptAB has been demonstrated as the primary transporter for SHP pheromones in
GAS (Chang and Federle, 2016). The ortholog of gene encoding PptAB has been found in S.
pneumoniae D39 by in silico analysis, the SPD 0464, which shares 76.8% identity with
PptAB. Hence I hypothesis that the ABC transporter encode by SPD 0464 may be the
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transporter for SHP pheromones in pneumococcus. To test this hypothesis, I would utilise a
strain mutated in PptAB and compare the mutant strain against the wild type by mass
spectrometry. This will be done in order to determine any changes in the composition and
quantity of secreted SHP compared to the wild type in the spent culture supernate and in cell
homogenates. Any change in composition and quantity of SHP peptide in PptAB mutant
relative to the wild type would imply PptAB’s involvement in export and processing of SHP

in S. pneumoniae.

SHP/Rgg QS mechanisms are widespread among species of Streptococci, it would be
interesting to investigate how Rgg-dependent quorum sensing mediate inter- and intra-species
communication and if other pneumococcal Rggs could respond to Shpl144 and Shp939. In
order to do this, the Pyy,44-lacZ reporter will be fused into rgg999, rggl518 and rggl952
mutants. The B-galactosidase activity will be tested with or without addition of sythtic peptide
Shp144-C12. The XZ2 (Psypi44-lacZ-wt) Strain will be used as a positive control. The new
constructed reporter strains Pgi44-lacZ-rgg999, Pgpiss-lacZ-rggl518 and Pgy,44-lacZ-
rggl952 are expected have lower -galactosidase activity compare with XZ2 (P, 44-lacZ-wt)
with addition of Shp144-C12. These results will demonstrate that pneumococcal rgg999,
rggl518 and rggl952 are necessary for Py,;44 responsiveness to SHP144-C12. To test of the
hypothesis of Rgg-dependent quorum sensing mediate intra-species communication, the
XZ26 (Pgpias-lacZ-Ashp144) will be grown to log phase and re-suspend in cell-free spent
culture supernatants from various strains S. pneumoniae wild type (positive control), S.
pneumonia Ashpl44 (negative control), S. pyogenes, S. agalactiae, S. thermophilus and S.
dysgalactiae subsp. Equisimilis. If any of the supernatants have the ability to induce the
reporter strain, it will indicate this stain could produced a secreted peptide capable of
stimulating the pneumococcal Rgg/Shp144 system, and the pneumococcal Rgg/Shp144 QS

system can respond to SHPs produced by other streptococcal species.

EMSA assay will be done to detect the interaction of Rgg939 and selected promoters of
shp939, SPD 0315, SPD 1041, SPD 1127, SPD_1370, SPD 1517, and SPD_2030. These
targets were selected for EMSA because the whole operon of SPD 0315 (The capsule locus),
SPD 1041 (the nrd operon, which involved in nucleic acid transport and metabolism),
SPD 1127 (lipD operon involved in lipid transport and metabolism), SPD 1370 (the rps
operon, the ribosomal protein), SPD 1517 (the operon involved in defense mechanism),

SPD 2030 (The operon involved in ribosomal structure and biogenesis.) were all
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differentially regulated in rgg/44 and rgg939 mutants in microarray analysis. In addition, it is
also worthy to test if SHP peptide have any effect on the interaction of Rgg and shp. The
DNA binding reactions, coupling probes to the Rgg939 protein with or without the synthetic
peptide Shp939-C8. One of the hypotheses is Shp939 increase the binding of Rgg939 to the
shp939 promoter, the synthetic peptide Shp939-C8 will be added after the mixture of Rgg939
and the shp939 probe. The other hypothesis is Shp939 decrease the binding of Rgg939 to the
shp939 promoter, then Shp939-C8 will be mixed with Rgg939 and incubated for 10min, then
continue to add the shp939 probe. The mixture will be loaded on a native PAGE, and
visualize by a TYPHOON Trio+scanner (GE Healthcare Life Sciences, UK) with a 526 nm
short-pass wavelength filter.

