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Abstract

Streptococcus pneumoniae (the pneumococcus) is an important cause of human death and
disease worldwide. Emphasis for acquiring a greater understanding of the host-microbe
interactions in pneumococcal pathogenesis is provided by the spread of antibiotic
resistance and inadequacies with current vaccines. To contribute to that understanding the
aim of this thesis was to use the completed pneumococcal genome sequences to identify
putative virulence factors and to characterise these further.

Sortase enzymes, responsible for the covalent anchoring of specific proteins to the cell
wall of Gram-positive bacteria have been shown to be important virulence factors for
several pathogens. The identification of four sortase homologues srt4-D in the
pneumococcal genome prompted their investigation as candidate pneumococcal virulence
factors. Not all of these sortase genes were present in both sequenced strains and so
sortase gene distribution was investigated among a collection of clinical isolates. In
contrast to s7tB, C and D, srtA was found in all strains examined and so was selected for
further study. It was subsequently found to contribute to pneumococcal virulence in
mouse models of pneumonia, bacteraemia and colonisation. This is the first
demonstration of ; contribution of s7t4 to pneumococcal virulence. To complement this
examination of srt4, some of the surface proteins known or likely to be anchored by SrtA
were also investigated for a role in virulence in the animal model of pneumonia.

In addition, two genes, annotated in the pneumococcal genomes as a macrophage
infectivity potentiator protein and an exfoliative téi(in A were also investigated and found
to be novel pneumococcal virulence factors. However, it appears they have been

incorrectly annotated and these genes do not represent a macrophage infectivity
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potentiator protein and exfoliative toxin A. Instead, one of them seems to be involved in
the response to oxidative stress while no function for the other can yet be ascertained.

Janus mutagenesis is a novel technique for manipulation of the pneumococcal genome
allowing the creation of mutations that lack a selectable marker. This provides an
accessible and potentially powerful method to easily alter the genome to make
informative mutations. This thesis describes the first use, to our knowledge, of Janus

mutagenesis to investigate pneumococcal virulence.

11



Chapter One Introduction
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Streptococcus pneumoniae (the pneumococcus) a major human pathogen is a Gram-
positive, facultative anaerobic bacterium. First described in 1880 by the independent
work of Pasteur and Sternberg (Davis BD 1990) its study has lead to several important
discoveries. These include the identification of nucleic acid as the hereditary matter
(Avery et al. 1944) with this work also highlighting the importance of bacterial
polysaccharide capsules in virulence. Work on the pneumococcus lead also to
recognition of the first polysaccharide antigen (Goebel and Adams 1943), the
recombination mechanism of transformation (Griffith 1928), the first bacterial quorum-
sensing polypeptide (Tomasz 1965) and the first bacterial autolysin (Dubos 1937). As
noted by Tomasz (Tomasz 1999) the pneumococcus has a split image; on one hand a
dangerous pathogen causing considerable disease and yet a useful contributor to our

understanding of molecular biology.

Pneumococcal colonisation and disease

The primary niche of the pneumococcus is the human nasopharynx where it exists
,. asymptomatically»as a commensal being spread by aerosol. Colonisation can occur within
hoilrs of birth and~ by twelve days post-birth the carriage rates are similar to that of the
babies’ mother;’(Gray and Dillon 1989). Colonisation is typically transient lasting several
weeks to months with up to four different capsular serotypes present at one time
(Gillespie 1989). Virtually all individuals are likely to be colonised at least at one stage in
their life. Carriage rates are highest in young éliildren and in crowded environments,

reaching up to 70%. In addition to humans, the pneumococcus has been isolated from

horses. This phenomenon appears to be restricted to a clonal group of serotype 3 strains
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genetically distinct from their human counterparts (Whatmore et al. 1999). Farm workers
are colonised with strains distinct from those found in horses and so cross-infection
appears unlikely (Burrell ef al. 1986). Interestingly, equine isolates lack pneumolysin and
autolysin, two virulence factors reportedly found in all human isolates tested to date
(Whatmore et al. 1999).

The recent acquisition of a colonising strain is regarded as the prerequisite to
pneumococcal disease. The most common diseases caused by S. pneumoniae are
pneumonia, otitis media, bacteraemia and meningitis. In the USA, the pneumococcus is
estimated to cause seven million cases of otitis media, over 500 000 cases of pneumonia,
50 000 cases of bacteraemia and 3000 cases of meningitis per year, representing a
substantial health care burden (Obaro 2000). Additionally, in developing countries,
pneumococcal pneumonia is estimated to cause one million deaths in children under the
age of five (Denny and Loda 1986). However, the true disease burden caused by the
pneumococcus is uncertain because these aliments can be caused by a variety of different
organisms and are often treated without bacteriological confirmation of the cause. This is
_ particularly true in the developing world where the disease burden may be highest but
dia;gnostic capacity limited. Improved diagnostics or a highly efficacious vaccine is

suggested to provide a truer reflection of the pneumococcal disease burden and to show

current values to be underestimates (Obaro 2000).
In addition to these common diseases, the pneumococcus appears able to cause infection
in most tissues it is able to reach, with a long list of additional aliments including;

cellulitis, pericarditis, endocarditis, septic arthritis, osteomyelitis, haemolytic uremic

syndrome and sinusitis. Most of these invasive diseases are rare and appear to arise as a
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complication of systemic infection. For example, two studies looking at pneumococcal
septic arthritis found that 69% of patients where positive for blood cultures of S.
pneumoniae (James and Thomas 2000; Ispahani et al 1999). Additionally, the
pneumococcus has been isolated from the sputum of up to 28% of patients with
exacerbations of chronic obstructive pulmonary disease, although its aetiological role, if

any, is unclear (Sethi and Murphy 2000).

Identification and Epidemiology

When grown on blood agar pneumococcal colonies display characteristic draughtman-
like colony morphology and produce a zone of o-haemolysis. Sensitivity to optochin
(hydrocupreine hydrochloride) is used to give a presumptive identification of S.
pneumoniae while bile solubility offers further confirmation. Optochin sensitivity is
thought to be over 98% sensitive with a specificity of 100% (Kellogg ez al. 2001).

Over 90 different serotypes of S. pneumoniae have been identified based on the
antigenically distinct polysaccharide capsule surrounding the bacterium (Kalin 1998).
. Serotypes can be‘ distinguished using the Quellung reaction. This simple test involves
mixing serotype-specific anti-capsule antisera with bacterial cultures. The clumping of
bacterial cells i;idicates a positive result, showing presence of that specific capsule on the
bacteria. In addition to capsule serotyping, multilocus sequence typing (MLST) has more
recently been used to characterise pneumococcal isolates (Enright and Spratt 1998). This
entails sequencing a ~450 base pair fragment frorﬁgeach of seven housekeeping genes and

provides a highly discriminatory scheme to characterise isolates. In addition to its ability

to sensitively discriminate between a large numbers of isolates, MLST has the particular
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advantage over other typing methods of the unambiguity and electronic portability of
DNA sequence data allowing direct comparison between laboratories.

Although most, if not all, capsular serotypes have been associated with infection, some
are more commonly recovered from cases of serious disease than others, with 90% of
invasive disease worldwide caused by 16 serotypes (Feldman and Klugman 1997).
Furthermore, the prevalent serotypes vary with age group, geography and can change
over time. In the 20™ century serotype 2 was an important contributor to disease in the
USA and Europe but is now rarely recovered from disease (Kalin 1998). In adults a
greater number of different serotypes are isolated than from children with the prevalence
of serotypes varying between even apparently similar countries such as the USA and UK
(Kalin 1998). The reasons for such changes and differences are not well-studied.
Examining the invasive disease and carriage rates of pneumococci among children in
Oxford it was found that serotypes 1, 4 and 14 had a high propensity to cause invasive
disease. Additionally, it appeared that capsule was a more important marker for invasive
disease than sequence type (as assessed by MLST) (Brueggemann ef al. 2003). In support
_ of this was the ﬁnding that genetically divergent clones with the same serotype had
similar abilities to cause invasive disease while strains with the same sequence type but
different serot};pes had invasiveness matching that of their serotype (Brueggemann et al.
2003). Why this should be is unclear but may relate to differences between serotypes in
terms of activation of and/or resistance to complement and/or the ability to induce

>

antibodies and clearance by lectin-like structures 6n phagocytes (AlonsoDeVelasco ef al.

1995).
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Prevention and treatment

Antibiotics

Following the introduction of penicillin in the 1940s, the treatment of pneumococcal
disease was so successful that vaccine development was neglected for years. Indeed,
early vaccines were withdrawn from the market in the 1950s as a result of the efficacy of
penicillin. However, even with antibiotics and improvements in intensive care mortality
remains high (Hook et al. 1983; Kramer et al. 1987). The first report of penicillin
resistance came from New Guinea in 1969 and prompted an editorial comment in The
New England Journal of Medicine the following year (Finland 1969). However, while
this editorial recognised the serious implications of antibiotic resistance it suggested that
the likelihood of resistance spreading was remote. This belief turned out to be misplaced
as the frequency and level of resistance to penicillin and other antibiotics increased
worldwide particularly during the 1980s in South Africa, Spain, Hungry and France
(Tomasz 1999). Antibiotic resistance is thought to be due to selective pressure from
increased prescription of antibiotics and its spread is facilitated by the natural
. transformability Qf the pneumococcus allowing horizontal gene transfer from other
s&ains and organisms. Resistant strains are more common in children, which may reflect
the widespread‘USe of antibiotics in this age group. The main mechanisms of resistance to
penicillin are alterations to penicillin binding proteins resulting in their reduced affinity
for penicillin and other B-lactams. The full impact of antibiotic resistance upon clinical
outcome remains to be determined (Tan 2003).. y

New antimicrobials against the pneumococcus in the form of bacteriophage cell wall lytic

enzymes show potential in animal models and may have a useful clinical role in future
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(Loeffler et al. 2001; Loeffler et al. 2003). The available genome sequence of the
pneumococcus may facilitate the identification of targets for antimicrobials (Paton and

Giammarinaro 2001; Di Guilmi and Dessen 2002)

Vaccines

With antibiotic resistance rising and the greater economic costs of treatment compared to
prevention, vaccination is an important issue in pneumococcal disease. Indeed even with
antibiotic treatment mortality can be high. A pneumococcal vaccine comprising purified
polysaccharide preparations from 14 serotypes was first licensed in the United States in
1977. This was replaced, in 1983, with the 23-valent polysaccharide vaccine that is now
widely in use (Pneumovax II, Pnu-Immune 23). This vaccine contains purified
polysaccharide antigens from 23 serotypes implicated in the majority of invasive disease
in the developed world (1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F,
18C, 19A, 19F, 20, 22F, 23F and 33F). It is recommended for those at risk of
pneumococcal infection and has been shown to be highly cost effective when used for
. vaccinating elderly persons (Ament et al. 2000). The protection conferred is serotype
spéciﬁc and so it does not protect against serotypes not included in the vaccine. Although
effective in adu&ts, this vaccine fails to induce a good response in children younger than 2
years, the age group with the highest incidence of infection (Wuorimaa and Kayhty
2002). This is because the polysaccharide antigen activates an antibody response
independent of T cell help via direct stimulatiorfof antigen specific B cells. However,

these T cell independent responses are weak in the immature immune system of young

infants thereby undermining the value of vaccination. Furthermore, 20 % of the elderly
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population also respond poorly to polysaccharide antigens due to a weak IgG response
(Wuorimaa and Kayhty 2002). The polysaccharide vaccine does not provide any
protection against carriage of the organism and so does not provide herd immunity.

Due to the ineffectiveness of polysaccharide vaccines in infants, conjugate vaccines were
developed. These are polysaccharide antigens covalently linked to a carrier protein
rendering the polysaccharide a T-cell dependent antigen and thereby able to invoke a
response in infants. The utility of such an approach had previously been seen with a
highly successful glycoprotein conjugate vaccine against Haemophilus influenza type B
(Hib).

Several pneumococcal conjugate vaccines have been developed and are in various stages
of testing. One of these preparations, a 7-valent conjugate (Prevnar™ / Prevenar®,
Wyeth Lederle Vaccines), was licensed in the United States in February, 2000. The
polysaccharides included in this vaccine are from serotypes 4, 6B, 9V, 14, 18C, 19F and
23F. These are conjugated to the non-toxic CRM197 diphtheria toxoid carrier protein.
Other conjugate vaccines in trials include 9- and 11-valent preparations. Studies with
. Prevnar™ have spown it to be protective against otitis media, pneumonia and invasive
diséase caused by vaccine serotypes (Black et al. 2000 Eskola et al. 2001). Importantly,
the vaccine has‘been shown to be safe, immunogenic and protective in infants less than 2
years of age. In the first efficacy trial of infants in America, the vaccine gave 73%
protection against pneumonia, 8.9% against otitis media and was 97% effective against
invasive disease caused by vaccine types. Althoﬁﬁgh the protection against otitis media
appears small this would still translate to a huge reduction in the number of cases and

their associated health care burden given the high prevalence of otitis media (Tan 2000;
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Obaro and Adegbola 2002). In addition, the conjugate vaccine appears to reduce
colonisation by serotypes included in the vaccine. However, although this might be a
valuable feature, resulting in reduced transmission and therefore herd immunity it seems
to be due in part, to replacement by serotypes not included in the vaccine (Tan 2000;
Obaro and Adegbola 2002). The conjugate vaccine has not yet been licensed for use in
the UK.

Despite the success and potential of conjugate vaccines, they have several drawbacks. In
particular the production costs are considerably increased over the current polysaccharide
vaccine and may prohibit use in developing countries where the burden of disease is
especially high. For example, although the Hib vaccine is effective and has been
available for several years it is not routinely available in developing countries despite the
positive impact it would have there. As discussed aboved there is the concern that a
decrease in disease by vaccine serotypes will be countered by an increase in disease by
non-vaccine types. This has already been demonstrated in a Finnish study of otitis media
(Eskola et al. 2001), and may also extend to increased colonisation and disease by other
. organisms. For g?(ample, S. pneumoniae has been shown to antagonise ecological
co;npetitors through the production of hydrogen peroxide (Pericone ef al. 2000) and can
desialylate thé' lipopolysaccharide of H. influenzae and Neisseria meningitidis
(Shakhnovich et al. 2002) potentially rendering them more susceptible to clearance by
the immune system. The absence of the pneumococcus may therefore allow enhanced
colonisation and disease by these and other=of;anisms. It will also be necessary to
provide different formulations of serotypes in the vaccine to meet geographical

differences in serotype prevalence. For example, although the nine-valent conjugate
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vaccines cover the serotypes causing 80-90% of pneumococcal disease in many areas it
would cover only 66% of those in Asia (Obaro 2001). There may also a problem with
horizontal gene transfer allowing vaccine types to acquire a non-vaccine serotype capsule
and thereby persist in the population. Evidence for this exchange of capsule type has
already been described in a natural pneumococcal populations (Tomasz 1999). It will
therefore be important to monitor the serotype and genotype make-up of the
pneumococcal population.

Due to the inefficiency of the 23-valent polysaccharide vaccine in infants and the
problems with cost and serotype coverage discussed with the conjugate vaccines there is
a need for improved pneumococcal vaccines with increased serotype coverage and at a
lower cost. While intense epidemiological investigations may increase our understanding
of disease causing serotypes and their geographical prevalence it would not be practical
to perform this worldwide and to tailor-make conjugate vaccines to suit individual
populations particularly in the developing countries. Much research is currently focussed
upon identifying suitable candidate proteins for a new vaccine. A pneumococcal protein
~ or mixture of proteins could have the advantage of providing cross-protection against
many serotypes provided it is conserved between many/all strains. Several pneumococcal
proteins, incluziing pneumolysin and pneumococcal surface protein A (PspA), are
currently being investigated as potential vaccine candidates (reviewed by (Swiatlo and
Ware 2003).

Many new techniques have been applied to the";dentiﬁcation of virulence factors and
putative vaccine candidates of S. pneumoniae, including signature tagged mutagenesis

(STM), differential fluorescence induction (DFI) and motif searches for surface
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expressed molecules (Pearce ef al. 1993; Polissi et al. 1998; Wizemann ef al. 2001; Hava
and Camilli 2003; Marra et al. 2002). These studies have identified a number of genes
that have potential as vaccine candidates, although detailed analysis of these must be
performed to assess their suitability for inclusion in a future vaccine. A potentially
important development in pneumococcal vaccine research is the use of human
experimental colonisation to identify pneumococcal immunogens and protective

responses (McCool et al. 2002; McCool et al. 2003).

Host-microbe interactions

A variety of animal models exist for pneumococcal diseases and these have proved useful
in studying the pneumococcus. Most prominently, mouse models are used for pneumonia,
bacteraemia, meningitis and colonisation. In addition, chinchillas are used for
colonisation and otitis media studies with infant rats and rabbits are also frequently used
as models. From these models a range of pneumococcal virulence factors have been
identified, too numerous to discuss in detail here. The polysaccharide capsule is regarded
as a key Virulencg factor protecting the bacterium from phagocytosis in the absence of
an;i-capsular antibodies. The specific disruption of the capsule renders the organisms
effectively avir‘lilent (Watson and Musher 1990). Signature-tagged mutagenesis has been
the most proliferate method for identifying pneumococcal virulence factors. Three
independent screens have been performed on the pneumococcus in mouse pneumonia
infections (Polissi et al. 1998; Lau et al. 2001; I;ava and Camilli 2002). Together these

have identified over 230 genes involved in virulence. Interestingly, there was little

overlap in the genes identified in the different screens.- This may be due to the use of
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different bacterial and mouse strains, sampling time point, mutagenesis strategy and
stringency of cut-offs. Additionally, the limited overlap suggests that not all
pneumococcal virulence factors were identified. This is supported by the inability of the
three STM screens to identify the capsule as a virulence factor despite its demonstrated
role in virulence. In addition to the large number of genes involved in virulence,
complexity is added by differences in the contribution to virulence of certain factors
between different strains. For example, while the response regulator 7709 contributes to
virulence in a serotype 3 strain it was absolutely essential for virulence in a serotype 2
strain (Blue and Mitchell 2003). Additionally, strain differences in gene content, for
example the rlr4 pathogenicity island which is present is some but not all strains (Tettelin
et al. 2001) may affect virulence as might sequence variation in genes between strains.
The contribution to virulence of a particular factor may also vary with the type of
infection. For example, the transcriptional regulator rlr4 contributes to virulence in
pneumonia and colonisation but not to bacteraemia (Hava and Camilli 2002).
Furthermore, some virulence factors may have many different activities making it
~ difficult to interp;’et their full role in virulence, for example pneumolysin (Rubins and
J a;loff 1998; Cockeran et al. 2002).

Adhesion and invasion

In the nasopharynx pneumococci adhere to host cells through the recognition of N-acetyl-
p-galactosamine B1-3 galactose (GalNAcBl—3Ga1;that forms part of a glycolipid receptor
on the epithelial cell surface (Andersson and Svanborg Eden 1988). The presence of this

sugar in human milk is suggested to contribute to the ability of breast-feeding to reduce
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pneumococcal colonisation and otitis media (Cunningham 1979), although other factors
in human milk such as antibodies may also contribute to this effect (Finn ez al. 2002).

In addition, the pneumococcal surface protein, choline binding protein A (CbpA)
mediates binding of to the human polymeric immunoglobulin receptor, an interaction that
may contribute to trancyctosis of the bacterium and tissue invasion (Zhang ez al. 2000).
The significance of this finding has been questioned however, given that it appears to be
bacterial and cell line specific event (Brock et al. 2002). In particular, of the bacterial
strains tested the phenomenon appears restricted to acapsular, non-pathogenic laboratory
strains and was not seen in any clinical isolates examined (Brock ef al. 2002). This
highlights the potential danger of over-reliance on laboratory strains to study
pathogenesis.

The factors permitting spread from the nasopharynx to the lungs are poorly understood. A
combination of pneumococcal strain and host factors likely contributes. In particular
preceding viral infection especially with influenza A is associated with increased
incidence of pneumococcal disease. An important factor in this affect is the viral
neuraminidase removing the terminal sialic acids from epithelium to expose potential
pnéumococcal receptors (McCullers and Bartmess 2003). Within the lungs, pneumococci
adhere to the aiVeolar wall, probably to type II pneumocyte cells. Bacterial spread to the
blood suggests the ability to bind and cross through vascular endothelial cells also
although spread through the lymphatic system may be another route of systemic spread.
Attachment to these cells is via binding to host glycoconjugate receptors containing N-
acetyl-p-galactosamine B1-4 galactose (GalNAcf1-4Gal) or N-acetyl galactosamine 1-3

galactose (GalNAc B1-3 Gal). The pneumococcal ligands responsible remain to be fully
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investigated. A number of putative adhesins have been identified (Berry and Paton 1996,
Spellerberg et al. 1996; Cundell et al. 1995; Wizemann et al. 1996) however, many of
these are likel}; to have indirect roles in adhesion. For example, a mutant in the
pneumococcal pyruvate oxidase, SpxB was attenuated in the ability to bind a variety of
cells (Spellerberg et al. 1996). However, this defect was complemented by the addition of
acetate showing that SpxB was not acting directly as an adhesion but that acetyl-CoA the
product of SpxB activity was regulating the adhesion properties of the bacterium in some
way.

Cytokine activation of endothelial and lung cells leads to the up-regulation of the receptor
for platelet activating factor (PAFr) an additional receptor for the pneumococcus. The
pneumococcal ligand for PAFr appears to phosphorylcholine in the teichoic acid which
may structurally mimic PAF (Cundell et al. 1995). While invasion from blood to the
brain was thought to be the route leading to pneumococcal meningitis it now appears that
the pneumococcus can also reach the central nervous system directly from the
nasopharynx via retrograde axonal transport along olfactory neurons (Van Ginkel et al.
~2003). This has important implications for vaccination because vaccines that block
ba;:teraemia but not carriage will fail to prevent this type of infection. The binding of
plasminogen a;id fibronection by the pneumococcal proteins alpha-enolase and PavA
respectfully may also play a role in tissue invasion (Bergmann et al. 2001; Holmes et al.
2001).

An important factor in pneumococcal colonisatio;; and disease is that of phase variation

in colony opacity (reviewed by Weiser 2000). When viewed with oblique, transmitted

light and magnification on transparent medium it is possible to observe both opaque and
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transparent colonies in the colonies derived from the same strain. This phenomenon
appears common to all strains but may be more readily seen in certain serotypes possibly
due to differences in capsule, which may obscure the opacity variation between colonies.
The basis of this reversible phase variation is unclear but its consequences are becoming
apparent. Transparent colonies appear to have a selective advantage in colonisation and
opaque colonies an advantage in systemic infection. In line with these findings
transparent colonies bind host cells in greater numbers and produce increased amounts of
hydrogen peroxide, which may be important in out-competing other organisms during
colonisation. In addition, the two opacity phenotypes differ in the amount of
phosphorylcholine in the cell wall teichoic acids. The decreased amounts of
phosphorylcholine in opaque colonies may explain their advantage in systemic infection
by promoting avoidance of natural antibodies to phosphorylcholine and C-reactive
protein that appears to recognise this structure and thereby promote bacterial clearance.
In support of this is the finding that opaque colonies are more resistant to phagocytic
killing in vitro (Kim et al. 1999). It has been suggested the two variants may also differ in
the amount of polysaccharide capsule they produce but this has not been conclusively
stﬁdied (Weiser 2000). In addition, the expression profile of choline binding proteins,
surface proteir;s' tethered to phosphorylcholine in teichoic acids varies between colony
phase variants and may also contribute their different phenotypes (Weiser 2000).

Phase variation in many pneumococcal genes is suggested by the presence of sequence
repeats similar to sites of phase variation in othéi organisms. Although understudied to
date, phase variation may therefore be an important feature of pneumococcal biology

beyond that seen with colony opacity. In support of this is the finding of a strain from
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otitis media carrying a mutation in PspA in such a repetitive sequence that caused the
secretion of a truncated version of this surface protein (McCool et al. 2002; McCool et al.
2003). Despite this mutation which rendered the protein unable to bind lactoferrin, its
only known ligand, the strain was still able colonise human volunteers. The release of this
highly immunogenic protein may have the advantage of allowing evasion of the immune

response.

Environmental sensing and gene regulation

The ability to sense and respond rapidly (Lange ef al. 1999; Throup et al. 2000) to their
environment is important for bacterial survival. Little is known about the regulation of
pneumococcal gene expression in response to environmental stimuli especially in the host
setting. Differential fluorescence induction identifies gene promoters induced under
specific conditions. It has been used on the pneumococcus to discover genes up-regulated
under various conditions (Bartilson et al. 2001; Marra et al. 2002). Likewise microarray
technology has also been used to investigate gene expression and will likely be heavily
employed in future (de Saizieu et al. 2000; Robertson ef al. 2002; Sebert ef al. 2002; Ng
et 'al. 2003). Two component systems have a central role in bacterial sensing and
subsequent ada}jtation. Thirteen such systems have been identified in the pneumococcus
with various important and complex roles in bacterial survival and pathogenesis. These
systems are viewed as a potentially good target for novel antimicrobials due to their

€
absence in the host and importance for bacterial biology.
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Numerous other factors not discussed here are important in pneumococcal biology and
pathogenesis such as the ability to acquire nutrients in the host, host defence and

susceptibility, evasion of the immune response, resistance to stress and competence.

Genome sequencing and pneumococcal research

The genome sequence of two pneumococcal strains has been completed with a third
almost finished (Hoskins et al. 2001; Tettelin et al. 200). The fully annotated genomes
from two of these strains; R6 an acapsular, avirulent laboratory strain and TIGR4, an
invasive serotype 4 strain are available publicly (see www.tigr.org). In addition genome
sequencing of a serotype 23F (23F-1) and serotype 6 strain (670-6B) are underway.
Together the availability of this data along with the various animal models of different
disease and carriage states and the natural competence of the pneumococcus allowing its
genetic manipulation make it a favourable organism to work with. It is therefore worthy
of study not only in its own right as an important human pathogen but also as an
accessible model for understanding host-pathogen interactions that may be applicable to

other infections.

-

The availability of these genome sequences allows the in silico identification of putative
virulence factors. Examination of the two completed genomes identified four
pneumococcal homologues of sortase enzymes. At that time sortase had been shown to be
a virulence factor in Staphylococcus aureus. I; was therefore deemed likely these

pneumococcal sortase homologues were novel virulence factors and were investigated

further.
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Sortase enzymes

Sortase (Srt) are bacterial enzymes responsible for the covalent attachment of specific
proteins to the cell wall of Gram-positive bacteria (reviewed by Paterson and Mitchell
2004). Focussing on the processing and cell wall anchoring of protein A from
Staphylococcus aureus, many of the major steps in this pathway have been elucidated
(Mazmanian et al. 2001). Proteins targeted for sortase-mediated cell wall anchoring
contain a number of features essential for their localisation. An amino terminal signal
peptide directs these proteins to the secretory pathway with three critical features for cell
wall anchoring found at their carboxyl terminal. These features, referred to collectively as
the cell wall sorting signal are, moving towards the carboxyl terminus; a LPXTG motif
(leucine, proline, X, threonine and glycine where X is any amino acid), a hydrophobic
region and a tail of charged residues. During secretion the hydrophobic domain and
charged residues impede membrane translocation allowing recognition of the LPXTG
motif by the membrane associated sortase enzyme. In a two-step transpeptidation reaction
sortase then cleaves the LPXTG motif between the threonine and glycine and covalently
~ attaches the threonine to the amino group of pentaglycine cell wall crossbridge resulting
in ‘cell wall attached protein. Both cleavage and transpeptidation can be performed in
vitro providing"‘an assay in which sortase biology can be investigated (Ton-That et al.

1999; Ton-That et al. 2000). An outline of sortase-mediated cell wall anchoring is shown

in Figure 1.
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Biochemistry and structure

While searching for chemical inhibitors of sortase activity in S. aureus, Ton-That and
Schneewind (Ton-That and Schneewind 1999) noted the importance of a sulphydryl
group for sortase activity. The sulphur containing single cysteine residue of sortase at
position 184 was identified as a potential active site residue acting as a nucleophile
attacking the threonine-glycine bond of the LPXTG motif. The importance of this
cysteine was confirmed by its substitution to alanine, which rendered the purified enzyme
unable to cleave the LPXTG motif in vitro (Ton-That and Schneewind 1999) and unable
to complement defective cell wall sorting in a sortase mutant S. aureus strain (Ton-That
et al. 2002). This active site cysteine is found within a conserved TLXTC motif found in
all confirmed and putative sortase enzymes (Ton-That et al. 1999).

Earlier work showing that LPXTG proteins are anchored to the cell wall crossbridge
(Schneewind ez al. 1995) suggested it was likely that proteins are attached to cell wall
precursors rather than the mature cell wall, given the lack of free crossbridges in the
latter. This was further supported by the work of Ton-That ef al., (Ton-That and
Schneewind 1999) who suggested that lipid II was the probable substrate based on the
affect on cell wali tanchoring of various antibiotics. This has now been confirmed by the
identification of the protein-lipid II intermediate in S. aureus (Perry et al. 2002) and the
results of Ruzin et al. showing sortase-mediated addition of a LPXTG peptide to lipid II
in vitro (Ruzin et al. 2002). However, the possibility that additional acceptor sites might
exist, such as branching glycine residues in non-c;)sslinked peptidoglycan, has not yet

been excluded (Ruzin ef al. 2002).
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To further understand sortase activity the NMR structure of a truncated recombinant
version of SrtA from §. aureus was resolved by Ilangovan ef al (Ilangovan ef al. 2001a;
Ilangovan et al. 2001b). This truncated version, lacking the amino terminal 59 amino
acids (the membrane anchor), retained LPXTG peptide cleavage and transpeptidation
activity in vitro. The results revealed a previously unseen -barrel structure with eight
B—strands aligned in an antiparallel and parallel fashion (Figure 2a). The active site was
found within an elongated hydrophobic groove able to accommodate unfolded proteins,
suggesting a scanning mechanism whereby sortase scans newly translocated proteins for
the LPXTG motif (Figure 2b). Within the active site, a histidine residue (position 120) is
seen in close proximity to the crucial cysteine suggesting the cysteine could be held in an
active state through a thiolate-imidazolium ion pair interaction with the histidine, in a
similar manner to the papain/cathepsin protein family (Figure 2c). A key role for this
histidine was later confirmed, whereby its substitution to alanine abolished sortase
activity in vivo and in vitro (Ton-That et al. 2002). Cysteine 184 and histidine 120 are
thus both essential for SrtA activity. The conservation of these residues in all annotated
. sortase suggests a universal importance and mechanism (Ton-That et al. 1999).
Interestingly, in the sortase NMR structure that was solved in the absence of substrate,
the cysteine anc‘i‘ histidine side chains do not interact. Thus it would appear that substrate
binding induces conformational changes promoting interaction of the cysteine and
histidine side chains leading to sortase activation. The structure indicates that only subtle
rotations may be required for this interaction. : This substrate-induced activation is

suggested to provide a control mechanism to prevent spurious proteolysis (Ilangovan et

al. 2001b). The existence of a thiolate-imidazolium ion pair however, appears very
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doubtful in view of more recent evidence, with a general base catalysis the likely

catalysis mechanism (Connolly et al. 2003).

