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ABSTRACT
Streptococcus pyogenes (Group A Streptococcus; GAS) is a Gram-positive pathogen
that causes a wide range of infections and diseases in humans. These infections can
range from the mild infections that are common such as pharyngitis and impetigo, to the
more serious and rare infections such as necrotising fasciitis and rheumatic heart
disease. Since the 1980s there has been a resurgence of GAS invasive infections in
western countries, however the major disease burden lies in Indigenous populations and
developing nations. Of great concern are the endemic outbreaks in Aboriginal
populations of northern Australia. There has been a large body of research into the
mechanism of invasive disease, however the pathogenesis of GAS is yet to be fully
understood. GAS contains several virulence factors at the cell surface, and it is thought
that interactions between these virulence determinants and host proteins may serve as a
vehicle for the initiation and progression of streptococcal infection.

One host protein that is often implicated in streptococcal infection is the serine protease
plasminogen. Plasminogen has the ability to degrade fibrin clots, components of the
extracellular matrix, and contribute to cell migration. GAS has several plasminogen
binding receptors at the cell surface, two of which are classically known for their role in
the glycolytic pathway. These are streptococcal surface enolase (SEN) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and are the focus of this
research.

In this study, SEN was expressed and purified using an E. coli expression system, then
polyclonal antisera was raised to detect the protein in subsequent experiments.
Functional studies on the purified recombinant protein found that it was enzymatically
iv

active as it was able to convert 2-phosphoglycerate to phosphoenolpyruvate at a rate of
0.123 μmol min-1 μg-1. The ability of SEN to bind Glu-plasminogen was also confirmed
using ligand blot analysis and surface plasmon resonance, where binding to immobilised
plasminogen of approximately 420 response units was observed. Using CDspectroscopy it was observed that SEN contained approximately 48% α-helices.
Structural characterisation confirmed that like other bacterial enolases, SEN was found
to exist as an octamer as determined by mass spectrometry, with a collision crosssection calculated to be 12,763 ± 580 Ǻ2. The octamer was comprised of a tetramer of
dimers as depicted by homology modelling and the estimated cross-section of the
molecule corresponded well with the measured value.

To further characterise the mechanism of plasminogen binding by SEN, several exposed
lysine residues, as determined by molecular modelling, were chosen and substituted for
another amino acid. Lysine residues were of interest as they are primarily implicated in
the interaction with the kringle domains of plasminogen. Functionally, it was found that
the enzymatic activity was retained for SENK252A+K255A, SENK261A, SENK304A, SENK312A,
SENK362A and SENK435L, was reduced in SENK252A, SENK255A, SENK285A, SENK334A and SENΔ434435

, and completely abolished in SENK344E. It was also observed that plasminogen binding

ability was greatly diminished for SENK252A+K255A, SENK435L and SEN

Δ434-435

, implying that

these residues play a concerted role in the acquisition of plasminogen. Interestingly, the ability
to bind human Glu-plasminogen apparently increased for SENK252A, SENK255A, SENK261A,

SENK285A, SENK312A, SENK344E and SENK362A. By investigating the structural features of
these mutants it was apparent that SENK344E was structurally unstable and this may
afford the increase in plasminogen binding ability. Although overall structure in all
other mutants was retained, small structural changes not detected by mass spectrometry

v

that may cause relaxation of the octamer might explain the evident increase in
plasminogen binding. Regardless, using structural analysis tools in tandem with
functional studies highlights the advantage of structure/function analysis in revealing
SEN-plasminogen interactions.

The ability of GAPDH to bind several mammalian proteins was also addressed in the
work herein. Interaction with human proteins may play a role in the attachment of the
bacterium to host tissues, aid in the avoidance of the human defence system, or serve as
a mechanism to invade and colonise the host. The gapdh gene was successfully
amplified from M1 GAS as a 1.15 kb fragment, and cloned into an E. coli expression
system. GAPDH was purified and used to raise polyclonal antisera, which was used to
detect the recombinant protein in proceeding experiments. GAPDH was found to bind
actin and glu-plasminogen by ligand-blotting techniques. When using the more sensitive
ELISA technique, GAPDH was found to also interact with egg-white lysozyme and
human lysozyme. GAPDH was not observed to bind myosin or fibrinogen using either
technique. The function of GAPDH-lysozyme binding was investigated using lysozyme
activity assays, where it was concluded that the binding of lysozyme by GAPDH had no
affect on its bacteriolytic ability. Further characterization both structurally and
functionally of GAPDH with these mammalian proteins is required to fully understand
the role of this multifunctional binding protein in the pathogenicity of GAS.

This work investigated the binding interaction of SEN and host plasminogen, using
structural information to validate the observed binding function. The ability of GAPDH
to interact with host proteins is also addressed, and the possible advantage of these
interactions is discussed. By studying protein-protein interactions and fully

vi

understanding the mechanism of binding in terms of structure, therapeutics may
subsequently be developed to circumvent infection and the diseases caused by GAS.
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1. INTRODUCTION

1.1 Group A Streptococcus (GAS) – An Overview
Streptococcus pyogenes (Group A Streptococcus, GAS) is a common human pathogen
that causes many non-invasive diseases as well as invasive conditions and serious postinfection sequelae. Since the 1980s there has been a resurgence in group A streptococcal
(GAS) infection world-wide, and hence it is of interest to understand the mechanisms by
which this bacteria causes disease. Of great concern are the endemic GAS infections in
Aboriginal communities of northern Australia (Gardiner and Sriprakash, 1996), and in
developing countries and Indigenous populations of developed nations (Carapetis et al.,
2000; Cunningham, 2000; Tart et al., 2007). Many studies of GAS involve investigation
of the cell surface, as here lies multiple virulence factors that promote disease initiation
and dissemination

(Cole et al., 2005). Virulence factors can aid in adhesion,

colonisation, invasion of the host, protection from host defences, and include secreted
toxins that may disrupt the immune and inflammatory responses.

Some virulence factors interact with components of important biochemical pathways,
resulting in the loss of regulation of these pathways by the host. One such host pathway
that GAS utilises is the plasminogen activation system, which is a complex interaction
of components that activate plasmin from plasminogen, and is capable of degrading
fibrin clots and extracellular matrix (Saksela and Rifkin, 1988; Parry et al., 2000). By
binding plasminogen, GAS gains an advantage through uncontrolled proteolytic activity
at the bacterial cell surface and the ability to degrade host tissues, which is
advantageous for colonisation and dissemination. The cell surface of GAS is not fully
characterised and the understanding of mechanisms by which this pathogen interacts
with the host system is incomplete.
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1.2 Diseases Caused By Group A Streptococcus (GAS)
Group A streptococci are Gram-positive extracellular bacterial pathogens that invade
the mucous membranes, tonsils, skin and deeper tissues of humans (Cunningham,
2000). Diseases caused by GAS can range from relatively harmless non-invasive
infections to fatal invasive diseases. The global disease burden of GAS infection is high,
with over 700 million non-invasive cases and almost 2 million severe infections
occurring each year

(Carapetis et al., 2005). Re-occurring infections can lead to

sequelae such as rheumatic heart disease and acute glomerulonephritis. Rheumatic heart
disease afflicts over 15 million people world-wide, causing over 200,000 deaths each
year (Carapetis et al., 2005).

1.2.1 Non-Invasive Diseases
GAS cause a variety of non-invasive diseases affecting both the oral-nasal mucosa and
the superficial skin tissues. These infections are usually not serious in nature, with the
most common being pharyngitis and impetigo (Cunningham, 2000; Wang et al., 2006;
Tart et al., 2007).

1.2.1.1 Pharyngitis
Pharyngitis is characterised by the inflammation of the pharynx, which frequently
results in a sore throat. A wide array of bacterial and viral pathogens can cause
pharyngitis, however GAS is the most common source of infection, with 15 to 30
percent of cases in children and 5 to 10 percent of cases in adults (Bisno, 2001). In the
past, bacterial pharyngitis was diagnosed on the basis of constant pharyngeal pain rather
than pain present only at bedtime or upon arising in the morning, however this method
of diagnosis was often unreliable (Smith, 1973). Today, throat cultures provide a
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definitive diagnosis of bacterial pharyngitis. The global burden of GAS pharyngitis is
high world-wide, with over 15 million cases annually in the US alone, placing a cost of
2 billion dollars on the health system (Bisno, 2001; Tart et al., 2007). It is clinically
important to recognise if the pharyngitis is of GAS origin, as complications such as
rheumatic fever and toxic shock syndrome may arise if left untreated. Symptoms of
GAS related pharyngitis are similar to those of viral origin, e.g. sore throat, fever,
headache, and swollen lymph nodes in the neck; however cough and nasal discharge are
absent.

1.2.1.2 Impetigo
Impetigo is an infection of the skin and is characterised by crusting lesions similar to
cellulitis, but more superficial. Impetigo begins as an itchy red sore that blisters, oozes,
and finally becomes covered with a tightly adherent honey-coloured crust. Skin lesions
tend to grow and spread via the fluid that oozes from the blisters. These lesions are
usually asymptomatic with occasional severe itching. Impetigo is most commonly
present among economically disadvantaged children below the age of five, notably
those residing in warm, humid climates such as those in northern Australia (Bisno and
Stevens, 1996). This is most likely due to the lesions being highly-contagious and the
poor hygiene and living conditions of these remote indigenous communities
(Cunningham, 2008). Skin infections such as impetigo have been associated with
progressive diseases such as acute glomerulonephritis (Bisno, 1995).

1.2.2 Invasive Diseases
Although pharyngitis is the most common consequence of GAS infection, there has
been an increase in invasive infections reported world-wide over the past three decades
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(Wang et al., 2006). These more serious infections are reported to be particularly
prevalent in young children and the elderly (Bochicchio et al., 2001).

1.2.2.1 Necrotizing Fasciitis
Necrotizing fasciitis is an invasive GAS infection, where the fascia and fat within the
subcutaneous tissue is destroyed, with the skin usually being last to be invaded (Baxter
and McChesney, 2000). Necrotizing fasciitis causes gangrenous changes, tissue death,
systemic disease, and frequently death. Infection may begin as a small reddish painful
spot or bump on the skin. This quickly changes to a painful bronzed or purplish patch
that expands rapidly. The centre of the site of infection may become black and dead,
and break open. Symptoms include severe pain and swelling of the infected area,
bleeding into the skin, discoloration, skin breaks, fever and malaise. Treatment of
necrotising fasciitis usually requires debridement of tissues and in severe cases the
amputation of the infected limb.

1.2.2.2 Streptococcal Toxic Shock-Like Syndrome (STSS)
Cone and colleagues first described toxic shock-like syndrome caused by S. pyogenes
(STSS) in 1987, as STSS had previously only been associated with Staphylococcus
aureus (Cone et al., 1987). Those suffering from chicken pox, or those who have had
previous surgical procedures or minor local injuries to the soft tissue are particularly
susceptible to developing STSS (DiPersio et al., 1996). Symptoms of STSS include
fever and flu-like symptoms such as myalgia, chills, nausea, vomiting and diarrhoea.
Shortly after the onset of these symptoms, shock and multi-organ failure may result,
with 33-81% of cases fatal (Baxter and McChesney, 2000). Particular virulence factors
such as the streptococcal pyrogenic exotoxins SpeA and SpeC, have been identified in
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isolates from patients suffering from STSS and therefore have been suggested as the
primary causative factor in STSS infection (McCormick et al., 2006).

1.2.3 Disease Sequelae
The main complications resulting from GAS infection are seen in sequelae such as acute
rheumatic fever and acute post-streptococcal glomerulonephritis, which are both
immunologically mediated (Efstratiou, 2000).

1.2.3.1 Acute Rheumatic Fever (ARF) and Rheumatic Heart Disease (RHD)
Acute rheumatic fever is a systemic inflammatory disease, which may develop after an
infection with GAS, usually throat infections such as pharyngitis. Symptoms include
fever, joint pain, joint swelling, abdominal pain, skin rash, subcutaneous nodules,
involuntary itching, nose bleeds and chest pain. Clinical manifestations usually occur 3
weeks after initial throat infections by GAS. Cross-reactive antibodies are produced in
patients with ARF that react with both GAS and human heart tissues (Cunningham,
2006). This causes an auto-immune response where the human immune system self
recognises components of the heart tissue, such as myosin in cardiac muscle and
laminin in the surface and basement membrane of heart valves (Cunningham, 2008).
This auto-immune condition is referred to as rheumatic heart disease, which globally
causes over 230, 000 deaths annually and results from concurrent ARF episodes (Currie
and Carapetis, 2000; Carapetis et al., 2005).

1.2.3.2 Acute Post-Streptococcal Glomerulonephritis (APSGN)
Acute post-streptococcal glomerulonephritis is a disorder of the kidneys and involves
the inflammation of the glomeruli after infection with certain strains of GAS. Symptoms
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include blood present in the urine, smokey or rust-coloured urine, decreased urine
output, oedema of the face, feet and abdomen, and cough. Disease manifestations
usually occur 1-2 weeks after a GAS throat infection and 3-4 weeks after a GAS skin
infection. APSGN is usually associated with infections of the skin, however it has been
linked to throat infections in northern climates (Silva, 1998). Outbreaks tend to be
prevalent in communities where crowding, poor hygiene and poverty are a problem
(Cunningham, 2008). In contrast to RHD, outbreaks of APSGN seems to be on the
decrease, whether it be due to changes in the bacterial strains or other factors (Silva,
1998).

1.3 Classification Methods of Group A Streptococci
In 1879, Louis Pasteur first described streptococci as chains of beads, however it wasn't
until 1884 that the generic name Streptococcus was proposed (Efstratiou, 2000).
Because of the diversity amongst GAS isolates, and the infections and diseases they
cause, several classification systems have been developed to identify the pathogen, and
predict the disease manifestation that may result from infection.

1.3.1 Lancefield Classification
In 1928, Rebecca Lancefield discovered the streptococcal group polysaccharide and the
cell wall M protein (Lancefield, 1928; Lancefield, 1933). These two components were
utilised to provide the first serotyping system for identifying the major human
pathogens of the genus Streptococcus (Figure 1.1). The Lancefield classification system
is where bacteria are grouped according to a specific polysaccharide in their cell wall.
The polysaccharide is extracted from the cell and classified using group-specific
antisera, which contains antibodies reactive to one type of polysaccharide. When a
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Figure 1.1 Diagrammatic representation of the GAS cell-surface M protein and surface group
polysaccharides. The amino-terminal end of the M protein is hypervariable and is the basis of M typing,
while surface group polysaccharides form the basis of Lancefield classification. Each of the repeat
domains of the M protein labelled A-D have different functions in terms of binding and involvement in
virulence. Figure adapted from Fischetti (2006).
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positive reaction between the antisera and polysaccharide occurs, the bacterium is
grouped accordingly into one of the Lancefield carbohydrate groups, A through to O
(excluding I and J). Streptococcus pyogenes is classified by carbohydrate group A, and
hence is referred to as group A streptococcus.

1.3.2 M-Serological Typing
Group A streptococci can survive in the host system for weeks through resisting
phagocytosis by human defence cells. This ability is primarily due to a cell surface
protein known as the M protein, which possess an antiphagocytic function (Fischetti,
1991). M proteins are attached to the cell surface by the conserved carboxyl terminus,
and extends as a dimeric, α-helical protein that is variable amongst different strains
(Efstratiou, 2000). Serotype specificity lies within the amino terminal, where the
antigenically variable determinants are defined by specific epitopes (Figure 1.1) (Yung
and Hollingshead, 1996). Due to this hypervariable region, the M protein antigen is one
of the most common epidemiological markers used in identifying and characterising
GAS (Vitali et al., 2002). To date there are over 100 different serologic M types, and
antibodies against one serotype will not recognise other serotypes (Mora et al., 2005),
hence an affective vaccine against one M type would not necessarily be protective
against another M type (Fischetti, 1991). M typing by the precipitin method involves
precipitating the M protein with polyclonal M serum specific for a particular known
serotype (Wiley and Bruno, 1972). Although M typing can distinguish between most M
serotypes, some M serotypes remain non-typeable due to the unavailability of antisera,
lack of M protein expression, or novel M type (Beall et al., 1996). To overcome this
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problem, other typing methods have been developed for identifying group A
streptococci.

1.3.3 Emm-Sequence Typing and Patterning
The emm and emm-like genes are found within the vir locus of the GAS chromosome
and encode for M and M-like proteins (Beall et al., 1996). All of these proteins within
the emm and emm-like gene family have highly conserved sites towards the 3' carboxy
terminal; however the 5' amino terminal is somewhat divergent. The principle of emm
typing was first visited in 1992 by the Kaufhold group, where digoxigenin-dUTP
oligonucleotide probes were derived from known emm gene sequences, specifically the
N-terminal sequences, then used to detect emm types by Southern blotting (Kaufhold et
al., 1992). This method however can only distinguish emm types where the sequence is
known, and therefore is limited in recognising novel emm types. Emm sequence typing
is a sub-typing tool developed by Beall and colleagues, where the N-terminal
hypervariable region on the emm gene is first amplified and then DNA sequence
analysis is undertaken (Beall et al., 1996). Corrected frameshift mutations, point
mutations, and small in-frame deletions or insertions propagate heterogeneity amongst
the emm gene family (Relf et al., 1994; Bessen and Hollingshead, 2006). There has been
over 100 emm genes verified that encode proteins homologous to the M protein (Yung
and Hollingshead, 1996), with almost 100% similarity between the variable sequence of
the emm type and the M protein serotype (O'Brien et al., 2002; Tewodros and Kronvall,
2005). New emm types are continually being identified, with an estimated 225 distinct
types now reported (Tewodros and Kronvall, 2005). Emm patterning is based on the
arrangement within the emm and emm-like genes on the GAS chromosome. The
variability of the 5’ emm sequence is due to the four emm gene subfamilies, which are
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found to exist in only 5 patterns, A-E (Bessen et al., 1996; Bessen et al., 2000). Each
emm pattern can contain 1-3 emm gene subfamilies (Figure 1.2), and this patterning has
been linked to disease manifestation (Bessen et al., 1996). Emm patterns A-C are most
often correlated with infections of the throat, whereas emm pattern D strains are usually
isolated from skin infections such as impetigo (Svensson et al., 1999; Scaramuzzino et
al., 2000; McGregor et al., 2004). The emm pattern E strains have the propensity to
cause infections of both the skin and throat.

SF1
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Figure 1.2 Chromosomal arrangement of the emm genes of group A streptococci. Every strain of
streptococcus contains one of five different emm patterns (A-E). The emm pattern arises from the
different organisation of emm gene sub families 1-4 (SF1-4). Figure adapted from Bessen et al. (1996).
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1.3.4 Vir-Typing
Vir-typing is a rapid method developed by Gardiner et. al., and has the ability to sort
large numbers of diverse GAS into distinct genotypes and can be applied where GAS
isolates are non-typeable by other serological typing methods (Gardiner et al., 1995).
The need for a typing method of this kind is exemplified by the endemic infections from
Aboriginal communities of northern Australia, where up to 60% of GAS strains isolated
were non-typeable by serological methods (Gardiner and Sriprakash, 1996). Vir-typing
utilises the variance of the virulence (Vir) region of GAS. The virulence region encodes
not only the emm gene family, but also other virulence genes, such as FcrA, enn, scpA,
and virR (Cleary et al., 1991; Gardiner et al., 1995). These genes encode for IgG Fc
receptor protein, IgA-binding proteins, C5a peptidase and VirR regulatory gene
respectively. Vir-typing involves amplifying the entire virulence-regulating gene by
PCR and examining restriction fragment length polymorphism (RFLP) patterns to
distinguish the different strains of GAS (Gardiner et al., 1998). In many cases Virtyping is advantageous over other typing methods as it highly discriminatory, there are
no limitations in regards to available sera as with M typing, and due to the speed and
reproducibility can be used to screen a large number of isolates at once (Gardiner and
Sriprakash, 1996). It has also been shown that the Vir type is related to the M type, as in
some cases, specific Vir types and M types are uniquely affiliated (Gardiner and
Sriprakash, 1996).

1.3.5 Other typing methods
There are numerous additional typing and classification methods aside from those
already mentioned, however these are not widely applied. Additional methods include
electrophoretic typing, PCR-RFLP analysis, serum opacity factor (SOF) typing, and T-
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typing. Electrophoretic typing, also known as multilocus enzyme electrophoresis
investigates the polymorphisms of enzymes and proteins amongst strains. Enzymes and
proteins are screened for allelic variation within a gene locus via gel electrophoresis, on
the basis that migration of a protein is determined by the amino acid content of the
protein (Selander et al., 1986). This method was used to study the molecular population
genetics of GAS isolates from Aboriginal communities of northern Australia (Haase et
al., 1994). PCR-RFLP is essentially the same concept as Vir-typing, instead only the
emm gene is amplified, then undergoes restriction fragment length polymorphism
(RFLP) analysis (Yoonim et al., 2005). This method can also be applied to complete
genomic DNA (Bingen et al., 1992; Kiska et al., 1997; Johnson et al., 2002), in addition
to using a fluorescently labelled primer, known as fluorescent amplified-fragment
length polymorphism (FAFLP) (Desai et al., 1998; Desai et al., 1999). Serum opacity
factor (SOF) is a protein that has apolipoproteinase binding ability, fibronectin-binding
ability, and is used as an epidemiological marker for identifying GAS isolates (Bessen
and Hollingshead, 2006). SOF is prevalent in approximately 50% of GAS isolates,
hence strains are classified as either Class I or Class II M type based on their ability to
opacify serum (Class II) or not (Class I) (Rakonjac et al., 1995; Rocha and A., 1999).
SOF typing utilises the notion that antiserum against a specific isolate has the ability to
inhibit the opacity reaction in other bacterium of the same M type (Rakonjac et al.,
1995; Efstratiou, 2000). In concordance with the M antigen, the T antigen on the
streptococcal surface is also involved in serological reactions in GAS and can be used to
type GAS in a similar way as the M protein (Griffith, 1934; Lancefield and Dole, 1946;
Mora et al., 2005). Generally T antigens vary from M antigens amongst different GAS
strains, however they can sometimes be distributed in parallel (Lancefield and Dole,
1946).
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1.4 Virulence Determinants
Virulence factors that determine the clinical manifestations suffered once infected with
GAS are undefined, but probably include those involved in adhesion and colonisation,
invasion, protection from the host immune system, and extracellular secreted proteins
(DiPersio et al., 1996). Various combinations of virulence factors may influence these
processes, and many of these factors are co-ordinately regulated as part of the infection
process (Raeder et al., 1992).

1.4.1 Adhesion and Colonisation
For a bacterial pathogen to invade its host it must first adhere to host tissue and
overcome the defence systems functioning at the tissue surface. Group A streptococci
utilises various adhesion and spreading factors such as fibrinogen, fibronectin and
vitronectin.

