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Summary

The surface-expressed fibronectin-binding proteins, FnBPA and FnBPB, of 

Staphylococcus aureus promote attachment to immobilised fibrinogen and elastin via the N- 

teiTninal A region. The N2N3 subdomains of region A were found to contain the minimum 

ligand-binding activity. A model of the 3D structure of the N2N3 subdomains of FnBPA was 

created based on the crystal structure of a similar fibrinogen-binding protein, ClfA. This 

model allowed C-terminal truncates of rAFnBPA to be constructed. Those lacking the 

latching peptide and preceding hinge region were defective in binding both fibrinogen and 

elastin indicating that both ligands bind to FnBPA in a similar manner. Further support for 

this theory was the inhibition of bacteria expressing FnBPA from binding immobilised 

fibrinogen and elastin by using a monoclonal anti-rAFnBPA antibody and a peptide 

comprising the C-terminal residues of the y chain o f fibrinogen.

Recombinant proteins of rAFnBPA containing substitutions o f residues located around 

the hydrophobic trench were tested for fibrinogen and elastin binding. Two residues in 

particular, N304 and F306, were found to be crucial in the interaction with both ligands. This 

is further evidence that fibrinogen and elastin bind to rAFnBPA in the same way, possibly by 

the dock, lock and latch mechanism.

A recombinant protein spanning the N2 and N3 subdomains of rAFnBPA from strain 

PI was purified and shown to bind to immobilised fibrinogen and elastin. Despite retaining 

ligand-binding ability, rAFnBPA (PI) reacted poorly with polyclonal antibodies raised against 

rAFnBPA (8325-4). In addition, binding of several monoclonal anti-rAFnBPA (8325-4) 

antibodies to rAFnBPA (PI) was not detectable, demonstrating that antigenic variation 

occurred between two FnBPA proteins from different S. aureus strains.

Tropoelastin is the monomeric precursor of elastin fibres. Truncates of rAFnBPA, 

lacking subdomain N1 and C-terminal fibronectin-binding residues, bound strongly to full- 

length tropoelastin. The binding of recombinant rAFnBPA proteins, bearing alanine 

substitutions of residues known to be important in the a-elastin interaction indicates that 

FnBPA binds to tropoelastin and to a-elastin by different mechanisms. The binding to 

tropoelastin is proposed to occur through ionic surface interactions between the two proteins.
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Chapter 1

Introduction



1.1 Biology of staphylococci

1.1.1 Classification and identification

Spherical bacterial cells were seen in pus by Robert Koch in 1878 and cultivated by 

Louis Pasteur in 1880. The genus Staphylococcus had thus been discovered and first 

described. Its members are non-motile, spherical, gram-positive cocci that often occur in 

irregular grape-like clusters. The current number o f staphylococcal species extends to 

approximately 30, comprising commensals and pathogens o f both humans and animals. They 

may be divided into two groups, those that produce the enzyme coagulase and those that do 

not. Coagulase is a secreted protein that binds fibrinogen and also activates prothrombin to 

initiate the host blood coagulation pathway (Section 1.2.4.3). It is produced by S. aureus and 

the animal pathogens. Staphylococcus intermedins. Staphylococcus schleiferi subsp. 

coagulans and, usually. Staphylococcus hyicus. All other staphylococci are negative for 

coagulase production. Phylogenetically, the genus Staphylococcus belongs to the broad 

Bacillus-Lactohacillus-Streptococcus cluster o f the gram-positive bacteria Micrococcaceae 

(Ludwig et a l ,  1985; Schleifer and Kroppenstedt, 1990; Stackebrandt and Teuber, 1988) with 

the G + C content o f their genomic DNA ranging from 30 -  40 %. The staphylococci are 

extremely halotolerant (growing at up to 3.5 M NaCl) and are resistant to desiccation.

1.1.2 Colonisation and disease

The habitats o f  the staphylococci are the skin, skin glands and mucous membranes of 

humans and warm-blooded animals. Coagulase-negative Staphylococcus epidermidis are 

ubiquitous organisms o f  humans present on the nares, skin and mucous membranes o f the 

gastrointestinal and respiratory tracts. S. epidermidis is now recognized as an important 

opportunistic agent o f  human disease. S. aureus is also an important human pathogen. Its 

natural habitat is the moist squamous epithelium o f the anterior nares. Approximately 20% of 

healthy adults are persistently colonized by S. aureus and another 20% never carry the 

bacterium (Foster, 2004; Lowy, 1998). The remainder may or may not carry S. aureus at any 

given time. Persistent carriage is more common in children than in adults, and many people 

change their pattern o f  carriage between the age o f 10 and 20 years (Armstrong-Esther, 1976). 

The anterior nares are lined by fully keratinized epidermal cells along with hairs, sebaceous 

glands and sweat glands (Kluytmans et al., 1997). Staphylococci flourish here amid a 

complex interplay between bacterial and host factors. Carriage o f  S. aureus has been



identified as a risk factor for the development o f infection. S. aureus causes a wide variety of 

diseases including superficial infections such as abscesses, boils and impetigo. If the host’s 

natural baixiers such as skin and mucous membranes are damaged, S. aureus can infect host 

tissue and cause a localized infection from where it can disseminate via the bloodstream to 

internal organs and cause a wide variety o f invasive diseases resulting in high morbidity and 

mortality. Such infections include those o f  the bone (osteomyelitis), lungs (pneumonia), joints 

(septic arthritis) and heart valves (infective endocarditis). The source o f -80%  of S. aureus 

bacteraemias is endogenous since infecting bacteria have been shown by genotypic analysis to 

be identical to organisms recovered from the nasal mucosa (von E iff et a l ,  2001a), although it 

has been noted that bacteraemia-related death was significantly higher in infected non-carriers 

compared to infected carriers, suggesting that carriers could be immunologically adapted to 

the strain o f S. aureus that they carry (W ertheim et al., 2004).

1.2 S. aureus virulence factors
The disease-causing potential o f S. aureus highlights the extent o f the virulence factors 

possessed by this bacterium. These virulence factors may be classified into three main 

categories, adhesins, evasins and toxins. Adhesins are ligand-binding surface proteins, 

attached covalently to the cell wall peptidoglycan, that are co-ordinately expressed to promote 

adherence to damaged tissue by binding to components o f the extracellular matrix (ECM). 

These proteins have been termed M SCRAM M s (microbial surface components recognizing 

adhesive matrix molecules) and many have been shown to be important in the initiation o f 

bacterial infection. Evasins are proteins that help the bacterium to evade the host’s immune 

system. They may be associated with the bacterial cell wall or secreted into the extracellular 

environment. The functions o f evasins include the inhibition o f neutrophil chemotaxis by the 

^ em o tax is  inhibitory protein o f staphylococci (CHIPS) and extracellular adherence protein 

(Eap), resistance to phagocytosis by staphylococcal protein A (Spa), capsular polysaccharide, 

and complement binding proteins and resistance to antimicrobial peptides by staphylokinase 

and proteases. Secreted toxins o f  S. aureus are virulence factors that facilitate tissue 

destruction and bacterial spreading. Toxic shock syndrome toxin -1 (TSST-1) and Panton- 

Valentine leukocidin (PVL) are associated with particular staphylococcal conditions such as 

toxic shock syndrome and severe skin infections, respectively. These virulence factors will be 

described individually in subsequent sections.
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1.2.1 Cell wall components

The bacterial cell wall is the point of contact between S. aureus and its surrounding 

environment. It functions as a physical barrier protecting bacteria from cell lysis in 

environments of low osmolarity. It consists mainly of peptidoglycan (approximately 60%), 

the remainder comprising wall teichoic acids, lipoteichoic acids and small amounts of protein. 

The peptidoglycan is made up of a glycan backbone consisting of repeating disaccharide units 

of N-acetlyglucosamine and N-acetylmuramic acid which are pi —> 4 linked (GlcNAc -  (|31 

^  4) -  MurNAc) (Ghuysen and Strominger, 1963). Short tetrapeptides (L-Ala -  D-Glu -  L- 

Lys -  D-Ala) are linked to MurNAc moieties in the glycan chains (Ghuysen et a l,  1965; 

Tipper and Strominger, 1965). Cross-linking of nascent peptidoglycan strands, a reaction 

known as transpeptidation, generates a rigid three dimensional molecular network that 

maintains the integrity of the bacterium (Tipper and Strominger, 1965). A characteristic 

feature of S. aureus peptidoglycan is the presence of pentaglycine interpeptide bridges that 

link the tetrapeptide units on neighbouring glycan chains and renders S. aureus peptidoglycan 

susceptible to cleavage by the glycyl-glycyl endopeptidase lysostaphin (Schleifer and Kandler, 

1972).

Teichoic acids are another major component of the 5. aureus cell wall. Wall teichoic 

acids are made up of ribitol-phosphate polymers substituted with N-acetylglucosamine and D- 

alanine residues (Collins et al., 2002; Endl et al., 1983; Ward, 1981). Wall teichoic acids are 

covalently linked to peptidoglycan. In contrast, lipoteichoic acids (glycerol phosphate 

polymers substituted with D-alanine (Fischer et al., 1990) are attached to glycolipids in the 

plasma membrane. Peptidoglycan and teichoic acids together make up a polyanionic matrix 

that functions in cation homeostasis and trafficking of proteins and nutrients across the cell 

wall. Wall teichoic acids may be an important factor in promoting S. aureus nasal 

colonization (Weidenmaier et al., 2004) and may play a role in infective endocarditis 

(Weidenmaier et al., 2005). The degree of D-alanyl esterification o f teichoic acids regulates 

the net anionic charge of the bacterial cell surface and is thought to play a role in resistance to 

antimicrobial peptides (Collins et al., 2002; Peschel et al., 1999). The remainder of the cell 

wall consists of a variety of proteins that are displayed on the cell surface and mediate the 

interaction of S. aureus with its surroundings.
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1.2.2 Surface proteins 

1.2.2.1 Sorting

S. aureus produces a diverse array of cell wall-associated ligand-binding surface 

proteins. These proteins are collectively known as MSCRAMMs and function in binding to 

components of the host’s extracellular matrix. The binding of MSCRAMMs to their 

respective ligands in vertebrate tissues is a fundamental process required for colonization, 

invasion and ultimately for causing disease. A number o f MSCRAMMs of S. aureus have 

been characterized both structurally and functionally. These include the immunoglobulin- and 

von Willebrand factor-binding protein A, Spa (Hartlieb et a l,  2000; Moks et a l ,  1986), 

fibrinogen-binding proteins, clumping factors ClfA (McDevitt et al., 1994) and ClfB (Ni 

Eidhin et al., 1998), the fibronectin-binding proteins, FnBPA and FnBPB (Jonsson et al., 

1991; Signas et al., 1989) and the collagen-binding protein, Cna (Switalski et al., 1989) 

(Figure 1.1).

The staphylococcal MSCRAMMs are covalently attached to the uncrosslinked 

pentaglycine bridge that is incorporated into the growing peptidoglycan via the 

transpeptidation and transglycosylation reactions of cell wall synthesis (Perry et al., 2002). 

This occurs at the C-terminus where the proteins contain conserved features required for cell 

wall sorting. These include a positively-charged tail at the extreme C-terminus, a membrane- 

spanning domain, an LPXTG motif and a wall-spanning domain either rich in proline and 

glycine residues or composed of serine and aspartate dipeptide repeats (Navarre et al., 1998; 

Schneewind et al., 1993). The membrane-bound enzyme sortase A (SrtA) cleaves the proteins 

between the threonine and glycine residue o f the LPXTG motif, thus releasing the proteins 

from their membrane anchor (Ton-That et al., 1999). SrtA then catalyses the covalent linkage 

o f the carboxy end of the threonine residue to the amino end of glycine in the nascent 

pentaglycine cross bridge by transpeptidation (Mazmanian et al., 1999; Ton-That et al., 1999) 

(Figure 1.2). Both the cleavage function and the transpeptidation function o f SrtA require a 

conserved cysteine residue at position 184 in the catalytic domain o f the protein (Ton-That et 

al., 1999; Ton-That et al., 2000). Residue Argl97, which is located in close proximity to the 

active site Cysl84 is also crucial for catalysis (Marraffini et al., 2004). Calcium has recently 

been shown to be important in promoting substrate binding by SrtA by altering the mobility 

and structure of an active site loop (Naik et al., 2006). A mutant of S. aureus in which the 

srtA gene was disrupted by allelic replacement failed to process and display surface proteins 

and had reduced virulence in a mouse peritoneal infection model (Mazmanian et al., 2000). A
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second sortase protein, StrB has also been identified. The strB  gene is transcribed as part o f 

an iron-regulated operon and the StrB protein catalyses the cleavage and cell wall sorting o f 

IsdC, a cell wall protein that is cleaved by the enzyme at an NPQTN m otif (Mazmanian et al., 

2002). StrB appears to be involved in the process o f  iron acquisition during bacterial infection 

and is required for bacterial persistence in infected tissue (Mazmanian et a l ,  2002). The 

crystal structures o f both SrtA (Zong et al., 2004a) and SrtB (Zong et a l ,  2004b) have been 

solved which provides insight into substrate specificity and suggests a universal sortase- 

catalyzed mechanism o f bacterial surface protein anchoring in gram-positive bacteria. The 

role o f sortase enzymes in bacterial virulence has been examined using a murine septic 

artnritis model. This showed that sortase B plays a contributing role during the pathogenesis 

o f the infection, whereas sortase A is an essential virulence factor for the establishment o f 

septic arthritis (Jonsson et al., 2003).

1.2.2.2 Protein A

Staphylococcal Protein A (Spa) is the archetypal LPXTG-anchored cell wall protein. 

It is a prime example o f  the multi-functionality shown by S. aureus surface proteins. It was 

first noted for its ability to bind the Fc region o f mammalian IgG (Moks et al., 1986; Uhlen et 

al., 1984). It was then discovered to bind to the Fab heavy chain o f Vh3 class antibodies, in 

paricular to subsets o f IgM molecules (Hillson et al., 1993) and also to von Willebrand factor 

(Hartleib et al., 2000) and tumour necrosis factor receptor-1 (TNFR-1) (Gomez et al., 2004). 

The spa gene is transcribed during the mid-exponential phase o f growth but expression is 

repressed as cultures enter stationary phase (Vandenesch et al., 1991).

Protein A is composed o f tandem repeats o f four or five domains o f 58-62 residues, 

designated E, D, A, B and C (Sjodahl, 1977) (Figure 1.1) each o f which is capable o f binding 

im nunoglobulin (Moks et al., 1986). Both the Spa-Fc and Spa-Fab interactions have been 

invjstigated at the molecular level (Gouda et al., 1998; Graille et al., 2000). Each o f the Ig- 

binling domains forms a three-helix bundle. One face comprising residues from helices 1 and 

II binds IgG Fc whereas residues from helices II and III on the other face o f  the molecule bind 

IgM. This explains why the binding o f protein A to Fc and Fab is non-competitive. Protein A 

has been shown to bind to von Willebrand factor, which is a large multifunctional 

glycoprotein, released constitutively or upon stimulation o f endothelial cells or platelets 

(Hartleib et al., 2000). Von Willebrand factor is important in mediating platelet adhesion to 

endothelial cells at the sites o f  vascular damage and protein A has been shown to bind to both
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soluble and immobilised forms, making it a true MSCRAMM. The binding site for protein A 

within von Willebrand factor has been narrowed down to the A and D ’-D3 domains 

(O 'Seaghdha et a l ,  2006). Protein A also binds directly to the gClqR7p33 receptor on 

activated platelets (Nguyen et a i ,  2000). Both o f these interactions may promote bacterial 

colonization o f damaged endovascular tissue and establish a focus o f infection during infective 

endocarditis. Protein A can also act directly as an immune effector through its ability to bind 

and activate TNFR-1. Residues in the Spa D domain that are important in the binding to Fc 

regions o f  IgG were shown to be involved in the binding to TNFR-1 (Gomez et al., 2006). 

Recently, it has been shown that protein A also interacts with the epidermal growth factor 

receptor (EGFR) to activate the TNF-a converting enzyme (TACE) which results in cleavage 

o f  TNFR-1 and its shedding from the epithelial cell surface. This prevents proinflammatory 

host cell signalling and neutralises the effect o f free TNF-a (Gomez et al., 2007).

Protein A binds to IgG in such a way that it prevents the Fc receptors on phagocytic 

cells binding to the Fc region o f bound IgG. This is an effective method o f resistance to 

opsonisation by S. aureus cells, thereby evading the host’s immune response (Section 1.2.5.4). 

Spa has been shown to be a virulence factor in staphylococcal arthritis and septic death, 

whereby inoculation o f an S. aureus wild-type strain gave rise to more severe arthritis and 

higher mortality than the isogenic spa  mutant strain (Palmqvist et al., 2002). The ability o f 

protein A to bind a diverse set o f ligands highlights its role in the pathogenesis o f S. aureus 

infections.

1.2.2.3 Fibrinogen-binding surface proteins

S. aureus expresses several proteins, both covalently and non-covalently attached to 

the cell wall, that interact with fibrinogen. Fibrinogen is a blood glycoprotein o f 340 kDa that 

is involved in plasma clot formation through its polymerization to form fibrin and in platelet 

aggregation at sites o f vascular damage. It is also one o f the main proteins deposited on 

implanted prostheses and medical devices. This provides an adhesive surface allowing S. 

aureus colonization (Cheung and Fischetti, 1990). The protein is composed o f three pairs o f  

non-identical polypeptide chains, two a chains, two p chains and two y chains. These chains 

are assembled by their N-termini through a number o f  disulphide bonds to form a symmetrical 

dimeric structure (Doolittle, 1984). The fibrinogen molecule has three distinct domains, two 

terminal D domains and a central E domain (Figure 1.3). Fibrinogen is cleaved by thrombin to 

form insoluble fibrin, a major component o f blood clots. Following fibrin formation the clot is
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stabilized by the covalent linkage of the a and y chains at their C-termini by the enzyme Factor 

XIII. Fibrinogen also mediates adherence and aggregation of platelets at sites of injury by 

interaction with the integrin GPIIb/IIIa (also called allbp3) on the surface of platelets via the 

C-terminus of the y chain and the RGD motif on the a chain (Hawiger et a l ,  1982). The 

phenomenon that S, aureus cells clump when suspended in plasma is now known to occur via 

surface protein interactions with fibrinogen (Hawiger et a l, 1983). Fibrinogen and fibrin 

cleavage products are also involved in the regulation of cell adhesion and spreading, display 

vasoconstrictive and chemotactic activities and are mitogens for a variety of cell types 

(Herrick et al., 1999).

1.2.2.3.1 ClfA

Clumping factor A (ClfA) is one of the best characterized MSCRAMMs of S aureus. 

It promotes both cell clumping in soluble fibrinogen and adherence to fibrinogen-coated 

surfaces (McDevitt et al., 1994). The amino acid sequence of this protein was shown to 

contain two major domains along with the required signal sequence, cell membrane and cell 

wall spanning domains and an LPXTG motif, all required for efficient sorting (Figure 1.1). 

The N-terminal A domain contains the fibrinogen binding site, located between residues 221 

and 559 (McDevitt et al., 1995). The serine-aspartate (SD) dipeptide repeat region R, was 

deemed to fiinction as a stalk, projecting the N-terminal ligand-binding A domain away from 

the surface of the cell wall (Hartford et al., 1997). The R region of ClfA varies from 193 to 

440 residues in length between S. aureus isolates (McDevitt and Foster, 1995).

The binding site for ClfA in fibrinogen has been localized to the 15 residues at the C- 

terminus of the y chain, a site that is also recognized by the platelet integrin GPIIb/IIIa

(McDevitt et al., 1997) (Figure 1.3). Similar to GPIIb/IIIa, the binding of ClfA to fibrinogen
2+  •  •  ♦ •  •

is inhibited by divalent calcium ions. It has been shown that Ca ions bind to an inhibitory

site within the A domain of ClfA and induce a conformational change that is incompatible 

with binding to the C-terminus of the y chain of fibrinogen (O'Connell et al., 1998). The 

binding of fibrinogen to the GPIIb/IIIa integrin receptor is required for platelet aggregation 

(Farrell et al., 1992). Indeed, recombinant ClfA is a potent inhibitor of both fibrinogen- 

mediated platelet aggregation and adherence of platelets to immobilised fibrinogen in vitro 

(McDevitt et al., 1997). The mechanism of platelet activation and aggregation by bacteria 

expressing ClfA on the cell surface has been elucidated. A model has been proposed whereby 

both the bridging of ClfA to the GPIIb/IIIa platelet receptor via fibrinogen along with the
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bridging o f  ClfA to the platelet antibody receptor FcyRUa via ClfA A domain specific 

antibodies are both necessary in platelet activation and subsequent aggregation (Loughman e.' 

a l,  2005). In studies with a non-fibrinogen-binding mutant o f ClfA, (ClfA PY), a less 

efficient fibrinogen-independent mechanism was also shown to occur. This mechanism 

involved the binding o f  ClfA A domain specific antibodies to ClfA and the platelet FcyRIIa 

receptor along with the bridging o f  ClfA PY to the platelet via complement proteins 

(Loughman et al., 2005).

The A domain o f ClfA is divided into three subdomains termed N l, N2 and N3. The 

minimum ligand-binding segment is contained within subdomains N2 and N3 (M cDevitt et 

al., 1995). Further investigation indicated that the C-terminus o f this protein was crucial in the 

fibrinogen interaction as antibodies raised against ClfA residues 500-559 blocked the 

interaction o f both S. aureus and recombinant ClfA with immobilised fibrinogen (Hartford et 

al., 2001). In addition, it was noted that the substitution o f  two adjacent residues in this area. 

Glu526 and Val527 caused a severe defect in fibrinogen binding (Hartford et al., 2001). 

However the precise role for the C-terminal residues 500-559 including Glu526 and Val527 

was not known at that time. Further insight into the mechanism o f fibrinogen binding came 

with the resolution o f the crystal structure o f the N2N3 subdomains o f ClfA (Deivanayagam et 

al., 2002). Both N2 and N3 domains were folded into a similar DE-variant immunoglobulin 

fold (DE-v IgG fold). A synthetic fibrinogen y chain peptide was docked in silico into a 

hydrophobic trench situated between N2 and N3 proposed to be the binding site for 

fibrinogen. Substitution o f residues located around this trench resulted in proteins with 

markedly reduced affinities for fibrinogen. The details o f the structure o f  ClfA will be 

discussed further in Section 1.3.1.

ClfA has been shown to be an important virulence factor in several models. In a rat 

endocarditis model, a lower infection rate o f a clfA mutant strain was observed compared to 

the parental strain (Moreillon et al., 1995). ClfA expressed on the surface o f the heterologous 

host Lactococcus lactis is sufficient to produce endocarditis in rats with catheter induced 

aortic vegetations (Que et al., 2001). ClfA is also a virulence factor in murine models o f 

septic arthritis and septic death (Josefsson et al., 2001), however it has since been shown that 

this may be due to the anti-phagocytic properties o f ClfA (Higgins et al., 2006). ClfA is one 

o f the major factors involved in staphylococcal adherence to ventricular assist devices 

(VADs), posing a threat to the survival o f patients with congestive heart failure (Arrecubieta et 

al., 2006). ClfA is expressed by almost all S. aureus strains tested from healthy blood donors
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(98%) and in 100% o f those with invasive disease (Peacock et al., 2002). This makes ClfA an 

ideal target for the development o f novel immuno prophylactic or therapeutic agents to combat 

S. aureus infection (Section 1.4.2).

1.2.2.3.2 ClfB

Clumping factor B (ClfB) is another cell surface MSCRAMM responsible for the 

clumping o f S. aureus cells when suspended in soluble fibrinogen and for bacterial adherence 

to immobilised fibrinogen in vitro (Ni Eidhin et al., 1998). In contrast to ClfA which is 

expressed maximally in stationary phase o f growth, transcription o f clfB ceases before the end 

o f  the exponential phase in a manner that does not involve the staphylococcal global 

regulatory genes, agr or sar (McAleese et al., 2001). ClfB has a similar domain organization 

to ClfA (Figure 1.1); a unique A domain, an SD dipeptide repeat region (R) and typical cell 

wall attachment regions including an LPXTG motif, cell wall spanning domain and a 

positively-charged C-terminus. Sequence alignment o f the A domains o f ClfA and ClfB 

shows only 26% amino acid identity and in contrast to ClfA, ClfB binds to the a  chain o f 

fibrinogen (Ni Eidhin et al., 1998). Inhibition o f bacterial cells binding to immobilised 

fibrinogen using polyclonal antibodies revealed that the ligand-binding activity o f  the protein 

is located in the A domain, between residues 44 and 542 (Ni Eidhin et a l ,  1998). Two forms 

o f the ClfB protein occur on the bacterial cell surface, the smaller o f which is generated by the 

proteolytic degradation at the SLAVA m otif in the A domain by the S. aureus metalloprotease, 

aureolysin (Section 1.2.4.4.1). The proportion o f the smaller form o f the protein, which 

cannot bind fibrinogen, increases as cells enter stationary phase (McAleese et al., 2001). 

Studies on recombinant A domain o f ClfB showed that it is composed o f  three independently 

folded subdomains, N I, N2 and N3 (Perkins et al., 2001). The form o f N2N3 generated by 

aureolysin cleavage o f the A domain o f ClfB is unable to bind fibrinogen, however an 

extended N-terminus o f this protein regains ligand-binding ability (Perkins et al., 2001). A 

mechanism similar but slower to that o f ClfA has been elucidated for platelet activation by 

cells expressing ClfB. It requires a fibrinogen bridge between ClfB on the surface o f  bacterial 

cells and GPIIb/IIIa on the platelet surface along with specific antibody binding to both the 

ClfB protein and the FcyRIIa platelet receptor. Similar to ClfA, the fibrinogen independent 

mechanism o f ClfB platelet activation requires complement proteins to bridge the bacterial 

surface with platelet complement receptors (Miajlovic et al., 2007). The increased lag time



for ClfB activation is thought to be due to the lower affinity of this MSCRAMM for 

fibrinogen.

S. aureus colonises the moist squamous epithelium of the anterior nares. It was 

demonstrated that adhesion of staphylococci to squamous cells was, in part, mediated by ClfB 

binding to cytokeratin 10 (O'Brien et a i,  2002b; Walsh et a i,  2004). Unlike ClfA, the A 

domain o f ClfB was shown to bind specifically to a glycine loop region of the tail domain of 

keratin 10 where there may be multiple binding sites (Walsh et a l,  2004). Both fibrinogen 

and the glycine loop peptide binds to the same region in ClfB (Walsh et al., 2004). The 

adherence of S. aureus to squamous epithelia via ClfB is likely to be important in nasal 

colonization. A study showing that anti-ClfB antibodies were more prevalent in non-carriers 

compared to those individuals who have S. aureus present in the nares (carriers) supports the 

notion that high ClfB antibody levels may contribute to prevention of infection (Dryla et al., 

2005). S. aureus strains defective in ClfB expression exhibited reduced nasal colonization in 

mice. In addition, immunization with recombinant ClfB, either subcutaneously or 

intranasally, showed a rapid serum antibody response in mice and a subsequent reduction in 

nasal colonization. A specific anti-ClfB monoclonal antibody that inhibited the interaction of 

this protein with cytokeratin 10 was also shown to be protective against nasal colonization 

when used in passive immunization studies. These data show that CifB is an attractive 

component for inclusion in a vaccine to reduce S. aureus nasal colonization. As nasal 

colonization correlates with susceptibility to staphylococcal infection, such a vaccine might 

therefore reduce infections by this pathogen.

1.2.2.3.3 Other fibrinogen-binding proteins

Other surface proteins that can bind fibrinogen, including the fibronectin-binding 

proteins FnBPA and FnBPB, the iron surface determinant, IsdA, the extracellular fibrinogen- 

binding protein, Efb and the S. epidermidis protein SdrG, will each be discussed in subsequent 

sections.

1.2.2.4 Fibronectin-binding proteins

The ability to bind immobilised fibronectin is a characteristic feature of many S. 

aureus strains (Peacock et al., 2000). Fibronectin is a ubiquitous protein which mediates a 

wide variety of cellular processes, including tissue repair, embryogenesis, blood clotting, and 

cell migration/adhesion. Fibronectin exists in two main forms, as an insoluble glycoprotein
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dimer that serves as a linker in the ECM and as a soluble disulphide-linked dimer found at a 

concentration o f -3 0 0  ^g/ml in the plasma. The plasma form is synthesized by hepatocytes, 

and the ECM form is made by fibroblasts, chondrocytes, endothelial cells, macrophages, as 

well as certain epithelial cells. Fibronectin is rod-like and is composed o f three different types 

o f repeating homologous modules, designated type I (FI), type II (F2) and type III (F3) which 

are separated by connecting sequences (Bork et a l ,  1996) (Figure 1.4). Two molecules o f 

fibronectin are linked via a disulphide bridge at the C-terminus o f the molecule forming a 

dimer o f approximately 500 kDa found in plasma. In addition to its functions in cellular 

adhesion, differentiation and tissue repair after injury, fibronectin has adhesive sites for 

various molecules such as heparin, collagen, fibrin and specific integrins (Potts and Campbell, 

1994).

1.2.2.4.1 Fibronectin-binding proteins binding to fibronectin

The binding o f S. aureus to human fibronectin is mediated by the fibronectin-binding 

proteins, FnBPA and FnBPB (Figure 1.4). The expression o f either FnBPA or FnBPB on the 

surface o f S. aureus is sufficient to promote bacterial adhesion to immobilised fibronectin 

(Greene et al., 1995). These proteins are related, cell wall-associated proteins encoded by two 

closely linked but independently transcribed genes, fnhA and fn h B  (Jonsson et al., 1991; 

Signas et al., 1989) and are expressed predominantly in the exponential phase o f growth 

(Saravia-Otten et al., 1997). The domain organisation o f both proteins allows for Sec- 

cependent secretion and sortase-dependent anchoring to the cell wall peptidoglycan via the 

LPETG m otif FnBPA contains two additional fibronectin-binding B repeats that are absent in 

FnBPB. The C-terminal D repeats o f FnBPA and FnBPB were shown to share 95% identity 

while the N-terminal A domains are -45%  identical (Jonsson et al., 1991). The proteins were 

frs t identified for their fibronectin-binding ability, a phenotype which is only abolished when 

regions B, C and D are deleted (Massey et al., 2001).

The domain organisation o f FnBPA has been recently revised with the mapping o f the 

11 fibronectin-binding motifs spanning residues 511 to 842 which encompasses the C- 

terminus o f the A domain as well as the B, C and D domains (Schwarz-Linek et al., 2003). 

The binding site in fibronectin for FnBPs is located in the N-terminal FI modules (Figure 1.4) 

although another binding site towards the C-terminus has also been demonstrated (Bozzini et 

d ., 1992; Kuusela et al., 1984). The structure o f the B3 peptide o f  the Sfbl fibronectin- 

bmding adhesin o^ Strep, dysgalactiae in complex with two o f the N-terminal FI modules o f



fibronectin has been solved (Schwarz-Linek et al., 2003). It revealed a novel binding 

m echanism whereby motifs in the B3 peptide form an additional antiparallel P-strand on the 

triple-stranded P-sheet o f  sequential FI modules. This mechanism was termed a tandem p- 

zipper (Figure 1.5). It was shown that homologous fibronectin-binding repeats o f  FnBPA 

from S. aureus bind to fibronectin in a similar manner (Pilka et al., 2006). Borrelia 

burgdorferi also binds fibronectin by the tandem p-zipper, indicating that it is a common 

mechanism o f fibronectin binding by microorganisms (Raibaud et al., 2005). Furthermore it 

was shown that while the fibronectin modules do not undergo a significant change in 

conformation upon peptide binding, the FnBPA peptide undergoes a transition from a 

disordered conformation to an extended P-strand like conformation (Pilka et al., 2006). This 

is in agreement with studies that have found that the C-terminus o f FnBPA lacks discemable 

secondary structure and only takes on an ordered conformation upon binding to fibronectin 

(House-Pompeo et al., 1996). In addition, it has been noted that an immune response directed 

against the C-terminus o f  FnBPA is predominantly against neo-epitopes created when this 

unfolded region binds fibronectin (Casolini et al., 1998).

The binding o f FnBPs to fibronectin promotes the internalization o f S. aureus into host 

cells. S. aureus is capable o f adhering to and invading a number o f  different cell types, 

including endothelial cells, epithelial cells, fibroblasts, osteoblasts and keratinocytes 

(Dziewanowska et al., 1999; Hudson et al., 1995; Kintarak et al., 2004; Ogawa et al., 1985; 

von E iff et al., 2001b). Fibronectin acts as a bridging molecule linking the bacterial cell to the 

host cell integrin asPi (Fowler et a l ,  2000; Massey et al., 2001; Peacock et al., 1999; Sinha et 

al., 1999). Indeed the FnBPs have been shown to be sufficient for invasion o f S. aureus into 

endothelial cells (Sinha et al., 2000). Using live cell imaging, it has been recently shown that 

FnBPA-mediated uptake o f  S. aureus is relatively slow in comparison to the invasin protein o f  

Yersinia (Schroder et al., 2006a). It was proposed that the delay in inducing host cell actin 

rearrangement and eventual bacterial internalization was to allow time for S. aureus to 

produce critical amounts o f  cell damaging toxins (Schroder et al., 2006b). The uptake o f S. 

aureus by mammalian cells may provide a safe harbour for the bacterium from the immune 

response and most antimicrobials. The FnBPs, therefore, confer on the bacterium an ability to 

cross the endothelial lining and to disseminate through the bloodstream to infect other tissues. 

This may help to explain the persistent nature o f some S. aureus infections.

After internalization, the subsequent fate o f the endothelial cell varies between studies 

but appears to depend on the secretion o f a- toxin, which is cidal to endothelial cells (Vann and
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Figure 1,4 Fibronectin and the flbronectin-binding proteins of S. aureus

(A) Schematic diagram o f human fibronectin. Fibronectin monomers are linked ai their C-termini by a disulphide bond to produce 
the mature dimer o f  approximately 500 kDa found in plasma. S. aureus binding sites are indicated by an asterisk. (B) Structural 
organisation o f the fibronectin-binding protein. FnBPA. A secretory signal sequence (S), region A (divided into subdomains N l, 
N2 and N3), regions B, C and D (now tandem repeats I-I I), proline rich region (PRR), cell wall- and membrane-spanning domains 
(W, M) are all indicated. Adapted from Schwarz-Linek el al., 2003. The distinct binding domains for flbrinogen/elastin and 
fibronectin are also shown.
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Figure 1.5 Tandem p-zipper mechanism of flbronectin binding by S. aureus

(A) The N-terminal FI modules o f flbronectin each consist o f a (3-sandwich o f two antiparallel P-sheets; a double-stranded sheet 
(strands A and B) and a triple-stranded sheet (strands C, D and E). (B) The fibronectin-binding domains o f FnBPA contain 
repeated motifs forming (3-strands (red). C The tandem (3-zipper mechanism whereby the bacterial peptide contributes a fourth (3- 
strand to the triple stranded P-sheet o f sequential FI modules. Adapted from Schwarz-l.inek et a i ,  2003.



Proctor, 1988). An alternative to host cell lysis is the adaptation o f S. aureus cells to become 

small colony variants (SCVs). SCVs have been isolated from patients with persistent, 

antibiotic-resistant and recurring infections (Proctor et a i ,  1995). The majority o f clinical S. 

aureus SCV isolates are characterized by defects in menadione and hemin biosynthesis, 

resulting in defective electron transport (Balwit et a l ,  1994). SCVs persist in cells due to their 

slow growth, intracellular location and decreased antibiotic uptake (Proctor et al., 1995; 

Proctor and Peters, 1998; von E iff et al., 1997a). They are also capable o f resisting the 

bactericidal activity o f host cell phagosome/lysosome fusion (Schroder et al., 2006a). All 

aspects o f  the SCV phenotype, such as slower growth, reduced production o f lytic toxins, no 

pigmentation, failure to ferment mannitol and resistance to aminoglycoside antibiotics and 

host antimicrobial peptides can be attributed to loss o f  one or another o f the enzymes critical 

to the biosynthesis o f the electron transport chain components. The resistance to 

aminoglycoside antibiotics and host antimicrobial peptides is due to the loss o f membrane 

potential resulting from defects in electron transport (Lewis et al., 1990; Vesga et al., 1996). 

SCVs are able to persist within cultured endothelial cells because they do not lyse cells due to 

decreased a-toxin production (von E iff et al., 1997b). It has been shown that SCVs have 

higher expression o f surface adhesins such as ClfA and FnBPA than their isogenic parent and 

therefore have increased virulence despite the slower growth (Vaudaux et al., 2002). SCVs 

are associated with many disease states including cystic fibrosis, osteomyelitis and device

related infections and present a challenge for diagnosis and treatment. The altered colony 

morphology and biochemical profile may lead to the erroneous identification o f S. aureus 

SCVs as streptococci or coagulase negative staphylococci. The slow growth and antibiotic 

resistance may lead to the belief that a new, rather than recurrent, infection is present.

1.2.2.4.2 Fibronectin-binding proteins binding to Hbrinogen/elastin

The multifunctionality in ligand binding demonstrated by S. aureus MSCRAMMs such 

as protein A and ClfB is also apparent with FnBPA and FnBPB. In addition to binding 

fibronectin, they have also been shown to bind specifically to fibrinogen and elastin (Roche et 

al., 2004; Wann et al., 2000).

The A domains o f  FnBPA and FnBPB share 25% identity to the A domains o f ClfA 

and ClfB. Indeed, the FnBPA and FnBPB A domains bind to the C-terminus o f the y chain o f 

fibrinogen at the same site as ClfA (Wann et al., 2000). In contrast, ClfB (Section 1.2.2.3.2) 

and SdrG (Section 1.3.1) are capable o f binding the a  and (3 chain o f fibrinogen, respectively.
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The integrity o f  the extreme C-terminus o f the y chain is important as substitution o f the 

terminal 4 amino acids from AGDV to VRPE obliterated FnBPA binding (Wann et a l ,  2000). 

The addition o f  Ca^^, Mn^^ or ions did not affect the binding o f recombinant A domain 

o f FnBPA to fibrinogen (W ann et al., 2000). This contrasts with the ClfA-fibrinogen 

interaction which is inhibited by both Ca^^ and Mn^^ (O'Connell et al., 1998) (Section 

1.2.2.3.1). Upon analysis o f the N l,  N2 and N3 subdomains o f ClfA, it was proposed that a 

similar subdomain organization exists for region A o f FnBPA and FnBPB (Deivanayagam et 

al., 2002). The primary sequence o f  the C-terminal two thirds (N2 and N3) o f the A regions 

o f ClfA, ClfB, FnBPA and FnBPB were aligned and predictions o f secondary structures 

showed that the A domains o f the FnBPs were likely to contain a variant IgG-like fold similar 

to ClfA (Deivanayagam et al., 2002) (Section 1.3.1). The SLAVA motifs at the junction o f 

the N 1 and N2 subdomains o f region A o f ClfA and ClfB have important roles in fibrinogen- 

binding. In contrast to ClfA, metalloprotease cleavage at the SLAVA site in ClfB renders the 

resulting truncate unable to bind fibrinogen (McAleese et al., 2001). The role o f  a SLAVA- 

like m otif in FnBPA and FnBPB however has not been investigated.

Unlike ClfA, the A domains o f FnBPA and FnBPB can also mediate 5. aureus 

adherence to immobilised elastin peptides (Roche et al., 2004). Elastin, along with 

microfibrillar proteins, is a major component o f the elastic fibre ECM. It is a hydrophobic 

protein that provides resilience and elasticity to tissues such as lung, aorta and skin (Section 

1.5). S. aureus strains P I, MSSA and Cowan were shown to bind to immobilised elastin in 

exponential phase only (Roche et al., 2004). The fibronectin-binding proteins FnBPA and 

FnBPB were shown to be necessary and sufficient for the adherence o f S. aureus strain PI to 

immobilised elastin peptides, a phenotype previously thought to be conferred by the elastin- 

binding protein, EbpS (Section 1.2.2.7.2). Furthermore, recombinant proteins o f  FnBPA and 

FnBPB, spanning residues 37-544 and 37-540, respectively, were shown to contain the elastin- 

binding function (Roche et al., 2004).

1.2.2.4.3 Role of fibronectin-binding proteins in pathogenesis

The fnbA  gene is present significantly more often in invasive isolates compared to 

carriage strains (Peacock et al., 2002). Furthermore, 97% o f clinical strains isolated from the 

airway o f cystic fibrosis and pneumonia patients were shown to possess both fn h  genes 

(Mongodin et al., 2002). There is also evidence that individuals who have suffered invasive 

infection contain higher serum anti-FnBPA antibody levels than healthy individuals (Dryla et
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al., 2005). Taken together, these data indicate that FnBPA is expressed in vivo during 

infection and suggests a role for FnBPA as a virulence factor. Several researchers have 

studied the role o f  FnBPA and FnBPB proteins in S. aureus pathogenesis u'ith conflicting 

results (Flock et al., 1996; Kuypers and Proctor, 1989). This can, in part, be explained by the 

use o f FnBP-deficient S. aureus laboratory strains such as Newman which has been shown to 

contain a point mutation in both ih t fnbA dind fn h B  genes resulting in a premature stop codon 

(Grundmeier et al., 2004). Strain Newman thus produces truncated FnBP proteins that are 

secreted rather than anchored to the cell wall peptidoglycan. Due to the a small deletion in a 

positive regulator o f  sigma factor B (RsbU), S. aureus strain 8325-4 produces low levels o f 

FnBPs which results in weak adherence to immobilised fibronectin. The topic is further 

complicated by the ability o f FnBPs to bind several ligands present in host tissue and by the 

functional redundancy between FnBPs and other S. aureus ligand-binding surface proteins.

Despite this, FnBPA has been shown to be a virulence factor in several models o f S. 

aureus infection. In a large molecular epidemiological study, adherence to immobilised 

fibronectin was considerably greater for bacterial isolates associated with orthopaedic implant- 

associated infection than for isolates associated with nasal carriage, endocarditis, septic 

arthritis and osteomyelitis (Peacock et al., 2000). FnBP mutants have greatly reduced uptake 

into host cells and antibodies directed against fibronectin reduce staphylococcal internalization 

(Dziewanowska et al., 1999; Sinha et al., 1999). In fact, FnBPA alone is sufficient for 

invasion o f host cells without the need for other staphylococcal cofactors (Sinha et al., 2000). 

The expression o f  serine protease, SspA, which specifically cleaves FnBPs (McGavin et al., 

1997) may aid in the detachment o f bacterial cells from fibronectin-coated surfaces and allow 

dissemination o f  5. aureus to other tissues. A study employing the poorly pathogenic strain L. 

lactis for heterologous expression o f S. aureus FnBPA showed a positive correlation between 

expression o f FnBPA and the colonization o f damaged heart valves in an experimental model 

o f rats with catheter-induced aortic vegetations (Que et al., 2001). The roles o f ClfA and 

FnBPA were assessed in a mouse model o f septic arthritis. Using a clinically relevant S. 

aureus strain LS-1, ClfA contributed to the arthritogenicity o f  S', aureus while FnBPA played 

an important role in the induction o f systemic inflammation characterized by interleukin (IL)-6 

secretion, severe weight loss and mortality (Palmqvist et al., 2005). In another study using the 

surrogate L  lactis host, cells expressing ClfA successfully colonized damaged heart valves but 

were spontaneously eradicated over 48 hours. In contrast. FnBPA-positive lactococci 

increased bacterial litres and invaded adjacent endothelial cells (Que et al., 2005). It was also
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demonstrated that the fibrinogen- and fibronectin-binding abiHty o f FnBPA could cooperate 

for S. aureus valve colonization and endothelial invasion (Que et a l ,  2005).

It has recently been shown that both FnBPA and FnBPB are potent activators o f human 

platelets (Fitzgerald et al., 2006). Both the N-terminal fibrinogen-binding domains and the C- 

terminal fibronectin-binding domains o f FnBPA and FnBPB are capable o f  activating platelets 

in a similar manner to that described for ClfA and ClfB (Section 1.2.2.3). Activation is 

mediated by fibrinogen or fibronectin bridges between the N- and C-termini, respectively, to 

the low affinity form o f the GPIIb/IIIa integrin on resting platelets. Antibodies recognizing 

the A domain or the complex between the BCD domains and fibronectin bind to the FcyRIla 

platelet receptor (Fitzgerald et al., 2006). Bacteria such as S. aureus thus exploit circulating 

anti-M SCRAM M  antibodies to cause platelet activation and induce thrombus formation.

1.2.2.5 Collagen-binding protein

Collagen is a major structural protein o f  mammals that provides tensile strength to 

connective tissues such as bone, ligament, cartilage and tendon, and to the fibrous matrices of 

skin and blood vessels. There are four distinct types o f collagen, some o f which display tissue 

tropism. Type I collagen is found in skin, bone, ligaments and tendons. Type II collagen is 

preferentially found in cartilage while type III collagen is associated with blood and skin. 

Type IV collagen is found almost exclusively in basement membranes. All collagen types are 

composed o f  a triple helix o f  polypeptide chains known as a  chains. These chains wind 

around each other to form a right handed superhelical structure. Each chain contains multiple 

repeats o f  the sequence m otif GXY, where X is often proline and Y is often hydroxyproline.

The S. aureus collagen-binding protein, Cna, promotes bacterial adherence to several 

types o f  collagen and to collagenous tissue such as cartilage (Switalski et al., 1989; Switalski 

et al., 1993). Expression o f the cna gene occurs maximally during the exponential phase o f 

growth and diminishes to almost undetectable levels during stationary phase (Gillaspy et al., 

1997). The global regulatory protein SarA binds directly to DNA sequences upstream o f the 

cna gene and negatively regulates its expression (Blevins et al., 1999). This 5ar-mediated 

regulation was shown to be independent o f  agr (Blevins et al., 1999).

Cna possesses a similar domain organization to that o f other S. aureus surface proteins 

(Figure 1.1). The N-terminal A domain comprises approximately 500 amino acids and 

contains the collagen-binding activity. This is followed by region B which is a tandem array 

o f a 187-residue domain that is repeated one to four times depending on the strain (Gillaspy et
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al., 1998). The precise ligand-binding region o f Cna was localised to residues 151-318 (Patti 

et al., 1993) and a recombinant protein spanning these residues was crystallised (Symersky et 

al., 1997). The protein was shown to consist o f two antiparallel j3-sheets and two short a- 

helices. Recombinant proteins containing single amino acid substitutions designed to disrupt 

the surface o f  the putative binding site exhibited significantly lower affinities for collagen 

(Symersky et al., 1997). The function o f the B repeats in Cna remains unclear. They do not 

bind to collagen and do not affect the collagen-binding activity o f region A (Rich et al., 1998). 

Studies with capsule-containing strains o f  S. aureus have shown that the presence o f  a capsule 

can mask the collagen-binding activity o f Cna (Gillaspy et al., 1998). It was hypothesized that 

the B repeats may act as a stalk, projecting the ligand-binding A domain further away from the 

cell surface. However bacteria expressing multiple B repeats cannot overcome the inhibition 

o f collagen binding associated with capsule production (Snodgrass et al., 1999).

Cna may have an important role in the pathogenesis o f infections involving collagen- 

rich tissue such as osteomyelitis and arthritis. Studies on S. aureus-mductd  septic arthritis 

have reported low'er infectivity rates o f mice injected with a cna mutant compared to those 

injected with a Cna expressing strain (Patti et al., 1994). In another investigation, both active 

and passive immunization o f mice with a recombinant fragment o f Cna and anti-Cna 

antibodies, respectively, was shown to provide protection against S. aureus-rnQdadLicd septic 

death (Nilsson et al., 1998). Other studies have shown that Cna is involved in the 

pathogenesis o f contact lens-associated bacterial keratitis (Rhem et al., 2000). It has also been 

shown that the virulence potential o f Cna is determined by the adhesin's affinity for its ligand, 

as well as its binding kinetics (Xu et al., 2004). A recent study has shown that vaccination 

with a fusion protein containing Cna and the fibronectin-binding protein A (FnBPA) also 

induced a strong and specific humoral response in mice (Zhou et al., 2006). Mice immunized 

with Cna-FnBP survived significantly longer following challenge with S. aureus than 

nonimmunized mice. Despite this, the cna gene is present in only approximately 30%-45% o f 

strains tested (Arciola et al., 2005; Peacock et al., 2002), indicating that vaccine development 

targeting this adhesin alone is unlikely.

1.2.2.6 Iron-regulated surface proteins

The expression o f a subset o f staphylococcal genes is induced under iron-limiting 

conditions, which are likely to resemble growth conditions in serum and within the host during 

infection. Iron regulation in S. aureus involves Fur, an iron-responsive transcriptional
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regulator. This repressor prevents transcription o f a specific set o f genes in the presence of 

iron. In the absence o f  iron, the repression is alleviated and transcription occurs. Inactivation 

o f  fu f  and perR, a homologue o f fu r , led to a reduction in virulence in a mouse model o f  S. 

aureus infection (Horsburgh et al., 2001). The products o f the iron-regulated surface 

detenninant (isd) genes are involved in iron acquisition. The isdA, isdB and isdC  genes are 

Ibund in a locus encoding an iron transport system (Mazmanian et al., 2003). The gene 

encoding IsdH is found outside the main isd  cluster (Dryla et al., 2003). All four proteins are 

covalently attached to the cell wall peptidoglycan. IsdA, IsdB and IsdH each contain the 

sortase A sorting signal (LPXTG), while IsdC contains the NPQTN signal for sortase B- 

mediated sorting (Dryla et al., 2003; Mazmanian et a l ,  2002). IsdA is involved in the uptake 

o f iron across the bacterial cell envelope and binds to iron-containing ligand such as 

translerrin, hemin and haemoglobin, but not haptoglobin (Mazmanian et al., 2003; Taylor and 

Heiniichs, 2002). Recombinant IsdA in solution was shown to exist as a monomer with each 

monomer capable o f binding a single heme molecule (Vermeiren et al., 2006). IsdB is 

effective at the removal o f heme iron from hemoglobin and transport o f this compound into 

staphylococcal cells. Importantly, mutants lacking isdB were shown to display a reduction in 

virulcnce in a murine model o f abscess formation (Torres et al., 2006). IsdH also interacts 

with iron-containing compounds such as haptoglobin and haptoglobin-hemoglobin complexes 

(Dryla et al., 2003). Collectively these proteins bind human hemoproteins, remove the heme 

molecule, and transport heme through the cell wall and plasma membrane for accumulation in 

the bacterial cytoplasm. IsdA, IsdB and IsdH are all displayed on the bacterial cell surface but 

IsdC appears to be buried in the peptidoglycan layer and may function in the passage o f iron 

through the cell wall (Skaar and Schneewind, 2004). The crystal structure o f the heme-IsdC 

complex has recently been solved (Sharp et al., 2007).

In addition to iron-containing compounds, Isd proteins have been shown to interact 

with other ligands. IsdA binds fibronectin and fibrinogen and acts as an adhesin when S. 

aureus is grown in iron-limiting conditions (Clarke et al., 2004). IsdH has been shown to 

interact specifically with the complement protein C3 (Yanasigisawa, N. and Foster, T. J., 

manuscript in preparation). This may interfere with complement deposition on the cell surface 

thereby preventing bacterial lysis. The ligand-binding domains o f IsdA and IsdH are called 

NEAT domains (near transporter) (Andrade et al., 2002). These structural domains are found 

in proteins encoded by genes close to siderophore genes in Gram-positive bacteria, and are 

involved in binding to iron-containing molecules. Crystal structure analysis o f the NEAT
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domain shows it to adopt a (3-sandwich fold that consists o f  two five-stranded antiparallel P- 

sheets. Although unrelated at the primary sequence level, the NEAT domains belong to the 

immunoglobulin superfamily (Pilpa et al., 2006).

Antibodies to IsdA have been found in convalescent sera indicating that it is expressed 

in vivo (Clarke et al., 2004; Morrissey et al., 2002). In addition, significantly higher 

concentrations o f antibodies to IsdA and IsdH were found in serum samples from healthy 

individuals who were not nasal carriers o f  S. aureus, compared with those in healthy carriers 

(Clarke et al., 2006). IsdA is involved in adherence o f S. aureus to human desquamated nasal 

epithelial cells and is required for nasal colonization in the cotton rat model. Indeed, 

vaccination o f cotton rats with IsdA or IsdH protected against nasal carriage (Clarke et al., 

2006). In agreement with this a vaccine containing IsdB was highly immunogenic in mice and 

in rhesus macaques, inducing a five-fold increase in antibody titres after a single immunization 

(Kuklin et al., 2006). IsdB therefore has excellent prospects for use as a vaccine against S  

aureus disease in humans. Immunisation with a combined vaccine containing IsdA, IsdB and 

SdrD and SdrE (Section 1.2.2.7.1) generated significant immunity in a murine model o f 

abscess formation. This vaccine induced the production o f opsonophagocytic antibodies and 

afforded high levels o f protection against invasive disease or lethal challenge with human 

clinical S. aureus isolates (Stranger-Jones et al., 2006).

1.2.2.7 Other surface proteins

1.2.2.7.1 Other LPXTG-containing proteins

In addition to ClfA and ClfB, S. aureus expresses three other cell wall-associated 

surface proteins containing SD dipeptide repeats (Sdr proteins) (Josefsson et al., 1998). The 

sdrC, sdrD  and sdrE  genes are tandemly arrayed in the bacterial chromosome, although some 

strains do not contain all three genes (Josefsson et al., 1998; Sabat et al., 2006). The three 

proteins have a structural organization similar to other surface-expressed ligand-binding 

proteins, including a secretion signal and C-terminal sorting motifs. Each protein has a similar 

domain structure to ClfA and ClfB, but includes additional B repeat sequences between region 

A and region R (Josefsson et al., 1998). No biological activities have been attributed to SdrC 

or SdrD. SdrE was shown to promote platelet aggregation by S. aureus (O'Brien et al., 

2002a). Another member o f the staphylococcal Sdr family with homology to SdrE was shown 

to bind to bone sialoprotein, which may be important in the localisation o f bacteria to bone 

tissue, and thus might be o f relevance in the pathogenicity o f  osteomyelitis (Tung et al., 2000).
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A family o f Sdr proteins, designated SdrF, SdrG and SdrH, has also been found in S. 

epidermidis (M cCrea et a l ,  2000). SdrG binds to the P chain o f fibrinogen and inhibits 

thrombin-induced fibrinogen clotting (Davis et al., 2001). The A domain o f this protein has 

been crystallised with and without its fibrinogen ligand (Ponnuraj et al., 2003) giving new 

insight into the mechanism o f ligand binding by staphylococcal surface proteins (Section 1.3).