(b) (c) r
- .5)

-~ ‘
\@nu site } "

Figure 2: Structure of Staphylococcus aureus sortase A

Resolved by NMR SrtA forms a unique eight-stranded B-barrel fold. b) Rotated view
showing active site. ¢) Expanded view of active site showing the residues known or
suggested to be involved in activity. Cysteine 184 and histidine 120 are essential for sortase
activity and are conserved in all sortase proteins. Tryptophan 194 also contributes to activity
possibly through stabilising the thiolate-imidazolium ion pair originally believed to form
between the cysteine and histidine. Asparagine 98 may also do likewise but this has not been
tested experimentally. Neither of these latter two residues is absolutely conserved among
sortase proteins. However, it now appears that a thiolate-imidazolium ion pair does not form
between the cysteine and histidine but rather catalysis is through a general base mechanism.
Note that in the absence of substrate as shown here, the active site cysteine and histidine do
not appear to interact. Substrate binding is proposed to promote their interaction and sortase
activation. This may be a mechanism to prevent spurious proteolytic activity.

Numbered based on full length SrtA. Generated using Molscript, Bobscript and Raster3D
based on data generated by Ilangovan et al. (2000) from Pdb code 11JA.

The structure revealed other residues potentially important to the sortase reaction. One
such residue investigated was a tryptophan at position 194 (Ton-That et al. 2002). A
mutant s7tA with this residue substituted to alanine restored the anchoring defect of a
srtA null mutant S. aureus strain but processing was slower than with wild type sortase.
Additionally, in vitro, this purified protein cleaved a LPXTG peptide less efficiently than

wild type SrtA and performed transpeptidation with lower fidelity, failing to attach all

33



cleaved protein to the peptidoglycan substitute used (Ton-That et al. 2002). Interestingly
this residue is not absolutely conserved in other sortase proteins (Ton-That ef al. 2002).
This might suggest subtle mechanistic differences between different sortase.

The addition of calcium ions increased the cleavage activity of purified S. aureus SrtA in
vitro with smaller increases in activity seen with the addition of magnesium and
manganese (Ilangovan ef al. 2001b). Given that the concentration of calcium (2mM)
which stimulated sortase was similar to the levels S. aureus might encounter in host
tissues (=1.5mM) this may be a mechanism to increase surface protein anchoring during
interaction with the host (Ilangovan et al. 2001b). Comparison of the NMR spectra of
SrtA with and without calcium showed that ion binding perturbs the wall of the groove
leading to the active site and so calcium may increase sortase activity by facilitating

substrate binding (Ilangovan ef al. 2001b).

Multiple sortase and substrate specificity

Although most extensively characterised in S. aureus, sortase and cell wall anchoring
appear conserved among Gram-positive bacteria (Schneewind et al. 1995; Pallen et al.
2061). Invariably sortase homologues contain the active site cysteine and histidine shown
to be essential ;?Or activity in S. aureus SrtA. Recently many of these sortase homologues
have been shown to be functional. Gene knockout mutants in sortase homologues in
Listeria monocytogenes (Biemne et al. 2002; Garandeau et al. 2002), Streptococcus
gordonii (Bolken et al. 2001), Streptococcus "jvyogenes (Barnett and Scott 2002),

Streptococcus mutans (Lee and Boran 2003) and Streptococcus suis (Osaki et al. 2002) as
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with S. aureus, (Mazmanian et al. 2000; Mazmanian et al. 2002) all show defective
surface expression of various LPXTG motif proteins.

Importantly not all Gram-positive bacteria have the same pentaglycine cell wall
crossbridge as S. aureus, yet it appears anchoring may occur in the same way as it has
been shown that in Listeria monocytogenes LPXTG motif proteins are attached to the
meso-diaminopimelic acid found in its cell wall crossbridges (Dhar et al. 2000). Diversity
in crossbridge structure may be a contributing factor to the low overall homology that
sortase show as a family (Pallen ef al. 2001). Additionally, some sortase proteins may be
involved not in cell wall anchoring of proteins but in fimbrial assembly possibly through
covalent linkage of the subunits via their LPXTG motif as suggested in Actinomyces
species (Yeung et al. 1998; Li et al. 2001).

A striking feature of genome screening for sortase homologues is that typically more than
one sortase is present (Pallen et al. 2001). The number of sortase varies among organisms
with up to ten in Corynebacterium effciens (www.tigr.org). The role of these additional
sortase is becoming clear, initially from work with S. aureus and S. pyogenes. In the case
_of S aureus SrtB was identified and characterised by Mazmanian and colleagues
(Mazmanian et al. 2002). Examining the cell wall anchoring of sixteen LPXTG motif
proteins they fc;hnd that a srfA mutant was defective in cell wall anchoring of them all,
while a s##B knockout had no effect. Instead, SrtB recognised and anchored a protein,
IsdC, with a cell wall anchor where the LPXTG motif is replaced by NPQTN. Purified
SrtB cleaved a NPQTN peptide in vitro. This f;action was sensitive to a sulphydryl-
modifying chemical suggesting that, like SrtA; the single cysteine residue of SrtB was

essential for activity. The SrtB cleavage position was not identified, but as with SrtA, it
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may be after the threonine. Thus in S. aureus, SrtA recognizes LPXTG motifs and SrtB a
NPQTN motif with the relationship specific and mutually exclusive (Mazmanian et al.
2002). In the case of S. pyogenes both Srt A and B recognized LPXTG motif proteins, but
anchored different proteins. Differential recognition was suggested to come from residues
immediately downstream of the LPXTG motif (Barnett and Scott 2002). In the case of
SrtA, all the four proteins that it anchors had an acidic residue immediately following the
LPXTG motif. The T6 protein anchored by SrtB however, had a serine in that position.
As with the two S. aureus sortase, a knockout in one S. pyogenes sortase had no affect on
the anchoring of proteins recognized by the other and vice versa. Additionally, the
majority of putative and known cell wall proteins in S. pyogenes have an acidic residue
following the LPXTG motif suggesting that as with S. aureus the majority of cell wall
proteins are anchored by SrtA. From this data it appears that a single sortase is
responsible for the anchoring of most cell wall proteins in an organism and that additional
sortase are responsible for the sorting of a limited subset of other proteins. This is
supported by the finding in §. suis that a srA knockout was deficient in the cell wall
anchoring of fifteen proteins as assessed by 2-D electrophoresis (Osaki et al. 2002).
ch>wever, knockouts in the additional four sortase identified had no effect on these
proteins suggegting they had no role in the anchoring of SrtA substrates. The specific
substrates of these sortase were not detected, perhaps because they were present in
concentrations below the detection limit (Osaki et al. 2002). Finally, a s#¢A knock-out in
L. monocytogenes lacked nearly all proteins foun; in purified peptidoglycan preparations

suggesting SrtA anchors the majority of cell wall proteins in the species, with the
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implication that the second L. monocytogenes sortase, SrtB is involved in the anchoring
of only a small subset of cell wall proteins (Bieme et al. 2002).

Interestingly while s7tA homologues appear ubiquitously within a species, there appears
to be an inequality in the strain distribution of additional sortase in certain organisms. In
the case of S. pyogenes, srtA was present in all twelve strains examined by Southern blot,
but s#/B was only evident in eight. Presumably the presence or absence of these
additional sortase will correlate with the presence or absence of their specific substrates

and may be a contributing factor to differences in phenotype such as virulence or tissue

tropism,

Secretion of proteins for cell wall anchoring

Cell wall anchoring of proteins is dependent on the secretory pathway to transport
proteins for anchoring out of the cytoplasm (Schneewind et al. 1992). Although protein
secretion is not as well characterised in Gram-positive bacteria as it is in Escherichia coli,
this export probably involves the Gram-positive homologues of the Sec pathway shown
~ to be pivotal in Gram-negative protein secretion (Mazmanian et al. 2001).

Héwever, some ceaf the processes involved in Gram-positive protein secretion, are
becoming clea;” and these include the identification of specialised export systems for
specific cell wall proteins. In Streptococcus gordonii a locus encoding two accessory sec
homologues, secA2 and secY2 was identified and found to mediate the transport of
GspB, a large serine rich repeat LPXTG cell wall ;;nchored protein involved in adherence

to platelets (Bensing and Sullam 2002). In contrast to the canonical sec homologues of S.

gordonii and other organisms these accessory homologues were not essential for viability
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or the export of most surface proteins. They appeared to perform the selective transport
of GspB whose gene is found nearby secA2 and secY2 in the genome. In line with its
specialised transport, GspB possesses an unusually long signal sequence, which
presumably is responsible for its recognition by this alternative secretion pathway. Loci
in S. aureus and S. pneumoniae show homology and comparable genomic organisation to
the S. gordonii version and include the presence of an adjacent serine rich repeat cell wall
anchored protein, therefore suggesting a similar function (Bensing and Sullam 2002).

Genome sequencing of S. prneumoniae found that many LPXTG motif proteins contained
an YSIRK-G/S motif in the signal sequence leading to the suggestion that this motif
might be involved in the secretion of cell wall anchored proteins (Tettelin et al. 2001).
The role for this motif in efficient secretion of S. aureus cell wall proteins has recently
been confirmed (Bae and Schneewind 2003). Various deletions of the YSIR sequence or
substitution of the G or S residues significantly impaired secretion of protein A in S.
aureus. Cell wall anchoring of functional protein was not affected although the total
amount of anchored protein was reduced. Interestingly not all cell wall anchor proteins of
S, aureus contain this motif and so proteins containing the YSIRK-G/S motif may
rel;resent a subse’g upon which hitherto unknown factor(s) act (Bae and Schneewind
2003). Additio}lally, this motif is absent in some organisms such as Listeria and
Clostridia while accessory sec homologues are not universal (Bensing and Sullam 2002;
Bae and Schneewind 2003). Therefore although the general process of sortase mediated
cell wall anchoring is conserved it is now becomi;g clear that much variation also exists

in terms of the number of sortase homologues, the specificity of different sortase and

additional specialised secretory factors.
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Lee et al. have recently described a novel and unusual component of the cell wall
anchoring pathway (Lee et al. 2002). Searching for LPXTG cleavage activity in S
pyogenes cell extracts they identified a protein in membrane fractions that specifically
cleaves this motif. Named LPXTGase, this factor was distinct from sortase because
unlike sortase, it was not sensitive to sulphydryl reagents and was inhibited by
hydroxylamine, whereas sortase activity is stimulated (Ton-That et al. 1999).
Additionally LPXTGase cleaved the LPXTG motif with different specificity to that of
sortase. In contrast to sortase, which cleaves between the threonine and glycine,
LPXTGase cleaved after the serine and glutamate of free LPSTGE peptide and after the
glutamate of the surface attached peptide. Further highlighting its difference from sortase,
LPXTGase is singular for a number of reasons. It is heavily glycosylated and contains
seven different carbohydrates moieties that represent ~30% of its molecular mass. This
glycosylation is essential for its activity (Lee et al. 2002). Amino acid composition
analysis shows it contains an unusually high number of alanine residues with
unknown/uncommon amino acids contributing ~30% of the protein backbone. It was
speculated that LPXTGase is synthesised non-ribosomally on amino acid-activating
po'lyenzyme tempiates. An inhibitor of LPXTGase was also identified in membrane
extracts. How these two molecules interact with each other and with sortase in cell wall
anchoring is unclear. Data discussed by the authors suggest that LPXTGase aids cell wall
anchoring because addition of the inhibitor to S. pyogenes cultures reduced surface
display of LPXTG motif proteins (Lee et al. 2005). More direct evidence on the role of
LPXTGase in cell wall anchoring will come once the gene(s) responsible for its synthesis

have been identified and can be inactivated. Given that many features of the cell wall
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anchoring pathway are conserved it was suggested that LPXTGase and its inhibitor might
be found widely in Gram-positive bacteria. In support of this, both appear to be present in

S. aureus (Lee et al. 2002).

Virulence in animal models

Given the important role of many LPXTG motif proteins in infection (reviewed in
(Navarre and Schneewind 1999), it is of interest to investigate the potential effect of
sortase deletion on the virulence of Gram-positive pathogens. This has received much
attention recently with the comparison of sortase knockout strains with their parent in
animal models of infection. Investigated first in S. aureus, srtA mutants had impaired
virulence as assessed by bacterial load in renal abscesses following intravenous infection
and increased LDs, after intraperitoneal infection of mice (Mazmanian et al. 2000).
Interestingly, when a S. aureus srfB mutant was used in the renal abscess model it
showed no difference from the wild type early in infection (Mazmanian et al. 2002).
However, attenuation of the s#/B mutant was evident later in infection. SrtB and the IsdC
~ protein it anchors are regulated by Fur boxes and are involved in iron uptake (Mazmanian
et val. 2002; Mazmanian ef al. 2003) and so were proposed to be required for persistence
in host tissue biit not initial colonisation. This suggests that this iron uptake system is not
required for initial stages of attachment and infection. In contrast SrtA may have been
important both early and later in infection because the adhesins and immune evasion
proteins it anchors would be required at all s.tang'. Therefore although both S. aureus

sortase were virulence factors their effect on infection was distinct and likely to relate to

the function of the cell wall proteins they anchor.
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Organism

Model

Effect of sortase knock-out
compared to wild type

Reference(s)

Staphylococcus aureus

Renal abscess model

srtA and sriB mutants show
reduced bacterial counts in
kidneys

(Mazmanian et al. 2000;
Mazmanian et al. 2002)

Staphylococcus aureus

Intraperitoneal infection

Increased LDsg for srtA mutant

(Mazmanian et al. 2000)

Staphylococcus aureus

Septic arthritis

srtA mutant attenuated, sriB
mutant also attenuated but to
much lesser degree

(Mazmanian et al. 2000;
Jonsson et al. 2002;
Jonsson et al. 2003)

Streptococcus mutans

Oral colonisation and
dental caries

srtA mutant showed reduced
colonisation and reduced severity|
of dental caries

{Lee and Boran 2003)

Listeria monocytogenes

Oral infection

srtA mutant showed reduced
bacterial counts in infected
tissues

(Bierne et al. 2002)

Listeria monocytogenes

Intravenous infection

srtA mutant displayed increased
LDso and reduced bacterial
counts in infected tissues

(Garandeau et al. 2002)

Streptococcus gordonii

Oral colonisation

Reduced colonisation of srfA
mutant

(Bolken et al. 2001)

Streptococcus pneumoniae

Intraperitoneal infection

srtA mutant had no effect on
survival of infected mice

(Kharat and Tomasz
2003)

Streptococcus pneumoniae

Pneumonia infection

No effect for srtB or srfC mutants
but srtD mutant attenuated

(Kharat and Tomasz
2003)

Streptococcus pneumoniae

Nasopharyngeal
carriage

srtB mutant attenuated, no effect
seen with srfD mutant but
hypercolonisation displayed by
sriC mutant

(Hava and Camiili 2002)

Streptococcus pneumoniae

Bacteraemia infection

No effect seen with sriB or sriD

mutants

(Hava and Camilli 2002)

Table 1: Effect of sortase knockout in animals

Thus it appears the importance of a particular sortase in infection is determined by the

function of the cell wall proteins it anchors with various sortase showing different

contribution to virulence according to the type and stage of infection. In addition to the

species discussed above, work has shown sortase mutants in L. monocytogenes (Bierne et

al.\inOZ; Garandeau et al. 2002), S. mutans (Lee and Boran 2003), and S. gordonii

(Bolken et al. iOOl) to be attenuated in animal models in line with their defective surface

display of LPXTG motif proteins known to be important in infection (Table 1). Since the

being of this work data has also emerged on the role of pneumococcal sortase in

virulence (Table 1, and discussed below).

=]
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Table 1 demonstrates the universal importance of sortase to Gram-positive pathogenesis.
It is for this reason that sortase are regarded as potential drug targets to counter Gram-
positive infections (Cossart and Jonquieres 2000; Mazmanian et al. 2000). In particular it
is suggested that because this targeting will disrupt pathogenesis without affecting
viability, the selective pressure towards drug resistance may be lessened (Mazmanian et
al. 2000). In this regard the ubiquitous strain distribution and sequence/functional
conservation of srfA in the species most extensively examined, namely S. suis (Osaki et
al. 2003), S. pyogenes (Barnett and Scott 2002) and S. aureus (wWww.tigr.org) is a
valuable feature in the exploitation of sortase as therapeutic targets. The search for
sortase antagonists has already begun with the screening of medicinal plants for the
ability to inhibit sortase activity in vitro (Kim et al. 2002). Although not widespread,
sortase homologues have also be identified in a limited number of Gram-negative and

Archea. Their role in these bacteria has yet to be investigated.

Pneumococcal sortase and cell wall proteins

~ The TIGR4 strain of Streptococcus pneumoniae has four sortase genes, named srt4-D,
Wﬁile R6 contains only srt4 (Hava and Camilli 2003 and www.tigr.org) At the outset of
this work no Ziata was available on any pneumococcal sortase. However, srtD was
subsequently identified in the signature-tagged mutagenesis screen of TIRG4 as being a
virulence factor in pneumonia. As srtD is located in a putative pathogenicity island along
with two other sortase genes (s7¢B and C) and thr;a uncharacterised cell wall proteins this

prompted the workers to examine the affect of individual gene knock-outs in this region

(Hava and Camilli 2002). Re-inforcing the result of the screen, a sr¢D knock-out was
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attenuated in a pneumonia model while no effect was seen with mutants in the s#¢B or C.
In a colonisation model, the sr¢B mutant was attenuated, the s#C mutant showed
hypercolonisation while the s7#D mutant had no affect on colonisation. Mutants in s7tB
and D where then examined in a bacteraemia model where neither had an affect on
virulence. These differences presumably relate to the function of the specific substrates
anchored by these sortase, but further explanation awaits their identification and analysis.
Interestingly each cell wall protein within the pathogenicity island varies slightly within
the LPXTG motif (YPRTG, IPQTG and VPDTG). The significance of this variation is as
yet unclear, but hints at the possible specific pairing of sortase with substrate within the
pathogenicity island (Pallen et al. 2001). This pathogenicity island has since been named
the rlrA pathogenicity islet because expression of the sortase and cell wall protein genes
within it are regulated by a transcriptional regulator within the islet, #/r4 (Hava et al.
2003). During the course of this work, pneumococcal srt4 was investigated by Kharat
and Tomasz (Kharat and Tomasz 2003) and was found to be required for the cell
association of the LPXTG motif proteins B-galactosidase and neuraminidase A. In the
~ absence of srt4 these proteins were secreted into the supernatant rather than being
as;oéiated with the cell pellet. Additionally, the mutant was defective in adherence to a
human pharyné'eal cell line presumably due to the defective surface localisation of cell
wall proteins although the particular proteins responsible were not defined. In a study of
virulence there was no difference in mouse survival following intraperitoneal infection
with various doses of bacteria. Supporting the };oposal of sortase specificity was the

finding the mutants in s#¢B or D had no affect on the localisation of the SrtA substrate f3-

galactosidase (Kharat and Tomasz 2003).
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An examination of sortase is incomplete without consideration of the proteins they
anchor, as it is through these proteins that sortase influence bacterial biology. To identify
likely cell wall anchored proteins the R6 and TIGR4 sequenced genomes (at TIGR
Comprehensive Microbial Resource http://www.tigr.org/tigr-
scripts/fCMR2/CMRHomePage.spl) were analysied. Probable pneumococcal cell wall
proteins were identified using the TIGRFAM facility, which employs the Hidden Markov
Model to identify protein families based on conserved sequences and motifs.  All
pneumococcal proteins found to be members of TIGRFAMO1167, representing an
LPXTG-motif cell wall anchor domain were deemed likely to be putative cell wall
anchored proteins see Table 2. Although a contribution to virulence has been
demonstrated in animal models for several of these proteins their roles are poorly
characterised. The best exemption is neuramidase A where it has been shown to
contribute to colonisation nasopharynx and invade the middle ear in an otitis media
model in chinchillas (Tong et al. 2000). This affect was by altering carbohydrate moieties

in the tracheal epithelium to promote bacterial adherence (Tong et al. 2002).
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! Demonstrated role
Protein R6 (Spr) TIGR4 (Sp) in virulence Reference(s)
) } (Hava and Camilli 2002; Robertson|
[3—galactosidase (8-gal) 0565 0648 iYes et al. 2002)
[Polissi et al. 199]; fong et al. 2000
Neuraminidase A (Nan A)* 1536 1693 IYes Hava and Camilli 200]; [aton et al|
1997]
Hypothetical protein 1345 1492 No -
Hypothetical protein 1652 1833 No -
Hypothetical protein 1806 1992 No -
IAlkaline pullulanase (SpuA) 0247 0268 Yes (Hava and Camilli 2002)
(Polissi et al. 1998) and (Hava and
Hyaluronidase (Hyl) 0286 0314 Yes Camilli 2002) (Berry and Paton
2000; Chapuy-Regaud et al. 2003)
N-endo- B -N-acetylglucosamide 0440 0498 Yes
iConserved Hypothetical protein 0075 0082 No -
(3-N-acetylglucosaminidase (StrH) 0057 0057 Yes (Hava and Camilli 2002)
Hypothetical protein 1403 3 No 3
(Bethe et al. 2001; Hava and Camilli
PriA 0561 pe41 Yes £002; Marra ef al. 2002)
iConserved Hypothetical protein 0328 0368 No -
RrgA (stands for RirA-regulated gene)** - 0463 lYes (Hava and Camilli 2002)
RrgB L 0464 No L
RrgC - 0465 No -
serine rich repeat protein L 1772 No -
- [Polissi et al. 1998; Hava and Camilli
IgA1 protease 1042 1154 lYes 200]; [hiavolini et al. 2003]
’ . Blue et al. Polissi et al [ava and
Zinc metalloprotease B (ZmpB) 0581 0664 Yes Camilli 200}; [hiavolini et al. 2003]
; - I [Polissi et al. 199]; [ava and Camiili
Zinc metalloprotease C (ZmpC) 0071 Yes £00]; [hiavolini et al. 2003]

Table 2: Likely pneumococcal cell wall anchored proteins

Based on TIGRFAM facility at TIGR CMR using TIGRFAMO01167. * Nan A in TIGR4
contains a deletion upstream of the LPXTG motif which likely results in the secretion of
a truncated protein (Pericone et al. 2002) (Shakhnovich et al. 2002). ** Not included in
TIGRFAMO1167 but included here as contains likely cell wall sorting signal. ***
Contain likely cell wall sorting signal but at the N-terminus unlike the other proteins and
all characterised sortase substrates to date. Despite this, all were identified as belonging
to TIGRFAMO01167 and this was confirmed by manual checking of the sequence. For the
other proteins a manual check of all sequences revealed a C-terminal LPXTG motif
followed by hydrophobic domain supporting their inclusion in this family. Two
exceptions were Sp0998 and Sp0931 (both excluded from the table) which were included
in TIGRFAMO1167 for only one strain despite having a weak score. Checking of their
sequences determined they were unlikely to be cell wall anchored proteins based on the
absence of a likely LPXTG motif and a C-terminal hydrophobic domain. All proteins in
the table have a N-terminal hydrophobic domain likely to be involved in secretion. This
domain was found upstream of the LPXTG motif in proteins with a N-terminal cell wall
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anchoring sequence. The only exceptions are Spr1345 and 1806 both of which lack a N-
terminal hydrophobic domain. Although only speculative this may suggest a distinct
secretion mechanism for these proteins. Interestingly, both PavA and alpha-enolase are
extracellular pneumococcal proteins but contain no apparent signal sequence and so a
subset of secreted proteins may exist transported by a novel mechanism. (Holmes et al.
2001) (Bergmann et al. 2001). — denotes absence of homologue.

Pneumococcal surface protein C (PspC) is a highly polymorphic protein acting in
adhesion, invasion and immune evasion (Iannelli et al. 2002). In the case of R6 and
TIGR4 it is surface located by virtue of choline binding motifs that attach it to the cell
surface via choline in teichoic acids. Sequence analysis of numerous strains suggests
PspC is anchored to the cell wall by sortase in some strains, but is surface displayed in
others by virtue of choline binding motifs. Furthermore, some strains posses two copies
of PspC, one anchored to the cell wall and the other anchored to the choline of the cell

wall (Iannelli er al. 2002). Thus the same protein can be surface anchored in different

ways, although it is unclear what could be the functional significance of this.

Except for the polysaccharide capsule and the toxin pneumolysin most pneumococcal
~ virulence factors are poorly characterised. In order to better understand pneumococcal
pa;hégenesis we have used the sequenced genomes to identify putative virulence factors
based on their ‘homology to known factors. Sortase enzymes where identified as likely
candidate virulence factors and were chosen for further investigation. Directly related to
the investigation of sortase, several LPXTG motif proteins were also examined. Finally,

two genes annotated as macrophage infectivity. po‘fentiator and exfoliative toxin A where

also investigated given that these activities are important virulence factors for Legionella
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prneumophila and S. aureus respectfully. The aim of this work was to investigate the role

in pneumococcal virulence of these putative virulence factors.
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Chapter Two Materials and Methods
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Composition of buffers and reagents are shown in the Appendix.

Bacterial cell culture

The pneumococcal strain D39, used throughout this work, is a virulent serotype 2
pneumococcus (MLST type 128) (Avery et al. 1944). It was received from the National
Collection of Type Cultures and Pathogenic Fungi (NCTC) at the Central Public Health
Laboratory, London. NCTC catalogue number 7466. R6 is an acapsular, avirulent
derivative of D39 with improved transformation efficacy (Hoskins ef al. 2001).

All S. pneumoniae strains were grown on Blood Agar Base, number 2 (BAB, Oxoid Ltd.
Basingstoke) supplemented with 5 % defibrinated horse blood (E&O Laboratories,
Bonnybridge, Scotland), or maintained in Brain Heart Infusion media (BHI, Oxoid Ltd.,
Basingstoke). Mutants were maintained with appropriate antibiotic selection. All cultures
were incubated statically at 37 ° C under atmospheric conditions unless stated otherwise.

Culture purity and optochin sensitivity were routinely confirmed throughout this work.

General confirmation of strains

Ail wild type str;ins used within this work were confirmed by colony morphology,
production of a-haemolysis on blood agar and optochin sensitivity (5 pg
optochin/ethylhydrocupreine hydrochloride, MAST Diagnostics). Multilocus sequence
typing (MLST) was also performed to confirm strain identity. MLST analysis was

performed at the Scottish Meningococcal and Pneumococcal Reference Laboratory

(SMPRL), Stobhill Hospital, Glasgow, Scotland.
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Glycerol stock preparation

Glycerol stocks of all S. pneumoniae strains were prepared by growing a culture from a
single, colony to mid-exponential phase (ODgpo nm 0.5-0.6). Glycerol was added to a
final concentration of 12 % (v/v). 1 ml aliquots were prepared and frozen at - 70 ° C in
cryotubes. Viability and purity of stocks was determined 24 hr after freezing by viable

counts (see below). Optochin sensitivity was also confirmed.

Transformation of S. pneumoniae (strains R6 and D39)

50 pl of thawed pneumococcal frozen glycerol stock was used to inoculate 30 ml BHI
supplemented with 1 mM CaCl, (Sigma-Aldrich, UK). Cultures were grown to an ODggo
nm of 0.1-0.3. For each transformation 1 ml of culture was added to a sterile Eppendorf
tube. Competence-stimulating peptide-1 (CSP-1) (Havarstein et al. 1995) (Sigma
Genosys, UK) was added to a final concentration of 100 ng ml”, and samples were
incubated at 37 ° C for 15 min. Donor DNA was added to a final concentration of 8-10
pg ml”, Total volume of DNA added to a maximum of 50 pl. For each transformation, a
- positive (plasmid pVA838 encoding erythromycin resistance) and a negative (no donor
DNA) control were included. Samples were incubated for 75 min at 37 ° C.  Following
incubation, ali;iuots of the transformation mixture were plated onto blood agar plates
containing appropriate antibiotic selection. Plates were air-dried under a Bunsen burner
and incubated overnight at 37 ° C. Potential translf‘ormants were identified by their ability

to grow on antibiotic-selective plates. Single colonies were sub-cultured into BHI from

which glycerol stocks were prepared as described above.
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Preparation of pneumococcal genomic DNA

A sweep of 4-5 bacterial colonies from a blood plate was used to inoculate 10 ml BHI.
Following overnight incubation at 37 ° C, cultures were centrifuged for 15 min, 5,000
rpm at room temperature (RT) (Hereus Sepatech medifuge). The purity and optochin
sensitivity of cultures for DNA preparations was always confirmed. The pellet was re-
suspended in 1 ml extraction buffer and incubated for 1 hr at 37 ° C. Proteinase K
(Sigma-Aldrich, UK) was added to a final concentration of 100 pg ml™ and the mixture
was incubated for 3 hr at 50 ° C. RNase (Sigma-Aldrich, UK) was added to a final
concentration of 20 pg ml™” and incubated at 37 ° C for 30 min. Resultant mixture was
gently mixed with an equal volume of phenol/chloroform/isoamylalcohol (25:24:1 v/v,
BDH & Fisher Scientific UK. Ltd.) and centrifuged at 13,000 rpm for 3 min (Sigma 113
microfuge). The aqueous layer was removed and added to 0.2 volumes of 10 M
ammonium acetate (Sigma-Aldrich, UK). Ethanol (100 %) was added to precipitate the
DNA and the mixture was centrifuged at13,000 rpm for 30 min. The DNA pellet was left

to air dry for 10 min, re-suspended in TE buffer, pH 7.4, and stored at 4 ° C.

Pol&merase Chain Reaction (PCR)

PCR was optil;iised for each particular reaction. This optimisation was largely with

regards annelling temperature. Approxiamtely 200-500 ng of DNA was used in each

reaction. Typical reaction conditions were 95°C for 5 min then 30-35 cycles of 95°C for
¢

30 sec, annealing at 50-65°C for 30 sec, extensioﬁ at 72°C forl min upwards (1 minutes

for each 1Kb of expected product) with a final extension at 72°C for 5-10min. Taq

polymerase (Promeaga) was used throughout. When a higher fidelity was required for
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example the cloning of srtA, Vent polymease (New England Biolabs) was used. Primer
sequences are shown in the Appendix. When the presence or absence of genes were
investigated by PCR a genomic DNA preparation was made from sterile BHI and used in
each PCR to confirm there likely to be no cross-contamination of cultures and that
reagents were not contaminated. In addition, a positive control reaction was always
included with each PCR to ensure the reaction reagents (including the DNA preparation)
were working. Positive-displacement pipettes or filter tips were used throughout PCR

work to prevent contamination of reagents.

Molecular Biology

Restriction digest, ligations, sub-cloning and other common molecular biology methods

were performed using standard protocols (Sambrook ef al. 1989).

Allelic Replacement of srz4

The strategy for allelic replacement of sr#4 is outlined in Figure 3.

Based on the R6 genome sequence, srtA4 and the surrounding region were amplified from
D3;9 genomic DN;ZK with primers 19H and 191 and this product was cloned into pCR-4%-
TOPO (Invitro é‘en) following the manufacturers instructions. Inverse PCR was performed
on this clone with primers 19W and 19X. This deleted an internal portion of s#t4 and
introduced an Ascl site within the pneumococcal sequences. This product was digested
with Ascl and self-ligated and confirmed by seqﬁ;ncing. The Ascl site was then used to

introduce an erythromycin resistance cassette (amplified previously in this laboratory

from the plasmid pGhost5) between the upstream and downstream pneumococcal
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sequence. This plasmid was then used to transform D39 with selection for transformants
on erythromycin (1pg/ml). Potential transformants were confirmed as the desired mutants
using the primers 200 and 20N located immediately outwith the manipulated region.
These primers gave an expected product of 1227 base pairs (bp) with wild type genomic

DNA and a product of 1983bp with the sr#4 mutant allowing their differentiation.