1.4.1.1 M Protein
The M protein is the most abundant protein found on the GAS cell surface (Figure 1.3),
and not only is it useful in classification, but it also functions as a virulence determinant.
Aside from its role in avoiding the host immune response, it also functions as an
adhesin, due to its ability to bind to host extracellular matrix proteins and plasma
components. The M protein sequence is characteristic of an α-helical coiled-coil due to
the repeating 7 amino acid pattern beginning with two hydrophobic residues
(Hollingshead et al., 1986; Fischetti, 2006). The M protein is composed of regions of
sequence repeats, which are designated A through to D, with each repeat segment
having its own unique function (Figure 1.1) (Fischetti, 2006). The A subunits within the
hypervariable region are involved in binding albumin, mucin and the C4b binding
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Figure 1.3 Electron micrograph of group A streptococci. The M proteins are abundant on the surface of
GAS and are depicted as hair-like structures (shown with red arrows). Figure from the electron
micrograph collections of The Rockefeller University (www.rockefeller.edu/vaf/front70small.gif).

protein (Johnsson et al., 1996; Blom et al., 2000; Ryan et al., 2001; Fischetti, 2006;
Jenkins et al., 2006), while the B repeat region interacts with fibrinogen (Rýc et al.,
1989; Courtney et al., 2002). The C repeat domains have been implicated in the
interaction with keratinocytes (CD46 receptor), factor H of human complement, and
immunoglobulins (Horstmann et al., 1988; Podbielski et al., 1994; Okada et al., 1995;
Courtney et al., 2002). Other host proteins that are known to interact with the
streptococcal M protein include plasminogen and plasmin, galactose, fibronectin and
laminin (Courtney et al., 2002; Sanderson-Smith et al., 2008).

1.4.1.2 Vitronectin
Vitronectin is similar to fibronectin (section 1.4.2.1) in terms of its effects on cellular
adhesion; however it is unique in its physiochemical and immunological characteristics
(Chhatwal et al., 1987; Liang et al., 1997). Vitronectin is found in both the extracellular
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matrix and serum, and is synthesised in the liver. It enhances cell-to-cell interactions
within the host, as well as the adherence of bacterial pathogens such as GAS to host
cells, particularly endothelial cells (Valentin-Weigand et al., 1988). Specific
streptococcal surface components recognise the hemopexin-type repeats found in
vitronectin, permitting adhesion to the extracellular matrix of host tissues (Liang et al.,
1997). This may result in the colonisation of organs such as the kidneys, particularly in
cases of APSGN, which ultimately results in renal damage (Valentin-Weigand et al.,
1988). Although cellular adhesion is the primary role of vitronectin, it also binds the
complement component C5b67, inhibiting the disposition of this complex onto the
bacterial cell wall and the formation of the membrane attack complex (MAC) (FernieKing et al., 2001). Without the insertion and formation of the MAC, the bacterium
avoids phagocytosis by complement-activated phagocytes.

1.4.1.3 Lipoteichoic Acid (LTA)
LTA is an amphipathic molecule and acts as an adhesin not only in conjunction with
fibronectin binding proteins, but also M proteins found on the surface of streptococci
(Ofek et al., 1982; Nealon et al., 1986; Cunningham, 2000). LTA is found on the cell
surface of GAS and other Gram-positive bacterium, but can also be secreted,
particularly in the presence of penicillin (Nealon et al., 1986; Sela et al., 2000). Leon
and Panos demonstrated its adhesive ability by treating host cells with LTA, or GAS
cells with anti-LTA serum, resulting in elimination of binding in both cases (Leon and
Panos, 1990). The D-alanylated form of LTA has been linked to virulence, as a
knockout mutation in D-alanylated LTA resulted in a changed surface proteome,
notably the reduction of virulence determinants on the GAS cell surface (Cox et al.,
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2009). In addition to its adhesive ability, LTA is also highly cytotoxic to the growth of
eukaryote cell monolayers in cell culture (Leon and Panos, 1990)

1.4.1.4 Serum Opacity Factor (SOF)
SOF is a 110 kDa cell surface protein of GAS, and as stated earlier, exists in
approximately 50% of GAS isolates and is usually associated with nephritogenic
conditions (Courtney et al., 2002; Jeng et al., 2003). SOF is bifunctional in terms of
virulence, as it has the ability to opacify mammalian serum, and also mediates the
binding to human ECM components fibrinogen and fibronectin (Courtney et al., 2002;
Gillen et al., 2002; Jeng et al., 2003). SOF cleaves the serum component apolipoprotein
A1, causing opalescence of human serum due to the aggregation of high-density
lipoprotein (Kreikemeyer et al., 1999; Jeng et al., 2003). The binding of fibrinogen and
fibronectin by SOF has been localised to the same C-terminal region for both of these
proteins (Courtney et al., 2002). Interestingly, the sof operon not only contains the gene
encoding SOF, but also the sfbx gene, which encodes a protein that also displays
fibronectin binding ability (Jeng et al., 2003). Additionally, the fibronectin binding
protein SfbII also displays serum opacity activity, and shares high sequence similarity to
SOF (Kreikemeyer et al., 1999; Goodfellow et al., 2000). The SfbII protein has also
been linked to SfbI, albeit with only some sequence homology within the C-terminal
repeat region, and SfbI differs in that it does not display serum opacity ability
(Goodfellow et al., 2000).

1.4.1.5 Fibrinogen
Fibrinogen is a glycoprotein that is found in blood plasma and functions in wound
healing and blood coagulation, therefore it is in elevated concentrations at sites of cuts
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or abrasions. Since GAS may enter the host through cuts and abrasion sites, the
adherence of GAS to fibrinogen is advantageous in colonisation of the host. GAS
possess fibrinogen binding receptors on the cell surface. Wang and colleagues found
that fibrinogen present in human plasma is a major factor required for anchoring the
streptokinase-plasminogen complex to the GAS cell surface, allowing the binding of
plasmin(ogen) (Wang et al., 1995). Fibrinogen also binds to integrins on host cell
surfaces and therefore can contribute to fibrinogen-mediated binding to host cells
(Cheresh et al., 1989). Fibrinogen-binding proteins share a great deal of homology with
fibronectin-binding proteins (Rocha and Fischetti, 1997), hence the fibronectin proteins
may also bind fibrinogen. SFFBP-12 is an example of a bifunctional fibrinogenfibronectin binding protein (Rocha and Fischetti, 1997). The role of fibrinogen and the
fibrinogen-binding proteins in the acquisition of plasminogen will be discussed in more
detail in section 1.6.

1.4.2 Extracellular Matrix (ECM) and Cytoskeletal Binding Proteins
It is widely known that harbouring proteins at the cell surface that have the ability to
acquire human ECM and cytoskeletal components is advantageous to the bacterium.
This serves as a mechanism for binding to epithelial cells and penetrating the basement
membrane to colonise deeper tissues. The ECM and cytoskeleton comprises of a wide
range of proteins, some of which GAS exploit to aid in adherence and colonisation of
the underlying tissue.

1.4.2.1 Fibronectin
Fibronectin is a glycoprotein found on the surface of oral epithelial cells and in the
ECM of various tissues. It is believed to assist in the binding of GAS to host tissue
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(Caparon and Scott, 1991). The ECM is an organised network of extracellular materials
that functions in determining the shape and activities of the cell. Streptococci interact
primarily with the N-terminal domain of fibronectin, which mediates streptococcal
adhesion to host cells. It is unclear whether fibronectin binding proteins and lipoteichoic
acid (LTA) are co-dependent in fibronectin binding, but it has been demonstrated that
these two molecules play a role in the activity of GAS to colonise host tissues (Courtney
et al., 1996). Fibronectin binding proteins include FBP54 (Courtney et al., 1996), SfbI,
SfbII and PrtFII (Delvecchio et al., 2002; Ramachandran et al., 2004), SfbX (Jeng et al.,
2003), FbaA and FbaB (Terao et al., 2001), SOF (Rakonjac et al., 1995) and PFBP
(Rocha and Fischetti, 1997). Additionally it has been suggested that the glycolytic
enzyme GAPDH has fibronectin binding ability (Pancholi and Fischetti, 1992).

1.4.2.2 Laminin
Laminin is a large 900 kDa glycoprotein that is found extensively throughout the ECM,
and cardiac tissues of mammals, and is composed of three distinct polypeptide regions
(A, B1 and B2) (Lopes et al., 1985; Spellerberg et al., 1999). It serves as an adhesin
between epithelial cells and the basal laminae, and can promote cell-to-cell interaction
and migration, mediated by integrins and other cell surface receptors (Patarroyo et al.,
2002). It is proposed that the expression of laminin receptors at the GAS cell surface
may stimulate similar interactions with the ECM, enabling bacteria to adhere to human
basement membrane cells and invade the underlying tissues (Cue et al., 1998). Switalski
and colleagues first reported the ability of GAS to bind laminin, however a specific
receptor was not identified (Switalski et al., 1984). Since then the laminin-binding
protein designated Lbp has been described (Terao et al., 2002; Wahid et al., 2005). Lbp
is a 34.1 kDa protein that shares 98% homology with the known laminin binding protein
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of Streptococcus agalactiae (Spellerberg et al., 1999; Elsner et al., 2002). Although a
preliminary structure of Lbp has been predicted, the basis for laminin binding by GAS
remains unknown (Linke et al., 2010). However, Lbp shares sequence homology to the
B2 polypeptide of human laminin, which is implicated in autoimmunity and the
pathogenesis of rheumatic heart disease (Antone et al., 1997; Wahid et al., 2005). In
addition to Lbp, SpeB has also been described as having laminin-binding activity
(Hytönen et al., 2001).

1.4.2.3 Collagen
Similar to laminin, collagenous proteins are also found in the ECM and implicated in
the progression of autoimmune diseases such as rheumatic heart disease (Dinkla et al.,
2003). GAS contain collagen-like proteins at the cell surface, Scl1 (Rasmussen et al.,
2000; Chen et al., 2010), and Scl2 (Lukomski et al., 2001; Rasmussen and Björck,
2001; Whatmore, 2001). The cross-reactivity towards human collagen is owing to the
collagen-like repeat regions of Scl, which share sequence homology to human collagen
(Lukomski et al., 2000; Xu et al., 2002). Scl1 and Scl2 are similar in structure, and
whilst Scl1 is present amongst all GAS strains, Scl2 is detected in only some isolates
(Lukomski et al., 2001; Rasmussen and Björck, 2001). The pathogenic role of Scl is
demonstrated by its ability to adhere to human epithalial cells (Chen et al., 2010), and
therefore contribute to the virulence of GAS. GAS not only possess collagen-like
proteins on the cell surface, but they also contain proteins that are capable of binding
collagen. Visai et al. first characterised a 57-kDa collagen binding protein of GAS,
which

possessed binding affinity for type II collagen (Visai et al., 1995), whilst

Podbielski et al described the collagen type I binding protein, Cpa (Podbielski et al.,
1999). Apart from direct collagen binding, GAS can also acquire collagen at the cell
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surface via fibronectin-mediated collagen recruitment, which is characteristic of GAS
strains containing the fibronectin binding protein SfbI (Dinkla et al., 2003).

1.4.3 Invasion
The hyaluronic acid capsule, the streptolysins O and S, and streptokinase are all group
A streptococcal products that function to assist in the invasion of host tissues.

1.4.3.1 Hyaluronic Acid Capsule
GAS that produce a capsular polysaccharide are often termed “mucoid” due to their
distinct colony morphology arising from the abundance of hyaluronic acid surrounding
the cell. The hyaluronic capsule is comprised of a linear polymer, hyaluronic acid,
which consists of glucuronic acid and N-acetylglucosamine (Wessels et al., 1991;
Moses et al., 1997). The hyaluronic acid capsule is both highly conserved and surfaceexposed, and has been shown to facilitate the invasion of GAS by opposing host
antibodies and defence mechanisms such as complement and phagocytosis (Moses et
al., 1997). Typically mucoid strains have been associated with severe invasive
infections and outbreaks of rheumatic fever (Wessels et al., 1991). It has been
experimentally demonstrated that encapsulated strains are significantly more virulent
than isogenic acapsular mutants after intraperitoneal, intranasal, or subcutaneous
challenge in mice (Wessels et al., 1991; Ashbaugh et al., 1998). It has also been
demonstrated that GAS isolated from normally sterile sites such as the blood and deeper
tissues, express large amounts of the hyaluronic acid capsule, however when grown in
vitro, the expression of the capsular polysaccharide decreases (Raeder et al., 2000;
Gryllos et al., 2008). The hyaluronic acid capsule also binds to the host molecule CD44,
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which supports adhesion between diverse GAS strains and pharyngeal and epidermal
keratinocytes (Schrager et al., 1998).

1.4.3.2 Streptolysin O and S
Streptolysins are produced by group A, C and G streptococci. They are also referred to
as hemolysins, as they are primarily associated with the lysis of erythrocytes.
Additionally, streptolysins are associated with the lysis of a wide variety of eukaryotic
cells. Streptolysin S (SLS) is encoded by the sag gene region, which is conserved
among GAS strains regardless of M serotype (Nizet et al., 2000). SLS is one of the most
potent membrane-active hemolysins known and significantly impairs the activity of
local inflammatory cells, enabling GAS to disseminate through host tissue (Heath et al.,
1999). Furthermore, SLS is oxygen stable, and no neutralising antibodies are evoked
during the course of infection due to its non-immunogenic nature. SLS can be present in
intracellular, extracellular, and surface bound forms, and acts by forming hydrophilic
channels in cholesterol-containing host cell membranes (Nizet et al., 2000). In vitro,
SLS expression occurs in stationary phase and is well characterised on blood agar plates
by the zone of beta-hemolysis surrounding GAS colonies (Carr et al., 2001; Sierig et
al., 2003). Unlike SLS, streptolysin O (SLO) is oxygen labile, immunogenic, produced
during exponential phase and early stationary phase and is encoded by the highly
conserved slo gene. It has been shown that in murine mouse models, SLO contributes to
the early stages of infection, lesion formation and subcutaneous necrosis (Limbago et
al., 2000; Fontaine et al., 2003). SLO interacts specifically with cholesterol of host cells
such as erythrocytes, leukocytes, keratinocytes, platelets, and macrophages; creating
multimeric pores, leading to the destruction of these cells (Bhakdi et al., 1985; Limbago
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et al., 2000). It is this destructive nature that facilitates GAS to spread throughout
deeper tissues.

1.4.3.3 Streptokinase
Streptokinase is a protein that possesses four structural domains and is secreted by
group A streptococci. This secreted protein is associated with invasive streptococcal
infection due to its ability to catalyse lysis of fibrin-containing clots and by possessing
plasminogen activation ability (Ferretti et al., 1991). Although the gene that encodes
streptokinase (ska) is found in all GAS M type strains, streptokinase is rather
polymorphic due to allelic variation in the β-domain, and is typically categorised by two
major groups, cluster 1 and 2 (Kapur et al., 1995; Kalia and Bessen, 2004; McArthur et
al., 2008). The overall structural properties of the two clusters are maintained, however
the mechanism of plasminogen activation varies between the two clusters (McArthur et
al., 2008). Cluster 1 streptokinase binds stoichometrically with host plasminogen, which
can then convert other plasminogen molecules to plasmin. Cluster 2 streptokinase
however, forms a trimolecular complex with plasminogen and fibrinogen, which
possesses plasmin activity. Both these complexes can be acquired at the streptococcal
cell surface by different fibrinogen and plasminogen receptors, promoting plasmin
activity at the bacterial cell surface (Ringdahl et al., 1998; McArthur et al., 2008). The
streptokinase-plasminogen system, as well as plasminogen receptors, will be discussed
in more detail in section 1.6.
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1.4.4 Protection from the Host Immune System
1.4.4.1 M Protein
As stated earlier, the survival of GAS in the host depends on the M protein, which can
bind to human ECM components and serum proteins, as well as protecting the bacteria
from attack by the host immune system. The M protein allows GAS to resist
phagocytosis by disrupting complement activation, either by binding plasma fibrinogen
or factor H. The complement system functions to opsonise pathogens, where opsonins
are deposited on the bacterial surface, thereby promoting stable adhesive contacts with
appropriate phagocytic cells (Goldsby et al., 2001). When the M protein is in
association with fibrinogen, the receptors for the C3b opsonin are masked, preventing
access of complement to underlying cell wall structures (Figure 1.4A) (Woolcock,
1988; Kehoe, 1994). The binding of M protein to factor H assists the bacterium in
avoiding phagocytosis, which speeds the decay of the C3b opsonin once deposited on
the bacterial cell surface (Figure 1.4B) (Cleary et al., 1991). Factor H blocks formation
of C3 convertase (C3bBb) by binding C3b, which results in further downregulation of
C3b (Kehoe, 1994). Without complete deposition of C3b, the activation of the
alternative complement pathway is limited, thereby blocking recognition of GAS by
phagocyte receptors.

1.4.4.2 Streptococcal C5a Peptidase (SCP)
Streptococcal C5a peptidase, also known as SCP, is a highly specific endopeptidase
expressed on the surface by all GAS strains. SCP interferes with the immune system of
the host by cleaving and inactivating the C5a component of the complement system
(Figure 1.4C). The C5a component functions to initiate a chemotactic response that
attracts polymorphonuclear leukocytes (PMNs) to the site of infection and leads to the
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recruitment of phagocytes (Cleary et al., 1991). SCP functions to chemically alter the
C5a component so it is unable to attract PMNs to the site of infection, and hence
phagocytes are not recruited (Woolcock, 1988).

1.4.4.3 Streptococcal Inhibitor of Complement (SIC)
Streptococcal inhibitor of complement-mediated lysis (SIC) also overcomes
phagocytosis, and does this by directly interfering with the complement cascade. SIC is
found in only a few serotypes, such as the virulent GAS strains M1 and M57, and
distantly related M12 and M55 variants (Hartas et al., 1998; Fernie-King et al., 2001).
Unlike M proteins and SCP, SIC is a secreted protein that functions extracellularly, as it
does not possess the typical cell wall anchor motif (Åkesson et al., 1996). SIC binds to
the Cb567 complex of the complement system, prior to the formation and insertion of
the MAC into the cell wall of the invading pathogen, and hence the bacteria resists cell
lysis (Figure 1.4D). The SIC protein also binds to C5b6789, which is formed later in the
complement pathway, inhibiting the formation of a functional pore. The absence of the
functional pore on the surface of GAS allows the bacteria to resist degradation by the
host complement system. Besides interacting with components of the human
complement system, SIC also interacts with other bactericides such as neutrophil defensin and the cathelicidin LL-37 (Frick et al., 2003), secretory leukocyte proteinase
inhibitor and lysozyme (Fernie-King et al., 2002; Binks et al., 2005); as well as the
regulators of the MAC, clusterin and the histidine-rich glycoprotein (Åkesson et al.,
1996). These interactions allow GAS to avoid bacterial clearance by the human defense
system.
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1.4.4.4 Immunoglobulin (Ig)-Binding Proteins
Immunoglobulin (Ig)-binding proteins are present on the surface of a variety of different
human pathogens, suggesting they play a role in providing protection against host
defence mechanisms (Raeder et al., 1992). Ig-binding proteins from GAS were once
regarded as a unique group of proteins, however these proteins share homology with M
proteins, and are now included in this family of proteins (Nilson et al., 1995). Binding
of IgA and/or IgG by GAS is characteristic of invasive strains, and is not a common
feature of non-invasive isolates (Fagan et al., 2001). IgG functions both in the
bloodstream and in the tissues into which it diffuses after injury or damage, facilitating
bacterium-phagocyte contact via the Fc receptors on the phagocytes. IgA is found
predominantly in mucosal secretions and is most effective at mucosal surfaces in
restricting bacterial adhesion. Two cell surface Ig-binding proteins that have been well
characterised are Arp4 and Mrp4. These proteins are present in GAS M4 strain
(Johnsson et al., 1994; Husmann et al., 1995), which has been implicated in both
invasive and non-invasive infections. Arp4 and Mrp4 are receptors for IgA and IgG,
respectively, and are encoded by adjacent genes. These Ig binding proteins recognise
the Fc portion of IgG and IgA, thus inhibiting the binding of phagocyte Fc receptors to
invading bacteria and allowing bacterial adhesion (Woolcock, 1988).

1.4.5 Extracellular Secreted Proteins
Extracellular secreted proteins, also known as superantigens, can either stimulate rapid
proliferation or elevate deletion of T lymphocytes, accompanied by the recruitment of
surplus amounts of inflammatory cytokines (Watanabe-Ohnishi et al., 1995). Among
the superantigens, the streptococcal pyrogenic exotoxins (Spes) and DNases such as the
recently isolated mitogenic factor have been documented (Watanabe-Ohnishi et al.,
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1995).

1.4.5.1 Streptococcal Pyrogenic Exotoxins (Spes)
Spes include SpeA, and SpeC (Watanabe-Ohnishi et al., 1995), SpeG, SpeL and SpeM
(Proft et al., 2003), SpeI and SpeJ (Proft et al., 2001), and SpeH (Arcus et al., 2000).
SpeB was once considered a pyrogenic exotoxin, but due to its cysteine protease
activity, it is classed as a cesteine protease (Ohara-Nemoto et al., 1994). For simplicity
SpeB will be included in this section. Spes can prompt large numbers of host immune
cells to manufacture inflammatory cytokines that arbitrate the systemic manifestations
associated with toxic shock (Basma et al., 1999). Spes are believed to play a role in the
pathogenesis of invasive streptococcal disease, as high expression of these exotoxins
were present in STSS patients from the United States (Spe A) and Europe (SpeB and
SpeC) (Watanabe-Ohnishi et al., 1995). SpeA, B and C are the most characterised of the
Spes, and their contribution to streptococcal infection is well documented (Tomai et al.,
1992). SpeA and SpeB are highly prevalent amongst GAS isolates, especially those that
cause STSS (Unnikrishnan et al., 1999; Kansal et al., 2000). SpeB is a 40 kDa zymogen
that is encoded by the speB gene (Kansal et al., 2000). SpeB mediates an intense
inflammatory response, and can also modify a diverse range of important host proteins,
ultimately contributing to the pathogenesis of the bacterium (Dale, 1999; Unnikrishnan
et al., 1999). SpeA and SpeC play an important role in the pathogenesis of STSS, and
exert their effects by activating T cells to overproduce cytokines (Shiseki et al., 1999).
Unlike SpeB, SpeA and SpeC are bacteriophage-encoded (Cunningham, 2000), and are
secreted by 85 percent of strains that cause STSS (Unnikrishnan et al., 1999). SpeC
possesses a more potent stimulatory affect on human T cells than SpeA, with 100-fold
or greater T cell-stimulating activity (Shiseki et al., 1999).