Bioinformatic analysis o f the genome sequences o f six S. aureus strains revealed the 

presence o f 10 novel genes encoding surface proteins belonging to the LPXTG family (Roche 

et al., 2003a). These were designated Sas (5. aureus surface) and along with specific sorting 

signals, they contain a typical surface protein domain organization. Several o f these proteins 

share similar structural organisation with the Clf-Sdr protein family with some having repeat 

regions (B repeats), rather than SD dipeptide repeats. SasE, Sas I and Sas J have been 

characterized and renamed as IsdA, IsdH and IsdB, respectively. SasG is homologous to the 

plasmin-sensitive cell wall-associated protein FIs o f S. aureus which has been shown to have 

anti-adhesive properties by impairing adhesion to immobilised ligands (Savolainen et al., 

2001). SasG and FIs have also been shown to promote bacterial adherence to nasal epithelial 

cells (Roche et a l ,  2003b) and may have a role to play in nasal colonisation. The expression 

o f SasG on the surface o f bacterial cells masks the ability o f X aureus expressing Spa. ClfB, 

FnBFA and FnBPB to bind to their respective ligands. The presence o f the numerous B 

repeats o f SasG played a crucial role in the masking phenotype. While SasG size variants 

with eight, six or five B repeats masked ligand-binding, variants with four, two or one repeats 

had no effect. In a similar manner, SasG variants with eight, six and five B repeats were 

capable o f forming a biofilm whereas variants with four, two or one repeats were not 

(Corrigan et al., 2007). SasA (also known as SraP) is encoded by a gene locus similar to that 

encoding the Streptococcus gordonii platelet adhesin GspB. Glycosylation o f these proteins is 

required for solubility and secretion (Takamatsu et al., 2004). SasA promotes adhesion to 

platelets and is a virulence factor in an animal model o f endocarditis (Siboo et al., 2005). No 

functions have been attributed to other Sas proteins (SasC, SasD, SasF, SasFI and SasK). 

Antibodies to the Sas proteins have been recovered from convalescent sera, indicating that 

these proteins are expressed in vivo during infection (Roche et al., 2003a).

1.2.2.7.2 Non-covalently attached cell wall proteins

S', aureus also possesses a number o f  non-covalently attached cell wall-associated 

proteins that bind to components o f the host’s ECM and plasma proteins.
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Sbi is an IgG binding protein that has been identified on the surface o f S. aureus cells. 

It is a 436-residue protein that binds to IgG via a single binding domain o f  approximately 52 

residues that shares significant homology with the IgG binding domain o f protein A (Zhang et 

a i ,  1998). The protein contains a typical N-terminal secretion signal but lacks a cell sorting 

m otif at the C-terminus. Sbi also bound another serum component identified as P2- 

glycoprotein I (p2-GPI), also known as apolipoprotein H. The minimal P2-GPI-binding 

domain is mediated by a region o f 57 amino acids that is distinct from the IgG-binding domain 

(Zhang et al., 1999). The amount o f Sbi on the cell surface significantly increases when 

bacteria are grown in the presence o f human serum and it is thought that the binding o f  IgG to 

Sbi upregulates its own synthesis (Zhang et a l ,  2000).

The binding o f  .S', aureus to the elastin monomer, tropoelastin and to soluble digested 

elastin fragments (Section 1.5) is mediated by the cell wall-associated elastin-binding protein, 

EbpS (Park et al., 1991; Park et al., 1996). The binding site in tropoelastin for EbpS was 

mapped to a 30 kDa segment in the N-terminus o f the protein which is distinct from the 

mammalian receptor binding site (Park et al., 1991). Subsequent investigation found that the 

elastin-binding domain o f EbpS was contained within a segment spanning G lnl4-G lu34 (Park 

et al., 1999). In contrast to the LPXTG-anchored surface proteins EbpS is an integral 

membrane protein with two transmembrane domains and a third hydrophobic domain 

separating the N- and C-termini (Downer et al., 2002). It was proposed that the N-terminus 

projected past the peptidoglycan layer to be expressed on the surface o f the cell allowing 

interaction with elastin ligands (Downer et al., 2002). However, EbpS was unable to promote 

bacterial adherence to immobilised elastin as an S. aureus epbS mutant still adhered to the 

immobilised ligand (Roche et al., 2004). Thus, EbpS is not an MSCRAMM for elastin. S. 

aureus defective in the expression o f the fibronectin-binding proteins FnBPA and FnBPB was 

unable to adhere to immobilised elastin (Roche et al., 2004) implicating these proteins in the 

binding o f S. aureus cells to this ligand. Expression o f EbpS was correlated with the ability o f 

cells to grow to a higher density in liquid culture, suggesting that EpbS may have a role in 

regulating cell growth (Downer et al., 2002).

1.2.3 Capsule

More than 90% o f S. aureus clinical isolates produce capsular polysaccharide (CP). 

These have been divided into 11 serogroups, which can be further divided into two distinct 

groups based on colony morphology. Mucoid-type capsule strains (serogroups 1 and 2) are
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heavily encapsulated and colonies have a mucoid appearance on solid medium. Microcapsule 

strains (serogroups 3-11) possess a thin layer o f capsular polysaccharide and are non-mucoid 

in appearance on solid medium. Serotypes 5 and 8 are most prevalent among clinical isolates 

o f S. aureus (Hochkeppel et a i ,  1987). Approximately 25% o f human isolates express 

serotype 5 microcapsules and 50% express type 8, both o f which are polymers o f 

hexosaminuronic acids (O'Riordan and Lee, 2004). Capsular polysaccharide has 

antiphagocytic properties due to inhibition o f binding o f opsonising antibodies that recognise 

proteins, teichoic acids and peptidoglycan on the cell surface, thereby reducing killing by 

neutrophils (Thakker et a l., 1998).

1.2.4 Extracellular proteins

1.2.4.1 Extracellular fibrinogen-binding protein, Efb

The extracellular fibrinogen-binding protein Efb is a secreted 15.8 kDa protein 

produced by S. aureus mainly during the post-exponential phase o f growth (Palma et al., 

1998). The protein binds the a  chain o f fibrinogen (Palma et al., 2001) but does not support 

bacterial adherence to immobilised fibrinogen in vitro (Palma et al., 1996). The binding o f 

Efb to fibrinogen is divalent, with one binding site at the N-terminus o f Efb and the other at 

the C-terminus o f the protein which is dependent on the concentration o f Ca^^ (Palma et al., 

1998; Wade et al., 1998). The binding o f Efb to the a chain o f  fibrinogen interferes with 

platelet activation (Palma et al., 2001). The N-terminal domain o f Efb contains two repeated 

regions that bear structural similarity to the fibrinogen-binding C-terminal domain o f 

coagulase (Boden and Flock, 1992; Watanabe et al., 2005). These regions o f Efb and 

coagulase compete for the same binding domain on fibrinogen, which is close to an RGD 

sequence recognised by platelet receptor G PlIb/lIla (Palma et al., 2001). The binding o f  Efb 

to platelets can occur in a fibrinogen-dependent manner via GPIIb/lIIa or in a fibrinogen- 

independent manner, directly to the platelet surface (Shannon and Flock, 2004). Efb also has 

anti-opsonic activity due to its ability to bind to the a  chain o f complement protein C3 and 

inhibit both the classical and alternative pathways o f complement activation (Lee et al., 

2004a). Efb thereby inhibits complement activity by blocking deposition o f C3 or by 

preventing further complement activation beyond C3b. The C3b binding region o f Efb is 

located within the C-terminus and has recently been crystallised (Hammel et al., 2006; Lee et 

al., 2004b). It was also shown that recombinant Efb could bind to both C3b and fibrinogen 

simultaneously, forming a trimolecular complex (Lee et al., 2004b). This demonstrates that
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Efb is a virulence factor involved in facilitating persistent S. aureus infections by interfering 

with complement activity in vivo.

Efb has been shown to be an important virulence factor in infection models. Pre

treatment with Efb resulted in a significant prolongation o f bleeding time in a mouse model. 

Furthermore, Efb was capable o f  rescuing animals from death caused by the administration o f 

potent platelet agonists (Shannon et al., 2005). This anti-platelet effect may explain the 

retardation o f wound healing associated with Efb in S. aureus wound infections. Antibodies 

against Efb blocked the binding o f Efb to fibrinogen and prevented Efb-mediated inhibition o f 

platelet aggregation (Shannon et al., 2006). Furthermore, these antibodies cross-reacted with 

coagulase and blocked coagulase activity in plasma. Immunization o f mice with Efb resulted 

in the generation o f high titre specific antibodies and vaccinated animals developed 

significantly less severe wound infection than the unvaccinated controls (Shannon et al., 

2006).

1.2.4.2 Extracellular adherence protein, Eap

Extracellular adherence protein (Eap) is a 60 kDa protein secreted from S. aureus cells 

which is able to bind to the bacterial cell surface as well as to eukaryotic cells and several 

plasma and matrix proteins including fibronectin, the a  chain o f  fibrinogen, and prothrombin 

(Palma et al., 1999). While an S. aureus eap mutant bound equally well to fibronectin- and 

fibrinogen-coated surfaces, it adhered significantly less to cultured fibroblasts than the wild- 

type strain (Hussain et al., 2002). Eap has also been shown to inhibit the recruitment o f host 

leukocytes by binding intercellular adhesion m olecule-1 (ICAM-1) (Chavakis et a l ,  2002) and 

to enhance the internalisation o f .S', aureus cells into human eukaryotic cells (Haggar et al., 

2003). Eap consists o f four to six tandemly repeated EAP domains. The crystal structure o f 

the EAP domain reveals a core fold that is comprised o f an a-helix lying diagonally across a 

five-stranded P-sheet which resembles the C-terminal domain o f bacterial superantigens 

(Geisbrecht et al., 2005). Eap can cause a significant inhibition o f T cell proliferation induced 

by S. aureus toxic shock syndrome toxin-1 (Haggar et al., 2005). In a mouse wound healing 

model, wound closure was prolonged in an S. aureus Eap-deficient strain (Athanasopoulos et 

al., 2006). Eap can also bind to different collagen types such as the monomolecular form o f 

collagen I but not collagen II (Hansen et al., 2006). However, collagen I is not recognized by 

Eap when it is incorporated into banded fibrils. Eap only bound to banded fibrils after their 

partial disintegration by matrix-degrading metalloproteases (Hansen et al., 2006). This shows
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that adherence to matrix structures by S. aureus can be supported by inflammatory reactions. 

The anti-inflammatory activities o f  Eap such as inhibition o f neutrophil recruitment have 

recently been exploited to suppress experimental autoimmune encephalomyelitis (EAE) in 

mice (Xie et a l ,  2006) and indicate that this protein represents an attractive treatment for 

autoimmune inflammatory disorders such as multiple sclerosis.

1,2.4,3 Coagulase

During physiological blood coagulation, prothrombin is converted to thrombin through 

a specific cleavage by trypsin in response to tissue damage. Cleavage generates a new N- 

terminus that triggers folding o f  the thrombin molecule into an active conformation. 

Thrombin cleaves fibrinogen to yield fibrin, which creates the basis o f a blood clot at the site 

o f tissue damage. Coagulase is a secreted protein o f  S. aureus that activates the host blood 

coagulation pathway independently o f tissue damage by complexing with and activating 

prothrombin (Hemker et al., 1975; Kawabata et al., 1986). It binds to human prothrombin in a 

1:1 molar ratio to form a complex called staphylothrombin, which converts fibrinogen to fibrin 

in a process that does not involve proteolytic cleavage o f prothrombin (Kawabata et al., 1985). 

The coagulase molecule consists o f two independently folded a-helical N-terminal domains, a 

C-terminal repeat region including between six and nine 27-amino acid repeats, and a highly 

conserved central domain. The N-terminal domains contain the prothrombin-binding and 

activation sites and the C-terminal repeat regions can bind fibrinogen (Boden and Flock, 1992; 

Friedrich et al., 2003). The isoleucine and valine residues at positions 1 and 2 at the extreme 

N-terminus o f coagulase insert into the trypsin activation pocket in prothrombin. This causes 

conformational changes which trigger the folding o f the prothrombin activation domain. This 

mechanism has been defined as the prototype for a novel mechanism o f zymogen activation 

(Friedrich et al., 2003). The ability to bind both prothrombin and fibrinogen simultaneously 

may be involved in bringing coagulase-activated prothrombin into close proximity with 

fibrinogen, allowing the formation o f fibrin.

Coagulase production is the main characteristic used to distinguish S. aureus from the 

less virulent coagulase-negative staphylococci in clinical laboratories. However, the role o f 

coagulase in bacterial infection models is unclear. The ability to create a fibrin clot around 

bacterial cells may hinder phagocytosis. Although coagulase has been shown to be a virulence 

factor in animal models o f pulmonary infection and murine mastitis (Jonsson et al., 1985;
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Sawai et a l ,  1997) it is perhaps surprising that it did not contribute to the pathogenesis o f S. 

aureus in a rat endocarditis model (Baddour et al., 1994; Moreillon et al., 1995).

Ten different serotypes o f staphylococcal coagulase have been reported to date. A 

recent study examined the sequences o f the ten serotypes and sequenced the upstream and 

downstream flanking regions o f the coa gene (Watanabe et al., 2005). The N-terminal signal 

sequence and the first seven amino acids o f the D1 region are identical in all ten serotypes. 

The central regions and C-terminal sequence are also relatively conserved. In contrast, the 

remainder o f  D1 and the D2 region are the most diverged with average amino acid identities o f 

52.8% and 60.2%, respectively (Watanabe et al., 2005). It is proposed that antigenic variation 

in coagulase may be useful to evade the host immune response and/or to adapt to the different 

coagulase-prothrombin binding sites o f mammalian species. The flanking regions o f  coa were 

highly homologous indicating that the gene could be transmitted to S. aureus while sections o f 

it, responsible for variable antigenicity, may have evolved independently.

1.2.4.4 Extracellular Proteases

S. aureus secretes an array o f proteases that facilitate tissue destruction, provide 

defence against the host immune response, allow interception o f bacterial and host enzymes 

and alteration o f surface proteins. Three main classes o f proteases are secreted from S. aureus 

cells: metalloproteases, serine proteases and cysteine proteases.

1.2.4.4.1 Metalloprotease

Aureolysin is an extracellular zinc-dependent metalloprotease produced by S. aureus. 

This enzyme, which binds one zinc and three calcium ions, comprises a single chain o f 301 

amino acids that consists o f  a (3-strand-rich upper domain and an a-helix-rich lower domain 

(Banbula et al., 1998). The gene encoding aureolysin, aur, occurs in two allelic forms and is 

highly conserved, implying that it has important functions in the cell, including the processing 

o f other protease precursors (Sabat et al., 2000). Aureolysin is produced as a proenzyme and 

is activated by post-translational processing (Chan and Foster, 1998). The global regulator, 

SarA has an important role in repressing the expression o f extracellular proteases. In sarA 

mutant cells high amounts o f  proteases resulted in lower levels o f  cell-bound surface proteins 

such as FnBPA and protein A compared to wild-type cells, in spite o f unaltered or even 

increased transcription o f the corresponding genes (Karlsson et al., 2001). Aureolysin is 

capable o f degrading the human bactericidal peptide cathelicidin LL-37 contributing to the
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resistance o f S. aureus to the innate immune system (Sieprawska-Lupa et al., 2004). 

Aureolysin also cleaves other substrates including the glutamyl endopeptidase (V8 serine 

protease, SspA) fromi its precursor form (Drapeau, 1978; Shaw et al., 2004), lipase (Rollof and 

Normark, 1992) and ClfB (McAleese et al., 2001). Aureolysin also affects the stimulation of 

B and T lymphocytes and inhibits immunoglobulin production (Prokesova et al., 1991). 

However, despite numerous functions that influence staphylococcal virulence factors, an aur 

mutant is not attenuated in animal models o f  infection (Calander et al., 2004; Shaw et al., 

2004).

1.2.4.4.2 Serine protease

The serine protease SspA (also called VS protease) is secreted as a proenzym e that is 

activated by proteolytic cleavage by aureolysin (Drapeau, 1978). SspA cleaves peptide bonds 

exclusively on the carbonyl side o f  aspartate and glutamate residues. The crystal structure o f 

SspA revealed that it contained no disulfide bridges, distinguishing it from human serine 

proteases (Prasad et al., 2004). SspA possesses structural similarity with several other serine 

proteases, including the epidermolytic toxins A and B from S. aureus and trypsin, where the 

conformation o f the active site is almost identical (Prasad et al., 2004). SspA is also unique in 

that the positively-charged N-terminus is involved in determining the substrate-specificity o f 

the enzyme.

SspA is produced in post-exponential phase (Shaw et al., 2004) and is also repressed 

by SarA. It can cleave the staphylococcal surface proteins FnBPA and protein A (Karlsson et 

al., 2001; McGavin et a l ,  1997) which may facilitate detachment from ligand-coated surfaces 

or immune evasion by the removal o f surface antigens. SspA is also capable o f cleaving the 

heavy chains o f  human immunoglobulins (Prokesova et al., 1992), the human aj-protease 

inhibitor (Potempa et al., 1986) and activates the staphylococcal cysteine protease, SspB (Rice 

et al., 2001b). The sspA gene forms part o f an operon. A polar mutation in sspA led to 

decreased virulence in a murine tissue abscess model, murine bacteraem ia and wound 

infection, but not in murine septic arthritis (Calander et al., 2004; Coulter et al., 1998; Shaw et 

a/., 2004).

1.2.4.4.3 Cysteine proteases (staphopains)

Staphopain A (ScpA) and staphopain B (SspB) are important secreted proteases o f  S. 

aureus. ScpA is produced during the post-exponential phase o f growth as a proenzyme that is
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activated by proteolytic cleavage. Its maturation is independent of aureolysin, SspA and 

SspB. It has a very broad substrate range, relatively little specificity in cleavage site, and may 

undergo autocatalytic activation (Shaw et a l,  2004). It has elastinolytic activity and may be 

involved in tissue destruction (Potempa et al., 1988). The scpA gene forms part o f a bi- 

cistronic operon including scpB, which encodes a specific inhibitor of staphopain A, named 

staphostatin A (ScpB) that is exclusively expressed in the cytoplasm (Rzychon et al., 2003). 

Staphostatins are very specific and form non-covalent 1:1 complexes with their corresponding 

enzymes or proenzymes, abolishing their cysteine protease activity (Dubin, 2003). 

Recombinant staphopain A is toxic to E. coli cells unless it is co-expressed with fully- 

functional staphostatin A (Wladyka et al., 2005) suggesting that the role of staphostatins is to 

protect cytoplasmic proteins in the event of proteases becoming active prior to secretion.

The cysteine protease staphopain B (SspB) is encoded in an operon with the serine 

protease SspA (Rice et al., 2001b) and the specific inhibitor of staphopain B, staphostatin B, 

SspC (Massimi et al., 2002). SspB is cleaved from a secreted proenzyme by SspA (Chan and 

Foster, 1998; Rice et ah, 2001b) although the uncleaved proenzyme has somiC protease activity 

(Massimi et al., 2002).

Deletion o f sspB caused attenuation of virulence in a murine abscess model of 

infection (Shaw et al., 2004) whereas non-polar deletion of sspA had no influence on virulence 

(Rice et al., 2001b). Mutation of sspC caused a growth defect and changes in the production 

of secreted proteins due to the degradation of cytoplasmic proteins, presumably by the 

unprotected cysteine protease SspB (Shaw et al., 2005). This implies that SspB is the protease 

that is most important for virulence in this operon.

1.2.4.5 Other secreted proteins/toxins

More than half o f the actual or potential virulence determinants in S. aureus are 

secreted extracellular proteins (Kuroda et al., 2001). These include specific proteins that 

interfere with the host’s innate or adaptive immunity. Secreted proteins targeting the innate 

immune system include those responsible for the inhibition of neutrophil chemotaxis such as 

chemotaxis inhibitory grotein of staphylococci (CHIPS), toxins that kill leukocytes such as 

Panton Valentine leukocidin (PVL) and proteins that inhibit complement fixation such as 

staphylococcal complement inhibitor (SCIN). In contrast, secreted superantigens, such as 

enterotoxins and toxic shock syndrome toxin thwart the host’s adaptive immunity. Such 

secreted S. aureus proteins will be discussed in Section 1.2.5.
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1,2.5 Immune evasion by S. aureus 

1.2.5.1 Host defences against infection

The body’s skin and mucous membranes constitute an important physical barrier to the 

microbiological flora. When S. aureus breaches these barriers through a wound, it encounters 

the innate and acquired immune system o f the host. Infection by S. aureus triggers a strong 

inflammatory response, involving the migration o f neutrophils and macrophages to the site o f 

infection. These cells engulf and destroy the invading organism, aided by available antibodies 

and complement proteins present in the host’s serum. The complement system is a family o f 

proteins and proteolytic fragments that have varied roles in innate and acquired immunity, 

including direct killing o f foreign cells and regulation o f other effectors o f  the immune 

response. A major role o f complement is to recruit effector molecules that label bacteria and 

target them for destruction by host phagocytes. The process o f complement deposition on 

bacterial cell surfaces occurs in three ways, the classical pathway, the lectin pathway and the 

alternative pathway. In contrast to the classical and lectin pathway, the alternative pathway is 

part o f the acquired immune system as it requires specific interactions with antibodies bound 

to antigens on target cells. The fixation o f complement proteins on the surface o f S. aureus 

promotes phagocytosis by professional phagocytes such as neutrophils and macrophages. 

Initially, phagocytes are attracted to the site o f  infection by formylated peptides released by 

growing bacteria and by chemoattractant molecules such as small peptide fragments (C3a and 

C5a) that are released during complement activation. The membranes o f  phagocytes have 

specific receptors for fragments o f complement and formylated peptides that promote 

migration. Neutrophils also express specific receptors that recognise the Fc portion o f IgG 

and complement proteins bound to the bacterial cell surface that facilitate efficient uptake and 

killing.

The initial response to invading organisms is their uptake into macrophages and other 

antigen-presenting cells and their subsequent transport to the lymph nodes. In the lymph, B 

cells are stimulated and differentiate to produce antibodies to neutralise toxins and to promote 

phagocytosis o f bacterial cells. In the case o f S. aureus, it is evident that this system does not 

work well. Antibodies to antigens o f S. aureus are present in all humans and there is evidence 

that antibody titres rise following an infection (Dryla et a l ,  2005; Roche et a l ,  2003a). 

Despite this, antibodies and immunological memory seem to be insufficient to prevent a 

recurrent infection. S. aureus is now recognised as an invasive pathogen, promoting its uptake 

into non-professional phagocytes such as endothelial cells (Section 1.2.2.4.1). This pathogen
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has many mechanisms to thwart the immune response to survive and proliferate inside the 

host. Some examples o f  these mechanisms are discussed below.

1.2.5.2 Inhibition of chemotaxis

Neutrophils reacting to invasion by microorganisms are attracted by complement 

peptide fragments and formylated peptides secreted by bacterial cells. Receptors on the 

surface o f neutrophils are stimulated, activating intracellular signalling cascades which results 

in the migration o f neutrophils from the blood to the site o f infection.

The chemotaxis inhibitory protein o f staphylococci (CHIPS), produced by 65% of 

clinical S. aureus strains, is a 14 kDa protein that blocks neutrophil chemotaxis by binding the 

formylated peptide receptor and the C5a receptor on neutrophils (de Haas et a l ,  2004; 

Veldkamp et al., 2000). The gene encoding CHIPS is on an immune evasion cluster which 

also encodes SCIN (Section 1.2.5.4) as well as staphylokinase (SAK) and staphylococcal 

enterotoxin A (SEA), which can modulate later steps o f the immune response (van Wamel et 

al., 2006). CHIPS is produced early in the growth phase o f S. aureus in order to be an 

effective immune modulator (Rooijakkers et al., 2006). Two distinct domains are present on 

the protein to facilitate binding to the formyl peptide receptor (FPR) and the C5a receptor 

(C5aR). This prevents binding o f the respective agonists and results in potent inhibition o f 

chemotaxis (Haas et al., 2004; Postma et al., 2004; Postma et al., 2005). The structure o f the 

N-terminus o f  CHIPS, containing the C5aR binding site shows resemblance to the 

staphylococcal superantigen proteins and to the extracellular adherence protein, Eap (Haas et 

al., 2005). Its role as an anti-inflammatory agent, preventing leukocyte migration to the site o f 

infection demonstrates the importance o f  this protein in disease pathogenesis.

1.2.5.3 Toxins that kill leukocytes

The ability o f  S. aureus to produce cytolytic toxins that damage leukocytes contributes 

to the development o f an infection by killing neutrophils that are attempting to engulf and 

destroy bacteria. These toxins form P-barrel structures in the cytoplasmic membrane o f  host 

cells causing leakage and eventual lysis. Bicomponent leukotoxins comprise two subunits that 

are secreted separately and assemble into hexameric or heptameric oligomers in the cell 

membrane. There are four types o f bicomponent leukotoxins, the y toxin (Hlg), the Panton- 

Valentine leukocidin (PVL), leukocidin E/D and leukocidin M/F-PV-like toxins, y toxin lyses 

both erythrocytes and leukocytes whereas PVL is toxic only for leukocytes. The pvl genes,
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which are present in a lysogenic bacteriophage, are found in only 1-2% o f S. aureus strains 

(Prevost et al., 1995). There is a strong association between PVL expression and severe skin 

infections (Prevost et al., 1995). Recently, community acquired methiciilin resistant S. aureus 

(CA-MRSA) strains have emerged that cause severe necrotising pneumonia and contagious 

skin infections in previously healthy individuals (Gillet et al., 2002; Said-Salim et a l ,  2003). 

These strains are characterised by the carriage o f type IV or type V staphylococcal cassette 

chromosome (SCCmec), encoding resistance to methiciilin and other antibiotics, and often by 

expression o f PVL. It is likely that these virulent strains have emerged as a result of 

horizontal transfer o f PVL phages and SCCmec elements. However, not all CA-MRSA 

strains produce PVL (Moroney et al., 2006). It has recently been shown that PVL expression 

induces global changes in transcriptional levels o f genes encoding secreted and cell-wall- 

anchored proteins such as protein A (Labandeira-Rey et a l ,  2007).

1.2.5.4 Resistance to opsonophagocytosis

Antibodies that recognise bacterial cell surface components such as teichoic acids, 

peptidoglycan and cell wall anchored proteins are present in sera o f most individuals. S. 

aureus expresses surface-associated anti-opsonic proteins and a polysaccharide capsule that 

can interfere with the deposition o f antibodies and complement formation by classical and 

alternative pathways, or interfere with their access to neutrophil complement receptors and Fc 

receptors. The ability o f neutrophils to recognise bound complement and antibody is thus 

compromised, reducing the efficiency o f  phagocytosis. The extent to which S. aureus avoids 

opsonins in host serum is an important factor in the success o f  infection.

Cell wall anchored surface proteins have an important role to play in resistance o f S. 

aureus to opsonophagocytosis. Protein A contains four or five domains, each capable o f 

binding the Fc region o f IgG (Section 1.2.2.2) which results in the bacterial surface being 

coated by IgG molecules that are in the incorrect orientation to be recognised by neutrophil Fc 

receptors. The finding that protein A-deficient strains o f  S. aureus are phagocytosed more 

efficiently by neutrophils in vitro and show decreased virulence in several animal infection 

models (Palmqvist et al., 2002; Patel et al., 1987) demonstrates the anti-phagocytic effect o f 

protein A and its role in pathogenesis. ClfA also displays anti-phagocytic properties due to its 

fibrinogen-binding phenotype. When cells are densely packed together in suspension, the y 

chain termini o f  fibrinogen, which are located at either end o f the bivalent molecule (Figure 

1.3), can bind simultaneously to two ClfA molecules on different cells which results in cell
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clumping. In vivo, the cell density is too low for clumping to occur but instead, bacterial cells 

are coated with fibrinogen molecules. The coating o f bacterial cells in host proteins prevents 

the targeting o f these cells by circulating antibodies and complement proteins. Indeed, ClfA 

has been shown to inhibit phagocytosis by human polymorphonuclear leukocytes (Higgins et 

al., 2006). This may be important in the pathogenesis o f conditions such as sepsis and septic 

arthritis. Other fibrinogen-binding proteins such as ClfB, FnBPA and FnBPB may exhibit 

anti-phagocytic properties in a similar manner.

The majority o f S. aureus isolates express one o f  three different serotypes o f capsular 

polysaccharide on their cell surface (O'Riordan and Lee, 2004). Expression o f type 5 and type 

8 capsule is associated with increased virulence in animal models o f infection and reduces 

phagocytosis in the presence o f normal serum opsonins in vitro (Nilsson et al., 1997; Thakker 

et al., 1998). Capsular polysaccharide is likely to prevent access o f phagocyte complement 

receptors to complement components assembled beneath the capsule layer, thus impairing 

phagocytosis (Cunnion et al., 2003).

S. aureus also secretes a number o f  proteins that interfere with complement fixation on 

the bacterial surface and thus hinder killing by neutrophils. Extracellular fibrinogen-binding 

protein, Efb binds to the a  chain o f the complement component C3 inhibiting its deposition on 

the cell surface and subsequent complement-mediated opsonophagocytosis (Lee et al., 2004a). 

Staphylococcal complement inhibitor (SCIN) specifically interacts with bacterium-bound C3 

convertases thus efficiently preventing C3b deposition and phagocytosis (Rooijakkers et al., 

2005).

L2.5.5 Resistance to killing by antimicrobial peptides

If S. aureus is successfully engulfed by host neutrophils, it is well equipped with 

surface modifications to help it survive in the phagosome. Natural modifications o f wall 

teichoic acid, lipoteichoic acid and membrane phospholipids all contribute to resist killing by 

antimicrobial peptides. Antimicrobial peptides are important components o f  the innate 

immune system. They are produced in tissues and by platelets and neutrophils and are present 

on mucosal surfaces, in the airways and on skin. They function to disrupt the integrity o f the 

lipid bilayer o f bacterial cell membranes and can be classified into four categories, small 

anionic peptides (e.g. dermacidin), small cationic peptides (e.g. cathelicidin LL-37), cationic 

peptides that form disulphide bonds (e.g. a-defensins) and anionic/cationic peptide fragments 

derived from larger proteins (e.g. lactoferrin) (Brogden, 2005). The Dlt proteins o f S. aureus



result in D-alanine substitutions o f  ribitol teichoic acid and lipoteichoic acid that partially 

neutralises the negative charge o f  the cell surface that attracts cationic peptides (Peschel et a l ,  

1999). Similarly, the MprF protein adds an L-lysine to phosphatidylglycerol exposed on the 

cell wall (Peschel et a l ,  2001) to reduce the net negative charge o f the bacterial surface.

In addition to D-Ala and lipid modifications, S. aureus also secretes proteins that 

neutralise cationic peptides. The metalloprotease aureolysin (Section 1.2.4.4.1) cleaves and 

inactivates the defensin peptide cathelicidin LL-37 (Sieprawska-Lupa et al., 2004). 

Staphylokinase, which disrupts the formation o f fibrin clots, also has potent defensin binding 

activity. It binds to defensins with a stoichiometry o f approximately 1:6 and contributes to 

protection o f bacteria in vivo (Jin et al., 2004).

1.2.5.6 Superantigens

Clinical isolates o f S. aureus often express several superantigens. Superantigens have 

the ability to bind the exterior surface o f the major histocompatibility (MHC) class II protein 

on the surface o f  antigen-presenting cells and link it to T-cell receptors on the surface o f  a T 

helper cell (Proft and Fraser, 2003). Binding occurs without the requirement for the MHC 

class II molecule to present an antigenic peptide to a suitable T-cell receptor. Up to 30% of T- 

cells can become activated, leading to proliferation and massive release o f cytokines which 

results in toxic shock, tissue damage and possible organ failure (Bone, 1994; M arrack and 

Kappler, 1990). Expression o f superantigens in low levels can prevent development o f a  

normal immune response (Llewelyn and Cohen, 2002). The local depletion o f T-cells and 

failure to induce an appropriate antibody response causes immunosuppression. The binding o f  

protein A to the Vh3 domains o f IgM on B-lymphocytes also induces a similar mitogenic 

response. S. aureus also secretes numerous enterotoxins, designated SEA -0. These proteins 

cause stimulation o f the emetic centre o f the brain, hyper-stimulation o f T lymphocyte 

proliferation and cytokine release, all resulting in staphylococcal food poisoning when such 

toxins are ingested (Dinges et al., 2000).

32



1.3 Mechanism of ligand binding by staphylococcal surface proteins

1.3.1 Crystal structures of staphylococcal surface proteins

Analysis o f  the crystal structure o f  the minimum ligand-binding region o f  ClfA  

(N 2N 3) revealed that these domains each contain a novel variant o f  the immunoglobulin (Ig) 

fold (Deivanayagam et a l ,  2002). Each subdomain is dominated by antiparallel P-strands with 

N 2 and N3 each containing three short a-helices. While the primary sequence alignment o f  

N 2 and N3 domains o f  ClfA showed 13% amino acid identity and 36% amino acid similarity 

over their entire lengths, the secondary structural elements o f  these domains superimpose with 

a root mean square deviation o f  0.97 A, highlighting the near identity o f  their structural motifs 

(Deivanayagam et al., 2002). The topology o f  the N2 and N3 subdomains o f  ClfA resembles 

that o f  the IgG fold whereby p-strands A, B, E, D and G, F, C are on opposite sides, 

respectively o f  the fold. In ClfA, the N 2 and N3 subdomains follow  the topological 

arrangement o f  the IgG fold from strands A through D, with the prominent variation occurring 

between strands D and E, with two additional P-strands (D ’ and D ’'). Resuming from strand E 

through G, the topology o f  N 2 and N3 again conforms to the IgG fold (Deivanayagam et al., 

2002) (Figure 1.6). This slight variation o f  the IgG fold was termed a DEv-IgG fold. 

Searches for similar structures in the Protein Data Bank, indicated that the DEv-IgG fold could 

be assigned to numerous other crystal structures that were previously referred to as jelly  roll 

baiTels. Included in these structures is the collagen-binding adhesin o f  5. aureus (Cna), the 

receptor binding domain o f  a2-macrogIobulin, the R domain o f  the diphtheria toxin, the 

cellulose-binding domain from the cellulosom al scaffolding protein and the Calf-1 and -2 

domains o f  the extracellular region o f  the integrin avP3. Sequence alignments o f  the N2 and 

N3 subdomains o f  other fibrinogen-binding M SCRAM M s o f  S. aureus indicated that the DEv- 

IgG fold was also likely to be present in ClfB, FnBPA and FnBPB, despite only 24% overall 

amino acid identity between the A  domains o f  these four proteins. A  peptide comprising the 

ClfA binding site within fibrinogen (C-terminal 14 residues o f  the y chain) was docked in 

silico  into the ClfA crystal structure. This peptide was found to dock into a hydrophobic 

pocket formed at the interface between N 2 and N3 (Deivanayagam et al., 2002). This pocket 

contains the glutamate and valine (E526, V 527) residues previously found important for 

fibrinogen-binding by ClfA (Hartford et al., 2001). In the ClfA-fibrinogen model, V 527 was 

predicted to form a hydrophobic interaction with the C-terminal residue o f  the fibrinogen j  

chain (V411)  which may stabilize the complex. Other residues which were found to be in

33



contact with the terminal residues o f  the fibrinogen y chain were targeted for amino acid 

substitution which led to the identification o f several ClfA residues crucial in the interaction 

with fibrinogen such as proline 336 and tyrosine 338.

In the analysis o f the crystal structure o f ClfB, both N2 and N3 subdomains were 

deemed to contain a similar DEv-IgG fold as that o f  ClfA. It was also noted that the C- 

terminus o f  the N3 subdomain interacted extensively with neighbouring molecules 

(Deivanayagam, C. and Narayara, S., unpublished data). This had implications in the 

mechanism o f ligand binding as discussed in Section 1.3.2.

Further insight into the structure o f  the A domains o f staphylococcal surface proteins 

came with the crystallisation o f the fibrinogen-binding domains o f SdrG from S. epidermidis 

(Ponnuraj et a l ,  2003). This protein was crystallised in its apo- and ligand-bound states. In 

the apo structure, there was a high degree o f  disorder observed at the C-terminus which 

extends out into the solvent medium. The rest o f the protein adopted a fold similar to that o f 

ClfA, with both the N2 and N3 subdomains each revealing a DEv-IgG fold as described 

above. In the ligand bound state, a cleft between N2 and N3 o f approximately 30 A in length 

was shown to accommodate the fibrinogen peptide. This peptide fits into the cleft in an 

extended conformation, interacting with both the N2 and N3 domains. The central region o f  

the cleft was covered by residues 581-586 o f SdrG, a segment corresponding to the loop 

region separating P-strands G ’ and G ”  o f N3, giving the binding region a tunnel like 

appearance (Ponnuraj et aL, 2003). A large number o f contacts were identified with less than 

4 A between the SdrG protein and the fibrinogen peptide. These include interactions between 

both the backbone and side chains o f SdrG residues with the peptide. Residues around the 

ligand-binding cleft predicted to be important in stabilizing the interaction were identified. 

Substitution o f serine 338 and aspartate 339 to histidine and alanine, respectively, completely 

abolished the fibrinogen-binding ability o f  recombinant SdrG (Ponnuraj et al., 2003).

In the solved crystal structure, the bound peptide contained an additional phenylalanine 

residue that is not present in the human fibrinogen sequence. This contaminating peptide 

however, had a higher affinity for SdrG than the native sequence. Similarly, it has been found 

that synthetic peptide analogues representing amino acid variants o f the fibrinogen y chain 

show higher affinity for ClfA than the native sequence (Hook, M. unpublished data). Peptides 

with higher affinities may aid in the co-crystallisation attempts o f other S. aureus proteins. 

Thus, it is shown that structurally related M SCRAM Ms containing repeated IgG like folds can 

accommodate linear peptides with a certain degree o f  sequence variability.
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A: IgG-C B: ClfA N2 (DEv-IgG)

C: SdrG N2N3 (DEv-IgG)

Figure 1.6 Topology of the DEv-IgG fold

Staphylococcal MSCRAMM domains show a novel variation 
o f the immunoglobulin fold, designated DEv-IgG fold.
(A) The immunoglobulin IgG-C fold. (B) The DEv-IgG fold for the N2 subdomain o f ClfA region A contains additional (3-strands 
designated D ’ and D ”  (coloured grey). (C) The N2 and N3 domains o f the SdrG A domain each comprise a DEv-IgG fold similar 
to that observed for ClfA. Upon ligand binding, the latching peptide (G” ) o f the N3 domain (yellow) latches into the space created 
between strands E and D in the N2 domain (green). The (3-strand complementation stabilises the SdrG-fibrinogen interaction. 
Nomenclature and colouration o f the SdrG (3-sheets and subdomains matches that o f  the SdrG peptide complex in Figure 1.7. 
Adapted from Deivanayagam et uL, 2002 and Ponnuraj et al., 2003.



1.3.2 Proposed dynamic model of ligand binding

The mechanism of MSCRAMM binding to fibrinogen ligands has been proposed 

based on the crystal structures of ClfA and ClfB and in particular by analyzing both the apo 

and ligand-bound complexes of SdrG (Ponnuraj et a l ,  2003). The common ligand-binding 

mechanism was coined the “dock, lock and latch” model. In this model, the fibrinogen 

peptide binds into the hydrophobic trench located between subdomains N2 and N3 (docking). 

Crucial interactions between residues of the fibrinogen peptide and MSCRAMM residues 

situated around the trench help to stabilize the binding. The hinge region between ^-strands 

G’ and G”  of N3 fastens onto the peptide by forming a cover over the hydrophobic trench 

(locking). This involves a structural rearrangement of the C-terminus which results in the 

formation of backbone hydrogen bonds between the bound peptide and the covering segment 

(isoleucine 581 -  serine 586 of SdrG). Finally, the C-terminal p strand o f N3 inserts into the 

cleft formed between P strands E and D of subdomain N2 and undergoes p strand 

complementation (latching) (Figure 1.7). This stabilizes the overall structure. The G”  strand 

of N3 has thus been referred to as the latching strand.

The important role o f the C-terminus in fibrinogen binding by SdrG was highlighted 

when protein truncates lacking both the hinge region and P-strand G”  were shown to be 

unable to bind fibrinogen. This indicates that locking and latching events subsequent to the 

docking o f the fibrinogen peptide are vital in the stability o f the interaction. In the absence o f 

bound ligand, the crystal structure of ClfA showed the latching strand to be in an upwards 

orientation. This is now suspected to be an artefact of crystallisation. In addition, the crystal 

structure o f ClfB showed a dimer with the latching strand of one molecule located in the cleft 

between strands D and E of N2 of the other molecule (Figure 1.7), providing strong evidence 

for the dock, lock and latch model. The C-terminus of the apo-SdrG protein was also shown 

to be extending out into the solvent medium. The latching strand is therefore able to adopt 

several positions and its precise orientation in ligand-free MSCRAMMs is yet unknown.
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1.4 Prevention and treatment of staphylococcal infections

S. aureus is the leading cause o f surgical wound infections and hospital-acquired 

infections world wide. It is also responsible for a large number o f community-acquired 

infections. Beginning with the use o f the penicillin in the 1940's, drug resistance has 

developed in S. aureus within a very short time after introduction o f an antibiotic into clinical 

use. S. aureus also exhibits resistance to antiseptics and disinfectants, such as quaternary 

ammonium compounds, which may aid its survival in the hospital environment. MRSA 

strains o f S. aureus are usually resistant to a variety o f  different antibiotics and have emerged 

as significant pathogens in the community. Glycopeptide antibiotics such as vancomycin and 

teicoplanin are the first line treatment for MRSA isolates. S. aureus remained susceptible to 

vancomycin until recently. Clinical infections by S. aureus isolates harbouring the 

enterococcal vanA gene mediating high level vancomycin resistance have now been reported 

(Cosgrove et a l ,  2004). There is concern at present that new antibiotics have not been 

forthcoming. Linelozid and quinupristin/dalfopristin are recent antibiotics that both inhibit 

bacterial protein synthesis and are active against MRSA isolates but instances o f resistance to 

these agents have been documented (Hancock, 2005). The previous trend suggests that it is 

only a matter o f time before resistance to these agents becomes widespread.

The complex immune evasion mechanisms o f S. aureus have ensured that individuals 

are often prone to repeated infections. It is possible however to generate a robust antibody 

response to highly purified surface components o f S. aureus and a great deal o f research is 

focused upon developing new targets for novel anti-staphylococcal therapies and vaccines. 

Immunisation with staphylococcal capsule, toxins and matrix binding surface proteins have all 

recently been described (Clarke et a i ,  2006; Cui et al., 2005; Fattom et al., 2004; Hu et al., 

2006; Zhou et al., 2006).

1.4.1 Capsular polysaccharide vaccine - StaphVax

The expression o f capsular polysaccharide by S. aureus inhibits phagocytosis in the 

presence o f normal serum opsonins (Section 1.2.5.4). However, high levels o f specific anti- 

capsular polysaccharide antibodies promote opsonophagocytosis and protect against infection 

(Lee et al., 1997; O 'Riordan and Lee, 2004; Thakker et a l ,  1998). Capsular polysaccharide is 

generally poorly immunogenic but increased immunogenicity occurs with conjugation to a 

carrier protein (Fattom et al., 1993). A bivalent vaccine comprising the most predominant
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Figure 1.7 Apo structures of the N2N3 domains o f ClfA, ClfB and SdrG and the SdrG-peptide complex

Ribbon representation o f  rACifA22|.559, rClfB2g2_542 and rSdrG276.597. Regions o f poor resolution are shown in red. Domains N2 and 
N 3 are shown in green and yellow, respectively. (A) The C-terminus o f rAClfA (latching strand shown in red) loops back and folds 
onto the N 3 domain, partially blocking the ligand-binding trench. (B) In rClfB this strand is located in the latching cleft o f  another 
rClfB molecule. (C) In apo-SdrG the latching strand is free in solution. (D) Fibrinogen peptide in complex with rSdrG is shown in 
ball and stick format (taken from Ponnuraj, et ai, 2003). Strand designations and colours correspond to the DEv-IgG fold represented 
in Figure 1.6 .



capsular polysaccharide serotypes (CPS and CPS) conjugated to recombinant Pseudomonas 

aeruginosa exotoxin A (StaphVax) was developed by Nabi Inc. (Florida, USA). It has 

undergone Phase I, II and III clinical trials and immunisation of haemodialysis patients with 

StaphVax was successful in reducing the incidence of infection over an eight month period 

(Fattom et al., 2004).

1.4.2 Immunotherapies targeting ClfA

ClfA is an important virulence factor in several animal models of infection and is 

expressed by 100% of invasive S. aureus strains (Peacock et al., 2002). Both passive and 

active immunisation against ClfA is protective in animal models (Brouillette et al., 2002; 

Josefsson et al., 2001). High levels of anti-ClfA antibodies in serum may promote efficient 

phagocytosis of bacteria by neutrophils and inhibit ClfA-mediated adhesion to fibrinogen- 

coated surfaces.

Inhibitex Inc. (Georgia, USA) have developed a hyperimmunoglobulin, SA-IGIV 

(Veronate), derived from plasma donors with high titres of antibodies against ClfA and the S. 

epidermidis SdrG protein for the prevention of staphylococcal infections in very low' weight 

neonates (Vernachio et al., 2003). When used in conjunction with vancomycin, it was shown 

to be effective in a rabbit model of catheter-induced infective endocarditis caused by an 

MRSA strain (Vemachio et al., 2003). Phase II trials yielded promising results in low birth 

weight neonates (Bloom et al., 2005) but no success was achieved with Phase III trials and 

Inhibitex are currently reviewing all data in the Veronate clinical trial programme.

Another product in development by Inhibitex is a humanised monoclonal antibody 

against the fibrinogen-binding A domain o f ClfA (Aurexis) (Patti, 2004). Aurexis inhibits 

bacterial adhesion to immobilised fibrinogen, enhances opsonophagocytosis and protects 

against intravenous challenge in a murine sepsis model (Hall et a l,  2003). Aurexis is intended 

for the treatment of serious S. aureus infections in hospitalised patients and is currently in 

Phase II trials.

1.4.3 Potential targets for immunotherapy

Attempts are ongoing to identify novel targets for anti-staphylococcal therapies. As 

nasal carriage of S. aureus is a risk factor for infection, studies into reducing bacterial 

colonisation of the nares are promising. A mouse model of nasal colonisation was used to 

demonstrate that S. aureus mutants deficient in sortase A or ClfB showed reduced nasal
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colonisation. Immunisation with a recombinant vaccine composed o f the A domain o f ClfB 

exhibited lower levels o f colonisation than control animals. Passive immunisation o f mice 

with an anti-ClfB monoclonal antibody resulted in reduced nasal colonisation compared with 

the colonisation observed after immunisation with an isotype-matched control antibody 

(Schaffer et a l ,  2006). This demonstrates that ClfB is an attractive component for inclusion in 

a vaccine to reduce S. aureus nasal colonisation in humans, which may reduce the risk o f 

staphylococcal infection.

Vaccination o f cotton rats with the iron surface determinants, IsdA or IsdH protected 

against nasal carriage (Clarke et a i ,  2006). IsdA has been shown to be involved in adherence 

o f S. aureus to human desquamated nasal epithelial cells and is required for nasal colonisation 

in the cotton rat model. Thus, vaccination with these antigens may prevent S. aureus carriage 

and reduce the prevalence o f  human disease. To develop a broadly protective vaccine, 

immunisation with four surface components o f  S. aureus, IsdA, IsdB, SdrD and SdrE, induced 

opsonophagocytic antibodies and afforded high levels o f protection against invasive disease in 

a murine model o f abscess formation (Stranger-Jones et al., 2006). A vaccine comprising 

IsdB alone is highly immunogenic in rhesus macaques and resulted in increased survival in a 

murine S. aureus sepsis model (Kuklin et al., 2006).

Recent studies have shown that a vaccine comprising a fusion protein o f the collagen- 

and fibronectin-binding proteins (Cna-FnBP) showed good immunogenicity against S. aureus 

infections in a mouse model. Mice immunised with Cna-FnBP survived significantly longer 

following the challenge with S. aureus than non-immunised mice did (Zhou et al., 2006). 

Other studies on mice vaccinated with a fusion protein containing mutant toxic shock 

syndrome toxin and glutathione S transferase (TSST-GST) and mice vaccinated with an S'. 

aureus mutant defective in the production o f  two enterotoxins have shown that the survival 

rate o f immunised group was higher and the bacterial counts in the organs were significantly 

lower than those o f the non-immunised mice (Cui et al., 2005; Hu et al., 2006).
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1.5 Elastin

Elastic fibres are found in the extracellular matrix o f connective tissue, providing 

elasticity and resilience to tissues which require the ability to deform repetitively and 

reversibly. Fibres are organised into distinct morphologies in different tissues; small rope-like 

networks in lung, skin and ligament, thin concentric sheets in blood vessels and large three- 

dimensional honeycomb structures in elastic cartilage (Pasquali-Ronchetti and Baccarani- 

Contri, 1997). Elastic fibres are complex structures composed o f two major components: an 

amorphous component consisting o f the extensively crosslinked protein, elastin which makes 

up >90% o f the fibre and a fibrillar component, the microfibrils which are rich in acidic 

glycoproteins and are organised into 8-16 nm fibrils o f  beaded appearance (Vrhovski and 

Weiss, 1998). The elastin protein is found in all vertebrates studied and is amongst the most 

hydrophobic proteins known. Although there is some species variation, elastin from higher 

vertebrates including humans contains over 30% glycine and approximately 75% o f the entire 

sequence is made up o f just four amino acids (glycine, valine, alanine and proline). Tissues 

rich in elastin include aorta and major blood vessels (28-32% dry weight), lung (3-7%), 

ligaments (50%), tendon (4%) and skin (2-3%>) (Uitto, 1979). Mammalian tropoelastin, the 

soluble monomeric precursor o f elastin is a moderately conserved protein consisting o f 

alternating hydrophobic and hydrophilic (crosslinking) domains. A large amount o f 

divergence is tolerated in the hydrophobic domains once overall hydrophobicity is maintained. 

The crosslinking domains, however are much more highly conserved (Boyd et a l ,  1991).

1.5.1 Tropoelastin

A single elastin gene has been localised in the human genome to chromosome 7 (Fazio 

et a l ,  1991), spanning 45 kb (Bashir et a l ,  1989). The human gene has 34 exons with an 

intron:exon ratio o f 20:1, indicating that relatively small exons are interspersed with large 

introns (Bashir et al., 1989). Analysis o f the gene in various species shows that hydrophobic 

and crosslinking domains o f tropoelastin are encoded by separate exons that alternate. The 

human gene contains an unusually hydrophilic amino acid-encoding exon 26A which is not 

described in any other species. Exon 36 is highly conserved amongst species and codes for 

the basic C-terminus o f tropoelastin in addition to a large 3’ untranslated region (Indik et al., 

1987) (Figure 1.8 A). Expression o f tropoelastin mRNA and elastic fibre synthesis is highest 

in foetal and infant development (Parks et al., 1988). A study o f  elastin gene expression
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during mouse lung development showed that expression increases rapidly at embryonic day 18 

and reaches its highest peak at postnatal days 10-14. Levels then decrease rapidly between 

postnatal days 14-21 and remain low into adulthood (Mariani et al., 2002). A strong 

correlation exists between tropoelastin mRNA levels and protein synthesis, indicating that 

tropoelastin expression is mainly under pre-translational control (Sephel et al., 1987). The 

promoter region o f the human gene has been analysed and found to contain both up and down- 

regulatory elements (Rosenbloom et al., 1991). A positive transcriptional regulatory element 

has also been identified in exon 1 o f the gene (Pierce et al., 2006). The isolation o f 

tropoelastin cDNAs shows significant variation in nucleotide sequence and size indicating 

alternative splicing o f  tropoelastin mRNA. The presence o f different human tropoelastin 

splice variants is thought to be developmentally regulated.

Smooth muscle cells, endothelial and microvascular cells, chondrocytes and fibroblasts 

have all been demonstrated to synthesise tropoelastin which is secreted to the plasma 

membrane via secretory vesicles (Damiano et al., 1981). Protein trafficking inhibitors can 

prevent the secretion o f tropoelastin which results in the intracellular degradation o f the 

protein by cysteine proteases (Davis and Mecham, 1996). Two major types o f  domain are 

found in tropoelastin,(a) hydrophobic domains rich in glycine, valine, alanine and proline 

often occurring in repeats o f three to six residues such as GVGVP, GGVP and GVGVAP and 

(b) hydrophilic domains rich in lysine and alanine which are involved in crosslinking. These 

domains often consist o f  stretches o f  lysine separated by two or three alanines such as 

AAAKAAKAA. In general, the hydrophobic and hydrophilic domains alternate. The C- 

terminus o f tropoelastin is highly basic and is very strongly conserved. It contains the only 

two cysteine residues in the entire protein and terminates with a positively-charged RKRK 

sequence both o f which are strictly conserved (Figure 1.9). Tropoelastin is synthesised with 

an N-terminal 26 amino acid signal peptide and is secreted as an approximately 76 kDa 

protein in humans (Indik et al., 1987) although there is some variation due to different 

isoforms. Tropoelastin undergoes very little post-translational modification and there is no 

evidence for glycoslyation. Deposition o f tropoelastin into the extracellular space occurs only 

at specific regions on the cell surface and tropoelastin is then incorporated into the forming 

elastic fibre without any proteolysis (Bressan and Prockop, 1977). M icrofibrils are secreted 

into the extracellular space as a molecular scaffold paving the way for the secretion o f 

tropoelastin to be laid down in small clumps which gradually fuse to form amorphous fibres.
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1.5.2 Coacervation and crosslinking of tropoelastin

The initial step in elastin fibre assembly is the formation o f small elastin aggregates on 

the cell surface (Kozel et a l ,  2006). These aggregates then coalesce to form larger globules 

that are transferred to microfibrils already present in the ECM. The early organisation o f 

tropoelastin monomers into aggregates most likely occurs through a self-association process. 