It is also noteworthy to investigate whether pneumococcal Rgg-Shp quruom sensing
pathways can be used as a potential target to develop anti-infective compounds against
pneumococcal infections. Using Rgg-SHP as a model receptor-ligand target, it is interesting
to identify chemical compounds that could specifically inhibit Rgg quorum-sensing circuits.
A previous described method (Aggarwal et al., 2015) will be used to study interactions
between Rggl44 proteins and their cognate peptide ligands Shpl44, an in vitro high-
throughput, compound library screen was utilized to identify compounds that specifically
interfere with Rgg144-SHP144 interactions. Briefly, the mixture of Rggl144 and Shp144-C12
and each compound will be incubated and tested by fluorescence polarization assay. Then
these compounds will be test by a lacZ reporter assay. The XZ26 (P, 44-lacZ-Ashp144) will
be supplemented with Shp144-C12 and different compounds, the B-galactosidase activity will
be tested.
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STable 1. Microarray analysis of gene expression in Arggl44 or Argg939 relative to wild
type D39 grown micro-anaerobically in CDM supplemented with mannose or

galactose*.
Fold change of Rggl44 Fold change of Rgg939
Locus Name Mannose Galactose Mannose Galactose Function
SPD 0001 dnaAd 2.1 3.09 chromosomal replication initiator protein DnaA
SPD 0007 2.28 S4 domain protein
SPD 0008 2.43 5.96 septum formation initiator, putative
SPD 0009 2.62 hypothetical protein
SPD 0010 29 hypothetical protein
SPD 0011 tilS 2.17 tRNA(Ile)-lysidine synthetase
SPD 0015 3.62 2.87
SPD 0017 3.08
SPD 0020 6.75 2.17
SPD 0046 | bipU 291 2.09 bacteriocin BlpU
SPD 0047 6.79 5.46 hypothetical protein
SPD 0089 2.17 ABC transporter, permease protein
SPD 0093 2.19 2.61 hypothetical protein
SPD 0094 2.18 hypothetical protein
SPD 0116 2.05 2.4 hypothetical protein
SPD 0120 2.1 hypothetical protein
SPD 0121 1.92 2.64 hypothetical protein
SPD 0123 2.07 hypothetical protein
SPD 0126 | pspA 2.66 pneumococcal surface protein A
SPD 0150 4.5 222 ABC transporter, substrate-binding protein
SPD 0151 4.04 2.92 lipoprotein
SPD 0179 2.71 2.8 lipoprotein, putative
SPD 0180 2.83 2.61 hypothetical protein
SPD 0181 2.78 245 conserved hypothetical protein TIGR00250
SPD 0187 | nrdD 4.08 4.72 anaerobic ribonucleoside-triphosphate reductase
SPD 0189 3.95 4.85 acetyltransferase, GNAT family protein
SPD 0191 2.88 2.61 hypothetical protein
SPD 0192 rpsJ 2.72 2.53 ribosomal protein S10
SPD 0193 rplC 247 3.19 ribosomal protein L3
SPD 0194 rplD 2.16 2.74 ribosomal protein 14
SPD 0195 rplW 2.19 ribosomal protein L.23
SPD 0197 rpsS 2.15 ribosomal protein S19
SPD 0198 plV 2.7 3.06 ribosomal protein L.22
SPD 0199 | rpsC 228 2.64 ribosomal protein S3
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SPD 0200 rplP 2.08 2.06 ribosomal protein L16

