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Abstract

Group A streptococcal (S. pyogenes; GAS) infection is endemic in the Northern
Territory of Australia, and the rates of invasive GAS disease and post-infection sequelae
are among the highest reported in the world. Plasminogen is a potent human protease
sequestered to the GAS cell-surface by plasminogen and fibrinogen receptors and
activated by GAS streptokinase and host plasminogen activators. The critical role of
plasminogen in GAS invasion was recently demonstrated in a human plasminogen

transgenic mouse model of infection.

The aim of this study was to determine whether plasminogen is deployed as a virulence
factor in invasive GAS disease, with particular reference to the Northern Territory of
Australia. This question was first approached from an epidemiological perspective,
comparing Northern Territory GAS isolates from invasive infections with those from
uncomplicated infections for their interaction with the plasminogen system.
Plasminogen binding; plasminogen receptor expression and genetic variation;
fibrinogen binding; streptokinase expression, activity and genetic variation;
streptococcal pyrogenic exotoxin B (SpeB) expression and activity; and acquisition of
cell-surface plasmin in human plasma were characterised for 29 GAS isolates of known
clinical origin from the Northern Territory. The second approach to determining the role
of plasminogen in invasive disease in the Northern Territory was to investigate GAS
infection using a human plasminogen transgenic mouse model. A subset of Northern
Territory GAS isolates selected for different in vitro plasminogen activation

characteristics was tested for virulence in this model.
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This study revealed that Northern Territory GAS isolates from invasive disease cases
acquire more plasminogen than isolates from uncomplicated infections, however they
do not produce more streptokinase nor acquire more cell-surface plasmin after
incubation in human plasma in vitro. Presence of the gene for the plasminogen-binding
group A streptococcal M-like protein (PAM) conferred upon GAS isolates a strikingly
different profile of interaction with plasminogen, characterised by higher plasminogen
binding and plasmin acquisition in plasma. Differences in the catalytic specificity of
streptokinase secreted by pam-positive and pam-negative isolates were identified and
their allelic determinants investigated. A new model of GAS cell-surface plasminogen
activation is proposed for pam-positive isolates. To characterise the role of
streptokinase and the cysteine protease SpeB in acquisition of cell-surface plasmin
activity in human plasma, such acquisition was compared in GAS deletion mutants for
genes encoding these proteins and the corresponding wildtype strains. The dramatic
reduction of GAS cell-surface plasmin activity by SpeB may significantly disable GAS
invasive potential. Infection studies in the human plasminogen transgenic mouse model
revealed the critical role of plasminogen in virulence of some Northern Territory
isolates, however in vitro plasminogen activation characteristics do not predict clinical
phenotype nor virulence in the transgenic mouse model. The results suggest an
important and complex interaction between plasminogen and other host and/or bacterial

factors in establishing invasive GAS infection in the Northern Territory of Australia.
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1.1 Group A streptococcal infection

1.1.1 Group A Streptococci (GAS)

Streptococcus pyogenes, (group A streptococci; GAS) is a Gram-positive, beta-
hemolytic, non-motile cocci which forms chains and does not form spores. GAS are
facultative anaerobes and are catalase-negative. Traditionally described as extracellular
pathogens, GAS can also survive intracellularly, contributing to immune evasion and
antibiotic resistance (Molinari and Chhatwal, 1998). The Genus Streptococcus 1is
divided into groups based on the cell wall or C-carbohydrate, of which GAS possess the
N-acetyl glucosamine polymers of the “A” antigenic epitope (Lancefield, 1933). The
streptococcal group A contains only one species, S. pyogenes, originally named
according to a different classification system of which the “pyogenic” class included

streptococci bearing the group A antigen (Sherman, 1937).

Group A streptococci are further differentiated into over 80 M types on the basis of
serological typing of the M protein. M proteins are cell surface alpha-helical coiled-coil
proteins with a highly conserved C-terminal half and a hypervariable 30-50 amino acid
domain at the N-terminus which confers the serotype (Fischetti, 1989). In recent years
sequence analysis of the emm genes encoding this protein has revealed 124 emm-types
(Facklam et al., 2002). Emm-typing largely reflects the serological grouping but has
allowed characterisation of isolates previously non-typeable by serological methods
(Beall et al., 1996; Moses et al., 2003). Emm pattern is a grouping into one of five
classes (A-E), based on the number of emm genes present, the subfamily to which the

emm genes belong and their relative arrangement on the chromosome (Bessen et al.,

1996).




1.1.2  GAS diseases

Diagnostic criteria for the classification of GAS diseases have been defined in detail
(Table 1) (Breiman and et al., 1993) and their clinical manifestations reviewed recently
(Bisno and Stevens, 1996; Cunningham, 2000). The most common clinical
manifestations of GAS infection are impetigo, a localised purulent skin infection, and
pharyngitis or “strep throat”. These infections are classified as non-invasive, defined by
the isolation of GAS from a non-sterile tissue site. Isolation of GAS from a normally
sterile tissue site defines an invasive infection. Erysipelas is an invasive infection of the
skin and cutaneous lymphatics, with a raised and distinct skin inflammation, while
cellulitis extends more deeply into subcutaneous tissues with no distinct demarcation of
infected tissue. Necrotising fasciitis is a rapidly spreading infection of the deeper
subcutaneous tissues and fascia resulting in extensive necrosis and requiring aggressive
surgical debridement. Streptococcal toxic shock syndrome with severe systemic
involvement was first described in 1987 and has been attributed in part to the
inflammatory response generated during polyclonal T cell activation by GAS

superantigens (Cone et al., 1987; McCormick et al., 2001).

1.1.3 Epidemiology of GAS disease worldwide

Recent estimates of the global burden of GAS disease (Table 1.2) demonstrate its
importance in morbidity and mortality (Carapetis et al., 2005). There has been a global
resurgence in severe invasive infections in developed countries in the last 20 years
(Johnson et al., 1992; Stevens, 1996). Despite antibiotic treatment, these infections

progress rapidly and are associated with high morbidity and mortality.




Table 1.1 Classification of group A streptococcal infections

Please see print copy for Table 1.1

(Breiman and et al., 1993; Walker et al., 2005)




Early studies of this phenomenon suggested the emergence of highly virulent strains of
distinct M-types, especially M1 and M3 (Carapetis et al., 1995b; Cleary et al., 1992;
Cockerill et al., 1997; Cockerill et al., 1998; Musser et al., 1993; Musser et al., 1995).
However, more recent work in larger strain sets has demonstrated that the high
proportion of certain emm types in invasive disease reflects their prevalence in non-
invasive disease in the general population (Haukness et al., 2002; Johnson et al., 2002).
MIT1 and M3 have been isolated from both severe invasive diseases such as
necrotising fasciitis, and from uncomplicated infections such as pharyngitis, despite
inducing similar mitogenic and cytokine responses in vitro (Chatellier et al., 2000;
Johnson et al., 1992). Genetic and environmental variation in host immunity contributes

to the severity of invasive infection, as discussed in section 1.1.6.

Table 1.2. Estimates of global burden of GAS disease”

Please see print copy for Table 1.2

*Tabulated from published data (Carapetis et al., 2005).
bincluding acute rheumatic fever, rheumatic heart disease, post-streptococcal
glomerulonephritis, and invasive infections.




1.1.4 Epidemiology of GAS disease in developing nations and in the Northern
Territory of Australia
In developing nations, the epidemiology of GAS disease is less well-described, and
while no resurgence of GAS disease has been reported, the burden of serious GAS
diseases is much greater than in developed countries. The high rates of GAS infection in
developing nations (and amongst indigenous communities in industrialised countries)
may result from increased transmission due to such factors as overcrowded housing,
limited medical intervention, and inadequate hygiene and sanitation (Carapetis et al.,
1999b). A diversity of emm types is often found and a high proportion of isolates are
non-typeable by conventional serological methods (Bergner-Rabinowitz and Ferne,

1978; Pruksakorn et al., 2000).

In the Northern Territory (NT) of Australia GAS infection is endemic, with high
incidences of impetigo (Gardiner and Sriprakash, 1996) and bacteremia (Carapetis et al.,
1999¢) and the highest published rate of rheumatic fever in the world (Carapetis and
Currie, 1997). Around 81% of the NT is geographically classified as tropical and
Aboriginal Australians account for 28.8% of the total population (Australian Bureau of
Statistics, 2004). Aboriginal residents of the NT mostly live in remote areas with high
rates of poverty, preventable infections and their sequelae (Hoy et al., 1997; Munoz et
al.,, 1992). The incidence of GAS bacteremia amongst Aboriginal people in NT

communities is five times that of non-Aboriginal people (Carapetis et al., 1999c¢).

Many aspects of the epidemiology of GAS infection amongst Aboriginal communities
in the NT resemble those of developing nations. Firstly, the high incidence of GAS

infection in general (Gardiner et al., 1997; Gardiner and Sriprakash, 1996) and invasive




infection specifically (Carapetis et al., 1999c; Towers et al., 2002), is not correlated with
specific M-types. Secondly, the diversity and turnover rate of GAS strains is
exceptionally high (Carapetis et al., 1999a). Multiple GAS serotypes are often found
within the one lesion (Carapetis et al., 1995a) and up to 14 genetically distinct strains
have been reported to circulate within an individual community at any one time
(Gardiner and Sriprakash, 1996). Thirdly, streptococcal pharyngitis is rare, with throat
carriage consistently less than 5% and often less than 2% (Carapetis et al., 1997). Thus
invasive GAS infection and acute rheumatic fever are thought to develop secondary to
GAS pyoderma (Carapetis et al., 1999¢c; McDonald et al., 2004) rather than secondary
to GAS pharyngitis as described in urbanised populations (Fiorentino et al., 1997;

Haukness et al., 2002; Stollerman, 2001).

1.1.5 GAS virulence factors

The pathogenicity of GAS is attributed to an array of virulence factors. The established
and putative GAS virulence factors have been reviewed in detail recently and are
summarised in Tables 1.3 (cell-associated factors) and 1.4 (secreted factors) (Bisno et
al., 2003; Cunningham, 2000; Hynes, 2004). These factors are controlled by
transcriptional regulators, many of which have been identified only within the last
decade and whose signalling and interactions have not been fully elucidated. Regulatory
strategies include two-component systems such as CovR/CovS, FasBCAX, Thk/Irr; the
stand-alone regulators Mga, Rgg, and RALPs; and those with more complex regulation
such as Sag/Pel, RelA-independent regulation and RocA (Hynes, 2004; Kreikemeyer et

al., 2003).




Table 1.3. Established or putative cell-associated virulence factors of GAS®

Please see print copy for Table 1.3

*from recent reviews (Bisno et al., 2003; Cunningham, 2000; Hynes, 2004)
b(Edw:alrds et al., 2005; Hidalgo-Grass et al., 2004)

Table 1.4. Established or putative secreted virulence factors of GAS*

Please see print copy for Table 1.4

*from recent reviews (Bisno' et al., 2003; Cunningham, 2000; Hynes, 2004).




Among the putative virulence factors are those arming GAS with the potent broad
spectrum proteolytic activity of human plasmin, sequestered from the host and activated
via a system of cell-surface receptors and bacterial and host activators. It has been
hypothesised that cell-surface and soluble plasmin mediate the breach of host tissue
barriers, escape from fibrin clots and cleavage of specific host immune factors. The
GAS factors that putatively mediate or affect this system during infection include
plasminogen and fibrinogen receptors, the plasminogen activator streptokinase, the
protein G-related op-macroglobulin-binding protein (protein GRAB), and the broad-
specificity GAS cysteine protease, streptococcal pyogenic exotoxin B (SpeB) and its
precursor. Host factors that may affect plasminogen activation during infection include
fibrinogen, urokinase- and tissue-plasminogen activators (uPA and tPA), the plasmin
inhibitors op-antiplasmin and op-macroglobulin and the plasminogen activator-

inhibitors (PAI-1 and PAI-2).

1.1.6 Host factors predisposing to GAS disease

Host factors also play an important role in susceptibility to GAS disease. Factors such
as age, underlying medical conditions and living environment are known to be
associated with GAS invasive disease risk in industrialised countries (Factor, 2003;
Factor et al., 2005; Hollm-Delgado et al., 2005). Low levels of humoral immunity to
virulence factors are associated with development of invasive disease (Basma et al.,
1999; Mascini et al., 2000) and with severity of invasive disease (Akesson et al., 2004;
Eriksson et al., 1999; Mascini et al., 2000). Host genetic factors such as HLA type and
the associated cytokine response to superantigen stimulation also influence the severity

of invasive infection (Kotb et al., 2002; Norrby-Teglund et al., 2000).




1.2 Plasminogen

1.2.1 Plasminogen and fibrinolysis

Plasminogen is the zymogen of the broad-specificity trypsin-like serine protease
plasmin. It is synthesized mainly in the liver (Raum et al., 1980) and is found in the
blood and extracellular fluids at a concentration of approximately 2 uM (Rabiner et al.,
1969). Plasmin cleaves the insoluble fibrin polymers of blood clots, representing one of
the major anticoagulation mechanisms in humans (Figure 1.1). Fibrinolysis is crucial
to many physiological processes such as wound healing and prevention of thrombosis.
Accordingly, plasminogen-deficient mice are predisposed to severe thrombosis and

fibrin deposition in major organs (Bugge et al., 1995; Ploplis et al., 1995).

1.2.2 Plasminogen structure

Plasminogen is a 92 kDa glycoprotein secreted as a single 790 amino acid chain termed
Glu-plasminogen due to the glutamic acid residue at the N-terminus (Sottrup-Jensen et
al., 1978; Wiman and Collen, 1977). Human plasminogen activators cleave Argsq-
Valse; to form the active protease plasmin, a two-chain species stabilized by disulfide
bridges (Vassalli et al., 1992). The 25 kDa light chain contains the protease domain
while the 65 kDa heavy chain consists of the amino terminal acidic region (N-terminal
peptide or NTP; amino acids 1-77), and the lysine-binding sites located on 5 triple-
disulfide-bonded kringle domains, K1-5 (Forsgren et al., 1987; Markus et al., 1978;

Sottrup-Jensen et al., 1978) (Figure 1.2).

The kringles mediate binding of plasminogen to m-carboxylic acids such as lysine

within its cell-surface receptors and fibrin, e-aminocaproic acid (EACA) and tranexamic
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Please see print copy for Figure 1.1

Figure 1.1 Human coagulation and anticoagulation systems. The coagulation cascade consists
of factors (some denoted by Roman numerals) that ultimately mediate cleavage of the precursor protein,
fibrinogen, to release fibrin monomers that form the insoluble matrix of the blood clot (Bryant, 2003;
Mathews and van Holde, 1990). The coagulation factors exist in zymogen forms (denoted in black) that
are proteolytically cleaved to active forms (denoted in red). Serine proteases are denoted by asterisks (*).
Coagulation may be initiated via the intrinsic pathway, in which exposure of blood at damaged tissue
surfaces cause the release of kininogen and kallikrein that activate this pathway. Alternatively, internal
trauma to the vasculature causes the release of tissue factor and the activation of factor VII, triggering
coagulation via the extrinsic pathway. The pathways converge with the activation of factor X, which
activates thrombin. Thrombin cleaves fibrinopeptides A and B from fibrinogen, allowing newly exposed
sites within the fibrin monomers to associate to form the fibrin clot. The clot is further stabilized by the
activity of factor XIII. The four major anticoagulant systems are shown in blue (Bryant, 2003; Roitt and
Delves, 2001). Tissue factor pathway inhibitor (TFPI; 1) is a plasma protease inhibitor that inactivates
tissue factor by formation of a complex with tissue factor, factor X* and factor VII* on the surface of
platelets or endothelial cells. Antithrombin (2) inactivates thrombin and other serine proteases of the
coagulation cascade (factor X*, IX*, XI*and VII) by formation of covalent complexes with the target
protease. Antithrombin (AT) is found in plasma and on the surface of microvascular endothelial cells, and
its action is enhanced at least 1000-fold by heparin. Thrombomodulin (3) is an integral membrane protein
of endothelial cells that binds thrombin and inhibits its ability to generate fibrin, while enabling thrombin-
mediated activation of protein C. Activated protein C in association with protein S inhibits thrombin
synthesis via inactivation of factor V on platelets. The fibrinolytic system consists of a series of activators
and inhibitors that regulate the formation and activity of plasmin (4), a potent serine protease that cleaves
fibrin to form soluble degradation products (ie clot lysis) (Bryant, 2003). Figure modified from previous
work (Bryant, 2003; Mathews and van Holde, 1990).
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plasminogen
activators

Glu-plasminogen

NTP
cleavage

plasminogen
activators

Lys-plasminogen

Lys-plasmin

Figure 1.2. Schematic representation of plasminogen structure, receptor binding and
activation. Plasminogen is a single chain glycoprotein containing seven distinct
structural domains: the amino terminal peptide (NTP) followed by kringles 1-5 (K1-5)
and the carboxy terminal serine protease domain (PD). K1, K2, K4 and K5 contain
lysine-binding motifs that are responsible for binding to fibrinogen and to plasminogen
receptors. Within the circulating zymogen Glu-plasminogen, lysine-dependent
interaction/s between the NTP and K5 maintain a mostly closed, activation-resistant
form. Both binding to plasminogen receptors (PL-R) and/or cleavage of the NTP to
form Lys-plasminogen result in conformational change rendering plasminogen more
susceptible to activation. Cleavage of the the Argse-Valse; peptide bond of plasminogen
forms the proteolytically active two-chain plasmin (depicted by the green coloured PD

linked to the kringle domains via a disulfide bond shown in red).
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acid (TEA) (Pollanen et al., 1991). Each kringle contains approximately 80 amino acids
each and isolated kringles differ in their affinity for lysine analogues resembling either
N-terminal, carboxy-terminal (C-terminal) or internal lysine residues of proteins. For
example, the high-affinity lysine binding site K1 displays a preference for C-terminal
lysine residues whereas K2 shows a similiar affinity for internal and terminal lysines
(Marti et al., 1997). C-terminal lysine residues of plasminogen receptors usually bind to

kringles 1, 4 and 5 of plasminogen (Ranson and Andronicos, 2003).

A second species of plasminogen in which the 8 kDa N-terminal peptide is absent is
produced by autocatalytic cleavage of the Arggs-Metso, Lys77-Lyssg or Lysss-Valyg bonds
of Glu-plasminogen, and is termed Lys-plasminogen (Figure 1.2) (Collen and
Verstraete, 1975; Gonzalez-Gronow et al., 1977; Summaria et al., 1973; Wiman, 1973).
Lys-forms of plasmin(ogen) exhibit striking conformational differences, with Lys-
plasminogen more readily activated by plasminogen activators and Lys-plasmin
displaying a higher specific activity than Glu-plasmin (Claeys and Vermylen, 1974;
Lucas et al., 1983; Violand et al., 1978). This may be due to the absence of the lysine
residues of the N-terminal peptide in Lys-plasminogen, such as Lyssy and Lyse,, which
in Glu-plasminogen bind the lysine-binding kringle domains intramolecularly to
maintain the closed conformation (Christensen, 1984; Cockell et al., 1998). Incubation
of Glu-plasminogen with lysine or its analogues induces a change in conformation from
a tight right hand spiral to an open U-shaped conformation (Brockway and Castellino,
1972; Castellino et al., 1973; Violand et al., 1978), (Weisel et al.,, 1994). This

conformation is more susceptible to mammalian activators (Banyai and Patthy, 1985).
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There are two glycoforms of plasminogen (I and II), both of which possess an o-linked
tetrasaccharide at Thriss, while plasminogen I also has an N-glycosylation site at Asn,gg
(Hayes and Castellino, 1979; Lijnen et al., 1981). The functional consequence of
additional glycosylation is a higher affinity for lysine (Sugawara et al., 1984), higher
molecular stability in the lysine-induced open conformation (Molgaard et al., 1997)
higher susceptibility to activators (Takada and Takada, 1983) and greater enhancement
of activation rates by uPA and streptokinase in the presence of fibrin and fibrinogen

(Takada et al., 1985b).

1.2.3 Plasmin specificity

Plasminogen can be activated by mammalian activators uPA and tPA or by bacterial
activators, including streptokinase of group A, C and G streptococci, staphylokinase of
Staphylococcus aureus and Pla of Yersinia pestis (Lahteenmaki et al., 2001). Activation
results in formation of a trypsin-like catalytic triad composed of residues Hisgoo, Aspeas
and Ser749 (Robbins et al., 1967). The specificity of plasmin is similar to that of trypsin,
hydrolyzing peptide bonds on the C-terminal side of exposed arginine or lysine residues
(Keil, 1992). In so doing, plasmin generates new exposed C-terminal lysine residues, or

potential new plasmin(ogen) binding sites.

In vivo, plasmin is primarily responsible for the degradation of fibrin polymers, cleaving
11 of 73 arginine residues and 20 of 98 lysine residues in fibrin (Astrup, 1978;
Henschen and Lottspeich, 1980). Plasmin degrades components of the extracellular
matrix (ECM) such as fibronectin, laminin, vitronectin, and proteoglycans (Richardson
et al.,, 1988; Werb, 1997). A significant portion of the action of plasmin on ECM is

indirect; via its activation of matrix prometalloproteases -1, -3, -9 and -14, which cleave
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other components of ECM including collagen (Gordon et al., 1993; Werb, 1997).
Plasmin also activates and releases latent growth factors such as transforming growth

factor-B (Werb, 1997).

1.2.4 Plasminogen activation and its regulation in vivo

The two major eukaryotic activators of the plasminogen system, tPA and uPA, cleave
the Argseo-Valsg; peptide bond of plasminogen to form two-chain plasmin (Dano et al.,
1985). tPA i1s a 70 kDa serine protease, secreted mainly by endothelial cells. With a
plasma concentration of 5-10 ng/ml, it represents the major circulating plasminogen
activator and therefore the major activator in fibrinolysis. tPA contains two kringle
domains, the second of which, in combination with the amino-terminal fibrin-binding
finger domain, is responsible for high-affinity fibrin binding of tPA (Banyai et al., 1983;
Verheijen et al., 1986). uPA is a 50 kDa serine protease secreted by a variety of normal
and malignant cells. The concentration in plasma is 3.5 ng/ml, and in urine is 200-300
ng/ml. It is the major cell-bound plasminogen activator, functioning in cellular invasion
of the ECM during inflammation, wound healing, tissue remodelling, and tumour
metastasis. uPA binds to cell-surfaces via its receptor, uPAR (CD87) (Dano et al., 1985;
Lahteenmaki et al., 2001). The synthesis of the plasminogen activators is tightly
regulated by a myriad of effector molecules, including growth factors, peptide and
steroid hormones and phorbol esters, each of which is subject to its own regulatory

system (Saksela and Rifkin, 1988).

The potent proteolytic activity of plasmin necessitates regulation of the plasminogen
activation system at multiple levels and the inhibitory system possesses some

redundancy. Plasminogen binding to specific receptors or extracellular matrix proteins
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plays a vital role in localising plasminogen activation at appropriate locations, thus
representing and important regulatory step in plasminogen activation (Pollanen et al.,
1991). Plasminogen binding facilitates and amplifies plasminogen activation in these
precise locations (Ranson and Andronicos, 2003). Firstly, the lysine-dependent binding
event disrupts intramolecular plasminogen interactions, exposing the activation domain
and resulting in a more activation-susceptible conformation of plasminogen
(Andronicos et al., 2000). Secondly, binding to fibrin or the cell surface receptor brings
plasminogen into close proximity with it activators (tPA or uPA; bound to each of these
surfaces respectively) facilitating increased plasminogen activation (Plow et al., 1995).
Thirdly, plasmin-mediated proteolysis of membrane proteins or fibrin exposes C-
terminal lysine residues that may function as additional plasminogen binding sites
(Plow et al., 1995). Finally, as outlined below, lysine-dependent binding protects

plasmin from its circulating inhibitors.

Plasmin in solution is very rapidly inhibited and cleared from the circulation by
complexing with the major plasmin inhibitor o,-antiplasmin. op-antiplasmin is found at
60 — 70 pg/ml in the plasma and belongs to the subclass of serine protease inhibitors
known as serpins. Serpins possess a flexible exposed binding loop that acts as a
“substrate” for the corresponding protease (Carrell and Huntington, 2003; Otlewski et
al., 1999). Cleavage of this loop by the protease results in dramatic conformational
change in both molecules such that the protease is inactivated and entrapped in an

irreversible covalent complex that is rapidly cleared from the circulation (Carrell and

Huntington, 2003; Huntington, 2003; Ye and Goldsmith, 2001).
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Plasmin binds op-antiplasmin reversibly via kringles 1-3 initially, followed by
formation of a covalent bind between the active sites of the two molecules. Binding of
Op-antiplasmin to plasmin is lysine-dependent (Longstaff and Gaffney, 1992; Wiman
and Collen, 1978); thus plasmin bound to cell-surface receptors is resistant to inhibition
by op-antiplasmin due to occupation of the kringle domains by cell surface lysine
residues (Dano et al., 1985). The 725 kDa broad-spectrum protease inhibitor o-
macroglobulin, at a concentration of 2.5 mg/ml, is the most abundant plasmin inhibitor
in plasma. However, plasmin inhibition by o,-macroglobulin commences only if the
concentration of op-antiplasmin is compromised locally or systemically (Saksela and

Riftkin, 1988; Travis and Salvesen, 1983).

Another important level of regulation of the plasminogen activation cascade involves
inhibition of the plasminogen activators, tPA and uPA. In vivo the most significant
inhibitors are the serpins plasminogen activator inhibitor 1 (PAI-1), plasminogen
activator inhibitor 2 (PAI-2), and protease nexin 1 (Coleman and Benach, 1999;
Pollanen et al., 1991). Expression of these molecules is precisely regulated by a number
of growth factors, hormones and cytokines (Andreotti and Kluft, 1991; Chandler et al.,
1995; Kruithof et al., 1995). Free, active tPA is inhibited by rapid clearance from the
circulation or inhibited by PAI-1 and subsequent clearance (Chandler et al., 1997;
Kruithof et al., 1995). Free uPA is rapidly cleared while cell-bound uPA complexed to
PAI-2 is internalized almost immediately (Al-Ejeh et al., 2004; Kruithof et al., 1995;

Ranson and Andronicos, 2003).

In summary, uncontrolled proteolysis by plasmin is prevented through the precise and

ccordinated regulation of the plasminogen activation system by cytokine and hormonal
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regulation of gene expression, precise localisation of of various components of the
system via binding to various ECM proteins and cell-surface receptors, specific
inhibition of plasmin and plasminogen activators by o-antiplasmin and PAI-1 and PAI-
2 respectively, and by rapid clearance of free and inhibited plasminogen activator (Al-
Ejeh et al., 2004; Andreasen et al., 1997; Kruithof et al., 1995; Ranson and Andronicos,

2003).
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1.3 Plasminogen and GAS

GAS interact with the human plasminogen system at several levels (Figure 1.3). Firstly,
GAS bind plasminogen and plasmin directly via cell-surface receptors and indirectly by
binding a trimolecular complex of streptokinase, fibrinogen and plasminogen. GAS
activate both surface-bound and solution-phase plasminogen via the secreted activator
streptokinase. The potent GAS cysteine protease, SpeB, has a significant negative effect
on GAS plasmin activity by proteolytic degradation of several of these component
proteins; while the SpeB zymogen binds plasminogen. GAS sequester the plasmin

inhibitor, o-macroglobulin, to the cell-surface via protein GRAB.

1.3.1 Direct plasminogen binding: GAS plasminogen receptors

1.3.1.1 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH/Plr/SDH)
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a 41 kDa glycolytic enzyme
initially identified on the cell-surface as a plasmin receptor, thus designated Plr, or
streptococcal surface dehydrogenase (SDH) (D'Costa et al., 1997; Pancholi and
Fischetti, 1992; Winram and Lottenberg, 1996). GAPDH binds Glu-plasmin, Lys-
plasmin and Lys-plasminogen via its C-terminal lysine, but shows almost no affinity for
the circulating form, Glu-plasminogen (Broder et al., 1989; Broeseker et al., 1988;
DesJardin et al., 1989; Winram and Lottenberg, 1998; Winram et al., 1995). Plasmin

bound to GAPDH is protected from circulating o-antiplasmin (Broder et al., 1991).

GAPDH is present on the cell-surface in close physical association with (or possibly

anchored by) M and M-related proteins. It is released from the GAS cell-surface during
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Figure 1.3. Schematic representation of the GAS plasminogen activation system. GAS
secrete the plasminogen activator, streptokinase (Ska), which activates (PIg) in solution
(solution-phase plasminogen activation). GAS may bind both plasmin and plasminogen
directly via cell-surface plasminogen receptors (direct pathway). Directly bound
plasminogen may be activated by streptokinase or by host activators (not depicted). In
addition, GAS bind a trimolecular complex of streptokinase, fibrinogen and
plasminogen, which binds to cell-surface fibrinogen receptors (fibrinogen-streptokinase-
dependent pathway). This complex has both plasmin activity and plasminogen-activator
activity, and thus is capable of activating additional plasminogen molecules in solution.
The protein G-related op-macroglobulin-binding protein (GRAB) sequesters the human
plasmin inhibitor, op-macroglobulin (0;M). Solution-phase plasmin generated by
streptokinase or the trimolecular complex may bind to the secreted zymogen form of

SpeB (Pro-SpeB).
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iron starvation, potentially releasing bound plasmin to more distant sites (D'Costa et al.,
2000; Eichenbaum et al., 1996). Site-directed mutagenesis suggested that GAPDH may
not be a major contributor to overall cell-surface plasmin(ogen) binding (Winram and
Lottenberg, 1998). In contrast, a recent study demonstrated that prevention of GAPDH
export to the cell surface results in lower plasminogen binding to GAS (Boel et al.,
2005) suggesting that GAPDH or a co-regulated factor may mediate significant
plasminogen binding. Cell-surface GAPDH also binds fibronectin, lysozyme and the
cytoskeletal proteins myosin and actin, suggesting a potential role in GAS adherence
and colonization (Pancholi and Fischetti, 1992). GAPDH also acts as a pharyngeal cell
adhesin by directly binding uPAR on the surface of pharyngeal cells (Boel et al., 2005;

Jin et al., 2005).

1.3.1.2  Streptococcal enolase (SEN)

Streptococcal enolase (SEN) is a 45 kDa glycolytic enzyme and high-affinity
plasminogen receptor expressed on the surface of GAS of many M types (Pancholi and
Fischetti, 1997; Pancholi and Fischetti, 1998). SEN has a 3-fold higher affinity for Lys-
plasminogen than Glu-plasminogen and possesses more than one site for interaction
with plasminogen (Derbise et al., 2004; Pancholi and Fischetti, 1998). The high affinity
for plasminogen is mediated in part by two lysine residues at the C-terminus, Lys434 and
Lysas3s (Derbise et al., 2004; Pancholi and Fischetti, 1998). Plasmin and plasminogen
bound to SEN are significantly (but not completely) resistant to inactivation by 0k-

antiplasmin (Pancholi and Fischetti, 1998).

Plasminogen bound to SEN may act as an adhesin by binding to enolase on the surface

of host pharyngeal cells. In addition, subsequent plasminogen activation may
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compromise the pharyngeal epithelial barrier via mechanisms such as degradation of
tight junctions (Pancholi et al., 2003). Humoral immunity to SEN has been implicated
in post-streptococcal sequelae. Anti-SEN antibodies, cross-reactive with human enolase,
have been identified in the sera in APSGN and may be implicated in autoimmune

disease processes (Fontan et al., 2000; Rattner et al., 1991).

1.3.1.3 Plasminogen-binding group A streptococcal M-like protein (PAM)

Some GAS isolates also possess an M-like protein with plasminogen-binding capacity.
Emm-like genes belong to the emm gene superfamily, including more than 20 members
sharing greater than 70% DNA sequence identity at their 5’ ends, and encoding proteins
which may possess immunoglobulin-binding or antiphagocytic functions (Cunningham,
2000; Hollingshead et al., 1993). The plasminogen-binding group A streptococcal M-
like protein (PAM) is a 42 kDa cell-surface protein originally isolated from an M53
strain (Berge and Sjobring, 1993). PAM binds both plasminogen and plasmin with high
affinity via a domain of 30 amino acids within the variable N-terminal region. This
domain contains two characteristic tandem repeat regions of approximately 13 amino
acids in length, designated A1 and A2. These are identical in 9 of 13 amino acid
residues, with non-identical residues possessing the same charge and polarity. The Al
repeat region is followed by a highly conserved domain consisting of C repeats which
are highly homologous with other M proteins (Berge and Sjobring, 1993; Ringdahl and

Sjobring, 2000).

Unlike SEN and GAPDH which bind plasminogen via C-terminal lysine residues, PAM
binds plasminogen via its internal lysine residues contained within the A repeat regions

and an internal histidine residue in the A1 repeat (Schenone et al., 2000; Wistedt et al.,
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1995). The majority of plasminogen binding is mediated by the lysine residue within the
A1l repeat (Wistedt et al., 1995). PAM binds to kringle 2 of plasminogen in such a way
that the catalytic domain remains accessible to activation by streptokinase and tPA
(Berge and Sjobring, 1993; Ringdahl and Sjobring, 2000; Ringdahl et al., 1998). PAM-
bound plasmin activity is protected from inactivation by op-antiplasmin, which also

binds to kringle 2 of plasminogen (Berge and Sjobring, 1993).

The pam genotype is largely restricted to emm pattern D GAS isolates which display a
strong tendency to cause impetigo (Svensson et al., 1999). This association has been
consistently observed in isolates from various geographic locations and has lead to the
hypothesis that PAM-mediated plasminogen binding may be an important factor in
localised skin infection rather than invasive infection (Bessen et al., 2000; Bessen et al.,
1996; Svensson et al., 1999). Emm pattern A, B and C isolates are generally associated
with nasopharyngeal infection, while emm pattern E isolates display an affinity for both
tissue sites (Bessen et al., 1999; Bessen et al., 1996). A humanised in vivo model of
impetigo (human skin grafted onto SCID mice) was developed to examine the
molecular determinants of GAS tissue tropism. Isolates of emm pattern D caused more
severe erosion of the epidermal layer than emm pattern A — C isolates (Scaramuzzino et
al., 2000). Inactivation of the pam gene attenuates virulence in this model, although the
relative contribution to virulence of antiphagocytic and plasminogen-binding activities

of the PAM protein could not be determined (Svensson et al., 2002).