Tropoelastin is soluble in cold aqueous solutions o f  less than 20°C. However upon raising the 

temperature towards the physiological range the solution becomes cloudy as the tropoelastin 

molecules aggregate by interactions between hydrophobic domains in a process called 

coacervation. The process is thermodynamically controlled and can be reversed on cooling 

the solution. The inverse temperature phenomenon o f coacervation can be explained in terms 

o f the water molecules surrounding tropoelastin. W ater molecules form hydrogen bonds and 

arrange themselves in an ordered configuration around the hydrophobic regions o f the protein 

keeping it unfolded. Increasing the temperature results in breakage o f the hydrogen bonds, the 

water molecules becoming more in contact with the surrounding water leaving the tropoelastin 

molecules free to fold and interact with other hydrophobic segments including those on other 

polypeptides forming a coacervate (Toonkool et al., 2001; Urry et al., 1995). The optimal 

conditions for coacervation are those mimicking the conditions in the extracellular matrix, 

37°C, 150mM NaCl and pH 7-8. Coacervation is considered an important step in 

elastogenesis and is thought to both concentrate and align tropoelastin monomers prior to 

crosslinking.

After coacervation, tropoelastin is rapidly insolubilised by crosslink formation. The 

initial reaction is oxidative deamination o f lysine residues in the hydrophilic domains by the 

enzyme lysyl oxidase to produce a 8-aldehyde called allysine (Figure 1.10 A). All subsequent 

reactions are spontaneous and involve the condensation o f closely positioned lysine and 

allysine residues to produce bi- and tri- functional crosslinks such as allysine aldol, 

lysinonorleucine, merodesmosine and tetra-functional crosslinks unique to elastin, such as 

desmosine and isodesmosine (Reiser et al., 1992) (Figure 1.10 B). Approximately 40 lysine 

residues in 16 hydrophilic domains o f tropoelastin eventually participate in forming these 

crosslinks that help make the resulting product a polymer with reversible deformation and 

high resilience. Desmosine and isodesmosine are aromatic isomers (Figure 1.11 A) that are 

formed from three allysines and one lysine residue but only link two tropoelastin molecules 

(Foster et al., 1974). Specific studies o f elastin peptides have shown that domains 19 and 25 

are linked by a desmosine crosslink while domain 10 bridges domains 19 and 25 through
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lysinonorleucine crosslinks (Brown-Augsburger et al., 1995) (Figure 1.11 B). Lysine residues 

in hydrophilic domains are in groups o f two or three separated by either two or three alanine 

residues. These regions are likely to be a-helical and the separation o f lysine by two or three 

alanines places the lysines near one another on the same side o f the helix, resulting in a 

favourable conformation for desmosine/isodesmosine formation.

Lysyl oxidase is a copper-dependent, highly thermostable enzyme with a broad pH 

optimum. It initiates crosslink formation in both elastin and collagen (Kagan and Sullivan, 

1982). When lysyl oxidase is inhibited, crosslinking is greatly reduced and tropoelastin 

accumulates in tissues, demonstrating the vital importance o f this enzyme in elastogenesis. 

Nutritional deprivation o f  copper in humans and animals results in aberrant elastin synthesis 

which can lead to haemorrhage and aortic aneurysms. In fact the first purification o f 

tropoelastin was from copper-deficient animals (Rucker, 1982; Sandberg and Wolt, 1982). 

The affinity o f  lysyl oxidase is higher for insoluble forms o f tropoelastin and collagen than for 

monomers in solution, emphasising the importance o f tropoelastin coacervation. 

Overexpression o f lysyl oxidase has been shown to increase crosslinking and improve tissue 

strength and wound healing (Lau et al., 2006). The enzyme has been localised to the mature 

elastin fibre, indicating that it may be incorporated into the growing fibre (Kagan et a l ,  1986). 

Elastin monomers bind many proteins on the cell surfaces or in the ECM and specific 

interactions with fibrillin-1, microfibril associated glycoprotein 1 (MAGP-1), integrin av[33, 

lactadherin and matrix glycosaminoglycans have been described (Clarke and Weiss, 2004; 

Clarke et al., 2005; Larsson et al., 2006; Rodgers and Weiss, 2004; Wu et al., 1999).

1.5.3 Structure of elastin

Microscopic studies o f elastic fibres strongly suggest the presence o f  a filamentous or 

fibrillar structure. Transmission and scanning electron microscopy o f purified elastin showed 

it to consist o f  interwoven and twisted fibrils (Gotte, 1977). In addition to crosslinking, 

hydrophobic interactions are thought to hold the structural units together. Elastin is proposed 

to be a three dimensional network o f  globular, regularly aligned tropoelastin molecules 

crosslinked with their neighbours and with themselves. The structure o f each tropoelastin 

molecule consists o f (a) rather rigid a-helical segments where the crosslinks are formed, (b) 

large hydrophobic domains which are responsible for the elastic properties o f the polym er and 

whose conformation consists o f p structures and undefined conformations continuously and 

rapidly changing and (c) a substantial amount o f hydration water molecules which are tightly
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Figure 1.10 Formation of crosslinks in elastin
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Figure 1.11 Desmosine crosslinks of elastin

(A) Desmosine and isodesmosine are rare isomeric amino acids found only in 
elastin and are formed by condensation of four molecules of lysine into a 
pyridinium ring. (B) Intramolecular crosslinking of tropoelastin. Domains 19 
and 25, running antiparallel, are joined by a desmosine (DES) cross-link 
involving the last two lysines in domain 19 and the first two lysines in domain 
25. The third lysine in each domain joins with a lysine in domain 10 to form 
lysinonorleucine (LNL) cross-links. Taken from Brown-Augsburger et al, 
1995.



bound to polypeptide chains (Debelle and Alix, 1999). Dry elastin is known to be brittle while 

water swollen elastin is highly elastic (Gosline, 1978). In the relaxed state it appears that the 

elastin filaments are arranged randomly, but when the elastin fibre is stretched, filaments are 

orientated in the direction o f the applied force showing the filamentous structure quite clearly 

(Figure 1.8 B). While several models for the mechanism o f elasticity o f elastin have been put 

forward, the basis o f each mechanism is entropic, whereby stretching o f the fibres decreases 

the entropy o f  the system and recoil is driven by a spontaneous return to maximum entropy 

(Gosline, 1978). Much research has been carried out into the viability o f elastin biomaterials 

in tissue engineering. Synthetically engineered vascular replacements must incorporate an 

elastic component to ensure appropriate mechanical function (Patel et a i ,  2006).

The insolubility o f elastin and its resistance to many reagents has rendered it extremely 

difficult to study. To overcome this, two common forms o f  solubilised elastin are used in 

biological studies, namely a-elastin which is solubilised using hot oxalic acid and K-elastin 

which is solubilised using potassium hydroxide. To produce a-elastin, elastic fibres are 

purified from human or animal tissue, boiled repeatedly in hot oxalic acid, cooled, 

precipitated, washed and dialysed. These elastin peptides are a heterogeneous mixture o f 

partially crosslinked peptides with a wide molecular weight range. There is no intact 

tropoelastin molecule present but unique (iso)desmosine crosslinks are preserved. These 

peptides are used routinely in biological assays and are commercially available. Circular 

dichroism studies o f a-elastin show high levels o f disorder which increases in structural 

elements upon heating (Tamburro et a i ,  1977). The elastin peptides themselves constitute an 

analytical challenge due to their hydrophobicity and low abundance o f positively-charged 

amino acids which limits their efficient ionisation. Furthemore, the repetitive nature o f  the 

amino acid sequences in this biopolymer makes it difficult to assign the identified peptides to 

unique positions in elastin.

As tropoelastin is rapidly crosslinked in vivo, it does not exist in any appreciable 

quantities in normal animal tissues. To increase yields young animals have been raised on 

copper deficient diets which inhibits the crosslinking reaction o f lysyl oxidase. These 

techniques can be very long and labour intensive and may result in some discomfort to 

animals as they often exhibit signs o f deficiency and illness prior to sacrifice. Numerous steps 

are required to extract tropoelastin from tissues, including mincing, extensive salt 

solubilisation, coacervation, alcohol fermentation, ion exchange and gel filtration. In addition 

yields may be low and contamination with mixtures o f splice variants often occurs. The
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production o f recombinant human tropoeiastin in bacterial systems has greatly increased the 

availability o f  tropoeiastin for biological studies. Due to the extreme amino acid usage in 

tropoeiastin, a synthetic human tropoeiastin gene has been constructed containing codons 

optimised for expression in E. coli (Martin et a i ,  1995). Recombinant tropoeiastin is a viable 

alternative to tissue-derived protein. It reacts with anti-elastin antibodies, is a chemotatic 

agent, demonstrates coacervation ability and has the same circular dichroic spectrum as 

naturally derived tropoeiastin (Vrhovski et a l ,  1997).

1.5.4 Diseases affecting elastic fibres

Loss o f elasticity due to degradation o f elastin is a major contributing factor in the 

ageing o f connective tissues, in the development o f aortic aneurysms and in lung emphysema. 

Various acquired and inherited diseases are known to affect the structure, distribution and 

abundance o f  elastic fibres (Table 1.1). Due to the complexity o f the elastic fibre and the 

interplay o f a variety o f molecules in fibre formation, most o f these diseases do not involve 

elastin as the primary defect, yet severely affect the elastic fibre integrity. Supravalvular 

aortic stenosis (SVAS) and W illiam ’s syndrome have been directly linked with alterations in 

the elastin gene. Gene deletions and point mutations are responsible for the defects present in 

these conditions. Alterations o f other proteins such as lysyl oxidase, elastases, microfibrillar 

proteins or a range o f key molecules involved in elastic fibre synthesis can result in severe 

damage to the organ affected. It has also been shown in lung function studies that mice 

deficient for elastin have stunted development o f  airway branches and alveoli (W endel et a i ,  

2000).

1.5.5 Degradation and repair of elastin

Insoluble elastin has a very slow turnover in normal tissues. In adult rat lung, turnover 

is estimated to be several years, approaching the lifetime o f the animal (Dubick et al., 1981). 

One o f the reasons for this may be the high resistance o f elastin to proteolytic degradation. 

The main group o f  proteases able to degrade insoluble elastin are collectively known as 

elastases and are generally active on a large number o f substrates besides elastin. Serine 

elastases, which include pancreatic elastase, neutrophil elastase and cathepsin G are the most 

abundant elastases in mammals (Stone et al., 1982). Blood monocytes also produce elastolytic 

matrix metalloproteases (Shapiro, 1994). An important regulator o f serine elastase function, 

particularly in the lung, is al-proteinase inhibitor (Shapiro, 1994).
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Table 1.1 Diseases o f the elastic fibre

Disease Features

Atherosclerosis Fragmentation o f elastin in arteries, stiffness o f arteries

Cutis laxa Loose sagging skin, elastic fibre fragmentation

Emphysema Increased compliance o f  lung, loss o f elastin in lung

Marfan Syndrome Widespread skeletal and cardiovascular defects, loose skin

Supravalvular Aortic Mutation in elastin gene causing narrowing o f arteries.

Stenosis (SVAS) reduced elastin content, disruption o f aorta architecture

W illiam’s Syndrome Deletion o f elastin gene and adjacent loci causing SVAS, 

mental retardation, premature ageing o f  skin and lax joints



Elastin degradation is important in many physiological processes such as growth, 

wound healing, pregnancy and tissue remodelling (Werb et al., 1982). However, 

inappropriate and uncontrolled elastolysis can be destructive, contributing to disorders such as 

emphysema in the lung, atherosclerosis in arteries and cutis laxa in the skin. Increased 

elastolysis is also a feature o f the normal ageing process demonstrating that elastin 

degradation can occur slowly and accumulate over a lifetime (Braverman and Fonferko, 

1982). Repair o f protease-damaged elastin can occur but, as with the inflexibility shown by 

scar tissue, does not appear to produce elastin o f the same quality as when originally laid 

down during development. Elastic fibres are among the most difficult matrix structures to 

repair because o f their size, molecular complexity and the requirement for numerous helper 

proteins. Two mechanisms o f elastin repair have been described. A salvage method involves 

reutilisation o f digested elastin peptides but the repaired elastin fibres are highly disorganised 

and not fully functional (Rucker and Dubick. 1984; Stone et al., 1988). In contrast, another 

nethod involves de novo synthesis o f new tropoelastin molecules which have been shown to 

be expressed in a rodent model o f emphysema (Foster et al., 1990). Soluble peptides 

produced by degradation o f elastin with elastase have been demonstrated to increase 

tropoelastin mRNA levels in damaged cultures, thus acting as a feedback control mechanism 

serving to repair damaged tissues (Foster et al., 1990). Soluble elastin peptides also cause 

\asodilation and are chemoattractants for monocytes, fibroblasts and neutrophils (Bisaccia et 

d ., 1994; Castiglione Morelli et al., 1997; Grosso and Scott. 1993; Wachi et al., 1995). 

Elastin fragments have been shown recently to drive disease progression in a murine model o f 

emphysema (Houghton et al., 2006). This suggests that protease degradation products derived 

from crosslinked material play a role in cell migration and perpetuating chronic inflammation.

Severe tissue destruction also occurs during bacterial infection. A combination o f both 

bicterial and host components induce numerous signalling pathways resulting in inflammation 

aid ultimate bacterial/host cell death. S. aureus interacts extensively with the ECM and it 

P’oduces a range o f extracellular proteases. During the course o f an infection, both bacterial 

aid host elastases are active. S. aureus is known to produce a cysteine protease, ScpB which 

degrades elastin tissue and a serine protease, SspA which inactivates a - 1-proteinase inhibitor, 

a major factor which protects lungs from phagocytic proteases (Nowak and Miedzobrodzki, 

1 )91). It has been shown recently that S. aureus induces multiple matrix metalloproteinases in 

eastin-synthesising cells such as dermal and synovial fibroblasts (Kanangat et al., 2006). This 

would have implications in the pathogenesis o f  septic arthritis and soft tissue infections. The
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activity o f bacterial and host enzymes around the site of infection would lead to the presence 

o f varying states of elastin tissue, in the process of being degraded or subsequently repaired. It 

is proposed that S. aureus has evolved to adapt to the conditions of its extracellular 

environment within host tissue and can specifically adhere to the various forms of elastin and 

other matrix proteins present. The fact that S. aureus extracellular adherence protein, Eap 

binds to collagen fibrils after their partial disintegration by matrix-degrading proteinases 

(Hansen et a l,  2006) (Section 1.2.4.2), shows that adherence to matrix structures by S. aureus 

can be supported by inflammatory reactions.

1,6 Rationale for this study

Elastin fibres are a major component of the extracellular matrix and play a crucial role 

in maintaining the structural integrity and function of many tissues. They are present in 

abundance in tissues that require elasticity such as the lung, skin, synovial lining of joints, 

heart valves and blood vessel walls, all of which are common sites for S. aureus infection 

causing pneumonia, impetigo, septic arthritis, infective endocarditis and sepsis, respectively. 

The invasive nature o f S. aureus infections suggests that bacteria are likely to interact with the 

elastin matrix at sites o f infection. Elastin is difficult to purify and is generally isolated from 

elastic tissue by removing all other connective tissue components by denaturing and 

degradation techniques to which elastin is relatively resistant. Oxalic acid is used in repeated 

cycles to produce soluble elastin peptides termed a-elastin. Park et al. (1996) demonstrated a 

specific interaction between the EbpS protein o f S. aureus and soluble elastin. EbpS lacks an 

LPXTG sorting motif for cell wall anchoring and was shown to be an integral membrane 

protein with its N-terminus exposed on the cell surface, mediating binding to soluble elastin 

(Downer et al., 2002). Adherence assays to immobilised elastin indicated that EbpS is not an 

MSCRAMM for elastin because an ebpS mutant of S. aureus adhered in a dose-dependent and 

similar manner to that o f its isogenic parent (Roche et al., 2004). However many clinical 

strains of S. aureus in exponential phase of growth adhere strongly to immobilised elastin. 

This was shown to be mediated by the fibronectin-binding proteins, FnBPA and FnBPB. An 

S. aureus fnbAfnbB  mutant strain was unable to bind to immobilised elastin and this defect 

was complemented by overexpression of FnBPA or FnBPB from a multicopy plasmid. 

Subsequent molecular analysis showed that elastin bound to the A domain of FnBPA (Roche 

et al., 2004) and further characterization of this interaction was required.
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The aim o f this study was to investigate the binding site(s) within the A domain o f 

FnBPA for eiastin and compare it to that for fibrinogen. This thesis examines the molecular 

interaction o f FnBPA with both eiastin and fibrinogen. Evidence for the binding o f  both 

ligands to the same site in region A o f FnBPA is presented. Chapter 3 describes the specificity 

o f the FnBPA-elastin interaction whereby inhibition o f binding is achieved with soluble eiastin 

peptides and anti-FnBPA antibodies. A minimum ligand-binding truncate o f the A domain 

was produced which binds strongly to eiastin and fibrinogen. A molecular model o f the N2N3 

subdomains o f FnBPA was created based on the crystal structure o f the equivalent domains o f 

ClfA. C-terminal truncates o f a recombinant protein spanning subdomains N2N3 shed light 

on the function o f the latching peptide and its role in ligand binding. Finally, inhibition o f 

bacteria expressing FnBPA binding to immobilised eiastin and fibrinogen was achieved using 

(a) a peptide corresponding to the C-terminus o f the y chain o f fibrinogen and (b) a 

monoclonal anti-FnBPA antibody. Chapter 4 describes the production o f amino acid 

substituted FnBPA A domain proteins and their ability to bind antibodies and immobilised 

eiastin and fibrinogen. Chapter 5 examines the properties o f the A domain o f FnBPA 

produced by S. aureus strain PI which differs in amino acid sequence from strain 8325-4 and 

Chapter 6 tests the binding o f region A o f FnBPA and selected alanine-substituted proteins to 

the eiastin monomer, tropoelastin.
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2.1 Bacterial strains and growth conditions

Escherichia coli, Staphyh)Coccus aureus and Lactococcus lactis strains used in this 

study are listed in Table 2.1. E. coli strains harbouring plasmids were routinely grown in L 

broth or L agar at 37°C supplemented with ampicillin (Amp) (100 f^g/ml). S. aureus strains 

were grown in trypticase soy broth (TSB) or agar (TSA) incorporating antibiotics 

chloramphenicol (Cm) (10 |xg/ml), erythromycin (Em) (10 p.g/ml), kanamycin (Kan) (50 

lo-g/ml) or tetracycline (Tet) (3 |J.g/ml) where appropriate. E. coli and S. aureus strains were 

routinely grown overnight in an orbital shaker at 37°C and 200 rpm. L. lactis strain NZ9800 

was statically grown at 28°C in Ml 7 broth or agar supplemented with 0.5% (w/v) glucose and 

chloramphenicol (10 |ig/ml). L. lactis transformants were selected on M l7 agar with 0.5% 

(w/v) glucose and chloramphenicol 5 |ag/ml. Stocks of bacterial strains were made by 

supplementing broth cultures with 20% (v/v) glycerol and snap-freezing in liquid nitrogen.

2.2 Plasmids

All plasmids and derivatives used or constructed are listed in Table 2.2.

2.3 DNA manipulation

Standard methods were used for DNA manipulation techniques in constructing 

plasmids (Sambrook, 1989). Enzymes for DNA manipulation were purchased from New 

England Biolabs and Promega and were used according to the manufacturers’ instructions. E. 

coli strains were transformed by the calcium chloride method of Sambrook (1989). All 

confirmatory DNA sequencing was performed by Lark Technologies.
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2.3.1 Polymerase Chain Reaction (PCR)

PCR reactions were performed in 100 |xl final volumes with 100 pM forward and 

reverse primers (Sigma Genosys), 10 ng plasmid DNA or 20 ng genomic DNA as template, 

2.5 mM deoxynucleoside triphosphate (dNTPs) and 2 U Pfu polymerase (Promega) in a 

standard Pfu reaction buffer (Promega). Primer sequences are given in Table 2.3. Reactions 

typically consisted o f 30 cycles with 1 min denaturation (at 95°C), 1 min annealing 

(temperature dependent on the primers used), and an extension step (at 72°C). 2 min were 

allowed per 1 kb o f DNA to be amplified in the extension cycle. PCR products were purified 

using the High Pure PCR product purification kit (Roche) according to the m anufacturers’ 

instructions.

2.3.2 Isolation of plasmid DNA

Plasmids used in this study are listed in Table 2.2. Plasmid DNA was isolated using 

Promega Wizard SV Plus MiniPrep Plasmid purification kits, according to manufacturers’ 

instructions, with the following modifications for gram-positive hosts: for S. aureus plasmid 

isolations 2 |J.g/ml lysostaphin (AMBI, New York) was added to the resuspension buffer, and 

for L. lactis plasmid isolations 400 f^g/ml mutanolysin (Sigma) and 500 }xg/ml lysozyme 

(Sigma) was added to the resuspension buffer, and incubated at 37 °C for 10 min to facilitate 

cell lysis.

Plasmids to be used for electroporation were ethanol precipitated to concentrate DNA 

and remove salts. Briefly, one third volume o f 3 M sodium acetate (pH 5.2) and an equal 

volume o f absolute ethanol were added to plasmid preparations, mixed thoroughly, and 

incubated at -70°C  for at least 30 min. Precipitated DNA was pelleted at 4°C, washed with 

70% (v/v) ethanol, air-dried and dissolved in water.

49



Table 2.1 Bacterial strains

Strain

E. coli

XL-1 Blue

Topp 3

S. aureus
8325-4

%225-A fnbA fnhB

MSSA476

PI

PI fnhA fnhB

V\ fnhA fnbB  

(pFnBA4)

VX fnbAfnbB

(pFnBB4)

Relevant properties

Highly transformable strain 

recA l endAl gyrA96 thi-1 hsdR17 

supE44 relA l /ac(F ’ proAB l a c f  ZAM15  

TnlO  [le t'll)

Protease-deficient strain. Used for 

recombinant protein expression 

Ri f(¥ ^p ro A B  la c f  ZAM15 TnlO  

[Tet'^]/[Kan'^])

NCTC 8325 cured o f prophages 

8325-4 derivative deficient in FnBPA 

and VnQVB. fnbA-.-.Tc^ fnbBv.Em^ 

Community-acquired strain from UK 

Rabbit virulent strain. Strong adhesion 

to extracellular matrix proteins 

PI derivative deficient in FnBPA and 

Yx\S>?B. fnbA \\Tc^ fnbB-.-.Exn^

PI derivative deficient in FnBPA and 

FnBPB, overexpressing FnBPA from 

plasmid

PI derivative deficient in FnBPA and 

FnBPB, overexpressing FnBPB from 

plasmid

Source/Reference

Stratagene

Stratagene

Novick, 1967 

Greene et al., 1995

Enright et al., 2000 

Sherertz et al., 1993

Roche et al., 2004

Roche et al., 2004

Roche et al., 2004



Table 2.1 Bacterial strains, continued

Strain

L. lactis

NZ9800

Relevant properties

MG1363 derivative containing the nisin- 

sucrose conjugative transposon Tn5276, 

AnisA

Source/Reference

Kuipers et al., 1993



Table 2.2 Plasmids

Plasmid Features Marker(s) Source/

Reference

pFnBA4 pSK265 derived multicopy plasmid 

containing entire fnbA  gene from 

S. aureus 8325-4. Expression of 

FnBPA from S. aureus.

Cm"^ Greene et al.. 

1995

pFnBB4 pSK265 derived multicopy plasmid 

containing tnixvQ fnbB  gene from 

S. aureus 8325-4. Expression 

of FnBPB from S. aureus.

Cm"^ Greene et al., 

1995

pQE30 E. coli vector for the expression of 

hexa-histidine tagged recombinant 

proteins

Amp"^ Qiagen

pQE30

F n B P A 3 7 - 5 4 4

pQE30 derivative encoding residues 

37-544 of FnBPA from strain 8325-4

Amp*^ Roche et al. 

2004

pQE30

F n B P B 3 7 . 5 4 o

pQE30 derivative encoding residues 

37-540 of FnBPB from strain 8325-4

Amp*^ Roche et al. 

2004

pQE30

F n B P A 3 7 . 5 i i

pQE30 derivative encoding residues 

37-511 o f FnBPA from strain 8325-4

Amp*^ This Work

pQE30

FnBPAsy.sii
G222A

pQE30 derivative encoding residues 

37-511 of FnBPA with mutations 

encoding the change G222A

Amp*^ This Work



Table 2.2 Plasmids, continued

Plasmid Features Marker(s) Source/

Reference

pQE30

FnBPA37-5ii
R224A

pQE30 derivative encoding residues 

37-511 o f FnBPA with mutations 

encoding the change R224A

Amp"^ This Work

pQE30

FnBPA37.5ii

N304A

pQE30 derivative encoding residues 

37-511 o f FnBPA with mutations 

encoding the change N304A

Amp*^ This Work

pQE30

FnBPA37.5ii

F306A

pQE30 derivative encoding residues 

37-511 o f FnBPA with mutations 

encoding the change F306A

Amp*^ This Work

pQE30

FnBPA37.5ii

F355A

pQE30 derivative encoding residues 

37-511 o f FnBPA with mutations 

encoding the change F355A

Amp*^ This Work

pQE30

FnBPA37-5ii

K357A

pQE30 derivative encoding residues 

37-511 o f FnBPA with mutations 

encoding the change K357A

Amp"^ This Work

pQE30

FnBPA37.5ii

G497A

pQE30 derivative encoding residues 

37-511 o f FnBPA with mutations 

encoding the change G497A

Amp*^ This Work

pQE30

FnBPA37-5ii
L498A

pQE30 derivative encoding residues 

37-511 o f FnBPA with mutations 

encoding the change L498A

Amp*^ This Work



Table 2.2 Plasmids, continued

Plasmid Features Marker(s)

pQE30

FnBPA37.5n
N304A/F306A

pQE30 derivative encoding residues 

37-511 o f FnBPA with mutations 

encoding the changes N304A and F306A

Amp*^

pQE30

FnBPA37.5ii
T354A/N356G

pQE30 derivative encoding residues 

37-511 o f FnBPA with mutations 

encoding the changes T354A and N356G

Amp

pQE30

FnBPA37-5ii
A415G/T417A

pQE30 derivative encoding residues 

37-511 o f FnBPA with mutations 

encoding the changes A415G and T417A

Amp''

pQE30

FnBPA|94.5i I
pQE30 derivative encoding residues Amp

194-511 o f  FnBPA from strain 8325-4

pQE30

F n B P A |9 4 - 5 0 9

pQE30 derivative encoding residues 

194-509 o f FnBPA from strain 8325-4

Amp*^

pQE30

FnBPAi94.498

pQE30 derivative encoding residues 

194-498 o f FnBPA from strain 8325-4

Amp'^

pQE30

FnBPA 194-483

pQE30 derivative encoding residues Amp

194-483 o f  FnBPA from strain 8325-4

Source/

Reference

This Work

This Work

This Work

This Work 

This Work 

This Work 

This Work

pQE30

FnBPA|94.336

pQE30 derivative encoding residues 

194-336 o f FnBPA from strain 8325-4

Amp*^ This Work



Table 2.2 Plasmids, continued

Plasmid

pQE30

F n B P A 3 3 7 . 5 i i

pBluescript: \fnbA 

PI

pQE30

FnBPAi94-5ii (P I) 

pNZ8037

pNZ8037/«M

pNZ8037/«/>5

Features Marker(s)

pQE30 derivative encoding residues Amp*^

337-511 o f FnBPA from strain 8325-4

pBluescript plasmid containing a 2.2 kb Amp*^ 

BamW \-Hind\\\ PCR-generated fragment 

o f i)\Q fnbA gene from strain PI

pQE30 derivative encoding residues Amp*^

194-511 o f FnBPA from strain P 1

Plasmid for controlled expression Cm*^

of heterologous proteins in L  lactis.

Ncol site translationally fused to nisA 

nisin-inducible promoter

pNZ8037 containing the full length Cm*^

fnbA  gene, cloned from S. aureus 

8325-4 in frame with the ATG start 

codon within the Ncol site

pNZ8037 containing the full length Cm*^

fnbB  gene, cloned from S. aureus 

8325-4 in frame with the ATG start 

codon within the Ncol site

Source/

Reference

This Work

Loughman,

2005

This Work

de Ruyter 

et a l ,  1996

Fitzgerald 

et al., 2006

Fitzgerald 

et al., 2006



Table 2.2 Plasmids, continued

Plasmid

pN Z8037/«M -A

pNZ8037/«M -BCD

pN Z8037/«M  NF

Features Marker(s)

pNZ8037 containing a truncated 

fnhA  gene encoding an FnBPA 

protein lacking the BCD domains

pNZ8037 containing a truncated Cm*^

fnbA gene encoding an FnBPA 

protein lacking the A domain

pNZ8037 containing the full length Cm*^

fnhA  gene incorporating the mutations 

encoding the changes N304A and F306A

Source/

Reference

Fitzgerald 

et al., 2006

Fitzgerald 

et al., 2006

This Work



Table 2.3 Primers

Primer Sequence (5’-3’)̂  '’ 5’ Restriction site

FnBPAsyF CGCGGA rCCGC ATC AG A AC A A A AG AC A AC BamHl

FnBPAi94p CGCGGA rCCGGTAC AG ATGTAAC AAGTAAAG BamHl

FnBPAssyF CGCGGA rCCTATA A AG ATGGTATTGGG BamHl

F n B P A siiR GACGCGT’CG/^CTTAATTTTTCTCATTTCCGTTCGC Sail

FnBPAsogR GACGCGrCG/lCTTACTCATTTCCGTTCGCTTTATTAC Sail

FnBPA49gR GACGCGT’CG/iCTTATAAACCATTATCCCAAGTTAAGG Sail

FnBPA483R GACGCGrCG^CCTTATAAAGTTGCTCTGGATGTCC Sail

FnBPAasftR GACGCG7'CG/4CTTATTTAACATCTAATTCCTTTG Sail

F n B P A , 9 4 P lF CGCGG/irCCGGCACAGAIGTGACGAGTAAAG BamHl

F n B P A siiP lR GACGC4^GC7'7TAAATTCGTTCCATCACCTTT1GC H indlll

FnBPAc222AF GAACCTCATGCAGCACAACGAGCGGTAC

FnBPAo222AR GTACCGCTCGTTGTGCTGCATGAGGTTC

FnBPAR224Ap CCTCATGCAGGACAAGCAGCGGTAC

FnBPAR224AR GTACCGCTGCTTGTCCTGCATGAGG

FnBPAN304AF CGGCTGAACTAGAAATTGCTTTATTTATTGATCC

FnBPAN304AR GGATCAATAAATAAAGCAATTTCTAGTTCAGCCG

FnBPAp306AF CTAGAAATTAATTTAGCTATTGATCCTAAAAC

FnBPAp306AR GTTTTAGGATCAATAGCTAAATTAATTTCTAG

FnBPAp355AF GGATCGATTGAGACAGCTAATAAAGCGAATAATAG

FnBPAp355AR CTATTATTCGCTTTATTAGCTGTCTCAATCGATCC

FnBPAK357AF TCGATTGAGACATTTAATGCAGCGAATAATAGATTTTCGC

FnBPAK357AR GCGAAAATCTATTATTCGCTGCATTAAATGTCTCAATCGA

FnBPAo497AF CCTTAACTTGGGATAATGCTTTAGTTTTATACAG

FnBPAo497AR CTGTATAAAACTAAAGCATTATCCCAAGTTAAGG

FnBPAt498AF CTTGGGATAATGGTGCAGTTTTATACAG

FnBPAi498AR CTGTATAAAACTGCACCATTATCCCAAG

FnBPAN304A/F306AF CGGCTGAACTAGAAATTGCTTTAGCTATTGATCCTAAAAC



Table 2.3 Primers, continued

Primer Sequence

F n B P  A n 304A/F306a R G TTTTA G GATCAATAGCTAAAG CAATTTCTAGTTCAGCCG

FnBPAT354A/N356oF AATGGATCGATTGAGGCATTTGGTAAAGCGAATAATAG

FnBPAT354A/N356cR CTA TTATTCGCTTTA CCA AA TG CCTCAA TCG A TCCATT

F n B  P A  a 4 15G/T417 a F CG A AGAGTGTATATGGAAATGCGACAG ATACTTCTA

Fn B  P A  A 415G/T41 7aR TAGAAGTATCTGTCGCATTTCCATATACACTCTTCG

 ̂ Restriction sites used for clon ing are in italics N ucleotides changed for site-directed  

m utagenesis are underlined



2.4 Cloning of FnBPA truncates and alanine substitutions

Gene fragments encoding FnBPA protein truncates were amplified by PCR using Pfu 

polymerase, using specific primer pairs (Table 2.3) designed to amplify the required segment 

of the gene from plasmid pQE30rAFnBPA37-544 as a DNA template. Forward primers 

incorporated a BamWl restriction site while reverse primers contained a Sail restriction site.

2.4.1 rAFnBPA37.5ii

The gene fragment encoding FnBPA residues 37-511 was amplified using primer pair 

InBPAsyF and FnBPAsnR and plasmid pQE30rAFnBPA37-544 as the template. BamWHSall 

(leaved DNA was ligated with pQE30 DNA cleaved with the same enzym es to generate 

flasmid pQE30rAFnBPA37.5n.

.̂4,2 rAFnBPAi94.5i I

The gene fragment encoding FnBPA residues 194-511 was amplified using primer pair 

InBPA |9 4 F and FnBPAsuR and plasmid pQE30rAFnBPA3y.544 as the template. BamWHSall 

deaved DNA was ligated with pQE30 DNA cleaved with the same enzym es to generate 

flasmid pQE30rAFnBPAi94.5n.

24.3 rAFnBPAi94_509

The gene fragment encoding FnBPA residues 194-509 was amplified using primer pair 

InBPAiQ4 F and FnBPAsogR and plasmid pQE30rAFnBPA37.544 as the template. BamHUSall 

ceaved DNA was ligated with pQE30 DNA cleaved with the same enzym es to generate 

pasmid pQE30rAFnBPAi94-509.

24.4 rAFnBPAi94.498

The gene fragment encoding FnBPA residues 194-498 was amplified using primer pair 

FiBPAi9 4 F and FnBPA 4 9 gR and plasmid pQE30rAFnBPA37.544 as the template. Bam \{\ISall 

ceaved DNA was ligated with pQE30 DNA cleaved with the same enzym es to generate 

pasmid pQE30rAFnBPA 1 9 4 .4 9 8 .
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2.4.5 rAFnBPA|94-483

The gene fragment encoding FnBPA residues 194-483 was amplified using primer pair 

FnBPAi9 4p and FnBPA4 g3R and plasmid pQE30rAFnBPA37.544 as the template. BamWHSall 

cleaved DNA was ligated with pQE30 D N A cleaved with the same enzymes to generate 

plasmid pQE30rAFnBPAi94.483.

2.4.6 rAFnBPAi94_336

The gene fragment encoding FnBPA residues 194-336 was amplified using primer pair 

FnBPAi9 4F and FnBPA3 3 6R and plasmid pQE30rAFnBPA37.544 as the template. BamWHSall 

cleaved D N A was ligated with pQE30 D N A cleaved with the same enzym es to generate 

plasmid pQE30rAFnBPAi94-336.

2.4.7 rAFnBPA337-5ii

The gene fragment encoding FnBPA residues 337-511 was amplified using primer pair 

FnBPA 3 3 7F and FnBPAsuR and plasmid pQE30rAFnBPA37_544 as the template. BamWHSall 

cleaved DNA was ligated with pQE30 D N A cleaved with the same enzymes to generate 

plasmid pQE30rAFnBPA337.5n.

2.4.8 Site-directed mutagenesis of pQE30 and pNZ8037

The pQE30 expression plasmid containing the DNA sequence encoding rAFnBPA3 7-5 i i 

was subjected to site-directed mutagenesis by the Quikchange method (Stratagene). Two 

complementary primers, each containing the desired nucleotide changes, were extended during 

thermal cycling, creating a mutated plasmid with staggered DNA nicks. The resulting PCR 

products were digested with Dpn\ at 37°C for 1 h to remove parental methylated wild-type 

plasmid and then transformed into competent cells o f  E. coli strain XL-1 Blue. Transformants 

were screened by restriction analysis and verified by DNA sequencing. Plasmids containing 

the correct codon changes were further transformed into the restriction host, E. coli strain 

Topp 3 and recombinant proteins purified as described in Section 2.5.

The nisin-inducible ^’HZ^QhlfnbA plasmid encoding the entire FnBPA protein was 

also subjected to site-directed mutagenesis with primers FnBPAN3 0 4A/F3 0 6Ap and 

FnBPAN30 4A/F3 0 6AR- Following PCR, the products were digested with Dpn\ at 37°C for 1 h and 

subsequently transformed into electrocompetent L. lactis  NZ9800 cells to yield strain NZ9800
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expressing full-length FnBPA with the substitutions N 304A  and F306A which was used in 

bacterial adherence assays.

2.4.9 rAFnBPA,94-511 (PI)
The gene fragment encoding FnBPA residues 194-511 from S. aureus strain PI was 

amplified using primer pair FnBPAi9 4 P lF  and FnB PA snPlR  and plasmid pBluescript::^^y4 

PI as the template. BamWMHindlW cleaved D N A was ligated with pQE30 DNA cleaved with 

the same enzym es to generate plasmid pQE30rAFnBPAi94.5n PI.

2.5 Purification of recombinant proteins by metal chelate affinity 

chromatography

Recombinant domains o f  S. aureus surface associated proteins were expressed with an 

N-terminal hexa-histidine (His6) affinity tag to allow high degree purification by nickel 

affinity chromatography. DNA encoding the region o f  interest was amplified by PCR and 

cloned into the pQE30 expression vector. pQE30 contains an isopropyl-P-D thiogalacto 

pyranoside (IPTG) inducible promoter to allow controlled expression o f  the recombinant 

protein and also contains sequences located 5 ’ to the multiple cloning site that encode the 6 

histidine residues. A pQE30 construct encoding residues 37-544 o f  FnBPA and 37-540 o f  

FnBPB have been previously described (Roche et a l ,  2004). Using these plasmids as 

templates, pQE30 derivatives containing truncated and mutated versions o f  the FnBP sequence 

w'ere constructed using primers listed in Table 2.3. The products were cleaved with relevant 

restriction enzym es, ligated with pQE30 cleaved with the same enzym es and cloned into E. 

coli  XL-1 Blue. All pQE30 constructs were transformed into the protease-deficient E. coli 

strain Topp 3 for large-scale protein production and purification. Cultures were grown in 6 

litres L broth supplemented with ampicillin (100 |ig/m l) to ODeoo nm o f  0.5 and then induced 

with 1 mM IPTG for a further 4 h at 37°C. Cells were harvested by centrifugation and 

resuspended in 1/20 original culture volume o f  column binding buffer (5 mM imadazole, 0.5 

M NaCl, 20 mM Tris-HCl, pH 7.9) before lysis in a French pressure cell at 1,500 psi. The 

lysate was centrifuged at 15000 g  for 30 min to remove cellular debris and then filtered 

through a 0.45 [j.m Sartorius filter. A Hi-Trap ™  Chelating HP column (5 ml; Amersham  

Pharacia) was equilibrated in binding buffer and then charged with 150 mM Ni^^. The filtered 

cleared cell lysate was applied to the column at a flow  rate o f  0.5 ml/min. The column was
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then washed with binding buffer at a flow  rate o f  1.5 ml/min until the A 2 8 0  n m  o f  the eluate was 

<0.001. Bound protein was eluted from the column with a continuous linear gradient o f  

imadazole (1-200 mM; total volume o f  100 ml) in 0.5 M NaCl and 4 niM Tris-HCl (pH 7.9). 

Elution was monitored by measuring the A 2 8 0  n m  o f  the eluate. Peak fractions were analysed 

by SDS-PAGE as described in Section 2.8.1. Ten [il o f  each fraction was separated through 

10% acrylamide gels and visualised by Coom assie blue staining. Fractions containing the 

purified recombinant protein were dialysed against PBS for 16 h at 4°C.

Protein concentrations were determined either by measuring the abosrbance at 280 nm 

according to the Beer-Lambert law (A=E.c.l) or by using the BCA assay kit (Pierce) in 

accordance with the manufacturers’ instructions.

2.6 Antibodies to S. aureus surface proteins
Polyclonal antibodies to S. aureus surface proteins FnBPA and FnBPB were generated 

by immunising rabbits with purified recombinant proteins. Preimmune sera were collected  

and specific pathogen free N ew  England white rabbits were injected with 75 |ag o f  purified 

rAFnBPA 3 7 -5 4 4  and rAFnBPB3 7 _5 4o mixed 1:1 with complete Freunds adjuvant to a final 

volum e o f  1 ml. Booster injections (75 i^g) mixed 1:1 with incomplete Freunds adjuvant were 

given at day 14 and 28. Sera were tested by Western blotting using purified recombinant 

rAFnBP antigen and cell surface expressed FnBPs. The immunoglobulin fraction was purified 

as previously described (Owen, 1985). Antibodies against ClfA were generated by 

immunisation with the A domain protein o f  ClfA (rAClfA4 o-5 5 9 ) and were kindly provided by 

Dr. Judy Higgins, Trinity College. For Western blotting and dot-immunoblotting experiments, 

antibodies were generally diluted between 1/1000 and 1/5000 in PBS or 5% milk in TS buffer. 

All antibodies used in this study are described in Table 2.4.

2.7 Isolation of S. aureus surface proteins
Cell wall-associated proteins o f  S. aureus were isolated as previously described 

(Hartford et a l ,  2001). In brief, cells from cultures o f  S. aureus were harvested by 

centrifugation, washed twice in PBS and adjusted to an ODeoo nm o f  40 in 250 |j.l PBS. The 

cells were pelleted by centrifugation and resuspended in 250 îl o f  20 mM Tris (pH 8.0), 10 

mM M gCli containing 30% raffinose (Sigma) in a microfuge tube. Complete ® Mini Protease 

Inhibitor Cocktail (Roche, 40 jil o f  a lOx stock) and 5 mM EDTA were added, along with 200
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Table 2.4 Antibodies

Antibody Antigen to which raised Source

Anti-rAFnBPA r A F n B P A 3 7 - 5 4 4 This work

1E6 r A F n B P A 3 7 - 5 4 4 Gift, Prof. P. Speziale, 

University o f  Pavia, Italy

1F9 r A F n B P A 3 7 - 5 4 4 Gift, P ro f P. Speziale, 

University o f  Pavia, Italy

1G8 r A F n B P A 3 7 - 5 4 4 Gift, P ro f P. Speziale, 

University o f  Pavia, Italy

7B7 rAFnBPA37-544 Gift, Prof. P. Speziale, 

University o f  Pavia, Italy

7C5 r A F n B P A 3 7 - 5 4 4 Gift, P ro f P. Speziale, 

University o f  Pavia, Italy

8G8 r A F n B P A 3 7 - 5 4 4 Gift, Prof. P. Speziale, 

University o f  Pavia, Italy

11F6 r A F n B P A 3 7 - 5 4 4 Gift, P rof P. Speziale, 

University o f  Pavia, Italy

Anti-rAFnBPB r A F n B P B 3 7 . 5 4 o This work

Anti-rAClfA r A C l f A 4 0 - 5 5 9 Gift, Dr. J. Higgins 

Trinity College, Dublin

Anti-EbpS rEbpS 1.267 Gift, Dr. R. Downer 

Trinity College, Dublin

Anti-fibronectin Human fibronectin Gallus Immunotech

Anti-elastin Human aortic a-elastin peptides Elastin Products Company

Anti-fibrinogen Human fibrinogen Dako

Anti-histidine Hexa-histidine Gift, Prof. P. Speziale, 

University o f  Pavia, Italy



|j.g lysostaphin and the reaction was incubated at 37°C for 15 min with gentle mixing by 

inversion every 5 min. During this step, the cell wall-associated proteins are released due to 

the breakdown o f the cell wall peptidoglycan by the murolytic enzymes and the formation o f 

protoplasts occurs. The cell wall proteins were then harvested by pelleting o f the protoplasts 

by centrifugation (10,000 x g  for 10 min) and removal o f the supernatant containing the 

solubilised cell wall-associated proteins, which were stored at -20°C.

2.8 Protein electrophoresis and immunoblotting

2.8.1 SDS-PAGE

Protein samples for electrophoresis by SDS-PAGE were adjusted to specific final 

concentrations in PBS and diluted 2-fold in final sample buffer (10% (v/v) glycerol, 5% (v/v) 

P-mercaptoethanol, 3% (w/v) SDS, 0.01% bromophenol blue in 62.5 mM Tris-HCl, pH 6.8). 

20 (J.1 volumes were separated by SDS-PAGE (Laemmli, 1970) using 4.5% (v/v) stacking and 

10% (v/v) separating acrylamide gels. An aliquot o f pre-stained protein molecular weight 

marker (New England Biolabs) was run on each gel. Protein samples were electrophoresed at 

130 V. After separation, proteins were either visualised using Coomassie Blue stain or 

electroblotted onto PVDF membranes (Roche) for 1 h at 100 V using the wet transfer cell 

(BioRad) for detection.

2.8.2 Western immunoblotting

PVDF membranes containing electroblotted proteins were incubated in TS Tween 

buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.05% (v/v) Tween (Sigma)) containing 10% 

(w/v) skimmed milk for 16 h at 4°C to block any non-specific interactions. Primary antibodies 

were diluted to the required working concentration in TS Tween / 5% (w/v) skimmed milk and 

incubated with the membrane for 1.5 h at room temperature with shaking. Polyclonal 

antibodies against FnBPA and FnBPB A domains were used at a dilutions ranging from 

1:1000 to 1:10000. Unbound antibody was removed by washing the membrane three times in 

TS buffer containing 0.05%> Tween 20. The appropriate secondary antibody was diluted in TS 

Tween / 5% (w/v) skimmed milk and incubated with the membrane for 1.5 h with shaking. 

Excess secondary antibody was removed by washing three times in TS Tween buffer. The 

membrane was developed in the dark using the chemiluminescent substrate LumiGlo (New 

England BioLabs) as recommended by the manufacturer and exposed to X-Omat
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autoradiographic film (Kodak). To strip antibodies ft'om a blot that was already developed, 

the membrane was baked at 60°C for 30 min in 100 ml o f  62.5 mM Tris HCl pH 6.8, 2% SDS, 

100 mM P-mercaptoethanol. The membrane was then washed three times in TS Tween buffer 

and blocked again overnight in TS buffer containing 10% (w/v) skimmed milk.

2.8.3 Whole cell and recombinant protein dot immunoblotting

For whole cell dot immunoblotting, L. lactis cells were washed twice in PBS and 

adjusted to an ODeoo n m  o f 1 - 0  in PBS. For recombinant protein dot immunoblotting, 

rAFnBPA 3 7 -5 4 4  and rAFnBPB 3 7 .s4 o were diluted from 500-3.9 ng in PBS. 5 |j.l o f  each cell 

suspension or protein dilution to be analysed was applied to a nitrocellulose membrane 

(Protran, Schleicher & Schull) and allowed to dry. Membranes were blocked for 2 h in TS 

buffer (10 mM Tris-HCl, 0.9 % NaCl, pH 7.4) containing 10 % (w/v) skimmed milk powder 

(Marvel). Rabbit polyclonal anti-FnBP antibodies were diluted to a suitable concentration in 

10% skimmed milk in TS buffer and incubated with the membrane for 1.5 h with shaking. 

Membranes were washed three times in TS buffer to remove unbound antibody. Membranes 

were then incubated with goat anti-rabbit antibodies conjugated to horseradish peroxidase 

(Dako) diluted 1:2000 in 10 % milk in TS buffer for 1.5 h. Membranes were then washed 

three times in TS buffer to remove unbound antibody. The membrane was developed in the 

dark using the chemiluminescent substrate LumiGlo (New England BioLabs) as recommended 

by the manufacturer and finally exposed to X-Omat autoradiographic film (Kodak).

2.9 Protease treatment of recombinant FnBP proteins
rAFnBPA 3 7 .5 4 4  and rAFnBPB 3 7 .5 4 o were incubated in PBS with purified aureolysin (25 

-  0.2 |ig/ml) or V8 protease (100 -  0.8 |ag/ml) for various times at 37°C. Reactions were 

stopped by addition o f equal volumes o f  2 x final sample buffer and placing on ice. Samples 

were boiled for 5 min and electrophoresed through 10% (w/v) acrylamide gels, which were 

subsequently stained with Coomassie blue.

2.10 Analysis of FnBPA and FnBPB expressed on the surface of L. lactis 

2.10.1 Preparation and transformation of electrocompetent Z-. lactis NZ9800

L. lactis NZ9800 cells were made competent for DNA transformation (Wells et a l ,  

1993) by growth in 100 ml GM17 broth containing 2.5% (w/v) glycine. Cells were harvested
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by centrifugation (8,300 x for 10 m in) and w ashed tw ice in 10 mi ice-cold 0.5 %  sucrose/ 10 

%  (v/v) glycerol. Cells w ere finally resuspended in 1 ml o f  the sam e solution and kept chilled 

on ice. E lectrocom petent cells (45 |o.l) were m ixed with pN Z8037 D N A in a m icrofuge tube. 

DNA ligations w ere concentrated by ethanol precipitation and the DN A pellets resuspended in 

5 }0,1 nuclease-free H 2O before m ixing w ith com petent cells. Cell / D N A  m ixtures were 

transferred to pre-chilled 1 mm gap electroporation cuvettes (Flow gen) and electroporated 

using a Gene Pulsar apparatus (B ioRad) w ith the follow ing param eters: 2.0 kV, 200 Q. and 25 

)iF. Cells w ere im m ediately m ixed with 950 |j.l recovery broth (G M 17, 0.5 M  sucrose, 20 m M  

M gC b, 2 m M  C aC b), transferred to a m icrofuge tube, incubated on ice for 10 m in and finally 

incubated at 30°C  for 2 h. The cells were harvested by centrifugation, resuspended in 10 )j,l 

recovery broth and plated on GM 17 agar incorporating 5 |J.g/ml Cm . Plates were incubated for 

48 h at 30°C. Transform ant colonies were inoculated into 3 ml GM 17 containing 10 p-g/ml 

Cm  and 1.6 ng/m l nisin and grown for 16 h. C lones expressing the FnB PA -N F protein were 

identified by w hole-cell dot im m unoblotting (Section 2.8.3) or by ligand adherence assays 

(Section 2.11.1).

2.10.2 Induction of L. lactis strains carrying pNZ8037 derivatives with nisin

L. lactis  N Z9800 cells carrying pN Z8037 plasm ids (de Ruyter et al., 1996; Kuipers et 

a l ,  1993) were grow n in 2 ml GM 17 m edium , incorporating 10 |o,g/ml Cm , for 16 h at 30°C. 

Cultures were diluted 1/100 into 5 ml fresh GM 17 m edium  with 10 )J.g/ml Cm  and grown to 

OD^oo nm o f  0.5. N isin (Sigm a) was prepared at a stock concentration o f  500 (ig/ml in PBS and 

diluted into exponential phase cultures to the desired final concentration, typically  in the range 

from  6.4 to 0.025 ng/ml. Induced cultures were grown at 30°C for 16 h. Cells were harvested 

by centrifugation, were w ashed tw ice in PBS and resuspended in 1 ml PBS. The optical 

density  o f  cell suspensions (ODeoonm) was determ ined in a spectrophotom eter.

2.11 Bacterial adherence assays

2.11.1 Bacterial adherence to immobilised elastin

The procedure to coat the w ells o f  m icrotitre plates with elastin peptides is derived 

from  the m ethods used previously (H inek et al., 1999) and has been previously described by 

(Roche et a l ,  2004). H um an aortic elastin was diluted in PBS and 50 |il volum es were added 

to the w ells o f  m icrotitre plates (Povair). The elastin peptides w ere air dried under UV light
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(366 nm) at room temperature for 18 h. Control wells contained PBS only. Plates were 

washed three times with PBS and remaining protein sites were blocked with TS buffer 

containing 5% (w/v) skimmed milk for 2 h at 37°C. S. aureus and L. lactis cultures were 

washed in PBS and resuspended to an ODeoo n m  of 1 (1x10* cfu/ml). Bacterial cell adherence 

was measured using a nucleic acid binding probe, SYTO-13 (Molecular Probes), supplied as a 

5 mM stock solution which was diluted 1:10 in 10 mM Tris-HCl (pH 7.5) to give a working 

solution of 0.5 mM. Washed bacterial cultures were incubated with SYTO-13 at a final 

concentration of 2.5 )j,M at room temperature for 15 min in the dark. Elastin-coated wells 

were washed three times with PBS and 100 |xl of stained bacterial cells were added to each 

well and incubated in the dark at room temperature for 1.5 h. After incubation, wells were 

washed three times with PBS and the amount of cells bound was determined using a LS-50B 

fluorescent spectrophotometer with excitafion at 488 nm and emission at 509 nm.

2.11.2 Bacterial adherence to immobilised fibrinogen and fibronectin

Bacterial adherence to immobilized fibrinogen and fibronectin was measured using a 

previously described assay (Wolz et a i, 1996) with a modified protocol. In brief, human 

fibrinogen (Enzyme Research Labs) or human fibronectin (Calbiochem or purified fibronectin, 

gift from Prof P. Speziale, University of Pavia, Italy) were diluted to a specific concentration 

in PBS and 100 |o,l per well used to coat a 96-well flat bottomed plate (Sarstedt) for 16 h at 

4°C. Control wells were included that only contained PBS. Wells were washed three times 

with 200 10.1 PBS and blocked with 200 |o.l 5% skimmed milk in TS buffer for 2 h at 37°C. The 

wells were washed three times with PBS and 100 )xl washed bacterial cells in PBS (ODeoonm of 

1.0) were added. The plates were incubated at 30°C for 2 h. Non-adherent cells were 

removed by washing the wells three times with PBS and adherent cells were fixed using 100 

p.1 25% (v/v) formaldehyde per well for 15 min. The wells were washed three times in PBS 

and the adherent cells stained with 100 )xl 0.5% (w/v) crystal violet per well for 1 min. The 

wells were extensively washed in PBS to remove excess stain. Cell-bound crystal violet was 

solubilised using 100 )j,l 5% (v/v) acetic acid per well and the plates gently shaken. Plates 

were then read after 5 min in an ELISA plate reader (Multiskan EX, Labsystems) at 570 nm.