SPD 0201 | rpmC 3.24 3.6 ribosomal protein L29

SPD 0202 rpsQ 2.84 3.55 ribosomal protein S17

SPD 0203 rpIN 2.48 2.74 ribosomal protein L14

SPD 0214 adk 2.04 adenylate kinase

SPD 0215 infA 3.17 2.78 translation initiation factor IF-1

SPD 0216 | rpsM 2.82 2.59 ribosomal protein S13

SPD 0217 rpsK 3.11 2.96 ribosomal protein S11

SPD 0218 rpoA 32 2.71 DNA-directed RNA polymerase, alpha subunit

SPD 0219 rplQ 4.54 5.03 ribosomal protein L17

SPD 0251 rpsL 2.2 ribosomal protein S12

SPD 0256 237 conserved hypothetical protein TIGR00053

SPD 0257 2.97 hypothetical protein

SPD 0308 clpL 53 2.18 ATP-dependent Clp protease, ATP-binding
subunit

SPD 0313 2.44 3.35 hypothetical protein

SPD 0315 | ¢ps24 2.98 3.15 integral membrane regulatory protein Cps24

SPD 0316 | cps2B 2.96 268 tyrosine-protein phosphatase CpsB

SPD 0317 | ¢ps2C 3.07 342 chain length determinant protein/polysaccharide

export protein, MPA1 family protein

SPD 0318 | cps2D 3.23 2.9 tyrosine-protein kinase Cps2D cytosolic ATPase
domain

SPD 0319 | cps2E 2.34 22 undecaprenylphosphate

glucosephosphotransferase Cps2FE

SPD 0320 | cps2T 2.32 glycosyl transferase, group 1 family protein,
putative

SPD 0322 | ¢ps2G 2.32 2.6 glycosyl transferase, group 1 family protein

SPD 0323 | csp2H 3.58 4.44 Polysaccharide polymerase

SPD 0325 2.62 3.32 hypothetical protein

SPD 0326 | cps2K 3.13 3.18 UDP-glucose 6-dehydrogenase, putative

SPD 0327 | cps2P 4.48 4.9 UDP-galactopyranose mutase

SPD 0334 alid 2.12 2.15 oligopeptide ABC transporter, oligopeptide-

binding protein AliA

SPD 0337 | recU 2.07 2.46 recombination protein U

SPD 0342 2.03 hypothetical protein

SPD 0365 tig 2.15 trigger factor

SPD 0373 4.6 2.19 hypothetical protein

SPD 0400 2.04 Glycosyl transferase family protein 8, putative

SPD 0420 | pfiB 2.39 formate acetyltransferase

SPD 0422 2.11 hypothetical protein

SPD_0441 2.04 2.04 DNA-directed RNA polymerase, delta subunit,
putative

SPD 0451 2.27 2.47 2.26 type I restriction-modification system, S subunit,
putative

SPD 0460 | dnakK 2.14 chaperone protein DnaK

SPD 0473 bipY 2.61 2.61 2.13 immunity protein BlpY

SPD 0474 23 hypothetical protein
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SPD 0493 2.25 hypothetical protein