27

1.4.5.2 DNases
Mitogenic exotoxins are included in the DNase family, and share similar transcription
kinetics as SpeA. Although these exotoxins are not proven as virulence factors, they
possess superantigenic properties and therefore may be classed together with the
pyrogenic exotoxins. The mitogenic factor SMEZ-2 is the most potent superantigen
described thus far, having a much greater stimulatory effect on host T cells than the
previously described SpeC (Proft et al., 1999). As a result of T-cell activation, large
amounts of cytokines are produced, which has the potential to promote inflammation,
hypotension, shock and organ failure (Bisno and Stevens, 1996; Efstratiou, 2000). In
addition to this, it is believed that these extracellular secreted proteins promote the
invasiveness, growth, and spread of GAS in host tissues. Recently, a DNase gene
encoded by a bacteriophage, designated sdaI, was identified in the globally
disseminated M1T1 hypervirulent isolate (Cunningham, 2000; Walker et al., 2005;
Walker et al., 2007). The DNase encoded by this sdaI gene enables GAS to avoid
neutrophil killing by the host, as it degrades the framework of neutrophil extracellular
traps (Carapetis et al., 2005; Sumby et al., 2005).

1.5 The Plasminogen Activation System (PAS)
The PAS is increasingly recognised as an invasion mechanism that is utilised by many
invasive bacterium including GAS (Berge and Sjöbring, 1993; Walker et al., 2005). The
ability of GAS to bind human plasminogen and plasmin provides the bacterium with a
mechanism for acquisition of unregulated proteolytic activity (Coleman and Benach,
1999).
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1.5.1 The Role of the PAS
The PAS functions in the antithrombotic degradation of fibrin and intravascular blood
clots, and can degrade extracellular matrix proteins directly or via activation of matrix
pro-metalloproteinases (Winkler et al., 2002). Apart from its role in fibrinolysis, the
plasminogen activation system also takes part in various physiological and pathological
processes (Kruithof et al., 1995). Physiological processes include tissue remodelling,
wound healing, angiogenesis, trophoblast implantation, cell migration, ovulation, and
embryonic development (Kruithof et al., 1995). The pathological processes include
acute chronic inflammation, preeclampsia, intrauterine growth and bacterial infection
(Kruithof et al., 1995; Wistedt et al., 1995), as well as contributing to the invasive
properties of malignant cells (Mignatti and Rifkin, 1993; Ranson and Andronicos,
2003). The PAS involves a wide array of proteins, including plasminogen, specific
mammalian plasminogen activators, and inhibitors specific to plasmin and plasminogen
activators.

1.5.2 Plasminogen and Plasmin
Plasminogen is a single chain, 92 kDa plasma glycoprotein that is also present in
extracellular fluids, and is a precursor for the broad-spectrum serine proteinase plasmin.
Human plasminogen circulates at 2 μM, with approximately 40 percent being found in
extravascular sites (Mignatti and Rifkin, 1993). Plasminogen contains a serine
proteinase domain situated at the carboxyl-terminus that contains a catalytic triad, and
an 8 kDa preactivation peptide at the amino-terminal (Figure 1.5). Five homologous
triple loop structural domains known as kringles are located in the amino two thirds of
the protein. Kringles function to facilitate lysine-dependent protein-protein interactions
via the lysine binding sites within each kringle group. These lysine binding sites enable
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Figure 1.5 Schematic diagram of plasminogen. Plasminogen is cleaved at Arg561-Val562 to produce the
two chains linked by disulfide bonds that are characteristic of plasmin. Diagram adapted from Berge and
Sjöbring (1993), and Wistedt et al. (1998).

the binding between plasminogen and fibrin(ogen), bacterial cell surfaces such as GAS,
and activation effectors (Nilsen et al., 1999). Plasminogen is activated to plasmin by
cleavage between Arg561 and Val562 by specific serine proteinases such as the tissueand urokinase-type activators (tPA and uPA respectively) (Wistedt et al., 1995). This
results in two-chain plasmin, which is linked by the two disulphide bonds that exist
between the kringle domains and the serine proteinase domain (Figure 1.5). Plasmin,
originally known as fibrinolysin because of its ability to degrade fibrin, has broad
trypsin-like substrate specificity (Mignatti and Rifkin, 1993). Plasmin can also degrade
several ECM components, including fibronectins and laminins, thus participating in the
breakdown of soft tissue glycoproteins.
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1.5.3 Host Activators of the PAS
The two most common eukaryotic plasminogen activators are the tissue-type activator
(tPA) and the urokinase-type activator (uPA). These plasminogen activators are secreted
as inactive single-chain proenzymes that are converted to the two-chain active form by
limited proteolysis. The active forms of uPA and tPA consist of two polypeptide chains
(A and B). In addition to being similar in size, the B chains of both enzymes are
homologous and contain a serine proteinase domain. The A chains however are
substantially different in size, but show a high degree of homology (Mignatti and
Rifkin, 1993). Unlike uPA, tPA has strong affinity for fibrin. When plasminogen is
bound to fibrin alongside tPA, the activation of plasminogen is increased 60 fold
(Mignatti and Rifkin, 1993). Co-localisation of uPA and plasminogen binding to cells
also accelerates plasminogen activation. This may suggest that tPA and uPA have
differing physiological roles, where tPA is likely to be involved in clot lysis, and uPA in
mediating tissue-remodelling processes.

1.5.4 Host Inhibitors of the PAS
The plasminogen activation system must be regulated in a precise and coordinated
manner otherwise continual proteolysis and tissue damage will occur (Kruithof et al.,
1995). This is achieved through specific interactions of inhibitory enzymes, which can
exert their effects directly by interacting with plasmin, or indirectly by interacting with
the plasminogen activators, uPA and tPA. Plasmin in the blood is directly inhibited by
α2-antiplasmin and α2-macroglobulin, however once bound to the cell surface or fibrin,
the formation of plasmin cannot be inhibited (Parry et al., 2000). α2-antiplasmin and α2macroglobulin bind specifically to the kringle 1 domain of plasmin, the same domain
that is involved in the binding of plasmin to fibrin and cell surfaces (Wiman et al.,
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1979). Hence, when plasmin is fibrin- or surface-bound, the kringle 1 domain is no
longer available and the plasmin inhibitors are unable to bind.

There have been three plasminogen activator inhibitors demonstrated to be effective in
vivo (Mignatti and Rifkin, 1993). These three inhibitors have been identified as type one
plasminogen activator inhibitor (PAI-1), type two plasminogen activator inhibitor (PAI2), and protease nexin 1 (PN-1). PAI-1 is a 45 kDa protein produced by a variety of cell
types and is also present in platelets and plasma. PAI-1 is regarded as a physiological
inhibitor of the two forms of plasminogen activators, uPA and tPA. Once PAI-1 binds
cell receptor bound uPA/tPA or fibrin bound tPA, the resulting complex is rapidly
internalised and degraded within lysosomes, thus clearing tPA/uPA from the cell
surface (Mignatti and Rifkin, 1993). PAI-2 is a 46.6 kDa protein found both
intracellularly and secreted as a 60 kDa glycosylated form, most notably by cells of the
monocyte/macrophage lineage. PAI-2 generally recognises uPA significantly more than
tPA, however it is much less reactive than PAI-1 against both uPA and tPA by a factor
of 10 and 50 times respectively (Kruithof et al., 1995). PN-1 is a 45 kDa protein once
thought to be manufactured exclusively by fibroblasts, but in latter studies was found to
be produced by several other cell types (Mignatti and Rifkin, 1993). PN-1 functions by
forming complexes with uPA, which in turn bind to the cell surface of fibroblasts and
are internalised and degraded. PN-1 is considerably less specific for plasminogen
activators than PAI-1 and PAI-2.
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1.6 Group A Streptococcus and the PAS
1.6.1 Plasminogen Binding Proteins
GAS are able to acquire the host zymogen plasminogen at the cell surface, which can be
activated by host uPA and tPA. Plasminogen can also be activated in solution by the
streptokinase-plasminogen complex and/or the trimolecular complex consisting of
plasminogen, fibrinogen and streptokinase. These complexes can also interact with GAS
cell surface receptors (McArthur et al., 2008). There are four known GAS receptors that
bind plasmin(ogen) at the surface, and in solution. These are streptococcal surface
enolase

(SEN)

(Pancholi

and

Fischetti,

1998),

glyceraldehyde-3-phosphate

dehydrogenase (GAPDH; also known as streptococcal plasmin receptor, Plr, or
streptococcal surface dehydrogenase, SDH) (Lottenberg et al., 1992; Pancholi and
Fischetti, 1992), plasminogen-binding group A streptococcal M-like protein (PAM)
(Berge and Sjöbring, 1993), and the PAM related protein (Prp) (Sanderson-Smith et al.,
2008). These four distinct streptococcal cell surface proteins differ in their binding
capacities.

1.6.1.1 Streptococcal Surface Enolase (SEN)
SEN is a 45 kDa surface protein of GAS that is homologous to the cytoplasmic enzyme
α-enolase, (Pancholi and Fischetti, 1998). Most enolases exist as homodimers, however
they can be present as octamers in some bacterial species such as GAS (Pancholi, 2001;
Karbassi et al., 2010). Aside from its ability to convert 2-phosphoglycerate to
phosphoenolpyruvate, SEN also displays strong plasmin(ogen) binding activity on the
streptococcal surface. SEN binds both plasminogen and plasmin, but has significantly
higher binding affinity for plasminogen (Pancholi and Fischetti, 1998). SEN has been
shown to bind plasmin(ogen) via its two C-terminal lysine residues (Pancholi and
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Fischetti, 1998), however an internal plasmin(ogen) binding motif has also been
identified in Streptococcus pneumoniae enolase (Bergmann et al., 2003).

1.6.1.2 Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH)
Streptococcal surface dehydrogenase (SDH) is a major surface protein of GAS, and is
structurally and functionally related to the glycolytic enzyme GAPDH. GAPDH is a 36
kDa enzyme that is present on the cell surface of GAS (Pancholi and Fischetti, 1992).
GAPDH binds plasminogen via its C-terminal lysine, while retaining full enzymatic
activity (Winram and Lottenberg, 1998; Coleman and Benach, 1999). While GAPDH
has high binding affinity for plasmin, it possesses weak affinity for plasminogen
(Lottenberg et al., 1992). Other researchers have shown that GAPDH binds
plasminogen weakly, and it has been suggested that it is not as exposed on the surface
of GAS as the SEN binding protein (Pancholi and Fischetti, 1998). GAPDH has been
reported to not only bind plasmin(ogen), but other mammalian proteins such as
fibronectin, lysozyme, myosin and actin (Pancholi and Fischetti, 1992; Ghuysen and
Hakenbeck, 1994).

1.6.1.3 Plasminogen-Binding Group A Streptococcal M-Like Protein (PAM)
PAM is a 43 kDa protein that binds both human plasminogen and plasmin with high
affinity, the highest amongst the streptococcal plasminogen binding proteins (Berge and
Sjöbring, 1993). PAM possesses two 13-amino-acid internal "a" repeat sequences found
in the surface-exposed amino-terminal (Ringdahl and Sjöbring, 2000). PAM a1/a2
repeats have been cloned and replaced within a similar M-like protein (Arp4) known not
to bind plasminogen (Ringdahl et al., 1998). The resulting Arp4/PAM construct
demonstrated efficient plasminogen binding. Hence the a1/a2 repeats of PAM are
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recognised as the specific plasminogen binding domain. Each of these repeats contains a
lysine residue that is involved in the binding of plasminogen. Most ligands interact with
the lysine-binding sites within the kringles of plasminogen through exposed carboxylterminal lysines. However, PAM has been shown to bind the kringle 2 lysine of
plasminogen with high affinity through the lysine residues within the amino-terminal a1
and a2 repeats (Berge and Sjöbring, 1993; Wistedt et al., 1998; Wang et al., 2010).
More recently, plasminogen binding by PAM proteins has been demonstrated to be
mediated by arginine and histidine residues (Sanderson-Smith et al., 2006).

1.6.1.4 PAM related protein (Prp)
Prp shares similarities to PAM, however it is phylogenetically distinct (SandersonSmith et al., 2007). The a1/a2 variable repeat region of Prp shares 50% sequence
homology with the corresponding region of PAM. Both possess high affinity for
plasminogen, albeit Prp displays a lower affinity than PAM (McKay et al., 2004;
Sanderson-Smith et al., 2007). Like PAM, Prp interacts with the kringle 2 domain of
plasminogen. While plasminogen acquisition by PAM has been attributed to lysine,
arginine and histidine residues, the binding of plasminogen by Prp is exclusively
mediated by the adjacent arginine and histidine residues within the a2 repeat domain
(Sanderson-Smith et al., 2007). In addition to its role in plasminogen acquisition and
plasmin activity at the GAS cell surface, Prp has also been demonstrated to contribute to
GAS virulence in a humanised mouse model (Sanderson-Smith et al., 2008).

1.6.2 Plasminogen Activation by Streptokinase and Fibrinogen
Fibrinogen has been identified as a crucial component in streptokinase-dependent
uptake of plasmin(ogen) by GAS (Wang et al., 1995). Since fibrinogen is a key
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component in the fibrinolytic pathway, its ability to interact with plasminogen is
advantageous to invasive GAS as it enables it to degrade fibrin clots (Ringdahl et al.,
1998). Free plasminogen in the plasma binds directly to an internal lysine residue of
fibrinogen, promoting a conformational change that enhances the binding to further
lysine residues in kringles 1, 4 and 5. This, together with streptokinase, forms a trimolecular complex that has affinity to GAS fibrinogen binding proteins. Additionally,
the tri-molecular complex can also bind to GAS plasminogen receptors such as PAM
and Prp, interacting with available binding residues within kringle 2 (Figure 1.6A)
(McArthur et al., 2008; Wang et al., 2010). The trimolecular complex displays plasmin
activity, and once bound to the cell surface, it provides the bacterium with uncontrolled
proteolytic activity.

Streptokinase binds plasmin(ogen) in a 1:1 ratio, resulting in a streptokinaseplasmin(ogen) complex that has affinity for both bacterial cell-surface-bound fibrinogen
and plasmin(ogen) receptors such as GAPDH and SEN (Figure 1.6B) (McArthur et al.,
2008). The presence of the streptokinase-plasminogen activator complex on the
bacterial cell surface provides the bacterium with the potential for activating fluid phase
plasminogen in the vicinity of the plasmin binding structures on the bacterial surface.
This enables the bacterium to challenge host inhibitors for the plasmin that is formed
(D'Costa and Boyle, 1998). The plasminogen activator inhibitors or other known
inhibitors, do not inhibit the streptokinase-plasminogen complex, providing GAS with
unregulated plasmin activity. The streptokinase-plasminogen complex is also able to
activate both plasminogen free in solution, and plasminogen that is already bound to
receptors on the bacterial cell surface. Plasmin(ogen) can also interact directly with
GAS via plasmin(ogen) receptors present on the bacterial cell surface (Figure 1.6C).
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Figure 1.6 A model depicting the different pathways of plasminogen acquisition by GAS. (A)
Streptokinase secreted by GAS can form a trimolecular complex with host plasminogen and fibrinogen.
This complex possesses plasmin activity and can bind to GAS via fibrinogen and plasminogen receptors
such as M1 and PAM respectively. (B) Streptokinase also binds plasmin(ogen) stoichiometrically, and
these complexes can bind to the cell surface via surface bound fibrinogen or plasmin(ogen) receptors.
These complexes, either circulating or surface bound, have unregulated plasmin activity and can also
activate other plasminogen molecules. (C) In addition to plasminogen activator complexes, GAS can also
acquire plasmin(ogen) directly by cell surface plasmin(ogen) receptors. Bound plasminogen can be
activated by the plasminogen/streptokinase complex or by host activators. Figure adapted from McArthur
et al. (2008).
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The deposition of plasmin(ogen) on the bacterial cell surface may then act to modulate
the bacterium's microenvironment and initiate penetration of host tissue (Svensson et
al., 1999). Hence, plasmin(ogen) can promote virulence of GAS by interacting with
streptokinase and fibrinogen, and also by direct binding pathways.

1.7 Rationale and Study Aims
The aim of this study is to investigate two surface proteins of group A streptococcus and
identify the role they play in infection and disease progression. The structural
characteristics of SEN are of major interest, particularly in relation to its function as a
plasminogen binding protein. By studying the structural aspects of SEN, the key
residues involved in the acquisition of plasminogen will be revealed. Additionally, the
ability of GAPDH to bind to multiple mammalian proteins will be addressed, to
determine the physiological consequences of the reported multiple binding ability. By
investigating interactions between GAS and its host, a better understanding of the
mechanisms GAS use to cause infection will be determined, with the aim of ultimately
preventing illness and disease progression.
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2. MATERIALS AND METHODS

2.1 Bacterial Strains, Plasmids and Media
2.1.1 Escherichia coli
E. coli strains used in this study can be found in table 2.1. Generally, E. coli strains were
grown in Luria Bertani (LB) agar or LB broth at 37°C supplemented with the
appropriate antibiotics when required. Liquid cultures were aerated by shaking at 200
revolutions per minute (rpm) in a Bio-Line shaking incubator (Edwards Instruments
Co., Australia).

2.1.2 Streptococcus pyogenes
S. pyogenes NS13 was supplied by the Menzies School of Health Research, Darwin,
Australia (Table 2.1). S. pyogenes was grown on Columbia horse blood agar
(BioMérieux, Australia) or in Todd-Hewitt broth (Becton, Dickinson and Co. USA)
supplemented with 1% (w/v) yeast extract (THBY).

Table 2.1 Bacterial strains used in this study.
Bacterial Strain

Description

Source/Reference

TOP10

Electrocompetent cells, maintenance strain for
pET14bSEN and pET14bSEN mutants.

UOW, Australia

OneShot® TOP10

Chemically competent cells, cloning and
maintenance strain for pET151GAPDH

Invitrogen, USA

BL21 Star™ (DE3)

Electrocompetent cells, protein expression strain
for pET14b and pET14bSEN mutants.

UOW, Australia

OneShot® BL21
Star™ (DE3)

Chemically competent cells, expression strain
for pET151GAPDH.

Invitrogen, USA

M53 isolate from invasive infection.

Menzies School of
Health Research,
Australia

Escherichia coli

Streptococcus pyogenes
NS13
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2.1.3 Plasmids
The plasmids used in this sturdy are described in Table 2.2.1. The pET14bSEN,
pET14bSENK435L and pET14bSENΔ434-435 expression plasmids were a gift from Dr.
Vijay Pancholi (Ohio State University, Ohio, USA) (Derbise et al., 2004), and were
used to construct SEN mutants. The pET151/D-TOPO® cloning vector was purchased
from Invitrogen (USA) and used for the cloning and expression of GAPDH.

2.2 Agarose Gel Electrophoresis and Calculating DNA Concentration
For resolving DNA fragments, a 1% agarose (w/v) gel was prepared in 1X TAE buffer.
Samples were mixed with 5X loading buffer (Bioline, UK). Gels were run at 100 V in a
Bio-Rad MiniSub (Bio-Rad, USA) using 1x TAE buffer for approximately 1 h.
HyperLadder™ I DNA molecular weight markers (5 µL) (Bioline, UK) were used to
quantify the size of resolved DNA fragments. The gel was then stained with ethidium
bromide (1 μg mL-1) for 30 min and visualized with UV illumination using an EC3™
imaging system (UVP, USA). Quantification of DNA fragments was performed using
QuantityOne computer software (Bio-Rad, USA).

2.3 Purification of DNA
2.3.1 Calculation of DNA Concentration
DNA (5 μL) was electrophoresed on a 1% TAE agarose gel as previously described
(section 2.2). HyperLadder™ I molecular weight markers (5 μL) (Bioline, UK) were
also electrophoresed alongside the DNA sample. The concentration of the DNA sample
was estimated by comparing the intensity of the band with bands of the molecular
weight markers.
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Table 2.2 Plasmids used in this study
Plasmid

Description

Source/Reference

pET14bSEN

Expression construct for streptococcal αenolase; Apr

Derbise et al. (2004)

pET14bSENK252A

Expression construct for streptococcal αenolase with K252A substitution; Apr

This Study

pET14bSENK255A

Expression construct for streptococcal αenolase with K255A substitution; Apr

This Study

pET14bSENK252A+K255A

Expression construct for streptococcal αenolase with K252A+K255A substitution; Apr

This Study

pET14bSENK261A

Expression construct for streptococcal αenolase with K261A substitution; Apr

This Study

pET14bSENK285A

Expression construct for streptococcal αenolase with K285A substitution; Apr

This Study

pET14bSENK304A

Expression construct for streptococcal αenolase with K304A substitution; Apr

This Study

pET14bSENK312A

Expression construct for streptococcal αenolase with K312A substitution; Apr

This Study

pET14bSENK334A

Expression construct for streptococcal αenolase with K334A substitution; Apr

This Study

pET14bSENK344E

Expression construct for streptococcal αenolase with K344E substitution; Apr

This Study

pET14bSENK362A

Expression construct for streptococcal αenolase with K362A substitution; Apr

This Study

pET14bSENK435L

Expression construct for streptococcal αenolase with K435L substitution; Apr

Derbise et al. (2004)

pET14bSENΔ434-435

Expression construct for streptococcal αenolase with K434-435 deletion; Apr

Derbise et al. (2004)

pET151

Construct for directional TOPO® cloning of
blunt end PCR products into inducible
expression vector. Apr
gapdh gene of NS13 in pET151; Apr

Invitrogen, USA

pET151GAPDH

This Study

Abbreviations: Apr, ampicillin resistant
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2.3.2 Purification of Chromosomal DNA from S. pyogenes
Chromosomal DNA was extracted from S. pyogenes using a DNeasy Tissue Kit
(Qiagen, USA). Single GAS colonies were inoculated into THBY and incubated
overnight at 37ºC. Following centrifugation at 5,000 x g for 10 min, the pellet was then
resuspended in enzymatic lysis buffer (180 L) (Appendix) and incubated at 37ºC for
30 min. Proteinase K (25 L) and Buffer AL (200 L) was added and the tube was
inverted several times, then incubated at 70ºC for 30 min. 100% ethanol (200 L) was
then added and mixed by inversion. The mixture was dispensed onto a DNeasy mini
column (Qiagen, USA), and centrifuged at 7,000 x g for 1 min. The flow through was
discarded and the column washed with Buffer AW1 (500 L), followed by
centrifugation at 7,000 x g for 1 min. The flow through was discarded and the column
washed with Buffer AW2 (500 L), centrifuged at 7,000 x g for 1 min. After the flow
through was discarded again, Buffer AE (100 L) was added directly onto the DNeasy
membrane (Qiagen, USA) and incubated at room temperature for 1 min. DNA was
eluted by centrifugation at 7,000 x g for 1 min. The addition of Buffer AE onto the
membrane and subsequent elution was then repeated. All centrifugations were
performed using an Eppendorf 2415C/D bench centrifuge (Crown Scientific, USA).

