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Abstract

Mechanistic and Phenotypic Characterisation of Rgg/SHP Quorum
Sensing System in Streptococcus pneumoniae

Iman Tajer Abdullah

Abstract
The Rgg regulators with their short hydrophobic signalling peptides (SHPs) form part of

a quorum sensing system (QS) in Streptococci. They play an important role in stress
response, sugar metabolism, and virulence. Therefore, blocking phenotypic
manifestations of Rgg/SHP QS system would be an effective strategy to abrogate
streptococcal virulence. In this study, | focused on Rgg/SHP144 quorum sensing system
in the important human pathogen Streptococcus pneumoniae by evaluating the functional
importance of SHP144 residues towards the transcriptional activation of the system and
Rggl144 binding. This information would allow in depth understanding of the system’s
operation, and will be useful for developing anti-infectives that target Rgg/SHP144

system.

The results showed that most of selected SHP144 residues are required for shpl44
transcriptional activation, and residues at position 120 and P21 are critically important for
mannose utilisation, capsule synthesis and oxidative stress resistance in vitro as well as
for in vivo colonisation. Moreover, transcriptional activation of non-activating modified
peptides mimics their binding capabilities, except that while SHP144-C13V17A and
SHP144-C13P21A modifications abolished transcriptional activation of shpl44
promoter, these modifications did not affect Rgg binding. SHP144-C13P21A modified
peptide could competitively inhibit Rggl44 activation and decrease shp144 induction in
a dose-dependent and sequence-specific manner. This modified peptide has also the
capacity to diminish pneumococcal growth on mannose and render pneumococci

susceptible to oxidative stress.

QS systems are found widely in bacteria, and they are suggested to be potential anti-
infective targets. Thus, this study lays the ground for developing effective inhibitors in

future and demonstrates the potential utility of QS systems as anti-infective targets.
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Chapter 1 Introduction

Chapter 1. Introduction

1.1. General features of Streptococcus pneumoniae

Streptococcus pneumoniae (known as the pneumococcus) is an anaerobic aerotolerant
Gram-positive bacterium belonging to the genus Streptococcus (Bridy-Pappas et al.,
2005). It was first discovered in 1881 by George Miller Sternberg in the United States and
by Louis Pasteur in France. The former name of S. pneumoniae was Diplococcus
pneumoniae because of its appearance as pairs, and in 1974 this name was changed to
Streptococcus pneumoniae because it grows in chains in liquid medium (Janoff and
Musher, 2015). The pneumococcus is an encapsulated, non-motile, non-spore forming
bacterium. It appears as lancet shaped diplococcus or short chains under a microscope
with cell size ranging from 0.5 to 1.25 um. Unlike other streptococcal species, it is
sensitive to ethylhydrocupreine (optochin) discs and hydrolyses in bile salts. The
pneumococcus is one of the fastidious microorganisms lacking the catalase enzyme,
therefore requires a complex media containing a source of catalase such as blood agar for
its growth (Tuomanen, 2006). The pneumococcal cells form a-haemolysis (green zone)
around the grey-white colonies when grown on blood agar plates (Reller et al., 2008). In
addition, the presence of 5% carbon dioxide promotes pneumococcal growth, however a
fully anaerobic environment is necessary for 20% of newly isolated strains (Tuomanen,
2006). It can grow in a pH range between 6.5-8.3 and temperature between 25-42°C,
however the ideal pH and temperature is 7.8 and 37°C, respectively (Terra, 2011).
Genetically, S. pneumoniae contains 2-2.2 million base pairs and has more than 2000
genes in its genome (Mitchell and Mitchell, 2010), with a 39.7% of guanine—cytosine
content (van der Poll and Opal, 2009). It has a distinct cell wall that lies under a capsule
sheath, mainly composed of peptidoglycan layer (repeating units of N-acetylmuramic
acid, N-acetylglucosamine, linked together by B1,4 linkages), teichoic acid, which is
covalently bound to the peptidoglycan layer and lipoteichoic acid attached to

phospholipids of the cell membrane (Maestro and Sanz, 2016).

1.2. Epidemiology of Streptococcus pneumoniae infections

Streptococcus pneumoniae is part of the respiratory commensal flora and resides

asymptomatically in mucosal surfaces of the nasopharynx and upper airway of healthy

1
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individuals (Brooks and Mias, 2018). The nasopharyngeal colonisation rate varies
between individuals and commonly depends on geographical area, age, genetic
background, and socioeconomic conditions (Bogaert et al., 2004). A symptomatic carrier
state is the principle reservoir of pneumococcal infections (Kadioglu et al., 2008), and
considered as a platform for dissemination of pneumococcal infections within the
population via direct contact with contaminated respiratory aerosols (Bojang et al., 2015).
The highest carriage rate was reported in children at the age of 3 years (55%), and this
rate gradually declines with increasing age and stabilises at 8% in children older than
10 years (Bogaert et al., 2004).

The pneumococcus stays as a carrier in the nasopharynx until preferred conditions arises
that allows its transmigration to other sites of human body such as lungs, blood or
meninges, causing an array of life-threating diseases such as pneumoniae, bacteraemia
and meningitis. These diseases are collectively named invasive pneumococcal diseases
(IPDs) (Conklin et al., 2014). IPDs are more common in children under 2 years, senior
over 65 years old and patients with underlying conditions such as asplenia, diabetes

mellitus, malignancies and immunodeficiencies (Janoff and Musher, 2015).

Pneumococcal diseases impose an enormous burden on public health in both developing
and developed countries (Bogaert et al., 2004). According to World Health organization in
2007, the pneumococci are responsible for 14.5 million annual infections worldwide, and
two thirds of pneumococcal infections occur in children in developing countries like Asia
and Africa (O'Brien et al., 2009; Engholm et al., 2017). Pneumococcal infections are also
considered as one of a major global health problem in the world by killing more than 1.6
million people each year, and 0.7-1 million of deaths in children under 5 years of age
particularly in developing countries (World Health Organization, 2007). More than 90% of
deaths occur in developing countries (Johnson et al., 2010). This high death rate may be
due to malnutrition, lack of appropriate diagnostics tests and treatment facilities in these
countries. In addition, widespread HIV and influenza virus infections potentiate secondary

pneumococcal infections which often lead to death (Short et al., 2012; Shrestha et al., 2013).

It has been reported that up to 15%-30% of pneumococcal pneumonia patients have
pneumococci in their blood (Musher, 1992), and more than 20% of young infants die from

pneumococcal septicaemia in developing countries (World Health Organization, 2012).

2
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The pneumococcus also causes meningitis, the most life-threatening form of invasive
pneumococcal diseases (Kastenbauer and Pfister, 2003). It accounts 50% of bacterial
meningitis (Uchiyama et al., 2009) with global mortality rate around 50% in developing
countries (World Health Organization, 2012).

Despite the availability of preventive therapies and improvement in the efficacy of
antibiotics, the morbidity and mortality rates of IPDs remains high in industrialised
countries (Ogunniyi and Paton, 2015; Chalmers et al., 2016). It was reported that each
year 44.4/100 000 and 167/100 000 children under 2 year suffer from pneumococcal
infections in Europe and the United States (World Health Organization, 2012) with an
estimated 40,000 deaths annually in the USA (Obaro and Adegbola, 2002). The annual
incidence of pneumococcal bacteraemia in the USA reaches up to 50000 cases, with a
mortality rate of 20%. In addition, 15-50% of all community acquired pneumonia in the
world are caused by the pneumococci with an estimated 100 per 100,000 adults each year
in Europe and the USA (Verma and Khanna, 2012). Pneumococcal meningitis is also
widespread in the USA with an estimated incidence of 3000-6000 cases each year with a
mortality rate of approximately 30% (Gratz et al., 2015). In more than 58% of
pneumococcal meningitis survivors, neurological deficits such as deafness, mental
retardation and seizures can ensue (World Health Organization, 2012; O'Brien et al.,
2016).

In addition to invasive diseases, S. pneumoniae also causes less serious but more prevalent
localised diseases with high medical cost such as otitis media, sinusitis and conjunctivitis
(Ogunniyi and Paton, 2015). The pneumococcus is the most prevalent cause of acute otitis
media (AOM) accounting for 30%-50% of all acute otitis media cases worldwide (Verma
and Khanna, 2012). It was reported that an approximately two thirds of children in the
USA get one or more of pneumococcal otitis media episodes in their first years of life
(Fletcher and Fritzell, 2012).

1.3. Evolution of antibiotic resistance within pneumococcal population

The B-lactam antibiotics including penicillin have been the first choice for treatment of

pneumococcal infections (Cornick and Bentley, 2012), until the emergence of resistance
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in Australia in 1967. Since then, there is a steady increase in pneumococcal resistance to
penicillin and other B-lactams, and currently it exceeds 50% of all pneumococcal isolates
in some countries (Lifares et al., 2010). Most important, resistance to penicillin has
coincided with a significant increase in resistance to other conventional antibiotics such
as macrolides, tetracyclines, chloramphenicol and co-trimoxazole (Cornick and Bentley,
2012). A study published by Active Bacterial Core Surveillance (ABCs) in 2016 showed
that 2.2%, 30.7%, 6%, 12.2% of pneumococcal strains isolated from 2,720 cases are
resistant to penicillin, erythromycin, co-trimoxazole and tetracycline, respectively
(Centers for Disease Control and Prevention, 2016). Of more concern, 40% of
pneumococcal isolates are found to be multidrug-resistant, with a high variation in
resistance prevalence countries (Reinert, 2009). High resistance rate is attributed to
selective pressure originated from widespread use of antimicrobial agents (Hicks et al.,
2011).

Resistance to penicillin emerges from mutations in penicillin binding proteins (PBPs), the
target site of B-lactams. S. pneumoniae possesses six PBPs (1a, 1b, 2x, 2a, 2b, and 3), each
with a different molecular weight. PBP membrane proteins are required for peptidoglycan
biosynthesis and cell wall integrity (Kaplan, 2004). Thus, modifications in the PBPs,
mainly in the transpeptidase domains of PBP1a, PBP2x and PBP2b, reduce the binding
affinity of PBPs to penicillin and other Peta-lactams (Lifiares et al., 2010; Hakenbeck et
al., 2012). Resistance to penicillin requires alteration in PBP2b, whereas modifications in
PBP2x and PBP1a are needed for high resistance in expanded spectrum cephalosporins
(Coffey et al., 1995). Recent studies have suggested that the high resistance to penicillin
is due to the capability of pneumococci to acquire -lactam resistant genes from other
streptococci especially from S. mitis and S. oralis which reside in the same niche (Jensen
et al., 2015; Straume et al., 2015). Such mosaic resistant genes contain sequence blocks
that differ from those in susceptible pneumococci by up to 20% at the DNA level or 10%
at amino acid sequence level (Hakenbeck et al., 1999). For non-p-lactam antibiotics, the
pneumococci have also evolved different resistance mechanisms. For example, macrolide
resistance originates from modification in the target site, mediated by the production of
23S rRNA methylase (ermB) that adds a methyl group to an adenine nucleoside on the
23S rRNA and prevents macrolides as well as lincosamides and streptogramins B (MLSg
phenotype) from binding to the ribosome. Other macrolide resistance mechanisms include
preventing macrolide accumulation by Mef efflux pump, which is encoded by mef gene
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(mefA or mefE), thereby generating M resistance phenotype, or by the less commonly
occurring method, by introducing point mutations in domains Il and V of 23S rRNA and
in the genes encoding for ribosomal proteins L4 and L22, which confer a variety of
macrolide resistance phenotypes (Lifiares et al., 2010; McGee et al., 2015). Similarly,
fluoroquinolone resistance arises from point mutations in genes encoding for
topoisomerase 1V and DNA gyrase in the quinolone resistance-determining regions
(QRDRs) or by drug efflux (Eliopoulos, 2004; McGee et al., 2015). Other antibiotic
resistance mechanisms include resistance to co-trimoxazole by mutations in dihydrofolate
reductase gene (DHFR) for trimethoprim or dihydropteroate synthase (DHPS) for
sulfamethoxazole (Adrian and Klugman, 1997; Maskell et al., 1997), or by acquisition of
ribosomal protection proteins Tet(M) and Tet(O) in case of tetracycline (Widdowson et
al., 1996), and acetyltransferase production in case of chloramphenicol resistance (McGee
etal., 2015).

As discussed above, treatment of pneumococcal diseases is hampered by the rapid
increase of resistance towards conventional antibiotics, therefore implementation of new
strategies and discovery of novel drug targets that are effective and less prone to antibiotic
resistance mechanisms, would be of great value. Thus, this study focuses on identifying

microbial targets that can be utilised to develop effective anti-infectives in the future.

1.4. Vaccination against pneumococcal diseases

Pneumococcal resistance against commonly prescribed antibiotics is continuously
increasing and becoming a major global health concern, threatening the treatment success
in many countries. Thus, a new strategy is greatly needed to alleviate the burden of
pneumococcal diseases. A part of this strategy is to prevent pneumococcal infections
through immunisation. Indeed, a tremendous reduction in the incidence of pneumococcal
diseases has been observed after the introduction of pneumococcal vaccines into routine
immunisation schedules (lzurieta et al., 2018; Singh and Dutta, 2018). Plain
polysaccharide (PPV23) and conjugate vaccines (PCVs) are the two available vaccines
currently for use to eliminate pneumococcal infections (Feldman and Anderson, 2014,
Singh and Dutta, 2018). These vaccines provide serotype-specific protection (Durando et
al., 2013; Miyaji et al., 2015).
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The 23-valent pneumococcal polysaccharide PPV23 or Pneumovax 23 was firstly
licenced in 1983 and was used to vaccinate adults over 65 years of age and children older
than 2 years who have underlying conditions such as HIV and severe chronic diseases
(Hodder et al., 2010). This vaccine contains 23 serotypes (1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V,
10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F, and 33F), covering
approximately 85-90% of IPDs in the world (World Health Organization, 2008; Daniels
et al., 2016). This vaccine can provide protection for young adults against IPDs but has
no role for reducing pneumococcal carriage or pneumococcal mucosal infections such as
otitis media (Pletz et al., 2008; Daniels et al., 2016). Another concern is the poor
immunogenicity of capsular polysaccharides, which provides a short-term protection
against pneumococcal diseases. This is because stimulation of mature B cells by capsular
polysaccharides produces IgM antibodies without induction of T-cells (Pletz et al., 2008;
Sings, 2017). Such immunological response lacks the capability to generate serotype-
specific memory B cells, thus it is not recommended for use in younger infants, who have

immature immune system and poor response to this vaccine (Pletz and Welte, 2015).

The limitations of PPV23 have been overcome by developing conjugate vaccines, which
consist of capsular polysaccharides covalently attached to immunogenic carrier proteins
(Singh and Dutta, 2018). The 7 valent capsular polysaccharides PCV7 (Prevnar, Pfizer)
is the first conjugated vaccine launched in 2000 for use in young children in the USA and
subsequently in other countries (Moffitt and Malley, 2011). This vaccine contains 7 of the
most important pneumococcal serotypes (4, 6B, 9V, 14, 18C, 19F, and 23F) conjugated
to diphtheria toxoid (CRM197) (Singh and Dutta, 2018). Low serotype coverage by PCV7
has led to the formulation of PCVV10 and PCV13.

PCV10 (Synflorix) includes 1, 5, 7F in addition to seven serotypes of PCV7 incorporated
to nontypeable Haemopbhilus influenzae protein D (Prymula and Schuerman, 2009), while
PCV13 or Prevnar 13 was designed to include serotypes 1, 3, 5, 6A, 7F and 19A along
with the 7 included in PCV7 (Jefferies et al., 2011) with coverage reaching nearly 90% in
2011 (Prato et al., 2016). This vaccine confers protection against the six additional
serotypes (Shiri et al., 2017) in particular 3 and 19A serotypes which are responsible for
half of pneumococcal pneumonia in children (Olarte et al., 2017). Thus, PCV13 has
superseded the existing PCV7 and been approved for use in children aged 6 weeks-5 years
and adults over 50 years (Sanford, 2012).
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Unlike the PPV23, PCVs contain immunogenic proteins which allow activation of both
B and T cells and generation of memory-B cells and mucosal immunity (Feldman and
Anderson, 2014; Sings, 2017). These vaccines can protect individuals from both invasive
bacteraemia, meningitis and mucosal pneumococcal infections, like otitis media (Pletz et
al., 2008; Reinert et al., 2010). PCVs also offer herd immunity through reducing IPDs
and carriages among vaccinated and unvaccinated population in all ages (Pletz et al.,
2008; Yildirim et al., 2015) as well as decreasing the prevalence of antibiotic resistance
clones (Kyaw et al., 2006). However, these effects are largely offset by the appearance of
pneumococcal infections due to non-vaccine serotypes. This phenomenon is known as

serotype replacement (Kyaw et al., 2006; Camilli et al., 2017).

Serotype replacement, incomplete serotype coverage and cost represent the main
problems threatening the success of current vaccines especially in low-income countries
(Kay et al., 2016; Wang et al., 2018). Therefore, there is a need to develop an efficacious
vaccine covering a board range of serotypes, effective in all age groups, and inexpensive
(World Health organization, 2008; Lin et al., 2015). Protein-based vaccines are currently
being explored to be used as an alternative approach to overcome the shortcomings of
current conjugated vaccines. One avenue could be to use conserved pneumococcal surface
proteins like PspA, pneumolysin, PsaA, or PspC (Moffitt and Malley, 2011) that have
been shown to be immunogenic (Zhang et al., 2002) and effective against pneumococcal
infections in different animal models (Paton, 1998; Brooks-Walter et al., 1999). These
proteins could be used as chimeric proteins or in conjugation with capsular
polysaccharides (Darrieux et al., 2015; Lin et al., 2015). Another approach that is recently
received more attention is whole cell unencapsulated killed vaccine (Moffitt and Malley,
2011). It is hoped that both of these approaches provide broad cross-protection against
multiple pneumococcal strains in serotype-independent manner. To achieve these goals,
more knowledge about pneumococcal disease pathophysiology is required to generate

effective vaccine against life-threating pneumococcal infections.

1.5. Virulence factors and pathophysiology of pneumococcal diseases

One of the important features of pneumococcal biology is its versatility to survive and

cause diseases in a variety of host tissues. In vivo environments are diverse, ranging from
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aerobic with low glucose in the respiratory track to fully anaerobic with a high level of
glucose in the blood, in addition to different challenges either from the host’s immune
system or from other microbial inhabitants during attachment and invasiveness.
Therefore, adaption to different environmental conditions and survival in various host
tissues is a prerequisite for pneumococcal infections. The mechanisms that mediate these
adaptions are poorly understood (Trappetti et al., 2013). It is commonly believed that
nasopharyngeal colonisation is the first step of pneumococcal diseases and a prelude to
spreading the infections to other parts of human body (Koliou et al., 2018). Host immune
system and invasive properties of pneumococcal serotypes play a significant role in
pneumococcal diseases (Bridy-Pappas et al., 2005). Pneumococcal virulence factors play
an important role in immune system evasion and pneumococcal interactions with host
tissues (Brooks and Mias, 2018) (Figures 1.1 and 1.2).

Within minutes of entering into the nasal cavity, S. pneumoniae confronts several natural
barriers such as mucus that hinder pneumococcal binding to the respiratory mucosal
surface and its progression into host tissues (Short and Diavatopoulos, 2015). S.
pneumoniae can protect itself from mucociliary clearance by expressing a negatively

charged polysaccharide capsule (CPS), exoglycosidases enzymes and pneumolysin toxin.

Pneumococcal capsule is a major pneumococcal virulence determinant, present in almost
all of clinical isolates (de Vos et al., 2015). It consists of repeating units of
oligosaccharides and acidic components such as D-glucuronic acid, ribitol, or arabinitol
(Alonsodevelasco et al., 1995). It provides protection against the adhesive effect of
mucosal secretions by keeping the pneumococcal cells away from mucus by an
electrostatic repulsion mechanism, allowing pneumococcal passage through the mucus
layer and adherence to epithelial cells (Nelson et al., 2007). Pore-forming toxin
pneumolysin (Ply) can also inhibit epithelial cilia movement and disrupt human ciliated
epithelium, promoting initial colonisation and subsequent invasion of the lower
respiratory tract (Feldman et al., 2002; Mook-Kanamori et al., 2011). In addition, S.
pneumoniae can also secrete a set of exoglycosidases like neuraminidase A (NanA), B-
galactosidase A (BgaA) and p-N-acetylglucosaminidase (StrH) to cleave host
glycoconjugates covering the mucosal layer and expose host receptors for adherence to
epithelial cells (King et al., 2006). Cleavage of host glycoconjugates results in liberation

of a set of monosaccharides which can be utilised as a nutrient source in glucose-free
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mucosal surfaces (Burnaugh et al., 2008; King, 2010). In addition, exoglycosidases also
deglycosylate mucus glycoconjugates, thus reducing mucus viscosity and protecting the

pneumococci from mucus entrapment (Mook-Kanamori et al., 2011).

Exoglycosidases provide competitive advantages for pneumococci by cleavage of
lipopolysaccharides of other nasopharyngeal inhabitants like Haemophilus influenzae and
Neisseria meningitidis (Shakhnovich et al., 2002). It can also modify human host defence
proteins such as human lactoferrin and immunoglobulin IgA2 (King et al., 2004),
providing protection against the innate immune system and facilitate pneumococcal
persistence in the respiratory tract. Deletion of neuraminidase impaired pneumococcal
colonisation and otitis media in a chinchilla infection model (Long et al., 2004; Tong et
al., 2000). Pneumococcal survival in the nasopharynx, lungs and the blood are also
inhibited in mice infected with nanA or nanB mutants (Manco et al., 2006). The nanA
mutant could not persist in the respiratory tract of infected mice more than 12 h following
infection, whereas nanB mutant showed some resistance, but without increasing in the
bacterial load. In addition, both mutants were unable to survive in the blood of infected
mice and to cause sepsis. The involvement of NanA and NanB in nasopharyngeal
colonisation was further supported by the report that neuraminidases are required for
biofilm formation (Brittan et al., 2012; Blanchette et al., 2016).

After reaching the nasopharyngeal epithelium, the pneumococci undergo phase variation
from opaque (thick capsule) to transparent variants (thin capsule) to facilitate
pneumococcal attachment to host epithelial receptors and translocation to bronchi and the
lungs (Kim and Weiser, 1998; Bogaert et al., 2004). Cell wall associated proteins also
play an important role in pneumococcal interaction with host cell receptors. These
proteins are anchored to the cell wall surface by one of three sequence motifs: LPxTG
motif, a choline-binding domain, or a lipoprotein domain (Henriques-Normark and
Tuomanen, 2013). Among cell wall associated proteins, choline binding proteins (CBPS)
are the most important family found in all pneumococcal strains. This family includes 13-
16 proteins noncovalently attached to cell wall teichoic acid such as pneumococcal surface
protein C (PspC), pneumococcal surface protein A (PspA), and hydrolytic enzyme
A(LytA). These proteins play important roles in cell-wall physiology, host—pathogen
interactions, colonisation and virulence (Galan-Bartual et al., 2015).
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Penicillin treatment and nutrient depletion in the late growth stationary phase expose the
pneumococci to disintegration and lysis (Jedrzejas, 2001; Mellroth et al., 2012).
Autolysin, LytA (N-acetylmuramoyl-L-alanine amidase) is the main enzyme that
mediates cell lysis and the release of peptidoglycan, teichoic acids and other cellular
components (Kadioglu et al., 2008). Cell lysis activates the complement system and
stimulates the release of proinflammatory cytokines such as interleukin-1, causing
damage to lung tissues and promotion of pneumococcal growth in the lungs and
bloodstream. It is thought that such reaction may be responsible for morbidity and
mortality of pneumococcal infections (Alonsodevelasco et al., 1995). Thus, loss of LytA
attenuated pneumococcal pneumonia and bacteraemia in a murine infection model (Berry
and Paton, 2000; Orihuela et al., 2004) as well as meningitis in rats (Hirst et al., 2008).

Additionally, LytA is involved in the release of important intra-cytoplasmic membrane
toxin pneumolysin (Ply) (Mitchell et al., 1997; Jedrzejas, 2001). This toxin however can
be released independently in the absence of autolysin activity (Balachandran et al., 2001;
Mitchell and Mitchell, 2010). Pneumolysin is a part of pore-forming cytotoxin proteins,
cholesterol dependent cytolysin, present in almost all pneumococcal clinical isolates
(Kadioglu et al., 2008). It plays an important role in invasion and destruction of alveolar
and pulmonary endothelial cells, causing edema and haemorrhage in the alveolar space.
Disruption of the alveolar-capillary barrier causes alveolar flooding providing nutrients
for pneumococcal growth and accelerating pneumococcal penetration into pulmonary
interstitium and blood circulation (Rubins and Janoff, 1998; Jedrzejas, 2007). Absence of
ply caused a significant reduction in pneumococcal load in the upper and lower respiratory
tract in the acute pneumoniae murine model (Kadioglu et al., 2002), and pneumococcal
inability to spread from the lungs to blood to cause sepsis (Orihuela et al., 2004). This
toxin has also many adverse effects at sublytic concentration on immune system cell
functions (Malley et al., 2003).

After passage of the respiratory epithelial barrier, the pneumococci encounter another
physical barrier which is the extracellular matrix (ECM). The pneumococcal cells produce
hyaluronate lyase to destruct hyaluronic acid and facilitate bacterial invasion and
dissemination into underlying tissues (Jedrzejas, 2007). This enzyme has capacity to
penetrate the blood brain barrier and CSF, and its effect on the development of
pneumococcal meningitis has been demonstrated (Kostyukova et al., 1995; Zwijnenburg
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et al., 2001). Invasion of basement membrane and underlying ECM is further enhanced
by direct interaction of pneumococcal adhesin and virulence factors A (PavA) and B
(PavB) with extracellular-matrix components fibronectin and plasminogen (Holmes et al.,
2001; Jensch et al., 2010). Both PavA and PavB are found to be required for full
pneumococcal virulence, as deletion of pavA or pavB impaired pneumococcal
colonisation and translocation to other tissues (Kadioglu et al., 2010; Paterson and
Orihuela, 2010). The pneumococci also express surface proteins enolase, choline-binding
protein E (CbpE) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which are
important for interaction with plasminogen and plasmin and disruption of interepithelial
adherence junction proteins like cadherin, thus accelerating pneumococcal migration and

invasion into vascular endothelial layer (Attali et al., 2008).

After dissemination into blood circulation, the capsule polysaccharide protects the
pathogen from phagocytosis and complement-mediated clearance through impeding
C3b/iC3b deposition on the pneumococcal surface, mediated by both classical and
alternative complement pathways and by inhibiting the binding of immunoglobulin IgG
and CRP to bacterial surface (Hyams et al., 2010). Most importantly, the pneumococcal
capsule varies between strains, and so far, more than 97 capsular polysaccharide serotypes
have been identified (Geno et al., 2015). Each serotype has distinct biochemical
composition and antiphagocytic capability for causing disease. The amount of capsule is
also important, as thick capsule confers systemic invasion and phagocytic resistance
(Henriques-Normark and Tuomanen, 2013). Thus, loss of capsule results in greater
deposition of antibodies and complement system on pneumococcal cells (Bogaert et al.,
2004) and render them less virulent (Henriques-Normark and Tuomanen, 2013).
Pneumococcal surface proteins such as pneumolysin act along with the capsule to prevent
phagocytosis and evasion of the host immune system (Mitchell et al., 1991). With high
titre bacteraemia, the pneumococci breach the blood-brain barrier and penetrate
endothelial junctions to access CSF and brain parenchyma (Henriques-Normark and
Tuomanen, 2013). Binding of CbpA to laminin receptor (LR) on microvascular
endothelial cells (Orihuela et al., 2009), and NanA through its laminin G-like lectin
domain (Uchiyama et al., 2009), would provide further adhesion to endothelial cells and
invasion of meningeal cells. Pneumococci with transparent capsule increase
pneumococcal invasion into brain endothelial cells up to six-fold (Ring et al., 1998). Ply
has shown to play an important role in brain damage (Hirst et al., 2008).
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Although the role of many virulence factors in the pathogenicity of S. pneumoniae has
been reported (Figures 1.1 and 1.2), the expression kinetics of these factors remain
elusive. Limited information is available about virulence gene expression in the presence
of different environmental conditions. Therefore, the study of transcriptional proteins in
depth are of high importance to fully understand the role of virulence proteins in

pneumococcal colonisation and virulence.
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Figure 1.1: Schematic diagram representing virulence factors of Streptococcus
pneumoniae. PsaA (pneumococcal surface antigen A); NanA (neuraminidase A); Eno
(enolase); LytA (autolysin A); Hyl (hyaluronate lyase), PspA and PspC (pneumococcal
surface proteins A and C respectively); LTA (lipoteichoic acid); CPS (Capsular
polysaccharide). This figure was constructed based on van der Poll and Opal (2009).
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Figure 1.2: Schematic diagram representing colonisation and disease development in S.
pneumoniae. (A) Mucus destruction by pneumococcal enzymes NanA, BgaA, StrH, and
NanB, and reduction of epithelium cilia movement by Ply. (B) Resistance to lysosome by
the activities of N-acetylglucosamine deacetylase A (PgdA) and O-acetyltransferase (Adr)
enzymes, and sIgA by IgA1l protease. (C) Binding of pneumococcal cells to epithelial
cells by using SpxB, Ami, MsrA, and PIpA proteins. (D) Translocation into epithelial cells
through interaction of polymeric immunoglobulin receptor (pIgR) with pneumococcal
surface protein C (PspC) or platelet-activating factor receptor (PAFr) with pneumococcal
phosphorylcholine (ChoP). (E) Inter-and pericellular penetration by binding of GAPDH,
CbpE, and enolase enzymes to plasminogen facilitating pneumococcal binding to
epithelial cells and degradation of interepithelial adherens junctions. This figure was
designed based on Mook-Kanamori et al. (2011).

Circulation

1.6. The impact of environmental parameters on pneumococcal biology

1.6.1. Carbohydrates utilisation and its impact on pneumococcal lifestyle

S. pneumoniae is a fermentative microorganism, highly dependent on glycolytic
metabolism to gain energy for growth and biosynthesis (Paixdo et al., 2015a).
Carbohydrate metabolism has a crucial role in pneumococcal pathogenesis as it
specifically modulates the expression of virulence genes in fluctuating nutritional niche
and provides essential nutrients for sustaining growth (Burnaugh et al., 2008; Paixdo et
al., 2015a). The pneumococcus differs from other pathogens residing in the same niche,
as it has capacity to uptake more than 32 different sugars (Bidossi et al., 2012; Buckwalter

and King, 2012), and has specific catabolic pathways for utilisation of galactose (Gal),
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mannose (Man), and N-acetylglucosamine (GIcNAc) (Bidossi et al., 2012; Paixao et al.,
2015b). Genomic analysis has shown that approximately one-third of the pneumococcal
genome encodes for proteins devoted for carbohydrate catabolism (Hoskins et al., 2001;
Terra et al., 2010). Glucose, the preferential sugar for S. pneumoniae is nearly absent in
the nasopharynx (initial niche for pneumococcal colonisation), less than 1mM compared
with its content in blood (around 4-6 mM) (Philips et al., 2003). Thus, the pneumococci
must endeavour to exploit other available nutrient resources such as O-, N-linked glycans
and glycosaminoglycan present in airway secretions and decorated respiratory epithelium
(Marion et al., 2012; Paixao et al., 2015b) and utilise them as an energy source during

nasopharyngeal colonisation (Burnaugh et al., 2008; Yesilkaya et al., 2008).

A good example of host glycoproteins is mucin (Yesilkaya et al., 2008). Mucins are
heavily glycosylated molecules, and the main component of mucus covering the surface
of respiratory epithelial cells. Mucins are large molecules, 2-20x10° Dalton, mainly
composed of O-glycans (50-90% carbohydrates) and protein backbone, which contains
numerous tandem repeats (TR) enriched with serine, threonine, and proline amino acid
residues (Rose and VVoynow, 2006). The O-glycans contain 1-20 residues that are found
as linear or branched structures. Mucins are mainly composed of N-acetylglucosamine
(GIcNAC), N-acetylgalactosamine (GalNAc), sialic acid or N-acetylneuraminic acid
(NeuNAc), galactose (Gal), fucose (Fuc) and sulphated sugars, which are connected to
the protein core via a N-acetylgalactosamine moiety (Rose and Voynow, 2006; Lindén et
al., 2008). Among these carbohydrates, galactose, N-acetylgalactosamine and N-acetyl
glucosamine are the most predominate sugars in mucin structure (Terra et al., 2010). The
pneumococcus expresses at least 10 genes encoding for glycosidase enzymes. Theses
enzymes have a capacity to cleave different range of host substrates (mucin, glycolipids,
and glycoproteins) providing sugar residues for bacterial growth, revealing receptors for
adherence and colonisation, providing a competitive advantage to pneumococcus over
other commensals residing in the same niche, and altering the clearance function of host

defence molecules (King, 2010).

The most important exoglycosidases are neuraminidase A, B, and C (NanA, NanB and
NanC), B-galactosidase A and C (BgaA and BgaC), N-acetylglucosaminidase (StrH), O-
glycosidase (Eng), endo-B-N-acetylglucosaminidase (EndoD) and hyaluronate lyase (Hyl)
(King, 2010). The pneumococci produce three distinct neuraminidases A, B and C. NanA
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and NanB are the most important enzymes, present in 100% and 96% of pneumococcal
clinical isolates, respectively, whereas NanC is found in only 51% of pneumococcal
strains and usually associated with systemic infection (Pettigrew et al., 2006) and
haemolytic uraemic syndrome (HUS) in children (Janapatla et al., 2013). NanA differs
from NanB and NanC, as it has anchoring LPXTG motif at the C-terminus end for binding
to the cell surface and is responsible for cleavage of 02-3-, a2-6- and a2-8-linked sialic
acid (Xu et al., 2008a), whereas NanB and NanC are secreted enzymes with a propensity
for cleavage of o 2-3-linked sialic acid (Gut et al., 2008; Xu et al., 2008b). NanA and B
have different pH optima (NanA active at pH 6.5-7.0 while NanB at pH 4.5) (Berry et al.,
1996), and different molecular size, as NanA is much larger (115 kDa) than NanB
(78 kDa) and NanC (82 kDa). NanC shares 50% sequence identity with NanB and 25%
with NanA (Xu et al., 2008b). All of these provide evidence that these enzymes have

different substrates and functions in different biological niches.

In addition, the pneumococcus has capacity for deglycosylation of O-linked glycans from
mucin through cleavage of sialylated core-1-O linked glycans by O-glycosidase (Endo-a-
N-acetylgalactosaminidase, Eng) (Marion et al., 2009) and galactose B(1-3) by BgaC
(Jeong et al., 2009). This provides an indicator that the pneumococci have capacity to
utilise both N- and O- linked glycans from mucin and mucin like proteins for energy
requirements (Burnaugh et al., 2008; Marion et al., 2009).

It is important to mention that the initial cleavage of mucin by NanA is required for
efficient sequential degradation of oligosaccharides by other glycosidases (King et al.,
2006; Terra et al., 2010), as deletion of nanA impaired pneumococcal growth in media
containing mucin (Yesilkaya et al., 2008). In addition, mutations of other glycosidases
also hinder sequential deglycosylation of host sugars (King, 2010), as loss of bgaC
decreased pneumococcal capacity to breakdown galactose in media containing mucin
(Terraetal., 2010).

Recent studies showed that the pneumococci can utilise sialic acid, the most important
carbohydrate present on N- and O-linked glycans as a carbon source for pneumococcal
growth in vivo (Marion et al., 2011), as well as a receptor for adhesion and invasion, and
a diffusible signal for enhancing biofilm formation (Trappetti et al., 2009; Gualdi et al.,

2012). In addition, glycosaminoglycans (hyaluronic acid), present on the apical surface of

15



Chapter 1 Introduction

epithelial cells can also be used as an energy source by degradation of hyaluronic acid by
the action of hyaluronate lyase (Hyl) (Marion et al., 2012). Similarly, the hyaluronic acid
capsule of other pathogens and free sugars supplied by host diet can also be utilised as an
alternative carbohydrate resource during pneumococcal growth (Buckwalter and King,
2012; Marion et al., 2012).

A direct link has been found between carbohydrate metabolism and pneumococcal
virulence (Carvalho et al., 2013a). Exoglycosidase enzymes have been shown to be
important for pneumococcal pathogenesis and in vivo fitness. Their roles are supported
by the findings that deletion of exoglycosidase enzymes caused a significant reduction in
pneumococcal attachment to human epithelial cells, colonisation and invasiveness in

mouse infection models (Marion et al., 2009; Terra et al., 2010; Brittan et al., 2012).

Furthermore, S. pneumoniae possesses a large number of sugar transporters, and more
than 30% of all pneumococcal transporters are predicted to be involved in carbohydrate
uptake (Tettelin et al., 2001; Bidossi et al., 2012). This number is significantly higher
compared to those in other prokaryotes. This provides further evidence for importance of
carbohydrates in the lifestyle of S. pneumoniae (Tettelin et al., 2001; Paixao et al., 2015a).
Carbohydrate transporters in general are classified into three groups:
phosphoenolpyruvate: sugar phosphotransferase systems (PTS systems), ATP-binding
cassette (ABC) and ion gradient driven transporters. The pneumococci have 21 PTS
systems, 7 ATP-binding cassette (ABC) and one sodium: solute symporter and a permease
(Bidossi et al., 2012). Each of these transporters provides a distinct advantage for
pneumococci during colonisation and transmission into other tissues. As mutations in
carbohydrate transporter genes cause a significant loss of pneumococcal capacity for

colonisation and disease development (Buckwalte and king, 2012).

Carbohydrate metabolic enzymes like pyruvate formate lyase (PFL), lactate
dehydrogenase (LDH), and pyruvate oxidase (SpxB) have been found to be important for
pneumococcal survival and virulence (Yesilkaya et al., 2009; Gaspar et al., 2014). PFL
plays an important role in galactose metabolism, in particular in the mixed acid
fermentation pathway, which is utilised under anaerobic conditions, and in the presence
of a non-preferred sugar such as galactose. Deletion of pfIB caused a significant reduction
in ATP production and the amount of acetyl-CoA, which subsequently affect the fatty
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acid and choline biosynthesis (Yesilkaya et al., 2009). Knockout of Idh (homolactic
fermentation enzyme) also showed attenuation in pneumococcal pneumoniae and
bacteraemia after intranasal and intravenous administration of pneumococci (Gaspar et
al., 2014). Similarly, inactivation of spxB, encoding for pyruvate oxidase, caused a
significant reduction in pneumococcal growth in host tissues and virulence in different
murine models for nasopharyngeal colonisation, pneumonia, and sepsis (Spellerberg et
al., 1996). This enzyme was found to play an important role in pyruvate oxidase-
dependent metabolism through conversion of pyruvate to acetyl phosphate and COo. It is
assumed that the impact of spxB mutation on pneumococcal virulence is due to the
reduction in acetyl phosphate production, inhibition of adhesive protein expression, and
alteration in sugar utilisation capacity and capsule production (Spellerberg et al., 1996;
Carvalho et al., 2013b). The SpxB also plays a role in in vivo biofilm biogenesis through
production of high amount of hydrogen peroxide that induces bacterial cell lysis and
promotes extracellular matrix formation (Blanchette-Cain et al., 2013; Blanchette et al.,
2016). It is also thought that attenuation in virulence of the spxB mutant might be due to
reduction in pneumolysin production during late exponential phase (Bryant et al., 2016).
Likewise, deletion of galK (galactokinase) and lacD (tagatose 1,6-diphosphate aldolase),
the key enzymes of Leloir and tagatose 6-phosphate galactose catabolic pathways, render
the pneumococci unable to grow on galactose in vitro and abrogate virulence in
respiratory infection model (Paixao et al., 2015b). In spite of these studies, many other
catabolic pathways remain functionally elusive and more work is needed to characterise

their importance in pneumococcal biology.

Robb and his colleagues provide evidence for capability of pneumococci to depolymerise
the mannose portion of high-mannose N-glycans through cleavage of terminal a-(1,2)-
linked mannose residues by a-(1,2)-mannosidase and EndoD enzymes generating
Man5GIcNAc2 and Man5GIcNACc respectively. The released molecules are bound to
solute binding protein named NgtS (part of ABC transporter) for importing inside the
bacterial cell. Both a-(1,2)-mannosidase and EndoD showed their contribution in host-
pathogen interaction through destruction of high mannose N-glycans, covering the most
important complement component C3, thus protecting the pneumococci from the host
immune response and facilitating their transition within host tissues (Robb et al., 2017).
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Given the importance of carbohydrate metabolism and its correlation with pneumococcal
virulence, additional studies are required to understand pneumococcal sugar metabolism
and its relation to pneumococcal adaption during colonisation and infection. All of these
might provide clues for identification of new drug targets to combat pneumococcal

diseases. Thus, in this study | attempted to study the effect of mannose on Rgg/SHP144
QS.

1.6.2. Pneumococcal adaptation to oxidative stress

Streptococcus pneumoniae is a part of human nasopharyngeal microbiota, colonises
asymptotically in the human nasopharynx and can also cause various diseases in different
host tissues. During infection, the pneumococci encounter multiple challenges that hinder
their growth and virulence. One of these detriments is exposure to a significant amount of
reactive oxygen species (ROS), generated from bacterial metabolism during respiration
and from recruitment of immunological cells to the site of infection. S. pneumoniae
encounters variant levels of oxygen during infection process. It has been suggested that
the pneumococcus is usually exposed to normal air (20% O.) in the top of nasopharynx,
microaerobic condition in the lung (around 5% O>), and anaerobic in the blood and brain
(Yesilkaya et al., 2013). Reactive oxygen species (ROS) are typically formed due to
electron transfer to oxygen molecule, generating superoxide anion (O2°*"), hydrogen
peroxide (H202) and hydroxyl radicals (OH®) or through energy transfer to O2 and
formation of singlet oxygen (Saleh et al., 2013; Yesilkaya et al., 2013). The ROS can
cause mutation in DNA, damage protein, and can cause lipid peroxidation (Kashmiri and
Mankar, 2014).

The pneumococci have capacity to produce prodigious amounts of H2O2 (up to 1mM)
resulting from the activity of the pneumococcal pyruvate oxidase (SpxB) encoded by spxB
(Pericone et al., 2003). This enzyme is able to convert pyruvate to acetyl phosphate, CO»,
and H20: in the presence of oxygen (Spellerberg et al., 1996). Besides its function in
oxidative stress, it plays a prominent role in pneumococcal metabolism and virulence
(Pericone et al., 2003; Orihuela et al., 2004). It is noteworthy to mention that the toxic
effects of H2O: is potentiated in the presence of iron ions, as it interacts with H20- via the

Fenton reaction and generates a massive amount of highly toxic and damaging reactive
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hydroxyl radical molecules (Yesilkaya et al., 2013). The Fenton reaction occurs in S.
pneumoniae, but with less adverse effects, this is because of the presence of avery limited
number of pneumococcal proteins with iron-sulphur clusters, which are usually targeted
by ROS (Pericone et al., 2003), and the presence of an excellent regulatory mechanism

for iron uptake (Ulijasz et al., 2004).

The impact of H2O, on S. pneumoniae appears to be a double-edged sword. On the one
hand, H>O> offers competitive advantages for the pneumococci through inhibiting the
growth of other nasopharyngeal colonisers such as Haemophilus influenzae, Neisseria
meningitidis and Moraxella catarrhalis (Pericone et al., 2000), H.O> also plays a crucial
role in pneumococcal pathogenesis, possibly through activation of the genes responsible
for host inflammatory response and cytotoxic effects on human epithelial cells (Duane et
al., 1993; Loose et al., 2015). On the other hand, S. pneumoniae cannot entirely overcome
the harmful effects of H2O> derived from endogenous reactions or host immune cells. As
the presence of high amounts H>O; activates spxB expression which causes an increase in
the mutation rate, defects in bacterial morphology and plasma membrane composition,
and inhibition of pneumococcal growth in stationary phase (Pericone et al., 2002; Regev-
Yochay et al., 2007; Yesilkaya et al., 2013). Thus, the pneumococci should have an

efficient defence mechanism for dealing with toxic effects of ROS.

Unlike other bacteria, the pneumococci lack the proteins which are usually used by other
bacteria to relieve the deleterious effects of oxidative stress such as H.O2 scavengers and
H20. detoxifying enzymes like catalase and NADH-peroxidase (Hoskins et al., 2001;
Tettelin et al., 2001; Hajaj et al., 2017). Instead, the pneumococci rely on other enzymes
such as manganese-dependent superoxide dismutase (SodA) (Yesilkaya et al., 2000),
NADH oxidase (Nox) (Auzat et al., 1999), alkyl hydroperoxidase (AhpD) (Paterson et
al., 2006a) and thiol peroxidase (TpxD) (Hajaj et al., 2012).

Numerous studies have indicated the importance of these enzymes in alleviation of ROS
toxicity and promoting pneumococcal survival (Auzat et al., 1999;Yesilkaya et al., 2000).
For example, SodA has been shown to be required for conversion of superoxide radicals
to H20. and Oz (Liochev and Fridovich, 2007), and its deletion caused a significant
inhibition of pneumococcal growth in aerobic conditions, and virulence attenuation in an

intranasal murine model (Yesilkaya et al., 2000). Pneumococcal NADH oxidase (Nox)
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also participates in the oxidative stress process through converting Oz to H20 and reducing
the harmful effects of O, and its by-products (Auzat et al., 1999). Loss of nox renders the
pneumococci more sensitive to oxidative stress, and less virulent in murine respiratory

tract and otitis media infection models (Yu et al., 2001).

In addition, the AhpD enzyme is also involved in oxidative stress response, as this enzyme
has capability to cleave toxic peroxide compounds to alcohol and water (Paterson et al.,
2006a). Finally, thiol peroxidase TpxD, a part of ABC-manganese permease complex
(PsaBCA) which is able to reduce toxic effects of H.0O> and allow the pneumococci to

grow in aerobic environment such as nasopharynx (Hajaj et al., 2012).

The pneumococcus also lacks the global peroxide regulator OxyR, peroxide response
regulator PerR, Mar, RpoS and superoxide stress SoxRS. However, it has other
transcriptional regulators such as TCS04, SpxR , PsaR, CiaRH, Rgg, MerR/NImR, RitR,
which are found to be implicated in oxidative stress response. Two component system
TCS04 and PsaR modulate the expression of psaBCA, and SpxR responsible for
regulation of spxB (Yesilkaya et al., 2013). HtrA regulated by CiaRH plays a significant
role in the removal of damaged and misfolded proteins produced during stress condition.
Both ciaR and htrA mutants showed similar defect in resistance capability against
oxidative stress (lbrahim et al., 2004a). NmIR also contributes in protection against
hydrogen peroxide (Potter et al., 2010), and nitric oxide stress response in highly
oxygenated environment (Stroeher et al., 2007), more likely by the activation of adhC,
which is important for thiol peroxidase activity. Orphan regulator RitR represses the
expression of the piu iron uptake operon and activates the genes responsible for oxidative
stress resistance and DNA damage repair system (Ulijasz et al., 2004; Yesilkaya et al.,
2013). Finally, the Rgg transcriptional regulator has found to be induced under aerobic
conditions. Inactivation of Rgg accelerated pneumococcal killing by paraquat but not by
H20., and dramatically attenuated pneumococcal virulence in both pneumonia and

septicaemia murine models (Bortoni et al., 2009).

Based on this available evidence, sensing and responding to oxidative compounds are
crucial for pneumococcal fitness and in vivo survival. However, little is known about the
role of transcriptional regulators like Rgg family in oxidative stress resistance. Hence, in
this study it was decided to investigate the involvement of Rgg/SHP144 QS in
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pneumococcal oxidative stress resistance and identify SHP144 amino acids which are

important for oxidative stress function and in turn in virulence.

1.7. Transcriptional regulation in bacteria

Regulation of the gene expression profile is a fundamental process for optimising the
amount of gene products produced in response to the changes in environmental stimuli
and the internal cellular state (Engstrom and Pfleger, 2017). This process enables the
bacteria to adapt and survive in different host niches. The main component of the
transcription regulatory network in bacteria is multi-subunit DNA dependent RNA
polymerase (RNAP) (Browning and Busby, 2004) responsible for transcribing DNA
templates into RNA molecules (Raineri, 2001). The core enzyme is composed of the two
large B polypeptide chains (f and '), two identical o subunits (al and all), omega subunit
(o) plus dissociable alternate sigma factor (o factor), which is required only for initiation
and separation from RNAP during transcription (Snyder et al., 2013). Each of the two o
units is composed of two independently folded domains [amino-terminal domain (aNTD)
and carboxy-terminal domain (aCTD), joined together by a short linker of an
approximately 20 amino acid] (Figure 1.3A). Each domain has a distinct function, the
aNTD domains are responsible for the assembly of the core subunits (B and B’ subunits),
while the aCTD are the DNA binding module at specific promoters (Browning and Busby,
2004). The B subunits are considered as the catalytic site of RNAP, responsible for binding
to both the DNA template and RNA product during transcription (Govindarajan and
Amster-Choder, 2014). The last subunit is o (omega) which has a role in recruitment of

the B’-subunit to the core enzyme complex (Snyder et al., 2013).

DNA transcription is initiated by the recruitment of RNAP to a specific locus upstream of
the gene on DNA, which is called the promoter region. This process can be carried out by
binding of RNA polymerase to o-factor to form the holoenzyme (Browning and Busby,
2004; Snyder et al., 2013). The o-subunit plays a significant role in recognition of the
correct nucleotide motifs in the promoter region, the position of RNA polymerase at the
target promoter and prevention of the winding of DNA duplex near the transcription start
site (Govindarajan and Amster-Choder, 2014). Most bacteria have several different sigma

factors which enable RNA polymerase holoenzyme to recognise different sets of
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promoters. Sigma factors in general consist of four or more domains joined together by
flexible linkers. The domains 2, 3 and 4 are important for promoter recognition, while

domain 1 has unknown function (Browning and Busby, 2004).

Four DNA sequence elements within each specific promoter have a crucial role in docking
the RNA polymerase within the promoter region. These elements are -10,-35,-10 extended
and UP element (Browning and Busby, 2016). The first two elements -10 and -35
hexamers are short regions centred 10 and 35 bp respectively upstream from the
transcription start site (TSS), and are recognised by RNA polymerase c-subunit 2 and 4
domains, respectively (Engstrom and Pfleger, 2017), while the other two important
promoter elements are the extended -10 element and UP element. The extended -10
element is a small locus present on some bacterial promoter regions (Haugen et al., 2008),
and consists of 3-4 bp located immediately upstream of -10 hexanucleotides and can be
recognised by domain 3 of the RNA polymerase o-factor (Browning and Busby, 2004).
The last element is upstream or UP element, is AT-rich region, consists of 20 bp, situated
upstream of the -35 hexamer and can directly interact with a-subunits of RNA polymerase
(Govindarajan and Amster-Choder, 2014).

The RNA polymerase holoenzyme then starts interacting with well-defined DNA
promoter regions to form an open complex, in which a short section of two DNA chains
around the transcription start site are separated (Browning and Busby, 2004). From this
point, the RNA chain synthesis starts from the DNA template by formation of
phosphodiester bond between the initiating and adjacent nucleoside triphosphates. This is
followed by dissociation of RNAP from sigma factor and moving into the elongation
complex to extend the RNA strand. RNA synthesis continues until the transcription is
terminated at a specific sequence region on the DNA, resulting the release of RNA
transcript from DNA template (Browning and Busby, 2004; Govindarajan and Amster-
Choder, 2014).

Transcription regulation occurs under the control of regulatory proteins called
transcription factors (TFs). TFs can act as a repressor or activator according to
environmental signals and/or intracellular triggers (Perez-Rueda et al., 2018). TFs play a
crucial role for correct distribution of the limited amount of RNAP among the huge
number of competing promoters (Browning and Busby, 2004). These proteins carry
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specific DNA-binding domains (DBDs) in their structure, which allow the attachment to
the DNA recognition site and determine the direction of the RNA polymerase along the
DNA. These regulatory proteins are responsible for regulation of one or sets of genes
under different conditions (Browning and Busby, 2004; Seshasayee et al., 2011).

Transcriptional activators (TA) usually bind to a specific region located upstream of the
promoter called an activator site to increase the binding affinity of RNA polymerase
towards target promoter (Snyder et al., 2013). There are three mechanisms used by
bacterial cells for activation of the target promoter. Firstly, the activator protein binds to
a target sequence located upstream of the promoter —35 element and recruits RNA
polymerase to the promoter through direct binding with aCTD domains of the RNA
polymerase. Secondly, the activator interacts with the promoter in the region overlapping
-35 element, and the bound activator then interacts with domain 4 of the o-subunit of RNA
polymerase. This interaction attracts the RNA polymerase to the correct promoter region.
The last mechanism occurs when the activator introduces conformational changes in the
target promoter sequence which allow the binding of the RNA polymerase with -10 and/or
-35 elements of target promoter. In this activation, the TF should bind at, or very close to

the promoter elements (Browning and Busby, 2004).