Adherence graphs shown throughout this thesis are graphs o f individual experiments 

that are representative of three independent experiments. Error bars shown in such graphs 

represent the average of triplicate wells, unless otherwise stated.
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2.12 ELISA assays
2.12.1 Antibody ELISA

rA FnBPA , diluted to various concentrations in PB S, w as coated onto microtitre plates 

(Sarstedt) in 100 |il vo lum es and kept at 4°C overnight. A ll w ells were subsequently blocked  

with 5% skim m ed m ilk in TS buffer for 2 h at 37°C. After w ashing three tim es with PBS  

supplem ented w ith 0.05%  T w een 20, various dilutions o f  polyclonal or m onoclonal anti- 

rAFnBP antibodies w ere incubated in the w e lls  for 1 h at room temperature. After three 

w ashes with PBS / T w een  20, a 1:2000 dilution o f  goat anti-rabbit HRP conjugated antibodies 

w as added to the w ells  and the plate w as incubated for 1 h at room temperature. After three 

further w ashes w ith  PBS /  T w een 20, bound H RP-conjugated antibodies w ere detected by the 

addition o f  100 (̂ 1 o f  3 ,3 ’,5 ,5 ’-tetram ethylbenzidine (T M B ) (0.1 m g/m l) (S igm a) prepared in 

0.05 M phosphate citrate buffer containing 0.006%  (v /v) hydrogen peroxide. Plates were then  

incubated at room  temperature for 10 min. The reaction w as stopped by the addition o f  50 îl 

o f  2 M H2 SO 4 to each w ell. Plates were read at 4 50  nm using an ELISA plate reader.

2.12.2 Ligand ELISA

Fibrinogen and fibronectin (10 |ig /m l in PB S) were coated onto microtitre plates 

(Sarstedt) in 100 |̂ 1 volum es and kept at 4°C overnight. Elastin (10 |ig /m l in PBS) was 

im m obilised  onto microtitre plates (N unc-Im m uno™  M axiSorb™ ) in 50 )il volum es. The 

elastin peptides were air dried under U V  light (366nm ) at room temperature for 18 h. A ll 

w ells  w ere subsequently w ere blocked w ith 5% skim m ed m ilk in TS buffer for 2 h at 37°C. 

After w ashing three tim es with PBS supplem ented w ith  0.05%  T w een 20, purified  

recombinant protein diluted to various concentrations in PBS w as added and plates were  

incubated for 1 h at room  temperature. The plate w as again w ashed in PBS / T w een 20 and 

bound protein w as detected by incubation w ith a 1:2000 dilution o f  polyclonal anti-rAFnBP  

antibodies for 1 h at room  temperature. A fter three w ashes w ith PBS / T w een 20, a 1:2000  

dilution o f  goat anti-rabbit HRP conjugated antibodies w as added to the w ells  and the plate 

w as incubated for 1 h at room  temperature. A fter three further w ashes with PBS /  Tw een 20, 

bound H RP-conjugated antibodies were detected by the addition o f  100 |il o f  3 ,3 ’,5 ,5 ’- 

tetram ethylbenzidine (T M B ) (0.1 m g/m l) (S igm a) prepared in 0.05 M phosphate citrate buffer 

containing 0.006%  (v /v) hydrogen peroxide. Plates were then incubated at room  temperature
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for 10 min. The reaction was stopped by the addition o f  50 p.! o f  2 M H 2 SO 4  to each well. 

P lates w ere read at 450 nm  using an ELISA  plate reader.

ELISA -type binding graphs show n throughout this thesis are graphs o f  individual 

experim ents that are representative o f  three independent experim ents. Error bars shown in 

such graphs represent the average o f  triplicate wells, unless otherw ise stated.

2.13 Inhibition assays

2.13.1 Inhibition of bacterial adherence to immobilised ligands with soluble inhibitor

Elastin- and fibrinogen/fibronectin-coated w ells o f  m icrotitre plates w ere prepared as 

described in Section 2.11.1 and 2.11.2, respectively. Plates w ere w ashed three tim es w ith PBS 

and rem aining protein sites were blocked w ith 5% (w/v) skim m ed m ilk in TS buffer for 2 h at 

37°C. M eanw hile, doubling dilutions o f  inhibitor (anti-fibronectin  antibodies, anti-rA FnBP 

antibodies, fibrinogen y chain peptides or m onoclonal anti-FnB PA  antibodies) were prepared 

in PBS and aliquoted into m icrofuge tubes. Bacterial cultures were w ashed in PBS and
Q

resuspended to an ODeoonm o f  2 (2x10 cfu/m l). Equal volum es o f  bacterial suspension were 

added to the various dilutions o f  inhibitor and the resulting m ixtures were preincubated for 1 h 

at room  tem perature. These solutions were added to the w ashed ligand-coated w ells in 100 pi 

volum es and incubated for Ih  at room  tem perature. The plate was again w ashed in PBS and 

adherent bacteria were detected by crystal violet (fibrinogen/fibronectin) or SYTO-13 (elastin) 

staining as described earlier. F ibrinogen- and fibronectin-coated plates were read at 570 nm 

using an ELISA  plate reader and elastin-coated plates were m easured using an LS-50B 

fluorescent spectrophotom eter w ith excitation at 488 nm  and em ission at 509 nm.

2.13.2 Inhibition o f recombinant protein binding to immobilised ligands with soluble 

inhibitor

Elastin- and fibrinogen-coated w ells o f  m icrotitre plates w ere prepared as described in 

Section 2.11.1 and 2.11.2, respectively. Plates were w ashed three tim es w ith PBS and 

rem aining protein sites were blocked with 5%  (w/v) skim m ed m ilk in TS buffer for 2 h at 

37°C. M eanw hile, doubling dilutions o f  inhibitor (soluble elastin peptides, soluble fibrinogen, 

fibrinogen y chain peptides and soluble desm osine/isodesm osine) were prepared in PBS and 

aliquoted into m icrofuge tubes. rA FnB PA  and rA FnBPB proteins w ere d iluted to a final 

concentration and equal volum es w ere added to the inhibitor dilutions. The resulting m ixtures
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were preincubated for Ih at room temperature. These solutions were added to the washed 

ligand-coated wells in 100 ^1 volumes and incubated for 1 h at room temperature. The plate 

was again washed in PBS and bound protein was detected by incubation with a 1:2000 

dilution o f polyclonal anti-rAFnBP antibodies for 1 h at room temperature. After three washes 

with PBS, a 1:2000 dilution o f goat anti-rabbit HRP conjugated antibodies (Dako) was added 

to the wells and the plate was incubated for 1 h at room temperature. After three further 

washes with PBS, bound HRP-conjugated antibodies were detected by the addition o f  100 [il 

of 3,3’,5,5’-tetramethylbenzidine (TMB) (0.1 mg/ml) (Sigma) prepared in 0.05 M phosphate 

citrate buffer containing 0.006% hydrogen peroxide. Plates were then incubated at room 

temperature for 10 min. The reaction was stopped by the addition o f 50 |il o f  2 M H2 SO 4  to 

each well. Plates were read at 450 nm using an ELISA plate reader (Multiskan EX, 

Labsy stems).

2.14 In silico analysis of ligand binding by S. aureus surface proteins
2.14.1 Generation o f a 3D structural model for the N2N3 domains of FnBPA

A theoretical model o f the structure o f subdomains N2 and N3 o f region A o f FnBPA 

was obtained by submitting the amino acid sequence for this segment o f  the protein to the 

Protein homology recognition engine (Phyre) service o f the 3D-PSSM website 

(http://www.sbg.bio.ic.ac.uk/phvre/) which models the structure o f this sequence based on the 

known crystal structures o f similar proteins. The resulting hits are scored based on the 

estimated precision o f the prediction. The highest score for the N2N3 domains o f FnBPA is a 

structure based on the equivalent domains o f the apo form o f S. aureus clumping factor ClfA. 

The accuracy o f the structural prediction was estimated by the Phyre programme to be very 

h.gh (e 1.2'^^). The second highest hit for the submitted sequence was a model o f  N2N3 of 

FnBPA based on the ligand-bound complex o f an S. epidermidis fibrinogen-binding protein 

called SdrG. The pdb files supplied by the Phyre service were downloaded and viewed using 

the Chimera molecular modeling software package freely available from the University of 

California, San Francisco, UCSF (http://www.cgl.ucsf.edu/chimera/).

2.14.2 Docking o f a fibrinogen ligand into the structural model o f FnBPA

A fibrinogen ligand (C-terminal 8  amino acid peptide o f the y chain o f fibrinogen, 

Gio4 AKQAGDV 4 ii) was synthesized in silico using Sybyl 6.91 and docked into the predicted
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3D structure o f FnBPA using Autodock. The Autodock programme 

(http://autodock.scripps.edu/) is designed to predict how small molecules such as drug 

candidates or peptide ligands bind to a given receptor. This programme has been widely used, 

is fast and provides high quality predictions. A study on the reliability o f  the results obtained 

with Autodock concluded that the programme is successful in predicting protein-ligand 

complexes (Hetenyi and van der Spoel, 2002). The most energetically favourable docking 

solution for the peptide binding into the hydrophobic trench was chosen to study the 

interaction o f FnBPA residues likely to be in contact with fibrinogen.

2.14.3 Viewing CifA and SdrG crystal structures

The published crystal structures o f  the apo form o f ClfA and the apo and ligand-bound form o f 

SdrG were downloaded from the National Centre for Biotechnology Information (NCBI) 

website and viewed using the Chimera molecular modelling software package. The Protein 

Data Bank accession numbers for the ClfA, apo SdrG and ligand-bound SdrG are 1N67, 1R19 

and 1R17, respectively. Files for downloading the Chimera software package and viewing the 

FnBPA N2N3 molecular model are available as supplementary material on a CD 

accompanying this thesis.

2.15 Circular Dichroism (CD) Spectroscopy
Circular dichroism spectroscopy was performed as previously described (Hartford et 

a l ,  2001). Briefly, rAFnBPAsy.sn wild-type, N304A, F306A and N304A/F306A protein 

samples were dialysed overnight into 1 mM Tris-HCl pH 7.4. Far UV CD data were collected 

using a Jasco J-810 spectropolarimeter in a 0.5 mm path length cuvette at room temperature. 

Five scans were averaged for each spectrum and the contribution from buffer subtracted in 

each case. The mean residue elipticity (O m w r )  was expressed in degrees-cm^/dmol and all CD 

data were plotted against wavelength in the range 200-300 nm.

2.16 Surface Plasmon Resonance (SPR)
2.16.1 Surface Piasmon Resonance Analysis of Molecular Interactions

Kinetic analysis o f the binding between tropoelastin and rAFnBPA proteins was 

examined using surface plasmon resonance (SPR). The Biacore 3000 system was used for this 

study (Biacore AB, Sweden). Full-length human tropoelastin was immobilized onto the
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surface o f  a CMS research-grade sensor chip using am ine coupHng. This w as perform ed using 

l-ethyl-3-(3-dim ethylam inopropyl) carbodiim ide hydrochloride (ED C), follow ed by N- 

hydroxysuccinim ide (NHS) and ethanolam ine-H C l, as described by the m anufacturer. 

T ropoelastin  protein was dissolved in 10 mM  sodium  acetate at pH 5.0 and then im m obilized 

on the chip at a flow  rate o f  30 |il/m in in H B S-Ca buffer (10 mM  HEPES pH  7.2, 0.2 M N aCl, 

1 m M  C aC b , 0.005%  Tw een 20). This gave a response level o f  4500 response units (RU). 

On a single flow cell, the dextran m atrix was treated as described above but without 

tropoelastin present to provide a blank flow  cell for these studies. A ll sensorgram  data 

presented w ere subtracted from the corresponding data from  the blank cell. The response 

generated from  injection o f  buffer over the chip was also subtracted from  all sensogram s.

2.16.2 Surface plasmon resonance analysis of rAFnBPAi94.5in fAFnBPAjy.sn wt and 

rAFnBPA37.5ii site-directed mutants binding to tropoeiastin

Sensogram s were obtained for rA FnB PA  proteins binding to im m obilized tropoelastin 

using H B S-C a buffer. rA FnB PA i9 4 .5 n , rA FnB PA 3 7 .5 ii wt and rAFnBPAs?.,!i site-directed 

m utants were prepared by doubling dilutions in H BS-Ca to concentrations starting at 800 nM. 

These concentrations were injected for 8.33 min at a flow rate o f  30 |il /m in. Regeneration 

was perform ed after 30 min o f  dissociation using 1 M N aCl, 0.05 M N aO H  and 10 mM  

glycine for 2 min. A typical experim ent used 10 rA FnB PA  protein concentrations and a 

control containing no rA FnBPA , followed by a regeneration step that was m easured successful 

when the baseline returned to zero.

Rate constants for association (ka) and dissociation (k j )  and the equilibrium  

dissociation constant ( K d )  w ere obtained by globally fitting the data using the BIA evaluation 

software version 3.0 using the sim ple 1:1 Langm uir binding m odel. This m ethod was 

preferred as the equilibrium  binding state was not reached. All experim ents were perform ed 

ir. triplicate. Statistical analysis o f  the curve fitting at both dissociation and association phases 

o ' the sensogram s show ed values o f  less than 3.5 for k j and less than 10 for kg.

2.17 Statistical analysis

The statistical significance o f  differences betw een repeated experim ents was 

determined by the Student t-test, using the online G raphPad software. D ifferences were 

considered significant if  p-values were less than 0.05.

62



3.1 Introduction

S. aureus is a very important and versatile human pathogen. Much research has been 

focused on the virulence factors that are important in the initiation o f staphylococcal infections 

which depend on the ability o f the bacterium to adhere to the host’s extracellular matrix 

(ECM) via surface-expressed ligand-binding proteins termed Microbial Surface Components 

Recognising Adhesive Matrix Molecules (MSCRAMMs). The interaction between S. aureus 

and elastin has been studied in some detail. It was reported previously that soluble 

labelled a-elastin peptides from bovine ligament and '^^I-labelled recombinant tropoelastin, 

the monomeric precursor o f elastin, bound specifically to S. aureus cells (Park et al., 1991) 

and that this was mediated by the elastin-binding protein EbpS (Downer et al., 2002; Park et 

al., 1996). Binding experiments with an ehpS  mutant o f S. aureus strain Newman indicated 

that EbpS is the dominant factor for binding soluble elastin but bacteria possess a second 

elastin-binding moiety (Downer et al., 2002). Subsequently, S. aureus strain PI wild-type 

(Sherertz et al., 1993) and an isogenic ebpS  mutant were both shown to adhere in a dose- 

dependent manner to immobilised elastin peptides (Roche et al., 2004). There was no 

significant difference in immobilised elastin-binding activity o f  the two strains, indicating that 

EbpS has no function in the adherence o f S. aureus strain PI to immobilised elastin and is thus 

not a true MSCRAMM.

In order to identify the protein responsible for bacterial adherence to immobilised 

elastin, cells from S. aureus strains Newman, P I, 8325-4, COL, MSSA476, EMRSA252, 

Cowan and RN4220 in both exponential and stationary phase o f  growth were tested previously 

for adherence to immobilised bovine elastin (Roche et al., 2004). Strains Newman, 8325-4, 

COL, EMRSA252 and RN4220 all bound poorly to immobilised elastin peptides in both 

exponential and stationary phase. O f the laboratory strains tested, strains PI and Cowan 

promoted strong adherence to immobilised elastin peptides in exponential phase only with no 

adherence detected with cells from the stationary phase o f growth. O f the clinical strains 

tested only exponential phase cultures o f  strain MSSA476, a virulent strain isolated from 

community-acquired infections in the LfK (Enright et al., 2000), adhered strongly. Adherence 

to immobilised elastin was thus a feature o f  cells from the exponential phase o f  growth.

While an ehpS  mutant o f strain PI had no adverse effect on adherence to immobilised 

elastin, a VXfnhAfnhB mutant was shown to be completely defective when compared to the 

parental PI wild-type strain (Roche et al., 2004). Thus the factors responsible for S. aureus
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adherence to immobihsed elastin are the fibronectin-binding proteins FnBPA and FnBPB. 

Expression of the fnbA and fnbB genes of S. aureus occurs in early exponential phase of 

growth with little or no FnBP protein detectable on the surface of cells from stationary phase 

cultures. This corresponds with the binding profile mentioned above whereby elastin-binding 

ability is lost as cultures of strain PI, Cowan and MSSA enter stationary phase.

In a previous study to investigate the site of the elastin-binding moiety within FnBPA, 

cells from an exponential phase culture of strain VXfnbAfnhB (pFnBA4), expressing the 

FnBPA protein from a multicopy plasmid, were preincubated with soluble human fibronectin 

(100 |ig/ml). The ability o f these cells to bind to immobilised human fibronectin and elastin 

peptides was tested. Preincubation o f cells with soluble fibronectin resulted in a 76% 

inhibition of binding to immobilised fibronectin. Conversely, preincubation with soluble 

fibronectin did not inhibit binding to human aortic elastin (Roche et a l ,  2004). This led to the 

conclusion that the elastin-binding site of FnBPA is not contained within the fibronectin- 

binding domains at the C-terminus of the molecule. In accordance with this, a recombinant 

protein encompassing region A plus the B repeats of FnBPA was shown to inhibit the 

adherence of strain VlfnbAfnbB  (pFnBA4) to immobilised elastin. This gave strong 

indications that region A of the fibronectin-binding proteins supported adherence of S. aureus 

to immobilised elastin but further confirmation was needed using recombinant region A alone 

and specific anfi-region A antibodies.

Studies of staphylococcal MSCRAMMs and their ligands are complicated by 

functional redundancy caused by the presence of several multi-functional ligand-binding 

proteins present on the surface of the cell. For this reason, a simpler system was needed 

without the complicating factors of competing ligand-binding surface proteins. Previous 

studies (Fitzgerald et al., 2006; Loughman et al., 2005) showed the benefits of expressing 

staphylococcal surface proteins such as ClfA and FnBPA on the surface o f Lactococcus lactis 

strain NZ9800. L. lactis acts as a surrogate host, expressing the desired staphylococcal ligand- 

binding protein in isolation on the surface of the cell. In the nisin-inducible expression vector 

pNZ8037 the nisA promoter drives expression of the protein under investigation which has 

been translationally fused to the ATG codon and ribosome binding site provided by the vector. 

The levels of protein present on the cell surface can be thus be controlled by supplementing 

the growth medium with increasing amounts of exogenous nisin. This provides a tightly 

controlled, clean system for studying the role o f individual staphylococcal surface proteins in 

binding to host ligands.
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s. aureus produces four major extracellular proteases (Section 1.2.4.4), staphylococcal 

serine protease (V8 protease) (SspA), a metalloprotease named aureolysin (Aur) and two 

cysteine proteases ScpA and SspB. Proteases are generally negatively regulated by SarA and 

positively regulated by RNAIII as cells progress from exponential to post-exponential phase. 

This co-ordinated protease expression coincides with the decreased production o f surface 

proteins and aids in the transition between the colonisation and invasive stages o f S. aureus 

infections. It is also known that proteases directly cause the degradation and subsequent loss 

o f ligand-binding cell wall proteins such as FnBPA (McGavin et al., 1997). Previous studies 

have noted that the V8 serine protease is the most significant protease for degrading the FnBPs 

(Karlsson et al., 2001).

ClfA is a well characterised fibrinogen-binding protein o f S. aureus. The crystal 

structure o f  N2N3 o f ClfA has been solved (Deivanayagam et al., 2002) and has revealed that 

each subdomain is similarly folded into a variant o f  the immunoglobulin motif, termed a DE- 

variant or DEv-IgG fold (Section 1.3.1). The primary sequence alignment o f the N2 and N3 

subdomains shows 13% amino acid identity and 36% amino acid similarity, respectively, over 

their entire lengths. However, their secondary structure shows near identity in the topology o f 

the |3-strands comprising each domain. A fibrinogen y chain peptide was docked in silico into 

the crystal structure o f ClfA to aid in the understanding o f  the mechanism o f ligand binding. 

This hypothesised that the fibrinogen ligand docked into the hydrophobic trench situated 

between N2 and N3. Residues o f ClfA situated around this trench that were vital to fibrinogen 

binding were thus identified.

Subsequently, the crystal structure o f another staphylococcal fibrinogen-binding 

surface protein (SdrG) was solved both in isolation and in complex with its fibrinogen ligand, 

the N-terminus o f the P chain. The fibrinogen ligand was situated in the hydrophobic trench 

between N2 and N3. The open and closed complex showed differing structures with regard to 

the C-terminal P-strand. This led to a hypothesis o f ligand binding which has been coined the 

“dock, lock and latch” model (Ponnuraj et al., 2003). In this model, the fibrinogen peptide 

docks into the binding pocket between N2 and N3. In response to this, the G ”  P-strand 

(latching peptide) o f N3, folds over the ligand-occupied trench, securing fibrinogen in place 

and latches into a groove situated in N2 whereby P-strand complementation can occur between 

the G ”  and E P-strands (Section 1.3.2). The position o f the latching peptide observed in the 

crystal structure o f ClfA is now thought to be an artefact o f crystallisation as the latching 

peptide o f the open complex o f SdrG is shown to be extending away from the molecule
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(Figure 3.1). The crystal structure of the apoprotein of ClfB N2N3 has also been studied 

(Deivanayagam and Narayara, S., unpublished data). In this case, the cleft between the D and 

E P'strands of N2 is occupied by the C-terminal latching peptide of a crystallographically 

neighbouring molecule. This shows how the sequence of the latching peptide is capable of 

forming P-strand complementation with residues situated in the E strand of N2. Sequence 

alignment of the N2N3 regions of four fibrinogen-binding MSCRAMMs of S. aureus (ClfA, 

ClfB, FnBPA and FnBPB) has indicated a similar domain arrangement. The fact that FnBPA 

binds to the same region of fibrinogen (C-terminus of the y chain) as ClfA indicates that the 

two proteins may have a similar mechanism of binding. The aim of this project was to 

understand the mechanism of FnBP-fibrinogen binding based on previous work carried out 

with other staphylococcal fibrinogen-binding proteins. In doing so, the mechanism of elastin 

binding could be investigated to understand if these two diverse human matrix proteins could 

bind in a similar manner to FnBPA.

In this chapter, ligand binding by FnBPA and FnBPB expressed on the bacterial cell 

wall surface, as well as truncates of recombinant FnBPA and FnBPB is assessed. 

Recombinant derivatives of region A of FnBPA and FnBPB were produced and tested for their 

stability to heat. V8 serine protcase and aureolysin as well as for their ability to bind 

immobilised elastin and fibrinogen in ELISA type assays. The proteins were also used to raise 

polyclonal anti-FnBP specific antibodies which were tested in inhibition studies with FnBPA- 

expressing bacteria. A 3D structural model o f the N2N3 domains o f FnBPA was created 

based on the known crystal structure of the corresponding domains of ClfA. This model gave 

an insight into the possible mechanism of fibrinogen/elastin binding and was used to design 

truncates of FnBPA lacking C-terminal residues. In this way, the role o f amino acids 

putatively involved in the latching peptide of FnBPA was investigated. Finally, in order to 

ascertain if fibrinogen and elastin bound to FnBPA at similar or overlapping sites, inhibitors of 

the FnBPA-fibrinogen interaction were tested for their effects on elastin binding.
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F ib r in o g en  ^

Figure 3.1 Ribbon diagram representation of the structure of ClfA, ClfB and SdrG N2N3 proteins

(A) The apo structure o f N2N3 o f ClfA. The C-terminal latching peptide (red) loops back and folds onto the N3 subdomain,
(B) The apo structure o f  N2N3 o f ClfB showing the extended conformation o f the latching peptide (red) in the absence o f 
fibrinogen. (C) The ligand bound complex ofN 2N 3 o f SdrG showing the position o f the fibrinogen chain (purple) and the 
P-strand complementation occurring between the latching peptide and the E strand o f  N2. Taken from Ponnuraj et al., 2003



3.2 Results

3.2.1 S. aureus adheres to immobilised elastin peptides

Strain PI was previously shown to bind immobilised elastin from three separate 

sources (Roche et al., 2004). Human aortic elastin is prepared by repeated boiling of elastic 

tissue in hot oxalic acid (Partridge and Davis, 1955; Partridge et al., 1955), human lung elastin 

is prepared by digestion with human sputum elastase (Starcher and Galione, 1976) while 

bovine ligament elastin is a sodium hydroxide solubilised form of insoluble elastin. To assess 

the ability o f a clinical strain of S. aureus to bind to these three different types o f elastin, 

exponential cultures of strain MSSA476 were washed, resuspended to O D 6 0 0  n m  = 1 and added 

to microtitre plates coated with human aortic elastin, human lung elastin and bovine ligament 

elastin. The cells from strain MSSA476 adhered in a dose-dependent manner to both human 

and bovine elastins with greater adherence observed to the human elastins (Figure 3.2). Due 

to the strong adherence of S. aureus strains to immobilised human aortic elastin, this form of 

elastin was used in all subsequent analysis of the interactions o f FnBPs with elastin.

Due to regulatory defects, S. aureus strain 8325-4 expresses relatively low levels of 

surface proteins such as FnBPA and FnBPB compared to many clinical isolates (Peacock et 

al., 1999). To study elastin binding by two different strains, cultures o f strains 8325-4 wt 

(Novick, 1967), 8325-4 fnbAfnhB, PI wt and PI fnhAfnhB were grown to exponential and 

stationary phase before being washed and resuspended to ODeoo nm = 1 • Equal volumes of 

cells were added to elastin-coated wells for 1 hr and subsequently stained with crystal violet. 

Exponential phase cultures of 8325-4 wild-type did not adhere to immobilised elastin peptides 

(Figure 3.3). Only exponential phase cultures of strain PI wt adhered to immobilised elastin 

with stationary phase cultures of the same strain unable to bind. This demonstrates the 

growth-phase dependence of elastin adherence which has been previously reported (Roche et 

al., 2004). These data also confirm that S. aureus adherence to elastin is FnBP-dependent as 

binding did not occur with strain VX fnhAfahB.

To study the effects of individual FnBPA and FnBPB proteins strain ? \ fnbAfnbB was 

previously complemented with a multicopy plasmid harbouring the fnbA  or fnbB  gene from 

strain 8325-4. Strain ?\fnbAfnbB  complemented with FnBPA or FnBPB both bound strongly 

to immobilised human aortic elastin in a dose-dependent manner (Figure 3.4) which confirms 

previously published data (Roche et al., 2004). This figure highlights the fact that both 8325-4 

proteins are fully functional in ligand binding. It also demonstrates that FnBPA and FnBPB
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are each capable o f contributing independently to the adherence o f S. aureus to immobilised 

elastin.

3.2.2 Anti-human fibronectin antibodies inhibit FnBP-mediated adhesion to immobilised 

fibronectin but not to immobilised elastin

The fibronectin-binding proteins FnBPA and FnBPB are both responsible for the 

adherence o f S. aureus cells to immobilised elastin peptides. Previous studies indicated that 

the C-terminal fibronectin-binding regions o f FnBPA and FnBPB did not support bacterial 

attachment to elastin-coated surfaces (Roche et a l ,  2004). In this experiment, anti-fibronectin 

antibodies were shown here to inhibit the adherence o f bacterial cells to immobilised 

fibronectin but not to immobilised elastin (Figure 3.5). Preincubation o f fibronectin- or 

elastin-coated wells with increasing concentrations o f chicken anti-human fibronectin IgY 

antibodies resulted in the dose-dependent inhibition o f  S. aureus expressing FnBPA adhering 

to immobilised fibronectin but not to immobilised elastin. Pre-immune serum had no effect on 

adherence to either ligand indicating the specificity o f  the anti-fibronectin antibodies (data not 

shown).

As FnBPA can adhere to both fibronectin (Flock et a i ,  1987) and fibrinogen (W ann et 

a i ,  2000), it was important to determine whether the commercially available elastin peptides 

used in adherence assays were contaminated with either o f these host proteins. Previously, it 

was shown that no immunoreactive proteins were detectable in the preparations o f  human lung 

elastin or human aortic elastin by Western immunoblotting with polyclonal chicken, goat or 

rabbit anti-human fibronectin antibodies or polyclonal anti-human fibrinogen antibodies 

(Roche et al., 2004). In the case o f  chicken antibodies, the limit o f detection o f immobilised 

fibronectin by ELISA was 0.03 |.ig/ml, a concentration too low to support bacterial attachment. 

A high concentration (3 mg/ml) o f  chicken anti-human fibronectin antibodies caused a 60% 

reduction in adherence o f  PI expressing FnBPA to immobilised fibronectin but had no effect 

on adherence to immobilised elastin, showing again that there is no contaminating fibronectin 

in the elastin preparations used in adherence assays.
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Figure 3.2 Adherence of S. aureus strain MSSA476 to 
human and bovine elastin

Adherence o f cells from exponential phase cultures o f X aureus 
strain MSSA476 to immobilised human aortic elastin, human 
lung elastin and bovine ligament elastin. This figure is 
representative o f  two independent experiments.
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Figure 3.3 Adherence o f S. aureus 8325-4 and PI strains to 
human elastin

Adherence o f  cells from exponential and stationary phase 
cultures o f S. aureus 8325-4, S325-4 fnbA fnbB, PI and PI 
fnbA fnbB  to immobilised human aortic elastin peptides. This 
figure is representative o f two independent experiments.



■ PA f n b A f n b B i p f n B M )  
A PA f n b A f n b B { p F n B B 4 )

1000-1 
B 900- 
g  800-
o 700- 
o 600- 
o 500- 
co 400- 
Si 300- 
§ 200- 
iZ 100-1

0 10 15 205
Elastin (^g/ml)

Figure 3.4 Adherence of S. aureus PI strains to human elastin

Adherence o f cells from exponential phase cultures o f S. aureus PI 
fnbA fnhB  (pFnBA4) and ? \ fnbAfnbB  (pFnBB4) to immobilised 
human aortic elastin peptides. This figure is representative o f  three 
independent experiments.
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Figure 3.5 Inhibition of S. aureus PI strains adhering to 
immobilised elastin and flbronectin by preineubation with anti- 
nbroneetin antibodies

Inhibition o f S. aureus strain VI fnbAfnhB  (pFnBA4) adherence to 
immobilised elastin and fibronectin (10 |a.g/ml) by preincubation 
with anti-fibronectin IgY antibodies. Bars represent the mean o f 
duplicate wells and are expressed as a percentage o f  a control lacking 
inhibitor. This figure is representative o f  two independent 
experiments.



3.2.3 Adherence of L. lactis expressing full-length FnBPA, FnBPB and truncates of 

FnBPA to immobilised elastin

The above experiments, in conjunction with previous results (Roche et a i,  2004) 

indicate that the A domains of FnBPA and FnBPB promote bacterial adherence to 

immobilised elastin peptides. To analyse this further, L. lactis strains with genes encoding 

FnBPA and FnBPB cloned into the nisin-inducible expression vector pNZ8037 for expression 

on the surface of L. lactis (Fitzgerald et a l,  2006) were tested for their ability to bind 

immobilised elastin. The functional domains of FnBPA have been well defined and truncates 

of FnBPA corresponding to the separate ligand-binding regions were also cloned into the 

pNZ8037 vector (Fitzgerald et al., 2006). Truncates comprising the fibrinogen-binding A 

domain but lacking the fibronectin-binding BCD domains (FnBPA-A) or the BCD domains 

but lacking the A domain (FnBPA-BCD) were expressed on the surface of L. lactis. L. lactis 

expressing full-length FnBPA and FnBPB along with FnBPA-A and FnBPA-BCD were tested 

for adhesion to both elastin and fibrinogen. Exponential phase cultures of L. lactis were 

induced with 3.2 ng/ml of nisin, grown overnight, washed and resuspended to equal optical 

densities before being added to ligand-coated wells in a microtitre plate. Strains expressing 

full-length FnBPA and FnBPB adhered strongly to immobilised elastin while the strain 

expressing the A domain alone adhered moderately well (Figure 3.6). The slightly impaired 

adhesion of cells expressing the A domain alone in comparison to the full-length FnBPA 

protein may reflect the closer proximity o f the A domain to the bacterial cell wall as this strain 

lacks the BCD domains which likely serve as a stalk to project the A domain away from the 

bacterial cell surface. This demonstrates again that FnBPA and FnBPB are each capable of 

contributing to the elastin-binding phenotype of S. aureus. It also shows that L. lactis 

expressing the BCD domains of FnBPA do not adhere to immobilised elastin, giving 

fluorescence units comparable to wild-type L. lactis which expresses no elastin-binding 

protein. This experiment clearly indicates that the BCD domains of FnBPA have no role in 

elastin binding, whereas the N-terminal A domain is required.

In comparison, the L. lactis strains were tested for binding to immobilised fibrinogen. 

Both FnBPA and FnBPB expressed on the surface o f L. lactis promoted strong adherence to 

immobilised fibrinogen as did expression of the A domain alone (Figure 3.7). It is possible 

that the affinity of the A domain of FnBPA for fibrinogen is significantly higher than that for 

elastin and this may explain how the proximity of the A domain to the cell surface affects 

elastin adherence to a greater extent than fibrinogen adherence. As expected, L. lactis strains
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expressing the BCD domains alone did not adhere to immobilised fibrinogen, with 

background levels seen similar to that o f  wild-type L. lactis. The relative adherence o f  L. 

lactis  strains expressing full-length FnBPA and FnBPA-A can be seen in Figure 3.8. With 

increasing concentrations o f  nisin, L  lactis  expressing the A domain alone adhered as strongly 

as the full-length FnPBA to fibrinogen but not to elastin. Expression o f  the A  domain alone 

has previously been shown to be as efficient as the expression o f  the full-length FnBPA  

protein by dot blot analysis o f  both strains using polyclonal anti-rAFnBPA antibodies 

(Loughman, 2005). L  lactis  expressing the BCD domains o f  FnBPA did not adhere to either 

ligand (Figure 3.8).

The controlled expression o f  FnBPA on the surface o f  L. lactis is a valuable tool in 

assessing the role o f  FnBPA on the surface o f  the cell. L. lactis  FnBPA was grown in the 

presence o f  increasing concentrations o f  nisin (6.4 -  0.006 ng/ml) and tested for adhesion to 

im m obilised elastin (Figure 3.9) and fibrinogen (Figure 3.10). The increasing concentrations 

o f  nisin in the growth medium causes increased transcription o f  i)\Q fnhA gene cloned into the 

pNZ8037 vector and a resulting increase in the level o f  FnBPA protein present on the surface 

o f  the cell. This process shows that L. lactis  adherence to fibrinogen and elastin occurs in a 

nisin concentration-dependent manner. The adherence o f  maximally induced empty pNZ8037  

vector showed only background adherence to elastin and fibrinogen, which demonstrates the 

lack o f  ligand-binding proteins present o f  the surface o f  wild-type L. lactis cells (data not 

shown). In addition, L. lactis  FnBPA cells, induced with high concentrations o f  nisin did not 

adhere to uncoated w ells (data not shown) demonstrating the specificity o f  the FnBP-elastin 

interaction.

3.2.4 Expression of recombinant region A of FnBPA and FnBPB

Experiments with both S. aureus and L. lactis  strains resulted in the hypothesis that the 

A domains o f  FnBPA and FnBPB promote attachment to immobilised elastin as w ell as to 

imm obilised fibrinogen. To further study the binding o f  this region o f  the fibronectin-binding 

proteins to elastin, recombinant truncated derivatives o f  FnBPA and FnBPB were expressed in 

E. coli as N-terminal 6xHis fusion proteins. The gene regions encoding amino acid residues 

37-544 o f  FnBPA and 37-540 o f  FnBPB were amplified by PCR from plasmid pFnBPA4 and 

pFnBPB4, respectively, cloned into the E. coli expression vector pQE30 and expressed in the 

protease-deficient E. coli strain Topp 3 (Figure 3.11). The recombinant proteins, rAFnBPA 3 y. 

54 4  and rAFnBPB3 7 .5 4o, were purified from E. coli lysates by nickel-chelate affinity
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Figure 3.6 Adherence of L. lactis strains to human elastin

Adherence o f  L. lactis NZ9800 (pNZ8037), NZ9800 
(pN Z8037/«M ), NZ9800 ipNZ%037fnhB), NZ9800 
(pN Z8037/«M -A) and NZ9800 (pNZ8037/«M -BCD), induced at 
3.2 ng/ml nisin, to immobilised human aortic elastin (10 |ig/ml). 
This figure is representative o f three independent experiments.
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Figure 3.7 Adherence of L. lactis strains to human fibrinogen

Adherence of I . lactis NZ9800 (pNZ8037), NZ9800 
{ p N Z m ifn b A ) ,  NZ9800 (pNZ8037M 5), NZ9800 
(pNZ8037M ^-A) and NZ9800 (pNZ8037//7M-BCD), induced at 
3.2 ng/ml nisin, to immobilised human fibrinogen (10 |ig/ml). 
This figure is representative of three independent experiments.
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Figure 3,8 Adherence of L. lactis strains to immobilised elastin and fibrinogen

Adherence o f/., lactis NZ9800 (pNZ8037), NZ9800 (pNZ8037 FnBPA), NZ9800 (pNZ8037 FnBPA-A) and NZ9800 (pNZ8037 
FnBPA-BCD), induced at various nisin concentrations (6.4 -  0 ng/ml), to 10 [ig/ml o f immobilised elastin (A ) and fibrinogen (B). 
This figure is representative o f three independent experiments.
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Figure 3.9 Adherence o f L. lactis FnBPA to human elastin

Adherence o f  L. lactis NZ9800 (pNZ8037/«M ) to immobilised human elastin (10 ng/ml). L. lactis FnBPA was induced 
with increasing concentrations o f nisin (6.4 ng/ml - 0 ng/ml) before being added to elastin-coated wells. Adherent 
bacteria were stained using SYTO-13 fluorescent dye.
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Figure 3.10 Adherence of L. lactis FnBPA to human fibrinogen

Adherence o f L. lactis NZ9800 (pNZ8037/«M ) to immobihsed human fibrinogen (10 |ig/m l). L. lactis FnBPA was 
induced with increasing concentrations o f nisin (6.4 ng/ml - 0 ng/ml) before being added to fibrinogen-coated wells. 
Adherent bacteria were stained using crystal violet.
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Figure 3.11 Production of recombinant FnBPA37_544

DNA encoding the A region o f FnBPA was cloned into the E. coli pQE-30 expression vector using BamUl and Sail restriction 
sites. Recombinant protein was purified from E. coli lysates using nickel affinity and anion exchange chromatography. A 
similar method was used for recombinant rAFnBPB and all subsequent rAFnBPA truncates. Recombinant rAFnBPA37.<;44 and 
rAFnBPB37_54Q were used to raise polyclonal rabbit antibodies.



chrom atography and analysed by SD S-PA G E  and stained w ith C oom assie blue. A liquots o f  

the recom binant proteins were em ulsified  w ith Freunds Adjuvant and used to raise polyclonal 

anti-FnBP antibodies in rabbits.

The stability o f  recombinant FnBP proteins w as tested by incubation at 37°C. A liquots 

o f  1 m g/m l o f  each protein were incubated at 37°C for 0.5 -  18 h and com pared by SD S- 

PAG E analysis with protein that had not been incubated (Figure 3 .12). rA FnBPA 3 7 -5 4 4  and 

rA FnBPB 3 7 -5 4 o both migrate w ith an apparent m olecular w eight o f  83 kDa, w hich  is slightly  

higher than their m olecular m asses o f  57.6  kD a and 57 .4  kDa, respectively. It is show n here 

that both proteins are resistant to breakdown even after 18 h incubation, w ith no increase in 

breakdown products. This im plies that recom binant rA FnBPA 3 7 -5 4 4  and rA FnBPB 3 7 .s4 o 

proteins are intrinsically stable, can withstand treatment at 37°C for a sustained period o f  tim e  

and that no proteases have been co-purified with either protein.

The susceptib ility  o f  rA FnBPA 3 7 .5 4 4  and rA FnB PB 3 7 .5 4o to V 8 serine protease and 

aureolysin m etalloproteasc, w as also determined. It w as reported previously that culture 

supernatants enriched for V 8 serine protease caused a reduction in adhesion o f  S. aureus  strain 

L I70 to fibronectin-coated surfaces (M cG avin et a l ,  1997). Here, recom binantly produced  

FnBP proteins were tested for their susceptibility to V 8 protease. Protein sam ples (lOjag) were 

incubated w ith increasing amounts o f  VS protease (100  -  0.8 |ig /m l) for 5 min before being  

analysed by SD S-P A G E  (Figure 3.13). A stepw ise pattern o f  breakdown w as seen in response  

to the increased levels o f  protease. The sensitivity o f  FnBPA  and FnBPB to V8 protease can  

be explained by the substrate specificity  o f  the enzym e and the am ino acid com position  o f  the 

FnBPs. V 8 protease cleaves on the carboxyl side o f  glutam ic acid (Houmard and Drapeau, 

1972) w hich  is an abundant residue found throughout FnBPA and FnBPB. Glutam ic acid  

com prises 8.5%  and 10.5% o f  the am ino acid content o f  the A  dom ain o f  FnBPA and FnBPB, 

respectively. Glutam ic acid is also abundant in the fibronectin-binding m otifs at the C- 

terminus o f  the m olecu le and m ay aid in the detachm ent o f  ce lls  from fibronectin-coated  

surfaces to promote in dissem ination o f  bacteria.

rA FnB PA 3 7 -5 4 4  and rA FnBPB 3 7 _54o w ere also tested for their susceptibility to 

aureolysin. Protein sam ples w ere largely unaffected after incubation for 5 m ins w ith  the range 

o f  aureolysin m etalloprotease concentrations tested (Figure 3 .14). A  decrease in the intensity  

o f  the full-length protein band and an increased level o f  breakdown products is evident in 

rA FnBPA 3 7 -5 4 4  and rA FnBPB 3 7 .5 4 o sam ples incubated w ith the highest concentration o f  

aureolysin (25 |ig /m l). A  further investigation into the susceptibility o f  these proteins to
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aureolysin showed that rAFnBPA37-544 is more stable than FnBPB. Protein aliquots were 

incubated with 25 |ig/ml o f aureolysin for longer time periods demonstrating that rAFnBPBs?. 

540 is significantly more susceptible to breakdown than rAFnBPA37.544 which was degraded 

more slowly (Figure 3.15). The relative stability o f rAFnBPA3y.544 to aureolysin is in contrast 

to the A domains o f ClfA and ClfB, two other staphylococcal fibrinogen-binding proteins, 

which are susceptible to cleavage by aureolysin at a SLAVA / SLAAVA m otif located 

between subdomains N1 and N2 and are relatively resistant to cleavage by V8 protease. In 

contrast to ClfA, the cleavage o f ClfB at SLAVA results in the loss o f  the protein’s 

fibrinogen-binding ability (M cAleese et a l ,  2001). A SLAVA-like m otif occurs in both FnBP 

proteins with S177ADVA181 and S144TDVTA149 present in FnBPA and FnBPB, respectively but 

these motifs may not be optimal for aureolysin recognition.

3.2.5 Titration o f anti-rAFnBPA and anti-rAFnBPB antibodies

Polyclonal rabbit antibodies raised against rAFnBPA37_544 and rAFnBPB37.54o were 

tested for their affinities to their respective antigens. Samples o f each protein (500 -  3.9 ng) 

were applied to nitrocellulose membrane strips and probed with dilutions o f antibodies 

(1:5,000 -  1:160,000) (Figure 3.16). An equally sensitive reaction was observed for both 

antibodies to their antigens with nanogram amounts o f protein detected by both antibodies at 

high dilutions. The antibodies were also used to detect FnBP proteins released from cell wall 

extracts o f S. aureus strain P I. A high concentration o f anti-rAFnBP antibodies were needed 

to detect full-length FnBP released from the surface o f PI (Figure 3.17). The antibodies were 

raised against the 8325-4 proteins and it is now known that substantial antigenic variation 

exists between FnBPs produced by strain PI and strain 8325-4. This will be discussed further 

in Chapter 5. The large immunoreactive band between 47 and 62 kDa is the IgG binding 

protein A (Spa) o f S. aureus. The equal intensity o f this band in each lane pair, demonstrates 

the equal loading o f all samples. The absence o f high molecular weight immunoreactive 

bands in strain VXfnhAfnbB is indicative o f  the FnBP-specificity o f both antibodies. Also, 

each antibody reacted with only one high molecular weight band in wild-type PI samples. 

This shows the lack o f  cross reactivity o f  these antibodies to other staphylococcal surface 

proteins.

The cross-reactivity o f the anti-rAFnBPA and anti-rAFnBPB antibodies was 

determined by Western blotting with recombinant proteins. 0.25 |iM of each recombinant 

8325-4 protein was subjected to SDS-PAGE followed by Coomassie staining or transfer onto
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Figure 3.12 Stability of rAFnBPA 3 7 _ 5 4 4  and rAFnBPB 3 7 _5 4 o

1 m g/m l o f  rA FnBPA 3 7 _ 5 4 4  or rA FnBPB 3 7 .5 4 o in PBS was incubated for 
0, 0 .5 , 3, 5, and 18 h at 37°C before being analyzed by SD S-P A G E  and 

stained with C oom assie Blue.
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Figure 3.13 Susceptibility of rAFnBPA37_544 and rAFnBPB37_54Q to V8 
serine protease

10 fig o f rAFnBPA37_544 (A) and rAFnBPB37.54o (B) was incubated with 
various concentrations o f V 8 serine protease for 5 min at 37°C before being 
analysed by SDS-PAGE and stained with Coomassie Blue.
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Figure 3.14 Susceptibility of rAFnBPA37_544 and rAFnBPB37_54Q to 
aureolysin

10 |ig  o f  rAFnBPA37_544 (A) or rAFnBPB37.54o (B) was incubated with 
various concentrations o f  aureolysin for 5 m in at 37°C before being 
analysed by SD S-PA G E and stained with C oom assie Blue.
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Figure 3.15 Susceptibility of rAFnBPA 3 7 _ 5 4 4  and rAFnBPB 3 7 .5 4 „ to 
aureolysin over time

10 |ig/m l o f  rA FnB PA 3 7 _ 5 4 4  or rA FnB PB 3 7 _5 4 o was incubated w ith 25 
|ig/m l o f  aureolysin for 0, 1 or 2 h at 37°C before being analysed by 
SD S-PA G E and stained w ith Coom assie Blue.
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Figure 3.16 Titre of anti-rAFnBPA and anti-rAFnBPB antibodies for 
recombinant proteins

Titre o f polyclonal rabbit anti-rAFnBPA (A) and anti-rAFnBPB (B) 
antibodies for their respective antigens in recombinant form. Doubling 
dilutions o f recombinant proteins were dotted onto nitrocellulose 
membranes and probed with various dilutions o f  anti-rA antibodies 
followed by detection with goat anti-rabbit HRP.
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Figure 3.17 Affinity of anti-rAFnBPA and anti-rAFnBPB antibodies for full-length FnBP proteins released from S. aureus 
eell wall extracts

Affinity o f  polyclonal rabbit anti-rA FnBPA  (A & B) and anti-rA FnBPB (C & D) antibodies for their respective proteins released 
from cell wall digests o f  5'. aureus  strain PI wt and an fnhAfhhB  m utant. Cell wall extracts were analysed by SD S-PA G E,
transferred to PVDF m em branes and probed with anti-rA FnBP antibodies follow ed by detection w ith goat anti-rabbit HRP.



PV D F membranes. Each membrane w as probed w ith 1:10,000 dilution o f  anti-rA FnBPA  or 

anti-rAFnBPB antibody follow ed  by goat anti-rabbit-HRP conjugated antibodies (Figure 

3.18). Each antibody show s potent activity against the full-length A  dom ain as w ell as som e  

breakdown products. The affinity o f  each antibody is greater for its cognate antigen. 

H ow ever, som e cross-reactivity is evident, likely due to the A  dom ains o f  FnBPA and FnBPB  

sharing 43%  residue identity.

The ability o f  antibodies raised against rA FnB PA 3 7 .5 4 4  to block adhesion o f  bacterial 

ce lls  to im m obilised  elastin was tested. PlfnhAfnbB  (pF nB A 4) ce lls  w ere preincubated with  

increasing amounts o f  anti-rAFnBPA antibodies or anti-EpbS antibodies, w hich  recognise the 

N-term inus o f  EbpS (D ow ner et al., 2 002) and adherence to im m obilised  human aortic elastin  

w as measured. The anti-rA FnBPA antibodies inhibited FnBPA -m ediated adherence to elastin  

in a dose-dependent manner with the highest concentration o f  inhibiting antibody (100 |ig /m l)  

resulting in 87% inhibition (Figure 3 .19). The sam e range o f  concentrations o f  the control 

anti-EbpS antibodies did not inhibit elastin binding. This is further evidence that the elastin- 

binding domain o f  FnBPA  is located w ithin region A . A  sim ilar experim ent was carried out 

with an L. lactis  strain expressing FnBPA , w hereby ce lls  were preincubated w ith anti- 

rA FnBPA antibodies. A  lower concentration o f  antibody w as required to inhibit L. lactis  

adherence to im m obilised elastin (Figure 3 .20) com pared to adherence o f  strain VXfnhAfnbB 

(pFnBA 4), w hich dem onstrates the sim plicity o f  the L. lactis  system  as a surrogate host for 

surface proteins.

3.2.6 Binding of rAFnBPA37-s44 and rAFnBPB37-s4o to immobilised elastin and fibrinogen

Recom binant rA FnBPA 3 7 .s4 4  and rA FnBPB 3 7 .5 4 o proteins were tested for their ability to 

bind im m obilised elastin and fibrinogen by ELISA  type assays. Human aortic elastin peptides 

(20 |a,g/ml) or human fibrinogen (10 |.ig/ml) w as coated onto the w e lls  o f  microtitre plates. 

Increasing concentrations o f  rA FnBPA 3 y.5 4 4  and rA FnBPB 3 7 -5 4 o w ere incubated in the w ells. 

rA C lfA 4 o-5 5 9  (gift, Dr. J. H iggins, Trinity C ollege, D ublin) w as included as a positive control 

for fibrinogen binding. Bound protein w as detected w ith polyclonal antibodies recognising  

the A  dom ains o f  FnBPA, FnBPB or C lfA  as appropriate. This experim ent demonstrated  

dose-dependent and saturable binding o f  FnBP recom binant proteins to im m obilised  elastin  

and fibrinogen (Figure 3 .21). rA FnBPB 3 7 .5 4 o appears to have a greater affinity for elastin than 

rA FnBPA 3 7 -5 4 4  as reflected in the h a lf m axim um  binding values o f  21 .39  ±  9.53 nM  and 38.9  

± 20 .9  nM , respectively. rA FnBPB 3 7 .s4 o is also show n to have a higher binding specificity  for
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fibrinogen compared with rAFnBPA37.s44, with half maximum binding values of 0.214 ± 0.096 

nM and 6.78 ± 3.41 nM, respectively. Moreover, the affinity of rAFnBPB37.54o for fibrinogen 

is demonstrated to be higher than that o f rAClfA4o-559, one of the major S. aureus fibrinogen- 

binding proteins. The reason for the putative increased affinity of rAFnBPB over rAFnBPA 

for fibrinogen and elastin has not been further investigated and needs to be tested by other 

methods. rAFnBPAsy-eos (A domain plus two B repeats) was previously shown to bind 

fibrinogen with a higher affinity than rAClfA4o-559 by ELISA methods (Wann et a l, 2000). 

This, however, is the first demonstration that rAFnBPB could bind fibrinogen and that 

rAFnBPA and rAFnBPB could bind specifically to immobilised elastin.

It was important to investigate if the increased affinity for rAFnBPB37.54o over 

rAFnBPA37.544 for immobilised elastin was due to a discrepancy in antibody sensitivity. Both 

anti-rAFnBPA and anti-rAFnBPB antibodies, however, proved to be equally sensitive in 

detecting their cognate recombinant FnBP proteins in an ELISA assay. Equal concentrations 

of rAFnBPA37-544 and rAFnBPB37.s4o were coated onto microtitre plates and probed with a 

1:2000 dilution of anti-rAFnBPA or anti-rAFnBPB antibodies (Figure 3 .22). Both antibodies 

showed an equal sensitivity for their respective antigens, demonstrating that the relative 

affinities observed for rAFnBPA37_544 and rAFnBPB37_54o for fibrinogen and elastin are likely 

to be true.

As a further control for elastin-binding experiments, it was important to determine 

whether human aortic elastin dried under UV light onto the wells of a microtitre plate behaves 

similarly to the native protein. Polyclonal antibodies raised against the a-elastin fraction of 

human aortic elastin were tested for their ability to bind human aortic elastin dried onto the 

surface of microtitre plates by UV light. Microtitre plates were coated with increasing 

concentrations of human elastin (20 -  0 |ig/ml) and probed with a 1:2000 dilution of anti- 

elastin antibodies (Figure 3.23 A). Conversely, a constant concentration of human elastin (20 

|j.g/ml) was coated onto microtitre plates and doubling dilutions of anti-elastin antibodies were 

added (Figure 3.23 B). In both cases, the antibodies bound in a dose-dependent manner, 

indicating that many epitopes from native elastin are present in the UV-immobilised peptides.