2.3.3 Purification of Plasmid DNA from E. coli
Plasmid DNA was extracted using a Wizard® Plus SV Minipreps DNA Purification
System (Promega, USA). Single colonies harbouring the plasmid of interest were grown
in LB broth (2 mL) supplemented with the appropriate antibiotic at 37º overnight with
shaking at 225 rpm. Following centrifugation at 10,000 x g for 5 min, the pellet was
then resuspended in cell resuspension solution (250 μL). Cell lysis solution (250 μL)
was added to the tube and inverted 4 times to allow cell lysis to occur. Alkaline protease
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solution (10 μL) was added and the tube inverted another 4 times, then incubated at
room temperature for 5 mins. Wizard® Plus SV neutralisation solution (350 μL) was
added and immediately mixed by inversion. The tube was then centrifuged at 16,000 x g
for 10 min. The supernatant was dispensed onto a Wizard® SV minicolumn and
centrifuged at 16,000 x g for 1 min. The flow through was discarded and the column
washed with column wash solution (750 μL), and centrifuged at 16,000 x g for 1 min.
The flow through was discarded and the column re-washed with column wash solution
(250 μL) by centrifugation at 16,000 x g for 2 min. The flow through was discarded and
DNA was eluted in nuclease-free water (100 μL) by centrifugation at 16,000 x g for 1
min. All centrifugations were performed using an Eppendorf 2415C/D bench centrifuge
(Crown Scientific, USA).

2.3.4 Purification of DNA from Agarose Gels
DNA resolved on a 1% TAE agarose gel (section 2.2.1) was purified using the Wizard®
SV Gel and PCR Clean-Up System (Promega, USA). The DNA fragments of interest
were excised using a sharp scalpel and placed into separate pre-weighed and recorded
Eppendorf tubes. The weight of each gel slice was recorded. Membrane binding
solution was added to each gel slice at a ratio of 10 μL of solution per 10 mg of agarose
gel slice. Each mixture was vortexed and incubated at 55ºC for 10 min, with vortexing
every 2 min. The dissolved gel mixtures were transferred to separate SV minicolumns
and incubated at room temperature for 1 min. The minicolumns were centrifuged in
collection tubes at 10,000 x g for 1 min and the flow through was discarded. The
minicolumns were returned to the collection tubes and membrane wash solution (700
μL) was added. Tubes were centrifuged at 10,000 x g for 1 min and flow through was
discarded. The minicolumns were returned to the collection tubes and membrane wash
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solution (500 μL) was added. Tubes were centrifuged at 10,000 x g for 5 min, and flow
through discarded. Tubes were re-centrifuged at 10,000 x g for 1 min. The minicolumns
were transferred to 1.5 mL Eppendorf tubes and nuclease-free water (50 μL) was added
directly to the centre of the column. Tubes were incubated at room temperature for 1
min then centrifuged at 10,000 x g for 1 min. The minicolumn was discarded and eluted
DNA stored at –20ºC. All centrifugations were performed using an Eppendorf 2415C/D
bench centrifuge (Crown Scientific, USA).

2.4 Amplification and Cloning of S. pyogenes Chromosomal DNA
2.4.1 PCR Amplification of gapdh
PCR primers were designed to amplify the gapdh sequence from GAS strain NS13,
with the forward primer incorporating the 5’ CACC overhang required for cloning into
the pET151 vector system. The forward and reverse primers used were GAPDH151F
5’-CACCATGGTAGTTAAAGTTGGT-3’ and GAPDH151R 5’-AACTAATTATTTA
GCAATTTTTGC-3’ respectively. Primers were synthesised by Sigma-Genosys
(Australia). The PCR reaction mixture consisted of 10X VentR® buffer (5 μL) (New
England Biolabs), 200 μM dNTPs (4 μL) (Appendix), 1 μM of each of the forward and
reverse primers (2 μL), 500 ng of NS13 GAS chromosomal DNA (0.5 μL), 1 U of
VentR® proofreading DNA polymerase (0.25 μL) (New England Biolabs), and sterile
dH2O (up to 50 μL). The PCR cycle was performed on a thermocycler (Perkin-Elmer
model 9000), starting with an initial denaturation step for 3 min at 95ºC, then twenty
four cycles consisting of a 1 min denaturation step performed at 95ºC, a 30 sec
annealing step at 52ºC, and a 1 min extension step at 72ºC. A final extension step of 5
min at 72ºC was also performed. PCR fragments were resolved by agarose gel
electrophoresis and stored at 4ºC for short term use.
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2.4.2 Champion™ pET Directional TOPO® Cloning System
The Champion™ pET Directional TOPO® cloning system (Invitrogen) utilises
topoisomerase I, an enzyme that possesses restriction digestion and ligation ability and
enables directional cloning of blunt end DNA into the expression vector. In the pET151
cloning vector, expression is regulated by a T7 promoter upstream of the cloning site,
and the resulting recombinant protein contains a 6xHis tag at the amino-terminus. The
TOPO cloning reaction consisted of 5-10 ng of gapdh PCR product (1 μL), salt solution
(1 μL) (Invitrogen, USA), pET151 TOPO® vector (1 μL) (Invitrogen, USA) and sterile
water (up to 6 μL) (Invitrogen, USA). The cloning reaction was mixed gently and
incubated at room temperature for 5 min. The cloning reaction was then chemically
transformed into One Shot® TOP10 competent cells (Invitrogen, USA). Once cells were
thawed on ice, the cloning reaction (3 μL) was added and gently mixed with a pipette
tip. The cells were incubated on ice for 15 min, then heat shocked at 42ºC for 30 s.
S.O.C medium (250 μL) (Invitrogen, USA) was added and mixture was incubated at
37ºC for 1 h with shaking at 200 rpm. The cells were then plated onto LB agar
supplemented with ampicillin (100 μg/mL) in 100 μL and 200 μL aliquots, and
incubated overnight at 37ºC. Plasmids from several colonies were extracted using
methods described in section 2.3.3 and subjected to restriction enzyme analysis to
screen for the presence of insert DNA. DNA from positive clones underwent DNA
sequence analysis to confirm correct frame and orientation of the cloned gene.

2.4.3 Restriction Enzyme Digestion
The pET151 vector contains several restriction sites either side of the TOPO® cloning
site, which can be utilized to release the target DNA insert. To screen for the presence
of gapdh insertion, restriction enzymes SacI and XbaI (Roche, USA) were used. The
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digestion mixture was prepared on ice and consisted of the plasmid DNA to be digested
(5 μL), 10X Buffer A (2 μL) (Roche, USA), 10 units of each restriction enzyme (1 μL
of each) and dH2O (up to 20 μL). Reaction was mixed by vortexing, then a brief spot
spin followed by incubation at 37°C for 2 h. Digested and undigested samples were
resolved on a 1% TAE agarose gel according to methods in section 2.2.1.

2.4.4 DNA Sequence Analysis
2.4.4.1 DNA Sequencing Reactions
Sequencing reactions consisted of BigDye® Terminator v3.1 reaction mix (0.5 μL)
(Applied Biosystems, USA), BigDye® Terminator v3.1 5X Sequencing Buffer (2 μL)
(Applied Biosystems, USA), 400 nM of primer (1 μL), and approximately 100 ng
plasmid DNA made up to 10 μL with sterile dH2O. Cycle sequencing was undertaken
using a CG1-96 Cool Gradient Palm Cycler (Corbett Research, Australia). The cycle
consisted of a rapid thermal ramp to 96ºC and held for 10 sec, a rapid thermal ramp to
50ºC and held for 5 sec, a rapid thermal ramp to 60ºC and held for 4 min. This cycle
was repeated for 25 cycles followed by a rapid thermal ramp to 4ºC. Sequencing
reactions were then purified by ethanol precipitation to remove unincorporated dye and
purify the DNA template. To each sequencing reaction, 3M sodium acetate (2 μL) and
95% ethanol (50 μL) was added, mixed by vortexing, and incubated on ice for 10 min.
The reactions were then pelleted by centrifugation at 16,000 x g for 20 min. The ethanol
was removed by aspiration. The pellet was then rinsed with 70% ethanol (v/v) (250 μL),
and centrifuged at 16,000 x g for 10 min. The ethanol was again aspirated and pellet left
to dry in a fume hood.
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2.4.4.2 Capillary Electrophoresis
Precipitated sequencing samples were reconstituted in Hi-Di™- Formamide (10 μL)
(Applied Biosystems, USA) and aliquoted into a microtitre plate. The microtitre plate
was placed in a CP2-01 model Thermal Cycler (Corbett Research, Australia) and
samples denatured at 95ºC for 2 minutes. The microtitre plate was cooled, and placed in
an Applied Biosystems 3130 Genetic Analyser (Applied Biosystems, USA). DNA
underwent capillary electrophoresis using the FragmentAnalysis50_POP7 and POP-7™
polymer. Sequencing results were analysed using the Applied Biosystems Analysis
Software v5.2, with the KB_3130_POP7_BDT v3 dye set and primer, and KB Denovo
v5.2 Basecaller (Applied Biosystems, USA). Sequence data was analysed using BioEdit
Sequence Alignment Editor v7.0.5.3 (Tom Hall, USA).

2.5 Transformation of Recombinant Plasmid DNA into Electro-Competent E. coli
2.5.1 Preparation of Electro-Competent E. coli Cells
The desired E. coli strain was struck out from glycerol stocks onto LB agar
supplemented with the appropriate antibiotics and grown overnight at 37ºC. A single
colony was selected and inoculated into sterile LB broth (5 mL) with appropriate
antibiotics and grown overnight at 37ºC with shaking (200 rpm). The 5 mL overnight
culture was then added to LB broth (95 mL) supplemented with appropriate antibiotics
and grown at 37ºC with shaking (200 rpm) until an OD600 of 0.5 to 1.0 was reached.
Cells were collected by centrifugation in chilled centrifuge tubes at 5000 x g for 15 min
at 4ºC using a Beckman JA-10 rotor (Beckman, USA). Cells were then washed twice
with cold sterile dH2O (100 mL) and once with cold sterile 10% glycerol (v/v, 100 mL).
Each wash step involved complete resuspension of the cells followed by centrifugation
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at 5000 x g for 15 min at 4ºC. The electro-competent cells were resuspended in cold
sterile 10% glycerol (v/v, 2 mL), aliquoted into 80 µL volumes and stored at -80ºC.

2.5.2 Electro-Transformation of Competent E. coli Cells
Plasmid DNA (~2 µL) was mixed with electro-competent E. coli (80 µL) and placed in
a chilled sterile 0.2 cm Gene Pulser® electroporation cuvette (Bio-Rad, USA). The cells
were electroporated using a Gene Pulser® apparatus (Bio-Rad, USA) following
manufacturer’s recommendations. The apparatus was set to pulse at a voltage of 2.5 kV,
a capacitance of 25 µFD and a resistance of 200 Ω. Cells were then transferred to LB
medium (500 µL) and grown for 1 h at 37ºC with shaking (200 rpm). Cell suspension
was plated out onto LB agar containing appropriate antibiotic selection in volumes
ranging from 50 to 300 µL, and grown overnight at 37ºC.

2.6 Expression and Purification of Recombinant Proteins
2.6.1 Expression of 6xHis-Tagged Proteins
A single colony of E. coli BL21Star™ (DE3) harbouring the desired expression
construct was inoculated into LB broth (100 mL) containing appropriate antibiotic
selection and grown overnight at 37ºC with shaking (200 rpm). The overnight culture
was expanded to 1 L and grown at 37ºC with shaking (200 rpm) until an OD600 of
approximately 0.6 was reached. Expression was induced with the addition of IPTG
(1mM final concentration), and cultures grown for a further 4 h. The OD600 was
measured every 30 min to monitor the growth of the bacteria. Aliquots of culture (1 mL)
were collected both prior to induction and every hour post-induction for analysis of
expression using sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
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PAGE). Bacterial cell pellets were collected by centrifugation at 5000 x g for 15 min at
4ºC using a Beckman JA-10 rotor (Beckman, USA).

2.6.2 Purification of 6xHis-Tagged Proteins
Purification

of

6xHis-tagged

proteins

was

performed

according

to

The

QIAexpressionist™ handbook (Qiagen, USA). Buffers used in the purification
procedure can be found in the Appendix. The cell pellets from 1L expression cultures
were thawed on ice for 15 min, then resuspended in Native Lysis Buffer (4 mL) and
incubated on ice for 30 min. Cell resuspension was then sonicated with a Branson
Sonifier 250 (30% duty cycle, microtip output control 7) using six 10 sec bursts with a
10 sec cooling period between each burst. The lysate was centrifuged at 10, 000 x g for
30 min at room temperature to pellet cellular debris and cleared lysate (supernatant) was
collected. Ni-NTA slurry (50%, 2 mL) was added to the cleared lysate and incubated for
1 h at 4ºC with gentle rotation. The lysate-Ni-NTA mixture was loaded into an EconoColumn chromatography column (Bio-Rad, USA), and resin allowed to settle. The
lysate was collected and the column bed was washed three times with Native Wash
Buffer (4 mL). The 6xHis-tagged protein was eluted four times with Native Elution
Buffer (1 mL). Each fraction was collected and analysed using SDS-PAGE. The elution
fractions containing the 6xHis-tagged protein were pooled and dialysed four times
against 1X PBS (2.5 L) (Appendix), over a period of 48 h.

2.7 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
SDS-PAGE analysis was conducted on protein samples using the Bio-Rad Mini
PROTEAN® 3 Cell system (Bio-Rad, USA) essentially as described previously
(Laemmli, 1970). Protein samples were resuspended in either 1 x PBS or sterile 0.7%
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NaCl (w/v), then added to an equal volume of 2 X Reducing Sample Buffer or 2 X NonReducing Sample Buffer and boiled for 10 min. All acrylamide gels were comprised of
either a 12% or a 15% Resolving Gel, and a 4% Stacking Gel (Appendix). Gels were
routinely electrophoresed for 45 min at 200 V in 1X SDS-PAGE buffer (Appendix)
using a PowerPac 300 power supply (Bio-Rad, USA). Protein bands were visualised by
placing the resolving gel in Coomassie™ Blue Rapid Stain, heating in a microwave for 1
min then shaken at room temperature for 1 h. The stain was then decanted off and gel
was submerged in Rapid Destain, microwaved for 1 min and shaken at room
temperature for 1 h. This was repeated until the background stain was removed, then the
gel was immersed in Final Destain and shaken at room temperature for 1 h. The gels
were scanned with the GS-800™ calibrated densitometer (Bio-Rad, USA).

2.8 Bicinchoninic Acid Protein Concentration Determination
The concentration of protein samples was routinely determined using the Bicinchoninic
Acid (BCA) Protein Kit (Sigma, USA). A set of bovine serum albumin (BSA) standards
were prepared in the same buffer as the unknown sample, ranging from 0-1000 µg mL-1.
In triplicate, each standard (25 µL) was pipetted into a 96-well microtitre plate, along
with the unknown sample (diluted when required). The BCA working reagent (200 µL),
consisting of 50 parts Reagent A and 1 part Reagent B, was added to each well and the
plate incubated for 30 min at 37ºC. The absorbance of each sample was measured at 562
nm using the SpectroMax® 250 microtitre plate reader (Molecular Devices, USA). A
standard curve was constructed from the absorbance values for the BSA standards using
SOFTMax® Pro Version 1.1 software (Molecular Devices), and concentrations of
unknown samples extrapolated.
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2.9 Production of Rabbit Polyclonal Antiserum
Prior to injection of antigen, a sample of blood (~ 5 mL) was taken from the marginal
ear vein of an eight-week old female New Zealand White rabbit and serum collected to
represent pre-immunisation serum. The blood was allowed to clot for 1 h at room
temperature, then serum collected by centrifugation at 3,000 x g for 15 min at 4ºC in a
Heraeus® Megafuge® 1.0 R centrifuge (Kendro, Germany). The rabbit was injected
intramuscularly with a 1:1 (v/v) mixture of purified protein (150 µg) in PBS and
Freund’s Complete Adjuvant (Sigma, USA) with a total injection volume of 500 µL.
Booster injections consisting of a 1:1 (v/v) mixture of purified protein (150 µg) in PBS
and Freund’s Incomplete Adjuvant (Sigma, USA) with a total injection volume of 500
µL were given intramuscularly 21 and 50 days post initial injection. Marginal ear vein
test bleeds were taken 10 days post injections and serum collected as described for the
pre-immunisation serum. Exsanguination by terminal cardiac puncture was performed
10 days after the final immunisation by Tracy Maddocks (Manager, UOW Animal
Facility). Antiserum was collected as described for the pre-immunisation serum and
stored in 1 mL aliquots at -80ºC. Antibody response was monitored using an enzymelinked immunosorbent assay (ELISA) coating purified recombinant protein to the plate,
and western blot analysis detecting the recombinant antigen in whole cell lysates of
non-induced and induced E. coli BL21Star™ (DE3) (pET14bSEN) or (pET151GAPDH)
and purified recombinant SEN or GAPDH.

2.10 Enzyme-Linked Immunosorbent Assay (ELISA)
The antigen was diluted to 5 µg mL-1 in Carbonate Coating Buffer (Appendix) and
coated in duplicate onto wells of a 96-well microtitre plate (100 µL each well). The
plate was incubated for 90 min at 37ºC, then antigen removed and wells blocked
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overnight with 5% skim milk/PBS (200 µL) at 4ºC. Each well was washed three times
with PBST. The rabbit antiserum diluted 1:200 in 0.5% skim milk/PBS was then added
and serially diluted two fold across the plate. The plate was incubated for 90 min at
37ºC, then washed five times with PBST. The plate was then incubated with Goat AntiRabbit IgG Horseradish Peroxidase Conjugate (Bio-Rad, USA) diluted 1:1000 in 0.5%
skim milk/PBS (100 µL each well), and the plate incubated for 90 min at 37ºC. After
washing five times with PBST, OPD Substrate Solution (100 µL) (Appendix) was
added and colour allowed to develop for approximately 10 min. The colour reaction was
stopped with the addition of 10 M HCl (25 µL) and the absorbance was measured at 490
nm using the SpectroMax® 250 microtitre plate reader (Molecular Devices, USA).
Controls were included in the assay to ensure there were no false positives in the
detection system used.

2.11 Western Blot Analysis
2.11.1 Transfer
Proteins were resolved by SDS-PAGE as described in section 2.7 then transferred to
nitrocellulose membrane using the Mini Trans-Blot™ Cell Module (Bio-Rad, USA).
Four sheets of filter paper, two fibre pads and the nitrocellulose membrane were
equilibrated in Western Transfer Buffer (Appendix) for 2 min. A sandwich was
constructed between the gel holder cassette consisting of a fibre pad, two sheets of
Thick Blot Paper (Bio-Rad, USA), the unstained SDS-PAGE resolving gel, the
nitrocellulose membrane, followed by two pieces of Thick Blot Paper and a fibre pad
(Figure 2.1). The gel holder cassette was closed, inserted into the modular electrode
assembly along with a Bio-Ice Cooling Unit (Bio-Rad, USA) and placed into the Mini
Trans-Blot Cell. The cell chamber was filled with Western Transfer Buffer. Transfer
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Clear side of Bio-Rad Gel
Holder Cassette (-)
Fibre pad, one layer
Thick Blot Paper, two layers
Direction of
transfer

Nitrocellulose Paper
SDS-PAGE Gel
Thick Blot Paper, two layers
Fibre pad, one layer
Black side of Bio-Rad Gel
Holder Cassette (+)

Figure 2.1 Gel sandwich arrangement for transfer of proteins from SDS-PAGE resolving gel to
nitrocellulose membrane using the Mini Trans-Blot™ Cell Module. The sandwich was constructed
between the gel holder cassette by placing a fibre pad on the black side of the cassette followed by two
pieces of Thick Blot Paper and the SDS-PAGE resolving gel. Any bubbles formed under the gel were
removed using a pre-wetted glass pipette. The equilibrated nitrocellulose membrane was placed on top
and smoothed over again with the glass pipette, followed by two pieces of Thick Blot Paper and finally a
fibre pad. The cassette was then closed and placed into the modular electrode assembly with the black
side of the cassette facing the black negative electrode of the assembly.

was conducted at 4ºC for 1 h at 100 V using a Major Science MP-3AP power supply
(Edwards Instruments Co., Australia).

2.11.2 Detection
Proteins transferred to nitrocellulose membrane were commonly detected using the
following methods unless specified elsewhere. All antibody incubations and washes
were performed at room temperature on a Bio-Line orbital shaker (Edwards Instruments
Co., Australia). After electrophoretic transfer, the nitrocellulose membrane was
removed from the gel sandwich and placed into 10% skim milk/PBS. The membrane
was routinely blocked overnight at 4ºC or for 1 h at room temperature, then washed
twice for 5 min with 1X PBST (Appendix). Once washed the membrane was then
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incubated with primary antibody diluted in 2% skim milk/PBS for 1 h then washed
twice for 5 min with 1X PBST. The membrane was then incubated with secondary
antibody diluted in 2% skim milk/PBS for 1 h, then washed twice for 5 min with 1X
PBST and twice for 5 min with 1X PBS. After equilibration for 2 min in 100 mM TrisCl pH 7.6, the membrane was submerged in DAB Development Solution (Appendix)
until protein bands visually developed after which time the membrane was rinsed with
dH2O and allowed to air dry. Membranes were scanned with a GS-800™ calibrated
densitometer (Bio-Rad, USA).