Invasive disease does not generally develop secondary to skin infection in urbanised
populations (Fiorentino et al., 1997; Haukness et al., 2002; Stollerman, 2001), where

emm pattern D and pam-positive isolates are associated with skin infection (Bessen et
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al.,, 1996; Svensson et al., 1999). In the NT where invasive GAS infection develops
from pyoderma (Carapetis et al., 1999¢; McDonald et al., 2004), the pam gene is present
in the same proportions in skin and invasive disease isolates (Sanderson-Smith et al.,
2004). Thus the contribution of PAM to virulence may be more relevant to invasive

disease processes in these communities than in urban populations.

1.3.2 Streptokinase

1.3.2.1 Streptokinase structure, allelic variation and expression

Streptokinase is a 47 kDa protein of 414 amino acid residues with three distinct
domains designated o, B and y based on structural and functional characteristics (Huang
et al., 1989b; Wang et al., 1998). Two highly variable regions within an exposed loop of
the B domain of the streptokinase protein have been identified, known as V1 (residues
174-244) and V2 (residues 270-290) (Huang et al., 1989a; Johnson et al., 1992; Kapur
et al., 1995; Wang et al., 1999). Classification of variants of ska is based on sequence
differences within the variable region; over 80 variants have been described (Johnston et
al., 1992; Kalia and Bessen, 2004; Kapur et al., 1995). Despite these polymorphisms,
the overall structure in terms of hydrophobicity, hydrophilicity, antigenic sites,

amphipathic regions etc. is strikingly conserved (Kapur et al., 1995).

The streptokinase gene (ska) is found in isolates of all GAS M-types, however ska
alleles cluster with differing levels of streptokinase activity produced in supernatants of
the corresponding GAS isolates (Ferretti et al., 1991; Tewodros et al., 1995). Expression
of ska is growth-phase dependent, appearing early in the logarithmic phase of growth
and under nutrient-rich conditions (Donabedian and Boyle, 1998; Johnston and

Zabriskie, 1986). The ska gene is positively regulated by the FasCAX and Sag/Pel
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systems, and repressed by CovRS (Federle et al., 1999; Kreikemeyer et al., 2001; Li et
al., 1999b; Malke and Steiner, 2004). Interestingly, a subcluster of highly related ska
alleles is found in strong linkage disequilibrium with the pam gene, which clusters
amongst the skin-tropic emm pattern D isolates (Kalia and Bessen, 2004; Svensson et
al., 1999). PAM and streptokinase cooperate in GAS plasmin acquisition in vitro, and
both genes are required for full virulence in an in vivo model of impetigo (Ringdahl et
al., 1998; Svensson et al., 2002). Together, these data support an involvement of ska

allelic subtypes in tissue tropism at the skin (Kalia and Bessen, 2004).

1.3.2.2 Plasminogen activation by streptokinase

Streptokinase has long been known as a streptococcal spreading factor, conferring the
ability to lyse fibrin clots allowing bacterial dissemination (Tillet et al., 1934).
Streptokinase is secreted by group A, C and G streptococci. The activity of
streptokinase from individual streptococcal isolates is often specific for plasminogen of
the mammalian host, with inefficient activation of plasminogen from other host species
(Marcum and Kline, 1983; Schroeder et al., 1999; Wohl et al., 1983). This impacts
significantly on the design of animal models of GAS infection as, for example, murine

plasminogen is resistant to activation by GAS streptokinase (Yakovlev et al., 1995).

Unlike the host plasminogen activators, streptokinase is not a protease. Rather, it binds
plasminogen in a 1:1 stoichiometric ratio, inducing conformational changes to produce
a complex possessing both plasminogen activator activity and plasmin activity
(McClintock and Bell, 1971; Ponting et al., 1992; Tomar and Taylor, 1971). The active
site in the complex is composed of the same catalytic triad as in the plasmin molecule

without the requirement for cleavage of the Argseo-Valss; bond (Cederholm-Williams et
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al., 1979; Wiman, 1980). Proteolytic activity of the streptokinase-plasminogen complex
is not inhibited by o,-antiplasmin (Cederholm-Williams et al., 1979; Wiman, 1980). A
second plasminogen molecule interacts with the streptokinase-plasminogen complex,
resulting in its conversion to plasmin. This lysine-dependant step is thought to involve
the kringle domains of the plasminogen molecule (Cederholm-Williams et al., 1979; Lin
et al., 2000; Wiman, 1980; Young et al., 1998). The streptokinase-plasminogen complex
shows a high specificity for plasminogen, and is an extremely efficient activator of the

zymogen (Parry et al., 2000).

Molecular models of activation of GAS receptor-bound plasminogen by streptokinase
have not yet been elucidated in detail. Plasminogen bound to GAS by receptors bearing
either C-terminal or internal lysine residues can be activated by streptokinase (Berge
and Sjobring, 1993; Pancholi and Fischetti, 1998). It is known that the extended
conformation of Glu-plasminogen (such as is induced by lysine-dependent binding to
mammalian plasminogen receptors) (Andronicos et al., 1997; Redlitz et al., 1995) has a
higher affinity for streptokinase (Boxrud and Bock, 2000). Thus plasminogen binding to
GAS cell-surface receptors may facilitate formation of the initial plasminogen-

streptokinase complex.

1.3.3 Fibrinogen-streptokinase-dependent (FSD) plasminogen binding

1.3.3.1 Fibrinogen receptors

Virtually all clinical isolates of GAS bind fibrinogen (Herwald et al., 2003) and
fibrinogen binding capacity of GAS was first mapped to the M protein (Kantor, 1965;
Whitnack and Beachey, 1985). The antiphagocytic activity of some M proteins is

attributed to binding of fibrinogen, which inhibits complement deposition by reducing
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the amount of classical pathway C3 convertase bound to the GAS cell-surface (Carlsson
et al., 2005; Whitnack and Beachey, 1985). M proteins possessing fibrinogen-binding
capacity include M1, M3, M5, M6 and M18 (Akesson et al., 1994; Courtney et al.,
1997; Reichardt et al., 1997; Whitnack et al., 1984). M proteins known not to bind
fibrinogen include M4, M22 and M60 (Stenberg et al., 1992; Thern et al., 1995; Thern

et al., 1998).

Other fibrinogen-binding proteins of GAS include M-related proteins and T proteins
(Schmidt and Kohler, 1984; Stenberg et al., 1992; Thern et al., 1998). In addition,
certain GAS fibronectin-binding proteins possess a dual affinity for fibrinogen,
including protein F and Fbp54, the gene for which is found in 100% of NT GAS isolates

tested (Courtney et al., 1994; Delvecchio et al., 2002a; Katerov et al., 1998).

1.3.3.2 Fibrinogen-streptokinase-dependent plasmin acquisition

Acquisition of plasmin activity by some GAS isolates requires human fibrinogen in
addition to plasminogen and streptokinase (fibrinogen-streptokinase-dependent (FSD)
pathway). According to this model, fibrinogen bound to the GAS cell surface provides a
target for the lysine-dependent binding of a preassembled plasminogen-streptokinase
complex (Wang et al., 1995a). Subsequent molecular rearrangements render the binding
interaction lysine-independent (Wang et al., 1995a). The trimolecular complex formed
activates fluid phase plasminogen in the presence of host inhibitors and also possesses
plasmin activity (D'Costa and Boyle, 1998). Thus, plasminogen acquisition via the FSD
pathway results in the creation of an unregulated surface protease and an immobilised
plasminogen activator (Wang et al., 1995b). The interaction between GAS, fibrinogen,

streptokinase and plasminogen confers an exceptionally stable cell-associated enzymatic
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activity which can lyse fibrin clots despite the presence of ay-antiplasmin (Wang et al.,

1995a).

Neither streptokinase nor plasminogen alone can bind to surface-bound fibrinogen, and
streptokinase knockout mutants confirm a key role for streptokinase in the acquisition
of plasminogen via the FSD pathway (Christner et al., 1997). Increasing concentrations
of streptokinase, beyond those required to activate all plasminogen present, augment
plasminogen binding to GAS in the presence of fibrinogen (Wang et al., 1995b). This
suggests that streptokinase is not only involved as a plasminogen activator, but also as
an essential binding co-factor in the FSD pathway (Wang et al., 1995b). Fibrinogen-
binding capacity is the limiting factor in the ability of many GAS strains to acquire
plasmin activity (Wang et al., 1995b). Deletion of the major fibrinogen protein in GAS

isolates significantly reduces plasmin acquisition (Christner et al., 1997).

1.3.4 Interaction of SpeB with the GAS plasminogen system

1.3.4.1 SpeB structure, specificity and expression

Streptococcal pyrogenic exotoxin B (SpeB) is a highly conserved extracellular and cell-
surface cysteine protease with broad specificity (Hytonen et al., 2001; Kapur et al.,
1993b). SpeB is secreted as 40 kDa zymogen which is processed to a 28 kDa active
protease by autocatalysis, trypsin, subtilisin or the mature SpeB protease, and involves
several intermediate forms (Hauser and Schlievert, 1990). Autocatalytic activation of
the zymogen occurs under reducing conditions by intra- and inter-molecular
mechanisms and involves sequential cleavages within the N-terminal pro-sequence

domain (Doran et al., 1999).
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SpeB binds the ECM component laminin and other glycoproteins independent of both
the activity and the substrate binding site of the cysteine protease (Hytonen et al., 2001;
Hytonen et al., 2000). Originally identified as a plasmin-binding protein secreted by
nephritogenic GAS strains, amino acid sequence analysis and immunological reactivity
suggest that the nephritis plasmin binding protein (NPBP) is the zymogen form of
SpeB. NPBP binds plasmin in a lysine-dependent manner, suggesting it may be
protected from inactivation by o-antiplasmin as for other lysine-dependent receptor
interactions (Poon-King et al., 1993). Thus the zymogen form of SpeB may confer an

unregulated, diffusible plasmin activity capable of targeting the ECM.

SpeB itself cleaves ECM components and activates host metalloproteases (Burns et al.,
1996; Kapur et al., 1993b; Tamura et al., 2004) Further, SpeB activates inflammatory
cytokines and kinins and cleaves immunoglobulins, suggesting a role for SpeB in GAS
invasion, inflammatory disease and immune evasion (Burns et al., 1996; Collin and
Olsen, 2001; Herwald et al., 1996; Kapur et al., 1993a; Tamura et al., 2004). However
SpeB also degrades GAS virulence factors (Aziz et al., 2004; Kansal et al., 2003) and
components of the GAS plasminogen activation system including surface-bound
plasminogen and plasmin, streptokinase (Rezcallah et al., 2004), fibrinogen (Matsuka et
al., 1999) and fibrinogen-binding proteins such as M1 (Raeder et al., 1998) and protein
F (Nyberg et al., 2004). Whether SpeB tips the proteolytic balance in favour of GAS or
the host is unclear, however it is of interest that invasive M1 GAS undergoes a phase-
shift in vivo to acquire a SpeB-negative phenotype (Aziz et al., 2004; Raeder et al.,

2000).
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The speB gene is carried by all GAS strains but the level of expression varies between
strains (Hytonen et al., 2001). Expression is controlled by the multiple gene activator
mga, by ropA involved in secretion and folding of SpeB, and by ropB (rgg), a
transcriptional activator of SpeB expression (Chaussee et al., 1999; Lyon et al., 1998;
Podbielski et al., 1996). The expression of SpeB is growth-phase dependent, with
maximal expression occurring from late logarithmic phase to stationary phase in

response to nutrient limitation (Chaussee et al., 1997; Neely et al., 2003).

1.3.4.2 SpeB and GAS virulence

Reflecting the diversity of GAS and host molecules degraded by SpeB, the role of SpeB
in GAS virulence is complex. Studies employing genetic inactivation of SpeB have
implicated the protease in phagocytosis resistance, streptococcal dissemination to
organs and lethality in a murine infection model (Lukomski et al., 1998; Lukomski et
al., 1999; Lukomski et al., 1997). SpeB is associated with disease severity, and appears
to exert a synergistic effect on other virulence factors in murine skin infection models
(Saouda et al, 2001; Svensson et al., 2000). SpeB inhibits IgG-mediated
opsonophagocytosis in human blood, supporting its postulated role in immune evasion
(Collin et al., 2002). In contrast, others have found no effect of SpeB inactivation in
murine models of invasive infection (Ashbaugh et al., 1998; Ashbaugh and Wessels,
2001), noting that the work by Lukomski’s group may have been confounded by
diminished expression of the antiphagocytic hyaluronic acid capsule coincident with
SpeB inactivation (Ashbaugh and Wessels, 2001; Lukomski et al., 1998; Woischnik et
al., 2000). Corroborating the animal work showing diminished SpeB production by

invasive M1 clones (Aziz et al., 2004; Raeder et al., 2000), M1T1 isolates from human
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disease show an inverse relationship between SpeB expression and severity of invasive

disease (Kansal et al., 2000).

The relationship between SpeB production and infection severity in the in vivo impetigo
model, and the observation that skin isolates of GAS produce more SpeB than
nasopharygeal isolates, support a role for SpeB in skin tropism (Svensson et al., 2000).
An integrated model of skin infection has been proposed (Svensson et al., 2002) in
which GAS proteolytic activity is dominated by SpeB in the initial stages of infection,
possibly mediating nutrient acquisition (Chaussee et al., 1997). Once colonisation is
established, immune infiltration generates a nutrient-rich environment favouring
streptokinase expression and a plentiful source of plasminogen (Donabedian and Boyle,
1998). The fibrinolytic activity of plasmin prevents wound healing, favouring bacterial

persistence and spread (Donabedian and Boyle, 1998; Sun et al., 2004).

1.3.5 Role of plasminogen activation in GAS virulence

The importance of plasminogen in streptococcal pathogenicity is illustrated by the
biochemical and molecular evolution of streptococcal plasminogen activation. The
interaction of streptokinase with plasminogen reflects the mammalian host range of
various streptococcal species (Marcum and Kline, 1983; Schroeder et al., 1999; Wohl
et al., 1983). DNA sequence analysis of plasmin from various species indicates that
sites in plasmin that interact with streptokinase are preferentially targeted for
mutation compared to its homologues, trypsin and chymotrypsin, which are not
cofactors in bacterial virulence. Amongst the streptococci, intermolecular contact

sites in streptokinase that activate human plasminogen are more highly conserved
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than other loci in the molecule, or than the same sites in streptokinases that activate

plasminogen of other species (Gladysheva et al., 2003).

The species specificity of plasminogen activation and its importance in virulence are
exemplified in murine models of GAS infection, where murine plasminogen is
resistant to activation by GAS streptokinase (Lijnen et al., 1994) and mice are
generally resistant to skin infection with GAS (Li et al., 1999a; Sun et al., 2004).
Accordingly, a high streptokinase-producing GAS strain and its streptokinase-
deletion mutant show no difference in virulence in a mouse skin infection model
(Khil et al., 2003). In contrast, when a source of human plasminogen is present at the
infection site, the presence of the streptokinase gene markedly enhances group A
streptococcal virulence (Khil et al., 2003; Svensson et al., 2002) Likewise, virulence
of streptokinase-producing GAS is enhanced in the mouse by preincubation in human

plasma, but not plasminogen-depleted plasma (Li et al., 1999a).

Recently, the development of a humanised plasminogen transgenic mouse model of
infection definitively demonstrated the critical role of human plasminogen in group
A streptococcal pathogenicity in vivo. The presence of a human plasminogen
transgene markedly increased mortality following skin infection with GAS, but not
following intravenous infection. The susceptibility conferred by the human
plasminogen transgene is dependent on streptokinase secretion by GAS, and is
characterized by enhanced bacterial dissemination. Fibrinogen may be essential to
host defense against group A streptococcal skin infection, possibly due to
encapsulation of the bacteria within fibrin networks and prevention of systemic

access by occlusion of the local vasculature. Acquisition of fibrinolytic activity by
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GAS circumvents fibrin-dependent mechanisms, even if only transiently, thereby

enhancing virulence (Sun et al., 2004).

Even in the absence of streptokinase, the ability to focus plasminogen at the group A
streptococcal surface via cell-surface receptors enhances virulence in vivo. Activation
of GAS-bound plasminogen by uPA and tPA has been demonstrated in vitro but has
not been thoroughly investigated in vivo (Berge and Sjobring, 1993; Kuusela et al.,
1992). However, a streptokinase-deficient GAS strain with plasminogen-binding
capacity showed enhanced virulence when a human plasminogen source was
provided, probably due to plasmin formation by host activators (Khil et al., 2003).
Human plasminogen is more readily activated by murine tPA than is murine
plasminogen (Lijnen et al., 1994). The binding of plasminogen to GAS is known to
markedly increase the rate of plasminogen activation by tPA (Kuusela et al., 1992)
supporting the hypothesis that cell-surface binding of plasminogen is an important

component of group A streptococcal pathogenesis.

To our knowledge, only one study of human clinical isolates of GAS has examined
the relationship between plasmin acquisition and invasive capacity. Invasive disease
isolates demonstrated higher levels of plasmin than isolates from uncomplicated
throat infections, although this difference did not reach significance (Wang et al.,
1994). Amongst highly related emm49 isolates, those from severe invasive disease
showed higher streptokinase expression at the transcriptional level than those from

non-invasive disease (Ikebe et al., 2005).
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Overall, recent studies point to an important role for plasminogen activation in GAS
virulence. It is not known whether a low level of plasminogen activation is sufficient to
maintain GAS infection or initiate invasion from a superficial site; or whether isolates
with higher plasmin/plasminogen activator activity are more efficient in these processes.
The network of molecules involved in the interaction of plasminogen with GAS

constitute a complex system with multiple levels of regulation.
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1.4 Rationale and aims of this study

The aim of this study was to determine whether plasminogen is deployed as a virulence
factor during GAS invasive disease, with particular reference to GAS isolates from the
NT of Australia. The high rates of invasive disease in this region manifest secondary to
endemic skin infection. Against this background, the postulated importance of
plasminogen activation in skin tropism, as well as in the breach of tissue barriers has
lead to the hypothesis that plasminogen activation may play an important role in NT

GAS invasive disease.

This question was first approached from an epidemiological perspective, comparing
GAS isolates from invasive infections with those from uncomplicated infections for
their interaction with the plasminogen system in vitro. Plasminogen binding;
plasminogen receptor expression and genetic variation; fibrinogen binding;
streptokinase expression, activity and genetic variation; SpeB expression and activity;
and acquisition of cell-surface plasmin in human plasma were characterised in 29 GAS
isolates of known clinical origin from the Northern Territory. To further characterise the
role of PAM, streptokinase and SpeB in acquisition of cell-surface plasmin activity in
human plasma, such acquisition was compared in GAS deletion mutants for genes

encoding these proteins and the corresponding wildtype strains.

The second approach to addressing the role of plasminogen in GAS virulence and
invasive disease was to examine GAS infection using the human plasminogen
transgenic mouse model. A subset of NT GAS isolates selected for different in vitro

plasminogen activation characteristics was tested for virulence in this model.
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CHAPTER 2 Plasminogen binding by group A
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Chapter 2: Plasminogen binding by NT GAS isolates

2.1 Introduction

In the tropical Northern Territory of Australia (NT), GAS skin infection is
hyperendemic and the skin is thought to represent the major portal of entry for GAS
invasion to sterile sites (Carapetis et al., 1999¢; McDonald et al., 2004). The importance
of plasminogen binding in GAS skin infection is suggested by the clustering of the high
affinity plasminogen receptor PAM amongst isolates of emm pattern D, which display a
preference for skin as the primary infection site (Bessen et al., 1996; Svensson et al.,
1999). The importance of plasminogen acquisition in both skin infection and tissue
invasion has been demonstrated in various animal models (Li et al., 1999a; Sun et al.,

2004; Svensson et al., 2002).

The aim of this study was to characterise the binding of plasminogen by clinical isolates
of GAS from the NT of Australia and to determine from an epidemiological perspective
whether there is any relationship between GAS plasminogen acquisition and invasive
propensity. We are aware of only one other study of GAS infection employing this
approach, which found no significant difference in plasminogen binding between North
American clinical isolates of GAS from throat infection and bacteremia (Wang et al.,
1994). Invasive GAS disease in industrialised nations generally originates from throat
infection rather than skin infection as found in the NT of Australia (Fiorentino et al.,
1997). The niche specialisation observed amongst GAS populations supports the
hypothesis that the virulence factor profile mediating tissue invasion from the skin and
throat may also be divergent (Bessen et al., 1999; Bessen et al., 2005; Fiorentino et al.,
1997, Kalia and Bessen, 2004). Thus the plasminogen binding profile of invasive GAS

isolates of distinct geographic and epidemiological origin was investigated.
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In this study a clonally diverse collection of 29 NT GAS isolates from either invasive
disease or uncomplicated infections was assayed for the presence of the high affinity
plasminogen receptors, SEN and PAM. DNA sequence analysis of the plasminogen-
binding domain of the sen gene was performed and the cell-surface expression of SEN
investigated. Presence of the pam gene in these isolates was noted from the work of
Martina Sanderson-Smith, PhD candidate, University of Wollongong. The plasminogen
receptor GAPDH was not investigated due to its reported lack of importance in plasmin
acquisition by GAS (Winram and Lottenberg, 1998). Radioligand binding assays were
used to determine the direct binding of plasminogen to the GAS cell-surface.
Plasminogen binding as part of a trimolecular complex by the fibrinogen-streptokinase-
dependent (FSD) pathway was determined by measuring plasminogen binding in the
presence of streptokinase and fibrinogen (Wang et al., 1995a). Binding of plasminogen
by the FSD pathway is thought to be mediated by fibrinogen receptors, thus the capacity
of isolates to bind human fibrinogen was also determined (Christner et al., 1997; Wang

et al., 1995a).
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2.2 Materials and Methods

2.2.1 Protein Methods

2.2.1.1 SDS-PAGE Analysis

Acrylamide gels (0.375 M Tris, pH 8.8, 12% resolving gel) were prepared using the
Mini-Protean II or III system with an acrylamide stacking gel (0.125 M Tris, pH 6.8,
4% acrylamide) according to the manufacturer’s instructions (Bio-Rad Laboratories Inc,
Hercules, California, USA). Samples were boiled for 5 min in SDS-PAGE sample
buffer (Appendix 1) and chilled on ice before loading. Unstained molecular weight
markers (Precision or Precision Plus Protein™ Unstained Standards, Bio-Rad) were
used on all gels, while prestained markers (Benchmark™ Prestained protein ladder,
Invitrogen Life Technologies, Carlsbad, California, USA; or Prestained SDS-PAGE
Standards, Low or High Range, Bio-Rad) were used for gels to be western transferred.
Following electrophoresis at 200 V in running buffer (Appendix 1), gels were prepared
for transfer as described below or stained with Coomassie Blue (Appendix 1) for 1 h
with gentle agitation and destained overnight. Standard curves of distance migrated
against log;o molecular weight of markers were used to determine molecular weight of

unknowns.

2.2.1.2 Western Transfer and Immunoblotting

Gels were prepared for electrophoretic transfer by equilibration in methanol transfer
buffer (Appendix 1) for 10 min. Polyvinyl difluoride (PVDF) membranes (Immun-
blot™ PVDF membrane, 0.2 um, Bio-Rad) were wetted using 100% ethanol,
equilibrated in transfer buffer and the transfer performed using the Bio-Rad Mini Trans-

blot assembly according to the manufacturer’s instructions for 1 h at 110 V at 4°C.
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Membranes were rinsed in Tris-buffered saline (TBS; Appendix 1) and blocked
overnight at 4°C in blocking buffer (Appendix 1), followed by 1 h incubation in primary
antibody diluted 1 in 2000 in blocking buffer at room temperature. The membrane was
washed 5 x 5 min in 50 ml TBS with 0.05% Tween-20 (TBST) and re-blocked for 30
min in blocking buffer. Horseradish peroxidase-conjugated secondary antibody diluted
I in 2000 in blocking buffer was incubated on the membrane for 1 h at RT. The
membrane was washed as above, with a fourth wash in 50 ml TBS, followed by
chemilluminescent detection using the Supersignal® Enhanced Chemiluminescent
Substrate or the Supersignal® West Pico Chemiluminescent Substrate (Pierce,
Rockford, Illinois, USA) according to the manufacturer’s instructions. In some
instances, antibody concentrations were reduced to minimise background signal for the
latter more sensitive substrate. High performance chemiluminescent film (Hyperfilm™,
Amersham Biosciences, Piscataway, New Jersey, USA) was developed using GBX
developer and fixer solutions (supplied as 5X stock solution from Kodak (Australasia)
Pty Ltd, Coburg, Victoria, Australia). Blots were stained with Coomassie Blue
following development to visualise transferred unstained molecular weight markers. For
Western blot of streptokinase, the membrane was equilibrated in 100 mM Tris, pH 7.6
for 2 min before chromogenic detection with diaminobenzidine (Sigma, St Louis,

Missouri, USA) in the presence of hydrogen peroxide (Appendix 1).

2.2.1.3 Enzyme-linked immunosorbent assay (ELISA)

Microtitre plates were coated with 5 pg/ml antigen in carbonate buffer (Appendix 1) by
overnight incubation at 4°C. Plates were washed 3 times with PINT buffer (Appendix
1), incubated with assay blocking buffer (Appendix 1) for 1 h at 37°C, and washed as

before. Serial dilutions of test sera in blocking buffer were incubated for 1 h at 37°C,
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the plates washed and secondary antibody added at 1 in 2000 in blocking buffer for 1 h
at 37°C. Plates were washed 4 times with PINT, developed with o-phenylenediamine
(Sigma) developing solution (Appendix 1), and the reaction stopped with 1 N
hydrochloric acid. Absorbance at 490 nm (A499) was determined using the Spectramax®
250 platereader (Molecular Devices Corporation, Sunnyvale, California, USA; used for
all subsequent absorbance determination in 96-well plates). All incubation volumes

were 50 pl.

2.2.1.4 Determination of protein concentration

Protein concentrations were determined using the Bio-Rad DC protein assay. The assay
was performed according to the manufacturer’s instructions (microplate assay protocol)
and A7so determined. Concentrations of unknown samples were determined from a
standard curve of bovine serum albumin (0 - 1.5 mg/ml range) interpolated using

SoftMax® Pro software (version 1.2.0; Molecular Devices Corporation).

2.2.1.5 Affinity purification of plasminogen from human plasma

Plasminogen was purified from human plasma using a method modified from that
described previously (Deutsch and Mertz, 1970). Frozen plasma was purchased from
the Australian Red Cross Blood Service. Lysine sepharose® 4B (Amersham
Biosciences) was rehydrated and washed according to the manufacturer’s instructions.
Plasma was defrosted in ice-cold water, diluted 1 in 2 in ice-cold distilled water and the
protease inhibitors EDTA (5 mM) and phenylmethylsulfonyl fluoride (PMSF; 1 mM)
added. Excess dilute plasma was added to lysine sepharose in 50 ml centrifuge tubes
and incubated with gentle agitation 1 - 2 h on ice at 4°C. Lysine sepharose was

centrifuged at 200 x g, resuspended in 1 volume of wash buffer (Appendix 1), and
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loaded onto a chromatography column. Chromatography was performed at 4°C at a
flow rate of 0.5 ml/min using using a peristaltic pump with flow monitor (Econo Pump,

Model EP1, Bio-Rad).

The column was washed overnight using wash buffer. Chromatography (protein
concentration) was monitored at Ajgy using either the Econo™ UV monitor (Bio-Rad),
or by spectrophotometry of wash fractions collected using an automated fraction
collector (Model 2110, Bio-Rad). The column was washed until baseline absorbance
was reached. Further elution of contaminants was achieved by washing with a high-salt
buffer (Appendix 1) until baseline absorbance was reached. Plasminogen was eluted
with buffer containing the lysine analogue, e-aminocaproic acid (Sigma; Appendix 1).
Fractions corresponding to the elution peak at Ajgp containing plasminogen were
collected and the tail of the elution peak (potentially contaminated with plasmin) was
discarded. Plasminogen was dialysed against 10 1 of phosphate buffered saline (PBS;

Appendix 1) pH 8.0, with two changes over two days at 4°C.

Plasminogen concentration was adjusted to greater than 1 mg/ml by dialysis against
solid polyvinyl pyrrolidone-40 (ICN Biomedicals Inc, Aurora, Ohio, USA) at 4°C and
aliquots stored at -70°C. Identity of plasminogen was confirmed by Western blotting
with an anti-human plasminogen antibody (Calbiochem®, Merck Pty, Kilsyth, Victoria,
Australia) and by chromogenic plasmin activity assay in presence of the plasminogen
activator, streptokinase. Aliquots were tested for the absence of plasmin by reducing
SDS-PAGE, yielding two protein bands for plasmin and one for plasminogen, or by

chromogenic plasmin activity assays.
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2.2.1.6 Plasmin activity assay

Plasmin activity of human plasma or purified plasminogen was measured using a
plasmin-specific chromogenic substrate, H-D-norleucyl-hexahydrotyrosol-lysine-para-
nitroanilide diacetate; (Spectrozyme® PL; American Diagnostica, Stamford,
Connecticut, USA) in the presence and absence of group C streptokinase (Sigma). The
assay was performed at 37°C in 50 mM Tris, pH 7.4, in 96-well plates using a final
concentration of 0.4 mM Spectrozyme® PL and monitored at Asos. Initial reaction rate
(Vmax) Was calculated and compared to a standard curve of plasmin using Softmax®
Pro. This assay was modified to determine supernatant streptokinase activity and cell-

surface plasmin acquisition by GAS as described in later chapters.

2.2.1.7 Generation and purification of rabbit polyclonal antibody

A New Zealand white rabbit (Merungora, Wauchope, NSW, Australia) was immunised
intramuscularly with an emulsion containing approximately 300 pg of a commercially
synthesised peptide representing the the carboxy-terminal region of SEN (NH,-
CYKGIKSFYNLKK-COOH; Chiron Mimotopes, San Diego, California, USA). A
cysteine residue was added to the amino-terminal end of the peptide for conjugation to
keyhole limpet hemocyanin (KLH) by the maleimide method (Chiron Mimotopes). The
peptide was resuspended 1:1 in complete Freund’s adjuvant (Sigma) for primary

immunisation.

The rabbit was boosted with approximately 200 pg of peptide-KLH conjugate
suspended in incomplete Freund’s adjuvant (Sigma) on days 34 and 84 and antibody
responses were monitored by ELISA. Blood was collected by cardiac puncture 9 days

after the final immunisation. This experiment was conducted according to the
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Guidelines for the Care and Use of Laboratory Animals (National Health and Medical
Research Council, Australia) and approved by the University of Wollongong Animal

Ethics Committee.

Immune serum was adsorbed to a protein G-Sepharose® 4 Fast Flow™ column
(Amersham Biosciences) and washed with PBS, pH 7.4, until Ao of the eluant reached
baseline. Bound IgG was eluted with 0.1 M glycine, pH 2.3, and adjusted immediately
to pH 7 using 3 M Tris HCI, pH 8.4. The IgG fraction was dialysed for 48 h with 2
changes of PBS, pH 7.4 at 4°C and stored at -70°C. Purity and identity of IgG was tested
by SDS-PAGE, confirming the expected molecular weights for reduced and non-

reduced IgG bands (Harlow and Lane, 1988).

2.2.1.8 Labelling of proteins with '“iodine

Proteins (plasminogen and fibrinogen) were labelled with 'Zjodine (Amersham
Biosciences) by the chloramine T method (Hunter and Greenwood, 1962). Glu-
plasminogen was purified from human plasma as previously described. Human
fibrinogen (essentially plasminogen-free; Sigma) was tested to confirm the absence of
contaminating fibronectin by Western blotting with a rabbit polyclonal antibody against
human fibronectin (Sigma). The iodination reaction was performed in a siliconised
(Sigmacoat; Sigma) glass vial by mixing 100 pl of protein at 1 mg/ml in phosphate
buffer (0.05 M sodium phosphate, pH 7.5) with 350 Ci '*iodine and 20 pl chloramine T
(Sigma; 1.5 mg/ml in phosphate buffer). The reaction was allowed to proceed for 1 min
before stopping with 20 ul of sodium metabisulfite (Sigma; 1.5 mg/ml) in phosphate

buffer. Radiolabelling efficiency (% incorporation of radioactivity into protein) was

determined by comparing radioactivity of the labelling reaction with that of
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trichloroacetic acid-precipitated protein from an equivalent reaction volume. All
radioactivity measurements were determined using an automatic gamma counter
(Wallac; Perkin Elmer Life Sciences, Boston, Massachusetts) for 30 s per tube.
Unincorporated radioactivity was removed and the buffer exchanged to PBS with
0.05% Tween-20 (PBST) by size exclusion chromatography using a PD-10 Sephadex
G-25M column (Amersham Biosciences). The reaction was diluted to 2500 - 4500
cpm/ul for binding assays. All labelled proteins were analysed for homogeneity by gel

electrophoresis and autoradiography in comparison with non-labelled proteins.

2.2.2 DNA methods

2.2.2.1 Polymerase chain reaction (PCR) amplification of DNA

Fragments of streptococcal genomic DNA were amplified using 7ag polymerase
(Qiagen GmbH, Hilden, Germany) and specific oligonucleotide primers (Sigma
Genosys, Sydney, NSW, Australia; see Appendix 1 for reaction mix). PCR was
performed using a thermal cycler (Cooled/gradient Palm Cycler version 2.2; Corbett
Research, Mortlake, NSW, Australia) with denaturation, annealing and extension
conducted at 94°C, 50°C and 72°C respectively. Each temperature was held for 2 min in
the first amplification cycle; 1 min for the next 30 cycles; and 1 min for the final cycle
with the exception of the extension step, held for 7 min. Oligonucleotide primers used
are given in Table 2.1. Emm pattern of the isolates was determined by Martina
Sanderson-Smith (University of Wollongong) as described previously (McKay et al.,

2004).
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Table 2.1. Oligonucleotide primers used for analysis of the sen gene

Please see print copy for Table 2.1

*(McKay et al., 2004)

2.2.2.2 Agarose gel electrophoresis

DNA samples were prepared by dilution in DNA loading buffer (Appendix 1). DNA
fragments were resolved by electrophoresis in 1% (w/v) Tris acetate (TAE)-agarose gels
in TAE buffer (Appendix 1) at 70 V. Gels were stained with ethidium bromide
(approximately 1 pg/ml) for 20 min with gentle agitation, destained for 20 min in water,
and visualised using a UV transilluminator (UVP Inc, Upland, California, USA) and
photographed using a gel documentation system (NovaLine, Sydney, NSW, Australia).
Standard curves of distance migrated against log;o molecular weight of markers were

used to determine molecular weight of unknowns.