Deleted sequence of target

: Target gene in genome gene replaced by
LEHFY SERE 1 SERBmE replaced erythromycin cassette
in genome.

Amplified by PCR and cloned into
pCR-4"-TOPO

pCR-4"-TOPO

Transformation and homologous
recombination.

Inverse PCR to delete

* internal segment and *
introduce Ascl site .
between / AS}I Sl
pneunrllozgccal DNA :I Erythromycin resistance
Ascl 51t sequenc Introduction of erythromycin cassette

resistance cassette

© ) ASCI 3 -

Figure 3: Strategy for allelic replacement of pneumococcal genes
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Strain distribution of pneumococcal sortase genes

The strain distribution of the four known putative pneumococcal sortase genes among
clinical isolates was examined by PCR. The clinical strains were isolated from invasive
disease in Scotland and deposited at the Scottish Meningococcus and Pneumococcus
Reference Laboratory (Stobhill Hospital, Glasgow, UK), (Table 5). Primers pairs for each

gene were as follows; srtd, 25F and 25G, s#¢B 191a and 197, srtC 19K and 19L and srtD

19M and 19A.

DNA sequencing

Sequencing of PCR products or plasmids was performed in-house (Molecular Biology
Support Unit, DNA Sequencing Service, University of Glasgow, UK) with primers
appropriate to the sample. Sequences were analysed using Edit View ASI Automated

DNA Sequence Viewer (ABI Prism™) and DNASTAR software.

Cloning of srt4

 srtA was amplified from D39 genomic DNA using the primers 19U and 19V, digested
wi‘th”the restrictim; enzymes BamHI and Sacl (introduced by primers) and ligated into the
expression plas:mid pET-33b+ (Novagen). The construct was confirmed by sequencing.
Primer design meant that SrtA would be expressed with a poly-histidine tag from the
vector replacing residues 2-35. The absence of this section was intended to improve

protein yield by removing the hydrophobic leaderr sequence and membrane anchor. This

was performed previously for the purification of S. aureus SrtA and did not affect activity

(Ton-That et al. 1999).
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Allelic replacement of LPXTG protein genes

Due to the large size of some of the LPXTG motif protein genes targeted it was predicted
that allelic replacement using the strategy employed for srt4 might prove difficult with
problems amplifying and cloning large PCR products. To bypass this potential difficulty
an alternative method was used to generate constructs equivalent to that generated in srt4
allelic replacement following inverse PCR (Figure 4). The regions for homologous
recombination were amplified individually as the upstream and downstream regions and
fused together by overlap PCR. This was then cloned into pCR-4®-TOPO and sequenced,
thereby avoiding the need to amplify and clone the whole target region. After this point,
mutagenesis continued as for srt4 (Figure 2). Transformants were confirmed by PCR.
Primers internal to the target gene were used to confirm its presence in wild type and
absence in mutant strains. Primers located outside the manipulated region were not used
on wild type genomic DNA as they would likely require much optimisation due to the
large expected product. However, they were used to confirm the genotype of mutant
strains because their expected product size was much smaller due to the deletion of an
ingemal portion oi: the targeted gene. The primer pairs used for each of the four LPXTG

motif protein gé‘nes targeted are shown in Table 3.

Primer Pairs
Gene Upstream Downstream _ internal Outside
| B-gal 27F and 27G 27P and 271 . . | 35l and 35J 32M and 32N
nanA 27J and 25X 27K and 25Y 35E and 35F 31R and 318
prtA 27C and 27Q 27E and 25Q 35C and 35D 320 and 32P
SpuA 27L and 25L 27M and 25M 35G and 35H 32Q and 32R

Table 3: Primers used to construct and verify LPXTG mutants
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Upstream region Downstream region

LN AN
N Target gene

—
¢ Regions for homologous ¢

e Recombination amplified B

by PCR

These regions are fused
Ascl together by overlap PCR and
site cloned into pCR-4®-TOPO

pCR-4®-TOPO

Figure 4: Schematic of strategy for allelic replacement of LPXTG motif protein genes
Due to the large size of the target genes involved the initial PCR and cloning as used in allelic
replacement of s7tA might have proved problematic. Instead the two regions for homologous
recombination were amplified from the genome, named upstream and downstream in reference
to the positions relative to the target gene. These products were fused together in a second PCR
using the outermost primers from the initial reactions (relative to the target gene).

This fusion was aided by the introduction of complementary sequences via the primers used in
~ the original PCR. Also present due to primer design is the addition of an Ascl between the two
pneumococcal sequences (upstream and downstream). This product is now cloned into pCR-
4®-TOPO confirmed by sequencing. The construct is then completed and mutagenesis
preformed as detailed in the latter stages of Figure 3.

Viable count of S. pneumoniae

To enumerate number of colony forming units {CFU) in frozen stocks, an aliquot of
culture was rapidly thawed in a 37 ° C water bath. 900 pl was removed and cells

collected by centrifugation for 3 min at 13,000 rpm. (Sigma 113 microfuge). Bacterial
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pellets were re-suspended in 900 pl phosphate buffered saline (PBS). Serial 10-fold
dilutions were carried out in a 96-well round-bottomed tissue culture plate (Nunclon™
surface, Nalge Nunc International™) to a final dilution of 10 in PBS. 6 x 20 ul of each
dilution were plated onto blood agar and plates were incubated for at least 16 hr, 37 ° C.
Following incubation, the dilution giving counts of 50-150 colonies per 20 pl spot were
counted. From this the CFU ml" was calculated. This method is based on that of Miles

and Misra (1938).

In vivo experiments

All S. preumoniae strains used were mouse passaged (by intraperitoneal infection, see
below) prior to use in the animal model, unless stated otherwise. This enhances virulence
of the bacterial strains and is a technique commonly used in S. preumoniae studies

(Gingles et al. 2001; Tong et al. 2002; Blue and Mitchell 2003; Chiavolini ef al. 2003).

Animal models

: A@ult female ME1 mice aged 9-13 wk and weighing 28-35 grams were used for the
models of pneuniococcal pneumonia, bacteraemia and colonisation. All mice were
provided with I;ellet food (B&K Universal, North Humberside, England) and water ad
libitum throughout the experiments. Mice were housed at the Central Research Facility,
University of Glasgow, UK. All animal work wasicarried out under appropriate licensing

and approval from the Home Office and the Uriivérsity of Glasgow.
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Preparation of standard inoculum by intraperitoneal infection

Bacterial strains were re-suspended in sterile PBS to give approximately 1.0 x 10 ®* CFU
ml™. 200 pl of this suspension was injected into the peritoneal cavity of MF1 mice using
a 1 ml insulin syringe (Micro-fine, 12,7 mm, Becton Dickinson). 24 hr following
injection, mice were sacrificed by cervical dislocation and the chest cavity opened. Blood
was collected from the heart using a 23 gauge needle inserted into the right ventricle. 50
pl of recovered blood was inoculated into 10 ml BHI and grown overnight, statically at
37 ® C. Bacteria were harvested by centrifugation at 3,000 rpm. (Heraeus Sepatech
medifuge) and re-suspended in 1 ml BHI. 100 pl of this suspension was used to inoculate
20 ml BHI containing 20 % (vol./vol.) heat inactivated foetal bovine serum (Gibco BRL,
Life Technologies, U.K.) and then incubated at 37 ° C until mid-exponential phase was
reached (ODggo nm 0.6 — 0.7). Culture was stored at — 70 ° C in 1 ml aliquots until

required.

Intranasal challenge for pneumonia

- 900 pl of a frozen standard inoculum was rapidly thawed at 37 °C and centrifuged at
13,000 rpm. fqr 3 min (Sigma 113 microfuge). The pellet was re-suspended in 900 pl
PBS and diluted to give 2.0 x 10 7 CFU ml” (unless stated otherwise). Mice were lightly
anaesthetised with 2.5 % (v/v) halothane (Zeneca Pharmaceuticals, Macclesfield, UK.)
over oxygen (1.5 L min Y using a calibrated Vapgﬁser. Confirmation of anaesthesia was
determined when mice failed to produce a reﬂex_reaction when pinched gently between
the toes. 50 pl of bacterial suspension was édministered, drop-wise, into the nares.

Individual mice were thus given 1.0 x 10° CFU. Mice were laid on their backs until they
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recovered. Viable counts of the bacterial suspensions were determined prior to and

immediately after challenge, by viable cell enumeration, as described to confirm the dose

administered.

Intranasal challenge for colonisation

This was performed as for intranasal challenge for pneumonia with the exception that the

dose of 1.0 x 10° CFU was administered in a 10 pl volume rather than 50 pl.

Intravenous challenge for bacteraemia

900 pl of standard inoculum was rapidly thawed and centrifuged at 13,000 rpm. for 3 min
(Sigma 113 microfuge). The pellet was re-suspended in 900 pl PBS and diluted to give
2.0 x 10 © CFU ml™ (unless stated otherwise). Mice were placed in a ventilated, heated
Perspex box for 5 min and restrained in appropriate apparatus. Tails were swabbed with
ethanol and 100 pl of bacterial suspension was administered directly into the bloodstream
via the lateral tail vein using a 1 ml insulin syringe (Micro-fine, 12,7 mm, Becton
- Dipkinson). Blood was sampled from a different tail vein 1 min following challenge to
ensure all mice were administered equal bacterial counts. At pre-determined time points,
blood was sam;)led from the lateral tail vein as described above and used for viable cell

enumeration, as described. Viable counts of the bacterial inoculum were determined prior

to and immediately after challenge to confirm the dose administered.

£
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Competitive infections

Challenges for competitive infections were performed as described above for intranasal,
intravenous and colonisation infections with the exception that the dose was made of a
1:1 mix of two bacterial strains. Final dose administered was the same as challenges with
a pure inoculum. For post-infection sampling dilutions of the sample were spread onto
BAB plates and following overnight incubation, ~100 colonies were double picked onto
BAB plates with and without antibiotic selection. Wild type colonies grew only without
selection with the mutant able to grow on both. This gave the output ratio of mutant to
wild type. The input ratio was determined in the same way and the competitive index
calculated as by dividing the output ratio by the input ratio. Where no mutant colonies
were recovered then the number one was used instead and CI expressed as less than (<)
the value given. The ability of selective plates to permit mutant and retard wild type
growth was confirmed before each experiment. It has previously been determined that
insertion of an antibiotic cassette into strain D39 has no inherent affect on virulence

(unpublished work in our laboratory).

Df;-termining levels of bacteraemia

Blood was samiiled at pre-determined intervals following challenge via removal of blood
from peripheral veins. Mice were placed in a ventilated, heated Perspex box for 5 min
and restrained in appropriate apparatus. Tails were swabbed with ethanol and a 1 ml
insulin syringe (Micro-fine, 12,7 mm, Becton"f Dickinson) was used to remove a

maximum of 100 pl blood from the lateral tail vein. Blood was immediately diluted 1:10

in PBS and stored on ice until viability counts were carried out, as described.
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Determining bacterial loads in lung tissue

At pre-determined time points following intranasal challenge, mice were culled by
cervical dislocation and the thoracic cavity opened up to expose the lungs. Lungs were
aseptically removed and placed in 5 ml sterile PBS. Weight of the lungs was recorded.
Lungs were homogenised for 15 sec using an electric hand-held tissue homogeniser set at
high speed (IKA®-Ultra-Turrax® T25, Janke Kunkel Laboratories). Samples of

homogenised lung tissue were used for viable cell enumeration as described.

Determining levels of colonisation

At pre-determined time points following intranasal challenge for colonisation mice were
culled by cervical dislocation and the trachea exposed and clamped with Spencer-Wells
forceps (Fisher Scientific Ltd. UK) to prevent flow of liquid into the lungs. A small
incision was made in the trachea and the nasal cavity lavaged with 2 x 1ml PBS. Sutra

was used to seal the month shut and fluid was collected as it passed out of the nostrils.

_ Murine survival and pain scoring

Micé were monitored frequently throughout the infection by a pain scoring system
devised Within‘“this laboratory (Blue and Mitchell 2003). Symptoms progressed from
normal to severe with mice showing starry coat/piloerection, hunched posture and
lethargy. As infection proceeded to the terminal stages mice become moribund. Mice
were sacrificed, by cervical dislocation, When,sh;Wing signs of severe lethargy or upon

becoming moribund. Where animals were actively culled, the time of reaching a

moribund state was taken as the time of death (‘mortality’) / experimental end point for
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survival data. Mice that survived the course of infection (7 days, unless stated otherwise)

were assigned an arbitrary survival time of 168 hr for statistical analysis.

Localisation of LPXTG motif proteins

Preparation of samplés

Wild type and srt4 mutant D39 were both grown to mid-log in BHI at 37 °C. Cell pellet
and supernatant were collected by centrifugation of the culture at 4500 rpm for 25 min at
4°C. The supernatant was collected and filtered (0.2 pm) to remove any remaining cells
and concentrated ~180-fold using Amicon B15 concentrator (Millipore). Cell pellets
were resuspended in lysis buffer and sonicated on ice to lyse the cells. Cell pellet samples

were then concentrated ~2.5-fold using Amicon Ultra Centrafugal Filter Device

10000MWCO (Millipore).

Western Blot Analysis

Volume of sample loaded represented approximately 5x10° CFU as determined by viable
_ count when the cqlture was taken for sampling. This represented the highest concetration
of ;sa;mple that could be loaded. Samples were mixed with 5x SDS-PAGE loading buffer
and heated at 295 °C for 5 min before being loaded onto a precast SDS-PAGE gel
(Cambrex Bio Science, Rockland ME USA) and electrophoresised for 2 hours at 125
volts. For transfer to nitrocellulose for Western blot transfer buffer was cooled to 4 ° C
prior to use. The gel was placed in the cooled Ttra";sfer buffer for 30 minutes and blotted

onto Hybond™-C super membrane (Nitrocellulose, 0.45 uM, Amersham Life Science)

with filter paper and fibre pads in a standard Western blot gel tank (BioRad Mini Protein
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NT™), The tank was filled with cold transfer buffer and the gel blotted at 30 V 80 mA
overnight at 4 °C. ’The nitrocellulose membrane was subsequently blocked with Tris
NaCl, pH 7.4, containing skimmed milk (3 % w/v, Marvel) for 1 hr at room temperature.
Primary antibody (rabbit or mouse sera) was diluted 1:1000 in Tris NaCl, pH 7.4,
containing 3 % skimmed milk, and incubated with the membrane with gentle shaking at
37 ° C for 3 hr. The membrane was washed several times in Tris NaCl, pH 7.4 containing
0.1% Tween 20, and transferred to Tris NaCl, pH 7.4 with 3 % skimmed milk and
secondary antibody (anti-rabbit or anti-mouse, horseradish peroxidase-linked whole
antibody, Amersham Biosciences) diluted 1:1000. Following incubation with gentle
shaking at 37 ° C for 1 hr, the membrane was washed thoroughly in Tris NaCl, pH7.4
plus 0.1% Tween 20. Blots were visualised using ECL™ Western Blotting Detection

Reagents (Amersham Biosciences) and developed on X-Mat UV film (Kodak).

Reverse transcriptase PCR (RT-PCR)

All glassware used for RNA / microarray work was washed thoroughly with diethyl
. pyrocarbonate (DEPC)—treated dH,0 prior to use and filter tips were used for pipetting all
liq'ui-ds during this work. Gloves were worn and frequently changed during RNA work.
Culture of bacterial strains for RNA isolation

Bacterial strains were grown in BHI, in the absence of antibiotic selection, to mid-log
phase (OD 600 nm 0.6-0.7) and 2 ml aliquots Weré’ removed and rapidly frozen in liquid

nitrogen. This was to preserve the cellular RNA profile as quickly as possible. Frozen

cultures were stored at - 70 ° C until required.
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Isolation of bacterial RNA

Bacterial RNA was isolated using a commercially available kit (Rneasy® Mini Kit,
Qiagen) with minor modifications to manufacturer’s instructions. All reagents described
in this section were provided with the kit, unless stated otherwise.

Aliquots of frozen bacterial cultures (described above) were removed and 8 ml sterile,
RNase-free dH,O was added to each. Once the bacterial stock had thawed in the dH,O,
suspensions were centrifuged at 5000 rpm for 10 min (Sigma 4K15 centrifuge). The
supernatant was gently removed and tubes were inverted on a paper towel to remove all
final traces of supernatant. 200 pl of freshly prepared TE buffer, pH 8.0 containing 15 mg
ml" lysozyme (Sigma-Aldrich, UK) was used to re-suspend the bacterial pellet. The
suspension was gently mixed by pipetting for 1 min. The resultant mixture was incubated
at RT for 10 min with brief vortexing every 2 min. 700 pl of Buffer RLT containing f-
mercaptoethanol (10 pl B-mercaptoethanol per 1 ml buffer, added immediately prior to
use) was added to lyse the bacteria and mixed by vortexing vigorously. 500 pul of 100 %
ethanol was added and mixed by pipetting. Solutions were applied to RNeasy® mini spin
columns and cen’Eriﬁlged at 10,000 rpm for 15 sec (Sigma 113 microfuge). 350 pl wash
Bllffer RW1 was applied to each column and tubes were centrifuged at 10,000 rpm for 15
sec. The ﬂow-‘through was discarded. DNA was removed by DNase treatment (70 pl
Buffer RDD with 10 pl Dnasel stock per column Qiagen ). DNase was applied directly
onto the RNeasy® membrane and left to incubate at RT for 15 min. The membrane was
washed by the addition of 350 pl Buffer RW1. fdflOwed by centrifugation of columns at
10,000 rpm for 15 sec. The RNeasy® columns were transferred to a new collection tube.

500 pul Buffer RPE was added and columns centrifuged at 10,000 rpm for 15 sec. The
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flow-through was discarded. 500 pl Buffer RPE was added and columns centrifuged at
10,000 rpm for 2 min. The flow-through was discarded and columns were centrifuged at
10,000 rpm for an extra 1-minute. Columns were transferred to new RNase-free
collection tubes and RNA was eluted in of 50 pl sterile, RNase-free dH,O by

centrifugation at 10,000 for 1 min.

c¢DNA synthesis

Reverse transcription reactions were carried out using the ThermoScript™ RT-PCR
System (Invitrogen Life Technologies). This system utilises a reverse transcriptase that
has high thermal stability and can increase specificity of reactions. Prior to use, RNA was
treated with DNase (RQ1, Promega) according to manufacturer’s specifications. cDNA
synthesis using random hexamers was performed using the recommended Thermoscript
T™ RT-PCR System protocol. Control reactions were performed in the absence of reverse
transcriptase to confirm the absence of contaminating genomic DNA. Resulting cDNA
was treated with 1 pl RNase H (E. coli, 2 U pl™!, Invitrogen Life Technologies) at 37 ° C

~ for 20 min, and stored at - 20 ° C until required.

PCR reactions ‘WGre performed using 2 pl of the cDNA from the reverse transcription
reaction described above. This was incorporated into a general PCR reaction as described
using PCR conditions optimised to suit individual primer pairs. Negative control
reactions were set up using cDNA synthesis ré;étions carried out in the absence of

reverse transcriptase and PCR reactions where ¢cDNA was substituted with dH,O. A

genomic DNA PCR was included as a positive control. -
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Susceptibility to killing to hydrogen peroxide

Wild type and mutant D39 were compared with regards hydrogen peroxide killing using
the method of [ericone et al. 200]. Cells were growth in BHI at 37 °C to ODgy nm of 0.3-
0.4 harvested by centrifugation 10 000g for 2 minutes at 4 °C. The cell pellet was
resuspended in cold PBS, centrifuged again and resuspended in BHI. 100 ul of bacterial
suspension was added in duplicate to wells of a round bottom 96-well plate containing
100 pl BHI plus different doses of hydrogen peroxide (Sigma-Aldrich, UK). Plates were
incubated at 37°C for 30 minutes then viable counts performed on BHI agar plates
containing 200U/ ml bovine liver catalase (Sigma-Aldrich, UK). Plates were incubated at
37°C for 18 hr in a candle jar to create a microaerobic environment. The percentage

survival was calculated as a percentage relative to the addition of no hydrogen peroxide.

Statistical analysis

Statistical analysis was performed using Minitab™ Statistical Software (Minitab Inc.).
Data from animal experiments using infection with pure cultures of strains were analysed
by Mann-Whitney test. In all cases where no statistical difference was seen the data was
re:evaluated using the less stringent student t-test and no difference was seen.
Competitive in‘dex data was assessed by student t-test. Hydrogen peroxide killing was
assessed by Mann-Whitney test. Unless stated otherwise data represent the geometric
mean + 1 standard error of the mean (SE). A P value of <0.05 was considered significant

and statistically significant data is highlighted as *"p<0.05 and ** p<0.025.
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Chapter 3 Analysis of Pneumococcal Sortase, Results
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Introduction

The important contribution of sortase enzymes to virulence in other organisms (reviewed
by Paterson and Mitchell 2004) prompted our investigation of pneumococcal sortase

homologues as candidate virulence factors.

Summary

Sortase are bacterial enzymes responsible for the anchoring of specific proteins to the cell
wall. The strain distribution of the four known putative pneumococcal sortase genes was
examined in a collection of clinical isolates. Unlike the other three sortase genes, srt4
was found in all 57 strains examined. For this reason srt4 was examined further in terms
~ of} sequence conservation, role in pneumonia, bacteraemia, colonisation and localisation
of‘cell wall proteins. In addition, SrtA has been purified allowing crystallisation trials to

begin with the aim of providing structural data on this potential antimicrobial target.

The R6 genome has a single sortase gene annotated, spr/098. This gene is also present in
4

the sequenced TIGR4 strain but is annotated as a conserved hypothetical protein, sp/218.

TIGR4 has three additional annotated sortase genes sp0466, sp0467 and sp0468 all of

which are absent in R6 and D39 (Tettelin et al. 2001). The basic features of the four
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described pneumococcal sortase genes and their designation as s##A-D (Hava and Camilli

2002) are shown in Table 4.

Gene spr109s! sp0466° sp0467° sp0468*
Name sortaseA (srtA) sortaseB (sr(B) sortaseC (srtC) sortaseD (sriD)
Present R6 Yes No No No
Present TIGR4 Yes Yes Yes Yes
Present D39 Yes No No No
NCBI Accession AAK99901 AAK74625 AAKT4626 AAKT74627
Coordinates 1095463 to 1094723 444857 to 445693 445791 to 446573 446563 to 447411
Gene Length (bp) 741 837 783 849
Protein Length (aa) 247 279 261 283
Molecular Weight (Da) 28132.94 31704.62 30091.57 31895.81
Percentage GC 32.66% 44.68% 46.10% 43.11

Table 4: Basic features of the four putative pneumococcal sortase genes and proteins

Identified in the sequenced genomes (strains R6 and TIGR4). Data from TIGR CMR.
!Data relates to R6 annotation. 2 Data relates to TIGR4 annotation.

Identification of sortase encoding genes

When this project begun there was no experimental evidence confirming the existence of
pneumococcal sortase enzymes. To corroborate their annotation it was confirmed they all
showed strong homology to experimentally proven sortase (data not shown). Importantly,
this includes the active site cysteine and histidine residues, which are essential for the
activity of SrtA from S. awreus (Ton-That et al. 1999; Ton-That et al. 2002).
Additionally, using the TIGRFAM and Pfam Hits facility at the TIGR Comprehensive
Microbial Resource http://WWW.tigr.org/tigr-scrip;cs/CMRZ/CMRHomePage.spl they all

had strong positive matches to sortase families {data not shown).
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Strain distribution of pneumococcal sortase genes

The strain distribution of the pneumococcal sortase genes s#/B, C and D in the two
sequenced strains (Table 4) showed that they are not present in all strains and prompted
examination of sortase distribution in a larger population of strains. gDNA was purified
from 57 clinical isolates isolated from invasive disease in Scotland and sortase gene
content investigated by PCR.

Primers for s7/B, C and D were initially tested against R6 and TIGR4 gDNA and found to
produce the expected product with only the latter as expected based on genome
sequencing. Primers for s#¢A failed to yield any product when used on gDNA from a srtA
knock out (data not shown). Strains were selected to represent a variety of serotypes and
sequence types as assessed by MLST. The strains examined and the distribution of

pneumococcal sortase genes are summarised in Table 5.

70



IL

+ + + + 14 SO 1ed 00 96l | 6V
- - - + IN eu eu 00 BU |ggog| - - - + 4] ellselsioeq pooiq 00 vZL | 8%
- - - + 34 uonRosjul Iseyd poolq 00 686 | 0L + + + + €l Bu eu 96 ¥.S | 611
+ + + + G¢ ejuownaud wnnds 10 €65 | €01 - - - + el elwselsjoeq poojq 10 0L v
- - - + SE eu sjeldse diy 10 ¢.5 | 201 | + + + + Zl eu Bu 10 BU | 8962
+ + + + Se eu |eana|d 10 | M3IN| LOL - - - + Z) Elwselsioeq pooiq 10 8l | 9
- - - + e eu ahe 00 286 | 00} - - - + 2l gluownaud pooiq 00 8lc | S¥
- - - + €e eu pooiq 10 00L | 66 - - - + Zl ejuownaud pooiq 00 8l | v
- - - + £e ejuownsud pooiq 00 09 86 - - - + Zl ellisessioeq pooiq L0 986 | €
- - - + 3% eu pooiq L0 vy | GLL - - - + L elwaeondes wniss 00 29 34
- - - + LE eluownaud pooiq L0 969 | 76 - - - + Ll eu pooiq - 10 80¥ | 6¢
+ + + + 62 eu eayoey) 10 [M3IN] 16 - - - + o3 eu pooiq 10 | M3IN| e
- - - + 1z |ens) ‘spibulusw poolq 10 1S | 06 + + + + 6 uonosjul 1es iea 00 9GL 54
- - - + £C yjesp usppns ie9 10 €5 | ¥8 + + + + 6 eu anssy 00 98l | 0O¢
- - - + Z2 ejuownsud poojq 10 {55 2 08 + + + + 6 uonosjul ahs afs 00 oG1 62
- - - + [44 Bjwaeondas pooiq 10 €EV | 62 - - - + 8 elseseq pooiq 10 8.6 | 92
- - - + 0C eluownaud pooiq 10 SeC | 9. - - - + 8 ellsesioeq pooiq 10 115 | S¢
- - - + 0z spolpusdde pooiq 00 gee | s - - - + L ejuownaud poojq 20 262 | 921
- - - + 0c uoposjul jsayo pooiq 00 196 | V. - - - + L Eu poolq 00 186 | 22
- - - + 6l eu lea L0 G682 | €L - - - + 9 syiburusw 4S80 00 <9 1z
- - - + 6l elwseondas pooiq L0 18SG VL - - - + 9 ejwaeoydas pooiq L0 g9 0C
+ + + + 6l UoRodjUI Is8Y0 uniss 00 96 0L - - - + 9 eu pooiq 10 S9 6l
- - - + 6l uojosjul }sayo eu 00 66l | 69 + + + + 9 eu leseu 10 96 Ll
- - - + 515 BilWselsjoeq poo|q 00 gl | 69 - - - + S eu eu 16 695 | 9l
- - - + L eu poolq 00 Z6e | €9 + + + + 14 Bu pooiq 10 9¥Z | Gl
- - - + Ll eluownsud pooIq 00 26¢ 29 + + + + 14 eruownsaud poojg 10 86 2
- - - + Gl ElllseIgioeq pooiq 00 €86 | €6 - - - + £ eu ies 10 08} %
- - - + 143 Sin||80 poojq 00 |[M3aN| |G - - - + 4 eu poojq 96 V. S

- - - + vl Bjuownaud poolq 10 ¥ZlL | 0§ - - - + l eu poo|q 10 yxa4 €

aws | ous | gus | vus jedfjoseg|  sisoubeig uauyoadg JBaA |1STIN|uens | aps | Qus | gus | vEs |edholeg| . sisoubeiqg uswipsdg JesA | 1SN [uens




Table 5: Strain distribution of pneumococcal sortase genes in Scottish invasive

disease isolates

Strain refers to laboratory reference number, year is year of isolation. + and ~ indicate
presence or absence respectively of each gene. NT, non-typable, na data not available,
new is new sequence profile yet to be assigned reference number.

srtA was found in all 57 strains examined, while s#/B, C and D were present in only 13
(22.8%). These latter three sortase showed a mutually exclusive pattern whereby they
were either all present or all absent. Partial sequencing of sr# B, C and D PCR products
confirmed their identity. This was seen as important because they share a high degree of
similarity with each other. Using the NCBI facility
(http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi) a BlastN search for these sortase
genes was performed against the unfinished pneumococcal genomes from strains 23F-1

and 670-6B (performed 2/10/03). srtA was present in both strains while s#B, C and D

were all absent in 23F-1 but all present in strain 670-6B.

Investigation of srrA

. srtA, unlike the other sortase genes, was present in all pneumococcal strains tested and so
was chosen for further study as the results may be of relevance to the greatest number of
pneumococcal strains. In addition this meant sr#4 was present in the routinely used D39

strain that is well characterised in the mouse infection model to be used.

Sequence diversity of srtA
The published sequence of sr¢A in R6 and TIGR4 is highly conserved and was confirmed

by independent sequencing in this work. However, itmust be noted that the TIGR4
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annotation is truncated (123 amino acids in length) compared to that of R6 (247 amino
acids). Despite this difference, the ‘missing’ sequence at the amino terminus of the
TIGR4 protein is present in its genome based on examination of the published sequence
and sequencing in this work (Figure 5 and 6). This disparity therefore appears due to
differences in the recognition and annotation of the genome into genes with the
designation of different ATG start codons. It is perhaps most likely that the R6 annotation
is correct given it results in a protein similar in size to other sortase and includes a
hydrophobic N-terminus seen in sortase enzymes which is involved in membrane
association (Ton-That ef al. 1999) (Figure 7). Western blot analysis if SrtA antisera were
available could be used to confirm the size its size and therefore the likely start codon. To
investigate if this sequence conservation extended to a larger range of strains, srtA was
sequenced from a panel of twenty clinical isolates from Table 5. Strains were selected to
represent diverse serotypes and sequence types.

srtA was amplified from these strains using primers 20N and 200. These primers are sited
in the upstream (formate-nitrate transporter) and downstream (DNA gyrase subunit A)
. genes. All straing yielded the expected product showing that the position of srfA is
co.;lééwed relative to these genes (data not shown). From this PCR product srtA was
sequenced usin‘g the primers 23U, 24D, 24E and 24F. Sequencing showed that srtA was

highly conserved among all strains examined (Figure 8 and 9).