2.12 Construction of Enolase Mutants
To elucidate the specific residues involved in plasminogen binding, site-specific
mutations were introduced into the enolase expression construct pET14bSEN using
PCR and primers listed in Table 2.3. The PCR reaction mixture used for mutagenesis
consisted of 200 M dNTPs (Boehringer Mannheim, Germany), 1X PCR reaction
buffer (Stratagene, USA), 1.25 ng of each primer, 2.5 U of PfuUltra™ High Fidelity
DNA Polymerase (Stratagene, USA), and 100 ng of pET14bSEN plasmid DNA, made
up to 50 L with dH2O. The mutagenesis PCR was performed with a CG1-96 Cool
Gradient Palm Cycler (Corbett Research, Australia), starting with an initial denaturation
step at 95ºC, then sixteen cycles consisting of a 30 sec denaturation step performed at
95ºC, a 1 min annealing step at 50ºC, and a 12 min extension step at 68ºC. Reactions
were then placed on ice for 2 min. Each PCR product was then digested with the
addition of 1 L DpnI restriction enzyme and incubation at 37ºC for 1 h. Digestions
were then stored at -20ºC until transformation. Electro-competent E. coli BL21 Star™
(DE3) were transformed with the digested PCR product (2 µL) using procedures
described in section 2.5.2 and grown on LB agar supplemented with ampicillin (100 µg
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Table 2.3 Oligonucleotide primers used for site specific mutations in the enolase expression construct pET14bSEN.
Name

Oligonucleotide Sequence

Direction

Desired Mutation

SENK252A-F

5’-TCAGAATTCTACGACGCTGAACGTAAAGTTTAC-3’

Forward

Lys252/Ala

-R

5’-GTAAACTTTACGTTCAGCGTCGTAGAATTCTGA-3’

Reverse

Lys252/Ala

SENK255A-F

5’-TACGACAAAGAACGTGCTGTTTACGACTATACT-3’

Forward

Lys255/Ala

SENK255A-R

5’-AGTATAGTCGTAAACAGCACGTTCTTTGTCGTA-3’

Reverse

Lys255/Ala

SENK252A+K255A-F

5’-GAATTCTACGACGCTGAACGTGCTGTTTAC-3’

Forward

Lys252/Ala + Lys255/Ala

SENK252A+K255A-R

5’-GTAAACAGCACGTTCAGCGTCGTAGAATTCTG -3’

Reverse

Lys252Lys255/Ala

SENK261A-F

5’-CGTAAAGTTTACGACTATACTGCTTTTGAAGGTGAAGGC-3’

Forward

Lys261/Ala

SENK261A-R

5’-GCCTTCACCTTCAAAAGCAGTATAGTCGTAAACTTTACG-3’

Reverse

Lys261/Ala

SENK285A-F

5’-GAAGAGTTGGTTAACGCTTACCCAATTATTACT-3’

Forward

Lys285/Ala

-R

5’-AGTAATAATTGGGTAAGCGTTAACCAACTCTTC-3’

Reverse

Lys285/Ala

SENK304A-F

5’-GACTGGGATGGTTGGGCTGTTCTTACTGAACGC-3’

Forward

Lys304/Ala

SENK304A-R

5’-GCGTTCAGTAAGAACAGCCCAACCATCCCAGTC-3’

Reverse

Lys304/Ala

SENK312A-F

5’-ACTGAACGCCTAGGCGCTCGTGTTCAATTGGTT-3’

Forward

Lys312/Ala

SENK312A-R

5’-AACCAATTGAACACGAGCGCCTAGGCGTTCAGT-3’

Reverse

Lys312/Ala

SENK334A-F

5’-CTTGCTCGTGGTATCGCTGAAAATGCAGCTAAC-3’

Forward

Lys334/Ala

SENK334A-R

5’-GTTAGCTGCATTTTCAGCGATACCACGAGCAAG-3’

Reverse

Lys334/Ala

SENK344E-F

5’-GCTAACTCAATCCTTATCGAAGTTAACCAAATCGGTACTTTG-3’

Forward

Lys344/Glu

SENK344E-R

5’-CAAAGTACCGATTTGGTTAACTTCGATAAGGATTGAGTTAGC-3’

Reverse

Lys344/Glu

-F

5’-GCTATCGAAATGGCTGCTGAAGCTGGATATACTGCC-3’

Forward

Lys362/Ala

SENK362A-R

5’-GGCAGTATATCCAGCTTCAGCAGCCATTTCGATAGC-3’

Reverse

Lys362/Ala

K252A

SEN

K285A

SEN

K362A

SEN
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mL-1). DNA was harvested from positive transformants using methods outlined in
section 2.3.3. Introduced mutations were verified by DNA sequence analysis as
described in section 2.4.4, using primer SENmutseq 5’-GGTGACGAAGGTGG
ATTTGC-3’.

2.13 Functional Analysis of Recombinant Proteins
2.13.1 Alpha Enolase Activity
The catalytic activity of the SEN mutants was compared to the wild-type protein by
measuring

the

conversion

of

2-phosphoglycerate

to

phosphoenolpyruvate

spectrophotometrically at 240 nm. The reaction was performed essentially as described
previously (Derbise et al., 2004). Briefly, 2-phosphoglycerate (3 mM) was mixed with
Enzymatic Buffer (Appendix) up to a volume of 1 mL and pre-warmed to 37°C. The
reaction mixture was placed in a quartz cuvette with 5 μg (100 μl) of purified SEN/SEN
mutant, and the absorbance (corresponding to the amount of phosphoenolpyruvate
formed) was measured at 5 second intervals over a 5 min period at 37°C. The
experiment was repeated in triplicate for each sample.

2.13.2 Purification of Human Glu-Plasminogen
The circulating form of human plasminogen (Glu-plasminogen) was purified from
human plasma using Lysine Sepharose 4B affinity chromatography as described
previously (Andronicos et al., 1997; Sanderson-Smith et al., 2006). Briefly, human
plasma was mixed 1:1 (v/v) with distilled water containing 10 mM EDTA and 2 mM
phenylmethylsulfonyl fluoride (PMSF) to precipitate proteins. Cleared plasma was then
batch-incubated with Lysine Sepharose 4B resin (GE Healthcare, USA). The resin was
collected by centrifugation then packed into a column, washed overnight with PBS, pH
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7.4, containing 10 mM EDTA and 2 mM PMSF, and washed with Salt Wash Buffer
(Appendix). Plasminogen was eluted with EACA Elution Buffer (Appendix). Fractions
containing Glu-plasminogen were dialysed two times against 1X PBS (5 L) at 4ºC, and
protein concentration was determined using a bicinchoninic acid protein assay kit
(Sigma, USA).

2.13.3 Spectrozyme-PL Assay of Purified Glu-Plasminogen
To assess the capacity of purified Glu-plasminogen to be activated to plasmin by
streptokinase, an amidolytic assay was performed using the chromogenic substrate
Spectrozyme-PL (American Diagnostica Inc., USA), which measures the generation of
plasmin. To a 96-well microtitre plate, 1 µg of plasminogen (50 µL), 50 mM Tris,
pH7.4 (50 µL) and 1 unit of streptokinase (20 µL) was added in triplicate and incubated
for 15 min at 37ºC. A blank reaction substituted Tris, pH7.4 (20 µL) for the
streptokinase. After incubation, 2.5 mM Spectrozyme-PL (20 µL) was added to each
well and the absorbance of each sample was measured for 1 h at 405 nm using the
SpectroMax® 250 microtitre plate reader (Molecular Devices, USA), taking readings
every 5 min. The amount of Glu-plasminogen was assessed by the amount of plasmin
accumulated (measured as an increase in absorbance) over time.

2.13.4 Plasminogen Binding Analysis
To assess the ability of each recombinant SEN mutant to bind human Glu-plasminogen,
ligand blot analysis and surface plasmon resonance (SPR) was employed.
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2.13.4.1 Ligand Blot Analysis of Plasminogen Binding by SEN
Each purified recombinant SEN mutant, along with the recombinant wild-type SEN,
PAM (positive control), and M1 protein (negative control) (2 µg of each sample) were
run on a 12% SDS-PAGE gel and transferred to nitrocellulose membrane according to
sections 2.7 and 2.11.1 respectively. Development of the ligand blot was performed
essentially as described for Western blot analysis (2.11.2) with the following changes.
The membrane was incubated with human Glu-plasminogen (5 g mL-1) for 1 h at room
temperature on a Bio-Line orbital shaker (Edwards Instruments Co., Australia) prior to
incubation with primary antibody. The primary and secondary antibodies consisted of
rabbit anti-human plasminogen (Merck, Germany) diluted 1:500 and Goat Anti-Rabbit
IgG Horseradish Peroxidase Conjugate (Bio-Rad, USA) diluted 1:1000 in 2% skim
milk/PBS respectively.

2.13.4.2 Surface Plasmon Resonance of Plasminogen Binding by SEN
The binding of recombinant wild-type and mutant SEN proteins to Glu-plasminogen
was measured using a BIAcore T100 optical biosensor (GE Healthcare, USA). Gluplasminogen (14.93 M in 10 mM sodium acetate, pH 4.0) (GE Healthcare, USA) was
coupled at 10 l min-1 (7 min) onto N-hydroxysuccinimide/ N-ethyl-N’-(3diethylaminopropyl) carbodiimide activated CM5 sensor chips, to yield 10200 response
units of bound protein. Binding of SEN proteins was done at 25°C in HBS-EP+ Buffer
(GE Healthcare, USA), using a flow rate of 30 l min-1. Association and dissociation
times were 500 and 600 sec, respectively. Affinity surfaces were regenerated between
SEN injections with 10 mM glycine.HCl, pH 1.5 (60 sec at 10 l min-1) followed by 4
M MgCl2 (60 sec at 5 l min-1). Kinetic models could not suitably fit the data using the
BIAcore T100 evaluation software, likely due to the large molecular size of the SEN
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analytes and consequent mass transfer rate limitations, so the relative abilities of SEN
variants to bind plasminogen was assessed qualitatively. Binding was assayed in
quadruplicate, through two different flow cells and on two independently prepared
sensor chips; relative binding responses for mutant and wild-type SENs were
consistently observed.

2.14 Structural Analysis of Recombinant Proteins
2.14.1 In Silico Homology Modelling
Sequence searches using BLAST (Johnson et al., 2008) identified -enolase from S.
pneumoniae as the protein with a known three-dimensional structure most closely
related to GAS SEN (93% identity at the amino-acid level). The octameric biological
unit of S. pneumoniae -enolase was constructed using crystal symmetry operators with
the program PyMOL (DeLano Scientific LLC). This octameric structure was then used
to model the structure of GAS SEN with the program Modeller (Eswar et al., 2007).
The model with the best Modeller objective function was selected. The model presented
was comprised of eight copies of GAS SEN residues 1-435. Theoretical collision cross
sections were calculated as described previously

(Ruotolo et al., 2008) using the

projection approximation of Mobcal software (Mesleh et al., 1996).

2.14.2 Far UV-Circular Dichroism
To assess variations in secondary structure due to site-specific mutations, far UV
circular dichroism (CD) was employed. Protein samples were buffer exchanged into 10
mM Sodium Phosphate Buffer (pH 7.0) (Appendix) using Vivaspin 500 centrifugal
concentrators (Sartorius, Germany), then diluted to a concentration of 4 µM. CD spectra
were obtained on a JASCO J-810 CD spectropolarimeter (Jasco, Canada) at room
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temperature as described previously (Morris et al., 2008). Briefly, spectra representing
the average of 16 scans from 250 to 190 nm were measured, with a data pitch of 0.1 nm.
A band width of 1 nm was used with a detector response of 4 sec. All spectra were
corrected for the baseline by subtracting control spectra of buffer alone, and the molar
ellipticity per residue was calculated using the following equation: [mol deg x 100]/[no.
of amino acids x pathlength (cm) x peptide concentration (moles L-1)]. Deconvolution
of the spectra to estimate secondary structure was achieved using the CDSSTR program
(Sreerama and Woody, 2000) in the DICHROWEB Online Circular Dichroism Analysis
suite (Lobley et al., 2002). Data from the 240-190 nm region with a data interval of 1
nm were used with Reference Set 4 optimized for this region.

2.14.3 Nanoelectrospray-Ionization Mass Spectrometry (ESI-MS)
Mass spectra were acquired on a Q-ToF Ultima mass spectrometer (Waters, USA)
which had been modified for high mass operation using a nanoESI source. A solution of
each protein (2 µL) in 200 mM NH4OAc (concentrations ranged from 3 μM to 8 μM, as
monomer) was electrosprayed from gold-coated glass capillaries prepared in-house. QToF instrument conditions included a capillary potential of 1.5 kV, cone: 140 V, rf
lens1: 80 V, collision cell: 4 V, transport and aperture: 5 V and the MCP detector set to
1750 V. Collision cell gas pressure was adjusted to 3x10-2 mbar, to provide sufficient
collisional cooling to preserve non-covalent interactions and maintain the proteins in
their native conformation. All spectra were externally calibrated using a CsI spectrum
and reference file and processed using MassLynx™ software.
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2.14.4 Ion-Mobility Mass Spectrometry (IM-MS)
Ion-mobility mass spectrometry was performed on a Synapt HDMS system (Waters,
USA), fitted with a 32,000 m/z quadrupole. Nanoelectrospray spectra were acquired
using previously described protocols (Ruotolo et al., 2008). The following voltages
were used: capillary 1.65 kV, sample cone 40 V, ‘trap collision energy’ 10 V, ‘transfer
collision energy’ 10V, and a 0-30 V wave-height ramp in the drift cell. The gases used
were nitrogen and argon in the T-Wave IM separator and collision cells, respectively.
The pressures in the various stages were the following: backing 4.5 mbar, trap 6.2102

mbar, IMS 0.44 mbar, and ToF 1.610-6 mbar. Data were processed using MassLynx

software (Waters, USA), and the MS dimension was calibrated externally. All spectra
are shown here with minimal smoothing, linear intensity scales, and no background
subtraction. Because determining collision cross sections for such travelling wave IMMS data is not currently possible without calibration, the collision cross-section for
recombinant wild-type SEN was calculated by measuring the minimum wave height at
which ions are pushed the length of the cell by the first wave as described previously
(Giles et al., 2008).

2.15 Interaction of GAPDH with Mammalian Proteins
2.15.1 Ligand Blot of GAPDH and Mammalian Proteins
Actin from bovine muscle, fibronectin from human plasma and recombinant human
lysozyme proteins were purchased from Sigma (USA). Egg-white Lysozyme was
purchased from Amresco (USA) and glu-plasminogen was purified from human plasma
as described in section 2.13.2. 5 µg of each mammalian protein along with bovine
serum albumin (BSA) (Sigma, USA) (negative control) were run on a 15% SDS-PAGE
gel, and 5 µg of GAPDH was resolved on a 12% SDS-PAGE gel, then transferred to
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nitrocellulose membrane according to sections 2.7 and 2.11.1, respectively. The
membrane was blocked in Hepes Blocking Solution (Appendix) for 1 h, then incubated
overnight with 10 µg mL-1 of GAPDH, or 10 μg ml-1 of fibronectin in Hepes buffer at
4°C. The membrane was washed twice for 5 min with Hepes Blocking Solution then
incubated with polyclonal antisera (against GAPDH or fibronectin) diluted 1:3000 in
Hepes Blocking Solution for 1 h. The membrane was then washed twice for 5 min with
Hepes Blocking Solution, then incubated with Goat Anti-Rabbit IgG Peroxidase
Conjugate (Merck, Germany) diluted 1:1000 in Hepes Blocking Solution for 1 h. The
membrane was washed twice for 5 min with Hepes Blocking Solution then equilibrated
for 2 min in 100 mM Tris-Cl pH 7.6. The membrane was developed by submerging in
DAB Development Solution (Appendix), after which the membrane was rinsed with
dH2O and allowed to air dry. Membranes were scanned with the GS-800™ calibrated
densitometer (Bio-Rad, USA). All incubations took place on a Bio-Line orbital shaker
(Edwards Instruments Co., Australia) at room temperature unless otherwise stated.

2.15.2 Dot Blot of GAPDH and Mammalian Proteins
The mammalian proteins from section 2.15.1, alongside myosin from rabbit muscle
(Sigma, USA) were blotted onto a nitrocellulose membrane (10 μg of each). The
membrane was then blocked with Hepes Blocking Solution and developed as described
in section 2.15.1.

2.15.3 ELISA of GAPDH binding to Mammalian Proteins
ELISA was used to investigate the interactions of GAPDH with mammalian proteins in
their native form. Each mammalian protein was diluted to 5 µg mL-1 in Carbonate
Coating Buffer (Appendix) and immobilized on a 96-well microtitre plate (50 µL per
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well). The plate was incubated for 1 h at 37°C. The proteins were removed and the
wells were blocked overnight with Hepes Blocking Solution (200 µL) (Appendix) at
4°C. Each well was washed five times with PBST, then incubated with GAPDH diluted
to 10 µg mL-1 in Hepes Blocking Solution (50 µL per well) for 1 h at 37°C. Wells were
washed five times with PBST, then incubated with rabbit anti-GAPDH antibody diluted
1:3000 in Hepes Solution Buffer (50 µL per well) for 1 h at 37°C. Each well was
washed five times with PBST, then incubated with Goat Anti-Rabbit IgG Horseradish
Conjugate (Merck, Germany) diluted 1:1000 in Hepes Blocking Solution (50 µL per
well) for 1 h at 37°C. After washing five times with PBST, SIGMAFAST™ OPD
Solution (50 µL) (Appendix) was added and colour allowed to develop for
approximately 20 min. The absorbance was measured at 450 nm using the SpectroMax®
Plus384 microplate reader (Molecular Devices, USA). Controls were included in the
assay to ensure there were no false positives in the detection system used.

2.15.4 Saturation ELISA of GAPDH Binding to Mammalian Proteins
To further characterize the binding of GAPDH with mammalian proteins, an ELISA
where binding reached saturation point was performed to calculate the Kd of each
interaction. Each mammalian protein was diluted to 2 μM in Carbonate Coating Buffer
(Appendix) and immobilized on a 96-well microtitre plate (100 µL per well). The plate
was incubated for 1 h at 37°C. The proteins were removed and the wells were blocked
overnight with Hepes Blocking Solution (200 µL) (Appendix) at 4°C. Each well was
washed five times with PBST. GAPDH (10 μM) was diluted in a two-fold titration
across the plate with Hepes Blocking Solution (50 µL per well) and incubated for 1 h at
37°C. Binding was then detected following methods described in section 2.15.3.
Controls were included in the assay to ensure there were no false positives in the

63

detection system used. Binding curves were constructed using GraphPad Prism 5.01
(GraphPad Software, Inc., USA) and equilibrium dissociation constants (Kd) were
calculated using a non-linear (curve fit) regression curve with one-site total binding
saturation and background constraints set to zero.

2.15.5 Effect of GAPDH binding on Lysozyme Activity
The effect of GAPDH binding on the enzymatic activity of lysozyme was investigated
by incubating with Micrococcus lysodeikticus suspension (Sigma, USA) and measuring
the amount of cell wall lysis spectrophotometrically. The experiment was carried out
essentially as previously described (Saxena and Wetlaufer, 1970; Puig and Gilbert,
1994). Briefly, GAPDH was incubated with egg-white lysozyme or human lysozyme in
molar ratios of 0:1 to 8:1 (GAPDH:lysozyme) in a 96-well microtitre plate (10 µL per
well). The plate was incubated for 1 h at 37°C. 25 μg of M. lysodeikticus cell suspension
was added (50 µL per well) and the absorbance was measured at 650 nm at 15 sec
intervals over 4 min using the SpectroMax® Plus384 microplate reader (Molecular
Devices, USA). Micrococcus only and GAPDH plus Micrococcus controls were
included to ensure lysis of cell wall was attributed to lysozyme activity.
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3. CHARACTERISATION OF GAS αENOLASE

3.1 Introduction
α-enolase is an enzyme of the glycolytic pathway that functions to convert 2phosphoglycerate to phosphoenolpyruvate, the penultimate step in glycolysis. Enolase
also functions to catalyse the reverse reaction during gluconeogenesis. Enolase binds
two divalent Mg2+ ions within the active site, a pocket containing four conserved
residues shown to impart an important role in enzymatic activity (Pancholi, 2001;
Ehinger et al., 2004). The carboxyl group of 2-phosphoglycerate interacts with these
two Mg2+ ions, initiating the catalytic reaction. Lys344 within the catalytic pocket then
deprotonates 2-phosphoglycerate, resulting in the step-wise dehydration of the substrate
and the formation of phosphoenolpyruvate and water (Figure 3.1) (Pancholi, 2001). This
step-wise process is known as the anti-β-elimination mechanism (Reed et al., 1996).
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Figure 3.1 Glycolytic activity of enolase. During glycolysis enolase catalyses the dehydration of 2phosphoglycerate to produce phosphoenolpyruvate and water. The reverse reaction takes place during
gluconeogenesis. Figure from Pancholi (2001).

Enolases are typically dimers comprised of two identical subunits, however it has been
found in some bacterial species to be octameric, consisting of a tetramer of dimers
(Schurig et al., 1995; Pancholi, 2001; Karbassi et al., 2010). GAS SEN exists as an
octamer, and studies of the dimeric form have found that the enzyme is unstable
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(Karbassi et al., 2010), suggesting that the octameric structure is favourable for optimal
functionality. The crystal structure of enolase has been solved for numerous species
including E. coli (Kuhnel et al., 2001), yeast (Larsen et al., 1996) and S. pneumoniae
(Ehinger et al., 2004), however the structure of GAS enolase has not been elucidated.
Enolase is predominantly found in the cytosol of both eukaryotes and prokaryotes, but
interestingly in some species, including GAS, it has also been shown to be associated
with the cell surface (Pancholi and Fischetti, 1998; Pancholi, 2001; Cole et al., 2005).
This is surprising, as α-enolase does not contain the typical motifs characteristic of cell
surface proteins. For example SEN does not contain a signal sequence, membranespanning domain, or cell-wall anchor motif (Walker et al., 2005; Bergmann and
Hammerschmidt, 2007).

It has been reported that enolase at the cell surface acts as a receptor for plasmin(ogen)
in both eukaryotic (Miles et al., 1991; Lopez-Alemany et al., 1994; Nakajima et al.,
1994; Redlitz et al., 1995; Andronicos et al., 1997) and prokaryotic cells (Pancholi and
Fischetti, 1998; Bergmann et al., 2001). The C-terminal lysine residues of SEN have
been implicated in the binding of plasminogen by GAS (Pancholi and Fischetti, 1998;
Derbise et al., 2004), however the exact mechanism of binding is not fully
characterized. Typically the lysine-binding residues within kringles 1, 4 and 5 of
plasminogen interact with C-terminal lysines of its binding partners (Winram and
Lottenberg, 1998; Derbise et al., 2004; McArthur et al., 2008).

It is known that SEN exists as an octamer at the streptococcal surface, and further
characterization of the structure of SEN may shed some light on its function as a
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plasminogen receptor. Furthermore, elucidating the structure of enolase may reveal
additional binding domains.