3.2,7 Inhibition of rAFnBPA37.s44 and rAFnBPB37_54o binding to immobilised elastin 

using soluble elastin peptides

In order to demonstrate that the FnBP-elastin interaction was specific, inhibition 

studies were carried out using soluble elastin peptides. Recombinant rAFnBPA37.54o and
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Figure 3.18 Cross-reactivity of anti-rAFnBPA and anti-rAFnBPB antibodies for recombinant FnBP proteins

0.25 |iM  each o f  rA F n B P A 3 7 _ 5 4 4  and rA F n B P B 3 7 .<;4 „ were ana lysed  by S D S -P A G E , stained w ith  C o o m ass ie  Blue (A ) or 
transferred  to P V D F  m em b ran es  and p robed  w ith  1:10,000 dilution o f  an t i-rA FnB P A  (B) and 1:10,000 d ilu tion  o f  anti- 
rA F n B P B  (C) an tibod ies  fo llow ed by  detec tion  with goat anti-rabbit-HRP.
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Figure 3.19 Inhibition of S. aureus PI fnbAfnbB  (pFnBA4) 
adherence to elastin by preincubation with antibodies

Inhibition of cells o f S. aureus strain ?\ fnhAfnbB (pFnBA4) 
binding to immobilised elastin (10 |J.g/ml) by preincubation with 
anti-rAFnBPA37_544 and anti-rEbpS,_267 antibodies. Data points 
represent the mean o f triplicate wells and are expressed as a 
percentage of a control lacking inhibitor. This figure is 
representative of three independent experiments.
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Figure 3.20 Inhibition o f L. lactis pNZ8037/>jM adherence to 
elastin by preincubation with anti-rAFnBPA antibodies

Inhibition o f cells o f L. lactis strain NZ9800 pN Z8037/«M , 
induced at 0.8 ng/ml nisin, binding to immobilised elastin (10 
|ig/ml) by preincubation with anti-rAFnBPA 3 7 _ 5 4 4  antibodies. 
Data points are expressed as a percentage o f a control lacking 
inhibitor. This figure is representative o f two independent 
experiments.
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Figure 3.21 Binding of rAFnBPA37_544, rAFnBPB37_54„ and rACIfA4j.j;59 to immobilised eiastin and fibrinogen

M icrotitre plates were coated w ith 20 |^g/ml human aortic eiastin (A ) or 10 |ig/m l human fibrinogen (B) and increasing 
concentrations o f rAFnBPA37_,44, rAFnBPB37.j4o and rAClfA40.559 were added for ih  at room temperature. Bound protein was 
detected w ith polyclonal anti-rAFnBP or anti-rAC lfA  antibodies and goat anti-rabbit HRP-conjugated antibodies followed by 
development w ith TM B substrate. Data points represent the mean o f  triplicate wells and this figure is representative o f three 
independent experiments.
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Figure 3.22 Binding of anti-rAFnBP antibodies to immobilised 
rAFnBP proteins

Microtitre plates were coated with various amounts o f rAFnBPA37_ 
544 or rAFnBPB37.54o and a 1:2,000 dilution o f  polyclonal anti- 
rAFnBPA or anti-rAFnBPB antibodies were added for Ih at room 
temperature. Bound antibody was detected with polyclonal goat 
anti-rabbit HRP-conjugated antibodies followed by development 
with TMB substrate. Data points represent the mean o f triplicate 
wells and this figure is representative o f  three independent 
experiments.
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Figure 3.23 B inding o f anti-elastin antibodies to im m obilised elastin

(A) M icrotitre plates were coated w ith various am ounts o f  human aortic elastin and a 1:2,000 dilution (30 |^g/ml) o f  polyclonal 
anti-elastin  antibodies was added for Ih  at room tem perature. (B) M icrotitre plates were coated w ith 20 |ig/m l hum an aortic 
elastin and doubling dilutions o f  anti-elastin antibodies were added for 1 h at room tem perature. Bound anti-elastin antibody was 
detected w ith polyclonal goat anti-rabbit H RP-conjugated antibodies follow ed by developm ent with TM B substrate. Data points 
represent the m ean o f  triplicate wells.



rAFnBPB3 7 -5 4 0  were preincubated with soluble elastin peptides before being added to elastin- 

coated wells. Soluble elastin peptides inhibited both recombinant FnBP proteins from binding 

to immobilised elastin in a dose-dependent manner. The highest concentration o f  soluble 

elastin (250^g/m l) resulted in ~80% inhibition o f  rAFnBPA3 y.5 4 4  binding to imm obilised  

elastin while -62%  inhibition was observed for rAFnBPB3 7 .5 4o (Figure 3.24). These data 

indicate the FnBP binding to immobilised elastin peptides is a specific receptor-ligand 

interaction.

3.2.8 Re-defining the A domain of FnBPA

The interaction o f  bacterial fibronectin-binding proteins with fibronectin has been 

studied in detail (Pilka et al., 2006; Schwarz-Linek et a l ,  2003). The structure o f  the B3
i 2peptide from a fibronectin-binding protein o f  S. dysgalactiae  in complex with the FI FI pair 

o f  type 1 modules at the N-terminus o f  fibronectin was studied by NM R spectroscopy. It was 

shown that a tandem P-zipper mechanism o f  binding occurred whereby the bacterial 

fibronectin-binding peptide contributes a fourth antiparallel strand to the triple-stranded (3- 

sheet present in the FI modules. Bioinformatic analysis resulted in the assignment o f  residues 

located between the C-terminus o f  the A  domain and the cell wall spanning region o f  FnBPA  

from S. aureus into 11 putative FI binding motifs. The first domain was shown to be almost 

entirely contained within the previously defined A domain o f  FnBPA (Figure 3.25). 

Recombinant protein rAFnBPA3 7 -5 4 4  therefore contains, at its C-terminus, 33 amino acid 

residues that were predicted to be involved in fibronectin binding. It was therefore important 

to ascertain if  this recombinant protein could support binding to immobilised human 

fibronectin. An ELISA-type binding assay demonstrated that rAFnBPA3 7 -5 4 4  could bind to 

fibronectin in a dose-dependent and saturable manner. Doubts were cast over the purity o f  the 

commercial fibronectin with the possibility that contaminating fibrinogen was present. This 

could account for the dose-dependent binding o f  rAFnBPA 3 y.5 4 4 . In order to test the purity o f  

Calbiochem fibronectin used in these assays, anti-fibrinogen antibodies were tested for their 

affinity to immobilised fibronectin (Figure 3.26). Anti-fibrinogen antibodies bound in a dose- 

dependent manner to immobilised fibronectin indicating the presence o f  contaminating 

fibrinogen within the commercially available fibronectin samples. In response to this, purified 

human fibronectin was obtained from collaborators in Italy, to which anti-fibrinogen 

antibodies no longer bound (data not shown). This fibronectin supported binding o f  

rAFnBPA3 7 .5 4 4  (Figure 3.27 A), demonstrating the presence o f  a fibronectin-binding m otif at
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the C-terminus o f the previously defined A domain o f FnBPA. These data indicate that the N- 

terminal 33 amino acid residues o f  the first fibronectin-binding segment o f  FnBPA are 

sufficient to promote strong and saturable binding to immobilised fibronectin and that the 

presence o f the A domain does not interfere with fibronectin binding. The recombinant 

protein rAFnBPA 3 7 .s4 4  is thus capable o f binding immobilised elastin, fibrinogen and 

fibronectin. As a negative control this protein was tested for binding to immobilised human 

collagen. No binding was detected over the range o f  protein concentrations used (Figure 3.27 

B).

3.2.9 The N2N3 subdomains of FnBPA contain the ligand-binding function

Following the mapping o f the 11 fibronectin-binding motifs o f FnBPA, the co

ordinates o f the A domain were redefined to span residues 37-511. A recombinant protein was 

produced encompassing these residues and was shown to be unable to bind fibronectin and 

collagen (Figure 3.27). This protein did promote binding to immobilised elastin and 

fibrinogen (Figure 3.28) supporting the redefinition o f the A domain. The half maximum 

binding for this protein to immobilised elastin and fibrinogen was 45.6 ± 10.3 nM and 4.7 ± 

1.8 nM, respectively. This shows that the affinity o f  the A domain o f FnBPA for elastin is 

approximately 10-fold less than that for fibrinogen. A sequence alignment o f the four 

fibrinogen-binding surface proteins o f S. aureus (ClfA, ClfB, FnBPA and FnBPB) proposed 

that the N2 subdomain o f FnBPA begins with residues G 1 9 4 TD 1 9 6  (Deivanayagam et a l ,  

2002). The GTD m otif is present at the equivalent position in ClfA and a similar GTN m otif 

is present in ClfB. The N2N3 subdomains o f ClfA and ClfB have been shown previously to 

be able to bind fibrinogen (M cDevitt et al., 1995; Perkins et a i ,  2001). It was o f  interest 

therefore to ascertain if  an N2N3 truncate o f  FnBPA could bind fibrinogen and elastin. A 

recombinant protein spanning residues 194-511 o f  FnBPA was expressed. This protein bound 

to immobilised fibrinogen and elastin in a dose-dependent and saturable manner (Figure 3.28). 

rAFnBPA 1 9 4 . 5 1 1  bound to elastin and fibrinogen in the low nanomolar range with a similar half 

maximum binding value to that o f rAFnBPAsyou. The half maximum binding for 

rAFnBPA 1 9 4 . 5 1 1  to immobilised elastin and fibrinogen was 51.77 ± 12.2 nM and 4.02 ± 0.23 

nM, respecfively. Neither rAFnBPA 3 7 .5 n nor rAFnBPA 1 9 4 . 5 1 1  bound to uncoated wells (Figure 

3.28) indicating that the binding to both ligands is specific. These data indicate that, similar to 

ClfA and ClfB, the N1 domain o f FnBPA is not required for ligand binding. The binding site 

for fibrinogen and elastin within FnBPA has thus been narrowed down to residues 194-511.
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Figure 3.24 Inhibition of rAFnBPAj^.^^^ and rAFnBPB3.7.54(, 
binding to immobilised elastin using soluble elastin peptides

Microtitre plates were coated with 50 |ag/ml human elastin. 
rAFnBPA37_544 (0.1 |^M) and rAFnBPB37_54o (0.07 |iM ) were 
preincubated with increasing concentrations o f soluble elastin peptides 
for 1 h before being added to elastin-coated wells. Bound protein was 
detected with polyclonal anti-rAFnBP antibodies, goat anti-rabbit 
HRP-conjugated antibodies followed by development with TMB 
substrate. Data points represent the mean o f triplicate wells and are 
expressed as percentages o f control lacking an inhibitor. This figure is 
representative o f three independent experiments.
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Figure 3.25 Re-defining the A domain of FnBPA

Mapping o f  the 11 fibronectin-binding tandem motifs at the C-terminus o f FnBPA resulted in the redefining o f the A  domain o f 
the protein. C-terminal residues 512-544 o f the A  domain are actually contained w ith in the first fibronectin-binding m otif 
(sequence given) which spans residues 512-550. The true A domain o f FnBPA thus ends at residue 511.
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Figure 3.26 Binding of anti-fibrinogen antibodies to immobilised 
human fibronectin

Microtiter plates were coated with Calbiochem human fibronectin 
and probed with 1:2000 anti-fibrinogen-HRP conjugated antibodies. 
Plates were developed with TMB substrate. Data points represent 
the mean o f triplicate wells.
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Figure 3.27 Binding of rAFnBPA37_544 and rAFnBPA37_5,, to immobilised human fibronectin and collagen

Microtiter plates were coated with 10 |ag/ml o f human fibronectin (A) or human collagen (B) and increasing concentrations o f 
rAFnBPA37_544 or rAFnBPA37.5|, were incubated in ligand-coated wells for Ih. Bound protein was detected with polyclonal anti- 
rAFnBPA antibodies, followed by goat anti-rabbit-HRP conjugated antibodies. Plates were developed with TMB substrate. Data 
points represent the mean o f  triplicate wells and this figure is representative o f three independent experiments.



■ rAFnBPA37-5i i  to Elastin
▲ rAFnBPAi94.5ii to Elastin 
▼ rAFnBPA37_5ii to PBS
♦ rAFnBPAi94_5ii to PBS

■ rAFnBPA37_5^^ to Fibrinogen
▲ rAFnBPAi94_5ii to Fibrinogen  
T rAFnBPA37_5ii to PBS
♦ rAFnBPAi94_5ii to PBS

E
c
oin

ou
c
(0
n
L_
o(/)
S i
<

rAFnBPA ( \ i M )

B
E
c
o
lO

o
o
c
(0

o
(A
n
<

— I—
0.04

T*—
.06

T
0.08 0.10

rAFnBPA (nM)

Figure 3.28 Binding of rAFnBPAjy.^n and rAFnBPA,94.51, to immobilised elastin and fibrinogen

Microtitre plates were coated with 10 fig/ml human aortic elastin (A) or fibrinogen (B) and increasing concentrations of rAFnBPAjy.j,, 
and rAFnBPA|94_5| 1 were added for Ih at room temperature. Bound protein was detected with polyclonal anti-rAFnBPA antibodies 
and goat anti-rabbit HRP-conjugated antibodies followed by development with TMB substrate. Data points represent the mean of 
triplicate wells and this figure is representative o f three independent experiments.



3.2.10 M odelling the 3D structure o f rA FnB PA i9 4 .5 n

The ligand-binding N2N3 domains o f ClfA and SdrG have been crystallised and 

studied in detail (Deivanayagam et a l ,  2002; Ponnuraj et a l ,  2003). It was hypothesised that 

the DEv-IgG fold, revealed in the crystal structure o f  ClfA, was also present in the 

corresponding regions o f the A domains o f ClfB, FnBPA and FnBPB. Further insight into the 

mechanism o f fibrinogen binding by staphylococcal surface proteins came with the co

crystallisation o f SdrG with its fibrinogen ligand, the N-terminus o f the p chain. In this 

structure, it was clear that the orientation o f the C-terminal (3 strand (latching peptide) could 

vary in response to the presence o f fibrinogen. This mechanism o f ligand binding was termed 

'‘dock, lock and latch”.

The A domain o f FnBPA has -20%  amino acid identity to the A domain o f ClfA. In 

contrast to ClfB, FnBPA binds to the same region o f fibrinogen as ClfA, the extreme C- 

terminus o f the y chain. To compare the mechanism o f fibrinogen binding o f  FnBPA with that 

o f ClfA and to understand the process o f elastin binding, a molecular model o f N2N3 o f 

FnBPA was needed. The primary sequence o f N2N3 (residues 194-544) o f FnBPA was 

submitted to the Protein homology/analogy recognition engine (Phyre) from the Imperial 

College, London (httprZ/wwu'.sbg.bio.ic,ac.uk/~phvre/) . This service predicts the 3D folding 

o f the submitted sequence based on the crystal structures o f  similar proteins. The predictions 

are graded on the percent precision o f the predicted structure compared to that on which it is 

modelled. The first two recommendations for the structure o f FnBPA are based on ClfA and 

SdrG, respectively. It was decided to study the ClfA-based structure o f  FnBPA due to the 

greater similarity o f the two proteins and the fact that they bind to the same region o f 

fibrinogen. Following this, a computer-generated fibrinogen ligand (C-terminal 8  amino acid 

peptide o f the y chain o f fibrinogen, G4 0 4 AKQAGDV 4 1 1 ) was docked in silico into the 

predicted structural model o f  FnBPA using Autodock (http://autodock.scripps.edu/). 

Autodock is a software package that is designed to predict how small molecules such as a 

ligand peptide or drug candidate, can bind to a receptor o f known 3D structure (Hetenyi and 

van der Spoel, 2002). A histogram was provided o f  all the docking solutions and the most 

energetically favourable docking solution for the fibrinogen peptide binding into the 

hydrophobic trench was analysed. The resulting figure was viewed using the Chimera 

molecular viewer from the University o f  California, San Francisco 

(http://w w w .cgl.ucsfedu/chimera/) and can be seen in Figure 3.29. This shows the
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independently folded subdomains N2 and N3 composed largely o f  anti-parallel (3-strands. The 

fibrinogen ligand is predicted to dock into the hydrophobic trench situated between N2 and N3 

and is shown in ball and stick format (see supplementary material on accompanying CD). 

Interestingly, the orientation o f  the fibrinogen ligand is the same as that seen in the co

crystallisation o f SdrG with its fibrinogen ligand. The fibrinogen residues, 

G404AKQAGDV411, are situated running along the trench from top left to bottom right. To 

clarify this, the C-terminal valine residue is labelled with the suffix f  (V411f) to indicate 

fibrinogen. The position o f the latching peptide is shown to be wound around domain N3 in a 

similar position to the same strand in the crystal structure o f ClfA, on which this model was 

based. This is most likely an artefact and the exact position o f the latching peptide o f  ClfA or 

FnBPA in the presence or absence o f fibrinogen, is unknown. The fibronectin-binding m otif 

situated at the C-terminus o f the A domain o f  FnBPA that is not involved in fibrinogen or 

elastin binding is shown in green. This is predicted to span half o f the final latching ^-strand 

plus the remaining loop region. It is possible therefore that the rAFnBPAsy.sn and 

rAFnBPA 194.511 proteins tested above, do not have a complete latching peptide. Despite this, 

they both bind strongly to fibrinogen and elastin indicating that the remaining residues present 

in the latching peptide are sufficient to form any (3-strand complementation needed in N2.

3.2.11 Construction of A domain truncates of FnBPA lacking C-terminal residues

The structure o f the N2N3 subdomains o f  FnBPA is likely to be critical for binding to 

fibrinogen and elastin. Further truncation o f rAFnBPA 1 9 4 . 5 1 1  would most likely impinge on 

the DEv-lgG fold o f the protein and thus affect binding. The molecular model described 

above served to give a more detailed insight into the possible mechanism o f ligand binding o f 

FnBPA and allowed a more specific truncation approach to be adopted. One o f the objectives 

o f this project was to construct truncates o f  FnBPA that would help determine if  elastin and 

fibrinogen bind to similar or distinct regions o f  the A domain. To further narrow down the 

binding site for fibrinogen and elastin within FnBPA, truncates o f  the A domain were 

constructed lacking C-terminal residues. In this way, the role o f residues contained in the 

putative latching peptide could be investigated. The role o f residues N-terminal to this P* 

strand could also be explored. Three C-terminally truncated derivatives were constructed and 

purified. The first truncate lacked two C-terminal amino acid residues in comparison to 

rAFnBPA 19 4 . 5 1 1  (Figure 3.29). These two residues were predicted to form the remainder o f  the 

putative latching peptide. The second truncate spans residues 194-498 which is devoid o f the
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Figure 3,29 Predicted 3D structure of rAFnBPA|94_544

Predicted 3D structural model o f subdomains N2N3 o f FnBPA 
(rAFnBPA,9 4 .5 4 4 ) based on homology modelling with the equivalent 
domains o f ClfA. The C-terminal 8  amino acids o f the y chain o f 
fibrinogen (G 4 0 4 AKQAGDV 4 , ,) have been docked into the hydrophobic 
trench o f this structure and are shown in ball and stick format with the 
C-terminal valine residue labelled with the suffix f  (V41 If). Green 
shows the fibronectin-binding domain at the end o f N3, while 
successive C-terminal deletion constructs are indicated in yellow (194- 
509, 194-498 and 194-483). The boundary between N2 and N3 (Y337) 
is also indicated in yellow.
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entire loop region betw een the tw o P-strands in the m odel. This loop region is likely to form  

the hinge segm ent that folds across the fibrinogen ligand in the hydrophobic trench. The final 

truncate lacks the latching peptide, hinge region and all o f  the preceding (3-strand plus h a lf  o f  

the loop segm ent N -term inal to this. This protein was designed as a negative control for 

fibrinogen and elastin  binding to show' the im portance o f  the structural fold o f  N3. All 

proteins were analysed by SD S-PA G E (Figure 3.30) and were com pared directly w ith 

rA FnB PA  194-511 in ELISA  type assays for binding to im m obilised elastin  and fibrinogen. 

rA FnB PA i9 4 -5 0 9  bound to fibrinogen w ith a statistically significant difference in h a lf  m axim um  

binding com pared to that o f  rFnB PA i9 4 .5 n (half m axim um  binding o f  rA FnB PA i9 4 .5 n = 4.02 ± 

0.23 nM , ha lf m axim um  binding o f  rA FnB PA i9 4 -5 0 9  = 20.94 ± 7.5 nM: p-value = 0.0175) 

w hereas there w as no significant difference in the ha lf m axim um  binding for elastin (half 

m axim um  binding o f  rA FnB PA  1 9 4 .5 1 1 =  51.77 ± 12.2 nM , h a lf  m axim um  binding o f  

rA FnB PA i9 4 -5 0 9  = 47.6 ± 14.8 nM: p-value = 0.7256) (Figure 3.31). In contrast, a further 

deletion, rFnB PA i9 4 .4 9 g, which lacks the entire hinge region, did not bind detectably to either 

ligand (Figure 3.32). These results are consistent with FnBPA binding both ligands by a dock, 

lock and latch m echanism  because rA FnB PA  1 9 4 .4 9 8  lacks residues that w ould com prise the 

latching peptide and the hinge region covering the ligand-occupied trench. The third 

construct, rA FnB PA i9 4 -4S3 was also unable to bind fibrinogen or elastin (Figure 3.33). This 

indicates the im portance o f  the structural fold o f  the N3 dom ain on ligand binding. These data 

also show  that an alteration o f  the structure o f  N2N3 o f  FnBPA that affects the binding to 

fibrinogen, also affects the binding to elastin, suggesting that the two ligands bind to FnBPA 

in a sim ilar m anner.

3.2.12 Individual N2 and N3 subdomains of FnBPA cannot bind elastin or fibrinogen

To com plete the truncation studies o f  the A dom ain o f  FnBPA , the individual 

subdom ains N2 and N3 were expressed and purified. Each recom binant protein was tested for 

binding to im m obilised ligands by ELISA  type m ethods. N either subdom ain alone could 

support binding to elastin or fibrinogen (Figure 3.34 and Figure 3.35). These data are in 

agreem ent with previous results w hereby the individual subdom ains o f  ClfB (Perkins 2001) 

and ClfA  are unable to bind to im m obilised fibrinogen (D eivanayagam  et al., 2002). A 

sum m ary o f  the h a lf  m axim um  binding values obtained for rA FnB PA  truncates binding to 

im m obilised elastin and fibrinogen is presented in Table 3.1.
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3.2.13 Inhibition o f FnBPA binding to immobilised elastin and fibrinogen

In order to investigate further if elastin binds to rAFnPBA in a similar manner to that 

o f fibrinogen, inhibition assays were carried out. Exogenous soluble fibrinogen was tested for 

its ability to inhibit the binding o f rAFnBPAsy.sn to immobilised elastin. As recorded 

previously (Wann et a l ,  2000), soluble fibrinogen inhibited the binding o f rAFnBPAsy.sn to 

immobilised fibrinogen. A concentration of 500 |^g/ml of soluble fibrinogen resulted in ~80% 

inhibition o f binding of rAFnBPAsy.sn to immobilised fibrinogen. The same concentration of 

fibrinogen resulted in -90%  inhibition of binding to immobilised elastin (Figure 3.36). 

Preincubation of rAFnBPAay.sn with soluble fibrinogen, saturates the binding sites and 

renders the protein unable to bind to immobilised elastin. This indicates that the binding sites 

within rAFnBPA for fibrinogen and elastin are similar or overlapping.

The fibrinogen used in the above assays, however is a large protein and the possibility 

o f inhibition by steric hindrance cannot be ruled out. Thus, a synthetic fibrinogen y chain 

peptide (G3 9 5 EGQQHHLGGAKQAGDV41 j) containing the precise binding site for FnBPA 

was shown to inhibit the binding of rAFnBPAsy.su to immobilised elastin as well as 

fibrinogen in a dose-dependent and saturable manner. Binding was reduced to ~20% and 

-10%  for fibrinogen and elastin, respectively, in comparison to rAFnBPAsy.sn alone (Figure 

3.37). A control peptide, representing a scrambled version of the same C-terminal y chain 

peptide (GHEHGLQGQGAVKDGAQ: gift. Prof M. Hook, Texas A&M University) caused 

no inhibition to either ligand confirming the specificity of the y chain-FnBPA interaction.

L  lactis expressing the full-length FnBPA protein on the bacterial cell surface was also 

tested to analyse the effect o f the fibrinogen y chain peptide on bacterial adherence to 

immobilised elastin. Dose-dependent and saturable inhibition of adherence of L. lactis FnBPA 

to both fibrinogen and elastin was observed. Maximum inhibition o f adherence to fibrinogen 

(-70% ) was achieved only at the highest concentration of peptide (400 |j,M) whereas -85%  

inhibition o f adherence to elastin was achieved with 100 p-M peptide. In both cases the 

scrambled peptide had no effect (Figure 3.38). The more potent inhibition of binding to 

elastin by the fibrinogen peptide possibly reflects the higher affinity o f FnBPA for fibrinogen 

compared to elastin. These data show that excess fibrinogen y chain peptide can inhibit the 

adherence o f bacterial cells to immobilised fibrinogen and elastin. This is further evidence 

that fibrinogen and elastin bind to a similar or overlapping site within region A of FnBPA.
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Figure 3.30 Truncates of the A domain of FnBPA

Equal amounts ( 1  ^g) o f rAFnBPA, 94.5,,, rAFnBPA 194.5Q9, rAFnBPA,94_49g and rAFnBPA ,94.433 (A) and rAFnBPA,94_5|,, 
rAFnBPA,94_3^(, and rAFnBPA33-7_5,, (B) were analysed by SDS-PAGE and stained with Coomassie Blue.
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Figure 3.31 Binding of rAFnBPA|94_5|, and rAFnBPA,94.5„, to immobilised clastin and fibrinogen

Microtitre plates were coated with 10 |ig/ml human aortic elastin (A) or fibrinogen (B) and increasing concentrations of 
rAFnBPA,94.51, and rAFnBPA 194.509 were added for Ih at room temperature. Bound protein was detected with polyclonal anti- 
rAFnBPA antibodies and goat anti-rabbit FlRP-conjugated antibodies followed by development with TMB substrate. Data points 
represent the mean o f triplicate wells and this figure is representative of three independent experiments.



■ rAFnBPAi94.5ii
A rAFnBPA-i 94.483

— 1—
0 .4

— 1—
0.6

— I—
0.8

— I
1.0

B
E
coin

0)
oc
(T!

S i
o
(/)

S I
<

r A F n B P A  (jiM)
0 .0 0 0  0 .0 2 5  0 .0 5 0  0 .0 7 5  0 .1 0 0  0 .1 2 5

r A F n B P A  (nM)

Figure 3.33 Binding of rAFnBPA , 9 4  ;;,, and rAFnBPA | 9 4  4 j, 3  to immobilised elastin and fibrinogen

Microtitre plates were coated with 10 |ag/ml human aortic elastin (A) or fibrinogen (B) and increasing concentrations o f 
rAFnBPA,94.51, and rAFnBPA|94_4g3 were added for Ih at room temperature. Bound protein was detected with polyclonal anti- 
rAFnBPA antibodies and goat anti-rabbit HRP-conJugated antibodies followed by development with I'MB substrate. Data points 
represent the mean o f  triplicate wells and this figure is representative o f  three independent experiments.
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Figure 3.34 Binding of rAFnBPA, 9 4 .5 1 , and rAFnBPA, 9 4 .3 3  ̂ to immobilised elastin and fibrinogen

Microtitre plates were coated with 10 |ig/ml human aortic elastin (A) or fibrinogen (B) and increasing concentrations of 
rAFnBPA 194.5,1 and rAFnBPA|94.33f, were added for Ih at room temperature. Bound protein was detected with polyclonal anti- 
rAFnBPA antibodies and goat anti-rabbit HRP-conjugated antibodies followed by development with TMB substrate. Data points 
represent the mean of triplicate wells and this figure is representative of three independent experiments.
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Figure 3.35 Binding of rAFnBPA,94.5,, and rAFnBPAjjy.j,, to immobilised elastin and fibrinogen

Microtitre plates were coated with 10 |ig/ml human aortic elastin (A) or fibrinogen (B) and increasing concentrations of 
rAFnBPA 194.511 and rAFnBPA337_5,, were added for Ih at room temperature. Bound protein was detected with polyclonal anti- 
rAFnBPA antibodies and goat anti-rabbit HRP-conjugated antibodies followed by development with TMB substrate. Data points 
represent the mean of triplicate wells and this figure is representative of three independent experiments.
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Figure 3.36 Inhibition of rAFnBPAj^.j,, binding to immobilised elastin and fibrinogen using soluble fibrinogen

M icrotitre plates were coated w ith 10 |ig/m l human aortic elastin (A) or fibrinogen (B). (A) rAFnBPA jy.j,, (0.1 |^M) was 
preincubated w ith increasing amounts o f soluble fibrinogen (0 (ig/ml -  500 ng/m l) before being added to elastin-coated wells. (B) 
rAFnBPA 3 7 _5 || (0.05|iM ) was preincubated w ith increasing amounts o f soluble fibrinogen (0 |ig/m l -  500 ng/m l) before being added 
to fibrinogen-coated wells. Bound protein was detected w ith polyclonal anti-rAFnBPA antibodies and goat anti-rabbit HRP- 
conjugated antibodies followed by development with TM B substrate. Data points represent the mean o f triplicate wells and are 
expressed as a percentage o f control wells lacking inhibitor. This figure is representative o f three independent experiments.
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Figure 3.37 Inhibition o f rA FnE PA jy.^n binding to im m obilised elastin and fibrinogen using fibrinogen y  chain peptides

M icrotitre plates were coated with 10 ^ig/ml hum an aortic elastin (A) or fibrinogen (B). 0.1 |^M (A) or 0.025 |iM  (B) o f  
rA FnB PA jy.j,, was preincubated with increasing am ounts o f  fibrinogen y  chain peptides (200 |liM  -  0 |xM) before being added to 
ligand-coated wells. Bound protein was detected with polyclonal anti-rA FnBPA  antibodies and goat anti-rabbit H R P-conjugated 
antibodies follow ed by developm ent with TM B substrate. Data points represent the m ean o f  triplicate w ells and are expressed as a 
percentage o f  control w ells lacking inhibitor. This figure is representative o f  three independent experim ents.
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Fibr inogen peptide  ( ÎVI) Fibrinogen pep tide  (|iM)

Figure 3.38 Inhibition of L. lactis expressing FnBPA binding to immobilised elastin and fibrinogen using fibrinogen y chain 
peptides

Microtitre plates were coated with 10 ^g/ml human aortic elastin (A) or fibrinogen (B). L. lactis cultures were induced with 0.8 
ng/ml (A) or 0.1 ng/ml (B) nisin and preincubated with increasing amounts o f fibrinogen y chain peptides (400 |jM -  0 |iM ) before 
being added to ligand-coated wells. Adherence o f bacteria to elastin and fibrinogen was measured using SYTO-13 fluorescent dye 
and crystal violet, respectively. Data points represent the mean o f triplicate wells and are expressed as a percentage o f control wells 
lacking inhibitor. This figure is representative o f three independent experiments.
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S D (n M )
2-tailed
p-value

Significant
difference

Half max binding ±  
S D (n M )

2-tailed p- 
value

Significant
difference

37-511 45.6 ± 10.3 4.7 ± 1.8

To 37-511 To 37-511

37-544 38.9 ± 2 0 .9 0.6446 No 6.78 ± 3 .41 0.403 No

194-511 5 1 .7 7 ±  12.2 0.5399 No 4.02 ± 0.23 0.5517 No

To 194-511 To 194-511

194-509 47.6 ± 14.8 0.7256 No 20.94 ± 7.5 0.0175 Yes

194-498 ND ND ND 488.7 ± 7 4 .2 0.0003 Yes

194-483 ND ND ND 723.56 ± 345.6 0.0226 Yes

194-336 ND ND ND ND ND ND

337-511 ND ND ND ND ND ND

Table 3.1 Half maximum binding values for rAFnBPA proteins binding to immobilised elastin and fibrinogen

The relative affinities o f  rA FnB PA jy .j,, and truncates thereof were assessed by ELISA -type binding assays to im m obilised elastin and 
fibrinogen. H a lf m axim um  binding values given are approxim ated by the GraphPad Prism software package and are averaged over at 
least three experim ents. The p-value given represents the statistical signiilcant difference betw een the binding for each variant 
com pared to that o f  rA FnB PA 3 7 _5 | , or rAFnBPA|g 4 _5 , , as indicated. *ND = no detectable binding observed.



To investigate the similarities o f  fibrinogen and elastin binding in more detail, another 

known inhibitor o f fibrinogen binding was tested for its effect on FnPBA binding to 

immobilised elastin. Monoclonal antibody 7C5 was previously shown to inhibit FnBPA- 

expressing bacteria from adherence to fibrinogen (Fitzgerald et al., 2006). Here the ability o f 

the antibody to inhibit bacterial attachment to immobilised fibrinogen and elastin was tested. 

7C5 was shown to inhibit adherence o f L. lactis expressing FnBPA to immobilised fibrinogen 

to a maximum o f 60%. It also strongly inhibited adherence o f  L. lactis to immobilised elastin 

with -80%  inhibition being achieved at 50 |^g/ml o f antibody. An isotype-matched control 

monoclonal antibody, 1F9 was known not to inhibit fibrinogen binding. This antibody failed 

to inhibit elastin binding (Figure 3.39). These experiments are consistent with the 

interpretation that fibrinogen and elastin bind to FnBPA at sites that overlap.
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Figure 3.39 Inhibition of L. lactis expressing FnBPA binding to immobilised eiastin and fibrinogen using monoclonal 
antibodies

Microtitre plates were coated with 10 |ig/ml human aortic elastin (A) or fibrinogen (B). L. lactis cultures were induced with 0.8 
ng/ml (A) or 0.1 ng/ml (B) o f nisin and preincubated with increasing amounts o f monoclonal antibodies 7C5 and 1F9 (100 ng/ml -  
0 ng/ml) before being added to ligand-coated wells. Adherence o f bacteria to elastin and fibrinogen was measured using SYTO-13 
fluorescent dye and crystal violet, respectively. Values represent the mean o f triplicate wells and are expressed as a percentage o f 
control wells lacking inhibitor. This figure is representative o f three independent experiments.



3.3 Discussion

An important factor in bacterial pathogenesis is the ability o f  the invading organism to 

colonise host tissue. S. aureus possesses, on its cell surface, a number o f  proteins, collectively  

called M SCRAM M s, which promote the binding o f  the organism to components o f  the host 

extracellular matrix and play an important role in bacterial virulence. S. aureus causes a 

number o f  diseases o f  elastin-rich tissue such as lung and heart valves, and for this reason, the 

interaction o f  the organism with elastin was examined. Recent studies have found that the 

elastin-binding protein, EbpS, was responsible for the binding o f  S. aureus to soluble elastin 

but had no role in adherence to immobilised elastin (Roche et a l ,  2004). The fibronectin- 

binding proteins o f  S. aureus have been shown here to bind specifically to immobilised elastin 

as well as to fibrinogen. Strains o f  S. aureus bind to three sources o f  immobilised elastin in 

exponential phase o f  growth only, when FnBPA and FnBPB are maximally expressed. 

Inhibition studies with anti-rAFnBPA antibodies have shown that the elastin-binding 

phenotype o f  FnBPA is contained within the A domain o f  the protein. This was confirmed 

using L  lactis strains expressing the A domain alone o f  FnBPA which bound to fibrinogen 

and elastin. The lower affinity o f  FnBPA for elastin is consistent with the observation that the 

A domain expressed alone on the surface o f  L. lactis  does not bind as well to elastin as to 

fibrinogen. Lacking the BCD regions that could act as a stalk to project the A domain away 

from the cell surface could mean that some m olecules may be partially buried in the 

peptidoglycan and are not fully functional. This would impact greater on the lower affinity 

elastin-binding interaction. It has been observed for ClfA that truncation o f  the SD repeats, 

that project the A domain away from the cell surface, impairs ligand binding (Hartford et al., 

1997). The nisin-inducible system o f  L. lactis strain NZ9800 (pNZ8037) is tightly controlled 

and allows high level expression o f  FnBPA on the surface o f  the cell. This will be invaluable 

in all further investigation in the properties o f  FnBPA. Indeed this system has already been 

used to study the roles o f  fibrinogen, fibronectin, domain-specific antibodies and complement 

in the activation o f  human platelets by FnBPA (Fitzgerald et a i ,  2006).

To show unequivocally that region A o f  FnBPA and FnBPB support the binding to 

immobilised elastin peptides, recombinant rAFnBPA 3 y.5 4 4  and rAFnBPB3 7 -5 4o were expressed 

and purified from the E. coli pQE30 vector. These proteins were found to be relatively stable 

to heating at 37°C. They were also tested for their susceptibility to two major staphylococcal 

proteases. Both rAFnBPA 3 v.5 4 4  and rAFnBPB3 y.5 4 o were extremely susceptible to V8 serine
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protease with cleavage occurring along the length o f the protein. It has been noted before that 

the FnBPs are prone to rapid degradation by V8 (Karlsson et al., 2001; McGavin et a l ,  1997). 

In contrast to FnBPA and FnBPB which appear to be undergo complete breakdown, ClfA has 

been shown to be cleaved by VS at distinct sites in N l, leaving the N2N3 subdomains intact 

(Higgins, 2006). The relative resistance o f the fibrinogen-binding N2N3 domains o f ClfA to 

V8 is important, given that ClfA is preferentially expressed in stationary phase o f growth, 

when V8 is abundant. In contrast to VS, both recombinant FnBP proteins are quite stable in 

the presence o f  aureolysin metalloprotease. This protease cleaves the clumping factors, ClfA 

and ClfB removing domain N l and leaving domains N2N3 intact on the cell surface. In 

contrast to ClfA, the cleaving o f ClfB by aureolysin results in the loss o f fibrinogen-binding 

ability (McAleese et al., 2001). The production o f extracellular proteases such as V8 and 

aureolysin occurs in post-exponential phase and is regulated by the agr mechanism. As cell 

density increases during exponential phase, RNAIIl is produced by the agr system and 

downregulates the expression o f  surface proteins while upregulating the synthesis o f 

extracellular proteins such as toxins and proteases. The sar locus also regulates the production 

o f FnBPs by a direct mechanism and an indirect mechanism via its control over agr. The 

proteases produced by the coordinated control o f agr and sar appear to function in the 

degradation o f both host and bacterial proteins. The degradation o f surface-expressed ligand- 

binding proteins serves to aid in the transition o f the bacterium from colonisation to invasive 

stages o f  infection.

Antibodies raised against the recombinant A domains o f  FnBPA and FnBPB show 

high levels o f sensitivity against their respective antigen and also some cross-reactivity. This 

is likely due to the 43% amino acid identity that occurs between the A domains o f these two 

proteins. In addition to this, the secondary structure o f both proteins is now thought to be 

highly homologous, possibly leading to common epitopes occurring on both proteins. The 

antibodies were also tested for their affinity to full-length FnBP proteins released from cell 

wall extracts o f  S. aureus strain P I. Strain PI has been shown to possess hoXh.fnbA din& fn h B  

genes although there is no conclusive evidence that it expresses high levels o f  both proteins on 

the cell surface. The presence o f  a single high molecular weight band on Western blots 

probed with anti-FnPBA and anti-FnBPB antibodies indicates that PI may only express one 

FnBP on its surface. The more intense reaction o f anti-rAFnBPB antibodies with this band 

may suggest that FnBPA is not expressed by this strain. It is possible however, that both 

proteins are so similar in size that they cannot be separated by SDS-PAGE, unlike the FnBPA
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and FnBPB produced by strain 8325-4 which are sufficiently different in size to be separated 

by SDS-PAGE. Construction o f  single fn b  mutants o f  strain PI would give some information 

on the relative expression o f  both proteins and research into this area is ongoing in the 

laboratory. The low affinity o f  antibodies raised against the A domains o f  FnPBs from stain 

8325-4 for their corresponding antigens produced by strain PI will be discussed further in 

Chapter 5. The antibodies have been shown to inhibit both L. lactis  and S. aureus PI cells 

expressing FnBPA (8325-4 sequence) from binding to immobilised elastin, thus indicating the 

specificity o f  the FnPB-elastin interaction.

Recombinant rAFnBPA3 7 -5 4 4  and rAFnBPB3 7 .5 4 o both bound to imm obilised elastin and 

fibrinogen in a dose-dependent and saturable manner. Binding was inhibited by preincubation 

with soluble elastin peptides, which is indicative o f  a specific receptor-ligand interaction. 

FnBPB appears to have a higher specificity for elastin and fibrinogen than the FnBPA protein 

as detected by direct ELISA assays although this needs to be treated with caution until verified 

by another method. Most investigations o f  the fibronectin- and fibrinogen-binding abilities o f  

the FnBPs have focused on FnBPA. It would be o f  interest, therefore to carry out a detailed 

study on the affinity o f  FnBPB and some specific truncates to its ligands. To coat the w ells o f  

microtitre plates, elastin peptides were dried onto the plastic surface under a UV lamp. This 

method has been used to study the effects o f  immobilised elastin peptides on the elastin 

receptors o f  mammalian cells (Hinek et al., 1999). To ensure that peptides retained epitopes 

specific to elastin, the ability o f  anti-human aortic elastin antibodies to recognise immobilised 

human aortic elastin was assessed by ELISA. These antibodies bound in a dose-dependent 

manner to the immobilised antigen. This finding suggests that the overall structure o f  

immobilised elastin peptides was not grossly affected by drying under UV light and that the 

protein retained many o f  the epitopes in the soluble form o f  the antigen. Therefore, the 

adherence assays used in these studies is an effective and reliable method o f  studying the 

interactions o f  S. aureus surface proteins with mammalian elastin.

Subsequent to the work described above, a detailed examination o f  the fibronectin-

binding domains o f  FnBP from Streptococcus dysgalactiae  was carried out (Schwarz-Linek et
1

al., 2003). The crystal structure o f  the B3 peptide from FnBP and the FI FI module pair o f  

fibronectin demonstrated a unique mechanism o f  ligand binding termed a tandem p-zipper. In 

this mechanism, the (3-strand o f  the B3 bacterial peptide contributes a fourth antiparallel strand 

to the triple stranded (3-sheet o f  sequential FI modules. Sequence analysis indicated that the 

C-terminal regions o f  the S. aureus FnBPA could be arranged into 11 segments such that each
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(except segment 7) contains a similar series o f  putative FI binding motifs (Schwarz-Linek et 

al., 2003). The first m otif lay inside the previously defined boundary o f  the A domain o f  

FnBPA. This domain was previously thought to span residues 37-544. However, fibronectin- 

binding m otif 1 was shown to be located from residues 512-550. This had implications on the 

experimentation carried out above and rAFnBPA 3 7 - 5 4 4  was shown to be capable o f  binding 

purified immobilised fibronectin, demonstrating the presence o f  a functional fibronectin- 

binding m otif at the C-terminus o f  this protein. A new recombinant A  domain protein was 

then constructed lacking the fibronectin-binding phenotype but retaining the ability to bind to 

immobilised elastin and fibrinogen. This shows that there is no adverse effect on fibrinogen or 

elastin binding by removing the C-terminal 33 amino acids from the originally defined A  

domain. The minimum A domain o f  FnBPA thus spans residues 37-511.

To narrow down the binding site within region A o f  FnBPA for elastin and fibrinogen, 

an N2N3 truncate was constructed to assess the function o f  N1 in ligand binding. A previous 

alignment o f  the fibrinogen-binding regions o f  ClfA, ClfB, FnBPA, FnBPB proposed that the 

N2 subdomain o f  FnBPA begins at residue 194 (Deivanayagam et al., 2002). A construct 

spanning residues 194-511, retained the ability to bind both immobilised fibrinogen and 

elastin. This indicates that N1 does not have any role in ligand binding. This is in accordance 

with the A domains o f  ClfA and ClfB which are both capable o f  binding fibrinogen in their 

N2N3 states (Deivanayagam et al., 2002; Perkins et al., 2001). The binding site for both 

fibrinogen and elastin in FnBPA has thus been further localized to residues 194-511 o f  

FnBPA.

The precise structure o f  region A o f  FnBPA is unknown. Studies have predicted that 

this protein is likely to have a similar fold to the corresponding domains o f  ClfA  

(Deivanayagam et al., 2002). The Phyre website is a valuable tool in predicting the 3D  

structure o f  a submitted amino acid sequence based on the known crystal structure o f  similar 

proteins. The resulting model o f  FnBPA shows a structure dominated by P-strands, forming 

an IgG-like fold. The last 8 amino acids o f  the y chain o f  fibrinogen were docked in silico  into 

this structure and are located in the hydrophobic trench situated between N 2 and N3. This 

trench was predicted to bind the same fibrinogen y chain ligand in studies with ClfA and has 

been shown to contain the P chain o f  fibrinogen in co-crystallisation studies with SdrG. The 

orientation o f  the docked fibrinogen ligand in this model o f  FnBPA is in accordance with that 

o f  the P chain o f  fibrinogen in SdrG. It is possible that fibrinogen approaches the A domain o f  

FnBPA from the top right position in Figure 3.29 with the C-terminus o f  the y chain exposed
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and available for binding down along into the hydrophobic trench. The structure and position 

o f  the N 1 subdomain has never been investigated but it does not to interfere with fibrinogen 

binding. The C-terminal latching peptide in the model o f FnBPA is folded over the N 3 

subdomain. This is due to the model being based on the crystal structure o f ClfA. The precise 

location o f  this strand in FnBPA in the presence and absence o f fibrinogen is not known. 

Attempts at crystallising the A domain o f FnBPA in complex with its fibrinogen ligand are 

ongoing in the laboratory o f Prof. M. Hook, Texas A&M University, Houston, Texas, USA. 

Defined crystals would inform greatly on the true nature o f  the mechanism of fibrinogen 

binding and may shed some light on a putative mechanism o f elastin binding. Until a reliable 

structure is obtained and analysed, this model o f N2N 3 o f  FnBPA based on its nearest 

homologue, ClfA, was used to give an insight into role o f residues located within the ligand- 

binding trench and those comprising the latching peptide.

The true A domain was thought to be contained within residues 37-511 . The 

asparagine at position 511 is predicted to be situated mid w'ay along the latching peptide on the 

3D model o f  FnBPA. Residues GPI comprising the first 3 amino acids o f  the first fibronectin- 

binding domain, are predicted to form the remainder o f the latching peptide. The absence of 

these three residues in recombinant proteins rAFnBPAsvoii and rAFnBPAi94.5n, does not 

influence ligand binding. It can be deduced, therefore that if the dock, lock and latch model is 

accurate, the remaining residues o f the latching peptide are sufficient to undergo P-strand 

complementation in N 3 . If  the dock, lock and latch mechanism was critical in the binding of 

fibrinogen and/or elastin, then the residues located in the latching peptide would have a vital 

role to play in ligand binding. This hypothesis was tested by constructing truncates o f the 

N 2N 3 protein (rAFnBPAi94.5n) that lacked successive C-terminal residues. The first truncate 

rAFnBPA 194-509 lacked the remaining two residues o f the latching peptide and this was shown 

to cause a significant decrease in fibrinogen binding but not in elastin binding. This indicates 

that there are subtle differences in the binding o f  elastin and fibrinogen. A second truncate, 

rAFnBPA 194498, lacking the latching peptide and the preceding loop region that may act as a 

hinge, did not bind to either ligand. This indicates the importance o f this region on the 

binding o f both fibrinogen and elastin. A third truncate, rAFnBPAi94.483, that would likely 

alter the conformation o f the N 3 subdomain, also did not bind to either ligand. These data, in 

conjunction with the fact that neither the N2 nor N 3 subdomain alone can bind to fibrinogen or 

elastin, demonstrates the importance o f the overall IgG fold o f the A domain.
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In conclusion, the C-terminal residues o f  the N 2N 3 protein o f  FnBPA have an 

important role in ligand binding and truncates lacking these residues are defective in both 

fibrinogen and elastin binding. As mentioned, the precise location o f the latching peptide o f 

FnBPA is unknown. The N 2N 3 subdomains o f  FnBPA have also been modelled based on the 

known crystal structure o f the ligand bound complex o f SdrG. This model (Figure 3 .40) 

predicts the latching peptide to be N-terminal to that predicted by the ClfA-based model. The 

binding o f  the C-terminal truncates o f  FnBPA could be in agreement with this model. 

rAFnBPAi94.5ii binds tightly to fibrinogen and elastin as the latching peptide is intact. 

rAFnPBAi94.509 also contains the full latching peptide and has only a slightly lower affinity for 

fibrinogen than rAFnBPA 194.511 and no defect in elastin binding. Deletion o f residues to 

position 498 , however, removes the entire latching peptide and most o f the hinge region and 

the rAFnBPAi94-i98 protein is thus devoid o f  fibrinogen- and elastin-binding ability. The 

ClfA-based model o f FnBPA was researched in more detail throughout this project as FnBPA 

and ClfA share a higher percentage similarity and bind to the same region o f  the y chain o f 

fibrinogen. The value o f the SdrG-based model o f FnBPA, however, lies in the fact that a 

ligand bound crystal complex was obtained and the position o f the latching peptide informs on 

the mechanism o f dock, lock and latch binding. This latter model can therefore not be ruled 

out. The proximity o f the fibrinogen/elastin- and fibronectin-binding regions at the junction o f 

the latching peptide raises some interesting questions. It is not yet known how the binding o f 

fibronectin to the first fibronectin-binding m otif (512-550) would affect the subsequent 

binding o f  fibrinogen or elastin to the A domain. Competition studies involving fibronectin 

and the y chain peptide o f fibrinogen would be valuable in elucidating the dock, lock and latch 

model o f FnPBA.

To further examine the hypothesis that fibrinogen and elastin bind to FnBPA in a 

similar manner, known inhibitors o f the FnBPA-fibrinogen interaction were tested for their 

effect on elastin binding. Preincubation o f  FnBPA with both soluble whole fibrinogen and the 

C-terminal y chain peptide inhibited binding to elastin as well as to fibrinogen. This indicates 

that the presence o f fibrinogen in the hydrophobic trench hinders the binding o f elastin. It is 

likely therefore that elastin binds to FnBPA in a similar manner, possibly in the same trench. 

A monoclonal antibody that has been shown to inhibit the binding o f FnBPA to fibrinogen 

also inhibited elastin binding. The binding o f  this monoclonal antibody to FnBPA is thought 

to alter the overall conformation o f the molecule, thus rendering the protein unable to bind to
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Figure 3.40 Comparison of the structural 
models of N2N3 of FnPBA based on ClfA 
and SdrG

A and B show the predicted structure o f  the 
N 2N 3 subdomains o f FnPBA based on ClfA 
and SdrG, respectively, with residues involved 
in the first fibronectin-binding domain 
highlighted in blue and those o f the C-terminal 
deletion constructs in yellow. The model 
based on ClfA (A) predicts the latching 
peptide o f FnPBA to span residues 
K5,qNGPI5|4 (red in sequence in panel C with 
fibronectin-binding residues underlined) while 
the model based on SdrG (B) predicts the 
latching peptide to span residues N-terminal to 
this, K504ANGN5Qg (green in sequence in panel 
C).



both fibrinogen and elastin. The exact epitope to which this monoclonal antibody binds is yet 

unknown. Further work carried out with 7C5 will be discussed further in Chapter 5.

In this chapter, work with S. aureus and L  lactis bacterial cells demonstrated that the 

A domain of the fibronectin-binding proteins supports binding to immobilised elastin as well 

as to fibrinogen. Recombinant A domains o f FnBPA and FnBPB were expressed and purified 

and both proteins were shown to bind to immobilised elastin and fibrinogen in a dose- 

dependent and saturable manner indicating the specificity of the interactions. A truncated 

N2N3 protein of FnBPA was shown to bind to elastin and fibrinogen with a similar affinity to 

that of N1N2N3, demonstrating that subdomain N1 has no function in ligand binding. A 3D 

structural model o f the N2N3 subdomains o f FnBPA was created based on the crystal structure 

of the same region of ClfA. This model identified the residues involved in the latching 

peptide of FnBPA and allowed truncates to be constructed which determine the minimum 

ligand-binding region. Finally, two knowTi inhibitors of fibrinogen binding by FnBPA were 

also shown to inhibit elastin binding. This indicates that elastin and fibrinogen bind to FnBPA 

in a similar manner.
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Chapter 4

Site-directed mutagenesis of DNA encoding region A of FnBPA



4.1 Introduction

S. aureus  surface proteins are know n to be m ulti-functional and can p ossess functional 

redundancy with other ligand-binding surface proteins. This is typified  by the fibronectin- 

binding proteins, FnBPA  and FnBPB w hich  have been show n to bind fibronectin (Jonsson et 

al.,  1991; Signas et a l ,  1989) as w ell as fibrinogen (R oche et a l ,  2004; W ann et al.,  2 0 0 0 ) and 

elastin (R oche et al.,  2004). A s the fibrinogen- and elastin-binding phenotypes o f  FnBPA  are 

both conveyed  by the N 2N 3 subdom ains o f  region A  o f  the protein, further investigation  o f  

this segm ent w as required. The truncation approach adopted in Chapter 3 was show n to be 

inadequate as deletion o f  the C-terminal residues involved  in the latching peptide rendered the 

protein unable to bind to either ligand. Thus further analysis o f  the 3D  structural m odel 

generated for region A  o f  FnBPA allow ed a closer inspection o f  the potential m echanism s 

involved  in binding to both elastin and fibrinogen. To do this, com parisons were drawn w ith  

the binding m echanism s postulated for similar ligand-binding proteins, C lfA  and SdrG.

C lfA  is a w ell characterised fibrinogen-binding protein o f  S. aureus.  The crystal 

structure o f  N 2N 3 o f  C lfA  (rA C lfA 2 2 1-559)  has been solved  (D eivanayagam  et al., 2002). This 

structure has been discussed  previously in Sections 1.3 and 3.1 and w as shown to consist o f  

tw o sim ilarly folded subdom ains which m im ic the recognised im m unoglobulin  (IgG ) fold. 

The focus on this structure up to now  has been on the C-terminal regions that are likely to be 

involved in the latching m echanism  o f  ligand binding. In this chapter, the central residues 

situated around the hydrophobic trench located betw een subdom ain N 2  and N 3 w ill be 

investigated. In the structural analysis o f  C lfA  a fibrinogen y chain peptide w as docked in 

s ilico  into the crystal structure to aid in the understanding o f  ligand binding. A  brute force  

docking procedure (Softdock) w as em ployed w hich  yielded  several solutions. The top 20  

docking solutions w ere exam ined and further scored on the basis o f  interactions betw een the 

fibrinogen ligand and rA C lfA 2 2 1-559 . In seven o f  the top 20 solutions, the C-term inal 

fibrinogen residues (A 4 0 8G D V 4 1 1) were found to be exten sively  in contact with rA C lfA 2 2 i -559 

residues. In all o f  these solutions, the fibrinogen peptide docked into the hydrophobic pocket 

formed at the interface betw een the N 2  and N 3 subdom ains. It w as noted that this trench 

contained the V 527  residue that w as found in a previous study to be important for fibrinogen  

binding by C lfA  (Hartford et al., 2001). In the C lfA  crystal structure containing the docked  

fibrinogen ligand, this V 527  residue w as in contact w ith the C-terminal valine o f  the 

fibrinogen y chain (V 4 1 1). Glutamate 526 and valine 527 o f  C lfA  w ere found to be important
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in ClfA binding in an empirical study carried out before the 3D structure o f ClfA was 

understood (Hartford et al., 2001). It was noted that antibodies raised against the C-terminus 

o f ClfA, rAClfA 5oo-559, inhibited binding to immobilised fibrinogen by bacteria expressing 

ClfA and by recombinant ClfA protein. This indicated that the C-terminus o f the molecule is 

very important in ligand binding, a concept that is understood in greater detail today. It was 

also noticed that substitution o f  K406 o f the fibrinogen y chain resulted in loss o f affinity o f 

this peptide to rAClfA (Hartford et al., 2001). It was concluded therefore that this lysine may 

be involved in important interactions with a negatively-charged residue in ClfA. In response 

to this, negatively-charged residues at the C-terminus o f ClfA were targeted by site-directed 

mutagenesis. Thus, E526, D537, E546 and E559 o f  ClfA were all tested for their role in 

fibrinogen binding. O f these substitutions, E526A was the only one that caused an effect, with 

a 16-fold reduction in affinity for fibrinogen. Residues adjacent to this amino acid were also 

targeted and the substitution o f  the residue C-terminal to E526 (V527S) was shown to have an 

8-16 fold lower titre for fibrinogen. The double mutant containing both these substitutions 

however, exhibited a 512-fold lower titre for immobilised fibrinogen compared to that o f wild- 

type region A o f ClfA (Hartford et al., 2001).