In contrast, some of TFs act as repressors of transcription through impeding the binding
of the RNA polymerase to promoter elements. This repression occurs either by occupying
core promoter elements, or through formation of DNA looping. In certain cases, the
repressor works as an anti-activator, in this case the repressor binds to the activator and
shuts off its function for binding to RNA polymerase and so inhibits the transcription
(Browning and Busby, 2004). Activation and repression mechanisms are shown in Figure
1.3B.
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Figure 1.3: (A) Diagram showing the interaction of RNA polymerase with promoter
elements in bacteria. The most important components involved in RNAP-promoter
interaction are consensus sequences for the -35 (TTGACA), extended —10 (TGn), -10
(TATAAT), o -factor domains (1-4 o), UP element, aNTD represents N-terminal domain
of RNAP responsible for the assembly of the core subunits ( and B’ subunits), aCTD are
the DNA binding module at specific promoters and (+1), is a transcription start site and
arrow above it represents the direction of transcription. (B) Diagram illustrating the two
general types of transcriptional regulation (positive and negative regulation). In negative
regulation, the repressor binds to a repressor-binding site (or operator) and represses the
expression of gene or operon. While in positive regulation, the activator binds to upstream
of the promoter and initiates gene expression. Figures (A) and (B) were constructed based
on Browning and Busby (2004) and Snyder et al. (2013) respectively.
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1.8. Pneumococcal regulatory mechanisms

Streptococcus pneumoniae asymptomatically colonises the nasopharynx of humans, but
under unknown conditions invades host tissues and causes an array of diseases ranging
from mild localised infections like otitis media and sinusitis to invasive life threating
diseases including bacteraemia, pneumoniae or even meningitis (Gamez and
Hammerschmidt, 2012). The pneumococcus encounters various environmental conditions
in various host tissues, such as oxidative stress, temperature fluctuations, metal ions
limitations, pH variation and nutrient availability (Aprianto et al., 2018) which might
affect the expression of virulence genes. Thus, sensing and responding to environmental
signals are important for adapting to changing habitats, bacterial fitness and survival
(Harapanahalli et al., 2015; Nguyen et al., 2015).

It is still unclear how S. pneumoniae adapts to different external stimuli and how it can
move from a colonisation to pathogenic state. It is commonly believed that the presence
of several regulatory mechanisms enables this microbe to orchestrate its virulence genes
expression and provide adaptive capabilities to the new conditions (Hendriksen, 2010). S.
pneumoniae has several multifunctional regulatory proteins which are shown to be
important for sensing and responding to internal or external environmental signals and for
successful host adaption (Kietzman and Rosch, 2015; Nguyen et al., 2015). The
pneumococcus possesses three gene regulatory pathways which are stand-alone
regulators, two-component regulatory systems (TCSs) and a quorum sensing pathway
(Kietzman and Rosch, 2015; Gémez-Mejia et al., 2018). It is believed that these
regulatory systems play vital roles in pneumococcal adaptation to various niches. Hence,

each regulatory system will be addressed in detail in the following sections.

1.8.1. Two-component regulatory systems (TCSSs)

Two-component systems are the most widespread regulatory system in bacteria,
commonly used to link environmental signals to adaptive responses (Monedero et al.,
2017). These systems usually rely on two proteins: a membrane-bound sensor, called
histidine kinase (HK), and a cognate cytoplasmic response regulator (RR) containing
DNA binding domain (Beier and Gross, 2006). Both TCS components (HK and RR) have

well-defined domains responsible for modulating the input signal and output product for
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appropriate biological function. HKs are membrane proteins, responsible for sensing
external stimuli and transferring the signal to response regulator. These proteins are
anchored on the cell membrane by transmembrane domains (TMD) (Mascher et al.,
2006), and mainly consist of three important components: the diverse sensing region
located in the N-terminal end, commonly exposed to external signal, followed by a
transmembrane linker region which connects the N-terminal domain with the highly
conserved C-terminal cytoplasmic kinase domain. The latter domain involves in
dimerisation and histidine phosphotransfer system (DHp). Similar to HK, the response
regulator (RR) has N and C-terminal domains, which are joined together by a linker. The
N-terminal domain contains a conserved aspartate residue (Asp) important for the

phosphorylation event (Gomez-Mejia et al., 2018).

Upon sensing a specific external stimulus such as temperature, pH or difference in nutrient
composition, the histidine kinase phosphorylates its histidine residue then transfers this
phosphoryl group to a conserved aspartate residue of its cognate response regulator
protein (RR). Once the aspartate residue is phosphorylated, it induces conformational
change in the C-terminal domain of the RR, facilitating the interaction with target DNA
and regulation of the transcription of target genes either by activation or repression (Blue
and Mitchell, 2003) (Figure 1.4A).

S. pneumoniae interacts with its environment by using 13 putative TCSs (13 HK: RR
pairs) plus orphan response regulator (RitR) (Lange et al., 1999; Throup et al., 2000). The
13 pneumococcal TCSs proteins are annotated from TCS01 to TCS13, independent of
their location on the genome (Lange et al., 1999). These TCSs are commonly organised
as a group in operons and localised close to their target promoter regions (Gomez-Mejia
et al., 2018). Most of TCS regulatory systems have been shown to be important for
pneumococcal fitness and virulence in a murine pneumoniae model (Throup et al., 2000;
Paterson et al., 2006b). However, their contributions in virulence are varied and mainly

dependent on pneumococcal strains and infection model used (Paterson et al., 2006b).

ComDE (TCS12), CiaR/CiaH (TCS05), are the two well-studied TCS in S. pneumoniae
responsible for competence, antibiotic resistance and pneumococcal survival under stress
conditions (Gémez-Mejia et al., 2018). TCS12 plays a significant role in the competence
process, in which the bacteria take up exogenous DNA from the environment and
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incorporate into its genome, acquiring new genetic properties and pathogenic features
(Hendriksen, 2010). The competence process is mediated by competence stimulating
peptide CSP encoded by comC, exported and processed to mature peptide with the aid of
ATP-binding cassette protein encoded by comAB. When the concentration of CSP peptide
reaches the threshold level, it phosphorylates the histidine kinase ComD, which exists on
the cell membrane and transfers the phosphate group to its cognate cytoplasmic response
regulator ComE (Hendriksen, 2010; Martin et al., 2010; Cortes et al., 2015), which in turn
activates 24 early competence genes comAB, comCDE including the gene encoding the
alternative sigma factor ComX. The latter involves regulation of 80 of late competence
genes, crucial for DNA uptake and transformation (Zhu et al., 2015). A clear link has been
found between the virulence and competence regulon. Using pneumoniae and bacteremia
models, it was found that deletion of comD attenuated pneumococcal virulence in serotype
2 strain D39 (Bartilson et al., 2001), serotype 3 (Lau et al., 2001), and serotype 4 TIGR4
strain (Hava and Camilli, 2002). Recent studies have also reported the involvement of the
competence regulon in the lysis of non-competent cells and the release of DNA content
and virulence factor pneumolysin (Guiral et al., 2005; Claverys et al., 2007). By using
microarray analysis, it has also been found that some of the stress responsive genes are
positively regulated by CSP-ComDE cascade, indicating the importance of the
competence regulon in pneumococcal fitness (Peterson et al., 2004).

TCSO05 or CiaRH (competence induction and altered cefotaxime susceptibility) is another
TCS implicated in regulation of diverse functions such as competence, antibiotic
resistance, virulence (Guenzi et al., 1994; Throup et al., 2000; Mascher et al., 2003), stress
response, autolysis, polysaccharide metabolism and bacteriocin  production
(Dagkessamanskaia et al., 2004; Halfmann et al., 2007a). CiaRH appears to play a role in
the pneumococcal stress response and infection process through activating the expression
of chaperones and heat shock proteins such as HtrA (High temperature requirement A)
(Dagkessamanskaia et al., 2004; Gomez-Mejia et al., 2018). HtrA commonly contains
chaperone and protease domains for degradation of undesired or mis-folded proteins and
confer pneumococcal growth at elevated temperatures (Ibrahim et al., 2004b; Gomez-
Mejiaetal., 2018). A link between CiaRH and HtrA was further confirmed in colonisation
and systemic infection models (Sebert et al., 2002; Ibrahim et al., 2004a, 2004b).
Reduction of virulence phenotype in the CiaR mutant was possibly due to the inhibition
of HtrA expression, as deletion of CiaR and HtrA exerts similar attenuation properties in
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a murine infection model (Ibrahim et al., 2004a). CiaRH has also been found to minimise
the stress of competence development through degradation of the competence signalling
peptide CSP (Cassone et al., 2012).

TCS02 also termed as WalRK, VicRK, YycFG and MicAB, is a well characterised system
that is important for cell wall biosynthesis, fatty acid metabolism and activation of the
important virulence factor PspA (Mohedano et al., 2005; Ng et al., 2005). TCS02 is
considered to be the only system that was shown to be essential for pneumococcal
viability, and the response regulator RR02 is the most important component (Clausen et
al., 2003). The essential role of TCSO02 in cell viability is more likely due to the regulation
of the expression of murein hydrolase gene pcsB, and the two other important surface
proteins (Spr0096 and Sprl875), which are required for murein biosynthesis and
membrane integrity (Ng et al., 2005), as deletion of VicRK (RR02) caused severe defects

in pneumococcal cell morphology and cell wall synthesis (Ng et al., 2004).

TCS09 was shown to play a role in pneumococcal virulence. The contribution of this
regulatory system in virulence varies between pneumococcal strains and infection site.
For example, in S. pneumoniae D39 serotype 2, inactivation of response regulator rr09
renders the pneumococci avirulent in both pneumoniae and bacteremia murine models.
Conversely deletion of rr09 in a serotype 4 (TIGR4) and serotype 3 (0100993) attenuated
pneumococcal virulence only in the pneumonia model, suggesting inability of mutants to
disseminate to the blood rather than inability to grow in the lungs (Blue and Mitchell,
2003). In addition, deletion of rr09 repressed the expression of significant numbers of
PTS genes responsible for sugar transport in D39, while in TIGR4 only three PTS genes
are affected by rr09 mutation (Hendriksen et al., 2007). All these findings provide
overwhelming evidence for the involvement of TCS09 in pneumococcal pathogenesis in

a strain dependent manner.

Pneumococcal orphan two-component response regulator RitR, referred to as Repressor
of Iron Transport Regulator, differs from the other 13 TCS, as the orphan response
regulator RitR lacks a cognate HK and a conserved aspartate residue, important for the
signalling relay. Recent studies have shown that RitR can be phosphorylated through
interaction with serine-threonine phosphatase kinase StkP (Ulijasz et al., 2009). RitR acts
to regulate iron uptake by repressing the expression of the piuABC transport system and
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activation of a wide variety of genes involved in oxidative stress resistance and DNA
damage repair (Ulijasz et al., 2004; Yesilkaya et al., 2013). Inactivation of ritR increased
pneumococcal susceptibility to killing by H202 and impaired its growth in iron enriched
media. This seems to be due to accumulation of high amounts of free iron in mutant ritR,
which increases the opportunity of binding to H20. and induces oxidative stress by the
Fenton reaction. This assumption was further confirmed by the finding that the treatment
of the ritR mutant with manganese in high iron media reconstitutes pneumococcal growth
and reduces the amount of H>O» produced by bacterial cells (Ong et al., 2013). RitR was
also found to be important for virulence in a lung infection model (Ulijasz et al., 2004).
Recent study conducted by Glanville et al. (2018) has found that RitR can regulate
pneumococcal iron homeostasis, through sensing high level of peroxide presenting in the
environment through oxidation of single cysteine residue in the linker domain. This
oxidation facilitates RitR binding to the iron uptake (Piu) promoter and represses the
transcription of piu and iron transport system, thereby protecting the bacteria from the

detrimental effect of peroxide and promoting an efficient colonisation.

Finally, it is worth mentioning that the presence of a direct link between pneumococcal
pathogenesis and two-component systems, and their absence in mammals make them

potential anti-infective targets (Casino et al., 2009).

1.8.2. Stand-alone regulators

Streptococcus pneumoniae differs from other pathogenic bacteria as it lacks the typical
sigma factor in its genome. Instead, it has alternative sigma factor ComX with limited
regulatory capability (Luo and Morrison, 2003). Therefore, the pneumococci rely on
stand-alone response regulators and TCS regulatory systems for modulation of their
virulence gene expression. Stand-alone regulators are cytoplasmic proteins that lack the
sensor histidine kinase and contain signal recognition and DNA binding domains in the
same protein (Figure 1.4B). However, the exact mechanism of action of these regulators
is still obscure (Gomez-Mejia et al., 2018) since their sensory elements remain
unidentified (Kreikemeyer et al., 2003; Mclver, 2009). These regulators modulate
virulence regulon expression through sensing and responding to changing environmental

conditions.
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The pneumococci possess several stand-alone transcriptional regulators that are
implicated in pneumococcal adaption and virulence (Gomez-Mejia et al., 2018). One of
these regulators is MgrA (Mga-like repressor A). This protein has homology to the stand-
alone transcriptional regulator of Streptococcus pyogenes Mga (multiple gene regulator),
which contributes in regulation of various virulence genes essential for nasopharyngeal
colonisation and pneumonia in a mouse infection model (Hemsley et al., 2003).
Pneumococcal CodY is another global nutritional regulator, which plays a key role in
repression of the genes involved in synthesis and metabolism of carbon and amino acid
uptake (Hendriksen et al., 2008a). Recent studies have indicated the involvement of CodY
in ROS scavenging through activation of the transcription of H20. detoxifying enzyme
TpxD and the repression of the iron transport system (Johnston et al., 2015; Hajaj et al.,
2017). Defectin CodY function results in attenuation in pneumococcal adherence, mainly
by repression of the transcription of choline-binding protein PcpA, and colonisation in a
murine model (Hendriksen et al., 2008a). Another transcriptional repressor is GInR,
which acts in combination with GInA to repress the transcription of two operons ginRA
and gInPQ-zwf as well as the gdhA involved in glutamine and glutamate metabolism
(Kloosterman et al., 2006a). Several genes of the GInR regulon are required for
pneumococcal colonisation and survival in different animal tissues (Hendriksen et al.,
2008b).

The pneumococcal stand-alone transcriptional regulator CcpA (catabolite control protein
A) coordinates the most important regulatory pathway named carbon catabolite repression
regulatory pathway (CCR) (lyer et al., 2005). This regulatory pathway has been studied
in detail in many Gram-positive bacteria (Titgemeyer and Hillen, 2002; Warner and
Lolkema, 2003). It represses the expression of genes involved in transport and metabolism
of secondary carbon source (non-preferred), until the cell has finished the preferred sugar
(Deutscher, 2008). By this way, the bacteria would use its energy effectively and achieve
optimal growth in complex carbohydrate environments (Deutscher, 2008; Fleming et al.,
2015). CcpA has been reported to contribute in numerous pneumococcal physiological
processes, including carbohydrate metabolism (Carvalho et al., 2011), capsule synthesis
(Giammarinaro and Paton, 2002), and in nasopharyngeal colonisation and lung infection
in mice (lyer et al., 2005; Al-Bayati et al., 2017).
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CcpA belongs to the Lacl/GalR family transcriptional regulators and modulates the
expression of a large number of catabolic operons in B. subtilis and many other
streptococcal species including S. pneumoniae (Henkin, 1996; lyer et al., 2005;
Willenborg et al., 2014). CcpA binds to DNA promoters of CCR-sensitive genes at
specific regulatory sites called catabolite responsive elements (cre) (Lulko et al., 2007;
Gorke and Stilke, 2008), and this binding is potentiated in the presence of histidine
phosphocarrier protein (HPr). HPr is the main component of phosphoenolpyruvate
dependent phosphotransferase system (PTS), responsible for transmission of high energy
phosphate from phosphoenolpyruvate (PEP) to the sugar-specific enzyme Il complex
during sugar uptake (Postma and Lengeler, 1985; Kaufman and Yother, 2007). In the
presence of a favourable carbon source such as glucose, HPr is phosphorylated on a
conserved serine residue at position 46 by the aid of HPr kinase/phosphorylase (HPrK/P).
The activity of HPrK/P is further stimulated in the presence of glycolytic intermediates
named fructose-1, 6-bisphosphate (FBP) resulting the HPr-Ser~P (Gorke and Stlke,
2008; Fleming et al., 2015). HPr-Ser~P is not a preferred substrate for El-dependent
phosphorylation, resulting in a reduced production of HPr-His~P and restriction of PTS
transport of other sugars. At the same time, HPr-Ser~P can bind to CcpA and form a
complex for stimulation of CcpA-cre binding and repression of the expression of non-
preferred carbohydrate metabolism genes (Deutscher et al., 2006; Fleming et al., 2015).
Moreover, CcpA can act as activator or repressor, which is mainly dependent on the cre
location relative to promoter region in catabolite regulated genes (Lulko et al., 2007;
Zomer et al., 2007). When the amount of preferred sugar is reduced in the environment,
the effect of CCR is relieved by dephosphorylation of HPr-Ser~P and activation of non-
preferred carbohydrate transport (Fleming et al., 2015).

It is clear that multiple studies have been done to define regulatory pathways in

pneumococci, however, further work is required to understand the exact connection

between environmental signals, gene expression profiles, and virulence.
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Figure 1.4: Transcriptional regulatory systems in S. pneumoniae. (A) Two-component
regulatory system (TCS). Following detection of external signal by the N-terminal domain
of histidine kinase (HK), the ATP is used to autophosphorylate histidine residue within
the cytoplasmic domain of HK. The phosphoryl group is then transferred to a conserved
aspartate residue in its cognate cytoplasmic regulator (RR). Once the aspartate residue is
phosphorylated, it induces conformational change in the C-terminal domain of response
regulator (RR), facilitating its interaction with target promoters and regulation of the
transcription of target genes. (B) Stand-alone transcriptional regulators. This type of
regulators lack sensor histidine kinase and can modulate virulence regulon expressions
through sensing and responding to changing environmental conditions. Figures (A) and
(B) were adapted from Solano-Collado (2014).

1.9. Quorum sensing system (QS)

When the size of the bacterial population increases, they manifest different phenotypic
traits and these traits at high cell density are regulated by systems called quorum sensing
(QS) or cell-to-cell communication systems (Kalia, 2013). QS allows the bacterial
population to switch behaviour collectively, thereby regulating the important
physiological processes including bioluminescence, virulence, biofilm development and
antibiotic resistance (Li and Nair, 2012). Thus, some opportunistic pathogens exploit the
characteristic features of QS to overwhelm host's defence mechanisms and facilitate host
infections (Kalia, 2013).

In general, all bacterial QS circuits rely on four basic elements: (1) production of

signalling molecules; (2) excretion of the signals into the extracellular environment; (3)
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detection by cognate receptors once the signals concentrations reach a threshold level
leading to (4) alteration in target gene expression (Sifri, 2008). These signalling molecules
are initially synthesised inside the bacterial cells, secreted to the extracellular milieu by
passive or active diffusion and detected either by two-component regulatory system on
the cell surface or through direct interaction with transcriptional regulators in the
cytoplasm. Their detection leads the bacterial cells to coordinate the transcription of QS
regulon including those encoding for signalling molecules, generating a positive feedback
regulation (Rutherford and Bassler, 2012; Papenfort and Bassler, 2016). Some bacterial
species can produce more than one signal molecule and they might have multiple quorum-
sensing circuits. For example, Gram-negative bacterium P. aeruginosa possesses multiple

QS systems and has a complex hierarchical transcription network (Jimenez et al., 2012).

The QS system was discovered first in Gram negative marine bacterium Vibrio fischeri
and was called LuxI/LuxR. This system is responsible for coordinating the expression of
luciferase genes, essential for light production (Ruby, 1996; Rutherford and Bassler,
2012). This system became a prototypical model for most QS systems in Gram-negative
bacteria (Fuqua et al., 2001; Federle, 2009; Bai and Rai, 2011). Acyl-homoserine lactones
(AHLs) are the most dominant signalling molecules utilised by Gram-negative bacteria
(Ng and Bassler, 2009; Fetzner, 2015). They are typically synthesised by LuxI synthases
by the aid of two substrates, S-adenosyl-methionine (SAM) and an acylated acyl carrier
protein (acyl-ACP). These substrates are important to form an amide bond between SAM
and acyl groups and for lactonisation of the autoinducer signal (Parsek et al., 1999). AHLs
are mainly composed of homoserine lactone (HSL), which is conserved among all AHL
molecules attached to variable acyl chain group. The AHL structure varies between Gram-
negative bacteria, and this variation is mainly due to difference in length of the acyl side
chain, ranging between 4-18 carbons, saturation level, and oxidation at C3 position of acyl
chain (Marketon et al., 2002; LaSarre and Federle, 2013). Variation in AHL structure
offers some specificity for bacteria to differentiate their own AHLs from those produced
by other species (Frederix and Downie, 2011). At a critical concentration, AHL interacts
with its cognate LuxR-receptor and induces the transcription of QS dependent genes
(Sifri, 2008; Kalia, 2013).

Quorum-sensing systems in Gram-positive bacteria differ from those found in Gram-

negative bacteria in terms of composition and structure of the signal molecules, and
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mechanism of recognition and sensing of autoinducing signals. In Gram-positive bacteria,
QS systems are regulated by autoinducing peptides (AIPS), in contrast to organic
molecules like AHLs signals which are used by Gram-negative bacteria (Waters and
Bassler, 2005). The AlPs are synthesised as pre-peptides, secreted, processed to small
peptides (5-17 amino acids), and then re-imported inside the cell by oligopeptide
transporters (Rutherford and Bassler, 2012). While, AHL molecules can freely diffuse in
and out of the cell without processing because of their small sizes and lipophilic
characteristics (Sifri, 2008). Recently, a group of signalling molecules named autoinducer
2 (Al-2) has been discovered. This family contains a group of interconvertible furanones
derived from 4,5-dihydroxy-2,3-pentanedione (DPD) (Schauder et al., 2001). DPD is
produced by the LuxS enzyme, and detected by Al-2/LuxS systems, recently found in a
wide range of Gram-negative and Gram-positive bacteria. Thus, it is predicted that Al-2
acts as an interspecies signal among different bacterial species (LaSarre and Federle,
2013; Park et al., 2017). The involvement of Al-2 in virulence of different pathogens was
reported such as E. coli, H. influenzae, H. pylori, S. pneumoniae and V. cholerae (Pereira
et al., 2013). This study aims to characterise Rgg family QS systems in Gram positive
Streptococcus pneumoniae, therefore Rgg and homologues regulatory pathways will be

discussed in a greater detail in the following sections.

1.9.1. Quorum sensing in Gram positive bacteria

The LuxI/LuxR pairs are absent in Gram positive bacteria, thus they rely on small
modified oligopeptides known as pheromones or autoinducing peptides (AIPs) to
modulate the expression of their target genes. These peptides are ribosomally synthesised
as pre-peptides within the cell, and actively transported out by the aid of specific
transporters. At this point, signalling peptides are exposed to certain modification events,
including processing and/or cyclisation (LaSarre and Federle, 2013) prior to detection
either by (i) membrane-bound sensor kinase on the cell surface such as Agr system in
Staphylococcus aureus, Fsr in Enterococcus faecalis (Nakayama et al., 2001; Thoendel et
al., 2011), and competence circuit in S. pneumoniae (Havarstein et al., 1995), or by (ii)
importation into the cell by oligopeptide permeases (Opp or Ami) and direct interaction
with their cognate receptors belonging to RRNPP family QS systems (Jimenez and
Federle, 2014; Do and Kumaraswami, 2016) (Figure 1.5A).
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Based on differences in peptide structure and sensory system architectures among
bacterial species, the signaling peptides have been divided into four groups in Gram
positive QS systems: Agr cyclic peptides, double glycine peptides (Gly-Gly), RNPP
family and Rgg-like regulatory family. Gram-positive bacteria have capacity to utilise
different types of QS pathways within the same species to coordinate a variety of crucial
behaviors like competence, conjugation, biofilm development and virulence factors
synthesis (Cook and Federle, 2014).

Agr family refers to accessory gene regulator, which is encoded by agr locus. Agr network
plays a significant role in control of adhesion and virulence factors production in
Staphylococcus aureus (Thoendel et al., 2011; Rutherford and Bassler, 2012). The agr
locus is mainly composed of 2 divergent promoters P2 and P3. The P2 (RNAII) activates
agr operon genes (agrA agrB, agrC, agrD), while P3 (RNAIII) stimulates o-toxin
production such as hemolysin and downregulates cell surface associated proteins like
protein A (Queck et al., 2008; Canovas et al., 2016). Activation of RNAIII leads to
alternation of S. aureus phenotype from adhesion state to invasion (Karathanasi et al.,
2018). The fundamental feature of this pathway is the utilisation of cyclic peptides as
autoinducer molecules. These peptides are characterised by the presence of cyclic
thiolactone in their structure, which is important for their activity (Novick and Geisinger,
2008). Cyclic peptides are synthesised as precursor 46 amino acid peptides, encoded by
the agrD gene, modified and secreted out of the cell by the aid of a dedicated transport
protein named AgrB (Thoendel and Horswill, 2009; Thoendel et al., 2011). AgrD
peptides are processed at both N and C terminus by signal peptidase SpsB and
transmembrane endopeptidase AgrB respectively to introduce a unique thiolactone ring
between highly conserved cysteine residue and the carboxyl terminus (Kavanaugh et al.,
2007; Bai and Rai, 2011). It is thought that AgrB possesses a putative cysteine
endopeptidase domain (Qiu et al., 2005), which involves in peptide processing and
transport of AgrD peptide. The resulting mature peptide induces two-component system
(membrane-bound histidine kinase AgrC and cytoplasmic response regulator AgrA) and
subsequently activates the expression of RNAII and RNAIII via P2 and P3, respectively
(Novick, 2003; Sifri, 2008; Queck et al., 2008).

Gly-Gly peptide family is another QS pathway in Gram positive bacteria, characterised
by the presence of double glycine motif in their conserved leader sequence
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(LSX2ELX21XGG) (Havarstein et al., 1994) such as competence stimulating peptides
(CSPs) of streptococci and class Il bacteriocins. These peptides are exported through a
transporter containing an accessory domain important for proteolysis of the polypeptide
at the site located immediately following the conserved Gly-Gly motif (Havarstein et al.,
1995). Similar to Agr family, double glycine peptides are identified by TCS and the signal

is transported via phosphorylation of cognate response regulators.

Specific emphasis is given to RRNPP family (RNPP and Rgg regulators) due to their
relevance to the hypothesis of this thesis. The RRNPP proteins share some characteristic
features: (i) they have homologues in different Gram-positive genera like Bacilli,
Streptococci, or Enterococci (ii) they have oligopeptide quorum sensors that interact
directly with their receptors in the responder cell, (iii) genes encoding for regulatory
proteins and their signaling peptides form a cassette located in the bacterial chromosome
or in plasmids (Rocha-Estrada et al., 2010; Perez-Pascual et al., 2016). This family
includes Rgg (regulator gene of glucosyltransferase), Rap (aspartyl phosphate
phosphatases), NprR (neutral protease regulator), PIcR (phospholipase C regulator) and

PrgX (sex pheromone receptor) regulators.

Rap (aspartyl phosphate phosphatases) proteins with their inhibitory oligopeptides Phr
form a QS cassette in Bacillus subtilis (Parashar et al., 2013). Eleven Rap proteins and
eight putative Phr have been identified (Hayashi et al., 2006; Rocha-Estrada et al., 2010).
Rap proteins consist of approximately 375 amino acids, with >25% identity among the
homologs (Pottathil and Lazazzera, 2003). They also have six helix-turn-helix repeats or
tetratricopeptide repeats (TPR) domains at their C-terminus, which facilitate protein-
peptide and protein—protein interactions (Perego and Brannigan, 2001; Core and Perego,
2003). The Rap proteins carry different functions, for example, RapA, RapB and RapE
act as negative regulators, inhibit phosphorelay signal transduction systems (essential for
initiation of sporulation) and stimulate dephosphorylation of response regulator SpoOF
(Perego et al., 1994; Jiang et al., 2000), while RapC and RapF are involved in competence
development through modulating the activity of transcription factor ComA (Core and
Perego, 2003; Bongiorni et al., 2005). Raps dephosphorylation capabilities are diminished
upon binding to mature Phr signaling peptides. The Phr peptides are produced as
precursors, processed to mature five amino acid by proteases and reimported into the cell
by Opp transport system (Pottathil and Lazazzera, 2003). At high cell density, the Phr
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binds to Rap phosphatases and induces conformational changes in the TPR domains
which disrupts Rap interaction to response regulator SpoOF and initiates sporulation and

competence (Rocha-Estrada et al., 2010).

The transcriptional regulator NprR has been characterised in Bacillus cereus, B.
thuringiensis, B. anthracis, and other Bacillus species. In the presence of signalling
peptide NprX, NprR can regulate the expression of neutral protease NprA in B. cereus
and B. thuringiensis (Perchat et al., 2011), and 41 genes encoding for other degradative
enzymes like lipases, peptidases and chitinases as well as lipopeptide (kurstakin), which
is important for swarming mobility and biofilm formation (Dubois et al., 2012). For B.
anthracis, a little information is available about the role of NprR/NprX system in bacterial
pathogenesis. A recent study conducted by Bergman et al. (2007) showed that the
expression of nprR is upregulated during the outgrowth of B. anthracis spores within
murine macrophages. In addition, NprR/NprX circuit was found to be modulated by PIcR
and CodY regulators (Dubois et al., 2013). Similar to other RRNPP signalling peptides,
NprX peptide is produced as precursor peptide with 43 residues, processed to mature
peptide and re-imported back into the cell by Opp (Rice et al., 2016). The imported NprX
peptide interacts with NprR and induces conformational changes allowing the shift from
the inactive NprR dimer to an active tetramer facilitating DNA binding (Zouhir et al.,
2013).

PIcR (phospholipase C regulator) is firstly identified as a pleiotropic regulator in B.
thuringiensis and found to be involved in activation of the expression of
phosphatidylinositol-specific phospholipase C gene (Lereclus et al., 1996). PICR activity
is regulated by PapR, encoded by papR gene, that is located immediately downstream of
plcR forming PIcR/PapR quorum-sensing cassette (Pottathil and Lazazzera, 2003; Rocha-
Estrada et al., 2010). PapR peptide is similar to other RRNPP signaling peptides, which
is expressed as pre-peptide with 48-aa peptide and exported to extracellular milieu by
secretory pathway (Slamti and Lereclus, 2002). Once outside the cell, the pro-PapR is
processed to mature heptapeptide by the help of secreted neutral protease B (NprB)
(Pomerantsev et al., 2009). The processed peptide is re-imported into the cell by
oligopeptide permease system and directly interacts with PICR at the PICR box in the
upstream of PIcR regulated genes (Slamti and Lereclus, 2002). PIcR-PapR binding leads
to conformational changes in the DNA binding domain, PIcR oligomerisation, and
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regulation of the PICR regulon (Declerck et al., 2007; Grenha et al., 2013). It has been
found that PICR associated PapR activates the transcription of 45 genes in B. cereus group,
most of them encoding for extracellular virulence proteins such as enterotoxins,
hemolysins, phospholipases and proteases (Lereclus et al., 1996; Bouillaut et al., 2008;
Gohar et al., 2008). In S. pneumoniae D39 serotype 2, two homologues of PIcR regulators
(SPD_1745 and SPD_1786) have been identified, and SPD_1745 has been characterised
(Hoover et al., 2015; Motib et al., 2017). Pneumococcal SPD_1745 encodes TprA
transcriptional regulator with its cognate peptide PhrA. This system has been found in
60% of sequenced pneumococcal strains (Hoover et al., 2015). Pneumococcal TprA/PhrA
differs from other Phr-signalling circuits, in that tprA and phrA genes are transcribed
divergently in opposite direction, in contrast to all known Phr-signaling genes which have
the same orientations (Pottathil and Lazazzera, 2003; Pomerantsev et al., 2009) (Figure
1.5B). TprA/PhrA function as the activator of the lantibiotic gene cluster, encoding for
antimicrobial peptides important for pneumococcal competition during colonisation
(Hoover et al., 2015). Furthermore, TprA/PhrA was found to be essential for
pneumococcal growth on galactose, mannose and mucin (Motib et al., 2017), the most
important carbon source for pneumococcal survival in vivo (Kahya et al., 2017; Robb et
al., 2017). Furthermore, TprA/PhrA regulates genes involved in carbohydrate
metabolism. It was found that TprA/PhrA QS system is activated by galactose and
repressed by glucose (Hoover et al., 2015). Disruption of TprA or PhrA or both of them
abolished pneumococcal virulence in pneumonia and septicemia murine models as well
as in the chinchilla otitis media model (Motib et al., 2017). Recently, Kadam et al. (2017)
have identified another pair of TprA/PhrA in multidrug-resistant pneumococcal lineage
PMEN1 named TprA2/PhrA2. Phr2 peptide in PMENL can regulate its own cognate
transcriptional regulator TprA2 and S. pneumoniae D39 TprA.

PrgX is a sex pheromone receptor, encoded in the tetracycline resistance plasmid pCF10
in Enterococcus faecalis. This regulator coordinates conjugation and plasmid transfer
within and between enterococcal species (Dunny and Berntsson, 2016). Unlike the other
RRNPP pathways, the PrgX QS system occurs between two different types of cells (donor
cell carries conjugative plasmid and plasmid-free recipient cell) (Kozlowicz et al., 2006;
Rocha-Estrada et al., 2010). Through this pathway, donor cell binds to peptide pheromone
molecule cCF10 produced by recipient and initiates activation of the genes responsible
for transfer functions such as aggregation substance (AS). The AS molecule promotes the
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attachment of donor cell to recipients through using a complementary receptor called
enterococcal binding substance (EBS). Binding of AS to EBS allows the formation of the
mating channel between the two cells and transition of the plasmid to recipient cell
(Wardal et al., 2010). The pCF10 containing cell expresses both chromosomal activator
peptide cCF10 and inhibitor peptide iCF10. The latter is encoded by the prgQ on pCF10
plasmid, acts as inhibitor to prevent conjugation occurrence between two cells carrying
the same conjugative plasmid (Kozlowicz et al., 2006; Cook and Federle, 2014). More
interesting, both donor and recipient cells produce cCF10 pheromone, but most of cCF10
pheromone from the donor cells are sequestered by PrgY, which is present on the cell
membrane allowing the donor cells to respond only to the pheromone produced by the
recipient cell. Following production of the precursor signaling peptides cCF10 and iCF10,
they are secreted to the extracellular milieu and exposed to cleavage by a metalloprotease
system (Chandler et al., 2005). The cCF10 and iCF10 mature peptides are then re-
imported into the cytosol with the aid of oligopeptide permease Opp and PrgZ (Leonard
et al., 1996). cCF10 competes with iCF10 for binding to PrgX (Kozlowicz et al., 2006).
Binding of iCF10 to PrgX stabilizes a tetrameric form of PrgX and form a DNA loop,
which restricts RNA polymerase access to prgQ promoter and the transcription of
conjugation genes. While displacement of iCF10 by cCF10 induces conformational
changes in the C-terminal domain of PrgX causing disruption of PrgX tetramer and
activation of prgQ conjugation operon expression (Shi et al., 2005). The ratio of the
inhibitor and inducer peptides plays a significant role in determination of the conjugative
state of the cell (Kozlowicz et al., 2006; Chatterjee et al., 2013). The importance of
aggregation substances is not limited to facilitating enterococcal conjugation, but also
extends to the regulation of a variety of important virulence behaviors such as stimulation
of fibrin adhesion (Hirt et al., 2000), vegetation formation of enterococcal endocarditis
(Chuang et al., 2009) and biofilm development on heart valve tissues (Chuang-Smith et
al., 2010).

Another member of RRNPP is Rgg regulators. Rggs are also known as MutR and GadR,
and are common in AT rich Gram-positive bacteria, found in Streptococcaceae,
Lactobacillales and Listeriaceae (Cook and Federle, 2014; Monnet and Gardan, 2015).
Rggs are stand-alone transcriptional regulators, firstly discovered in Streptococcus
gordonii and designated as regulator genes of glucosyltransferase (rgg) (Sulavik et al.,
1992). Rggs are described as global transcriptional regulators, contribute in different
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physiological functions such as regulation of the transcription of glucosyltransferases in
S. gordonii (Sulavik and Clewell, 1996; Vickerman and Minick, 2002) and S. oralis
(Fujiwara et al., 2000), and the secreted cysteine proteinase virulence factor (SpeB) in S.
pyogenes (Chaussee et al., 1999; Neely et al., 2003). Rggs also contribute in oxidative
stress resistance in S. thermophilus (Fernandez et al., 2006), S. pyogenes (Chaussee et al.,
2004), S. pneumoniae (Bortoni et al., 2009) as well as in bacteriocin production of S.
mutans (Qi et al., 1999) and Lactobacillus sakei (Rawlinson et al., 2002; Skaugen et al.,
2002), glutamate-dependent acid stress resistance in Lactococcus lactis (Sanders et al.,
1998), thermal adaptation in S. thermophilus (Henry et al., 2011), virulence and
pathogenesis of S. pyogenes (Chaussee et al., 2003), S. agalactiae (Samen et al., 2006)
and S. suis (Zheng et al., 2011), and non-carbohydrate metabolism of S. suis (Zheng et
al., 2011).

Recent genomic analysis revealed that rgg genes are located in close vicinity to the ORF
expressing short linear signaling peptides named SHP. The rgg/shp loci have been found
in the majority of streptococci (lbrahim et al., 2007a; Fleuchot et al., 2011; Cook et al.,
2013) with one or several paralogs within each species (Ibrahim et al., 2007a). These pairs
of genes are overlapped at putative promoters or coding sequence regions in a convergent

orientation.

The SHP signalling peptides were firstly identified by lIbrahim et al. (2007a) and
categorised as short coding sequences. These genes code for peptides of 20-23 aa in
length and are characterised by the abundance of hydrophobic amino acid residues. They
also possess basic residues at the N-terminus (lysine or arginine) and glutamate or
aspartate at their C-terminus. In addition, SHPs are located upstream of the rgg genes and
divergently transcribed. Further genomic analysis by Fleuchot et al. (2011) identified 484
rgg-like genes along with 61 adjacent shp genes from analysis of 90 genomes in
Streptococcae, Lactobacillale and Listeriaceae. Furthermore, phylogenetic analysis of
Rgg amino acid sequences in streptococci revealed the presence of 68 rgg/shp homologs,
28 of them carrying different amino acid sequences, suggesting the widespread
distribution of Rgg/SHP pairs in the streptococci (Fleuchot et al., 2011; Cook and Federle,
2014). Based on this analysis, streptococcal SHPs have been classified into three groups.
In first and second groups (I and 11), the SHPs contain a conserved glutamate and aspartate
residues at the C-terminal end, respectively, and both shp and rgg genes are transcribed
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divergently. While in the third group (111), shp genes are situated downstream of rgg genes
and transcribed in the opposite direction with an overlap at the 3’-ends (Figure 1.5B).
SHPs in this group contain either a glutamate or an aspartate residue in their C-terminus
These conserved residues are believed to be important for the peptide maturation
(Fleuchot et al., 2013).

The working mechanism of this QS system relies on the synthesis of SHP, which is
produced as a pre-peptide, and released to the extracellular environment by a specific
peptide transporter (Sec pathway or the ABC-type transporters). They are processed either
during transport or in the extracellular milieu by the pheromone-specific peptidase (Eep).
Once they reach to sufficient concentration, they are imported back into the bacterial cell
by the aid of an oligopeptide permease Opp, and subsequently interact with the cognate
cytoplasmic receptor Rgg. As a result, the imported peptides modulate the activity of the
Rgg regulon including the shp, which encodes for SHP, generating a positive-feedback

regulation (Chang et al., 2011).

The first interaction between Rgg and SHP was identified in S. thermophilus LMD-9
(rgg1358), in which rgg1358 regulatory functions rely on the adjacent shp1358 gene and
two transport systems (eep, codes protease and ami, codes oligopeptide permease)
(Ibrahim et al., 2007b; Fleuchot et al., 2011). Similar regulatory mechanisms such as
Rgg0182/SHP, RovS/SHP1520, Rgg2/SHP2 and Rgg3/SHP3 have been recognised in the
S. thermophilus strain LMG18311 (Henry et al., 2011), in S. agalactiae (Cook et al.,
2013), and two in S. pyogenes (Chang et al., 2011; LaSarre et al., 2012), respectively.
Additionally, a cross-talk has been observed among streptococcal Rgg/SHP QS systems.
For example, SHP3 of S. pyogenes was found to induce the expression of shp of other
streptococcal species like S. agalactiae and S. mutans (Fleuchot et al., 2013), and
SHP1520 of S. agalactiae could induce the expression of shp2 and shp3 in S. pyogenes
and vice versa (Cook et al., 2013).

Despite the similarity in mechanisms of production and processing of SHPs, the
transcriptional regulation and effect of each peptide are widely different. For example, in
S. pyogenes Rgg?2 acts as activator while, Rgg3 as a repressor for their adjacent shp genes.
Both are involved in streptococcal aggregation and biofilm formation which are important
for colonisation, antibiotic resistance and necrotic infections (Chang et al., 2011). In
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addition, Rgg/SHP systems enable S. pyogenes to survive in different environmental
conditions such as in the presence of non-preferred sugars like mannose and in a metal
depleted environment. It also increases streptococcal resistance capability against
lysozyme, an important human antimicrobial enzyme that exists in mucosal secretions and
immunological cells and promotes streptococcal colonisation and persistence within the
host (Chang et al., 2015). All these data provide evidence that the Rgg/SHP systems are
involved in regulation of different social behaviors, thus each Rgg/SHP circuit requires
individual examination to understand the mechanism by which each protein regulates

transcription in response to peptide.

Recent studies have also characterised the involvement of Rgg proteins in regulation of
the shp genes through the use of transcriptional reporter constructs. The results have
shown that the presence of Rgg and SHP are essential for shp induction as disruption of
one of them, resulted in a significant reduction in reporter induction (Fleuchot et al., 2011;
Pérez-Pascual et al., 2015). In addition, using different synthetic versions of SHP peptides
in the reporter assay, a strong correlation between SHP length and ability to induce shp
transcription was reported (Aggarwal et al., 2014). For example, in S. pyogenes the SHP
synthetic peptide comprising a C-terminal eight amino acids was sufficient for shp
expression whereas synthetic peptides carrying full length SHP had lacked this ability. It
is reasoned that unfavourable intramolecular interaction between Rgg and full-length SHP
prevented shp transcription. This is consistent with the model, suggesting that pre-SHP
peptides require processing and modification in order to be active and able to interact
properly with Rgg (Aggarwal et al., 2014). Thus, it was suggested that the C-terminal
region of Rgg-associated SHP peptide contains a domain necessary to transmit the cellular
responses. Furthermore, it was also found that the intact C-terminal domain of SHP
peptide is also important for Rgg activation as changing one residue by substitution or
deletion resulted in a significant reduction in shp induction (Chang et al., 2011). In spite
of these observations, the natural composition and length of mature SHP-signalling

pheromones remain elusive and need to be investigated (Aggarwal et al., 2014).
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1.10. Rgg/SHP cassette in S. pneumoniae D39

In pneumococcal genomes, the number of Rgg homologs range from 3 to 6. Type 2 D39
strain contains five putative Rgg homologs (SPD_0144, SPD_0939, SPD_0999,
SPD_1518, and SPD_1952). A study conducted by Zhi et al., (2018) showed that three
clusters, represented by SPD_0144, SPD_0999, and SPD_1952, are found in all the
analysed pneumococcal strains, while SPD_0939 and SPD_1518 are present only in 54%
and 38% of selected pneumococcal strains, respectively. Off these, SPD_0144 and
SPD_0939 are associated with shp genes, whereas for other Rggs, there is no peptide
pheromone, hence they are considered as stand-alone regulators. Recent study conducted
by Junges et al. (2017) have characterised the pneumococcal Rgg/SHP0939 QS system
and its regulatory role on capsule biosynthesis. The authors showed that a pneumococcal
operon containing 12 genes is upregulated by Rgg/SHP system, leading to an increase in
capsule size and inhibition of biofilm formation on epithelial lung cells. Additionally,
Cuevas et al. (2017) have also revealed the involvement of Rgg/SHP in biofilm synthesis
and pneumococcal pathogenesis through regulation of the expression of Gly-Gly
virulence peptide 1 (vpl). This peptide is highly expressed in the chinchilla model of
middle ear infection and plays a role in biofilm development on chinchilla middle ear
epithelial cells. Our recent work has also showed the involvement of pneumococcal Rggs
in regulation of the genes responsible for important physiological functions and virulence
such as capsule synthesis and cell division. Inactivation of the Rgg/SHP144 QS system
attenuated pneumococcal utilisation of mannose and abrogated pneumococcal virulence
and colonisation in an experimental animal model (Zhi et al., 2018). Due to the
importance of Rgg systems in pneumococcal biology, and their potential utility as a drug
target, here, | focused on studying Rgg/SHP144. | characterised the functional importance
of SHP144 amino acid residues for Rgg-mediated transcription, binding and
pneumococcal pathogenesis in order to understand the molecular basis of Rgg/SHP144

mediated transcriptional control, and for designing anti-infective drug leads.

1.11. Structural characterisation of RRNPP family

All RRNPP family proteins (Rgg, NprR, PIcR, and PrgX) are DNA-binding transcription
factors except Rap proteins which are phosphatases and transcriptional anti-activators
(Parashar et al., 2015). All the RRNPP family have a tetratricopeptide (TPR)-like repeat
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domain at the C-terminal end, consisting of 5-9 repeated motifs, responsible for protein
oligomerisation and peptide binding (LaSarre et al., 2012). The RRNPP family, except
Rap proteins, have helix turn-helix (HTH) motif in their N-terminus, probably for
interaction with the promoter region of their target genes (Do and Kumaraswami, 2016).
Thus, it is reasonable to suggest that all these QS systems are derived from the same
ancestor (Declerck et al., 2007). So far, only the molecular structure of enterococcal
transcription regulator PrgX with its cognate peptide PrgX:cCF10 (Shi et al., 2005),
PIcR/PapR in Bacillus cereus (Declerck et al., 2007), Rap/Phr in Bacillus subtilis (Gallego
del Sol and Marina, 2013; Parashar et al., 2013) and NprR:NprX in Bacillus cereus
(Zouhir et al., 2013) have been revealed. Based on structural analysis, it was found that
RRNPP members share a common fold and operate via a peptide-mediated switch,
however their modes of action are different. For example, the two members of RRNPP
(PIcR of Bacillus cereus and PrgX from Enterococcus faecalis), showed significant
difference in their interactions with DNA promoters and conformational changes. For
example, PrgX binds to its target promoters as a tetramer through its HTH domains
forming a loop in the DNA that prevents transcription (Shi et al., 2005). Upon interaction
with its peptide, a conformational change disrupts the tetramer and the PrgX dimers fall
off the DNA through loss of avidity thereby allowing transcription to proceed. By
contrast, PICR is a transcription activator that cannot bind to DNA without its peptide.
Peptide binding repositions the HTH domains to enable DNA binding and promote
transcription (Grenha et al., 2013). A remarkable feature of the PICR and PrgX systems is

that the conformational changes that regulate transcription are different.

To our knowledge, Rggs with their cognate peptide SHPs have not been yet characterised
structurally in S. pneumoniae. Recently, Prof Russell Wallis and Dr Hasan Yesilkaya
(personal communication) obtained the structure of the Rggl44 protein and generated a
model of Rgg/SHP144 interaction in S. pneumoniae D39. Pronounced grooves have been
identified at C-terminus of Rggl144, which are predicted to be the binding site for the SHP.
Regarding Rgg binding to SHP, it has been established that different versions of SHP have
different affinity to bind to Rgg proteins, and more importantly, their binding affinities
are correlated with Rgg transcriptional activity. For instance, incapability of SHP to bind
with Rgg is associated with its inability to induce shp expression (Aggarwal et al., 2014).
It is predicted that Rgg/SHP binding at C-terminal regions enhances intermolecular
rearrangements that enables the HTH domain of Rgg to bind properly to its DNA—binding
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sites located at shp promoter region, thus allowing transcriptional activation or
suppression to occur (LaSarre et al., 2012). In spite of identification of Rgg/SHP binding,

it is still unknown which SHP residue is critical for Rgg binding.
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Figure 1.5: RRNPP quorum sensing pathways in Gram positive bacteria. (A) Signalling
peptides are initially synthesised as precursor peptides inside the cell, and then exported
to the extracellular environment. Once they reach threshold concentration, they are
reimported inside the cell by the aid of Opp system and interact with cytoplasmic
transcriptional regulators to coordinate the QS regulated genes. (B) Genetic organisation
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of the loci encoding RRNPP members (plain arrows) and their cognate peptides (dotted
arrows). Highlighted in red colour represents pneumococcal Rgg/SHP144 which will be
studied in detail in this project. Figures (A) and (B) were constructed based on Monnet
and Gardan (2015).

1.12. Utilisation of quorum sensing pathways as anti-virulence drugs

Antibiotic resistance is one of the top threats to global health around the world (Brooks
and Brooks, 2014). Thus, there is an urgent need to develop new antibiotics that are
effective, less prone to microbial resistance, and cheap to produce (Wohlleben et al.,
2016). Unfortunately, the pace of developing new antibiotics is slower than the rapid
increase in the prevalence of antibiotic resistant strains. While financial constraints are
important considerations, there are also biological and methodological reasons that hinder

antibiotic development programs.

Methodologies utilised for antimicrobial drug discovery has significant impact on the
outcome of drug development programs. There are three well-established methodologies
for anti-infective discovery. These include (i) bioactive-guided screening using
substances in crude or purified forms for biological activity mainly in whole cell assays
without knowledge on drug target, (ii) chemical screening (from biological sources or
from chemical libraries) to identify novel, chemically diverse molecules without
consideration to biological activity, and (iii) the target-orientated screening, which aims
to identify compounds that hit a known and validated molecular target (Wohlleben et al.,
2016). The main drawback of these approaches is that they are expensive, laborious and
they do not make use of the existing knowledge of the biological target or the advantages

inherent within the system.

In this study, | focused on bacterial communication systems as potential anti-infective
targets (Kalia, 2013), and my approach to drug discovery is based on the knowledge
gathered from the system under study. As mentioned above a wide range of microbial
phenotypes are modulated by QS systems including biofilm formation, competence,
sporulation, microbial competition and virulence expression (Rocha-Estrada et al., 2010;
Rutherford and Bassler, 2012). QS system homologs are absent in mammalian hosts and
conserved among pathogenic bacteria decreasing the possibility of host-toxicity and
ensuring targets in human pathogens, respectively. Moreover, unlike drugs targeting the
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essential cellular functions such as DNA replication, protein and cell wall biosynthesis
(Dong et al., 2007; Allen et al., 2014), those targeting virulence factors is expected to
impose less selective pressure due to their non-essential nature for microbial survival,
hence, the likelihood of antibiotic resistance would be lower (Clatworthy et al., 2007;
Brooks and Brooks, 2014).

In this study, | focused on studying pneumococcal Rgg/SHP144 and potential ability to
utilise this system to create inhibitors for pneumococcal diseases. | hypothesised that by
preventing the interaction between SHP144 and its cognate cytoplasmic receptor Rggl44,
the pneumococcal phenotypes mediated by this system could be switched off, reducing
the adaptive capability of the microbe. My results showed that SHP144 residues have
different roles in activation and binding. Using this knowledge, | found that P21A
replacement in active 13 aa long SHP144 representing the C-terminal end of the peptide
(SHP144-C13) led to the competitive inhibition of Rggl44 activation, and diminished
pneumococcal growth on mannose and resistance ability against oxidative stress induced
by paraquat and H.O,. Here, my results present an alternative way of developing an

inhibitor for Rgg/SHP144 systems that can be utilised for other QS systems.

1.13. Aims and objectives

The central hypothesis underlying this study was that SHP144 binding and Rggl44
transformation leading to transcription are mediated, at least in part, by distinct subsets of
interacting amino acid residues. Decoupling Rgg binding from transcription regulation
would convert the SHP from an allosteric activator to an inhibitor, thus preventing the Rgg
from changing the behaviour of the pneumococcus. Thus, the ultimate aims of this study
were to establish a drug discovery platform using the inherent capabilities of Rgg/SHP
system. To achieve these aims, several synthetic peptides representing the C-terminal end
of SHP144 were synthesised to identify active SHP144 using reporter strains Psnp144::1acZ-
Wt and Pshpi4s::lacZ-Ashpl44 (‘P’-promoter). Site directed mutagenesis was used for
systemic substitution of selected individual amino acids residues of SHP144 with alanine,
and the effect of each amino acid replacement on Rggl44-mediated transcription was
studied using a transcriptional reporter assay. Furthermore, the binding affinity of native

and mutant SHP144-C13 peptides to Rggl44 were also measured using fluorescence
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polarisation assay. Different modified SHP144 synthetic peptides labelled with
Fluorescein isothiocyanate were synthesised and tested for their ability to bind to purified
recombinant full length Rggl44 protein using fluorescence polarisation assay.
Crystallisation of Rggl144 with its ligand (modified and non-modified SHP144) was also
trialled using different commercial crystallisation kits and sitting-drop vapor diffusion
technique. The phenotypic impacts of mutations were determined by oxidative stress
induced by paraquat and H20., by growth assays in the presence of different sugars,

capsule synthesis, and in vivo.
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Chapter 2. Materials and Methods

2.1. Chemicals and reagents

Unless otherwise indicated all reagents and chemicals used for media preparation were
purchased from Oxoid and Sigma-Aldrich, UK. Restriction endonuclease enzymes and
DNA ladder were ordered from New England Biolabs, UK. For protein purification,
centrifugal protein concentrators were ordered from Millipore, complete protease
inhibitor tablets from Roche, Switzerland. Ni-affinity resin and Superdex 200 16/60
columns were purchased from GE Healthcare, UK. BugBuster protein extraction reagent
was from Merck Millipore and Isopropyl B-D-1-thiogalactopyranoside (IPTG) from
Sigma.

2.2. Culture media and antibiotics used in this study

Different culture media were used for growth of S. pneumoniae D39 and E. coli. Culture
media were prepared according to manufacturer’s specifications, and sterilised by

autoclaving at 121°C at 15 psi pressure for 15 min.