73



TIGR4
R6

1 TIGR4'
1 TIGR4
51 R6

51 TIGR4"
1 TIGR4
101 RE

101 ATACTCAAATTCGAAATATTTTCATAGTCTGGAATACCAATAAGTATCARA TIGRY'

TIGR4
151 GTTAGCCAGGTATCAAAAGAARAATTAGAAGARAATCAGGATACAGRARGG R6
151 G TTAGCCAGGTATCAAAAGAAABAATTAGARGAARAATCAGGATACAGARAGG G TIGR4'

TIGR4
200 CAATTTTGACT TTGATTCTGTCARAGCTATCTCTTCGGARGCTGTTCTAR R6
200 CAATTTTGACTTTGATTCTGTCARAGCTATCTCTTCGGAAGCTGTTCTAA TIGRY'

TIGR4
251 CTTCTCAATGGGATGCTCAARAATTACCAGTTATTGGGGGAATTGCRATT R6
25t CTTCTCAATGGGATGCTCARAAATTACCAGTTATTGGGGGAATTGCAATT TIGR4'

TIGR4

R6
301CCTGAATTGGAAATGAATTTGCCGATTTTTAAAGGACTTGATAI\TGTTAI\TIGR4'
351TCTCTTCTACGGAGCTGGTACAATGAAACGCGAGCAAGTAATGGGAGAAGR6
351TCTCTTCTACGGAGCTGGTACAATGAAACGCGAGCAAGTAATGGGAGAAGTIGR4'
29 GAAATTATAGTCTAGCTAGTCACCATATCTTTGGTGTTGATABRATGCTAAT TIGR4
401l GAAATTATAGTCTAGCTAGTCACCATATCTTTGGTGTTGATAATGCTAAT R6
401 GAAATTATAGTCTAGCTAGTCACCATATCTTTGGTGTTGATAATGCTAAT TIGRY'
79 AARATGTTATTTTCTCCTTTAGATAATGCTAARRRTGGCATGAAGATTTA TIGRS
451 AAAATGTTATTTTCTCCTTTAGATAARTGCTARAARTGGCATGAAGATTTA RS
451I—\AAATGTTATTTTCTCCTTTAGATAATGCTAAAAATGGCATGAAGATTTATIGR4'
129 TCTAACCGATAAARAARAATAARAGTTTATACTTATGAAARATACGTGARAGTCAARC TIGRY
501 TCTAACCGATAAAAATAARAAGTTTATACTTATGAAATACGTGAAGTCAAAC R6
501TCTAACCGATAAAAATAAAGTTTATACTTATGAAATACGTGAAGTCAAAC TIGR4'

TAGAGATGGGGTCARAT TIGR4
AT Ré6
A T TIGR4'

179 GTGTGA
551 GTGTGACA
551 GTGTGA

(9]
b=J
aQQ
a0
B >
QR
> P
]
O Q
QaQ
=3 3
Q@
L]
=3
o Q
B om
=3
@
>
-]
@
-
]
Q
b=
=3
[9}
L
=]
=]
[0
-]
@
o=
=]
[}
]
("]
[n}
=3
Q

TIGR4
R6
TIGR4'

229 GAAATCAC
601l GAARATCAC
601 GAAARATCAC

ol
S
53
>
Q@
E
o4
P
Qo
aa
o3
)
TR
Qo
ol
o
2%
e ]
aon
aa
=]
s
2
aa
e
[l
aa
s
>
ao
o
Qe
= ]
=
oo
Qo
ERs
b« =]
ENE
[
> o
R

E
o

b
-
]
]
o)
-3
)
o
a
a
=
@
-
o)
=
]
@
]
a
a
-
-
@
Q
=]
[
Q
=]
s
a
b
[
o
]
Q
@
-
b
3
-
]
-

=
a
]
o ot |
=P
=]
@

T G TIGR4
R6
T G TIGR4'

AACAATTTTATTARA TIGR4
R6
TTTTATTAA TIGR4'

»
)
[
3
2}
>
=
=
3
I
b
>
»
@

279 TGTCARA
651 TGTCARAAG
651 TGTCAR

o
-
@
>
=
=
=]
@
=
™
i
@

b ]
]
>
a

o ]
=
™

ol
Q
)
-
]
™
B
-
a

>
o
>
>
™
a

TAACAGCTTTCAAT
ATCCTARA

e}

329
701
701 A

B
Rl
o]
=
O
a
e}
=]
o]
(e}
e}
=]
3
a
ho-]
o
-
(e}
B
o
(@]
a
o
=]
ol
=1
o]
p=d
o]
(9}
o]
o
-
L=
3
3
»
L]
-3
>
k=

Figure 5: Nucleotide alignment of srA from R6 and TIGR4

Name on right refers to strain. TIGR4 is the annotated version from that genome while
TIGR4' represents the gene sequence from TIGR4 based on the R6 annotation. Numbers
refer to position relativeto gene start. Performed using DNAstar Megalign using Clustal W
(Identitiy). Highlighted bases mismatch with R6 sequence.
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Figure 6: Amino acid alignment of SrtA from R6 and TIGR4

Name on right refers to strain. TIGR4 is the annotated version from that genome while TIGR4’
represents the sequence from TIGR4 genome based on the R6 annotation. Numbers on left refer
to position relative to amino terminal. Performed using DNAstar Megalign using ClustalW.
Highlighted residues mismatch with R6 sequence.
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Figure 7: Hydropathy analysis of SrtA using Goldman-Engleman-Steitz

Performed using DNAStar Protean program with default window settings of 20. Scale bar
indicates residue position relative to amino terminus. The Goldman-Engleman-Steitz plot
shows predicted transmembrane domains indicated in red. TIGR4’ represents the sequence
from TIGR4 genome based on the R6 annotation.
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Figure 9: Alignment of deduced amino acid sequence of SrtA

From this work from various pneumococcal strains. Figures on left relate to
residue position from amino terminal. Strain name given on right. Only residues
in disagreement with consensus are shown. Active site motif underlined in red.
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Mutant construction and verification

To investigate the role(s) of sr#A in pneumococcal biology a null mutant was made by
allelic replacement in D39 as described in the Material and Materials (Figure 3). Potential
transformants were confirmed by PCR using the primers 200 and 20N, located outside
the manipulated region. These primers give different band sizes for wild type and srt4
mutant (Figure 10). In additional confirmation, the PCR product from the mutant was
sequenced and matched the expected sequence (data not shown). Transformants were

readily obtaining showing that srA was not essential for viability.

3000bp
2000bp

1000bp

Figure 10: PCR confirmation of srfA knock out

Primers 20N and 200 located upstream and downstream of the
manipulated region were used to confirm the allelic replacement of
srtA. Lane A ladder marker, B wild typg gDNA and C sr¢A knock out
gDNA. The expected product sizes are.-wild type 1227bp and mutant
1983bp.
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Analysis of virulence

The outbred MF-1 strain of mouse is widely employed as an animal model to study the
pneumococcus and has been used to identify several virulence factors (Yesilkaya et al.
2000; Blue et al. 2003; Chiavolini et al. 2003). Wild type and srt4 mutant D39 were
therefore compared in this model to assess the contribution of sr¢4 to pneumococcal
virulence.

Following intranasal infection with 10° CFU survival time, bacterial blood (24 and 36 hr
post infection) and lung counts (36 hr) were measured (Figure 11). No significant

difference was seen between the two strains for any of the parameters measured.
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Figure 11: Comparison of virulence of D39 wt (black) and srfA knock out (white)
Following intranasal infection with 10° CFU strains were compared for A) blood and
B) lung (36 hr) bacterial counts and C) survival time. Data represent mean +/- 1SE

from 6-11 mice.
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Comparison of virulence using competitive infections

Although there was no statistical difference between the virulence of wild type and srtA
mutant there was a trend suggestive of slight attenuation of the mutant. For example,
blood and lung counts were lower and mean survival slightly longer in mice infected with
the srtA mutant D39 in comparison to wild type. This suggested there might be a subtle
attenuation of the s##A mutant. To investigate this, competitive infections were used,
which are sensitive to small differences in virulence. In this infection a 1:1 mixture of
wild type and mutant are administered together and the ratio of mutant to wild type
calculated from bacteria recovered following infection (output ratio). This ratio is then

corrected by the input ratio of mutant to wild type to give the competitive index (CI)

(Equation 1).

Equation 1

CI= output ratio of mutant to wild type
input ratio mutant to wild type

The-CI indicates if one strain has out-competed the other and is therefore presumably
more virulent because it is better able to survive in the infection system. Interpretation of

the possible CI results is shown in Table 6.
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Competitive index |1 <1 >1

Wild type has out- | Mutant has out-

competed  mutant | competed wild type
No difference in
Interpretation and so mutant is |and so mutant more
virulence
attenuated compared | is virulent than wild

to wild type type

Table 6: Interpretation of CI

It was intended to differentiate wild type and srt4 mutant bacteria in competitive
infections by virtue of the erythromycin resistance of the mutant. However, following
growth without erythromycin in vitro and in vivo (mouse infection) the srtA and spr0370-
0371 double mutant (Chapter 7 and 8) had lower counts on non-selective plates compared
to those containing erythromycin. It therefore appeared that the mutations might be
unstable and the erythromycin resistance cassette was being lost in the absence of
selection. Although this might not affect any phenotype seen with the mutants (because
théy had a portim; of the target gene deleted and therefore cassette lost would not restore
the wild type genotype) it did have implications for the use of antibiotic resistance to
identify strains in a competitive infection. When 12 srt4 mutant colonies grown without
selection were examined by the PCR used to confirm mutants (Figure 10) they all
appeared to contain the erythromycin cassette. '-:l:his was unexpected as based on the
viable counts on non-selective versus selective plate only 1 in ~500 colonies were
erythromycin resistant. This suggested the mutant genotype was stable but that

erythromycin resistance was not being expressed in the absence of the antibiotic.
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Furthermore, when mutants were grown on BAB plates without selection and
subsequently stabbed picked onto plates with and without selection all colonies grew
confirming that the contained the erythromycin cassette. Presumably the large inoculum
used here (all the cells in a single colony) mean that at least some cells survive to form a
colony either because they express resistance or are able to express it before being killed.
In this way the apparent loss of resistance expression is masked. Such an affect will not
be seen when colonies are grown from single cells explaining the original observation of
resistance loss. It appears that the mutants are stable but the erythromycin resistance
phenotype is not. Therefore for competitive infections bacteria were initially plated
without selection then subsequently double picked onto plates with and without
erythromycin in order to calculate the ratio of mutant to wild type bacteria.

Using this infection system D39 wild type and s»#A mutant were compared following
intranasal (pneumonia) and intravenous (bacteraemia) infections (Figure 12). At 0 hr post
infection, following both intranasal and intravenous challenges the mean CI was not
significantly different from 1. This control shows that the preparation and infection
process themselves had no effect on the ratio of wild type and mutant. However, at all

subsequent time points, in both infections, the CI was significantly below 1 indicating

attenuation of the srtA mutant. When comparing between the infection types the CI was
significantly lower following intravenous infection at 6 and 12 hours than after intranasal
infection. This difference was not evident at 24 and 36 hr and suggests that attenuation of

3

the mutant was greater in intravenous infection, at least at early time points.
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Figure 12: Virulence analysis of sr#/A mutant in competitive infections with parental wild
type
Each point indicates the competitive index from an individual mouse following intranasal (A)
and intravenous (B) challenges. Values <1 indicates attenuation of the mutant. Following
intranasal challenge, bacteria were sampled from the lung. Following intravenous challenge

bacteria were sampled from the blood. Red bar shows the mean CI and open circles indicate

the recovery of no mutant bacteria. ¥*p<0.05 **p<0.025 compared to one (one equals no
attenuation).

Verification of competitive infection

In order to check that the genotype ascribed to colonies in competitive infections on the
basis of antibiotic resistance was correct, it was verified by PCR genotyping of colonies.
Genomic DNA was extracted from a total of eighty colonies (40 wild type and 40 mutant

according to erythromycin resistance) from various time points from the competitive
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infections. The srtA genotype (wild type versus srtA mutant) was confirmed by PCR
with the primers 200 and 20N. These primers were used to confirm the original mutant
based on the different product sizes (Figure 10). In all eighty cases the colony genotype
as determined by PCR agreed with that based on erythromycin resistance. Thus the

method of ascribing genotype based on erythromycin resistance appears to be accurate.

Comparison of colonisation using competitive infections

Having shown that the s7#A mutant is attenuated in both pneumonia and bacteraemia
infection the behaviour of the strain in a colonisation model was investigated. In this
model MF-1 mice are infected with 10® CFU administered in a smaller volume of 10 pL
as opposed to the 50 pL used in the pneumonia model. This results in nasal carriage but
not invasive disease. Wild type and srfA were compared in this model using the
competitive infection method used above. At both time points, 4 and 8 days post infection
the CI was significantly less than one showing the sr#A mutant to be attenuated with
regards nasal colonisation (Figure 13). Although the attenuation seen at day 8 was more
significant compa;ed to 1 than that seen at day 4, comparison of the CI at the two time
po;nts showed no significant difference. In line with this being a model of asymptomatic
colonisation a;fd not invasive disease mice showed no clinical signs of infection
throughout and bacterial blood counts obtained by tail bleeds at 24, 48 and 72 hr post
infection were all below the detection limit (50 CFU/mL), in contrast to what occurs
following invasive disease seen with intranasal iﬁ;‘e’ction using 10° CFU given in 50 uL.

A 0 hr time point was not performed for the colonisation experiment as bacteria were
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prepared in the same way as for the pneumonia model. The 0 hr CI therefore likely is the

same as for that infection (Figure 12) although this should still be confirmed in future.

Competitive index

10
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0.1 » o
0.01 °
0.001 ' ' ' 1
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Mean competitive index 0.32 * 0.37%*

Figure 13: Competitive colonisation with wild type and s#*A mutant
D39

Each point indicates the competitive index from an individual mouse.
Values <1 indicates out-competition of the mutant. Following infection
bacteria were sampled from the upper respiratory tract. Red bar shows
mean and the open circle indicates recovery of no mutant bacteria.
*p<0.05 **p<0.025 compared to one (one equals no attenuation)

Growth in vitro

To determine if the out-competition of the srfA mutant in vivo was due to a general

growth defect the CI was calculated following growth in BHI at 37 °C. At mid-log and

late log stages of growth the mean CI were 0.95 and 1.16 (n=2) showing that under these

conditions the mutant is not out-competed by the wild type and suggesting it does not

have a general growth defect in vitro.
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Surface anchoring of proteins by srfA

Previously it has been shown that proteins anchored to the cell wall by sortase are present
at increased levels in the supernatant sortase mutants (Igarashi et al. 2003; Kharat and
Tomasz 2003). Therefore, to investigate which proteins are anchored to the surface of
D39 by SrtA, Western blots were preformed on cell lysates and supernatants from wild
type and srt4 mutant strains grown to mid-exponential phase. The four pneumococcal
LPXTG motif proteins investigated were neuraminidase A (NanA), hyaluronidase (Hyl),
zinc metalloprotease B (ZmpB) and protease A (PrtA) as antisera to these were available
in the laboratory (Figure 14). In wild type D39 NanA and HYL were present in both the
cell pellet and supernatant. In the s##A mutant there was a decrease in the cell-associated
(pellet) signal for both these proteins. This was most evident with NanA where no cell-
associated NanA was detected. The effect on Hyl distribution was less obvious with a
strong pellet signal still present in the srA mutant albeit at a lower intensity than in the
wild type. This experiment needs to be repeated to confirm any subtle differences but was
not performed due to limitations on time. Both ZmpB and PrtA were detected only in the
supernatant with no cell-associated signal for either the wild type or sr7¢tA mutant. No
di;fference was seen between the wild type and s##A mutant with regards to these proteins.
Cloning, over-expression and purification of SrtA

Pure SrtA would be a useful research tool to use in activity assays, structural studies and
to produce antisera. With this in mind, srA was é;pliﬁed from D39 gDNA with primers
19U and 19V and cloned into the expression plasmid pET-33b+. Following over-

expression in E. coli BL21 DE3A cells, cell pellets were collected by centrifugation and
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stored at —20°C until required. SrtA was purified from these cells by Ni-affinity column
and gel filtration. Pure SrtA was confirmed by SDS-PAGE with Commassie Blue

staining (Figure 15).
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Figure 14: Localisation of LPXTG proteins inwild type and sr¢A mutant
Cell pellet and supernatant from the strains was probed with anti-sera as
indicated. Lane A wild type cell pellet, B wild type supernatant, C srtA
pellet and D s7fA supernatant.
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Figure 15: Purified SrtA
SDS-PAGE stained with Commassie Blue of
SrtA

Crystallisation of SrtA

To gain structural insight into the biology of pneumococcal SrtA crystallisation trails
have been set up using the sitting drop 'Vapour diffusion technique at 20 °C. with
commercially available sparse matrix screens (Hampton Research, Molecular
Dimensions and Emerald Bioscience). Crystals formed but these appeared to be

aggregates of several crystal and not likely to diffract satisfactory (Figure

16).

Figure 16: Protein crystals of SrtA

The crystals were taken to the synchrotron source Elettra (Trieste, Italy) however,
diffraction experiments yielded little or no diffraction. While this is of little value it does
suggests these crystals are formed by protein and are not salt artefacts. Further

experiments are underway to improve the crystals produced.
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The work on purified SrtA was performed in collaboration with Dr. Alan Riboldi-

Tunnicliffe.

Findings

The strain distribution of pneumococcal srt4, B, C and D genes was examined by
PCR across 57 clinical isolates. s#t4 was present in all strains with s#¢B, C and D
present in 13 (22.8%).

Sequencing of srtA4 from 20 strains showed it was highly conserved.

Survival, blood and lung bacterial counts from a srt4 mutant following intranasal
infection were not significantly different from wild type D39.

A srtA mutant was attenuated in competitive infections with wild type D39
following intranasal and intravenous infections

This srtA mutant was also out-competed by wild type D39 in a competitive
colonisation model.

NanA surface localisation was defective in the srt4 mutant as measured by
protein release into the supernatant.

SrtA has been over-expressed and purified for further studies including

-

crystallisation, which is currently underway.
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Chapter 4 Analysis of Sortase, Discussion
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The anchoring of specific proteins to the cell wall mean sortase enzymes have an
important role in the pathogenesis of bacterial infections and are seen as a potential target
for new antimicrobial drugs. Four sortase homologues were identified in the

pneumococcal genomes and these investigated here as candidate virulence factors.

Strain distribution

To investigate the strain distribution of the four pneumococcal sortase genes, srt4, B, C
and D, PCR with gene specific primers was performed on gDNA from a collection of 57
clinical isolates. Although we have taken the absence of a PCR product to suggest the
absence of a gene this may also be due to sequence divergence in the primer binding
sites. Other techniques such as microarray analysis or Southern blotting could be used to
substantiate the likely absence of genes. These strains were selected from a collection of
strains isolated from invasive disease in Scotland to represent a variety of serotypes and
MLST sequence types. Sortase strain distribution was of interest because of the potential
of sortase as antimicrobial or vaccine targets (Cossart and Jonquieres 2000; Mazmanian
et al. 2000)). One: criterion for any potential antimicrobial target is that it must be present

in alrl or most virulent strains. At the start of this study no work was published looking at

the strain distritution of any sortase genes. Strain distribution was also of interest as the

presence or absence of particular genes between strains may be associated with certain

disease types or outcomes. For example, in S. pyogenes the presence and expression of
R

the fibronection-binding protein (FbaB) is associated with strains causing toxic shock-

like syndrome (Terao et al. 2002). An investigation of gene distribution among different

strains coupled with epidemiological/disease data from these strains may therefore
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provide clues to such associations and offer important leads towards improving
understanding of pneumococcal carriage and pathogenesis. srt4 was present in all 57
strains examined suggesting an important role in pneumococcal biology. This agrees with
work published during this study showing that s724 of S. suis was present in all 59 strains
investigated (Osaki ef al. 2003). In the case of the three other pneumococcal sortase
genes, they were present in only 13 isolates representing 22.8% of the total examined.
These genes showed a mutually exclusive relationship whereby they were either all
present or all absent. A selected strain distribution for these sortase genes had already
been shown by their identification in TIRG4 but absence in R6 and D39 (Tettelin ef al.
2001). Here, by examining a greater number of strains a more representative idea of their
distribution is given. Although these genes may contribute to pneumococcal pathogenesis
as suggested by the attenuation of s7/B and D mutants in mouse infections they do not
appear essential for human disease (Hava and Camilli 2002). No obvious disease
association was seen with the strains positive for these three sortase genes. However,
given that only thirteen strains were positive, a larger sample size may be required for
any such associat‘ion to be evident. Additionally, it should be noted that for many of the
57‘ isolates, clinical data is incomplete or absent, limiting the available data with which to
investigate pot;htial associations. For example, no diagnosis was provided for over one
third of isolates (22 out of 57). Unfortunately strains were selected before this lack of
information became apparent otherwise it might have been useful to select strains for
>
which data was available. It would be of interésf to compare the prevalence of these

genes between strains from a larger sample representing strains from various disease and

carriage states to try and identify any correlation with the presence or absence of these
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sortase genes. In an effort to identify serotypes and MLST sequence types associated with
carriage and invasive disease it was found that sequence types ST9, 124 and 113 had a
propensity to cause invasive disease (Brueggemann et al. 2003). From the data presented
here ST124 (2 strains tested) and ST113 (one strain) do not posses sr¢B, C and D. This
might suggest that there is not a strong association between the ability to cause invasive
disease and the presence of the sortase genes, sr¢B, C and D. However, a larger number of
strains would need to be examined before a firm conclusion can be made. If these srt
genes contribute to virulence then they may be more prevalent in the disease causing
isolates. Alternatively, they may have a role in carriage without contributing to disease
and so may be more prevalent in strains with a low propensity to cause disease. The
linkage of sr1B, C and D is unsurprising given they are found adjacent to each other in the
rIrA pathogenicity islet and are transcribed together by the transcriptional regulator RIrA
located in the same region (Hava et al. 2003). A negative regulator of this islet has also
been identified as MgrA, a transcriptional regulator encoded in the genome, not the
pathogenicity islet (Hemsley ef al. 2003; Hava et al. 2003). Interestingly, these three
sortase genes are found adjacent to three putative cell wall anchored proteins also
er;édded in this pz;:chogenicity islet (Pallen et al. 2001; Hava and Camilli 2002). Each cell
wall protein vaties slightly within the LPXTG motif (YPRTG, IPQTG and VPDTG) the
significance of which is as yet unclear but hints at the possible specific pairing of sortase
with substrate within the pathogenicity island. Presumably the presence the three srt
genes correlates with the presence of the rlrAd ;athogenicity islet and these cell wall
proteins. No data is as yet available on the function(s) of these cell wall anchored proteins

although one, RrgA (Sp0463) has been shown to contribute to pneumonia and carriage in
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the mouse (Pallen et al. 2001; Hava and Camilli 2002). They all show weak homology to
microbial surface components recognising adhesive matrix molecules (MSCRAMMs)
(Pallen et al. 2001; Hava and Camilli 2002). Indirect evidence exists for a role of these
three proteins in adhesion whereby null mutation or over-expression of the two
transcriptional regulators of this islet increased or decreased binding to a lung epithelial
cell line in accordance with their expected affects on islet gene transcription (Hemsley et
al. 2003). This rirA pathogenicity islet is similar to the FCT genome region of S.
pyogenes, so named because it encodes fibronectin and collagen-binding proteins and the
T antigen (Bessen and Kalia 2002). Interestingly, this region in S. pyogenes is highly
variable between strains both in terms of its gene content and sequence conservation. It
was described as a region with a high capacity for intergenomic recombination and
therefore likely to contribute to the wide array of clinical and epidemiological phenotypes
seen in different strains (Bessen and Kalia 2002). It would therefore be of interest to
examine the rirA region of different pneumococcal strains to see if such diversity occurs
in this species also and furthermore if any association with particular clinical or
epidemiologicql features exists. Preliminary PCR mapping experiments across this

pathbgenicity islet of several pneumococcal strains suggests variation may occur (data
not shown). Ot: ‘particular interest is the presence of a ~6Kb insert in two strains. Direct
sequencing of this product produced only poor data suggestive of repetitive sequences
within this insert. Time limitations meant this work was not pursued although further
investigation is merited. The basis for the presené;'or absence of these three st genes is

of interest. The rlrA pathogenicity islet is possibility a mobile genetic element given it is

flanked on either side by insertion sequences (IS1167). One of these in the TIGR4
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sequenced genome is predicted to be inactive due to a frameshift mutation but this may
not be the case in other strains. The presence of these insertion sequences and the fact
that s#B, C and D are found in strains distantly related as judged by MLST sequence type
would suggest this 7/74 region is a mobile element. Its origin and distribution in other
species is therefore of interest. Identification of a genomic region such as the rilrd
pathogenicity islet as being from an exogenous source is possible by comparing several
of its features with that of the genome average or housekeeping genes. These features
include; G+C content, codon usage, dinucleotide bias and amino acid usage (Karlin
2001). The G+C content of the r/rA pathogenicity islet is 38.7% which is similar to that
of the genome average of 39.7%. This offers no strong indication that the islet has been
acquired by lateral gene transfer. However, the islet may have been acquired from a
species with a G+C content close to the pneumococcus or that having been acquired from
another species, the G+C content has been adapted towards the genome average as has
been predicted following lateral gene transfer (Karlin 2001). In these circumstances it
would be of value to investigate the other genome features mentioned above to determine
_ the likelihood that the rlrA4 islet has been acquired from another species. Only one other

probable pathogenicity island (PPI-1) has been described for S. pneumoniae and is

-

involved in the uptake of iron (Brown et al. 2001).

Investigation of srtA
srtA was chosen for further study because it. was present in all pneumococcal strains
tested and so results may be of relevance to the greatest number of pneumococcal strains.

At the begimning of this work no detailed examination -of sortase genetic diversity had
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been performed, although from the limited data from sequenced organisms it scemed that
sortase genes were strongly conserved. As well as strain distribution, sequence diversity
is another important consideration in the potential of sortase as antimicrobial or vaccine
targets. Sequencing of sr#4 from twenty clinical strains selected to represent a variety of
serotypes and MLST sequence types found the gene and deduced protein sequence to be
highly conserved. The ubiquitous distribution and sequence conservation of srtA suggests
it plays an important role in pneumococcal biology. The DNA sequence conservation of
srtA between strains of 99.3-100% is much greater than the 70.0-99.5% shown between
S. suis strains (Osaki et al. 2003). Despite this variation the different srt4 alleles of
S suis where shown to be functionally conserved (Osaki et al. 2003).

To investigate further the function(s) of srz4 in pneumococcal biology, a null mutant was
created in strain D39 by allelic replacement. The mouse-virulent serotype 2 strain D39
was chosen as it has been well-characterised in our mouse infection model (Yesilkaya et
al. 2000; Gingles et al. 2001; Blue and Mitchell 2003; Blue et al. 2003; Chiavolini et al.
2003; Kadioglu et al. 2003). Groups of MF-1 mice were infected intranasally with 108
. CFU wild type or srtA mutant, To compare the virulence of the two bacterial strains
m;)use survival was monitored and bacterial counts taken from the lung (36 hr) and blood
(24 and 36 hr).‘ No statistically significant difference was seen between the two bacterial
strains when comparing mouse survival or survival time. Nor was there a statistically
significant difference in the bacterial counts in lung or blood. This result was somewhat
unexpected because of the growing literature =shgwing the importance of sortase in the
virulence of various pathogens (Table 1). Additionally, several LPXTG motif proteins of

the pneumococcus have previously been shown to be involved in virulence (Table 2).
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However, for survival time and bacterial counts there was a trend toward attenuation of
the srt4 mutant. For example, the mean blood counts at 24 hr post infection where log;g
5.1 CFU ml" for the srt4 mutant compared to 6.3 for the wild type. This suggested that
the srt4 mutant was mildly attenuated. Although the MF-1 model is well established and
has been used successfully in the past to identify virulence factors it may have the
problem that use of a genetically diverse outbred strain creates variation that may mask
differences between wild type and mutant. For example, following the standard intranasal
infection with 10° CFU, as used throughout this work, the blood counts at 24 hr can vary
from logjo 1.92 to logip 9.00 (Blue 2002). Such variation may mask the statistical
significance of small differences in virulence. The use of inbred mice might have helped
overcome this problem. Being genetically identical they would be expected to respond
more similarly to infection and thereby show less variation in the parameters measured.
However, they have the disadvantage of costing more to purchase. Additionally, using an
inbred strain is not guaranteed to limit variation. For example, following intranasal
challenge with 10° CFU D39, several strains showed considerable variation between
. individuals with Fegards survival times (Gingles et al. 2001). In addition the response

between different inbred strains is quite different with some being highly resistant and
other highly s&éceptible to pneumococcal infection (Gingles ef al. 2001). Each mouse
strain may therefore have inherent disadvantages. For example, mouse survival or spread
from lungs to blood could not be examined in the resistant BALB/c. While the difference
between a wild type strain and an attenuatedam;tant might not be evident in a highly

susceptible strain because both able to cause the same level of disease. To further study

the possible role of s7#4 in pneumococcal infection, wild type and the sr24 mutant were
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compared in competitive infections. This type of infection has been used with various
pathogens and is seen as potentially more sensitive to differences in virulence because the
two strains are compared in the same host thereby reducing host-to-host variation. This
allows the identification of small differences in virulence. For example, a knock-out in
the ABC iron transporter piz2 in type 3 pneumococcus had no affect on mouse survival
following intranasal or intraperitoneal infections (Brown et al. 2001). However, this
mutant was attenuated in competitive infections with the wild type strain in both infection
types (Brown et al. 2001). It should be noted that a competitive infection measures
virulence as a growth advantage/disadvantage between strains. The presumption therefore
is that virulence/pathogenesis is directly related to bacterial load. This might not
necessarily be the case. For example, a mutant made in Mycobacterium tuberculosis
lacking the alternative sigma factor, sigH, produced reduced pathology and mortality
compared to the wild type without a reduction in bacterial counts in a mouse infection
(Kaushal et al. 2002). It appeared that the genes in the SigH regulon were dispensable for
bacterial growth and persistence but were involved in triggering the harmful host
response import%nt in the development of pathology. Additionally, a clpC mutant
pr;eumococcus showed reduced bacterial counts compared to the wild type without any
reduction in m;Srtality (Y. Ibraham, personal communication). In this situation it may be
the case that some threshold may exist for bacterial counts above which mortality is
assured. Any difference in bacterial counts above this threshold may have no impact on
the infection outcome. Both these examples =shgv;'/ that virulence need not be directly

proportional to the ability of a pathogen to survive in the host. It therefore would be best
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to measure virulence in terms of host damage, as this is possibly the most important
measure of outcome (as discussed by Casadevall and Pirofski 2003].

This criticism also holds not only for competitive infections but also infections with pure
inoculum followed by bacterial counts. The difficulty and challenge is therefore the
ability to sensitively measure host damage. Another potential disadvantage with
competitive infections is the inability to monitor the spread of bacteria from one site to
another. This is an important feature of in our model and human infection where the
spread of bacteria from the lung to blood may involve virulence factors distinct from
those functioning at either site, and is associated with disease progression and mortality.
For example, it is suggested that ZmpB is important in the dissemination of the
pneumococcus from lung to blood (Blue et al. 2003). Hava and Camilli (Hava and
Camilli 2002) found that in pneumococcal STM pools the bacteria spreading from the
lungs to the blood were made of a random collection of a few clones. This will probably
also apply to competitive infections using two strains and so such infections could not be
used to investigate bacterial dissemination. In this case therefore the possible defective
dissemination of the zmpB mutant would be overlooked. In addition, it is possible in a
co;npetitive infect;on for the wild type strain to complement a deficiency of the mutant.
For example, "a mutant lacking a secreted toxin might not be at a competitive
disadvantage if the wild type is also present and producing that toxin.