The other residues o f ClfA that were predicted in the docking studies o f the crystallised 

structure to be in contact with the fibrinogen ligand were Tyr256, Pro336 and Tyr338 in the 

N2 subdomain and Ile387 and Lys389 in the N3 subdomain (Deivanayagam et al., 2002). 

These residues o f ClfA are situated around the hydrophobic trench and were targeted by site- 

directed mutagenesis, for substitution by an alanine or serine residue. The variant rAClfA 2 2 i- 

559 proteins were tested for their ability to bind immobilised fibrinogen in a direct ELISA-type 

assay as well as by inhibition ELISA assays where the ability o f  the mutant protein to inhibit 

the binding o f biotin-labelled wild-type rAClfA 2 2 i-559 to immobilised fibrinogen was 

determined. The results o f these assays showed that the Y338A protein was unable to bind to 

immobilised fibrinogen, whereas the Y256A, K389A and P336S proteins exhibited markedly 

reduced affinities for fibrinogen. In contrast, the A254S and I387S proteins had somewhat 

reduced affinities. Fluorescent polarization was used to quantify the binding o f  rAClfA 2 2 i-559 

wild-type and mutant proteins to a fluorescein-labelled 17 amino acid synthetic peptide 

corresponding to the C-terminus o f the y chain o f fibrinogen. The Kd values obtained from 

these experiments showed that Tyr338, Pro336, Tyr256 and Lys389 had important roles to 

play in fibrinogen binding by ClfA. A254 and 1387 were less crucial to the ligand-binding
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function. It was concluded from this study that Tyr338, Tyr256 and Lys389 were likely to 

have charge-charge interactions with the A4 0 8GDV411 residues o f the fibrinogen y chain.

Following the study on ClfA, the crystal structure o f  another staphylococcal 

fibrinogen-binding surface protein (SdrG) was solved both in its apo and ligand-bound forms 

(Ponnuraj et a l ,  2003). In contrast to ClfA, SdrG binds to the N-terminus o f the P chain o f 

fibrinogen. The co-crystallised fibrinogen ligand was found to be situated in the hydrophobic 

trench between N2 and N3, confirming the docking procedure carried out for ClfA. The open 

and closed complex showed differing structures with regard to the C-terminal P-strand, which 

led to conclusions about the dock, lock and latch mechanism o f ligand binding. As discussed 

in the last chapter, the co-crystallised complex gave an important insight into the role o f 

residues located at the C-terminus o f the molecule which are important in the latching peptide. 

The aim o f the studies carried out in this chapter however, was to investigate the role o f 

residues located around the hydrophobic trench that are crucial in ligand binding. In studying 

the crystal structure o f SdrG, two residues were targeted by site-directed mutagenesis and both 

were found to be crucial for fibrinogen binding. Ser338 and Asp339 are adjacent amino acids 

located on a loop region between P-strands C and D o f subdomain N2. They are situated 

within 3 Angstroms (A) o f the fibrinogen ligand and were changed to histidine and alanine, 

respectively. Both changes independently resulted in the variant rSdrG 273-596 protein being 

unable to bind immobilised fibrinogen P chain peptide in Biacore and ELISA assays. It was 

hypothesised that the S338H substitution would introduce a larger side chain within the 

binding region, occupying the space where the peptide docks, thus preventing ligand binding. 

Attention was also focused on the residues o f the fibrinogen ligand that were crucial in 

binding SdrG. A panel o f mutant fibrinogen peptides were synthesised where each residue in 

the native fibrinogen sequence was replaced with an alanine (or serine if  alanine is present in 

the native sequence) and subsequently tested for SdrG protein binding. It was deduced that 

residues F 10FSARG 15 o f fibrinogen were the most significant in contributing to the binding to 

SdrG. An extra Phe residue at the N-terminus o f the fibrinogen peptide and a G15S 

substitution o f this peptide resulted in tighter binding to rSdrG 27 6-s9 6 - Due to SdrG binding to 

a distinct region o f fibrinogen compared to FnBPA, the above information on optimal peptide 

binding is o f limited value. However, it has been noted that a similar situation occurs in ClfA, 

whereby synthetic peptide analogues representing amino acid variants o f the fibrinogen y 

chain show higher affinity for the recombinant rAClfA 2 2 i-559 than the native fibrinogen
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sequence (M. Hook, unpublished data). In this way, staphylococcal surface proteins can 

accommodate linear peptides with a certain degree o f sequence variability.

The A domain o f FnBPA has long been known to exhibit substantial amino acid 

sequence similarity with the A domain o f ClfA (McDevitt et a l ,  1994). This led to the 

investigation into a biological role for the A domain and it was subsequently determined that, 

similar to ClfA, the A domain o f FnBPA bound to fibrinogen (Wann et al., 2000). In contrast 

to ClfA, the A domain o f  FnBPA also bound elastin (Roche et al., 2004). Until this study 

began, the structural elements (P-strands and adjoining loops) o f  region A o f FnBPA were 

predicted based on alignments o f the primary amino acid sequence o f  this region with the 

equivalent domains o f ClfA. Upon the crystallisation o f the A domain o f  ClfA, a closer 

inspection o f the sequence similarity allowed prediction o f the secondary structural elements 

o f FnPBA (Deivanayagam et al., 2002) which is evident in the alignment diagram of Figure 

4.1. Attempts are ongoing in the laboratory o f Prof M. Hook, Texas A&M University, 

Houston, Texas to crystallise the N2N3 domains o f FnBPA, preferably in complex with its 

fibrinogen ligand. Until this is available, a computer modelled structural prediction gives the 

best insight into the mechanism o f ligand binding by region A o f FnBPA.

In this chapter, the 3D structural model o f FnBPA was studied in detail, with and 

without the fibrinogen y chain peptide docked in silico into the putative ligand-binding trench. 

Amino acid residues were chosen at various locations around the hydrophobic trench and 

substituted to alanine or glycine. The effects o f  these substitutions on the ability o f 

recombinant rAFnBPAsT.sn proteins to bind to immobilised elastin and fibrinogen was 

determined by ELISA-type binding assays. The reductions in binding were correlated with the 

position o f the substituted amino acid and the likely contact points between the atoms o f these 

residues and the nearest residue o f the fibrinogen y chain. In this way, residues likely to be 

involved in the binding to fibrinogen and/or elastin as well as those potentially involved in the 

latching mechanism o f ligand binding were identified.
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Figure 4.1 Sequence alignment of the N2N3 subdomains o f ClfA (top) and FnBPA 

(bottom)

Red, blue and black letters represent charged, polar and hydrophobic residues, respectively. 

The conserved Tyr residue in the connector between the N2 and N3 subdomains is marked 

with an asterisk. The secondary structural elements are represented as arrows below the text. 

The red line under the text represents the first fibronectin-binding m otif o f FnBPA. Residues 

o f  FnBPA targeted for site-directed mutagenesis are circled. Adapted from Deivanayagam et 

a/., 2002.



4.2 Results
4.2.1 Modelling the 3D structure of rAFnBPAi9 4 .5 n

It has been shown in Chapter 3 that rAFnBPA 1 9 4 . 5 1 1  binds elastin and fibrinogen with 

high affinity. Further truncation o f this protein would likely disrupt the overall secondary 

structure o f the subdomains o f  region A and thus indirectly affect ligand binding. A more 

precise approach was required. It was suggested previously that the DEv-IgG fold, revealed in 

the crystal structure o f the apo form o f ClfA is also present in the corresponding regions o f the 

A domains o f ClfB, FnBPA and FnBPB. In accordance with this, the structure o f the ligand- 

binding N2N3 domains o f FnBPA was predicted based on the crystal structure o f the 

equivalent domains o f ClfA (Deivanayagam et a l ,  2002). As described in Section 3.2.10, the 

Phyre molecular modelling engine was used to create a 3D structure o f FnBPA in order to 

study the possible mechanisms o f ligand binding. Further insight into the mechanism o f 

fibrinogen binding by staphylococcal surface proteins came with the co-crystallisation o f  SdrG 

with its ligand, the N-terminus o f  the p chain o f fibrinogen. In this structure, it was clear that 

the orientation o f the latching peptide could vary in response to the presence o f  fibrinogen. 

This mechanism o f ligand binding was termed dock, lock and latch (Ponnuraj et al., 2003). In 

order to investigate the role o f  residues around the hydrophobic trench o f FnBPA that may be 

involved in ligand binding, it was necessary to dock the fibrinogen ligand into this structure 

using computer software. To do this a computer-generated fibrinogen ligand (C-terminal 8  

amino acid peptide o f the y chain o f fibrinogen, G4 0 4 AKQAGDV 4 1 1) was docked in silico into 

the predicted structural model o f  FnBPA using Autodock. This structure has been described 

in Section 3.2.10. Interestingly, the orientation o f  the fibrinogen ligand is the same as that 

seen in the co-crystallisation o f  SdrG with its fibrinogen ligand. The fibrinogen residues, 

G4 0 4 AKQAGDV 4 1 1, are situated running along the trench from top left to bottom right. The 

docking o f the fibrinogen peptide into N2N3 o f FnBPA provided a rationale for identifying 

residues lining the hydrophobic trench o f FnBPA to be investigated for a role in ligand 

binding.

4.2.2 Rationale for choosing residues of rAFnBFAjT.sn to be altered by site-directed 

mutagenesis

With the docking o f the fibrinogen y chain into the modelled structure o f  FnBPA, it 

was possible to identify those residues with side chains pointing into the trench which were in
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close proximity to the ligand. The Chimera molecular modelling software package allowed 

identification of the residues of FnBPA that are within a defined distance from the fibrinogen 

ligand. In this way Chimera was used to highlight residues within 3 A from the fibrinogen y 

chain peptide. Among those residues highlighted by this method were T354 and N356 as well 

as A415 and T417. These residues were the first to be targeted for site-directed mutagenesis 

by the Quikchange method. It was first decided to make the minimum nucleotide changes 

necessary to produce a codon for amino acids such as alanine or glycine. Thus ACA was 

altered to GCA to change T354 to alanine and AAT was altered to GGT to change N356 to 

glycine. This gave a total o f 3 nucleotide mismatches in both the forward and reverse primer 

to create the double mutant T354A/N356G. A similar method was used to construct 

A415G/T417A. Subsequent to this, it was discovered that the Quikchange method was 

successful even if all three nucleotides of a codon were changed so all further site-directed 

mutants were constructed changing the relevant residue to alanine.

Seven other site-directed mutants were made based on analysis o f region A of ClfA 

(Deivanayagam et al., 2002). In that study A254, Y256, P336, Y338, 1387 and K389 of 

region A of ClfA were changed to alanine or serine. Thus the residues in equivalent positions 

in FnBPA were targeted, yielding rAFnBPAsy.sn G222A, R224A, N304A, F306A, F355A, 

K357A and the double mutant N304A/F306A. The final two residues chosen for alteration 

were in the equivalent position to two residues found to be important in an empirical study of 

fibrinogen binding by ClfA (Hartford et al., 2001). In that study E526 and V527 were 

identified as being important for fibrinogen binding. The residues of FnBPA in the equivalent 

positions were also changed. This led to the construction of rAFnBPAay.sn G497A and 

L498A. All residues chosen for site-directed mutagenesis are circled in the primary sequence 

alignment o f ClfA and FnBPA in Figure 4.1. These residues are also shown in yellow in the 

3D structural model (Figure 4.2) with individual residues labelled in the enlarged version in 

Figure 4.3.

4.2.3 Expression of alanine-substituted variant proteins of rAFnBPAsT.su

Relevant mutagenic primers and pQE30 rAFnBPAsy.sn template DNA were used in 

the Quikchange method of site-directed mutagenesis as described in Section 2.4.8 and 

illustrated in Figure 4.4. The resulting PCR products were digested with Dpn\ to remove any 

wild-type methylated DNA and the remaining DNA transformed into E. coli XL-1 Blue cells. 

Resulting clones were purified, plasmid DNA isolated and verified by sequencing. Positive

94



Figure 4.2 3D structural model of N2N3 of FnBPA

Structural model o f the N2N3 subdomains o f FnBPA with the fibrinogen peptide 
docked into the hydrophobic trench (C-terminal valine residue is labelled with a 
suffix 'T ’ to indicate fibrinogen). (3-strands are labelled according to the crystal 
structure o f ClfA (Deivanayagam et a l ,  2002). Residues altered by site-directed 
mutagenesis are highlighted in yellow.



Figure 4.3 Hydrophobic trench of 3D structural model of N2N3 of 
FnBPA

Enlarged section o f the structural model o f  the N2N3 subdomains o f FnBPA 
with the fibrinogen peptide (ball and stick format) docked into the 
hydrophobic trench. Residues altered by site-directed mutagenesis are 
labelled and highlighted in yellow. The side chain o f the N304 and F306 
residues are shown in yellow ball and stick format.



pQE30FnBPA37 5ii

Figure 4.4 Site-directed mutagenesis of region A of FnBPA

A plasmid containing the coding sequence for rAFnBPA37.5,, was used as a template in PCR with mutagenic primers containing 
the desired codon change(s). These primers anneal to both DNA strands surrounding the target site for mutation (*) and are 
extended by Pfu polymerase to generate daughter plasmids that are circular but nicked. The resulting PCR mixture is treated with 
Dpn\ to digest the original wild-type parental plasmid DNA which is methylated. The remaining plasmids are transformed into E. 
coli where nicked strands are repaired and plasmid replication can take place.



transform ants were subcloned into the protease-deficient E. coli host, T 0 P P 3  for recom binant 

protein production. Purified proteins were dialysed against PBS, quantified by A 280 readings 

or BCA kit (Pierce) and stored at -80°C. Equal am ounts o f  rA FnB PA 37-5 n w ild-type and site- 

directed m utants were analysed by SDS PA GE and stained w ith Coom assie Blue (Figure 4.5). 

This gel shows bands o f  sim ilar sizes w ith som e breakdow n products v isible for R224A  and 

K357A.

4.2.4 Circular dichroism (CD) spectroscopy o f rAFnBPAsT.su wild-type, rAFnBPA 3 7 .5 u 

N304A, rAFnBPA37-5H F306A and rAFnBPAjT-sii N304A/F306A

Circular dichroism  (CD) spectroscopy is a form  o f  light absorption spectroscopy that 

can be used to determ ine the secondary structure o f  protein m olecules. The ultraviolet (UV) 

CD spectrum  o f  proteins can predict im portant characteristics o f  their secondary structure. It 

can be used to estim ate the extent o f  a-helix , P-sheet and other (random  coil) conform ations. 

In this study, CD spectroscopy is a valuable tool to estim ate the potential structural alterations 

due to substitution o f  am ino acid residues. This technique can be used to com pare the overall 

structure o f  altered proteins w ith that o f  the w ild-type recom binant protein. Due to lim ited 

resources, only those proteins that exhibited the m ost dram atic effect on fibrinogen and elastin  

binding were analysed by CD spectroscopy in this study. Thus proteins rAFnBPAay.sn 

N304A , rA FnB PA 3 7-5 ii F306A and the double m utant rA FnB PA 3 7 .5 n N 304A /F306A  were 

dialysed against a solution o f  1 m M  Tris-HCl pH 7.4 and scanned betw een w avelengths 300- 

200 nm. Each protein was scanned five tim es and the average o f  each w as plotted on the sam e 

axes (Figure 4.6). Proteins rA FnB PA 3 7 .5 ]i N 304A  and rA FnB PA 3 7 .5 i 1 N 304A /F306A  each 

had a very sim ilar spectrum  to that o f  rA FnB PA 3 7 .5 i 1 w ild-type w ith slight deviations in the 

230-210 nm range. CD spectroscopy is extrem ely sensitive to sam ple concentration and the 

slightest variation in protein concentration can result in altered spectra. This is evident w ith 

the rA FnB PA 37 .5 ii F306A sample. This protein gives a slightly different spectrum  to 

rA FnB PA 3 7-5 i 1 w ild-type in the 2 1 0 - 2 0 0  nm  range as it is m issing the small peak in this range. 

A 1.33-fold dilution o f  the sam e protein gave an altered spectrum  o f  sim ilar shape 

dem onstrating the concentration sensitivity o f  this technique. The overall conclusion to this 

experim ent was that rA FnB PA 37 .5 n N 304A  and N 304A /F306A  w ere sufficiently sim ilar to 

that o f  rA FnB PA 3 7 .5 ii w ild-type to indicate that no gross conform ational changes had 

occurred. It is possible that rA FnB PA 3 7 .5 n F306A had som e conform ational changes in the 

particular batch o f  protein tested. How ever, it is notable that rA FnB PA 3 7 .5 n F306A behaved
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in a sim ilar m anner to other rAFnBPAsy.si i proteins in surface p lasm on resonance experim ents 

(C hapter 6) and it is reassuring to note that rAFnBPAsy.sn N 304A /F306A , containing the 

F306A  substitution, did not differ considerably from  rAFnBPAav-sn w ild-type.

4.2.5 Binding of polyclonal anti-rAFnBPA antibodies to rAFnBPAjT-su wild-type and 

variant proteins

To assess the ability o f  polyclonal anti-rA FnB PA  antibodies to bind to rAFnBPAsy.sn 

w ild-type and all variant proteins, doubling dilutions o f  recom binant proteins were 

im m obilised onto m icrotitre plates. A fter blocking the p lates w ith  skim m ed m ilk, a 1:2000 

dilu tion o f  anti-rA FnB PA  antibodies was added, follow ed by goat anti-rabbit antibodies 

conjugated to HRP. D evelopm ent o f  the ELISA s show ed that each recom binant protein 

reacted equally  potently w ith the antibodies (Figure 4.7). This validates the use o f  the 

polyclonal antibodies to detect variant recom binant proteins in solid phase ligand-binding 

assays.

4.2.6 Binding of monoclonal anti-rAFnBPA antibodies to rAFnBPAaT.sii wild-type and 

variant proteins

A panel o f  m onoclonal antibodies raised in m ice against rA FnB PA 3 7 . 5 4 4  w as obtained 

from  collaborators in Italy. These antibodies were tested by ELISA  for reactivity against 

rA FnB PA 3 7 -5 i 1 w ild-type and variant proteins. Each m onoclonal antibody w as added to a 

m icrotitre plate containing equal am ounts (50 nM ) o f  im m obilised  recom binant rA FnB PA 3 7 .5 i i 

protein. Precise protein concentration is often difficult to  estim ate accurately  and slight 

variances in reactivity  o f  antibodies to individual recom binant proteins are to be expected. 

Due to lim ited am ounts o f  each m onoclonal antibody, these ELISA  assays w ere perform ed 

ju s t once. M onoclonal antibody 1E6 and 1F9 show  equal reactivity w ith all rAFnBPA  

proteins w ith the reactivity o f  1F9 to rA FnB PA 3 7 .5 n F306A  being slightly w eaker than to all 

other recom binant proteins (Figure 4.8). The starting concentration  o f  1F9 (5 |o.g/ml) has a far 

m ore sensitive reaction w ith all proteins com pared to the equivalen t concentration o f  1E6. 

M onoclonal antibody 1G8 also gave a strong reaction to all rA FnB PA  proteins w ith 

rA FnB PA 3 7 -5 ii G222A and N 304A /F306A  giving slightly h igher absorbance values (Figure 

4.9 A). M onoclonal antibody 7B7 gave a w eaker reaction but reacted sim ilarly w ith all 

recom binant proteins (Figure 4.9 B). M onoclonal antibody 8G3 gave a strong reaction w ith 

m ost rA FnB PA  proteins. It did not how ever, react well w ith rA FnB PA 3 7 .5 n F355A , K357A
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Figure 4.5 Alanine-substituted variants o f rAFnBPAj^.si,

Equal amounts (2 |iM ) o f rAFnBPA37_5|, wild-type and variant proteins were analysed by SDS-PAGE and 
stained with Coomassie Blue.



Wavelength (nm)
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Wild type (0.2 mg/ml) 
N304A (0.2 mg/ml)
F306A (0.2 mg/ml)
F306A (0.15 mg/ml) 
N304A/F306A (0.2 mg/ml)

Figure 4.6 Circular dichroic scan of recombinant proteins rAFuBPAjy.,,, wt, N304A, F306A and 
N304A/F306A

Equal amounts o f rAFnBPA 3 y_5 | , proteins were analysed by circular dichroism (CD) spectroscopy. F306A 
shown at two different concentrations to indicate the concentration sensitivity o f  the technique.
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Figure 4.7 Affinity of polyclonal anti-rAFnBPA antibodies for immobilised rAFnBPAjy.s,, wt and site-directed 
mutants (SDMs)

Equal amounts o f rAFnBPAjy.j,, wt and SDMs were coated onto the wells o f a m icrotiter plate. A  1:2000 dilution o f 
anti-rAFnBPA antibodies was added to each well followed by goat anti-rabbit-HRP antibodies and development with 
TM B substrate. Data points represent the mean o f triplicate wells and this figure is representative o f  two independent 
experiments.
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Figure 4.8 B inding o f m onoclonal antibodies 1E6 and 1F9 to 
im m obilised rA FnB PA 3 7 .5 ,, w t and site-d irected m utants

Equal am ounts o f  rA FnB PA 3 7 .5 ,, w t and site-directed m utants (50 nM ) were 
im m obilised onto m ircrotitre wells. Increasing concentrations o f  m onoclonal 
antibodies 1E6 (A) and 1F9 (B) w ere added and bound antibody detected 
w ith rabbit anti-m ouse HRP antibodies follow ed by developm ent w ith TM B 
substrate. D ata points represent the m ean o f  triplicate wells. Due to shortage 
o f  m onoclonal antibodies, this experim ent was perform ed once.
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Figure 4.9 Binding of monoclonal antibodies 1G8 and 7B7 to 
immobilised rAFnBPAjy.j,, wt and site-directed mutants

Equal amounts o f  rAFnBPAjy.j,, wt and site-directed mutants (50 nM) were 
immobilised onto mircrotitre wells. Increasing concentrations o f monoclonal 
antibodies 1G8 (A) and 7B7 (B) were added and bound antibody detected 
with rabbit anti-mouse HRP antibodies followed by development with TMB 
substrate. Data points represent the mean o f  triplicate wells. Due to shortage 
o f monoclonal antibodies, this experiment was performed once.



and T354A /N 356G  (Figure 4.10 A). These am ino acids (T, F, N and K) are all adjacent am ino 

acids along the upper (3-strand o f  the hydrophobic trench situated betw een subdom ains N 2 and 

N3 o f  region A (Figure 4.11). It is possible therefore that this area constitutes som e or all o f  

the epitope to w hich m onoclonal antibody 8G3 binds. M onoclonal antibody 11F6 reacted 

sim ilarly with m ost recom binant proteins w ith rAFnBPAsv.sn K 357A  exhibiting the w eakest 

interaction com pared to the w ild-type recom binant protein (Figure 4.10 B).

4.2.7 Binding of rAFnBPA 3 7 .su wild-type and variant proteins to immobilised elastin 

and fibrinogen

The binding o f  substituted rAFnBPAsy.sn proteins to im m obilised elastin  and 

fibrinogen was tested in ELISA -based assays and com pared directly w ith the b inding o f  

rA FnB PA 3 7 -5 i 1 w ild-type protein. E lastin and fibrinogen (10 |ag/ml) were im m obilised onto 

the w ells o f  m icrotitre plates w ith control w ells containing PBS only. The plates were blocked 

with skim m ed m ilk to cover rem aining binding sites on the plastic surface and doubling 

dilutions o f  rAFnBPAsy.sn proteins were added and incubated for 1 hr. Bound protein was 

detected w ith polyclonal anti-rA FnB PA  antibodies follow ed by goat anti-rabbit-H R P 

conjugated antibodies. Plates were developed using the TM B substrate and m easured by 

absorbance at 450 nm. All variant recom binant proteins are discussed individually below' 

followed by a table sum m arising the affinities o f  all rA FnB PA  proteins to im m obilised elastin 

and fibrinogen.

4.2.7.1 Binding of rAFnBFAsT.su G222A to immobilised elastin and fibrinogen

rA FnB PA 3 7 .5 ii G222A contains a substitution that replaces the side chain o f  glycine (a 

single hydrogen atom ) w ith that o f  alanine (a m ethyl group). This residue w as chosen as it is 

in the equivalent position as A 254 o f  ClfA  w hich was substituted w ith serine in the study on 

ligand binding by ClfA  (D eivanayagam  et a l ,  2002). The position o f  the glycine in question 

is ju st before the beginning o f  P-strand B o f  subdom ain N 2 o f  FnBPA (Figure 4.2). It is not 

predicted by the structural m odel to be in close contact w ith the docked fibrinogen ligand 

(Figure 4.12). In agreem ent w ith the above prediction, the substituted recom binant protein 

was show n to bind well to both elastin  and fibrinogen (Figure 4.13). There was a slight defect 

in elastin  binding with a barely significant p-value o f  0.05. The binding to im m obilised 

fibrinogen was show n to be alm ost identical to that o f  rAFnBPAsy.si 1 w ild-type indicating
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that, despite its position along the hydrophobic trench, Gly222 does not have a significant role 

to play in fibrinogen binding. This area however may be involved in binding to elastin.

4.2.7.2 Binding of rAFnBPA37 .su R224A to immobilised elastin and fibrinogen

Arginine 224 is also at the beginning o f  (3-strand B o f N2 and is in an equivalent 

position to Y256 o f ClfA that was shown to have a significant role in fibrinogen binding 

(Deivanayagam et al. , 2002). The long basic side chain o f  R224 stretches into the ligand- 

occupied space o f region A o f FnBPA and, in contrast to G222, is predicted by the molecular 

model to be in close proximity to the carboxyl side chain o f the D410 residue o f the fibrinogen 

Y chain (Figure 4.14). If  a potential charge interaction is important, substitution o f  the arginine 

side chain with the methyl group o f alanine would likely cause a defect in ligand binding. 

This was tested by ELISA assays and rAPnBPAsv.sn R224A showed reduced binding to 

elastin and to fibrinogen (Figure 4.15). The differences in half maximum binding values 

between substituted and wild-type protein for both ligands was significant with p-values o f 

0.0022 for elastin and 0.0083 for fibrinogen. This single amino acid substitution caused a 

similar effect on the binding o f  elastin and fibrinogen, strengthening the hypothesis that both 

ligands bind to a similar or overlapping region o f  the hydrophobic trench o f  rAFnBPA.

4.2.7.3 Binding of rAFnBPA3 7 .5 n N304A to immobilised elastin and fibrinogen

The asparagine residue at position 304 is towards the end o f P-strand E o f subdomain 

N2 and is in the equivalent position as a crucial fibrinogen-binding residue in ClfA (P336) 

(Deivanayagam et al., 2002). Based on analysis o f the 3D structural model o f rAFnBPA, the 

side chain o f N304 could be in contact with the penultimate D410 residue o f  the fibrinogen y 

chain (Figure 4.16). Upon conversion o f this residue to alanine, the resulting recombinant 

protein was severely defective in binding to elasfin and fibrinogen (Figure 4.17). The half 

maximum binding value for this protein was in the |aM range compared to the low nanomolar 

range o f the corresponding wild-type protein. The dramatic decrease in affinity o f 

rAFnBPA 3 7 -5 ii N304A protein for elastin and fibrinogen was reproducible and significant.

4.2.7.4 Binding of rAFnBPA3 7 .5 u F306A to immobilised elastin and fibrinogen

Phenylalanine 306 is the second last residue o f P-strand E o f subdomain N2 o f  FnBPA 

and is in the equivalent position as tyrosine 338 o f  ClfA that has been shown to be crucial for 

fibrinogen binding (Deivanayagam et al., 2002; Loughman et al., 2005). The aromatic side

98



B
Monoclonal Antibody 8G3 (iig/ml)

Eco
U)2 ,
0)oc
(0n
o
(/)

<

Monoclonal Antibody 11F6 (^.g/ml)

■ Wild type
▲ G222A
▼ R224A
♦ N304A
• F306A
□ F355A
A K357A
V G497A
O L498A
o N304A/F306A
X A415G/T417A
+ T354A/N356G

Figure 4.10 Binding of monoclonal antibodies 8G3 and 11F6 to 
immobilised rAEnBPAj^.ju wt and site-directed mutants

Equal amounts o f rAFnBPAjy.j,, wt and site-directed mutants (50 nM) were 
immobilised onto mircrotitre wells. Increasing concentrations o f monoclonal 
antibodies 8G3 (A) and 11F6 (B) were added and bound antibody detected 
with rabbit anti-mouse HRP antibodies followed by development with TMB 
substrate. Data points represent the mean o f  triplicate wells. Due to shortage 
o f  monoclonal antibodies, this experiment was performed once.



Figure 4.11 Location o f the monoclonal 
antibody 8G3 epitope

The position o f T354pNK35y is indicated in 
yellow. (A) Ribbon diagram as in Figure 4 .2 , 
(B) same molecule in space fill and (C) same 
molecule turned to view the proposed 8G3 
epitope more clearly.



Figure 4.12 Position o f the G222A substitution in rAFnBPA

Enlarged section o f  the structural m odel o f  the N2N 3 subdom ains o f  FnBPA with the fibrinogen peptide (ball and stick form at) 
docked into the hydrophobic trench. Residue G222 is highlighted in yellow . The side chain (hydrogen) o f  this residue is not 
visible. A shows the hydrophobic trench from the view ing position o f  Figure 4.2 while B is a tilted view  o f  the m odel to show  the 
proxim ity o f  G222 to the fibrinogen ligand.
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Figure 4.13 Binding of recombinant proteins rAFnBPA^.^ j.,, wt and rAFnBPA^.^ j.,, G222A to immobilised human elastin and 
fibrinogen

M icrotiter wells were coated with 10 |J.g/ml human elastin (A) or fibrinogen (B) and increasing concentrations o f rAFnBPA proteins 
were added for 1 h. Bound protein was detected with polyclonal anti-rAFnBPA antibodies, HRP-conjugated goat anti-rabbit 
antibodies followed by TMB substrate. Data points represent the mean o f triplicate wells and this figure is representative o f three 
independent experiments.



Figure 4.14 Position o f the R224A substitution in rAFnBPA

Enlarged section o f  the structural m odel o f  the N2N3 subdom ains o f  FnBPA with the fibrinogen peptide (ball and stick form at) 
docked into the hydrophobic trench. Residue R224 is highlighted in yellow  with the side chain visible in ball and stick form at. A 
shows the hydrophobic trench from the view ing position o f  Figure 4.2 while B is a tilted view  o f  the m odel to show  the proxim ity 
o f  R224 to the fibrinogen ligand.
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Figure 4.15 Binding of recombinant proteins rAFnBPA^^ j.,, wt and rAFnBPA3  ̂ R224A to immobilised human elastin and 
fibrinogen

Microtiter wells were coated with 10 ^g/ml human elastin (A) or fibrinogen (B) and increasing concentrations o f  rAFnBPA proteins 
were added for 1 h. Bound protein was detected with polyclonal anti-rAFnBPA antibodies, HRP-conjugated goat anti-rabbit 
antibodies followed by TMB substrate. Data points represent the mean o f triplicate wells and this figure is representative o f  three 
independent experiments.



Figure 4.16 Position o f the N304A substitution in rAFnBPA

Enlarged section o f  the structural model o f  the N2N3 subdom ains o f  FnBPA with the fibrinogen peptide (ball and stick form at) 
docked into the hydrophobic trench. Residue N 304 is highlighted in yellow  with the side chain visible in ball and stick form at. A 
shows the hydrophobic trench from the view ing position o f  Figure 4.2 while B is a tilted view  o f  the m odel to show  the proxim ity 
o f  N304 to the fibrinogen ligand.
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Figure 4.17 Binding of recombinant proteins rAFnBPAj^ j.,, wt and rAFnBPAj^ j.,, N304A to immobilised human elastin and 
fibrinogen

M icrotiter wells were coated with 10 fxg/ml human elastin (A) or fibrinogen (B) and increasing concentrations o f rAFnBPA proteins 
were added for 1 h. Bound protein was detected with polyclonal anti-rAFnBPA antibodies, HRP-conjugated goat anti-rabbit 
antibodies followed by TMB substrate. Data points represent the mean o f triplicate wells and this figure is representative o f  three 
independent experiments.



chain of this residue is predicted by the 3D structural model to point in to the fibrinogen 

ligand, possibly contacting the D410 residue of the fibrinogen y chain (Figure 4.18). In this 

way, it was expected that the substitution o f F306 to alanine would affect ligand binding. 

When this aromatic side chain was removed and replaced by a methyl group, the binding to 

elastin and fibrinogen was severely affected. It was not possible to estimate a half maximum 

binding value for the rAFnBPAsy.jn F306A recombinant protein (Figure 4.19). The 

equivalent substitution in ClfA (Y338A) did not bind detectably to fibrinogen in fluorescence 

polarization studies using a labelled fibrinogen peptide (Deivanayagam et a i ,  2002). The 

defect of F306A binding to fibrinogen and elastin is also reproducible and significant. It is 

also interesting that substitutions R224A, N304A and F306A caused reductions in the binding 

of both ligands, indicating that fibrinogen and elastin have a similar binding site and may bind 

in a similar manner.

4.2.7.5 Binding of rAFnBPAaT.su F355A to immobilised elastin and fibrinogen

The substitution of phenylalanine 335 did not cause a large defect in ligand binding. 

F355 is situated along the upper part of the hydrophobic trench, on P-strand A o f subdomain 

N3. It is in the same position as 1387 of ClfA, the substitution of which did not cause a 

significant defect in fibrinogen binding (Deivanayagam et a l ,  2002). The side chain o f F355 

points in the opposite direction to that of the docked fibrinogen ligand in the proposed 

structural model of rAFnBPA (Figure 4.20). rAFnBPAsv.sn F355A is somewhat defective in 

binding to fibrinogen (Figure 4.21 B) but the large variation in half maximum binding values 

from repeated experiments caused only a slightly significant p-value of 0.026. The slight 

decrease in elastin binding (Figure 4.21 A) was also accompanied with a large variation 

around the average half maximum binding constant and was deemed not to be significant. 

Based on the structural model o f N2N3 of FnBPA, it is possible that the changes seen in 

ligand binding with this protein are due to small localized conformational changes of the P- 

sheet structure and not due to changes in the contact points o f FnBPA with elastin or 

fibrinogen.

4.2.7.6 Binding of rAFnBFAaT.sn K357A to immobilised elastin and fibrinogen

The lysine residue K357 is located close to F355 and the substitution K357A behaves 

in similar manner to F355A. Residue K357 is situated at the end o f (3-strand A of subdomain 

N3 and is in the equivalent position to K389 of ClfA (Deivanayagam et al., 2002). The side
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chain o f  K357 o f FnPBA also points in the opposite direction to the hydrophobic trench 

occupied by the fibrinogen ligand in the predicted structural model (Figure 4.22). When the 

recombinant protein rAFnBPAsy.sn K357A was tested in ELISA assays for binding to 

immobilised ligands, it was found that there was no statistical significance in the difference to 

elastin and a slightly significant difference in binding to fibrinogen compared to the wild-type 

protein (Figure 4.23). As with F355, the changes in ligand binding occur with the higher 

affinity fibrinogen interaction and are likely to be caused by localized conformational changes 

in the surrounding P-sheet structure.

4.2.7.7 Binding of rAFnBPAjv.gn G497A to immobilised elastin and fibrinogen

Glycine 497 o f  FnBPA was chosen for site-directed mutagenesis as it is in the 

equivalent position to E526 o f ClfA which was shown previously to be important in fibrinogen 

binding (Hartford et a l ,  2001). The position o f G497 in the structural model o f FnBPA is at 

the end o f  the G strand o f  subdomain N3. The side chain o f this residue is a single hydrogen 

atom and is not situated near the docked fibrinogen ligand (Figure 4.24). The substitution o f 

this residue with alanine introduces a methyl group which caused a significant decrease in the 

affinity for both elastin and fibrinogen (Figure 4.25). The binding profile o f  rAFnBPA 3 7 .5 n 

G497A to fibrinogen reached high levels at high concentrations but the decreased affinity at 

lower concentrations was reproducible and represents a significant difference compared to the 

binding o f  wild-type rAFnPBA. The position o f the glycine at the junction o f P-strand G and 

the hinge region is likely to be important in the latching mechanism o f ligand binding. 

Glycine is known for its ability to induce bends into the secondary structure o f proteins and its 

substitution to alanine might affect its role in bending the hinge region across the hydrophobic 

trench to allow latching o f  P-strand G ”  into position in N2.

4.2.7.8 Binding of rAFnBPAay.jn L498A to immobilised elastin and fibrinogen

Leucine 498 is adjacent to the glycine discussed above and was chosen as it is in the 

equivalent position as V527 o f ClfA that has been shown in a previous study to be important 

in fibrinogen binding (Hartford et al., 2001). Upon crystallisation o f ClfA, it was noted that 

V527 was at the opening to the hydrophobic trench and may interact with the C-terminal V 411 

o f the fibrinogen y chain peptide (Deivanayagam et al., 2002). It was also noted that valine 

was also present at this position in FnBPB and occurred as a conserved substitution (Leu) in 

FnBPA. It was o f  interest to investigate the role o f this residue (L498) in fibrinogen binding
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Figure 4. 18 Position o f the F306A substitution in rAFnBPA

Enlarged section o f  the structural m odel o f  the N2N3 subdom ains o f  FnBPA with the fibrinogen peptide (ball and stick form at) 
docked into the hydrophobic trench. Residue F306 is highlighted in yellow  with the side chain visible in ball and stick form at. A 
shows the hydrophobic trench from the view ing position o f  Figure 4.2 while B is a tilted view  o f  the m odel to show  the proxim ity 
o f  F306 to the fibrinogen ligand.
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Figure 4.19 Binding of recombinant proteins rAFnBPA^^ j.,, wt and rAFnEPA^^ F306A to immobilised human elastin and 
fibrinogen

Microtiter wells were coated with 10 |xg/rnl human elastin (A) or fibrinogen (B) and increasing concentrations o f rAFnBPA proteins 
were added for 1 h. Bound protein was detected with polyclonal anti-rAFnBPA antibodies, HRP-conjugated goat anti-rabbit 
antibodies followed by TMB substrate. Data points represent the mean o f triplicate wells and this figure is representative o f three 
independent experiments.



Figure 4,20 Position of the F355A substitution in rAFnBPA

Enlarged section o f  the structural model o f  the N2N3 subdomains o f  FnBPA with the fibrinogen peptide (ball and stick format) 
docked into the hydrophobic trench. Residue F355 is highlighted in yellow with the side chain visible in ball and stick format. 
A shows the hydrophobic trench from the viewing position o f  Figure 4.2 while B is a tilted v iew  o f  the model to show the 
proximity o f  F355 to the fibrinogen ligand.
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Figure 4.21 Binding of recombinant proteins rAFnBPAj.^ j.,, wt and rAFnBPAj.^ j.,, F355A to immobilised human elastin and 
flbrinogen

Microtiter wells were coated with 10 |xg/ml human elastin (A) or fibrinogen (B) and increasing concentrations o f  rAFnBPA proteins 
were added for 1 h. Bound protein was detected with polyclonal anti-rAFnBPA antibodies, HRP-conjugated goat anti-rabbit 
antibodies followed by TMB substrate. Data points represent the mean o f triplicate wells and this figure is representative o f  three 
independent experiments.



Figure 4.22 Position o f the K357A substitution in rAFnBPA

Enlarged section o f  the structural model o f  the N2N3 subdom ains o f  FnBPA with the fibrinogen peptide (ball and stick form at) 
docked into the hydrophobic trench. Residue K357 is highlighted in yellow  with the side chain visible in ball and stick format. 
A shows the hydrophobic trench from the view ing position o f  Figure 4.2 while B is a tilted view  o f  the m odel to show  the 
proxim ity o f  G222A to the fibrinogen ligand.
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Figure 4.23 Binding of recombinant proteins rAFnBPA^^ j.,, wt and rAFnBPA^^ 5 ,, K357A to immobilised human elastin and 
fibrinogen

M icroliter wells were coated with 10 ^ig/ml human elastin (A) or fibrinogen (B) and increasing concentrations o f  rAFnBPA proteins 
were added for 1 h. Bound protein was detected with polyclonal anti-rAFnBPA antibodies, 1 IRP-conjugated goat anti-rabbit 
antibodies followed by TMB substrate. Data points represent the mean o f triplicate wells and this figure is representative o f three 
independent experiments.



Figure 4.24 Position o f the G497A substitution in rAFnBPA

Enlarged section o f  the structural m odel o f  the N2N3 subdom ains o f  FnBPA with the fibrinogen peptide (ball and stick form at) 
docked into the hydrophobic trench. Residue G497 is highlighted in yellow. The side chain (H) o f  this residue is not visible. A 
shows the hydrophobic trench from the view ing position o f  Figure 4.2 while B is a tilted view  o f  the m odel to show  the proxim ity 
o f  G497 to the fibrinogen ligand.
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Figure 4.25 Binding of recombinant proteins rAFnBPAj, j.,, wt and rAFnBPAj^ j.,, G497A to immobilised human elastin and 
flbrinogen

M icrotiter wells were coated w ith 10 |ig/m l human elastin (A) or fibrinogen (B) and increasing concentrations o f rAFnBPA proteins 
were added for 1 hr. Bound protein was detected with polyclonal anti-rAFnBPA antibodies, HRP-conjugated goat anti-rabbit 
antibodies followed by TM B substrate. Data points represent the mean o f triplicate wells and this figure is representative o f three 
independent experiments.



o f FnBPA and determine if  it also affected elastin binding. From the structural model created 

with FnBPA and fibrinogen, L498 is some distance from the fibrinogen ligand (Figure 4.26) 

and potential contact points between the two are difficult to see. Conversion o f this leucine to 

alanine causes a significant decrease in affinity for both elastin and fibrinogen (Figure 4.27). 

It must be remembered that the structural model o f FnBPA created in this study is in the apo 

form and conformational changes are likely to occur upon binding o f fibrinogen. The 

importance o f this residue may lie in its potential contact with the C-terminal valine residue o f 

the fibrinogen y chain or in its potential role in covering the ligand bound hydrophobic trench 

during the latching mechanism.

4.2.7.9 Binding of rAFnBPAsT.sn N304A/F306A to immobilised elastin and fibrinogen

The residues that caused the most severe loss in ligand binding (N304 and F306) were 

combined in a double amino acid substitution to yield rAFnBPAsy.sn N304A/F306A. These 

residues are in the equivalent position to Pro336 and Tyr338 o f ClfA, respectively, which were 

shown to have an important role in fibrinogen binding (Deivanayagam et a l ,  2002). The 

double mutant created in FnBPA mimics the ClfA PY protein that was shown to be defective 

in binding fibrinogen when expressed on the surface o f .9. aureus and L. lactis (Loughman et 

al., 2005). Due to the location o f  the side chains o f N304 and F306 as described in Sections 

4.2.6.3 and 4.2.6.4 above (Figure 4.28), it was expected that this recombinant protein would be 

defective in ligand binding. The protein was tested in ELISA assays and was unable to bind to 

immobilised elastin and fibrinogen (Figure 4.29). No detectable binding to either ligand was 

observed. This demonstrates the crucial role that these residues have in binding both ligands 

and further emphasizes the possibility that elastin binds to FnBPA in a similar manner to 

fibrinogen.

4.2.7.10 Binding of rAFnBPAsT.jn T354A/N356G to immobilised elastin and fibrinogen

With the Chimera molecular modelling software package it was possible to identify 

residues o f  FnBPA that are located within 3 A o f the fibrinogen ligand. Amino acids 

highlighted by this method were H254, S257*, T258, A259, R260*, K 26I, F306, T354*, 

N356, S363, V365, Y402, A415*, T417, F423, V454 and H456 (those residues marked with 

an asterisk are deemed to be within 2 A o f fibrinogen). Some o f these residues were altered to 

alanine by Quikchange. Two double mutants, rAFnBPA 3 7 .si i T354A/N456G and rAFnBPAay. 

5 1 1 A415G/T4I7A were constructed. The first o f these proteins contains alterations to residues
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adjacent to F355 and K357 investigated above. As the side chains o f  alternate residues o f a P* 

strand point in opposite directions, the side chains o f T354 and N356 point in towards the 

ligand-occupied space and could potentially be involved in contacting the penultimate D410 

residue o f  the fibrinogen y chain (Figure 4.30). The recombinant protein rAFnPBAsy.sn 

T354A/N356G was shown to have a significant reduction in binding to immobilised elastin 

but not to fibrinogen (Figure 4.31). This is the only variant protein that was defective in 

binding to fibrinogen but not to elastin.

4.2.7,11 B inding of rA FnB PA 3 7 .5 n A 415G /T 417A  to im m obilised elastin  and fibrinogen

The other alteration proposed by Chimera was substitution o f two residues located at 

the opposite end o f the hydrophobic trench. According to the FnBPA molecular model, these 

residues are positioned in a random coil situated between P-strands D and D ’ o f subdomain 

N3. The side chains o f  A415 and T417 point in towards the ligand-occupied space and may 

form contact points with G404 and K406, respectively, o f the fibrinogen y chain peptide 

(Figure 4.32). This protein was tested in ELISA assays for binding to immobilised elastin and 

fibrinogen and was found to show a significant reduction in the binding to both ligands 

(Figure 4.33).

In conclusion it can be noted that substitution o f residues located along the 

hydrophobic trench o f  rAFnBPA caused various defects in ligand binding (Table 4.1). The 

effects o f alterations to the affinity o f recom binant FnBPA for fibrinogen and elastin fell into 

four categories (i) no significant reduction in fibrinogen or elastin binding (G222A), (ii) small 

reductions in fibrinogen binding and greater, more significant reductions in elastin binding 

(T354A/N356G), (iii) barely significant reductions in affinity for fibrinogen with no 

significance in the reduction to elastin binding (F355A, K357A) and (iv) significant reductions 

in binding to both ligands (R224A, N304A, F306A, G497A, L498A, N304A/F306A and 

A415G/T417A). The affinities o f all proteins for immobilised elastin and fibrinogen is 

summarised in Table 4.1. It is noteworthy that the residues that line the base o f the trench 

between N2 and N3 all fall into the last class which strongly supports the notion that both 

fibrinogen and elastin bind to the same region. Alterations in residues comprising the P-strand 

that lines the upper part o f the trench have less severe effects (T354, F355, N356, K357) 

although T354A/N356G does significantly effect elastin binding. F355 and K357 are not 

predicted to be in close contact with fibrinogen so the reductions in binding might be indirect 

due to a localized alteration in conformation. The alanine-substitution experiments are
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Figure 4.26 Position o f the L498A substitution in rAFnBPA

Enlarged section o f  the structural m odel o f  the N2N3 subdom ains o f  FnBPA with the fibrinogen peptide (ball and stick form at) 
docked into the hydrophobic trench. Residue L498 is highlighted in yellow  with the side chain visible in ball and stick form at. A 
shows the hydrophobic trench from the view ing position o f  Figure 4.2 while B is a tilted view  o f  the m odel to show  the proxim ity 
o f  L498 to the fibrinogen ligand.
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Figure 4.27 Binding of recombinant proteins rAFnBPA^^ j.,, wt and rAFnBPA^, j.,, L498A to immobilised human elastin and 
fibrinogen

Microtiter wells were coated with 10 |a.g/ml human elastin (A) or fibrinogen (B) and increasing concentrations o f rAFnBPA proteins 
were added for 1 h. Bound protein was detected with polyclonal anti-rAFnBPA antibodies, HRP-conjugated goat anti-rabbit 
antibodies followed by TMB substrate. Data points represent the mean o f triplicate wells and this figure is representative o f  three 
independent experiments.



Figure 4.28 Position of the N304A/F306A substitutions in rAFnBPA

Enlarged section o f  the structural model o f  the N2N3 subdom ains o f  FnBPA with the fibrinogen peptide (ball and stick form at) 
docked into the hydrophobic trench. R esidues N304 and F306 are highlighted in yellow  with the side chains o f  both visible in ball 
and stick form at. A shows the hydrophobic trench from the view ing position o f  Figure 4.2 w hile B is a tilted view  o f  the m odel to 
show  the proxim ity o f  N 304/F306 to the fibrinogen ligand.
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Figure 4.29 Binding of recombinant proteins rAFnBPAj.^ j,,, wt and rAFnBPAj.^ j.,, N304A/F306A to immobilised human 
elastin and fibrinogen

Microtiter wells were coated with 10 |ag/ml human elastin (A) or fibrinogen (B) and increasing concentrations o f rAFnBPA proteins 
were added for 1 h. Bound protein was detected with polyclonal anti-rAFnBPA antibodies, HRP-conjugated goat anti-rabbit 
antibodies followed by TMB substrate. Data points represent the mean of triplicate wells and this figure is representative o f three 
independent experiments.



Figure 4.30 Position of the T354A/N356G substitutions in rAFnBPA

Enlarged section o f  the structural m odel o f  the N2N3 subdom ains o f  FnBPA with the fibrinogen peptide (ball and stick form at) 
docked into the hydrophobic trench. Residues T354 and N356 are highlighted in yellow  w ith the side chains o f  both visible in 
ball and stick form at. A show s the hydrophobic trench from the view ing position o f  Figure 4.2 while B is a tilted view  o f  the 
model to show the proxim ity o f  T354/N 356 to the fibrinogen ligand.
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Figure 4.31 Binding o f recom binant proteins rAFnBPAj^ j.,, w t and rAFnBPAj^ 5 ,, T354A /N 356G  to im m obilised hum an  
elastin and flbrinogen

Microtiter wells were coated with 10 |-ig/ml human elastin (A) or fibrinogen (B) and increasing concentrations o f rAFnBPA proteins 
were added for 1 h. Bound protein was detected with polyclonal anti-rAFnBPA antibodies, HRP-conjugated goat anti-rabbit 
antibodies followed by TMB substrate. Data points represent the mean o f triplicate wells and this figure is representative o f  three 
independent experiments.



Figure 4.32 Position o f the A415G/T417A substitutions in rAFnBPA

Enlarged section o f  the structural m odel o f  the N2N3 subdom ains o f  FnBPA with the fibrinogen peptide (ball and stick form at) 
docked into the hydrophobic trench. Residues A 415 and T417 are highlighted in yellow  with the side chains o f  both visible in ball 
and stick form at. A shows the hydrophobic trench from the view ing position o f  Figure 4.2 while B is a tilted view  o f  the m odel to 
show  the proxim ity o f  G 222A  to the fibrinogen ligand.
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Figure 4.33 Binding of recombinant proteins rAFnBPA^^ j.,, wt and rAFnBPA^^ A415G/T417A to immobilised human 
elastin and flbrinogen

Microtiter wells were coated with 10 ^g/ml human elastin (A) or fibrinogen (B) and increasing concentrations o f  rAFnBPA proteins 
were added for 1 h. Bound protein was detected with polyclonal anti-rAFnBPA antibodies, HRP-conjugated goat anti-rabbit 
antibodies followed by TMB substrate. Data points represent the mean o f triplicate wells and this figure is representative o f three 
independent experiments.



Elastin Fibrinogen

Protein Half maximum P- Significant Half maximum P- Significant

rAFnBPA37.5ii

binding ± SD 

(nM)

value difference binding ± SD 

(nM)

value difference

Wild type 45.6 ± 10.3 - - 4.7 ± 1.8 - -

G222A 288.4 ± 145.6 0.05 No 6.7 ± 1.5 0.2134 No

R224A 520.6 ± 169 0.0083 Yes 120.9 ± 28 .8 0.0022 Yes

N304A 1227.3 ± 106 0.0001 Yes 1032.2 ± 112 0.0001 Yes

F306A ND* ND Yes ND* ND Yes

F355A 236.6 ± 182.5 0.145 No 412.5 ± 205 0.0033 Yes

K357A 68.1 ±27.1 0.25 No 31.5 ± 14.2 0.0316 Yes

G497A 665.7 ± 156.4 0.0024 Yes 82.2 ± 14.9 0.0009 Yes

L498A 959 ± 368.5 0.0127 Yes 682.1 ± 9 6 0.0003 Yes

N304A/F306A ND* ND Yes ND* ND Yes

T354A/N356G 370.1 ± 9 7 .6 0.0046 Yes 23.9 ± 14.9 0.091 No

A415G/T417A 630.2 ±227.5 0.0113 Yes 697.7 ± 266.7 0.0108 Yes

Table 4.1. The relative affinities of rAFnBPAaT.sn wt and 11 amino acid-substituted 

proteins for immobilised elastin and fibrinogen

The affinities o f proteins were assessed by ELISA-type binding assays to immobihsed elastin 

and fibrinogen. H alf maximum binding values given are approximated by the GraphPad 

Prism software package and are averaged over at least 3 experiments. The p-value given 

represents the statistical significant difference between the bindings for each variant compared 

to that o f rAFnBPA 3 7 -5 i 1 wild type to each ligand. *ND = no detectable binding observed.



consistent with elastin and fibrinogen binding to the same region o f FnBPA with some 

differences in amino acids in FnBPA that are involved in contacts with the two ligands. It is 

particularly notable that residues N304 and F306 that are in equivalent positions to two crucial 

residues in ClfA (P336, Y338) show the greatest defects in ligand-binding when converted to 

alanine. In order to study the effects o f these two residues in a more relevant setting, it was 

decided to construct a plasmid which would express FnBPA N304A/F306A on the surface o f 

bacterial cells.

4.2.8 Construction and analysis of L. lactis NZ9800 (pNZ8037 FnBPA-NF)

To study the ligand-binding ability o f bacteria expressing the N304A and F306A 

altered protein, plasmid pNZ8037 FnBPA (Section 3.2.3) was isolated from L. lactis cells and 

subjected to Quikchange site-directed mutagenesis using the same primers as those used to 

generate pQE30 rAFnBPAsj.sn N304A/F306A (Figure 4.34). The resulting PCR product was 

digested with D pn\ to remove wild-type methylated DNA and the remaining plasmid was 

transformed into electrocompetent L. lactis NZ9800 cells. Subsequent clones were verified by 

sequencing o f the pNZ8037 plasmid DNA as well as by whole cell dot immunoblotting with 

anti-rAFnBPA antibodies. Equal drops o f  doubling dilutions o f  cultures o f  L. lactis wild-type 

as well as L. lactis pNZ8037 FnBPA and L. lactis pNZ8037 FnBPA NF were spotted onto the 

surface o f a nitrocellulose membrane and blocked with skimmed milk. Anti-rAFnBPA 

antibodies were added and detected with goat anti-rabbit HRP conjugated antibodies. This dot 

immunoblot shows strong expression o f FnBPA from pNZ8037 FnBPA and only a slight (2-4 

fold) decrease in FnBPA-NF production (Figure 4.35). No cross reactivity was observed with 

cells from L. lactis wild-type. L. lactis pNZ8037 FnBPA-NF was then tested for its ability to 

bind to immobilised elastin and fibrinogen. This strain was unable to adhere to either ligand. 