For S. pneumoniae, Brain Heart Infusion broth (BHI), Todd-Hewitt broth supplemented
with 0.5% (w/v) yeast extract (THY') and Blood agar base (BAB) supplemented with 5%
(v/v) sterilised defibrinated horse blood were used for growing of pneumococcal strains
at 37°C in candle jar (5% CO.) to provide anaerobic environment. BAB was prepared
according to manufacturer’s instructions and autoclaved. After sterilisation, the media
was cooled down to 45°C before adding 5% (v/v) of defibrinated horse blood. The media
was mixed well, and 20 ml was dispensed into sterile petri plates and kept at 4°C. When
necessary, appropriate amount of antibiotics were added to culture media (100 pg/ml
spectinomycin, 250 pg/ml kanamycin, 3 pg/ml tetracycline and 1 pg/ml gentamicin). The
antibiotic stocks and working solutions are listed in Table 2.1.
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Table 2.1: Antibiotic stock solutions and working concentrations used in this study.

Stock Working concentration
Antibiotics concentration Solvent (Mg/ml)
(mg/ml) E. coli S. pneumoniae
Ampicillin 100 dH20 100 -
Kanamycin 50 dH.0 50 250
Tetracycline 15 50% (v/v) ethanol - 3
Spectinomycin 100 dH.0 - 100
Gentamicin 5 dH20 - 1

All antibiotics were dissolved either in distilled water or in 50% ethanol and sterilised
using 0.22 um syringe filter (Millipore, UK). After sterilisation, the antibiotics solutions
were aliquoted into 500 pl in sterile Eppendorf tubes and kept at -20°C for further use.

Chemically defined medium (CDM) supplemented with desired sugar (van de Rijn and
Kessler, 1980; Kloosterman et al., 2006b) was also used for growing of S. pneumoniae
to study phenotypic characterisations of wild type and its isogenic mutants. This media
consists of mixture of solutions (basal solution, amino acids, vitamins, micronutrients,
nitrogenous bases, sodium pyruvate and choline-HCI). The composition of each solution
is given in Table 2.2. Basal solution was prepared in 870 ml deionised water, and pH was
adjusted to 6.5. The solution was then sterilised by autoclaving at 121°C for 15 min and
kept at -20°C until use. Micronutrients and amino acids were prepared by dissolving in
deionised water and the pH was adjusted to 6.5 for amino acids solution, filter sterilised
before storage at 4°C. For vitamin supplements, riboflavin was dissolved in 75% of total
volume of the solution and heated up to 70°C. D-biotin and folic acid were dissolved in
2 M NaOH. Once riboflavin solution is cooled to 30°C, other vitamins were added, and
pH was adjusted to 6.5. The vitamin solution was then filtered and kept at 4°C for further
use. All nitrogenous bases were dissolved in 0.1 M NaOH, sterilised through a 0.22 pum
membrane filter and kept at 4°C. Pyruvate and choline-HCI solutions were prepared as
indicated in Table 2.2. The selected sugars (glucose, galactose, mannose, N-
acetylglucosamine and maltose) were also prepared in deionised water, filtered and
stored at 4°C.
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Finally, CDM was prepared by mixing appropriate amount from each solution as shown

in Table 2.3. When required, appropriate amount of selected sugar (Table 2.2) was

added to the medium as a main source of carbon to a final concentration 250 uM for

maltose and 55 mM of other sugars.

Table 2.2: List of chemicals used for preparation of chemically defined medium.

Components Stock (g/L) | Components Stock (g/L)
Basal solution (pH 6.5) Vitamins (pH 6.5)
Nao-B-glycerophosphate 26.0 Na-p-Aminobenzoate 0.5
(NH4)s3 citrate 0.6 D-Biotin 0.25
KH2PO4 1.0 Folic acid 0.1
Na-Acetate 1.0 Nicotinic acid 0.1
Cysteine-HCI 0.4 Ca (D+) Pantothenate 0.1
Amino acids (pH 6.5) Pyridoxamine-HCI 0.25
Alanine 3 Pyridoxine-HCI 0.2
Arginine 1.55 Riboflavin 0.1
Asparagine 4.4 Thiamine-HCI 0.1
Aspartate 5.25 DL-6,8-Thioctic acid 0.15
Glutamate 6.25 Vitamin B12 0.1
Glutamine 4.9 Nitrogenous bases

Glycine 2.2 Adenine 1.0
Histidine 1.9 Uracil 1.0
Isoleucine 2.65 Xanthine 1.0
Leucine 5.7 Guanine 1.0
Lysine 55 Micronutrients

Methionine 1.55 MgCl> 20
Phenylalanine 3.45 CaCl2 3.8
Proline 8.45 ZnS04 0.5
Serine 4.25 Sugars (when required)

Threonine 2.8 Glucose 500
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Tryptophan 0.65 Mannose 500
Valine 4.05 Galactose 250
Other components N-acetylglucosamine 222
Pyruvate 10 Maltose 1
Choline- HCI 2.5

Table 2.3: Volume of prepared solutions in Table 2.2 used for preparation of CDM.

Ingredients Volume (ml)
Basal solution 870
Amino acids 80
Micronutrients 10

Nitrogenous bases 10
Vitamins 10
Choline-HCI 4
Pyruvate 1

E. coli strains were used for plasmid propagation and were grown either in Luria Bertani

Broth (LB) (10 g/L of NaCl, 5 g/L of yeast extract and 10 g/L trypticase peptone) in a

shaking incubator (220 rpm) (New Brunswick Scientific, USA) at 37°C or on Luria agar

(LA) (LB supplemented with 1.5% (w/v) bacteriological agar). When required, ampicillin

and kanamycin were added to E. coli culture at 100 pg/ml and 50 pg/ml respectively

(Table 2.1).

2.3. Bacterial strains and plasmids used in this study

All bacterial strains, reporter constructs and plasmids used and constructed in this study

are listed in Tables 2.4, 2.5 and 2.6, respectively.
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Table 2.4: Pneumococcal strains used in this study.

Strains Description Source

S. pneumoniae D39 Serotype 2 virulent strain Dr Hasan

Yesilkaya

Ashpl44 D39; shp0144:Spec® Dr Hasan

Yesilkaya

Argglad D39; SPD0144:SpecR® Dr Hasan

Yesilkaya

Arggl44/shpl44 D39; SPD0144:SpecR; shp0144:SpecR Dr Hasan

Yesilkaya

Arggl44Com D39; rggl44 + Arggl44:Speck; Kan® Dr Hasan

Yesilkaya

Ashpl44Com D39; shp144 + Ashpl144:Spec?; Kan® This study

Ashpl144ComS14A D39; shp144S14A + Ashp144:Speck; This study
KanR

Ashpl44ComE15A D39; shp144E15A + Ashp144:SpecR; This study
KanR

Ashp144ComW16A D39; shp144W16A + Ashp144:SpecR; This study
KanR

Ashpl44ComV17A D39; shp144V17A+ Ashp144:SpecR; This study
KanR

Ashp144ComlI18A D39; shp144118A + Ashp144:SpecR; This study
KanR

Ashpl144ComV19A D39; shp144V19A + Ashp144:SpecR; This study
KanR

Ashp144ComI20A D39; shp144120A + Ashp144:SpecR; This study
KanR

Ashpl44ComP21A D39; shp144P21A + Ashp144:Spec®; This study
KanR

Ashp144ComF22A D39; shp144F22A + Ashp144:SpecR; This study
KanR
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Ashpl144ComL23A D39; shp144L.23A + Ashp144:SpecR; This study
KanR

Ashp144ComT24A D39; shp144T24A + Ashp144:SpecR; This study
KanR

Ashp144ComN25A D39; shp144N25A + Ashp144:SpecR; This study
KanR

Ashpl144ComL26A D39; shp144L26A + Ashp144:SpecR; This study
KanR

Table 2.5: Pneumococcal reporter (lacZ-fusion) strains constructed in this study

Strains Description Source
Pshp144::1acZ-Wt D39; AbgaA::Pshpias-lacZ; Tet® This study
Pshpraa::1acZ-Ashpl144 | Ashp144:SpecR; AbgaA::Psnpsa-lacz; This study
Tet®
Pshp144::1acZ- Ashp144Com:SpecR; KanR; AbgaA This study
Ashp144Com ::Psnpras-laczZ; Tet?
Pshp144::1acZ- Ashp144ComS14A:SpecR; KanR; This study
Ashp144ComS14A AbgaA::Pshpras-lacZ; Tet®
Pshp144::1acZ- Ashp144ComE15A:SpecR; KanR; This study
Ashp144ComE15A AbgaA::Pshpras-lacZ; Tet®
Pshp144::1aczZ- Ashp144ComW16A:Spec®; KanR; This study
Ashp144ComW16A AbgaA::Pshpras-lacZ; Tet®
Pshp144::1acZ- Ashp144ComV17A:Speck; KanR; This study
Ashp144ComV17A AbgaA::Pshpras-lacZ; Tet®
Pshp144::1aczZ- Ashp144ComI18A:Spec?; KanR; This study
Ashpl44ComI18A AbgaA::Pshpras-lacZ; Tet®
Pshp144::1aczZ- Ashp144ComV19A:Spec®; KanR; This study
Ashp144ComV19A AbgaA::Pshpras-lacZ; Tet®
Pshp144::lacZ- Ashp144ComI20A:SpecR; Kan®; This study
Ashp144ComI20A AbgaA::Pshpras-lacZ; Tet®
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Pshp144::lacZ- Ashp144ComP21A:SpecR; KanR; This study
Ashp144ComP21A AbgaA::Pshpias-lacZ; Tet?
Pshp144::lacZ- Ashp144ComF22A:Spec®; KanR; This study
Ashp144ComF22A AbgaA::Pshp1as-lacZ; Tet?
Pshp144::lacZ- Ashp144ComL23A:Speck; KanR; This study
Ashp144ComL23A AbgaA::Pshpias-lacZ; Tet?
Pshp144::lacZ- Ashp144ComT24A:Speck; KanR; This study
Ashp144ComT24A AbgaA::Pspp1as-lacZ; Tet®
Pshp144::1aczZ- Ashp144ComN25A:Spec?; KanR; This study
Ashp144ComN25A AbgaA::Pshpras-lacZ; Tet®
Pshp144::1acZ- Ashp144ComL26A:SpecR; KanR; This study
Ashp144ComL26A AbgaA::Pshpras-lacZ; Tet®
Pshp144::lacZ-Arggl44 Argg144:SpecR; AbgaA::Pshpias-lacz; This study
Tet®
Pshp144::1acZ- Argg144Com:SpecR; KanF; This study
Arggl44Com AbgaA::Pshp1as-lacZ; Tet?
Pshp144::lacZ- Argg144/shp144:SpecR; This study
Arggl44/shp144 AbgaA::Pshpras-lacZ; Tet®
pPP2-Wt D39; AbgaA::pPP2-lacZ; Tet® This study
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Table 2.6: List of plasmids and competent E. coli strains used in this study.

Plasmids/Strains Description Source
pLEICS-01 6His-Tag for protein expression; PROTEX, UK
AmpR
pCEP Genetic complementation; KanR Guiral et al., 2006
pPP2 Promoterless lacZ for Halfman et al.,
transcriptional fusions; AmpR TetR 2007b
E. coli BL21 (DE3) Protein expression Agilent
Technology Ltd., UK
E. coli TOP10 Plasmid propagation Laboratory collection
E. coli DH5a Plasmid propagation In-Fusion® HD Cloning

Kit, Clontech, USA

2.4. Preparation of bacterial glycerol stock

Pneumococcal glycerol stock was prepared by streaking a single colony on a blood agar
plate and incubated overnight at 37°C in 5% CO». The next day, a sweep of colonies was
transferred to 10 ml of BHI and harvested at 37°C to mid-exponential phase ODgoo ~0.6.
The bacterial culture was spun down at 3500 rpm for 10 min (Sorvall legend T, Thermo
Scientific), and the supernatant was discarded. The bacterial pellet was resuspended in
1 ml of BHI supplemented with 15% (v/v) glycerol, aliquoted in 1.5 ml microcentrifuge
tubes and kept at -80° C for further use.

For E. coli, the bacterial strains were initially plated on LA agar plates and transferred to
10 ml of LB broth. The culture was then incubated aerobically in shacking incubator at
37°C until ODeoo had reached ~0.6. At this stage, the culture was centrifuged at 3500rpm
for 10 min and the pellet was diluted in LB broth containing 15% (v/v) glycerol. The
bacterial sample was distributed into small aliquots and kept at -80°C until needed.
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2.5. Colony forming unit count (CFU/ml)

Miles and Misra method were used to count viable cell in bacterial culture. An aliquot of
20 ul of bacterial suspension was mixed with 180 pl of sterile PBS, pH 7.0 in 96 well
microtiter plate, and followed by a 10-fold serial dilution. Forty microliters were taken
from each dilution and plated onto fresh blood agar plates. The plates were dried at room
temperature and left at 37°C for overnight incubation in a candle jar. The sections which
had 30-300 colonies were counted, and colony forming unit per ml (CFU/ml) was
calculated according to the following formula (Miles et al., 1938).

CFU/ml= number of colonies X dilution factor X 1000/40

2.6. Pneumococcal DNA extraction

Pneumococcal DNA was isolated using phenol/chloroform extraction method (Saito and
Maiura, 1963). The overnight pneumococcal culture was centrifuged at 3500 rpm for
10 minutes (Sorvall Legend RR, Thermo Scientific). The pellet was then resuspended in
400 pl of TE buffer (1 M Tris-HCI and 500 mM EDTA, pH 8.0) containing 25% (w/v)
sucrose, 60 pl of 500 mM EDTA, 40 pl of 10% (w/v) sodium dodecyl sulphate SDS (1g
of SDS was dissolved in 10 ml of dH20) and 2 pl of proteinase K (12.5 mg/ml). This
mixture was transferred to 1.5 ml microcentrifuge tube and incubated at 37°C for 1-2 hours
until a clear lysate was formed. After incubation, the sample was centrifuged at 13000 rpm
for 5 minutes in a bench top centrifuge (Microfuge, Sigma). The upper aqueous phase was
transferred to a fresh 1.5 ml tube without disturbing the white protein layer and mixed
with an equal volume of phenol: chloroform: isoamyl alcohol (25:24:1, v/v) (Invitrogen,
UK). The sample was gently mixed until an emulsion was formed, and then centrifuged
at 13000 rpm for 10 min, and upper aqueous phase was transferred to a fresh tube without
disturbing the white protein layer formed between the two phases. The previous step was
repeated by mixing the sample with an equal volume of liquid phenol (Sigma-Aldrich)
and centrifuged as before. The 500 pl of clear aqueous phase of bacterial sample was
mixed with 2.5 ml of 100 % ethanol (v/v) and 25 pl of 3 M sodium acetate pH 5.2, then
spun down at 13000 rpm for 5 min. The supernatant was discarded, and the pellet was
washed with 500 pl of 70% (v/v) ethanol. The sample was centrifuged again at 13000 rpm
for 5 min and the supernatant was discarded. The pellet was left to dry for few minutes at

room temperature before resuspending with 250 ul of TE buffer pH 7.0. The concentration
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of extracted DNA was measured at ODso using a NanoDrop™ spectrophotometer
(Thermo Scientific, UK), and kept at -20°C until use.

2.7. Purification of DNA fragments from agarose gel and PCR product

A Wizard® SV Gel and PCR clean-Up kit (Promega, USA) was used to purify DNA
fragments either from dissolved gel slices or directly from PCR product by following
supplier’s instructions. This system relies on binding of DNA to silica membrane in the
presence of chaotropic salts and allowing the impurities to pass with flow through.

To purify DNA recovered from agarose gel, the band of interest was excised with a
minimal amount of gel by a clean scalpel and transferred to a pre-weighed 1.5 ml
microcentrifuge tube. The slice was then weighed and mixed with membrane binding
solution (4.5 M guanidine isothiocyanate, 0.5 M potassium acetate, pH 5.0) at a ratio of
10 ul of membrane binding solution per 10 mg of gel slice. The mixture was vortexed and
incubated at 50-65°C for 10 min in a thermo-shaker (Grant-Bio) or until the gel slice was
fully molten. The dissolved gel was then transferred to SV mini column and incubated for
1 min at room temperature. The column was centrifuged at 16000 x g for 1 min in bench
top microcentrifuge, and the flow through was discarded. The SV Mini column was
reinserted again into collection tube, washed with 700 pl of membrane wash solution
(10 mM potassium acetate pH 5.0, 80% ethanol, 16.7 uM EDTA pH 8.0) and centrifuged
at 16000 x g for 1 min. The recovered DNA was washed again with 500 pl of wash buffer
and spun down at 16000 x g for 5 min. The centrifugation process was repeated for another
1 min without lid to eliminate residual ethanol. The SV Mini column was transferred to a
fresh 1.5 ml tube, and the bound DNA was eluted in 50 pl of nuclease-free water. The
column was incubated for 1 min at room temperature and centrifuged at 16000 x g for
1 min. The SV Mini column was removed, and tube containing purified DNA was kept at
—20°C until needed.

To purify DNA from PCR amplification product, an equal volume of membrane binding
solution was directly added to the PCR sample and the PCR mixture was transferred to
the SV mini column by following the same procedure as described above. The purified
DNA was run on ethidium bromide-stained agarose gel and visualised under a UV

transilluminator system (UVP, USA) to confirm the successful recovery of purified DNA.
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2.8. Extraction of plasmid DNA

A QIlAprep Spin Miniprep Kit (Qiagen, UK) was used to extract plasmid DNA from E.
coli culture by following manufacturer’s instructions. Briefly, E. coli harbouring a desired
plasmid or construct was inoculated into 10 ml of LB broth supplemented with appropriate
antibiotic and incubated overnight at 37°C in a shaking incubator. The overnight culture
was centrifuged at 3500 rpm for 10 min, and the supernatant was discarded. The pellet
was resuspended in 250 ul of Buffer P1 (50 mM Tris-HCI, pH 8.0, 10 mM EDTA,
100 pg/ml RNase A), followed by addition of 250 pl lysis Buffer P2 (200 mM NaOH,
1% SDS). The cell lysate was then neutralized by adding 350 pl of neutralization Buffer
N3 (4.2 M guanidine-HCI, 0.9 M potassium acetate, pH 4.8), and thoroughly mixing by
inverting the tube 4-6 times until a cloudy suspension had formed. The sample was then
pelleted at 13000 rpm for 10 min in a bench top microcentrifuge (Microfuge, Sigma), and
the supernatant was transferred to a clean QIAprep spin column without disturbing the
pelleted protein layer. The column was spun down again for 1 min and the flow-through
was discarded. Then column was reinserted into collection tube and washed with 500 pl
of Buffer PB (5 M guanidine-HCI, 30% isopropanol) to remove any trace of nucleases.
The sample was then spun down at 13000 rpm for 1 min and washed again with 750 pl of
Buffer PE (10 mM Tris-HCI pH 7.5, 80% ethanol) to remove buffers and residual ethanol
that could interfere with the subsequent enzymatic reactions. The washed column was
centrifuged twice for 1 min at 13000 rpm. Finally, the QlAprep column was transferred
to a clean 1.5 ml centrifuge tube, and the recovered plasmid was eluted with 50 pl of
Buffer EB (10 mM Tris-HCI, pH 8.5). The column was left to stand for 1 min at room
temperature prior to centrifugation at 13000 rpm for 1 min. The concentration of resulting
plasmid was quantified using a NanoDrop™ (Thermo Scientific, UK), and kept at -20°C

for further use.

2.9. Agarose gel electrophoresis

Gel electrophoresis was used to analyse the size and integrity of genomic DNA/PCR
products using previously described method (Sambrook et al., 1989). The DNA sample
was electrophoretically separated on a 1% (w/v) agarose gel, which was prepared by
dissolving 1g of agarose (Bioline, UK) in 100 ml of 1X TAE buffer (40 mM Tris-acetate,

1 mM EDTA, pH 8.0) (Sigma). The suspension was heated in microwave until the gel was
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completely dissolved, and left to cool down to 55°C. The gel was then mixed with
ethidium bromide (10 mg/ml) to a final concentration 0.5 pg/ml and poured into gel-
casting tray. Once the gel was solidified, DNA samples were loaded into wells after
mixing with 5 pl of 6x loading dye (New England Biolabs, UK). The 1 kb or 100 bp ladder
was also loaded along in the same gel to estimate the size and concentration of DNA. The
electrophoresis was run at 100 volts for approximately 1 h and DNA was visualized under

UV light using a long-wave UV transilluminator.

2.10. Preparation of cell lysate by sonication

Cell free lysate was prepared from pneumococcal constructs to study enzymatic activity
of pneumococcal strains. Briefly, S. pneumoniae wild type and its isogenic mutants were
inoculated into 10 ml of BHI and incubated overnight at 37°C. The overnight culture was
centrifuged at 3500 rpm for 10 min and the supernatant was discarded. The pelleted cells
were washed once with 10 ml of PBS and re-suspended in 2 ml of PBS pH 7.0. The cells
were lysed by sonication (Sanyo soniprep 150, Japan) at an amplitude of 8 microns,
15 sec pulse followed by 45 sec intervals on ice container to avoid protein denaturation
due to overheating. Sonication process was repeated for at least 6-8 times to ensure the
complete disruption of bacterial cells. The sample was then transferred to 1.5 ml
microcentrifuge tube and pelleted at 14000 rpm for 15 min at 4°C (Heraeus™ Fresco™
21, Thermo Scientific). The supernatant was transferred to a clean tube, aliquoted and kept
at -80°C until required.

2.11. Quantification of protein concentration

Bradford assay was used to measure total protein concentration in the pneumococcal cell
lysates using Bradford dye-protein binding method (Bradford, 1976). Bio-Rad protein
reagent (Bio-Rad Laboratories Inc., Hercules, CA) with a set of bovine serum albumin
(BSA) standards (0-1000ug/ml) were used to generate Bradford standard curve through
measuring the absorbance of standards at 595 nm using a microplate reader model infinite
F50 (TECAN). Standard curve was created as shown in Figure 2.1 by plotting the

absorbance of each standard against its concentration (pg/ml). The slop of standard curve
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was determined using linear regression fitting and was used to measure unknown protein

concentration.
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Figure 2.1: A typical Bradford standard curve using different concentrations of BSA.

2.12. Haemolytic activity assay

Haemolytic activity of pneumococcal strains was determined as described previously (Pan
et al., 2009; Kimaro Mlacha et al., 2013) with slight modifications. To perform this assay,
4% (v/v) sheep red blood cells (RBC) were prepared by washing twice in cold phosphate
buffered saline (PBS). Serial two-fold dilutions (50 pl) of pneumococcal lysates (Section
2.10) were prepared in 96 well microtiter plate, and then 50 pul of washed RBC was added
to cell lysate to yield a final 2% (v/v) concentration. The plate was then incubated for
30 min at 37°C and centrifuged at 1000 x g for 10 min using Jouan C4i benchtop centrifuge
(Thermo Scientific, UK). After centrifugation, the supernatant was transferred to a clean
microtiter plate and absorbance of released haemoglobin was measured at 540 nm using
Multiskan™ GO Microplate Spectrophotometer (Thermo Scientific, UK). A blank
reaction containing 50 pl of PBS instead of the cell lysate was also included. This assay

was done for three independent biological samples and each with three replicates.
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2.13. Neuraminidase activity assay

Neuraminidase activity of pneumococcal strains was quantified using 2-O-(p-
Nitrophenyl)-a-D-N-acetylneuraminic acid (pPNP-NANA) as a substrate (Sigma, UK) as
described before (Manco et al., 2006). Neuraminidase cleaves substrate pPNP-NANA and
releases free p-nitrophenol (pNP), the latter can be detected at a wavelength of 405 nm.
The 25 pul of prepared cell lysate (Section 2.10) was mixed with 25 pl of 0.3 mM pNP-
NANA dissolved in phosphate buffered saline (PBS), pH 7.0 in 96 well flat bottom plate.
The plate was then incubated statically at 37°C for 2 hours and the reaction was stopped
by adding 100 ul of ice cold 0.5 M Na>COs (pH 9.6) into each well. The amount of pNP
released was measured spectrophotometrically by reading at 405 nm using Multiskan™
GO Microplate Spectrophotometer (Thermo Scientific, UK). The absorbance values were
corrected from blank containing 25 ul of PBS instead of the sample. This assay was done
in triplicates and repeated for three independent cell lysates. Finally, neuraminidase
activity was calculated using a standard curve prepared from known concentrations of p-
nitrophenol (Sigma). One unit of enzyme activity was defined as the amount of enzyme
that produced 1nmol p-nitrophenol per min per microgram of protein under assay

condition.

2.14. Pneumococcal growth assay

Multiskan™ GO Microplate Spectrophotometer (Thermo Scientific, UK) was used to
characterise the growth properties of wild type and its isogenic mutants. The 198 ul of
BHI or CDM supplemented with 55 mM of desired sugar, with or without synthetic
peptide (Section 2.15) was placed into 96 well flat bottom microtiter plate and was mixed
with 2 ul of bacterial suspension containing approximately 5 x 10° CFU/ml. The microtiter
plate was placed inside the spectrophotometer, and optical density (OD) of bacterial cells
was measured at a wavelength of 600 nm every hour over 18 hours at 37°C. This
experiment was done in triplicate and repeated with three independent cultures. The
growth yield of each strain was calculated by measuring the highest optical density during
the bacterial growth. Maximum growth rate (i) was also calculated by using the following
equation (Neidhardt et al., 1990; Widdel, 2007).
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(W) ht=1InOD;- In OD1/ to-t1
In= natural logarithm of a number
to-ti= Time of growth in late and early exponential phase
OD;= Cell density at t;
OD3>= Cell density at t>

2.15. Synthetic SHP144 peptides

Several synthetic SHP144 peptides representing the C-terminal end with or without
Fluorescein isothiocyanate (FITC) were purchased from CovalAb, UK with a high purity
(>98%). All stocks were prepared by dissolving lyophilised peptides in DMSO (Dimethyl
sulfoxide) to a final concentration of 6 mM and were kept at -20°C for further use.
Labelled peptides were sealed with aluminium foil to protect from the light. The sequence
of each SHP144 peptide is presented in Tables 2.7, 2.8 and 2.9.

Table 2.7: SHP144 variants used in this study.

SHP144 Peptide sequence
SHP144-C8 NH2-VIPFLTNL-COOH
SHP144-C9 NH2-IVIPFLTNL-COOH
SHP144-C10 NH2-VIVIPFLTNL-COOH
SHP144-C11 NH2-WVIVIPFLTNL-COOH
SHP144-C12 NH2-EWVIVIPFLTNL-COOH
SHP144-C13 NH>-SEWVIVIPFLTNL-COOH
SHP144-C14 NH2-ISEWVIVIPFLTNL-COOH
SHP144-C15 NH2-LISEWVIVIPFLTNL-COOH
SHP144-C13Rev NH2-LNTLFPIVIVWES-COOH
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Table 2.8: Modified SHP144-C13 synthetic peptides used in this study. Red bold letter
represents the replacement of individual amino acid of SHP144-C13 with alanine.

Modified SHP144-C13

Peptide sequence

SHP144-C13S14A

NH2-AEWVIVIPFLTNL-COOH

SHP144-C13E15A

NH2-SAWVIVIPFLTNL-COOH

SHP144-C13V19A

NH2-SEWVIAIPFLTNL-COOH

SHP144-C13P21A

NH2-SEWVIVIAFLTNL-COOH

Table 2.9: List of FITC-SHP144-C13 peptides used for fluorescence polarisation assay.
Red bold letters indicate the modification site of each selected peptide.

FITC-SHP144-C13

Peptide sequence

FITC-SHP144-C13

FITC-SEWVIVIPFLTNL-COOH

FITC-SHP144-C13S14A

FITC-AEWVIVIPFLTNL-COOH

FITC-SHP144-C13E15A

FITC-SAWVIVIPFLTNL-COOH

FITC-SHP144-C13W16A

FITC-SEAVIVIPFLTNL-COOH

FITC-SHP144-C13V17A

FITC-SEWAIVIPFLTNL-COOH

FITC-SHP144-C13118A

FITC-SEWVAVIPFLTNL-COOH

FITC-SHP144-C13V19A

FITC-SEWVIAIPFLTNL-COOH

FITC-SHP144-C13120A

FITC-SEWVIVAPFLTNL-COOH

FITC-SHP144-C13P21A

FITC-SEWVIVIAFLTNL-COOH

FITC-SHP144-C13F22A

FITC-SEWVIVIPALTNL-COOH

FITC-SHP144-C13L23A

FITC-SEWVIVIPFATNL-COOH

FITC-SHP144-C13T24A

FITC-SEWVIVIPFLANL-COOH

FITC-SHP144-C13N25A

FITC-SEWVIVIPFLTAL-COOH

FITC-SHP144-C13L26A

FITC-SEWVIVIPFLTNA-COOH

FITC-NSP-C13

FITC-SEYSATHPFLTNL-COOH
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2.16. Polymerase Chain Reaction (PCR)

A Prime thermo cycler machine (Techne, UK) was used for DNA amplification, genetic
modification and sequencing analysis. PrimeSTAR HS premix (Clontech, USA) and
HotStarTaq Plus Master Mix (Qiagen, UK) were used for setting PCR reactions.
PrimeSTAR HS Premix contains a high-fidelity DNA Polymerase, which provides a high
proof-reading activity and an excellent amplification efficiency. Thus, this enzyme was
used for DNA cloning and genetic mutations purposes. A typical PCR reaction contained
25 ul of 2x PrimeSTAR HS premix (1.25 U/25 ul PrimeSTAR HS DNA Polymerase, 2X
dNTP mixture 0.4 mM each, 2X PrimeSTAR buffer including 2 mM Mg?*), 2 ul of DNA
template (20 ng/ul), 2 pl of gene specific forward and reverse primers mix (1 pmol
each/reaction) and 21 pl of nuclease-free water to a final volume of 50 pul. The PCR
reaction was carried out with initial denaturation at 98°C for 10 sec, followed by 30
amplification cycle. Each cycle consisted of three fundamental steps: denaturation of
double stranded DNA template at 98°C for 10 sec, annealing at 55°C for 5 sec (depends
on primer’s temperature) and extension at 72°C for 1min /1 kb of DNA target, and hold
at 4°C.

Routinely, HotStarTaq Plus Master Mix was used for confirmation of successful cloning
of target gene. The PCR reaction was prepared in a final volume of 20 pl including 10 pl
2X HotStarTaq Plus Master Mix (HotStarTaq Plus DNA Polymerase, PCR Buffer with
3 mM MgCl,, and 400 uM of each dNTP), 2 ul of gene specific primers
(1 pmol each/reaction), 2 pul genomic DNA or plasmid template (20 ng/pl) and 6 pl of
nuclease-free water. The PCR machine was set to run initial activation for 10 min at 95°C
followed by 30 cycles for amplification: denaturation at 95°C for 45 sec, annealing at 55°C
for 45 sec, extension at 72°C for 1 min/kb, final extension at 72°C for 10 min, and hold at

4°C. All Primers used for cloning and genetic complementation are listed in Table 2.10.

Table 2.10: Oligonucleotides primers used in this study.

Primers Nucleotide sequence (5'- 3%)
Shpl144Com/F CATGCCATGGCAAGTACAGTATAACACGAAA
Shp144Com/R ACGGGATCCCCTTTTTGAATTGCGTTTTCAGCA
Shpl44S14AJ/F CCTACTTATTGCGGAGTGGGTTATT
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Shp144S14A/R AATAACCCACTCCGCAATAAGTAGG
Shp144E15A/F CTTATTTCGGCGTGGGTTATTGTCA
Shp144E15A/R TGACAATAACCCACGCCGAAATAAG
Shp144W16A/F TATTTCGGAGGCGGTTATTGTCATTC
Shp144W16A/R GAATGACAATAACCGCCTCCGAAATA
Shp144V17A/F TCGGAGTGGGCTATTGTCATTCCAT
Shp144V17AIR ATGGAATGACAATAGCCCACTCCGA

Shp144118A/F

GGAGTGGGTTGCTGTCATTCCATTTT

Shp144118A/R

AAAATGGAATGACAGCAACCCACTCC

Shp144V19A/F

TGGGTTATTGCCATTCCATTTTTAA

Shp144V19A/R

TTAAAAATGGAATGGCAATAACCCA

Shp144120A/F

GGTTATTGTCGCTCCATTTTTAAC

Shp144120A/R

GTTAAAAATGGAGCGACAATAACC

Shp144P21A/F TATTGTCATTGCATTTTTAACTAAT
Shp144P21A/R ATTAGTTAAAAATGCAATGACAATA
Shpl44F22A/F TGTCATTCCAGCTTTAACTAATCT
Shpl44F22A/R AGATTAGTTAAAGCTGGAATGACA
Shp1441L23A/F CATTCCATTTGCAACTAATCTATAAG
Shp144L23A/R CTTATAGATTAGTTGCAAATGGAATG
Shpl44T24A/F TCCATTTTTAGCTAATCTATAAGTT
Shpl44T24A/R AACTTATAGATTAGCTAAAAATGGA
Shp144N25A/F TTTTTAACTGCTCTATAAGTTCTT
Shp144N25A/R AAGAACTTATAGAGCAGTTAAAAA
Shpl44L26A/F TAACTAATGCATAAGTTCTTTATATTG
Shp144L26A/R CAATATAAAGAACTTATGCATTAGTTA
Ncol-shp144 AACACACGAGGTGCTACCATGGCAACTCAGCTTCTGTCA
ATTCC
BamHI-shp144 CCATTAAAAATCAAACGGATCCCTTATCAGAACTCATGG
AGCGA
Mal/F GCTTGAAAAGGAGTATACTT
pCEP/R AGGAGACATTCCTTCCGTATC

Bold typeface refers to the incorporated restriction sites of Ncol and BamHl, respectively,
whereas italicised letters represent the homologous regions of pCEP. Red colour is amino
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acid codon that was replaced with alanine, and underlined letters are the base pairs that
had been changed.

2.17. Restriction and ligation of DNA fragments

Generation of compatible ends for vector and insert gene is considered as an essential
element for performing an efficient cloning so that using appropriate restriction
endonuclease enzymes are necessary for cleavage DNA molecules at specific sites. In this
study, pCEP plasmid (Guiral et al., 2006) was used for construction of genetically
modified and unmodified complemented stains. BamHI and Ncol enzymes were used for
double digestion of pCEP plasmid and target insert. The digestion mixture contained
~1 ng DNA fragment (plasmid/insert), 1 pl (10 U/ul) from each enzyme, 5 pl of the
corresponding 10X CutSmart® buffer (NEB, UK) and nuclease-free water to a total
volume of 50 pl. The mixture was incubated in a water bath for 3 hours at 37°C. The
digested DNA was purified using Wizard® SV Gel and PCR clean-up system (Section 2.7)
and visualized on an ethidium bromide-stained agarose gel. Finally, the digested insert
was ligated into linearised pCEP. The ligation reaction was prepared in 20 pl by mixing
2 ul of 10X T4 DNA ligase reaction buffer (50 mM Tris-HCI, 10 mM MgCl,, 1 mM ATP,
10 mM DTT, pH 7.5) (NEB, UK), 2 ul (400 U/ul) of T4 DNA ligase enzyme (NEB, UK),
and 1:2 molar ratio of purified plasmid to insert. The reaction was incubated in a PCR
machine for 16 hours at 16°C followed by inactivation of T4 ligase activity at 65°C for
10 min. The ligated product was then transformed into competent E. coli TOP10 as shown

in section 2.19.

2.18. Preparation of chemically competent E. coli

Chemically competent E. coli was prepared according to the protocol described before
(Green and Rogers, 2013) with some modifications. Briefly, E. coli TOP10 from the
frozen stock was streaked on LA plate, and incubated overnight at 37°C. Then, a single
colony was picked and inoculated into 5 ml LB broth containing 20 mM MgSQOs. The
bacterial culture was incubated at 37°C for 16-18 h in a shaking incubator. Next day, 1 ml
of the overnight culture was transferred to 100 ml LB broth and incubated for 2.5-3 hours
or until ODssop was reached ~0.7-0.8. At this stage, the culture was harvested by

centrifugation at 3000 rpm for 10 min (Sorvall legend T, Thermo Scientific). The cell
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pellet was re-suspended in 30 ml of sterile ice-cold Tfb I buffer [(K-acetate 3 mM, MnCl>
50 mM, KCI 100 mM, CaCl, 10 mM, glycerol 15% (v/v)] and cooled down on ice for 5-
30 min. Bacterial cells were spun down at 3000 rpm for 10 min at 4°C and the supernatant
was discarded. The pellet was re-suspended in a total volume of 4 ml of Tfb Il buffer [(Na-
MOPS 10 mM, CaCl, 75 mM, KCI 10 mM, glycerol 15% (v/v)]. The bacterial suspension
was aliquoted into 60 pl in sterile microcentrifuge tubes and stored at -80°C for further

use.

2.19. Transformation into chemically competent E. coli

Recombinant plasmid carrying gene of interest was transferred to chemically competent
E. coli TOP10 or BL21 (DE3) by conventional heat-shock protocol. An aliquot of
competent E. coli cells was thawed on ice, and 50 pul was transferred to a prechilled 14 ml
BD Falcon polypropylene round bottom tube. The competent cells were then mixed with
5 pl of plasmid and incubated on ice for 30 min to allow the plasmid to be close contact
with the bacterial cell. Then, plasmid-cell mixture was heated to 42°C for 45 sec in water
bath and placed on ice bucket for 2 min to facilitate the uptake of the DNA. Finally,
500 pl of pre-warmed LB was added to the transformation reaction and incubated for
90 min at 37°C in a shaking incubator to promote the recovery of bacteria. After
incubation, 250 ul of transformation mixture was plated onto duplicate LA agar plates
supplemented with appropriate antibiotic, and incubated overnight at 37°C. The successful
transformation was confirmed by colony PCR using HotStarTag Plus Master Mix and
plasmid specific primers. One of the positive transformants was selected for plasmid

extraction and for DNA sequencing.

2.20. Transformation into S. pneumoniae

The insert in recombinant plasmid was transformed into pneumococcal strains following
the method previously described (Bricker and Camilli, 1999). To do this, S. pneumoniae
was initially inoculated into 10 ml of BHI and incubated overnight at 37°C in a static
incubator. The overnight culture was then centrifuged at 3500 rpm for 10 min, and the
pellet was resuspended in 1 ml of fresh BHI. The bacterial suspension was diluted in
10 ml of fresh BHI at a ratio of 1:100 (v/v), and then incubated at 37°C until ODsgo had
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reached ~0.06-0.08. At this point, 860 ul of bacterial culture was transferred to 1.5 ml
sterile microcentrifuge tube, and mixed with 100 pl of 100 mM NaOH, 10 pl of 20% (w/v)
bovine serum albumin (BSA), 10 pl of 100 mM CacClz, 2 ul of 50 ng/ul competence
stimulating peptide (CSP) and 5-10 pl of extracted plasmid. The mixture was then
incubated at 37°C for 3 hours, and 330 ul of mixture was plated out each hour on blood
agar plates containing appropriate antibiotics. The plates were incubated overnight at
37°C. The successful integration of insert into pneumococcal genome was confirmed by
colony PCR using pneumococcal DNA as a template and two sets of primers (gene and
vector specific primers) (Table 2.10). The DNA template was extracted by inoculating a
single transformant into 10 ml of BHI containing appropriate antibiotic and harvested
overnight at 37°C. After overnight incubation, 1ml of culture was transferred to sterile
Eppendorf tube and centrifuged at 13000 rpm for 2 min. The pellet was then resuspended
in 500 ul of PBS, and heated on a hot plate to 95°C for 5 min. The heated mixture was
cooled down on ice for 2 min and centrifuged at 13000 rpm for 1 min using a bench-top
microcentrifuge. Subsequently, the supernatant was transferred to fresh tube without
disturbing the pellet and was used for PCR reaction.

2.21. Genetic complementation of Ashp144

To eliminate the possibility of polar effects of genes located downstream of shpl44, an
intact copy of shp144 (150351-150581) was introduced into transcriptionally silent site
using non-replicative plasmid pCEP as previously described (Guiral et al., 2006). This
plasmid (9540 bp) is characterised by its ability to replicate in E. coli, but not in
S. pneumoniae. Although it is non-replicative in S. pneumoniae, but it has about 2 kb DNA
fragment homologous to pneumococcal genome. For this reason, the recombinant pCEP
carrying the gene of interest can be directly integrated into downstream of amiA operon,
which is considered as a transcriptionally silent site, hence the integration of exogenous
gene does not cause any detrimental effects on pneumococcal cellular functions (Alloing
et al., 1990). pCEP has also a maltosaccharide-inducible promoter separated from
kanamycin cassette gene by multiple cloning sites. Therefore, cloned gene expression
could be driven by its own native promoter or by maltosaccharide-inducible promoter in

the plasmid.
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2.21.1. Cloning of shp144 gene into pCEP

Plasmid pCEP was extracted from E. coli using the QIAprep spin Miniprep kit as
previously described in section 2.8. The shpl44 gene and its putative promoter region
were amplified using proof reading PrimeSTAR HS premix enzyme (Section 2.16) and
set of gene specific primers (Shpl44Com/F and Shp144Com/R) containing Ncol and
BamHI restriction sites (Table 2.10). After amplification, the PCR product was purified
using Wizard® SV Gel and PCR clean-up system and analysed on 1% (w/v) agarose gel
electrophoresis. The pCEP plasmid and amplified gene were double digested with high
fidelity Ncol and BamHI restriction enzymes (Section 2.17) and purified using the
Wizard® SV Gel and PCR clean-up purification kit. Linearised pCEP was subjected to
agarose gel electrophoresis and was compared with uncut pCEP to confirm the successful
digestion. Finally, digested insert was ligated to pCEP by PCR using T4 DNA ligase
(Section 2.17) and transformed into competent E. coli TOP10. The transformants were

selected on LA plates containing 50 pg/ml kanamycin (Section 2.19).

2.21.2. Confirmation of successful transformation into E. coli

Following transformation into E. coli, kanamycin-resistant clones were screened for
successful incorporation of entire gene into pCEP by colony PCR using HotStarTaqg Plus
Master Mix (Section 2.16) and plasmid dependent primers (Mal/F and pCEP/R) (Table
2.10), whose recognition sites are located directly up and downstream of the cloning site.
Further conformation was done by DNA sequencing to rule out the presence of unwanted

mutation(s).

2.21.3. DNA sequencing and transformation into Ashpl44

The successful genetic complementation was confirmed by DNA sequencing. The
extracted recombinant pCEP was amplified using PrimeSTAR HS Premix and plasmid-
based primers (Table 2.10). The amplified fragments were then purified using Wizard®
SV Gel and PCR purification kit and sent for sequencing at the Protein Nucleic Acid
Chemistry Laboratory (PNACL), University of Leicester. DNA sequence data were
aligned with complete genome sequence of S. pneumoniae D39 (Accession no.
NC_008533.1) by using NCBI Blast.

70



Chapter 2 Materials and Methods

The sequenced plasmid carrying the gene of interest was transformed into shp144 knock
out mutant using the protocol previously mentioned in section 2.20. Transformants were
selected on blood agar plates containing 250 pg/ml Kanamycin and 100 pg/ml
spectinomycin respectively and were screened for successful incorporation of shp144 into
pneumococcal genome by PCR using HotStarTaq Plus MasterMix (Section 2.16) with
vector and gene specific primers (Table 2.10). The construct was designated as
Ashpl44Com.

2.22. Construction of genetically modified shpl44 strains using overlap extension
method

To assess the involvement of each amino acid residue of SHP144 in Rgg144 regulation,
each residue in active SHP144 was replaced with alanine by using overlap extension PCR
(SOEing PCR) method (Lee et al., 2004). This method is simple and efficient; however,
several difficulties had been encountered during cloning of modified shpl44 gene into
cloning plasmid pCEP (Guiral et al., 2006). This was due to inefficient cleavage of DNA
fragments. This problem was overcome by designing primers containing 16 base pairs
extensions homologous to cloning sites of pCEP. This homologous sequence was added
at 5" end of external primers in front of restriction sites (Table 2.10). Therefore, all
genetically modified strains were successfully constructed using two-PCR steps, and
strategy of cloning is depicted in Figure 2.2. In the first PCR reaction, right and left flanks
of modified shp144 were individually amplified using pneumococcal DNA as a template
and PrimeSTAR HS premix (Section 2.16). The primers used were external primers
containing Ncol and BamHI restriction sites respectively, and mutagenic primers
containing mutated region. The left flank region was generated using primer pairs Ncol-
shpl44 and Shp144XA/R, whereas right flank was set up by using BamHI-shp144 and
Shp144XA/F (where XA refers to an amino acid in SHP codon is replaced with alanine
codon). The PCR product was purified using Wizard® SV Gel and PCR clean-up
purification kit as previously described in section 2.7 and used as template for the next

round of PCR amplification.

In the second PCR, the purified flanking regions carrying homologous sequences for each

other were overlapped and joined together to produce linear fused product using proof
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reading PrimerSTAR HS premix enzyme (Section 2.16) and outermost primers pair (Ncol-
shpl44 and BamHI-shpl144). The fused fragment representing a full-length modified
shpl44 was subjected into 1% (w/v) agarose gel electrophoresis, and band of interest was
excised and purified using Wizard® SV Gel and PCR Clean-Up System. The compositions

of two-PCR reactions are presented in Table 2.11.

First PCR reaction

Shp144XAJ/F
Ncol-shp144
ﬁ %
Left flank Right flank
% _
BamHI-shp144
Shp144XA/R
Left flank . . Right flank
Second PCR reaction ‘
Ncoi-shp144
ﬁ

Left flank ]
] Right flank

h
‘ BamHI-shp144

Left flank B Right flank

Modified shp144
—

Insertion of modified shp144
into pCEP and transformation
into competent E. coli

Recombinant
pCEP

Transformation into S.
pneumoniae Ashpl44

Left flank - Right flank
Homologous
recombination
Left flank Right flank

Figure 2.2: Schematic diagram showing steps of introducing point mutation into shp144
sequence using overlap extension method. The red box represents D39 wild type
nucleotides which are replaced with modified nucleotides (yellow box). The Ncol-shp144
and BamHI-shp144 refer to external primers carrying Ncol and BamHI restriction sites
respectively whereas Shpl44XA/F and Shpl44XA/R represent mutagenic primers
containing the intended mutation. The XA indicates the replaced amino acid codon of
shpl44 with alanine. The purple box represents transcriptionally silent site in S.
pneumoniae Ashpl44. This figure was adapted from Horton et al. (1993).
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Table 2.11: The stages of PCR reactions for construction of modified shp144.

First PCR reaction

Components Volume (concentration)
Template 2 ul (20 ng/ul)
pneumococcal DNA
Primers
Left flank (Ncol-shp144 and Shp144XA/R) 2 ul (1 pmol each/reaction)

Right flank (BamHI-shp144 and Shp144XA/F)

Enzyme 25 ul (2X)
(PrimeSTAR HS premix)
Nuclease-free water 21wl
Total 50 ul
Second PCR reaction
Components Volume (concentration)
Template 4 ul (2 pl from each flank)
Purified right and left flanks (1% PCR reaction) (20 ng/ul)
Primers
Ncol-shp144 and BamHI-shp144 2 pl (1 pmol each/reaction)
Enzyme
(PrimeSTAR HS premix) 25 ul (2X)
Nuclease-free water 19 wl
Total 50 pul
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Subsequently, purified DNA fragments were double digested with Ncol and BamHI
(Section 2.17) and purified using Wizard® SV Gel and PCR Clean-Up System. Linearised
DNA fragment was ligated into cut pCEP using T4 ligase (Section 2.17). Next, an aliquot
of ligation mixture was transformed into competent E. coli TOP10 and transformants were
selected on LA agar plates containing 50 pg/ml kanamycin. After 16 hours incubation,
transformants were checked for correct assembly by colony PCR using HotStarTaq Plus
Master Mix and pCEP based primers (Mal/F and pCEP/R). One of the positive
transformants was selected for plasmid preparation and DNA sequence analysis (Section
2.21.3). The sequenced plasmid was then transformed into downstream of amiA operon at
a transcriptionally silent site in S. pneumoniae Ashpl44 following the procedure
previously described in section 2.20. The colonies were selected on blood agar plates
supplemented with appropriate antibiotics (100 ug/ml spectinomycin and 250 pg/ml
kanamycin). Antibiotic resistant S. pneumoniae clones were screened for the presence of
the insert in the correct position by PCR using gene specific primers (Ncol-shp144 and
BamHI-shp144) and vector dependent primers (Mal/F and pCEP/R).

2.23. Construction of pneumococcal transcriptional reporter strains

To better understand the involvement of selected SHP144 residues in transcriptional
regulation, several pneumococcal lacZ fusion constructs were generated following the
protocol previously reported (Halfmann et al., 2007b). After in silico identification of
promoter region of shpl44 (Psnpr44"P" indicates promoter) using bacterial promoter
recognition software BPROM (Softberry, USA) (Solovyev and Salamov, 2011; Maidin et
al., 2014), the putative promoter region of shp144 gene was amplified by PCR using proof
reading PrimeSTAR HS premix enzyme (Section 2.16). The amplified PCR product was
double digested and fused into promoterless lacZ gene in an integrative reporter plasmid
pPP2. The fused product was then transformed into competent E. coli TOP10 by heat
shock (Section 2.19). The transformants were selected on LA plates supplemented with
100 pg/ml of ampicillin. The successful cloning was confirmed by colony PCR and DNA
sequencing using set of primers (Fusion-Seg-F and Fusion-Seq-R) as shown in Table 2.12.
The cloned plasmid carrying Psni4a4a was transformed into different pneumococcal
backgrounds via double crossover in the bgaA gene following the protocol mentioned in

section 2.20. The transformants were selected on blood agar plates supplemented with
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3 pg/ml tetracycline for wild type, and with 100 pg/ml spectinomycin and 3 pg/ml
tetracycline for mutant background, respectively. The successful integration of lacz-
fusion into wild type and mutant genomes was confirmed by colony PCR using primer
pairs Fusion-Seg-F and Fusion-Seg-R, whose recognition sites are located immediately
up and downstream of the cloning site. Transcriptional reporter strains constructed in this

study are provided in Table 2.5.

Table 2.12: Primers used for confirmation of successful construction of pneumococcal
lacZ-fusions.

Primers Nucleotide sequence (5'- 3")
Fusion-Seq-F CTACTTGGAGCCACTATCGA
Fusion-Seq-R AGGCGATTAAGTTGGGTAAC

2.24. Determination B-galactosidase activity of pneumococcal reporter strains

B-galactosidase assay was used to assess Psnp144 induction level in different pneumococcal
backgrounds using previously published protocol with slight modifications (Miller, 1972;
Zhang and Bremer, 1995). The induced shpl44 promoter transcriptionally drive the
expression of the promoterless lacZ gene resulting in production of [-galactosidase
enzyme. This enzyme hydrolyses the colourless substrate O-Nitrophenyl-f-D-
galactopyranoside (ONPG) generating galactose and O-Nitrophenyl, a soluble yellow
product. The B-galactosidase activity in the cell-free extract can be quantified by
measuring the amount of O-Nitrophenyl released over time spectrophotometrically at
420 nm.

The pneumococcal lacZ-fusion constructs or “reporter strains” were grown in 10 ml of
CDM supplemented with selected sugar to late exponential phase. When synthetic
SHP144 peptide (Tables 2.7 and 2.8) was used, the pneumococcal culture was grown to
an early exponential phase. The 3 ml of each culture was centrifuged at 3500 rpm for
15 min and the supernatant was discarded. The pellet was then resuspended in 3 ml of
chilled Z buffer (0.80 g Na;HPO4.7H20, 0.28 g NaH2PO4.H>0, 0.5 ml 1M KCI, 0.05 ml
1M MgSOs, 0.175 ml B-mercaptoethanol (BME), 40 ml dH-20, pH 7.0) and the absorbance
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was measured at 600 nm wavelength by using Z buffer as blank. Then, the cells were
further diluted in Z buffer at a ratio of 1:10 (100 pl bacterial cell: 900 ul Z buffer) and
permeabilised with one drop of Triton™ X-100 (Sigma-Aldrich, UK). After incubation
for 5-10 min at 30°C, 200 ul of ONPG (4 mg/ml) was added to the mixture and incubated
for 90 min at 30°C. When a sufficient yellow colour had developed, the reaction was
stopped by adding 500 ul of 1 M Na,COs, and incubation time was recorded. Finally, the
sample was centrifuged at 14000 rpm for 5-10 min (Microfuge, Sigma), and absorbance
of the supernatant was measured at 420 nm. This experiment was done in triplicate and
repeated at least for three times. The enzymatic activity was calculated using the following

equation and expressed in Miller units (nmol p-nitrophenol/min/ml).

Miller units =1000x ODaz20/ (TXxVXODsoo)
ODeoo and OD420 = Density of cells at different wavelengths
T =Time of the reaction in minutes

V =Volume of the culture used in ml

2.25. Detection of Rgg/SHP144 inhibitor using spent culture supernatant

To test the capability of modified SHP144 peptides to competitively inhibit endogenous
SHP144 produced by wild type D39, the cell-free culture supernatants were collected
from wild type D39 and genetically complemented native and modified shp144 strains.
To perform this, the pneumococcal cultures were inoculated into 30 ml of CDM
supplemented with 55 mM mannose and incubated at 37°C until late-exponential phase.
The complemented shp144 cultures were also supplemented with 250 uM maltose to
induce pCEP maltose promoter. All bacterial cultures were spun down at 4000 rpm for
30 min at 4°C, and the supernatants were collected and sterilised using 0.22 pum syringe

filter. The collected supernatants were kept at -20°C for further analysis.