3.2 Results
3.2.1 Expression and Purification of 6xHis-Tagged SEN
The expression plasmid pET14bSEN was transformed into E. coli BL21 Star™ (DE3)
cells, featuring the lambda DE3 lysogen containing the gene for T7 RNA polymerase,
and therefore expression is inducible. Expression of SEN in E. coli BL21 Star™ (DE3)
was induced by the addition of IPTG to a final concentration of 1 mM. Comparing the
growth rates of both un-induced and induced E. coli demonstrated that there is little
effect on the growth of the bacteria when expressing the recombinant gene product
(Figure 3.2). Aliquots of sample were collected prior to induction and every hour postinduction, cells harvested via centrifugation and resuspended in sterile saline. Whole
cell lysate samples were analysed by 12% SDS-PAGE analysis (Figure 3.3). A band
approximately 50 kDa in size was apparent and showed an increased intensity over time
once induced (lanes 1-5; Figure 3.3). This mass corresponds to the theoretical mass of
His-tagged SEN (49.5 kDa) as estimated using the ProtParam tool at ExPASy
(http://au.expasy.org/tools/protparam.html). There is a band corresponding to the size of
His-tagged SEN in the un-induced sample, which could indicate leaky expression,
however a vector only control was not available, and therefore leaky expression could
not be confirmed. Once expression of recombinant SEN was confirmed, the His-tagged
protein was purified using Ni-NTA Agarose affinity chromatography. The elution
fractions containing the purified protein were pooled, dialysed against 1 X PBS, then
analysed by 12% SDS-PAGE. A protein band of approximately 50 kDa was identified
as His-tagged SEN (1ane 6, Figure 3.3).
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Figure 3.2 Growth kinetics of E. coli BL21 Star™ (DE3) (pET14bSEN) following induction with 1 mM
IPTG at mid-log phase. Growth was measured as absorbance at 600 nm every 30 min until 4 h postinduction. The growth data is representative of two independent experiments, with error bars indicating
the standard deviation. The time at which cultures were induced is indicated by an arrow.
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Figure 3.3 Coomassie™ Blue stained 12% SDS-PAGE gel of E. coli BL21Star™ (DE3) (pET14bSEN)
whole cell lysates and purified recombinant SEN. The whole cell lysates show the expression of
recombinant 6xHis-tagged SEN protein before and after induction with 1 mM IPTG over a 4 h period
post-induction. Lane 1, non-induced expression; lane 2, 1 h post-induction; lane 3, 2 h post-induction;
lane 4, 3 h post-induction; lane 5, 4 h post-induction; lane 6, purified recombinant 6xHis-tagged SEN
protein. PageRuler™ Prestained Protein Ladder (Fermentas, Lithuania) molecular weight markers are
given in kilo-Daltons (kDa).

3.2.2 Production of Polyclonal SEN Antiserum
Polyclonal SEN antiserum was produced by immunising New Zealand White rabbits
with 150 µg of purified recombinant His-tagged SEN. The immune response against
SEN was monitored throughout the immunisation schedule using an ELISA, and the
specificity of the antiserum to detect enolase was confirmed using Western blot
analysis. For ELISA, the antibody titre of the pre-immune sera was zero as expected due
to the rabbit not being previously exposed to the antigen (Figure 3.4A). The antibody
titres for sera collected post-secondary and tertiary immunisations were 677.3 and
5155.4, respectively (cut off value = 0.1), indicating an increase in antibody response
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against the recombinant SEN protein. Western blot of analysis of E. coli BL21Star™
(DE3) (pET14bSEN) whole cell lysates and purified protein revealed low
immunoreactivity of the non-induced cell lysate (Figure 3.4B-C). This could be due to
leaky expression of the recombinant protein or cross reactivity with E. coli enolase. The
antisera reacted strongly with both the induced cell lysate and the purified protein,
confirming that the antiserum is highly immunoreactive with the recombinant SEN.
There are minor bands that have also reacted with the polyclonal antisera, which may be
attributed to the breakdown of the recombinant protein. Contamination of other proteins
may also be responsible for multiple bands, such as E. coli enolase which would also
react with the polyclonal antisera due to the protein being highly homologous between
the two species. There was no reactivity of the pre-immune antiserum for both the cell
lysates and purified protein (data not shown), indicating that the rabbit anti-serum prior
to exposure to the antigen was not cross reactive with SEN.
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Figure 3.4 Production of polyclonal rabbit SEN antiserum. (A) Antibody response monitored by
Enzyme-Linked Immunosorbent Assay (ELISA). The rabbit polyclonal antisera raised against SEN was
serially diluted two fold across an ELISA plate coated with 5 µg mL-1 of SEN. Detection of bound
antisera was performed using goat anti-rabbit antisera and OPD substrate. The ELISA was performed in
duplicate for each antiserum and the curves are representative of the mean data, with error bars indicating
the standard deviation. (B) Coomassie™ Blue stained 12% SDS-PAGE gel of uninduced and induced E.
coli BL21Star™ (DE3) (pET14bSEN) whole cell lysates and purified recombinant SEN. (C)
Corresponding western blot analysis. Protein samples were transferred to a nitrocellulose membrane and
probed with polyclonal antiserum specific for SEN. Lane 1, whole cell lysate of non-induced E. coli
BL21 Star™ (DE3) (pET14bSEN); lane 2, whole cell lysate of E. coli BL21 Star™ (DE3) (pET14bSEN) 4
h post-induction with 1 mM IPTG; lane 3, purified recombinant 6xHis-tagged SEN. PageRuler™
Prestained Protein Ladder (Fermentas, Lithuania) molecular weight markers are given in kilo-Daltons
(kDa).

3.2.3 Functional Analysis of Recombinant SEN
3.2.3.1 Glycolytic Activity of Recombinant Wild Type SEN
The glycolytic activity of recombinant wild type SEN, i.e. the conversion of 2phosphoglycerate to phosphoenolpyruvate, was measured spectrophotometrically at 240
nm. The amount of phosphoenolpyruvate produced over a time period of 5 min was
recorded and plotted (Figure 3.5). The initial rate of phosphoenolpyruvate formation
was calculated to be 0.123 µmol min-1 µg-1 of recombinant protein.
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Figure 3.5 Enzymatic activity analysis of wild type SEN. The catalytic activity of wild type SEN was
measured by the conversion of 2-phosphoglycerate to phosphoenolpyruvate at 240 nm. The graph shown
was constructed from the averages of three independent experiments, with error bars indicating the
standard deviation.

3.2.3.2 Purification of Glu-Plasminogen from Human Plasma
Glu-plasminogen was purified from human plasma using Lysine Sepharose 4B affinity
chromatography (Figure 3.6A). Eluted human plasminogen was dialysed against PBS
and analysed by 12% SDS-PAGE (Figure 3.6B). Both non-reducing and reducing forms
of glu-plasminogen ran as a single band approximate to the theoretical size of 92 kDa,
indicating the sample was free from its active form plasmin. The identity of the purified
plasminogen was confirmed using ligand blot analysis and polyclonal antibodies
specific for human plasminogen (Figure 3.6C). The capacity of glu-plasminogen to be
activated to plasmin by streptokinase was confirmed as described in section 2.13.3 (data
not shown).
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Figure 3.6 Purification of glu-plasminogen from human plasma. (A) Elution profile of the purification of
glu-plasminogen from human plasma using Lysine Sepharose 4B affinity chromatography. (B)
Coomassie™ Blue stained 12% SDS-PAGE gel of purified glu-plasminogen and BSA (negative control)
under both non-reducing and reducing conditions. (C) Corresponding ligand blot analysis. Protein
samples were transferred to a nitrocellulose membrane and probed with polyclonal antiserum specific for
human plasminogen. Lane 1, non-reduced glu-plasminogen; lane 2, reduced glu-plasminogen; lane 3,
non-reduced BSA; lane 4, reduced BSA. PageRuler™ Prestained Protein Ladder (Fermentas, Lithuania)
molecular weight markers are given in kilo-Daltons (kDa).
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3.2.3.3 Binding of Human Glu-Plasminogen by Recombinant Wild Type SEN
The plasminogen binding ability of wild type SEN was examined using ligand blotting
and surface plasmon resonance. Ligand blot analysis showed that wild type SEN
specifically bound glu-plasminogen (Figure 3.7A-B), as did the previously described
PAM protein, when compared to a non-plasminogen binding M protein (SandersonSmith et al., 2006). Plasminogen binding ability of SEN in its natural conformation was
also measured qualitatively with surface plasmin resonance (Figure 3.7C). SEN binding
to immobilised human glu-plasminogen (10200 response units) occurred at a slow rate
that was limited by mass transfer, which also slowly dissociated. This is expected for a
large octameric molecule. The total amount of SEN associated with plasminogen was
approximately 420 response units.
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Figure 3.7 Plasminogen binding analysis of wild type SEN. (A) Coomassie™ Blue stained 12% SDSPAGE gel of recombinant wild type SEN, PAM (positive control) and M protein (negative control). (B)
Corresponding ligand blot. Proteins were transferred to a membrane, incubated with Glu-plasminogen
and probed with antiserum specific for human plasminogen. Lane 1, PAM; lane 2, M1 protein; lane 3,
wild type SEN. PageRuler™ Prestained Protein Ladder (Fermentas, Lithuania) molecular weight markers
are given in kilo-Daltons (kDa). (C) Surface plasmon resonance sensorgram for recombinant wild type
SEN binding at 100 nM (as monomer) to immobilized human Glu-plasminogen (10200 Response Units).

3.2.4 Structural Analysis of Recombinant SEN
The octameric structure of recombinant wild type SEN was investigated using in silico
modelling, by constructing a ribbon model based on the crystal structure of S.
pneumoniae α-enolase (Figure 3.8A). The model revealed that the overall structure
consists of eight copies of GAS SEN residues 1-435, and is comprised of 42% αhelices. The theoretical collision cross-section for this homology-modelled octamer was
determined using Mobcal software (Mesleh et al., 1996), and calculated to be 12,117
Å2. CD spectra showed that the secondary structure of wild type SEN is primarily αhelical as depicted by the negative deflections at 222 and 209 nm (Figure 3.8B).
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Deconvolution of CD spectrum data revealed that the structure contains ~48% α-helix
as calculated using the DSSP secondary structure assignment program (Carter et al.,
2003), which correlates well with the α-helical content of the in silico model.

ESI-MS of SEN was performed under conditions where the native state non-covalent
complex remains intact in the gas phase and resembles more accurately the charge on
the assembly in solution (Benesch and Robinson, 2006). The raw spectrum (Figure
3.8C) exhibited a series of peaks in the range 8,600 m/z to 10,200 m/z, corresponding to
46+ through 39+ charge states of SEN. Transformation to a mass scale (Figure 3.8C
inset) revealed that wild type SEN has a mass of 395.9 kDa, corresponding well with
the calculated mass of an octamer (394.9 kDa). Ion-mobility (IM) data for wild type
SEN was acquired using travelling-wave-based separation on the Waters Synapt HDMS
instrument. The drift times for the three major ions of wild type SEN were shown to be
14.8 ms (44+), 15.7 ms (43+) and 16.9 ms (42+) (Figure 3.8D). These drift times were
used to calculate a collision cross-section for octameric wild type SEN of 12,763 ± 580
Ǻ2 (mean of the four principal charge states, ± two standard deviations), which
compares favourably to the value estimated using in silico modelling.
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Figure 3.8 Structural characteristics of wild type SEN. (A) Octameric ribbon model of wild type SEN
modelled from the crystal structure of octameric S. pneumoniae α-enolase. (B) Far-UV circular dichroism
spectra demonstrating the α-helical secondary structure of recombinant wild type SEN, as shown by the
negative deflections at 222 and 209 nm. (C) ESI- mass spectra illustrating the major charge state series
for wild type SEN Octamer (insert: spectrum transformed to mass scale). (D) IM-MS plots showing the
octameric structure of recombinant wild type SEN.

3.3 Discussion
Recombinant DNA technology affords the study of macromolecules and the ability to
define both structural and functional characteristics of a protein. In the present study,
recombinant GAS SEN was successfully expressed and purified, and anti-sera specific
to this protein was produced to utilise in further experiments. It is important when
studying recombinant proteins that their native confirmation and function are retained.
The glycolytic activity of recombinant GAS SEN was shown to be functional,
suggesting that the structure of the protein was intact. This was confirmed with
structural studies, which showed that its octameric form was retained. Furthermore, the
plasminogen binding ability of SEN was confirmed both in its denatured form as shown
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by ligand blot analysis, and more importantly in its native form by surface plasmon
resonance.

Structural analysis of complex protein macromolecules is often difficult, however the
advancement in X-ray crystallographic techniques have made the acquisition of three
dimensional structures possible. Although X-ray crystallography is a powerful tool in
the field of structural biology, it does come with its impediments. Firstly, one must
obtain sufficient amounts of the protein complex in soluble form, which can sometimes
be difficult when expressing foreign proteins and large macromolecules in prokaryotic
expression systems (Byrne and Iwata, 2002). Heterologous hosts may lack the
chaperone machinery for correct folding and trafficking of proteins and the overexpressed protein can form inclusion bodies. This sometimes makes native purification
impossible, and proteins need to be adequately refolded to their native form. Secondly,
the crystallisation of protein complexes can be random and time consuming, and even
with successful crystal formation, collection of quality diffraction data is not guaranteed
(Byrne and Iwata, 2002; Riekel et al., 2005). Utilising X-ray crystallography to decipher
the structure of a protein complex, however, is not the only method plausible.

In the absence of a three dimensional crystal structure, computational, comparative or
homology modelling can often serve as an alternative, if the structure of interest is
similar to a known protein structure (Eswar et al., 2003; Eswar et al., 2007). This
method is known as in silico modelling and has progressively become more popular
over the past decade as a proteomics tool.

In recent years, advances in mass

spectrometry have provided powerful tools in protein structure determination,
particularly in the stoichiometry of protein complexes and the spatial distribution of the
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subunits that make up the macromolecule (Benesch et al., 2007; Hernández and
Robinson, 2007). When used in conjunction with ion mobility analysis, the shape of
intact protein complexes based on their drift time in a mobility cell can be deciphered
(McLean et al., 2005; Ruotolo et al., 2008). In silico modelling in conjunction with CD
spectroscopy and mass spectrometry affords a much more rapid approach to obtaining
the size and shape of a macromolecule and may alleviate the need to employ X-ray
crystallographic techniques.

In the present work, in silico modelling in concert with CD spectroscopy, ESI-MS, and
IM-MS were applied to characterise the structure of enolase from group A
streptococcus. Here, the octameric structure of -enolase from S. pneumoniae was used
to model the GAS SEN structure due to its high sequence identity at the amino acid
level. The resulting model could then be used to compare structural properties measured
with the techniques described above. The alpha-helical content measured by CD
spectroscopy correlated well with that calculated from the computational model, and the
octameric arrangement was clearly apparent through MS analysis. Additionally,
construction of computational models affords insight into the structural arrangement of
macromolecules and how subunits are arranged spatially, as well as identifying the
presence of surface exposed binding motifs. This is a prime example of using computer
modelling and ion mobility and mass spectrometry to investigate protein structure.
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4. CHARACTERISATION OF GAS αENOLASE MUTANTS

4.1 Introduction
The availability of a structural model of SEN enables the mapping of the exact
regions/motifs responsible for plasminogen binding. Consideration of the structure of
SEN is important when defining binding motifs. Due to its octameric nature, potential
binding motifs may be buried within the molecule, and therefore would not play a role
in the acquisition of plasminogen. Plasminogen binding by GAS SEN has previously
been attributed to the two C-terminal residues Lys434 and Lys435 (Pancholi and Fischetti,
1998; Derbise et al., 2004).

However, in the closely related -enolase of S.

pneumoniae, an internal nine-amino acid motif (Asp248-Tyr256) has also been implicated
(Bergmann et al., 2003). The crystal structure of pneumococcal enolase revealed that
the internal binding motif was significantly more surface-exposed than the C-terminal
lysine residues (Ehinger et al., 2004). Hence by analysing the structure of -enolase in
S. pneumoniae, it was determined that plasminogen binding was attributed to the
internal binding motif rather than the C-terminal lysine residues. Lysine residues are
primarily of interest as they have been implicated in plasminogen binding by GAS SEN
(Derbise et al., 2004), other α-enolases (Miles et al., 1991) and other GAS surface
proteins (Winram and Lottenberg, 1998). Furthermore, lysine residues are featured in
the nine-amino acid motif described for plasminogen binding by S. pneumoniae enolase (Bergmann et al., 2003).

In addition to plasminogen binding, lysine residues have been implicated in the activity,
auto-modification and export of this enzyme outside of the cell (Pancholi, 2001; Boel et
al., 2004). In E. coli enolase, the substrate 2-phosphoglycerate binds to Lys341 of the
active site, modifying the enzyme and rendering it inactive (Boel et al., 2004). By
substituting this residue to glutamic acid, the enzyme is no longer modified, therefore it
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retains glycolytic activity and export to the supernatant is eliminated. By utilising site
directed mutagenesis, specific amino acid residues can be targeted, and the affect of
changing key residues has on the structure of the molecule can be investigated, which
can also shed light on its functional mechanisms. Here we chose lysine residues that
were surface exposed as determined by in silico homology modelling. The effect of
these mutations on the activity of SEN, its function to bind plasminogen, and any
changes in structure were identified.

4.2 Results
4.2.1 Construction of 6xHis-Tagged SEN Mutants
4.2.1.1 Site Directed Mutagenesis of Wild Type SEN
In silico modelling was employed to choose surface exposed lysine residues for site
directed mutagenesis (Figure 4.1). Substitution of nucleotides encoding lysine residues
to either alanine or glutamic acid was confirmed by DNA sequence analysis (data not
shown).

4.2.1.2 Purification of 6xHis-Tagged SEN Mutants
Once 6xHis-Tagged SEN mutants were cloned and expressed, each protein was purified
using Ni-NTA Agarose affinity chromatography. The elution fractions containing the
purified protein were pooled, dialysed against 1 X PBS then analysed by 12% SDSPAGE. The SDS-PAGE gel revealed a single protein band for each purified SEN
mutant (lanes 2-13, Figure 4.2) indicating the proteins were pure and free from other
non-tagged proteins. Also, each SEN mutant ran at a similar size to the wild type SEN
protein (lane 1, Figure 4.2), with slight deviations being attributed to a change in overall
charge of the protein as a result of the point mutation, hence affecting the mobility of
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the protein through the SDS-PAGE gel.
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Figure 4.1 Model of the SEN monomer obtained by homology modelling based on the crystal structure of
S. pneumoniae -enolase. (PDB identity: 1W6T) (Ehinger et al., 2004). Residues shown in red indicate
the positions of the lysine residues that were substituted in each of the SEN mutants listed.
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Figure 4.2 Coomassie™ Blue stained 12% SDS-PAGE gel of purified recombinant 6xHis-Tagged SEN
mutants. Lane 1, SEN wild type; lane 2, SENK252A; lane 3, SENK255A; lane 4, SENK252A+K255A; lane 5,
SENK261A; lane 6, SENK285A; lane 7, SENK304A; lane 8, SENK312A; lane 9, SENK334A; lane 10, SENK344E;
lane 11, SENK362A; lane 12, SENK435L; lane 13, SENΔ434-435. PageRuler™ Prestained Protein Ladder
(Fermentas, Lithuania) molecular weight markers are given in kilo-Daltons (kDa).
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4.2.2 Functional Analysis of Recombinant SEN Mutants
The functionality of each mutant was investigated by measuring its enzymatic activity
and plasminogen binding ability.

4.2.2.1 Glycolytic Activity of Recombinant SEN Mutants
The glycolytic activity of each SEN mutant was measured and the amount of
phosphoenolpyruvate accumulated over 5 min was plotted alongside that of wild type
SEN for comparison (Figure 4.3). The initial rate of phosphoenolpyruvate formation
was calculated and is listed in Table 4.1. Enzymatic activity was retained for
SENK252A+K255A, SENK261A, SENK285A, SENK304A, and SENK312A, was reduced in
SENK252A, SENK255A, SENK334A SENK362A, SENK435L, and SENΔ434-435, and completely
abolished in SENK344E.

4.2.2.2 Binding of Human Glu-Plasminogen by Recombinant SEN Mutants
The plasminogen binding ability of each recombinant SEN mutant was assessed using
ligand blot analysis, and also compared to the respective binding ability of wild type
SEN using surface plasmon resonance (SPR). Each mutant protein, along with wild type
SEN, were resolved on a 12% SDS-PAGE gel (Figure 4.4A) and transferred to
nitrocellulose. The membrane was then incubated with Glu-plasminogen and the
resultant binding was detected using antiserum specific for human plasminogen. The
ligand blot demonstrated that all mutant forms of SEN (when denatured) specifically
bind glu-plasminogen except for SENK435L and SENΔ434-435 (Figure 4.4B). When the
plasminogen binding ability of SEN mutants was assessed in their native conformation
using qualitative SPR measurements, it was found that SENK304A and SENK334A bound
Glu-plasminogen equivalently to wild type (Figure 4.5H and F), whilst plasminogen
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Figure 4.3 Enzymatic activity analysis of SEN mutants. Data displayed compares the enzyme activity of
wild type SEN (solid line) with the mutant forms of SEN (dashed line). (A) SENK252A; (B) SENK255A; (C)
SENK252A+K255A; (D) SENK261A; (E) SENK285A; (F) SENK304A; (G) SENK312A; (H) SENK334A; (I) SENK344E;
(J) SENK362A; (K) SENK435L; (L) SENΔ434-435. The curves were constructed from the averages of three
independent experiments, with error bars indicating the standard deviation.
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Table 4.1 Glycolytic activity represented by initial rate of phoshoenolpyruvate (PEP) formation of each
SEN-mutant.

Mutant
SENK252A
SENK255A
SENK252A+K255A
SENK261A
SENK285A
SENK304A
SENK312A
SENK334A
SENK344E
SENK362A
SENK435L
SENΔ434-435
SEN WT

Initial rate of PEP
Formation (μmol min-1 μg-1)
0.053
0.034
0.091
0.079
0.103
0.095
0.076
0.026
< 0.004
0.067
0.069
0.015
0.123

Reduction in
Activity (%)
56.9
72.4
26
35.8
16.3
22.8
38.2
78.9
>96.7
45.5
43.9
87.8
0
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Figure 4.4 Plasminogen binding analysis of recombinant SEN mutants. (A) Coomassie™ Blue stained
12% SDS-PAGE gel of purified recombinant 6xHis-Tagged SEN mutants used for ligand blot analysis.
(B) Corresponding ligand blot. Proteins were transferred to a membrane, incubated with Glu-plasminogen
and probed with antiserum specific for human plasminogen. Lane 1, SEN wild type; lane 2, SENK252A;
lane 3, SENK255A; lane 4, SENK252A+K255A; lane 5, SENK261A; lane 6, SENK285A; lane 7, SENK304A; lane 8,
SENK312A; lane 9, SENK334A; lane 10, SENK344E; lane 11, SENK362A; lane 12, SENK435L; lane 13, SENΔ434435

. PageRuler™ Prestained Protein Ladder (Fermentas, Lithuania) molecular weight markers are given in

kilo-Daltons (kDa).
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Figure 4.5 Surface plasmon resonance of plasminogen binding by recombinant SEN mutants. Data
displayed compares the plasminogen binding of wild type SEN (solid line) with the mutant forms of SEN
(dashed line).