2.2.2.3 DNA sequence analysis

DNA to be sequenced was first PCR-amplified from chromosomal DNA and purified
using either the QIAquick® PCR purification kit (Qiagen) or Wizard® SV PCR Clean-
up System (Promega Corporation, Madison, Wisconsin, USA) according to the
manufacturers’ instructions. DNA sequencing reactions were performed using the
BigDye® Terminator cycle sequencing kits version 2.1 or 3.1 (Applied Biosystems,
Foster City, California, USA; see Appendix 1 for reaction mixtures) and oligonucleotide
primers given in Table 2.1. PCR was performed using a thermal cycler (Palm Cycler

version 2.2; Corbett Research) with 25 cycles of denaturation, annealing and extension
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conducted at 96 °C for 10 sec, 50 °C for 5 sec and 60°C for 4 min respectively.
Unincorporated di-deoxyterminators were removed by ethanol precipitation according
to the manufacturer’s instructions for each system. DNA pellets were resuspended in
loading dye (Appendix 1) and the sequences resolved electrophoretically using the ABI
Prism® 377 DNA sequencer (Applied Biosystems). Electropherograms of sequence
generated from forward and reverse primers were aligned and a consensus sequence
generated using ABI Prism® Autoassembler™ software (Applied Biosystems) or the

Staden Package (www://staden.sourceforge.net; (Bonfield et al., 1995).

2.2.2.4 Molecular typing and emm pattern

Emm sequence typing of Northern Territory isolates was performed by Martina
Sanderson-Smith and Drs Peter Fagan and Rebecca Towers of the Menzies School of
Health Research, Darwin. Emm pattern was determined by Martina Sanderson-Smith,
and Dr Deborah Bessen of the Department of Microbiology and Immunology, New
York Medical College, Valhalla, New York, USA, kindly provided and confirmed some
of the emm pattern and emm sequence data. Presence of the PAM gene was determined
by Southern hybridisation by Sandra Gardam, University of Wollongong, and
confirmed by sequencing of the Al and A2 plasminogen-binding repeat region of PAM
by Martina Sanderson-Smith. For the purposes of this work, PAM-positive isolates were
defined as those positive by Southern hybridisation and containing an Al and A2 repeat
regions with greater than 50% amino acid sequence homology to that of the prototype
PAM sequence (Berge and Sjobring, 1993). Methods used for analysis of emm and
emm-like genes have been described elsewhere (McKay et al., 2004). All vir typing was
performed as described previously by staff of the Menzies School of Health Research,

Darwin (Gardiner et al., 1995).
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2.2.3 GAS assay methods

2.2.3.1 Source of GAS isolates

Northern Territory GAS isolates were a generous gift from Dr Kadaba Sriprakash and
Dr Bart Currie of the Menzies School of Health Research, Darwin, Australia and the
microbiology staff of Royal Darwin Hospital and Alice Springs Hospital. GAS were

collected from patients either during community clinical visits or hospital visits.

2.2.3.2 GAS culture

GAS isolates were stored at -70°C in cryovials in tryptone soya broth (Oxoid Ltd,
Basingstoke, Hampshire, England) containing 15% (v/v) glycerol. GAS were struck out
on either defibrinated horse blood agar plates (Biomerieux, Baulkham Hills, NSW,
Australia) or agar plates containing Todd Hewitt broth (Difco™, BD Biosciences,
Franklin Lakes, New Jersey, USA) supplemented with 1% (w/v) yeast extract (Oxoid;
THY) and grown overnight at 37°C. For liquid culture, one colony of GAS from a horse
blood agar plate was used to inoculate THY and grown as a stationary culture at 37°C to

the appropriate growth phase, unless specified otherwise.

2.2.3.3 Extraction of genomic DNA from GAS
Genomic DNA was extracted from a 2 ml THY overnight culture of GAS using the
DNeasy DNA extraction kit (Qiagen) according to the manufacturer’s instructions. This

extraction included the recommended lysozyme digestion for gram-positive bacteria.

2.2.3.4 Mutanolysin extraction of streptococcal membrane proteins
Overnight cultures (25 ml) of GAS were pelleted by centrifugation at 7,500 x g for 20

min and washed twice with 1.25 ml ice-cold Tris-EDTA (TE; 50 mM Tris, pH 8.0, 1
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mM EDTA) containing 1 mM PMSF. The cells were resuspended in a mixture
containing 250 pul TE with 20% (w/v) sucrose, 25 pl lysozyme (100 mg/ml in TE-
sucrose; Sigma) and 12.5 pul mutanolysin (5000 U/ml in 0.1 M K,;HPO,, pH 6.2). The
mixture was shaken for 2 h at 37°C, then centrifuged at 14, 000 x g for 5 min and the
supernatant collected (Ji et al., 1998). Extracts were boiled in SDS-PAGE sample buffer

for 5 min and stored at -20°C until analysis.

2.2.3.5 GAS plasminogen- and fibrinogen-binding assays

GAS were grown overnight in THY as stationary cultures (25 ml) and harvested by
centrifugation at 6,000 x g for 20 min. The pellets were washed once in PBST (5 ml)
and resuspended to a transmittance (600nm) of 10%. Radiolabelled plasminogen or
fibrinogen (20 pl) was added to 250 pl of the cell suspension with vortexing and
incubated for 45 min at room temperature. Where appropriate, unlabelled streptokinase
(10-fold molar excess compared to plasminogen; Sigma), fibrinogen (1.5 fold molar
excess compared to plasminogen; Sigma) and/or eACA (10-fold molar excess compared
to plasminogen; Sigma) were added to '*’I-plasminogen-binding assays. Cells were
washed with 1 ml PBST, sedimented by centrifugation at 14,000 x g for 3 min and the
supernatant carefully aspirated. Radioactivity of cell pellets was determined using an
automatic gamma counter (Wallac) and the results expressed as percentage of input
radioactivity. All measurements were determined in triplicate. Plasminogen- and
fibrinogen-binding assays of all Northern Territory GAS isolates were performed with

the assistance of Dr Jason McArthur, University of Wollongong.
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2.2.4 Statistical methods

Statistical analysis was performed using JMP (SAS Institute Inc., Cary, North Carolina,
USA). Pearson’s X2 analysis was used to determine associations between genetic
markers and invasive classification. Binding data were analysed for differences
between pam status and infection classification using two-way analysis of variance
(ANOVA). Where data or transformed data did not fit the assumptions for two-way
ANOVA, an unpaired Student’s ¢ test, Welch ANOVA (unequal variances) or
Wilcoxan/Kruskal-Wallis Rank Sum test (non-parametric) was used to compare groups
separately. A paired Student’s 7 test was used to analyse responses of isolates to
different experimental conditions. Pearson’s or Spearman’s correlation coefficients (7)
were used to describe the relationships between cell-surface binding of radiolabelled
proteins for parametric and non-parametric data respectively. The p values for some
analyses differ slightly from those previously reported due to the subsequent
reclassification of isolate NS696 as pam-negative based on low sequence identity to the
protoype pam sequence despite positive Southern hybridisation (McKay et al., 2004).

However the overall significance of reported relationships was unchanged.
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2.3 Results

2.3.1 Clonal diversity of NT GAS isolates

Characteristics of the 29 clinical isolates of GAS from invasive cases (n = 14) and
uncomplicated infections (n = 15) are given in Table 2.2. The isolates showed
considerable genetic diversity, with 25 vir types, 24 emm sequence types and 4 of the
five major emm patterns represented. Together the 29 isolates represent 25 genetically
distinct strains that are thus not epidemiologically linked. There were 3 small clusters of
isolates that were found to be genetically indistinguishable based on the typing methods
used. These were NS730 and NS733 (vir type 2.2, emmST 90 and emm pattern E);
NS10, NS13 and NS59 (vir type 24, emmST 53 and emm pattern D); and NS455 and
NS253 (vir type 29.1, emmST 52 and emm pattern D). In this study emm pattern was not

significantly associated with invasive disease (p < 0.148).

2.3.2 Sequence encoding the SEN protein

A 509 bp fragment spanning the 3’ end of the sen gene (encoding the C-terminal end of
the SEN protein) was amplified (Figure 2.1) and the DNA sequence determined. All 29
NT isolates possessed the sen gene and the DNA sequence encoding the C-terminal
lysine repeat that mediates Glu- and Lys-plasminogen binding was conserved in all

isolates (Derbise et al., 2004) (Table 2.3).

2.3.3 Sequence encoding the PAM protein
Of the 29 NT isolates examined, 13 hybridised to a pam-specific oligonucleotide probe.
Of these, all except NS696 displayed > 50% homology to the prototype pam- sequence

and thus were designated pam-positive (Berge and Sjobring, 1993; McKay et al., 2004).
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Table 2.2. Characteristics of the 29 NT GAS isolates

Please see print copy for Table 2.2

See table footnotes overleaf
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Table 2.2. Characteristics of the 29 NT GAS isolates (continued)

* invasive (inv) or uncomplicated (uncomp) GAS infection classification according to sterile or nonsterile
tissue site of infection, respectively.

® positive (+) or negative (-) plasminogen-binding group A streptococcal M-like protein (PAM) status
according to hybridisation of M or M-like gene from GAS isolate with an oligonucleotide probe
homologous to the A1/A2 repeat of the PAM gene by Southern analysis, as well as > 50% predicted
amino acid sequence homology to the A1/A2 repeat based on DNA sequence analysis (McKay et al.,
2004).

¢ Binding of 12]_plasminogen to GAS in the presence of excess streptokinase and fibrinogen.

4 Vir type was determined as previously described (Gardiner et al., 1995).

® emm sequence type was determined using a protocol modified from the Streptococcus pyogenes emm
sequence database (http://www.cdc.gov/ncidod/biotech/strep/strepindex.htm).

" emm pattern was determined as previously described (Bessen et al., 1996; Svensson et al., 1999) except
that annealing temperatures varied between 56°C and 62°C depending on the strain.

¢ isolates NS244 and NS474 gave an unusual emm pattern, in that PCR product resulted only from

reaction with primer set 2, rather than sets 1, 2, and 3; or set 1 only as for traditional emm pattern ABC.
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Figure 2.1. Fragment of the sen gene amplified from genomic DNA of a representative
subset of NT GAS isolates using primers SENF1 and SENR1 and visualised by agarose
gel electrophoresis. Lane 1: A DNA digested with Hind III (Gibco Life Technologies);
Lanes 2-9: sen fragments amplified from specific GAS isolates with designations

shown.
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Chapter 3: Plasminogen activation and virulence of NT GAS isolates

Of the 14 isolates from invasive disease cases, 5 were pam-positive, while 7 of the 15
isolates from uncomplicated infections were pam-positive. Pam-genotype of the 29 NT

isolates is given in Table 2.2.

2.3.4 SEN expression

2.3.4.1 Generation of a polyclonal antibody against SEN

Antiserum was raised against a 12-mer peptide representing the C-terminal end of the
SEN protein encompassing the plasminogen-binding lysine residues K434-K435 (Derbise
et al., 2004). This antiserum possessed a titre of approximately 60,000 using a definition
of seropositivity of Asgp = 0.1 (Figure 2.2A). Protein G purification of the serum yielded
bands of the expected molecular weight for IgG as determined by reducing and non-
reducing SDS-PAGE (Figure 2.2B and C) and maintained reactivity against the SEN

12-mer.

2.3.4.2 SEN localisation in GAS cell-wall extracts

Cell-surface expression of SEN was investigated in NT GAS isolates by immunolotting
of mutanolysin cell-wall extracts with the anti-SEN peptide antibody described above
(Ji et al., 1998). A 47 kDa species was recognised by the anti-SEN antibody in extracts
of all 29 NT GAS isolates (Figure 2.3). The discrepancy between the originally reported
molecular mass of SEN (45 kDa) and the size of the protein detected in NT GAS
isolates may reflect technical differences such as the use of non-reducing SDS-PAGE in
this study (Pancholi and Fischetti, 1998). However the molecular mass of SEN

predicted from protein sequence databases is 47 kDa (Cole et al., 2005).
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Please see print copy for Figure 2.2

Figure 2.2. Characterisation and purification of a polyclonal antibody raised against a
peptide representing the 12 C-terminal amino acid residues of SEN. (A). ELISA
showing reactivity of antiserum to the 12-mer peptide at successive test bleeds after
immunisation (immune 1, 2) compared to preimmune serum. (B). Chromatograph of
protein G purification of the polyclonal antibody at 280 nm with glycine elution
indicated by a sharp peak. Absorbance was measured using the Econo™ UV monitor
(BioRad) and is shown in relative units (%). (C). SDS-PAGE of protein G-purified
antibody preparation under reducing (R) and non-reducing (NR) conditions, showing
expected apparent molecular weights (~ 150 kDa for NR conditions; ~ 50 kDa and ~25
kDa for the heavy and light chains respectively under R conditions) (Harlow and Lane,
1988). Migration of high and low range unstained molecular weight standards (BioRad)
is shown.
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Figure 2.3. Detection of SEN in mutanolysin cell wall extracts of the 29 NT GAS isolates.
Immunoblot of mutanolysin cell wall extracts showing a 47 kDa band recognised by a
polyclonal antibody raised against the C-terminal 12 amino acid residues of the SEN protein
(left). Corresponding 12% non-reducing SDS-PAGE analysis of mutanolysin extracts stained
with Coomassie Blue (right). Each lane depicts an extract from an individual isolate with lanes
1 - 4 showing pam-negative isolates and lane 5 - end showing pam-positive isolates. Isolates
NS452 and NS13 were included in the 4™ and final lanes respectively of each gel and blot as
controls. Protein bands were compared to molecular weight markers (Precision® Broad-range
Standards, Bio-Rad). (A). Lanes 1 — 8 showing isolates NS14, NS236, NS192, NS452, NS10,
NS32, NS88.2 and NSI13 respectively. (B). Lanes 1 — 8 showing isolates NS210, NS414,
NS501, NS452, NS223, NS455, NS1133, and NS13 respectively. (C). Lanes 1 — 7 showing
isolates NS730, NS733, NS931, NS452, NS50.1, NS53 and NS13 respectively. (D). Lanes 1 — 7
showing isolates NS244, NS297, NS179, NS452, NS59, NS253 and NS13 respectively. (E).
Lanes 1 — 7 showing isolates NS474, NS488, NS836, NS452, NS265, NS696 and NS13

respectively.
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2.3.5 Plasminogen binding by GAS

2.3.5.1 Plasminogen purification

Purification of human plasminogen by lysine-sepharose affinity chromatography and its
characterisation by SDS-PAGE analysis and specific chromogenic assay is shown in
Figure 2.4 (Deutsch and Mertz, 1970). The chromatograph shows elution of purified
plasminogen with the lysine analogue, eACA (Figure 2.4A). The molecular weight of
purified plasminogen determined by SDS-PAGE analysis approximated that expected
(92 kDa), with reducing SDS-PAGE consistently yielding slightly higher apparent
molecular weights for plasminogen (97 kDa) than non-reducing SDS-PAGE (90 kDa)
(Figure 2.4B). The disparity is likely to result from disruption of the heavily disulfide-
bonded structure of the protein under reducing conditions. The dual protein bands in the
purified preparation reflect the presence of the two glycoforms of plasminogen in
human plasma. Disruption of the disulfide bonds in plasmin under reducing conditions
yields two bands representing the light (26 kDa) and heavy (70 kDa) chains of plasmin
(reported molecular weights of these species are 25 kDa and 65 kDa respectively
(Lahteenmaki et al., 2001)). The commercially available plasminogen control (Sigma)
has a significantly lower apparent molecular weight (~ 10 kDa) than that of
plasminogen purified from human plasma under non-reducing conditions. This lower
molecular weight is similar to that of the plasmin control, possibly reflecting
autocatalyic cleavage of the 8 kDa N-terminal peptide to yield Lys-plasminogen.
Negligible plasmin activity in the purified plasminogen preparations was confirmed by
plasmin assay using a specific chromogenic substrate, while preincubation with
streptokinase yielded significant specific dose-dependent plasmin activity (Figure

2.40).
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Figure 2.4 Purification and characterisation of plasminogen from human plasma. (A).
Chromatograph of lysine-sepharose affinity purification of plasminogen at 280nm
showing wash steps and elution with the lysine analogue, eACA. (B). SDS-PAGE of
purified plasminogen under reducing and non-reducing conditions. Lane 1, 10 kDa
protein ladder (Gibco Life Technologies) with markers for 110 kDa, 90 kDa, and 70
kDa unlabelled and indented; lanes 2-3, first and second elution fractions (elution peak
excluding the tail of the peak); lane 4, pooled elution fractions from an independent
plasminogen purification; lane 5, commercially available plasminogen preparation
(Sigma); lane 6, plasmin (Roche). (C). Cleavage of plasmin-specific chromogenic
substrate by purified plasminogen (1, 2 or 4 ug/well) following preincubation with
streptokinase (25 units/well) in 150l determined by kinetic assay at 405 nm. Negligible
plasmin activity of 4 ug plasminogen in the absence of streptokinase (no ska) is shown.
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2.3.5.2 Plasminogen binding

To investigate whether plasminogen binding is correlated with the invasive phenotype
in NT isolates, isolates from invasive disease and uncomplicated infections were
compared for this property. Binding by the direct and FSD pathways was measured
(Figure 2.5; Table 2.2). In the presence of eACA, a competitive inhibitor of lysine-
dependent binding, binding was reduced to 4% of input plasminogen (range 2-11%),
except in isolate NS 88.2, which showed high level of lysine-independent binding of

plasminogen (17%).

Presence of the pam gene had a significant positive effect on plasminogen binding by
both the direct (p < 0.031) and FSD (p < 0.005) pathways. Invasive isolates bound
more plasminogen directly than isolates from uncomplicated infections in the pam-
positive group (p < 0.048). In the pam-negative group all of the isolates displayed
minimal reactivity with plasminogen (7% mean) and there was no difference in direct

plasminogen binding capacity between invasive and non-invasive isolates (p < 0.120).

In the presence of streptokinase and fibrinogen, isolates from invasive disease cases
bound more plasminogen than isolates from uncomplicated infections (p < 0.005 for
effect of invasive phenotype in 2-way ANOVA; p < 0.005 for effect of pam genotype).
There was an absolute requirement for both fibrinogen and streptokinase to significantly
increase plasminogen binding in a subset of isolates (Figure 2.6). The enhancement of
plasminogen binding did not occur when streptokinase alone or fibrinogen alone was
added (p > 0.05 for both conditions). Within small clusters of genetically
indistinguishable isolates identified, invasive isolates bound more plasminogen than

isolates from uncomplicated infection by both direct and FSD pathways in each case.
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Figure 2.5. '*’I-plasminogen binding to pam-positive (®) and pam-negative (0) GAS
isolates from invasive and uncomplicated infections. (A). Direct binding of '*’I-
plasminogen. (B). Binding of '*I-plasminogen in the presence of molar excesses of
streptokinase and fibrinogen. All estimates were determined in triplicate, and the data
are presented as mean values. Standard error of the mean was 0 — 6% of input
plasminogen. (Table 2.2 shows values for individual isolates by isolate designation).
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Figure 2.6. Binding of '*I-plasminogen to selected pam-positive (pam +ve) and pam-
negative (pam —ve) GAS isolates under different conditions. Binding is expressed as a
ratio of that in the presence of streptokinase and fibrinogen for comparison of the
relative effect of various conditions on individual isolates. '*I-plasminogen binding was
measured in the presence of the lysine analogue, eACA (Plg + eACA); in the presence
of no other added reagents (Plg only); in the presence of streptokinase (Plg + Ska); in
the presence of fibrinogen (Plg + Fg); and in the presence of streptokinase and
fibrinogen (Plg + Ska + Fg). All reagents were added in molar excess relative to '*I-
plasminogen. All estimates were determined in triplicate and data are presented as mean
+ SEM. Significant differences from the binding of '*’I-plasminogen alone (Plg only),

as determined by unpaired ¢ test, are shown (*).
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2.3.5.3 Relationships between fibrinogen and plasminogen binding
The relationship between fibrinogen-binding and FSD plasminogen binding by the NT
GAS isolates was investigated to determine whether the data is consistent with a model
of capture of fibrinogen-streptokinase-plasminogen complexes by fibrinogen binding
proteins (Christner et al., 1997; Wang et al., 1995a). Binding of fibrinogen to GAS
isolates is shown in Figure 2.7. Pam-positive isolates bound more fibrinogen than pam-
negative isolates (p < 0.028; Figure 2.7A). There was a correlation between fibrinogen
binding and FSD plasminogen binding among pam-positive isolates (» = 0.790, p <
0.002; Figure 2.7A). By contrast pam-negative isolates do not show such correlation (»
= -0.341, p < 0.180); nor was there a correlation between fibrinogen binding and the
increase in plasminogen binding resulting from addition of streptokinase and fibrinogen
(r=-0.353,p<0.164)

In pam-positive isolates there was a strong correlation between direct
plasminogen binding and FSD plasminogen binding (» = 0.914, p < 0.0001; Figure
2.7B), and between direct plasminogen binding and fibrinogen binding (» = 0.811 , p <

0.001).
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Figure 2.7. Comparison of '*I-plasminogen binding to pam-positive (®) and pam-
negative (0) GAS isolates in the presence of streptokinase and fibrinogen with ability of
the isolates to bind '*’I-fibrinogen or '*’I-plasminogen directly. All estimates were
determined in triplicate and data are presented as mean. Correlation curves are shown
for relationships with significant correlation. (A). Comparison with binding of '*I-
fibrinogen by GAS isolates with a correlation curve fitted to pam-positive isolates (r =
0.790, p < 0.002). (B). Comparison with direct binding of '*’I-plasminogen by GAS
isolates with a correlation curve fitted to pam-positive isolates (r = 0.914, p < 0.0001).
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2.4 Discussion

Subversion of the host plasminogen system renders a pathogen capable of degrading
ECM proteins and activating a cascade of metalloproteases, conferring the potential to
invade host tissue barriers. An important role for plasminogen in the invasive process of
GAS has been demonstrated in animal models (Li et al., 1999a; Sun et al., 2004;
Svensson et al., 2002), but as yet no definitive epidemiological evidence has supported
the hypothesis that the human plasminogen system plays a role in GAS invasive
disease. To our knowledge this is the first report to demonstrate a significant
relationship between acquisition of plasminogen by human clinical isolates from a range

of emm sequence types of GAS and propensity to cause invasive diseases.

Of the 29 NT isolates studied, all possessed both the gene for the high-affinity
plasminogen receptor SEN and the gene product in cell-wall extracts. Similarly, a
previous study has demonstrated cell-surface expression of SEN in a variety of
serotypes (Pancholi and Fischetti, 1998). Analysis of the cell-surface proteome of
isolates NSI13 and NS931 examined in this study demonstrates that SEN is
immunoreactive when probed with serum from children living in a remote NT
community. This suggests that the protein is expressed during infection in vivo (Cole et

al., 2005).

Conservation of the sequence of SEN is consistent with its dual function as an essential
glycolytic enzyme (Pancholi and Fischetti, 1998). The wildtype SEN protein possesses
lysine residues in the C-terminal domain at positions 428, 434 and 435. Recombinant

mutagenised forms of SEN generated by replacement of these C-terminal 1, 2 or 3
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lysine residues with leucine showed complete loss of plasminogen-binding capacity
(Derbise et al., 2004). In addition, an isogenic mutant of GAS expressing SEN with
leucine replacement at residues 434 and 435 showed ~40% reduced Lys-plasminogen
binding capacity. The retained plasminogen-binding capacity was attributed to either
additional plasminogen receptors such as GAPDH or the presence of additional
plasminogen-binding sites in surface-expressed SEN compared to the purified
recombinant protein (Derbise et al., 2004). Interestingly, crystallographic and functional
studies have demonstrated that the plasminogen-binding C-terminal lysine residues in
enolase of S. pneumoniae are not surface-exposed in the octamer form, rather
plasminogen-binding is mediated by an exposed internal 9-residue motif (Bergmann et

al., 2005; Ehinger et al., 2004).

In addition to SEN, 12 isolates possessed the gene encoding the other known high-
affinity plasminogen receptor, PAM. Expression of PAM in these isolates is currently
under investigation by Martina Sanderson-Smith and was not investigated further here.
However, the significantly higher Glu-plasminogen binding of pam-positive isolates is
strongly suggestive of cell-surface expression of PAM (Svensson et al., 1999). Cell-
surface expressed and immunoreactive M protein was previously identified in the

proteome of the pam-positive isolate NS13 (Cole et al., 2005).

Amongst pam-positive isolates that are capable of binding plasminogen directly,
invasive isolates bind more plasminogen both directly, and by a FSD pathway that is
correlated with direct plasminogen binding. Within the small clusters of pam-positive
isolates indistinguishable by the genotyping methods used (NS13, NS59 and NS10;

NS455 and NS253; Table 2.2), invasive isolates always bound more plasminogen than
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isolates from uncomplicated infection by both the direct and FSD pathways. Possible
reasons for plasminogen binding differences in these clusters might include variation in
expression levels or differential post-translational processing or degradation. For pam-
negative isolates that do not bind substantial amounts of plasminogen directly, invasive
isolates bind more plasminogen by the FSD pathway. Together these results suggest that
plasminogen acquisition may be an important virulence determinant of GAS. The
diversity of emm sequence types represented in this collection of isolates suggests that
these relationships between plasminogen binding and invasive capacity do not depend

on a small number of dominant clones.

The extent of direct plasminogen binding (4-81%) in this study is similar to that found
in a previous study (9-69%) (Ullberg et al., 1989). The fact that pam-negative isolates
show only moderate reactivity with plasminogen despite the presence of the gene for
SEN suggests that SEN may not play a major role in acquisition of Glu-plasminogen by
these isolates. This is consistent with the reported lower affinity of SEN for Glu-
plasminogen (Derbise et al., 2004). GAPDH has no affinity for Glu-plasminogen and
would not be expected to mediate any of the direct plasminogen binding observed in
this study (Winram and Lottenberg, 1998). Similarly, a previous study demonstrated
that ~80% of pam-negative isolates bound < 5% of plasminogen, while 70% of pam-
positive isolates bound > 50% of plasminogen (Svensson et al., 1999). The data from
these two isolate collections suggests that PAM is necessary for acquisition of Glu-

plasminogen by the direct pathway.

Isolates from invasive disease cases bind significantly more plasminogen by the FSD

pathway than isolates from uncomplicated infections. Plasminogen acquisition by the
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indirect pathway may therefore be a determinant for the invasive propensity. Plasmin
activity owing to the FSD pathway is resistant to inhibition by plasma proteins, and has
a half-life of over 4 h as opposed to 20 min for plasmin activity owing to direct
plasminogen binding (Wang et al., 1995a). The plasminogen-activation function of the
complex also generates plasmin which can bind to surface receptors despite the
presence of host physiological inhibitors (D'Costa and Boyle, 1998). An animal model
showed a correlation between virulence and acquisition of this activator activity
specifically, as opposed to plasmin activity per se (Li et al., 1999a). The significant
enhancement of plasminogen binding has an absolute requirement for both fibrinogen
and streptokinase, consistent with earlier reports supporting the role of streptokinase as
a GAS cell-surface plasminogen binding cofactor (Wang et al., 1995a; Wang et al.,

1995b).

Thus it must be emphasised that while SEN does not mediate direct binding of Glu-
plasminogen, it may contribute significantly to the plasminogen binding observed in
this study in the presence of fibrinogen and streptokinase. Plasminogen activation at the
GAS cell-surface and in solution would be expected to yield modified forms of
plasmin(ogen) such as Lys-plasminogen, for which SEN has higher affinity. Direct
binding of Lys-plasminogen and Lys-plasmin to clinical isolates of GAS which do not
bind Glu-plasminogen directly has been demonstrated (Derbise et al., 2004; Wang et al.,

1994).

The difference in fibrinogen binding between pam-positive and pam-negative strains,
correlation between fibrinogen and PAM-mediated plasminogen binding, and further

enhancement of plasminogen binding by a combination of streptokinase and fibrinogen
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in pam-positive isolates point to the occurrence of another receptor concomitant with
PAM. Alternatively, PAM itself may be endowed with dual receptor activity. In contrast
to pam-positive isolates, neither the basal levels of plasminogen binding, nor the
enhancement of the binding by the FSD pathway was correlated with fibrinogen binding
to the surface of the pam-negative isolates. This underscores the different mechanisms

of plasminogen binding between pam-positive and pam-negative GAS strains.

In summary, these results demonstrate that GAS isolates from NT invasive disease
cases belonging to a wide range of emm sequence types acquire more plasminogen than
isolates from uncomplicated infections by a pathway requiring fibrinogen and
streptokinase as cofactors. Among isolates containing the gene encoding PAM, invasive
isolates also bind more plasminogen directly. The functional implications of higher
plasminogen acquisition by invasive GAS isolates were investigated in a study

described in the following chapter.
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3.1 Introduction

The importance of the human plasminogen system in GAS invasive disease in the NT of
Australia is suggested by the finding that invasive disease isolates acquire higher levels
of plasminogen than isolates from uncomplicated infection (McKay et al., 2004). This
chapter characterises plasminogen activation by the same collection of NT GAS isolates
in vitro and the relationship to GAS virulence using a humanized plasminogen

transgenic murine model of GAS infection.

An important component of plasminogen activation by GAS is the secretion of the
plasminogen binding co-factor and activator, streptokinase (Svensson et al., 2002;
Wang et al., 1995a; Wang et al., 1995b). Streptokinase is critical for full virulence in
GAS skin infection (Svensson et al., 2002) and for the establishment of invasive
infection in animal models (Sun et al., 2004). In human infection, isolates from severe
invasive disease express higher levels of streptokinase at the transcriptional level than
those from non-invasive disease within a clonal emm49 isolate collection (Ikebe et al.,
2005). In this study, secretion of streptokinase by NT GAS isolates from invasive

disease and uncomplicated infection was compared.

Streptokinase activity of GAS supernatants varies with streptokinase genotype of GAS
(Tewodros et al., 1995), which is characterized according to a hypervariable genetic
region encoding amino acid residues 173 - 316 that represents the plasminogen-docking
B domain of the streptokinase protein (Chaudhary et al., 1999; Loy et al., 2001; Musser
et al., 1994). Specific allelic variants of streptokinase are coinherited with the

plasminogen receptor PAM, a marker for skin tropism amongst GAS isolates (Kalia and
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Bessen, 2004). Allelic variation of streptokinase was investigated in this NT isolate

collection, and its relationship to plasminogen activation by GAS was investigated.

The potent streptococcal cysteine protease SpeB degrades most of the components of
the GAS plasminogen activation system, including surface-bound plasminogen and
plasmin, streptokinase (Rezcallah et al., 2004), fibrinogen (Matsuka et al., 1999) and
fibrinogen-binding proteins such as M1 (Raeder et al., 1998) and protein F (Nyberg et
al., 2004). SpeB is downregulated in invasive GAS variants and its expression is
inversely correlated with severity of invasive disease (Aziz et al., 2004; Kansal et al.,
2000; Raeder et al., 2000). However, synergy of the two proteolytic systems has also
been postulated (Svensson et al., 2002) and the relationship between GAS plasminogen
activation and SpeB remains unclear. Secretion of SpeB by NT GAS isolates from
invasive disease and uncomplicated infection was compared in this study and the effect

of SpeB on GAS plasminogen acquisition was characterised.

Animal models of infection suggest an important role for human plasminogen activation
in the invasive process during GAS infection (Khil et al., 2003; Li et al., 1999a; Sun et
al., 2004; Svensson et al., 2002). To our knowledge, only one study of human clinical
isolates of GAS has examined the relationship between plasmin acquisition and invasive
capacity. Invasive disease isolates acquired higher average levels of plasmin when
incubated in human plasma than isolates from uncomplicated throat infections, although
this difference did not reach significance (Wang et al., 1994). However, overall
proteolytic activity of human isolates has been associated with clinical signs of invasion
(Hsueh et al., 1998; Talkington et al., 1993). Given that invasive disease isolates of NT

GAS bind more plasminogen than isolates from uncomplicated infection, it was
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hypothesised that invasive disease isolates would also be capable of higher plasmin
acquisition in vitro. The ability of NT GAS isolates to acquire cell-surface plasmin
activity following incubation in human plasma was investigated. To further characterise
the role of streptokinase and SpeB in acquisition of cell-surface plasmin activity in
human plasma, acquisition by GAS isogenic deletion mutants for genes encoding

streptokinase and SpeB and the corresponding wildtype strains was compared.

The second approach to addressing the role of plasminogen in GAS invasive disease
was to examine GAS infection using the human plasminogen transgenic mouse model.
A subset of NT GAS isolates selected for different in vitro plasminogen activation

characteristics was tested for virulence in this model.
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3.2 Materials and Methods

3.2.1 DNA methods

3.2.1.1 DNA amplification and sequence analysis

PCR amplification of fragments of the streptokinase (ska) and SpeB (speB) genes and
DNA sequence analysis of ska alleles was performed as described in Chapter 2 using
primers in Table 3.1. A phylogenetic tree was constructed for the 423 bp nucleotide
sequence encoding the variable B-domain of the streptokinase protein of the 29 NT
isolates. The tree was constructed with MEGA version 3.1 (Kumar et al., 2004) using
the neighbour-joining method with Kimura two-parameter distance measure as
previously described for streptokinase partial alleles (Kalia and Bessen, 2004). DNA
partial ska alleles were translated using Entigen (BioManager by ANGIS;

www.angis.org.au).