The inhibitory assay was done by growing wild type reporter strain Pspp144::1acZ-Wt to an
ODs0o ~0.6 and centrifugation at 3500 rpm for 15 min. The pellet was resuspended with
wild type, native or modified shp144 collected supernatants, and allowed to grow to an
ODeoo ~0.5-0.6. At this stage, the culture was centrifuged at 3500 rpm for 15 min and the

impact of modification on Pshp144 transcription was examined using f-galactosidase assay
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as previously mentioned in section 2.24. The inhibitory effect of modified peptide was
also confirmed by the addition of a mixture of wild type and mutant supernatants to the
pellet of Psnhpi4a::lacZ-Ashpl44 deficient SHP144, and assessing Psnpi44 activity using -

galactosidase assay.

2.26. Pneumococcal survival assay in the presence of oxidising agents

2.26.1. Paraquat susceptibility assay

To determine whether the mutant SHP144 variants have any impact on pneumococcal
resistance ability against toxic effect of paraquat, superoxide generator, the pneumococcal
inoculum was prepared as described before (Bortoni et al., 2009) with some modifications.
Wild type D39, Ashp144 Com and mutant strains (Ashp144 and Argg144) were grown in
10 ml THY broth supplemented with 0.5% yeast extract with or without SHP144 peptide
to an early exponential phase (ODsoo ~0.3-0.4). At this point, 10 ul of the bacterial culture
was mixed with 50 pl of paraquat to a final concentration of 1 mM and topped up with
PBS to 1 ml. The mixture was then incubated at 37°C for one hour. The bacterial culture
without paraquat was used as control. The sample and control were then serially diluted
and plated onto blood agar plates. The number of viable cells was counted (Section 2.5),

and survival percentages were calculated relative to the control without paraquat.

2.26.2. H202 survival assay

The pneumococcal inoculum was prepared as described above, and the bacterial cells were
treated with varying concentrations of H>02 (10 mM and 20 mM) (Sigma) and incubated
for 20 min at 37°C. The CFU/ml was determined by serial dilution and plating on blood
agar plates (Section 2.5). The results were expressed as percent survival of treated sample

relative to control, which had not been treated with H20O».

2.27. Quantification of glucuronic acid amount in the pneumococcal strains

Capsular polysaccharide (CSP) was extracted and glucuronic acid was quantified using
the protocol previously described (Favre-Bonte et al., 1999; Lai et al., 2003) with slight

77



Chapter 2 Materials and Methods

modifications. The pneumococcal strains were inoculated into 10 ml of CDM
supplemented with 55 mM of selected sugar and incubated at 37°C to late exponential
phase. At this stage, 500 pl of bacterial culture was transferred to sterile 1.5 ml
microcentrifuge tube and mixed with 100 pl of 1 % (v/v) Zwittergent 3-14 detergent
(Sigma-Aldrich, UK) in 100 mM citric acid (pH 2.0). After 20 min incubation at 50°C in
thermo-shaker (Bio-Grant, UK), the sample was pelleted at 14000 rpm for 5 min, and
300 pl of supernatant was precipitated with 1200 ul of absolute ethanol to a final
concentration of 80% (v/v). The bacterial mixture was then placed at 4°C for 20 min,
recovered by centrifugation at 14000 rpm for 5 min and resuspended in 200 pl of distilled

water.

The amount of glucuronic acid in the isolated capsular polysaccharide was quantified
using carbazole method (Cho et al., 2009). The 125 ul of CPS was mixed with 750 pl of
0.025 M sodium tetracarbonate solution (Borax) dissolved in 93% (v/v) H2SO4 (Sigma-
Aldrich, UK), vigorously vortexed and incubated for 10 min at 100°C in a thermo-shaker.
The mixture was cooled down to room temperature on ice box and mixed with 25 pl of
0.125% (w/v) carbazole solution in absolute ethanol (Sigma-Aldrich, UK). The sample
was then heated again to 100°C for 10 min and cooled down to room temperature. The
absorbance of the mixture was measured at 530 nm. The concentration of glucuronic acid
was measured using a standard curve prepared with the known concentrations of
glucuronic acid (0, 10, 20, 40, 60, 80, and 100 pg/ml) (Sigma-Aldrich, UK) and the

resulting data was expressed as pg of glucuronic acid per 107 CFU/m.

2.28. Biofilm assay

Biofilm formation assay was carried out using method described before (Mufioz-Elias et
al., 2008; Hussey et al., 2017). The pneumococcal cells were grown in 10 ml THY
supplemented with 0.5% yeast extract and incubated overnight at 37°C. After
centrifugation for 15 min at 4000 rpm at 4°C, the pellet was resuspended with 2 ml of
fresh THY and cell density was measured at 600 nm. The culture was further diluted with
10 ml of fresh THY to an ODsoo ~0.05. The bacterial culture (3 ml) was placed in each
well of 12 well flat bottom microplate and incubated in a static incubator for 24 hours at

37°C in a candle jar. Next, liquid media was aspirated from the wells and transferred to a
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new plate. The content of each well was washed with 3 ml of PBS and aspirated. Finally,
1 ml of PBS was added to wells, and biofilm forming cells were detached by cell scraper
(Biologix, UK). The CFU/mI of biofilm cells was detected by serial dilution and plating
on blood agar plates as described in section 2.5.

2.29. Expression and purification of full length and truncated Rggl144 proteins

2.29.1. Amplification of target gene and cloning into pLEICS-01

The rggl44 (SPD_0144) representing full length gene or truncated, lacking 216 base pairs,
was amplified using PrimeSTAR HS premix and set of specific primers containing 15-18
nucleotides complementary to cloning site of pLEICS-01 (Table 2.13). The PCR amplicon
was electrophoresed on 1% (w/v) agarose gel, and the band of expected size was excised
and purified to remove salts and primer-dimers using Wizard® SV Gel and PCR Clean-
Up System as shown in section 2.7. Next, the targeted PCR fragment was cloned into
PLEICS-01 expression vector carrying an N-terminal His-6 tag in collaboration with
Protein Expression Laboratory (PROTEX), University of Leicester. The cloning
procedure was carried out by following In-Fusion® HD Cloning Kit instructions
(Clontech, USA). The overview of the cloning procedure is given in Figure 2.3. Briefly,
appropriate amount of purified PCR amplicons was mixed with linearised pLEICS-01 in
the presence of 2 pl of 5X In-Fusion HD enzyme premix. The mixture was incubated at
37°C for 20 min followed by heating to 50°C for 20 min. The mixture was then
transformed into E. coli DH5a, and the transformant cells were selected on LA plates

supplemented with 100 pg/ml of ampicillin.

2.29.2. Transformation of recombinant pLEICS-01 into BL21 (DE?3)

Following transformation of recombinant plasmid into E. coli DH5a, the bacterial
colonies were screened by PCR using insert-based primers (Table 2.13). One of the
positive clones was selected for further plasmid extraction using QIAprep spin Miniprep
kit. The extracted plasmid was verified by DNA sequencing at PNACL using plasmid
sequencing primers (T7- Promoter-F and pLEICS-01-Seg-R) as indicated in Table 2.14 to

eliminate the possibility of undesirable mutations and confirm the complete coverage of
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insert sequence. The sequenced plasmid carrying intended gene was subsequently
transformed into E. coli BL21 (DE3) competent cells using heat shock method (Section
2.19). The successful cloning was confirmed by PCR using HotStarTaqg Plus Master Mix
and insert specific primers (Table 2.13). Glycerol stock was prepared for one of positive

transformants and stored at -80°C for further use.

Table 2.13: Primers used for cloning of rgg144 gene into pLEICS-01 vector.

Primers Nucleotide sequence (5'- 3')
SPDO0144-Full/F TACTTCCAATCCATGATTGAAAAAATGGA
ACTGGG
SPDO0144-Full/R TATCCACCTTTACTGTCAATCTATAAGTTCTTT
OR ATATT

SPD0144-Trun/R

TACTTCCAATCCATGGAATCTCCACATATGC
SPD0144-Trun/F GAATCGG

Bold typeface nucleotides refer to regions of homology with pLEICS-01, supplied by
PROTEX for ligase-independent cloning.

Table 2.14: pLEICS-01 sequencing primers for protein expression.

Primers Nucleotide sequence (5'- 3")
T7-Promoter-F (PNACL) TAATACGACTCACTATAGGG
pLEICS-01-Seq-R (PNACL) ATTAACATTAGTGGTGGTGGT
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Step 1. Generate Linearised vector
PLEICS-01

Step 2: Amplify gene of interest by PCR

*Forward primer l
——

rggl44 gene _]

| —

* -
Reverse primer

PCR product

\ 4

Step 3: Run PCR amplicon on gel and purify by spin-column

A 4

Step 4: Set up the In-fusion cloning reaction

2 ul 5X In-Fusion HD Enzyme Premix
x Wl Linearised Vector

x Wl Purified PCR Fragment

x Il dH20

10 pl total volume
Step 5: Incubate cloning reaction

m m (20 min at 37°C followed by heating at 50°C
[ — for 20 min)

A 4

-
Step 6: Transform into competent E. coli
=8I p

v
Step 7: Screen clones

*Gene specific primers with 15-18 bp extensions homologous to pLEICS-01 vector ends.
Figure 2.3: In-Fusion® HD EcoDry™ Cloning Kit protocol used for cloning rgg144 gene

into pLEICS-01 vector for protein expression. This diagram was constructed using an
online tool provided by the Clontech Laboratories, Inc (Takara Bio Company).
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2.29.3. Small-scale Rggl144 expression

To determine whether the protein is expressed as soluble or insoluble state (inclusion
bodies), and to find out the optimal conditions for protein expression and purification, a
single colony of E. coli BL21 (DE3) carrying the desired construct was inoculated into
10 ml power prime broth (AthenaES, USA) containing 100 pg/ml ampicillin and
incubated overnight at 37°C with constant shaking (220 rpm). The overnight culture was
diluted 1:10 into a new power prime broth with 100 pg/ml ampicillin and incubated at
37°C in a shaking incubator until the ODesoo Was reached ~1.2-1.6. After incubation, the
bacterial culture was induced with 0.5 or 1 mM of IPTG (Isopropyl B-D-1-
thiogalactopyranoside) (Sigma) and left for overnight incubation at different temperatures
(18, 24 and 37°C). At this point, the samples were centrifuged at 4000 x g for 15 min at
4°C in a precooled Allegra™ X-22R centrifuge (Beckman Coulter, USA), and the pellets
were resuspended in 300 pl of PBS, pH 7.0. The resuspended samples were sonicated (at
8 amplitude) eight times for 15 sec each with 45 sec rest on ice bucket to prevent
overheating. The cell lysates were transferred to 1.5 ml microcentrifuge tubes, and pelleted
at 14000 rpm for 15 min at 4°C. Both the pellet and supernatant were analysed on a 15%
(w/v) sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) to check
protein expression level. The procedure for preparation of SDS-PAGE gel is provided in

section 2.30.

2.29.4. Large-scale Rggl144 expression and purification

Accumulation of the target protein as inclusion bodies (IBs) in host cell makes the
recovery of bioactive protein challenging. Therefore, inclusion body purification and
subsequent steps (solubilisation and refolding) should be properly achieved to recover
functionally active protein (Singh and Panda, 2005; Singh et al., 2015). To accomplish

this, four major steps were followed:

2.29.4.1. Isolation of inclusion bodies (IBs)

After transformation of the desired construct into E. coli BL21 (DE3), the overnight
culture carrying the gene of interest was inoculated into 500 ml power prime broth

containing 100 pg/ml ampicillin and incubated at 37°C in a shaking incubator (220 rpm)
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to an ODeoo ~1.4. At this stage, the bacterial cells were induced with 1 mM IPTG, and the
growth was continued overnight at 37°C with constant shaking. The overnight culture was
spun down at 20000 x g for 20 min at 4°C in a precooled Allegra™ X-22R centrifuge
(Beckman Coulter, USA) and followed by washing the pellet with 100 ml of PBS. The
bacterial suspension was centrifuged at 20000 x g at 4°C for 20 min, and the pellet was
kept at -80°C until use. Later, the pellet was resuspended with 40 ml of lysis buffer
(25 mM Tris pH 8.0, 150 mM NaCl, 0.5% (v/v) Triton™ X-100, 1 mM EDTA, 0.5 mg/ml
lysozyme) with one tablet of complete EDTA free protease inhibitor cocktail. The mixture
was then harvested at room temperature for 20 min with shaking, followed by the addition
of DNase (5 pg/ml) and MgCl2 (5 mM) and incubated for an additional 20 min to digest
the DNA. The bacterial cells were lysed by sonication as above (Section 2.29.3). The cell
lysate was cleared by centrifugation at 20000 x g for 20 min at 4°C. The pellet was added
with 40 ml resuspension solution (25 mM Tris pH 8.0, 0.5 M NaCl, 1 mM EDTA and
0.5% (v/v) Triton™ X-100), sonicated and centrifuged as mentioned above. Washing step
was repeated by the use of 40 ml solution containing 1 M urea, 0.5 M NaCl, and 1 mg/ml
sodium deoxycholate in 25 mM Tris pH 8.0. These washing steps are useful to remove
impurities that might interfere with protein during solubilisation and refolding processes.
The resulting pellet was then resuspended in 40 ml of 1:10 diluted BugBuster® Master
Mix containing Benzonase® Nuclease and rLysozyme™ Solution (Merck Millipore, UK),
and centrifuged at 14000 rpm for 10 min to obtain pellet, which was resuspended with
10 ml of 25 mM Tris pH 8.0. The sample was then aliquoted into 1 ml fractions and
centrifuged at 14000 rpm for 10 min. The supernatants were discarded, purified IBs were
snap frozen in liquid nitrogen, and kept at -80°C for solubilisation and refolding processes.
The SDS-PAGE gel was run to check the purity of IBs.

2.29.4.2. Solubilisation and refolding of inclusion bodies

Purified inclusion bodies were solubilised in buffer containing guanidine hydrochloride
along with a reducing agent DTT (25 mM Tris pH 8.0, 6 M guanidine-HCI and 5 mM
DTT) to keep all cysteines in the reduced state, and to break down disulphide bonds
formed during purification process (Singh et al., 2015). The protein sample was then
incubated at 37°C for 10 min to facilitate the solubilisation process, and then centrifuged

at 14000 rpm for 10 min to remove insoluble cell debris. After centrifugation, supernatant
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was collected, and protein concentration was determined by measuring the UV absorbance
at 280 nm using a NanoDrop™ Spectrophotometer. The solubilised protein was then
refolded by diluting the sample to 2 mg/ml using solubilisation buffer as mentioned above,
and was further diluted 1:20 in refolding buffer (50 mM MES(2-(N-morpholino)
ethanesulfonic acid, 9.6 mM NaCl, 0.4 mM KCI, 2 mM MgClz, 2 mM CaClz, 0.5 M
arginine, 0.05% Polyethylene glycol 3550, and 1 mM DTT, pH 6.0) by adding the protein
in small drops slowly into the refolding buffer using an injection needle at 4°C with rapid
stirring. Finally, the refolded protein was filtered through a 0.22 pum stericup™ filter units
(Millipore, UK) to remove insoluble aggregations, and the clear solution was used for

protein dialysis.

2.29.4.3. Protein dialysis

To remove solubilising buffer and to allow the protein to refold efficiently, the protein
was transferred to dialysis membrane (Fisher Scientific, UK), and incubated overnight in
dialysis buffer at a 1:10 ratio (protein sample: dialysis buffer containing 25 mM Tris pH
7.4 and 150 mM NacCl) at 4°C with constant stirring. The dialysis buffer was changed

twice and then clarified by 0.22 pum filter to remove aggregations.

2.29.4.4. Metal affinity and size exchange chromatography

Metal affinity chromatography was performed by passing refolded protein through a 2 ml
Ni-NTA affinity column pre-equilibrated with 10 ml of buffer containing low
concentration of imidazole (25 mM Tris-HCI pH 7.4, 150 mM NaCl and 20 mM
imidazole). After loading protein sample, the column was washed again with low
imidazole buffer and the protein was eluted in 1ml aliquots using of 25 mM Tris-HCI pH
7.4, 150 mM NaCl and 500 mM imidazole. Further purification was carried out by loading
protein sample on Superdex 200 16/60 HiLoad column equilibrated with the gel filtration
buffer (50 mM Trizma®base, pH 7.5 and 150 mM NaCl). Once equilibration was finished,
5 ml protein sample was injected slowly into loading loop of the AKTA purifier (GE
Health life sciences, UK), and run at a flow rate of 1 ml/minute according to the
manufacturers’ protocol. The peak-fractions were collected and analysed on 15% (w/v)

SDS-PAGE to confirm the successful recovery of eluted protein. Finally, the selected
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fractions were concentrated in an Amicon Ultracel-10K centrifuge concentrator

(Millipore, UK), then snap frozen in liquid nitrogen, and stored at -80°C for further use.

2.30. Sodium dodecyl-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE gel was used to separate recombinant proteins according to their
electrophoretic mobility by following Bio-Rad Mini-PROTEAN |1 gel electrophoresis
system. SDS-PAGE consisted of two gels (resolving and stacking), and compositions of
each gel are given in Table 2.15. The resolving gel was initially prepared, poured between
two glass plates in a gel cassette and overlaid with isopropanol to remove air bubbles and
ensure the flat surface between resolving and stacking gels. When the gel was solidified,
isopropanol was removed from the gel cassette, and stacking gel was casted on top of the
resolving gel. A comb was immediately inserted into gel to create the sample wells and
left to polymerise for 30 min before loading the sample. The protein sample was prepared
by mixing 20 pl from each protein sample with 5 ul of 5X loading buffer (250 mM Tris-
HCI pH 6.8, 50% (v/v) glycerol, 10% (w/v) SDS, 500 mM DTT, 0.25% (w/v)
bromophenol blue) and heated to 95°C for 5 min on hot plate to denature the protein. Then,
10 pul of denatured protein was loaded on the gel along with standard protein marker (Bio-
Rad, UK), and run on 1X SDS running buffer (25 mM Tris-HCI, 192 mM glycine, 0.1%
(w/v) SDS) in the mini protein tetra system tank (Bio-Rad, UK). Electrophoresis was
carried out at 200 volts at room temperature for approximately 50 min or until the dye
front reached the bottom of the gel. Once the electrophoresis was completed, the gel
cassette was gently separated, and carefully transferred to a petri dish. The gel was then
stained with Coomassie blue stain (0.4% (w/v) in 10% (v/v) acetic acid and 50% (v/v)
methanol) for 20 minutes. The staining solution was discarded, and the gel was de-stained
with 7% (v/v) acetic acid and 30% (v/v) methanol solution and left overnight with gentle
agitation. Finally, the stained gel was scanned using HP Scanjet G4010, and protein

molecular weight was also determined.
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Table 2.15: Solutions used for preparation of SDS-PAGE gel.

Reagents 15% Resolving gel 5% Stacking gel
30% Acrylamide 5mi 670 ul
1.5 M Tris pH 8.8 2.5 ml -
1.0M TrispH 6.8 - 0.5 ml
10% SDS 100 pl 40 pl
TEMED 4l 4 ul
10% ammonium persulphate 120 pl 60 pl
H20 2.3 ml 2.7 ml

2.31. Confirmation of protein identity by MALDI-TOF mass spectrometry

The purified recombinant proteins were sent for sequencing at PNACL, Leicester
University to verify the identity of isolated proteins by Matrix-Assisted Laser Desorption
lonization—Time of Flight (MALDI-TOF) mass spectrometry. This analysis depends on
trypsin digestion by cleavage of carboxyl terminus of amino acids arginine and lysine
generating mixture of peptides with different molecular weights. The latter can be easily
analysed by mass spectrometry and compared with protein database to find the best match
with target protein. The molecular weight of full length and truncated Rggl44
recombinant proteins was also determined by using Electrospray LC-MS at PNACL.

2.32. Investigation of Rgg/SHP144 binding

2.32.1. Intrinsic fluorescence spectroscopy

Intrinsic fluorescence of proteins, originating from three aromatic amino acids
(tryptophan, tyrosine and phenylalanine) have been widely used to study protein dynamics
and conformational changes (Munishkina and Fink, 2007; Ghisaidoobe and Chung, 2014).
Among three fluorescent amino acids, tryptophan is the most dominant source of UV
absorbance at ~280 nm and emission at ~350 nm. As Rggl44 protein has multiple
aromatic amino acid residues (3 tryptophan, 19 phenylalanine and 11 tyrosine) in its

structure, therefore this method was exploited to monitor the interaction between Rggl144
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and its ligand using fluorescence spectrofluorometer (Horbia-Max 4). This assay was
performed by mixing a fixed amount of Rggl44 protein (1 uM) and increasing amounts
of SHP144 variants (0-100 uM) in black quartz cuvette (Table 2.7). The fluorescence was
then measured at an excitation and emission wavelengths (295 nm and 320-350 nm
respectively) with spectral slit width 3/3 at constant temperature 20°C. Protein or peptide
with buffer was served as a negative control. Maximum fluorescence intensity value of
each reading was obtained and plotted against SHP144 concentration using GraphPad

Prism version 7.02.

2.32.2. Fluorescence polarisation assay (FP)

Fluorescence polarisation is another fluorescence spectroscopy method was extensively
used for analysing molecular interactions (protein-small ligand, protein-protein and
protein-DNA) and for quantifying enzymatic activity (Moerke, 2009; Lea and
Simeonov, 2011). This technique is rapid, accurate and inexpensive as it requires only one
labelled species. Therefore, this method was also exploited to investigate the binding
affinity of native or mutant SHP144-C13 peptides with its receptor Rggl44. The basic
principle of this assay is depicted in Figure 2.4. To do this assay, purified full length or
truncated Rggl44 protein was serially diluted (0.09-182 uM) in protein storage buffer
containing 150 mM NaCl, 50 mM Trizma® base pH 7.5 using OptiPlate 96 well black
opaque polystyrene microplate. Diluted protein was incubated with constant amount of
native or modified FITC-SHP144-C13 (10 nM) (Table 2.9) to a final volume 60 pul for 20
min at 20°C. Protein and peptide dilution buffers were used as assay blank. Millipolarisation
values (mP) were measured at 485 nm excitation and 520 nm emission spectra using Hidex
Sense Microplate Reader. Similar experiment was repeated by the use of bovine serum
albumin (BSA) instead of Rggl44 and non-specific fluorescein-labelled same sized
peptide FITC-NSP-C13 to confirm the specificity of binding assay. The fluorescence
values were plotted against protein concentrations, and Kq were calculated using non-linear

regression stimulation dose-response curve (Graph Pad Prism version 7.02).

For competition FP binding assay, a serial dilution of unlabelled peptide SHP144-C13 was
mixed with Rgg/SHP144 complex (10 nM of FITC-SHP144-C13 and 6.6 uM protein
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representing half-maximal Rggl44-SHP144 interaction determined from direct FP
binding) in 96 well black microplate. The plate was incubated at 20°C for 30 min. As a
negative control, competence stimulating peptide (CSP) known not to interact with
Rggl144, was serially diluted into the reaction, and its ability to compete with FITC-
SHP144-C13 was also assayed. The millipolarisation values were measured as previously
described in direct binding assay, and 1Cso was determined using non-linear regression

inhibition dose-response curve (Graph Pad Prism version 7.02).
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Figure 2.4: Schematic diagram representing the basic principle of fluorescence
polarisation assay. A fluorescent molecule in sample solution is excited by polarised light
after passing through an excitation polarising filter. The emitted light from excited
molecule depends on its rotational motion in the solution. The emission light passes
through emission polarisation filters, which are parallel (Red signals) and perpendicular
(Blue signals) relative to excitation plane prior determination of emission intensity by
detector. The parallel and perpendicular intensity measurements are used to calculate
fluorescence polarisation values. This figure was constructed based on Hall et al. (2016).

88



Chapter 2 Materials and Methods

2.33. ldentification of SHP144 peptides by mass spectrometry

Wild type D39 and Ashp144 strains were inoculated into 100 ml of CDM supplemented
with mannose or BHI and incubated statically at 37°C until the growth was reached to the
late exponential phase. The bacterial cells were then separated from the liquid phase via
centrifugation at 4000 rpm for 15 min and sterilised using a 0.22 um filter membrane.
Filtered spent culture was frozen in liquid nitrogen and dried in vacuo in a Labconco freeze
dryer. The dried fractions were sent to PNACL (University of Leicester) and biOMICS
(Biological Mass Spectrometry Facility, University of Sheffield) for mass spectrometry
analysis.

2.34. Crystallisation Rgg144 with its ligand

Several spare-matrix commercial crystallisation kits (PACT Premier, JCSG+, ProPlex and
Morpheus) from Molecular Dimensions were trialled to find out the optimal condition for
crystallisation Rggl44 with its ligand SHP144 using the sitting-drop vapour diffusion
method (Dessau and Modis, 2011). Initially, 80 pl of each screen condition was placed in
corresponding reservoir well on triple sitting drop 96 well crystallisation plate (TTP
Labtech, UK). Then, 100 nl reservoir solution was mixed with 100 nl of mixture
containing SHP144 and Rgg144 at a 1:20 ratio (purified protein: selected SHP144 peptide)
using a mosquito nanolitre crystallisation robot (TTP Labtech, UK). Two plates were
prepared for each screen, sealed with transparent tape and kept at desired temperature
(generally between 4°C and room temperature). The plates were daily monitored and

examined under microscope to check the crystal growth.

2.35. Murine colonisation experiments

2.35.1. Preparation of pneumococcal inoculum

Pneumococcal strains were initially streaked on blood agar plates and incubated overnight
at 37°C in the presence of 5% CO>. Next day, a sweep of colonies was inoculated into
10 ml of BHI and incubated at 37°C until ODsg had reached ~1.4-1.6. The cultures were
then centrifuged at 3000 rpm for 15 min, and the supernatant was discarded. The cell
pelleted was then resuspended in 1 ml of 80% (v/v) BHI and 20% (v/v) sterilised fetal calf

89



Chapter 2 Materials and Methods

serum. The 700 pl of the resuspended pellet was inoculated into 10 ml of fresh warmed
BHI serum broth, and the culture ODsoo was adjusted to ~0.7. Then, the growth was
continued until ODseo had reached ~1.6. At this stage, the culture was aliquoted into
500 pl and kept at -80°C until needed. After 24 hours, the number of viable cells were
determined by thawing an aliquot of each pneumococcal culture to room temperature and
centrifugation at 13000 rpm for 5 min. The pellet was then resuspended in 400 pl of PBS
and the CFU/ml was counted as described in section 2.5.

2.35.2. Nasopharyngeal colonisation model

Eight to ten-week-old female CD1 mice (Charles & Rivers, UK) were used for
colonisation experiments. Mice were housed in individually ventilated cages and left for
one week to acclimatise prior to use. All in vivo work was carried out in accordance with
regulations of Animal Scientific Procedure Act 1986 of the United Kingdom under project
and personal licence numbers (P7B01CO7A and 17E217691), respectively. The
standardised inoculum was prepared as described in section 2.35.1. Colonisation
experiment was set up into two groups (0 and 7 days post infection) by following the
procedure described before (Richards et al., 2010). Both sets of mice were deeply
anaesthetised with 5% (v/v) isoflurane over oxygen (1.4 to 1.6 litres/min) in an anaesthetic
box. A 20-ul volume of PBS containing approximately 1x10° CFU/mouse of
pneumococcal inoculum was administered gradually to both nostrils of mice held
horizontally to ensure that the pneumococci do not spread to the lower respiratory tract.
Following infection, the animals were immediately placed on their backs inside the cage
to allow for recovery from anaesthesia and to prevent the release of the inoculum from
nostrils. The viable cells of inoculum were also checked by plating after infection. The
infected mice were sacrificed by cervical dislocation on days 0 and 7 after inoculation.
The number of pneumococci colonised the nasopharynx was determined by washing
nasopharyngeal cavity with 500 pl of sterile PBS using 18 G needle. CFU/ml was
determined by serially diluting 20 ul of washed PBS with 180 pl of PBS and plating onto
blood agar plates supplemented with 1 pg/ml gentamicin to suppress the growth of non-
pneumococcal organisms. The results are expressed as logio CFU/ml of each

nasopharyngeal wash.
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2.35.3. Evaluation the impact of modified and native SHP144-C13 peptides on

pneumococcal virulence in vivo

The competitive inhibition effect of modified SHP144-C13P21A peptide on
pneumococcal virulence in vivo was studied using murine colonisation model. For this,
mice were infected intranasally either with 2.5x10° CFU/mouse of pneumococcal D39
wild type in 20 ul PBS as a control, or with the inoculum containing 200 uM modified
peptide SHP144-C13P21A in 20 pl PBS. The same dose supplemented with 200 uM of
unmodified peptide SHP144-C13 was given to a third group as a control to test the
specificity of peptide inhibitor. The cohorts infected with modified or unmodified peptides
received additional doses of peptide (200 uM) at predetermined times (24, 48 and 72 h
post infection) whereas control group received only 20 ul PBS. The mice were then
sacrificed by cervical dislocation on day 5 and nasal washes were obtained as described

before.

To assess the ability of native SHP144-C13 to complement the known virulence defect of
shpl44 mutant, similar colonisation experiment was repeated over a 5-day period by
infecting the mice with 20 pl inoculum containing 2.5x10° Ashp144 supplemented with
or without 200 uM of SHP144-C13 unmodified peptide. Mice were sacrificed by cervical
dislocation and nasal washes were obtained as previously mentioned (Section 2.35.2).

2.36. Statistical analysis

Graph Pad Prism software version 7.02 (GraphPad, California, USA) was used to analyse
all data presented in this study. All experiments were repeated with at least three
independent biological replicates, and data were expressed as means + standard error of
the mean (SEM). One-way or two-way analysis of variance (ANOVA) followed by
multiple comparison tests and two-tailed unpaired student’s t-test were used to check
significant differences between data sets for growth studies, enzymatic activity and in vivo
colonisation. For direct and indirect fluorescence polarisation analysis, non-linear
regression stimulation and inhibition dose-response curves were used to determine Kq and
ICso respectively. Statistical significance was considered as *p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001.
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Chapter 3. Results

Section A: Identification of a new quorum sensing system in S. pneumoniae

3.1. Rgg/SHP quorum sensing system

Gram positive bacteria utilise small hydrophobic peptides as a signal for QS. The Rgg/SHP
system is an example of peptide mediated QS systems and found widely among Gram
positive bacteria. Through search on S. pneumoniae D39 genome, five rgg-like genes
(rggl44 (SPD_0144), rgg939 (SPD_0939), rgg999 (SPD_0999), rgg1518 (SPD_1518) and
rggl952 (SPD_1952) have been found homologues to prototypical Rgg from Streptococcus
gordonii (SGO0496) with a sequence identity over 17% at the amino acid sequence level
(Zhi et al., 2018). Off these SPD_0144 and SPD_0939 are predicted to be associated with
unannotated ORFs, coding for a short hydrophobic peptide (SHP), whereas for other Rggs,
there is no peptide pheromone gene, hence they are considered as stand-alone regulators.
The shp genes are small in size and originally unannotated. They are designated according
to their proximity from rgg genes, and the presence of double lysine residues in their N-
terminus (Ibrahim et al., 2007a). The rgg and shp genes are transcribed divergently with an
overlap at their promoters or coding sequence regions. Thus, pneumococcal shp genes are

named as shp144 and shp939 because of the hydrophobicity of peptides they encode.

The Rggl44 crystal structure has been characterised in collaboration with Prof Russell
Wallis. Hence this study was designed to characterise the Rgg/SHP144 signalling pathway
in S. pneumoniae D39 through studying the intermolecular interaction between Rgg144 and
SHP144. Specifically, the aim was to quantify the functional importance of individual SHP
residues for Rgg binding and transcription activation in order to establish the mechanism of
Rggl44’s phenotypic manifestation. Modified SHP144 peptides with high binding and low
transcription ability were assayed for their ability to competitively inhibit Rgg/SHP144
mediated transcription and consequently change the phenotypes of S. pneumoniae. To
perform these aims, the Arggl44, Ashpl44, and double mutants (Arggl44/shpl44) were
kindly provided by Dr Hasan Yesilkaya whereas genetically complemented Ashp144Com
and thirteen modified shp144 strains (in which selected amino acid residues were replaced
with alanine) were constructed in this study. These strains were tested by growth studies, in

their resistance to oxidising agents, and for synthesis of capsule.
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In addition, several transcriptional reporter strains harbouring Psnp144::lacZ fusion in wild
type and mutant backgrounds were constructed to determine the activity of Rgg/SHP144 in
the presence of native and modified signalling peptide SHP144, and establish

environmental conditions for stimulation of this system.

3.2. Construction and evaluation of pneumococcal lacZ fusions

Transcriptional fusions are commonly used to study changes in gene expression and
promoter activity in response to different cellular and environmental signals in many
different organisms (Uliczka et al., 2011). Multiple reporter genes have been developed to
evaluate the transcriptional activity of various genes by fusing the putative promoter region
of the gene of interest with a reporter gene whose product is easily assayed, making the
quantification of the activity of the gene of interest easier under defined environmental
conditions. The available reporter genes are E. coli B-galactosidase lacZ (Hand and Silhavy,
2000; Oster and Phillips, 2011), the green fluorescent protein gfp from the jelly fish
Aequorea victoria (Phillips, 2001; Southward and Surette, 2002), the luciferase, lux, from
the fire fly Photinus pyralis (Stewart and Williams, 1992; Bronstein et al., 1994), the E.
coli chloramphenicol acetyl transferase, cat, (Gorman et al., 1982), and the E. coli B-

glucuronidase gus (Jefferson et al., 1987; Oster and Phillips, 2011).

Among the available reporters, the lacZ gene from E. coli is the most commonly used
reporter system, as it is simple, does not require specialised equipment, and its product is
stable and easily quantified using the B-galactosidase assay (Miller, 1972; Liang et al.,
1998; Hayes et al., 2010). Therefore, this reporter gene was used to construct pneumococcal
lacZ fusions using integrative promoter probe plasmid pPP2 (Halfmann et al., 2007b). This
plasmid contains a promoterless lacZ gene encoding for B-galactosidase from E. coli,
ampicillin (bla) and tetracycline (tetM) resistance genes, which can be used for selection of
E. coli and pneumococcal transformants, respectively. In addition, pPP2 carry two
homologues regions to S. pneumoniae D39 (SPD_0562 (bgaA gene) encoding for -
galactosidase, and SPD_0561), meaning that upon integration of recombinant pPP2 into the
S. pneumoniae genome, promoter-lacZ fusion is directed to the endogenous bgaA gene
resulting in disruption of bgaA, hence leading to reduction of endogenous B-galactosidase

activity. In the same manner, the tetM gene, which confers resistance to tetracycline, is also
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Chapter 3 Results

integrated into the S. pneumoniae D39 genome (Halfmann et al., 2007b). This strategy was
followed to generate pneumococcal reporter strains for studying the activity of

Rgg/SHP144 using B-galactosidase assay as shown in Figure 3.1.

The expression of signal peptide genes in quorum sensing most frequently is controlled by
positive feedback regulation by their cytoplasmic regulators. To investigate whether the
SHP144 forms an active autoinducing peptide of Rgg/SHP144 QS and to find out the amino
acid residues involved in transcriptional activation, the lacZ transcriptional fusion was
constructed by fusing the upstream region of shp144 gene (Pshp142, P indicates promoter) to

the lacZ using pPP2 plasmid.
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Figure 3.1: Schematic diagram illustrating the insertion of putative promoter region of
shpl44 into pPP2, and integration of recombinant pPP2 into S. pneumoniae D39 genome
by homologous recombination. Upon integration, the native bgaA gene (red box) and its
flanking regions (box, rupA) (purple boxes) are deleted. This figure was constructed
according to Halfmann et al. (2007Db).
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After in silico identification using software BPROM (Softberry, USA) (Solovyev and
Salamov, 2011; Maidin et al., 2014), the putative promoter region of shp144 was amplified
and fused to promoterless lacZ in an integrative reporter plasmid pPP2. The recombinant
plasmid carrying the correct insert was extracted and sequenced using pPP2 primers
(Fusion-Seg-F and Fusion-Seg-R). The sequencing results showed that the construct had
the correct putative promoter region of shpl44 (Appendix 1). The sequenced fusion
construct carrying Psnp144::1acZ fusion was then integrated in a single copy on wild type D39
and its respective isogenic mutants at bgaA site via double cross-over following the protocol
described previously in Materials and Methods (Section 2.20).

The transformants were selected on blood agar plates containing 3 pg/ml tetracycline for
wild type, and tetracycline plus 100 pg/ml spectinomycin for the mutant strains. The
integration of recombinant plasmid into the pneumococcal genome was verified by PCR
using Fusion-Seg-F and Fusion-Seq-R primers whose recognition sites are localised
immediately up and downstream of the cloning site, respectively. The strategy of PCR
amplification is shown in Figure 3.2A. The agarose gel electrophoresis analysis showed that
Psnp144::1acZ fusion was incorporated successfully into wild type D39, Arggl44, Ashpl44
and double Argg144/shp144 mutant as shown in lanes 1-4 of Figure 3.2B. As expected, the
size of DNA fragments was similar to that obtained with recombinant Pspp144 plasmid
(384 bp) as shown in lane 5, which served as a positive control. For negative control,
promoterless native pPP2 plasmid was amplified and a fragment of the correct size
(200 bp) was obtained by using the same set of primers as indicated in lane 6. The resulting
reporter strains were designated as Pshp1a4::1aCZ-WHt, Psnpias::lacZ-Arggla4d, Psnpias::lacZ-
Ashp144 and Psnp144::1acZ-Arggl44/shpl44.
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Figure 3.2: (A) PCR strategy used to confirm the successful integration of transcriptional
fusion Psnpi4s::lacZ within the pneumococcal genome. Fusion-Seq-F and Fusion-Seq-R
primers were used to amplify putative promoter region of shp144 resulting a product of an
approximately 384 bp in size, while the empty pPP2 plasmid produced PCR products of
200 bp using the same set of primers. (B) Agarose gel electrophoresis showing successful
transformation of Psnp144::1acZ into wild type and its isogenic mutants. Lane L, 100 bp DNA
marker (New England Biolabs, UK); lanel, Pshpi4s::1acZ-Wt; lane 2, Pshp144::lacZ-Arggl44;
lane 3, Pshp144::lacZ-Ashpl44; lane 4, Pshp144::1acZ-Arggl44/shpld4,; lane 5, Psnpias plasmid
(positive control); lane 6, empty pPP2 plasmid (negative control).
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To test the role of Rgg144 and SHP144 in stimulation of Psnp144 €xpression, the reporter
strains were analysed in chemically defined medium containing glucose. When Pshp144 iS
induced, it drives the expression of promoterless lacZ gene resulting in production of j3-
galactosidase enzyme. This enzyme hydrolyses O-Nitrophenyl B-D-galactopyranoside
(ONPG) substrate and produces a yellow colour. The lacZ activity (Miller Unit, MU) was
normalised to CFU/mI and expressed in nmol p-nitrophenol/min/ml. As shown in Figure
3.3. the shp144 expression in wild type reporter strain Pshp144::1acZ-Wt (135 £ 5.0 MU, n=3)
was significantly higher compared with mutant strains Psnp144::1acZ-Argg144 (1.2 £ 0.2 MU,
n=3) and Pshp144::lacZ-Ashpl44 (2.3 £ 0.2 MU, n=3) (p<0.0001). A similar trend was seen
with examination of double mutant Pshpias::lacZ-Arggl4d/shpldd strain as the f-
galactosidase activity was 1.6 + 0.1 MU, significantly lower than that of wild type
(p<0.0001). These results demonstrate that shp144 activation is dependent on the presence
of Rggl44 and SHP144, and the absence of either of these resulted in markedly reduced
shpl44 expression. As expected, a weak enzymatic activity was seen with pPP2-Wt
(2.25 £ 0.25 MU), which does not have any promoter. As mentioned earlier, the
promoterless pPP2 disrupts the native (-galactosidase bgaA gene after integration into
pneumococcal genome. Therefore, this lower B-galactosidase activity is very likely
originating from other pneumococcal B-galactosidase gene, bgaC.
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Figure 3.3: B-galactosidase activity of pneumococcal reporter strains grown in CDM
supplemented with 55 mM glucose. The error bars represent the standard error of the mean
for each set. Values are average of three independent experiments, each with three
replicates. The activity is normalised to 1x10” CFU/ml and expressed in Miller units.
****n<0.0001 compared to wild type reporter strain Pshp144::lacZ-Wit.
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3.3. Identification of mature SHP144 in the supernatants of S. pneumoniae cultures

Identification of the Rgg/SHP144 interaction promoted an investigation focussing on
whether the SHP144 signalling pheromone produced by shpl44 is secreted into the
extracellular milieu. To perform this goal, cell-free culture supernatant was collected from
late exponential wild type culture, which contains an intact copy of shp144 as well as from
mutants lacking either Rggl44 or SHP144. The collected supernatants were mixed with
the pellet of a reporter strain containing Pshp144::1acZ fusion in the Ashp144 background.
This mutant strain was used to eliminate induction by the endogenously produced
SHP144. Fresh uninoculated CDM (vehicle) served as negative control. The Pspp1a4
expression level was examined using B-galactosidase assay. As expected, the shpl44-
deficient reporter strain showed a high level of induction when incubated with the wild
type supernatant (161.24 = 4.9 MU, n=3) compared with the supernatants from deletion
mutants (14.04 + 1.5 and 15.3 £ 1.4 MU for Arggl44 and Ashpl44, n=3, respectively)
(p<0.0001) (Figure 3.4). In addition, the B-galactosidase activity in the presence of wild
type supernatant was nearly 13-fold higher than that of uninoculated media (p<0.0001).
Thus, the wild type supernatant but not the mutants contains a secreted SHP144 molecule

capable of inducing its own expression.
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Figure 3.4: B-galactosidase activity level of Pshp144::1acZ-Ashpl44 reporter strain treated
with wild type (Wt), Arggl44 and Ashpl44 supernatants. Vehicle represents uninoculated
media. The error bars are standard error of the mean for each set. Values are the average of
three independent experiments, each with three replicates.****p<0.0001 compared with
reporter strain treated with wild type supernatant.
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To validate the previous observation that SHP144 is the secreted molecule and to identify
the active form of the secreted peptide, a synthetic form of this peptide was utilised. The
shpl44 encodes 26 amino acids residues (MKKRKIQLILLLISEWVIVIPFLTNL) and
based on the studies of similar systems in other streptococci showing that the active SHP is
represented in the C-terminal end of the processed peptide and multiple variants, each with
different lengths, have been identified (Aggarwal et al., 2014; Cook and Federle, 2014).
Therefore, different versions of SHP144 synthetic peptide 8 to 15 amino acid residues long,
representing the C-terminal were synthesised, and added independently to Pshpi44::1acZ-
Ashpl44 reporter strain culture. Their effect on Psnp144 expression was assessed using —
galactosidase assay. The selected peptides were designated as SHP144-C8, SHP144-C9,
SHP144-C10, SHP144-C11, SHP144-C12, SHP144-C13, SHP144-C14 and SHP144-C15
respectively. The peptide composed of the reversed sequence (SHP144-C13Rev) was also
included in the assay to confirm the specificity of induction. As indicated in Figure 3.5(A)
a dramatic increase in Psnp144 induction was seen in reporter culture treated with synthetic
peptides corresponding to the C-terminal 12 and 13 amino acid residues compared with
other versions of peptide (p<0.0001). The SHP144-C12 and C13 induce 54 and 49-fold
changes in reporter induction relative to untreated culture (p<0.0001). In contrast, no
induction was observed when an equal concentration of SHP144-C13Rev was added to
reporter culture (p<0.0001). A similar expression pattern was seen in reporter culture in
wild type background treated with SHP144 variants as shown in Figure 3.5B. The results
suggest the SHP144-C13 and C12 are possibly the most active variants derived from native
SHP144.
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Figure 3.5: Addition of exogenous SHP144-C12 and C13 synthetic peptides stimulate
Pshp144 expression. The reporter strains Psnp144::1acZ-Ashpl144 (A) and Psnp144::1acZ-Wt (B)
were grown in CDM-glucose, with or without different length SHP144 variants. The
pneumococcal cultures were incubated microaerobically to early exponential phase and the
B-galactosidase activity was assayed. The reporter strains without peptide were used as a
negative control. The activity is expressed in Miller Units (nmol p-nitrophenol/min/ml).
The values indicate the average of three independent experiments, each with three
replicates. The error bars represent SEM (****p<0.0001, ‘ns’ no significant) compared to
reporter culture with maximum activity.
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3.4. The shpl44 induction in response to SHP144 concentration

It is well known that quorum sensing systems are responsive to the level of signalling
molecules for their operation (Podbielski and Kreikemeyer, 2004; Siehnel et al., 2010). It
was of interest to check if this applies to Rgg/SHP144 QS. To this end, the reporter strain
Pshp144::lacZ-Wt was incubated individually with varying concentrations of SHP144-C13
(50-500 nM) to an early exponential phase. The SHP144-C13 was selected as no significant
difference in Pshp144 induction could be detected between SHP144-C12 and C13. Untreated
reporter culture was served as a negative control for the assay. The results showed a
significant increase in Psnp144 induction with the increasing SHP144-C13 concentration in
culture media. The highest induction was seen with 500 nM synthetic peptide (599.2 £ 9.2
MU, n=3), then by 250 nM (408.7 + 18.7 MU, n=3), 100 nM (210.1 + 10.0 MU, n=3) and
the lowest induction was seen with 50 nM peptide (104.2 + 14.2 MU, n=3) (Figure 3.6).
Furthermore, a similar experiment was conducted using transcriptional reporter strain in
mutant shp144 background to eliminate the induction caused by endogenously produced
SHP144. The induction pattern was similar to that was seen with the wild type (Figure 3.6).
On the other hand, several attempts have been made to measure the concentration of native
and synthetic SHP144-C13 peptides using mass spectrometry, but their concentrations were

below the level of detection (Section 3.20).
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Figure 3.6: Dose dependent stimulation of Pshp144 expression. The pneumococcal reporter
strains grown in CDM containing 55 mM glucose and in the presence of varying
concentrations of SHP144-C13 (50-500 nM). The error bars represent standard error of
the mean for each set. Values are average of three independent experiments, each with
three replicates. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared with reporter
cultures in the absence of peptide.
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To further confirm that the expression of shpl44 is dependent on the SHP144
concentration in culture media, the reporter strain carrying Psnp144::lacZ-Ashpl144 fusion
was treated with wild type supernatants collected at different cell densities (early, mid and
late logarithmic phase) in CDM supplemented with glucose. The induction mediated by
high-cell density (210.5 = 1.5 MU, n=3) was significantly higher than those seen by early
and mid-exponential culture supernatants (52.5 + 1.5 and 161.24 + 4.9 MU, n=3
respectively) (p<0.0001 and p<0.01). This response was specific, as the mutant
supernatants (Ashpl44 and Arggl44) did not induce shpl44 expression regardless of
growth phase and therefore used as a negative control for the experiment (Figure 3.7).
These results support my hypothesis that the SHP144 production and secretion are
dependent on bacterial population density.
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Figure 3.7: Expression levels of pneumococcal /acZ fusions upon treatment with wild type
(Wt) and mutant supernatants (Arggl44 and Ashp144). The pellet of Pshp144::1acZ-Ashpl44
was mixed with supernatants collected at different growth points (early, mid and late
exponential phase), and the cultures were incubated to an early exponential phase for -
galactosidase analysis. Values are the average of three independent experiments, each with
three replicates. Comparisons are made relative to reporter culture treated with late
exponential culture supernatant of wild type (**p<0.01, ****p<0.0001).
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3.5. Rgg/SHP144 quorum sensing system is induced by mannose and galactose

Streptococcus pneumoniae largely depends on host carbohydrates as a carbon source for
growth and survival. The nature and availability of carbohydrates are widely varied between
tissues (Paix&o et al., 2015a). For instance, free sugars like glucose are nearly absent in the
upper respiratory tract including nasopharynx, thus pneumococci rely on other abundant
sugars like galactose and mannose present in mucosal glycans (Pericone et al., 2000; Rose
and VVoynow, 2006). Here, the responsiveness of Psnp144 to different carbon sources (glucose,
galactose, mannose and N-acetylglucosamine) was assessed. The Psnpias driven B-
galactosidase activity was determined in reporter strain Psnpi44::1acZ-Wt grown to different
growth points (early, mid and late exponential phase) in the presence of the selected sugar.
Of the carbohydrates tested, the reporter strain in CDM supplemented with 55 mM mannose
or galactose revealed significantly higher induction than in cells grown with 55 mM glucose
or N-acetylglucosamine (Figure 3.8). Maximum expression was achieved in culture grown
on mannose to late exponential phase (759 + 20 MU, n=3) followed by galactose (610 + 21
MU, n=3), which are statistically different from the expression in the presence of glucose
(267 = 27 MU, n=3) or N-acetylglucosamine (251.5 + 13.5 MU, n=3) (p<0.001). The same
trend was observed for reporter cultures growing to mid-log phase (p<0.01), but the
induction level was low compared with that in late exponential cultures. While, no
difference in induction could be observed in pneumococcal cultures incubated to early
exponential phase regardless of carbon source (p>0.05). These results suggest that the
induction of shp144 promoter is influenced by the type of sugars used, and mannose and
galactose play a significant role in activation of Psnp144::1acZ expression particularly at late
exponential cultures, in which the amount of produced SHP144 is high.
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Figure 3.8: Expression level of Psnpisas::lacZ in reporter culture Psnpias::lacZ-Wt
supplemented with different types of sugars (glucose, mannose, galactose and N-
acetylglucosamine). The reporter cultures were grown microaerobically in selected sugar to
different growth points (early, mid and late-log phase) and the Psnp144 induction was
measured by B-galactosidase assay. The activity was normalised to 1x10’ CFU/mI and
expressed in Miller Units. Each data point represents the mean of three independent
experiments, each with three replicates. **p<0.01, ***p<0.001, ‘ns’ not significant
compared with reporter culture grown on glucose.
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Section B: Construction of genetically complemented shpl144

3.6. Genetic complementation of mutant shp144

Genetic complementation is one of the techniques that has been widely used in the field of
molecular biology for several purposes. For example, studying the relationship between the
genes that are responsible for a particular phenotype and in analysis of gene functions (gene-
protein relationship) (Srivastava and Srivastava, 2003). In addition, it is also used for
evaluating phenotypic characterisation of mutant genes through reintroducing an intact
copy of gene of interest into mutant strains for eliminating the possibility of polar effects
that can occur for genes located downstream of the mutation (Reyrat et al., 1998).
Introduction of insertion-deletion mutation into a bacterial genome might cause polar
effects for the genes located downstream of the mutation particularly if they do not have
their own promoters in an operon organisation (Shapiro, 1969; Reyrat et al., 1998) as well
as if the mutated gene is the first gene of a predicted operon (Guiral et al., 2006). In this
study, the shp144 mutant strain was complemented with an intact copy of shp144 to study
the self-regulation of SHP144 (feedback regulation) and to rule out the possibility of polar
effects of the mutation.

3.6.1. Amplification of shp144 gene for genetic complementation

A region of approximately 266 bp encompassing the shpl144 coding sequence and its
putative promoter region was amplified from chromosomal D39 using primer pairs
Shp144Com/F and Shpl44Com/R, which are designed to introduce BamHI and Ncol
restriction sites into the 5° and 3’ ends of the amplicon (Table 2.10). The resulting product
was purified using Wizard® SV Gel and PCR Clean-Up System (Promega, UK), and
analysed on agarose gel electrophoresis. It is apparent from lanes 1 and 2 of Figure 3.9 that
the amplification had been successfully done by obtaining a DNA fragment corresponding

to the expected size (266 bp).
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Figure 3.9: Agarose gel electrophoresis showing successful amplification of shpl44 gene
using PCR reaction. Lane L, 100 bp DNA ladder (New England Biolabs, UK); lanes 1 and
2 PCR amplicons containing the coding sequence and putative promoter region of shp144
gene (266 bp) using Shp144Com/F and Shp144Com/R primers.

3.6.2. Extraction and digestion of plasmid pCEP

Plasmid pCEP was used for cis-complementation of the mutant shp144 strain (Guiral et al.,
2006). This plasmid is a 9540 bp single copy plasmid, unable to replicate in S. pneumoniae,
but it has around 2 kb DNA surrounding its multiple cloning site homologous to
pneumococcal genome and this site is known to be transcriptionally silent. For this reason,
the recombinant pCEP carrying shpl44 gene can be integrated successfully into
downstream of amiA operon of S. pneumoniae via homologous recombination without any

harmful effects on the pneumococcal physiological functions (Figure 3.10).
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Figure 3.10: (A) Genetic map showing the main features of pCEP plasmid. treR: Trehalose
operon repressor, amiF, amiE: oligopeptide ABC transporters, treR and treP: trehalose-
utilisation system, kan: kanamycin resistance cassette, ter, transcription terminator and
malR: maltosaccharide-inducible promoter. The pCEP contains a cluster of restriction sites:
BstZ171, Ncol, Sphl and BamH]I. (B) pCEP plasmid harbouring shp144 gene. The red arrow
indicates the target gene (shp144) whereas the red boxes refer to Ncol and BamHI restriction
sites used for digestion of insert and pCEP plasmid (Based on Guiral et al., 2006).
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The pCEP was extracted from E. coli using QIAprep spin Miniprep kit and double digested
with Ncol and BamHI enzymes as previously described in Materials and Methods (Section
2.17). The successful digestion was confirmed by agarose gel electrophoresis. It is clear
from lane 1 of Figure 3.11 that the pCEP was digested successfully by appearance of single

linear band with 9.5 kb whereas the lane 2 showed uncut pCEP with multiple bands.
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Figure 3.11: Confirmation of successful digestion of pCEP using an agarose gel
electrophoresis. Lane L, 1 kb DNA ladder (New England Biolabs, UK); lane 1, digested
pCEP (double digestion with Ncol and BamHI enzymes); lane 2, uncut pCEP.