(A) SENK252A; (B) SENK255A; (C) SENK252A+K255A; (D) SENK261A; (E) SENK285A; (F)

SENK304A; (G) SENK312A (H) SENK334A; (I) SENK344E; (J) SENK362A; (K) SENK435L; (L) SENΔ434-435. Surface
plasmon resonance sensorgrams represent binding at 100 nM (as monomer) to immobilized human Gluplasminogen (10200 Response Units).

86

binding ability was greatly diminished for SENK252A+K255A, SENK435L and SEN Δ434-435 (Figure
4.5C, K and L). This data suggests that plasminogen interacts with both lysine pairs (252+255
and 434+435) in GAS SEN. The ability to bind human Glu-plasminogen apparently increased

for SENK252A, SENK255A, SENK261A, SENK285A, SENK312A, SENK344E and SENK362A
(Figure 4.5A, B, D, E, G, I, and J).

4.2.3 Structural Analysis of Recombinant SEN Mutants
Circular dichroism spectroscopy and mass spectrometry was applied to each SEN
mutant to investigate the structural properties of SEN mutants and detect any
conformational changes in comparison to wild type SEN.

4.2.3.1 Circular Dichroism Spectroscopy of Recombinant SEN Mutants
The secondary structure of each SEN mutant was analysed using CD spectroscopy,
revealing that each SEN mutant exhibited α-helical structure as suggested by the
negative deflections at 222 and 209 nm in the CD spectra (Figure 4.6). However
SENK344E displayed minimal deflections at these wavelengths (Figure 4.6I).
Deconvolution of spectra and estimation of α-helical content using DICHROWEB
Online Circular Dichroism Analysis Suite (Lobley et al., 2002) revealed that the αhelical content of all mutants except SENK344E was comparable to wild type SEN.

4.2.3.2 Mass Spectrometry of Recombinant SEN Mutants
Nanoelectrospray ionization mass spectrometry showed that all mutants retained the
octameric structure that is characteristic of wild type SEN except for SENK344E (Figure
4.7). The minor shifts in the charge state distributions, as shown by the position of the
43+ charge state of SEN wild type (Figure 4.7 highlighted), are due to the replacement
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Figure 4.6 Far-UV circular dichroism spectra of SEN mutants. Data displayed compares the spectra of
wild type SEN (solid line) with the mutant forms of SEN (dashed line). (A) SENK252A; (B) SENK255A; (C)
SENK252A+K255A; (D) SENK261A; (E) SENK285A; (F) SENK304A; (G) SENK312A; (H) SENK334A; (I) SENK344E;
(J) SENK362A; (K) SENK435L; (L) SENΔ434-435. Samples were prepared at 4 µM in 10 mM Sodium
Phosphate Buffer (pH 7.5). A pathlength of 1 mm was used and spectra presented are accumulations of 16
scans.
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Figure 4.7 ESI-mass spectra illustrating the major charge state series for each of the SEN mutant
octamers. (A) SENK252A; (B) SENK255A; (C) SENK252A+K255A; (D) SENK261A; (E) SENK285A; (F) SENK304A;
(G) SENK312A; (H) SENK334A; (I) SENK344E; (J) SENK362A; (K) SENK435L; (L) SENΔ434-435. The 43+ charge
state is highlighted. SENK344E was observed to contain minor amounts of heptamer (*) hexamer (o) and
monomer (shown in inset).
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or removal of lysine residues. The spectra for SENK344E showed a peak series
interspersed within the peaks representing the octamer (Figure 4.7), and a pair of charge
states at considerably lover values of 3800-4200 m/z (Figure 4.7 inset). This suggests
SENK344E might be present in two additional multimeric forms. A careful examination
of these charge state series revealed that the SENK344E octamer was partially dissociated
into heptamers, hexamers and monomers.

IM-MS was undertaken on a selection of SEN mutants, namely those that were found to
bind similar amounts of plasminogen as the wild type (SENK304A and SENK334A), those
that were demonstrated to abolish plasminogen binding (SENK252A+K255A, SENK435L and
SEN434-435), and SENK344E due to its notable structural and functional differences. Drift
times of the 43+ charge states were extracted at the same acceleration voltage. The drift
time of wild type SEN is overlaid in red on the data collected for each SEN-mutant so
that differences are readily apparent (Figure 4.8). The mutations had the effect of either
shortening, lengthening, or not changing the octamer drift time relative to that of the
wild type protein. Structural integrity was maintained for all mutants except SENK344E,
which exhibited a much longer drift time than for wild type SEN. The longer drift time
indicates structural instability and partial dissociation of the octamer, which is
consistent with the data obtained from the far-UV CD spectrum (Figure 4.6), and ESIMS (Figure 4.7). The remaining octameric species clearly have a greater collision crosssection, which is responsible for the augmented drift time. Of the other mutants,
SENK252A+K255A and SENK304A clearly assumed more compact quaternary states due to
the shorter drift times while SENK334A, SENK435L and SENΔ434-435 remained similar in
molecular shape to the wild type SEN.
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Figure 4.8 IM-mass spectra showing the drift time for the 43+ charge state of each SEN mutant. (A)
SENK252A+K255A; (B) SENK304A; (C) SENK334A; (D) SENK344E; (E) SENK435L; (F) SENΔ434-435. Data
displayed compares the drift time of wild type SEN (red) with the mutant forms of SEN (black).

4.2.3.3 In Silico Homology Modelling of Octameric SEN
The solved crystal structure of S. pneumoniae -enolase was used to construct
homology models of octameric SEN (Ehinger et al., 2004). The model revealed that
lysines 252 and 255 are located in a surface-exposed loop at the edge of the toroidal
octameric protein (Figure 4.9). Lysines 434 and 435 were also surface located at the
dimer-dimer interface approximately 30 Å from lysines 252 and 255.
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A
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C

Figure 4.9 Homology modelling of SEN based on the crystal structure of S. pneumoniae -enolase
highlighting lysine residues implicated in plasminogen binding. (A) Monomeric subunit. (B) Frontal view
of octameric structure. (C) Side view of octameric structure. Plasminogen binding is attributed to internal
lysine residues at positions 252 and 255 (red) and C-terminal lysines (blue).

4.3 Discussion
The glycolytic activity was retained for most mutants, while some displayed reduced
activity, particularly SENK344E, whose α-enolase activity was completely abolished. This
could be due to the fact that lysine residue 344 lies within the active site of the enzyme,
and hence changing this residue to glutamic acid might render it non-functional. The
corresponding lysine residue of E. coli (K341) and yeast (K345) have been described as
being essential for the catalytic function of SEN (Poyner et al., 1996; Boel et al., 2004).
However, mutational studies in E. coli where this residue was also substituted for
glutamic acid showed no significant change in enzymatic activity when compared to the
wild type (Boel et al., 2004). It is speculated that glutamic acid serves as the proton
acceptor instead of the lysine residue during the catalytic reaction (Boel et al., 2004).
Structural variation between the binding pockets of GAS and E. coli might explain the
difference in enzymatic function when the key lysine residue is substituted for glutamic
acid. For example, the carboxyl group of glutamic acid may be buried in GAS SEN, and
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therefore not available to be protonated during catalysis. Where enzymatic activity was
reduced in some mutants, this may simply be a result of structural changes in the active
site or alternatively these residues could reside in close proximity to the active site, and
play

a

small

role

in

the

catalytic

conversion

of

2-phosphoglycerate

to

phosphoenolpyruvate

Aside from glycolytic function, the ability of each SEN mutant to bind plasminogen was
addressed. As reported previously by Derbise and colleagues, the two C-terminal lysine
residues were shown to be essential for plasminogen acquisition, as ligand blot analysis
revealed mutants lacking these residues were unable to bind plasminogen (Derbise et
al., 2004). However it had also been reported in S. pneumoniae that an internal binding
motif was responsible for plasminogen acquisition (Bergmann et al., 2003). Because
proteins are in their denatured state during ligand blot analysis, it was impossible to rule
out other residues that may be involved in plasminogen acquisition when SEN is present
in its native conformation. Studying protein interactions in their native state can be
performed using enzyme-linked immunosorbent assay (ELISA), however this can
sometimes require high concentrations of ligand and/or its binding partner, in addition
to the use of antisera specific to detect the bound protein. To overcome this, surface
plasmon resonance was employed as only a small amount of protein is required, and
BIACore is capable of measuring low affinity binding events. By using SPR
technology, it was revealed that in addition to SENK435L and SEN434-435,
SENK252A+K255A was unable to bind plasminogen, demonstrating that these residues in
conjunction with the C-terminal lysine residues are involved in the acquisition of
plasminogen.
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Interestingly, some of the mutations resulted in an increase in plasminogen binding in
comparison to the wild type enolase. Further investigation into these mutants to
undercover the reasoning behind this increase is ongoing, however one hypothesis is
that changes in the overall structure of the octamer might enable improved plasminogen
binding capacity. The residues identified as playing a role in plasminogen acquisition
are placed 30 Å apart between the dimer-dimer interfaces, forming a “binding pocket”.
This distance also approximates that between the binding sites in kringle domains (K1K3) of plasminogen (Abad et al., 2002; Geiger and Cnudde, 2004). Hence if the overall
structure were to change, the distance between binding residues would change and
might improve plasminogen access to this binding pocket.

When investigating the secondary structure of SEN mutants, it was evident that there
was a reduction in -helical content in SENK344E. The loss of secondary structure for
this mutant was consistent with the loss of quaternary structure, as based on mass alone
it was found that SENK344E existed as a mixture of octamers, heptamers, hexamers and
monomers. This would suggest a loosening of overall macromolecular shape, which
was corroborated by with the observed shift in ion mobility drift time. This loss of
structural integrity could feasibly account for the improved plasminogen binding ability
for SENK344E. This cannot be said for SENK252A, SENK255A, SENK261A, SENK285A,
SENK312A, and SENK362A, because although these mutants were shown to bind more
plasminogen than wild type SEN using SPR, there was no evident loss of structure
using CD spectroscopy. Furthermore, these mutants retained octameric structure as
determined by ESI-MS. It may be plausible however, that a loosening of the octamer
without dissociation of subunits could open the dimer-dimer interface where the
plasminogen binding residues reside. This would allow for greater accessibility of
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plasminogen and an increased capacity for plasminogen binding by these mutants. This
may also explain the loss of enzymatic activity in some mutants but not others. For
example mutating residues Lys252 and Lys255 simultaneously does not affect the
enzymatic activity as much as mutating these residues individually. The greater
reduction in activity could be attributed to a small change in the overall structure. Small
changes to the quaternary structure could be measured by ion-mobility mass
spectrometry, as changes in drift time can reflect slight changes in overall structure. The
completion of ongoing X-ray crystallography studies is required to determine the
mechanism of increased plasminogen binding by this subset of SEN mutants.
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5. CHARACTERISATION OF GAS
GLYCERALDEHYDE-3-PHOSPHATE
DEHYDROGENASE

5.1 Introduction
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is an enzyme involved in the
glycolytic pathway of both eukaryotes and prokaryotes, and catalyses the reversible
conversion of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate (Figure 5.1).
Glycolytic enzymes are typically located in the cytoplasm, however GAPDH has been
found to be on the cell surface and exported outside of the cell in both eukaryotic and
prokaryotic species (Goudot-Crozel et al., 1989; Pancholi and Fischetti, 1992; Kolberg
and Sletten, 1996; Gil-Navarro et al., 1997; Chhatwal, 2002; Bergmann et al., 2004;
Boel et al., 2005). Both the mechanism of export and its function at the cell surface is
not fully characterised. It was been demonstrated, however, that the presence of
GAPDH on the cell surface contributes to the virulence of the bacterium, as
demonstrated by Boel and colleagues (Boel et al., 2005). The addition of a hydrophobic
tail to the C-terminal end of GAPDH prevented the protein from being surface
displayed. This resulted in a decreased ability to bind plasminogen, reduced adherence
to human pharyngeal cells and a loss in antiphagocytosis activity, highlighting the role
of GAPDH as a surface associated virulence factor.

GAPDH earns its name as a multifunctional protein due to observations of it binding to
several host proteins, such as plasmin(ogen), fibronectin, lysozyme, actin and myosin
(Lottenberg et al., 1992; Pancholi and Fischetti, 1992; Chhatwal, 2002; Seifert et al.,
2003; Bergmann et al., 2004). Like enolase, GAPDH has the ability to bind
plasmin(ogen), providing the bacterium with proteolytic activity at its cell surface. The
exact mechanism of binding is not fully understood, but as with enolase, is thought to
involve lysine residues, particularly those at the C-terminus, as shown in
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Figure 5.1 Glycolytic activity of glyceraldehyde-3-phosphate dehydrogenase. During glycolysis GAPDH
catalyses the oxidation and phosphorylation of glyceraldehyde-3-phosphate to produce 1,3bisphosphoglycerate. NAD+ is a co-substrate and is simultaneously reduced to NADH. The reverse
reaction takes place during gluconeogenesis.

GAS and other streptococcal species (Gase et al., 1996; Winram and Lottenberg, 1996;
Bergmann et al., 2004; Jin et al., 2005). Fibronectin is abundantly present as an
insoluble constituent of the basal membrane and extracellular matrix, and on the surface
of some eukaryotic cells; therefore making it a prime target for bacterial adherence
(Courtney et al., 1986; Pancholi and Fischetti, 1992; Chhatwal, 2002). Fibronectin is
also present as a soluble form in bodily fluids, notably saliva, and GAS has been shown
to bind both insoluble and soluble types of fibronectin (Courtney et al., 1986). In
addition to fibronectin, GAPDH is reported to bind lysozyme, another component of
human saliva. Lysozyme is an important component of the host defence mechanism due
to its antimicrobial ability to hydrolyse the peptidoglycan layer of Gram-positive
pathogens (Flemming, 1922; Strominger and Ghuysen, 1967). However some Grampositive species, including GAS, are resistant to the bacteriolytic activity of lysozyme
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(Bera et al., 2005; Hébert et al., 2007). It is not known whether lysozyme binding by
GAPDH contributes to the resistance of GAS to lysozyme.

GAPDH is reported to bind to the cyctoskeletal proteins actin and myosin, however it is
not known if these binding interactions contribute to the ability of GAS to adhere to,
and/or invade host tissues (Pancholi and Fischetti, 1992). These molecules are involved
in intracellular transport, and provide a scaffold for eukaryotic cells (Frixione, 2000).
Binding to actin and myosin by GAPDH might enable the bacterium to penetrate
eukaryotic cells and enhance mobility once inside the cell. Additionally, actin and
myosin are abundant in muscle, and therefore could provide GAS with the ability to
adhere to and colonise muscle tissue. Due to the contractile nature of myosin, it is not
surprising that it is a major constituent of heart valves (Tardiff, 2004). Binding of
myosin by GAS could elicit an auto-immune response from the host, and could have
implications in conditions such as rheumatic heart disease (Gulizia et al., 1991).

Streptococcal GAPDH is a multifunctional enzyme that has been implicated in binding
several host proteins. It is unclear if binding to mammalian proteins plays a role in the
pathogenicity of the bacterium, thus characterising these interactions may shed light on
the initiation and progression of infection.

5.2 Results
5.2.1 Amplification and Cloning of gapdh into pET151
The Champion™ pET Directional TOPO® cloning and expression system was used to
express streptococcal GAPDH. The cloning system utilises topoisomerase to efficiently
clone PCR products into the expression vector in the correct orientation without the

98

need of restriction enzymes. The pET151 vector was chosen as it adds the 6xHis tag to
the N-terminal end of the protein, which is desirable as GAPDH is known to interact
with mammalian proteins through its C-terminal region (Winram and Lottenberg, 1998).
Hence interference of any interactions with mammalian proteins due to the
incorporation of the 6xHis tag was minimised. The gapdh gene was amplified with a
CACC overhang that anneals with the GTGG overhang of the pET151 vector upon
ligation to form the plasmid pET151GAPDH (Figure 5.2) The primers to amplify the
gapdh gene of GAS isolate NS13 were designed from the gapdh sequence located in the
NCBI database (http://www.ncbi.nlm.nih.gov/). The forward primer contained a CACC
overhang at the 5’ end followed immediately by the start codon of gapdh. The reverse
primer contained the 3’ end of gapdh including the stop codon. PCR amplification
resulted in a fragment of 1.15 kb, which correlates to the size of the gapdh gene (Figure
5.3). The pET151 vector is 5.76 kb in size, hence once the gapdh gene is cloned in, the
resulting pET151GAPDH plasmid is approximately 6.9 kb (Figure 5.2 and 5.3). When
pET151GAPDH digested with XbaI and SacI restriction enzymes a 1.3 kb fragment is
released, which corresponds to the size of the insert and additional sequence flanked by
the XbaI and SacI restriction sites (lane 5, Figure 5.3).

5.2.2 Expression and Purification of 6xHis-Tagged SEN
Once the gapdh PCR product was ligated to the pET151 vector, the construct was then
transformed into E. coli BL21 Star™ (DE3), which supplies the T7 RNA polymerase for
inducible gene expression. It was apparent that the expression of recombinant GAPDH
had only limited effect on the host bacteria (Figure 5.4). Whole cell lysates were
collected prior to induction and every hour post-induction, then analysed by 12% SDSPAGE analysis (Figure 5.5).
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Figure 5.2 The strategy used to clone the gapdh gene of S. pyogenes NS13 into plasmid pET151/DTOPO®. The 1.15kb gapdh gene was PCR amplified from chromosomal DNA with oligonucleotide
primers pET151GAPDH-F and pET151GAPDH-R to generate a PCR product containing the CACC
overhang at the 5′ end. The PCR product and the pET151/D-TOPO® vector were ligated via a 5 min
TOPO® cloning reaction to form pET151GAPDH. The pET151GAPDH construct was then transformed
into E. coli TOP10 and the resulting transformants screened for the presence of insert DNA using XbaI
and SacI restriction sites. Plasmids are not drawn to scale.
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Figure 5.3 Agarose gel electrophoresis analysis of the pET151 construct containing the 1.15 kb gapdh
insert flanked by SacI and XbaI sites. Lane 1, undigested pET151; lane 2, pET151 digested with SacI and
XbaI; lane 3, gapdh PCR product amplified from the chromosomal DNA of S. pyogenes NS13 isolate
with Vent

R

®

proofreading DNA polymerase (1.15 kb); lane 4, undigested pET151GAPDH; lane 5,

pET151GAPDH digested with SacI and XbaI. Double digestion of pET151GAPDH with XbaI and SacI
releases a 1.3 kb fragment, which corresponds to the size of the gapdh insert and additional sequence
flanked by the XbaI and SacI restriction sites. The samples were analysed on a 1% (w/v) TAE agarose
gel. Molecular weight markers given in kilobases (kb).
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Figure 5.4 Growth kinetics of E. coli BL21 Star™ (DE3) (pET151GAPDH) following induction with 1
mM IPTG at mid-log phase. Growth was measured as absorbance at 600 nm every 30 min until 4 h postinduction. The growth data is representative of two independent experiments, with error bars indicating
the standard deviation. The time at which cultures were induced is indicated by an arrow.
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There was a band of increasing intensity over time in the post-induction samples, which
was found to be approximately 40 kDa in size (lanes 1-5; Figure 5.5). This mass
corresponds to the theoretical mass of His-tagged GAPDH (39.7 kDa) as estimated
using the ProtParam tool at ExPASy (http://au.expasy.org/tools/ protparam.html). The
expressed GAPDH protein was then purified utilising Ni-NTA agarose affinity
chromatography as described previously (section 2.6.2) . SDS-PAGE analysis revealed
a single purified band of approximately 40 kDa that was free from other proteins and
degradation (lane 6, Figure 5.5).

5.2.3 Production of Polyclonal GAPDH Antiserum
Polyclonal GAPDH antiserum was produced by immunising New Zealand White
rabbits with 150 µg of purified recombinant His-tagged GAPDH. The immune response
against GAPDH was monitored throughout the immunisation schedule using ELISA,
and the specificity of the antiserum to detect GAPDH was confirmed using Western blot
analysis. The antibody titre of the pre-immune sera was zero as expected due to the
rabbit not being previously exposed to the antigen (Figure 5.6A). The antibody titres for
sera collected post-secondary and tertiary immunisations were 1522.7 and 38671.3
respectively (cut off value = 0.1), with the increase in titre indicative of an increase in
antibody production against the recombinant GAPDH protein. Western blot analysis of
E. coli BL21Star™ (DE3) (pET151GAPDH) whole cell lysates and purified protein
showed that the antisera reacted strongly with both the induced cell lysate and the
purified protein, confirming that the antisera is highly immunoreactive with the
recombinant GAPDH (Figure 5.6B-C). The absence of reactivity for the non-induced
cell lysate indicates expression is tightly regulated and requires induction with IPTG for
production of recombinant GAPDH. It also indicates that the antisera is specific for the
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recombinant GAPDH. There was no reactivity of the pre-immune antiserum for both the
cell lysates and purified protein (data not shown), indicating that the rabbit anti-serum
prior to exposure to the antigen was not cross reactive with GAPDH.
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Figure 5.5 Coomassie™ Blue stained 12% SDS-PAGE gel of E. coli BL21Star™ (DE3) (pET151GAPDH)
whole cell lysates and purified recombinant GAPDH. The whole cell lysates show the expression of
recombinant 6xHis-tagged GAPDH protein before and after induction with 1 mM IPTG over a 4 h period
post-induction. Lane 1, non-induced expression; lane 2, 1 h post-induction; lane 3, 2 h post-induction;
lane 4, 3 h post-induction; lane 5, 4 h post-induction; lane 6, purified recombinant 6xHis-tagged GAPDH
protein. PageRuler™ Prestained Protein Ladder (Fermentas, Lithuania) molecular weight markers are
given in kilo-Daltons (kDa).
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Figure 5.6 Production of polyclonal rabbit GAPDH antiserum. (A) Antibody response monitored by
Enzyme-Linked Immunosorbent Assay (ELISA). The rabbit polyclonal antisera raised against GAPDH
was serially diluted two fold across an ELISA plate coated with 5 µg mL-1 of GAPDH. Detection of
bound antisera was performed using goat anti-rabbit antisera and OPD substrate. The ELISA was
performed in triplicate for each antiserum and the curves are representative of the mean data, with error
bars indicating the standard deviation. (B) Coomassie™ Blue stained 12% SDS-PAGE gel of uninduced
and induced E. coli BL21Star™ (DE3) (pET151) and (pET151GAPDH) whole cell lysates and purified
recombinant GAPDH. (C) Corresponding Western blot analysis. Protein samples were transferred to a
nitrocellulose membrane and probed with polyclonal antiserum specific for GAPDH. Lane 1, whole cell
lysate of non-induced E. coli BL21 Star™ (DE3) (pET151GAPDH); lane 2, whole cell lysate of E. coli
BL21 Star™ (DE3) (pET151GAPDH) 4 h post-induction with 1 mM IPTG; lane 3, purified recombinant
6xHis-tagged GAPDH. PageRuler™ Prestained Protein Ladder (Fermentas, Lithuania) molecular weight
markers are given in kilo-Daltons (kDa).
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5.2.4 Binding Capacity of GAPDH
The ability of GAPDH to bind to certain mammalian proteins was then assessed using
blotting techniques and ELISA. Primarily, 5 μg of each mammalian protein was
resolved on a 15% SDS-PAGE gel (Figure 5.7A), then transferred to nitrocellulose
membrane and incubated with 10 μg ml-1 GAPDH. Bound GAPDH was then detected
using the polyclonal GAPDH anti-sera produced in section 5.2.3. GAPDH was found to
bind with actin and plasminogen, but there was no interaction with egg-white or human
lysozyme (Figure 5.7B). There was no binding between GAPDH and BSA (negative
control) as expected. The interaction of GAPDH and fibronectin was assessed by
resolving GAPDH on a 12% SDS-PAGE gel, transferring to nitrocellulose membrane,
and incubating with 10 μg ml-1 fibronectin (Figure 5.7C). Bound fibronectin was
detected with an antibody specific for human fibronectin, however there was no
detectable binding between these two proteins (Figure 5.7D). Because the proteins of
interest are denatured in the ligand blot analysis, a dot blot was performed to assess
binding of GAPDH by mammalian proteins in the native conformation. Briefly, 10 μg
of each protein was blotted into nitrocellulose membrane, incubated with 10 μg ml-1
GAPDH and bound GAPDH detected as described above. The results of the dot blot
mimicked the ligand blot, where binding was only detected between GAPDH and actin
and plasminogen (Figure 5.7E). Myosin was also included in the dot blot, but no
GAPDH binding was detected. The binding of mammalian proteins by GAPDH was
then assessed using ELISA, as this technique offers higher sensitivity than blotting
methods.