One the other hand, competitive infections have the advantage of being sensitive to small
differences between strains in their ability to S;fvive in vivo and use less mice/host

organisms and so are more ethical and economical. Bearing these points in mind,

competitive infections were preformed between wild type D39 and srt4 mutant following
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intranasal and intravenous challenges. Both infection types were tested as the
contribution to virulence of srt4 may vary in different infections. The CI was calculated
immediately following each infection (Ohr). The value was not significantly different
from 1 indicating that the preparation and infection processes themselves had no impact
on the ratio of the two strains. At each other time point examined (6, 12, 24 and 36 hr) in
both infections, the CI was significantly less than 1. This showed the wild type was out-
competing the s7t4 mutant and was therefore better able to survive in the infection. srt4
was therefore shown to be a virulence factor in pneumococcal pneumonia and
bacteracmia. srt4 was not identified as a virulence factor in the three previous
pneumococcal STM screens (Polissi et al. 1998; Lau et al. 2001; Hava and Camilli 2002)
and so this is the first demonstration of the role of s7t4 in pneumococcal pathogenesis.

During the course of this work srt4 was deleted in pneumococcal strain R36ASIII, a type
3 encapsulated derivative of the acapsular R36A strain (Kharat and Tomasz 2003). This
mutation caused no difference in mouse survival compared to wild type following
intraperitoneal challenge. This experiment has the flaw that the role of capsule in
. virulence is depqndant on the genetic background (Kadioglu et al. 2002) and so the
exzpression of a heterologous serotype 3 capsule on a serotype 2 background may create
artefacts. In ac%dition, it can be argued that intraperitoneal challenge is not the most
physiologically relevant route to pneumococcal infection. Indeed, the pneumococcus can
be highly virulent following intraperitoneal challenge of mice and so this may mask any
attenuation between wild type and mutant. HowfeVer despite such caveats the lack of

attenuation is in agreement with our first virulence studies following intranasal infection

with wild type D39 and srt4 mutant where no significant-difference was seen between the
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two strains. A significant attenuation of the s¥#4 mutant was only detected using sensitive
competitive infection. This suggests the contribution of srt4 may be minor in
pneumococcal virulence. This is in contrast to the apparently larger contribution seen in
other organisms in animal models where attenuation of srt4 mutants is more readily
apparent, requiring straightforward infections of different groups of animals (Mazmanian
et al. 2000; Bolken et al. 2001; Bierne et al. 2002; Garandeau et al. 2002; Mazmanian ef
al. 2002). There are several possible contributing factors to explain this. Neither R36A
nor D39 have been sequenced and so may contain additional sortase genes
complementing the loss of srt4. This seems unlikely given the dramatic affect of srt4
deletion on the localisation of NanA and B-gal [harat and Tomasz 200] and our NanA
Western blot, Figure 14). Additionally, both R36A and D39 are closely related to the
sequenced R6 strain, which possesses only s7t4 and no other sortase (Hoskins et al.
2001). To overcome this potential problem it may have been advisable to use the virulent
sequenced TIGR4 strain. However, not even using a sequenced strain removes this
potential problem of redundancy or complementation masking a phenotype because the
apparent absence ,of a gene in the genome does not confirm the absence of that particular

activity as a non-homologous gene may encode it. An additional explanation is that the
proper surface ‘1oca1isation of pneumococcal LPXTG motif proteins is not essential for
their contribution to virulence. All of the characterised pneumococcal LPXTG motif
proteins have enzymatic activity, it is therefore possible that their increased secretion into
the extracellular environment in a srt4 mutant gliows them to perform their function

almost as effectively as when found on the surface. This is in contrast to some of the

LPXTG motif proteins acting as adhesins in other organisms such as fibronectin and
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fibrogen binding proteins in S. aureus (Mazmanian et al. 2000; Mazmanian ez al. 2002),
CshA fibronectin binding protein of S. gordonii (Bolken et al. 2001), P1 adhesin of S.
mutans (Lee and Boran 2003), internalin A in L. monocytogenes (Bierne ef al. 2002;
Garandeau et al. 2002). Indeed, LPXTG proteins include important adhesins involved in
the virulence of each of the organisms other than the pneumococcus examined for the
role of srtA in pathogenesis. The requirement for the correct anchoring of these proteins
to the cell wall may explain the large defect in virulence shown with sr¢4 mutants. The
enzyme LPXTG motif proteins of the pneumococcus may not have such an absolute
requirement to be located on the cell surface and their increased secretion in a srt4
mutant has little impact on virulence. A potential exception in the pneumococcus is the
IgAse which has been shown to be involved in adherence (Weiser ef al. 2003). However,
it appears that enzymatic activity is central to this function rather than acting in a direct
ligand-receptor binding interaction. It may therefore not be essential to be surface
located. In support of this, a IgAse mutant could be partially complemented by addition
of secreted IgAse from Helicobacter pylori to the medium. The binding of cationic
. cleaved antideigs fragments to the surface of the pneumococcus was thought to
neutralise the inhibitory affect of the negativity charged capsule on adhesion leading to
improved efﬁc}ency of the phosphorylcholine - PAFr mediated adherence. Additionally,
as will be discussed with ZmpB, the cell wall anchoring signal of IgAse is found at the N-
terminus not the C-terminus. IgAse may not therefore a substrate for sortase. The defect
in pneumococcal host cell adherence shown by;al srtA mutant by Kharat and Tomasz

(Kharat and Tomasz 2003) suggest a role in adherence for LPXTG motif proteins.

However, this effect was only shown in acapsular laboratory strains that as previously
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discussed might not be representative of capsular clinical strains in such adherence assays
(Brock et al. 2002). It would therefore be of interest to use our virulent capsular wild type
and srt4 mutant strains in a similar assay.

In contrast to other organisms it might be that pneumococcal ligands for adherence may
be surface anchored by alternative methods such as choline binding proteins that are
surface localised through binding of choline in teichoic acids. Or as yet uncharacterised
mechanisms as suggested for PavA and alpha-enolase. Both these adhesins are surface
proteins but lack any known motif for this localisation (Bergmann ef al. 2001; Holmes et
al. 2001). Finally, it may be possible that many of the LPXTG motif proteins in D39 do
not contribute greatly to virulence in our model. Little detailed data exits on the role of
LPXTG motif proteins in pneumococcal virulence. Additionally, it is difficult to compare
what work has been done previously with our results given the use of different bacterial
and host strains and infection types. For these reasons mutants were made in the
pneumococcal LPXTG proteins nand, prtd, f-gal and spud to assess their role in
virulence in a manner comparable with sr#4 (Chapters 5 and 6).

_ The affect of srt/{ deletion was also examined in a competitive colonisation model. This
We;s rperformed in the same manner as the competitive pneumonia infections with the
exception that :the bacteria where administered in the smaller volume of 10ul not 50ul.
The result is nasopharyngeal colonisation without invasive disease. In line with this, mice
showed no clinical signs and had blood counts below the detectable level in contrast to
the pneumonia model using a 50pl volume. Bac;;r'ia were recovered up to 8 days post

challenge, later times were not tested but the bacterial levels at day 8 suggested

persistence beyond that time point was likely. The decreased ability of s74 mutants to
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adhere and invade the human pharyngeal tissue cell line Detroit 562 suggested a role for
srtA in colonisation (Kharat and Tomasz 2003). Indeed, we found that the srt4 was
significantly out-competed by wild type D39 at both time points examined, 4 and 8 days.
srtA appears therefore to contribute to pneumococcal nasopharyngeal colonisation in
addition to pneumonia and bacteraemia.
When grown competitively in BHI in vitro there was no out-competition of srz4 by wild
type D39. The srt4 mutant does not appear therefore to have a general growth defect that
would cause it to be out-competed by the wild type. The srtA4 attenuation seen during
competitive infection and colonisation studies may therefore be due to specific features of
the in vivo environment rather than an inherent growth disability.
On the contribution of SrtA to pneumococcal virulence and carriage it may be the case
that its role in the mouse is less important than in human colonisation and disease.
Evidence for its importance might be taken for its ubiquitous presence in all strains tested
and sequence conservation despite an apparently small contribution in mouse models.
Although not feasible to test its role experimentally in human disease the recent use of
. human Volunteerg for experimental carriage (McCool et al. 2002; McCool et al. 2003)
presents an interesting future experiment to examine the role of SrtA in pneumococcal
biology. Howe\‘/'er, such studies are likely to be expensive and time-consuming.
It is also worth noting that the importance of different virulence factors varies with the
pneumococcal strain being used (Blue and Mitchell 2003). For this reason it may be of
>
interest to compare the affect of a sr¢4 null mutﬁtion in other strains. In addition for a

complete examination of virulence sr¢4 could be examined in models of otitis media and

meningitis to complement the work performed here. If our animal results with regards the
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role of SrtA in virulence represent the situation in human infection it seems unlikely that
SrtA would make a good antimicrobial target.

To assess which LPXTG motif proteins are anchored to the cell wall by SrtA a series of
Western blots were preformed. As has been shown in sortase mutants in other organisms
there is an increased secretion of sortase substrate (Igarashi et al. 2003). This method was
used by Kharat and Tomasz (Kharat and Tomasz 2003) to examine pneumococcal SrtA.
Comparison of the cell pellet versus the supernatant showed this mutant had increased
secretion of NanA and B-gal. We repeated and expanded this investigation by performing
Western blots on cell pellet and supernatant from exponentially grown cells using
antisera against NanA, PrtA, ZmpB and Hyl. Our NanA Western blot confirmed the
results of Kharat showing that in wild type cells NanA is found in both the cell pellet and
supernatant while in the srz4 mutant NanA is largely absent in the cell pellet. This
suggests that NanA is anchored by SrtA. Commensurate with its increased secretion in
the s7¢4 mutant, the signal from the supernatant was increased over that from the wild
type supernatant. In the case of Hyl the results are less clear. A signal was present in all
four lanes; wild type pellet and supernatant and srt4 pellet and supernatant. The signal in
th; usrtA mutant pellet was slightly less than that in the wild type pellet suggesting
defective cell ‘association. However, the difference was only slight and without an
increased signal in the s7¢t4 supernatant. This would need to be repeated before making a
firm conclusion on the cell association of Hyl by SrtA. Why there should be a difference
between NanA and Hyl is unclear perhaps diffé;ehces in their C-terminal hydrophobic

tail mean that unanchored Hyl associates more with the membrane than does NanA. In

the case of PrtA the entire signal in the wild type and:srt4 mutant was present in the
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supernatant. No conclusion of the anchoring of PrtA by SrtA can therefore be made. The
presence of PrtA in pneumococcal cell lysate and supernatant has previously been shown
(Bethe et al. 2001) with the pellet signal greater than that from the supernatant. This
current work used the same D39 strain that was employed previously so the reason for
this discrepancy is unclear. We used cells from exponential growth phase and although
not stated in the paper that may not have been the case for the previous work (Bethe ez al.
2001). It may be that they used cells from an earlier stage of growth when the distribution
of PrtA may be different. For example, in early growth PrtA may all be cell associated
but is later secreted into the supernatant. A time course for the localisation of LPXTG
motif proteins would be interest and has yet to be performed. The process by which these
supposed cell wall anchored proteins are secreted into the supernatant is unclear. The
band sizes of the three proteins described above were similar in the pellet and
supernatant. This suggests that if cleavage of the LPXTG protein is involved in its
secretion the cleavage site must be near the LPXTG motif. Additionally, it appears the
proteins are present in the supernatant without being attached to a large portion of cell
 wall, which Would cause an apparent increase in their size on the Western blots. It seems
uniikely also that these proteins are present in the supernatant by virtue of cell lysis
releasing cell v;'all fragments containing attached cell wall protein as during exponential
growth such lysis should be limited (Balachandran et al. 2001). This could be examined
further using a /yt4 null mutant, which is defective in autolysis (Tomasz et al. 1988).
Finally, ZmpB was found only in the supemataﬁi of wild type or srt4 mutant with no

apparent difference between the two strains. This confirms that ZmpB is secreted with no

apparent role for SrtA. This does not however, exclude surface association or SrtA
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involvement at another phase of growth again highlighting the potential value of a time
course. It is worth mentioning that this approach to SrtA cell wall anchoring is limited by
the availability of appropriate antibodies against the proteins of interest. This limitation
could be overcome by the development of an appropriate reporter system for cell wall
anchoring. Such a device has proved useful in studying S. aureus sortase. Here, the
putative C-terminal cell wall sorting sequences from different proteins are fused to
staphylococcal enterotoxin B, which can then be immunopreciptated from cells to
identify their cellular location (Mazmanian et al. 2002). This allows identification of the
proteins recognised by a sortase without the need for specific antibodies to each cell wall
protein. To create a similar reporter system for the pneumococcus it was attempted to
replace an internal fragment of NanA with EGFP as a reporter. NanA was chosen as it
had already been confirmed to be surface located (Camara et al. 1994) while this work
and that of Kharat and Tomasz (Kharat and Tomasz 2003) showed this to be SrtA
mediated. Replacement of the original C-terminal cell wall sorting signal of NanA with
that of other proteins could then be used to investigate if these were recognised and
_ surface located by sortase. EGFP could be detected by microscopy or Western blot or
méasured by spectrophotometer thereby providing qualitative results. This work has not
been finished a;id so has not been included here.

Purified SrtA would be a useful research resource for studying sortase biology. For
example, it could be used in activity assays, structural studies and as vaccine antigen to
generate antisera or to test its potential to provid;ﬁrotection from infection. With this in

mind SrtA was overexpressed, purified and crystallisation trials begun in collaboration

with Dr. A. Riboldi-Tunnicliffe. Crystals have been formed and it is hoped that in time
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structural data may be generated by X-ray crystallography. The only available sortase
structure is that of S. aureus SrtA (Ilangovan ef al. 2001a; Ilangovan et al. 2001b) there is
therefore value in solving the structure of an additional sortase. This is especially true
given the lack of sequence similarity between different sortase proteins that may extend
to structural and functional features. Attempts to model pneumococcal SrtA structure

based on the S. aureus protein using SWISS-MODEL Protein Modelling Server failed

due to lack of homology.
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Chapter 5 Analysis of LPXTG Proteins, Results
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Introduction

To complement the work on the role of srt4 in pneumococcal virulence several LPXTG

motif proteins were also examined, as their roles in pathogenesis are poorly defined.

Summary

Null mutants were made in four pneumococcal LPXTG motif protein genes in order to
investigate their role(s) in virulence. Two of the four were attenuated in competitive lung
infections suggesting they contribute to pneumonia.

Janus mutagenesis is a technique allowing the introduction of mutations into the
pneumococcal genome that lack seclectable markers. This can facilitate accessible
manipulation of the genome while limiting the chances of artefacts. This technique was
used to delete the LPXTG motif from ZmpB to investigate if this motif contributed to
virulence. This motif was of interest as unlike typical LPXTG motifs that are found at the

C-terminal, this was located at the N-terminal of ZmpB.

. Mutant construction and verification

Four pneumococcal LPXTG motif proteins were selected for further study by creating

knock out mute;hts in D39. The four selected were neuraminidase A/NanA (spr1535), B-

galactosidase/B-gal ~ (Spr0565), alkaline amylopullulanase/SpuA  (Spr0247) and

pneumococcal protease A/PrtA (Spr0561). These were chosen because there is a lack of
>

information on their role in different pneumooocéai infections. Null mutants were made

by allelic replacement with slight modification from the method used for srzA as

described in Material and Methods (Figures 3 and 4).-Confirming the absence of the
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target genes, primers internal to each failed to yield a product with gDNA from each
particular mutant but gave the expected product from wild type gDNA (Figure 17).
Furthermore, primers sited upstream and downstream of the manipulated region gave the
expected product for each mutant (Figure 17). These primers were not used on wild type
gDNA due to problems optimising the conditions needed to yield the large products
produced. This was not a problem with the mutants as the products were smaller due to
the deletion of the target gene. None of the four genes appeared essential for viability as

transformants were obtained for all.

A BCDE FGHIJKLM

Figure 17: PCR confirmation of LPXTG mutants

Expected product size given in brackets expressed in base pairs. Lane A blank
gDNA prep checked with primers 200 and 20N (sr#A) lanes B-E wild type
gDNA with internal primers against pr¢A (1050), nanA (1486), pull (835) and
B-gal (1252). Lanes F-I internal primers against prtA, nanA, spud and B-gal
with gDNA from respective mutants. Lanes J-M outside primers against prtA
(2167), nanA (1560), pull (1631) and B-gal (1646) with gDNA from
respective mutants.

See Table 3 for primer pairs used.
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Analysis of virulence

Each of the four LPXTG protein mutants was compared to wild type D39 with regards

bacterial lung and blood counts 36 hr after intranasal infection of MF-1 mice with 10°

CFU (Figure 18).

A

Log1o CFU/ml

Log1o CFU/mg

T T T 1

wit P-gal nanA prtA spud
Strain
, . ' , I , ] ,
wit p-gal nanA priA spuA
.
Strain

Figure 18: Virulence analysis of LPXTG protein null mutants
Bacterial blood (A) and lung counts (B) were measured 36 hr. after
intranasal infection with 10°CFU. n=6-8. Data are mean +/- 1 SE.
No significant difference was seen compared to wild type D39 (wt).
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No significant difference was evident between the bacterial counts with wild type D39
and any of the LPXTG protein mutants. In order to investigate any possible attenuation of
these mutants a competitive infection was used as described for srtA. At 36 hr after
intranasal infection the CI between each mutant and D39 wild type was calculated

(Figure 19).
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Mean competitive index <0.35%* <0.26**  <0.61 10.37

Figure 19: Virulence analysis of LPXTG protein mutants in competitive infections
with parental wild type D39

Each point indicates the competitive index from an individual mouse following
intranasal challenge. Values <1 indicates attenuation of the mutant. Bacteria were
sampled from the lung at 36 hr post infection. Following intravenous challenge bacteria
were sampled from the blood. Red bar shows the mean CI and open circles indicate the
recovery of no mutant bacteria. *p<0.05 **p<0.025 compared to one (one equals no
attenuation).

The mean CI for the B-gal and nanA mutants was significantly less than 1 indicating

attenuation of these strains. In the case of prtA, the mean CI was not significantly less
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than 1 but there was a trend towards attenuation, as 5 out of 6 mice had a CI less than 1
and 2 of these mice had no mutant recovered post-infection. It seems likely that repetition
of this experiment might show attenuation when the results are pooled. Limitations on
time precluded this experiment. The mean CI of the spu4 mutant is not significantly
different from 1 and on that basis this mutation appears not to affect virulence. However,
it is interesting to note the large variation between individual mice with regard the CIL
Three mice show a large attenuation of the mutant while the other three show increased
virulence of the mutant. The reason for such variation is not easily apparent and it would
be of value to repeat this infection if time had permitted.

To confirm the genotypes of colonies (wild type versus mutant) assigned by antibiotic
resistance was correct, 4-5 wild type and 4-5 mutant colonies from each mixed infection
were checked by PCR (same PCR as Figure 17). All genotypes by PCR agreed with those

based on resistance to erythromycin.

Deletion of LPXTG motif of ZmpB

. ZmpB has been shown to be an important pneumococcal virulence factor in both murine
pr;eumonia and bacteraemia (Polissi et al. 1998; Hava and Camilli 2002; Blue et al. 2003;
Chiavolini et c;Z. 2003). It contains a signal sequence and an LPXTG (LPQTG) motif
followed by a hydrophobic region and charged residues. ZmpB therefore contains the
necessary features for sortase-mediated cell wall anchoring. Indeed, the TIGRFAM and

>
Pfam Hits facility at the TIGR - Comprehensive Microbial Resource

http://www.tigr.org/tigr-scripts/ CMR2/CMRHomePage.spl shows that ZmpB is classified

as a cell wall anchored protein. However, the putative cell wall anchoring signal is found
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at the N-terminus of ZmpB not the C- terminus as with typical cell wall anchored

proteins. To investigate if this LPXTG motif is important in the localisation and virulence

of ZmpB it was deleted using Janus mutagenesis. The strains used and created during this

procedure are shown in Table 7.

Strain Description/Use Reference
CP1200 Soucre of rpsL.1 allele (Sung et al.
2001)
R1036 Source of Janus cassette (Sung et al.
2001)
R6.1 Kan |R6 with Janus cassette replacing LPXTG motif coding sequence region|This work
of zmpB
SmR1 D39 made Sm resistant by transfer of rpsL1 from CP1200 then|This work
backcrossed again onto D39
SmR2 D39 made Sm resistant by transfer of rpsL1 from CP1200 then|This work
backcrossed again onto D39
SmR3 D39 made Sm resistant by transfer of rpsL1 from CP1200 then|This work
backcrossed again onto D39
JZ1 SmR1 with Janus cassette replacing LPXTG coding sequence region of| This work
zmpB made by transformation with R6.1 Kan gDNA then backcrossed
again onto SmR1
JM Derivative of JZ1, Janus cassette removed and replaced by original| This work

sequence except with deletion of LPXTG coding sequence

Table 7: Strains used or made during Janus mutagenesis of zmpB LPXTG motif

sequence

SmR1 — 3 are three independent clones from the same transformation.

-

This mutagenesis strategy allows the introduction of mutations without a selectable

marker into the pneumococcal genome. That is, mutations with no selection marker thus

allowing more subtle and informative manipulations of the genome. The strategy begins

with a pneumococcal strain resistant to streptomycin (Sm) due to the presence of a

mutation within its genomic rpsL gene enéoding the S12 ribosomal subunit. This

resistance is conferred by a single base pair change converting lysine at position 56
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(AAA) to threonine (ACA). In the next step the Janus cassette is inserted into the genome
at the desired site of this Sm resistant strain. This is done through homologous
recombination and so a construct is first made consisting of the Janus cassette flanked by
the sequences required for this recombination. Depending on the purpose of mutagenesis
and dictated by the sequences used for homologous recombination, this integration can
involve replacement of host sequence with the cassette or the insertion of the cassette
without any deletion. The Janus cassette is a bicistronic construct allowing selection for
both its acquisition and its loss from the strain. It consists of three parts; the ami-A
promoter, a 3°5’’-aminoglycosidase phosphotransferase conferring kanamycin resistance
and the wild type allele of rpsL (rpsL+). The promoter drives constitutive expression of
the cassette independently of the site of integration. Kanamycin (Kan) resistance
conferred by the 3’5”’-aminoglycosidase phosphotransferase is the selective marker for
insertion of the Janus cassette. The wild type rpsL gene confers streptomycin
susceptibility, as it is dominant over the resistant allele. This is possibly due to the higher
transcription rate from the Janus cassette compared to the allele in the genome. Following
integration of theJ Janus cassette the strain changes from Sm resistant/Kan susceptible to

Sm susceptible/Kan resistant. Homologous recombination can then be used to remove the

-

cassette and replace it with any DNA sequence of choice. Following this event the strain
returns to being Sm resistant/Kan susceptible. This Sm resistance can be used to select

for transformants and so the donor DNA used to for this transformation need not have a
v

selectable marker (Figure 20).
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Procedure Antibiotic resistance phenotype

¢ Streptomycin resistant host strain, Kan Sus Sm Res
rpsL1 (S12 protein) Lys 56 (AAA) to
Thr (ACA
ARy v

® Introduce Janus cassette into region of interest Kan Res Sm Sus

Janus casette

amiA promoter Kanamycin resistance rpsL+

v

e Replacement of Janus cassette with Kan Sus Sm Res

desired DNA

Figure 20: Outline of Janus mutagenesis

The starting strain is resistant (Res) to streptomycin (Sm) due to the presence of
the resistant 7psL1 allele in its genome. Integration of the Janus cassette into the
region of interest is selected for by the acquisition of kanamycin (Kan) resistance.
This intermediate strain also becomes Sm susceptible (Sus) due to the presence of
the wild type rpsL allele in the Janus cassette, which is dominant over the resistant
genomic 7psL1. Replacement of the Janus cassette by donor DNA is selected for
by Sm resistance allowing the selection of mutations without any selectable

marker.
The first step was to create a Sm resistant strain of D39. This was done by transformation
of D39 with gDNA from strain CP1200 which possesses the rpsL1 resistant allele, with
selection on Sm (150pg ml™). Transformants were readily obtained. Genomic DNA from
”
one of these D39 transformants was used to transform back into D39 to minimise the

chances of CP1200 DNA integrating into D39 to give strain SmR1. Sequencing of the

rpsL gene of SmR1 confirmed the desired mutation. SmR1 and two other Sm resistant
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D39 transformants (SmR2 and 3 produced in the same transformation) were compared to
wild type with regards virulence. No difference in survival and blood counts following
intranasal infection with 10° CFU (Figure 21) was seen between any of the SmR strains

and wild type D39 showing that acquisition of Sm resistance did not alter virulence.
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Figure 21: Virulence of D39 Sm resistance derivatives (SmR)
compared to wild type

Survival was monitored (A) and blood counts (B) taken
following intranasal challenge with 10° CFU. Black D39 wild
type, green SmR1, red SmR2 and blue SmR3. No significant
difference compared to wild type. n=5 for SmR 1-3 (n=11 for
wild type). Blood counts show mean +/- 1 SE.
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To integrate the Janus cassette into the LPXTG motif of the zmpB gene requires fusion of
the sequences for the desired homologous recombination to the Janus cassette. To do this
the desired sequences and the Janus cassette were amplified using primers that introduced
restriction sites allowing ligation of the three products together. Using the primer pairs
21C & 21G and 21H & 21F the regions upstream and downstream respectively of the
zmpB LPXTG motif were amplified from D39 gDNA. Similarly the Janus cassette was
amplified from R1036 gDNA using the primers 211 and 21J. Each product was purified
and digested with the appropriate restriction enzyme(s). These products were then
purified again and all three added to the same ligation reaction. After ligation overnight
this reaction was used to directly transform R6 with selection on kanamycin (200pg ml™)
(Figure 22). R6 was used in preference to D39 due to its higher transformation rate.
Integration of the Janus cassette was confirmed with the primers 21Q and 21R sited

upstream and downstream respectively of the manipulated region (Figure 22).
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(A)

Target region in genome

21C 21G 21H 21F
............................................. I vk XiGregon [
(B)
PCR to amplify fragments and introduce
Up stream restriction sites. Digestion with Downstream

appropriate restriction enzyme(s)
HindIII Ncol

¢ Ligation reaction with all three products and used
directly for transformation leading to integration of
Janus cassette into desired site.

©) ?i ?
Janus cassette

............................................. mPB LPXTG region -

............................................ E et

Janus cassette insertion into genome in place of
zmpB LPXTG coding region

Figure 22: Fusion of Janus cassette to flanking sequences for homologous
recombination into LPXTG motif coding region of zmpB

(A) Using the primer pairs 21C & 21G and 21H & 21F the regions upstream and downstream
respectively of the zmpB LPXTG motif coding sequence were amplified from D39 gDNA .
Similarly the Janus cassette was amplified from R1036 gDNA using the primers 211 and 211J.
(B) Each product was purified and digested with the appropriate restriction enzyme(s). These
products were then purified again and all three added to the same ligation reaction.

(C) After ligation overnight this reaction was used to directly transform R6 with selection on
Kan (200pug ml™). This mutation can now be transferred to an Sm resistant strain to allow
manipulation of the target region.
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gDNA from this R6 derivative (R6.1 Kan) was then used to transform SmR1 with
selection on kanamycin (300pg ml™") to transfer the Janus integration into this Sm
resistant D39. Genomic DNA from a transformant from this transformation was purified
and used to transform SmR1 again in order to restrict to co-transfer of R6 DNA to give
strain JZ1. Janus cassette integration was confirmed with primers 21Q and 21R (Figure
22 C). This Janus cassette integration resulted in the deletion of a small region including
the LPQTG coding sequence of zmpB. The next step was to replace the Janus cassette
with the original sequence except with a deletion of the sequence for the LPQTG motif.
Deletion of the coding sequence for this motif was performed by overlapping PCR
(Figure 23). Primer pairs 21C & 21T amplified the 5* and 21S & 21F the 3’ portion of the
desired sequence respectively, minus the coding sequence for the LPXTG motif due to
primer design. These two PCR products were purified and joined by a second PCR
reaction with primers 21C and 21F. This was possible due to the inclusion of
complementary sequences added in primers 21T and 21S during the initial PCR. The
_ resulting producti the ZmpB LPQTG region minus the sequence for this motif plus the

upstream and downstream regions for homologous recombination was cloned into

-

TOPO-pCR4.
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Figure 23: PCR deletion of the LPQTG motif coding sequence of zmpB

A) Primer pairs 21C & 21T were used to amplify the 5* region and 21S & 21F the 3’
portion of the desired sequence minus the coding sequence for the LPXTG motif denoted by
x. B) The two products were purified and joined together by a second PCR reaction with
primers 21C and 21F due to complementary sequences added in primers 21T and 21S used
the initial PCR. The resulting product, the LPQTG region minus the sequence coding this
motif plus the upstream and downstream regions needed for homologous recombination. C)
this product was subsequently cloned and sequenced, ready for subsequent use in the final
Janus transformation to remove the Janus cassette from strain JZ1 and replace it with the
original sequence with the LPQTG sequence deleted.

Sequencing of this plasmid confirmed the desired deletion and the absence of any other
changes. The final plasmid construct was then used to transform JZ1 with homologous
recombination replacing the Janus cassette with the original zmpB sequence containing a
deletion of the LPQTG motif sequence. Selection was on Sm as the transformation

should cause JZ1 to switch from Sm susceptible to Sm resistant due to loss of the
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dominant susceptible allele in the Janus cassette (Figure 20). However, the results of
initial transformations showed that the number of Sm resistant colonies produced by
addition of the plasmid construct was the same as the number produced when no DNA
was added. There was therefore a high level of background false positive colonies that
made the identification of true transformants problematic. This was not unexpected, as it
had been described in the original Janus mutagenesis description (Sung et al. 2001). The
observation results from spontaneous recombination whereby one rpsL allele replaces the
other so the clone is no longer a rpsL heterozygote but instead posses two identical
copies of the gene. Where the Janus cassette wild type rpsL allele is replaced by the
genome allele the clone becomes Sm resistant but still contains the Janus cassette and
represents a false positive during transformation. To limit the number of these
spontaneous Sm resistant revertants several steps where taken. Increasing the
concentration of Sm from 150 to 250 or 500 pg ml” had no appreciable affect on the
abundance of revertants. It then became apparent that the number of revertants was
directly proportional to the length of incubation and so the period of incubation following
a transformation was reduced. When this was done it was noticed that selective plates
af;er transformation had a mixture of large and small colonies. In contrast, selective
plates from no‘" DNA controls had only small colonies. This suggested that the large
colonies might be true transformants and the small ones Sm resistant revertants. Picking
single large colonies without contamination from the smaller potential revertants was
however a problem due to the great excess of the 'I;fter. This was overcome by plating out

smaller volumes of transformation culture. For example 5-50pul was plated out instead of

the more normal 300-500ul. Additionally, incubation of transformation plates in 5% CO,
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anaerobic bags seemed to enhance the size difference between the large and small
colonies. When these steps were used it was possible to pick single colonies and it was
found that of 20 large colonies picked, all appeared to be true transformants (Sm
resistant, Kan susceptible) whereas all 20 small colonies appeared to be revertants (Sm
resistant, Kan resistant). Replacement of the Janus cassette with the donor DNA in

transformants was subsequently confirmed with PCR using the primer pair 21Q and 21R

(Figure 24).