3.6.3. Construction of recombinant pCEP for genetic complementation

After double digestion of insert and pCEP with Ncol and BamHI restriction enzymes, the
digested insert was ligated into pCEP using T4 ligase as mentioned in section 2.17. The
resulting ligation product was transformed into E. coli TOP10 chemically competent cells
and selected on LA plates containing appropriate concentration of kanamycin as
previously indicated in Materials and Methods (Section 2.19). Kanamycin transformants
were analysed for the presence of recombinant plasmid using Mal/F and pCEP/R primers,
that anneal to either side of cloning site. The amplified PCR products were then analysed
by agarose gel electrophoresis. As expected, the positive transformants produced
amplicons of approximately 529 bp as depicted in lanes 1 and 2 of Figure 3.12. This size
corresponds to the estimated insert size, which is approximately 266 bp plus the size of up
and down streams of multiple cloning site of pCEP, which is approximately 263 bp (lane
3 of Figure 3.12). The successful construction of recombinant pCEP was further confirmed

for the presence of shpl44 by DNA sequencing using Mal/F and pCEP/R primers. The
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sequencing data confirmed successful cloning of shpl44 without mutations (Appendix
2A).

Base Pairs
1517

5005517

Figure 3.12: Gel electrophoresis analysis showing the successful construction of
recombinant pCEP for genetic complementation. Lane L, 100 bp DNA ladder (New
England Biolabs, UK); lanes 1-2, PCR amplicons containing shp144 coding sequence and
its putative promoter region plus upstream and downstream of cloning site which are
approximately 529 bp obtained using Mal/F and pCEP/R primers; lane 3, empty pCEP
without insert (263 bp).

3.6.4. Transformation of recombinant pCEP into mutant shp144

The sequenced plasmid was further transformed into S. pneumoniae knock out shp144 gene
strain following the protocol of Bricker and Camilli (1999) as described in section 2.20.
The successful integration of an intact copy of shpl44 with its putative promoter into
pneumococcal genome was verified by colony PCR using pCEP based primers Mal/F and
pCEP/R (529 bp) and insert specific primers Shp144Com/F and Shp144Com/R (266 bp) as
shown in Figure 3.13A and B.
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Figure 3.13: (A) PCR strategy used to confirm successful incorporation of the insert
carrying the intact copy of shpl44 with its putative promoter within the pneumococcal
genome. Primers Mal/F and pCEP/R were designed to amplify the entire insert along with
the region surrounding the cloning site generating a fragment of 529 bp. (B) Confirmation
of the successful transformation of shpl144 into the mutant shpl44 genome using agarose
gel electrophoresis. Lane L, 100 bp DNA ladder (New England Biolabs, UK); lanes 1, PCR
amplicon represents the insert, which is about 266 bp; lane 2, empty pCEP without insert
(263 bp); lane 3 recombinant pCEP carrying the entire gene of shp144.
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3.7. Construction of genetically modified strains by site-directed mutagenesis

The results in the current study showed that Rgg144 drives shpl44 transcription, and 12
and 13 aa long synthetic SHP are sufficient to stimulate Pshp144 expression. The length of
SHP144 is longer than other active peptide pheromones in the RRNPP family, which
generally vary between 5 to 8 aa long (Aggarwal et al., 2014). This is very likely due to the
deep binding groove in Rggl44. In this study, SHP144-C13 was selected as a basis to
introduce point mutations into coding sequence of shp144. Thirteen-point mutations were
introduced to systemically replace each amino acid coded by shp144 with alanine using
splicing overlap extension PCR (SOEing-PCR) method (Horton, 1995; Lee et al., 2004).
The overlapping PCR approach offers several advantages over other methods of site-
directed mutagenesis such as plasmid-based mutation and mariner mutagenesis (Horton et
al., 1993; Akerley et al., 2002). The SOEing-PCR introduces a mutation in a target gene
via combining two DNA fragments without the need for restriction sites or ligase generating
a clustered set of base pair changes such as deletions, substitution or insertions of any length
at defined position in chromosomal DNA molecule (Heckman and Pease, 2007). This is in
contrast to mariner mutagenesis, which allows random insertion of a DNA fragment by
transposons. Therefore, SOEing-PCR is considered as an ideal and efficient method for
introducing mutations in pneumococcal genome since it is naturally competent and can
accept exogenous DNA molecule from the environment and incorporate directly into its
genome (Seitz and Blokesch, 2014). Alanine was selected for substitution as it has an inert
structure, non-bulky and non-reactive side chain (Betts and Russell, 2003). Full details for

construction of modified shp144 are shown in Figure 3.14.

111



Chapter 3 Results

SPD_0141 - SPD_0143 Pipi44 SPD_0145 - SPD_0148

>

SPD_0144

-
Stop codon S o

3- BTAGATTAGTTAAAAATGGAATGACAATAACCCACTCCGA
AATAAGTAGGAGTATCAGTTGGATTTTTCTTTTCTTIOEN-5

l Start codon

NH-MKKRKIQLILLLISEWVIVIPFLTNL-COOH

\ 7/
'
l Unprocessed SHP144 \\ /

| \ //'
\ ’

\ s,
\ 7

W
Mature SHP144-C13

14 1516 17181920 21 22 23 24 25 26

K K R K I QO L I L L LISEW VIVIPVFILTNL
K K R K I QL I L L LIAEW VIV IPFILTNL
g K K R K I QL I L L LISAW VIV IPDFILTNL
:Ig K K R KI QL ILLUILTISE A VIVIPFLTNL
E K K R K I QL I L L LISEW AIVIPVFLTNL
-‘é K K R KI QL ILLULTISETW WV AV IPVFLTNL
@ K K R KI QL ILLLISEW VIAIPYFULTINL
g K K R KIQLIL L LISEW VIVA®PFILTNL
% K KR KI QL ILLLTISEW VIVIATFLTINL
E K K R KI QL ILLILTISEW VIVIPALTINL
K KR KI QL ILLLTISETW VIVIPVFATINL
K K R KI QL ILLULTISEW VIVIPFLANL
K K R KIOLILLILTISEW VIVIPFLTAL
K K R K I QL I L L LISEW VIVIPVFILTNA

Figure 3.14: Diagram representing alanine scanning of selected SHP144 amino acids
residues. CAT and TTA represents the start and stop codons of shp144, respectively. Brown
and red boxes indicate the rgg144 and shp144 genes, which are transcribed divergently. Grey
and green boxes refer to genes located upstream and downstream of rgg144. The residues in
red typeface represent the active form of SHP144 and were selected for alanine replacement.
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3.7.1. Amplification of flanking regions and SOEing fragments of modified shpl144

genes

To substitute each amino acid of shp144 with alanine, two consecutive PCR reactions were
set up as shown previously in Materials and Methods (Figure 2.2). In the first PCR, left and
right flanking regions of shp144 were individually amplified from D39 genomic DNA using
the primers that incorporated restriction sites for Ncol and BamHI enzymes (Ncol-shpl144
and BamHI-shp144 primers, respectively), and the mutagenic primers containing desired
mutation (Shpl44XA/F and Shpl44XA/R), where XA indicate the replaced amino acid
codon with alanine as illustrated in Figure 2.2. The resulting PCR products were analysed
on agarose gel electrophoresis. The results in Figure 3.15 show the successful amplification
of left and right flanking regions of modified shp144. In Figure 3.15, the PCR amplicons in
lanes 1 and 4 represent the expected approximate sizes of left flank for shpl44L26A,
shpl44N25A, shpl44T24, shplddlL23, shplddF22A, shplddP21A, shpld4dl120A,
shpl44V19A, shpl44118A, shpl44V1T7A, shpld4W16A, shpl44E15A and shpl44S14A,
which ranged between approximately 348 to 384 bp. On the other hand, the lanes 2 and 5
of the same figure show the expected amplicon sizes for the right flank, approximately 292
to 328 bp, for shpl44L26A, shplddN25A, shplddT24A, shplddL23A, shplddF22A,
shpl44P21A, shpl44120A, shpl44V19A, shpld4l18A, shplddV17A, shplddW16A,
shpl44E15A, and shp144S14A. The PCR amplicons were then purified from the agarose
gel using Wizard® SV Gel and PCR Clean-Up System (Section 2.7) to remove impurities

like dimers, dNTPs, enzymes and salts from the PCR products.

In the second PCR, the purified flanking fragments sharing the compatible ends were joined
together to produced full-length mutated shp144 using outermost flanking primers as listed
in Table 2.10. The fused amplicons were separated electrophoretically on agarose gel. The
successful amplifications of SOEing products are shown in lanes 3 and 6 of Figure 3.15, as
evidenced by the amplification of approximately 603 bp product. Subsequently, the band
corresponding to expected size of each modified gene was excised and purified to avoid

introducing any nonspecific DNA products into the pneumococcus.
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Figure 3.15: Agarose gel electrophoresis analysis confirming the successful amplification
of flanking regions (left and right) and SOEing products of 13 modified shp144 alleles by
using site directed mutagenesis. Lane L, 100 bp DNA ladder (New England Biolabs, UK);
Lanes 1 and 4 show amplification of left flanks of shpl44L26A and shpl44N25A (A);
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shpl44T24A and shpl44L23A (B); shpl44F22A and shpl44P21A (C); shpl44120A and
shpl144V19A (D); shp144118A and shpl144V17A (E); shpl44W16A and shpl44E15A (F)
and shp144S14A (G). The amplicons size ranged between (348-384 bp). Lanes 2 and 5 refer
to the right flanking regions of shpl44L26A and shpl44N25A (A); shpl44T24A and
shpl44L23A (B); shpl44F22A and shpl44P21A (C); shpl44120A and shpl144V19A (D);
shpl44118A and shp144V17 (E); shp144W16A and shp144E15A (F) and shp144S14A (G)
with an estimated band size between (292-328 bp). Lanes 3 and 6 show the overlapping
PCR products containing the entire region of each modified shpl44 (putative promoter
region and coding sequence with desired modification) with the expected size of 603 bp.

3.7.2. Cloning of in vitro mutagenised shp144 alleles and transformation into E. coli

and DNA analysis

pCEP plasmid was used for introducing the mutant alleles to pneumococcal genome
(Figure 3.10). This plasmid and the PCR amplicons containing entire region of each
modified shp144 (Section 3.7.1) were double digested with BamHI and Ncol. The resultant
fragments were purified using Wizard® SV Gel and PCR Clean-Up System and ligated
into the restricted pCEP using T4 DNA ligase as indicated in section 2.17. The ligation
mixtures were transformed into E. coli TOP10 chemically competent cells for propagation
and cloning confirmation. The transformants were selected on LA plates in the presence
of kanamycin. The putative recombinant pCEP constructs were extracted from selected
clones, and the successful cloning was confirmed by PCR using pCEP based primers
Mal/F and pCEP/R (Table 2.10). The PCR amplicons were run on agarose gel
electrophoresis and successful cloning was confirmed by appearance of a DNA fragment
of corresponding size, which is about 866 bp as depicted in lanes 1-9 of Figure 3.16A and
lanes 1-4 of Figure 3.16B. This size represents the estimated insert size, which is
approximately 603 bp (coding sequence and putative promoter region of each modified
gene), and genomic region surrounding the multiple cloning sites of pCEP, which is
around 263 bp). In addition, lanes 10 and 5 of Figure 3.16A and B, respectively show the
PCR amplicons of empty pCEP without insert (263 bp) using the same set of Mal/F and
pCEP/R primers.

The positive pCEP constructs containing the desired insert region was further verified by
DNA sequencing using Mal/F and pCEP/R primers. Sequence analysis demonstrated the
successful replacement of selected nucleotides in all examined clones as provided in
Appendix 2 (B-N).
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Figure 3.16: Confirmation of successful construction of recombinant pCEP constructs
harbouring modified shp144 alleles. Lane L, 100 bp DNA ladder (New England Biolabs,
UK). Lanes (1-9) (A) and (1-4) (B) PCR fragments amplified from recombinant pCEP
carrying putative promoter region and modified coding sequence of shpl44; (A)
shp144L26A, shpl44N25A, shpl44T24A, shpl44L23A, shplddF22A, shpl44P21A,
shpl44120A, shpl44V19A, shpl44118A; (B) shpl44V17A, shpld4W16A, shpld44E15A
and shp144S14A using Mal/F and pCEP/R primers. Amplicons had the expected sizes
(866 bp). Lane 10 (A) and Lane 5 (B) show the amplification of empty pCEP lacking the
insert (263bp) by using the same set of primers Mal/F and pCEP/R.

3.7.3. Transformation of recombinant pCEP into pneumococcal genome

Upon confirmation of mutations by DNA sequencing, the pCEP constructs carrying
modified shpl44 alleles were transformed independently into S. pneumoniae Ashpl44
strain following the procedure described in section 2.20. The transformants were selected
on blood agar plates containing kanamycin and spectinomycin. The successful integration
of the mutant’s alleles was confirmed by colony PCR using Mal/F and pCEP/R and insert
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specific Ncol-shpl44 and BamHI-shpl44 primers (Table 2.10). The resulting PCR
fragments were analysed by agarose gel electrophoresis. As can be seen from Lanes 2, 4, 6,
8 of Figure 3.17 B-E, DNA fragments of approximately 603 bp, which are the correct
expected size of each modified shpl44, were generated by using insert specific primers.
Plasmid primers (Mal/F and pCEP/R) were also used to confirm the correct location of
inserted alleles within pneumococcal genome. An 866-bp fragment containing the insert
(603 bp) plus up and downstream flanking regions of cloned gene (263 bp) was obtained as
shown in lanes 1, 3, 5, and 7 of Figure 3.17 B-E. For positive controls, bands of estimated
sizes of 603 and 866 bp were achieved when recombinant pCEP was used as template and
Ncol-shp144 and BamHI-shp144 and Mal/F and pCEP/R primers respectively (lanes 9-10
of 3.17 B-D and 3-4 of 3.17E).

Following the successful confirmation by DNA sequencing and PCR, the complemented
modified strains were designated as Ashpl44ComL26A, Ashpl44ComN25A,
Ashpl44ComT24A, Ashpl44ComL23A, Ashpl44ComF22A, Ashpl44ComP21A,
Ashpl44ComI20A, Ashpl44ComV19A, Ashpl44Comll8A, Ashpl44ComV1T7A,
Ashpl44ComW16A, Ashpl44ComE15A and Ashpl44ComS14A.
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Figure 3.17: (A) PCR reaction used for amplification of complemented modified shp144
genes from pneumococcal genome using insert specific primers and plasmid-based primers.
(B-E) Agarose gel electrophoresis showing the successful insertion of modified shpl44
alleles and their putative promoter regions within Ashpl44. Lane L, 100 bp DNA ladder
(New England Biolabs, UK); lanes 1, 3, 5, 7 (B-E) show the successful amplification of
entire region of modified shp144 with flanking regions of pCEP (866 bp) for shp144L26A,
shpl44N25A, shpl44T24A and shpl44L23A (B); shpl44F22A, shpl44P21A, shpl44120A
and shp144V19A (C); shpl44118A, shpl44V17A, shpl44W16A, shpl44E15A (D) and
shp144S14A in lane 1 of (E) by using Mal/F and pCEP/R primers. While PCR products
with approximate sizes of 603 bp were obtained by using insert specific Ncol-shp144 and
BamHI-shpl144 primers as shown in lanes 2, 4, 6, 8 for shpl44L26A, shpl44N25A,
shpl44T24A and shpl44L23A (B); shpld4F22A, shpl44P21A, shpld4120A and
shpl44V19A (C); shpl44l18A, shpld4V17A shpld4dW16A, shpl44E15A (D) and
shp144S14A in lane 2 (E). Positive controls were also included in analysis as shown in
lanes 9-10 (B-D) and 3-4 (E) by using recombinant pCEP as template and the Mal/F and
pCEP/R and Ncol-shp144 and BamHI-shp144 primers respectively.
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3.8. Assessment the Psnpi44::1acZ activity in genetically complemented strains

To determine whether the reduction in shp144 promoter induction in the mutants caused by
deficiency of the mutant genes (shpl44 and rggl44) rather than polar effects of the
mutations, a transcriptional lacZ fusion in complemented backgrounds (Ashp144Com and
Arggl44Com) were constructed by transforming Psnpi44::1acZ fusion into complemented
strains and analysing by PCR using Fusion-Seg-F and Fusion-Seg-R primers, and by
agarose gel electrophoresis. Lanes 1-2 of Figure 3.18 revealed the successful
transformation, and a DNA fragment of the expected size was obtained (384 bp for both
Ashpl44Com and Arggl44Com). The resulting reporter strains were designated as
Pshp144::1acZ-Ashpl44Com and Pshpias::lacZ-Arggl44Com. The Psnp144 €Xpression level was
measured in complemented reporter strains using B-galactosidase assay. As shown in Figure
3.19 the lacZ activity of complemented strains closely resembles that of parental strain
(p>0.05). The p-galactosidase activity was 228 + 2, 215 £ 5 and 210 = 10 MU (n=3) for
Pshp1a4::lacZ-Wt and the complemented reporter strains, Pshp144::lacZ-Arggl44Com and
Pshp144::lacZ-Ashpl44Com, respectively. Further, the complemented strains showed a
higher B-galactosidase activity relative to their respective mutants (p<0.0001). The data
presented above rule out the possibility of polar effect of the mutations, and potential ability
to reconstitute shpl144 activity by introducing a single copy of rggl44 or shpl144 into their

respective mutants.
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Figure 3.18: Agarose gel electrophoresis analysis confirming successful transformation of
Pshp144::1acZ fusion into complemented strains. Lane L,100 bp DNA ladder (New England
Biolabs, UK); lane 1, Pshpi4s::lacZ-Arggl44Com; lane 2, Pshpiasa::lacZ-Ashpl44Com; lane
3, Pshp144 plasmid (positive control); lane 4, empty pPP2 plasmid (negative control).

120



Chapter 3 Results

% e ke de

* %Xk
250- I ns ' 1 |

E

o 2001
&)
~
T

= 3< 150-
D -
- O
q’ i

= T8 100+
= 3
©

E 50
o
=

0_

< AN AN
b(o° R ‘QQ
A ,Vv"“ B
R J .\'bo A2
Qe ,\bnb'. ,\bxb‘
<® <
Strains

Figure 3.19: B-galactosidase activity of Psnp144::lacZ fusion in complemented backgrounds
(Pshp14s::lacZ-Ashpl44Com and Pshpiss::lacZ-Arggl44Com). The enzyme activity is
expressed in Miller Units (nmol p-nitrophenol/min/ml). **** p<0.0001, ‘ns’ not significant
compared to wild type and complemented strains.

3.9. Quantifying the functional importance of SHP144 amino acid residues for
transcriptional activation of Rgg/SHP144 QS

It was hypothesised that each SHP144 residue would have a different role in Rggl44
binding and transcriptional activation. Certain SHP144 residues would have a role in
binding to Rggl144 and their mutation would lead to decrease in transcriptional activation
of shp144, while the mutation of other residues would prevent activation of Rgg144 by the
bound SHP144, which also leads to reduction in transcriptional activation. On the other
hand, some residues would have no role either in binding or in activation, therefore, their

mutations would not affect the shp144 transcription.

Based on the knowledge that the 13 aa long synthetic SHP144 is sufficient to stimulate
Pshp144 €xpression in the presence of mannose, thus the role of each one of these thirteen
amino acids of SHP144 in transcriptional activation of the system was screened and utilised
to develop inhibitors to abolish phenotypic manifestations of Rgg/SHP144. A set of
transcriptional lacZ reporter strains were constructed through incorporation of the

Pshp44::lacZ fusion into genome of Ashpl44 strains that were genetically complemented
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with different variants of shpl44 following the protocol mentioned in Materials and
Methods (Section 2.20). The transformants were selected on blood agar plates
supplemented with tetracycline and kanamycin. The successful transformation was
analysed for the presence of correct insert using Fusion-Seq-F and Fusion-Seqg-R primers.
These primers amplify about 200 bp DNA fragment when empty pPP2 plasmid was used
as template (lanes 9 (A) and 8 (B) of Figure 3.20), however, the insertion of shpl44
promoter into cloning site of pPP2 increases the amplicon size to 384 bp as shown in lanes
1-7  (A) for  Ashpl44ComL26A,  Ashpl44ComN25A,  Ashpl44ComT24A,
Ashpl44ComL23A, Ashpl44ComF22A, Ashpl44ComP21A, Ashpl44Coml20A and
lanes 1-6 (B) for Ashpl44ComV19A, Ashpl44Comll8A, Ashpl44ComV17A,
Ashpl44ComW16A, Ashpl44ComE15A and Ashp144ComS14A strains.

( A) Base Pairs
- 1517

400 -——-_—-

300 Ed

(B) Base Pairs

- 1517

Figure 3.20: Gel electrophoresis analysis confirming the successful incorporation of
Pshpr44::lacZ fusion into chromosomal DNA of complemented modified shpl44 strains.
Lane L ,100 bp DNA ladder (New England Biolabs, UK); Lanes 1-7 (A) and 1-6 (B) PCR
amplicons with 384 bp in size amplified from the genomic DNA of Ashpl144ComL26A,
Ashpl44ComN25A, Ashpl44ComT24A, Ashpl44ComL23A, Ashpl44ComF22A,
Ashpl44ComP21A and Ashpl44Coml20A strains (A); and from Ashpl44ComV19A,
Ashpl44Coml18A, Ashpl44ComV17A, Ashpl44ComWI16A, Ashpl44ComE15A and
Ashp144ComS14A (B) using Fusion-Seqg-F and Fusion-Seg-R primers. Lanes 8 (A) and 7
(B) show the amplification of recombinant pPP2 plasmid (384 bp positive control) whereas
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lanes 9 (A) and 8 (B) amplification of promoterless fragment of the empty pPP2 plasmid
(200 bp negative control) using the same set of primers (Fusion-Seg-F and Fusion-Seg-R).

The reporter strains were designated as Psnpia4::lacZ-Ashp144ComL26A, Pshpi4s::lacZ-
Ashp144ComN25A, Pshpiasa::lacZ-Ashpld4ComT24A, Psnpias::lacZ-Ashpl44ComL23A,
Pshp144::1acZ-Ashp144ComF22A, Pshp144::1acZ-Ashp144ComP21A, Pshp144::lacZ-
Ashp144ComlI20A, Pshpuas::lacZ-Ashpl44ComV19A,  Pshpias::lacZ-Ashpl44Coml18A,
Psnp144::1acZ-Ashp144ComV17A, Pshp144::1acZ-Ashp144ComW16A, Pshp144::lacZ-
Ashp144ComE15A and Psnp144::1acZ-Ashp144ComS14A.

The resulting reporter constructs grown on mannose were used to study the effect of each
replacement on shpl144 transcription using a promoter reporter assay. Of the 13 modified
shpl144 reporter strains, five were completely unable to induce Pshp144 driven lacZ activity,
as their lacZ activity were 7.5 £ 25,6 +1.0,75+ 15,85+ 0.5and 7.5 £ 2.5 MU (n=3)
respectively  for  Psnpiasa::lacZ-Ashpl44ComWI16A,  Pshpiss::lacZ-Ashpl44ComV17A,
Psnp1as::1acZ-Ashpl44Coml18,  Pshpias::lacZ-Ashpld4ComlI20A  and  Pshpussi:lacZ-
Ashp144ComP21A, respectively, which was similar to the reporter strain in mutant shp144
background (11.935 + 1.815 MU, n=3). On the other hand, seven mutations Psnp144::lacZ-
Ashp144ComS14A (105 + 5 MU), Pshpuas::lacZ-Ashpl44ComE15A (107.5 £ 2.5 MU)
Psnp144::1acZ-Ashp144ComF22A (90 = 10 MU), Pshp14sa::lacZ-Ashpl44ComL23A (95 = 5
MU), Pshp1a4::1acZ-Ashpl44ComT24A (175 = 5 MU), Psnpias::lacZ-Ashpl44ComN25A
(185 + 5 MU) and Pshp1as::lacZ-Ashpl44ComL26A (187.5 £ 2.5 MU) resulted in a
significant reduction in -galactosidase activity compared to the strain containing intact
copy of shpl44 (215 + 5 MU, n=3) (Figure 3.21A). In these seven strains, while the
mutations reduced the activity significantly, these strains still retained around 50% or more
of B galactosidase activity, showing their contributions in transcriptional activation of
Rgg/SHP144 QS system. On the other hand, Pshp144::1acZ-Ashp144ComV19A substitution
did not have any impact on transcriptional activation of shpl44 (215 £ 5 MU, n=3)
indicating that this residue is not essential for shpl44 transcription. A similar enzymatic
trend was obtained when glucose was used instead of mannose as the carbon source in
culture media, however the induction level was lower compared to that on mannose (Figure
3.21B).
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Figure 3.21: Assessing the effect of each SHP144-C13 residue on transcriptional activation
of Rgg/SHP144 system by lacZ reporter assay. The reporter strains in shpl44 mutant
background genetically complemented either with unmodified or modified shp144 strains,
and they were grown either in CDM supplemented with 55 mM mannose (A) or glucose
(B) to late exponential phase. The Pshp144 €Xpression was assessed using B-galactosidase
activity. Comparisons are made relative to Psnp144::1acZ-Ashpl44Com, which expresses
wild type SHP144. **p<0.01, *** p<0.001, **** p<0.0001, ‘ns’ non-significant. Reporter
strain in the mutant background was included as a control for assay. Error bars represent
the standard error of the mean for each set. The values represent the average of three
independent experiments, each with three replicates.

124



Chapter 3 Results

After detecting the importance of each residue in endogenous induction, the ability of
supernatant containing the modified SHP in induction of shp expression was also
determined. For this assay, the Ashp144Com and shp modified strains were grown on
mannose, where the system is induced, and the supernatants were collected at late
exponential phase. The Pshp144 €xpression was determined using the B-galactosidase assay
in Pshp1as::lacZ-Ashpl44. As shown in Figure 3.22A the induction levels by modified
shpl144 supernatants were nearly identical to those obtained with endogenously modified
shpl144 strains as shown before in Figure 3.21A, except those achieved with E15A or V19A
modifications. The inability to induce the reporter strain was more likely due to the
insufficient peptide production under assay conditions, or due to the lack of export of these
peptides to extracellular milieu. However, exogenous addition of modified synthetic E15A
and V19A peptides led to increase in the level of Psnp144 driven [3-galactosidase activity by
over 25 and 18-folds compared to culture without peptide (Figure 3.22B). These findings
strongly support the hypothesis that the modified shp144 gene products are exported to
extracellular milieu as native SHP144 peptide, and each residue plays a different role in

activation.
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Figure 3.22: (A) B-galactosidase activity level of Pshpi4s::1acZ-Ashpl44 reporter strain in
the presence of late exponential culture supernatants collected from Ashpl44Com and
modified shpl144 cultures on mannose. The pellet of Psnpi44::1acZ-Ashpl44 was incubated
with collected supernatants to an early exponential phase and the expression was analysed
using B-galactosidase assay. Comparisons are made relative to Ashpl44Com supernatant,
which contains wild type SHP144. (B) Stimulation of Psyp144 €Xpression by using 1000 nM
of SHP144-C13V19A or SHP144-C13E15A peptide. The results were compared with
reporter culture in the absence of peptide. Values are the average of three independent
experiments, each with three replicates. The activity is expressed in nmol p-
nitrophenol/min/ml. Error bars indicate the SEM (**p<0.01, *** p<0.001, **** p<0.0001).
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Section C: Phenotypic characterisation of Rgg/SHP144 system

The Rgg/SHP quorum sensing systems play a significant role in physiological functions of
many pathogenic streptococci (Fleuchot et al., 2011; Cook et al., 2013). They are involved
in aggregations and biofilm formation in Streptococcus pyogenes (Aggarwal et al., 2014)
and in pathogenicity of S. agalactiae (Pérez-Pascual et al., 2015). They are also implicated
in the non-glucose carbohydrate metabolism and lysosome resistance of S. pyogenes (Chang
et al., 2015). A recent study in our research group showed the importance of Rgg regulons
in oxidative stress and carbohydrate utilisation in S. pneumoniae (Zhi et al., 2018). In this
study, the involvement of Rgg/SHP144 in pneumococcal biology was defined in more detail
by determining the effect of each amino acid residue of SHP144 on growth profile,
resistance to oxidative stress (paraquat and H202), capsule synthesis and in in vivo survival
of the microbe. The contribution of rggl44 and shpl44 in pneumococcal growth was
determined by growing the wild type D39 strain and its isogenic mutants in BHI or in media
containing different sugars (glucose, mannose, galactose and N-acetylglucosamine).
Mannose and galactose were used as they induce the system (Section 3.5). Any defect in
pneumococcal growth on selected sugar would provide an indicator about the involvement

of Rgg/SHP144 QS in metabolism of a particular sugar.

3.10. Haemolytic activity of pneumococcal strains

Pneumolysin is an important virulence determinant in S. pneumoniae, responsible for
haemolytic activity and cytotoxic properties (Shak et al., 2013; Marshall el al., 2015). The
impact of deletion of Rggl44 and SHP144 on haemolytic activity was tested in the cell
lysates of wild type and its isogenic mutants using 4% sheep red blood cells as described in
section 2.12. PBS instead of cell lysate was included as a negative control of assay. As
indicated in Figure 3.23. The haemolytic activity of wild type was comparable with those
found with the mutants (Ashpl44 and Arggl44) and complemented strain Ashp144Com,
suggesting that the pneumococcal haemolytic activity was not affected by deletion of
Rgg144 or SHP144.
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Figure 3.23: The haemolytic activity of the wild type and its isogenic mutants using 4%
sheep RBC. No difference could be detected in haemolytic activity between pneumococcal
cell lysates. The horizontal line represents the highest dilution of cell-free supernatant
exhibits at least 50% of RBC lysis. This experiment was repeated using three independent
cell lysates. Error bars indicate standard error of the mean (SEM).

3.11. Detection of neuraminidase activity in pneumococcal strains

S. pneumoniae produces three types of neuraminidase (NanA, NanB and NanC). These
enzymes are involved in deglycosylation of complex carbohydrates such as mucin releasing
utilizable growth substrates, which can be a source of nutrient during colonisation and
invasion of host tissues (Yesilkaya et al., 2008; Brittan et al., 2012). To test the impact of
Rgg/SHP144 system on neuraminidase activity, the mutants (Arggl44 and Ashpl44),
complemented shp144 and parental wild type strains were assayed using the chromogenic
substrate pNP-NANA as described previously in Materials and Methods (Section 2.13). As
can be seen from Figure 3.24 there was no significant change in neuraminidase activity
between the wild type, complemented and mutant strains (p>0.05). The level of
neuraminidase activity was 60.18 = 1.35, 60.19 = 1.86, 59.66 + 1.59 and 60.1 + 1.84 for
wild type, Ashpl44Com, Arggl44 and Ashpl44 respectively. These data suggest that the
Rgg/SHP144 QS system does not involve in regulation of the genes responsible for

neuraminidase activity.
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Figure 3.24: Neuraminidase activity of pneumococcal strains using chromogenic substrate
PNP-NANA. The enzymatic activity was expressed as nmol p-nitrophenol/min/ug total cell
protein. VValues represent the average of three independent experiments each with triplicates.
Error bars refer to standard error of the mean (SEM). ‘ns’ not significant compared with wild

type.

3.12. Growth of pneumococcal strains in BHI

Results in Figure 3.25 show that all pneumococcal strains exhibited a similar growth pattern
and rates in BHI under microaerobic conditions (p>0.05). The growth features (growth rate
and yield) were determined for each strain and provided in Table 3.1. The growth rates (L)
ranged between 0.257 to 0.268 h™* and pneumococcal yield (maximal ODsoo) Was between
1.251 to 1.261. These data suggest that mutation of rgg144 and shp144 can be tolerated in
rich liquid media.
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Figure 3.25: Growth profiles of wild type D39 and its isogenic mutants in BHI broth. Error

bars refer to the standard error of the mean for three individual measurements each with
three replicates.
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Table 3.1: Calculation of growth rate (i) and yield (maximal ODsoo) of pneumococcal
strains grown microaerobically in rich media (BHI) at 37°C. Values are average of three
independent experiments each with three replicates. ‘+’ indicates standard error of means
(SEM). No significant differences could be seen when the growth rates and yields of
mutants were compared with the wild type D39 using one-way ANOVA and Dunnett's
multiple comparisons test.

Strains BHI
Growth rate (ht) Growth yield
Wit 0.268 + 0.010 1.261 £ 0.022
Arggl44 0.264 + 0.005 1.254 +0.026
Ashpl44 0.257 £0.011 1.253 £ 0.025
Ashp144Com 0.266 + 0.011 1.251 £ 0.040

3.13. Growth profile of pneumococcal strains in CDM supplied with different sugars

It was hypothesised that each amino acid residue of SHP144 would have a different role in
carbohydrate utilisation. To investigate this hypothesis, initially, the effect of deletion of
the rggl44 and shpl44 on growth behaviour was tested in CDM containing 55 mM of
selected sugar (glucose, mannose, N-acetylglucosamine and galactose), and the growth
rates and yields were calculated following the procedure previously described in section
2.14. These sugars were selected as they are the predominant carbohydrates present either
in the structure of mucins in the respiratory tract or in circulatory glycoproteins. The results
showed that wild type and its isogenic mutants had identical growth profiles in media
containing glucose, galactose or N-acetylglucosamine (p>0.05) [Figure 3.26 (A-C) and
Tables (3.2 and 3.3)]. It seems that the deletion of rgg144 and shpl144 genes did not affect
the pneumococcal growth properties on glucose, galactose and N-acetylglucosamine under
growth conditions.

Consistent with previously reported data (Zhi et al., 2018), deletion of rggl44 and shp144
caused a substantial decrease in the pneumococcal growth rate and maximal ODeoo
compared with parental wild type strain in CDM supplemented with mannose (Table 3.3).
The mutant strain rgg144 had the lowest growth rate (0.017 + 0.0007 h't), followed by
Ashp144 (0.019 + 0.0007 h%) relative to wild type growth rate (0.025 + 0.0006 h't, n=3)
(p<0.0001 and p<0.001, respectively). Similarly, the Arggl44 and Ashpl44 mutants
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showed a significant reduction in growth yield (0.195 + 0.004 and 0.205 + 0.006, n=3,
respectively) compared with wild type (0.241 + 0.003) (p<0.0001) (Figure 3.26D and Table
3.3). These results indicate that rgg144 and shp144 contribute in mannose metabolism, and
their presence support pneumococcal growth on mannose. On the other hand, this defect in
pneumococcal growth rates and yields were fully restored by complementation of mutants
with an intact copy of the respective gene (shpl44 and rggl44) as represented in Figure
3.26D and Table 3.3. As their growth rates were (0.023 + 0.0015 h*! and 0.024 + 0.0009
hL, respectively) and yields were (0.240 + 0.007 and 0.237 + 0.005, respectively) similar to
that of the wild type strain demonstrating that the observed phenotypes in the mutants were

not due to polar effect of insertion mutations.
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Figure 3.26: Pneumococcal growth performed microaerobically in CDM supplemented
with 55 mM glucose (A), N-acetylglucosamine (B), galactose (C) and mannose (D). The
rggl44 and shpl44 deficient mutants showed significant growth impairment in media
supplemented with mannose. The growth measurements were carried out at a wavelength
of 600 nm for 18 h at 37°C. This experiment was done in triplicate and repeated at least for

three times.
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Table 3.2: Growth rate (1) and yield (maximal ODegoo) Of pneumococcal strains grown
microaerobically in CDM containing 55 mM of glucose or N-acetylglucosamine. Values
are average of three independent experiments each with three replicates. ‘+’ indicates
standard error of means (SEM). One-way ANOVA and Dunnett's multiple comparisons test
were used for calculation of growth parameters.

Strains CDM-glucose CDM-N-acetylglucosamine
Growth rate Growthyield | Growth rate | Growth yield
(h™) (h™)

Wt 0.131 £ 0.002 0.799 £ 0.010 | 0.144 +0.004 | 0.729 +0.023
Arggl44 0.131 £ 0.002 0.781+0.014 | 0.134+0.015 | 0.724 +0.106
Ashpl44 0.132 £ 0.002 0.789+0.008 | 0.138+0.019 | 0.726 + 0.059

Ashpl144Com 0.131+£0.001 | 0.794 +0.0007 | 0.140+0.014 | 0.729 + 0.064

Table 3.3: Growth rate (1) and yield of mutants and parental wild type strains grown
microaerobically in CDM containing 55 mM of galactose or mannose. The growth rates
and vyields were calculated and expressed as average + standard error of means (SEM).
Values are average of three independent experiments each with three replicates. One-way
ANOVA and Dunnett's multiple comparisons tests were used for calculation of growth
parameters. ***p<0.001, ****p<0.0001 compared with wild type.

Strains CDM-galactose CDM-mannose
Growth Growth Growth Growth
rate (h!) Yield rate (ht) yield
Wt 0.048 £0.003 | 0.477 £0.029 0.025 + 0.0006 0.241 +0.003
Arggldd 0.045+0.004 | 0.461+0.033 | 0.017 £0.0007**** | 0.195 £ 0.004****
Ashpl44 0.045+0.001 | 0.465+0.009 | 0.019 +0.0007*** | 0.205 £ 0.006****
Ashpl44Com | 0.048 £ 0.002 | 0.474 +0.022 0.023 £ 0.0015 0.240 + 0.007
Arggl44Com - - 0.024 + 0.0009 0.237 £ 0.005
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These observations led to investigate the amino acid residues in active SHP144 that are
involved in mannose utilisation. A set of modified strains were grown in CDM
supplemented with 55 mM mannose, and their effects on pneumococcal growth kinetics
were determined. As indicated in Figure 3.27A and Table 3.4, modified strains with alanine
substitution at positions P21, 118 and 120 had lower growth yields compared with strain
containing native peptide (p<0.05, p<0.01, p<0.001), since their growth yields were (0.267
+ 0.017, 0.235 + 0.015, 0.210 £+ 0.016 for Ashpl44Com21A, Ashpl44ComI18A and
Ashp144ComI20A respectively) lower than the strain with a wild type copy of shp (0.358
+ 0.025).

Strain with 118 modification exhibited statistically significant reduction in growth rate
(0.020 + 0.001 h't) compared with strain complemented with intact copy of shp144 (0.031
+0.003 h!) (p<0.001), whereas the other modified strains did not show any difference
in terms of growth rate and yield (p>0.05). No obvious difference in the growth parameters
between the strains complemented with intact or modified copy of shp144 could be seen
when glucose was used as a primary carbon source (Figure 3.27B). These observations
suggest the involvement of these residues in SHP144 function as their modifications
remarkably affect the SHP144 activity to utilise mannose, which are in accordance with

transcriptional activation results of modified shp144 strains.
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Figure 3.27: Growth profiles of modified shp144 strains grown in the presence of 55 mM
of mannose (A) or glucose (B). The growth measurements were recorded at 600 nm at 37°C.
These experiments were done in triplicate and repeated for at least three times.
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Table 3.4: Growth rates (i) and yields of modified shpl44 strains grown in CDM
supplemented with 55 mM mannose. Values are average of three independent experiments
each with three replicates. ‘+’ indicates standard error of means (SEM). Comparisons were
made relative to complemented shpl44 strain using one-way ANOVA and Dunnett's
multiple comparisons test. *p<0.05, **p<0.01 and ***p<0.001.

Strains CDM-mannose
Growth rate (h') Growth yield
Ashp144Com 0.031 + 0.003 0.358 + 0.025
Ashp144ComL26A 0.032 £ 0.005 0.352 + 0.038
Ashp144ComN25A 0.035 + 0.002 0.362 + 0.020
Ashp144ComT24A 0.033 + 0.005 0.360 + 0.043
Ashpl144ComL23A 0.031 + 0.002 0.351 £ 0.018
Ashpl44ComF22A 0.036 + 0.002 0.379 £ 0.018
Ashpl44ComP21A 0.036 + 0.003 0.267 £ 0.017*
Ashp144ComI20A 0.030 + 0.003 0.210 £+ 0.016***
Ashp144ComV19A 0.033 £ 0.001 0.352 £ 0.014
Ashpl44ComI18A 0.020 £ 0.001*** 0.235 + 0.015**
Ashpl144ComV17A 0.029 + 0.002 0.326 + 0.012
Ashp144ComW16A 0.028 + 0.001 0.314 £ 0.010
Ashpl44ComE15A 0.032 £ 0.001 0.344 £ 0.010
Ashpl144ComS14A 0.033 £ 0.003 0.352 + 0.023

3.14. Inactivation Rgg/SHP144 inhibits pneumococcal resistance against paraquat

To investigate whether introducing a modification into SHP144 sequence would have an
impact on pneumococcal resistance against superoxide-generating agent paraquat, the effect
of the deletion of Rgg144 and SHP144 on pneumococcal oxidative stress resistance was
initially examined. Pneumococcal strains (wild type, Arggl44, Ashpl44 and
complemented strains Arggl44Com and Ashpl44Com) grown in THY to exponential
phase were exposed to 1 mM paraquat for one hour at 37°C. Survival percentages were
determined by serial dilution on blood agar plates and compared with culture that had not
been treated with paraquat. As shown in Figure 3.28A, deletion of Rggl44 or SHP144
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significantly attenuated the pneumococcal capability to deal with toxic effects of
paraquat. In comparison with wild type (91%), the survival percentage decreased to 52%
and 65% in cultures lacking rggl44 or shpl44, respectively (p<0.01). However, no
difference in survival was observed between the complemented strain and the wild-type
D39 (p>0.05) (Figure 3.28A).

Having demonstrated the involvement of both Rggl44 and SHP144 in the superoxide
resistance, it was imperative to identify the amino acids residues of SHP144 that would
involve in oxidative stress response. A collection of modified shp144 strains were screened
for the superoxide resistance by challenging the pneumococci with 1 mM paraquat. The
results showed that the complemented strains carrying mutations (E15, 120 and P21) render
pneumococci more susceptible to paraquat (Figure 3.28B). The survival rates of mutants
were 52.5%, 53% and 52.5%, respectively, significantly lower than that producing an intact
SHP144 (87.5%) (p<0.05). On the other hand, the remaining modified strains were as
resistant to superoxide as the wild type. Taken together, these results suggest the
involvement of Rggl44 and SHP144 in protection against paraquat, and more
interestingly, some of SHP144 mutant strains with alanine replacement showed a similar

phenotypic impact as shp144 deficient strain.
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Figure 3.28: Survival percentages of pneumococcal strains after treatment with 1 mM
paraquat. The survival percentages were calculated for each strain [wild type,
mutants, genetically complemented strains (A), and modified shp144 strains (B)], and were
compared with wild type or genetically complemented strain Ashpl44Com. Data represent
the average of three independent experiments, each with triplicates (*p<0.05, ** p<0.01, ‘ns’
non-significant).
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3.15. Rgg/SHP144 affords protection against H202

S. pneumoniae encounters large amount of H20, produced mainly by the activity of the
pyruvate oxidase under aerobic conditions, and from host metabolism and immune
response. The pneumococci can deal with high levels of H.O> that would normally cause
damage to various components such as DNA and proteins causing mutagenesis or death of
bacterial cell (Andisi et al., 2012; Yesilkaya et al., 2013). The Rgg family is involved in
oxidative stress resistance, for example, in S. pyogenes, disruption of rggl44 increased
susceptibility of bacteria to killing by paraquat (Chaussee et al., 2004). Moreover, loss of
rggl952 gene renders the pneumococci more sensitive to oxidative stress (Bortoni et al.,
2009).

The results found that the challenge of mutants (Arggl44 and Ashpl144) with 20 mM H20>
resulted in remarkably decreased survival (53.5% and 64%, respectively) compared with
wild type D39 (p<0.01) (Figure 3.29A) supporting my hypothesis that Rgg/SHP144 QS
plays a crucial role against H2O.. In addition, the complemented strains had similar
phenotypes as the wild type D39 (p>0.05) excluding the possibility of polar effects
originated from mutations. On the other hand, challenging the mutants with 10 mM H>0>

does not cause changes in pneumococcal survival (p>0.05).

To gain insight into the involvement of selected SHP144 residues in H2O2 scavenging,
modified shpl144 strains in which amino acid residues were replaced with alanine were
treated with 20 mM of exogenous H20>. After 20 min incubation, the survival percentages
were determined in the H»O. treated cultures and compared with unchallenged
pneumococci. As shown in Figure 3.29B the mutants carrying modification at positions 120
and P21 were more susceptible to H20> (52.5% and 55%, respectively) compared with that
carrying an intact copy of SHP144 (p<0.05), while no difference could be observed with
other SHP144 mutants (p>0.05). This means that these residues play a significant role in
SHP144 function, as their replacements with alanine led to a significant reduction in

pneumococcal resistance against oxidative stress.
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Figure 3.29: The susceptibility of pneumococcal strains to 20 mM H>O». The survival
percentages for wild type and its respective mutants (A), and for modified shpl144 strains
(B) were determined by colony counting and compared with cultures that were not treated
with H2O,. Error bars indicate the SEM. *p<0.05, **p<0.01 and ‘ns’ not significant
compared with wild type and complemented shp144 strains.
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3.16. Determination the effect of Rgg/SHP144 system on capsule biosynthesis

Capsular polysaccharide (CPS) is the major pathogenicity factor of S. pneumoniae. It plays a
critical role in pneumococcal adhesion, biofilm formation, resistance to host immune
response and survival in different host environment (Qin et al., 2013; de Vos et al., 2015).
To elucidate the influence of Rgg/SHP144 QS system in capsule synthesis, the capsular
polysaccharide was extracted from pneumococcal strains grown in CDM mannose or glucose
to late exponential phase and followed by quantification of glucuronic acid (the main
component of S. pneumoniae serotype 2 type capsule) using phenol-sulfuric acid extraction
method as described in Materials and Methods (Section 2.27). The glucuronic acid
quantification results were normalised to 1x10” CFU/ml. From Figure 3.30A, a significant
increase of glucuronic acid content was observed in rggl44 and shpl144 deficient cultures
on mannose (32.95 * 3.95and 26 + 1.0 g per 1x10” CFU/mI, n=3 respectively) compared
with wild type (12.9 + 1.2 pg per 1x10” CFU/ml, n=3) (p<0.05 and p<0.01). However, no
significant difference in capsule production was seen between the wild type and
complemented strains (p>0.05). As the amount of glucuronic acid were 13.5 £ 0.5 and 14.8
+ 1.2 ug per 1x10” CFU/mlI (n=3) for Argg144Com and Ashp144Com, respectively.

As expected, all pneumococcal strains produced the same amount of glucuronic acid in the

presence of glucose (p>0.05) (Figure 3.30B). This demonstrates that Rgg/SHP144 QS

downregulates the genes putatively involved in capsular polysaccharide biosynthesis.

141



Chapter 3 Results

(A)

= 40-
£

>

L

&)

N~

S 301
>

>

S

D

o

=

(&)

©

(&)

.E 10..
e

—J

(%]

=

O oA

Strains
(B)
15+
: ns

-
(=]
1

Glucuronic acid (ug per 1x10’CFU/m)
[}

N > g & s
’(‘Q ‘QQ b‘bto \b‘b‘
Avg Ave Q'\ oj?
vé“ =
Strains

Figure 3.30: Amount of glucuronic acid produced in pneumococcal strains grown on
55 mM mannose (A) or glucose (B). The pneumococcal capsule was extracted from cultures
grown to late exponential phase and glucuronic acid was extracted from each strain using
phenol-sulfuric acid method. Values represent the average of three independent experiments
each with triplicates. Error bars are the standard error of the mean (SEM). *p<0.05, **p<0.01
‘ns’ not significant compared with wild type.

Having found the involvement of Rgg/SHP144 in capsule synthesis, the influence of non-
activating modified SHP144 peptides on capsule production was also tested. Capsular
polysaccharide was extracted from modified strains (Ashpl44ComW16A,
Ashp144ComV17A, Ashpl44ComlIl18A, Ashpl44ComI20A and Ashpl44ComP21A) by
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using the same method mentioned above. Glucuronic acid was detected in the isolated
capsule and compared with that of mutant shp144 strain. All modified shp144 cells form
similar levels of capsule as mutant shp144 on mannose (p>0.05). The amount of glucuronic
acid for Ashp144ComW16A, Ashpl44ComV17A, Ashpl44ComlI18A, Ashpl44ComI20A
and Ashpl44ComP21A (32.6 £5.9,31.2+4.6,29.6 £5.5,28.1 £ 6.7 and 30.1 + 3.5 ug per
1x107 CFU/mI, n=3, respectively) was similar to Ashp144 (26.7 + 1.5 pg per 1x10° CFU/ml,
n=3) (Figure 3.31). These data indicate that selected modified shp144 strains behave as
mutant strain in terms of regulation of capsule biosynthesis.
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Figure 3.31: Measurement of the amount of glucuronic acid isolated from modified shp144
strains on mannose. The capsule was extracted from cultures grown to late exponential
phase and glucuronic acid was detected using phenol-sulfuric acid method. VValues represent
the average of three independent experiments each with triplicates. Error bars represent the
standard error of the mean (SEM). ‘ns’ not significant compared with mutant shp144 strain.

3.17. Inactivation of Rgg/SHP144 QS inhibits biofilm formation

Biofilm development is a complex process that is commonly regulated by quorum sensing
system (Karatan and Watnick, 2009). The involvement of Rgg/SHP signalling pathway in
biofilm formation was reported in group A streptococci (Chang et al., 2011; Aggarwal et
al., 2014). To test whether Rgg/SHP144 played the same role in biofilm formation, the
biofilm forming in wild type D39 and deletion mutants (shp144 and rgg144) was quantified.
As indicated in Figure 3.32, wild type D39 formed significantly more biofilm forming cell
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(logio 5.65 + 0.35 CFU/ml, n=3) than that of mutants (logio 4.15 + 0.35 and 4.10 + 0.1
CFU/ml, n=3 for Arggl44 and Ashpl144, respectively) (p<0.05). However, wild type and
complemented shp144 strains showed similar capability to produce biofilm (p>0.05).
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Figure 3.32: Biofilm formation of wild type and its isogenic mutants grown in 12 well
polystyrene plate for 24 h at 37°C. After incubation, the biofilm cells were assessed by
counting the number of viable cells on blood agar plates. Error bars indicate standard errors
of three independent experiments. *P<0.05,’ns’ not significant compared with wild type.
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Section D: Purification of Rggl144 proteins and binding analysis

3.18. Overexpression and purification of Rggl44 recombinant proteins

In this study, Rgg144 and SHP144 pair have shown their involvement in regulation of shp144
transcription, and 13-aa long synthetic peptide is sufficient to induce Rgg/SHP144 system.
Further, each amino acid residue of SHP144 has a distinct role in transcription of its own
gene expression. Therefore, it is noteworthy to characterise the direct binding between
SHP144-C13 and its cognate Rggl44 and quantify the contribution of each amino acid
residue of SHP144 towards Rggl44 binding using fluorescence spectrophotometer. To
perform all these assays, the protein encoded by SPD_0144 was cloned, expressed and
purified following Vallejo and Rina’s protocol (2004). The purified protein was also used for
crystallisation of Rggl44 with its cognate peptide SHP144 using sitting-drop vapour
diffusion method (Dessau and Modis, 2011).

3.18.1. Amplification and cloning of rgg144 gene into pLEICS-01

Full length and truncated Rggl44 proteins were utilised to investigate the interaction
between Rggl44 and its cognate SHP144. The Rggl44 is much larger than its ligand
therefore it was envisaged that deletion of some amino acid residues from the N-terminus
region of Rgg144 will increase the binding efficiency as the Rgg binding site for SHP has
been reported to be localised at the C-terminus of the protein (Parashar et al., 2015).
Therefore, rggl44 (SPD_0144) variants, full length and truncated rggl44 lacking
216 bp, were amplified using PrimeSTAR HS premix and the gene specific primers
listed in Table 2.13. This enzyme was used to reduce the possibility of introducing
unwanted mutations as this enzyme has a proof-reading feature. The PCR amplicons were
separated by agarose gel electrophoresis analysis. The results showed the successful
amplification of target genes by obtaining the bands of expected sizes (about 864 bp for full
length and 648 bp for truncated Rggl144) as shown in Figure 3.33 A-B. The PCR products
were then purified from the agarose gel using Wizard® SV Gel and PCR Clean-Up System
(Section 2.7).
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Figure 3.33: Agarose gel electrophoresis showing the successful amplification of rgg144
variants. Lane L (A) and (B), 1 kb and 100 bp DNA ladder respectively (New England
Biolabs, UK); lanes 1-3, PCR amplicons containing an intact copy of rggl44 (A) or
truncated rggl144 (B) using gene specific primers.
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3.18.2. Cloning of rgg144 genes and transformation into E. coli

The purified amplicons were cloned into hexa histidine-tagged, ampicillin resistant plasmid
pLEICS-01 at PROTEX, University of Leicester. The genetic map of pLEICS-01 is shown
in Appendix 3. The His-tag was selected for several reasons: (i) it is small in size and charge
rarely interferes with the structure or function of the fusion protein, (ii) it can be placed on
either the N or the C terminus of recombinant proteins, (iii) it can be used for purification of
proteins under native or denaturing conditions, (iv) His-tag fusion proteins are highly
expressed in the plasmid containing a strong promoter such as T7 promoter, and easily
purified using immobilized metal affinity chromatography (Gopal and Kumar, 2013; Costa
etal., 2014).