SPD 0548 2.09 HIT family protein

SPD 0550 rplK 2.67 2.59 ribosomal protein L11

SPD 0551 rplA 3.21 3.58 ribosomal protein L1

SPD 0558 | prtd 2.83 cell wall-associated serine protease PrtA

SPD 0577 | zmpB 2.44 2.16 zinc metalloprotease ZmpB

SPD 0692 2.36 hypothetical protein

SPD 0702 ciaH 2.35 sensor histidine kinase CiaH

SPD 0710 ezrd 3.59 4.12 septation ring formation regulator EzrA

SPD 0712 3.19 2.02 transposase family protein

SPD 0726 2.35 purine nucleoside phosphorylase, family protein 2

SPD 0728 2.23 hypothetical protein

SPD 0750 2.48 hypothetical protein

SPD_0756 3.23 2.35

SPD 0757 rpsA 2.34 235 ribosomal protein S1

SPD 0784 2.87 type I restriction-modification system, R subunit,
putative

SPD 0793 2.43 hypothetical protein

SPD_0794 2.12

SPD 0835 frr 2.29 3.24 ribosome recycling factor

SPD 0847 infC 2.25 translation initiation factor IF-3

SPD 0863 | smpB 2.22 SsrA-binding protein

SPD_0876 2.02 hypothetical protein

SPD 0878 2.22 hypothetical protein

SPD 0899 248 29

SPD_0905 2.09 3.72 acetyltransferase, GNAT family protein

SPD 0913 2 hypothetical protein

SPD_0915 3.32 9.31 iron-compound ABC transporter, iron compound-

binding protein

SPD 0916 2.14 iron-compound ABC transporter, permease
protein

SPD 0917 2.27 iron-compound ABC transporter, permease
protein

SPD 0919 2.24 hypothetical protein

SPD 0920 3 hypothetical protein

SPD 0932 3.1 hypothetical protein

SPD 0940 2.46 1.84 UDP-N-acetyl-D-mannosaminuronic acid

dehydrogenase, putative

SPD_0941 5.92 4.4 hypothetical protein

SPD 0942 4.56 4.72 hypothetical protein

SPD 0945 3.69 34 AMP-binding enzyme, putative

SPD 0945 34 AMP-binding enzyme, putative

SPD 0949 2.44 4.14 bacterial transferase hexapeptide (three repeats),

putative
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SPD 0950 2.06 2.61 transporter, major facilitator family protein
SPD 0961 2.25 2.82 glycosyl transferase, group 1
SPD 0963 2.49 hypothetical protein
SPD 0968 2.7 acetyltransferase, GNAT family protein
SPD 0969 24 hypothetical protein
SPD 0972 245 IS1381, transposase OrfB
SPD 0989 rplU 2.62 ribosomal protein L21
SPD 1041 nrdH 2.7 3.75 glutaredoxin-like protein NrdH
SPD 1042 | nrdE 2.56 2.56 ribonucleoside-diphosphate reductase, alpha
subunit
SPD 1043 nrdF 3.13 2.31 ribonucleoside-diphosphate reductase, beta
subunit
SPD 1055 243
SPD 1064 2.6 hemolysin A, putative
SPD 1076 srtA 2.24 sortase
SPD 1077 | gyrd 2.09 DNA gyrase, A subunit
SPD 1080 2.52 type Il restriction endonuclease, putative
SPD 1083 vicX 2.16 vicX protein
SPD 1084 2.64 sensory box sensor histidine kinase
SPD 1106 5.83
SPD 1115 leuB 2.01 3-isopropylmalate dehydrogenase
SPD 1125 pck 2.12 2.75 choline kinase
SPD 1126 2.07 alcohol dehydrogenase, zinc-containing
SPD 1127 ispD 2.16 2.72 2-C-methyl-D-erythritol 4-phosphate
cytidylyltransferase
SPD 1129 | licDI 2.59 phosphotransferase LicD1
SPD 1167 231 ABC transporter, ATP-binding protein
SPD 1175 2.49 7.3 hypothetical protein
SPD_1177 2.92 drug efflux ABC transporter, ATP-
binding/permease protein
SPD 1199 2.18 glycosyl transferase, group 2 family protein
SPD 1200 2.11 2.66 glycosyl transferase, group 1 family protein
SPD 1297 2.48 242 pyridoxine biosynthesis protein
SPD 1338 | atpH 3.47 ATP synthase F1, delta subunit
SPD 1339 atpF 243 3.77 ATP synthase FO, B subunit
SPD 1340 atpB 243 ATP synthase F0, A subunit
SPD 1346 3.25 Uncharacterized BCR, putative
SPD 1350 2.14 hypothetical protein
SPD 1365 2.03 hypothetical protein
SPD 1367 2.25 242 Cof family protein/peptidyl-prolyl cis-trans
isomerase, cyclophilin type
SPD 1368 rpsR 2.71 2.25 ribosomal protein S18
SPD 1369 ssb 2.76 2.17 single-strand binding protein
SPD 1370 | rpsF 2.65 2.78 ribosomal protein S6
SPD 1404 tpid 2.23 triosephosphate isomerase
SPD 1410 5.12
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SPD 1422 2.21 hypothetical protein