1.65Kb

1Kb

Figure 24: PCR confirmation of Janus mutagenesis strains

All reactions were performed with primer pair 21Q and 21R sited upstream
and downstream respectively of the manipulated region. Expected product
size in brackets expressed in base pairs. Gel A, lane 1) no template, 2) SmR1
(1097) gDNA, 3) JZ1 gDNA (~2100) and 4) JM gDNA (1082). Gel B,
products from SmR1 (lane 1) and JM (lane 2) were run out together at low
voltage for a prolonged period to show the small size difference (15bp)

between them is possibly visible.

v
One transformant, JM was chosen for further .work and the 21Q and 21R PCR product

from this strain was sequenced and the desired mutation and the absence of others

confirmed. This mutant was then compared to SmR1 with regards virulence following
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intranasal infection. No difference was seen between the two strains with regards survival

or bacterial blood counts suggesting the LPXTG motif of ZmpB is not essential for its

contribution to virulence. (Figure 25).
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Figure 25: Analysis of virulence of Janus ZmpB LPXTG motif
deletion mutant

Survival (A) and bacterial blood counts (B) where

monitored following intranasal infection with 10° CFU. Wild type
(SmR1) in black, mutant (strain JM) in red. Bacterial count data are
mean +/- 1 SE. n=6. No significant difference was present between
the strains.
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Findings

Allelic replacement mutants were made in the genes of four LPXTG proteins:
nand, prtA, f-gal and spud.

Blood and lung counts from these mutants following intranasal infection were not
significantly different from wild type D39.

In a competitive intranasal infection nand and f-gal mutants were attenuated.
prtA and pull mutants were not attenuated.

Janus mutagenesis was used to delete the N-terminal LPQTG motif of ZmpB.
This deletion had no affect on virulence as determined by survival and bacterial

blood counts.
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Chapter 6 Analysis of LPXTG Proteins, Discussion
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The limited effect on pneumococcal virulence seen with the srt4 mutant in infections
with single bacterial strains was surprising given the results from other organisms
(discussed in Chpater 4). One of the possible explanations is that the pneumococcal
LPXTG proteins anchored by SrtA do not have a major role in virulence in the mouse
model used. Although previous studies suggests many of these proteins contribute to
virulence (Table 2) this body of data has been accumulated from diverse studies using
different bacterial and mouse strains, infection routes, doses and criteria for attenuation.
This makes interpretation of the results with regards the srz4 work difficult. Indeed, the
only work looking at a LPXTG motif protein using the same model as this study for sr4,
was examining zmpB mutants (Blue et al. 2003). Unlike the s7t4 mutant a zmpB mutant
showed significant attenuation in pneumonia and bacteraemia infections. ZmpB carries a
N-terminal cell wall sorting signal rather than the typical C-terminal and so it may not be
processed by sortase. That work may therefore be irrelevant with regards to assessing the
srtA results. Furthermore, there is also a lack of information on the role of LPXTG motif
proteins in pneumococcal pathogenesis. For example, spud (pullulanase) was identified
as a virulence fagtor in pneumonia in the TIGR4 STM screen (Hava and Camilli 2002)
buvt beyond that nothing is known about its influence and role(s) in pathogenesis. Indeed,
little data exist; on a role for pullulanase in other pathogens. For example, the degree of
attenuation compared to the wild type or the contribution to other infection types or
colonisation is unknown. So while STM has proved valuable in highlighting genes
involved in virulence, a more thorough undenste;‘iiding of pathogenesis requires further

detailed study. Together with this lack of information from animal virulence studies there

is also little data from in vitro experiments such as host cell adhesion or phagocytic
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killing assays that might illuminate the function of these proteins. Therefore, to be able to
compare results from a srt4 mutant with those from LPXTG motif protein mutants and
the need for more comprehensive study of these proteins, null mutants were made in four
pneumococcal LPXTG protein genes; nand, spud, prtA and p-gal. These four proteins
were selected because they all contain typical C-terminal cell wall anchoring signals and
are therefore likely to be anchored by SrtA. In the case of NanA and B-gal this has
already been shown (Kharat and Tomasz 2003) and this work, Figure 14 NanA Western
blot). Furthermore, all of these proteins identified as virulence factors in pneumococcal
pneumonia in the TIGR4 STM screen and therefore may contribute to virulence in our
model (Hava and Camilli 2002), although it is acknowledged that differences in bacterial
strain, mouse strain and infection may invalidate this prediction. Antiserum is available
three of these proteins, NanA (our laboratory), PrtA (Bethe et al. 2001) and SpuA
(Bongaerts et al. 2000) while an activity assay exists for the remaining protein (B -gal)
(Zahner and Hakenbeck 2000) which might be useful in the study of these proteins.
Additionally, three have described activities (NanA, B-gal and SpuA), which may be
_ valuable in elucidgting their role in virulence by providing a rationale for any phenotypes

shoWn by mutants and providing a platform for further work. For example, this might
involve the deiétion of an enzyme active site to determine if enzymatic activity is
essential for a particular phenotype. Such work would be much more difficult in the study
of conserved hypothetical or hypothetical proteins whereby any phenotype may be purely
observational with no explanation or obvious f;hte towards more detailed analysis.

Finally, all four are known to be expressed by the pneumococcus in human as

demonstrated by the development of convalescent sera against them (Zahner and
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Hakenbeck 2000; Zysk et al. 2000). This supports the suggestion they play an important
role in pneumococcal biology. Although it might be argued that all pneumococcal
proteins are likely to be expressed during colonisation and this finding simply indicates
these ones to be immunogenic. As with the srz4 mutant, the LPXTG protein mutants
were compared to wild type D39 with regards bacterial counts in the blood and lung
following intranasal infection of MF-1 mice with 10° CFU at 36hr post infection. 36 hr
was selected, as it is the latest time point under this infection at which samples can be
taken from all mice. After this time point mice begin to die and so a full data set may not
be obtainable. It was predicted that any attenuation would be evident at this time point. It
may however, miss attenuation evident only early in infection. No statistical difference
was seen for any of the four mutants compared to the wild type. This suggests that these
proteins have a minor effect on virulence in this model. This may be a factor contributing
to the limited affect seen with the srt4 mutant (Chapters 3 and 4). Additionally, work
with a hyaluronidase mutant (another pneumococal LPXTG motif protein)in our
laboratory revealed no attenuation in terms of survival or blood counts in this infection
model (A. Kerr pgrsonal communication). In this study only four LPXTG motif proteins

were examined so it may be possible that others may have a much greater affect on

virulence.

To further characterise the four LPXTG protein mutants made here, competitive
infections were carried out between each individual mutant and wild type D39 as
described previous for srt4 (Chapter 3). Cornpeﬁﬁve indices were calculated at 36 hr.

post infection. Both nand and -gal where out-competed by wild type with a mean CI of

<0.35 and <0.26 respectively. This suggests they are attenuated compared to the wild
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type. Although the mean CI of the prt4 mutant was less than one (<0.61) this was not
statistically significant suggesting that this mutation had no affect. However, as 5 out of 6
mice had a CI of less than one this mutant appears attenuated and it is likely repetition of
this experiment would confirm this.

The results from the spud mutant revealed that the mean CI was not significantly
different from one, therefore revealing no attenuation of the mutant. However, there was
considerable variation in the CI from individual mice with a strong polarisation whereby
50% showed decreased virulence and 50% showed increased virulence. The cause for
such variation is unclear and repetition of this infection would have been of value if time
had allowed. A possible contributing factor may be the presence of two additional
pullulanase genes in the genome that may complement the loss of spu4 (data not shown).
Therefore, at least two of the LPXTG proteins examined, nand and f-gal contribute to
virulence in this model although attenuation could only be detected by the more sensitive
competitive infections. No role for the other two, spud or prtA could be confirmed. An
area for future work would be to investigate these mutants further in terms of their
contribution to pn_gumococcal biology. For example, examining the role for these LPXTG
pr;)téins in bacteraemia, carriage, meningitis and otitis media in addition to in vitro assays
such as host ::“ell adhesion and phagocytic killing. The importance of carbohydrate
metabolism to the pneumococcus was shown in the genome sequence by the presence of
numerous genes involved in sugar uptake and utilisation. As several LPXTG motif
proteins such as f-gal and spud have carbohydr:;i:é-degrading activity it may also be of

value to investigate mutants in these with regards sugar utilisation and metabolism.

133



This study, demonstrating that nand contributes to pneumococcal virulence, is in
agreement with its identification as a virulence factor in the lung following STM screens
with strains TIGR4 and G54 (Polissi ef al. 1998; Hava and Camilli 2002). The work by
Polissi et al. (1998) also compared the nand mutant strain with wild type in a septicaemia
model induced by intraperitoneal infection and found no difference as judged by mouse
survival. This latter finding was later confirmed by Berry and Paton using strain D39
(Berry and Paton 2000). However, earlier work by this group, using the same
experimental system found a significant, if small attenuation of a nan4 mutant (Paton et
al. 1997). This discrepancy was not explained in the subsequent study (Berry and Paton
2000). Additionally, a nand mutant in D39, was shown to have reduced persistence in
chinchilla nasopharyngeal carriage and was attenuated in an otitis media model in the
same host (Tong et al. 2000). The ability of NanA to cleave N-acetylneuraminic acid
from host cell glycoconjugates is proposed to expose surface receptors for the
pneumococcus, thereby aiding mucosal colonisation and carriage (Andersson et al. 1983;
Linder et al. 1994; Tong et al. 2001). Additionally, this activity may assist colonisation
_ by decreasing the viscosity of mucous (Scanlon et al. 1989). The activity of NanA may
alsbon be directed against ecological competitors to aid nasopharyngeal colonisation
(Shakhnovich ;t al. 2002). Desialylation of lipopolysaccharide from H. pylori and N.
meningitis by NanA has been demonstrated and proposed to render these organisms more
susceptible to complement clearance thereby giving the pneumococcus a competitive
advantage (Shakhnovich et al. 2002). Intraperi.toﬁ’;él infection bypasses the requirement

for adherence and colonisation steps and so this may explain the lack of phenotype seen

with nand mutants in this infection model. Supportive of a role for NanA in
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pneumococcal biology is the finding that all clinical isolates tested were found to be
positive for the production of NanA (O'Toole ef al. 1971). A role for NanA has also been
proposed in meningitis. In patients with pneumococcal meningitis, increased levels of N-
acetylneuraminic acid, possibility released by NanA activity correlated with adverse
outcome (O'Toole et al. 1971). Furthermore, intracerebal administration of purified
pneumococcal neuraminidase in mice caused death (Kelly and Greiff 1970). However, a
firm role for neuraminidase in pneumococcal meningitis remains to be established given
some negative results reported using isogenic mutants in animal models (Winter et al.
1997; Wellmer et al. 2002). It should also be noted that some strains encode additional
neuraminidase enzymes; NanB and NanC, which could mask the loss of NanA in mutants
(Berry and Paton 2000; Shakhnovich et al. 2002). In the case of strain D39 used in this
work, NanA and NanB are both present (Shakhnovich et al. 2002). Where and how these
other enzymes are localised is as yet unclear, neither seems to be cell wall anchored due
to the absence of a typical cell wall sorting signal.

This study did not support a conclusively a role for SpuA in pneumococcal virulence.

_ The only previous indication that SpuA might be a pneumococcal virulence factor came
fr(;m the TIGR4 STM screen showing it to be involved in lung infection (Hava and
Camilli 2002). :I“he results presented here demonstrate no attenuation of a spu4 mutant in
D39 in intranasal challenges including a sensitive competitive infection. The reason for
this discrepancy is unclear but may involve a combination of the use of different strains
of mice or bacteria. This could be addressed,b};féontrolling for these factors in future
experiments. Pneumococcal alkaline pullulanaseA has been postulated to contribute to

colonisation or virulence by solublising mucus, altering the exposition of host

135



glycoconjugates, or scavenge potential carbon sources (Bongaerts er al. 2000). Its
importance in pneumococcal biology is suggested by its serological conservation in all 41
strains examined (Bongaerts et al. 2000).

In the case of PrtA, the results presented here demonstrate no attenuation of a prt4
mutant in D39 in intranasal challenges including in a sensitive competitive infection.
However, there was a trend towards attenuation, which may become significant if the
experiment was to be repeated. PrtA was found to be present in all 78 clinical isolates
examined by PCR and sequencing (Bethe et al. 2001). It was also identified in the TIGR4
STM screen as a virulence factor in lung infection. In addition to that work, mice infected
with a prt4 mutant made in D39 showed improved survival after intraperitoneal infection
(Bethe 2001). This result was confirmed by the work of Marra et al. (Marra et al. 2002)
who discovered by DFI that prtd4 gene expression was up-regulated by iron starvation.
Additionally, that study found no attenuation in virulence when comparing bacterial lung
counts between wild type D39 and prt4 mutant infected mice in agreement with our data
(Marra et al. 2002) (Figure 18). The function of PrtA remains unclear. It is a serine
_ protease belonging to the family of subtilisin-like protease called subtilase (Bethe et al.
ZOE)I) The highest NCBI Genbank BlastP hit against PrtA is an uncharacterised
subtilisin-like ;eﬂne proteases from Thermoanaerobacter tengcongensis (Accession
NP_624131). Thereafter it shows limited local homology to Streptococcal C5a proteases
involved in immune evasion, caseinases from Lactobacillus species and CspA from §.
agalactiae which cleaves fibronection and protgclts the bacterium from phagocytosis

(Harris et al. 2003). Investigation of these activities would therefore be of immediate

interest in future studies with PrtA.
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The results presented here confirm that f-gal contributes to pneumococcal virulence in
the lung. B-gal had previously been identified as a pneumococcal virulence factor in the
TIGR4 STM screen (Hava and Camilli 2002). Additionally, a D39 -gal mutant showed
transiently reduced bacterial counts in the lung after intranasal infection (Robertson et al.
2002). B-gal enzymes are often involved in lactose metabolism, however that does not
appear to be the case for this pneumococcal enzyme and so it has been proposed it may
act to alter host cell polysaccharides perhaps to expose bacteria binding sites or for
nutrition (Zahner and Hakenbeck 2000).

The results in this work, showing no or limited contribution of these LPXTG proteins to
virulence in this model may help explain why a srt4 mutant had little affect on virulence.
However, they are in contrast with the description of all four LPXTG motif proteins as
being essential for lung infection following their identification as virulence factors in the
STM screen of TIGR4 (Hava and Camilli 2002). Highly attenuated clones were identified
in that work after two in vivo screens. In the first screen attenuated clones were identified
as giving a reduced signal on the output blot compared to the input blot. These attenuated
_ clones were theq re-examined in a secondary STM screen and genes essential for
in;ection identified as having no output signal. The STM results were validated when 16
out of a selecti&n of 17 clones identified as attenuated were out competed by wild type in
competitive lung infections. Examination of the mean CI from these competitive
infections reveals that for some, the out competition by the wild type was small
suggesting that some of these mutants would ~no€ be attenuated in straight single strain

infections. In the MF-1 model used here such differences in bacterial counts would likely

not be statistically significant. Indeed, as discussed previously, attenuation of a pit24
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mutant was not detected examining mouse death rates following intranasal infection but
was apparent only in a competitive infections (Chapter 4). Notwithstanding the possible
influence of different bacterial and mouse strains it appears the STM screen results do not
represent exclusively genes essential to lung infection but includes also those with a more
limited contribution. This sensitive detection of genes with a more subtle impact on
virulence might be attributed to out-competition of attenuated clones by less attenuated
ones in the secondary screen leading to the sensitive detection of virulence factors in a
similar way to competitive infections with two strains.

The zinc metalloprotease ZmpB is an important pneumococcal virulence factor in mouse
models of pneumonia and bacteraemia (Blue et al. 2003). Its function however, is so far
unclear. The work of Blue et al. it may play a role in the spread of bacteria from the lung
to blood or perhaps in the survival of bacteria following their dissemination from lung to
blood (Blue et al. 2003). Additionally, a zmpB mutant was deficient in the induction of
pulmonary TNF-o. The mechanism and significance of this is as yet unclear although
ZmpB induced inflammation may contribute to pathology (Blue ef al. 2003). ZmpB also
. contributes to bacﬁerial survival and virulence following direct inoculation into the blood
(Biﬁé et al. 2003). As described, ZmpB possesses what appears to be a LPXTG cell wall
sorting signal i;i the atypical position of the N-terminal region of the protein. Both ZmpC
and IgAl protease also have this feature, which suggests it may have functional
importance. To investigate if this LPQTG sequence of the ZmpB N-terminus plays a role

>
in the localisation of this protein and virulenc‘é,’ the motif was deleted using Janus

mutagenesis. Deletion of the LPQTG motif coding sequence was successfully achieved in

D39 SmR1 using Janus mutagenesis. This mutant, JM -was then compared to the wild
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type SmR1 with regards to mouse survival and blood counts following intranasal
infection with 10° CFU given to separate groups of mice. No difference was apparent
between the groups. The LPQTG sequence of ZmpB therefore does not appear to
contribute significantly to the role of this protein in virulence. It would be of interest to
see if this deletion alters the localisation of ZmpB. This may seem unlikely given that a
srtA mutant had no apparent effect on ZmpB localisation together with the virulence data
above suggest no role for SrtA in processing of ZmpB. Additionally, a s7#4 mutant
(Chapter 3) showed none of the virulence attenuation that a zmpB mutant did (Blue et al.
2003). This too argues against a key role for SrtA in ZmpB biology.

Janus mutagenesis was used as this allows for the introduction of silent mutations into the
genome. That is mutations such as this deletion, which lack a selectable marker. This
feature makes Janus mutagenesis a potentially powerful technique to manipulate the
pneumococcal genome, as there is little restriction with regards the alterations that can be
made and it limits the generation of confounding artefacts. It is therefore likely to be used
widely in the future. This is the first demonstration to our knowledge of Janus

_ mutagenesis being utilised to examine pneumococcal virulence.
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Chapter 7 Investigation of a putative macrophage infectivity potentiator

protein and exfoliative toxin A, Results
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Introduction

With the aim of identifying and investigating putative pneumococcal virulence factors
two genes annotated in the genome sequences as macrophage infectivity potentiator
protein and exfoliative toxin A were of interest as possible virulence factors. These genes

were therefore investigated further.

Summary

The annotation of two adjacent pneumococcal genes, spr0370 and spr0371 as encoding a
macrophage infectivity potentiator protein and exfoliative toxin A suggested these may
be involved in virulence given the role of such genes in Legionella pneumophila and S.
aureus respectively (Cianciotto and Fields 1992; Wintermeyer ef al. 1995; Kohler et al.
2003; Gemmell 1995; Ladhani et al. 1999; Ladhani 2001). However, it appears these
annotations may be incorrect and misleading with regards predicting the function of the
pneumococcal genes. Sequence analysis revealed that spr0370 may be an
alkylhydroperoxidase (an enzyme acting to breakdown potentially toxic peroxide
. compounds). Nonrobable function could be assigned to spr0371. RT-PCR analysis
sh;wed these genes were expressed as a bicistronic operon. PCR and sequencing found
the two gene; to be present and highly conserved in sequence among several
pneumococcal clinical isolates. A null mutant lacking both genes was attenuated in
mouse models of pneumonia and bacteraemia showing this operon to be a novel

>

pneumococcal virulence determinate. Finally thisiiéuble mutant had enhanced resistance

to hydrogen peroxide supporting a role in the response to oxidative stress as suggested by

the putative identification of spr0370 as an alkylhydroperoxidase.
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Basic features

For reference, the basic features of the pneumococcal genes investigated in this chapter,

spr0370 and spr0371, are shown in Table 8.

Locus Name spr0370 spr0371
NCBI Accession AAK99174 AAK99175
TIGR4 Locus Name sp0409 sp0410
Putative Identification M;Zrt‘;ﬁ}t‘iﬁgr‘;fz‘t’;‘ty Exfoliative toxin A
Coordinates 370629 to 371174 371275 t0 372183
Gene Length (bp) 546 909
Protein length (aa) 182 303
Molecular Weight (Da) 19815.48 33303.29
Percent GC 43.77% 42.03%

Table 8: Basic characteristics of spr0370 and spr0371

Details relate to sequenced strain R6 as taken from the R6 annotation at the TIGR
Comprehensive Microbial Resource CMR website.

Sequence Analysis of spr0370-0371

The probability that the annotations of spr0370 and spr0371 were indicative of their
_ possible function was investigated. This was deemed especially important as no previous
data suggésted the presence of such genes and their associated activites in the

pneumococcus. However, upon independent checking of these annotations it appears both

may be incorrect and misleading with regards predicting the function of these
pneumococcal genes.

The NCBI entry (AAB31024) used to annotatg spr0370 was named as macrophage
infectivity potentiator (Mip) but the sequence‘fof this entry is distinct from the well-

characterised Mip (Accession S22665) and relates to a L. pneumophila protein of

unknown function, identified due to its up-regulation within macrophages (Miyamoto et

142



al. 1993). This discrepancy was also noted by King et al. (King et al. 2001). In
accordance with this inaccuracy the NCBI entry for this L. pneumophila protein has since
been changed to a ‘24 kDa macrophage-induced major protein’. Therefore, despite
spr0370 showing limited homology to the genuine Mip, it and a number of other putative
macrophage infectivity potentiator proteins remain in the databases due to annotation
based on the flawed original NCBI entry. The proteins to which Spr0370 shows strongest

homology are shown in Table 9, importantly none have a known or suggested function.

Organism Accession' Similarity E Value |Length (aaz) Annotation
Streptococcus mutans NP_721359 |87% over 181 aa’ 2e-75 183 Conserved hypothetical protein
Streptococcus suis BABB85963 |81% over 179 aa| 2e-64 194 Conserved hypothetical protein
Actinobaci/lus' ZP_00135195 |75% over 182 aa| 3e-52 180 Uncharacterized conserved protein
pleuropneumoniae
Burkholderia fungorum | ZP_00034893 69% over 181 3e-43 189 Hypothetical protein
Burkholderia fungorum | ZP_00034405 |67% over 181 aa| 7e-41 211 Hypothetical protein
Neisseria meningitis 4 NP_274031 |64% over 183 aa| 8e-41 227 Macrop ha?eeI ;[ggcgmiﬁ otentiator-

Table 9: Highest BlastP hits from NCBI for R6 Spr0370 protein

! more than one entry from each organism may match enquiry due to multiple
submissions and subtle variation in the sequence of these entries. Accession number
given may therefore be representative of the best hits from a series of entries that appear

to correspond to the same protein. ? aa = amino acids. (Sept. 2003)
>

Using the TIGRFAM and Pfam Hits facility at the TIGR CMR, Spr0370 appears to

contain an alkylhydroperoxidase AhpD family core domain. Additionally it may contain

143




carboxymuconolactone decarboxylase activity although, the match to this protein family

is poor with the match score below the noise cutoff (Table 10).

HMM HMM

Tlg};iﬁMég:ﬂm Ac}z::?i/{m Function Noise Trusted I;Iatch I];I atlch

P Cutoff | Cutoff core vaiue
Carboxymuconolactone Protocatechuate
decarboxylase PF02627 catabolism -4.8 4 -4 0.91
Alkylhydroperoxidase
AhpD family core TIGR0O0778| Antioxidant activity 15 30 32.8 |7.70E-06
domain

Table 10 TIGRFAM/Pfam hits for Spr0370
The TIGRFAM/Pfam facility at TIGR CMR displays the protein families that proteins

may belong to based on the Hidden Markov Model.
The alkylhydroperoxidase AhpD family core domain is characterised by a 20 residue
sequence consisting of EXXXXXX[S/AIXXXXC[V/LIXCXXXH. This sequence is
almost perfectly conserved in Spr0370 as EVVQITAAVINGCA'FCVAGH except for
an alanine instead of a valine or leucine (marked by asterisk). Only one protein
containing this domain has been characterised, AhpD of Mycobacterium tuberculosis
(Genbank Accession NP_216945) which has been shown to be involved in antioxidant
. protection (Hillas et al. 2000; Bryk et al. 2002; Nunn et al. 2002; Koshkin et al. 2003).
S};rd370 aﬁd AhpD from M. tuberculosis show very little overall homology but do share
the AhpD fami%y core domain (Figure 26). Importantly, several residues within the AhpD
family core domain shown to be involved in the activity of the M. tuberculosis protein
are conserved in Spr0370. This suggests that Spr0370 may also possess
§

alkylhydroperoxidase activity and therefore be involved in resistance to oxidative stress.

Given that several other pneumococcal proteins involved in protection from oxidative
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stress have been shown to be involved in virulence (discussed later in chapter 8) Spr0370

may also be a pneumococcal virulence factor.
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The best database homologues to Spr0371 are shown in Table 11. The presence of
several putative exfoliative toxins in these matches would suggest that Spr0371 is indeed
an exfoliative toxin. However, an alignment of Spr0371 against the best-studied
exfoliative toxin, ETA from Staphylococcus aureus (NCBI Accession P09331) showed
very little homology (data not shown). This prompted carefully analysis of the basis for
the Spr0371 annotation. It was found to be annotated based on homology with
Staphylococcus hyicus exfoliative toxin A (SHETA) (NCBI Accession BAB08178)
(Table 11). This SHETA was subsequently shown to have very little sequence homology
to other exfoliative toxins, which extended to the absence of the catalytic triad found in
other exfoliative toxins (Yamaguchi et al. 2002). It was therefore important to verify this
sequence did represent an exfoliative toxin. However, the literature reference for the
NCBI Genbank sequence entry appears incorrect and relates to a paper from the same
workers detailing sequencing of S. hyicus exfoliative toxin B not A. Therefore it appears
no literature reference exists supporting this sequence as an exfoliative toxin. Attempts to
clarify this with the group concerned were unsuccessful. There is therefore no sequence
. or experimental evidence that SHETA is an exfoliative toxin. Several bacterial open
reading frames, including Spr0371 have been annotated against SHETA as exfoliative
toxins yet ther; is no evidence that they are. Furthermore, the previously characterised
exfoliative toxins are hydrophilic in nature in accord with their presence in culture
supernatants (Gemmell 1995; Ladhani et al. 1999; Ladhani 2001). However, SHETA,
-
Spr0371 as well as the other related proteiﬁs: (Table 11) are all predominantly

hydrophobic in nature and likely to membrane proteins (Figure 27). This would support

the suggestion they are not exfoliative toxins. Additionally there is no indication as to
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what the SHETA sequence is as a BlastP search gives the same hits as the Spr0371 search

(Table 11).
Organism Accession’ Similarity E Value |Length (aa?) Annotation
Streptococcus agalactiae)| NP_688224 |55% over 302 aa] 3e-27 305 Putative exfoliative toxin A
Staphylococcus aureus | NP_371697 (55% over 304 aa| 1e-25 315 Conserved hypothetical protein
Streptococcus hyicus BAB0O8178 |56% over 305aaj 3e-25 306 Exfoliative toxin A
Streptococcus mutans NP_722416 |[56% over 304 aa| 2e-24 314 Conserved hypothetical protein
Streptococcus pyogenes| NP_664436 [49% over 305aa| 3e-23 302 Putative exfoliative toxin A
Lactococous lactis NP_266534 |49% over 305aa| 2e-15 324 Permease
subsp. lactis

Table 11: Highest BlastP hits from NCBI against R6 Spr0371 protein

! more than one entry from each organism may match enquiry due to multiple
submissions and subtle variation in the sequence of these entries. Accession given is
therefore representative of best hits from a series of entries that appear to correspond to
the same protein. aa= amino acids. (Sept. ’03.).
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The Lactobacillus lactis permease showing homology to Spr0371 is uncharacterised and
seems to be annotated as such due to its hydrophobic nature and likelihood to be a
membrane protein. All TIGRFAM and Pfam Hits at the TIGR CMR for Spr0371 were on
or beneath the noise cutoff so it is hard to judge if these matches have biological

significance (Table 12). Therefore any putative function of Spr0371 is unclear.

HMM HMM

TIGRFAM/Pfam HMM Match Match

o e . Function Noise Trusted

Description Accession Cutoff Cutoff Score Evalue

C4-dicarboxylate transD Kc;)arltrgrc;r);y;ﬁéeacid
transporter/malic acid { PF03595 P 8 -76.6 -65 -112.3 0.00036

. transport/tellurite
transport protein resistance
. Family of hypothetical
Domain of unknown PF04087 |bacterial proteins with anf  -54.7 204.5 -62.4 0.42

function (DUF389) undetermined function

Membrane proteins

Got1-like family PF04178 | involved in traffic to the -47 186.2 -47 0.053
Golgi complex
. Dicarboxylate
C4-dicarboxylate N
transporter/malic acid | TIGRoos16 | ansporteralcacid | 44 300 195 | 041
transport protein ransporuteliurite
resistance

Table 12: TIGRFAM/Pfam hits for Spr0371

Transcript Analysis

Functionally related genes are often arranged together in the genome as operons and co-
transcribed together in the same mRNA. RT-PCR was used to investigate if this was the
case for spr03 ;O and spr0371.

Between the stop codon of spr0370 and the start codon of spr0371 there are 96 base
pairs. This close proximity and the apparent glzsence of a rho-independent potential
terminator (as determined from TIGR CMR) bet\i/éen them suggested that they might be
transcribed together in a single mRNA transcript. To test this, RNA was extracted from

D39 grown to exponential phase and converted to ¢cDNA using random primers. PCR
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with various primer pairs was performed to analyse the transcript(s) (Figure 28). Both
spr0370 and spr0371 were detected showing that they were expressed under the
conditions used and are not pseudogenes. The results also showed that spr0370-0371
were transcribed together given that primer pair B, spanning between the two genes gave
the expected product with cDNA. It appears this transcript is bicistronic and does not
include the upstream or downstream genes because in the case of the upstream gene
spr0369 (D-alanine glycine permease), no product was found using primer pair D,
spanning from spr0369 to spr0370 on cDNA yet the expected product was amplified
from gDNA. In the case of spr0371, the downstream gene seryl-tRNA synthetase is
transcribed in the opposite direction to spr0370-0371 so it is unlikely to be transcribed in
the same transcript. Additionally both spr0371 and spr0372 poses downstream rho-
independent transcription terminators (as determined from TIGR CMR). Importantly, a
control in which reverse transcriptase was absent yielded no product with any primer pair
confirming the absence of contaminating gDNA. Primers pairs specific for spr0370 and
spr0371 failed to give a product (data not shown) when used on gDNA from a spr0370-
0371 deletion mg?ant (see below). Therefore spr0370-0371 represents a pneumococcal

operon that is expressed by D39 in vitro during exponential growth.