Table 3.1. Oligonucleotide primers used for DNA analysis

Please see print copy for Table 3.1

* (Musser et al., 1994)
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3.2.2 GAS assay methods

3.2.2.1 Source of GAS isolates

In addition to the NT isolates described in the previous chapter, North American GAS
isolates and their isogenic mutants were used in this study to investigate mechanistic
aspects of GAS plasmin acquisition. GAS isolate ALAB49 and its isogenic mutants
were a kind gift from Dr Ulf Sjobring and Dr Ulrika Ringdahl (Department of
Laboratory Medicine, Section for Microbiology, Immunology and Glycobiology, Lund
University, Lund, Sweden). GAS isolate 5448 and its isogenic speB-negative mutant,
5448AspeB were a kind gift from Dr Victor Nizet (Department of Pediatrics, University
of California, San Diego, California, USA) and Dr Malak Kotb (Veterans Affairs
Medical Centre, Research Service, Memphis, Tennessee, USA). The wildtype
ALABA49 isolate was included with NT isolates in assays of supernatant streptokinase

and SpeB and cell-surface plasmin acquisition by GAS.

3.2.2.2 GAS culture

GAS were cultured as previously described in THY. Streptococcal supernatants were
harvested for analysis by centrifugation at 400 x g and filtration using a 0.2 um PVDF
syringe filter (Millipore, Billerica, Massachusetts, USA) and stored at -70°C until

analysis.

3.2.2.3 GAS supernatant speB assays

Overnight 12.5 ml GAS cultures were initiated with 250 ul of a 6 h starter culture (2
ml). GAS were grown as stationary cultures for 18 h to achieve stationary phase
confirmed by monitoring at Ay in the final hour. Supernatants were harvested and

stored as described above. For SDS-PAGE, supernatants were boiled in reducing
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sample buffer for 5 min. Western transfer and immunoblotting was performed as
previously described in section 2.2.1.2 using an affinity-purified rabbit anti-SpeB
antibody with purified SpeB protein as a positive control (both from Toxin Technology,

Sarasota, Florida, USA).

Cysteine protease activity was measured in GAS supernatants using the chromogenic
substrate N-benzoyl-Pro-Phe-Arg-p-nitroanilide-hydrochloride (Sigma) as described
previously (Hytonen et al., 2001; North, 1994; Raeder et al., 1998). SpeB in GAS
supernatants or purified SpeB standards diluted in THY (20 pul) were activated by
reduction in a final concentration of 1 mM dithiothreitol (DTT) in PBS for 30 min at
37°C in a total volume of 140 pl. Substrate (20 pl of 2.6 mM) was added and the
reaction allowed to proceed at 37°C for 60 min with determination of A4ps at 5 min
intervals. Vy.x was calculated and compared to a standard curve of SpeB using
Softmax® Pro. All reactions were performed in triplicate in the presence and absence of
the cysteine protease inhibitor, trans-epoxysuccinyl-1-leucylamido-(4-guanidino)butane
(E64; 1mM; Sigma) to confirm that activity was attributable to cysteine protease. E64 is
a highly selective inhibitor of cysteine proteases that irreversibly inhibits an active thiol
group and does not inhibit serine proteases apart from trypsin (Barrett et al., 1982;

Katunuma and Kominami, 1995; Sreedharan et al., 1996).

3.2.2.4 GAS supernatant streptokinase assays
GAS were cultured at 37°C in 17.5 ml THY inoculated with 0.25 ml of a 2 ml overnight
starter culture. GAS were cultured with shaking for streptokinase assay as described

previously (Tewodros et al., 1995) at 150 rpm. Supernatants were collected from
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triplicate cultures of 29 NT GAS isolates and ALAB49 at both mid-log (Aeoo = 0.6) and

late-log (Agoo = 1.1) phases of growth.

Streptokinase expression was analysed by Western blot using rabbit immune serum
raised against group C streptokinase (Sigma). Polyclonal antibody generation and
immunoblotting were performed by Dr Jason McArthur, University of Wollongong.
Streptokinase activity was determined indirectly by chromogenic plasmin activity assay
of GAS supernatants preincubated with plasminogen. Briefly, supernatants were
defrosted on ice and a 20 ul aliquot incubated at 37°C with 100 ul 50 mM Tris, pH 7.5,
containing 10 pg/ml plasminogen for 15 min. Spectrozyme® PL (20 pl of 2.5 mM) was
added and Vy,.x determined by kinetic assay and compared to a standard curve of group
C streptokinase (Sigma) using Softmax® Pro. All reactions were performed in triplicate
in the presence and absence of plasminogen to confirm that proteolytic activity of

supernatants was attributable to plasminogen activation.

3.2.2.5 Concentration of supernatant proteins

GAS supernatants (750 pl) were combined with an equal volume of 10% (Vv/v)
trichloroacetic acid, vortexed briefly and incubated on ice for 30 min. The precipitated
proteins were pelleted by centrifugation at 15,000 x g for 30 min, the supernatant
decanted and the pellet washed with ice-cold 100% ethanol. The mixture was
centrifuged and decanted as above and the pellet air-dried for 15 min. Proteins were

resuspended in 20 pl of 100 mM Tris, pH 7.5.
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3.2.2.6 Plasminogen binding by North American GAS isolates

Plasminogen binding by North American GAS isolates ALAB49 and 5448 and their
1sogenic mutants was determined as described in section 2.2.3.5 by Prof Mark Walker
and Dr Andreas Itzek at the German Research Centre for Biotechnology (GBF),

Braunschweig, Germany.

3.2.2.7 Cell-surface plasmin activity assay

Plasmin acquisition in human plasma by GAS isolates was determined using a protocol
modified from that described previously (Wang et al., 1994). Frozen plasma was
purchased from the Red Cross Blood Bank (Sydney, NSW, Australia), defrosted on ice
and pooled. Aliquots of pooled plasma were depleted of plasminogen by incubation at
4°C on ice with excess lysine-sepharose® 4B for 1-2 h with gentle agitation. The extent
of plasminogen depletion and the plasmin activity of plasma was determined by
chromogenic assay with Spectrozyme® PL in the presence and absence of
streptokinase, and by Western blot using a polyclonal rabbit anti-human plasminogen
antibody (Calbiochem). Separate aliquots of pooled 100% plasma were pretreated with
excess tPA inhibitor, D-Phe-Pro-Arg-chloromethylketone dihydrochloride (PPACK;
Calbiochem), at a final concentration of 10 uM immediately prior to assay by
preincubation for 1 h on ice with gentle agitation (Kettner and Shaw, 1981; Kunitada et

al., 1992; Mohler et al., 1986).

GAS were cultured overnight as stationary cultures in 25 ml THY inoculated with a
single colony. GAS were pelleted by centrifugation at 800 x g, washed in 50 ml of
PBS, pH 7.4 prewarmed to 37°C, and resuspended to Agpo = 0.7 (corresponding to log

phase, in which streptokinase secretion is induced). A 2 ml aliquot of this suspension
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was pelleted as above, and resuspended in an equal volume of 100% plasma or
plasminogen-depleted plasma at 37°C. GAS were incubated in plasma for 3 h at 37°C,
pelleted by centrifugation and washed twice with 1 volume of ice-cold 0.01 M EDTA,
0.1% gelatin in PBS, pH 7.4. GAS were resuspended in 0.1% gelatin in PBS, pH 7.4 to
Agoo = 0.75. Aliquots (100 pul) of this suspension were incubated in triplicate in the
presence and absence of 20 ul Spectrozyme® PL, 2.5 mM at 37°C for 60 min in a 96-
well plate. The reaction was quenched with 80 ul of 1.75 M acetic acid, the plates

centrifuged at 800 x g and A4os of supernatants determined.

Plasmin activity was determined as the difference between A4os in the presence and
absence of substrate, thus accounting for differences in the sedimentation efficiency of
GAS isolates. Isolate NS931 was included as an internal assay control in every
experiment. Each isolate was assayed in at least 2 independent experiments (at least 3
for all NT isolates). Plasmin equivalents and the linear range of the assay (A4ps = 0 —
0.6) were determined using a standard curve of purified plasmin (Roche Diagnostics,

GmbH, Mannheim, Germany).

3.2.3 Infection studies using a human plasminogen transgenic mouse

Male human plasminogen transgenic mice (4/bPLG1) were a kind gift from Dr
Hongmin Sun and Prof David Ginsburg (University of Michigan, Ann Arbor, Michigan,
USA). AIbPLGI differ from the parental strain C57BL/6J by the expression of one copy
of the gene for human plasminogen (PLG) under control of the mouse albumin gene

regulatory sequences (Sun et al., 2004).
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AIbPLG1 human plasminogen transgenic mice (Tg+) (Sun et al., 2004) and transgene-
negative litter mate controls (Tg-) were infected with GAS isolates at 6-8 weeks of age
by subcutaneous injection into the right flank with 100 pl of GAS harvested at mid-log
phase (Agoo = 0.5 in THY) and resuspended in 0.7% saline. Where possible, the dose of
GAS required to induce > 40% mortality in wildtype C57BL/6J mice over 14 days was
determined experimentally. For isolates NS88.2 and NS696 these doses were 6.4 x 10°
and 7.4 x 10° colony-forming units (cfu) respectively. This dose was used for
subsequent infection studies in A/bPLG1 transgenic mice. The resistance of mice to skin
infection with human pathogenic GAS (Li et al., 1999a) was such that it was not
possible to find a lethal dose for some isolates in wildtype mice in this study. In such
cases the maximum dose of GAS administrable in 100 pl injection volume was used for
infection studies (2.2 x 10° and 3.7x 10° cfu for isolates NS730 and ALAB49,
respectively). Infection studies for each isolate were conducted using 10 A/HPLGI1
transgenic mice and 10 wildtype littermates and survival was monitored over 14 days.
Animal experiments were conducted by Dr Jason McArthur according to the Guidelines
for the Care and Use of Laboratory Animals (National Health and Medical Research
Council, Australia) and were approved by the University of Wollongong Animal Ethics

Committee.

3.2.4 Statistical methods

Enzyme activities were analysed for differences between pam genotype and clinical
source using two-way analysis of variance (ANOVA). Where data or transformed data
did not fit the assumptions for two-way ANOVA, an unpaired ¢ test, Welch ANOVA
(unequal variances) or Wilcoxan/Kruskal-Wallis Rank Sum test (non-parametric) was

used to compare groups separately. Differences in enzyme activities between individual
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isolates were determined by unpaired ¢ test or Welch ANOVA (raw or transformed data
according to test assumptions). Effects of assay conditions were tested by two-way
ANOVA as described above or by paired ¢ test. Relationships between enzyme activities
of the isolates were determined using Pearson’s (parametric) or Spearman’s rank (non-
parametric) correlation. Equality of variances was tested using the O’Brien, Bartlett,
Levene and Brown-Forsythe tests and Normality of data tested using the Shapiro-Wilk
W test. These tests were performed using JMP (SAS Institute Inc., Cary, North
Carolina, USA). Differences in survival of wildtype and transgenic mice was
determined by logrank test using GraphPad Prism (GraphPad Software Inc., San Diego,

California, USA).
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3.3 Results

3.3.1 Streptokinase secretion by GAS isolates

3.3.1.1 Kinetics of streptokinase secretion by GAS isolates

The kinetics of secretion of streptokinase by GAS isolates was measured by
determination of streptokinase activity over time in culture supernatants. Supernatant
streptokinase activity was measured for two isolates (duplicate cultures) throughout the
growth curve to determine the appropriate time at which to sample the entire NT isolate
collection. Contrary to a previous analysis (Tewodros et al., 1995), growth rates of NT
isolates differed significantly (see Figure 3.1 for examples), suggesting a standardised
time-point analysis would be inappropriate for this collection. In addition, despite very
similar growth kinetics for duplicate cultures of NS931, there was considerable
variation in streptokinase activity (Figure 3.1B). Thus cultures were sampled for
streptokinase activity at optical densities of Agpp = 0.6 and Agoo = 1.1 to reflect mid- and
late-log phases of growth respectively and triplicate cultures were sampled for accurate
estimation of average streptokinase activity. Culture densities for each corresponding

supernatant collected are given in Appendix 2.

3.3.1.2 Streptokinase activity in NT isolates

Streptokinase activity was assessed for 29 NT GAS isolates and the impetigo isolate,
ALAB49. The results demonstrate a striking difference between streptokinase activity
of isolates possessing the gene for PAM (pam-positive) and those which do not (pam-
negative (Figure 3.2A). Significantly higher streptokinase activity was demonstrated in
the supernatants of pam-negative isolates from both invasive and uncomplicated

infections compared to pam-positive isolates at both growth phases (p =0.0004 for
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Figure 3.1. Kinetics of streptokinase secretion by sample NT GAS isolates: (A) Isolate
NS730; (B) Isolate NS931. Culture densities of duplicate cultures (A, B) were
monitored at an absorbance of 600nm (left Y axis; dotted lines) and culture supernatants
sampled for assay of streptokinase activity at the time points shown. Streptokinase
activity of GAS supernatants (units/ml; right Y axis; curves shown in blue) was
measured indirectly using a chromogenic plasmin substrate (American Diagnostica)
following preincubation with plasminogen, and compared to a standard curve of
streptokinase (Sigma). Streptokinase activity of duplicate cultures (A, B) was measured
+ plasminogen to confirm that proteolytic activity was attributable to plasminogen
activation. Error bars denote the standard deviation of triplicate measures.
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Figure 3.2 Streptokinase activity and protein in supernatants of 30 clinical isolates of
GAS. (A). Streptokinase activity in GAS supernatants at mid-log (Aepo = 0.6) and late-
log/early stationary (Agpo = 1.1) phase was measured indirectly using a chromogenic
plasmin substrate (American Diagnostica) following preincubation with plasminogen,
and compared to a standard curve of streptokinase (Sigma). Data represent mean = SEM
of streptokinase activity in triplicate cultures of GAS isolates corrected for an internal
positive control sample in each assay. (B). Western blot of mid-log phase GAS
supernatants using rabbit immune serum raised against group C streptokinase
demonstrating secretion of streptokinase protein by all isolates.
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mid-log phase; p < 0.0001 for late-log phase). Indeed, with the exception of isolate
NS53, streptokinase activity could not be detected in the supernatants of pam-positive
isolates. Streptokinase activities at mid-log phase and at late log/early stationary phase
for the 30 isolates were highly correlated (r = 0.908; p < 0.0001). There was no
difference between isolates from invasive disease and uncomplicated infection in
streptokinase activity at either phase of growth (p > 0.921 for mid-log phase; p > 0.089

for late-log phase).

3.3.1.3 Effect of cysteine protease on streptokinase activity

SpeB degrades streptokinase, and while it is not expected to be induced in mid-log
phase, it may be present as a contaminant from stationary-phase starter cultures in vitro
(Rezcallah et al., 2004; Svensson et al., 2002). Assays were performed to determine
whether the lack of soluble streptokinase activity of pam-positive isolates was due to
degradation by SpeB. Of 6 isolates examined, all produced significant levels of SpeB at
stationary phase with the exception of NS88.2 (Table 3.2). Inhibition of SpeB
proteolytic activity did not result in the appearance of soluble streptokinase activity for
three NT pam-positive isolates. Consistent with SpeB degradation of streptokinase in
stationary phase cultures, inhibition of SpeB in cultures of pam-negative isolates NS730
and NS931 resulted in an enhancement of streptokinase activity which was pronounced

as the culture entered stationary phase (NS730, p = 0.001; trend for NS931, p = 0.052).

3.3.1.4 Streptokinase protein in GAS supernatants
All GAS isolates secreted detectable levels of streptokinase protein into supernatants at
both growth phases and there was no marked difference in expression levels between

pam-positive and pam-negative isolates (Figure 3.2B). Isolate NS88.2 displayed
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reduced streptokinase protein expression in supernatants compared to other isolates
(Figure 3.2B). Thus, the lack of soluble streptokinase activity in pam-positive isolate
supernatants was not attributable to proteolytic degradation of streptokinase protein.
This confirms the previous observation that SpeB inhibition has no effect on
supernatant streptokinase activity of pam-positive isolates. = Pam-positive isolates
produced streptokinase of larger apparent molecular weight (~50 kDa) compared to the
streptokinase of pam-negative isolates (~47 kDa). NS53 was a notable exception
amongst pam-positive isolates with a streptokinase protein of molecular weight ~47

kDa.

3.3.2 Streptokinase allelic variation

3.3.2.1 Phylogenetic analysis of streptokinase partial alleles

The relatedness of streptokinase alleles of the 29 NT GAS isolates was investigated by
phylogenetic analysis of nucleotide sequences encoding the highly variable B-domain of
streptokinase (Figure 3.3). Streptokinase alleles from a recent phylogenetic analysis of a
large international isolate collection containing ALAB49 were included to place the NT
isolates in the context of previously described allelic subclusters (Kalia and Bessen,
2004). The ska alleles of all pam-negative NT isolates fell within cluster 1, with the
exception of NS696, which fell within cluster 2a and was the only emm1 isolate in this
collection (Figure 3.2B) (McKay et al., 2004). The majority of pam-positive isolates
possessed a cluster 2b ska allele. A notable exception was the pam-positive isolate
NS53 which, like the pam-negative isolates, possessed a cluster ska 1 allele that encodes

streptokinase protein of ~47 kDa.

87



Chapter 3: Plasminogen activation and virulence of NT GAS isolates

Please see print copy for Figure 3.3

Figure 3.3. Phylogeny of the B-domain of streptokinase for 29 NT GAS isolates. (A).
Domain structure of streptokinase showing the amino acid (aa) sequence positions of
the three major domains of streptokinase denoted o, B and y (Wang et al., 1998).
Secondary structural domains of the B domain determined by crystallographic analysis
of group C streptokinase are shown. These include B sheets (31, aa 158-169; 32, aa 183-
8; B3, aa 192-195; B4, aa 214-226; B5, aa 232-236; 6, aa 241-245; B6’ aa 251-255,
B6”, aa 260-264; and B7, aa 266-278), an o helix (03,4, aa 196-210) and two exposed
loops (the 170 loop, aa 170-182 and the 250 loop, aa 251-264 encompassing the 36 and
B6” sheets) (Wang et al., 1999) (Figure continued overleaf).
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Please see print copy for Figure 3.3

Figure 3.3. (continued) (B). Phylogenetic tree for a 423 bp variable region encoding the
B-domain of streptokinase for the 29 NT isolates (shown in bold). Alleles from a
previously published phylogenetic analysis are included for comparison (prefix “ska”;
GenBank accession numbers AY234261 to AY234324) including allele ska41 of isolate
ALAB49 (Kalia and Bessen, 2004). pam-positive (red) and pam-negative (blue)
genotypes are denoted for NT isolates and for ska alleles for which at least one
corresponding isolate possesses that pam genotype. ska alleles in black indicate that
pam genotype of all isolates possessing this allele is unknown. Bootstrap values of >
90% (500 replicates) are indicated and the scale bar indicates 0.05 substitution per site.
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3.3.2.2 Amino acid sequence comparison of ska allelic subclusters

To identify differences between solution-phase active and inactive streptokinases,
amino acid sequences of the B domains encoded by streptokinase partial alleles of the
30 GAS isolates were aligned (Table 3.3). The ska 1 (solution-phase active) and ska 2b
(solution-phase-inactive) alleles displayed approximately 60% amino acid sequence
homology. Amino acid sequences were also compared with homologous domains of
group C streptokinase (Wang et al., 1999) which is most closely related to streptokinase
encoded by ska 2a alleles (Kalia and Bessen, 2004). The commercially available group
C streptokinase from isolate H46A is active in solution and its skc allele was included
for comparison (Kabi, Sweden) (Lizano and Johnston, 2005). While the ska 2a allele
examined in this study (for isolate NS696) did not display plasminogen activator
activity in solution, at least one ska 2a allele has been demonstrated to possess solution-
phase activity (Lizano and Johnston, 2005). The ska 2a and skc alleles (solution-phase
active) possessed approximately 90% amino acid sequence homology to ska 2b alleles
(solution-phase-inactive). Amino acid residues unique to positions within the
streptokinase B domain encoded by ska 2b alleles were identified and their properties
compared to corresponding residues encoded by ska 1 and ska 2a alleles (Table 3.4).
These amino acids may be responsible for the lack of solution-phase activity of

streptokinases encoded by the ska 2b allelic subcluster.

3.3.3 SpeB activity of GAS isolates

The relationship between SpeB activity and clinical manifestation was investigated. All
isolates possessed the gene for SpeB (data not shown); and all isolates produced
detectable levels of cysteine protease activity, with the exception of NS192, NS414,

NS244 and NS88.2 (Figure 3.4A). Similarly, all isolates produced the 28 kDa mature
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Please see print copy for Table 3.3
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Please see print copy for Table 3.3
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Table 3.4. Unique amino acid residues of streptokinase B domains encoded by ska

cluster 2b alleles compared to corresponding residues encoded by ska 1 and 2a

subclusters® °.

Please see print copy for Table 3.4

“All amino acids listed are polar, hydrophilic species.

®Net charge on the amino acid at physiological pH indicated in brackets (+, positive; -,
negative; 0, neutral)

‘(Wang et al., 1999)

SpeB protein with the exception of NS414, NS244 and NS88.2 (Figure 3.4B). There
was no difference in SpeB activity of supernatants between between isolates from
invasive disease and uncomplicated infection (Figure 3.4A; p = 0.696); or between
PAM-positive and PAM-negative isolates (Figure 3.4A; p = 0.837). Amongst PAM-
negative isolates, there was a moderate positive correlation between SpeB activity in

stationary phase and streptokinase activity at mid-exponential phase (p = 0.026; r =

0.539).
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Figure 3.4. Expression and activity of secreted SpeB of NT GAS isolates and ALAB49.
(A). Cysteine protease activity in GAS supernatants from stationary phase measured by
kinetic assay using the chromogenic substrate, N-benzoyl-Pro-Phe-Arg-p-nitroanilide-
hydrochloride (Sigma). Data represent mean + SEM of cysteine protease activity
measured in triplicate for each of two independent cultures of every isolate, expressed
as 1g/ml equivalent using a standard curve of purified SpeB (Toxin Technology). (B).
Immunoblot of GAS stationary phase supernatants probed with rabbit polyclonal anti-
SpeB antibody (Toxin Technology). Immunoblotting of purified SpeB with the same
anti-SpeB antibody showed a protein of the same apparent molecular weight as that
detected in GAS supernatants (data not shown).
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3.3.4 Cell-surface plasmin activity assay

3.3.4.1 Assay optimisation

An assay of acquisition of cell-surface plasmin by GAS isolates following incubation in
human plasma was modified from that described previously (Wang et al., 1994) and
validated in our laboratory. Substrate specificity and assay limits were determined,
control plasminogen-depleted plasma prepared and the concentration and time of

plasma incubation optimised.

3.3.4.1.1 Substrate specificity and assay linearity

The substrate specificity of SpeB is not well-defined, however SpeB is known to cleave
peptide bonds on the C-terminal side of lysine residues during autocatalytic processing
(Doran et al., 1999; Nomizu et al., 2001). Plasmin also hydrolyzes peptide bonds on the
C-terminal side of exposed arginine or lysine residues (Keil, 1992), thus the specificity
of the plasmin-specific chromogenic substrate H-D-norleucyl-hexahydrotyrosol-lysine-
para-nitroanilide diacetate (American Diagnostica) was tested. This substrate was
cleaved by plasmin but not by plasmin under reducing conditions (DTT) that disrupt the
secondary structure of the disulfide-bonded two-chain protease (Figure 3.5A). The
substrate was not recognised by SpeB, either alone or under reducing conditions that
activate the enzyme. Using identical assay conditions with a cysteine protease-specific
substrate, N-benzoyl-Pro-Phe-Arg-p-nitroanilide-hydrochloride (Sigma), SpeB induced
significant substrate cleavage under reducing conditions (ie when activated) (Figure
3.5B). SpeB without activation or when inhibited by E64 showed no proteolytic
activity. Interestingly, plasmin also mediated limited proteolysis of the cysteine protease

substrate, but not under reducing conditions which inactivate plasmin (Figure 3.5B).
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Figure 3.5. Substrate specificity and linearity of plasmin assays using a chromogenic
substrate. (A). Proteolytic cleavage of the plasmin-specific chromogenic substrate (H-
D-norleucyl-hexahydrotyrosol-lysine-para-nitroanilide diacetate; American
Diagnostica) by plasmin (Roche) and SpeB (Toxin Technology) + the reducing agent
dithiothreitol (DTT) which disrupts plasmin structure but activates SpeB. Active SpeB
in the presence of the cysteine protease inhibitor, E64 (Sigma) is also shown.
Proteolytic cleavage at A4os was determined by kinetic assay and is expressed as Vmax
(arbitrary units) using Softmax Pro (Molecular Devices) (B). Identical assays were
conducted using a cysteine protease substrate (N-benzoyl-Pro-Phe-Arg-p-nitroanilide-
hydrochloride; Sigma). (C). Dose-response curve of plasmin at A4s using the plasmin-
specific chromogenic substrate in an endpoint assay developed for GAS cell-surface
plasmin acquisition assays. Linearity of the assay to A4ps = 0.6 is depicted by the
regression line (r* = 0.9992) fitted to the linear portion of the curve.
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Using an endpoint assay optimised for GAS cell-surface plasmin acquisition assays
employing the plasmin-specific chromogenic substrate, a plasmin dose-response curve

was linear to A4os = 0.6 (Figure 3.5C).

3.3.4.1.2 Plasminogen depletion of plasma

Plasma depleted of plasminogen was prepared by incubation with lysine-sepharose for
use as a control in GAS cell-surface plasmin acquisition assays. SDS-PAGE analysis
and immunoblotting of 100% plasma and plasminogen-depleted plasma with an anti-
plasminogen antibody confirmed the selective depletion of plasminogen (Figure 3.6A).
Plasminogen depletion of plasma was not complete, however the amount of activatable
plasminogen was reduced by 18-fold (p < 0.0001) (Figure 3.6B). Both depleted and

100% plasma possessed some inherent plasmin activity in the absence of streptokinase.

3.3.4.1.3 Optimisation of plasma concentration and incubation time

While several studies have examined GAS plasmin acquisition in dilute human plasma
(4% - 30%) (D'Costa and Boyle, 1998; D'Costa and Boyle, 2000; Wang et al., 1994),
GAS also acquire significant cell-surface plasmin when incubated in 100% plasma
(Wang et al., 1995b). Acquisition of cell-surface plasmin by GAS isolates was
compared following incubation in 30%, 50% and 100% plasma, and in 100% plasma
depleted of plasminogen (Figure 3.7A). There was a significant effect of plasma
concentration on plasmin acquisition (p = 0.049) however similar patterns of acquisition
were seen for the 30%, 50% and 100% plasma. To reflect physiological conditions a

plasma concentration of 100% was chosen for further assays.
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Figure 3.6. Plasminogen depletion of human plasma by incubation with lysine-
sepharose. (A). SDS-PAGE (lanes 1-3) and immunoblot (lanes 4-6) of 100% plasma
and plasminogen-depleted plasma showing purified human plasminogen (plg; lanes
1,4); plasminogen-depleted plasma (lanes 2, 5) and 100% plasma (lanes 3, 6) each
diluted 20-fold. Immunoblotting was performed using a rabbit polyclonal antibody
against human plasminogen (Calbiochem). (B). Kinetic chromogenic assay of plasmin
activity of 100% plasma and plasminogen-depleted plasma (plg-depleted) in the
presence and absence of streptokinase (ska; 6.25 units/ml final concentration; Sigma)
expressed as Vmax (arbitrary units) using Softmax Pro (Molecular Devices).
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Figure 3.7. Optimisation of an assay for cell-surface plasmin acquisition by GAS
isolates incubated in human plasma. (A). Cell-surface plasmin acquisition by GAS
isolates following incubation in varying concentrations of plasma or plasminogen-(plg-)
depleted plasma measured by plasmin assay using a specific chromogenic substrate at
405nm. All plasma incubations were conducted for 3 h with the exception of 30%
plasma, incubated for 5 h. (B). Cell-surface plasmin acquisition by GAS isolates
following incubation in 100% plasma for 1 or 3 h. (C). Correlation between cell-surface
plasmin acquisition by GAS isolates following 3 h incubation in 100% plasma
measured in two independent experiments (r = 0.959, p = 0.0002). Isolates assayed were
NS13, NS455, NS474, NS53, NS696, NS730, NS88.2 and NS931.
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Similar patterns of cell-surface plasmin acquisition by the four GAS isolates were seen
after one and three h of incubation in human plasma (Figure 3.7B). An incubation of
three h was chosen for future experiments due to the higher overall plasmin acquisition
by isolates at this timepoint. Plasmin acquisition by 8 isolates incubated in 100%
plasma for 3 h was reproducible with highly significant correlations between results
obtained in two independent experiments (average coefficient of variation = 15%;

correlation r = 0.959, p = 0.0002) (Figure 3.7C).

3.3.4.2 Cell-surface plasmin acquisition by 30 GAS isolates

Acquisition of cell-surface plasmin by the 30 GAS isolates was measured following
incubation in human plasma. Paradoxically, pam-positive isolates acquired significantly
higher levels of plasmin activity at the cell surface compared to the pam-negative
isolates (Figure 3.8A; p = 0.0002). Regardless of pam genotype, there was no difference
between isolates from invasive disease and uncomplicated infection in the ability to
acquire cell-surface plasmin in plasma (Figure 3.8A; p = 0.450). Amongst pam-negative
isolates, there was a significant correlation between supernatant streptokinase activity
and cell-surface plasmin acquisition in human plasma (p = 0.038, r = 0.506). Overall,
inhibition of tPA (using PPACK; Calbiochem) reduced plasmin acquisition by isolates
in plasma (p = 0.013); however for selected isolates such as NS13 and NS10 plasmin
acquisition was significantly increased (Figure 3.8B). This may relate to the kinetics of
plasmin loss from the cell-surface of these isolates, potentially slowed by the decreased
plasmin activation. In the presence of the tPA inhibitor, pam-positive isolates were still
able to acquire higher levels of cell-surface plasmin than pam-negative isolates (p =

0.0007).
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Figure 3.8. Cell-surface plasmin acquisition by GAS isolates following incubation in
human plasma. Isolates were incubated in 100% plasma, 100% plasma pretreated with
tPA inhibitor (PPACK; Calbiochem) or plasminogen-depleted plasma (plg-depleted) for
3 h, washed extensively, and surface-associated plasmin determined at 405nm following
incubation of GAS in a plasmin-specific chromogenic substrate. (A). 100% plasma
compared to plg-depleted plasma. Results are presented as mean + SEM of three
independent experiments for each isolate. (B). 100% plasma with or without
pretreatment with tPA inhibitor. Results are presented as mean + SEM of two
independent experiments for each isolate.
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3.3.4.3 Cell-surface plasmin acquisition by isogenic deletion mutants

The effect of streptokinase and SpeB on cell-surface plasminogen binding and plasmin
acquisition of pam-positive and pam-negative GAS isolates was investigated using
1sogenic deletion mutants of these genes (Table 3.5, Figure 3.9). The absence of SpeB
and streptokinase in supernatants of the respective deletion mutants was confirmed by
others in our laboratory (data not shown). In addition, immunoblotting analysis of
concentrated supernatants of isolate 5448 revealed that secreted streptokinase could
only be detected when SpeB was inhibited (using E64) or absent (in the speB-negative
mutant) (Cole et al., submitted). The isogenic ska-negative mutant of PAM-positive
isolate ALAB49 (Ringdahl et al., 1998; Svensson et al., 2002) acquired significantly
less cell-surface plasmin than the wild-type (Figure 3.9B; p = 0.019). This suggests that
despite the apparent lack of activity in solution, streptokinase contributes to cell-surface
plasmin acquisition of pam-positive isolates in plasma. Isogenic speB-negative mutants
of ALAB49 and 5448 acquired significantly more plasmin than the wild-type (p =

0.019; p = 0.004 respectively); while ALAB49 speB- also bound more plasminogen

Table 3.5. North American clinical isolates of GAS and their isogenic mutants

Please see print copy for Table 3.5

*produces high levels of active SpeB (Svensson et al., 2000);’binding of human plasminogen almost equivalent to
wildtype (Svensson et al., 2002); ‘binding of human plasminogen and human fibrinogen, streptokinase production
and B haemolysis reported unaltered from wild-type (Svensson et al., 2000); “produces high levels of active SpeB
(Kansal et al., 2003); °severe invasive disease classified as those with STSS and/or necrotising fasciitis (Chatellier et
al., 2000).
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Figure 3.9. Cell-surface plasminogen binding and plasmin acquisition by North
American GAS isolates and isogenic ska- and speB-negative mutants. (A). '*’I-
plasminogen binding to GAS isolates expressed as % radioactivity offered. Data are
presented as mean + SD of triplicate determinations. (B). Cell-surface plasmin
acquisition by GAS isolates. Isolates were incubated in 100% plasma or plasminogen-
depleted plasma (plg-depleted) for 3 h, washed extensively, and surface-associated
plasmin determined at 405nm following incubation of GAS in a plasmin-specific
chromogenic substrate. Results are presented as mean + SD of two independent
experiments for each isolate.
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(Figure 3.9A; p < 0.0001). This suggests that SpeB degradation of GAS plasminogen
activation components (including the plasminogen receptor PAM of ALAB49 and

streptokinase of 5448) reduces the acquisition or stability of GAS cell-surface plasmin.

3.3.5 Correlations between in vitro plasminogen activation parameters

One of the aims of the in vitro studies was to determine whether components of the
GAS plasminogen system are correlated within this isolate collection. A summary of
correlations between in vitro parameters of interest is given in Table 3.6. The
relationship between cell-surface plasmin acquisition and its component parts
(streptokinase, plasminogen binding and fibrinogen binding) was assessed. Isolates
were separated into pam-positive and pam-negative subgroups for this analysis due to
significant differences in the mechanisms of plasmin(ogen) binding and activation
(Berge and Sjobring, 1993; McKay et al., 2004; Wang et al., 1994; Wang et al., 1995a;

Wang et al., 1995b).