After the cloning of the target gene into pLEICS-01, the recombinant plasmid was then
extracted from one of the positive colonies using Miniprep kit (Section 2.8). The extracted
plasmid was verified by DNA sequencing using T7-Promoter-F and pLEICS-01-Seq-R
primers as indicated in Table 2.14. The DNA sequencing data confirmed the successful
cloning of target genes and the absence of mutations as indicated in Appendix 4A and B.
Following DNA sequencing, the recombinant plasmid was then transformed into E. coli
BL21 (DE3) competent cells using heat shock as described in section 2.19. This strain is
genetically modified for protein expression purposes, it has a copy of T7 RNA polymerase
gene that can direct the expression of cloned genes under the control of the T7 promoter-
IPTG induction system. This strain is also deficient in outer membrane and cytoplasm
proteases (ompT and lon respectively), which increase the recombinant protein stability (Jia
and Jeon, 2016). After transformation of recombinant plasmid into the BL21 (DE3) strain,
the identity of the transformants was confirmed by PCR analysis using the gene specific
primers (Table 2.13) and agarose gel electrophoresis. The PCR products in lanes 1-2, of
Figure 3.34 (A-B) had the expected approximate size for full length Rggl144 (864 bp) and
truncated Rgg144 (648 bp), respectively. The positive transformants were then kept in 15%
(v/v) LB glycerol at -80°C for further protein expression.

147



Chapter 3 Results

( A) Base Pairs

=-1817

B Base Pairs
( ) -1,517

- 1,200
~1,000

- 900

- 800

- 700

- 600

- 500/517

- 400
- 300

- 200

Figure 3.34: Confirmation of successful transformation of recombinant pLEICS-01
plasmid into E. coli BL21 (DE3) using agarose gel electrophoresis analysis. Lane L (A-B),
100 bp DNA ladder (New England Biolabs, UK); lanes 1-2 PCR fragments amplified from
recombinant plasmids carrying full length rgg144 (A) or truncated rggl144 (B) construct.

3.18.3. Small-scale purification

Small-scale expression was set up to identify the best expression conditions for full length
and truncated Rggl44, and to investigate whether the protein of interest is expressed as
soluble or inclusion bodies. The bacterial strains E. coli BL21 (DE3) harbouring the desired
constructs were induced either with 0.5 or 1 mM IPTG at different growth phases (when
ODeoo Was ~1.2-1.6) in power prime broth and incubated at different temperatures (18, 24
and 37°C). The results showed that the recombinant proteins (full length and truncated
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Rgg144) were successfully induced with 1 mM IPTG when the ODsoo of culture was 1.4,
and further overnight incubation carried out at 37°C in shaking incubator at 220 rpm. SDS-
PAGE gel analysis showed that both proteins are produced in an insoluble state by
appearance of visible bands in the pellet indicating the presence of inclusion bodies

(data not shown).

3.18.4. Large-scale purification

The optimal conditions used in small-scale expression were applied for large-scale protein
expression and purification. Inclusion bodies (IBs) of full length and truncated Rgg144 were
isolated from bacterial cells using a combination of mechanical and chemical cell disruption
techniques as described previously in Materials and Methods (Section 2.29.4.1). The IBs
purity was checked on SDS-PAGE gel stained with Coomassie blue. Lanes 1-3 (Figure
3.35A) and 1-2 (Figure 3.35E) show the successful purification of inclusion bodies by
appearance of massive bands with an approximate molecular size (~35.7 kDa for full length
and ~27.7 kDa for truncated Rggl44), which includes the molecular weight of each
recombinant protein plus the histidine tag (0.84 kDa) and TEV (Tobacco Etch Virus)
cleavage site (0.957 kDa).

The purified inclusion bodies were successfully solubilised at alkaline pH in the presence of
6 mM guanidine-HCI solution and refolded in the buffer supplemented with numerous
additives such as amino acids, salts and polymers (Section 2.29.4.2). The protein sample was
then dialysed and passed through a Ni-NTA column, extensively washed with buffer
containing 20 mM imidazole, and eluted using 500 mM imidazole. The eluted fractions were
collected and analysed on SDS-PAGE gels. The results confirmed the successful elution of
protein samples by obtaining the bands which are in line with the predicted molecular mass
of the full length and truncated Rgg144 (Figure 3.35B and F). For further purification, the
imidazole fractions were applied to 200 16/60 superdex Hiload gel filtration column, and
peak fractions were collected as shown in Fig.3.35C and G. SDS-PAGE gel analysis of
purified fractions showed the presence of a single band corresponding to the expected
molecular weight for Rggl44 proteins and the absence of contaminating protein bands
(Figure 3.35D and H).
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Figure 3.35: Confirmation of successful purification of recombinant full length and
truncated Rggl44 proteins by SDS-PAGE gel and gel filtration analysis. Lane L, Blue
Prestained Protein Standard, Broad Range ladder (New England Biolabs, UK); (A) and
(E) purified inclusion bodies of full length and truncated Rgg144 respectively; (B) and
(F) eluted Nickle column fractions in 500 mM imidazole; (C) and (G) gel filtration of full
length and truncated Rggl44 proteins on superdex 200 16/60 column, (D) and (H) gel
filtration fractions analysed on 15% SDS-PAGE gel, and bands of the expected sizes
(approximately 35.7 kDa and 27.7 kDa for full length and truncated Rggl44) were
obtained. The overall yield of pure full length Rggl44 protein was approximately
14 mg/1000 ml of bacterial culture and 6 mg/500 ml for truncated Rgg144 protein.
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3.18.5. Identification of recombinant proteins by MALDI-TOF mass spectrometry

To confirm the identity of isolated proteins, the gel slices containing the protein of interest
were cut and sent for sequencing at PNACL, Leicester University. Sequence analysis was
done by digestion of purified protein with trypsin and generation of a set of peaks. Each peak
represents a particular peptide from the protein. The masses of resulting peptides were
analysed simultaneously by Matrix-Assisted Laser Desorption lonization—Time of Flight
(MALDI-TOF) mass spectrometry and compared with database results. The sequence data
confirmed the identity of full length and truncated Rgg144 recombinant proteins (Appendix
5A and B). In addition, the molecular mass of each recombinant protein was also verified by
Electrospray LC-MS. The results indicated that the molecular weight of each protein was

nearly similar to predicted molecular weight as provided in Appendix 6 (A and B).

3.19. Analysis of Rgg/SHP144 interaction by fluorescence spectroscopy

Attempts were made to elucidate the interaction between Rgg144-SHP using a fluorescence
spectrophotometer to identify the SHP144 amino acid residues important for binding.
Fluorescence techniques are one of the most powerful methods used for studying of protein-
ligand interactions because of their versatility, ease of application and high sensitivity
(Lakowicz, 2006; Chan et al., 2014). Fluorescence spectroscopy commonly relies on either
intrinsic fluorophores, which are part of protein structure, or extrinsic markers, which are

created by linking the fluorescent probe to the molecule structure (Albani, 2007).

3.19.1. Intrinsic fluorescence for detection Rgg/SHP144 interaction

In proteins, aromatic amino acids [phenylalanine (F), tyrosine (Y), and tryptophan (W)] can
be used as a marker for studying protein structure, folding and binding interactions
(Munishkina and Fink, 2007; Lakowicz, 2006; Chan et al., 2014). These amino acids absorb
light at a specific wavelength and fluoresce in the UV range between (250 — 400 nm)
(Lakowicz, 2006; Chan et al., 2014). Tryptophan fluorescence is the most valuable method
for studying protein conformational changes since its fluorescence properties (emission
wavelengths and intensity) are highly sensitive to the local environment (Ghisaidoobe and
Chung, 2014). Thus, this method was selected for initial screening of Rgg/SHP144 binding
as its inexpensive method, no need for labelling and easy to perform. To achieve this,
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Rggl44 recombinant protein was mixed with synthetic SHP144-C13 peptide in a black
cuvette, and the binding measurements were detected by tryptophan fluorescence
spectroscopy as previously described in Materials and Methods (Section 2.32.1). Peptide or
protein with buffer served as a control of assay. Based on the Rgg144 protein structure and
our knowledge of similar allosteric systems in other streptococci (Chang et al., 2011;
Aggarwal et al., 2014), we hypothesised that binding of SHP144-C13 to Rggl44 would
induce conformational changes in the target protein which allows the transcription
activation to occur. This conformational transition may lead to changes in fluorescence
intensity of tryptophan. Unfortunately, the results did not show any noticeable changes in
total fluorescence intensity of Rggl44 treated with peptide in comparison with reaction
without peptide (Fig.3.36F). It was thought that the other versions of SHP144 with varying
sizes could be able to bind to Rggl44. A parallel set of experiments by treating Rgg144
separately with SHP144-C8, SHP144-C9, SHP144-C10, SHP144-C11, SHP144-C12,
SHP144-C14 and SHP144-C15 was performed. Similarly, no difference in fluorescence
intensity could be identified for any of the peptides tested (Figure 3.36A, B, C, D, E, G and
H). This is more likely due to the presence of multiple tryptophan residues in both the
protein and most of the selected peptides, making the interpretation of the results
complicated. To overcome unfavourable conditions arisen from intrinsic fluorescence,

another fluorescence technique called fluorescence polarisation was employed.
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Figure 3.36: Diagrams showing the interaction of 1 uM purified Rggl44 protein with
different concentrations (0-100 uM) of SHP144 variants. (A) SHP144-C8; (B) SHP144-C9;
(C) SHP144-C10; (D) SHP144-C11; (E) SHP144-C12; (F) SHP144-C13; (G) SHP144-C14
and (H) SHP144-C15 using fluorescence spectroscopy. The fluorescence intensity values

were expressed in counts per second (cps).
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3.19.2. Detection of Rgg/SHP144 binding using fluorescence polarisation (FP)

It is clear from Figure 3.36 that the Rgg/SHP144 binding measurements by intrinsic
fluorescence were unsuccessful. Therefore, another fluorescence technique, called
fluorescence polarisation was used to study Rgg/SHP144 binding affinity. This method
offers numerous advantages over other binding techniques. It is simple, fast and can be
performed in a homogeneous solution without solid supports, allowing true equilibrium
analysis down to the low picomolar range. FP measurements can be directly utilised without
separation of the bound and free ligand, allowing the detection of binding with low affinity
(Rossi and Taylor, 2011). Further, FP is a non-destructive technique and the same sample
can be treated and reanalysed in order to ascertain the effect on binding of changes in
parameters such as pH, temperature and salt. Further, non-radioactive substances are
involved in the FP assay making it safer than radioligand binding assays. Finally, the FP
values are mainly based on measuring the polarisation of light caused by changes in
molecular size rather than the fluorophore concentration as intrinsic fluorescence, thus
providing more accurate data (Owicki, 2000; Burke et al., 2003; Moerke, 2009).

Fluorescence polarisation assay was set up as previously described in section 2.32.2 using
Rggl44 protein and synthetic peptide corresponding to 13 amino acid residues (active
peptide) conjugated with FITC. The fluorescence values (mP) were measured at 485 nm
excitation and 520 nm emission wavelengths using Hidex Sense Microplate Reader. The Kqg
was calculated using a non-linear regression stimulation dose-response curve (Graph Pad
Prism version 7.02). The basic principle of Rgg/SHP144 interaction using fluorescence
polarisation is given in Figure 3.37. This method is generally based on the observation that
when the fluorescent ligand like FITC-SHP144-C13 is excited by polarised light, the
emitted light will be mostly depolarised due to rapid tumbling of the labelled molecule
during the excited state, resulting a low level of polarisation signals. While if this ligand is
bound to a large molecule like Rggl44 protein, the rotation of the complex will be much
slower than that of the peptide alone, and the emitted light will still be polarised (Moerke,
2009).

The results showed that FITC-SHP144-C13 was able to bind to full length Rggl44 with
binding affinity of 6.60 uM as shown in Figure 3.38A. It was hypothesised that using

truncated Rggl144 protein would increase the interaction efficiency. A similar experiment
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was repeated using the truncated Rggl44. The results showed a similar binding affinity
(10.40 uM) (Figure 3.38A). This data suggests that deletion some of Rggl44 amino acid
residues does not improve the binding capability of Rggl44 and SHP144-C13. Similar
binding assay was repeated by the use of non-specific fluorescein peptide FITC-NSP-C13
to confirm the specificity of binding assay. As can be seen from Figure 3.38A, no binding
could be detected by using a non-specific peptide. In addition, when Rgg144 is replaced with
bovine serum albumin (BSA), no FITC-SHP144-C13 binding could be observed (Figure
3.38B).

Small molecule Rapid rotation
Polarised \I/
Excitation — — » < Emitted light is
light /% depolarised
| J
I
FITC-SHP144-C13

Polarised —,
Excitation
light

. Emitted light
— Remains
polarised

Slow rotation

Large complex
(Rgg144+ FITC-SHP144-C13)

Figure 3.37: Schematic diagram showing the basic principle of binding the Rgg144 to its
ligand SHP144-C13 using fluorescence polarisation. When labelled peptide SHP144-C13
(Red circle) is excited by polarised light at excitation wavelength of FITC (485 nm), the
ligand rotates faster during the excited state making the emitted light to be largely
depolarised. When this ligand binds to a large molecule like Rggl144 (blue square), the
resulting complex rotates slowly due to their size and retains its polarised light. This figure
was constructed based on Moerke (2009).
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Figure 3.38: Direct binding of Rggl44 and FITC-SHP144-C13 using fluorescence
polarisation technique. (A) Blue and red sigmoid curves indicate the binding of FITC-
SHP144-C13 to full length and truncated Rggl44 respectively, whereas flat curves
represent the interaction of same sized non-specific FITC-NSP-C13 to full length Rggl144
(green colour) and truncated Rgg144 (black colour). (B) The interaction of bovine serum
albumin and FITC-SHP144-C13. Millipolarisation values were monitored at 485 nm
excitation and 520 nm emission spectra using Hidex Sense Microplate Reader in 96 well
black opaque plate. Each value was normalised and plotted against protein concentration.
A linear scale on Y axis represents mP values whereas concentration of protein is presented
as logarithmic scale on X axis. Equilibrium dissociation constant (Kg) values were
calculated by fitting to a sigmoidal dose-response curve with variable slope in Prism
GraphPad 7.02.
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In addition, a relative binding affinity of SHP144-C13 was also determined by a FP
competition assay using unlabelled SHP144-C13 peptide (SEWVIVIPFLTNL). This assay
is generally based on measuring the reduction in FP signals upon addition of competitor to
the ligand /protein reaction. The FP competition assay was done by mixing serially diluted
unlabelled SHP144-C13 peptide with Rgg/SHP144 complex (10 nM of FITC-SHP144-C13
and 6.60 uM protein representing half-maximal Rgg/SHP144 interaction determined from
direct FP binding) (Figure 2.38A). This mixture was incubated at 20°C for 30 min and
fluorescence polarisation was measured. As a negative control in a separate reaction,
competence stimulating peptide (CSP) known not to interact with Rggl44, was serially
diluted, and its ability to compete with FITC-SHP144-C13 was also assayed. The results
showed that unlabelled SHP144-C13 peptide was able to displace Rgg144-FITC-SHP144-
C13 complex. It was found that ICs, (the concentration of competitor required to disrupt 50%
FITC-SHP144 binding to Rggl144) of unlabelled SHP144-C13 was 86.80 uM, whereas no
competition has been seen by using nonspecific competence stimulating peptide (CSP) as FP
values remained constant around 172 mP (Figure 3.39).

»N
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o
I

-+~ Unlabelled peptide SHP144-C13

-+ Competence stimulating peptide CSP
190

1604

Fluorescence polarisation (mP)
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Figure 3.39: Assessing the capability of unlabelled peptide SHP144-C13 to competitively
displace Rgg144-FITC-SHP144-C13 complex. The 10 nM FITC-SHP144-C13 was initially
mixed with 6.60 uM Rggl44 (K4 value was taken from previous direct binding assay), and
then incubated with serially diluted unlabelled SHP144-C13 (0.09-364 uM) peptide for
30 min at 20°C. Millipolarisation values (mP) were measured at 485 nm excitation and at
520 nm emission using Hidex Sense Microplate Reader. The mP values were dropped with
increasing the concentration of unlabelled peptide SHP144-C13 whereas the fluorescence
values were still constant by adding control peptide CSP. The ICso values were obtained by

fitting polarisation values versus total concentration of competitor to a dose-response
model.
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3.19.3. Assessing the role of SHP144 residues in binding to Rgg144 using fluorescence

polarisation

Having established the binding conditions using the unmodified labelled SHP144-C13, next,
it was hypothesised that each SHP144-C13 residue would have a different role in binding
to recombinant Rggl44. As expected, three binding patterns were identified: some amino
acid substitutions did not have any effect on binding (S14A, E15A, V17A, V19A, P21A,
F22A, L23A, T24A, N25A, L26A), as their binding affinities were (8.06, 3.31, 9.67, 4.14,
1.67, 7.11, 4.27, 3.30, 3.34 and 3.44 pM, respectively), which is similar to that of
unmodified peptide (6.60 puM). On the other hand, certain residues had a role in binding as
their replacements with alanine led to reduce the binding affinity [W16A (50.04 uM) and
I20A (23.54 pM)] or completely abolished binding (I118A) compared with unmodified
peptide (Figure 3.40 A-F). The binding pattern of non-activating modified peptides (W16A,
V17, 118, 120 and P21) was consistent with their transcriptional activation capability,
except that while V17A and P21A modifications abolished transcriptional activation of
shpl44, but did not affect the Rgg/SHP144 binding (Figure 3.40B and D and Table 3.5).
These results suggest that the V17A and P21A substitutions can be utilised to design
competitive inhibitors of Rgg144 activation by SHP144-C13. Similar experiments were done
with BSA to confirm the specificity of binding, as shown in Figure 3.41 (A-F). As expected,
there was no specific binding with BSA.
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Figure 3.40: The effect of introducing a modification into SHP144 structure on its binding
capability to Rggl144. Constant amount (10 nM) of modified FITC-SHP144-C13 variants
[(A) FITC-SHP144-C13S14A, FITC-SHP144-C13E15A,; (B) FITC-SHP144-C13W16A,
FITC-SHP144-C13V17A; (C) FITC-SHP144-C13I18A, FITC-SHP144-C13V19A; (D)
FITC-SHP144-C13120A, FITC-SHP144-C13P21A,; (E) FITC-SHP144-C13F22A, FITC-
SHP144-C13L23A; (F) FITC-SHP144-C13T24A, FITC-SHP144-C13N25A and FITC-
SHP144-C13L26A] was incubated with serially diluted recombinant Rggl44, ranging
from 0.09 to 182 uM for 20 min at 20°C. The binding affinity (Kq) for each peptide was
measured using fluorescence polarisation (Hide Sense Microplate Reader). Fluorescence
values were then plotted against protein concentration for three independent experiments.
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Table 3.5: Showing transcriptional activation of pneumococcal reporter strains carrying
native or modified SHP144, and the binding affinities of FITC-SHP144-C13 variants.

Strains Transcriptional Peptides Binding
activation* affinities
(Miller units) (Kgin pM) *=*

Pshp144::laczZ- 215+5 FITC-SHP144-C13 6.60

Ashpl44Com

Pshp144::lacz- 1055 FITC-SHP144-C13S14A 8.06
Ashp144ComS14A

Pshp144::lacz- 107 £ 2.5 FITC-SHP144-C13E15A 3.31
Ashp144ComE15A

Pshp1aa::lacz- 215+5 FITC-SHP144-C13V19A 4.14
Ashp144ComV19A

Pshp144::lacz- 90+ 10 FITC-SHP144-C13F22A 7.11
Ashpl144ComF22A

Pshp144::lacz- 95+5 FITC-SHP144-C13L23A 4.27
Ashpl144ComL23A

Pshp144::lacz- 1755 FITC-SHP144-C13T24A 3.30
Ashp144ComT24A

Pshp144::lacZ- 185+5 FITC-SHP144-C13N25A 3.34
Ashpl44ComN25A

Pshp144::1acZ- 187.5+25 FITC-SHP144-C13L26A 3.44
Ashp144ComL26A

Pshp1as::lacz- 6+£1.0 FITC-SHP144-C13V17A 9.67
Ashpl44ComV17A

Pshp144::lacz- 75+25 FITC-SHP144-C13P21A 1.67
Ashp144ComP21A

Pshp144::lacz- 75+25 FITC-SHP144-C13W16A 50.04
Ashp144ComW16A

Pshp144::1aczZ- 75115 FITC-SHP144-C13I18A ND
Ashp144ComlI18A

Pshp144::lacz- 85+05 FITC-SHP144-C13120A 23.54
Ashp144ComI20A

ND means not determined
* represents (mean + SEM) of three independent experiments
** Dissociation constant between the Rgg144 and its ligands (FITC-SHP144-C13 variants).
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Figure 3.41: (A-F) Diagrams showing the lack of intermolecular interaction between bovine
serum albumin (BSA) and modified FITC-SHP144-C13 peptides. (A) FITC-SHP144-
C13S14A, FITC-SHP144-C13E15A; (B) FITC-SHP144-C13W16A, FITC-SHP144-
C13V17A; (C) FITC-SHP144-C13118A, FITC-SHP144-C13V19A; (D) FITC-SHP144-
C13120A, FITC-SHP144-C13P21A; (E) FITC-SHP144-C13F22A, FITC-SHP144-
C13L23A and (F) FITC-SHP144-C13T24A, FITC-SHP144-C13N25A and FITC-SHP144-
C13L26A using fluorescence polarisation technique. Polarisation values (mP) were
measured using Hidex Sense Microplate Reader at excitation 485 nm and emission at
520 nm, and each value was plotted against BSA concentration. The values represent the
average of three independent experiments.
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Section E: Structural analysis of Rgg/SHP144

In collaboration with Prof Russell Wallis, the full length Rggl44 of S. pneumoniae was
crystallised using PACT screen (Molecular Dimensions) at 6 mg/ml. Samples were mixed
with an equal volume of buffer using the sitting-drop vapor diffusion method. Crystals grew
at room temperature in 0.1M Bis-Tris propane pH 7.5 and 8.5 containing 0.2 M Potassium
sodium tartrate tetrahydrate or 0.2 M Sodium malonate dibasic monohydrate. Diffraction
data were collected at Diamond Light Source and were processed with iMosflm. Phases
were determined using seleneomethionine-enriched Rgg. The best crystals of native
Rgg diffracted to 2.2 A resolution. Models were optimised using cycles of manual
refinement with Coot and refinement in Refmac5 (Murshudov et al., 1997), part of the
CCP4 software suite (Collaborative Computational Project, 1994), and in Phenix (Adams
et al., 2010). Rgg144 is a homodimer in solution (by gel filtration) and in the crystal, with
a tetratricopeptide-like fold. Each polypeptide comprises a HTH domain and a C-terminal
regulatory domain featuring a pronounced groove that forms the binding site for the SHP
as shown in Figure 3.42A. This well-defined groove is much more amenable for selective
targeting than most protein interfaces, which are often relatively featureless, rendering Rgg

a good drug target.

In this study, crystallisation of the Rggl144 with its ligands SHP144-C13 and C12 was done
by mixing an equal volume of Rgg/SHP144 complex and reservoir solution, and incubation
at room temperature or 4°C. Crystallisation procedures were repeated several times using
different molecular dimension screens, however without success. It was thought that
binding of SHP144 to its receptor Rggl44 induces conformational changes preventing the
crystal to grow. Thus, it was expected that the use of modified peptides (SHP144-C13V17A
and SHP144-C13P21A) could resolve this problem through binding to Rggl44 without
producing conformational alterations. Unfortunately, no crystal could be detected.
Therefore, the Rgg/SHP144 complex was modelled using Rosetta Flex Pep Dock, a
programme that refines coarse peptide—protein models, allowing significant changes in both
peptide backbone and side chains using the Monte-Carlo with minimisation approach.
Modelling suggests that a SHP13-mer fits into the binding groove of Rgg144 (Figure 3.42B)
to form a variety of polar and hydrophobic interactions. This model was tested using site-

directed mutagenesis of the SHP144 as mentioned in previous sections.
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The transcriptional activation and binding results demonstrated the involvement of three
amino acids at positions W16, 118 and 120 in the binding with Rgg144 as their replacements
with alanine completely abolished the transcriptional activation and reduced binding
capabilities. However, further work is required to optimise the conditions for crystallisation
of Rgg144 with its ligand.

(A)

HTH
domain

Regulatory
domain

(B)

Figure 3.42: (A) Structure of the Rgg144 dimer. The binding grooves are indicated by red
arrows. (B) A model of Rgg/SHP144 interaction in S. pneumoniae D39 using Rosetta Flex
Pep Dock software. SHP144 13-mer docked into the peptide binding groove of Rgg144.
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3.20. Identification of the SHP144 secreted peptides from pneumococcal culture

supernatants

Mass spectrometry was used to identify the sequence and amount of SHP144 peptide
naturally present in S. pneumoniae D39 supernatant collected from culture grown to late
exponential phase, in which SHP144 is maximally expressed. The Ashpl44 supernatant
lacking SHP144 was used as a negative control. The collected supernatants were processed
as described previously in section 2.33 and sent to PNACL, University of Leicester, and
biOMICS, University of Sheffield, for mass spectrometry analysis. Synthetic peptides with
varying sizes were used as an internal standard. Despite several attempts we were unable to
identify the active SHP144 in supernatants of wild type D39 grown in either BHI or CDM-
mannose. This is very likely because of the low concentration of secreted peptides in a
highly complex background containing a large complex mixture of proteins making
proteomic approach virtually impossible. Therefore, for future analysis, the supernatant
sample should be handled in the manner that makes it compatible for mass spectral analysis
or use other detection methods such as bare boron-doped diamond electrode or capillary
electrophoresis (Verbeke et al., 2017).
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Section F: Competitive inhibition phenotypic manifestations of Rgg/SHP144 QS

system

3.21. Competitive inhibition of Rgg/SHP144 system

After establishing the importance of modified peptides SHP144V17A and P21A in shpl44
transcriptional activation and binding, it was aimed to test their contributions to the
phenotypic manifestation of Rgg/SHP144 QS. To do that, the spent culture supernatants
of strains producing SHP144 with V17A or P21A modifications were collected at late
exponential phase and were added to bacterial pellets of reporter Pgp44::1aCZ-Wt strain,
capable of producing native SHP144. Wild type and complemented shp144 supernatants
were included as a control. In addition, the supernatants of complemented strains carrying
different modifications (L26A or N25A) were also used to confirm the specificity of the
inhibition assay. Mannose was used for stimulation the shp144 expression as demonstrated
previously in section 3.5. In addition, maltose was also included in complemented shp144
cultures to activate the maltosaccharide-inducible promoter (PM) of pCEP to express more
SHP144 peptides. The expression of shpl44 would be under the control of its own
constitutive promoter and maltosaccharide-inducible promoter of pCEP following ectopic
integration of recombinant pCEP carrying the shpl44 into pneumococcal genome. This
promoter is regulated by the MalR repressor, and the binding of MalR to PM is relieved
when pneumococcal cells are grown in media containing the appropriate amount of maltose
(Guiral et al., 2006). To do this, various concentrations of maltose (25-250 puM) were firstly
added to complemented shpl144 fusion culture expressing native SHP144, and the activity
of Psnpras was then determined using B-galactosidase assay. Reporter cultures were also
supplied with glucose as a main carbon source and as a control. As indicated in Figure 3.43,
the B-galactosidase activity was increased from 191.7 = 1.5 MU (n=3) in the control culture
without maltose to 314.47 £ 9.94 MU (n=3) in the presence of 250 uM maltose (p<0.001).
This change however could not be detected in culture treated with other concentrations of
maltose (p>0.05). Data indicate that shp144 activity in the complemented strain could be
modulated by pCEP promoter when a sufficient amount of maltose is present in the culture
media. The expression of shp144 was further stimulated by mixing 250 uM maltose with
55 mM non-glucose carbon source (mannose or galactose). The results showed 3-fold
change in the reporter activity compared with media containing glucose and maltose
(P<0.001) (Figure 3.44). Thus, a mixture of 250 uM maltose and 55 mM mannose was used
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in the inhibition assays for stimulation shpl44 expression in native and modified

complemented shp144 strains.
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Figure 3.43: B-galactosidase levels in Pshpi4s::lacZ-Ashp144Com in the presence or absence
of maltose. Varying concentrations of maltose were added to pneumococcal culture and
incubated to late exponential phase. The Psnpi4s expression was measured using f-
galactosidase assay. Values are the average of three independent experiments, each with
triplicates. Error bars indicate the SEM (*** p<0.001, ‘ns’ not significant compared with
culture free of maltose).

1500+
1000+

500

Miller Units
(Normalised to 1X10° CFU/mI)

Sugars

Figure 3.44: B-galactosidase activity of reporter strain Pshp144::1acZ-Ashpl144Com grown
microaerobically in CDM supplemented with 250 pM maltose and other primary carbon
sources (glucose, mannose or galactose). The activity is expressed in nmol p-
nitrophenol/min/ml using late exponential phase cultures. Values represent the average of
three independent experiments each with three replicates. Error bars indicate the SEM.
**% p<0.001 compared with culture containing maltose and glucose.
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It was expected that the addition of culture supernatants containing V17A or P21A
modified SHP144 peptide would diminish the activation of Psnpia4 by endogenously
produced SHP144 peptide. The strategy of inhibition is shown in Figure 3.45. The results
showed, indeed, that culture supernatant with P21A modified peptide significantly
decreased Psnp144 transcriptional activity. The B-galactosidase activity was 98.64 + 45.39
MU (n=3) compared with that achieved with wild type, 394.98 + 30.03 MU (n=3) and
complemented supernatants (347.64 + 37.39 MU, n=3) (p<0.05) (Figure 3.46). Moreover,
a slight reduction in -galactosidase activity was observed by using culture supernatant
containing V17A modified peptide (240.23 = 60.04 MU, n=3). However, this change did
not reach statistical significance (p>0.05). The inhibition by P21A was specific because the
use of supernatants with L26A and N25A modifications (319.35 + 47.63 and 340.01 *
32.25 MU, n=3, respectively) did not have any significant impact on the induction mediated

by the wild type peptide (p>0.05).
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Figure 3.45: Suggested model of regulation of Rgg/SHP144 signalling pathway of S.
pneumoniae D39 in the presence of native (Blue triangle) and modified SHP144 peptide
(Brown triangle). The native pre-SHP144 is processed by Eep and released to the
extracellular milieu by an unknown transporter. Once the threshold concentration is
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reached, the peptide is imported inside the cell by an oligopeptide permease and directly
binds to its cognate receptor Rggl44. This binding facilitates transcription activation of
shp144 and downstream genes. On the other hand, when modified SHP144 peptide was
added to culture media, it competes with the native SHP144 peptide for binding to Rgg144,
resulting in the inhibition of Rgg/SHP144 QS activation.
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Figure 3.46: Inhibition of Pgyp144 transcription by using supernatant containing modified
SHP144. The pellet of Pshp144::lacZ-Wt reporter was incubated with the supernatant of wild
type, or cis-complemented shpl44 strains generating modified or native SHP144. The
supernatant was obtained when the cultures reached late exponential phase. The Pshp144
activity was measured by B-galactosidase assay. The error bars represent the standard error
of the mean. *p<0.05, ‘ns’ not significant compared to wild-type supernatant producing
native SHP144.

3.22. Dose dependent inhibition of shpl44 expression

To confirm that the shpl44 inhibition by P21A modified peptide is concentration
dependent, a similar experiment was repeated by using serially diluted P21A modified
peptide supernatants. As shown in Figure 3.47, the lowest lacZ induction was obtained
when the reporter culture was treated with neat supernatant containing a high amount of
inhibitor (61.89 £ 3.62 MU, n=3). The level of induction was gradually increased with
decreasing concentration of inhibitor in diluted supernatants. The B-galactosidase activity
was 285.71 + 11.7, 641.09 + 12.63, 664.96 + 8.60 and 845.42 + 9.62 MU, (n=3) for 1/2,
1/4, 1/8 and 1/16 dilutions respectively, and the activity levels were significantly different
from that obtained with undiluted neat supernatant (p<0.5 and p<0.01 for 1/2, 1/4, 1/8 and
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1/16 dilutions, respectively). This pattern however was not seen when the D39 wild type
diluted supernatants were used. These data clearly establish the concentration-dependent

inhibition of shp144 expression by P21A peptide.
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Figure 3.47: Dose-dependent inhibition of Pg,p144 transcription using diluted SHP144-
C13P21A supernatants. Wild type reporter strain was incubated with the neat and diluted
supernatants to an ODeoo (~0.6) and lacZ activity of each culture was determined using f3-
galactosidase assay. Wild type D39 supernatant containing native SHP144 peptide was used
as a control. The error bars represent the standard error of the mean. *p<0.05, **p<0.01
compared to P21A undiluted supernatant.

3.23. Confirmation of the inhibition of shp144 expression by using a mixture of spent

culture supernatants

The inhibitory effect of P21A peptide was further verified by a mixture of supernatants
collected from wild type D39 and mutant P21A grown exponentially in media containing a
combination of 55 mM mannose and 250 M maltose. To perform this assay, different ratios
of wild type and mutant P21A supernatants (wild type: mutant 1:1, 1:4, and 1:10) were
mixed with the pellet of reporter strain Psnpi44::1acZ-Ashp144. In this assay, mutant shp144
background was used to eliminate the induction by endogenously produced SHP144.
A mixture of mutant shp144 and wild type D39 supernatants was served as a control of
assay. The results showed that at 1:10 ratio, the mutant P21A supernatant was able to
significantly decrease the transcriptional activation of the system (Figure 3.48). In this
setting, the B-galactosidase activity was (16.05 = 1.05 MU, n=3), which was significantly
lower than that of control culture (1:10 dilution of wild type D39 supernatant with the spent
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culture supernatant of Ashp144) (40.12 + 1.12 MU, n=3). No inhibition could be observed
with other ratios suggesting the presence of insufficient amount of modified peptide to
inhibit shp144 expression. Hence a high load of modified P21A peptide is required to obtain

a sufficient level of inhibition.
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Figure 3.48: SHP144-C13P21A competitively inhibits transcriptional activation of shpl44.
Decreasing ratios of Ashp144ComP21A and wild type D39 supernatants were incubated with
pellet of reporter strain Pshp144::1acZ-Ashp144, and the Pshp144 driven B-galactosidase activity was
assessed (red columns). As a control the dilutions of wild type D39 supernatant in Ashp144
supernatant was used (black columns). Comparisons were made relative to shpl44
transcription level in culture containing mixture of Wt D39 and Ashpl44 supernatants.
**p<0.01 and ‘ns “non-significant.
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Section G: The impact of inhibitor peptide on Rgg/SHP144 conferred phenotypes

Having established the capacity of modified peptide SHP144-C13P21A to abolish
transcriptional activation of Rgg/SHP144, it was hypothesised that this modified peptide
would abrogate the phenotypic manifestation of Rgg/SHP144 quorum sensing system,
namely utilisation of mannose and oxidative stress resistance, which have been established

in our group and repeated in this study.

3.24. Effect of modified SHP144-C13P21A peptide on pneumococcal growth

As demonstrated in Figure 3.26D, the pneumococcal growth in the absence of SHP144 is
attenuated in CDM supplemented with 55 mM mannose relative to the wild type but no
effect was observed on other sugars (Figure 3.26 A-C). To restore the growth defect of
Ashpl44 on mannose, different concentrations of modified and unmodified SHP144-C13
peptide ranging between 50-1000 nM were added to the mutant shpl144 culture, and the
growth parameters were measured as described previously in Materials and Methods
(Section 2.14). The growth rates and yields are presented in Table 3.6. The growth rate of
all mutant shp144 cultures were identical, regardless of the presence of peptide (p>0.05).
While, the maximum ODegoo 0f mutant shp144 was reconstituted when 1000 nM and 500 nM
of SHP144-C13 were added to the culture medium. As their growth yields were (0.391 +
0.015 and 0.320 + 0.019, n=3 respectively), statistically higher than that in the absence of
peptide (p<0.0001 and p<0.01 for 1000 nM and 500 nM) (Figure 3.49 D-E). This difference,
however, could not be observed when other concentrations of SHP144-C13 (50-250 nM)
were used (p>0.05) (Figure 3.49 A-C). On the other hand, this complementation could not
be observed by the addition of the same concentrations of peptide carrying either S14A or
P21A modifications on mannose, showing the specificity of peptide for functional
complementation (Figure 3.49 and Table 3.6). Furthermore, no effect was seen by using
other sugars (glucose or galactose) as a main source of carbon (Figure 3.50 A-B and Table
3.7) (p>0.05). This data supports my hypothesis that the SHP144-C13 peptide can
reconstitute the growth profile of mutant shp144 in the media containing mannose.
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Figure 3.49: (A-E) Exogenous addition of different concentrations of SHP144-C13
synthetic peptide reconstitutes mutant shp144 growth. Various concentrations of native and
modified SHP144-C13P21A or S14A were added to Ashp144 culture to reconstitute the
pneumococcal growth defect on mannose. No growth complementation could be observed
by using modified peptides. This experiment was repeated for three independent biological
samples and each with three replicates.
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Table 3.6: Showing growth rate () and yield (maximal ODeoo) of Ashpl144 strain grown
microaerobically in CDM supplemented with 55 mM mannose, and in the presence of
different concentrations of modified or unmodified SHP144-C13 peptide. Values are
average of three independent experiments each with three replicates. ‘+’ indicates standard
error of means (SEM). Comparisons are made relative to mutant shp144 culture lacking
peptide using one-way ANOVA and Dunnett's multiple comparisons test. **p<0.01 and
****n<0.0001.

Peptide concentration CDM-mannose
Growth rate (h) Growth yield
No peptide 0.027 £ 0.001 0.252 + 0.008
50 nM SHP144-C13 0.025 + 0.002 0.248 + 0.008
50 nM SHP144-C13P21A 0.023 £ 0.002 0.240 + 0.008
50 nM SHP144-C13S14A 0.024 + 0.002 0.241 + 0.009
No peptide 0.022 £ 0.001 0.254 + 0.007
100 nM SHP144-C13 0.025 £ 0.001 0.269 + 0.009
100 nM SHP144-C13P21A 0.022 + 0.002 0.255 +0.010
100 nM SHP144-C13S14A 0.023 £ 0.002 0.262 + 0.013
No peptide 0.023 £ 0.0009 0.260 + 0.007
250 nM SHP144-C13 0.024 £ 0.0039 0.262 + 0.023
250 nM SHP144-C13P21A 0.022 +£0.0018 0.254 + 0.011
250 nM SHP144-C13S14A 0.022 £ 0.0020 0.257 £ 0.013
No peptide 0.026 + 0.002 0.249 + 0.009
500 nM SHP144-C13 0.021 + 0.002 0.320 £ 0.019**
500 nM SHP144-C13P21A 0.025 + 0.002 0.243 £ 0.011
500 nM SHP144-C13S14A 0.027 £ 0.002 0.261 £ 0.011
No peptide 0.027 £ 0.001 0.252 + 0.008
1000 nM SHP144-C13 0.027 £ 0.002 0.391 + 0.015****
1000 nM SHP144-C13P21A 0.027 £ 0.002 0.258 + 0.012
1000 nM SHP144-C13S14A 0.027 £ 0.002 0.288 + 0.020
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Figure 3.50: Identification the impact of SHP144-C13 synthetic peptide on Ashpl44
growth in media containing either glucose (A) or galactose (B). No effect could be
observed in both culture media . Comparisons are made relative to Ashp144 culture without
peptide. Error bars indicate the standard error of the mean (SEM). The values were
averaged from three independent experiments each with three replicates.
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Table 3.7: Growth rate (i) and yield (maximal ODeoo) of Ashpld4 strain grown
microaerobically in CDM containing 55 mM glucose or galactose with 250-1000 nM of
SHP144-C13. Values are average of three independent experiments each with three
replicates. ‘£’ indicates standard error of means (SEM).

SHP144-C13 CDM-glucose CDM-galactose
Growth rate | Growth yield Growth rate Growth yield
(h™) (h™)

No peptide 0.144+£0.005 | 0.723 £0.020 0.058 + 0.004 0.559 + 0.039
250 nM 0.154 £0.002 | 0.769 £ 0.009 | 0.056 +0.002 | 0.557 +0.017
500 nM 0.153£0.002 | 0.759 £ 0.007 | 0.057 +£0.003 | 0.580+0.027
1000 nM 0.153+0.001 | 0.758 +0.007 | 0.055+0.005 | 0.569 % 0.055

Next, the peptide with the P21A modification was used to determine its impact on growth of
wild type S. pneumoniae on mannose. Various concentrations of modified peptide ranging
from 50 to 1000 nM were individually added to the wild type D39 culture, and their effects
on growth profile (growth rate and yield) were monitored as described previously in section
2.14. As expected, SHP144-C13P21A reduced the pneumococcal growth, very likely
through competitive inhibition of wild type SHP144 peptide in CDM supplemented with
mannose and in a dose dependent manner (Figure 3.51). As shown in Figure 3.51B and Table
3.8, addition of 500 nM maodified peptide resulted in a significant reduction in both growth
rate (0.015 + 0.0007 h', n=3) (p<0.01) and yield (0.209 + 0.005, n=3) (p<0.0001) relative
to culture without peptide. In addition, further reduction was seen in culture treated with
1000 nM of modified peptide (Figure 3.51C and Table 3.8), as the growth rate was 0.009 +
0.0006 h't and yield 0.167 + 0.004, n=3 (p<0.0001). This inhibition, however, could not be
seen by using 250 nM of SHP144-C13P21A (Figure 3.51A and Table 3.8). In addition,
inhibition by modified peptide was specific because the use of the same concentrations of
peptides with different modifications (SHP144-C13V19A and SHP144-C13E15A) had no
effect on pneumococcal growth. It can conclude from these results that SHP144-C13P21A
has capacity to diminish pneumococcal growth on mannose through competitive inhibition

of Rggl144 activation.
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Figure 3.51: Effect of SHP144-C13P21A on pneumococcal growth in media supplemented
with mannose. Addition of 500 nM (B) and 1000 nM (C) of SHP144-C13P21A attenuate
wild type growth, whereas no impact could be observed by using 250 nM (A). In addition,
peptides with different modifications (SHP144-C13V19A and SHP144-C13E15A) had no
influence on the growth compared to cultures that did not receive peptide. Each experiment
was performed three times in triplicates.
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Table 3.8: Growth rate (i) and yield (maximal ODeoo) of wild type D39 strain grown
microaerobically in CDM supplemented with 55 mM mannose and in the presence of
different concentrations of modified SHP144-C13P21A peptide. Values are average of
three independent experiments each with three replicates. ‘+’ indicates standard error of
means (SEM). One-way ANOVA and Dunnett's multiple comparisons tests were used for
calculation of growth parameters. **p<0.01, ****p<0.0001 compared with wild type
culture did not receive modified peptide.

Peptide concentration CDM-mannose

Growth rate (h?) Growth yield
No peptide 0.017 £ 0.0003 0.238 + 0.003
250 nM SHP144-C13P21A 0.017 £ 0.0007 0.234 £ 0.004
250 nM SHP144-C13V19A 0.016 + 0.0008 0.231 £+ 0.006
250 nM SHP144-C13E15A 0.017 £0.0030 0.237 £ 0.020
No peptide 0.020 £ 0.0012 0.254 + 0.008

500 nM SHP144-C13P21A 0.015 £ 0.0007** 0.209 £ 0.005****
500 nM SHP144-C13V19A 0.021 £ 0.0013 0.238 + 0.005
500 nM SHP144-C13E15A 0.019 + 0.0009 0.247 + 0.008
No peptide 0.020 + 0.006 0.249 + 0.009

1000 nM SHP144-C13P21A 0.009 £ 0.0006**** 0.167 £ 0.004****
1000 nM SHP144-C13V19A 0.018 +£0.0017 0.244 + 0.003
1000 nM SHP144-C13E15A 0.020 + 0.0008 0.230 £ 0.010

3.25. Impact of modified SHP144-C13P21A peptide on pneumococcal oxidative stress

resistance

The phenotypic impact of SHP144-C13P21A on pneumococcal oxidative stress resistance was
determined following the protocol previously described in section 2.26.1. When the
pneumococci were treated with 1 mM of the superoxide radical generator paraquat, a
significant adverse impact on Ashp144 survival was seen relative to the wild type (p<0.01).
For example, after 1-hour incubation while 91% of wild type survived, only 65% of
Ashp144 CFU/ml could be recovered (Figure 3.28A). As expected, the addition of SHP144-
C13 to Ashpl144 reconstituted the pneumococcal resistance to paraquat (Figure 3.52A). The
survival percentage of mutant shpl144 in the presence of 1 uM SHP144-C13 (92.5%) was
significantly higher than that without peptide (p<0.05). This response was specific for
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SHP144-C13, as using the same concentration of SHP144-C13S14A had no effect on
pneumococcal survival (p>0.05).

Furthermore, the use of 10 uM SHP144-13P21A, but not SHP144-C13S14A, rendered the wild
type S. pneumoniae susceptible to killing by 1 mM paraquat. The survival percentage of wild
type D39 (94.5%) dropped to 72.5% when pneumococci were treated with 10 uM of SHP144-
C13P21A (p<0.05) (Figure 3.52B). These data clearly show the inhibitory effect of SHP144-
C13P21A on pneumococcal oxidative stress induced by paraquat.
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Figure 3.52: Survival of pneumococcal strains following treatment with 1 mM paraquat.
(A) Addition of 1 uM of SHP144-C13 reconstitutes Ashpl44 oxidative stress resistance,
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but not the peptide with S14A maodification. (B) Inhibition of pneumococcal oxidative
stress resistance by using 10 uM of SHP144-C13P21A. This inhibition could not be seen by
using S14A modified peptide. The survival percentages were calculated for each strain
grown in THY, and in the presence or absence of selected peptide. Comparisons are made
relative to wild type or Ashpl44. Data represent the average of three independent
experiments, each with triplicates. *p<0.05, ‘ns’ non- significant.

The inhibitory effect of P21A modified peptide on pneumococcal oxidative stress was further
confirmed by challenging wild type D39 treated with 10 uM inhibitor with 20 mM HO..
Approximately 93.5% of wild type D39 cells survived after treatment with 20 mM H20,
while this number reduced to 68.5% when pneumococcal cells were treated with the
inhibitor peptide (p<0.05) (Figure 3.53A). However, this effect could not be observed when
peptide with S14 modification was employed (p>0.05) supporting the conclusion that the
presence of SHP144-C13P21A in culture media impaired pneumococcal resistance to toxic
effects of H20o.

Finally, addition of 10 uM SHP144-C13 to mutant shp144 culture increased the survival
percentage of pneumococcal cells challenged with 20 mM H.O». Without peptide, the survival
rate was 56.5%, and this rate increased to 95% in culture treated with unmodified peptide
(p<0.05) (Figure 3.53B). The findings confirm my previous data that the SHP144-C13

reconstitutes pneumococcal tolerance against reactive oxygen species.
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Figure 3.53: The effect of SHP144-C13P21A (A) and SHP144-C13 (B) peptides on
pneumococcal resistance after exposure to 20 mM H20». The survival percentages were
calculated for each strain grown in THY, and in the presence or absence of selected peptide.
Comparisons are made relative to wild type or Ashpl44. Data represent the average of at
least three independent experiments, each with triplicates. *p<0.05, ‘ns’ non- significant.

184



Chapter 3 Results

Section H: In vivo studies

In line with our previous study (Zhi et al., 2018), the data obtained in this study showed the
involvement of SHP144 and Rgg144 in regulation of shp144 expression. Rgg/SHP144 QS
plays a significant role in pneumococcal survival in vitro, as mutation of these genes
attenuate pneumococcal growth on mannose and decrease the oxidative stress resistance
against reactive oxygen species as well as biofilm formation. Furthermore, most of the
SHP144 residues showed their involvements in Rggl44-mediated transcription using
transcriptional fusions. Moreover, some of modified strains (Ashp144ComlI18A, 120A and
P21A) displayed lower growth in media containing mannose (one of the prominent
carbohydrates in the respiratory tract involved in pneumococcal colonisation) (Robb et al.,
2017). Likewise, strains with E15, 120, P21 modifications revealed lower resistance to toxic
effects of paraquat and H2O>. Thus, based on data provided above it was hypothesised that
the peptides with these modifications will have a significant role in pneumococcal virulence
in vivo. To test this hypothesis, modified shpl44 strains (Ashpl44ComE15A,
Ashp144ComlI20A and Ashpl144ComP21A) were selected to test in murine colonisation
model.

Animal models are widely used to study the pathogenesis of infectious diseases and efficacy
of drugs and vaccines. Mouse is a well-established experimental model, because of genetic
similarity between mice and human. It is inexpensive and easy to breed and can be
manipulated compared with other large animals (Ernst, 2016), which allow the scientists to
use high number of mice in a single study to obtain significant results (Mohawk and
O'Brien, 2011). Inbred strains are largely used to examine the efficacy of vaccines and drugs
as they have tightly controlled immune systems making their responses to experimental
treatment more uniform, while outbred strains are employed to study the pathogenicity
mechanisms of infectious diseases like pneumonia, sepsis and meningitis as outbred mice
are characterised by genetic diversity (Chiavolini et al., 2008). For S. pneumoniae, mouse
models are considered the most important tools for examination of the key features of
pneumococcal virulence and the host immune responses to infection (Kadioglu and
Andrew, 2005). Intranasal administration is the most popular route for pneumococcal
pneumonia as it is fast, easy to perform, there is no need for surgical procedures, and it

mimics the natural route of infection in humans (Chiavolini et al., 2008).
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3.26. Colonisation model

Nasopharyngeal colonisation by S. pneumoniae is a prerequisite to spread the infection to
the lungs or bloodstream (Bogaert et al., 2004; Ramos-Sevillano et al., 2011). To study
the effect of shpl44 deletion or introducing a modification into the coding sequence of
shpl144 on nasopharyngeal colonisation, the shp144 mutant, the genetically complemented
mutants with native or modified shpl44 (Ashpl44Com, Ashpl44ComE15A,
Ashp144ComlI20A and Ashpl44ComP21A) strains, and the wild type D39 strain were
examined as previously described in section 2.35.2. These modified strains were selected
for in vivo work, as they are involved in shpl44 transcriptional activation and the
Rgg/SHP144 phenotypic characterisations. The Ashpl44ComE15A was also selected
based on previous studies showing that the glutamate residue at the C-terminus is highly
conserved among the SHP family, and predicted to be important for SHP maturation and
activation (Chang et al., 2011; Fleuchot et al., 2013).

Pneumococci were administered intranasally and viable cells were enumerated by serial
dilution of nasopharyngeal washes of infected mice at the time of infection and 7 days
after infection. The density of colonisation was expressed as mean logio CFU/ml of
nasopharyngeal wash + SEM. One hour after intranasal administration, the bacterial load
in the nasopharyngeal wash for Ashpl44, Ashpl44ComE15A, Ashpl44ComI20A and
Ashp144ComP21A (logio 3.85 + 0.23, 10g104.28 £ 0.16, l0g104.25 + 0.12 and log103.78 £
0.15 CFU/ml respectively, n =5) was similar to that of wild type and complemented shp144
strain (l0g103.80 + 0.23 and log103.90 £ 0.15 CFU/ml, n =5 respectively) (p>0.05) (Figure
3.54A). On the other hand, at 7-day post-infection the colony count for Ashp144 (logio
1.02 £ 0.63 CFU/ml, n =5) was significantly lower than the count of wild type strain (logio
4.18 £ 0.21 CFU/ml, n=5) (p<0.01). Similarly, the colony counts for Ashp144ComI20A
and Ashp144ComP21A (logio 1.48 + 0.88 and logio 1.43 + 0.84 CFU/mI respectively,
n=5), were less than those for complemented strain (logio 4.33 + 0.13 CFU/mI, n=5)
(p<0.05) (Figure 3.54B). But no significant difference in the bacterial load of modified
strain Ashp144ComE15A could be seen (p>0.05). In addition, reintroduction of an intact
copy of shp144 into Ashp144 reconstituted the virulence of mutant strain (logi04.33 £ 0.13
CFU/ml, n=5), not significantly different from the wild type count (p>0.05). The results
obtained with the complemented strain indicate that the observed in vivo attenuation is due

to the shp144 deletion rather than a polar effect of the mutation.
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These results strongly suggest that insertional inactivation of the shp144 gene in the type 2

strain D39 significantly reduced pneumococcal colonisation in mouse model. Similarly,

introducing a modification into coding sequence of shp144 particularly at positions 120 and

P21 makes pneumococcal cells less able to colonise the nasopharynx of mice.
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Figure 3.54: Pneumococcal strains lacking shp144 or having modified shp144 are less able
to colonise nasopharynx. Mice were challenged with approximately 1x10° CFU
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pneumococci. Infected mice were culled at day 0 (A) and day 7 (B), and CFU/mlI of bacteria
were calculated by serial dilutions of nasopharyngeal wash. Each bar represents the mean
of data collected from five mice. Error bars show the standard error of the mean.
Significance changes in bacterial counts are compared with wild type and complemented
strains using one-way ANOVA and Tukey's multiple comparisons test (*p<0.05, **p<0.01,
‘ns’ not significant).

3.27. The inhibitory effect of modified SHP144 on pneumococcal colonisation

Following demonstration of the inhibitory effect of the peptide with the P21 modification
on Rgg/SHP144 conferred phenotypes in vitro (growth parameters and oxidative
resistance), it was hypothesised that this peptide might have a role in pneumococcal
colonisation when added exogenously. Prior to commencing the in vivo experiments,
synthetic peptides were checked for their toxicity on the host. Four mice were inoculated
intranasally with 200 UM of synthetic peptide (SHP144-C13P21A or SHP144-C13) at
different time points (0, 24, 48 and 72 h) and signs of illness was monitored for 5 days
following administration. The results demonstrated that the synthetic peptides lacked

toxicity.