In contrast, L. lactis pNZ8037 FnBPA promoted strong adherence to elastin and fibrinogen 

(Figure 4.36). This is conclusive evidence that N304 and F306 are crucial amino acids for 

binding o f cell surface FnBPA to both elastin and fibrinogen. As a further demonstration o f 

the functional integrity o f  the surface-expressed FnBPA proteins, L  lactis pNZ8037 FnBPA 

and L. lactis pNZ8037 FnBPA-NF were both capable o f binding immobilised fibronectin in a 

similar and dose-dependent manner (Figure 4.37). This confirms the ligand-binding results 

obtained with recombinant rAFnBPAsy.sn N304A/F306A protein.
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pNZ8037 FnBPA

Figure 4.34 Site-directed mutangenesis of plasmid pNZ8037 FnBPA

Primers incorporating codon changes N304A and F306A were used in a PCR reaction to amplify pNZ8037FnBPA. 
Parental wild-type DNA was digested with Dpn\ and the remaining mutated plasmid electroporated into L. lactis, 
yielding strain NZ9800 pNZ8037 FnBPA-NF.
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Figure 4.35 FnBPA and FnBPA-NF expression at the same concentration o f nisin

L. lactis NZ9800 (pNZ8037) and L  lactis NZ9800 expressing FnBPA (pNZ8037FnBPA) and FnBPA-NF (pNZ8037FnBPA-NF) 
were grown for 16 h in the presence o f 1.6 ng/ml nisin. Cells were washed twice in PBS and suspended to OD^gonm o f 1-0 in PBS. 
Serial dilutions were made in PBS in 96-well microtitre dishes. 5 |il o f each dilution was applied to nitrocellulose membranes and 
blocked in 10 % skimmed milk solution for 2 h. Membranes were then incubated with rabbit anti-FnBPA antibodies (1:1000) and 
goat anti-rabbit HRP-conjugated antibodies (1 :2000). Membranes were developed by chemiluminescence and exposed to 
autoradiographic film.
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Figure 4.36 Adherence o f L. lactis strains expressing full-length FnBPA or FnBPA-NF to immobilised elastin and fibrinogen

L. lactis NZ9800 (pNZ8037) and L. lactis NZ9800 expressing FnBPA and FnBPA-NF were grown for 16 h in the presence o f 1.6 
ng/ml nisin. Washed cells (OD^oonm^l -0) were added to ligand coated wells for 1.5 h. Bacterial adherence to elastin (A) was 
measured using SYTO-13 fluorescent dye while fibrinogen adherence (B) was measured by staining with crystal violet. This figure 
is representative o f  three independent experiments.
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Figure 4.37 Adherence of L. lactis strains expressing full-length  
FnBPA or FnBPA-NF to immobilised fibronectin

L. lactis NZ9800 (pNZ8037) and L  lactis NZ9800 expressing FnBPA 
and FnBPA-NF were grown for 16 h in the presence o f 1.6ng/ml nisin. 
Washed cells (ODgoonm^l-0) were added to fibronectin-coated wells for 
1.5 h. Bacterial adherence was measured by staining with crystal violet. 
This figure is representative of three independent experiments.



4.3 Discussion

The structure of the N2N3 subdomains o f staphylococcal surface proteins has greatly 

increased our understanding of the mechanism by which these proteins can bind to peptide 

ligands. A dynamic mechanism has been proposed called dock, lock and latch whereby the 

fibrinogen ligand docks into a hydrophobic trench situated between N2 and N3 of region A, 

the flexible linker region or hinge folds over the fibrinogen peptide making vital contact points 

to lock the ligand in place. Upon locking, the C-terminal P-strand o f N3 slots into place 

between the D and E P-strands of N2, forming the latching mechanism. Sequence analysis has 

shown that structurally related ligand-binding regions from the A domains of staphylococcal 

MSCRAMMs share conserved motifs (Ponnuraj et a l,  2003). These motifs include a potential 

latching sequence along with a conserved TYTFTDYVD-like motif situated around the cleft 

of N2, into which the latching peptide binds. It has been proposed therefore, that the dock, 

lock and latch mechanism of ligand binding is a common theme am^ong such proteins.

A 3D molecular model o f the N2N3 domains of FnBPA, based on the known structure 

of ClfA, facilitated analysis of the binding sites for elastin and fibrinogen. C-terminal 

truncation techniques as well as expression of N2 and N3 alone suggested that the overall IgG 

fold of this region was crucial for the binding of both elastin and fibrinogen. In order to 

further define the precise ligand-binding sites in FnBPA, amino acid substitutions were 

created in the putative ligand-binding trench located between N2 and N3. Residues were 

chosen due to their proximity to the docked fibrinogen ligand (T354, N356, A415 and T417 

are all within 3 A of the ligand) or due to their being in the equivalent positions as residues 

previously tested for their importance in fibrinogen binding by ClfA (Deivanayagam et al., 

2002). Thus, G222, R224, N304, F306, F355 and K357 of FnBPA are all in the equivalent 

positions as A254, Y256, P336, Y338, 1387 and K389 of ClfA, respectively. Residues G497 

and L498 are in the equivalent positions as E526 and V527 of ClfA, found by another study to 

be important in fibrinogen binding by ClfA (Hartford et al., 2001).

Mutations in pQE30 rAFnBPAsy.sn were constructed and variant recombinant proteins 

were expressed, purified and shown to be intact by Coomassie staining after SDS-PAGE 

analysis. Proteins had the same affinity for anti-rAFnBPAsy.sn antibodies. Monoclonal 

antibodies were also tested for their reactivity against the variant rAFnBPAsy.sn proteins. 

Variations in protein concentrations might be responsible for the observed variation of the 

affinity of monoclonal antibodies for some of the recombinant proteins. Monoclonal antibody
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8G3 had very poor reactivity with rAFnBPAsy.sn F335A, K357A and T354A/N356G, ail of 

which lie adjacent to each other along (3-strand A of N3 of FnBPA. It is tempting to speculate 

that this area contains at least part of the epitope to which monoclonal antibody 803 binds. 

Circular dichroism spectroscopy of proteins that caused the most severe defects to ligand 

binding showed that rAFnBPAsy.sn N304A was similar in structure to that o f rAFnBPAav.sn 

wild-type. rAFnBPAsy.si i F306A showed a slight deviation from the wild-type spectrum in 

the 210-200 nm range. This protein however reacted strongly with several monoclonal 

antibodies and behaved in a similar manner to other variant rAFnBPA proteins in Biacore 

assays (Section 6.2.1.3). The CD spectrum of rAFnBPAsv.jn N304A/F306A (which contains 

the F306A substitution) was equivalent to that of the wild-type protein, indicating that the 

F306A substitution is unlikely to cause a major change in 3D structure.

The substitutions of rAFnBPA caused a variety of defects in ligand binding (Table 

4.1). The reduction in ligand binding can be correlated with the position of residues in the 

hydrophobic trench and the predicted interactions of their side chains with residues of the 

fibrinogen peptide. In some cases, estimates of half maximum binding values were 

accompanied with large standard deviations indicating the variability o f this technique. This 

has been found in previous studies however with the imiportant P336 substitution o f ClfA 

having an estimated Kd of 64.2 ±55 .6  )iM (Deivanayagam et ai,  2002). The substitution of 

rAFnBPA that caused the least effect on ligand binding is G222A. This glycine residue likely 

does not have a role to play in ligand binding whereas the substitution o f another glycine, 

G497 does have an effect on ligand binding. This can be explained by G222 being located 

within the hydrophobic trench but it is some distance from the fibrinogen ligand. In contrast, 

G497 is located at the junction of the penultimate P-strand o f N3 and the loop segment that 

most likely acts as the hinge that traverses the hydrophobic trench when the ligand is bound. 

Glycine is known for its ability to induce bends into a protein structure and this residue could 

have a role in bending the hinge region over the fibrinogen ligand. In a similar vein, the 

adjacent leucine residue L498 could have the same role as that ascribed to isoleucine 581 of 

SdrG. L498 might be important in repositioning the latching peptide during its conformational 

change to stabilize fibrinogen binding as occurs with 1581 that is in a similar position in the 

ligand bound complex of SdrG (Ponnuraj et al,  2003). 1581 o f SdrG is at the beginning of the 

flexible linker region and after docking of fibrinogen, a structural rearrangement at the C- 

terminus of the N2N3 domains begins with a deviation in the strand direction at 1581. The 

effects of the remaining residues that were substituted can be viewed in relation to the
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potential interactions o f their side chains with residues o f the docked fibrinogen ligand. 

According to the structural model, residue R224 is within 5 A  and residues N304 and F355 are 

within 4 A  o f the fibrinogen ligand. In addition, residues N356, T417 and F306 are within 3 A  

with residues T354 and A415 within 2 A  of the fibrinogen y chain peptide. O f these, amino 

acids N304 and F306 were shown to be particularly important for binding both ligands and are 

predicted to be in close proximity to the side chain o f  D410 o f fibrinogen. They are located in 

equivalent positions to the crucial residues P336 and Y338 o f ClfA (Deivanayagam et a i ,  

2002; Loughman et a l ,  2005). The substitution o f  either o f  these residues has the most 

dramatic effect on ligand binding. It is interesting to note, as with the substitution o f  some 

other residues, that one amino acid change can dramatically affect the binding to both 

fibrinogen and elastin. Along with inhibition studies carried out in Section 3.2.13, this is 

strong evidence that fibrinogen and elastin bind to similar or overlapping regions o f FnBPA. 

A model o f the proposed mechanism o f ligand binding by rAFnBPA is shown in Figure 4.38. 

In this model, fibrinogen enters the hydrophobic trench and causes a conformational change in 

the C-terminal region o f N3. It is possible that residue G497 facilitates this change and it is 

hypothesized here that the adjacent L498 residue makes contact with the C-terminal valine 

residue o f fibrinogen. In addition to this, residues lining the trench such as N304 and F306 are 

involved in vital interactions with the fibrinogen ligand. A substitution o f these residues to 

alanine has drastic consequences on the binding o f rAFnBPA to its ligands via the proposed 

dock-lock and latch mechanism.

Studies investigating the importance o f  amino acids in the fibrinogen y chain peptide in 

binding to FnBPA are ongoing in the laboratory o f Prof M. Hook, Texas A&M University. A 

panel o f  peptides in which each residue has been replaced by alanine is being tested for their 

affinities for recombinant rAFnBPA protein. In this way, it will be evident if  the penultimate 

aspartate residue o f the fibrinogen y chain is crucial in binding FnBPA. As mentioned in 

Section 4.1, the native fibrinogen sequence is not the most optimal sequence for binding SdrG 

(Ponnuraj et al., 2003). It is very interesting to note that the hydrophobic trench o f ligand- 

binding surface proteins can accommodate peptides o f  different sequence. An example o f 

such is the A domain o f ClfB which binds to the a-chain o f fibrinogen (Ni Eidhin et al., 1998) 

and to the C-terminus o f  cytokeratin 10 (Walsh et al., 2004). This is relevant to FnBPA, 

where both fibrinogen and elastin can bind to this region. This observation raises the question 

o f sequence similarity between the two ligands. This is complicated by the nature o f the 

elastin used in the ELISA assays which is a heterogeneous mixture o f peptides (10 -50 kDa)
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resulting from the digestion o f human aortic elastin by hot oxalic acid which cleaves 

crosslinked elastin at hydrophilic sites. The digestion results in exposure o f novel sites created 

by the fragmentation o f the tropoelastin backbone whilst preserving the desmosine crosslinks. 

It is these free peptides that are likely to bind into the hydrophobic trench o f FnBPA. The 

possibility o f a range o f  different elastin peptides binding into the hydrophobic trench of 

rAFnBPA may explain cases whereby an alanine substitution o f a single amino acid causes a 

defect in fibrinogen binding but less o f an effect in elastin binding as is the case with F355A, 

K357A and L498A. It is not possible however to detect any sequence identity between the 

fibrinogen y chain peptide and the primary tropoelastin sequence.

The work carried out above with alanine-substituted recombinant proteins was tested 

further by introducing N304A and F306A substitutions into the FnBPA protein expressed on 

the surface o f L. lactis. Plasmid pNZ8037 FnBPA was subjected to site-directed mutagenesis 

using primers incorporating the N304A and F306A codon changes. Bacteria expressing the 

FnBPA-NF protein were unable to adhere to immobilised elastin or fibrinogen but retained the 

ability to bind to immobilised fibronectin in a manner similar to wild-type FnBPA-expressing 

bacteria. This supports the work undertaken with recombinant proteins and shows once again, 

the crucial role played by two amino acids in the binding o f the full-length FnBPA protein to 

elastin and fibrinogen. This is further evidence that elastin and fibrinogen bind to FnBPA in a 

similar manner. The molecular model created in this study can be used to explain why N304 

and F306 are involved in ligand binding and this lends support to the use o f such molecular 

models in the understanding o f the mechanisms by which staphylococcal M SCRAM M s bind 

to their ligands.
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Figure 4.38 Proposed model o f ligand binding for rAFnBPA

Upon docking o f the fibrinogen y chain peptide (red -  with C-terminal valine residue labelled) into the hydrophobic trench 
situated between N2 and N3, a conformational change occurs at the C-terminus o f  N3 allowing the hinge region to traverse 
the ligand-occupied space. Residue G497 may aid in the bending o f this loop region while L498 is predicted to contact the 
valine residue o f fibrinogen in a similar manner to that o f 1581 o f SdrG. The G ’ (3-strand o f N3 then locks the ligand in 
place by slotting in between P-strands D and E o f N2.



Chapter 5

uence diversity of region A of FnPBA from 

S. aureus strains 8325-4 and PI



5.1 Introduction

An extensive and diverse array o f ligand-binding proteins is displayed on the surface 

o f  S. aureus cells. These proteins have evolved to recognise distinct elements o f the host 

extracellular matrix in an attempt to evade the host immune system and establish a focus o f 

infection. Despite examples o f  functional redundancy, each protein targets specific ligands, 

the exact binding sites o f which are still under investigation. The importance o f ligand- 

binding surface proteins o f S. aureus has been demonstrated in numerous studies. Their 

importance is highlighted by the fact that many o f  the genes encoding these proteins (e.g. clfA 

and fnbA) are present in almost all invasive isolates o f 5. aureus tested (Peacock et a l ,  2002). 

A study on the diversity o ffn h  genes present in a large sample o f clinical isolates showed that 

fnbA  was present in all 163 strains with both fnbA  and fnbB  present in -66%  (Enright et al., 

2000), although the latter figure was as high as 91% in a study o f MRSA isolates (Rice et al., 

2001a). However, the ability to adhere to imm*obiIised fibronectin does not vary in relation to 

the number o f f n b  genes (Enright et al., 2000) or the number o f fibronectin-binding motifs 

within the FnBP molecule (Rice et al., 2001a). This indicates that ligand binding is conserved 

despite sequence variation. The variation in fibronectin binding by different isolates o f  S. 

aureus was attributed to the transcriptional activity o f the agr locus and to protease activity 

(Rice et al., 2001a).

A more recent study investigated the divergence o f 17 S. aureus genes in a collection 

o f 60 S. aureus strains (Kuhn et al., 2006). These genes included ten genes encoding surface 

proteins {clfA, clfB, fnbA , fnbB , ebpS, map, sdrC, sdrD, sdrE  and spa) which were compared 

to seven housekeeping genes routinely used in multilocus sequencing typing (MLST) (arcC, 

aroE, glpF, gmk, pta, tpi andiyqiL). The ten surface protein-encoding genes were divided into 

two groups, the core genes {clfA, clfB, fnbA , map, sdrC  and spa) which were present in all 

strains and the accessory genes (fnbB, ebpS, sdrD  and sdrE) which were not present in all 

strains. It had been noted previously that up to 22% o f all genes in the S. aureus genome 

could be considered as accessory genes (Fitzgerald et al., 2001). Thus there is a considerable 

portion o f the S. aureus genome that is not to be essential and has contributed to genetic 

differences between strains. Both sets o f  surface protein-encoding genes were shown to have 

undergone a higher degree o f nucleotide diversity compared to housekeeping genes. The 

amount o f diversity varied, ranging from 2-fold for spa to greater than 10-fold for fnbA  and 

fnbB . This study analysed a diverse collection o f isolates, included the most variable class o f
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genes which were distributed over the whole chromosome and thus concluded that there is 

good evidence for predominantly clonal evolution o f S. aureus.

An investigation into the A domains o f FnBPA from the seven sequenced S. aureus 

genomes available in 2005 (8325-4, COL, MW2, MSSA476, N315, Mu50 and MRSA252) 

showed that significant diversity existed among strains from different multilocus sequence 

types (ST) (Loughman, 2005). As an example, the A domain o f FnBPA from strain 8325-4 

(ST 8) shares only 76.7% identity with the corresponding domain of strain MW2 (ST 1) and 

75.3% identity with the FnBPA A domain o f strain N315 (ST 5). There are two major clusters 

of S. aureus strains, group 1 ( la  and lb) and group 2 (Cooper and Feil, 2006). Of all the 

above sequenced strains, only strain MRSA252 belongs to group 1. This strain shared 

between 73-79% identity in the A domains of FnBPA with all the other sequenced strains. A 

similar diversity was also observed for the A domains of FnBPB from the sequenced S. aureus 

strains (Loughman, 2005). The 5’ end of the fnbA gene from S. aureus strain PI was 

previously cloned and sequenced. The deduced DNA and amino acid sequence was aligned 

with the sequences from 8325-4 and showed a similar diversity with an overall identity of 

73.5% (Loughman. 2005). This indicates that the observed diversity between the A domains 

of FnBPA from S. aureus strains is common theme among different clonal lineages of S. 

aureus.

Observations in Chapter 3 that antibodies raised against the A domain o f FnBPA from 

strain 8325-4 reacted poorly with S. aureus strain PI (Figure 3.17) suggests that the sequence 

variation in the A domain of FnBPA has led to antigenic variation. Strain PI has been used 

previously to study the fibrinogen- and elastin-binding activity o f its surface-expressed FnBPs 

(Downer, 2002; Roche et a l ,  2004). It has been shown that wild-type PI cells adhere strongly 

to immobilised human elastin and that this was mediated by the FnBPs as a ?\fnbAfnbB  

mutant was unable to adhere to elastin (Roche et al., 2004). Strain PI possesses hoih. fnbA and 

fnbB  genes but it is not known if both proteins are expressed in a functional manner on the cell 

surface. The defect in elastin binding by strain VXfnbAfnbB could be complemented by 

expression o f FnBPA or FnBPB from a multicopy plasmid bearing the 8325-4 fnbA  or fnhB  

gene sequences (Roche et al., 2004). Following the Western blotting analysis discussed in 

Section 3.2.5, where a high concentration of anti-rAFnBPA (8325-4) antibodies were needed 

to detect full-length FnBPA present in the cell wall extracts of strain PI, tests were carried out 

with the complemented PI strains expressing the 8325-4 FnBP proteins (Loughman, 2005). 

Human fibronectin was used in ligand affinity blotting to detect FnBPA and/or FnBPB (Figure
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5.1). In addition, anti-rAFnBPA or anti-rAFnBPB antibodies showed a strong reaction with 

their cognate antigen present in either complemented strain but failed to react detectably with 

FnBPA expressed by wild-type PI.

The finding by Kuhn et a l ,  (2006) that fn b  genes from diverse strains o f S. aureus 

have undergone greater sequence divergence than other surface protein genes such as c lf^  and 

clfA, along with the FnBP sequence variation previously noted (Loughman, 2005) and the 

Western blotting studies described in Chapter 3, prompted the present investigation. It was 

hypothesised that the FnBPA protein can undergo a significant level o f amino acid sequence 

diversification sufficient to achieve antigenic variation while still retaining ligand-binding 

functions. In this chapter, this hypothesis was tested for region A o f FnBPA expressed by 

strain P I. Examination o f the primary amino acid sequence showed a high level o f sequence 

diversity, especially in subdomains N2 and N3. The recombinant protein was expressed and 

purified and shown to bind to elastin and fibrinogen. In addition, it reacted poorly with 

polyclonal antibodies raised against the A domain o f  FnBPA from strain 8325-4 and did not 

react with 5 monoclonal antibodies raised against the same protein including the important 

function blocking monoclonal, 7C5, the epitope o f which is contained in the variant residues 

o f the N2 subdomain o f  rAFnBPA from strain 8325-4.
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Figure 5.1 Detection of FnBPs in cell wall extracts of S. aureus PI and 
its derivative strains

Cell wall proteins o f  S. aureus PI wild-type, S. aureus ? \ fnbAfnhB, S. 
aureus V\ fnhA fnbB  (pFnBA4) and S. aureus P\ fnhAfnbB  (pFnBB4) were 
separated on 7.5% acrylamide gels and electroblotted onto PVDF 
membranes. M embranes were probed with polyclonal antibodies 
recognising the A domains o f  FnBPA or FnBPB or a solution o f 
biotinylated fibronectin (30 |ig/ml). Bound probe was detected with the 
appropriate conjugated substrate and the membranes developed by 
chemiluminescence. Red arrows denote the position o f full length FnBPs, 
with lower molecular weight bands reflecting breakdown products o f the 
full-length protein. Taken from Loughman, 2005.



5.2 Results
5.2.1 Antibodies raised against FnBPA and FnBPB from S. aureus strain 8325-4 react 

poorly with strain PI

As described in Section 3.2.5, polyclonal antibodies were raised in rabbits against the 

region A recombinant proteins o f FnBPA and FnBPB from strain 8325-4, rAFnBPA 3 7 .s4 4  and 

rAFnBPB 3 7 -5 4o, respectively. These antibodies were shown in dot immunoblotting analysis to 

exhibit an equally sensitive reaction to their cognate antigens with nanogram amounts o f 

protein detected by both antibodies at high dilutions (Figure 3.16). These antibodies were also 

used to detect FnBP proteins released from cell wall extracts o f  S. aureus strain P I. A high 

concentration o f anti-rAFnBP antibodies were needed to detect full-length FnBP released from 

the surface o f PI (Figure 3.17). Previous immunoblotting experiments with proteins released 

from whole cells showed that the FnBP proteins o f PI reacted weakly with polyclonal 

antibodies raised against rAFnBPA from strain 8325-4 (Loughman, 2005). However, PI 

strains complemented with the pFnBPA4 or pFnBPB4 plasmids, expressing FnBPA or FnBPB 

o f strain 8325-4, react well with the same antibodies (Figure 5.1). A report that fn h  genes 

from diverse strains o f S. aureus have undergone greater sequence divergence than other 

surface protein genes such as c//B and clfA (Kuhn et al., 2006) prompted an examination o f 

the A domain o f FnBPA from strain PI. DNA coding for the entire A domain was amplified 

by PCR. sequenced and the amino acid sequence deduced and compared with that o f strain 

8325-4 (Figure 5.2). The overall amino acid sequence identity between the two proteins was 

-73 .5%  but closer examination indicated that the greatest divergence occurred in domains N2 

and N3. The N1 domains are 91.4% identical, the N2 domains are 78.3% identical while the 

N3 domains are only 59.2%> identical (Figure 5.3). Taken together, these data indicate that S. 

aureus strain PI produces a fibronectin-binding protein A domain that is antigenically distinct 

from that o f strain 8325-4.

5.2.2 rAFnBPAi9 4 .5 ii (PI) binding to immobilised elastin and fibrinogen

In order to assess the properties o f region A o f FnBPA encoded by strain P I, the DNA 

sequence encoding the precise ligand-binding domains o f region A o f FnBPA from strain PI 

(rAFnBPAi9 4 .5 ii (P I)) was cloned into the expression vector pQE30 using PI genomic DNA 

and PI-specific primers designed using the deduced PI fn h  A DNA sequence. This plasmid



was transform ed into E. coli cells and yielded recom binant protein w hich was purified by 

nickel affinity chrom atography (Figure 5.4).

This protein was used in ELISA -type binding assays to determ ine its affinity for 

im m obilised elastin and fibrinogen and to com pare it to the equivalent protein from  8325-4. 

The PI protein bound to both ligands. It had the sam e affinity for fibrinogen as the 8325-4 

protein w ith a h a lf  m axim um  binding value o f  4.43 ± 3.8 nM  (Figure 5.5 B). Interestingly it 

had a significantly higher affinity for elastin  (h a lf m axim um  binding rA FnB PA  1 9 4 .5 1 1  8325-4 

for elastin = 51.77 ± 12.2 nM ; h a lf  m axim um  binding rA FnB PA i9 4 .5 n PI for elastin  = 4.12 ± 

3.8 nM , p-value = 0.003) (Figure 5.5 A). This indicates that the recom binant protein is fully 

functional and that the residues spanning 194-511 are also sufficient for ligand binding in 

strain P I . The variant residues occurring in the N2N3 subdom ains o f  FnBPA from  strain PI 

therefore does not h inder binding to either ligand and even increases the affinity o f  th is protein 

for elastin.

5.2.3 R eactivity o f rA F nB P A i9 4 .5 n (P I) to polyclonal anti-rA FnB PA  antibodies

Region A o f  FnB PA  from  strain PI bound to elastin  and fibrinogen w ith  the same or 

greater affinity than that o f  8325-4. It was therefore hypothesized that the variant residues 

changed the surface epitopes o f  this protein rather than changing crucial ligand-binding 

residues in the hydrophobic trench region. The ability o f  rA FnB PA i9 4 .5 n (PI )  to bind to 

polyclonal antibodies raised against the 8325-4 protein was tested. Firstly, increasing am ounts 

o f  both recom binant proteins w ere im m obilised on m icrotitre plates and probed w ith a 1 : 2 0 0 0  

dilution o f  polyclonal anti-rA FnB PA 3 7 -5 4 4  (83 25-4) antibodies. Paradoxically , it was 

suggested that the PI protein had a h igher affinity for the antibodies than the cognate 8325-4 

antigen (Figure 5.6). This contradicted earlier W estern blotting analysis w ith w hole cell 

lysates o f  strain P I (Section 5.2.1). The two m ethods differ how ever, w ith PV D F m em brane- 

bound protein possibly behaving differently to plastic w ell-bound protein. The ability o f  the 

P I protein to bind m icrotitre plates w as com pared to that o f  its 8325-4 counterpart. Equal 

am ounts o f  the tw o proteins w ere coated onto the w ells o f  the sam e plate and bound protein 

was detected using a m onoclonal antibody directed against the 6 xH is tag at the N -term inus o f  

both proteins. rA FnBP A 1 9 4 .511 (PI )  coated the plastic w ith a far greater efficiency than that o f  

the 8325-4 protein (Figure 5.7) thus explaining the apparent greater affinity o f  the polyclonal 

antibodies to the PI protein and dem onstrating that such com parisons cannot be m ade using 

ELISA  assays.

112



Figure 5.2 Sequence alignment of region A of FnBPA from S. aureus 
strains 8325-4 and PI

Amino acid alignment of region A (37-514) of FnBPA from S. aureus strains 
8325-4 and PI showing the extent of residue diversity along subdomains N1 
(black), N2 (red) and N3 (blue). * indicates an identical residue while : and . 
indicate conserved and semi-conserved mutations, respectively.
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FnBPA A domains -  73.5 % overall identity

N1 N2 N3 8325-4

91.4% 78.3% 59.2%

Figure 5.3 Diversity in the amino acid sequences of region A of 
FnBPA from S. aureus strains 8325-4 and PI

Genomic DNA of S. aureus PI was used to clone the DNA sequence 
encoding region A of FnBPA. Sequenced DNA was translated into amino 
acid sequences and aligned with region A of FnBPA from strain 8325-4. 
The percentage amino acid indentities between the subdomains (N l, N2 
and N3) are shown. Taken from Loughman, 2005.
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Figure 5.4 Cloning of rAFnBPAig^.j,, (PI)

Genomic DNA from S. aureus strain PI was used as template DNA in a PCR reaction to generate a fragment encoding the N2N3 
subdomains o f FnBPA which was cloned into pQE30. The resulting plasmid was transformed into E. coli and recombinant protein 
purified by nickel affinity and anion exchange chromatography, producing protein rAFnBPA,Q4 .5 | , (PI).
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Figure 5.5 Binding o f  rA F n B P A , 9 4  5 ,, (8325-4) and rAFnBPA , 9 4 (PI) to immobilised elastin and fibrinogen

M icrotitre plates were coated with 10 |ig/m l hum an aortic elastin (A) or fibrinogen (B) and increasing concentrations o f  
rA F nB P A |9 4 _5 ,| (8325-4) and rA F nB P A |9 4 .5 | , (P I)  were added. Bound protein was detected with polyclonal anti-rA FnBPA  
antibodies and goat anti-rabbit H RP-conjugated antibodies. Data points represent the m ean o f  triplicate w ells and this figure is 
representative o f  three independent experim ents.
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Figure 5.6 B inding o f anti-rA FnB PA  polyclonal antibodies to 
im m obilised rA F nB P A ,9 4 .5 ,, (8325-4) and rA F nB P A ,9 4 .5 1 , (P I)

M icrotitre plates w ere coated w ith various concentrations (0.9 i^M -  0 
I^M) o f  rA F nB P A |9 4 _5 |I (8325-4) or rA F nB P A ,9 4 .5 ,, (P I) . Bound 
protein was detected w ith polyclonal anti-rA FnB PA  antibodies (1:2000) 
and goat anti-rabbit H R P-conjugated antibodies follow ed by 
developm ent w ith TM B substrate. D ata points represent the m ean o f  
triplicate w ells and this figure is representative o f  three independent 
experim ents.
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Figure 5.7 B inding o f anti-histidine m onoclonal antibodies to 
im m obilised rA F nB P A ,9 4 .5 ,, (8325-4) and rA F nB P A ,9 4 .5 ,, (P I)  
M icrotitre plates were coated with various concentrations (0.3 |^M -  0 
laM) o f  rA FnB PA ,9 4 .5 ,, (8325-4) or rA FnB PA ,9 4 .5 ,, (P I). Bound 
protein w as detected w ith m onoclonal anti-histidine antibodies 
conjugated to HRP. D ata points represent the m ean o f  triplicate w ells 
and this figure is representative o f  tw o independent experim ents.



To conclusively test the relative affinities o f  both proteins, increasing am ounts o f  

rA FnB PA  from  strains P I and 8325-4, ranging from  0.125-1.0 |ig , w ere subjected to SD S- 

PA G E and probed w ith polyclonal antibodies in W estern im m unoblotting (Figure 5.8). It is 

evident that the PI protein has a significantly low er affinity for polyclonal antibodies (Figure 

5.8). By densitom etry, the lanes containing 1.0, 0.5, 0.25 and 0.125 |ig  o f  the PI protein 

show ed 1.5-, 2-, 3- and 12-fold low er affinities, respectively, for the polyclonal antibodies 

com pared to the equivalent am ounts o f  the 8325-4 protein. This indicates that the observed 

variant residues do indeed contribute to the reduced im m une reactivity o f  FnB PA  from  strain 

P I.

5.2.4 Reactivity o f rAFnBPAi9 4 .5 u (PI) to monoclonal anti-rAFnBPA (8325-4) antibodies

To further test the reactivity o f  antibodies raised against the A  dom ain o f  FnB PA  from  

strain 8325-4 to the PI protein, a panel o f  m onoclonal antibodies (Section 4 .2.6) was studied. 

PV DF m em branes containing doubling dilutions o f  rA FnB PA i9 4 .5 n from  strain PI and 8325-4 

w ere probed. The four antibodies (including the function blocking antibody, 7C5) failed to 

react detectably w ith rA FnB PA  194.511 (PI )  (Figure 5.9). This dem onstrates that the 

m onoclonal antibodies raised against rA FnB PA 37-544  ( 83 2 5-4) are reactive to epitopes 

contained w ithin the N2N 3 dom ains o f  this protein. This indicates further that the variant 

residues o f  the PI protein sequence are contained w ithin im portant epitopes on the surface o f  

the protein.

5.2.5 Examination of the locations of variant residues between rAFnBPA of strains 

8325-4 and PI

The variant residues betw een rA FnB PA  from  strain PI and 8325-4 w ere studied in the 

context o f  the 3D m odel o f  subdom ains N2N3 o f  8325-4. Those residues o f  8325-4 that w ere 

different in strain PI were highlighted and coloured green (N2) and blue (N3) (Figure 5.10). 

As can be seen in panel A, differences occur throughout the m olecule w ith N3 exhibiting 

greater variance than N2 as reflected in the 78.3 %  and 59.2 %  am ino acid identity betw een 

subdom ains N2 and N 3, respectively. Som e changes occurred in the putative ligand-binding 

trench, the predicted latching peptide and the slot in N 2 into w hich the latching peptide w ould 

insert during the dock, lock and latch m echanism  o f  ligand binding. H ow ever these changes 

do not cause any adverse effect on ligand binding and indeed som e caused a ~  1 0 -fold increase 

in the affinity o f  this protein for elastin. The residues o f  FnBPA altered by m utagenesis



(Chapter 4) were conserved between the two proteins with the exception o f  N356 and T417 o f  

8325-4 which were ahered to D356 and 1417, respectively, in P I. An alignment o f  the FnBPA 

amino acid sequences from S. aureus strains N315, 8325-4, MSSA476, COL, MRSA252, 

Mu50, MW2 showed G222, R224, N304, F306, F355, K357, 0497 , L498, T354, A415 and 

T417 to be entirely conserved. Only strain MRSA252 contains an aspartic acid residue at 

position 356 instead o f asparagine.

The majority o f  variant residues were predicted to be exposed on the surface o f the 

protein. When the 3D structure o f  the protein is viewed in space fill mode, the variant 

residues are visible. It is important to place this in the context o f the entire protein. The 

structure o f the N1 subdomain and the impact that this and the fibronectin-binding domains 

linked to the C-terminus o f the latching peptide might have on the conformation and exposure 

o f residues o f subdomains N2 and N3 is not known. It is possible therefore that some residues 

that are surface-exposed on the 3D structural model o f N2N3 o f FnBPA, may not be surface- 

exposed on the full-length protein expressed on the surface o f the bacterial cell. Here it has 

been shown that at least some o f the variant residues are surface exposed and contribute to the 

antigenic variation observed by FnBPA from strain P I.

5.2.6 Binding of function-blocking monoclonal antibody 7C5 to rAFnBPA

It has been shown previously that monoclonal antibody 7C5 blocks binding o f FnBPA 

from strain 8325-4 to immobilised fibrinogen or elastin (Figure 3.39). Attempts were made to 

understand the nature o f the inhibition by examining the region o f FnBPA to which 7C5 binds. 

It has been shown by Western blotting that 7C5 binds to rAFnBPA from strain 8325-4 and not 

to the equivalent protein o f  strain PI (Figure 5.9). Equal amounts o f recombinant FnBPA 

protein from strains 8325-4 and PI were immobilised onto microtitre plates and probed with 

monoclonal antibody 7C5 (Figure 5.11). A previous experiment showed that the PI protein is 

more efficient at coating the plastic surface o f  microtitre plates than the 8325-4 protein (Figure 

5.7). Despite this, no reaction was seen with 7C5 binding to wells coated with rAFnBPA (PI). 

This confirms that the epitope recognized by monoclonal antibody 7C5 is not present on 

rAFnBPA from strain PI. The altered residues present in FnBPA from strain PI are therefore 

involved in antigenic variation.

Monoclonal 7C5 was raised by immunising mice with the initial A domain construct o f  

strain 8325-4, rAFnBPA3 7 -5 4 4 . The minimum ligand-binding construct comprises subdomains 

N2 and N3 only. Therefore it was expected that 7C5 would bind to this N2N3 truncate.
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Figure 5.8 Coomassie and Western blot analysis of rAFnBPA,g^ j,, from S. aureus strains 8325-4 and PI

D oubling dilutions o f  rA FnB PA ,9 4 .5 ,, ( P I ) and rAFnBPA 1 9 4 .5 ,, (8325-4) protein (1.0 |ag -  0.125 ^ig) were analysed by SDS- 
PAGE and stained with Coom assie Blue or transferred to PVDF m em brane and probed with polyclonal anti-rAF'nBPA 
antibodies ( 1 . 6  |jg/m l).
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Figure 5.9 Coomassie and Western blot analysis of rAFnBPA|9 4 _5 ,, 
from S. aureus strains 8325-4 and PI

Doubling dilutions o f  rA F nB P A ,9 4 .5 ,, (P I) and rA F nB P A |9 4 .5 ,| (8325-4 )  
proteins (1 .0  |j.g -  0 .125 |.ig) w ere subjected to SD S-PA G E  and stained w ith  
C oom assie B lue (A ) or transferred to PV D F membrane and probed with  
m onoclonal antibodies 7C5 (2.5 |ig /m l) (B ), 1E6 (C), 1F9 (D ) and 1G8 (E) 
(1.25 Mg/ml).



Figure 5.10 Position of variant residues between rAFnBPA from strains 8325-4 and PI

(A) Ribbon model o f  the predicted 3D structure o f the N2N3 domains o f region A o f FnBPA from S. aureus strain 8325-4 with 
those residues that differ in FnBPA o f strain PI highlighted in green (N2) and blue (N3). (B) Space filled model in the orientation 
as per ribbon diagram in A. (C) Space filled model o f same protein turned 180 degrees.
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Figure 5.11 Binding o f  monoclonal antibody 7C5 to immobilised  
rA FnB PA , 9 4 .5 ,, (8325-4) and rA FnB PA , 9 4 .5 ,, (PI)

Increasing am ounts o f  recom binant proteins rA F nB P A |9 4 _5 , , (8325-4) 
and rA FnB PA ,9 4 .5 ,, (P I)  w ere im m obilised onto a m icrotitre plate. 
M onoclonal antibody 7C5 (12.5 |a.g/ml) was added to each well follow ed 
by rabbit anti-m ouse HRP conjugated antibody. D ata points represent 
the m ean o f  triplicate w ells and this figure is representative o f  two 
independent experim ents.



ELISA assays were used to test the binding o f  m onoclonal antibody 7C5 to im m obilised 

rA FnB PA 3 7-5 i 1 and rA FnB PA i9 4 .5 n from  8325-4. Three separate dilutions o f  7C5 show ed a 

dose-dependent and saturable binding response to both proteins (Figure 5.12). This confirm s 

that the epitope to which 7C5 binds is contained w ithin the N2N3 subdom ains o f  rAFnBPA  

from strain 8325-4.

It has been hypothesized previously that some function-blocking m onoclonal 

antibodies o f  ClfA  m ight act by binding to the latching peptide, thereby preventing 

conform ational change during the dock, lock and latch m echanism  o f  ligand binding. Indeed 

several function-blocking m onoclonal antibodies o f  ClfA  bind to the N3 subdom ain o f  ClfA. 

In order to further narrow  dow n the binding site w ithin rA FnB PA  for 7C5, whole cell lysates 

o f  E. coli strains bearing plasm ids encoding C-term inal truncates o f  rA FnB PA  and individual 

N2 and N3 subdom ains o f  FnB PA  w ere subjected to SD S-PA G E and stained with Coom assie 

Blue or transferred to PVDF m em brane. The m em brane was then probed with m onoclonal 

antibody 7C5 follow ed by detection with rabbit anti-m ouse HRP conjugated antibody and 

developm ent by chem ilum inescence. 7C5 reacted w ith rAFnBPAsy.si i and all C-term inal 

truncates, rA F nB P A |94 .509, rA FnB PA i9 4 ^ 9 8  and rA FnB PA  194-483 (Figure 5.13). The antibody 

reacted w ith rA FnB PA i94-336  CN2) but not w ith rA FnB PA 33 7 .5 n (N3). This suggested that 7C5 

binds to the N2 subdom ain o f  rAFnBPA.

To investigate this further, rA FnB PA  194.336 and rA FnB PA 3 3 7 .5 n were purified and 

im m obilised onto the wells o f  a m icrotitre plate and probed w ith dilutions o f  7C5. A dose- 

dependent and saturable response was seen for 7C5 binding to im m obilised rA FnB PA i94-336 

w hereas no reaction was detected for 7C5 binding to rA FnB PA 3 3 7 .5 n (Figure 5.14). This is 

further evidence that the 7C5 m onoclonal antibody binds to the N2 subdom ain o f  region A o f  

FnBPA. Taken together with the data show ing that 7C5 binds to rA FnB PA  from  strain 8325-4 

but not to P I , it is now  know n that residues o f  subdom ain N2 o f  FnBPA from  strain 8325-4 

that are not conserved in FnB PA  from  strain PI (see Figure 5.2) are involved in com prising 

the epitope to w hich this im portant m onoclonal antibody binds.

5.2.7 A bility o f m onoclonal antibody 7C5 to bind to rA F nB P A i9 4 .5 1 1  already bound to 

im m obilised fibrinogen

It has been noted previously that function blocking m onoclonal antibodies o f  ClfA can 

bind to ClfA  after the fibrinogen m olecule has docked into the hydrophobic trench (M itchell, 

2004). This confers a displacing function on som e o f  these m onoclonal antibodies w hereby
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the bound fibrinogen molecule is then released. 7C5 was tested for its ability to bind FnBPA 

already bound to immobilised fibrinogen (Figure 5 .15). Microtitre plates were coated with 10 

)ig/ml o f human fibrinogen and increasing amounts o f rAFnBPAi94.5n were allowed to bind. 

Following this, either polyclonal anti-rAFnBPA antibodies or monoclonal antibody 7C5 was 

added. Detection was carried out with goat anti-rabbit and rabbit anti-mouse antibodies, 

respectively. As a positive control, polyclonal anti-rAFnBPA antibodies demonstrated dose- 

dependent and saturable binding. I f  monoclonal antibody 7C 5 had a displacing function, 

binding o f this antibody to rAFnBPA 194.511 would cause the recombinant FnBPA protein to 

disassociate with the immobilised fibrinogen and both it and the monoclonal antibody would 

wash off at this stage. This however was not the case as rabbit anti-mouse antibodies detected 

the monoclonal antibody, showing dose-dependent binding in response to the levels o f 

increasing concentrations o f rAFnBPAi94_5i 1. This indicates that monoclonal antibody 7C5 

can bind to rAFnBPA 194.511 after this protein has bound to its fibrinogen ligand and 

conformational changes involved in binding to fibrinogen do not alter the epitope to which 

7C 5 binds. Further experimentation with bacterial cells expressing FnBPA would give 

information regarding the potential displacing activity o f this monoclonal antibody.
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Increasing amounts o f rAFnBPAj^.jn and rAFnBPA |9 4 _5 | , from S. aureus strain 8325-4 were immobilised onto microtitre plates. 
Three dilutions o f monoclonal antibody 7C5 was added to wells followed by rabbit anti-mouse HRP conjugated antibody. Data 
points represent the mean o f triplicate wells and this figure is representative o f two independent experiments.
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Figure 5.13 Analysis of E. coli strains expressing rAFnBPA truncates

E. coli cells harbouring plasmids encoding FnBPA truncates spanning residues 
194-336, 337-511, 194-483, 194-498, 194-509 and 37-511 were incubated with 
(+) or without (-) IPTG after reaching OD^oonm =0.5. Equal loading o f  lysed 
cells were analysed by SDS-PAGE, stained with Coomassie Blue (A) or 
electroblotted onto PVDF membrane and probed with monoclonal antibody 
7C5 (1.8 i^g/ml) followed by rabbit anti-mouse HRP conjugated antibody (B).
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(8325-4) bound to im m obilised fibrinogen

M icrotitre plates w ere coated w ith 10 |ag/ml hum an fibrinogen and 
increasing am ounts o f  rA F nB P A |9 4 _5 ,, (8325-4) w ere added. Bound 
protein was detected w ith m onoclonal antibody 7C5 (3 ng/m l) or 
polyclonal anti-rA FnB PA  antibodies follow ed by rabbit anti-m ouse 
HRP conjugated antibody or goat anti-rabbit H RP conjugated antibody, 
respectively. D ata points represent the m ean o f  trip licate wells.



5.3 Discussion

The fibronectin-binding repeat regions o f  FnBPA and FnBPB from S. aureus strain 

8325-4 are highly hom ologous, sharing 94% identity (Jonsson et al., 1991). In contrast, the A 

domains o f  FnBPA and FnBPB from strain 8325-4 share only 45% amino acid identity 

(Jonsson et al., 1991). Analysis o f  the polyclonal antisera raised against the FnBPA A domain 

o f  strain 8325-4 (Section 3.2.5) showed partial reactivity with the FnBPB A domain o f  the 

same strain. Similarly, antibodies raised to the FnBPB A domain cross reacted with the A 

domain o f  FnBPA (Figure 3.18). It was also observed that these antibodies did not efficiently  

recognize the FnBPs expressed by S. aureus strain PI (Figure 3.17 and Figure 5.1). This 

raised the possibility that antigenic variation has occurred between these two strains due to 

differences in FnBPA amino acid sequences. The amino acid sequence o f  the A domain o f  

FnBPA from strain PI was deduced and compared with that o f  strain 8325-4 and showed 

73.5% overall identity. The extent o f  the identity differed throughout the length o f  the A  

domain with the N1 subdomains being 91.4% identical and the N2 and N3 subdomains 

showing only 78.3% and 59.2% identity, respectively. Similar levels o f  diversity were found 

in the FnBPA A domains deduced from the genom e sequences o f  seven sequenced S. aureus 

strains. In contrast, the fibronectin-binding motifs at the C-terminus o f  FnBPA and the A 

domains o f  ClfA from these strains were highly conserved with 90-95% identity, in any 

pairwise alignment (Loughman, 2005).

DNA encoding the minimum N2N3 domains o f  FnBPA from strain PI was cloned into 

the expression vector pQE30 which allowed purification o f  the recombinant protein 

rAFnBPAi9 4 .5 ii (PI).  This protein was shown in ELISA assays to adhere strongly to 

immobilised fibrinogen and elastin demonstrating the functional integrity o f  the recombinant 

protein and indicating that the N2N3 subdomains o f  the PI protein also contain the ligand 

binding site. The PI and 8325-4 proteins had similar affinities for fibrinogen but interestingly, 

the PI protein had an increased affinity for immobilised elastin peptides compared to its 8325- 

4 counterpart. Thus the sequence variation between these two proteins has no adverse effect 

on ligand binding with those changes situated around the putative ligand-binding trench or 

latching peptide possibly involved in the increased binding to elastin. An alignment o f  the A 

domain o f  FnBPA from strains 8325-4 and PI shows those amino acids that are important in 

ligand binding (Section 4.2.7) are conserved. In particular residues N 304 and F306 are 

present in both strains. In fact, an alignment o f  FnBPA sequences from the seven strains listed
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in Section 5.2.5 above, show s that G222, R224, N 304, F306, T354, F355, K357, A415, 0 4 9 7  

and L498 are entirely conserved. In two strains, PI and M R SA 252, N 356 is changed to D356 

and in strain P I T417 is changed to 1417. It is predicted therefore that the variant A  dom ains 

o f  FnB PA  from  these strains can each bind to fibrinogen and elastin. It can thus be concluded 

that residues im portant in contacting ligands entering the hydrophobic trench betw een N 2 and 

N3 are conserved in order to  retain ligand-binding function.

The FnB PA  A dom ains o f  strains 8325-4 and PI were tested for their ability to bind 

polyclonal antibodies raised against the A  dom ain o f  FnBPA from  strain 8325-4. 

Paradoxically , it was in itially  suggested that rA FnB PA  1 9 4 .5 1 1  (P I)  had a stronger affinity  for 

polyclonal antibodies than rA FnB PA i9 4 .5 n (8325-4). H ow ever this w as due to the higher 

coating efficiency o f  the PI protein onto the plastic w ells o f  m icrotitre plates. W estern 

blotting analysis show ed that the m onoclonal antibodies raised against rA FnB PA 3 7 . 5 4 4  ( 8  3 2 5- 

4) reacted well w ith the N2N 3 truncate o f  this protein dem onstrating that im portant epitopes 

are likely to be contained w ithin the ligand-binding region o f  the A dom ain o f  FnBPA. 

W estern blotting  also indicated that polyclonal anti-rA FnB PA  (8325-4) antibodies had a 3-12 

fold low er affinity  for the N2N 3 dom ains o f  FnB PA  from  strain PI com pared to that o f  strain 

8325-4. Four m onoclonal antibodies, raised against rA FnB PA 3 7 _ 5 4 4  from  strain 8325-4 were 

also unable to bind the PI protein. The residues o f  rA FnB PA  (8325-4) that are not conserved 

in strain P I were show n on the 3D -structural m odel to be m ostly surface exposed. This 

suggests a selective advantage in variation in FnB PA  A dom ains, perhaps as a m echanism  o f  

evasion o f  host im m une responses through antigenic variation, while still retaining ligand- 

b inding activity. This m ight also reduce the efficiency o f  opsonisation during the early stages 

o f  infection. A  sim ilar m echanism  o f  antigenic variation in the 11 fibronectin-binding m otifs 

w ould not confer a sim ilar advantage as antibodies against this region only recognize neo

epitopes form ed upon binding o f  fibronectin  (Casolini et al., 1998) and are thus not protective.

A m ong the m onoclonal antibodies that were unable to bind to rA FnB PA i9 4 .si 1 (P I)  

was the functional blocking m onoclonal antibody 7C5 w hich was unable to bind to this protein 

in W estern blotting and ELISA  assays. This indicated that the a subset o f  the residues o f  

rA FnB PA  (8325-4) that are substituted in strain P I represent the epitope to w hich 7C5 binds. 

It w as show n by W estern blotting and ELISA  that 7C5 binds to the N2N 3 dom ain. W estern 

blotting analysis indicated that 7C5 bound to all C -term inal truncates o f  rA F nB P A i9 4 -5 n , 

elim inating residues 483-511 as part o f  the epitope. Furtherm ore the m onoclonal antibody 

bound to subdom ain N 2 and not to N3. This is consistent w ith the observation that 7C5 does
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not bind to the latching peptide. It is possible that 7C5 binds to the region o f N2 into which 

the latching peptide slots during the dock-lock and latch mechanism. ELISA experiments 

show' that 7C5 can bind to rAFnBPA already bound to immobilised fibrinogen which indicates 

that the epitope for 7C5 is not altered upon ligand binding. The epitope to which 7C5 binds 

could be further identified by studying the variant residues o f  subdomain N2 and focusing on 

the variations that exist between N2 o f FnBPA from strains 8325-4 and P I. As Figure 5.2 

illustrates, there are 30 amino acid differences between the N2 subdomains o f these strains 

with 18 o f these being conserved mutations. Taking into account their position and orientation 

on the 3D structural model, the remaining 12 residues could be altered by site-directed 

mutagenesis to a suitably different residue in an attempt to pinpoint some residues involved in 

the epitope for monoclonal antibody 7C5.

It has been reported that i\\Q fnhA m A fribB genes from 50 different strains representing 

the major MRSA clones found in Europe have undergone greater sequence divergence than 

genes encoding surface proteins such as clfA and clfB  (Kuhn et a i ,  2006). The amino acid 

sequence o f the A domain o f FnBPA o f strain PI was shown here to be 73.5% identical to that 

o f 8325-4. Interestingly the differences were not spread evenly. Domain N1 was more highly 

conserved while domain N3 was the most divergent. Using the 3D model o f the 8325-4 

FnBPA A domain it is evident that the majority o f  variant residues are located on the surface 

o f the protein. Residues identified by mutagenesis to be important in ligand binding were 

mostly conserved. It is not fully understood why the fibronectin-binding proteins o f S. aureus 

are subject to a greater degree o f  sequence variation compared to the clumping factors, ClfA 

and CUB. It may be due to the importance o f  these proteins in the early stages o f infection. In 

contrast to FnBPA and FnBPB, ClfA is predominately expressed in the stationary phase of 

growth. While ClfB is produced in exponential phase and has been shown to bind fibrinogen 

(Ni Eidhin et al., 1998) and keratin (Walsh et a l ,  2004), the importance o f this protein mainly 

lies in its role in nasal colonization (Schaffer et a l ,  2006). Resisting opsonisation by 

undergoing sequence variation and antigenic variation would aid in the survival o f the bacteria 

at the crucial initial stages o f infection, thereby allowing them to be subsequently internalized 

into endothelial cells. This would serve to protect the bacterium from the host immune system 

and allow the spread o f infection. A similar observation o f antigenic variation with conserved 

function in the coagulase protein o f  S. aureus has also been proposed to evade the host 

immune response (Watanabe et al., 2005). The observed gradient o f antigenic variation from 

subdomains N l to N2 to N3 o f FnBPA is also quite interesting and hints at the increased
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importance o f the latter subdomains in ligand binding and conformational changes during 

dock, lock and latch. The consequences of this sequence divergence were reduced ability of 

antibodies raised against the 8325-4 protein to bind to the PI protein while retaining the ability 

to bind to both fibrinogen and elastin. This suggests that the ability o f FnBPA to bind these 

ligands during infection is important and further supports the contention that binding of 

fibrinogen and elastin occurs at the same site. Investigation of this phenomenon is ongoing to 

include FnBPs from a variety of clonal types in order to determine the extent o f the sequence 

divergence and antigenic variation, and their relevance to evasion o f immune responses during 

infection.

120



Chapter 6

Region A of FnBPA binds to the elastin monomer, tropoelastin



6.1 Introduction

The A domain o f  FnBPA is hom ologous to the ClfA surface protein o f  S. aureus and 

indeed binds to the same region o f  the y chain o f  fibrinogen (Wann et a l ,  2000). It was 

subsequently discovered that the A  domain o f  this protein also bound to immobilised elastin 

peptides and promoted adhesion o f  bacterial cells to elastin-coated surfaces (Roche et al., 

2004). The binding site for elastin peptides within region A o f  FnBPA has been narrowed 

down from rAFnBPA 3 7 . 5 4 4  to rAFnBPAi9 4 .5 ii, encompassing subdomains N 2 and N3. These 

two subdomains have been predicted to adopt a folded structure similar to ClfA  

(Deivanayagam el al., 2002). Based on a model o f  the predicted structure o f  N23 o f  FnBPA, 

residues crucial for the binding o f  elastin peptides were identified by alanine substitution 

(Section 4.2.7). In particular, changes to residues N 304 and F306 caused a significant 

decrease in the affinity for immobilised elastin peptides. The double N 304A /F306A  

substitution was completely defective in elastin binding (Figure 4.31).