SPD 1463 2.63 ABC transporter, substrate binding lipoprotein

SPD 1474 | diviVA 2.5 2.8 cell division protein DivIVA

SPD 1475 | ylmH 2.19 2.06 YImH protein

SPD 1495 2.3 sugar ABC transporter, sugar-binding protein

SPD 1504 | nanAd 3.29 sialidase A precursor

SPD 1513 2.08 3.43

SPD 1514 291 3.53 ABC transporter, ATP-binding protein

SPD 1515 3.23 3.95 hypothetical protein

SPD 1516 451 4.97 hypothetical protein

SPD 1517 2.17 2.19 hypothetical protein

SPD 1522 2.15 3.37 hypothetical protein

SPD 1529 2.12 2.14

SPD 1558 2.08 conserved hypothetical protein TIGR00253

SPD 1566 2.24 hypothetical protein

SPD 1567 trx 2.28 thioredoxin

SPD 1581 8.85 227 2.13

SPD 1588 4.88 4.54 2.34 hypothetical protein

SPD 1589 4.04 4.53 lipoprotein, putative

SPD 1590 3.24 2.34 general stress protein 24, putative

SPD 1591 4.23 3.4 hypothetical protein

SPD 1595 434 hypothetical protein

SPD 1642 | proWX 2.02 choline transporter (glycine betaine transport
system permease protein)

SPD 1643 | proV 2.22 choline transporter

SPD 1644 227 hypothetical protein

SPD 1671 amid 3.13 3.62 oligopeptide ABC transporter, oligopeptide-

binding protein AmiA

SPD 1682 4.73

SPD 1685 4.06

SPD_1686 10.79

SPD 1687 2

SPD_1688 7.85 1.99 2.41

SPD 1689 4.12

SPD 1690 2.6

SPD 1691 8.45 2.03

SPD 1692 4.18 2.22

SPD_1693 3.53

SPD 1694 5.49 2.12

SPD_1695 2.5 2.31

SPD_1696 3.48 3.13

SPD 1697 2.88

SPD_1698 6.26

SPD 1707 2.06 hypothetical protein
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SPD 1730 2.11 3.11
SPD 1739 recA 2.84 recA protein
SPD 1873 2.27 hypothetical protein
SPD_1879 4.76 4.56
SPD 1881 2.14 2.33
SPD 1882 4.07
SPD 1896 gitX 245 4.03 glutamyl-tRNA synthetase
SPD 1898 6.73 6.78 hypothetical protein
SPD 1899 3.33 2.19 glutamine amidotransferase, class 1
SPD 1906 2.1 1S1381, transposase OrfB
SPD 1963 rpmF 2.43 2.43 ribosomal protein L32
SPD 1965 | pcpA 4.56 4.49 choline binding protein PcpA
SPD 1967 2.11 1S1381, transposase OrfB
SPD 1981 2.6 hypothetical protein
SPD 2017 | chpA 242 choline binding protein A
SPD 2019 2.06 sensor histidine kinase
SPD 2020 2.71 435 DNA-binding response regulator
SPD 2030 | dnaB 2.17 replicative DNA helicase
SPD 2031 rpll 2.01 2.02 ribosomal protein L9
SPD 2032 245 2.19 DHH subfamily 1 protein
SPD 2033 yfid 2.84 ribosomal subunit interface protein
SPD 2037 cysK 3.85 cysteine synthase A
SPD 2043 3.59 3.98 secreted 45 kDa protein precursor
SPD 2059 541
SPD_2060 2.89 transcriptional regulator, TetR family protein
SPD_2066 3.62
SPD 2068 7.35 4.11 serine protease
SPD_2069 5.71 3.52 2.56 Spol protein