To examine the inhibitory effect of modified peptide on pneumococcal virulence in vivo,
the 2.5x10° CFU of pneumococcal D39 wild type with or without 200 pM modified peptide
SHP144-C13P21A were administered to mice as described previously (Section 2.35.3).
Another group received the same dose supplemented with 200 uM of unmodified peptide
SHP144-C13. The cohorts infected with modified or unmodified peptides received
additional doses of peptide (200 uM) in 20 ul PBS at predetermined times (24, 48 and 72 h
post infection) whereas the control group received only 20 ul PBS. The counts for all the
groups were determined in nasopharyngeal wash at the time of infection, and at 5 days after
infection. All the mice had the same bacterial load in nasopharyngeal washes immediately
after infection (Figure 3.55A). Likewise, no significant differences were observed in colony
counts between infected cohorts at day 5 post infection for wild type (Wt + PBS), Wt +
SHP144-C13 and Wt + SHP144-C13P21A (logio 4.62 + 0.22, logio 4.24 + 0.24 and logio
4.58 £ 0.04 CFU/mlI respectively, n=5) (p>0.05) (Figure 3.55B). These data indicate that
modified SHP144-C13P21A did not impaired the virulence of D39 in these conditions.
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To investigate whether exogenous addition of synthetic peptide SHP144-C13 reconstitutes
the capacity of Ashpl44 to colonise the nasopharynx. A parallel colonisation experiment
was done as above by infecting the mice with 20 pl inoculum containing 2.5x10° Ashp144
with or without 200 UM SHP144-C13 synthetic peptide as previously mentioned in section
2.35.3. The CFU counts of infected mice are shown in Figure 3.55C and D. No phenotypic
difference could be observed in the number of Ashpl44 in the presence or absence of
synthetic peptide at days 0 and 5 days post inoculation (p>0.05). As the colony counts for
Ashpl44 + PBS and Ashpl144 + SHP144-C13 at the time of infection (log104.46 + 0.24 and
logi04.18 £ 0.08 CFU/mI respectively, n =5) and 5 days post-infection (logi03.09 + 0.18
and logio 3.18 £ 0.17 CFU/ml respectively, n =5) were the same. The results suggest that
SHP144-C13 peptide was unable to restore the virulence defect of Ashp144.

While these initial experiments did not show any impact of synthetic peptides on
pneumococcal colonisation, more work beyond this study is required to optimise the dose
of peptide, time, route of infection in addition to determination of ADME (absorption,

distribution, metabolism, and elimination) of peptide.
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Figure 3.55: Identification the impact of SHP144 synthetic peptides on pneumococcal
colonisation in murine model. (A-B) mice infected intranasally either with 2.5x10°
CFU/mouse of pneumococcal D39 wild type (control) or the inoculum containing 200 uM
of SHP144-C13P21A or SHP144-C13. The latter peptide was used to check the specificity
of assay. While (C-D) groups of mice received 2.5x10° CFU/Ashp144 supplemented with
or without 200 uM of SHP144-C13. The cohorts infected with modified or unmodified
peptides received additional doses of peptide (200 uM) at predetermined times (24, 48 and
72 h post infection) whereas control group received only 20 ul PBS. The mice at day 0 and
5 were sacrificed by cervical dislocation and nasal washes were obtained and processed as
described before. Error bars show the standard error of the mean. One-way ANOVA
followed by Tukey’s multiple comparison tests, and two-tailed unpaired student’s t-test
were applied to compare the bacterial counts with control groups (n=5 for each group, ‘ns’
not significant).
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Chapter 4. Discussion

Streptococcus pneumoniae resides asymptomatically in the nasopharynx of healthy
individuals, but under certain circumstances it converts its lifestyle from a commensal
to parasitic one, causing moderate to severe infections like pneumonia, bacteremia,
meningitis, and otitis media (Shak et al., 2013). The pneumococci encounter variable
environmental conditions during colonisation and invasion of host tissues such as
exposure to oxidative stress, fluctuating temperature, and nutrient limitation (Aprianto
et al., 2018). Thus, sensing and responding to these environmental cues are of utmost
importance for bacterial fitness and survival (Hendriksen, 2010). However, molecular
mechanisms that mediate these adaptions in pneumococci remain largely unknown
(Ogunniyi et al., 2012).

Transcriptional regulators have been known to play a significant role in microbial
detection and response to environmental signals. This adaption can occur at a single
cell-or at the population level by the action of extracellular signaling peptides in the
process known as quorum sensing (QS) (Cook and Federle, 2014). QS allows the
population to switch behavior collectively and respond to environmental changes in a
coordinated and an efficient manner, similar to multicellular organisms (Syvitski et al.,
2007; Monnet et al., 2016). A wide range of microbial phenotypes are modulated by QS
systems including biofilm biogenesis, competence, antibiotic production, microbial
competition, sporulation and virulence expression (Syvitski et al., 2007; Ng and
Bassler, 2009; Rutherford and Bassler, 2012). Therefore, disruption of the QS system
would be ideal for preventing bacteria from synchronizing their virulent behaviors and

thus reducing their fitness.

The Rgg proteins are one of the recently identified transcriptional regulators that are
found in low G+C Gram positive bacteria, and their roles in streptococcal pathogenesis
have been extensively investigated (Kreikemeyer et al., 2003; Chaussee et al., 2004).
Rggs exert control over a wide range of physiological functions, including oxidative
stress response, non-glucose sugar metabolism, biofilm formation, competence, quorum
sensing and virulence (Kreikemeyer et al., 2003; Chaussee et al., 2004; Bortoni et al.,
2009; Jimenez and Federle, 2014). The Rggs operate in tandem with their hydrophobic
cognate peptides SHP to modulate Rgg/SHP regulated genes in a cell-density dependent
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manner. The Rgg/SHP QS circuits have recently been identified in nearly all of
streptococcal species by in silico analysis (Cook et al., 2013; Fleuchot et al., 2013; Pérez-
Pascual et al., 2015). The involvement of Rgg systems in regulation of different social
behaviors such as virulence and pathogenicity of opportunistic pathogen S. agalactiae
(Pérez-Pascual et al., 2015), and sugar metabolism, lysosome resistance and biofilm
formation in S. pyogenes (Chang et al., 2015; Gogos et al., 2018; Pérez Morales et al.,
2018) have been reported. In S. pneumoniae D39 strain, Rgg/SHP systems control the
genes encoding for SHP and those important for cellular processes such as capsule
synthesis, biofilm formation and non-glucose metabolism (Cuevas et al., 2017; Junges et
al., 2017; Zhi et al., 2018). These observations were further supported by the results
obtained from the current study through characterisation of one of the Rgg/SHP circuits in
S. pneumoniae D39 strain 2 (Rgg/SHP144). It was found that Rgg/SHP144 has a
significant contribution in regulation of the genes responsible for sensing and detoxifying
of oxygen radicals and those responsible for mannose utilisation, one of the most
prominent carbohydrates in the respiratory tract encountered by pneumococci during
colonisation (Robb et al., 2017). In addition, Rgg/SHP144 was found to be important for
biofilm formation (Cuevas et al., 2017), the complex microbial structure important for
antibiotic resistance, host immune response evasion, pneumococcal persistence in the
nasopharynx and the development of infectious diseases (Marks et al., 2012; Trappetti and
Oggioni, 2015; Aggarwal et al., 2018).

All these data provide insights into the importance of the Rgg/SHP system in
pneumococcal adaptation and survival. Thus, it is plausible to hypothesise that
Rgg/SHP144 system can be utilised as an anti-infective target for attenuation of S.
pneumoniae adaptive capability through modulation of the Rggl44 activity. Most
importantly, Rgg144 was found in all pneumococcal strains and other related species, such
as S. pseudopneumoniae, S. mitis, and S. oralis strains (zhi et al., 2018). Thus, it is
important to further characterise Rgg/SHP144 system. In this study, it was attempted to
characterise the importance of SHP144 amino acid residues in transcriptional activation,
binding to Rggl44 receptor and then examined the effect of these modifications on

Rgg/SHP144 regulated phenotypes.
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4.1. Impact of SHP144 modifications on Rggl44 transcriptional activation
and its phenotypic traits

Bacterial pheromone systems usually form a positive feedback regulation with their
regulators, generating a fast response and high expression of the pheromone (Junges et
al., 2017). Through analysis of the expression level of shpl144 in transcriptional reporter
strains carrying Psnp44::1acZ-WHt, it was found that SHP144 regulates its own expression,
and Rggl144 is required for shpl44 expression. Consistent with recent published data,
disruption of shp or rgg resulted in a complete loss of reporter induction (Chang et al.,
2011; Fontaine et al., 2010; Pérez-Pascual et al., 2015). The Rgg/SHP144 activation
pattern mimics the operation of other quorum sensing systems in terms of sensing and
responding to extracellular peptide in concert with high population density, and in the
presence of high amount of peptide in the culture media. This observation is clearly seen
in my results, as maximal activity of reporter strain was obtained by using wild type D39

late exponential cell-culture supernatant or a high amount of synthetic SHP144 peptide.

Nutritional composition of the culture medium was found to play a role for stimulation of
Rgg/SHP systems and their target genes like RovS/SHP in S. agalactiae (Pérez-Pascual et
al., 2015) and SHP1358/Rgg1358 in S. thermophilus (Ibrahim et al., 2007b). The authors
in these studies reported a high expression level of QS systems in chemically defined
medium free of peptides relative to low expression in a peptide-rich medium. In this study,
sugars were found to have a significant role for activation of pneumococcal Rgg/SHP144.
Mannose and galactose showed a high capacity for activation of this system compared with
other carbohydrates such as glucose or N-acetylglucosamine. Previously, published data
from a study performed in S. pyogenes showed the importance of mannose in stimulation
of Rgg/SHP (Chang et al., 2015). Another pneumococcal regulatory circuit TprA/PhrA
was also found to be induced in culture media containing galactose but not glucose
(Hoover et al., 2015). This suggests that these sugars play an important role in the
activation of signaling pathways of pneumococcal cells. This high induction in the
presence of mannose or galactose is presumably due to activity of a carbon-catabolite
control mechanism, in which the regulator protein CcpA binds to cre binding site in
promoters of target genes in the presence of glucose (Sonenshein, 2007). The TprA/PhrA
of S. pneumoniae D39 was found to be under the control of carbon-catabolite repressor of

CcpA, as the promoter of the signaling peptide gene phrA was found to have a cre site for
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CcpA binding (Carvalho et al., 2011; Hoover et al., 2015). In addition, transcriptomic
studies were also shown to upregulate of tprA and phrA expression in the ccpA mutant
(Carvalho et al., 2011). On the other hand, an inducible mannose transporter PTS of S.
pyogenes strain NZ131 was found to be involved in activation of the Rgg/SHP signaling
system in the presence of mannose. This transporter acts as an intermediary transcriptional
factor of genes regulated by the PTS system rather than directly being responsible for
mannose import (Chang et al., 2015). Other evidence for involvement of Rgg in nutritional
response is that Rgg144 was found to be modulated by CodY and GntR (Hendriksen et al.,
2008a, 2008b; Cuevas et al., 2017). CodY, GntR and CcpA are the most important
pneumococcal regulators that contribute in amino acid and carbohydrate metabolism as
well as iron uptake (Hendriksen et al., 2008a, 2008b; Carvalho et al., 2011). It appears that
there is a link between nutritional response and cell-cell communication pathways
including Rgg/SHP. Further studies are required to understand the full extent of this

regulation.

Furthermore, it was found that synthetic SHP144 peptide with 13 amino acid residues is
the functional autoinducing peptide, that has a greatest ability to induce the system activity.
This activation is specific, as using a reversed peptide with identical length was unable to
activate the system. This 13 aa long active peptide, however, is longer than other active
peptides in other streptococci, which generally vary between 5 to 8 aa long (Aggarwal et
al., 2014). The PhrA, a signaling peptide of TprA/PhrA in S. pneumoniae was also shorter
than SHP144, as the active peptide ranges between 7-10 residues (Hoover et al., 2015).
This discrepancy in the peptide length is very likely due to differences in the processing
cascade and binding site for each signaling peptide. The SHP144 length is still consistent
with the idea that the functional activity of the mature peptide is located in its C-
terminus, and potential capability of re-entering the active peptide into the cell using a
specific peptide transporter Opp (Chang et al., 2011; Jimenez and Federle, 2014), which
has capability to transport peptides with a different size (4-18 residues) (Detmers et al.,
2000). Furthermore, it is predicted that this length would fit properly into the binding
interface of the Rgg144 receptor, and this hypothesis was strengthened by computational
docking studies, which showed appropriate fitting of the SHP 13-mer into the binding
groove of Rggl44. It can conclude that the size of signaling peptide is important for

activation of Rgg mediated regulation, as SHP144 variants other than C12 or C13 did not
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show detectable stimulation of shp144, and this agreed with the results of Federle group
(Chang et al., 2011).

Furthermore, the composition of the signaling peptide was found to be important for
activation of the system (Chang et al., 2011). The chemical features of each amino acid
residue, including charges, acidity, polarity and hydrophobicity were found to have a role
in activation of the signalling peptide (Duan et al., 2012). Based on these observations, a
set of modified shp144 strains in which each amino acid of SHP144 was replaced with
alanine were constructed using alanine scanning mutagenesis, and the contribution of each
amino acid residue to Rggl44 mediated transcription was quantified using -galactosidase
assays. Knockout shpl144 strain was used as a background for construction of modified
shpl44 strains. This mutant was initially complemented with an intact copy of shp144 by
using non-replicative plasmid pCEP (Guiral et al., 2006) to eliminate the possibility of polar
effects. The complementation of Ashp144 was successfully achieved, and phenotypic traits
of shp144 were fully restored, indicating that the observed phenotypes in the shp144 mutant
were due to mutation rather than polar effects of the mutation.

Alanine-scanning mutagenesis was used in this study as it is a powerful method to
determine the importance of individual amino acid residues within a peptide (MDowell et
al., 2001), and to identify their contributions to peptide-protein interactions (Boersma et
al., 2008). Alanine substitutions altered the regulatory function of SHP144 and generated
peptides with various activity, such as reduction, no effect or complete loss of activation.
This was also associated with varying binding affinities to the Rggl44 receptor using a
fluorescence polarisation assay as shown in Table 3.5. All replaced residues significantly
altered SHP144 dependent Rgg activation except one modification at position V19, which
had no effect on SHP144 activity, signifying the importance of selected residues for
activation of Rggl44-mediated transcription. This finding is consistent with previous
studies, which showed that the specificity of signal peptide is greatly dependent on amino
acid sequence, as single residue modification causes loss of signal activity (MDowell et al.,
2001; Fontaine et al., 2013). In a similar manner, Perego (1997) also reported the
importance of amino acid sequence in determination of peptide activity and specificity for
target recognition, as single amino acid substitutions greatly affect signalling peptide
PhrA function. Further evidence for the importance of C-terminal end comes from Chang’s
study (2011), which showed that the intact C-terminal domain of the SHP peptide is
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important for shp activation in S. pyogenes, as changing one residue by substitution or
deletion resulted in a significant reduction in shp induction. Similar to Rgg/SHP144
activation, the enzymatic activity of modified reporter strains was remarkably higher in

media containing mannose rather than in glucose.

Furthermore, the results of reporter assays using strains with modified SHP144 were
nearly similar to that induced by modified shpl44 supernatants, indicating that the
modifications in SHP144 structure did not affect the diffusion of peptide across the
bacterial cells except for the supernatant collected from strains with E15A or V19A
modification. However, when synthetic peptides with E15A or V19A modification were
used at 1000 nM, the effect of each peptide was demonstrated, hence their importance for
transcriptional activation. This discrepancy can be explained by different scenarios.
Firstly, the assay conditions were not the optimal for peptide production in the modified
strain background, which generates a small amount of modified peptide, which could be
below the threshold concentration for lacZ reporter assay. It has been previously reported
that pheromone accumulation and diffusion might be affected by growth condition, as an
increase in media viscosity limits signal diffusion, and inhibits bacterial population level
at which QS system is stimulated (Yang et al., 2010; Monnet ef al., 2016). In addition,
pheromone integrity and activity might be also reduced due to accumulation of proteolytic
activity in bacterial cells at stationary phase as demonstrated in E. faecalis (Monnet et al.,
2016), as opposed to synthetic peptide, which is more stable and exposed less to
proteolytic activity. Secondly, poor capacity of pneumococcal cells to secret peptides into
extracellular milieu, presumably due to modification of peptide sequence which might
hinder peptide’s export and subsequent uptake by the peptide transporter. As replacement
of polar negative charge glutamate with a non-polar hydrophobic residue like alanine
might increase the peptide’s hydrophobicity, this may lead to the peptide’s adhesion to

the cell membrane rather than secretion to extracellular environment.

Very little is known about the processing and maturation of SHP peptides in almost all
streptococci including S. pneumoniae. It is commonly believed that the peptide is secreted
to the extracellular medium by the Sec-dependent export pathway or ABC transporters,
processed inside or outside the cell by membrane-associated peptidase Eep, and actively
reimported into the cell by the oligopeptide permease, opp or ami operon (Fleuchot et al.,

2011; Aggarwal et al., 2014). The ABC-type transporter called PpTAB was recently
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identified to export signalling peptides in S. pyogenes (Chang and Federle, 2016) and S.
agalactiae (Pérez-Pascual et al., 2015). It was also demonstrated that PpTAB is essential
for signal production rather than signal detection (Chang and Federle, 2016). Recent
studies have found that the metalloprotease Eep is also required for production of mature
Rgg-associated peptides by S. thermophilus (Fleuchot et al., 2011), S. pyogenes (Chang
etal.,2011) and S. agalactiae (Pérez-Pascual et al., 2015). The Eep-encoding genes were
identified in all streptococcal genomes, suggesting the same role for Eep in all
streptococci. Moreover, oligopeptide permease is involved in maturation and importation
of SHP signalling peptides in streptococci (Chang et al., 2011; Fleuchot et al., 2011;
Pérez-Pascual et al., 2015) as well as the Phr peptide of B. subtilis (Lazazzera et al., 1997),
PhrA of S. pneumoniae (Hoover et al., 2015), PapR of B. cereus and B. thuringensis
(Slamti and Lereclus, 2002), plasmid conjugation pheromones of Enterococcus faecalis
(Leonard et al.,1996) and competence inducing peptides ComS and XIP in S.
thermophilus and S. mutans (Fontaine et al., 2010; Mashburn-Warren et al., 2010),
suggesting the importance of Opp in peptide associated signalling pathways in most of
Gram positive bacteria. In S. preumoniae D39 strain, an ortholog of an ABC transporter
(SPD_0464) sharing 76.8% identity with PptAB, ami operon including a cluster of genes
(SPD_1667 - SPD_1671) and an eep ortholog (SPD_0245) with DNA similarity 62.9%
to spy49_1620c of S. pyogenes have been reported (Zhi, 2017). This analysis has been
done in silico, therefore the role of each element in pneumococcal biology should be

addressed experimentally in the future.

Several attempts are made in this study to isolate SHP144 variants from pneumococcal
supernatants in order to use these natural fractions for stimulation of the reporter fusion,
Psnpi4a::lacZ-Ashp144. Unfortunately, the mass spectrometry analysis was unsuccessful.
This is probably due to a low concentration of the secreted peptides in a highly complex
sample which makes a proteomic approach virtually impossible. This hypothesis is further
supported by previous studies reporting the presence of low concentration of signalling
peptide in the supernatants, which ranged between 7 nM for SHP of S. thermophilus and
4 nM for CSP in S. pneumoniae (Fleuchot et al., 2013; Yang et al., 2010; Monnet et al.,
2016). Similarly, GBAP of E. faecalis (Nakayama et al., 2001) and AgrD of S. aureus
were found in the low nanomolar range (Mayville et al., 1999), or even in picomolar range
(Verbeke et al., 2017). It seems that such signalling peptides operate at very low

concentrations, thus their isolation require more attention during sample preparation, and
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much more sensitive techniques for identification and characterisation of their properties
(Turan et al., 2017; Verbeke et al., 2017). In spite of this, SHP peptides of other
streptococci have successfully been recovered from supernatants of S. pyogenes
(Aggarwal et al., 2014), S. thermophilus LMD-9, S. agalactiae NEM316 and S. mutans
UA159 (Fleuchot et al., 2011, 2013). The sequence of pneumococcal SHP144 is generally
divergent from other related streptococci and predicted to have a specific mode of
processing. This is apparent from difference in the length of active peptide, which is 12
or 13 residues in pneumococcal SHP144, in contrast to 8 residues in other streptococci
(Aggarwal et al., 2014). Furthermore, media composition, sample preparation and type of
mass spectrometry used for identification in this study were largely different than the other

studies.

The interaction between signalling molecule and cognate receptor is the fundamental step
in any cell-cell communication circuit including Rgg/SHP. In this study, a fluorescence
polarisation assay was successfully applied for detection of the direct interaction between
fluorescently labelled modified or unmodified SHP144 with recombinant Rgg144 protein
receptor. The binding of Rgg and FITC-SHP144-C13 was at micromolar affinity
(6.60 uM). This binding was specific, as using non-specific fluorescent peptide with
identical length (FITC-NSP-C13), or receptor other than Rggl144 such as bovine serum
albumin had no detectable binding. More importantly, FITC-SHP144-C13 was
successfully replaced with unlabelled SHP144-C13, but not with competence stimulating
peptide CSP in a competitive binding assay. It is thought that using truncated Rggl44
lacking the N-terminus would promote Rgg/SHP144 binding. Interestingly, full length
and truncated Rggl44 have equivalent binding affinities, indicating that both proteins
have the same propensity for binding, and the N-terminus of Rgg144 as expected had no
role in binding. By using modified SHP144-C13 peptides, various binding affinities for
Rgg144 protein were identified, highlighting the importance of SHP144 sequence and the
geometry of amino acid side chains in Rgg144 binding and its functional activities. More
strikingly, the binding affinities of non-activating modified peptides linked to their
transcriptional activation measured by bioreporter 3-galactosidase assay, except those at
position V17 and P21, which were found to be important for the activity of SHP144, but
dispensable for binding to Rggl44. This suggests that these modified peptides can be

utilised to design an inhibitor against S. pneumoniae.
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The results of the current study also showed that hydrophobic residues at positions 118,
120 and W16 are the most critical ones for SHP144 bioactivity and receptor binding, as
their substitutions led to complete loss of transcriptional activation, and inhibition or
elimination of SHP144 binding. Previous in silico analysis of SHPs from various strains
of streptococcus (Ibrahim et al., 2007a; Fleuchot et al., 2011) showed that SHP is highly
hydrophobic, and isoleucine is largely distributed in the C terminus end. In addition,
protein multiple sequence alignment in the current study showed that isoleucine at
position 20 is conserved among streptococcal SHPs peptides (Appendix 7). Thus, it is
reasonable to assume that isoleucine substitution with another residue changes the
peptide’s specificity and receptor recognition. Similarly, substitution of bulky amino acid
such as tryptophan with small side chain alanine undoubtedly affects peptide binding and

impairs its regulatory function.

There are several factors that are critical for peptide selectivity, which include anchoring
contacts, hydrophobic interactions conferring shape complementarity between the two
molecules, peptide backbone interactions for stability, and side chain-specific hydrogen
bonding contacts. Usually, the carboxylate oxygen of the C terminus of the signal peptides
interact with the polar and charged amino acids found at the deep end of the binding
pocket. These contacts play a vital role in anchoring for alignment of the peptides within
the binding pocket. A second level of interactions appears between the aromatic or
hydrophobic side chains of the signal peptides and the polar pockets of the receptor
proteins. These interactions are required for shape complementarity between the two
molecules and mediate a tight fit for the cognate pheromone peptides in target binding
pocket (Do and Kumaraswami, 2016). Therefore, it was speculated that the local structural
changes due to single alanine substitutions weakens the structural integrity of the dimer
interface, which results in destabilisation of the dimerisation interactions and/or
interference with peptide-mediated allosteric alterations in Rggl44. Additional work is

needed to verify these results and characterise ligand-binding pocket in Rgg.

The activation of Gram-positive RRNPP QS receptors, on the other hand, results from an
allosteric mechanism, which is initiated by the interaction with its respective AIP. The
receptor oligomerisation is modulated by AIP binding, where it may either lead to
separation, as seen in PrgX, or multimerisation, as seen in PIcR, and this regulation

indicates a specific interaction of these receptors with their DNA (Lixa et al., 2015).
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It was noticed that there is a variation between shpl144 activation and manifestation of
phenotypes conferred by Rgg/SHP144 in modified strains, except those carrying
modification at position 120A and P21A, including mannose utilisation and oxidative
stress resistance. This might be due to different reasons: (i) difference in the sensitivity of
assay platform: bacterial phenotypes arise due to involvement and interaction of multiple
proteins (Alper and Stephanopoulos, 2007), thus characterisation of a specific phenotype
in highly complex metabolic background is expected to be less sensitive compared with
[-galactosidase reporter assay, which is more sensitive and specific, as it measures the
activity of single gene such as shp144 (ii) substantial overlap between genes regulated by
Rgg homologs under the same environmental condition. This means that Rggs have
capability to respond to the same stimuli and control the function of the same set of genes
(Zhi et al., 2018), which might allow the compensation of Rgg144 function in the absence

of functional peptide.

On the other hand, modification at position 120A as well as P21A affect the phenotypic
traits of shpl44 in both in vitro and in vivo assays. It seems that both of these residues
are also essential for SHP144 activity and functions, as their modifications caused a
remarkable change in binding with Rggl144 and in turn switch the Rgg/SHP144 system
off. Indeed, a weak interaction was observed with modified SHP144-C13120A synthetic
peptide (23.54 uM) and a strong binding with high affinity with SHP144-C13P21A
(1.67 uM), compared with binding affinity of unmodified peptide (6.60 uM). These
results suggest that the modifications at 120A might lead to inefficient binding of SHP144
to the binding pocket in the Rggl44, causing failure to form Rgg/SHP144complex, as
opposed to tight binding in the case of SHP144-C13P21A. This might be due to
unfavourable conformational changes in the target protein, blocking the activation of the
system and DNA transcription. This interference with receptor binding caused attenuation
in the expression of genes under the control of Rgg/SHP144 system. Further support for
this explanation comes from in vivo results, which showed a significant reduction in
bacterial burden in the nasopharynx of mice infected intranasally with these modified

strains, which resemble the phenotype obtained with shp144 deficient strain.

The reduction in nasopharyngeal colonisation in mutant and modified strains is more
likely due to the inability to utilise mannose efficiently, which is abundantly found in the
N- and O-linked glycans of host respiratory tract (King, 2010; Robb et al., 2017). The host
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glycans represent the main carbon resource for pneumococci during nasopharyngeal
colonisation in which there is a limited amount of free glucose (Burnaugh et al., 2008;
Paix@o et al., 2015b). The inability to utilise mannose might reduce pneumococcal
capacity for competition with other inhabitants residing in the same niche for space and
nutrient resource. This explanation is substantiated by results obtained from the current
study which showed a substantial stimulation of shp144 by mannose and galactose, and
the absence or modification in shp144 gene (Ashp144ComP21A and Ashp144ComI20A)

caused a significant reduction in mannose utilisation.

The results of this study reconfirm earlier observations, which showed the involvement
of Rgg/SHP in mannose metabolism in S. pyogenes (Chang et al., 2015) and S.
pneumoniae (Zhi et al., 2018). The pneumococci have a large repertoire of glycosidases
responsible for cleavage of host glycans and liberation of monosaccharides such as
mannose and galactose (King, 2010; Paixdo et al., 2015b). NanA represents the most
important glycosidases required for initial cleavage of host glycoprotein and facilitate the
exposure of oligosaccharides such as galactose and mannose to the activity of other
glycosidases such as galactosidases and mannosidases (King, 2010). Defects in NanA or
other glycosidases might hinder the sequential cleavage of host glycans and the release
of monosaccharides (King, 2010; Terra et al., 2010). Limiting the access of
pneumococcus to these sugars might lead to the inability to activate shpl44 expression,
hence SHP144 synthesis, resulting in inhibition of Rgg/SHP144 expression and its
associated genes. However, the full mechanism of this regulation in in vivo context still is

not entirely clear and needs to be characterised in the future.

Another reason for attenuation of nasopharyngeal colonisation for the mutant and
modified shpl44 strains is the high production of capsule. A significant increase in
glucuronic acid production was observed in both mutant and modified strains. High
production of capsule might hinder pneumococcal attachment to epithelial cells, and
subsequent invasion of host tissues as demonstrated by Kimaro Mlacha et al. (2013).
Previous study has shown that Rgg/SHP systems act as a direct repressor for capsule
synthesis loci in the presence of mannose, and this was demonstrated by microarray
analysis and EMSA (zhi et al., 2018). Thick capsule is usually accompanied with
reduction in the expression of cell-wall associated proteins and carbohydrates involved in
cell wall structure (Bogaert et al., 2004) as well as inhibition of NanA, the important
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exoglycosidase required for pneumococcal adherence and colonisation (King et al., 2006).
However, no effect was observed for Rgg/SHP144 regarding NanA activity, as both wild
type and mutants (Argg144 or Ashp144) showed similar enzymatic activity. On the other
hand, it was found that thick capsule of S. pneumoniae is usually accompanied with a low
level of biofilm (Moscoso et al., 2006). Indeed, an elevated level of capsule production
in the shp144 mutant associated with low production of biofilm formation was observed.
Biofilms are the most important component of pneumococcal biology, they play a role in
drug resistance, bacterial transmission, maintenance of asymptomatic colonisation, and
development of disease. Bacterial cells dispersed from nasopharyngeal biofilms facilitate
pneumococcal transmission between individuals through incorporation into nasal
secretions (Aggarwal et al., 2018). In addition, biofilm associated pneumococci have a
higher tendency for dissemination to tissues than planktonic pneumococci, suggesting that
chronic biofilms mediate the stimulation of virulence upon release of biofilms (Marks et
al., 2013; Chao et al., 2015). The inhibition of biofilm formation by the capsule is more
likely due to the abrogation of the attachment of pneumococcal surface associated proteins
to host epithelial cells (Hammerschmidt et al., 2005). The reduction in biofilm formation
might also be due to downregulation of virulence peptide VP1, which is under the control
of Rgg/SHP144 as demonstrated recently (Cuevas et al., 2017).

Another reason for attenuation of strains lacking Rgg/SHP144 during colonisation is the
high sensitivity to oxidative stress. This phenotype is important for enhancing
pneumococcal colonisation and for competitively inhibiting the survival of other
inhabitants (Pericone et al., 2000). The results showed a profound reduction in
pneumococcal survival following exposure to 20 mM of H2O, and 1mM paraquat. The
Rgg involvement in oxidative stress resistance has been reported in S. pneumoniae (Bortoni
et al., 2009; Zhi et al., 2018) and S. pyogenes (Chaussee et al., 2004). These data suggest
that the involvement of Rgg/SHP144 in oxidative stress resistance might be due to
regulation of oxygen detoxifying enzymes or genes involved in other cellular processes
such as capsule thickness and efficient ATP production, which is required for oxidative
stress resistance (Carvalho et al., 2013b). Our previous microarray data clearly showed
the involvement of rgg144 in regulation of glutathione reductase (coded by gor), the key
enzyme required for conversion of the glutathione from oxidised form to the reduced state
(Potter et al., 2012). Glutathione can be imported inside the pneumococcal cells by the

aid of ABC transporter and is involved in oxidative stress tolerance through its disulphide
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reductase activity. Disruption of gor renders the pneumococcal cells more susceptible to
superoxide and reduces colonisation and the development of invasive diseases in the
murine infection model (Potter et al., 2012). Moreover, microarray data also showed
upregulation of genes encoding for ABC transporters in mutant rggl44. These
transporters are known to be important for nutrient uptake and removal of toxins and
antibiotics (Ulijasz et al., 2004; Yesilkaya et al., 2013). On the other hand, ABC
transporters were shown to be important for inorganic ion transport and metabolism,
hence repressing these ion transporters would preserve the pneumococci from toxic
effects of intracellular iron and reduce the chance of hydroxyl ion formation by the Fenton
reaction (Pericone et al., 2003). Additional investigations are required to elucidate the
mechanism by which Rgg/SHP regulates oxidative stress genes, and the impact of this

regulation on colonisation.

Modified strain carrying a modification at position E15A was also included in vivo assays
to investigate the impact of this residue on pneumococcal colonisation. Recent genomic
analysis showed that all mature SHP have the negatively charged amino acid residues,
Asp or Glu, at the first position, exception being Rgg Stu0182-associated SHP in S.
thermophilus strain LMG18311 and Rgg Str0182-associated SHP in S. thermophilus
strain CNRZ1066, which have cysteine at this position (Fleuchote et al., 2011, 2013).
These residues are predicted to be important for recognition of the precursor SHP by
protease and subsequent maturation and activity of SHP (Fleuchot et al., 2013). In
addition, it was found that aspartate Asp is important for activation of SHP2 in S.
pyogenes, as its substitution with an amide-bearing residue such as asparagine led to a
significant reduction in peptide activity, whereas substitution with glutamate retained full
activity (Chang et al., 2011). The results in this study showed a significant reduction in
shpl44 transcriptional activation and pneumococcal survival following treatment with

superoxide-generating agent paraquat in strain with E15A modification.

Despite this, no effect of modification could be observed in vivo. This disparity might be
due to difference in environmental conditions between in vitro and in vivo assays. For
example, in vivo, there is a strong competition between the pneumococci and other
inhabitants living in highly mixed microbiota such as nasopharynx, while this competition

Is absent in in vitro experiments.
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The defect in the shp144 mutant was fully complemented by extracellular addition of wild
type D39 supernatant, or by exogenous addition of synthetic peptide corresponding to the
last 12 or 13 residues. It appears that peptide length and primary amino acid sequence
determine the outcome of functional complementation, as peptides with other lengths or
with reversed sequence were unable to activate shpl44 expression in mutant shpl144 or
even wild type strain. Similar complementation approaches have been applied for other
Rgg/SHP circuits such as activation of shp1358 promoter in the reporter strain lacking
shp1358 by using S. thermophilus LMD-9 supernatant (Fleuchot et al., 2011). Likewise,
addition 1 uM of synthetic peptide corresponding to active SHP peptide (DILIIVGG), or
co-culturing with WT-pTCVlac strain expressing native SHP was able to restore shp
expression in mutant shp reporter strain of S. agalactiae strain NEM316 (Pérez-Pascual
et al., 2015). Moreover, synthetic peptide SHP144-C13 in this study rescued the defects
in vitro of virulence-related phenotypes including mannose utilisation and oxidative stress
resistance in a dose-dependent manner. This finding is in agreement with my previous
results, which showed that mannose is the activating signal of Rgg/SHP. Furthermore,
this functional complementation was sequence specific, as modified peptides were unable

to reconstitute pneumococcal phenotypes of Rgg/SHP144.

Despite this, native SHP144-C13 failed to restore the virulence of mutant shp144 when
administered simultaneously with Ashpl44 in the murine infection model. This is
presumably because the peptide’s concentration did not reach the activation level, peptide
instability and susceptibility to degradation by host proteases, which need to be tested in
the future. In addition, recent study also reported the presence of aminopeptidase on the
surface of streptococci which might increase the chance of peptide cleavage (Fleuchot et
al., 2013). The final possibility is route of administration. Peptide in this study was
administrated intranasally, and this might not be the most optimal route. Thus, other
alternative routes of administration should be tested to validate the effect of this peptide.
Structural analysis of Rggl44 protein in S. pneumoniae D39 showed a similar structure
to other RRNPP proteins (Parashar et al., 2015; Do and Kumaraswami, 2016), as it is a
dimer, contains HTH motif at N-terminus end for DNA binding, connected by a short
linker to repeat binding motif at C-terminus, important for peptide recognition and
binding. Several binding grooves have been characterised at the C-terminus of Rgg144
which are predicted to be the binding site for SHP144. The purified full length Rgg144
protein was trialled to crystallise with its ligand SHP144 by using sitting-drop vapor
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diffusion method. Unfortunately, co-crystallisation was unsuccessful, presumably due to
conformational changes in the C-terminus of Rggl144 upon peptide binding, which might
cause change in protein structure and prevent crystal formation. It is important to note that
there are multiple parameters, which might affect crystal growth such as pH, temperature,
types of precipitant, ionic strength and concentration of the protein (Navarro et al., 2009).
To increase the possibility of crystal production, the truncated form of Rggl44 lacking
the N-terminus was used. This approach was successfully applied for crystallisation of
NprR HTH deleted domain (member of RRNPP) in complex with its signalling peptide
NprX. Truncated Rggl144 peptide failed to produce crystal. In spite of structural similarity
between Rgg and NprR, there are differences in binding mode of each peptide. Thus,
further optimisation of experimental conditions is required, and this can be achieved in
the future.

Accumulating evidence from this study suggests that Rgg/SHP144 is important for
pneumococcal biology, and modification in its inducing signal SHP144 affects the system
activation and function. Some of these modified peptides are unable to activate the system
but have capability to bind to Rgg receptor and block Rgg-mediated transcription, such
modified peptides can be used as a competitive inhibitor for Rgg/SHP system to alleviate

pneumococcal infections, and this will be discussed in the following section.

4.2. Inhibition of Rgg/SHP144 quorum sensing system by modified peptide

In recent years, bacterial resistance against conventional antibiotics has been increasing
dramatically and the resistance is becoming a major issue that needs resolving. Bacteria
have developed various resistance mechanisms such as inactivation of antibiotics,
modification of drug targets or alteration of cell membrane permeability and drug efflux.
These resistance mechanisms can be inherited or acquired by mutation in the bacterial
chromosome or through acquisition of resistance plasmids or transposons. Alternatively,
the resistance can occur through adaptative mechanisms by switching from planktonic to
sessile biofilm existence. Therefore, effective antimicrobial drugs are required to combat
bacterial infections, avoid known resistance mechanisms and preserve the natural
microbiome of the host (Brooks and Brooks, 2014). Current antibiotics target cell viability

by interfering with essential cellular processes such as cell wall synthesis, DNA
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replication, RNA transcription and protein synthesis. This places selective pressure on
bacteria to acquire mutations or other adaptive mechanisms to survive, giving rise to the
development of drug resistant strains (Clatworthy et al., 2007). Thus, search for new
alternative approach targeting virulence factors, that are important for host damage and
disease progression would be better than Kkilling or inhibition of pathogen growth (Allen
et al., 2014; Heras et al., 2015).

Quorum sensing systems have been indicated as a viable anti-infective target because the
inhibitors of QS systems can change the behavior of a population of bacteria collectively
preventing efficient microbial adaptation to environmental change, thus being unable to
thrive and being more susceptible to destruction by the host’s immune system (Hentzer
and Givskov, 2003; Rasmussen and Givskov, 2006). As QS inhibitors do not kill bacteria,
but switch off the adaptive and virulence capabilities of target microbe, their impact on
microbiota would be less than the broad-spectrum traditional antibiotics. Furthermore, it
is expected that the possibility of bacterial resistance to QS inhibitors to be lower than
traditional antibiotics not least because QS systems are not essential for microbial survival
but also escaping the inhibitory effects of a drug that blocks the peptide binding groove,
in the case of Gram positive QS systems, would require complementary changes to both
the cytoplasmic receptor protein as well as its signal peptide, making adaptive mutations
less likely.

There are three mechanisms for disrupting QS circuits: (1) inactivation of QS molecules
(2) prevention of QS signal biosynthesis (3) inhibition of ligand/receptor interactions
(Brooks and Brooks, 2014). Enzymatic and non-enzymatic strategies have successfully
been applied for disruption of bacterial QS systems in Gram negative bacteria. Three
classes of enzymes have been identified to hydrolyse or modify signalling acyl-
homoserine lactone (AHLs) molecules, including lactonases to hydrolase the lactone bond
of AHLs (Dong et al., 2001), acylases breakdown the acyl-amide bond of AHLs and
release of fatty acid and homoserine lactone (Lin et al., 2003), and finally oxidoreductases
which oxidise or reduce the acyl side chain of AHL (Uroz et al., 2005; Chen et al., 2013).
Non-enzymatic methods can be achieved by the production of monoclonal antibodies to
sequester AHLs (Mookherjee et al., 2018) such as RS2-1G9 targeting 30C12HSL
signalling peptide in P. aeruginosa (Kaufmann et al., 2006; LaSarre and Federle, 2013).
While AHL biosynthesis can be inhibited by targeting NADH-dependent enoyl-ACP
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reductase, required for acyl-ACP synthesis, the most important substrate involved in
AHL production (LaSarre and Federle, 2013), such as triclosan which suppresses enoyl-
ACP reductase and inhibits C4-HSL synthesis in P. aeruginosa (Hoang and Schweizer,
1999).

The most popular approach relies on interference with signal/receptor interaction through
modifications in the normal conformation of signal/receptor complex, which prevents
dimerisation or interaction with target promoter (Grandclément et al., 2016). QS
inhibitors in Gram negative bacteria work directly on LuxR receptor such as halogenated
furanones which interact with receptor protein and induce rapid proteolytic degradation
(Manefield et al., 2002). Isothiocyanate iberin, a natural product extracted from horse
radish, acts as inhibitor through preventing the C4-HSL interaction with RhIR regulator

in P. aeruginosa (Jakobsen et al., 2012).

For Gram positive bacteria, several approaches have been taken to switch the QS systems
off. These included screening of combinatorial libraries to identify competitive
peptidomimetic inhibitors. For example, linear peptidomimetics inhibit S. aureus agr
system by disrupting the interaction between native cyclic peptide AgrD and response
regulator AgrC (Karathanasi et al., 2018). Another example includes the use of chemical
and natural virulence inhibitors such as savarin and solonmides, which can interfere with
the S. aureus agr signalling pathway and inhibit the expression of virulence factors of S.
aureus (Mansson et al., 2011; Sully et al., 2014). Ambic acid, a fungal metabolite, has
been reported to inhibit the production of cyclic peptide in E. faecalis, S. aureus and
Listeria innocua (Nakayama et al., 2009). Our group in Leicester has demonstrated the
use of molecularly imprinted polymers such as linear molecularly imprinted polymers to
modulate TprA/PhrA system in S. pneumoniae (Motib et al., 2017). Park et al. (2007) has
adapted an immune pharmacotherapeutic approach to identify monoclonal antibodies to
neutralise the signal peptide via sequestration such as AP4-24H11 targeting (AIP)-4 of S.
aureus RN4850. Unfortunately, these approaches do not use the existing knowledge of
the biological target or the advantages inherent within the system. My approach, on the
other hand, uses the knowledge derived from the system, and it could be modified to target
other systems involving transcription regulators that are controlled by peptide ligands.
Prevention of ligand/receptor interactions has been attempted recently to target a
Rgg/SHP system in Streptococcus dysgalactiae by screening an inhibitor library, and
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cyclosporine, was identified as the inhibitor of the system (Parashar et al., 2015).
However, it is unlikely that cyclosporine would be used as an anti-infective as it is an

immunosuppressive (Calne, 2004).

By attributing a function to each residue either in transcription or binding, the peptide that
contained the P21A replacement showed a significant inhibitory activity against the
Rgg/SHP144 system. This peptide competitively inhibited the induction of the system in
a concentration dependent manner as demonstrated in spent culture supernatant
experiments. It also abrogated the phenotypic manifestation of Rgg/SHP144 QS system,
such as the ability to utilise mannose and the oxidative stress resistance. The inhibitory
effect of modified peptide was clear at 1:10 (wild type: mutant) ratio, suggesting that the
high load of modified P21A peptide is required to obtain an efficient inhibition. Therefore,
combining multiple mutations would potentially generate a strong inhibitor against
Rgg/SHP144 system such as mutated residue at position V17A, which showed a slight
inhibition activity. In addition, a slight increase in binding affinity of modified peptide
FITC-SHP144-C13P21A (1.67 pM) was found compared with native FITC-SHP144
peptide (6.60 uM), suggesting that alanine substitution at position P21 converts peptide
activity from agonist to antagonist of the Rgg/SHP144 system. This is probably due to a
specific role of proline in protein folding and protein-protein interactions (Deber et al.,
2010), as its unique side chain forms ring structure by connecting to protein backbone
twice (Betts and Russell, 2003). Thus, it is reasonable to suggest that proline substitution
would impede an allosteric conformational change in the C-terminal domain of Rggl144,

which is essential for Rgg/SHP144 activation.

In spite of the strong inhibitory effect of P21A modified peptide in in vitro assays, it was
unable of exert a significant attenuation of bacterial loads in intranasal colonisation assay
in mice. It is thought that this might be due to the insufficient concentration used in in
vivo assay, which was not enough to inhibit endogenous Rgg/SHP144. It is also possible
that time of peptide administration and route of injection might have affected the outcome.
In this study, intranasal inoculation was used to check the effect of inhibitor only once,
however, a single experiment is not enough to judge the efficacy of peptide thus more

experiments are required to verify these results using several different parameters.
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Peptide drugs are increasingly being used for treatment of various disease manifestations
including for infectious diseases due to their relative safety, tolerability, specificity and
for their efficacious nature. Consequently, there is an increased interest in peptides in
pharmaceutical research and development, and approximately 140 peptide therapeutics
are currently being evaluated in clinical trials (Fosgerau and Hoffmann, 2015). Such
synthetic peptides have successfully been applied for inhibition of competence
development, and virulence factor expression in S. pneumoniae (Zhu and Lau, 2011).
Similarly, truncated peptide (AIP) was used as cross inhibitor for QS of different S. aureus
species (Lyon et al., 2000). In addition to their direct use, these peptides can be used as
templates for the development of small molecule inhibitors for the treatment of
pneumococcal disease in the future. Understanding the structural basis of transcriptional
activation by Rggs will facilitate the design of inhibitors for these regulators that can be
used as lead compounds, and eventually therapeutics, for the treatment of pneumococcal

disease. This is what we aim to achieve in future.
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Conclusion and Final Remarks

In this study, it was demonstrated that Rgg/SHP144 is one of the most important QS
circuits in S. pneumoniae D39. It plays a crucial role in sugar metabolism, oxidative stress,
capsule synthesis, biofilm formation and virulence. The Rgg/SHP144 QS is a highly
inducible system in the presence of mannose and galactose, but not in glucose or N-
acetylglucosamine, and in cell-density dependent fashion. The signalling molecule
SHP144-C13 plays an important role in the activation of this system, and its functional
activity is dependent on size, composition and peptide concentration. Single amino acid
substitution drastically affects peptide’ capacity for binding to its cognate receptor
Rgg144 and stimulation of the system. This binding, however, was weakened or abolished
when amino acid resides W16, 118 and 120 were replaced with alanine. This inhibition
was associated with inability to stimulate transcriptional activation of the system. Peptides
with V17A and P21A modifications abolished transcriptional activation but retained
binding capacity to the level closer or higher than native SHP144-C13 peptide. Finally,
the strain carrying 120A or P20A modification caused a significant attenuation in

pneumococcal growth on mannose, ROS resistance and nasopharyngeal colonisation.

This study also showed successful activation and reconstitution of Rgg/SHP144
phenotypes in shpl44 mutant by addition of unmodified synthetic SHP144-C13 peptide
or wild type D39 supernatant. On the other hand, peptide with modification at position
P21A showed a potent inhibitory capacity against Rgg/SHP144 through inhibition of
shpl44 expression and abrogation of phenotypic manifestations mediated by the system
including mannose utilisation and resistance to toxic effect of H>O, and paraquat. These
effects however could not be observed when native or modified peptides were
administrated with the bacterial inoculum in the nasopharynx of mice. Despite this,
finding an inhibitor by using this inherent knowledge of Rgg/SHP144 system provides a

starting point for discovery of a new anti-infective target.
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Future Plan

Interference of signalling between Rggl44 and SHP144 can offer a viable strategy for
anti-infective drug design. However more detailed analysis is required to understand the
complete picture of how Rgg/SHP144 complexes control DNA transcription. By using
the existing knowledge of the biological target or the advantages inherent within the
system, namely the presence of a deep peptide-binding groove to which the SHP binds
specifically, we generated inhibitors by modifying the SHP144-C13, such that the
potential inhibitors could still bind to the Rgg144 but no longer activate the transcription
i.e. the SHP144 is converted to an inhibitor of Rgg/SHP144 QS. Despite the promising
results obtained with using one inhibitor generated in this study in in vitro experiments,
the results of in vivo experiments were insufficient to determine the efficacy of this
inhibitor. Therefore, more in-depth experiments are required to evaluate the appropriate
dose of the inhibitor and dosing regimen that will inhibit the Rgg/SHP144 QS and reduce
the pneumococcal fitness in murine infection model. It will also be interesting to
determine the potential capacity to use this inhibitor as prophylactic agent to alleviate the
detrimental effects of pneumococcal infections. As it is well known that the bacteria
produce signalling peptides continuously throughout their growth, but QS circuit becomes
active only at a high cell density (Banerjee and Ray, 2017). Intranasal administration route
was the only method used to evaluate the impact of modified peptide on pneumococcal
fitness in this study, thus, using other alternative administration routes such as

intravenous or intraperitoneal injection would be valuable.

While one inhibitor was generated in this study, further work is required to determine its
ADME parameters (Absorption, Distribution, Metabolism, Excretion) as well as toxicity
before proceeding its development as a drug lead. Understanding of these parameters will
provide information about the behaviour, pharmacological activity and safety of this
compound. This can be conducted by in vitro and in vivo experimental models (Zhang et
al., 2012).

Furthermore, the inhibitory effect of this peptide can be improved using a rational
approach by replacing those residues that mainly contribute towards transcription
activation such as V17 with alanine that is likely to enhance binding. The Rgg/SHP144
binding can also be improved by the addition of non-biological amino acids to create a

synthetic peptide inhibitor. Such strategies have been used effectively for a wide variety
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of inhibitors (Fosgerau and Hoffmann, 2015) including cytotoxic T-cell inhibitors
(Tretiakova et al., 2000), complement inhibitors (Qu et al., 2013), HIV fusion inhibitors
(Eggink et al., 2010) and protease inhibitors (Hong et al., 2000).

Structural analysis of Rgg/SHP/DNA complexes will provide a complete picture of how
Rgg/SHP complexes control transcription. This can be achieved by crystallisation of
Rgg144 with its SHP144, and with respective DNA. This would elucidate the molecular
network underlying Rgg144/SHP144 activation and might bring new insights about
SHP144 peptide binding mode and its effect on Rggl44 transcription. The preliminary
experiments for Rggl144 crystallisation with its SHP144 peptide were unsuccessful. Thus,
more attention and numerous experiments are required to determine the appropriate
conditions for crystal growth. A large number of commercial crystallisation Kits are
available to produce successful crystals. These kits contain hundreds of solutions with
various combinations of pH, ionic strength, salts and precipitants (such as polyethylene
glycol, dextran, polyvinyl alcohol, and polyvinyl pyrrolidone) as well as various additives
and metal ions, which might maximise the chance of getting complex crystal. In addition,
optimisation of the concentration of protein, ligand or DNA in the solution would facilitate
the crystal to grow. Furthermore, soaking protein crystals with ligand might assist protein-
ligand crystal formation. On the other hand, using other binding techniques such as NMR
spectroscopy would be beneficial for detailed characterisation of protein/ligand
interaction under specific physiological conditions. Additionally, quantitative gel-shift
and DNA footprinting assays would be useful to study the interaction of Rgg144 with its
target promoter in the presence of native or modified SHP144 peptide.

According to our published microarray data (Zhi et al., 2018), a set of genes responsible
for diversity of functions such as capsule synthesis, cell division and iron transport are
under Rgg/SHP144 QS control. Therefore, it would be interesting to study the impact of
inhibitor peptide on Rgg144 regulon using quantitative reverse transcriptase PCR and
microarray analysis. In this case, the RNA will be extracted from wild-type D39 cells
treated with or without modified peptide, cONA will be analysed, and relative expression
will be determined.

The results in this study suggest the presence of a link between Rgg/SHP144 QS and sugar
metabolism. As addition of mannose or galactose to culture media stimulates the
Rgg/SHP144 system whereas this induction was undetectable in the presence of glucose
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or N-acetylglucosamine. It would be interesting to test the impact of sugars as well as
other environmental signals such as temperature, pH and metal ions on the Rgg/SHP144
regulated genes. This can be achieved by using reporter strains constructed in this study
to determine the inducing conditions. Once the inducing conditions are determined,
further analysis can be done by using DNA microarray and RNA sequence analysis for
wild type and mutants (Ashpl44 and Arggl44) under selected condition. The impact of
selected genes on pneumococcal biology and virulence will then be examined.

S. pneumoniae type 2 D39 strain encodes five members of the Rgg family. Our recent
published data have shown a cross talk between pneumococcal Rgg systems
(Rgg/SHP144 and Rgg/SHP939) (Zhi et al., 2018). Thus, it would be reasonable to check
if the inhibitor generated in this study could be applied to abolish phenotypic
manifestations of other pneumococcal Rgg-dependent quorum sensing systems. To test
this hypothesis, transcriptional reporter Psnposo::lacZ fused to the wild type D39 will be
constructed, and then exposed to cell-culture supernatant of strain producing inhibitor
peptide (Ashpl44ComP21A), or synthetic inhibitor peptide. The activity of shp939 will
then be determined using B-galactosidase assay. If the inhibitor works as hypothesised,
the experiments similar to Rgg/SHP144 will be done to characterise the effect of inhibitor

on phenotypic characterisations of Rgg939 QS system.