For pam-negative isolates, there was a moderate correlation between supernatant
streptokinase activity and cell-surface plasmin acquisition (p = 0.038, r = 0.506; mid-log
phase streptokinase activity) supporting previous suggestions that streptokinase
availability is the limiting factor in cell-surface plasmin acquisition (Wang et al., 1994).
Streptokinase is required by pam-negative isolates not only as a plasminogen activator,
but also as a co-factor for cell-surface plasminogen binding within the trimolecular
complex (Wang et al., 1995b). If streptokinase is the limiting factor in cell-surface
plasmin acquisition in plasma, it is not surprising that there was no relationship between
plasmin acquisition in plasma and the ability to bind plasminogen in the presence of

excess streptokinase and fibrinogen as measured in this study (p = 0.498, r = - 0.177).
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Nor was there a relationship between cell-surface plasmin acquisition and fibrinogen
binding (which allows assembly of the fibrinogen-streptokinase-plasminogen

trimolecular complex at the cell-surface (p = 0.185, r=0.061) (Wang et al., 1995b).

Table 3.6. Correlations® between in vitro plasminogen activation and its putative
components measured in this study for 30 GAS isolates.

Parameter 1 Parameter 2 Group p r
b

Streptokinase activity-mid log PAM* NA NA
PAM- 0.038 0.506

, - PAM+ NA® NA

Streptok tivity-late 1

reptokinase activity-late log PAM. 0.055 0473
. . T PAM+ 0.366 0.287

Direct plasminogen binding PAM NAS NA
Fibri bindi PAM+ 0.015 0.678

Plasmin forinogen binding PAM- 0.815 0.061
acquisition in PAMS 0417 0.250

100% plasma FSD plasminogen binding i i

PAM- 0.498 -0.177
SpeB activity PAM+ 0.280 -0.324
PAM- 0.183 0.339

tPA-independent plasmin All <0.0001 0.831

acquisition® ’ '
tPA-dependent plasmin All 0.007 0.487
acquisition
tPA- . . .
independent Streptokinase activity-mid log PAM- 0.043 0.496
plagmm Streptokinase activity-late log PAM- 0.144 0.370
acquisition

Direct plasminogen binding PAM* 0.846 0.063
PAM- 0.286 0.275
tPAI;(li:sprflIilr? o FSD plasminogen binding PAM+ 0.443 0.245
acquisition PAM- 0.147 0.368
Fibrinogen binding PAM* 0.174 0.420
PAM- 0.428 -0.206

*Correlations were performed using Spearman’s rank test as the majority of data was not Normally
distributed (as determined by the Shapiro Wilk W' test) ; significant correlations are highlighted in red.
"NA; not applicable due to the absence of supernatant streptokinase activity for all but one pam-positive
isolate, NS53.

‘all correlations with ligand binding parameters were calculated for the 29 NT isolates for which they
were measured (Chapter 2).

NA; not applicable due to the absence of significant direct plasminogen binding by pam-negative
isolates.

‘tPA-dependent plasmin acquisition was calculated as the reduction in plasmin acquisition in the presence
of tPA inhibitor compared to the 100% plasma condition. tPA-independent plasmin acquisition was
calculated as that acquired in the presence of the tPA inhibitor.
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As streptokinase activity was used as the quantitative measure of streptokinase
availability, pam-positive isolates could not be analysed for the contribution of
streptokinase to plasmin acquisition. For pam-positive isolates, there was no
relationship between cell-surface plasmin acquisition and ability to bind plasminogen,
either directly (p = 0.366; r = 0.287) or by the FSD pathway (p = 0.417; r = 0.259). Thus
it is possible that streptokinase is also limiting for plasmin acquisition by pam-positive
isolates in plasma. Interestingly, however, there was a correlation between cell-surface
plasmin acquisition and the ability to bind fibrinogen (p = 0.015, r = 0.678). Fibrinogen
may have important role in plasminogen activation by pam-positive GAS, as described

in a later section (3.4.1.1).

Studies using isogenic mutants demonstrate that SpeB significantly lowers cell-surface
plasmin acquisition, while inhibition experiments demonstrate SpeB degradation of
streptokinase. Thus a negative correlation between cell-surface plasmin acquisition and
SpeB secretion was hypothesised. No such correlation was identified, possibly
indicative of the different growth conditions used for supernatant collection/activity
measurements (mid-log phase for cell-surface plasmin; mid- and late-log for
streptokinase; stationary phase overnight cultures for SpeB). The timing of SpeB
induction and its effect on cell-surface plasmin and streptokinase may also differ

between isolates.

Plasmin acquisition by GAS in plasma was also divided into tPA-dependent plasmin
acquisition (that lost by inhibition of tPA) and tPA-independent plasmin acquisition
(that remaining following tPA inhibition). Total plasmin acquisition was strongly

correlated with tPA-independent plasmin acquisition (p < 0.0001; r = 0.831) and
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moderately correlated with tPA-dependent plasmin acquisition (p = 0.007; r = 0.487).
This reflects that each of these pathways makes a significant contribution to the overall
plasmin acquisition, with the tPA-independent pathway contributing a greater
proportion (average 84% for all isolates). There was a moderate correlation between
tPA-independent cell-surface plasmin acquisition and streptokinase at mid-log phase for
pam-negative isolates (for which streptokinase could be measured), supporting the
hypothesis that streptokinase mediates cell-surface plasmin acquisition in the absence of
tPA. There were no significant correlations between tPA-dependent plasmin acquisition
and ligand binding parameters tested, possibly reflecting the myriad of potential

interactions both enhancing and competing with this process in plasma.

Finally, it must be noted that the ratio of isolates studied to parameters measured was
prohibitive for factor analysis of this data. The use of multiple pairwise comparisons
(Table 3.6) risks the identification of false-positive correlations, thus it would be
necessary to confirm these relationships in larger independent cohort. However, the
significant correlations identified are supported by empirically derived models of GAS
plasminogen binding and activation, suggesting that they reflect true biological

relationships (McKay et al., 2004; Wang et al., 1994; Wang et al., 1995b).

3.3.6 Virulence of GAS in the humanised plasminogen transgenic mouse model
of infection

The importance of plasminogen for virulence of GAS was determined by monitoring

survival of human plasminogen transgenic mice and wildtype controls following

infection with clinical isolates of GAS. GAS isolates were selected for infection studies

to reflect the diversity of clinical isolates with respect to plasminogen binding, pam
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genotype, streptokinase activity, streptokinase alleles and SpeB activity determined in
vitro (Table 3.7). Representative pam-positive isolates derived from invasive (NS88.2)
and uncomplicated infection (ALAB49) and pam-negative isolates from invasive
(NS730) and uncomplicated infection (NS696) were used in this experiment. The
presence of the transgene for human plasminogen markedly increased the virulence of
pam-positive invasive disease isolate NS88.2 (Figure 3.10A; p < 0.01). In contrast, all
human plasminogen transgenic mice and wildtype mice survived infection with the
pam-positive impetigo isolate ALAB49 (Figure 3.10B). All wildtype mice survived
infection with either of the pam-negative isolates (Figure 3.10C, D). The presence of the
human plasminogen transgene did not increase virulence of the invasive disease isolate
NS730 (Figure 3.10D), but significantly increased the virulence of isolate NS696

(Figure 3.10C; p < 0.03).

Table 3.7. Characteristics of the GAS isolates used in infection studies®

Please see print copy for Table 3.7

*summarised from data previously presented
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Figure 3.10. Virulence of GAS isolates in a humanized plasminogen transgenic model
of infection. Survival of human plasminogen transgenic A/bPLG1 mice (Tg+; n = 10)
and wildtype C57BL/6J mice (Tg-; n = 10) was monitored following subcutaneous
infection with GAS isolates: (A) NS88.2 (pam-positive); (B) ALAB49 (pam-positive),
(C) NS696 (pam-negative); or (D) NS730 (pam-negative). Difference between groups
determined by logrank test is shown.
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3.4 Discussion

In this study plasminogen activation by GAS from a region of endemic disease was
characterised with respect to clinical source and pam genotype. It was hypothesised that
the higher plasminogen binding capacity of invasive-disease isolates would be reflected
in increased plasmin acquisition and virulence of GAS. Pam genotype was significantly
correlated with streptokinase genotype and activity and cell-surface plasmin acquisition;
a model of plasminogen activation by GAS secreting streptokinase of various allelic
subclusters is presented. The relationship between in vitro plasminogen activation and
clinical source was not as predicted, however a relationship between SpeB and cell-
surface plasmin acquisition was identified. Virulence of NT isolates in the humanised
plasminogen transgenic mouse model is discussed with respect to GAS plasminogen

activation in vitro.

3.4.1 Plasminogen activation by GAS isolates in vitro

3.4.1.1 Effect of pam genotype on streptokinase activity and plasmin acquisition
Striking differences were observed in plasminogen activation between pam-positive and
pam-negative isolates. Pam-positive isolates produce little or no detectable
streptokinase activity. A previous report similarly identified that isolates with high
plasminogen binding capacity did not produce detectable levels of streptokinase
activity, although the pam genotype was not investigated (Tewodros et al., 1995). Pam-
positive isolate NS53 was an interesting exception, possessing streptokinase activity and
an ska 1 allele. The possibility that the lack of streptokinase activity of pam-positive

isolates resulted from degradation of streptokinase by SpeB in pam-positive isolates was
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excluded by SpeB inhibition experiments. In addition, immunoblotting revealed the

presence of intact streptokinase protein amongst pam-positive isolates.

All GAS isolates possessing a subcluster 2b ska allele expressed intact soluble
streptokinase protein with ~ 3 kDa higher apparent molecular weight. The cause of the
higher apparent molecular weight of streptokinase is not clear, however ~40% amino
acid sequence difference of the B domains encoded by ska 2b and ska 1 alleles provides
a potential source of variability. Complete ska genes of different allelic subclusters vary

in predicted molecular weight of the encoded protein (Table 3.8).

Table 3.8. Predicted molecular weights of full-length streptokinase proteins encoded by

examples from each of the ska allelic subclusters.

GAS isolate

ska allelic

Predicted molecular

Source (GenBank

subcluster weight (Da) Accession)
89-465 1 49,395 AY234133
AE004092
MI1 GAS 2a 47,327
(complete genome)
ALAB49 2b 50,343 AY234134

In addition, all isolates bearing subcluster 2b alleles were pam-positive and displayed
very inefficient plasminogen activator activity in solution compared to isolate
possessing other subcluster ska alleles. This suggests that the plasminogen activation
kinetics differ between the allelic variants of streptokinase. Despite the lack of soluble
streptokinase activity, pam-positive isolates acquire significantly higher levels of

plasmin in plasma. This may suggest a role for host plasminogen activators in plasmin
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acquisition as observed previously (Khil et al., 2003), however even when the major
host activator tPA is inhibited, pam-positive isolates can acquire significant amounts of
cell-surface plasmin. This suggests that streptokinase also plays a major role in cell-
surface plasmin acquisition by pam-positive isolates. It could be argued that the traces
of active plasmin present in plasma in vitro may bind PAM directly and mediate
plasmin acquisition by pam-positive isolates. However, the majority of cell-surface
plasmin acquisition in plasma is mediated by streptokinase for at least one pam-positive
isolate, ALAB49, as evidenced by comparison with its streptokinase-negative isogenic
mutant. Conversion in plasma of ALAB49 cell-surface-bound plasminogen to plasmin
has previously been demonstrated to be ska-dependent (Svensson et al., 2002). Thus
despite being inactive in solution, streptokinase from a 2b allelic subcluster
demonstrates significant activity at the surface of a pam-positive isolate. Together
these results suggest that streptokinase plays an important role in plasmin acquisition by

both pam-negative and pam-positive isolates.

Interestingly, tPA inhibition increased cell-surface acquisition by a small number of
isolates. Plasmin is capable of degrading fibrinogen and the level of cell-surface
plasmin ultimately decreases with time (D'Costa and Boyle, 2000; Wang et al., 1995a;
Wang et al., 1995b). It is possible that tPA inhibition slows this process, such that

higher cell-surface plasmin was observed for these isolates.

The lack of solution-phase activity of streptokinase encoded by ska 2b alleles supports
our previously proposed model for plasminogen activation by GAS isolates possessing
subcluster 2b streptokinase alleles (Walker et al., 2005). According to this model, the

closed solution-phase conformation of plasminogen is resistant to activation by
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streptokinase of subcluster 2b alleles. While other subcluster forms of streptokinase can
activate plasminogen in the closed conformation, it has been suggested that subcluster
2b forms of streptokinase have adapted for interaction with plasminogen in the open
conformation induced by binding to PAM (Kalia and Bessen, 2004). If subcluster 2b
forms of streptokinase only form streptokinase-plasminogen activator complexes when
bound to PAM, this would account for the apparent lack of streptokinase activity in the

supernatants of pam-positive strains.

However further investigations in our laboratory have revealed that supernatants from
the pam-positive GAS isolate NS13 possessing a subcluster 2b ska allele do not activate
plasminogen in the presence of recombinant PAM, SEN or GAPDH, but in the presence
of fibrinogen albeit at a slow rate compared to subcluster 1 alleles (McArthur et al.,
2005). It remains possible that plasminogen binding to native cell-surface expressed
receptors differs from plasminogen binding to soluble recombinant receptors, and that
the original model for a permissive role of PAM in plasminogen activation by
streptokinase of the 2b alleles is correct. Studies of cell-surface plasminogen activation
by pam-positive GAS isolates in the presence and absence of fibrinogen may resolve

this question.

Alternatively, this data suggests that the receptor binding (either to C-terminal lysines of
SEN/GAPDH or the internal lysines of PAM) and the subsequent induction of the open
conformation of plasminogen are insufficient to allow plasminogen activation by
streptokinase encoded by (at least one of) the ska 2b alleles. Rather, fibrinogen is
required as an activation cofactor. Enhancement by fibrinogen of plasminogen

activation by streptokinase is well-described, however the mechanism by which this
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occurs is poorly understood (Camiolo et al., 1980; Takada et al., 1985a). Fibrinogen
does not possess C-terminal lysine residues, thus the initial interactions with
plasminogen are thought to be mediated by internal lysine residues, while high-affinity
interactions depend on plasmin-catalysed cleavage of fibrinogen and generation of C-
terminal lysine residues (Christensen, 1984; Christensen, 1985; Henschen and
Lottspeich, 1980). The activation rates of Glu-plasminogen, Lys-plasminogen and mini-
plasminogen (containing only the protease domain and kringle 5) by streptokinase are
all enhanced by fibrinogen (Chibber et al., 1985; Takada et al., 1985a; Takada et al.,
1988), suggesting that the role of fibrinogen lies not only in the induction of an open
conformation of plasminogen. Whether the role of fibrinogen in plasminogen activation
by streptokinase of 2b alleles mediates or simply enhances the activation to detectable
levels is not known. It is important to note that the majority of structural and
mechanistic analyses of plasminogen activation by streptokinase have used
commercially available group C streptokinase (Takada et al., 1985a; Takada et al.,
1988; Wang et al.,, 1998), thus extrapolation of the mechanism of action to

streptokinases of other allelic subclasses is speculative.

The role of the B domain of streptokinase in plasminogen activation has not been fully
elucidated. Extensive biochemical analyses of the binding affinities between individual
domains of plasminogen and streptokinase suggest that while all three streptokinase
domains bind the plasminogen protease domain tightly, the B-domain additionally
interacts with plasminogen kringle 5 (Loy et al., 2001). The extended conformation of
plasminogen has a higher affinity for streptokinase due to availability of additional
lysine binding sites in plasminogen (Boxrud and Bock, 2000). It has been proposed that

the initial step in activation of free plasminogen involves a lysine-dependent interaction
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between the -domain of streptokinase and kringle 5 of plasminogen that induces an
open conformation of plasminogen, allowing binding of all three streptokinase domains
to the plasminogen catalytic domain (Figure 3.11B, 3.12) (Conejero-Lara et al., 1998;
Loy et al., 2001). Within the B domain, residues Arg4s-Glupag, Lysyse-Lyszs7 and Gluyg: -
Lyszs» have been implicated in the creation of the active site in the initial “partner”
plasminogen in the 1:1 activator complex (Chaudhary et al., 1999). Lys,s¢-Lyszs7 in the
exposed “250-loop” are also involved in docking and processing of the second
“substrate” plasminogen (Chaudhary et al., 1999) and deletion of this loop reduces the
affinity of the streptokinase-plasminogen activator complex for the kringles of the
substrate plasminogen by three-fold (Dhar et al., 2002). Both formation of the initial
activator complex and binding of the second substrate plasminogen are lysine-

dependent events mediated by kringle(s) of plasminogen (Lin et al., 2000).

Residues unique to the B domain of streptokinase with very inefficient solution-phase
plasminogen activator activity (subcluster 2b) were identified (Figure 3.11). Of the 4
unique amino acids common to all ska 2b alleles, Ser,;p and Thr;s; correspond to
similarly uncharged residues in other ska subclusters. However Argq; of the B1 sheet of
ska 2b alleles is the only positively charged residue at this position among the encoding
ska allelic subclusters, while Gluyp of the a3,4 helix is uniquely negatively charged,
and replaces Lysyp9 of the other subclusters. Statistical models of positive selection
pressure on streptokinase have identified residues 161 and 210 among those subject to
diversifying selection within the B domain (Kalia and Bessen, 2004). Interestingly, all 4
residues unique to ska 2b lie within a region of the streptokinase protein encompassing
amino acids 144 - 218, which is the major focus of sequence heterogeneity (Johnston,

1991). In a recent study deletion of amino acids 124 — 237 of streptokinases of an ska 1
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Please see print copy for Figure 3.11

Fig 3.11 Crystal structure of the P domain of group C streptokinase showing
homologous residues unique to ska 2b alleles, resolved (A) in isolation (Wang et al.,
1999) or (B) as part of the streptokinase molecule complexed with the catalytic domain
of human plasminogen (Wang et al., 1998). The B domain is involved in docking the
“substrate” plasminogen (not shown) in the concavity generated by the so-called “B-
grasp” structure of the 3 domains of streptokinase, such that the activation bond of the
substrate is perfectly positioned for cleavage by the catalytic domain of the activator
complex (Chaudhary et al., 1999). Stereoview (Wang et al., 1998) and ribbon diagrams
(Wang et al., 1999) are reproduced from original papers.
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Please see print copy for Figure 3.12

Figure 3.12. Schematic diagram depicting an integrated model of cell surface plasmin acquisition by
various GAS isolates. Plasminogen contains seven distinct structural domains, designated the amino-
terminal peptide (NTP) followed by kringles 1-5 (K1-5) and the C-terminal serine protease domain (PD).
K1, K2, K4 and K5 contain lysine-binding motifs that are responsible for binding to fibrinogen and to
plasminogen receptors. Lysine-dependent interaction/s between the NTP and K5 are also responsible for
maintaining the circulating zymogen in a mostly closed, activation-resistant form. Efficient conversion of
plasminogen to its activated twin-chain form plasmin (depicted by loss of the NTP and by the green
coloured PD linked to the kringle domains via a disulphide bond shown in red) by mammalian or
microbial activators requires a binding-induced conformational change in plasminogen to an open,
activation-susceptible form (Loy et al., 2001; Parry et al., 2000; Ranson and Andronicos, 2003). (A).
Plasminogen bound directly to the cell surface via PAM, or other plasminogen receptors (PL-R) may be
activated to plasmin by host activators. (B). Streptokinase contains three structural domains designated
the o, B and y domains. The P domain interacts with K5 to induce the open conformation of
plasminogen, allowing high-affinity binding of all 3 domains to the PD forming the streptokinase-
plasminogen activator complex. Generally pam-negative strains secrete subcluster 1 or 2a allele forms of
streptokinase (Kalia and Bessen, 2004) which can readily interact with solution-phase closed plasminogen
(Loy et al., 2001). This results in a free activator complex that can convert substrate plasminogen
molecules to plasmin that
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Figure 3.12. (cont) readily bind the cell surface directly via plasmin(ogen) receptors (e.g. SEN, GAPDH)
(D'Costa and Boyle, 1998). Alternatively, the activator complex can bind to fibrinogen to form the
fibrinogen-streptokinase-plasminogen trimolecular complex. This can then bind to the cell surface via
fibrinogen receptors (F-R) and act on bound or free substrate plasminogen producing plasmin. The
conversion of streptokinase-plasminogen to streptokinase-plasmin within the 1:1 activator complex
occurs spontaneously (Boxrud and Bock, 2004). (C) Most pam-positive strains secrete subcluster 2b
allele forms of streptokinase (orange) which require fibrinogen as a cofactor to form plasmin. The
streptokinase-fibrinogen-plasminogen activator complex can convert solution-phase substrate
plasminogen to plasmin. Alternatively, the complex may bind to the GAS cell-surface via plasminogen
binding to fibrinogen and/or PAM, creating an exceptionally stable plasminogen activator which may
activate either bound or free substrate plasminogen producing plasmin. Plasmin may bind the cell-surface
via PAM, SEN, or GAPDH. In all scenarios, plasmin bound to receptors, streptokinase or within a
trimolecular complex is resistant to inhibition by o2-antiplasmin. Modified from a previously published
model (Walker et al., 2005).
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and a 2a allele did not disable plasminogen activation by these species, and the authors
suggested that this region plays no direct role in plasminogen activation (Lizano and
Johnston, 2005). However, studies with individual domains of streptokinase indicate
that each in isolation is capable of slow plasminogen activation, and that the presence of
the B domain actually antagonises active site formation by the o and y domains (Loy et
al., 2001). Thus it cannot be assumed that full-length streptokinase does not require any
of these 4 residues, for example to overcome steric hindrance introduced by the
presence of the entire B domain, or to assist in the docking of substrate plasminogen,

compared to the deletion mutants generated previously (Lizano and Johnston, 2005).

As a working hypothesis, it is proposed that either Asn/Glu;e; of the B1 sheet and/or
Lysyo9 of the 3,4 helix encoded by ska 1 and 2a alleles are essential for solution-phase
activation of plasminogen, and that their replacement with differently charged residues
reduces or abolishes plasminogen activation. Induction of an open conformation of
plasminogen does not render it susceptible to activation by streptokinase of ska 2b
alleles, suggesting that this is not the essential function conferred by residues 161 or 209
of the other subclusters. It is tempting to speculate that Lys;o9 encoded by subclusters 1
and 2a is required for one of the lysine-dependent interactions either generating the
active site in the first plasminogen molecule, or is permissive for docking of the
substrate plasminogen (Boxrud and Bock, 2000; Chaudhary et al., 1999; Lin et al.,
2000). Studies using site-directed mutagenesis to replace these residues in solution-
phase active and inactive streptokinases are suggested. It remains possible that the

critical residues lie outside the B domain and that further sequence comparison of the o

or Y domains will be required. Fibrinogen partially reverses the loss of activator
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potential of the ska 2b alleles, through unknown mechanisms which are not related to

induction of the open conformation of plasminogen.

3.4.1.2 Model for cell-surface plasminogen activation by GAS isolates according to
pam genotype and streptokinase allelic subcluster
In the current study, plasmin acquisition by pam-positive isolates in plasma was not
correlated with plasminogen binding by the isolates, but was correlated with fibrinogen
binding. In addition, the higher fibrinogen-binding by pam-positive isolates and the
correlation between fibrinogen binding and direct plasminogen binding for these
isolates points to the occurrence of a fibrinogen receptor coinherited with PAM; or that
PAM itself has dual receptor activity (Chapter 2). This data supports an important role
for fibrinogen in the remarkably high-levels of cell-surface plasmin acquisition by GAS
isolates possessing PAM and streptokinase encoded by subcluster 2b alleles, compared

to pam-negative isolates.

An integrated model is proposed for GAS cell-surface plasminogen acquisition by
isolates possessing ska alleles of the various subclusters (Figure 3.12). For isolates
possessing ska 2b alleles, it is proposed that PAM is important for sequestering Glu-
plasminogen to the GAS cell-surface via kringle 2 (Figure 3.12A, C). Fibrinogen
receptors (possibly including PAM itself) colocalise high levels of fibrinogen at the
cell-surface, providing the necessary cofactor for activation of plasminogen by the ska
2b streptokinase secreted by these isolates (McArthur et al., 2005) (Figure 3.12C). The
trimolecular complex of plasminogen, fibrinogen and streptokinase is generated and
may bind to the cell-surface by either PAM or fibrinogen receptors (McKay et al.,

2004). If PAM does possess dual receptor activity, both plasminogen and fibrinogen
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within the complex could potentially bind PAM, stabilising its cell-surface location.
This complex generates plasmin that can bind directly to surface receptors PAM, SEN
or GAPDH (D'Costa and Boyle, 1998). In addition, the presence of plasmin generates
Lys-plasmin(ogen) which has a higher affinity for SEN (Derbise et al., 2004). Thus the
higher plasminogen- and fibrinogen-binding capacity of these isolates results in higher

levels of plasmin acquisition.

This contrasts with pam-negative isolates (Figure 3.12A, B) that require both fibrinogen
and streptokinase (encoded by non-ska 2b alleles) in order to bind significant levels of
plasminogen to the cell-surface via fibrinogen-binding proteins (McKay et al., 2004).
The activator complex generates plasmin that can bind directly to surface receptors SEN
or GAPDH (D'Costa and Boyle, 1998). The absence of PAM and lower fibrinogen

binding capacity of these strains results in a lower level of plasmin acquisition.

3.4.1.3 Invitro plasminogen activation and clinical source

As described in another GAS population, there was no relationship between clinical
source of isolates and secreted streptokinase activity in vitro (Tewodros et al., 1995).
Amongst those isolates in which streptokinase activity could be detected (pam-
negative), there was a correlation between secreted streptokinase activity and plasmin
acquisition in plasma. The reduction in plasmin acquisition of a streptokinase-negative
mutant of ALAB49 and the significant plasmin acquisition by pam-positive isolates
despite tPA inhibition also suggests the importance of streptokinase in plasmin
acquisition by pam-positive isolates. Corroborating a previous study in North American
isolates (Wang et al., 1994), we found no difference in plasmin acquisition in plasma

between isolates from invasive and uncomplicated infections.
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These observations may suggest that streptokinase secretion and plasmin acquisition are
not important in establishing invasive infection, or that only a low threshold of cell-
surface plasmin is required for infection. However, the NT isolates compared in this
study were of diverse emm sequence types, vir types and emm patterns (McKay et al.,
2004), and thus might be expected to differ significantly in expression of other
virulence determinants. In contrast, a recent study of highly related emm49 isolates
revealed higher streptokinase expression at the transcriptional level amongst isolates
from severe invasive disease than those from non-invasive disease (Ikebe et al., 2005).
In addition, host factors play a significant role in determining the severity of GAS
infection (Kotb et al., 2002; Norrby-Teglund et al., 2000). For example, levels of
humoral immunity to GAS virulence factors have been reported to influence
susceptibility to invasive infection by clonal isolates (Basma et al., 1999). Anti-
streptokinase antibodies and streptokinase resistance are found at exceptionally high
levels amongst NT and other indigenous Australian communities where GAS infection
is endemic (Blackwell et al., 2005; Urdahl et al., 1996). Thus the level of streptokinase
secretion and plasmin acquisition in vitro may not be reflective of available
streptokinase and plasmin acquisition during infection in vivo. Overall, it is likely that
establishment of invasive infection results from complex multifactorial interactions
between the diverse repertoire of GAS virulence factors including streptokinase,

fibrinogen and plasminogen receptors, and the human host.

The finding that cell-surface plasmin acquisition in 100% plasma does not differ
between isolates from invasive and uncomplicated infection does not preclude a role for
the previously observed higher plasminogen binding in invasive disease. Plasminogen

binding assays were performed using plasminogen at concentrations below those found
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in human plasma, and may be reflective of tissue niches where plasminogen is more

scarce, such as the surface of healthy skin.

3.4.1.4 SpeB, clinical source, and cell-surface plasmin acquisition

There was no relationship between secreted SpeB activity and propensity to cause
invasive disease amongst the NT GAS isolates examined. An inverse relationship
between SpeB and severity of invasive infection was found in a clonal M1T1 isolate
collection (Kansal et al., 2000), thus clonal differences may explain the lack of
relationship observed in the NT collection. Alternatively, factors influencing the
establishment of invasive disease and the severity of invasive infection may differ.
Three isolates possessing the gene for SpeB produced neither detectable levels of SpeB
activity nor protein, consistent with the reported existence of stable SpeB-negative
phenotypes (Aziz et al., 2004; Kansal et al., 2000; Raeder et al., 2000). Interestingly
isolate NS192 produces a mature 28 kDa SpeB protein with no detectable proteolytic

activity.

SpeB degradation of streptokinase in early stationary-phase cultures was demonstrated
by SpeB inhibition experiments, while the degradation of PAM is suggested by
increased plasminogen binding of the speB- isogenic mutant of pam-positive isolate
ALAB49. Isogenic mutants revealed a profound influence of SpeB on the acquisition
and/or stability of cell-surface plasmin of both a pam-positive and a pam-negative
isolate. The potential effect of SpeB on virulence mediated by the plasminogen

activation system is discussed in the following section.
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3.4.2 Virulence of GAS isolates in the human plasminogen transgenic mouse
model of infection
Experiments in the human plasminogen transgenic mouse model confirm a critical role
for human plasminogen in GAS virulence. Of the pam-positive clinical isolates
examined, NS88.2 (from an invasive infection) and ALAB49 (from uncomplicated
infection) acquired relatively high and low levels of cell-surface plasmin in plasma
respectively. NS88.2 showed markedly enhanced virulence in the presence of the
human plasminogen transgene, underscoring the specificity of GAS for human
plasminogen. ALAB49 showed no such enhancement, and while this result may suggest
a dose effect of cell-surface plasmin acquisition in this animal model, the results from
the pam-negative isolates suggest otherwise. Of the pam-negative isolates examined,
NS696 (from an uncomplicated infection) and NS730 (from invasive infection)
acquired similarly low levels of cell-surface plasmin in plasma to that of ALAB49 and
were also avirulent in wildtype mice. In contrast, in the human plasminogen transgenic
mouse, NS696 acquired virulence potential while NS730 remained avirulent. NS696 is
the only emm] isolate examined in this model and is the only one of the 30 isolates
examined possessing the ska 2a streptokinase allele. Whether the products of either of
these genes function synergistically with human plasminogen to enhance virulence is
unknown, however the recently described induction of vascular leakage by released
fibrinogen-binding M1 protein could potentially provide a rich source of plasminogen at
the infection site (Herwald et al., 2004). Combined, these observations suggest a
complex interaction of the plasminogen system with other GAS virulence determinants
and highlight the benefit of the human plasminogen transgenic mouse model as more

sensitive for discerning differences in GAS pathogenesis.
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The interaction of SpeB with the plasminogen activation system may play a significant
role in this model. SpeB mediates streptokinase and plasminogen receptor degradation
and radically lowers cell-surface plasmin acquisition by GAS isolates in vitro. Isolates
producing the lowest levels of SpeB showed enhanced virulence in the human
plasminogen transgenic mouse, while isolates producing large amounts of SpeB did not.
These observations are consistent with a model in which SpeB reduces invasive
potential by disabling plasminogen activation. However, other studies suggest a synergy
between the two systems during infection at the skin, where SpeB is required for full
virulence (Svensson et al., 2002). Interestingly in this study a correlation between SpeB
activity at stationary phase and streptokinase activity at mid-log phase was observed.
To reconcile these observations, it is hypothesised that SpeB is important for
establishing local infection (Saouda et al., 2001; Svensson et al., 2000). However loss of
SpeB activity in a subpopulation (Aziz et al., 2004; Raeder et al., 2000) allows these
bacteria to focus plasmin activity at the GAS surface (Figure 3.9B). The acquisition of
fibrinolytic activity by this subpopulation allows escape from the fibrin networks

containing the infection and invasion to sterile sites.

While the presence of the human plasminogen transgene did not induce virulence in
ALAB49 in this model, the importance of plasminogen activation for virulence of this
strain has been demonstrated in a humanized model of streptococcal impetigo, in which
the skin is superficially wounded before infection (Svensson et al., 2002). This may be
clinically relevant in the case of NT GAS infection which often manifests secondary to
scabies lesions (Wong et al., 2002). Finally, the source of the clinical isolate (invasive

or uncomplicated infection) does not predict virulence in the human plasminogen
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transgenic mouse model, further suggesting the importance of additional host factors in

clinical outcome.

In summary, the results demonstrate that NT GAS isolates acquire and activate
plasminogen from plasma at different levels according to pam genotype, via
streptokinases of defined allelic subtype, size and catalytic specificity. The plasminogen
system is critical for virulence of some clinical isolates of GAS in the human
plasminogen transgenic mouse model, but is not entirely predictable from in vitro
measures of plasminogen activation. SpeB causes a radical reduction in cell-surface
plasmin activity that may impact on virulence of GAS in the presence of human
plasminogen. The complex interaction of the plasminogen activation system with other

host and bacterial factors is a key component of GAS virulence.
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CHAPTER 4 General discussion and future

work
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4.1 General discussion

4.1.1 Summary of the major aims and findings of this study

In the tropical NT of Australia, GAS infection and its sequelae are significant
contributors to morbidity and mortality, especially amongst the indigenous community
(Carapetis and Currie, 1997; Carapetis et al., 1996). The high rate of GAS invasive
disease in the NT is not caused by dominant clones nor preceded by GAS pharyngitis as
in urbanised populations (Johnson et al., 1992). Rather, this high rate exists against a
background of hyperendemic skin infection with rapid turnover of GAS strains and
ample opportunity for genetic exchange with other GAS strains and streptococcal
species (Carapetis et al., 1995a; Carapetis et al., 1999a; Carapetis et al., 1999c;
Fiorentino et al., 1997, Towers et al., 2003; Towers et al., 2004). The putative
importance of the GAS-plasminogen system in skin infection and in invasive processes
prompted the current study of the role of plasminogen in invasive NT GAS disease

(Kalia and Bessen, 2004; Svensson et al., 1999; Svensson et al., 2002).