adhA -2.17
SPD 0039 -2.24 hypothetical protein
SPD 0116 -2.85 hypothetical protein
SPD 0144 -2.47 hypothetical protein
SPD 0145 -6.75 -6.39 -2.45 hypothetical protein
SPD 0146 -2.67 -5.49 -2.64 2.6 CAAX amino terminal protease family protein
SPD 0147 -2.4 -3.92 -2.18 2.36 CAAX amino terminal protease family protein
SPD 0148 -3.65 hypothetical protein
SPD 0149 -1.83 ABC transporter, ATP-binding protein
SPD 0213 secY -2.01 preprotein translocase, SecY subunit
SPD 0261 | pepC -2.16 aminopeptidase C
SPD 0276 -2.05 hypothetical protein
SPD 0339 2.4 hypothetical protein
SPD 0425 -2.01 hypothetical protein
SPD 0442 | pyrG -2.12 CTP synthase
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SPD 0445 pgk -3.92 phosphoglycerate kinase
SPD 0458 hred -2.98 heat-inducible transcription repressor HrcA
SPD 0459 | grpE -2.09 heat shock protein GrpE
SPD 0463 -2.06 Hit-like protein involved in cell-cycle regulation,
putative
SPD 0465 -2.16 ABC transporter, permease protein, putative
SPD 0485 hred -2.63 -2.03 hypothetical protein
SPD 0511 metF -2.15 5,10-methylenetetrahydrofolate reductase
SPD 0582 -3.56 -2.38 hypothetical protein
SPD 0588 -2.09 transcriptional regulator, putative
SPD 0646 -2.15 hypothetical protein
SPD 0685 gor -2.56 glutathione-disulfide reductase
gpmA -2.43
SPD_0770 -2.62
SPD 0772 -2.09 1-phosphofructokinase, putative
SPD 0900 asd -2.32 transcriptional regulator
SPD 0997 hup -2.06 DNA-binding protein HU
SPD 1004 | gapN -2.12 glyceraldehyde-3-phosphate dehydrogenase,
NADP-dependent
SPD 1138 hipX -2.34 -2.26 heat shock protein HtpX
SPD 1139 | lemA -2.77 -2.19 LemA protein
SPD 1255 -2.11 ABC transporter, ATP-binding protein
SPD 1295 -2.35 hemolysin
SPD 1320 -2.25 glycerol uptake facilitator protein, putative
SPD 1354 -2.04 hypothetical protein
SPD 1415 -2.07 -2.01 oxidoreductase, pyridine nucleotide-disulfide,
class I
SPD 1418 | pepQ -2.22 proline dipeptidase PepQ
SPD 1506 -2.07 acetyl xylan esterase, putative
SPD 1513 -2.59
SPD 1514 -2.04 -2.92 hypothetical protein
SPD 1515 -1.99 -2.2 hypothetical protein
SPD 1516 -2.41 -2.78
SPD 1646 -2.1 hypothetical protein
SPD 1647 | pepA -2.33 glutamyl aminopeptidase PepA
SPD 1663 treC -2.06 alpha,alpha-phosphotrehalase
SPD 1682 -3.83
SPD_1683 -2.13
SPD 1687 -2.38
SPD 1735 -2.31 hypothetical protein
SPD 1790 | rpmH -2.01 ribosomal protein L34
SPD 1797 ccpA -2.19 catabolite control protein A
SPD 1834 -2.41 alcohol dehydrogenase, iron-containing
SPD 1843 -2.05 hexulose-6-phosphate isomerase, putative
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SPD 1917 -2.14 hypothetical protein

SPD 1932 | malP -3 maltodextrin phosphorylase

SPD 1933 | malQ -2.43 4-alpha-glucanotransferase

SPD 1956 ilvD -2.08 dihydroxy-acid dehydratase

SPD 1984 -2.4 -2.56 hypersensitive-induced reaction protein 4
SPD 2006 -2.31 hypothetical protein

SPD 2009 -2.02 hypothetical protein

*Fold changes >2 or <-2. All P-values are <0.001.
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