Finally, recent studies have pointed out the synergistic inhibitory activities of co-
administration of QS-interfering agent with traditional antibiotics (Grandclément et al.,
2016). QS inhibitors obstruct the bacterial signals which are responsible for drug
resistance and bacterial persistence in the host, thus allowing antimicrobial agents influx
into bacterial cells. Christensen et al. (2012) revealed that combination of tobramycin with
one of QS inhibitors (such as furanone C-30, ajoene or iberin) accelerates P. aeruginosa
biofilm dispersal and bacterial clearance in infected mice. Combination of baicalin
hydrate, hamamelitannin, or cinnamaldehyde with different set of antibiotics have been
studied in different pathogens such as Burkholderia spp., S. aureus, and P. aeruginosa in
various in vitro and in vivo biofilm model systems (Brackman et al., 2011). Thus, in future
studies, treatment of pneumococcal diseases with a mixture of antibiotic and SHP144
inhibitor might disrupt pneumococcal biofilm and increase their susceptibility against

resistant antibiotic.
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Appendix 1

Schematic diagram and DNA sequencing analysis of recombinant pPP2 carrying
fusion construct (Psnp144::1acZ) for transcriptional lacZ-fusion analysis.

Alignment with Fusion-Seq-F primer

Color key for alignment scores

B <40 M 40-50 [ s0-80 M s0-200 B >=200

| | | auety | | |

1 80 160 240 320 400
Score Expect Identities Gaps Strand
340 bits(184) 2e-96 184/184(100%) 0/184(0%) Plus/Minus

Query 43 EMGTACAGTATAACACGMMTTGGETTATTTTM\AAMTCGC&!tattt%atatttttt 102

Sbjct 150581 CAAGTACAGTATAACACGAAMATTGGCTTATTTTAAAAAATCGCATATTTGATATTTTTT 150522

Query 163 cttata%aaatttcttattt?i%atttt%ata%attt?attatttCCCTGGTATAATAAA 162

Sbjct 150521 CTTATAGAAATTTCTTATTTGCGATTTTGATAGATTTGATTATTTCCCTGGTATAATAAA 150462

Query 163 GAGGAATATAATAGATGAAGAARAGAAAAATCCAACTGATACTCC 222

Shict 150461 AAGGAGGAATATAATAGATGAAGAAAAGAAAAATCCAACTGATACTCC 150402
Query 223 TACT 226

Sbjet 150401 TACT 150398
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Appendix 2

(A-N) Schematic diagrams and DNA sequencing data of fourteen recombinant pCEP
constructs carrying the intact or modified copy of shpl44 gene with its putative

promoter region.

(A) Intact copy of shp144 with its putative promoter region

Alignment with Mal/F primer

Color key for alignment scores

B =40 W 40-50 [ 50-80 W z0-200 B =200
| | | Quer?l | [
1 90 180 270 360 450
Score Expect Identities Gaps Strand
4932 bits(256) 1e-141 266/266(100%) 0/266(0%) Plus/Minus
Query &9 AAGTACAGTATAACAC ?at atttttt 128
||||||||||||IIIIII||||||||||||||||||||||||||||IIII T
Sbjct 150581 CAAGTACAGTATAACACGAAAATTGGCTTATTTTAAAAMATCGCATATTTGATATTTTTT 158522
Query 129 cttata?aaatttcttattt?c?atttt?ataﬂattt?attatttCC[TGGTﬁTAﬁTﬁﬂﬂ 188
, NN ann NN
Sbjct 158521 ATAGAAATTTCTTATTTGCGATTTTGATAGATTTGATTATTTCCCTGGTATAA 15462
S i
Sbjct 158461 GTTATTACTAACAAGGAGGAATATAATAGATGAAGAAAAGAAAAATCCAACTGATACTCC 15ed@2
e (it oeryivert itttk oyt oativit it
Sbjct 150401 TACTTATTTCGGAGTGGGTTATTGTCATTCCATTTTTAACTAATCTATAAGTTCTTTATA 15@342
ity
Sbjct 158341 TTGCTGAAAACGCAATTCAAAMAAGGG 158316
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* shpl44 modified nucleotides are highlighted with yellow colour.

(B) Modified shp144L26A with its putative promoter [Leucine (CTA) changed to
alanine (GCA)]

Alignment with Mal/F primer

Color key for alignment scores

W =40 W 40-30 W 50-80 W s0-200 W ==200
1 100 200 300 400 500 600

Score Expect Identities Gaps Strand
1029 bits(357) 0.0 361/563(99%) 0/363(0%) Plus/Minus
Query 23 CATCTTTTACACTCCTTCAATTATCTTCA ARACCACTTCTGCGACCT 82

, IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 158663 AAATTTAACATCTTTTACACTCCTTCAATTATCTTCATTTATAAACCACTTCTOOGACCT 158684
Query &3 AOGATTTACTTCAAGTACT TTACAAGTACAGTATAACACGAAAATTOGCTTATTTTAAAA 142

, IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbhjct 158683 AGGATTTECTTCAAGTECTTTACAAGTACAGTATAACACGAAAATTGRCTTATTTTAAAS 158544
Query 143 ﬂATCG[atattt?atatt tttcttata?aaa ttict httnc%a ttt?ata?att ? 282

, [LILELLLLTL) IIIIIIIIIIIIIII IIIIII IIIITI {11011 IIII
Sbhjct 158543 AATCGCATATTTGATATTTTTTCTTA TTTGCGATTTTGATAGATT 158454
Query 283 TatttCCCTeETA TACTAACAAGGA 282

, IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 158433 ATTATTTCCCTGGTATAATAAAGTTATTACTAACAAGGA TATAATAGATOAAGAAS 158424
Query 263 TCCTACTTATTTCOGAGTRGOTTATTGTCATTCCATTTT 322

, IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 158423 AGAAAAATCCAACTGATACTCCTACTTATTTCOGAGTGOOTTATTGTCATTCCATTTTTA 158364
Query 323 ACTAATGCATAAGTTCTTTATATTGC TEAAAACGCAATTCAAAAAGGRATAT TAATTGTG 382

, [1111] IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbhjct 158363 ACTAATCTATAAGTTCTTTATATTGLTEAAAMACGCAATTCAAALAAGGRATGTTAATTATG 158384
Query 383 TTTTCTAATACCTOCAGAGAT TAGATARAGCAGTTCAATCTCTTTTTGATTGCTTCCCT 442

, IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 158383 AATCTCTTTTTGATTGCTTCCCT 158244
Query 443 s@z

, IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 158243 TTEAAGAANGACACTCATCTTCTTTAARAATTGCCACGATACTTTTTCAAAAACAT 158184
Query 583 CATACGGTCOTAACATCCTCTCCAACTCGACTTCOAAGATTARGATOTAGGAGAAMAGTT 562

, CELCETLLERE L en e ee e e e e e e b e e e e e ey e iy
Sbjct 15@183 CATACGGTCATAACATCCTCTCCAACTCGOCTTCGAAGATTGGOATOTAGRAGAAMAGTT 158124
e, W 2
Sbjct 158123 COQCTCCATOAGTTCTOATAAG 158181
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Appendix

(C) Modified shpl44N25A with its putative promoter [Asparagine (AAT) changed

to alanine (GCT)]

Alignment with Mal/F primer

W =40

Color key for alignment scores
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Appendix

(D) Modified shp144T24A with its putative promoter [Threonine (ACT) changed to
alanine (GCT)]

Alignment with Mal/F primer

W <40

Color key for alignment scores
J40-50 I 50-80 Pco-200 =200

100 200 300 400 500 600

Score
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0.0 576/578(99%) 0/578(0%) Plus/Minus

Query
Sbjct
Query
Sbijct
Query
Shjct
Query
Shijct
Query
Shijct
Query
Shjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Shjct

6
158675
&b
158618
126
158558
138
158498
245
158438
386
158378
366
1583135
426
158255
486
158195
545
158138

?TTTCTGCAAAITGMAAATTTAACATCTTTTﬂCAETCCTTEAATTATETTCATTTGTAAﬂ

LELECEELELE FELEEERLEEEEEE LR ELELEE L E LT LT I T
TTTCTGCAAATTGTAAATTTAACATCTTTTACACTCCTTCAATTATCTTCATTTGTAAA

CCACTTCTOCGACCTAGOATT TR TTCAAGTGCT T TACAAGTACAGTATAACACGAARAT
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Appendix

(E) Modified shp144L23A with its putative promoter [Leucine (TTA) changed to

alanine (GCA)]

Alignment with Mal/F primer

Color key for alignment scores
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Appendix

(F) Modified shp144F22A with its putative promoter [Phenylalanine (TTT)
changed to alanine (GCT)]

Alignment with Mal/F primer

Color key for alignment scores
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Appendix

(G) Modified shp144P21A with its putative promoter [Proline (CCA) changed to
alanine (GCA)]

Alignment with Mal/F primer
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Color key for alignment scores
Pio-s0 so-ec ec200 =200

W

1

150 200 4350 B00 750

SCore

1110 bits[{601)

Expact Identities Gaps Strand
0.0 G03804[99%) OyeDd (0% ) Plusy Minus

Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Shjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct

&5
158784
125
158644
185
158584
245
158524
EL L
158464
EL L
158484
425
158344
485
158284
545
158224
&H5
158164
665

158184

TTTACA
I
TTTTACA

TTTCTGCAAATTGTAAAT TTAACATCT
H_#IIIII|III||III||IIII||II

GCAAATTGTAAATTTAACATC

GCGACCTAGGATTTGLTTCAAGTGE
| | |

ELLCDELLEELLLTEELTL T
CGACCTAGGATTTGLTTCAAGTGC

1
|
1
COAAAATTROCTTATTTTAAMAAATCGCatat ttgatattt

fL
[LLCDELTELLECELEE PR e LT
CACGAAAATTGGCTTATTTTAAMAAATCGCATATTTGATATTT

tttct:ata?aaa:tt:t:atttfiiattttfata?att ?a:tatt:CECTGGTATAAT

VPR PR PP EEEEEE PR PR e
TTTCTTATAGAAATTTCTTATTTGCGATTTTGATAGAT TTGATTATTTCCCTGETATAAT

AAAGTTAT TACTAACANGGAGGAATATAATAGATGAAGARARGAANAATCCAACTGATAC

L PEEECEEEEP R PP EEEC PP e e i
AAAGTTATTACTAACANGGAGGAATATAATAGATGANGAAAAGAAARATCCAAC TGATAC

ATAMGTTCTTT

T
[IITELTTTE
T

if
CTATAAGTTETTT

CATTTTTAACTAAT
LLLELLLTINTE
CATTTTTAACTAAT

ABAGCGT TCAATCTCT GA

TTTTGAT
LTELLETEPLETTELEETE |
GATAAMGCGTTCAATCTCTTTTTGAT

E =
——— =
P e | -
[ ﬁ
E=E

AAAMATTGCCACGATALT CARARACATCATACG

TT1T
CELCELEEEELEEEELEEERTE TR Tt L
AAAAATTGCCACGATACTTTTTCAAAAACATCATACGG

E=G
= — =
M=t
] ]
B |
h— L
——
e |
[ (R

GAAGATTGGGATGTAGGAGAAAAGT TTTCGCTCCATGAGTTCTGA

|IIII||III||IIIIII||III||III||IIII||III|I|||
AAGATT CGCTCCATGAGTTCTGA
TAMG 668

[11]
TAAG 150181

222

1i4
158645
184
158585
244
158525
384
158465
384
158485
424
158345
484
158285
544
158225
bad
158165
bed

158185



Appendix

(H) Modified shp144120A with its putative promoter [Isoleucine (ATT) changed to

alanine (GCT)]

Alignment with Mal/F primer
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Color key for alignment scores
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Appendix

(1) Modified shp144V19A with its putative promoter [Valine (GTC) changed to
alanine (GCCQC)]

Alignment with Mal/F primer

Color key for alignment scores
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Shijct  1587Ad  GOAACTCAGCTTCTGTCAATTCCATTOTTTCTOCAAATTOTARATTTAACATITTTTACA 158645

Query 126 CTCTTCAATTATCTTCAT T TOTAMAC CACTTCTGLGACCTAGOGATTTGLTTCAAGTGET  18S
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Shjct 158484 TCCTACTTATTTCGGAGTGGGTTATTGT CATTTTTAACTAATCTATAAGTTCTTT 158345
Query 426 CTGAAAAGCAATTCAAAMAGGGATGTTAATTGTGGATTTTCTAATACCTGEAG 485
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 158344 ATATTGUTGAAAMGCAATTCAAAMAGGGATGTTAATTGTGGATTTTCTAATACCTGAG 158285
Query 436 AGATTGGATAAAGCGTTCAATCTCTTTTTGATTGCTTCCCTTTGTTTGAAGARAGACACT 545
sojer 1sezes AAHESMAMMHBMUHHUHSHIE AL o0
Query 546 CATCTTCTTTAAAMATTGCCACGATACTTTTTCAAMMACATCATACGGTCGTAACATCCT 685
sojee 1sezze LHEHEHHAUMMEUMAHHHUMMIUHUEE UM a1
Query 686 CTCCAACTCGGCTTCGAMGATTGRGATGTAGGAGAMMAGTTTTCGCTCCATGAGTTCTGA 665
sojer 1stes CHAMHIMHHUAMHIU MU HRERHIUEEY, 1s016s

Query 666 TAAG GG
Shijct 158184 “.Lcl. 158181

224



Appendix

(J) Modified shp144118A with its putative promoter [Isoleucine (ATT) changed to
alanine (GCT)]

Alignment with Mal/F primer

Color key for alignment scores
B=40 P40-50 B 50-80 B :0-200 B==200

m

1 150 300 430 600 750

Seore

Expect Identities Gaps Strand

1105 bits(598) 0.0 £02/604(95%) 0/604(0%) Plus/Minus

Query
Shijct
Query
Shjct
Query
Shjct
Quary
Shjct
Query
Shict
Query
Sbjct
Query
Sbjct
Query
Shict
Query
Sbjct
Query
Sbjct
Query
Sbjct

&b QAN TCAGCTTCTATCAATTCCATTATTTCTOCAAATTOTAAAT TTAACATCTTTTACA

LELLELEEEEREEEERE PR L EE A e e e it
156784 GCAACTCAGCTTCTGTCAATTCCATTGTTTCTGCAAATTGTAAATTTAACATCTTTTACA

126 CTCCTTCAATTATCTTCATTTATARACCACT TCTGCGACCTAGGATTTGCTTCAAGTGET

LELCELEREERLEEEREE R PR E R ER P PR EEE e ey
158644 CTCCTTCAATTATCTTCATTTGTARACCACTTCTGCGACCTAGATTTGCTTCAAGTGCT

186 TTACAAGTACAGTATAACACGAAAAT TAGCTTAT TTTAAAARAATCG S Tat ?ET

||||I||I|IIII|IIIIIII|II|I|I||I||||||I||||I||||| L1111
158584 TTACAAGTACAGTATAA TTARAARATCGCAT

i
TTTGCGATT

attt
I| |

TTTGATAT

246 tttcttatag a

:t
111 ||| [T
158524 TTTCTTATAGAAATTT

A
% % % TatttCCCTOATATAAT

ITHITILIT || |
TTCCCTGATATAAT

ctia
[111] [

CTTA TTGATAGATTTGATTAT
386 AMAGTTATTACTAACAAGGAGGAATATAATAGATGAAGAAAAGAAAAATCCAACTGATAC
LELLELETEELLCEEEEEERE PR TR E L EPE LR P L LT T
150464 AMAGTTATTACTAACAAGGAGGAATATAATAGATGAAGAAAAGAAAAATCCAACTGATAC
366 TCCTACTTATTTCGGAGTGGGTTGCTGTCATTCCATTTTTAACTAATCTATAAGTTCTTT

158484 TCCTACTTATTTCGEAGTOGGTTATTATCATTCCATTTTTAACTAATCTATAAGTTCTTT

42a ATATTACTOAAAACGCAAT TCAAAAAGOGATOT TAATTATGEATTTTCTAATACCTGCAG

||||I||I|IIII|IIIIIII|II|I|I||I||||||I||||I||||||I||||||I|||
150344 ATATTGCTGAAAACG AATTGTGGATTTTCTAATACCTGCAG

486 AGATTGGATARAGCGTTCAATCTCTTTTTGATTGCTTCCCTTTGTTTGAAGAAAGA
||||I||I|IIII|IIIIIII|II|I|I||I||||||I||||I||||||I||||||I|||
150284 AGATTGGATAAAGCGTTCAATCTCTTTTTGATTGCTTCCCTTTGTTTGAAGAAN
546 CATCTTCTTTAAAAATTGCCACGATACTTTTTCAMAAACATCATACGGTCGTAACATCCT
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
150224 TTCTTTAAAAATTGCCACGATACTTTTTCARARACATCATACGGTCGTAACATCCT
606  CTCCAACTCGGCTTCGAAGATTGGGATGTAGGAGAARAGTTTTCGCTCCATGAGTTCTGA
||||I||I|IIII|IIIIIII|II|I|I||I||||||I||||I||||||I||||||I|||
150164 CTCCAACTCGGCTTCGAAGA GGAGAARAGTTTTCGCTCCATGAGTTCTGA
666  TAAG 669

[11]
150184 TAAG 150181

225

125
158545
185
158585
245
158525
3es
158465
365
158435
425
158345
485
158285
545
158225
685
158165
065
158185



Appendix

(K) Modified shp144V17A with its putative promoter [Valine (GTT) changed to
alanine (GCT)]

Alignment with Mal/F primer

Color key for alignment scores
g =40 J40-50 J 50-80 Pao-200 =200
i 150 300 450 &00 730
Soore Expect Identities Gaps Strand
1110 bits{&01) 0.0 603/604(99%) 0/604(0%) Plus/Mirus
Query &b GrAAC TCAGC T TCTG T CAATTCCATTAT T TCTOCASAT TOTARATTTAACATCTTTTACA 125
_ RN
Sbjct 158784 GCAACTCAGCTTCTGTCAATTCCATTGTTTCTOCARAT TOTAMATTTAACATCTTITTACA 158645
Query 128 T AT TAT T TCAT TTOT A CAC T TCTOCGACC TAGOATTTECT TCAAGTGET 185
_ ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct 158644 T TCATTTaTAAACCACTTCTOCOACCTAGRATTTGCTTCAAGTGET 158585
Query 186 TTACAAGTACAGTATAACACGAAMAT TRECTTATTTTAMMAMATCGC atatttgatattt 245
_ ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct 158584 ACAGTATAACACOAAMAT TOOCTTATTTTAAMAAATCGCATATTTGATATTT 158525

Query 248 tttct-_ata?aaa tttctt attt? ?attttfata?att ?a:tatt:EECTEGT.ﬂ.TMT 385

NN
sbjct 158524 TTTCTTATAGAAATTTCTTATTTGCGATTTTGATAGATTTGATTATTTCCCTGETATAAT 158485

Query 386 AANGTTATTACTAACALGOAGGAATATAATAGATGAAGAAMAGARAAATCCAACTGATAC 365

LECLLETEEPETEEREEE T e PP e Ee e e e r e e e i |
Shjct 158464 AAAGTTATTACTAACAAGGAGGAATATAATAGATGAAGAMMAGAAAAATCCAACTGATAC 150405

Query 386 TCCTACTTATTTCGGAGTGGGCTATTGTCATTCCATTTTTAACTAATCTATAAGTTCTTT 425
_ LCLLECTELLETEERREREEE TERE P EEE AL e LT
Sbjct 158484 TCCTACTTATTTCGGAGTGGGTTATTGTCATTCCATTTTTAACTAATCTATAAGTTCTTT 150345
Query 426  ATATTGCTGAMAACGCAATTCAAAAAGGGATGTTAATTGTGGATTTTCTAATACCTGEAG 485
_ III|I||||I|IIIIIIII|I||||I|I|IIIIIIII||||I|I|IIIIIIII|I||||I
Shjct 158344 ATATTGCTGAAAACGCAATTCAAAAAGGGATGTTAATTGTGGATTTTCTAATACCTGCAG 150285

Query 485  AGATTGGATAMAGCGTTCAATCTCTTTTTGATTGCTTCCCTTTGTTTGAAGAAAGACACT 545
_ III|I||||I|IIIIIIII|I||||I|I|IIIIIIII||||I|I|IIIIIIII|I||||I
shjct 158284 GTTCAATCTCTTTTTGATTGETTCCCTTTGT TTGAAGAAMGACACT 150225
Query 586  CATCTTCTTTAAAMATTGCCACGATACTTTTTCAAAMMCATCATACGGTCGTAACATCCT 685
_ LLLLLELE TR LR E LR LR LR ER e ey T |
Shjct 158224 CATCTTCTTTAAAMATTGCCACGATACTTTTTCAAAMMCATCATACGGTCGTAMCATCCT 150165
Query 686  CTCCAACTCGGCTTCGAAGATTGGGATGTAGGAGAAMAGTTTTCGCTCCATGAGTTCTGA 665
_ III|I||||I|IIIIIIII|I||||I|I|IIIIIIII||||I|I|IIIIIIII|I||||I
Shjct 158164 CTCCAACTCGGCTTCGAAGATTGGGATGTAGGAGAAMAGT CTCCATGAGTTCTGA 150185

Query &o6& TAAG BbY

|11
shjct 158184 TAAG 150181

226



Appendix

(L) Modified shp144W16A with its putative promoter [Tryptophan (TGG) changed
to alanine (GCG)]

Alignment with Mal/F primer

Caolor key for alignment scores
B =40 P 40-50 B 50-20 Il 80-200 H ==200

m

1 150 300 450 &00 ¥l

Somre Expact Identities Gaps Strand
1105 bits|558) 0.0 026D [55% ) OEd (0% ) PlusyMinus

g
TITTACA 158645

Query &5 GCAACTCAGE
[LETLELTT
GLAACTC

0 ETCAATTtEATTGTTTETGEAA&TTGTAAATTTAAEATTI
AGC

TTCT
II IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Shjct  1587a4 TTCCATTGTTTCTGCAAAT TGTAAAT TTAACA

TTCAA
111
TTCAA

Query 125 ETeC TTCAT
[111]
CTTCATT
T
|

T c
| I
Shjct 158644 CTC
r
I

TTGTAAACCACTTCTGEGACC TAGGATTTGCTTCAAGTGET 184
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

TA
I 1
C TA GTAAACCACTTCTGOGACCTAGGATTTRCTTCAAGTGET 158585
GTATAACACGAAAATTGGETTATTTTARMARATCGCatatttgatattt 244

CA
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
TAACACGAARATT TTAAMAAATCGCATATTTGATATTT 158525

C

I

C

T

|

T

Query 185 T T
I I

T

.
I
T
ACAAGTAC
Sy

sbict 158584 TTACAAGTAC

1111111

AGTA
{11111
ACAGTA

Query 245

tttctta :t:atttf ?attttfataqatt ? atttCCCTOGTATAAT 384
[TIT111] ERRRARARR AR III [11
Sbjct 158524 TTTCTTA TCTTATTTGCGATTTTGATAGAT TTEGATTATTTCCCTOGGTATAAT 158465

ACTAACAAGGAGGAATATAATAGATGAAGAAAAGARARATCCAACTGATAC 364

TACT
LOCEELEEERT PR e e e e e e et e e e et e e e e e er
TAC TAACAAGGAGGAATATAATAGATGAAGAAAAGAAAAATCCAACTGATAC 158485

ctt
1
GAAATT
C
111 I

t
I
T
Query 385 nﬂnﬁ}
Sbjct 158464 AsAGT

TA
I
TA
GGAGGLGGTTATTGTCATTCE

LLEL TLLEELRLIELintl
GEAGTGGGTTATTGTCATTCL

AACTAATCTATAAGTTCTTT 424

T
IIIIIIIIIIIIIIIIIIIII
TAAC TTCTTT  15@345

I
A
T
I
T
Query 385 ?C}??TT
TACTTA

T ATTTE ATTTT
_ | IIIII IIIII
shict 158484 T TT1C ATTTT

I
cC
Query 425 ATATTGCTGAMAACGCAAT TCAAAMAGGGATGT TAAT TGTGGA GCAG 484

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIL

it
Sbhjct 158344 ATATTGCTGAAMACGC TCAAAMAGHG AATTGTGGATT

TT
|l
T GCAG 150285

TGAT

[11]
TGAT

CTTCCCTTTGTTTGAAGAAAGACACT 544

TT
N
TTGAAGAAMGACACT 158225

Query 485 AEATTGEATAAAﬁEETTEAATCTT

TITTTGATTG TTT
_ L[IELH]] [ELEELTELETT
Sbjct 158284 AGATTGGATAMAGCGTTCAATCTCTTTTTGATTGCTTCCCTTTGT

GTAACATCCT 684

Query 545 CATCTTCTTTAAAAAT TGCCACGATAL T |
GTAACATCCT 158185

T
_ IIIIIIIIIIIIIIIIIIIIIIIIIIII
sbict 158224 CTTCTTTAAAMATTGE ACTT

T TCAAARACATCATACGS

IIIIIIIIIIIIIIII
TCAAAAACATCA

T TC
| 111
T TACGGTC

Query &85 CTCCAACTCOGC T TOGAAGAT TOOGATGT AGGAGAAAAGT

TTTC
_ RN
Shjct 158164 CTCCAACTCOGCTTCGAAGATTGGEGATGTAGGAGAAAAGTTTTC

GCTCCATGAGTTCTGA 6684

TCCAT
ELLELEETELTELY
TCCAT

[11]
GCTCCATGAGTTCTGA 150185

Query &85 TAAG BBE

L1
shjct 158184 TAAG 150181

227



Appendix

(M) Modified shpl44E15A with its putative promoter [Glutamate (GAG) changed

to alanine (GCG)]

Alignment with Mal/F primer

W =40

Color key for alignment scores
B 40-50 B 50-80 I 20-200 B ==200

m

i

150 300 450 a00 720

Soore

1110 bits[&01)

Enpaect Identities Gaps Stramnd
0.a 603,604 95% ) 0G0 [ 0% ) Plus/Minus

Query
Sbjct
Query
Sbjct
Query
5bjct
Query
Sbjct
Query
Sbjct
Query
5bjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
5bjct

&7
158784
1:xy
158844
1a7
158584
247
158524
L1 r)
158464
67
158484
427
158344
487
158284
547
158224
ey
158164
667

158184

GLAA ACH

GLAA

IETCAATTCEATTGTTTETGEAA&TTGTAAATTTAAEATETT

T TT
RN
TCTGTCAATTCCATTGTTTCTGCAAATTGTAMATTTAACATCTTTTACA

I

TCAA
CTTCATTTGTAAACCACTTCTGCGACC TAGGATTTGCT TCAAGTGET
I
T

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

A
I
A GUGACCTAGATTTGCT TCAAGTGE

—— =

I
c

7] COAABATTOOCTTATTTTAAAAAATCGCatatttEgatattt

i
LT T
ACGAARATT TTAAAARATCGCATATTTGATATTT
attt sttttpatagatt
Tiaihnnniia
TAGATT

t

I ATTTGLGATTTTGA
ACTAACAAGGAGGAATATAATAGATGAAGAAAAGARAAATCCAMCTGATAL

I

.
I

TTCATT
TAAC
|11

c
I
C
T
I
T
T
|
TATAAC

A
I
A

CCTOGGTATAAT

FLLETELTE
CCTGGTATAAT

t :tatt:t
[TEITET
TGATTATTTC

=i —

IIIIIIIIIIIIIIIIIII|I|I|IIIIIIIIIIIIIIIII
AGGAATATAATAGATGAAGAAAAGAMAAATCCAACTGATAC

B
E
=

BATCTATAAGTTCTTT

T
[ELTELELTELD
TATAAGTTCTTT

AATACCTGCAG
s
AATACCTGCAG

ﬂ
:E-I

1]
CACT

GTAAMCATCCT

N
TAACATCCT

Ch—

GAGTTCTGA

y IIIIIIIII
GCTCCATGAGTTCTGA

,%
E=2

TAAG 678
[111

TaAG 158181

228

116
156645
186
158585
246
158525
306
158465
366
156485
426
156345
486
156285
Sdi
156225
S]]
158165
LT

1568185



Appendix

(N) Modified shp144S14A with its putative promoter [Serine (TCG) changed to

alanine (GCG)]

Alignment with Mal/F primer

Color key for alignment scores

W =40 W 40-50 B 50-80 Ws0-z00 B ==200

1 150 300 450 200 750
Score Expact Identities Gaps Strand
1105 bits{598) 0.0 B02/804[95%) 0/504(0%) Plus/Minus

Juexy
Sbjct
Joexy
Sbjct
Juexy
Ibjct
Juexy
Sbjct
Joexy
Sbjct
Juexy
Sbjct
Juexy
Sbjct
Juexy
Ibjct
Juexy
Sbjct
Joexy
Sbjct
Juexy

Zhict

&7

150704

127

150€44

187

150584

247

150524

an?

150464

387

150404

427

150344

4E7

150284

547

150234

€07

150164

€87

150104

BT AR T CIET CAR T TC AT TEI TICTCCARATTECTARATITARCATCTITTACE
FECEETEETE T e e e e e e e et e e e v e e e e e e e e e e e
BCRA T AR T CTRT CART T AT TET TICTGCRARTTETARATITARCATCTITTACR

CTCCTICARTTATCTTCATI TET ARRCCRCT TCTEOERCCTAGEATT TR TTCAAGT T

FETRTEREEET e e e e e e e e e e et e e e e e e e e
CTCCTICRATTATCTTCATI TET AR R CCRCT TCTEOERCCTAGEATT TR TTCRAGTECT

TTACARGTACAGTAT AR CRCGRR RATTGECT TATTITARRARRTCEatatthgatattt
FETEEEEEEE T e e e e e e e e e e e e et e e e e e e e e e e e
TTRCARGTACAGTAT AACRCGRR AR TTRECT TATTITARRARRTCECRTATTTEATATTT

tttottatagaaatttottatttgogattttgatagatttgattatttCOCTGETATART

FECEETEETE e e e e e e e e e v e ee e e e e e P e e eyl
I AT AR AT T TCT AT ITECGAT TITEATAGRTT TRATTATI TCCCTGETATART

AR GTTATTACTRACRAGEREEARTATARTACATCARGARLACGRARARTCCARCTGATAC
FETEEEEEEE T e e e e e e e e e e e e et e e e e e e e e e e e
AR GTTATTACT AR R RCCREEARTATARTACATCARCARLACKRARARTCCARCTEATAC

T ACTTAT TG EEA T E eI T AT TEI AT TCCATTIT TARCT ART CIATARCITCTTI

FEPREEREEEr TEree et e e e e e e e e e e e e e e e
TCCTACT TAT TT CGERGT eI T AT TEICAT TCCRT TIT TARCT ART CTATARGTTCTTT

ATRITECT AR RCE R ATTC AR RS ACEEAT I TRATTET FERATTITCTARTACCT GCRG
FETEEEEEEE T e e e e e e e e e e e e et e e e e e e e e e e e
ATATTECT AR RCE R ATT AR R ACEEAT T TRATTGTFEATTITCTARTACCT GCRE

AGRI TEGAT AR GO T I R TCT CITTITEATIGCT TCCCITTRTTT GARGARAGA CACT

FETRTEEEEETe e e e e e e e e e e e e e e e e e
AGRTTEGAT AR GO ET IR TCT CITTITEATIGCT TCCCITTRTTT GARGARR A CACT

AT CTICTITAA R A TTECCACEATACT TITTCARR AR AT CATACEETCET ARCATCCT

FEEEETETT e e e e e e e e v e e e e e e e e P e e et
AT CTICTITAARAA TTGCCACGRTACT TITTCARA RACRTCRATACGEICGT ARCRTCCT

T AR T OGECTT R AGA TTGEFAT CTAGEAGRARRGTITTCGCT CCATGAGT TCTGA

FETEEEREEET e e e e e e e e e e e e e e e e
T AR TG CTT e AR TTGEEAT CTAGEAGRA R GTITTCGCT CCATGAGT TCTGA

TARG &70

1
TARG 130101

229

12¢

1506435

186

150585

44t

150523

a0e

1504£5

386

1504035

426

150243

4B&

150285

4E

150223

&0e

1501635

{113

1501035



Appendix

Appendix 3

Genetic map of pLEICS-01 (PROTEX, University of Leicester) with 6His-Tag for
cloning and protein expression analysis.

TF terminator
Xhol {=30)

1 Origin FandTH (545)

/' EooRI(s8a)

H.I'I'IF' ..-.____..EEWZHI (57a)

SacB

pLEICS-01 -
= EeoRT(:681)

Azp

~
pERIZ2 On BRI (afog)
0 s TEV site
is-Tag
Aidel (2673)
T Promoter

XBal {zno)

230



Appendix

Appendix 4

(A-B) Schematic diagrams and DNA sequence analysis of recombinant pLEICS-01
constructs (full length and truncated recombinant Rgg144) for protein expression
analysis.

(A) Full length Rgg144 (SPD_0144)

Alignment with T7 promoter

Color key for alignment scores
W <40 W 40-50 W 50-80 We0-200 W==200
1 150 300 450 GO0 750
Seerra Expact Eclwarifti B Gaps Strand
155 bitn| B 0.0 HEA)/ BG4 100, | Oy HEL [ 0% ) Flus/Plus
Query 1 ATGATTOAAAASATGOASC TOOOGGAAT T T TACASGGAAT TACOGT TTGOOGAGASSGITT 68

Shjct 129455 ATGATTGAMAASATCEGAAC TEHGEEAATT T TACARGGAATTACGT TTGGOGAGAASGITT 149558

Query Bl A AL ACATLT G TTETGAGCGTCTAMC AGCTTCTCACTTGTCCAAGT TTGAALTA 128

CELLLLRE LT L e et e e eyt
Sbjct 149558 AAGCAGACAGATGTGGCTTGTGAGGGTCTAACAGCTTCTCAGTTGTCCAAGTTTGAMTA 14961E

Duary 121 GEECAGTCTATGLTGTC TG GEATAAGT TEGATTCTAGC TATCCAAGCTATAAATCGTGACC 182

RN RN
Shjct 140619 GGGCAGTCTATGLTGTCTGLGGATAAGTTGATTCTAGCTATCCAAGGTATAAMTGTGACL 14967E

Queary 181 TTTGATGACTTTGGEECAC AN TCAACAAT TATCAACAATITCCACATATGOGAATOCET 248

RLLORRL ARt et et ne e nnrnnl
Shjct 140679 TTTGATGAGTTTGGGCACAAGC TLAACAALTATCAAGAATCTCCACATATGOGAATOGET 149738

Query 241 COAAAGGTTGT CGCTTTGCCCATCAGGATATAGCTECTTTA AGCTATTGGAG 18
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Shjct 140730 CGARAGGTTGT TCAGGAT TGCTTTA 149798

Query 381 GAAGTTGATCAAGAAC AGATGECECAGACCTATCETCGTTTGAATGLCATCGTGATTARS 168

CELLARRL i i e p e e e nngtnl
Shjct 140700 GAAGTTGATCAAGAACAGATGGCGLAGACCTATCGTCGTTTGAATGCCATCGTGATTAAS 149858

Query 361 GATGCCATCCATTCACT AAATAAAACITACCCACTAGC AGACCAGCATAGLGAGTTTTTG 428

IR A A
Shjct 140B50 GATGCCATCCATTCACTAAATAAAAGE TACCCACTAGCAGAGGAGGATAGCGAGTITITG 149918

I Ty i i e
coer aassre ML T UL seoese
R T iy
aoser vsooes AMLRLLLAC LTI OO oorse
aoser vmorss AHLLLLHHITEOTER L O AT 2eonse
aoser ssozss LU ETRII I 2aoare
sy vt CATCrCrE AT ACAARATCCAC AR TAACAT e 11T TTee B

Shjct 158275 CAATCTCTECAGLTATTAGAASATOCACAATTAACATCCCTTTTTGAATTGOGTTTTOAG  L5833E
Dueary 841 CAATATAAACAACTTATAGATTAG 864

IIIIIIIIIIIIIIIIIIIIIIII
Shjct 156339 ATAANGASCTTATAGATTAG 158362

231



Appendix

(B) Truncated Rgg144 (SPD_0144)

Alignment with T7 promoter

Color key for alignment scores

Score

W <40 W40-50 W 50-80 W 30-200 W >=200
1 100 200 300 400 500 G600
Expect Identities Gaps Strand
1116 bn§£604) 0.0 608/612(99%) O[612£O@@) Plus/Plus

tuery
Sbjct
Juery
Jhjct
duery
Zhjct
tuery
Zhjct
tuery
Zbjct
tuery

Sbjct

124

149715

104

145775

Zo%

140E25

214

140EQS

274

140855

434

150015

104

150075

554

150125

E14

150185

574

150255

T34

150215

EAAT T O ACRT AT A TOEET D AR AR T T TEAAT G CTT TGO AT CAGEATATA

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
GAAT CT DR TATEOERR TOEET e ARRGETT GTEART DG CTTIECC AT TAGEA TAT.

GCTECTTTARRG TRECTAT TEEAGERA RETTRAT T RRGR AR GATEEEC AEACTTATOET
FEURTURRTE e e v e e vnr et e v v v e rven e ervenreennt
GCTECTTT ARAGCREl TATTEEA GEARETTE AT R AGR RCREATEEOECAGAC CTATDET

OETT TeARTECC AT OETEA TTARRGR TR AT T ATTCACT AR RTARR R BITADDT RITA
PEURTERRrr e e v en e vnr et eer v v e ervenreennl
OETT TeARATE O AT OETEATTA RRARAT RO ATCCATT CACTARAT A AR ARIT APDTRIT A

GG AGEAREAT REDEAET TTTTEAC TR CTATC TCTATEC TATOEAGT CTTEERCCTEE

FERTRRERE T eee e e e e e e ee v v ee v eeee e el
GG AGEAREAT REDEAET TTTTEAC TR CTATCTC TATECTAT DEAGTCT TRERCCTEE

TR T CTAT CTCTTI T AR T A R T O T T TTRAG TR AT R AR TITE AT TT &6
PERETRRRERRE Ee e e et e b e e e i enens
TITEAR T CTAT CTCTTIT G R TR R TGO T TCTTRAG TR AT R AGA TCTEATTTIT

AT A ACCTOCTT ACTOGAR ARRTOCAR AGARTTT RARGART TAGTATAC RATIGAT TG
PERTIRRERTRr ee e e et e e i b e e inr i el
TTAT CRACCTOCTTACTOG ARRARRT O CRARGAAT TTARRGA GTTAGTA RCRATIGATTE

TATATGARGCRRGEACTCT TRARRATAT CTTATCAGA AT TR TEEAGTEA RRATCTTT TCTOC
PEURTURRTE e e v ven e vervenr eer v v e et ennt
TATATGARG AR GEACTCT TARRTAT CTTATCRGRRCTCAT GRAGTEAR BACTTTT CTCC
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Appendix 5

(A-B) Confirmation the identity of recombinant full length and truncated Rgg144
proteins using MALDI-TOF mass spectrometry.

(A) Full length Rgg144 protein

Voyager Spec #1[BP =1297.7, 27475]

100 1297.6534 2.7E+4
1
90 388.6333
80
70
60
2
s
£ 504
N
1726.8835
40
304 907.5047
1854.9697
767.4119
204 131318571 1515 8215
800.j682 2376.2117
10 14198.7964
{713}3570 1016.4826 13l 645 729.89p2
749.4060 || 953176 1416 467 857.9741 3077.3486
‘ i {7767 379.2193 ﬂ)w 3651
NANT At i e N - A 0
699.0 1359.4 2019.8 2680.2 33406 4001.0
Mass (m/z)
(B) Truncated Rgg144 protein
Voyager Spec #1[BP =1297.6, 15438]
100+ 1297.6153 15E+4
904
80
2376.2182
1855.9359 s16.218
704
767.3995
604
2 1515.7706 1726.8418
s
8
£ 504
g
1249.6189
40
i 1354.6321]
%0 907.4870
1447.7701 1912.9403
204 926.5917 2433.2342
1572.785
0l . 1346.6370) 720.84b5 37p.2071 3077.3302
713{3523 1313.625 51B.7659 85B.9311 3030.3975
[ “ 1 4“‘ 9|jLopL.7827 1969.9790
o M 11— Lu A bl PRI o
699.0 1359.4 2019.8 2680.2 3340.6 4001.0
Mass (m/z)
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Appendix 6

(A-B) ldentification the molecular weight of full length and truncated Rggl44
recombinant proteins using Electrospray LC-MS at PNACL.

(A) Full length Rgg144 protein

100

889.3097
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Appendix

Full length Rgg144 protein

[ Estprot1o S (=T

File Help

IMPUT RESLILTS

Peaks from spectium charge [+] ke’ [ 3] ermor [[1a)
mz [1]: 14305424 24 3430382704 -0.021 2057142853
mdz [2]: 1492 6938 23 3430877478 -0.07 34657142821
m/z [3]: 15605061 22 34303 95952 0111274285722
m/z [4]: 1634, 7579 21 3430874916 -0.09908571 42824
m/z [5]: 1716.4491 20 343088232 -0.02504571 42756
m/'z [E]: 1806. 7374 19 3430385974 0.0714942857181
mdz [7]: 19070604 18 3430394428 0.0960342857215
m/z [E]: 1] 0 1] 1]
m/z [9]: 1] 0 1] 1]

Clear m/z valuesl Calculate MWl

charge min. [+]; Deconvaoluted b [Da] |34303.3432457
charge masx. [+]: {100 Std. dewiation [Da]: 0.079E1 24250907

—_

Experimentally Determined Molecular Weight (average) = 34308.84 +- 0.08 Da
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(B) Truncated Rggl144 protein

1498.4114
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Truncated Rgg144 protein

File Help

mdz [1]:
iz [2]:
mdz [3]:
iz [4]:
mdz [B]:
mz [B]:
mdz [F]:
mdz [B]:

[ esprot1o =10l x|
IMPUT RESLILTS
Peaks from spectum charge [+] b [D1a] eror [D1a]
13558485 21 28451 65176 0057251428574
14235903 20 28451 5472 0052691 4285729
14524414 19 28451, 23574 -0.35876857143
1581.6603 1a 28451 56248 -0, 0320285714261
16746342 17 28451 B4642 0.0519114285744
1773, 2396 16 28451, 70E5E 0112051428576
1897, 7387 15 284517114 0116891428074
0 ] 1] 1]
0 ] 1] 1]

mz [3]:

charge min. [+];
charge maw. [+]:

Clear m./z valuesl

—_

100

Calculate MWl

Deconvaoluted b [Da]:
Std. deviation [Da]:

28451.5345036

0165684812302

Experimentally Determined Molecular Weight (average) = 28451.59 +- 0.17 Da
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Appendix 7

Multiple sequence alignment of streptococcal SHPs using Clustal Omega software.

CLUSTAL 0{1.2.4) multiple seguence alignment

Streptococcus_pheunonias_ATCC_Te@669_SHP/Rgg_{group_IIT)
Streptococcus_preunoniae_ 114 SHP/Rgg (group_TIT)
Streptococcus_preuanoniae_TIGRA_SHP/Rgg_(group_TIT)
Streptococcus_preunoniae_CGSFLA_SHP/Rgg_ (group TTT)
Streptococcus_preanonias_P1831_SHP/Rgg_(group _TTT)

Streptococous
Streplococous

__nutans_WNIBIS_SHP/Rgg [group IT)
__nutans_UAISS_SHP/Rgg (group IT)

Streptococcus_pneumoniae D39 strain_2 SHP/Rggld4(current study)
SLreplocOCius_preunonias_Hungaryl9a-6_SHP/REQE (group _II11)

Streptococous
Streplococous
Streptococous
Streplococous
Streptococous
Streplococous
Streptococous
Streplococous
Streptococous
Streplococous
Streplococous
Streplococous
Streptococous
Streptococous
Streptococous
Streplococous
Streptococous
Streptococous
Streptococous

__thernophilus_CMRZ1866 SHP/Rgg (1group IT)
__thernophilus_LMD-3_SHP/Rgg_(1group_IT)
__thernophilus_LMG 18311 SHP/Rgg_{lgroug II)
__equi_subsp._zosepidemicus_SHP/Rgg_{lgroup II)
_ equi_subsp._
__dysgalactiae_subsp. equisimilis GG5_124 SHP/Rgg_(group II)
__thernophilus_CMRZ1866_SHP/Rge_(group II)
__thernophilus_LMD-3_SHP/Rgg_(2group_IT)
__thernophilus_LMG_13311 SHP/Rgg_{group II)
__equi_subsp._zosepidemicus_SHP/Rgg_{groug_IT)
__thersnophilus_LMD-3 SHP/Rgg_ (group_IT)
__suls_@5Z¥HII_SHP/Rgg_(lgroup_II)
__Suis_98HAHII_SMP/Rgg_(group_II)

_ sulis BM4BT_SHP/Rgg (group II)

__ suis GZ1 SHP/Rgg (group II)
__suls_P1/7_SHP/Rgg_(group_II)
__suis_5CE4_SHP/Rgg_(group II)

__equi_subsp._
__equi_subsp._zocepidemicus_M>GCS18565_SHP/Rgg (group I)

rocepldemicus MGCS1B5ES_SHP/Rgg (group IT)

equi_4847_SHP/Rgp_(group_T)

Streptococcus_preanonias G54/ /SHP/Rgg_(group_T)

Streptococous
Streptococous
Streptococous

__thernophilus_LMD-9_SHP/Rgg (group III)
__thernophilus_CMRT1866_SHP/Rgg_(group T}
_ thernophilus_LMG 18311 SHP/Rgg {group 1)

Streptococcus_ pyogenes_M1_GAS SHR/Rgg_(group_I)
Streptococcus_pyogenes_MGAS18278_SHP/Rgg_(group_I)
Streptococcus_pyogenes_MGAS18384_SHP/Rgg_(group_T)
Streptococcus_pyogenes_MGAS18758_SHP/Rgg_(group_I)
Streptococcus_ pyogenes_MGASI8SE_SHP/Rgg_(group_T)
Streptococcus_pyogenes_MGASI1S_SHP/Rgg_(group_T)
Streptococcus_pyogenes_MGASSSB5_SHPRgg_(group_T)
Streptococcus_pyogenes_MGASELRS SHP/Rgg_(group_T)
Streptococcus_ pyogenes_MGASEIID SHP/Rgg_(group_T)
Streptococcus_pyogenes_MGASBA2S SHP/Rgg_(group_T)
Streptococcus_ pyogenes_NZ131_SHP/Rgg_(group_I)
Streptococcus_pyogenes_S5I-1_SHP/Rgg_(group_I)
Streptococcus_ pyogenes_str._Manfreda_SHP/Rgg_{group T)

Streptococous
Streptococous
Streplococous
Streptococous
Streptococous
Streptococous

__agalactiae_2683V/R_SHP/Rgg_(group_T)
__agalactiase ASES_SHP/Rgg (group_I)
__agalactiae NEMILE_SHP/Rgg_(group_T)
~dysgalactize_subsp. equisimilis GGS_124 SHR/Rge (group_T)
__thernophilus_CMRZ1866_SHP/Rgg (1greup I}
_ thernophilus_LMG 18311 SHR/Rgp {lgroup T)

Streptococcus__pyogenes_M1_GAS_SHP/Rgg_(lgroup_T)
Streptococcus_pyogenes_MGAS18278 SHP/Rgg_(lgroup T)
Streptococcus_pyogenes_MGAS18384 SHP/Rgg_(lgroup T)
Streptococcus_ pyogenes_MGAS18758 SHP/Rge_(lgroup T)
Streptococcus__pyogenes_MGASI85E_SHP/Rgg_(1group_T)
Streptococcus_pyogenes_MGASILS_SHPSRgg_(lgroup I)
Streptococcus_pyogenes_MGASSSB5_SHP/Rgg_(1group_T)
Streptococcus_pyogenes_MGASE1RS SHP/Rgp_(1lgroup_T)
Streptococcus_pyogenes_MGASEII2_SHP/Rgg_(1group_T)
Streptococcus_pyogenes_MGASBA28 SHP/Rgp_ (1lgroup_T)
Streptococcus_pyogenes_NI131_SHP/Rgg_(lgroup_I)
Streptococcus_pyogenes_S5I-1_SHP/Rgg_(lgroup_I)
Streptococcus_pyogenes_ste._Manfreda_SHPSRgg_{1groug_T)
Streptococcus_ preunoniae G54/5HP/Rgg_(lgroup_T)
Streptococcus__pheunonias_ATOC_ 788669 _SHP/Rgg_{group_T)
Streptococcus_preanonias_118_SHP/Rgg_(group_I)
Streptococcus__preunoniae_ 035
Streptococcus_preunoniae_RE_SHP/Rgg (group_I)
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-MKEQILTLLE--------T-¥--AETTTILPFLTRA
~MKKQILTLLE----==--T-¥--AETTTTLFFLTHNR
-MKEQILTLLE--------T-¥--&ETTTILPFLTHL
~MKEQVLTLLT---===--I-¥--AETTTFFFFLTHR
-MEKEQVLTLLT--------I-¥--A0ITIFFPFLTRA
-MRNKIFMTLI-- == === -W-¥--L ETITITGOG-- -
-MRENKIFMTLI--------N-¥--LETITITGOG-- -
MEKRKIQLILL--------L-I--SEWVIVIFFLTHL
MEKRKEIQLILL--------L-I--SEWVIVIFFLTHL
MNKESFLAILL----=--=-L-I--FESTIVIAWG---
MNKESFLAILL--------L-I--FESTIVIANG---
MNKESFLAILL--------L-I--FESIIVIANG---
MNKERHFLMLLL - - - - - -~ -H-¥--LEETTWIGWGYL -
MNKRHFLMLLL - - - = = == -H-¥--L EETTVIWVWGYL -
MEKHGLLTLLL--------T-I--LESTIVIGIG---
MEKQELLLLVY- - - -~ -~ -L-¥--CEGIIVILWG-- -
MEKQELLLLVW- - - -~ -~ -L-¥--CEGI TVILVG-- -
MEKQELLLLVY- - - -~ -~ -L-¥--CEGIIVILWG-- -
MEKQKLLFILF--------L-L--FEGITITWWG---
MEKQILLTLLL--------W-V--FEGI TVIVWG-- -

~MEQNYLTANITIVLILLISILED
~MEQNYLIANITIVLILLISILED
~MEKQNYLTANITIVLILLISILED
~MEKQNYLTANITIVLILLISILED

-MKQNYLTANITIVLILLISILKD
-HEQNYLIANITIVLILLISILED

MMRKSYELLKL - - - - - - - -~ ILD--

MMRKSYELLKL---------- ILD--
-MEKYYQIFLL-------- - LFD--
-HEKWIATFLF----- IGTWATD--
----- MELLKT-----TVL--LTC--
----- MELLKI-----TVL--LTC--
~MEKWHEAL -L - - - - FTL--IMD--
-HEKWNEAL -L----- FTL--IMD--
-MEKWNEAL -L----- FTL--IMD--
-HEKWNEAL -L----- FTL--IMD--
~MEKWHEAL -L - - - - FTL--IMD--
-MEKWNEAL -L----- FTL--IMD--
-MEKWNEAL -L----- FTL--IMD--
-HEKWNEAL -L----- FTL--IMD--
~MEKWHEAL -L - - - - FTL--IMD--
-MEKWNEAL -L----- FTL--IMD--
~MEKWHEAL -L - - - - FTL--IMD--
-HEKWNEAL -L----- FTL--IMD--
~MEKWHEAL -L - - - - FTL--IMD--
-MEKINKAL-L----- FTL--IMD--
-MEKTHKAL -L- - -~ FTL--IMD--
-MKKINKAL-L----- FTL--IMD--
~MEKTHKAL -L- - -~ LTL--IMD--
-HEKWSKILPI----- LIL--WMD--
-MEKWSKTLPT----- LIL--WMD--
-MKKISKFLPT----- LIL--AMD--
“MEKISKFLPT----- LIL--AMD--
-MEKISKFLPI----- LIL--AMD--
-MKKISKFLPT----- LIL--AMD--
-MKKISKFLPT----- LIL--AMD--
-MEKISKFLPI----- LIL--AMD--
-MKKISKFLPT----- LIL--AMD--
-MKKISKFLPT----- LIL--AMD--
-MKKISKFLPT----- LIL--AMD--
-MKKISKFLPT----- LIL--AMD--
-MKKISKFLPT----- LIL--AMD--
-MEKISKFLPI----- LIL--AMD--
-MKKISKFLPT----- LIL--AMD--
-MKKISKFFPT----- LML --WMD--
-MKKISKFLPT----- LVL--VMD- -
-MEKISKFLPI----- LVL--WHD- -
-MKKISKFLPT----- LFL--WMD--
-MKKISKFLPT----- LFL--WMD--

TFPTTIVIK
TPPIIVIK-----
TPPTIVIN-----
TRPTTVIN-----
TPPTTVIK-----
TPPIIVIK-----
-TITTIGLCQ-
-TITTIGLCG-
-TTTTIGLYG-
-IIIFPP--FG
-TYTIVGGY- -
-TYTIVEGY- -
-TLTIVEG---
STLTIVEG---
STLTIVGG---
STLTIVEG---
-TLTIVEG---
STLTIVGG---
STLTIVGG---
STLTIVEG---
-TLTIVEG---
STLTIVEG---
-TLTIVEG---
STLTIVEG---
-TLTIVEG---
STLTIVEG---

-ILTIVGG---
-ILTIVGG---
-ILTIVGG---
-IITIVGEG---
-IITIVGG---
-ITTIVGGENT
-ITTIVGG---
-IITIVGEG---
-IITIVGG---
-IITIVGG---
-IITIVGG---
-IITIVGG---
-IITIVGG---
-IITIVGG---
-IITIVGG---
-IITIVGG---
-IITIVGEG---
-IITIVGG---
-IITIVGG---

-ITTIVGG---
-IITIVGG---
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