This study demonstrated that while NT GAS isolates from invasive disease cases
acquire more plasminogen than isolates from uncomplicated infections, they do not
produce more streptokinase nor acquire more cell-surface plasmin after incubation in
human plasma in vitro. However, infection studies in the human plasminogen transgenic
mouse model revealed the critical role of plasminogen in virulence of some NT isolates.
The dramatic reduction of GAS cell-surface plasmin activity by SpeB may significantly
disable GAS invasive potential. In addition, novel aspects of plasminogen activation by
pam-positive isolates were characterised and a new model of GAS cell-surface

plasminogen activation proposed for these isolates.
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4.1.2 Importance and limitations of the study

There are several important advantages and limitations inherent in the in vitro studies
conducted. Firstly, the characterisation of a large isolate group dictates that a small
number of time-points or conditions be assessed. While every effort was made to mimic
physiologically relevant conditions, these snapshots may not provide an accurate
representation of an entire phenomenon nor timecourse during infection in vivo. For
example, the stability of cell-surface plasmin over time could not be assessed for each
isolate. The kinetics of SpeB induction may differ among these genetically diverse
isolates along with their demonstrated variation in growth kinetics, with concomitant
variability in the degradation of cell-surface plasmin. These factors could not be
accounted for within the study design. Thus it remains unclear whether some other
measure of persistence, maximal acquisition or a certain threshold of cell-surface
plasmin in vitro may be associated with virulence in vivo. However, in vitro functional
experiments identified the striking variation of catalytic activity of streptokinase with

pam genotype in this study, highlighting the utility of the study design.

Secondly, NT GAS isolate collections, including invasive disease-causing subgroups,
exhibit remarkable clonal diversity (Carapetis et al., 1999c; Hassell et al., 2004; McKay
et al., 2004). Thus it is impossible to control for the effects of other virulence factors
when assessing the role of GAS plasminogen activation in virulence of NT GAS
isolates. It is possible that the clonal diversity within this collection obscures the true
biological effect of plasminogen activation on virulence inferred from clinical source of
the isolates in in vitro studies. Studies of clonal isolates (within a single emm-type) have
identified relationships between streptokinase expression and invasive disease, and

between SpeB expression and infection severity (Ikebe et al., 2005; Kansal et al., 2000).
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In contrast, studies of other clonally diverse collections have found no relationship
between plasminogen activation and GAS disease manifestation (Tewodros et al., 1995;
Wang et al., 1994), similar to that found in this study. Similarly, comparisons of other
Northern Australian isolate collections have failed to find relationships between
invasive propensity and presence/genotype of genes encoding virulence factors
including the M protein, fibronectin binding proteins PrtF1, Sfbl, Stbll and Fpb54; the
toxin NAD glycohydrolase; or the pyrogenic exotoxins SpeA, SpeB and SpeC (Bricker
et al., 2005; Carapetis et al., 1999c; Delvecchio et al., 2002a; Delvecchio et al., 2002b;
Norton et al., 2004). To the author’s knowledge, the only reported molecular differences
between Australian GAS isolates from invasive disease and uncomplicated infections
are the higher plasminogen binding identified in this study and the increased prevalence
of the prtfll gene among invasive disease isolates (Delvecchio et al., 2002a; McKay et
al., 2004). Interestingly, one of the two Prtfll subtypes, PFBP, is also a fibrinogen-
binding protein (Ramachandran et al., 2004a; Ramachandran et al., 2004b) and thus a

potential receptor for the fibrinogen-plasminogen-streptokinase trimolecular complex.

The third limitation inherent in comparison of plasminogen activation by NT isolates of
differing clinical source is the difference in virulence generated by variable
susceptibility of the host to infection or to particular disease manifestations. Genetic
variability of HLA type and humoral immunity to virulence factors such as the M
protein, SpeA and SpeB influence GAS disease severity or susceptibility (Basma et al.,
1999; Eriksson et al., 1999; Holm et al., 1992; Kotb et al., 2002). With frequent GAS
exposure, many NT residents develop humoral immunity to streptokinase; with almost
one quarter of Aboriginal adults exhibiting streptokinase resistance capable of

completely neutralising therapeutic doses of streptokinase (used as a thrombolytic
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treatment) (Blackwell et al.,, 2005; Urdahl et al., 1996). The implications of

streptokinase resistance for virulence of NT GAS have not been investigated.

The clinical profile of invasive GAS disease in the NT also implicates compromised
host physiology in GAS invasive potential. In a recent case series of necrotising fasciitis
from the NT of Australia 79% of patients had concurrent chronic diseases such as type
Il diabetes, alcoholism, hypertension, steroid-treated autoimmune disease, cirrhosis,
renal impairment etc; while 64% had pre-existing wounds (Hassell et al., 2004).
Amongst cases of bacteremia, 90% of adult patients had at least one predisposing factor,
compared with 40% for children. No evidence of particularly virulent strains was found,
and it was concluded that a major risk factor for GAS bacteremia amongst Aboriginal
people in the NT is high-level exposure to a wide range of GAS strains (Carapetis et al.,
1999c¢). In the current study, however, NT clinical isolates displayed markedly different
virulence potential in genetically identical hosts (both wildtype and human plasminogen
transgenic mice) suggesting that there are important differences between isolates in

ability to invade host tissue.

4.1.3 Therapeutic implications of the current study for NT GAS infection

While an important role of human plasminogen activation in GAS virulence is
suggested by the current study and a growing body of international work (Boyle and
Lottenberg, 1997; Lahteenmaki et al., 2005; Sun et al., 2004), targeting of this system in
the prophylaxis and treatment of GAS infection has not been directly addressed.
Plasmin inhibition by agents such as aprotinin, or competitive inhibition of plasminogen
binding with lysine analogues such eACA are problematic given the fundamental and

diverse role of plasmin(ogen) in normal physiological processes such as migration of
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immune cells, wound healing and tissue remodelling, and particularly fibrinolysis
(Dano et al., 1999; Plow et al., 1999; Pollanen et al., 1991). In fact, both aprotinin and
€ACA are currently used in the prophylaxis and treatment of post-surgical bleeding

(Koscielny et al., 2004; Ray et al., 2005; Ray and O'Brien, 2001).

One potential prophylactic option is the development of vaccines based on components
of the GAS plasminogen activation system, such as GAS plasminogen and fibrinogen
receptors, and streptokinase. Development of neutralising antibodies against these
virulence factors could potentially disable GAS invasive potential (Basma et al., 1999;
D'Costa and Boyle, 1998; Holm et al., 1992), along with the objectives of boosting
protective opsonic antibody and T-cell responses to GAS (McMillan et al., 2004;
Pruksakorn et al., 1992). However, certain components of the GAS-plasminogen system
may prove unsuitable vaccine candidates. Anti-SEN antibodies and anti-GAPDH
antibodies have been implicated in autoimmune disease processes (Cunningham, 2000;
Fontan et al., 2000; Rattner et al., 1991; Takasaki et al., 2004). Boosting of immune
responses against streptokinase may prove problematic in acute post-streptococcal
glomerulonephritis, in which streptokinase deposition and the ensuing immune response
potentially contribute to glomerular pathology (Nordstrand et al., 1998; Nordstrand et
al., 1999). Autoreactive T-cell responses against cardiac antigens are elicited by
vaccination with M protein (Cunningham, 2000; Kehoe, 1991). Thus at this early stage
of research on GAS plasminogen activation, there is no obvious potential therapeutic
target arising from the current work. However, given the importance of GAS
plasminogen activation in virulence, it is hoped that a greater understanding of this
system will aid in the development of more effective prophylaxis and treatment of GAS

infection.
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4.2 Future work

4.2.1 Future animal modelling of NT GAS invasive infection

In the human plasminogen transgenic mouse model of infection two of the four isolates
showed enhanced virulence in the presence of the transgene, highlighting the
importance of human plasminogen in GAS invasion. Indeed, human plasminogen was
an absolute requirement for fatal infection with isolate NS696, demonstrating enhanced
sensitivity of this model to differences between isolates. However, two of the four
isolates including a necrotising fasciitis isolate, showed no virulence in the presence or
absence of the transgene. The other non-virulent isolate in this model is an impetigo
isolate which has shown significant virulence in the humanized model of impetigo, in
which human skin grafted onto SCID mice is superficially wounded prior to infection
with GAS (hu-skin-SCID model) (Scaramuzzino et al., 2000; Svensson et al., 2002). It
would be of interest to examine the blood of mice infected with avirulent isolates to
examine whether there is a deficiency in transition to the blood by these isolates, or
whether the isolates breach the vasculature but express an exotoxin profile that is

ineffectual in establishing severe disease in this model.

One important determinant of the severity of GAS infection is the host inflammatory
response to GAS superantigens, which is associated with HLA type in human infection
(Chatellier et al., 2000; Kotb et al., 2002; Norrby-Teglund et al., 2000; Norrby-Teglund
et al., 2002). Congenic mice which differ only in the MHC locus also display markedly
different susceptibility to GAS infection, due in part to differences in the inflammatory
cytokine response of T cells to superantigens presented by the different MHC

(Goldmann et al., 2005b). Differences in innate immunity also play an important role in

133



Chapter 4: General discussion and future work

differential GAS infection susceptibility between MHC haplotypes (Goldmann et al.,
2005a; Goldmann et al., 2005b; Medina et al., 2001). Humanising of the MHC class II
(DR6) and CD4 renders mice exquisitely sensitive to staphylococcal superantigen (10-
100 fold lower concentrations) compared to control mice in a model of superantigen-
induced sepsis (Yeung et al., 1996). To examine the role of plasminogen in virulence of
isolates that do not show virulence in the human plasminogen transgenic mouse model
of infection, a hybrid model is suggested in which the human plasminogen transgene is
expressed against a superantigen-susceptible MHC background. This could potentially
be achieved using either susceptible murine MHC such as H2" or by producing double
transgenic mice bearing recently identified susceptible human haplotypes (Goldmann et
al., 2005b; Kotb et al., 2002). Such a model may help elucidate the relative importance
and/or synergy of GAS superantigen expression and plasminogen activation in the

development of invasive disease by clonally diverse GAS isolates.

Another important question to be addressed is the effect of streptokinase resistance in
the NT on GAS virulence. In vitro studies have demonstrated that anti-streptokinase
antibodies inhibit the assembly of GAS cell-surface plasminogen activator (D'Costa and
Boyle, 1998). However, the role of these antibodies at various stages of infection in vivo
is unknown, and infection studies using isolates which are virulent in the human
plasminogen transgenic mouse are suggested, with and without preimmunisation with

streptokinase.
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4.2.2 Future research questions surrounding GAS-plasminogen activation and

its role in virulence

This study showed that streptokinase encoded by ska 2b alleles does not activate
plasminogen in solution and further work in our laboratory has suggested a requirement
for fibrinogen as a cofactor in plasminogen activation by this subclass of streptokinase
proteins. Unique amino acid residues of streptokinase [ domains encoded by ska 2b
subcluster alleles compared to the B domains encoded by ska 1 and 2a alleles were

identified.

In the first instance it will be necessary to determine whether the unique B domain
encoded by ska 2b alleles is responsible for the novel catalytic activity of the encoded
protein. Construction of chimeric proteins, formed by replacement of the entire ska 1 or
ska 2a allele with the ska 2b allele within the ska gene and expression of the resulting
gene product is suggested. Expression and analysis of plasminogen activation in
solution of the chimeras would assist in determining whether the B domain encoded by

ska 2b imparts “solution-phase resistance” to the activity of streptokinase.

If this is found to be the case, site-directed mutagenesis of the ska gene is suggested to
replace the individual residues encoded by ska 1 and ska 2a alleles with the unique
amino acid residues of streptokinase f domains encoded by ska 2b subcluster alleles (as
discussed in section 3.4.1.1). Expression and analysis of plasminogen activation in
solution of the mutant gene products would assist in determining any role of these
residues in both the solution-phase resistance and the fibrinogen dependence of ska 2b-

encoded streptokinase activity.
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One of the major findings of this study was the dramatic reduction of cell-surface
plasmin by SpeB, and the observation that low SpeB-secreting isolates are more virulent
in the human plasminogen transgenic mouse model than high SpeB-secreting isolates.
This relationship has been investigated further in our laboratory for the invasive M1T1
isolate, 5448. Results of that study suggest that while SpeB is important for establishing
localised infection, the loss of SpeB in a subpopulation of bacteria allows the
accumulation of cell-surface plasmin and systemic dissemination in the human
plasminogen transgenic mouse (Cole et al, submitted). It is of significant interest to
determine whether this is an emm-type-specific phenomenon, or common to other GAS
clones, particularly in the NT. It will also be of interest to identify the environmental or

GAS quorum signal triggering this switch in transcriptional regulation.

A clear exception to this infection model is the invasive-disease isolate NS88.2 which
induces mortality in both wildtype and human plasminogen transgenic mice, and yet
produces no detectable SpeB in vitro. It is hypothesised that NS88.2 uses an alternate
exotoxin profile to initiate tissue damage and establish local infection. The requirement
of SpeB for establishment of local infection may also involve evasion of host defense
(Collin et al., 2002; Eriksson and Norgren, 2003; Voyich et al., 2003) and NS88.2 may

employ alternate pathways for evasion of local host defence.

Factors affecting the regulation of streptokinase and SpeB have only begun to be
elucidated in the last decade. M1 transcriptomes (for isolate MGAS 5005) have revealed
that SpeB is among the genes upregulated during phagocytosis by polymorphonuclear
leukocytes to evade killing by these cells (Voyich et al., 2003). Upon incubation in

whole blood, SpeB is downregulated, while streptokinase is upregulated (Graham et al.,
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2005). Human blood is relatively poor in free amino acids and streptokinase may be
essential for nutrient acquisition in this peptide-rich environment (Graham et al., 2005).
Several models of GAS infection have suggested that SpeB is induced during nutrient
depletion while streptokinase is induced during nutrient-rich stages of infection once the
inflammatory process is established (Rasmussen and Bjorck, 2002; Svensson et al.,
2002). Further work is required to clarify the role and regulation of plasmin and SpeB in

the various stages of infection from the different tissue niches.

Finally, the relative effects of SpeB and GAS-bound plasmin on secreted host immune
mediators have not been compared. Recently a trypsin-like serine protease secreted by
GAS was shown to cleave IL-8 and prevent neutrophil chemotaxis to the GAS infection
site, resulting in severe invasive infection (Edwards et al., 2005; Hidalgo-Grass et al.,
2004). It is not known whether the trypsin-like serine protease plasmin may similarly
cleave IL-8. It would be of interest to compare a panel of cytokines and chemokines
important in the host response to GAS infection for proteolytic degradation by plasmin

and SpeB.

4.2.3 Final comments

The search for bacterial virulence factors associated with NT invasive disease continues
and the regulation of the GAS-plasminogen activation system appears to be critical for
virulence of at least a proportion of NT isolates (McKay et al., 2004; Ramachandran et
al., 2004a). Current research efforts in Australia are also directed towards the
development of a safe multivalent M-protein based vaccine for the Aboriginal
population (Batzloff et al., 2005; Brandt et al., 2000). For now, there remains an urgent

need for improved hygiene and housing, scabies control and antibiotic treatment of
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GAS skin disease amongst NT indigenous populations to more effectively prevent the
devastating consequences of endemic GAS infection and its sequelae (Carapetis et al.,

1997; Carapetis et al., 1999b; Shelby-James et al., 2002).

138



REFERENCES

139



References

Akesson, P., Rasmussen, M., Mascini, E., von Pawel-Rammingen, U., Janulczyk, R.,
Collin, M., Olsen, A., Mattsson, E., Olsson, M. L., Bjorck, L., and Christensson, B.
(2004). Low antibody levels against cell wall-attached proteins of Streptococcus
pyogenes predispose for severe invasive disease. J Infect Dis /89, 797-804.

Akesson, P., Schmidt, K. H., Cooney, J., and Bjorck, L. (1994). M1 protein and protein
H: IgGFc- and albumin-binding streptococcal surface proteins encoded by adjacent
genes. Biochem J 300 ( Pt 3), 877-886.

Al-Ejeh, F., Croucher, D., and Ranson, M. (2004). Kinetic analysis of plasminogen
activator inhibitor type-2: urokinase complex formation and subsequent internalisation
by carcinoma cell lines. Exp Cell Res 297, 259-271.

Andreasen, P. A., Kjoller, L., Christensen, L., and Duffy, M. J. (1997). The urokinase-
type plasminogen activator system in cancer metastasis: a review. Int J Cancer 72, 1-22.
Andreotti, F., and Kluft, C. (1991). Circadian variation of fibrinolytic activity in blood.
Chronobiol Int 8, 336-351.

Andronicos, N. M., Baker, M. S., Lackmann, M., and Ranson, M. (2000).
Deconstructing the interaction of glu-plasminogen with its receptor alpha-enolase.
Fibrinolysis and Proteolysis /4, 327-336.

Andronicos, N. M., Ranson, M., Bognacki, J., and Baker, M. S. (1997). The human
ENO1 gene product (recombinant human alpha-enolase) displays characteristics
required for a plasminogen binding protein. Biochim Biophys Acta /337, 27-39.
Ashbaugh, C. D., Warren, H. B., Carey, V. J., and Wessels, M. R. (1998). Molecular
analysis of the role of the group A streptococcal cysteine protease, hyaluronic acid
capsule, and M protein in a murine model of human invasive soft-tissue infection. J Clin

Invest 102, 550-560.

140



Ashbaugh, C. D., and Wessels, M. R. (2001). Absence of a cysteine protease effect on
bacterial virulence in two murine models of human invasive group A streptococcal
infection. Infect Immun 69, 6683-6688.

Astrup, T. (1978). Fibrinolysis - an overview. Prog Chem Fibrinol Thrombol 3, 1.
Australian Bureau of Statistics (2004). Year Book, Vol 86 (Canberra, Australian Bureau
of Statistics).

Aziz, R. K., Pabst, M. J., Jeng, A., Kansal, R., Low, D. E., Nizet, V., and Kotb, M.
(2004). Invasive MIT1 group A Streptococcus undergoes a phase-shift in vivo to
prevent proteolytic degradation of multiple virulence factors by SpeB. Mol Microbiol
51,123-134.

Banyai, L., and Patthy, L. (1985). Proximity of the catalytic region and the kringle 2
domain in the closed conformer of plasminogen. Biochim Biophys Acta 8§32, 224-227.
Banyai, L., Varadi, A., and Patthy, L. (1983). Common evolutionary origin of the
fibrin-binding structures of fibronectin and tissue-type plasminogen activator. FEBS
Lett 163, 37-41.

Barrett, A. J., Kembhavi, A. A., Brown, M. A., Kirschke, H., Knight, C. G., Tamai, M.,
and Hanada, K. (1982). L-trans-Epoxysuccinyl-leucylamido(4-guanidino)butane (E-64)
and its analogues as inhibitors of cysteine proteinases including cathepsins B, H and L.
Biochem J 201, 189-198.

Basma, H., Norrby-Teglund, A., Guedez, Y., McGeer, A., Low, D. E., El-Ahmedy, O.,
Schwartz, B., and Kotb, M. (1999). Risk factors in the pathogenesis of invasive group A
streptococcal infections: role of protective humoral immunity. Infect Immun 67, 1871-
1877.

Batzloff, M. R., Yan, H., Davies, M. R., Hartas, J., Lowell, G. H., White, G., Burt, D.

S., Leanderson, T., and Good, M. F. (2005). Toward the development of an antidisease,

141



transmission-blocking intranasal vaccine for group A streptococcus. J Infect Dis 7192,
1450-1455.

Beall, B., Facklam, R., and Thompson, T. (1996). Sequencing emm-specific PCR
products for routine and accurate typing of group A streptococci. J Clin Microbiol 34,
953-958.

Berge, A., and Sjobring, U. (1993). PAM, a novel plasminogen-binding protein from
Streptococcus pyogenes. J Biol Chem 268, 25417-25424.

Bergmann, S., Rohde, M., Preissner, K. T., and Hammerschmidt, S. (2005). The nine
residue plasminogen-binding motif of the pneumococcal enolase is the major cofactor
of plasmin-mediated degradation of extracellular matrix, dissolution of fibrin and
transmigration. Thromb Haemost 94, 304-311.

Bergner-Rabinowitz, S., and Ferne, M. (1978). Type distribution of beta-hemolytic
streptococci in Israel: a 10-year study. J Infect Dis 738, 152-159.

Bessen, D. E., Carapetis, J. R., Beall, B., Katz, R., Hibble, M., Currie, B. J.,
Collingridge, T., 1zzo, M. W., Scaramuzzino, D. A., and Sriprakash, K. S. (2000).
Contrasting molecular epidemiology of group A streptococci causing tropical and
nontropical infections of the skin and throat. J Infect Dis /82, 1109-1116.

Bessen, D. E., Izzo, M. W, Fiorentino, T. R., Caringal, R. M., Hollingshead, S. K., and
Beall, B. (1999). Genetic linkage of exotoxin alleles and emm gene markers for tissue
tropism in group A streptococci. J Infect Dis 779, 627-636.

Bessen, D. E., Manoharan, A., Luo, F., Wertz, J. E., and Robinson, D. A. (2005).
Evolution of transcription regulatory genes is linked to niche specialization in the
bacterial pathogen Streptococcus pyogenes. J Bacteriol /87, 4163-4172.

Bessen, D. E., Sotir, C. M., Readdy, T. L., and Hollingshead, S. K. (1996). Genetic

correlates of throat and skin isolates of group A streptococci. J Infect Dis /73, 896-900.

142



Bisno, A. L., Brito, M. O., and Collins, C. M. (2003). Molecular basis of group A
streptococcal virulence. Lancet Infect Dis 3, 191-200.

Bisno, A. L., and Stevens, D. L. (1996). Streptococcal infections of skin and soft
tissues. N Engl J Med 334, 240-245.

Blackwell, N., Hollins, A., Gilmore, G., and Norton, R. (2005). Antistreptokinase
antibodies: implications for thrombolysis in a region with endemic streptococcal
infection. J Clin Pathol 58, 1005-1007.

Boel, G., Jin, H., and Pancholi, V. (2005). Inhibition of cell surface export of group A
streptococcal anchorless surface dehydrogenase affects bacterial adherence and
antiphagocytic properties. Infect Immun 73, 6237-6248.

Bonfield, J. K., Smith, K., and Staden, R. (1995). A new DNA sequence assembly
program. Nucleic Acids Res 23, 4992-4999.

Boxrud, P. D., and Bock, P. E. (2000). Streptokinase binds preferentially to the
extended conformation of plasminogen through lysine binding site and catalytic domain
interactions. Biochemistry 39, 13974-13981.

Boxrud, P. D., and Bock, P. E. (2004). Coupling of conformational and proteolytic
activation in the kinetic mechanism of plasminogen activation by streptokinase. J Biol
Chem 279, 36642-36649.

Boyle, M. D., and Lottenberg, R. (1997). Plasminogen activation by invasive human
pathogens. Thromb Haemost 77, 1-10.

Brandt, E. R., Sriprakash, K. S., Hobb, R. L., Hayman, W. A., Zeng, W., Batzloff, M. R.,
Jackson, D. C., and Good, M. F. (2000). New multi-determinant strategy for a group A
streptococcal vaccine designed for the Australian Aboriginal population. Nat Med 6,

455-459.

143



Breiman, R. F., et al. (1993). Defining the group A streptococcal toxic shock syndrome.
Rationale and consensus definition. The Working Group on Severe Streptococcal
Infections. JAMA 269, 390-391.

Bricker, A. L., Carey, V. J., and Wessels, M. R. (2005). Role of NADase in virulence in
experimental invasive group A streptococcal infection. Infect Immun 73, 6562-6566.
Brockway, W. J., and Castellino, F. J. (1972). Measurement of the binding of
antifibrinolytic amino acids to various plasminogens. Arch Biochem Biophys 751/, 194-
199.

Broder, C. C., Lottenberg, R., and Boyle, M. D. (1989). Mapping of the human plasmin
domain recognized by the unique plasmin receptor of group A streptococci. Infect
Immun 57, 2597-2605.

Broder, C. C., Lottenberg, R., von Mering, G. O., Johnston, K. H., and Boyle, M. D.
(1991). Isolation of a prokaryotic plasmin receptor. Relationship to a plasminogen
activator produced by the same micro-organism. J Biol Chem 266, 4922-4928.
Broeseker, T. A., Boyle, M. D., and Lottenberg, R. (1988). Characterization of the
interaction of human plasmin with its specific receptor on a group A streptococcus.
Microb Pathog 5, 19-27.

Bryant, A. E. (2003). Biology and pathogenesis of thrombosis and procoagulant activity
in invasive infections caused by group A streptococci and Clostridium perfringens. Clin
Microbiol Rev 16, 451-462.

Bugge, T. H., Flick, M. J., Daugherty, C. C., and Degen, J. L. (1995). Plasminogen
deficiency causes severe thrombosis but is compatible with development and

reproduction. Genes Dev 9, 794-807.

144



Burns, E. H., Jr., Marciel, A. M., and Musser, J. M. (1996). Activation of a 66-
kilodalton human endothelial cell matrix metalloprotease by Streptococcus pyogenes
extracellular cysteine protease. Infect Immun 64, 4744-4750.

Camiolo, S. M., Markus, G., Evers, J. L., and Hobika, G. H. (1980). Augmentation of
streptokinase activator activity by fibrinogen or fibrin. Thromb Res /7, 697-706.
Carapetis, J., Gardiner, D., Currie, B., and Mathews, J. D. (1995a). Multiple strains of
Streptococcus pyogenes in skin sores of aboriginal Australians. J Clin Microbiol 33,
1471-1472.

Carapetis, J., Robins-Browne, R., Martin, D., Shelby-James, T., and Hogg, G. (1995b).
Increasing severity of invasive group A streptococcal disease in Australia: clinical and
molecular epidemiological features and identification of a new virulent M-nontypeable
clone. Clin Infect Dis 21, 1220-1227.

Carapetis, J. R., Connors, C., Yarmirr, D., Krause, V., and Currie, B. J. (1997). Success
of a scabies control program in an Australian aboriginal community. Pediatr Infect Dis J
16, 494-499.

Carapetis, J. R., and Currie, B. J. (1997). Clinical epidemiology of rheumatic fever and
rheumatic heart disease in tropical Australia. Adv Exp Med Biol 478, 233-236.
Carapetis, J. R., Currie, B. J., Hibble, M., Sriprakash, K. S., Bessen, D. E., and
Mathews, J. D. (1999a). Rapid turnover of multiple strains of group A streptococcus in
an Australian aboriginal community. Paper presented at: XIV Lancefield International
Symposium on Streptococci and Streptococcal Diseases (New Zealand).

Carapetis, J. R., Currie, B. J., and Kaplan, E. L. (1999b). Epidemiology and prevention
of group A streptococcal infections: acute respiratory tract infections, skin infections,

and their sequelae at the close of the twentieth century. Clin Infect Dis 28, 205-210.

145



Carapetis, J. R., Steer, A. C., Mulholland, E. K., and Weber, M. (2005). The global
burden of group A streptococcal diseases. Lancet Infect Dis 5, 685-694.

Carapetis, J. R., Walker, A. M., Hibble, M., Sriprakash, K. S., and Currie, B. J. (1999c).
Clinical and epidemiological features of group A streptococcal bacteraemia in a region
with hyperendemic superficial streptococcal infection. Epidemiol Infect /22, 59-65.
Carapetis, J. R., Wolff, D. R., and Currie, B. J. (1996). Acute rheumatic fever and
rheumatic heart disease in the top end of Australia's Northern Territory. Med J Aust
164, 146-149.

Carlsson, F., Sandin, C., and Lindahl, G. (2005). Human fibrinogen bound to
Streptococcus pyogenes M protein inhibits complement deposition via the classical
pathway. Mol Microbiol 56, 28-39.

Carrell, R. W., and Huntington, J. A. (2003). How serpins change their fold for better
and for worse. Biochem Soc Symp 70, 163-178.

Castellino, F. J., Brockway, W. J., Thomas, J. K., Liano, H. T., and Rawitch, A. B.
(1973). Rotational diffusion analysis of the conformational alterations produced in
plasminogen by certain antifibrinolytic amino acids. Biochemistry /2, 2787-2791.
Cederholm-Williams, S. A., De Cock, F., Lijnen, H. R., and Collen, D. (1979). Kinetics
of the reactions between streptokinase, plasmin and alpha 2-antiplasmin. Eur J Biochem
100, 125-132.

Chandler, W. L., Alessi, M. C., Aillaud, M. F., Henderson, P., Vague, P., and Juhan-
Vague, [ (1997). Clearance of tissue plasminogen activator (TPA) and
TPA/plasminogen activator inhibitor type 1 (PAI-1) complex: relationship to elevated

TPA antigen in patients with high PAI-1 activity levels. Circulation 96, 761-768.

146



Chandler, W. L., Levy, W. C., and Stratton, J. R. (1995). The circulatory regulation of
TPA and UPA secretion, clearance, and inhibition during exercise and during the
infusion of isoproterenol and phenylephrine. Circulation 92, 2984-2994.

Chatellier, S., IThendyane, N., Kansal, R. G., Khambaty, F., Basma, H., Norrby-Teglund,
A., Low, D. E., McGeer, A., and Kotb, M. (2000). Genetic relatedness and superantigen
expression in group A streptococcus serotype M1 isolates from patients with severe and
nonsevere invasive diseases. Infect Immun 68, 3523-3534.

Chaudhary, A., Vasudha, S., Rajagopal, K., Komath, S. S., Garg, N., Yadav, M.,
Mande, S. C., and Sahni, G. (1999). Function of the central domain of streptokinase in
substrate plasminogen docking and processing revealed by site-directed mutagenesis.
Protein Sci 8, 2791-2805.

Chaussee, M. S., Ajdic, D., and Ferretti, J. J. (1999). The rgg gene of Streptococcus
pyogenes NZ131 positively influences extracellular SpeB production. Infect Immun 67,
1715-1722.

Chaussee, M. S., Phillips, E. R., and Ferretti, J. J. (1997). Temporal production of
streptococcal erythrogenic toxin B (streptococcal cysteine proteinase) in response to
nutrient depletion. Infect Immun 65, 1956-1959.

Chibber, B. A., Morris, J. P., and Castellino, F. J. (1985). Effects of human fibrinogen
and its cleavage products on activation of human plasminogen by streptokinase.
Biochemistry 24, 3429-3434.

Christensen, U. (1984). The AH-site of plasminogen and two C-terminal fragments. A
weak lysine-binding site preferring ligands not carrying a free carboxylate function.
Biochem J 223, 413-421.

Christensen, U. (1985). C-terminal lysine residues of fibrinogen fragments essential for

binding to plasminogen. FEBS Lett /82, 43-46.

147



Christner, R., Li, Z., Raeder, R., Podbielski, A., and Boyle, M. D. (1997). Identification
of key gene products required for acquisition of plasmin-like enzymatic activity by
group A streptococci. J Infect Dis 775, 1115-1120.

Claeys, H., and Vermylen, J. (1974). Physico-chemical and proenzyme properties of
NH,-terminal glutamic acid and NH,-terminal lysine human plasminogen. Influence of
6-aminohexanoic acid. Biochim Biophys Acta 342, 351-359.

Cleary, P. P., Kaplan, E. L., Handley, J. P., Wlazlo, A., Kim, M. H., Hauser, A. R., and
Schlievert, P. M. (1992). Clonal basis for resurgence of serious Streptococcus pyogenes
disease in the 1980s. Lancet 339, 518-521.

Cockell, C. S., Marshall, J. M., Dawson, K. M., Cederholm-Williams, S. A., and
Ponting, C. P. (1998). Evidence that the conformation of unliganded human
plasminogen is maintained via an intramolecular interaction between the lysine-binding
site of kringle 5 and the N-terminal peptide. Biochem J 333 ( Pt 1), 99-105.

Cockerill, F. R., 3rd, MacDonald, K. L., Thompson, R. L., Roberson, F., Kohner, P. C.,
Besser-Wiek, J., Manahan, J. M., Musser, J. M., Schlievert, P. M., Talbot, J., et al.
(1997). An outbreak of invasive group A streptococcal disease associated with high
carriage rates of the invasive clone among school-aged children. JAMA 277, 38-43.
Cockerill, F. R., 3rd, Schlievert, P. M., and Musser, J. M. (1998). Epidemiology of
invasive streptococcal infections. J Infect Dis 177, 1773-1774.

Cole, J. N., Ramirez, R. D., Currie, B. J., Cordwell, S. J., Djordjevic, S. P., and Walker,
M. J. (2005). Surface analyses and immune reactivities of major cell wall-associated
proteins of group A streptococcus. Infect Immun 73, 3137-3146.

Coleman, J. L., and Benach, J. L. (1999). Use of the plasminogen activation system by

microorganisms. J Lab Clin Med /34, 567-576.

148



Collen, D., and Verstraete, M. (1975). Molecular biology of human plasminogen. II.
Metabolism in physiological and some pathological conditions in man. Thromb Diath
Haemorrh 34, 403-408.

Collin, M., and Olsen, A. (2001). Effect of SpeB and EndoS from Streptococcus
pyogenes on human immunoglobulins. Infect Immun 69, 7187-7189.

Collin, M., Svensson, M. D., Sjoholm, A. G., Jensenius, J. C., Sjobring, U., and Olsen,
A. (2002). EndoS and SpeB from Streptococcus pyogenes inhibit immunoglobulin-
mediated opsonophagocytosis. Infect Immun 70, 6646-6651.

Cone, L. A., Woodard, D. R., Schlievert, P. M., and Tomory, G. S. (1987). Clinical and
bacteriologic observations of a toxic shock-like syndrome due to Streptococcus
pyogenes. N Engl ] Med 3177, 146-149.

Conejero-Lara, F., Parrado, J., Azuaga, A. 1., Dobson, C. M., and Ponting, C. P. (1998).
Analysis of the interactions between streptokinase domains and human plasminogen.
Protein Sci 7, 2190-2199.

Courtney, H. S., Li, Y., Dale, J. B., and Hasty, D. L. (1994). Cloning, sequencing, and
expression of a fibronectin/fibrinogen-binding protein from group A streptococci. Infect
Immun 62, 3937-3946.

Courtney, H. S., Liu, S., Dale, J. B., and Hasty, D. L. (1997). Conversion of M serotype
24 of Streptococcus pyogenes to M serotypes 5 and 18: effect on resistance to
phagocytosis and adhesion to host cells. Infect Immun 65, 2472-2474.

Cunningham, M. W. (2000). Pathogenesis of group A streptococcal infections. Clin
Microbiol Rev 13, 470-511.