-
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Mutant construction and verification

To investigate the possible role(s) of the genes spr0370 and spr0371 in pneumococcal
biology a double mutant strain lacking both of these genes was made by allelic
replacement. This was done in D39 using the same strategy as for the srt4 mutant (Figure
1). In this case, primers 17Q and 17R were used for the initial PCR and primers 17S and
17T for the inverse PCR. The final plasmid construct was used to transform D39 and
potential transformants were selected for on erythromycin (1pg ml™). Transformants
were then checked by PCR using the primers 18I and 18Y which are located out with the
manipulated region giving different sized bands from wild type and mutant (Figure 29).
In addition confirmation this PCR product was sequenced and matchedb the expected
sequence (data not shown). Mutants were readily obtaining showing that neither gene

was essential for viability.
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Figure 29: PCR confirmation of spr0370-0371 double knock out

Primers 181 and 18Y located upstream and downstream respectively of the manipulated
region were used to confirm the allelic replacement of spr0370-0371 as determined by the
different product sizes. Lane A wild type gDNA, B mutant gDNA C ladder. The expected
product sizes are wild type 2349bp and mutant 1844bp.

Analysis of virulence

The survival of MF-1 mice following intranasal challenge with 10® CFU was compared
when infected with D39 wild type and spr0370-0371 double mutant strains. Although the
mutant infected mice showed a trend towards greater survival time (median 120 hours
post-infection n=11) compared to wild type infected mice (median 78 hours n=11) this
was not statistically significant (Figure 30). However, when blood counts were compared
from these mice the mutant was shown to be significantly attenuated (Figure 30). This
di%ference was only statistically significant at 36 hr. post infection and not at the earlier

time points of 24 and 30 hr, although the mean counts at these time points were still

lower for the mutant compared to the wild type.
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Figure 30: Survival (A) and bacteria blood counts (B) following intranasal
challenge with wild type D39 (black) and spr0370-0371 double mutant (red)
Bacterial count data represent the mean +/- SE . * P<0.05 compared to wild type.

This showed that the spr0370-0371 operon contributes to pneumococcal virulence in a
murine model of pneumonia. To further characterise the virulence defect of the spr0370-

0371 mutant competitive infections were used as done for our s7#A mutant (Chapter 3).
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1:1 mixtures of wild type D39 and spr0370-0371 double mutant were mixed and
administered intranasally or intravenously to MF-1 mice. The ratio of recovered mutant
and wild type was then calculated and corrected by the input ratio to give the competitive
index. When this value is less than one the mutant is attenuated, where a value of greater
than one indicates enhanced virulence of the mutant and a competitive index (CI) of one
demonstrates no difference in virulence. Following intranasal challenge the CI at Ohr and
6hr was not significantly different from 1 (Figure 31). However, at 12, 24 and 36 hr the
CI was significantly less than one showing attenuation of the mutant. At 36 hr the CI had
fallen to <0.07 indicating that wild type out-competed the mutant by >14-fold. The CI
after intravenous infection was not significantly less than one at 0, 6 or 12 hours post
infection. Significant attenuation of the mutant was seen however, at 24 and 36 hr post
infection. The CI at Ohr after both infections was not significantly different from one
showing that the preparation and infection procedure themselves were not the cause of
any out-competition of one strain by the other. The spr0370-0371 operon therefore
appears to contribute to the virulence of D39 in both experimental pneumonia and
. bacteraemia. Compaﬂson of the CI from each infection at each time point found was no
sta;tistical difference at any time point between the CI found following intranasal or
intravenous in%éction. This is despite the CI at 12 hr post intranasal infection being
significantly less than one while the corresponding data following intravenous infection
is not significantly different from one. spr0370-0371 would therefore appear to contribute
equally to both infection types, although that gées not necessary mean the type of

contribution is the same in both infections.
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Figure 31: Virulence analysis of spr0370-0371 double mutant in competitive infections with

parental wild type D39

Each point indicates the competitive index from an individual mouse following intranasal (A)
and intravenous (B) challenges. Values <1 indicates attenuation of the mutant. Following
intranasal challenge, bacteria were sampled from the lung. Following intravenous challenge
bacteria were sampled from the blood. Red bar shows the mean CI and open circles indicate the
recovery of no mutant bacteria. *p<0.05 **p<0.025 compared to one (one equals no attenuation).
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Growth in vitro

To determine if the out-competition of the mutant in vivo was due to a general growth
defect the CI was calculated following growth in BHI at 37 °C. At mid-log and late log
stages of growth the mean CI where 0.99 and 1.07 (n=2) showing that under these
conditions the mutant is not out-competed and suggesting it does not have a general

growth defect.

Strain distribution and sequence diversity

Both of the fully sequenced and annotated pneumococcal genomes contain spr0370 and
spr0371. To investigate whether this was true of a wider range of pneumococcal strains a
selection of twenty clinical isolates from those used earlier to investigate sortase
distribution where examined for the presence of spr0370 and spr0371 by PCR. The

strains were selected to represent a variety of serotypes and sequence types, (Table 13).
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Strain # MLST Year Serotype Specimen Dianogsis
5 74 96 2 Blood -
11 180 01 3 Ear sw ab -
14 584 01 4 Blood Pneumoina
16 569 97 5 - -
17 96 01 6 Nasal -
26 578 01 8 Blood Bacteraemia
30 156 00 9 - -
34 new 01 10 Blood -
39 408 01 11 Blood -
43 586 01 12 Blood Bacteraemia
53 583 00 15 Blood Bacteraemia
62 392 00 17 Blood Pneumoina
65 113 00 18 Blood Bacteraemia
69 199 00 19 - Chest infection
74 567 00 20 Blood Chest infection
79 433 01 22 Blood Septicaemia
84 573 01 23 Ear isolate -
90 571 01 27 Blood Meningitis
91 new 01 29 Tracheal aspirate -
119 574 96 13 - -

Table 13: Strains examined for distribution of spr0370-0371

Strain # is laboratory reference. MLST is multisequence locus sequence type.
Year is year of isolation. — indicates data not available. New MLST is a new

sequence profile not yet assigned reference number

Using the primers 21X and 22C which lie within spr0370 and 0371 respectively all 20

strains gave the expected product of ~800bp (Figure 32). Amplification using spr0370-

0371 mutant gDNA gave no product.
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Figure 32: Strain distribution of spr0370-0371 in various pneumococcal
clinical isolates

Distribution of spr0370-0371 was assessed by PCR with

primers 21X and 21Y which give an expected product of ~800bp.

Lane L, ladder marker, A gDNA preparation from sterile BHI, B gDNA
from spr0370-0371 mutant C R6 gDNA as positive control. Other lanes are
the 20 clinical isolate as shown in Table 13 in numerical order.

In further confirmation, internal primer pairs for spr0370 (21X & 21Y) and spr0371 (22B
& 22C) gave the same expected product size from all strains (data not shown). Reactions
with these primers on gDNA from the spr0370-0371 mutant yielded no product. Thus all
twenty strains examined possess spr0370 and spr0371 and they are found adjacent to
each other as seen in the sequenced strains R6 and TIGR4. Using the NCBI facility
(http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi) a BlastN search for spr0370 and
_ spr0371 was performed against the unfinished pneumococcal genomes from strains 23F
ana 670 (done 24/9/03). Neither strain possessed either of the two genes. However, given
their ubiquitm;s distribution in our clinical isolates this is most likely due to the
unfinished status of these sequencing projects. To gain insight into the sequence diversity
on spr0370-0371 the two genes were sequenced from five strains (strain numbers
5,17,30,69 and 79, Table 13). For this sequené;ﬂg the primers 17Q and 17R (found

upstream and downstream of the operon respectively) were used to amplify the operon

spr0370-0371 from gDNA. The five strains selected for sequencing all gave the expected
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product of ~1.9kb. Again strains were selected to represent different serotype and MLST
sequence types. From this PCR product the two genes were sequenced using the primers

17Q, 21X, 281, 28H. Sequencing showed that both spr0370 and spr0371 were highly

conserved in these strains (Figures 33,34,35 and 36).
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1 ATGACAACATTTACTATCCATACAGTRGAGTCAGCACCAGCAGRAGTGARA R6
1 ATGACAACATTTACTATCCATACAGTAGAGTCAGCACCAGCAGARAGTGAA TIGRY
1 ATGACAACATTTACTATCCATACAGTAGAGTCAGCACCAGCAGRARAGTGARA 5
1 ATGACAACATTTACTATCCATACAGTAGAGT CAGCACCAGCAGARGTGAARA 17
1 ATGACAACATTTACTATCCATACAGTAGAGTCAGCACCAGCAGAAGTGAA 30
1 ATGACAACATTTACTATCCATACAGTAGAGTCAGCACCAGCAGAAGTGAR 69
1 ATGACAACATTTACTATCCATACAGTAGAGTC CAGCACCAGCAGAAGTGAR 79
51 AGAAATTCTTGARARACAGTAGAAARAGACAACAATGGCTATATTC CCCARCC R
51 AGARATTCTTGAAARACAGTAGARARRAGACARAACAATGGCTATAT TCCCARACC TIGRY
51 AGAAATTCTTGAAACRGTAGAAAARAGACAACRATGGCTATATTCCCAACC 5
51 AGAAATTCTTGAARACAGTARAGARARAGACAACAATGGCTATATTCCCAACC 17
51 AGAAATTCTTGAARCAGTAGAARAAGACAACAATGGCTATATTC CCCARACC 30
51 AGAAATTCTTGARRACAGTAGAARAAGACAACAATGGCTATATTC CCCAACC 69
51 AGAAATTCTTGAAACAGTAGAAARAGACAACAATGGCTATATTCCCARACTC 79
101 TAATCGGTCTCTTGGCCAARATGCCCCGACTGTTTTAGARGCCTACCAARAATT R6
101 TAATCGGTCTCTTGGCCAATGCCCCGACTGTTTTAGAAGCCTACCARATT TIGR4
10} TAARTCGGTCTCTTGEGGCCAATGCCCCGACTGTTTTAGARGCCTACCAARAATT S
101l TAATCGGTCTCTTGGCCAARATGCCCCGACTGTTTTAGRAGCCTACCAARAATT 17
101 TAATCGGE6TCTCTTGGCCAARATGCCCCGACTGTTTTAGAARAGCCTACCAARATT 30
101 TAATCGGTCTCTTG6GCCAARATGCCCCGACTGTTTTRARGARGCCTACCARRATT 69
10 TAARTCGGTCTCTTGGCCAATGCCCCGARACTGTTTTAGARGCCTACCAARTT 79
151 GTCTCATCTATCCACCGTCGCAACAGCCTGACACCCGTTGAGCGT GARAGT R6
151 GTCTCATCTATCCACCGTCGCAARACAGCCTGACACCCGTTGAGCGTGAAGT TIGRY
151 GTCPTCATCTATCCACCGTCGCARCRARGCCTGACACCCGTTGAGCGTGARGT 5
151 GTCTCATCTATCCRCCGTCGCAACAGCCTGACARCCCGT TGAGCGT GAAGT 17
151 GPTCTCATCTATCCACCGTCGCAACAGCCTGACACCCGTTGAGCGTGARAGT 30
151 GTCTCATCTATCCACCGTCGCAARCAGCCTGACRCCCGTTGAGCGTGAAGT 69
151 GTCTCATCTATCCACCGTCGCARCAGCCTGACACCCGTTGAGCGTGARGT 79
20l GGTGCAAATCACGGCAGCCGTGACCARTGGTTGTGCCTTCTGTGTCGCAG R6
20 GGTGCARATCACGGCAGCCGTGARCCAATGGTTGTGCCTTCTGTGT CGCAG TIGRE
20l GGTGCAAATCACGGCAGCCGTGARACCARAATGGTTGTGCCTTCTGTGTCGCAG S
201l GGTGCARATCACGGCAGCCGTGACCARTGGTTITGTGCCTTCTGTGTC CGCAG 17
201 GGTGCARATCACGGCAGCCGTGACCARTGGTTGTGCCTTCTGTGTCGCAG 30
200l GGTGCAAATCACGGCAGCCGTGACCARARATGGTTGTGCCTTCTGTGTCGCAG 69
20l GGTGCARRTCACGGCAGCCGTGARACCAATGGTTGTGCCTTCTGTGTCGCAG 79
251 GTCACACAGCCTTTTCCATCARARACARARATCCAGATGARTGATGACTTGATT R6
251 GTCACACAGCCTTTTCCATCAAACARARATCCAGATGAATGATGACTTGATT TIGR4
251 GTCACACAGCCTTTTCCATCARRCARATCCAGATGARAATGATGACTTGATT 5
251 GTCACACAGCCTTTTPTCCATCAARCARRTCCAGATGAATGATGACTTGAT T 17
251GTCACAC}\GCCTTTTCCATEARACAAATCCAGATGAATGATGACTTGI\TT 30
251 GTCACACAGCCTTTTCCATCAARCRRATCCAGATGARTGATGACTTGATT 69
251l GTCACACAGCCTTTTCCATCARACAAATCCAGATGARTGATGACTTGATT 79
301 CAAGCTCTTCGCAATCGTACTCCAATTGARACAGATCCTAARAATTGGATAC R6
301 CARGCTCTTCGCAATCGTACTCCARTTGARACAGATCCTAARATTGOGATAC TIGRY
301 CAAGCTCTTCGCA}\TCGTACTCCAATTGA]\AC}\G}\TCCTAAATTGGATR5
301l CARAGCTCTTCGCAATCGTACTCCAATTGAARCAGATCCTARRTTGGATAC 17
30l CAAGCTCTTCGCAATCGTACTCCAARATTGAAARACAGATCCTARATTGGATAC 30
301 CRAGCTCTTCGCAATCGTACTCCAATTGARACAGARARTCCTARATTGGATAC 69
301 CAAGCTCTTCGCAARATCGTACTCCAATTGARAAACAGATCCTARATTGGATAC 79
331l CCTAGCTAAGTTTACCTTGGCARAGT TATCAATARARCCARGGGTCGTGTAGGARG R6
3l CCTAGCTAAGTTTACCTTGGCAGTTATCAATACCAAGGGTCGTGTAGGAG TIGRA
331 CCTAGCTAAGTTTACCTTGGCAGTTATCARTACCRAGGGTCGTGTAGGAG 5
3531 CCTAGCTAARGTTTACCTTGGCAGTTATCARTARACCARGGGTCGTGTAGGAG 17
35l CCTAGCTAAGTTTACCTTGGCAGTTATCARTACCAAGGGTCGTPTGTAGGAG 30
351 CCTAGCTAAGTTTACCTTGGCAGTTATCAARTACCAAGGGTCGTGTAGGAG 69
351 CCTAGCTAAGTTTACCTTGGCAGTTATCAATACCAAGGGTCGTGTAGGAG 73
401 ATGAAGCCTTGTCTGAGTTTTTAGRAGCTGGCTACACTCAACRARARATGCC RE
4901 ATGARGCCTTGTCTGEGARAGTTTTTAGRAGCTGGCTACACTCARCRAARAATGCC TIGRY
401ATGArAGCCTTGTCTGI\GTTTTTI\GAAGCTGGCTACACTCA}\C[—\AA}\TGCC5

= 40l ATGAAGCCTTGTCTGAGTTTTTAGARAAGCTGGCTACACTCAACARAATGCC 17
401 ATGAAGCCTTGTCTGAGTTTTTAGAAGCTGGCTACARACTCAACRARAATGCC 30
401 ATGARGCCTTGTCTGAGTTTTTAGARAGCTGGCTACACTCARCARAAATGCC 69
401 ATGAAGCCTTGTCTGAGTTTTTAGAAGCTGGCTACACTCARCARAARAATGCC 79
451T"i“GGI\TGTGGTTTTTGGTGTCAGCCTAGCAATCCTCTGTAACTATGCC)\ARG
451 TTGGATGTGGTTTTTGGTGTCAGCCTAGCRAATCCTCTGTAARACTATGCCARA TIGRY
451 TT6G6GATGTGGTTTTTGGTGTCAGCCTAGCAATCCTCTGTARCTATGCCARA S
451 TTGGATGTGGTTTTTGGTGTCAGCCTAGCRATCCTCTGTAARACTATGCCAR 17
451 TTGGATGTGGTTTTTGGTGTCAGCCTAGCAARTCCTCTGTAACTATGCCARA 30
451 TTGGATGTGGTTTTTGGTGTCAGCCTAGCAATCCTCTGTAACTATGC CCAR 69
451 TTGG6ATGTGGTTTTTGGTGTCAGCCTAGCARTCCTCTGTAACTATGCCAR 79
501 CAACTTAGCTAATACACCAATTAATCCAGAATTGCARCCTT TATGCCTAR R6
50l CAACTTAGCTAATACACCAARTTAARATCCAGARAATTGCAACCTTATGCCTARA TIGR4
501 CAACTTAGCTAATACACCAATTARATCCAGAARATTGCARAACCTTATGCCTAR 5
501 CAACTTAGCTAATACACCAATTAATCCAGAATTGCAARACCTTATGCCTAR 17
501 CAACTTAGCTAATACACCAATTAATCCAG ATTGCAARACCTTATGCCTAR 30
501 CAACTTAGCTAATACACCAATTAATCCAGAARTTGCARCCTTATGCCTAA 69
01 CAACTTAGCTAATACACCAATTAATCC ARGAATTGCARCCTTATGCCTARA 79

Figure 33: Alignment of nucleotide sequence of spr0370 from various pneumococcal

strains

Figures on left relate to nucleotide position from gene start, strain name given on right.
Bases in disagreement with the consensus are highlighted in black. Performed with
DNAstar MegAlign using ClustalV(Identity). R6 and TIGR4 sequences taken from TIGR

CMR.
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1 MTTFTIHTVESAPAEVKEILETVEKDNNGYIPNLIGLLANAPTVLEAYQTI R6
1 MTTFTIHTVESAPAEVKEILETVEKDNNGYIPNLIGLLANAPTVLEAYQI TIGR¢
1 MTTFTIHTVESAPAEVKEILETVEKDNNGYIPNLIGLLANAPTVLEAYQI 5
1 MTTFTIHTVESAPAEVKEILETVEKDNNGYIPNLIGLLANAPTVLEAYQTI 17
1 MTTFTIHTVESAPAEVKEILETVEKDNNGYIPNLIGLLANAPTVLEAYOQTI 30
1 MTTFTIHTVESAPAEVKEILETVEKDNNGYIPNLIGLLANAPTVLEAYQI 69
1 MTTFTIHTVESAPAEVKEILETVEKDNNGYIPNLIGLLANAPTVLEAYQTI 79
51 VSSIHRRNSLTPVEREVVQITAAVTNGCAFCVAGHTAFSIKQIQMNDDLTI R6
59 VSSIHRRNSLTPVEREVVQITAAVTNGCAFCVAGHTAFSIKQIQMNDDLTI TIGR!
51 VSSIHRRNSLTPVEREVVQITAAVITNGCAFCVAGHTAFSIKQIQMNDDILTI 5
51 VSSIHRRNSLTPVEREVVQITAAVTNGCAFCVAGHTAFSIKQIQMNDDLTI 17
51 VSSIHRRNSLTPVEREVVQITAAVITNGCAFCVAGHTAFSIKQIQMNDDTLTI 30
51 VSSIHRRNSLTPVEREVVQITAAVTNGCAFCVAGHTAFSIKQIQMNDDILTI 69
51 VSSIHRRNSLTPVEREVVQITAAVTNGCAFCVAGHTAFSIKQIQOMNDDTLTI 79
101l QALRNRTPIETDPKLDTLAKFTLAVINTEKGRVGDEALSEFLEAGYTOQQNA R6
101 QALRNRTPIETDPKLDTLAKFTLAVINTKGRVGDEALSEFLEAGYTOQQNA TIGR!
101QALRNRTPIETDPKLDLAKFTLAVINTKGRVGDEALSEFLEAGYTQQNA5
10l QALRNRTPIETDPKLDTLAKFTLAVINTKGRVGDEALSEFLEAGYTOQOQONA 17
10l QALRNRTPIETDPKLDTLAKFTLAVINTKGRVGDEALSEFLEAGYTOQOQONA 30
10l QALRNRTPIETDPKLDTLAKFTLAVINTKGRVGDEALSEFLEAGYTQOQNA 6%
101 QALRNRTPIETDPKLDTLAKFTLAVINTKGRVGDEALSEFLEAGYTQOQNA 79
15T LDVVFGVYSLAILCNYANNLANTPINPELQPYA R&
150 LDVVFGVSLAILCNYANNLANTPINPELQPYA TIGR¢
151 LDVVFGVSLAILCNYANNLANTPINPELOQPYA 5
15 LDVVFGVSLAILCRNYANNLANTPINPELOQPYA 17
151 LDVVFGVSLAILCNYANNLANTPINPELOQPYA 30
15 LDVVFGVSLAILCNYANNLANTPINPELQPYA 69
151 LDVVFGVSLAILCNYANNLANTPINPELQPYA 79

Figure 34: Alignment of deduced amino acid sequence of Spr0370 from various pneumococcal
strains

Figures on left relate to residues position from amino terminal, strain name given on right.

Residues in disagreement with the consensus are highlighted in black. Performed with DNAstar
MegAlign using Clustal V(PAM250). R6 and TIGR4 sequences taken from TIGR CMR.
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1 LEVRMKKLPLVFSGCLLGLAGAGNLILDTLPVLSHLFSLTGLVLWIYFLTI R6
1 LEVRMKKLPLVFSGCLLGLAGAGNLILDTLPVLSHLFSLPBIGLYLWIYFLTI TIGR4
1 LEVRMKKLPLVFSGCLLGLAGAGNLILDTLPVLSHLFSLTGLVLWIYFLI 5
1 LEVRMKKLPLVYVFSGCLLGLAGAGNLILDTLPVLSHLFSLTGLVLWIYFLI 17
1 LEVRMKKLPLVFSGCLLGLAGAGNLILDTLPVLSHLFSLTGLVL®WIYFLI 30
1 LEVRMKKLPLVFSGCLLGLAGAGNLILDTLPVLSHLFSLTGLVLWIYFLI 69
1 LEVRMKKLPLVFSGCLLGLAGAGNLILDTLPVLSHLFSLTGLVLWIYFLTI 79
51 LHLFNWKETKQELTKPPLLSGMATFPMAGMILSTYVFRVFSYLPLVAQGI R6
51 LELFNWKETKQELTKPPLLSGMATFPMAGMILSTYVFRVFSYLPLVAQGTI TIGRY
51 LHLFNWKETKQELTKPPLLSGMATFPMAGMILSTYVFRVFSYLPLVAQGI 5
51 LHLFNWKETKQELTKPPLLSGMATFPMAGMILSTYVFRVFSYLPLVAQGTI 17
51 LHLFNWKETKQELTKPPLLSGMATFPMAGMILSTYVFRVFSYLPLVAQGTI 30
51 LHLFNWKETKQELTKPPLLSGMATFPMAGMILSTYVFRVFSYLPLVAQGTI 69
59 LHLFNWKETKQELTKPPLLSGMATFPMAGMILSTYVFRVFSYLPLVAQGTI 79
10l WWFSFLLDLTLIAGFTIKFACPGRRVHATPSWTVLYVGIAVAARLTYPLVG R6
1001l WWFSFLLDLTLIAGFTIKFACPGRRVHATPSWTVLYVGIAVAALTYPLVG TIGR4
101l WWFSFLLDLTLIAGFTIKFACPGRRYHATPSWTVLYVGIAVAALTYPLVG 5
101 WWFSFLLDLTLIAGFTIKFACPGRRVHATPSWTVLYVGIAVAALTYPLVG 17
101 WWFSFLLDLTLIAGFTIKFACPGRRVHATPSWTVLYVGIAVAALTYPLVG 30
10l WWRFSFPFLLDLTLIAGFTIKFACPGRRVHATPSWTVLYVGIAVAALTYPLVG 69
10l WWFSFLLDLTLIAGFTIKFACPGRRVHATPSWTVLYVGIAVAALTYPLVG 79
151 TIETITAYATLSFGFLLTFYLYPLIYSDLKKHPLPLALLGOQEGTIVYCAPFSTILIL R6
151 TIETAYATLSFGFLLTFYLYPLIYSDLKKHPLPLALLGQEGIVYCAPTFS SILIL TIGR4
150 T I EIAYATLSFGFLLTFYLYPLIYSDLEKKHPLPLALLGQEGIYCAPFSLL 5
15 TIETAYATLSFGFLLTFYLYPLIYSDLKKHPLPLALLGQEGIVYCAPFSLTIL 17
158 TIT EITAYATLSFGFLLTFYLYPLIYSDLKKHPLPLALLGQEGIVYCAPFSLIL 30
151IIEMAYATLSFGFLLTFYLYPLIYSDLKKHPLPLALLGQEGIYCAPFSLL69
151 TIEITAYATLS FGFLLTFYLYPLIYSDLKKHPLPLALLGQEGIVYCAPFSLIL 79
200 LASLVRVGGTSLPTWVLIVMILASQSFFFFVLTRLPNILKQGFQPAFSAL R6
200 LASLVRVGGTSLPTUWVLIVMILASQSFFFFVLTRLPNILKQGPFOQPATFSATL TIGR4
20l LASLVRVGGTSLPTWVLIVMILASQSFFFFVLTRLPNILKQGFQPAFSAL S
20l LASLVRVGGTSLPTWVLIVMILASQSFFFFVLTRLPNILKQGFQPAFSATL 17
200 LASLVRVGGTSLPTWVLIVMILASQSFFFFVLTRLPNILKQGFQPAFSAL 30
200 LASLVRVGGTSLPTWVLIVMILASQSFFFFVLTRLPNILKQGEFQPAFSAL 69
20l LASLVRVGGTSLPTHWYVLIVMILASQSFFFFVLTRLPNILKQGFQPAFSATL 79
251TFE’TIITATSLKHAQGILKLPFLDYLVLETIICLTILF‘FVLGAYLIWLRR6
251 TFPTIITATSLKMAQGILKLPFLDYLVLAETIICLTILFFVYVLGAYLIW®WLR TIGR4
251 TFPTIITATS  LKMAQGILKLPFLDYLVLAETIICLTILFFVLGAYLIWILR §
251 TFPTIITATSLKMAQGILKLPFLDYLVLEETIICLTILFFVLGAYLIWLR 17
25 TFPTIITATSLKMAQGILKLPFLDYLVLAETIICLTILFFVLGAYLIWLR 30
251 TPPTIITATSLKMAQGILKLPFLDYLVLAETIICLTILFFVLGAYLIWLR 69
251 TFPTIITATSLKMAQGILKLPFLDYLVLAETIICLTILFFVLGAYLIWLR 79
301 K KV R6
301 KKV TIGR4
301 K KV 5
301 KKV 17
301 KKV 30
301 KKV 69
301 KKV 79

Figure 36: Alignment of deduced amino acid sequence of Spr0371 from various
pneumococcal strains

Figures on left relate to residues position from amino terminal, strain name given on right.
Residues in disagreement with the consensus are highlighted in black. Performed with DNAstar
MegAlign using Clustal V(PAM250). R6 and TIGR4 sequences taken from TIGR CMR.
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Susceptibility to killing by hydrogen peroxide

The apparent presence of an AhpD domain in Spr0370 (Figure 26) suggests that this
protein could be involved on resistance to oxidation stress. To test this, wild type and the
spr0370-0371 double mutant D39 were exposed to hydrogen peroxide at different doses
and the percentage survival measured by viable count. The results showed that at the
doses used the mutant was more resistant to killing by hydrogen peroxide (Figure 37).
This difference was significant at both 18.75 and 37.5mM hydrogen peroxide. At the

higher doses of 75 and 150mM no viable pneumococci were recovered (not shown).
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Figure 37: Susceptibility to killing by hydrogen peroxide

The percentage survival (relative to addition of no hydrogen peroxide) was compared
between the spr0370-0371 double mutant and the parental D39 wildtype (WT) at various
doses of hydrogen peroxide A) 9.375mM B) 18.75mM and C) 37.5mM. Data represent
mean +/- SE from two independent mutants each assayed in duplicate. * P<0.05. Figures
give mean percentage survival.
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Janus cassette integration in spr0370-0371

As the spr0370-0371 mutant is a double mutant and lacks both genes it is unclear as to
the relative contribution of each to the mutant phenotypes of reduced virulence and
enhanced resistance to hydrogen peroxide. To address this would require single mutants.
To create such strains Janus mutagenesis was used as described earlier (Chapter 5). The
entire spr0370-0371 open reading frames including the intragenic region were replaced
with the Janus cassette. This was done first by amplifying the genome regions upstream
(primers 17Q & 32T) and downstream of the target site (32F & 17R) and the Janus
cassette amplified from strain R1036 (32S & 21J) (Table 7). These amplifications
introduced a 3’ BamHI site into the upstream sequence, a 5’ Ncol site in the downstream
region and a 5’BamHI and 3’ Ncol site in the Janus cassette. Products were purified and
digested with the appropriate restriction enzyme(s) As done for zmpB Janus mutagenesis
Figure 22). All three were then purified again and mixed in a ligation reaction and used to
directly transform R6. Potential mutants were selected on kanamycin (200pg ml™).
Several transformants were obtained and confirmed by PCR with the primers 18I and
18Y located outside the manipulated region. Wild type R6 gave the expected product size
of ~2.3kb with the mutants giving the expected size of ~2.1kb indicating replacement of
the spr0370-0371 operon with the Janus cassette (data not shown). Time did not allow
further manipulation where the negative selection procedure could be used to replace the
Janus cassette with DNA of choice (Figure 20). For example, this could be used to
introduce back the original DNA except with a stop codon to selectively knock out either
spr0370 or 0371. Alternatively, the AphD domain of Spr0370 could be mutated to

investigate what affect this might have on virulence or resistance to hydrogen peroxide.
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Findings

The annotation of spr0370 and spr0371 as a macrophage infectivity potentiator
protein and exfoliative toxin respectively, appears incorrect.

Spr0370 contains a putative AphD domain and may therefore be involved in
resistance to oxidative stress.

Sequence analysis of Spr0371 gives no firm indication to its possible functions,
although it may be a membrane protein.

The two genes are expressed in vitro during exponential growth and form a
bicistronic operon.

This operon contributes to virulence in both pneumonia and bacteraemia models.
All twenty clinical isolates from a variety of serotypes and MLST sequence types
contained the spr0370-0371 operon as examined by PCR.

Sequence comparison of the two genes from five clinical isolates and the two
sequenced strains shows a high degree of conservation.

A double mutant was more resistant to killing by hydrogen peroxide confirming
that the operon is involved in the response to oxidative stress as suggested by the
presence of a putative AphD domain in Spr0370.