ELISA confirmed the binding of GAPDH to actin and plasminogen, but also revealed
that GAPDH has the ability to bind both egg-white and human lysozyme (Figure 5.8).

105

A
kDa

B
1

2

3

4

5

1

2

3

4

5

130
72
55
43
34
26
17
10

C

D

E

kDa
130
72
55
43
34

1

2

3

5

6

7

4

26
17

Figure 5.7 Western ligand and dot-blot analysis depicting the interaction of recombinant streptococcal
GAPDH with mammalian proteins. (A) Coomassie™ Blue stained 15% SDS-PAGE gel of mammalian
proteins. (B) Corresponding ligand blot analysis. Lane 1, actin; lane 2, BSA; lane 3, egg-white lysozyme;
lane 4, human lysozyme; lane 5, human glu-plasminogen. (C) Coomassie™ Blue stained 12% SDS-PAGE
gel of recombinant GAPDH. (D) Corresponding ligand blot analysis. PageRuler™ Prestained Protein
Ladder (Fermentas, Lithuania) molecular weight markers are given in kilo-Daltons (kDa). (E) Dot blot
analysis of GAPDH binding to native mammalian proteins. Sample 1, actin; sample 2, BSA; sample 3,
fibronectin; sample 4, egg-white lysozyme; sample 5, human lysozyme; sample 6, myosin; sample 7,
human glu-plasminogen. Nitrocellulose membranes containing mammalian proteins were incubated with
10 µg mL-1 of recombinant GAPDH (B) and (E) or 10 µg mL-1 human fibronectin (D). Bound GAPDH
was detected with polyclonal antiserum specific for GAPDH.
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Figure 5.8 Binding of recombinant streptococcal GAPDH to mammalian proteins. GAPDH (10 μM) was
incubated with each mammalian protein (2 μM) coated on a microtitre plate. Bound GAPDH was
detected with rabbit polyclonal antiserum specific for GAPDH. The ELISA was performed in triplicate,
with the graph depicting the mean absorbance at 450 nm, and error bars indicating the standard deviation.

There was little or no binding between GAPDH and fibronectin, myosin or BSA
(negative control). To compare the relative binding affinities between those mammalian
proteins that were shown to interact with GAPDH, a saturation binding ELISA was
performed. Mammalian proteins immobilised on a microtitre plate were incubated with
increasing concentrations of GAPDH. The mammalian proteins bound GAPDH in a
dose dependant manner and saturable binding was achieved with 10 μM GAPDH
(Figure 5.9). Non-linear regression analysis was used to determine the affinity of
GAPDH for each mammalian protein. Equilibrium dissociation constants (Kd were
calculated using a non-linear (curve-fit) regression curve with one-site total binding
saturation and background constraints set to zero. This calculation assumes that non107
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Figure 5.9 Saturation binding of recombinant streptococcal GAPDH to mammalian proteins. Mammalian
proteins (2 μM) were immobilised on a microtitre plate and incubated with increasing concentrations of
GAPDH. The curves were fitted using non-linear regression and Kd values calculated using one site total
binding saturation and with the background constraint set to zero. The ELISA was performed in duplicate
for each mammalian protein and the curves are representative of the mean absorbance at 450 nm, with
error bars indicating the standard deviation.

specific binding is proportional to the binding by mammalian proteins at increasing
GAPDH concentrations. The Kd values correlated well with what was shown in the
ELISA, with GAPDH having the highest affinity for plasminogen and actin, with Kd
values of 0.023 μM and 0.17 μM, respectively. GAPDH had lower affinity for
lysozyme, with the Kd values for human and egg-white lysozyme calculated to be 0.150
μM and 0.614 μM, respectively.
Some Gram-positive bacteria have been shown to be resistant to the antimicrobial
activity of lysozyme. It is hypothesised that the binding of lysozyme by GAPDH may
render the enzyme inactive, preventing it from degrading the peptidoglycan layer of the
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GAS cell wall. This could be a potential mechanism to resist the host defence system.
To test this hypothesis, the activity of lysozyme was measured by incubating with M.
lysodeikticus and measuring the decrease in absorbance over time due to the bacterium
being lysed. This experiment was performed after incubating with concentrations of
GAPDH up to eight times the molar ratio of lysozyme. There was no affect on lysozyme
activity with the addition of GAPDH, and this was the trend for each of the increasing
GAPDH concentrations (Figure 5.10). There was no decrease in absorbance for the
Micrococcus only control, nor the control containing Micrococcus and GAPDH only
(results not shown). Hence, resistance of GAS to the degrading activity of lysozyme is
not attributed to the ability of GAPDH to bind this antimicrobial enzyme.

A

B
0.17

Absorbance (650nm)

Absorbance (650nm)

0.17
0.16
0.15
0.14
0.13
0.12
0.11

0.16
0.15
0.14
0.13
0.12
0.11

0

50

100
150
Time (s)

1:0

200

250

0

50

1:2
1:4
(Lysozyme:GAPDH Molar Ratio)

100
150
Time (s)

200

250

1:8

Figure 5.10 Effect of GAPDH binding on lysozyme activity. GAPDH was incubated with lysozyme (5
μM) in molar ratios ranging from 0-8 prior to the addition of M. lysodeikticus. Lysozyme activity was
measured spectrophotometrically, where a decrease in absorbance correlates to the lysis of the bacteria.
(A) GAPDH incubated with egg-white lysozyme. (B) GAPDH incubated with human lysozyme. The
assay was performed in triplicate and the curves are representative of the mean absorbance at 650 nm.
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5.3 Discussion
GAPDH has long been reported as being located within the cytoplasm due to its
involvement in the glycolytic pathway. In recent years it has been identified as a
virulence factor in GAS, due to its surface location and multiple binding capabilities.
GAPDH does not contain membrane spanning domains or signal sequences typical of
cell surface proteins, and the exact mechanism for its surface location in addition to
binding of mammalian proteins remains unclear. It has been postulated that a physical
association between GAPDH and GAS fibrinogen binding proteins may provide the
protein a system for presentation at the cell surface (D'Costa et al., 2000). GAPDH may
bind to M and M-related fibrinogen binding proteins within the cytosol and then be
transported to the cell surface bound to these proteins, otherwise known as “hitching a
ride”. It is important to note that expression of GAPDH and M-related fibrinogen
binding proteins are co-regulated by the protein encoded by the mga gene. This is
intriguing because binding of fibrinogen at the GAS cell surface can result in the
acquisition of plasminogen and streptokinase to form a tri-molecular complex, which
can in turn activate plasminogen (D'Costa and Boyle, 1998). Having a plasmin(ogen)
receptor such as GAPDH in close proximity can capture this host protease, utilising it to
degrade host tissues and aid in invasion.

In this study GAPDH was successfully cloned, expressed and purified, and the
interaction with mammalian proteins using ligand blot analysis and ELISA was
investigated. Although previously reported to bind plasminogen, fibronectin, lysozyme,
actin and myosin (Pancholi and Fischetti, 1992), GAPDH was only found to bind
plasminogen, actin and lysozyme in this study. This was also found to be the case in
Streptococcus agalactiae, where similar experiments were used and revealed that
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GAPDH bound to actin and plasminogen, but not fibronectin or myosin (Seifert et al.,
2003). However, the lack of binding to fibronectin and myosin described here could be
due to the experimental procedures used. Pancholi and Fischetti used radio-labelling to
detect binding interactions between GAPDH and the mammalian proteins. An
alternative to ligand blot analysis and ELISA to investigate these binding interactions
would be to employ more sensitive methods such as surface plasmon resonance and/or
surface-enhanced laser desorption ionisation time-of-flight (SELDI-TOF) mass
spectrometry.

GAPDH binds to plasminogen to provide the bacterium with proteolytic activity at the
cell surface, enabling it to degrade host tissues and cause invasive infection (Lottenberg
et al., 1987; Winram and Lottenberg, 1996). The purpose of acquiring actin or lysozyme
however is yet to be identified. In humans, GAPDH has been associated with stress
fibres, particularly during times of oxidative stress, facilitating the polymerisation of
actin (Schmitz and Bereiter-Hahn, 2002; Tristan et al., 2011). Actin polymerisation is
essential in cell locomotion, and has been described as a motility mechanism in Listeria
and Shigella, allowing them to propel themselves into living cells (Loisel et al., 1999).
Actin at the bacterial cell surface is nucleated by the host Arp2/3 complex to produce an
actin “tail”, which can then project the bug through cell walls and into the cytoplasm of
infected cells. The actin nucleation Arp2/3 complex has been demonstrated to
accumulate at streptococcal entry points of human endothelial cells during infection
(Nerlich et al., 1999). Binding of actin by GAPDH could create an accumulation of
actin at the GAS cell surface, which may polymerise during contact with host cells in
the presence of the nucleation Arp2/3 complex. This could then propel the bacterium
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through the cell wall and into the cytoplasm of the host cell. Hence the binding of actin
by GAPDH may serve as a mechanism for cellular invasion.

In this study, it was hypothesised that GAPDH binding to lysozyme may render the
enzyme inactive, and perhaps explain the resistance of GAS to bacteriolysis by
lysozyme. It was shown however, that the interaction of GAPDH and lysozyme had no
effect on lysozyme’s ability to lyse the cell wall of M. lysodeikticus. Hence, GAS must
utilise another mechanism to avoid the anti-microbial activities of this enzyme. The cell
wall of Gram-positive bacteria is composed of a peptidoglycan layer which includes Nacetylmuramic acid residues (Shockman and Barrett, 1983). In some Gram-positive
species, including Staphylococcus aureus and Enterococcus faecalis, these residues are
O-acetylated, and this modification has been implicated in lysozyme resistance (Clarke
and Dupont, 1992; Bera et al., 2005; Hébert et al., 2007). In GAS, the peptidoglycan
layer is O-acetylated, which may also be the mechanism behind the resistance to
lysozyme. Furthermore, saponification of O-acyl groups has been shown to convert
GAS to a lysozyme sensitive form (Glick et al., 1972). Another key streptococcal
protein that interacts with lysozyme is the Streptococcal Inhibitor of Complement (SIC,
section 1.4.4.3). SIC is a secreted protein of GAS that has previously been shown to not
only bind to lysozyme through long and short repeat regions, but also block the
biological activities of lysozyme (Fernie-King et al., 2002; Binks et al., 2005). Hence
GAS utilise mechanisms other than GAPDH-lysozyme binding to render the enzyme
inactive and to subvert the human defence system, and the exact function of GAPDHlysozyme binding remains unknown.
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6. CONCLUSIONS

Structural studies of proteins can provide clues as to the function of the particular
macromolecule and identify potential binding partners. This study has investigated the
structural properties of streptococcal enolase, and utilised these findings to interpret the
mechanism it uses to bind human plasminogen. It was found that like many other
bacterial enolases, GAS SEN exists as an octamer, and functions as a plasminogen
binding protein in addition to its glycolytic activity. In addition to the work mentioned
here, it could be useful to obtain a crystal structure of GAS SEN, on its own and in
conjunction with plasminogen, as co-crystallography can illustrate how the two
molecules interact. There have been crystallographic studies of the plasminogen
kringles with other molecules implicated in plasminogen binding which has further
elucidated the binding mechanisms (Cnudde et al., 2006; Wang et al., 2010). It could
also be possible due to the large size of these macromolecules to visualise the
interaction via transmission electron microscopy. Schurig and colleagues were able to
visualise the octameric ring structure of T. maritima enolase using uranyl acetate
negative stain (Schurig et al., 1995). This is a simple method that could strengthen any
crystallographic data obtained, and could be performed in both the presence and
absence of plasminogen to identify the arrangement of the union.

The structural arrangement of the octamer revealed that SEN exists as a tetramer of
dimers, where residues involved in plasminogen binding reside within the interface of
adjacent dimers. It was also suggested that a loss of structural integrity creates a change
within this binding interface, and affords an increased ability to bind the host zymogen.
Furthermore, altering a protein in such a way that it improves its specific function can
shed light on the mechanics of these processes. A study involving bacterial
phosphotriesterase describes mutating targeted residues to enhance metal ion

113

interactions, demonstrating that the quaternary structure of a protein can be modified to
strengthen ligand specificity (Foo et al., 2010). It has been demonstrated that single
amino acid mutations have increased the efficiency of plasminogen binding by SEN.
Whether this be due to a slight change in quaternary structure remains unclear.

By utilising ion-mobility mass spectrometry and crystallography, any changes to the
overall structure of the enolase octamer that could relate to increased binding of
plasminogen could be made evident. Furthermore, co-crystallography of these mutants
with plasminogen could also underpin the binding mechanism. To study the interaction
of SEN and plasminogen it could be useful to construct a recombinant expression
system for plasminogen, in particular the kringle domains, which are involved in the
interaction with SEN. Purification of plasminogen from human plasma is time
consuming, can result in low yields and due to the demand of plasma in the public
health system is often difficult to obtain. Plasminogen kringles 1-5 have been cloned
into a bacterial expression system, however production of the recombinant protein is
low and produced as inclusion bodies (data not shown). Hence an expression system
such as yeast would be preferential in the production of recombinant plasminogen
kringles due to the chaperone and trafficking machinery characteristic of eukaryotes.
Ultimately the goal would be to fully characterise the plasminogen binding ability of
GAS, and based on these findings design a therapeutic that can prevent invasive
infections.

This work addresses the importance of investigating interactions between the pathogen
and the host, as this can often identify the means by which bacterium cause infection.
Several human proteins were identified that may interact with GAS via the surface
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protein GAPDH, however some sensitivity issues may have ruled out some possible
binding partners. The employment of radio-labelling, surface plasmon resonance or
SELDI-TOF mass spectrometry would certainly confirm if GAPDH does in fact interact
with other mammalian proteins. Although the exact role of these interactions remains
unclear, possible explanations are broached. These interactions could be further
investigated by the use of structural tools such as mass spectrometry and x-ray
crystallography. The structure GAPDH and each mammalian protein may provide clues
to the exact means of binding. Furthermore, the export of GAPDH to the cell surface is
an avenue that would be preferentially explored, as preventing the expression of
GAPDH at the GAS cell surface would also inhibit its multiple binding function.
Ultimately this would decrease the invasive capacity of GAS, and perhaps prevent the
progression of invasive infection and severe post-streptococcal diseases.

A complete understanding of host-pathogen interactions, particularly in the case of
GAS, may aid in the development of a therapeutic that has the potential to prevent the
initiation and spread of invasive disease. This will ultimately benefit those populations
where GAS infection is endemic, and impede the growing cost on the public health
system.
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8. APPENDIX

Media, Solutions and Reagents
Growth Media
Luria Bertani (LB) Broth
Tryptone
Yeast extract
NaCl

10 g/L
5 g/L
10 g/L

Autoclave.
LB Agar
Tryptone
Yeast extract
NaCl
Agar technical (Agar No. 3)

10 g/L
5 g/L
10 g/L
15 g/L

Autoclave.
Todd Hewitt Broth (THBY)
Todd-Hewitt Broth
Yeast extract

30 g/L
10 g/L

Autoclave.
TAE Electrophoresis Reagents
10 X Tris-Acetate EDTA (TAE) Buffer
Tris-Base
Glacial acetic acid
0.5 M EDTA (pH 8.0)

48.4 g/L
11.42 g/L
20 mL

For a 1 X working solution, dilute 100 mL of 10X stock with 900 mL
dH2O.
TE Buffer
Tris-HCl
EDTA

15.76 g/L
9.31 g/L

Adjust pH to 8.0 using NaOH.
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DNA and Protein Purification Reagents
Enzymatic Lysis Buffer
Tris-HCL
EDTA
Triton® X-100
Lysozyme

20 mM
2 mM
12% (w/v)
20 mg/mL

Adjust pH to 8.0 using NaOH. Add lysozyme just prior to use.
Native Lysis Buffer
NaH2PO4
NaCl
Imidazole
Lysozyme

50 mM
300 mM
10 mM
5 mg/mL

Adjust pH to 8.0 using NaOH. Add lysozyme just prior to use.
Native Wash Buffer
NaH2PO4
NaCl
Imidazole

50 mM
300 mM
20 mM

Adjust pH to 8.0 using NaOH.
Native Elution buffer
NaH2PO4
NaCl
Imidazole

50 mM
300 mM
250 mM

Adjust pH to 8.0 using NaOH.
DNA Amplification Reagents
Deoxynucleoside Triphosphates (dNTPs)
dATP (100 mM)
dCTP (100 mM)
dTTP (100 mM)
dGTP (100 mM)
dH2O

5 μL
5 μL
5 μL
5 μL
180 μL

138

SDS-PAGE Reagents
2 X Reducing Sample buffer
Tris-HCl (pH 6.8)
Glycerol
SDS
Bromophenol blue
DTT

90 mM
20% (v/v)
2% (w/v)
0.02% (w/v)
100 mM

Add DTT just prior to use.
2 X Non-Reducing Sample Buffer
Tris-HCl (pH 6.8)
Glycerol
SDS
Bromophenol blue

90 mM
20% (v/v)
2% (w/v)
0.02% (w/v)

12% Resolving Gel
40% Acrylamide/Bis solution (37.5:1)
1.5 M Tris-HCL (pH 8.8)
10% SDS (w/v)
dH2O
TEMED
10% APS (w/v)

1.55 mL
1.25 mL
50 μL
2.25 mL
25 μL
25 μL

Add TEMED and APS just prior to use.
15% Resolving Gel
40% Acrylamide/Bis solution (37.5:1)
1.5 M Tris-HCL (pH 8.8)
10% SDS (w/v)
dH2O
TEMED
10% APS (w/v)

1.93 mL
1.25 mL
50 μL
1.9 mL
25 μL
25 μL

Add TEMED and APS just prior to use.
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4% Stacking Gel
40% Acrylamide/Bis solution (37.5:1)
0.5 M Tris-HCL (pH 6.8)
10% SDS (w/v)
dH2O
TEMED
10% APS (w/v)

225 μL
600 μL
25 μL
1.6 mL
12.5 μL
12.5 μL

Add TEMED and APS just prior to use.
1 X SDS-PAGE Buffer
Tris-Base
Glycine
SDS

30 g/L
150 g/L
10 g/L

For a 1X working solution, dilute 100 mL of 10X stock with 900 mL
dH2O.
Coomassie™ Blue Rapid Stain
Coomassie™ Blue R-250
Methanol
Glacial acetic acid

0.2% (w/v)
40% (v/v)
10% (v/v)

Rapid Destain
Methanol
Glacial acetic acid

40% (v/v)
10% (v/v)

Final Destain
Glacial acetic acid
Glycerol

10% (v/v)
4% (v/v)

Western and Ligand Blot Reagents
Western Transfer Buffer
Tris-HCl
Glycine
Methanol

3.03 g/L
14.4 g/L
20% (v/v)
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Phosphate-Buffered Saline (PBS)
NaCl
KCl
Na2HPO4
KH2PO4

8 g/L
0.2 g/L
1.115 g/L
1.115 g/L

Adjust pH to 7.4.
Phosphate-Buffered Saline Tween (PBST)
NaCl
KCl
Na2HPO4
KH2PO4
Tween-20

8 g/L
0.2 g/L
1.115 g/L
1.115 g/L
0.05% (v/v)

Adjust pH to 7.4.
DAB Development Solution
DAB
Tris-HCl (100 mM; pH 7.6)
H2O2

25 mg
50 μL
30 μL

Add H2O2 just prior to use.
Hepes Blocking Solution
Hepes
NaCl
MgCl2
CaCl2
KCl
Tween-20
NaN3
BSA

10 mM
150 mM
10 mM
2 mM
50 mM
0.5% (v/v)
0.04% (w/v)
0.5% (w/v)

Adjust pH to 7.4.
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ELISA Reagents
Carbonate Coating Buffer
Na2CO3.H2O
NaHCO3

32 mM
68 mM

Adjust to pH 9.6 using NaOH.
Citrate Buffer
Na2PO4

1.14 g/L

Adjust to pH 5.0 using solid citric acid.
OPD Substrate Solution
Citrate buffer
H2O2
OPD

50 mL
20 μL
12 mg

Add H2O2 and OPD just prior to use.
SIGMAFAST™ OPD Solution
OPD
Urea hydrogen peroxide/buffer
dH2O

1 tablet
1 tablet
20 mL

Plasminogen Purification
Salt Wash Buffer
Na2HPO4
NaCl
EDTA
Phenylmethanesulfonyl fluoride (PMSF)

50 mM
5M
5 mM
1 mM

Adjust pH to 7.5. Add EDTA and PMSF just prior to use.
ε-Amino Caproic Acid (EACA) Elution buffer
EACA

200 mM

Make up with PBS (pH 7.5).
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General Buffers
Enzymatic Buffer
Hepes
MgSO4
KCl

100 mM
10 mM
7.7 mM

Adjust pH to 7.0.
Sodium Phosphate Buffer (10 mM)
NaH2PO4
Na2HPO4

0.58 g/L
1.55 g/L

Adjust to pH 7.0 with KOH.
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