Dano, K., Andreasen, P. A., Grondahl-Hansen, J., Kristensen, P., Nielsen, L. S., and
Skriver, L. (1985). Plasminogen activators, tissue degradation, and cancer. Adv Cancer

Res 44, 139-266.

149



Dano, K., Romer, J., Nielsen, B. S., Bjorn, S., Pyke, C., Rygaard, J., and Lund, L. R.
(1999). Cancer invasion and tissue remodeling - cooperation of protease systems and
cell types. APMIS 107, 120-127.

D'Costa, S. S., and Boyle, M. D. (1998). Interaction of a group A Streptococcus within
human plasma results in assembly of a surface plasminogen activator that contributes to
occupancy of surface plasmin-binding structures. Microb Pathog 24, 341-349.

D'Costa, S. S., and Boyle, M. D. (2000). Interaction of group A streptococci with
human plasmin(ogen) under physiological conditions. Methods 217, 165-177.

D'Costa, S. S., Romer, T. G., and Boyle, M. D. (2000). Analysis of expression of a
cytosolic enzyme on the surface of Streptococcus pyogenes. Biochem Biophys Res
Commun 278, 826-832.

D'Costa, S. S., Wang, H., Metzger, D. W., and Boyle, M. D. (1997). Group A
streptococcal isolate 64/14 expresses surface plasmin-binding structures in addition to
Plr. Res Microbiol 7148, 559-572.

Delvecchio, A., Currie, B. J., McArthur, J. D., Walker, M. J., and Sriprakash, K. S.
(2002a). Streptococcus pyogenes prtFIL, but not sfbl, sfbll or tbp54, is represented more
frequently among invasive-disease isolates of tropical Australia. Epidemiol Infect 728,
391-396.

Delvecchio, A., Maley, M., Currie, B. J., and Sriprakash, K. S. (2002b). NAD-
glycohydrolase production and speA and speC distribution in group A streptococcus
(GAS) isolates do not correlate with severe GAS diseases in the Australian population. J
Clin Microbiol 40, 2642-2644.

Derbise, A., Song, Y. P., Parikh, S., Fischetti, V. A., and Pancholi, V. (2004). Role of
the C-terminal lysine residues of streptococcal surface enolase in Glu- and Lys-

plasminogen-binding activities of group A streptococci. Infect Immun 72, 94-105.

150



DesJardin, L. E., Boyle, M. D., and Lottenberg, R. (1989). Group A streptococci bind
human plasmin but not other structurally related proteins. Thromb Res 55, 187-193.
Deutsch, D. G., and Mertz, E. T. (1970). Plasminogen: purification from human plasma
by affinity chromatography. Science /70, 1095-1096.

Dhar, J., Pande, A. H., Sundram, V., Nanda, J. S., Mande, S. C., and Sahni, G. (2002).
Involvement of a nine-residue loop of streptokinase in the generation of
macromolecular substrate specificity by the activator complex through interaction with
substrate kringle domains. J Biol Chem 277, 13257-13267.

Donabedian, H., and Boyle, M. D. (1998). Clot formation by group A streptococci.
Infect Immun 66, 2362-2364.

Doran, J. D., Nomizu, M., Takebe, S., Menard, R., Griffith, D., and Ziomek, E. (1999).
Autocatalytic processing of the streptococcal cysteine protease zymogen: processing
mechanism and characterization of the autoproteolytic cleavage sites. Eur J Biochem
263, 145-151.

Edwards, R. J., Taylor, G. W., Ferguson, M., Murray, S., Rendell, N., Wrigley, A., Bai,
Z., Boyle, J., Finney, S. J., Jones, A., et al. (2005). Specific C-terminal cleavage and
inactivation of interleukin-8 by invasive disease isolates of Streptococcus pyogenes. J
Infect Dis 192, 783-790.

Ehinger, S., Schubert, W. D., Bergmann, S., Hammerschmidt, S., and Heinz, D. W.
(2004). Plasmin(ogen)-binding alpha-enolase from Streptococcus pneumoniae: crystal
structure and evaluation of plasmin(ogen)-binding sites. J Mol Biol 343, 997-1005.
Eichenbaum, Z., Green, B. D., and Scott, J. R. (1996). Iron starvation causes release
from the group A streptococcus of the ADP-ribosylating protein called plasmin receptor

or surface glyceraldehyde-3-phosphate-dehydrogenase. Infect Immun 64, 1956-1960.

151



Eriksson, A., and Norgren, M. (2003). Cleavage of antigen-bound immunoglobulin G
by SpeB contributes to streptococcal persistence in opsonizing blood. Infect Immun 71/,
211-217.

Eriksson, B. K., Andersson, J., Holm, S. E., and Norgren, M. (1999). Invasive group A
streptococcal infections: TIM1 isolates expressing pyrogenic exotoxins A and B in
combination with selective lack of toxin-neutralizing antibodies are associated with
increased risk of streptococcal toxic shock syndrome. J Infect Dis /80, 410-418.
Facklam, R. F., Martin, D. R., Lovgren, M., Johnson, D. R., Efstratiou, A., Thompson,
T. A., Gowan, S., Kriz, P., Tyrrell, G. J., Kaplan, E., and Beall, B. (2002). Extension of
the Lancefield classification for group A streptococci by addition of 22 new M protein
gene sequence types from clinical isolates: emm103 to emm124. Clin Infect Dis 34, 28-
38.

Factor, S. H. (2003). Invasive group A streptococcal disease: risk factors for adults.
Emerg Infect Dis 9, 970-977.

Factor, S. H., Levine, O. S., Harrison, L. H., Farley, M. M., McGeer, A., Skoff, T.,
Wright, C., Schwartz, B., and Schuchat, A. (2005). Risk factors for pediatric invasive
group A streptococcal disease. Emerg Infect Dis 77, 1062-1066.

Federle, M. J., Mclver, K. S., and Scott, J. R. (1999). A response regulator that
represses transcription of several virulence operons in the group A streptococcus. J
Bacteriol /81, 3649-3657.

Ferretti, J. F., Huang, T.-T., Hynes, W. L., Malke, H., Simon, D., Sukurov, A., and Yu,
C.-E. (1991). Extracellular product genes of group A streptococci. In Streptococcal

Genetics, Dunney, and P. P. Cleary, eds. (Washington D.C., ASM Publications).

152



Fiorentino, T. R., Beall, B., Mshar, P., and Bessen, D. E. (1997). A genetic-based
evaluation of the principal tissue reservoir for group A streptococci isolated from
normally sterile sites. J Infect Dis 176, 177-182.

Fischetti, V. A. (1989). Streptococcal M protein: molecular design and biological
behavior. Clin Microbiol Rev 2, 285-314.

Fontan, P. A., Pancholi, V., Nociari, M. M., and Fischetti, V. A. (2000). Antibodies to
streptococcal surface enolase react with human alpha-enolase: implications in
poststreptococcal sequelae. J Infect Dis 182, 1712-1721.

Forsgren, M., Raden, B., Israelsson, M., Larsson, K., and Heden, L. O. (1987).
Molecular cloning and characterization of a full-length ¢cDNA clone for human
plasminogen. FEBS Lett 273, 254-260.

Gardiner, D., Hartas, J., Currie, B., Mathews, J. D., Kemp, D. J., and Sriprakash, K. S.
(1995). Vir typing: a long-PCR typing method for group A streptococci. PCR Methods
Appl 4, 288-293.

Gardiner, D., Hartas, J., Hibble, M., Goodfellow, A., Currie, B., and Sriprakash, K. S.
(1997). Molecular epidemiology of group A streptococcal infection in the Northern
Territory of Australia. Adv Exp Med Biol 478, 317-321.

Gardiner, D. L., and Sriprakash, K. S. (1996). Molecular epidemiology of impetiginous
group A streptococcal infections in aboriginal communities of northern Australia. J Clin
Microbiol 34, 1448-1452.

Gladysheva, 1. P., Turner, R. B., Sazonova, I. Y., Liu, L., and Reed, G. L. (2003).
Coevolutionary patterns in plasminogen activation. Proc Natl Acad Sci U S A 700,

9168-9172.

153



Goldmann, O., Chhatwal, G. S., and Medina, E. (2005a). Contribution of natural killer
cells to the pathogenesis of septic shock induced by Streptococcus pyogenes in mice. J
Infect Dis 191, 1280-1286.

Goldmann, O., Lengeling, A., Bose, J., Bloecker, H., Geffers, R., Chhatwal, G. S., and
Medina, E. (2005b). The role of the MHC on resistance to group A streptococci in mice.
J Immunol /75, 3862-3872.

Gonzalez-Gronow, M., Violand, B. N., and Castellino, F. J. (1977). Purification and
some properties of the Glu- and Lys-human plasmin heavy chains. J Biol Chem 252,
2175-2177.

Gordon, J. L., Drummond, A. H., and Galloway, W. A. (1993). Metalloproteinase
inhibitors as therapeutics. Clin Exp Rheumatol /7 Supp! 8, S91-94.

Graham, M. R., Virtaneva, K., Porcella, S. F., Barry, W. T., Gowen, B. B., Johnson, C.
R., Wright, F. A., and Musser, J. M. (2005). Group A Streptococcus transcriptome
dynamics during growth in human blood reveals bacterial adaptive and survival
strategies. Am J Pathol 766, 455-465.

Harlow, E., and Lane, D. P. (1988). Antibodies: A Laboratory Manual (Cold Spring
Harbour, New York, Cold Spring Harbour Laboratory Press).

Hassell, M., Fagan, P., Carson, P., and Currie, B. J. (2004). Streptococcal necrotising
fasciitis from diverse strains of Streptococcus pyogenes in tropical northern Australia:
case series and comparison with the literature. BMC Infect Dis 4, 60.

Haukness, H. A., Tanz, R. R., Thomson, R. B., Jr., Pierry, D. K., Kaplan, E. L., Beall,
B., Johnson, D., Hoe, N. P., Musser, J. M., and Shulman, S. T. (2002). The
heterogeneity of endemic community pediatric group A streptococcal pharyngeal

isolates and their relationship to invasive isolates. J Infect Dis 785, 915-920.

154



Hauser, A. R., and Schlievert, P. M. (1990). Nucleotide sequence of the streptococcal
pyrogenic exotoxin type B gene and relationship between the toxin and the
streptococcal proteinase precursor. J Bacteriol /72, 4536-4542.

Hayes, M. L., and Castellino, F. J. (1979). Carbohydrate of the human plasminogen
variants. II. Structure of the asparagine-linked oligosaccharide unit. J Biol Chem 254,
8772-8776.

Henschen, A., and Lottspeich, F. (1980). Fibrinogen structure and fibrinolysis.
Haematologica 65, 535-541.

Herwald, H., Collin, M., Muller-Esterl, W., and Bjorck, L. (1996). Streptococcal
cysteine proteinase releases kinins: a virulence mechanism. J Exp Med /84, 665-673.
Herwald, H., Cramer, H., Morgelin, M., Russell, W., Sollenberg, U., Norrby-Teglund,
A., Flodgaard, H., Lindbom, L., and Bjorck, L. (2004). M protein, a classical bacterial
virulence determinant, forms complexes with fibrinogen that induce vascular leakage.
Cell 116, 367-379.

Herwald, H., Morgelin, M., Dahlback, B., and Bjorck, L. (2003). Interactions between
surface proteins of Streptococcus pyogenes and coagulation factors modulate clotting of
human plasma. J Thromb Haemost 7, 284-291.

Hidalgo-Grass, C., Dan-Goor, M., Maly, A., Eran, Y., Kwinn, L. A., Nizet, V., Ravins,
M., Jaffe, J., Peyser, A., Moses, A. E., and Hanski, E. (2004). Effect of a bacterial
pheromone peptide on host chemokine degradation in group A streptococcal necrotising
soft-tissue infections. Lancet 363, 696-703.

Hollingshead, S. K., Readdy, T. L., Yung, D. L., and Bessen, D. E. (1993). Structural
heterogeneity of the emm gene cluster in group A streptococci. Mol Microbiol 8, 707-

717.

155



Hollm-Delgado, M. G., Allard, R., and Pilon, P. A. (2005). Invasive group A
streptococcal infections, clinical manifestations and their predictors, Montreal, 1995-
2001. Emerg Infect Dis 11, 77-82.

Holm, S. E., Norrby, A., Bergholm, A. M., and Norgren, M. (1992). Aspects of
pathogenesis of serious group A streptococcal infections in Sweden, 1988-1989. J Infect
Dis 166, 31-37.

Hoy, W. E., Norman, R. J., Hayhurst, B. G., and Pugsley, D. J. (1997). A health profile
of adults in a Northern Territory aboriginal community, with an emphasis on
preventable morbidities. Aust N Z J Public Health 27, 121-126.

Hsueh, P. R., Wu, J. J., Tsai, P. J., Liu, J. W., Chuang, Y. C., and Luh, K. T. (1998).
Invasive group A streptococcal disease in Taiwan is not associated with the presence of
streptococcal pyrogenic exotoxin genes. Clin Infect Dis 26, 584-589.

Huang, T. T., Malke, H., and Ferretti, J. J. (1989a). Heterogeneity of the streptokinase
gene in group A streptococci. Infect Immun 57, 502-506.

Huang, T. T., Malke, H., and Ferretti, J. J. (1989b). The streptokinase gene of group A
streptococci: cloning, expression in Escherichia coli, and sequence analysis. Mol
Microbiol 3, 197-205.

Hunter, W. M., and Greenwood, F. C. (1962). Preparation of iodine-131 labelled human
growth hormone of high specific activity. Nature 794, 495-496.

Huntington, J. A. (2003). Mechanisms of glycosaminoglycan activation of the serpins in
hemostasis. J] Thromb Haemost 7, 1535-1549.

Hynes, W. (2004). Virulence factors of the group A streptococci and genes that regulate
their expression. Front Biosci 9, 3399-3433.

Hytonen, J., Haataja, S., Gerlach, D., Podbielski, A., and Finne, J. (2001). The SpeB

virulence factor of Streptococcus pyogenes, a multifunctional secreted and cell surface

156



molecule with strepadhesin, laminin-binding and cysteine protease activity. Mol
Microbiol 39, 512-519.

Hytonen, J., Haataja, S., Isomaki, P., and Finne, J. (2000). Identification of a novel
glycoprotein-binding activity in Streptococcus pyogenes regulated by the mga gene.
Microbiology 146 ( Pt 1), 31-39.

Ikebe, T., Endoh, M., and Watanabe, H. (2005). Increased expression of the ska gene in
emm49-genotyped Streptococcus pyogenes strains isolated from patients with severe
invasive streptococcal infections. Jpn J Infect Dis 58, 272-275.

Ji, Y., Schnitzler, N., DeMaster, E., and Cleary, P. (1998). Impact of M49, Mrp, Enn,
and C5a peptidase proteins on colonization of the mouse oral mucosa by Streptococcus
pyogenes. Infect Immun 66, 5399-5405.

Jin, H., Song, Y. P., Boel, G., Kochar, J., and Pancholi, V. (2005). Group A
streptococcal surface GAPDH, SDH, recognizes uPAR/CD87 as its receptor on the
human pharyngeal cell and mediates bacterial adherence to host cells. J Mol Biol 350,
27-41.

Johnson, D. R., Stevens, D. L., and Kaplan, E. L. (1992). Epidemiologic analysis of
group A streptococcal serotypes associated with severe systemic infections, rheumatic
fever, or uncomplicated pharyngitis. J Infect Dis 766, 374-382.

Johnson, D. R., Wotton, J. T., Shet, A., and Kaplan, E. L. (2002). A comparison of
group A streptococci from invasive and uncomplicated infections: are virulent clones
responsible for serious streptococcal infections? J Infect Dis /85, 1586-1595.

Johnston, K., Chaiban, JE and Wheeler, RC (1991). Analysis of the variable domain of
the streptokinase gene from group A streptococci by the polymerase chain reaction. In
Streptococcal genetics, P. Cleary, ed. (Washington, D.C., American Society for

Microbiology), pp. 190-194.

157



Johnston, K. H., Chaiban, J. E., and Wheeler, R. C. (1992). Analysis of the variable
domain of the streptokinase gene from streptococci associated with post-streptococcal
glomerulonephritis. In New perspectives on streptococci and streptococcal infections,
G. Orefici, ed. (Stuttgart, Gustav Fischer Verlag), pp. 339-341.

Johnston, K. H., and Zabriskie, J. B. (1986). Purification and partial characterization of
the nephritis strain-associated protein from Streptococcus pyogenes, group A. J Exp
Med 163, 697-712.

Kalia, A., and Bessen, D. E. (2004). Natural selection and evolution of streptococcal
virulence genes involved in tissue-specific adaptations. J Bacteriol /86, 110-121.
Kansal, R. G., McGeer, A., Low, D. E., Norrby-Teglund, A., and Kotb, M. (2000).
Inverse relation between disease severity and expression of the streptococcal cysteine
protease, SpeB, among clonal MIT1 isolates recovered from invasive group A
streptococcal infection cases. Infect Immun 68, 6362-6369.

Kansal, R. G., Nizet, V., Jeng, A., Chuang, W. J., and Kotb, M. (2003). Selective
modulation of superantigen-induced responses by streptococcal cysteine protease. J
Infect Dis 187, 398-407.

Kantor, F. S. (1965). Fibrinogen precipitation by streptococcal M protein. II. Renal
lesions induced by intravenous injection of M protein into mice and rats. J Exp Med
121, 861-872.

Kapur, V., Kanjilal, S., Hamrick, M. R., Li, L. L., Whittam, T. S., Sawyer, S. A., and
Musser, J. M. (1995). Molecular population genetic analysis of the streptokinase gene
of Streptococcus pyogenes: mosaic alleles generated by recombination. Mol Microbiol
16, 509-519.

Kapur, V., Majesky, M. W., Li, L. L., Black, R. A., and Musser, J. M. (1993a).

Cleavage of interleukin 1 beta (IL-1 beta) precursor to produce active IL-1 beta by a

158



conserved extracellular cysteine protease from Streptococcus pyogenes. Proc Natl Acad
Sci U S A 90, 7676-7680.

Kapur, V., Topouzis, S., Majesky, M. W., Li, L. L., Hamrick, M. R., Hamill, R. J., Patti,
J. M., and Musser, J. M. (1993b). A conserved Streptococcus pyogenes extracellular
cysteine protease cleaves human fibronectin and degrades vitronectin. Microb Pathog
15, 327-346.

Katerov, V., Andreev, A., Schalen, C., and Totolian, A. A. (1998). Protein F, a
fibronectin-binding protein of Streptococcus pyogenes, also binds human fibrinogen:
isolation of the protein and mapping of the binding region. Microbiology /44 ( Pt 1),
119-126.

Katunuma, N., and Kominami, E. (1995). Structure, properties, mechanisms, and assays
of cysteine protease inhibitors: cystatins and E-64 derivatives. Methods Enzymol 251,
382-397.

Kehoe, M. A. (1991). Group A streptococcal antigens and vaccine potential. Vaccine 9,
797-806.

Keil, B. (1992). Specificity of proteolysis (USA, Springer-Verlag).

Kettner, C., and Shaw, E. (1981). Inactivation of trypsin-like enzymes with peptides of
arginine chloromethyl ketone. Methods Enzymol 80 Pt C, 826-842.

Khil, J., Im, M., Heath, A., Ringdahl, U., Mundada, L., Cary Engleberg, N., and Fay,
W. P. (2003). Plasminogen enhances virulence of group A streptococci by
streptokinase-dependent and streptokinase-independent mechanisms. J Infect Dis /88,
497-505.

Koscielny, J., von Tempelhoff, G. F., Ziemer, S., Radtke, H., Schmutzler, M., Sinha, P.,

Salama, A., Kiesewetter, H., and Latza, R. (2004). A practical concept for preoperative

159



management of patients with impaired primary hemostasis. Clin Appl Thromb Hemost
10, 155-166.

Kotb, M., Norrby-Teglund, A., McGeer, A., El-Sherbini, H., Dorak, M. T., Khurshid,
A., Green, K., Peeples, J., Wade, J., Thomson, G., ef al. (2002). An immunogenetic and
molecular basis for differences in outcomes of invasive group A streptococcal
infections. Nat Med 8, 1398-1404.

Kreikemeyer, B., Boyle, M. D., Buttaro, B. A., Heinemann, M., and Podbielski, A.
(2001). Group A streptococcal growth phase-associated virulence factor regulation by a
novel operon (Fas) with homologies to two-component-type regulators requires a small
RNA molecule. Mol Microbiol 39, 392-406.

Kreikemeyer, B., Mclver, K. S., and Podbielski, A. (2003). Virulence factor regulation
and regulatory networks in Streptococcus pyogenes and their impact on pathogen-host
interactions. Trends Microbiol /17, 224-232.

Kruithof, E. K., Baker, M. S., and Bunn, C. L. (1995). Biological and clinical aspects of
plasminogen activator inhibitor type 2. Blood 86, 4007-4024.

Kumar, S., Tamura, K., and Nei, M. (2004). MEGA3: Integrated software for Molecular
Evolutionary Genetics Analysis and sequence alignment. Brief Bioinform 5, 150-163.
Kunitada, S., Fitzgerald, G. A., and Fitzgerald, D. J. (1992). Inhibition of clot lysis and
decreased binding of tissue-type plasminogen activator as a consequence of clot
retraction. Blood 79, 1420-1427.

Kuusela, P., Ullberg, M., Saksela, O., and Kronvall, G. (1992). Tissue-type
plasminogen activator-mediated activation of plasminogen on the surface of group A, C,
and G streptococci. Infect Immun 60, 196-201.

Lahteenmaki, K., Edelman, S., and Korhonen, T. K. (2005). Bacterial metastasis: the

host plasminogen system in bacterial invasion. Trends Microbiol /3, 79-85.

160



Lahteenmaki, K., Kuusela, P., and Korhonen, T. K. (2001). Bacterial plasminogen
activators and receptors. FEMS Microbiol Rev 25, 531-552.

Lancefield, R. C. (1933). A serological differentiation of human and other groups of
hemolytic streptococci. Journal of Experimental Medicine 57, 571-595.

Li, Z., Ploplis, V. A., French, E. L., and Boyle, M. D. (1999a). Interaction between
group A streptococci and the plasmin(ogen) system promotes virulence in a mouse skin
infection model. J Infect Dis 179, 907-914.

Li, Z., Sledjeski, D. D., Kreikemeyer, B., Podbielski, A., and Boyle, M. D. (1999b).
Identification of pel, a Streptococcus pyogenes locus that affects both surface and
secreted proteins. J Bacteriol /81, 6019-6027.

Lijnen, H. R., van Hoef, B., Beelen, V., and Collen, D. (1994). Characterization of the
murine plasma fibrinolytic system. Eur J Biochem 224, 863-871.

Lijnen, H. R., Van Hoef, B., and Collen, D. (1981). On the role of the carbohydrate side
chains of human plasminogen in its interaction with alpha 2-antiplasmin and fibrin. Eur
J Biochem 720, 149-154.

Lin, L. F., Houng, A., and Reed, G. L. (2000). Epsilon amino caproic acid inhibits
streptokinase-plasminogen activator complex formation and substrate binding through
kringle-dependent mechanisms. Biochemistry 39, 4740-4745.

Lizano, S., and Johnston, K. H. (2005). Structural diversity of streptokinase and
activation of human plasminogen. Infect Immun 73, 4451-4453.

Longstaff, C., and Gaftney, P. J. (1992). Studies on the mechanism of binding of serpins
and serine proteases. Blood Coagul Fibrinolysis 3, 89-97.

Loy, J. A., Lin, X., Schenone, M., Castellino, F. J., Zhang, X. C., and Tang, J. (2001).
Domain interactions between streptokinase and human plasminogen. Biochemistry 40,

14686-14695.

161



Lucas, M. A., Straight, D. L., Fretto, L. J., and McKee, P. A. (1983). The effects of
fibrinogen and its cleavage products on the kinetics of plasminogen activation by
urokinase and subsequent plasmin activity. J Biol Chem 258, 12171-12177.

Lukomski, S., Burns, E. H., Jr., Wyde, P. R., Podbielski, A., Rurangirwa, J., Moore-
Poveda, D. K., and Musser, J. M. (1998). Genetic inactivation of an extracellular
cysteine protease (SpeB) expressed by Streptococcus pyogenes decreases resistance to
phagocytosis and dissemination to organs. Infect Immun 66, 771-776.

Lukomski, S., Montgomery, C. A., Rurangirwa, J., Geske, R. S., Barrish, J. P., Adams,
G. J., and Musser, J. M. (1999). Extracellular cysteine protease produced by
Streptococcus pyogenes participates in the pathogenesis of invasive skin infection and
dissemination in mice. Infect Immun 67, 1779-1788.

Lukomski, S., Sreevatsan, S., Amberg, C., Reichardt, W., Woischnik, M., Podbielski,
A., and Musser, J. M. (1997). Inactivation of Streptococcus pyogenes extracellular
cysteine protease significantly decreases mouse lethality of serotype M3 and M49
strains. J Clin Invest 99, 2574-2580.

Lyon, W. R., Gibson, C. M., and Caparon, M. G. (1998). A role for trigger factor and an
rgg-like regulator in the transcription, secretion and processing of the cysteine
proteinase of Streptococcus pyogenes. EMBO J 17, 6263-6275.

Malke, H., and Steiner, K. (2004). Control of streptokinase gene expression in group A
& C streptococci by two-component regulators. Indian J Med Res 779 Suppl, 48-56.
Marcum, J. A., and Kline, D. L. (1983). Species specificity of streptokinase. Comp
Biochem Physiol B 75, 389-394.

Markus, G., DePasquale, J. L., and Wissler, F. C. (1978). Quantitative determination of
the binding of epsilon-aminocaproic acid to native plasminogen. J Biol Chem 253, 727-

732.

162



Marti, D. N., Hu, C. K., An, S. S., von Haller, P., Schaller, J., and Llinas, M. (1997).
Ligand preferences of kringle 2 and homologous domains of human plasminogen:
canvassing weak, intermediate, and high-affinity binding sites by 1H-NMR.
Biochemistry 36, 11591-11604.

Mascini, E. M., Jansze, M., Schellekens, J. F., Musser, J. M., Faber, J. A., Verhoef-
Verhage, L. A., Schouls, L., van Leeuwen, W. J., Verhoef, J., and van Dijk, H. (2000).
Invasive group A streptococcal disease in the Netherlands: evidence for a protective role
of anti-exotoxin A antibodies. J Infect Dis /81, 631-638.

Mathews, C. K., and van Holde, K. E. (1990). Biochemistry (Red Wood City, CA,
USA, The Benjamin/Cummings Publishing Company).

Matsuka, Y. V., Pillai, S., Gubba, S., Musser, J. M., and Olmsted, S. B. (1999).
Fibrinogen cleavage by the Streptococcus pyogenes extracellular cysteine protease and
generation of antibodies that inhibit enzyme proteolytic activity. Infect Immun 67,
4326-4333.

McArthur, J. D., McKay, F. C., Shyam, P., Sanderson-Smith, M. L., Cork, A., Ranson,
M., and Walker, M. J. (2005). Variability of group A streptococcal streptokinase and its
effect on plasminogen activation. Paper presented at: XVIth Lancefield International
Symposium on Streptococci and Streptococcal Diseases (Cairns, Australia).
McClintock, D. K., and Bell, P. H. (1971). The mechanism of activation of human
plasminogen by streptokinase. Biochem Biophys Res Commun 43, 694-702.
McCormick, J. K., Yarwood, J. M., and Schlievert, P. M. (2001). Toxic shock syndrome
and bacterial superantigens: an update. Annu Rev Microbiol 55, 77-104.

McDonald, M., Currie, B. J., and Carapetis, J. R. (2004). Acute rheumatic fever: a chink

in the chain that links the heart to the throat? Lancet Infect Dis 4, 240-245.

163



McKay, F. C., McArthur, J. D., Sanderson-Smith, M. L., Gardam, S., Currie, B. J.,
Sriprakash, K. S., Fagan, P. K., Towers, R. J., Batzloff, M. R., Chhatwal, G. S., et al.
(2004). Plasminogen binding by group A streptococcal isolates from a region of
hyperendemicity for streptococcal skin infection and a high incidence of invasive
infection. Infect Immun 72, 364-370.

McMillan, D. J., Batzloff, M. R., Browning, C. L., Davies, M. R., Good, M. F.,
Sriprakash, K. S., Janulczyk, R., and Rasmussen, M. (2004). Identification and
assessment of new vaccine candidates for group A streptococcal infections. Vaccine 22,
2783-2790.

Medina, E., Goldmann, O., Rohde, M., Lengeling, A., and Chhatwal, G. S. (2001).
Genetic control of susceptibility to group A streptococcal infection in mice. J Infect Dis
184, 846-852.

Mohler, M. A., Refino, C. J., Chen, S. A., Chen, A. B., and Hotchkiss, A. J. (1986). D-
Phe-Pro-Arg-chloromethylketone: its potential use in inhibiting the formation of in vitro
artifacts in blood collected during tissue-type plasminogen activator thrombolytic
therapy. Thromb Haemost 56, 160-164.

Molgaard, L., Ponting, C. P., and Christensen, U. (1997). Glycosylation at Asn-289
facilitates the ligand-induced conformational changes of human Glu-plasminogen.
FEBS Lett 405, 363-368.

Molinari, G., and Chhatwal, G. S. (1998). Invasion and survival of Streptococcus
pyogenes in eukaryotic cells correlates with the source of the clinical isolates. J Infect
Dis 177, 1600-1607.

Moses, A. E., Hidalgo-Grass, C., Dan-Goor, M., Jaffe, J., Shetzigovsky, 1., Ravins, M.,

Korenman, Z., Cohen-Poradosu, R., and Nir-Paz, R. (2003). emm typing of M

164



nontypeable invasive group A streptococcal isolates in Israel. J Clin Microbiol 41/,
4655-4659.

Munoz, E., Powers, J. R., Nienhuys, T. G., and Mathews, J. D. (1992). Social and
environmental factors in 10 aboriginal communities in the Northern Territory:
relationship to hospital admissions of children. Med J Aust 756, 529-533.

Musser, J. M., Kapur, V., Kanjilal, S., Shah, U., Musher, D. M., Barg, N. L., Johnston,
K. H., Schlievert, P. M., Henrichsen, J., Gerlach, D., and et al. (1993). Geographic and
temporal distribution and molecular characterization of two highly pathogenic clones of
Streptococcus pyogenes expressing allelic variants of pyrogenic exotoxin A (Scarlet
fever toxin). J Infect Dis 167, 337-346.

Musser, J. M., Kapur, V., Peters, J. E., Hendrix, C. W., Drehner, D., Gackstetter, G. D.,
Skalka, D. R., Fort, P. L., Maffei, J. T., Li, L. L., and et al. (1994). Real-time molecular
epidemiologic analysis of an outbreak of Streptococcus pyogenes invasive disease in
US Air Force trainees. Arch Pathol Lab Med /18, 128-133.

Musser, J. M., Kapur, V., Szeto, J., Pan, X., Swanson, D. S., and Martin, D. R. (1995).
Genetic diversity and relationships among Streptococcus pyogenes strains expressing
serotype M1 protein: recent intercontinental spread of a subclone causing episodes of
invasive disease. Infect Immun 63, 994-1003.

Neely, M. N., Lyon, W. R., Runft, D. L., and Caparon, M. (2003). Role of RopB in
growth phase expression of the SpeB cysteine protease of Streptococcus pyogenes. J
Bacteriol /85, 5166-5174.

Nomizu, M., Pietrzynski, G., Kato, T., Lachance, P., Menard, R., and Ziomek, E.
(2001). Substrate specificity of the streptococcal cysteine protease. J Biol Chem 276,

44551-44556.

165



Nordstrand, A., Norgren, M., Ferretti, J. J., and Holm, S. E. (1998). Streptokinase as a
mediator of acute post-streptococcal glomerulonephritis in an experimental mouse
model. Infect Immun 66, 315-321.

Nordstrand, A., Norgren, M., and Holm, S. E. (1999). Pathogenic mechanism of acute
post-streptococcal glomerulonephritis. Scand J Infect Dis 317, 523-537.

Norrby-Teglund, A., Chatellier, S., Low, D. E., McGeer, A., Green, K., and Kotb, M.
(2000). Host variation in cytokine responses to superantigens determine the severity of
invasive group A streptococcal infection. Eur J Immunol 30, 3247-3255.
Norrby-Teglund, A., Nepom, G. T., and Kotb, M. (2002). Differential presentation of
group A streptococcal superantigens by HLA class II DQ and DR alleles. Eur J
Immunol 32, 2570-2577.

North, M. J. (1994). Cysteine endopeptidases of parasitic protozoa. Methods Enzymol
244, 523-539.

Norton, R., Smith, H. V., Wood, N., Siegbrecht, E., Ross, A., and Ketheesan, N. (2004).
Invasive group A streptococcal disease in North Queensland (1996 - 2001). Indian J
Med Res 119 Suppl, 148-151.

Nyberg, P., Rasmussen, M., and Bjorck, L. (2004). alpha2-Macroglobulin-proteinase
complexes protect Streptococcus pyogenes from killing by the antimicrobial peptide
LL-37.J Biol Chem 279, 52820-52823.

Otlewski, J., Krowarsch, D., and Apostoluk, W. (1999). Protein inhibitors of serine
proteinases. Acta Biochim Pol 46, 531-565.

Pancholi, V., and Fischetti, V. A. (1992). A major surface protein on group A
streptococci is a glyceraldehyde-3-phosphate-dehydrogenase with multiple binding

activity. J Exp Med 176, 415-426.

166



Pancholi, V., and Fischetti, V. A. (1997). A novel plasminogen/plasmin binding protein
on the surface of group A streptococci. Adv Exp Med Biol 418, 597-599.

Pancholi, V., and Fischetti, V. A. (1998). alpha-enolase, a novel strong plasmin(ogen)
binding protein on the surface of pathogenic streptococci. J Biol Chem 273, 14503-
14515.

Pancholi, V., Fontan, P., and Jin, H. (2003). Plasminogen-mediated group A
streptococcal adherence to and pericellular invasion of human pharyngeal cells. Microb
Pathog 35, 293-303.