The Janus cassette has been introduced into the operon allowing future

manipulation of the sequence, including the creation of single gene null mutants.
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Chapter 8 Investigation of a putative macrophage infectivity potentiator

protein and exfoliative toxin A, Discussion
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Macrophage infectivity potentiator protein is an important virulence factor for L.
preumophila acting to facilitate infection of macrophages (Cianciotto and Fields 1992;
Wintermeyer et al. 1995; Kohler et al. 2003) Likewise, exfoliative toxin A is a key
virulence determinant in Staphylococcal scalded-skin syndrome caused by S. aureus
(Gemmell 1995; Ladhani et al. 1999, Ladhani 2001; Ferrandiz and de la Campa 2002).
The annotation of the pneumococcal genes spr0370 and spr0371 as a putative
macrophage infectivity potentiator protein and putative exfoliative toxin A respectively,
therefore attracted attention to them as potential virulence factors. This interest was
further enhanced given that such activities had previously not been associated with S.
pneumoniae. This novelty placed much significance on the proper annotation of these
genes and subsequent functional confirmation. Considerable effort was therefore made to
verify these annotations were likely to be accurate. However, unfortunately both
identifications were shown to be incorrect and misleading with regards the potential
functional of these genes. This clearly highlights the potential dangers of over-reliance on
annotated functions without further sequence verification. Disregarding the original
annotations, new database searches were made to try and ascertain possible functions to
these genes and their products. Analysis of Spr0370 revealed the presence of a putative
alkhydroperoxidase D (AhpD) domain suggesting a role in resistance to oxidative stress.
Only a single protein containing this domain, AhpD from M. tuberculosis has been
characterised to date (Hillas et al. 2000; Bryk et al. 2002; Nunn et al. 2002; Koshkin et
al. 2003) with the best-studied alkylhydroperoxidase being the non-homologous AhpC

from Salmonella typhimurium (Poole and Ellis 1996, Ellis and Poole 1997) (Figure 38).
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This S. typhimurium AhpC protein contains two cysteine residues that catalyse the
reduction of peroxides to the corresponding alcohols and water with concomitant
oxidation of these amino acids to a disulphide bond. The catalytic cycle is completed and
the active site thiol groups restored by the reduction of this disulphide bond by AhpF, a
flavoprotein reductase located immediately downstream of AhpC using NADH as the
reducing factor. M. tuberculosis possesses an AhpC homologue but AhpF is absent.
Instead AhpD, which is not homologous to either AhpC or AhpF, is located immediately
downstream of AhpC and is able to reduce AhpC (Bryk ef al. 2002). Following the
reduction of AhpC by AhpD, this latter protein must also be reduced to restore its thiol
groups. This function is performed by a novel system consisting of dihydrolipoamide
succinyltransferase (SucB), dihydrolipoamide dehydrogenase (Lpd) and NADH (Bryk et
al. 2002), (Figure 38). In addition to its role in reducing AhpC thereby ensuring its
catalytic turnover, AhpD has independent alkylhydroperoxidase activity of its own when
AhpF from S. typhimurium was added as a reducing partner along with NADH (Hillas et
al. 2000). Critical to the activity of AphD in reduction of AphC and its own
alkylhydroperoxidase activity are its two cysteine residues. Substitution of either of these
to a serine effectively abolished both activities (Hillas 2000 and Bryk 2002). The M.
tuberculosis AhpD crystal structure has been solved independently by two groups (Bryk
et al. 2002; Nunn et al. 2002). It forms a cloverleaf shaped homotrimer with monomers
tightly associated through hydrophobic interactions and hydrogen bonds. Both the
monomer, made entirely of a-helices and the trimer structures were novel. The trimer has
three active sites, which appear to be structurally and functionally independent because

all the residues surrounding the critical cysteine residues are from the same monomer. It
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was proposed therefore that the individual subunits may be unstable and intersubunit
interactions might be important in preserving the active site folding of the individual
monomers (Nunn ef al. 2002). A role for several active site residues in catalysis has been
confirmed  whereby  their  substitution decreased both the independent
alkylhydroperoxidase ability of AhpC and its ability to reduce AhpC (Koshkin et al.
2003). Overall the homology between the pneumococcal Spr0370 protein and M.
tuberculosis AhpD is low, however, there is a good match across the active site. Four of
the five active site residues shown to be involved in the activity of AhpD are conserved in
Spr0370 (Glul18, Cys130, Cys133 and His137). The exception to this conservation is
His132, which is replaced by Phe in the pneumococcal protein. While substitution of
His132 to Phe in AhpC from M. tuberculosis significantly reduced activity compared to
wild type AhpD, this residue is not absolutely conserved in closely related proteins (Nunn
et al. 2002). This suggests there may be subtle difference in catalysis where the role of
His132 can be played by alternative residues. Therefore, the absence of His132 does not
strongly preclude Spr0370 from being an alkylhydroperoxidase. This activity could be
confirmed using purified Spr0370 and measuring its ability to breakdown various
peroxides in vitro using for example HPLC to analysis the products as done for AhpC
and D of M. tuberculosis (Hillas et al. 2000). This may prove difficult to do without the
addition of a reducing partner for Spr0370 the identity of which, if any, is unknown. In
this case AphF, from S. typhimurium could be tried, again as done for AhpC and D of M.
tuberculosis when their reducing partners were unknown (Hillas er al 2000).
Alternatively, the addition of crude pneumococcal cell lysate could be added to provide

the necessary factors for activity of Spr0370. This again proved useful in investigating
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AhpC and D from M. tuberculosis with activity measured by consumption of NADH as
determined by absorbance (Bryk ef al. 2002).

The presence of a putative AhpD domain in Spr0370 suggested this protein might be an
alkylhydroperoxidase involved in resistance to oxidative stress. To test if spr0370-0371
was involved in defence against oxidative stress wild type and the double mutant were
exposed to various doses of hydrogen peroxide during early logarithmic growth. The
decrease in viable count was then assessed after exposure. In experiments with two
independent mutants the spr0370-0371 mutant showed greater survival compared to wild
type D39. This confirmed this operon was involved in the response to oxidative stress but
was surprising because it was suspected that the absence of a putative
alkylhydroperoxidase (Spr0370) would cause enhanced susceptibility to hydrogen
peroxide. However, a similar phenotype is seen with an ahpC mutant in Bacillus subtilis
and single mutants in ahpC and glutathione peroxidase in S. pyogenes (Antelmann et al.
1996; Bsat er al. 1996; King et al. 2000). Although all these genes are involved in
defence against oxidative stress, however, mutants displayed enhanced resistance to
hydrogen peroxide. Based on the ahpC B. subtilis mutant this was postulated to occur due
to low-level oxidative stress leading to the accumulation of an organic hydroperoxide.
This did not occur in the presence of AhpC and promoted an adaptive response to
peroxide whereby there was induction of the peroxide response genes including kat4
(catalase) and mgr4 (DNA binding protein and protection protein) leading to increased
resistance to subsequent exposure to hydrogen peroxide (Bsat ef al. 1996). This may also
explain the enhanced resistance seen in the spr0370-037/ mutant. Microarray or 2-D gel

proteome analysis could be used to identify genes up-regulated by hydrogen peroxide and
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if their expression is enhanced in the mutant compared to the wild type. If spr0370 is
responsible for this, it is not clear yet if it is acting directly as an alkylhydroperoxidase
itself or if its role, like that of AhpD in M. tuberculosis is in the reduction and catalytic
turnover of an additional enzyme. No AhpD homologue exists in S. preumoniae on the
basis of BlastP searches against the R6 and TIGR4 genome sequences.

In contrast to Spr0370, no putative activity/function for Spr0371 is suggested other than it
may be an integral membrane protein based on the presence of several putative
transmembrane spanning regions.

RT-PCR analysis revealed that spr0370-0371 are transcribed together in a bicistronic
message. Genes with a similar function are often transcribed together and so the possible
role for spr0370 in resistance to oxidative stress may therefore hint at an undefined
function for spr0371 in this also. The finding that these genes form an operon and the fact
no prior data existed to suggest a role for these genes in the virulence of the
pneumococcus prompted the construction of a double mutant lacking both. This made
mutagenesis easier and increased the chances of identifying an altered phenotype. During
competitive growth in vitro this mutant was not out-competed by the wild type showing it
did not have an inherent growth defect. When this double mutant was assessed in a model
of pneumonia it was attenuated as assessed by reduced bacterial counts in the lung. In
competitive infections it was attenuated in both pneumonia and bacteraemia models.
These competitive infections were used for the majority of virulence work with this
mutant due to the success in identifying small differences in virulence seen with srt4,
nanAd and -gal mutants (Chapter 3 and 5) and the requirement for fewer mice. The

spr0370-0371 operon therefore codes for pneumococcal virulence factors contributing to
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both pneumonia and bacteraemia in mouse models. The level of attenuation between the
two infection types appeared similar but this does not necessitate the function/role of the
operon was the same in the two infection types. The contribution to virulence of different
pneumococcal virulence factors varies with the infection type (for example, Hava and
Camilli 2002; Marra et al. 2002). This was the reason two infection types were analysed
and why it would be of interest to examine other situations such as colonisation,
meningitis and otitis media models. Additionally, the contribution to virulence of a
particular factor may vary among different pneumococcal strains as demonstrated by
Blue and Mitchell (2003). It will therefore be of interest to examine the affect of this
spr0370-0371 null mutant in other pneumococcal strains.

A drawback with the above work is that it relates to a double mutant lacking both genes
and so it is unclear which are responsible for the phenotypes seen. For example, it is
likely based on the presence of an AhpD domain that Spr0370 causes the different
response to hydrogen peroxide but an influence for Spr0371 cannot be excluded. To
overcome this single mutants can be made in either gene taking care not to disrupt the
other given that they are transcribed together. In order to do this the whole spr0370-0371
operon was replaced with the Janus cassette. As described in Chapter 5 this cassette can
now be replaced with DNA of choice. This could include the original wild type DNA
with non-polar deletions of one or other of the genes or the addition of a stop codon at the
being or either gene resulting single mutants for further study. Additionally, it could be
used to probe structure-function relationships, for example substitutions within the

putative AhpD active site of Spr0370.
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The spr0370-0371 operon was shown to be ubiquitous among all twenty clinical isolates
tested by PCR while sequencing of the two genes from five of these strains found them
both to be highly conserved. These features would suggest an important role in
pneumococcal biology with a selective advantage in the persistence and sequence
conservation of these genes in the population. On the topic of strain distribution it is
worth noting the situation for the spr0370 homologue in S. suis. This pig pathogen
encodes a cholesterol-binding cytotoxin, suilysin, homologous to the pneumococcal
virulence factor pneumolysin. However, suilysin is not found in all strains and when it is
absent it is found to be replaced by a spr0370 homologue named orfC or orf102 (King et
al. 2001; Takamatsu ef al. 2002). All other genes in this region of the genome were
conserved with the exception of the 3’ end of the gene immediately upstream of
suilysin/orfC and the 5° end of the gene immediately downstream. These regions showed
some divergence between suilysin positive and orfC positive strains. This divergence
however, does not appear to alter their putative function. These regions where divergent
between the suilysin positive and negative strains. This mutually exclusive relationship
was conserved among 94 out of 100 strains examined in two studies (King et al. 2001;
Takamatsu et al. 2002), the exception being six isolates whose suilysin gene region had
undergone rearrangements leaving their genomic organisation in this area undefined
(Takamatsu er al. 2002). The finding is enigmatic with no indication of the mechanism of
this switch for example, repetitive structures or translocatable elements and no function
suggested for orfC or orf102 (King et al. 2001; Takamatsu et al. 2002). The spr0370
homologue does not appear to be a haemolysin however, as that property correlated with

the presence of suilysin and was absent in suilysin negative orfC / orfl102 positive strains.
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Although the role of orfC / orf102 is unknown its replacement of suilysin may suggest it
performs some of the functions of this toxin although the role for suilysin remains
undefined. Like pneumolysin, suilysin may inhibit the respiratory burst of phagocytes
(Paton and Ferrante 1983; Nandoskar ef al. 1986). OrfC / Orf102, like Spr0371 contains
an AhpD domain and so it may function to enhance resistance to oxidative stress in the
absence of suilysin.

Interestingly, although spr0370-0371 forms an operon in the pneumococcus, this is not
the situation in organisms containing homologues of these genes. For example, N.
meningitisis encodes a spr0370 homologue but not spr0371. Likewise S. agalactiae, S.
aureus, and L. lactis subsp. lactis all contain a homologue of spr0371 but not spr0370. S.
mutans encodes homologues to both but these are found in separate locations in the
genome. Furthermore, the homologues in other organisms appear to be located in regions
distinct from that in the pneumococcus. No organism for which the genome has been
sequenced therefore has the same genomic organisation of spr0370-0371 shown in the
pneumococcus. The reason and functional consequences of this are unclear,

If Spr0370 is acting as an alkylhydroperoxidase there may be a reducing partner ensuring
its catalytic turnover (restoring the active site thiol groups allowing fresh attack on
substrate). This is preformed in Mycobacterium tuberculosis by a novel pathway
consisting of dihydrolipoamide succinyltransferase (SucB), and dihydrolipoamide
dehydrogenase (Lpd) (Figure 26) (Bryk er al. 2002). Pneumococcal dihydrolipoamide
dehydrogenase (Spr1049) shows strong homology to both Lpd (similarity 55% over 465
amino acids, E= 8.7 e-75) and SucB (similarity 50% over 303 amino acids, E= 1.2 e-38).

Dihydrolipoamide dehydrogenase is therefore a candidate reducing partner for Spr0370.
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Smith ef al. 2002 investigated a dihydrolipoamide dehydrogenase mutant and found it to
be defective in carbohydrate metabolism, capsule production and virulence (Smith et al.
2002). However, the response to oxidative stress was not investigated.

Alternatively, AhpF supported the direct alkylhydroperoxidase activity of AhpD from S.
typhimurium (Hillas et al. 2000). BlastP searches against the R6 and TIGR4 genome
sequences revealed several proteins with homology to AhpF from S. typhimurium
(Spr1312 thioredoxin reductase, Spr1421 thioredoxin reductase, Spr1323 NADH oxidase,
Spr1442 oxidoreductase and Spr0692 glutathione oxidoreductase, R6 gene name given).
Any of these proteins may therefore be a reducing partner for Spr0370.

The pneumococcus is a facultative anaerobe able to grow in the presence or absence of
oxygen although it does not require oxygen for its respiration, which is fermentative .
regardless of the growth conditions (Poolman 1993). The ability to grow in aerobic
environments has the advantage of allowing a species to survive in an increased range of
ecological niches. However, it does mean exposure to toxic products such as peroxide,
superoxide and hydroxyl radicals that have many deleterious affects such as DNA strand
damage and peroxidation of membrane lipids (reviewed by Miller and Britigan 1997).
Several pneumococcal strategies to resist oxidative stress have already been described.
The pneumococcus contains two superoxide dismutase enzymes, which convert
superoxide to less toxic hydrogen peroxide and molecular oxygen. A mutant in the major
superoxide dismutase (sod4) was found to have increased susceptibility to oxidative
stress and reduced virulence (Yesilkaya er al. 2000). Likewise, NADH oxidase (Nox)
converts oxygen to water using NADH. A pneumococcal mutant in nox was defective in

growth under vigorous aeration but not under limited aeration (Yu ef al. 2001). This

180



agrees with results relating to NADH oxidase in S. pyogenes and S. mutans (Gibson et al.
2000; Higuchi 1992). As with the sod4 pneumococcal gene nox contributes to virulence
in animal models (Auzat ef al. 1999; Lau et al. 2001; Yu et al. 2001; Hava and Camilli
2002). In addition to resistance to oxidative stress it is suggested that nox has a role in
improving the efficiency of glucose catabolism and regulating competence (Auzat ef al.
1999). The pneumococcal surface antigen (psa) operon is also involved in oxidative
resistance. The genes psaABC encode an ATP-binding cassette manganese permease and
psaD a putative thiol peroxidase (Claverys et al. 1999). In addition to the uptake of
managense PsaA may contribute to adhesion with a mutant attenuated in mouse models
(Berry and Paton 1996). Mutants in psad and psaD were hypersensitive to oxidative
stress which was suggested to be independent of their role in manganese uptake and so it
was suggested that psad and D may function in a signal transduction system involved in
the response to oxidative stress (Tseng ef al. 2002). ClpP an ATP-dependent protease that
contributes to the normal physiology, stress response and virulence of the pneumococcus
also has a role in oxidative stress. A mutant showed enhanced killing by hydrogen
peroxide that may have been due to down-regulation of sod4 and a putative thioredoxin-
linked thiol peroxidase (Robertson et al. 2002). This was deemed an unexpected result
given that it had not previously been suggested that ClpP proteases where involved in the
degradation proteins damaged by oxidation (Robertson e al. 2002). In addition to the
genes discussed above BlastP searches of the R6 and TIGR4 genomes reveals
pneumococcal homologues of glutathione peroxidase from S. pyogenes and peroxide
resistance protein (Dpr) from S. mutans both of which contribute to oxidative resistance

in these species (Yamamoto et al. 2000; King er al. 2000). The response to hydrogen
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peroxide in B. subtilis and S. pyogenes is negatively regulated by PerR (Bsat et al. 1996,
King et al. 2000). BlastP searches of the R6 and TIGR4 genomes revealed no
homologues to either the B. subtilis or S. pyogenes PerR regulator. OxyR is an important
transcriptional activator in the response of some bacteria to oxidative stress (reviewed in
Mongkolsuk and Helmann 2002). Spr0828, a LysR family transcriptional regulator,
displays limited homology to E. coli OxyR but importantly appears to lack the two
cysteine residues (at positions 199 and 208) that are critical for OxyR function. Likewise,
OhrR is a negative regulator of the antioxidant protein OhrA in B. subtilis but is
seemingly absent in S. pneumoniae based on a BlastP search of the R6 and TIGR4
genomes. Catalase is a key enzyme in resistance to peroxide among many bacterial
species (Deisseroth and Dounce 1970; Farr and Kogoma 1991). However, as with other
lactic acid bacteria, S. preumoniae lacks this enzyme (Hardie 1986), which is of
particular note given the ability of the pneumococcus to produce and be resistant to high
levels of hydrogen peroxide (Pericone er al. 2000). Indeed this level of resistance
exceeded that of several catalase positive species. The production of hydrogen peroxide
by the pneumococcus is derived largely from pyruvate oxidase (SpxB) and may provide a
competitive advantage to the pneumococcus during colonisation by inhibiting growth of
competing organisms (Spellerberg et al. 1996; Pericone ef al. 2000). SpxB generated
hydrogen peroxide appears also to have a contributing role in pathogenesis via host tissue
damage (Braun er al. 2002; Hirst ef al. 2000). Interestingly, SpxB appears also to be
required for resistance to hydrogen peroxide (Pericone e al. 2003). The mechanism may
relate to the metabolic well being of cells given the important role of SpxB in generating

ATP under aerobic conditions whereby the acetyl-P formed by SpxB can subsequently
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donate it phosphate group to the formation of ATP via acetate kinase. In line with this,
spxB mutants had a defect in generating ATP with levels more rapidly depleted upon
hydrogen peroxide exposure compared to wild type cells (Pericone ef al. 2003).

How the many factors that appear involved in the pneumococcal response to oxidative
stress interact together is unclear and would appear to be complex. However, given the
role of oxidative stress in pneumococcal viability, metabolism, virulence and competence
it appears a pivotal issue in pneumococcal biology and worthy of further investigation,
The results presented suggest Spr0370 may be a novel pneumococcal virulence factor
contributing to the resistance to oxidative stress. As discussed above it has been shown
that pneumococcal mutants with enhanced susceptibility to oxidative stress are less
virulent. Although these genes may have additional functions it is presumed that this
enhanced susceptibility to oxidative stress contributes to their attenuation. Therefore the
attenuation in mouse infections of the spr0370-0371 mutant is in disagreement with this
pattern given it was more resistant to hydrogen peroxide. However, as only resistance to
hydrogen peroxide was assessed the mutant may be more susceptible to other oxidative
stresses. For example, although a S. pyogenes mutant in AhpC was more resistant to
hydrogen peroxide it showed increased susceptibility to oxidative stress induced by
exposure to cumene hydroperoxide and methyl viologen (King er al. 2000). The
attenuation of the spr0370-0371 mutant may then relate to increased susceptibility to
oxidative stresses other than hydrogen peroxide experienced /n vivo. A potentially
important source of oxidative stress in pneumococcal infections is phagocytes. It may
therefore be of interest to compare the spr0370-0371 mutant with wild type D39 with a

wider range and combination of oxidative stresses in addition to phagocytic killing in
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vitro. A further explanation for the apparent disagreement between hydrogen peroxide
resistance and virulence is that the operon performs another additional, as yet
unidentified function contributing to virulence.

Here we have investigated two pneumococcal genes whose annotation suggested they
might be candidate virulence factors. Those annotations proved incorrect but the two
genes were investigated as one appeared to be involved in the response to oxidative
stress. Our work shows they form an operon found among all twenty pneumococcal
strains examined. The sequence of both genes was conserved among sevens strains
examined. Mouse infection studies show that this operon contributes to virulence in
pneumonia and bacteraemia models. The increased resistance to killing by hydrogen
peroxide of a null mutant suggests a role in the response to oxidative stress. Work is

underway to create single gene null mutants to investigate their function further.
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Concluding remarks

This thesis exploited the available pneumococcal genome sequences to identify putative
pneumococcal virulence factors. The important role of sortase enzymes in the virulence
of other organisms meant the four pneumococcal sortase homologues were likely
candidates. srt4, the only pneumococcal sortase found in all strains examined, was
chosen for further examination. A srz4 null mutant was attenuated in mouse models of
pneumonia, bacteraemia and colonisation. This is the first demonstration of sr74 as a
pneumococcal virulence factor. However, the defects in virulence appeared small and
were only detected in sensitive competitive infections. This was somewhat surprising
given the attenuation seen with sortase mutants in other organisms. Part of the reason for
this appears to be the small contribution of sortase anchored proteins in this mouse model
of infection. Another factor may be that the defective surface localisation of these
proteins has a nominal affect on their contribution to virulence due to their activity as
enzymes rather in direct ligands in adherence. If the limited role of srt4 in mouse
virulence extends to human infection, the development of novel antimicrobials targeting
sortase will not be as effective in pneumococcal disease as suggested for other pathogens.
In addition to sortase, two genes annotated as a macrophage infectivity potentiator
protein and an exfoliative toxin A were investigated. The importance of checking the
basis of genome annotations was highlighted here as both genes are incorrectly identified.
One gene (spr0370) appears to encode an alkylhydroperoxidase involved in oxidative
resistance while no putative function for the other could be suggested based on its
sequence. These genes formed a novel pneumococcal operon conserved among clinical

isolates and contributing to virulence. The role for this operon in oxidative stress appears
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complex as unexpectedly a null mutant lacking both genes showed enhanced resistance
rather than susceptibility to hydrogen peroxide. Finally, the ability to introduce mutations
without a selectable marker into the pneumococcal genome using Janus mutagenesis is a
potentially powerful technique. Here we provide the first demonstration of it use to study

pneumococcal virulence.
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Appendix
Reagents and buffers

Extraction Buffer (for genomic DNA preparation)
10 mM Tris pH 8.0 (Sigma-Aldrich, UK), 100 mM EDTA pH 8.0 (Fisher Scientific UK Ltd.), 0.5 % SDS
{(w/v)(Fisher Scientific Ltd. UK).

TE (Tris-EDTA) Buffer pH7.4
10 mM Tris-Cl (pH 7.4, Sigma-Aldrich , UK.)
I mM EDTA (pH 8.0, Fisher Scientific UK. Ltd.)

PBS.pH 7.4
One tablet (phosphate buffered saline tablets, Dulbecco A, Oxoid Ltd. Basingstoke) was dissolved in 100

ml dH,0 and autoclaved.

DNA Gel Loading Buffer (6x)

0.25 % Bromophenol Blue (Sigma-Aldrich)
0.25 % Xylene cyanole FF

40 % (w/v) sucrose in dH,O

Protein Gel Sample Buffer (5x)
60 mM Tris-HCI (pH 6.8)

25 % glycerol

2 % SDS

14.4 mM 2-mercaptoethanol

0.1 % bromophenol blue

Protein Gel Running Buffer (1x)
25 mM Tris

192 mM glycine

0.1 % SDS

Lysis buffer for Western blot samples
Solution 1

10 mM SDS

200 mM DTT

28 mM Tris base

20 mM Tris-HCI

Solution 2

24 mM Tris base

0.47 mM Tris-HCI

50mM MgCl,

Added before use:

10mg/ml RNAse

S5mM DNAse in SmM CaCl,

4.67 ml solution 1 and 330 pl solution 2 mixed and used.

1 % Agarose
1 g agarose (GibcoBRL)
100 ml TAE buffer
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BHI contents

Calf brain infusion solids, beef heart infusion solids, protease peptone, glucose, NaCl, disodium phosphate

Transfer Buffer, pH 8.1-8.4 for Western blot
25 mM Tris (Sigma-Aldrich, UK.)

192 mM glycine

20 % (v/v) methanol

Useful Web Addresses

BLAST http://www .ncbi.nlm.nih.gov:80/BLAST/

PubMed http://'www.ncbi.nlm.nih.gov/entrez/query fcgi

The Institute of Genomic Research http://www tigr.org/

Primers

Chapter 3

Name Sequence Use

25F tacttgctcgegtttcattgtace PCR detection of srtA

25G atttctgatattactgtcactgge PCR detection of srA

19]a gtgtetcgettgtattatcg PCR detection of srB

19J atcacaatcaaaccaactge PCR detection of srtB

19K tcgtattgagtcaaacgagg PCR detection of srtC

19L tctagtcctttgacaatceg PCR detection of srtC

19M acttgttgatgttggtagec PCR detection of srtD

19A gagctctagtaaacgtgetagettee PCR detection of srtD

23U ttaataaaattgtttatatgg Sequencing of srtA

24D gaaggtgaagcataatgtctc Sequencing of srtA

24E cgtttcattgtaccagctee Sequencing of srtA

24F ggagctggtacaatgaaacg Sequencing of srtA

200 ggtgtcatgattcgaace Confirmation of allelic
replacement of srtA

20N ctgcagcagtactgaagg Confirmation of allelic
replacement of srz4

19H gaacatcgaacgaatcge Allelic replacement of srzA
(initial PCR)

191 ttcacaaacaggacgtge Allelic replacement of srfA
(initial PCR)

19W ggegegecectgetaggatatttgtcage Allelic replacement of srtA
(inverse PCR)

19X ggegegecctaacagetttcaatcaace Allelic replacement of srfA
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} (inverse PCR)

Chapter §

27F tgaaactaggttgtcatacc Allelic replacement of B-gal
(amplification of upstream
region)

27G gtatttggtaggcgcgecgattetccagetata | Allelic replacement of B-gal

tttee (amplification of upstream
region)

27p ggegegectaccaaatacaggtagtgeg Allelic replacement of B-gal
(amplification of downstream
region)

271 tgaaatgaaataagaccagg Allelic replacement of B-gal
(amplification of downstream
region)

351 gttctegtattcaagegacce Internal B-gal

35]) gaatctccaaacagaacace Internal B-gal

32M actgacgaagtttgaattgg Confirmation of B-gal allelic
replacement (outside primer)

32N ggtacttatggccaataacc Confirmation of B-gal allelic
replacement (outside primer)

27] ggegegecectaacagcetttetteettgg Allelic replacement of nanA
(amplification of upstream
region)

25X tettatgatttcgtatcage Allelic replacement of nanA
(amplification of upstream
region)

27K agctgttagggcgcgectgaaataagacattt | Allelic replacement of nanA

attcc (amplification of downstream
region)

25Y aatagcataagctgatgtcc Allelic replacement of nanA
(amplification of downstream
region)

35E tgaccgettctccageatge Confirmation of nanA allelic
replacement (outside primer)

35F gaaaccaatgcttcaaatgg Confirmation of nanA allelic
replacement (outside primer)

31R taacagtacaccttgactge Internal nanA

31S gtgttcgataaggattgage Internal nanA

27C acatctattctcagagtgee Allelic replacement of prtA
(amplification of upstream
region)

27Q acattattccggegegecagttagtgacaatac | Allelic replacement of prtA

tgtge (amplification of upstream
region)

27E ggeegegecggaataatgtttatagtagg Allelic replacement of prtA
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(amplification of downstream
region)

25Q tctcatcacctctattagee Allelic replacement of prtA
(amplification of downstream
region)

35C caataataatcaagctaagg Confirmation of prtA allelic
replacement (outside primer)

35D gaatctgtcacaagatttce Confirmation of prtA allelic
replacement (outside primer)

320 tttctcagetatggaatceg Internal prtA

32P ggaattaagcaaccaaacge Internal prtA

27L ggegegeegetgaacttccaaatacagg Allelic replacement of spud
(amplification of upstream
region)

25L tcctaatcaagtttattagg Allelic replacement of spud
(amplification of upstream
region)

2™ aagttccgaggegcegecttictcagtgtgagat | Allelic replacement of spuA

gotg (amplification of downstream

region)

25M ttcctaataatacggcttgg Allelic replacement of spud
(amplification of downstream
region)

35G ttgtagctaacagtataagg Confirmation of spuA allelic
replacement (outside primer)

35H aggatgctcaaggactatgg Confirmation of spuA allelic
replacement (outside primer)

32Q gitgcacccaaagtacgage Internal spuAd

32R caacatttgtcagcacgtce Internal spuAd

211 ggcaagctteegtttgatttttaatggataatg | Amplification of Janus
cassette

21J catccatggagagacctgggeccctttee Amplification of Janus
cassette

21C gcaattggcatgcatgtcaage ZmpB LPQTG deletion by
Janus mutagenesis

21G gacaagctttgegtccactacagaagg ZmpB LPQTG deletion by
Janus mutagenesis

21F acttcttcaactggagctggttctge ZmpB LPQTG deletion by
Janus mutagenesis

21H ccaccatggtgttggttatctatcagg ZmpB LPQTG deletion by
Janus mutagenesis

21Q ttcatgcaggaggttcgg ZmpB LPQTG deletion by
Janus mutagenesis

21R agctggtttotctgatgg ZmpB LPQTG deletion by
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Janus mutagenesis

218

ggtgtatcaaaaagatcagacagaagceatetg

ZmpB LPQTG deletion by
Janus mutagenesis

21T

cagatgcttctgtetgatetttttgatacacce

ZmpB LPQTG deletion by
Janus mutagenesis

Chapter 7

17Q

gga tce taa tgg aat cac aca get cg

Allelic replacement of
spr0370-0371 (initial PCR)
Amplification of spr0370-
0371 for sequencing

I7R

gag ctc atc cgt tac cgt gat gaa gc

Allelic replacement of
spr0370-0371 (initial PCR)
Amplification of spr0370-
0371 for sequencing

17S

gge geg ceg tge tga cte tac tgt atg
g

Allelic replacement of
spr0370-0371 (inverse PCR)
also used for RT-PCR

17T

gge geg ceg ctt ate tga ttt ggt tac g

Allelic replacement of
spr0370-0371 (inverse PCR)

181

ctt ggt ctt gtc gee cag teg

Confirmation of spr0370-
0371 allelic replacement also
used for RT-PCR and
confirmation of Janus
integration

18Y

cgt tct gag get ggt tet ge

Confirmation of spr0370-
0371 allelic replacement also
used for RT-PCR and
confirmation of Janus
integration

21X

tgt cge agg teca cac age

spr0370 internal used for RT-
PCR

sequencing of spr0370-0371
operon

21Y

gat tge tag gct gac acc

spr0370 internal used for RT-
PCR

217

cta tge caa caa ctt age

spr0370 internal used for RT-
PCR

22A

caa acc tag caa aca acc

spr0371 internal used for RT-
PCR

22B

acc aag caa gaa ttg acc

spr0371 internal used for RT-
PCR

22C

tac cta cca gag gat agg

spr0371 internal used for RT-
PCR

28H

atg aca aca ttt act atc cc

Sequencing of spr0370-0371
operon
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28I tta ggc ata agg ttg caa ttc tgg Sequencing of spr0370-0371
operon

32F ctgccatggetagaaatagetaaacc spr0370-0371 Janus
integration

328 cgecggatceceegtitgatttttaatg spr0370-0371 Janus
integration

32T cgcggatccattgacactaatattattgg spr0370-0371 Janus

integration
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