Parry, M. A., Zhang, X. C., and Bode, 1. (2000). Molecular mechanisms of plasminogen
activation: bacterial cofactors provide clues. Trends Biochem Sci 25, 53-59.

Ploplis, V. A., Carmeliet, P., Vazirzadeh, S., Van Vlaenderen, 1., Moons, L., Plow, E.
F., and Collen, D. (1995). Effects of disruption of the plasminogen gene on thrombosis,
growth, and health in mice. Circulation 92, 2585-2593.

Plow, E. F., Herren, T., Redlitz, A., Miles, L. A., and Hoover-Plow, J. L. (1995). The
cell biology of the plasminogen system. FASEB J 9, 939-945.

Plow, E. F., Ploplis, V. A., Carmeliet, P., and Collen, D. (1999). Plasminogen and cell
migration in vivo. Fibrinolysis and Proteolysis /3, 49-53.

Podbielski, A., Woischnik, M., Pohl, B., and Schmidt, K. H. (1996). What is the size of
the group A streptococcal vir regulon? The Mga regulator affects expression of secreted
and surface virulence factors. Med Microbiol Immunol (Berl) /85, 171-181.

Pollanen, J., Stephens, R. W., and Vaheri, A. (1991). Directed plasminogen activation at
the surface of normal and malignant cells. Adv Cancer Res 57, 273-328.

Ponting, C. P., Marshall, J. M., and Cederholm-Williams, S. A. (1992). Plasminogen: a

structural review. Blood Coagul Fibrinolysis 3, 605-614.

167



Poon-King, R., Bannan, J., Viteri, A., Cu, G., and Zabriskie, J. B. (1993). Identification
of an extracellular plasmin binding protein from nephritogenic streptococci. J Exp Med
178, 759-763.

Pruksakorn, S., Galbraith, A., Houghten, R. A., and Good, M. F. (1992). Conserved T
and B cell epitopes on the M protein of group A streptococci. Induction of bactericidal
antibodies. J Immunol /49, 2729-2735.

Pruksakorn, S., Sittisombut, N., Phornphutkul, C., Pruksachatkunakorn, C., Good, M.
F., and Brandt, E. (2000). Epidemiological analysis of non-M-typeable group A
Streptococcus isolates from a Thai population in northern Thailand. J Clin Microbiol
38, 1250-1254.

Rabiner, S. F., Goldfine, I. D., Hart, A., Summaria, L., and Robbins, K. C. (1969).
Radioimmunoassay of human plasminogen and plasmin. J Lab Clin Med 74, 265-273.
Raeder, R., Harokopakis, E., Hollingshead, S., and Boyle, M. D. (2000). Absence of
SpeB production in virulent large capsular forms of group A streptococcal strain 64.
Infect Immun 68, 744-751.

Raeder, R., Woischnik, M., Podbielski, A., and Boyle, M. D. (1998). A secreted
streptococcal cysteine protease can cleave a surface-expressed M1 protein and alter the
immunoglobulin binding properties. Res Microbiol 749, 539-548.

Ramachandran, V., McArthur, J. D., Behm, C. E., Gutzeit, C., Dowton, M., Fagan, P.
K., Towers, R., Currie, B., Sriprakash, K. S., and Walker, M. J. (2004a). Two distinct
genotypes of prtF2, encoding a fibronectin binding protein, and evolution of the gene
family in Streptococcus pyogenes. J Bacteriol /86, 7601-7609.

Ramachandran, V., McArthur, J. D., Behm, C. E., Gutzeit, C., Dowton, M., Fagan, P.
K., Towers, R., Currie, B., Sriprakash, K. S., and Walker, M. J. (2004b). Two distinct

genotypes of prtF2, encoding a fibronectin binding protein, and the evolution of the

168



gene family in Streptococcus pyogenes. Paper presented at: Australian Society of
Microbiology National Conference (Sydney, Australia).

Ranson, M., and Andronicos, N. M. (2003). Plasminogen binding and cancer: promises
and pitfalls. Front Biosci &, s294-304.

Rasmussen, M., and Bjorck, L. (2002). Proteolysis and its regulation at the surface of
Streptococcus pyogenes. Mol Microbiol 43, 537-544.

Rattner, J. B., Martin, L., Waisman, D. M., Johnstone, S. A., and Fritzler, M. J. (1991).
Autoantibodies to the centrosome (centriole) react with determinants present in the
glycolytic enzyme enolase. J Immunol 746, 2341-2344.

Raum, D., Marcus, D., Alper, C. A., Levey, R., Taylor, P. D., and Starzl, T. E. (1980).
Synthesis of human plasminogen by the liver. Science 208, 1036-1037.

Ray, M., Hatcher, S., Whitehouse, S. L., Crawford, S., and Crawford, R. (2005).
Aprotinin and epsilon aminocaproic acid are effective in reducing blood loss after
primary total hip arthroplasty- a prospective randomized double-blind placebo-
controlled study. J] Thromb Haemost 3, 1421-1427.

Ray, M. J., and O'Brien, M. F. (2001). Comparison of epsilon aminocaproic acid and
low-dose aprotinin in cardiopulmonary bypass: efficiency, safety and cost. Ann Thorac
Surg 71, 838-843.

Redlitz, A., Fowler, B. J., Plow, E. F., and Miles, L. A. (1995). The role of an enolase-
related molecule in plasminogen binding to cells. Eur J Biochem 227, 407-415.
Reichardt, W., Schmidt, K. H., Amberg, C., and Gubbe, K. (1997). Mapping of binding
sites for human serum albumin and fibrinogen on the M3-protein. Molecular model and

function in the pathogenic mechanism. Adv Exp Med Biol 478, 577-579.

169



Rezcallah, M. S., Boyle, M. D., and Sledjeski, D. D. (2004). Mouse skin passage of
Streptococcus pyogenes results in increased streptokinase expression and activity.
Microbiology 150, 365-371.

Richardson, M., Hatton, M. W., and Moore, S. (1988). The plasma proteases, thrombin
and plasmin, degrade the proteoglycan of rabbit aorta segments in vitro: an integrated
ultrastructural and biochemical study. Clin Invest Med /17, 139-150.

Ringdahl, U., and Sjobring, U. (2000). Analysis of plasminogen-binding M proteins of
Streptococcus pyogenes. Methods 21, 143-150.

Ringdahl, U., Svensson, M., Wistedt, A. C., Renne, T., Kellner, R., Muller-Esterl, W.,
and Sjobring, U. (1998). Molecular co-operation between protein PAM and
streptokinase for plasmin acquisition by Streptococcus pyogenes. J Biol Chem 273,
6424-6430.

Robbins, K. C., Summaria, L., Hsieh, B., and Shah, R. J. (1967). The peptide chains of
human plasmin. Mechanism of activation of human plasminogen to plasmin. J Biol
Chem 242, 2333-2342.

Roitt, I. M., and Delves, P. J. (2001). Roitt's Essential Immunology, 10 edn (London,
Blackwell Science).

Saksela, O., and Rifkin, D. B. (1988). Cell-associated plasminogen activation:
regulation and physiological functions. Annu Rev Cell Biol 4, 93-126.

Sanderson-Smith, M. L., McKay, F., Ranson, M., and Walker, M. J. (2004). Subversion
of the plasminogen activation system by Streptococcus pyogenes: mounting evidence to
implicate the human protease plasmin in disease processes. Current Trends in

Microbiology 7, 75-85.

170



Saouda, M., Wu, W., Conran, P., and Boyle, M. D. (2001). Streptococcal pyrogenic
exotoxin B enhances tissue damage initiated by other Streptococcus pyogenes products.
J Infect Dis 184, 723-731.

Scaramuzzino, D. A., McNiff, J. M., and Bessen, D. E. (2000). Humanized in vivo
model for streptococcal impetigo. Infect Immun 68, 2880-2887.

Schenone, M. M., Warder, S. E., Martin, J. A., Prorok, M., and Castellino, F. J. (2000).
An internal histidine residue from the bacterial surface protein, PAM, mediates its
binding to the kringle-2 domain of human plasminogen. J Pept Res 56, 438-445.
Schmidt, K. H., and Kohler, W. (1984). T-proteins of Streptococcus pyogenes. IV.
Isolation of Tl1-protein using affinity chromatography on immobilized fibrinogen.
Zentralbl Bakteriol Mikrobiol Hyg [A] 258, 449-456.

Schroeder, B., Boyle, M. D., Sheerin, B. R., Asbury, A. C., and Lottenberg, R. (1999).
Species specificity of plasminogen activation and acquisition of surface-associated
proteolytic activity by group C streptococci grown in plasma. Infect Immun 67, 6487-
6495.

Shelby-James, T. M., Leach, A. J., Carapetis, J. R., Currie, B. J., and Mathews, J. D.
(2002). Impact of single dose azithromycin on group A streptococci in the upper
respiratory tract and skin of Aboriginal children. Pediatr Infect Dis J 21, 375-380.
Sherman, J. M. (1937). The Streptococci. Bacteriological Reviews 7, 3-97.
Sottrup-Jensen, L., Caleys, H., Zajdel, M., Petersen, T. E., and Magnusson, S. (1978). In
Progress in Chemical Fibrinolysis and Thrombosis, S. F. Davidson, R. M. Rowan, M.
M. Sanama, and P. C. Desnoyers, eds. (New York, Raven Press), pp. 191-209.
Sreedharan, S. K., Verma, C., Caves, L. S., Brocklehurst, S. M., Gharbia, S. E., Shah,
H. N., and Brocklehurst, K. (1996). Demonstration that 1-trans-epoxysuccinyl-L-

leucylamido-(4-guanidino) butane (E-64) is one of the most effective low Mr inhibitors

171



of trypsin-catalysed hydrolysis. Characterization by kinetic analysis and by energy
minimization and molecular dynamics simulation of the E-64-beta-trypsin complex.
Biochem J 316 ( Pt 3), 777-786.

Stenberg, L., O'Toole, P., and Lindahl, G. (1992). Many group A streptococcal strains
express two different immunoglobulin-binding proteins, encoded by closely linked
genes: characterization of the proteins expressed by four strains of different M-type.
Mol Microbiol 6, 1185-1194.

Stevens, D. L. (1996). Invasive group A streptococcal disease. Infect Agents Dis 5, 157-
166.

Stollerman, G. H. (2001). Rheumatic fever in the 21st century. Clin Infect Dis 33, 806-
814.

Sugawara, Y., Takada, Y., and Takada, A. (1984). Fluorescence polarization and
spectropolarimetric studies on the conformational changes induced by omega-
aminoacids in two isozymes of Glu-plasminogen (I and II). Thromb Res 33, 269-275.
Summaria, L., Arzadon, L., Bernabe, P., and Robins, K. C. (1973). Characterization of
the NH,-terminal glutamic acid and NH,-terminal lysine forms of human plasminogen
isolated by affinity chromatography and isoelectric focusing methods. J Biol Chem 248,
2984-2991.

Sun, H., Ringdahl, U., Homeister, J. W., Fay, W. P., Engleberg, N. C., Yang, A. Y.,
Rozek, L. S., Wang, X., Sjobring, U., and Ginsburg, D. (2004). Plasminogen is a critical
host pathogenicity factor for group A streptococcal infection. Science 305, 1283-1286.
Svensson, M. D., Scaramuzzino, D. A., Sjobring, U., Olsen, A., Frank, C., and Bessen,
D. E. (2000). Role for a secreted cysteine proteinase in the establishment of host tissue

tropism by group A streptococci. Mol Microbiol 38, 242-253.

172



Svensson, M. D., Sjobring, U., and Bessen, D. E. (1999). Selective distribution of a
high-affinity plasminogen-binding site among group A streptococci associated with
impetigo. Infect Immun 67, 3915-3920.

Svensson, M. D., Sjobring, U., Luo, F., and Bessen, D. E. (2002). Roles of the
plasminogen activator streptokinase and the plasminogen-associated M protein in an
experimental model for streptococcal impetigo. Microbiology 748, 3933-3945.

Takada, A., and Takada, Y. (1983). The activation of two isozymes of glu-plasminogen
(I and II) by urokinase and streptokinase. Thromb Res 30, 633-642.

Takada, A., Takada, Y., and Sugawara, Y. (1985a). The activation of Glu- and Lys-
plasminogens by streptokinase: effects of fibrin, fibrinogen and their degradation
products. Thromb Res 37, 465-475.

Takada, A., Takada, Y., and Sugawara, Y. (1988). Enhanced activator activity of the
mixture of streptokinase and a modified form of plasminogen (Lys-plasminogen) in the
presence of fibrin: role of conformational change of plasminogen. Haemostasis /8, 106-
112.

Takada, Y., Makino, Y., and Takada, A. (1985b). Glu-plasminogen I and II: their
activation by urokinase and streptokinase in the presence of fibrin and fibrinogen.
Thromb Res 39, 289-296.

Takasaki, Y., Kaneda, K., Matsushita, M., Yamada, H., Nawata, M., Matsudaira, R.,
Asano, M., Mineki, R., Shindo, N., and Hashimoto, H. (2004). Glyceraldehyde 3-
phosphate dehydrogenase is a novel autoantigen leading autoimmune responses to
proliferating cell nuclear antigen multiprotein complexes in lupus patients. Int Immunol
16, 1295-1304.

Talkington, D. F., Schwartz, B., Black, C. M., Todd, J. K., Elliott, J., Breiman, R. F.,

and Facklam, R. R. (1993). Association of phenotypic and genotypic characteristics of

173



invasive Streptococcus pyogenes isolates with clinical components of streptococcal
toxic shock syndrome. Infect Immun 61, 3369-3374.

Tamura, F., Nakagawa, R., Akuta, T., Okamoto, S., Hamada, S., Maeda, H., Kawabata,
S., and Akaike, T. (2004). Proapoptotic effect of proteolytic activation of matrix
metalloproteinases by Streptococcus pyogenes thiol proteinase (Streptococcus
pyrogenic exotoxin B). Infect Immun 72, 4836-4847.

Tewodros, W., Norgren, M., and Kronvall, G. (1995). Streptokinase activity among
group A streptococci in relation to streptokinase genotype, plasminogen binding, and
disease manifestations. Microb Pathog /8, 53-65.

Thern, A., Stenberg, L., Dahlback, B., and Lindahl, G. (1995). Ig-binding surface
proteins of Streptococcus pyogenes also bind human C4b-binding protein (C4BP), a
regulatory component of the complement system. J Immunol 754, 375-386.

Thern, A., Wastfelt, M., and Lindahl, G. (1998). Expression of two different
antiphagocytic M proteins by Streptococcus pyogenes of the OF+ lineage. J Immunol
160, 860-869.

Tillet, W. S., Edwards, L. B., and Garner, R. L. (1934). Fibrinolytic activity of
hemolytic streptococci: development of resistance of fibrinolysis following acute
hemolytic streptococcus infections. J Clin Invest /3, 47-48.

Tomar, R. H., and Taylor, F. B., Jr. (1971). The streptokinase-human plasminogen
activator complex. Composition and identity of a subcomponent with activator activity.
Biochem J 125, 793-802.

Towers, R. J., Fagan, P. K., Talay, S. R., Currie, B. J., Sriprakash, K. S., Walker, M. J.,
and Chhatwal, G. S. (2002). GAS in Australian Aboriginal communities: a broad scale

study investigating relationships between clinical source, bacterial genotype and

174



phenotype. Paper presented at: XV Lancefield International Symposium on Streptococci
and Streptococcal Diseases (Goa, India).

Towers, R. J., Fagan, P. K., Talay, S. R., Currie, B. J., Sriprakash, K. S., Walker, M. J.,
and Chhatwal, G. S. (2003). Evolution of sfbl encoding streptococcal fibronectin-
binding protein I: horizontal genetic transfer and gene mosaic structure. J Clin
Microbiol 41, 5398-5406.

Towers, R. J., Gal, D., McMillan, D., Sriprakash, K. S., Currie, B. J., Walker, M. J.,
Chhatwal, G. S., and Fagan, P. K. (2004). Fibronectin-binding protein gene
recombination and horizontal transfer between group A and G streptococci. J Clin
Microbiol 42, 5357-5361.

Travis, J., and Salvesen, G. S. (1983). Human plasma proteinase inhibitors. Annu Rev
Biochem 52, 655-709.

Ullberg, M., Kronvall, G., and Wiman, B. (1989). New receptor for human plasminogen
on gram positive cocci. APMIS 97, 996-1002.

Urdahl, K. B., Mathews, J. D., and Currie, B. (1996). Anti-streptokinase antibodies and
streptokinase resistance in an Aboriginal population in northern Australia. Aust NZ J
Med 26, 49-53.

Vassalli, J. D., Wohlwend, A., and Belin, D. (1992). Urokinase-catalyzed plasminogen
activation at the monocyte/macrophage cell surface: a localized and regulated
proteolytic system. Curr Top Microbiol Immunol /817, 65-86.

Verheijen, J. H., Caspers, M. P., Chang, G. T., de Munk, G. A., Pouwels, P. H., and
Enger-Valk, B. E. (1986). Involvement of finger domain and kringle 2 domain of tissue-
type plasminogen activator in fibrin binding and stimulation of activity by fibrin.

EMBO J 5, 3525-3530.

175



Violand, B. N., Byrne, R., and Castellino, F. J. (1978). The effect of alpha-, omega-
amino acids on human plasminogen structure and activation. J Biol Chem 253, 5395-
5401.

Voyich, J. M., Sturdevant, D. E., Braughton, K. R., Kobayashi, S. D., Lei, B.,
Virtaneva, K., Dorward, D. W., Musser, J. M., and DeLeo, F. R. (2003). Genome-wide
protective response used by group A Streptococcus to evade destruction by human
polymorphonuclear leukocytes. Proc Natl Acad Sci U S A 100, 1996-2001.

Walker, M. J., McArthur, J. D., McKay, F., and Ranson, M. (2005). Is plasminogen
deployed as a Streptococcus pyogenes virulence factor? Trends Microbiol /3, 308-313.
Wang, H., Lottenberg, R., and Boyle, M. D. (1994). Analysis of plasmin(ogen)
acquisition by clinical isolates of group A streptococci incubated in human plasma. J
Infect Dis 169, 143-149.

Wang, H., Lottenberg, R., and Boyle, M. D. (1995a). Analysis of the interaction of
group A streptococci with fibrinogen, streptokinase and plasminogen. Microb Pathog
18, 153-166.

Wang, H., Lottenberg, R., and Boyle, M. D. (1995b). A role for fibrinogen in the
streptokinase-dependent acquisition of plasmin(ogen) by group A streptococci. J Infect
Dis 171, 85-92.

Wang, X., Lin, X., Loy, J. A., Tang, J., and Zhang, X. C. (1998). Crystal structure of the
catalytic domain of human plasmin complexed with streptokinase. Science 281, 1662-
1665.

Wang, X., Tang, J., Hunter, B., and Zhang, X. C. (1999). Crystal structure of

streptokinase beta-domain. FEBS Lett 459, 85-89.

176



Weisel, J. W., Nagaswami, C., Korsholm, B., Petersen, L. C., and Suenson, E. (1994).
Interactions of plasminogen with polymerizing fibrin and its derivatives, monitored with
a photoaffinity cross-linker and electron microscopy. J Mol Biol 235, 1117-1135.

Werb, Z. (1997). ECM and cell surface proteolysis: regulating cellular ecology. Cell 91,
439-442.

Whitnack, E., and Beachey, E. H. (1985). Biochemical and biological properties of the
binding of human fibrinogen to M protein in group A streptococci. J Bacteriol /64, 350-
358.

Whitnack, E., Dale, J. B., and Beachey, E. H. (1984). Common protective antigens of
group A streptococcal M proteins masked by fibrinogen. J Exp Med 159, 1201-1212.
Wiman, B. (1973). Primary structure of peptides released during activation of human
plasminogen by urokinase. Eur J Biochem 39, 1-9.

Wiman, B. (1980). On the reaction of plasmin or plasmin-streptokinase complex with
aprotinin or alpha 2-antiplasmin. Thromb Res /7, 143-152.

Wiman, B., and Collen, D. (1977). Purification and characterization of human
antiplasmin, the fast-acting plasmin inhibitor in plasma. Eur J Biochem 78, 19-26.
Wiman, B., and Collen, D. (1978). On the kinetics of the reaction between human
antiplasmin and plasmin. Eur J Biochem 84, 573-578.

Winram, S. B., and Lottenberg, R. (1996). The plasmin-binding protein Plr of group A
streptococci is identified as glyceraldehyde-3-phosphate dehydrogenase. Microbiology
142 (Pt §),2311-2320.

Winram, S. B., and Lottenberg, R. (1998). Site-directed mutagenesis of streptococcal
plasmin receptor protein (Plr) identifies the C-terminal Lys334 as essential for plasmin
binding, but mutation of the p/r gene does not reduce plasmin binding to group A

streptococci. Microbiology 7144 ( Pt 8), 2025-2035.

177



Winram, S. B., Richardson, L. C., and Lottenberg, R. (1995). Mutational analysis of a
plasmin receptor protein expressed by group A streptococci. Dev Biol Stand 85, 199-
202.

Wistedt, A. C., Ringdahl, U., Muller-Esterl, W., and Sjobring, U. (1995). Identification
of a plasminogen-binding motif in PAM, a bacterial surface protein. Mol Microbiol /8,
569-578.

Wohl, R. C., Sinio, L., Summaria, L., and Robbins, K. C. (1983). Comparative
activation kinetics of mammalian plasminogens. Biochim Biophys Acta 745, 20-31.
Woischnik, M., Buttaro, B. A., and Podbielski, A. (2000). Inactivation of the cysteine
protease SpeB affects hyaluronic acid capsule expression in group A streptococci.
Microb Pathog 28, 221-226.

Wong, L. C., Amega, B., Barker, R., Connors, C., Dulla, M. E., Ninnal, A., Cumaiyi,
M. M., Kolumboort, L., and Currie, B. J. (2002). Factors supporting sustainability of a
community-based scabies control program. Australas J Dermatol 43, 274-277.
Yakovlev, S. A., Rublenko, M. V., Izdepsky, V. L., and Makogonenko, E. M. (1995).
Activating effect of the plasminogen activators on plasminogens of different
mammalian species. Thromb Res 79, 423-428.

Ye, S., and Goldsmith, E. J. (2001). Serpins and other covalent protease inhibitors. Curr
Opin Struct Biol /7, 740-745.

Yeung, R. S., Penninger, J. M., Kundig, T., Khoo, W., Ohashi, P. S., Kroemer, G., and
Mak, T. W. (1996). Human CD4 and human major histocompatibility complex class II
(DQO6) transgenic mice: supersensitivity to superantigen-induced septic shock. Eur J

Immunol 26, 1074-1082.

178



Young, K. C., Shi, G. Y., Wu, D. H., Chang, L. C., Chang, B. 1, Ou, C. P., and Wu, H.
L. (1998). Plasminogen activation by streptokinase via a unique mechanism. J Biol

Chem 273, 3110-3116.

179



APPENDICES

180



Appendix 1: Buffers and reaction mixtures

Protein Analysis

SDS-PAGE

Sample buffer (2X)
Tris HCI1 60 mM
SDS 2% (W/v)
Glycerol 10% (w/v)
Bromophenol blue 0.01% (w/v)

2-B-mercaptoethanol (for reducing buffer) 5% (w/v)

Used as a 1 x working solution

SDS Running buffer (10X; pH 8.3)

Tris Base 30 g/l
Glycine 144 ¢/1
SDS 10 g/1

Used as a 1 x working solution

Coomassie Blue Stain

Methanol 40% (v/v)
Glacial acetic acid 10% (v/v)
Coomassie Blue R250 0.1% (w/v)
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Destain
Methanol 40% (v/v)

Glacial acetic acid 10% (v/v)

Western Transfer and Immunoblotting

Electrophoretic Transfer Buffer (pH 8.3)

Tris Base 3.03 g/l
Glycine 14.4 g/l
Methanol 20% (v/v)

Tris Buffered Saline (TBS; pH 7.5)

NaCl 8 g/l

KCl 0.2 g/l

Tris Base 3g1
Tween-20 (for wash buffer, TBST) 0.05% (v/v)

Blocking and Antibody Buffer
Bovine serum albumin 1%

Dissolved in TBS

Diaminobenzidine chromogenic detection system for Western blot
diaminobenzidine 0.5 mg/ml
H,0, 0.02% (v/v)

Dissolved in 100mM Tris, pH 7.6
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ELISA

Carbonate Coating buffer (pH 8.5)

NaHCO; 50 mM
PINT assay buffer

Na,HPO4 7.1 g/l

NaCl 8.76 g/l

Tween 80 0.05% (v/v)
Blocking buffer

BSA 1% (W/v)

Dissolved in PINT buffer

Developing solution
Na,HPO, 1.14 g/1
Adjusted to pH 5.0 with solid citric acid.
Immediately before use, the following added.:
o-phenylene diamine 0.4 g/l

H,0, 3% (W/w)

Plasminogen purification
Plasminogen elution buffer
PBS, pH 7.5 1X

g-aminocaproic acid 26.2 g/l
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Phosphate-buffered saline (PBS)
NaCl
KCl
NaH,PO4

KH,POy4

Column wash buffer
PBS
EDTA

PMSF

8 g/l
0.2 g/1
1.44 g/l

0.24 g/l

1X
5 mM

1 mM*

* From a stock solution in isopropanol prepared immediately before addition

High-salt wash buffer
NaH,;POg4
NaCl
EDTA

PMSF

6.0 g/l
29 g/l
5 mM

1 mM*

* From a stock solution in isopropanol prepared immediately before addition
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DNA analysis

Polymerase chain reaction
PCR reaction mix (50pl)
dH,O
dNTPs* (2.5mM)
MgCl, (25mM)
Taq buffer (Sigma; contains 15mM MgCl,)
Forward primer (25 uM)
Reverse primer (25 pM)
Streptococcus pyogenes genomic DNA

Taq polymerase (5 units/pl)

* stock solution contains 2.5 mM each of dATP, dCTP, dGTP, dTTP

Agarose gel electrophoresis

Tris acetate (TAE) buffer (10X)
Tris base
Glacial acetic acid
EDTA (0.5 M, pH 8.0)

Used as a 1X working solution

DNA loading dye (6X)
Bromophenol Blue
Xylene cyanol

Glycerol

31.5 pl

0.5 ul

48.4 g/l
1.14% (v/v)

2% (v/v)

0.25% (w/v)
0.25% (w/v)

30% (v/v)
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DNA sequencing

DNA sequencing reaction for BigDye 2.1

Terminator Ready reaction Mix (v2.1) 4.0 ul
DNA template Il

Primer (1pmol/ul) 1.6 ul
dH,O 6.6 ul

DNA sequencing reaction for BigDye 3.1

Ready reaction Mix (v3.1) 0.5 ul
Dilution buffer (see below) 2ul
Primer (1pmol/ul) 1.6 ul
DNA template Il
dH,O 4.9 ul

DNA sequencing dilution buffer (5X) for BigDye 3.1
Tris, pH 9.0 400 mM

MgCl, 10 mM

DNA loading buffer for sequencing gel electrophoresis
Deionized formamide 5 volumes

25 mM EDTA, pH 8.0 containing 50 mg/ml blue dextran 1 volume
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Appendix 2: Culture densities for supernatant collection

Appendix 2: GAS culture conditions for streptokinase supernatant

collection

Table 1. GAS culture optical density at 600nm at mid-log phase supernatant collection

for streptokinase analysis.

pam | Clinical Absorbance (600nm)
genotype | source” | Isolate |Culture 1| Culture 2 | Culture 3 | Mean SD
- inv NS179 0.63 0.69 0.55 0.62 0.07
- inv NS192 0.59 0.60 0.65 0.61 0.03
- inv NS210 0.65 0.62 0.62 0.63 0.02
- inv NS414 0.63 0.62 0.54 0.60 0.05
- inv NS452 0.58 0.58 0.60 0.58 0.01
- inv NS501 0.60 0.61 0.61 0.61 0.01
- inv NS730 0.59 0.52 0.58 0.56 0.04
- inv NS733 0.61 0.57 0.52 0.56 0.04
- inv NS931 0.58 0.61 0.64 0.61 0.03
- uncomp| NS14 0.55 0.58 0.66 0.60 0.06
- uncomp| NS236 0.81 0.66 0.57 0.68 0.12
- uncomp| NS244 0.63 0.60 0.56 0.60 0.04
- uncomp| NS297 0.55 0.60 0.64 0.60 0.04
- uncomp| NS474 0.64 0.58 0.58 0.60 0.03
- uncomp| NS488 0.59 0.60 0.58 0.59 0.01
- uncomp| NS696 0.63 0.60 0.69 0.64 0.04
- uncomp| NS836 0.58 0.63 0.56 0.59 0.04
+ inv | NS1133 0.64 0.58 0.55 0.59 0.04
+ inv NS13 0.57 0.67 0.68 0.64 0.06
+ inv NS223 0.74 0.64 0.77 0.71 0.07
+ inv NS455 0.57 0.60 0.60 0.59 0.02
+ inv | NS88.2 0.63 0.58 0.61 0.61 0.03
+ uncomp| NSI10 0.56 0.62 0.63 0.60 0.04
+ uncomp| NS253 0.64 0.67 0.59 0.63 0.04
+ uncomp| NS265 0.58 0.56 0.64 0.59 0.04
+ uncomp| NS32 0.55 0.57 0.54 0.55 0.02
+ uncomp| NS50.1 0.63 0.62 0.60 0.62 0.02
+ uncomp| NS53 0.50 0.55 0.50 0.52 0.03
+ uncomp| NS59 0.64 0.61 0.62 0.62 0.02

“clinical source of the isolate; invasive (inv) or uncomplicated infection (uncomp).
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Appendix 2: Culture densities for supernatant collection

Table 2. GAS culture optical density at 600nm at late-log/early stationary phase

supernatant collection for streptokinase analysis.

pam | Clinical Absorbance (600nm)
genotype | source” | Isolate |Culture 1| Culture 2 | Culture 3 | Mean SD
- inv NS179 1.11 1.11 1.21 1.14 0.06
- inv NS192 1.03 1.04 1.07 1.05 0.02
- inv NS210 1.07 1.08 1.08 1.08 0.01
- inv NS414 1.14 1.13 1.12 1.13 0.01
- inv NS452 1.24 1.21 1.25 1.23 0.02
- inv NS501 0.90 0.90 0.94 0.91 0.02
- inv NS730 1.11 1.16 1.19 1.15 0.04
- inv NS733 1.31 1.28 1.33 1.31 0.02
- inv NS931 1.13 1.10 1.12 1.12 0.01
- uncomp| NSI14 1.03 1.15 1.09 1.09 0.06
- uncomp| NS236 1.19 1.17 1.06 1.14 0.07
- uncomp| NS244 0.99 1.15 1.05 1.07 0.08
- uncomp| NS297 1.15 1.17 1.17 1.16 0.01
- uncomp| NS474 1.25 1.19 1.29 1.25 0.05
- uncomp| NS488 1.21 1.20 1.21 1.20 0.01
- uncomp| NS696 1.09 1.10 1.15 1.11 0.03
- uncomp| NS836 1.06 1.10 1.12 1.09 0.03
+ inv | NS1133 1.15 1.12 1.11 1.13 0.02
+ inv NS13 1.02 1.07 1.09 1.06 0.03
+ inv NS223 1.22 1.09 1.29 1.20 0.11
+ inv NS455 1.04 1.03 1.18 1.08 0.09
+ inv | NS88.2 1.16 1.14 1.13 1.14 0.01
+ uncomp| NSI10 1.21 1.20 1.09 1.17 0.06
+ uncomp| NS253 1.08 1.12 1.10 1.10 0.02
+ uncomp| NS265 1.02 1.04 1.08 1.05 0.03
+ uncomp| NS32 1.20 1.22 1.13 1.18 0.05
+ uncomp| NS50.1 1.09 1.11 1.16 1.12 0.04
+ uncomp| NS53 1.10 1.14 1.06 1.10 0.04
+ uncomp| NS59 1.14 1.13 1.23 1.17 0.06

“clinical source of the isolate; invasive (inv) or uncomplicated infection (uncomp).
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Appendix 2: Culture densities for supernatant collection

Table 3. Summary of GAS culture optical density at 600nm supernatant collection for

streptokinase analysis for each of the groups analysed.

Asoo at mid-log phase |Agoo at late-log/early stationary

GAS isolate collection phase collection
group® Mean SD Mean SD
pam+ 0.61 0.06 1.12 0.06
pam - 0.60 0.05 1.13 0.09
inv 0.61 0.05 1.12 0.10
uncomp 0.60 0.05 1.13 0.07
pam + inv 0.63 0.06 1.12 0.07
pam - inv 0.60 0.04 1.12 0.11
pam + uncomp 0.59 0.05 1.13 0.06
pam - uncomp 0.61 0.06 1.14 0.07

“pam genotype: positive (pam+) or negative (pam-); clinical source of the isolate; invasive (inv) or

uncomplicated infection (uncomp).

189



Appendix 3: Publications

190



Please see print copy for Appendix 3




	University of Wollongong - Research Online
	Cover page
	Copyright warning
	Title page
	Certification
	Table of contents
	List of publications
	List of tables
	List of figures
	List of abbreviations
	Acknowlegements
	Abstract
	Chapter one
	Chapter two
	Chapter three
	Chapter four
	References
	Appendices

	Please see print copy for Table 1: 
	1: Please see print copy for Table 1.1
	2: Please see print copy for Table 1.2
	3: Please see print copy for Table 1.3
	4: Please see print copy for Table 1.4

	Please see print copy for Figure 1: 
	1: Please see print copy for Figure 1.1

	Please see print copy for Table 2: 
	1: Please see print copy for Table 2.1
	2: Please see print copy for Table 2.2

	Please see print copy for Figure 2: 
	2: Please see print copy for Figure 2.2

	Please see print copy for Table 3: 
	1: Please see print copy for Table 3.1
	3: Please see print copy for Table 3.3
	4: Please see print copy for Table 3.4
	5: Please see print copy for Table 3.5
	7: Please see print copy for Table 3.7

	Please see print copy for Figure 3: 
	3: Please see print copy for Figure 3.3
	11: Please see print copy for Figure 3.11
	12: Please see print copy for Figure 3.12

	Please see print copu for Appendix 3: Please see print copy for Appendix 3