An important aspect in understanding the S. aureus- elastin interaction is to assess if  

the bacterium is capable o f  binding tropoelastin, the monomeric precursor o f  elastin. It might 

then be possible to identify the binding domain for FnBPA within this m olecule. Tropoelastin 

is expressed and secreted by diverse cells such as fibroblasts, endothelial cells, chrondoblasts 

and vascular smooth muscle cells (Rosenbloom. 1982). Two major types o f  domains are 

found in tropoelastin, (a) hydrophobic domains which consist primarily o f  the four amino 

acids, glycine, alanine, valine and proline, which make up to 75% o f  the entire protein and 

which often occur in repeats o f  three to six peptides such as GVGVP, GGVP and GVGVAP; 

(b) hydrophilic domains, typically rich in lysine and alanine that are involved in crosslinking. 

These domains often consist o f  stretches o f  lysine separated by two or three alanine residues 

such as AA AK AAK AA. In general these hydrophobic and hydrophilic domains alternate 

(Figure 6.1 A). The C-terminus o f  tropoelastin is highly basic and is very strongly conserved 

among all species. It contains the only two cysteine residues in the protein, which are known 

to form a disulphide bridge, and terminates with a positively-charged RKRK sequence. 

Tropoelastin is synthesized with an N-terminal 26 amino acid signal peptide and is secreted as 

an approximately 72 kDa protein in the human although there is some variation due to 

different isoforms resulting from alternative splicing o f  introns. Tropoelastin undergoes very 

little post-translational modification and there is no evidence for glycosylation (Vrhovski and 

W eiss, 1998). Deposition o f  tropoelastin into the extracellular space occurs only at specific
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regions on the cell surface and tropoelastin has been shown to interact specifically with the 

microfibril fibres that form a scaffold to enable the growing elastin fibre to polymerise. The 

process o f elastic fibre formation involves a number o f  steps, beginning with coacervation.

Coacervation is a thermodynamically controlled process which has been proposed to 

concentrate and align tropoelastin monomers into an ordered fibrillar structure on the surface 

o f the cell (Cox et a l ,  1973). Tropoelastin is soluble in cold aqueous solutions o f less than 

20°C. However, on raising the temperature towards the physiological range the solution 

becomes cloudy as the tropoelastin molecules aggregate by interactions between hydrophobic 

domains. Coacervation is an important step in fibre formation as the correct alignment o f 

monomers allows the intermolecular and intramolecular crosslinking o f  the lysine residues in 

the hydrophilic domains (Figure 6.1 B and C). This is carried out by the enzyme lysyl oxidase 

which oxidatively deaminates lysine residues to form a unique amino acid called allysine 

(Figure 6.2 A). Subsequent condensation reactions o f two or more allysines produce 

crosslinks involving novel amino acids such as desmosine and isodesmosine (Figure 6.2 B).

The elastin used in ELISA assays described in Chapters 3, 4 and 5 is a commercially 

available preparation made by the digestion o f elastic fibres purified from human aorta. In the 

purification procedure, powdered elastic fibres are treated with repeated cycles o f hot oxalic 

acid and then cooled, precipitated and dialysed free o f contaminants. This results in a 

heterogeneous mixture o f elastin peptides ( 1 0 - 5 0  kDa) termed a-elastin. In this preparation 

no full-length tropoelastin molecules remain intact, however the unique desmosine crosslinks 

are present (Figure 6.1 C). The major differences between a-elastin and tropoelastin are (a) 

the presence o f various but unknown exposed sites due to the cleavage o f  oxalic acid and (b) 

the presence o f  native elastic fibre crosslinks. It is possible that either o f  these elements is 

responsible for the binding o f rAFnBPA. It was o f interest therefore to determine if  rAFnBPA 

could bind to the monomer o f  elastin, tropoelastin which would lack both novel exposed sites 

and desmosine crosslinks. The difficulty in purifying monomeric tropoelastin from human 

tissue has resulted in recombinantly expressed tropoelastin being used extensively to study the 

interactions o f this monomer with host proteins including microfibril associated glycoprotein 1 

(MAGP-1) (Clarke and Weiss, 2004) and integrin avPs (Rodgers and Weiss, 2004). 

Recombinant tropoelastin was produced by collaborators in the University o f Sydney, 

Australia by synthesizing the entire human elastin gene and expressing it in bacteria. 

Recombinant tropoelastin reacts with elastin antibodies, demonstrates coacervation ability and 

has the same circular dichroic spectrum as naturally-derived tropoelastin.
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Figure 6.1 Elastin in various forms

(A) The tropoelastin monomer is composed o f  alternating hydrophobic 
(white) and hydrophilic (black) domains. (B) The process o f coacervation 
aligns the tropoelastin monomers in such a way to allow lysyl oxidase to 
crosslink the lysine residues o f hydrophilic domains to yield elastin, an 
amorphous, highly insoluble polymer found in tissues such as skin, lungs, 
blood vessels and ligaments. (C) The treatment o f purified elastin from 
human tissue with hot oxalic acid results in cleavage at hydrophilic sites to 
yield a heterogeneous mixture o f elastin peptides (a-elastin) which retain the 
unique crosslinks (desmosines).
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(A) Lysyl oxidase oxidatively deaminates a peptidyl lysine to generate a 
peptidyl a-aminoadipic-5-semialdehyde (allysine). (B) Desmosine and 
isodesmosine are rare isomeric amino acids found only in elastin and are 
formed by condensation of one molecule of lysine with 3 molecules of a 
lysine derivative, allysine, into a pyridinium ring.



A  sam ple o f  rA FnBPA 3 y.5 4 4 , w hich  was show n in Section 3 .2 .6  to bind to im m obilised  

human aortic elastin peptides, w as sent to the laboratory o f  P ro f A nthony W eiss at the 

University o f  Sydney to test for binding to im m obilised  recom binant human tropoelastin. 

Investigations were carried out there to measure binding o f  rA FnBPA 3 7 . 5 4 4  to im m obilised  

human tropoelastin by surface plasm on resonance (SPR ). A  Kd o f  29 ±  0.1 nM w as obtained  

for rA FnBPA 3 7 . 5 4 4  binding to full-length  tropoelastin (Clarke, 2006). This w as the first 

evidence that a staphylococcal cell w all anchored surface protein can bind to m onom eric  

human tropoelastin. To narrow dow n the binding site w ithin tropoelastin for FnBPA, further 

tests w ere carried out by the W eiss laboratory to determ ine the binding o f  rA FnBPA 3 7 _ 5 4 4  to 

three separate truncates o f  tropoelastin, encom passing the N -term inus o f  the protein (SH EL N - 

18), exon s 17-27 (S H E L 17-27) and the C-term inus o f  the protein (SH E L 27-C ) (Figure 6.3 A ). 

It w as found that rA FnB PA 3 7 _ 5 4 4  bound to all three segm ents o f  tropoelastin. rA FnB PA 3 7 - 5 4 4  

interacted with SH E L N -18 w ith a d issociation  constant o f  31 ± 0 . 1  nM. A  slightly weaker  

interaction w as observed betw een rA FnB PA 3 7 .5 4 4  and SH E L 17-27 w ith a Kd o f  57 ±  0 .4  nM. 

rA FnBPA 3 7 - 5 4 4  a lso interacted w ith SH EL27-C  but no reliable kinetic data w as obtained  

(Clarke, 2 006) (Figure 6.3 B). From these data, it is clear that FnBPA  is capable o f  binding all 

three segm ents o f  tropoelastin indicating that m ultiple binding sites for FnBPA  occur within  

the tropoelastin m olecule. This indicates a possib ility  that FnBPA binds to a repetitive 

sequence in tropoelastin that is present is all three truncates. Tropoelastin contains num erous 

short peptide repeat sequences (Figure 1.9) w hich could be involved  in contact with FnBPA.

To investigate the FnBPA -tropoelastin interaction in more detail, further SPR  

experim ents were carried out by the W eiss laboratory using varying pH. A nalysing the amino  

acid sequences, titration curves o f  rA FnBPA 3 7 - 5 4 4  and tropoelastin w ere generated. 

Tropoelastin undergoes a sharp positive to negative charged state transition at its isoelectric  

point (p i) o f  11. This is in stark contrast to rA FnBPA 3 7 - 5 4 4  w hich  has an isoelectric point o f  5. 

It remains only slightly negatively  charged until pH above 10 (Figure 6 .4  A ). The effect o f  pH  

on the binding o f  these tw o proteins w as investigated. W hen rA FnBPA 3 7 . 5 4 4  w as injected over  

a tropoelastin-coated surface at various pH, the response differed. At low  pH the interaction  

w as strong with non-saturable binding. A s the pH increased the interaction weakened and 

saturable binding w as observed at pH 10.6. At pH 11 all interactions betw een the proteins 

ceased (Clarke, 2 006) (Figure 6.4 B).

This work carried out by the laboratory o f  P ro f W eiss established that rA FnBPA  can 

bind to im m obilised  tropoelastin in a dose-dependent and saturable manner and that binding



sites for rAFnBPA occurred throughout the tropoelastin molecule. A pH dependency for the 

interaction was also discovered. This interaction warranted further investigation and the aim 

o f the studies carried out in this chapter was to examine the binding o f rAFnBPA truncates and 

alanine-substituted variants to tropoelastin. SPR analysis was carried out in the University o f 

Sydney with rAFnBPA proteins. Amine coupling was used to immobilise full-length 

tropoelastin onto the surface o f  a dextran chip (Figure 6.5 A). Dilutions o f  each rAFnBPA 

protein were passed over this chip to measure the binding kinetics o f the two proteins (Figure 

6.5 B). The Biacore sensograms generated have four main phases, establishment o f baseline, 

association, dissociation and regeneration as outlined in Figure 6.6. Using these techniques to 

assess the binding o f rAFnBPA truncates and alanine-substituted variants, the hypothesis that 

the tropoelastin monomer was binding to FnBPA by docking into the hydrophobic trench 

between N2 and N3 in a similar manner to that o f  elastin peptides, could be tested.
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A 2 17 18 20 24 26 27 30 36

1 ■ 1I I 1 _ I Tropoelastin
-----

SHELN-18

■ 1 ■ 1IZl SHEL17-27

■ ■ 1:■ SHEL27-C

B Construct k, (1/Ms) K (i/s) Kd (nM)

Tropoelastin 7.10 ± 0 .02  X 10̂ 2.00 ±0 .002  X 10-4 28 ±0.1 4.7

SHELN-18 8.80 ± 0 .02  X 10̂ 2.80 ±0 .005  X 10-4 31 ±0.1 0.2

SHEL 17-27 7.95 ±0 .05  X 103 2.15 ±0 .005  X 10-3 270 ± 3 9.2

Figure 6.3 rAFnBPA binding to tropoelastin truncates

(A) I'he domain structure o f full-length human tropoelastin is compared with that o f constructs SHELN-18, SHEL 17-27 and 
SHEL27-C, spanning domains 2-18, 17-27 and 27-36, respectively. White segments represent hydrophobic domains while black 
segments represent hydrophilic crosslinking domains. (B) The rate association constant (k^), the rate dissociation constant (k^) and 
the equilibrium dissociation constant (K,^) o f rAFnBPAj^ binding to tropoelastin, SHELN-18 and SHEL17-27 was calculated by 
curve fitting. The standard error (S.E.) and goodness o f the fit (x^) is also given. Taken from Clarke, 2006.



75-1

50-

25-

12 13 14
-25-

-50-

-75-

- 100-1

2000

5.2
6.3
7.2
8.4
9.3 
10.6

1500-
i5
d.
(/)
® 1000-

500

0 250 1250500 750 1000 1500
Time s

F igu re 6 .4  E ffect o f  pH  on in teraction  b etw een  rA F n B P A 3 7 .j; 4 4  and  
trop oelastin

(A ) Titration curve for rA FnBPA 3 7 . 5 4 4  and tropoelastin. rA FnBPA 3 7 _ 5 4 4  

(broken line) undergoes a charge transition at is pi o f  5 and becom es  
further n egatively  charged at pH >  10. T ropoelastin (solid  line) 
undergoes a charge transition at its basic p i o f  11. (B ) rA FnBPA 3 7 _ 5 4 4  

binding to tropoelastin over a pH range o f  5.2 to 11.7. rA FnBPA 3 y_ 5 4 4  

bound strongly to tropoelastin at low  pH with the interaction  
w eakening at higher pH until no interaction w as observed at p H = l 1.7. 
Taken from Clarke, 2006.
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Figure 6.5 Biacore procedure

(A) Full-length recom binant hum an tropoelastin is im m obilised onto a CMS sensor chip using am ine coupling o f  the lysine 
residues o f  tropoelastin to the carboxyl m oieties on the dextran chip. (B) R ecom binant rAFnBPA  proteins are passed over 
this chip to investigate the kinetics o f  binding o f  this protein to im m obilised tropoelastin.
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Figure 6.6 Biacore sensogram

(A) Buffer is passed over chip to establish baseline. (B) Injection o f rAFnBPA protein causes a dose-dependent and saturable 
binding response. The rate o f  this association phase is termed kj,. (C) Buffer is passed over the system to remove unbound 
rAFnBPA and to investigate the stability o f the complex formed between rAFnBPA and tropoelastin. The rate o f  the dissociation 
phase is termed kj. (D) A regeneration buffer is passed over the chip to remove all rAFnBPA and return the system to baseline for 
the next cycle o f a lower dilution o f rAFnBPA. The final affinity constant K,j is calculated by kj/k^.



6.2 Results

6.2.1 rA FnBPA  truncates bind to im m obilised tropoelastin

6.2.1.1 rA FnBPA 3 7 .5 ii binds to im m obilised tropoelastin

Initial investigation o f  the interaction o f  FnB PA  with tropoelastin  in the laboratory o f  

Prof. W eiss at the U niversity o f  Sydney indicated that rA FnB PA 3 7 .5 4 4  supported binding to the 

elastin  m onom er, tropoelastin. It was decided to study this interaction in m ore detail. Seven 

variant FnBPA proteins were taken to P ro f W eiss’ laboratory to com pare their interactions 

w ith tropoelastin  w ith that o f  rA FnB PA 3 7 - 5 4 4  (Figure 6.7). In this way, the roles o f  the C- 

term inal fibronectin-binding m otif, the N 1 subdom ain and several am ino acids located in the 

hydrophobic trench o f  FnBPA w ere investigated. Upon arrival in Sydney, these proteins were 

analysed by SD S-PA G E along with the recom binant hum an tropoelastin used in Biacore 

assays (Figure 6.8). All proteins were show n to be intact and o f  sufficient purity.

Follow ing a m ore detailed m olecular analysis o f  FnB PA  (Pilka et al., 2006; Schwarz- 

Linek et al., 2003), it was noted that the recom binant protein used in SPR experim ents 

described in Section 6.1 above contained a fibronectin-binding m o tif at its C -term inus. Indeed 

this protein supported binding to im m obilised fibronectin in solid phase ELISA  assays 

(Section 3.2.8). The true A dom ain was redefined to span residues 37-511. R ecom binant 

protein rAFnBPAsy.ji | was no longer able to bind fibronectin but retained the ability to bind 

im m obilised fibrinogen and elastin (Figure 3.28). This protein was tested for its ability to bind 

im m obilised hum an tropoelastin by SPR analysis. A strong dose-dependent association was 

observed along w ith little dissociation over the tim e m easured until regeneration. The 

dissociation constant (Kq) o f  127 ± 4 nM  (Figure 6.9) is approxim ately 3-fold higher than the 

h a lf  m axim um  binding constant estim ated for rAFnBPAsy.jn binding to im m obilised elastin 

peptides by ELISA  m ethods. The C -term inal residues 512-544 are therefore not involved in 

binding to tropoelastin. These data show  that the true A dom ain o f  FnBPA is responsible for 

the binding o f  this protein to im m obilised fibrinogen, elastin  peptides and tropoelastin.

6.2.1.2 rA F nB P A |9 4 .5 ii binds to im m obilised tropoelastin

A further truncate, rA FnB PA i9 4 -5 i i, encom passing only subdom ains N2 and N3 o f  

region A was also able to bind to im m obilised fibrinogen and elastin peptides w ith sim ilar 

affinity to that o f  rAFnBPAav.sn (Figure 3.28). This protein was also tested for binding to 

im m obilised tropoelastin by SPR analysis and show ed a d issociation constant o f  146 ± 6 nM ,
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similar to that o f  rAFnBPAsy.si i (Figure 6.10). The Kd value o f  146 ±  6 nM is approximately 

3-fold higher than the half maximum binding constant estimated for rA FnBPA |9 4 .5 i i binding 

to imm obilised clastin peptides by ELISA methods. Both rAFnBPAay.sii (N 1N 2N 3) and 

rAFnBPAi9 4 -5 ii (N 2N 3) recombinant proteins bound to tropoelastin in a dose-dependent 

manner with similar strong association and weak dissociation. This confirms previous data 

that the N1 subdomain o f  region A is not involved in ligand binding. These data show a five 

fold decrease in affinity for these constructs compared to experiments carried out with the 

initial rAFnBPA 3 7 . 5 4 4  protein, however all three proteins bind to tropoelastin in the low  

nanomolar range which indicates a significant biological interaction.

6.2.1.3 rA FnB PA 3 7-5 ii a lanine-substituted proteins bind to im m obilised tropoelastin

Any further truncation o f  rAFnBPAi9 4 .5 i | would likely impinge on the predicted 

structural folds o f  this protein so a more precise approach was adopted to construct alanine- 

substituted variants o f  rAFnBPA 3 7 .5 n. The A domain o f  FnBPA has sequence similarity to 

ClfA and binds to the same region o f  the y chain o f  fibrinogen. A theoretical model o f  the 

N2N3 subdomains o f  FnBPA was generated based on the known crystal structure o f  ClfA  

(Deivanayagam et a i ,  2002). The segment o f  fibrinogen to which this protein binds was 

docked in silico into the putative ligand-binding trench situated between N 2 and N3. This 

model gave a detailed insight into the possible mechanism o f  fibrinogen binding and was used 

to predict residues in FnBPA that might be crucial in making contact with a ligand. Several 

residues were targeted for alanine substitution and resulting recombinant proteins were tested 

for fibrinogen and elastin peptide binding (Chapter 4). Som e mutants had reduced affinity for 

elastin peptides with rAFnBPAsy.sn F306A and a double mutant, rAFnBPAsy-.sn 

N 304A /F306A , both showing a dramatic loss in elastin peptide binding. Five alanine- 

substituted proteins o f  rAFnBPAsy.si i were tested for their ability to bind to immobilised  

tropoelastin by Biacore. The proteins chosen contained substitutions which showed varying 

decreases in affinity for elastin peptides (R224A, L498A and N 304A ) and those which showed 

undetectable binding to imm obilised elastin peptides by ELISA methods (F306A, 

N 304A /F306A ). The position o f  these residues in the putative ligand binding trench o f  

rAFnBPA is indicated in Figure 6.11. Despite their inability to bind to imm obilised elastin 

peptides, dissociation constants o f  135 ± 7 nM and 171 ± 9 nM were obtained for proteins 

rAFnBPA 3 7 .5 ii F306A (Figure 6.12) and rAFnBPA 3 7 .5 n N 304A /F 306A  (Figure 6.13), 

respectively. This indicates that the amino acids that are involved in binding to elastin
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e x H is H  L.

I n ^ . - n f T T T t r d
7  } rAFnBPA,,.,,, N123 R224A

GxHls * ■“ 1 rAFnBPA,,.,,, N123 N304A
6xHis " ' " ' Z J Z r i Z r : rAFnBPA,,.,,, N123F306A
6xHls —{^ ^ *  ) rAFnBPA,,.,,, NI23 L498A
6 x H ls - { ] ’ * *  ! ) rAFnBPA,,.,,, N123 N304A/F306A

Figure 6.7 Structural organisation of FnBPA and recombinant truncated derivatives

I'he domain organisation o f  FnBPA is shown as previously described. Recombinant truncated derivatives used in Biacore 
assays are indicated below full-length protein. rAFnBPA37.544 was in itia lly  used to assess the binding to immobilised 
tropoelastin. Further truncates, along w ith alanine-substituted variants o f  rAFnB PA jy.j,, were used in subsequent 
analaysis.



Figure 6.8 SDS PAGE analysis of rAFnBPA proteins and recombinant human tropoelastin

(A) 20 nM  o f  rA FnB PA ,9 4 .5 1 , (1), rA FnB PA j^.,,, w ild-type (2), R224A (3), N304A (4), F306A (5), L498A  ( 6 ) and N 304A /F306A  
(7) were analysed by SD S-PA G E and stained with G radiPure electrophoresis stain. (B) Recom binant hum an tropoelastin  was 
analysed by SD S-PA G E and stained with G radiPure electrophoresis stain.
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Figure 6.9 SPR analysis o f rAFnBPAjy.,,, wt binding to immobilised full-length tropoelastin at pH 7.0

Full-length human tropoelastin was immobilized on the surface o f a CM5 sensor chip. rAFnBPA^^ wt was passed over the 
surface at concentrations ranging from 13 |iM (topmost red trace) to 0 nM (bottommost blue trace). A strong interaction was 
observed between the proteins with little dissociation. The association and dissociation phase were fitted separately to yield k̂ , and 
kj respectively, thus allowing K,) to be calculated. The sensogram shown is a representative o f three independent experiments.
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Figure 6.10 SPR analysis o f  rA FnB PA | 9 4 _5 |, binding to immobilised full-length tropoelastin at pH 7,0

Full-length human tropoelastin was immobilized on the surface o f a CMS sensor chip. rA rnB PA ^^ j,, wt was passed over the 
surface at concentrations ranging from 13 |iM (topmost red trace) to 0 nM (bottommost blue trace). A strong interaction was 
observed between the proteins with little dissociation. The association and dissociation phase were fitted separately to yield k̂ , and 
kj respectively, thus allowing Kp to be calculated. The sensogram shown is a representative o f three independent experiments.



Figure 6.11 Site of amino acid substitutions of rAFnBPA

Predicted 3D  structure o f  r A F n B P A ( N 2 N 3 ) ,  w ith the fibrinogen ligand  
(G 4 0 4 A K Q A G D V 4 1 ,) docked into the trench betw een N 2  and N 3 o f  this 
structure. A m ino acids R 224, N 304 , F306 and L 498 o f  FnBPA are show n in 
y ello w  with their side chains v isib le  in ball and stick format.
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Figure 6.12 SPR analysis of rAFnBPAjy.ji, F306A binding to immobilised full-length tropoelastin at pH 7.0

Full-length hum an tropoelastin was im m obilized on the surface o f  a CM 5 sensor chip. rA FnB PA 3  ̂ 5 ,, F306A was passed over the 
surface at concentrations ranging from 3.25 |aM (topm ost red trace) to 0 nM  (bottom m ost blue trace). A strong interaction was 
observed betw een the proteins with little dissociation. The association and dissociation phase were fitted separately to yield and 
kj respectively, thus allow ing K,) to be calculated. The sensogram  show n is a representative o f  three independent experim ents.
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Figure 6.13 SPR analysis of rA FnBPAj,,,,, N304A/F306A binding to immobilised full-length tropoelastin at pH 7.0

Full-length human tropoelastin was immobilized on the surface o f a CM5 sensor chip. rAFnBPA^^ N304A/F306A was passed 
over the surface at concentrations ranging from 13 |iM (topmost red trace) to 0 nM (bottommost blue trace). A strong interaction 
was observed between the proteins with little dissociation, fhe association and dissociation phase were fitted separately to yield 
and kj respectively, thus allowing K[) to be calculated. The sensogram shown is a representative o f three independent experiments



peptides are not involved in tropoelastin binding. Two other substituted proteins, rAFnBPAs?. 

51 1 R224A  and rAFnBPAsy.sn L498A also show ed no defect in tropoelastin  binding, having 

KdS o f  201 ± 10 nM  (Figure 6.14) and 179 ± 9 nM , respectively (Figure 6.15). The ka values 

for these proteins range from  9.53e^ to 1.45e'* w ith ka values ranging from  1.29e'^ to 2.5e'^.

rA FnB PA 3 7 .5 ii N 304A  show ed a ~ 4 .5-fold increased affinity for tropoelastin  w ith a 

Kd o f  27 ± 4 nM  (Figure 6.16) w hich is in the same range as the Kq observed for the initial 

rA FnB PA 3 7 - 5 4 4  protein binding to tropoelastin. This increased affinity  is due to the 

contribution o f  both an increased ka and a decreased ka to the final Kd value for this protein. 

The errors associated w ith both ka and ka o f  this interaction are quite large. I f  this increased 

affinity is reproducible, a corresponding increased affinity should be seen for the double 

m utant rAFnBPAsy.sn N 304A /F306A . H ow ever this m utant does not have an increased 

affinity for tropoelastin. It is not likely that N 304 is im portant in tropoelastin  binding.

SPR analysis show s that all variant proteins o f  rA FnB PA  bind to tropoelastin  w ith the 

sam e or slightly increased affinity as rAFnBPAsy.sn (Table 6.1). All proteins tested show ed a 

strong association w ith little or w eak dissociation. The alanine substitution o f  residues 

situated around the hydrophobic trench therefore does not have any adverse affect on the 

interaction o f  this protein w ith im m obilised hum an tropoelastin by Biacore.

6.2.2 Inhibition of rAFnBPAsT-su binding to immobilised elastin peptides using soluble 

desmosine/isodesmosine

As m entioned in Section 6.1 above one o f  the m ajor differences betw een elastin 

peptides and soluble tropoelastin is the presence o f  desm osine crosslinks in elastin  peptides. 

To test w hether the presence o f  these unique structure are vital in the interaction betw een 

rA FnB PA  and elastin peptides, they w ere used in inhibition studies. An equim olar m ixture o f  

soluble desm osine and isodesm osine is com m ercially  available. rAFnBPAsy.sn was 

preincubated w ith this m ixture before being added to elastin-coated wells in an ELISA  assay. 

A concentration o f  25 |iM  resulted in >80%  inhibition o f  rAFnBPAsy.si i b inding to elasfin 

peptide coated w ells (Figure 6.17). This indicates that soluble desm osine/isodesm osine may 

bind into the hydrophobic trench thus preventing the interaction w ith elastin  peptides. In 

agreem ent w ith this, inhibition w as also observed for the binding o f  rAFnBPAsy.sn to 

fibrinogen although this inhibifion was less potent. The higher affinity o f  rAFnBPAsy.sn for 

fibrinogen could result in the w eaker inhibition seen w ith desm osine/isodesm osine.
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Figure 6.14 SPR analysis o f  rAFnBPAjy.5 ,, R224A binding to immobilised full-length tropoelastin at pH 7.0

Full-length hum an tropoelastin was im m obilized on the surface o f  a CM5 sensor chip. rAFnBPAj.^ 5, j R224A was passed over the 
surface at concentrations ranging from 13 |aM (topm ost red trace) to 0 nM (bottom m ost blue trace). A strong interaction was 
observed betw een the proteins with little dissociation. The association and dissociation phase were fitted separately to yield and 
kj respectively, thus allow ing K,) to be calculated. The sensogram  shown is a representative o f  three independent experim ents.



A sso c ia tio n D isso c ia tio n

u
B
<uL.

</)s
oa
0 )

400

300

200  —

100  —

0 —

500 1000 1500 
Time (sec)

2000 2500

Figure 6.15 SPR analysis o f rAFnBPAj,.^,, L498A binding to immobilised full-length tropoelastin at pH 7.0

Full-length human tropoelastin was immobilized on the surface o f  a CMS sensor chip. rAFnBPA^^ L498A was passed over the 
surface at concentrations ranging from 3.25 (topmost red trace) to 0 nM (bottommost blue trace). A strong interaction was 
observed between the proteins with little dissociation. The association and dissociation phase were fitted separately to yield and 
kj respectively, thus allowing Kp to be calculated. The sensogram shown is a representative o f  three independent experiments.
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Figure 6.16 SPR analysis of rAFnBPAj^,,,, N304A binding to immobiiised full-length tropoelastin at pH 7.0

Full-length human tropoelastin was immobilized on the surface o f  a CMS sensor chip. rAFnBPAj^ 5,, N304A was passed over the 
surface at concentrations ranging from 13 [aM (topmost red trace) to 0 nM (bottommost blue trace). A strong interaction was 
observed between the proteins w ith little  dissociation. The association and dissociation phase were fitted separately to yield and 
k j respectively, thus allowing Kp to be calculated. The sensogram shown is a representative o f  three independent experiments.
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Figure 6.17 Inhibition of rAFnBPA 3 7 .5 ,, binding to immobilised elastin and fibrinogen using soluble desmsoine

Microtitre plates were coated with 10 ng/ml human aortic elastin (A) or fibrinogen (B). 0.1 |iM (A) or 0.03 |iM  (B) o f rAFnBPAjy.j,, 
was preincubated with increasing amounts o f soluble desmosine (100 (iM -  0 |j M) before being added to ligand-coated wells. Bound 
protein was detected with polyclonal anti-rAFnBPA antibodies and goat anti-rabbit HRP-conjugated antibodies followed by 
development with TMB substrate. Data points represent the mean o f triplicate wells and are expressed as a percentage o f  control wells 
lacking inhibitor. This figure is representative o f three independent experiments.



Protein
ka

(1/Ms)
SE ka X“ka kd (1/s) SEkd

X
kd

Kd

(nM)
SE Kd

rAFnBPAi94.5ii 1.07x10^ 452 9.49 1.47x10'^ 5.91x10'^ 3.49 146 6

rAFnBPA37-5ii
W ild type 1.34x10'* 672 9.74 1.42x10'^ 4.63x10-' 1.98 127 4

R224A 9.74x10-^ 489 9.73 1.79x10'^ 8.81x10'^ 3.17 201 10

N304A 2.13x10"* 1120 9.49 6.75x10'^ 8.7x10'^ 2.52 27 4

F306A 1.02x10^ 457 9.64 1.29X10'-' 6.58x10'^ 2.36 135 7

L498A 9.53x10' 530 9.81 1.74xl0'-^ 8.4x10'^ 2.74 179 9

N304A/F306A 1.45x10^ 319 9.76 2.5x1 O'-* 1.32x10’̂ 1.65 171 9

Table 6.1 Binding of rAFnBPA constructs to immobilised tropoelastin

The rate association constant (ka) ,  the rate dissociation constant (kd) and the equihbrium 

dissociation constant ( K d ) o f rAFnBPA constructs binding to full-length tropoelastin was 

calculated by curve fitting using BiaEvaluation 4.1. The standard error (S.E.) and goodness o f 

the fit (x") is also given.



6.3 Discussion

The adherence o f  rAFnBPA37-544 to im m obilised a-elastin  peptides prom pted an 

investigation to determ ine if  rAFnBPA37.s44 could also interact w ith the elastin  precursor, 

tropoelastin. Surface plasm on resonance analysis was perform ed by researchers in the 

laboratory o f  Prof. W eiss, U niversity o f  Sydney, testing the binding o f  soluble rA FnB PA  

proteins to im m obilised tropoelastin. rAFnBPA37.544 bound strongly to full-length tropoelastin  

w ith a Kd o f  28 ± 0.1 nM . In an attem pt to narrow  dow n the binding site w ith in  tropoelastin  

for rA FnB PA , three truncates o f  tropoelastin  w ere tested. B inding to full-length tropoelastin  

was identical to that seen betw een rAFnBPA37-544 and SH ELN -18 w ith alm ost identical kg and 

kd and subsequent Kd values. W eaker binding to SH E L 17-27 was observed w hile 

rAFnBPA37-544 bound to SH EL27 -C in a strong m anner w ith slow  dissociation but no curve 

fitting could be perform ed to generate reliable kinetic data. These results suggest that FnB PA  

interacts w ith tropoelastin  at m ultiple sites. It is possible how ever that the N -term inus o f  

tropoelastin contains the dom inant binding region. Interaction w ith dom ains 17 to the C- 

term inus m ay support initial binding follow ed by sliding to the dom inant binding region in the 

N -term inus to stabilize the interaction. It is w orth noting how ever, that SH ELN -18 is the 

longest tropoelastin  fragm ent screened in this study and the stronger binding could be 

attributed to this. A nalysis o f  binding to sm aller tropoelastin fragm ents m ay help to narrow  

dow n the binding site for FnBPA w ithin tropoelastin. This approach how ever has som e 

disadvantages as further truncations o f  SHEL constructs will still contain short repetitive 

m otifs that are present throughout the entire protein. It is also likely that secondary structure 

o f  these constructs will be lost.

Initial screening o f  the interaction betw een rAFnBPA37_544 and tropoelastin  revealed 

that a successful regeneration o f  the sensor chip surface could be achieved using a 

regeneration solution w ith high pH. This finding led to further investigation in w hich the 

binding w as m onitored at varying pH  w ith the aim  o f  determ ining the nature o f  the interaction. 

At pH below  11 an interaction was observed betw een the tw o proteins. A t pH 11 and above 

no binding occurred. It is possible that this loss o f  binding is due to conform ational changes 

induced by such a basic environm ent. H ow ever the pH dependent nature o f  the interaction is 

clear w ith binding occurring over a broad range o f  pH up to and including pH  10.6 , w hich 

dem onstrates a specific dose-dependent interaction. The binding profile o f  the tw o proteins at 

lower pH s can be explained by the charged states o f  each protein at different pHs. As
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observed in the theoretical pH titration curve, tropoelastin undergoes a charge transition at pH 

11, the same pH at which binding is eliminated. This indicates that the positively-charged 

lysines on tropoelastin may contribute to the interaction. As most o f  the lysines in tropoelastin 

exist in either KA or KP regions and are distributed throughout tropoelastin in alternating 

domains to facilitate crosslinking, this further explains the observation that binding occurs at 

multiple sites. At pH > 5 , rAFnBPA3v.544 is negatively charged and is thus free to interact with 

the positively-charged lysines o f  tropoelastin. This result demonstrates that ionic interactions 

between positive regions on tropoelastin and negatively-charged regions o f  rAFnBPA37_544 

stabilize the binding between the proteins. These multiple surface-surface interactions 

promote dose-dependent binding by SPR and could indicate a mechanism to allow S. aureus 

to bind to human tropoelastin in vivo. As the binding between rAFnBPA and tropoelastin is 

likely to occur at multiple sites via a surface charge-charge interaction, numerous tropoelastin 

peptides o f differing sequences are likely to bind making it difficult to define the exact binding 

site for FnBPA within tropoelastin.

To further define the binding site for tropoelastin within rAFnBPA, two truncates o f 

rAFnBPA37.544 were tested in this study for binding to immobilised tropoelastin by Biacore 

analysis. rAFnBPAsy.sn and rAFnBPAi94.5n, representing subdomains N 1N 2N 3 and N 2N 3, 

respectively, both bound to immobilised tropoelastin with similar affinities, demonstrating that 

the N 1 subdomain is not required in binding this ligand. The investigation o f the binding o f 

rAFnBPA37.5ii to immobilised a-elastin peptides highlighted crucial residues within the 

putative ligand-binding trench o f FnBPA. Substitution o f these residues with alanine had a 

dramatic effect on elastin binding. In this study, recombinant alanine variants o f rAFnBPAsy. 

511 were tested for binding to the tropoelastin monomer. rAFnBPAay.sn bound to tropoelastin 

with a Kd o f  127 ± 4 nM, a 4.5 fold decrease in affinity compared to that o f rAFnBPA37_544- 

This decrease in affinity o f rAFnBPA37.5n for full-length tropoelastin compared to that o f 

rAFnBPA37-544 may be explained by the possibility o f further surface-surface interactions 

occurring with the larger protein spanning residues 37-544 . The range o f  KdS observed for the 

alanine-substituted rAFnBPA37.5n proteins, however did not differ significantly from that o f 

rAFnBPA37-5ii wt. rAFnBPA37.5n N 304A had a ~5 fold decrease in Kd bringing it into the 

affinity range seen for that o f  rAFnBPA37_544. This shows that residues located along the 

hydrophobic trench situated between N 2 and N 3 o f  region A o f FnBPA that have important 

roles in the binding o f fibrinogen and a-elastin peptides, are not involved in tropoelastin 

binding. The hypothesis that FnBPA binds to tropoelastin by a charge/surface interaction is
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further supported by the fact that the alanine-substituted residues which are located in the 

interior o f the FnBPA protein and whose side chains point into the hydrophobic trench, had no 

role in tropoelastin binding. The elastin peptides used in previous ELISA assays are a 

heterogeneous mix o f digested fragments o f aortic elastin prepared by hot oxalic acid 

treatment o f human elastic tissue. This process likely exposes sites available for binding into 

the trench o f rAFnBPA. These sites however, would not be exposed in intact recombinant 

tropoelastin. Thus FnBPA binds to tropoelastin and digested a-elastin peptides by distinct 

mechanisms.

It has already been shown by inhibition with the fibrinogen y chain peptide and by 

alanine-substitution o f residues such as N304 and F306 that elastin peptides bind to FnBPA by 

docking into the hydrophobic trench. It is conceivable that the desmosine crosslinks present in 

these peptides make vital contact with the residues lining the trench. In this way, 

preincubation o f  rAFnBPAsy.sn with soluble desmosine/isodesmosine structures may saturate 

the binding sites within the trench thereby blocking binding o f both elastin peptides and 

fibrinogen. The higher concentration o f desmosine/isodesmosine needed to inhibit binding to 

fibrinogen is indicative o f  the higher affinity rAFnBPA has for fibrinogen over elastin. 

Inhibition by steric hindrance cannot be ruled out but is thought unlikely as these unique 

amino acids are relatively small in size. Unsuccessful attempts were made to find a similar 

ringed structure to use in control inhibition studies which would be important to ascertain the 

specificity o f the interaction. The inhibition o f FnBPA binding to both ligands with 

desmosine/isodesmosine is further indication that elastin and fibrinogen bind to FnBPA in a 

similar manner.

This is the first demonstration that the A domain o f FnBPA from S. aureus promotes 

binding to human tropoelastin. Investigation into this interaction using truncates o f 

tropoelastin show a similar affinity o f rAFnBPA for full-length tropoelastin as for SHELN-18 

which may suggest that there is a dominant FnBPA binding site located in the N-terminus of 

tropoelastin. The pH dependent nature o f  the interaction indicates that the interaction is likely 

to occur by charge-charge contacts on the surfaces o f both molecules. The alanine substitution 

o f residues situated around the hydrophobic trench o f rAFnBPA does not have any adverse 

affect on the interaction o f  this protein with immobilised human tropoelastin. This is in stark 

contrast to the interaction seen between rAFnBPA and a-elastin, which occurs by residues 

located along the hydrophobic trench between N2 and N3 o f rAFnBPA (e.g. N304 and F306) 

making crucial contact with elastin peptides exposed by acidic digestion o f elastic tissue. The
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inhibition o f rAFnBPAsy.si i binding to immobiUsed fibrinogen and elastin peptides with 

soluble desmosine/isodesmosine indicates that these structures may have a role in a-elastin 

interactions. Attempts lo locate a similar aromatic compound lo act as a negative control in 

these assays were in vain so it cannot be ruled out that steric hindrance caused the observed 

inhibition. It can be concluded that the mechanism o f tropoelastin binding is distinct from that 

o f elastin peptide binding.

The binding o f S. aureus surface proteins to multiple ligands is widely recognized. 

FnBPA is indeed a multifunctional protein, binding diverse matrix proteins such as 

fibronectin, fibrinogen and elastin. S. aureus encounters elastin on its journey through blood 

vessel walls, traversing the extracellular space beneath the basement membrane o f endothelial 

cells in tissue such as lung and around the synovial lining o f various joints. During the course 

o f  an infection, both bacterial and host elastases are active. S. aureus is known to produce a 

cysteine protease, ScpB which degrades elastin tissue and is inhibited by a2-macroglobulin 

(Potempa et a l ,  1988). It also produces a serine protease, SspA which inactivates a-1 

proteinase inhibitor (a-1 PI), a major factor which protects lungs from phagocytic proteases 

(Nowak and Miedzobrodzki, 1991). Thus, lung damage during S. aureus infection may partly 

depend on ScpB and SspA. In addition, S. aureus has been shown to induce the production o f 

host matrix proteases in human dermal and synovial fibroblasts, both o f which are located in 

elastin-rich tissue (Kanangat et a i ,  2006). As S. aureus traverses the extracellular matrix 

during systemic infection, it many encounter different forms o f elastic tissue due to the 

degradation o f elastin induced by bacterial or host elastases and the subsequent repair o f 

elastin tissue. Two methods o f elastin repair have been described. The first was termed the 

salvage method, whereby elastin repair occurs by reincorporation o f  proteolytically damaged 

elastin peptides into the extracellular matrix, rendering it resistant to hot alkali solubilisation 

(Stone et al., 1988). The second mechanism is de novo synthesis which involves a sequential 

process o f enzymatic removal o f damaged fibres followed by a localised upregulation o f 

elastin mRNA levels and subsequent tropoelastin protein levels induced by the digested elastin 

fragments (Foster et al., 1990). The degradation and subsequent repair processes during S. 

aureus infection may result in the exposure o f  a heterogeneous mix o f elastin peptides and 

tropoelastin monomers, all o f  which S. aureus is capable o f binding via FnBPA. The 

adaptability o f this organism to diverse ligands may help to explain the persistent nature o f 

some S. aureus infections.
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Chapter 7

Discussion



7.1 Discussion

The colonisation o f host tissue by S. aureus is an important factor in disease 

pathogenesis. S. aureus expresses on its cell surface a number o f MSCRAMM s that promote 

the binding o f the organism to components o f the host’s extracellular matrix and play an 

important role in bacterial virulence. S. aureus can infect elastin-rich tissues such as lung, 

skin, joints and heart valves. It is likely to encounter elastin on its journey through blood 

vessel walls, traversing the extracellular space beneath the basement membrane o f  endothelial 

cells in tissue such as lung and around the synovial lining o f  various joints. This is in contrast 

to fibrinogen-rich sites such as the bloodstream and the conditioned surface o f biomaterials.

In this thesis the interaction o f S. aureus with elastin and fibrinogen was examined. S. 

aureus strains expressing FnBPA were shown to adhere to immobilised elastin in a dose- 

dependent manner. A wild-type methicillin-sensitive strain o f S. aureus adhered to 

immobilised elastin from human lung, human aorta and bovine ligament. Human aortic 

elastin promoted the strongest adherence and was used in subsequent binding assays. It has 

been shown previously that human aortic elastin dried onto the wells o f microtitre plates 

behaves similarly to the native protein as anti-aortic elastin antibodies bound to immobilised 

elastin in a dose-dependent manner indicating that many epitopes from native elastin are 

present in immobilised peptides. Due to the functional redundancy o f  many S. aureus 

MSCRAMMs, L. lactis is an ideal surrogate host for the expression o f S. aureus surface 

proteins. L. lactis expressing full-length FnBPA, FnBPB and FnBPA A domain bound to 

immobilised fibrinogen and elastin whereas wild-type L. lactis cells and cells expressing the 

BCD domains o f FnBPA did not. This confirms previous results which suggested that the A 

domain o f FnBPA is responsible for the elastin-binding phenotype o f  S. aureus (Roche et al., 

2004).

The A domains o f FnBPA (rAFnBPA3v.544) and FnBPB (rAFnBPB37.54o) were purified 

in recombinant form and shown to bind specifically to immobilised fibrinogen and elastin in a 

dose-dependent manner. These proteins were also used to raise polyclonal antibodies in 

rabbits. Anti-rAFnBPA antibodies inhibited the adherence o f  bacteria expressing FnBPA to 

immobilised elastin. The binding o f rAFnBPA3y.544 and rAFnBPB37.54o to immobilised elastin 

was also inhibited by soluble elastin peptides, demonstrating the specificity o f the interaction. 

The fibronectin-binding domains at the C-terminus o f FnBPA have been studied in detail and 

11 tandemly repeated binding domains were mapped between residues 512-874 (Schwarz-
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Linek et a l ,  2003). It was noted that a partial fibronectin-binding domain was located at the 

C-terminus o f  the recombinant FnBPA A domain protein used in early fibrinogen- and elastin- 

binding assays. This protein bound immobilised fibronectin which indicates that residues 512- 

544 are sufficient to interact with this ligand. The fibrinogen/elastin- and fibronectin-binding 

domains o f  FnBPA are very closely located at this junction, which could have implications in 

competitive ligand binding in vivo.  The presence o f  the fibronectin-binding motifs at the C- 

terminus o f  the protein does not affect the binding o f  fibrinogen or elastin to FnBPA expressed 

on the cell surface. It is not fully understood, however if  a single FnBPA m olecule can bind to 

both fibronectin and fibrinogen/elastin simultaneously. It would be interesting to examine if  

preincubation o f  rAFnBPA3 7 .5 4 4  with fibrinogen could prevent this protein from binding to 

immobilised fibronectin. The binding o f  cell surface-expressed FnBPA to fibrinogen and 

fibronectin could occur at distinct phases in the infection process. Initial adherence to 

fibrinogen-coated surfaces could help to establish a focus o f  infection while the binding to the 

host cell integrin asPi via fibronectin triggers the internalisation o f  bacteria which would be 

advantageous at later stages to aid in bacterial evasion o f  the immune system.

The revised A domain o f  FnBPA spanning residues 37-511 was expressed. This 

protein and an N2N3 truncate (residues 194-511) bound fibrinogen and elastin but not 

fibronectin. This indicates that, similar to ClfA and ClfB, the N1 subdomain is not required 

for ligand binding. The binding site for both fibrinogen and elastin was thus localised to 

residues 194-511 o f  FnBPA.

A 3D molecular model o f  the N 2 and N3 domains o f  FnBPA was created based on the 

known crystal structure o f  ClfA which facilitated analysis o f  the binding sites for elastin and 

fibrinogen. To examine the role o f  the predicted latching strand in the proposed dock, lock 

and latch mechanism o f  ligand binding, residues were removed from the C-terminus o f  the 

N2N3 construct, rAFnBPAi9 4 .5 n. Removal o f  two residues reduced the affinity for fibrinogen 

but not for elastin while a truncate rAFnBPAi9 4 .4 9 8  lacking an additional ten residues did not 

bind detectably to either ligand. This shows the importance o f  the latching peptide and 

residues N-terminal to this involved in crossing over the ligand docked into the trench (hinge 

region). A further truncate, lacking the latching peptide, hinge region and (3-trand G ’ o f  N3 

was unable to bind either ligand. Similar to ClfA and ClfB, individual N 2 and N3 

subdomains, rAFnBPAi9 4 -3 3 6  and rAFnBPA 3 3 7 .5 n, were also unable to bind to imm obilised  

fibrinogen or elastin. This is consistent with the requirement for the overall DEv-IgG fold to 

be maintained and indicates that both ligands bind to the same region o f  FnBPA possibly
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involving the dock, lock and latch mechanism. This was further supported by the strong 

inhibition o f adherence o f L. lactis expressing FnBPA to elastin and fibrinogen by the 

monoclonal antibody 7C5 and the C-terminal fibrinogen y chain peptide. The ability o f  the y 

chain peptide o f fibrinogen to block binding to elastin suggests that the two ligands are 

capable o f docking into the same binding site. Competition between fibrinogen and elastin in 

vivo however, is unlikely to occur. The weaker binding o f FnBPA for elastin compared to 

fibrinogen should not preclude a biologically significant interaction occurring in niches where 

the elastin is abundant and fibrinogen is absent.

In order to define further the ligand-binding sites in FnBPA, amino acid substitutions 

were created in the putative ligand-binding trench located between N2 and N3. The predicted 

3D structure o f N2N3 o f FnBPA was used to identify residues o f  FnBPA that were within 3 A 
o f the docked fibrinogen ligand. In addition, residues were chosen for alteration based on 

their being in the equivalent position to residues o f ClfA that were targeted for site-directed 

mutagenesis. Residue-altered rAFnBPAay.sn recombinant proteins were purified and tested 

for binding to fibrinogen and elastin. The reduction in ligand binding seen with various 

substitutions can be correlated with their position around the hydrophobic trench and the 

predicted interactions o f their side chains with residues o f the fibrinogen peptide. The glycine 

residue at position 222 does not have a role to play in ligand binding whereas the substitution 

o f another glycine, G497 does have an effect on ligand binding. This can be explained by 

G222 being located within the hydrophobic trench but it is some distance from the docked 

fibrinogen ligand. In contrast, G497 is located at the junction o f the penultimate P-strand of 

N3 and the loop segment that most likely acts as the hinge that traverses the hydrophobic 

trench when the ligand is bound. This glycine residue could have a role in bending the hinge 

region over the fibrinogen ligand. The importance o f  the hydrophobic residue L498 might be 

its repositioning after the conformational change during latching and locking where it might 

stabilize the binding as occurs with Ile581 that is in a similar position in the ligand bound 

complex o f SdrG (Ponnuraj et a l ,  2003). Residues N304 and F306 were particularly 

important for binding both ligands and are predicted to be in close proximity to the side chain 

o f D410 o f the fibrinogen y chain. They are located in equivalent positions to the crucial 

residues P336 and Y338 o f ClfA (Deivanayagam et al., 2002; Loughman et al., 2005). This 

was confirmed by introducing N304A and F306A substitutions into FnBPA expressed on the 

surface o f L. lactis. The importance o f the ligand-binding trench was reinforced by the
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reduced affinity exhibited by substitutions of several other residues. These data strongly 

suggest that both elastin and fibrinogen bind to the same region of FnBPA.

The precise interactions of FnBPA residues with a fibrinogen ligand will only be fully 

understood with a co-crystallised complex. Until that is achieved, it would be interesting to 

study the interaction of a series o f alanine-substituted fibrinogen y chain peptides with 

rAFnBPA. A panel of fibrinogen peptides, each containing alanine substitutions of sequential 

residues was generated in the laboratory of Prof M. Hook to study the details of the 

interaction of this peptide with ClfA. Similar investigations with FnBPA could be carried out 

to understand the contacts made by residues such as N304 and F306 with fibrinogen. In 

addition, a direct comparison o f the affinity of ClfA, FnBPA and FnBPB for the native 

fibrinogen y chain peptide could be carried out. Isothermal titration calorimetry and 

fluorescence polarization are accurate techniques that could measure the precise affinity o f an 

N2N3 construct o f each MSCRAMM for their common y chain ligand.

Elastin is a highly cross-linked polymer of tropoelastin. There is no obvious amino 

acid sequence similarity between tropoelastin and the C-terminus of the y chain of fibrinogen. 

Without a crystallised complex of the ligands bound to FnBPA it is impossible to determine 

how two different proteins can binds to the same site. However the ability o f a 5. aureus 

surface protein to bind unrelated ligands is not without precedent as staphylococcal protein A 

binds to IgG, to von Willebrand factor (O'Seaghdha et al., 2006) and to tumour necrosis factor 

receptor-1 (Gomez et al., 2006). The a chain o f fibrinogen (Ni Eidhin et al., 1998) and the tail 

region of cytokeratin 10 both bind to the ClfB protein of S. aureus, most likely to the same 

region (Walsh et al., 2004). Furthermore, as was demonstrated in the crystal structure o f SdrG 

bound to a contaminating fibrinogen peptide, MSCRAMMs with variant IgG folds can 

accommodate linear peptides with a certain degree o f flexibility (Ponnuraj et al., 2003).

It has been reported that the fnbA and fnbB  genes from 50 different strains representing 

the major MRS A clones found in Europe have undergone greater sequence divergence than 

genes encoding other surface proteins such as clfA and clfB (Kuhn et al., 2006). The amino 

acid sequence of the A domain o f FnBPA of strain PI was shown here to be 73.5% identical to 

that of 8325-4. Interestingly the differences were not spread evenly. Despite having no role in 

fibrinogen or elastin binding, domain N l was more highly conserved while domain N3 was 

the most divergent. Using the 3D model o f the 8325-4 FnBPA A domain it is evident that the 

majority of variant residues are located on the surface of the protein. Residues identified by 

mutagenesis to be important in ligand binding were predominantly conserved. The
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consequences o f this sequence divergence were reduced abihty of antibodies raised against the 

8325-4 protein to bind to the PI protein while retaining the ability to bind to both fibrinogen 

and elastin. A similar example of sequence variation has occurred with the coagulase protein 

o f S. aureus allowing antigenic variation but conservation of function (Watanabe et a l ,  2005). 

The binding o f several monoclonal antibodies, raised against the A domain of FnBPA from 

strain 8325-4, to recombinant A domain of strain PI was undetectable. This included the 

function-blocking monoclonal antibody, 7C5 which was shown to interact with the N2 

subdomain of rAFnBPA (8325-4). This suggests that the ability of FnBPA to undergo 

antigenic variation while still retaining ligand-binding ability is very important during 

infection and the ability o f two distinct forms of the protein to bind to both ligands further 

supports our contention that binding of fibrinogen and elastin occurs at the same site. 

Ongoing experiments in our laboratory have investigated FnBPA sequence variation in several 

clinical isolates of S. aureus. At least five distinct FnBPA types have emerged so far with 

extensive sequence variation predominantly occurring on the surface of the N2 and N3 

subdomains (Loughman, A. and Foster, T. J., unpublished data). All variants have consei'ved 

G222, R224, N304, F306, F355, K357, G497 and L498 residues. It is proposed that each 

variant retains the ability to bind both fibrinogen and elastin.

Four staphylococcal proteins are known to bind to the extreme C-terminus o f the y 

chain of fibrinogen, namely ClfA, FnBPA, FnBPB and the ClfA homologue of S. lugdunensis, 

Fbl (Mitchell et a l, 2004). Only two of these proteins bind elastin. The hydrophobic trench 

of ClfA and FnBPA/B are sufficiently similar to accommodate the same region of fibrinogen, 

yet differ in their affinities for elastin. Residues known to be important in fibrinogen binding 

by ClfA are often functionally conserved in equivalent positions of FnBPA, e.g. Y338 and 

F306 of ClfA and FnBPA, respectively and V527 and L498 o f ClfA and FnBPA, respectively. 

A systematic comparison of the residues of the trench regions of both proteins may identify 

key differences which would aid in the understanding o f elastin binding by FnBPA/B and not 

ClfA. This approach would require the exact crystal structure of FnBPA to be known. 

Another important difference between FnBPA/B and ClfA/Fbl is the modular organisation of 

these proteins. The fibrinogen/elastin-binding domains o f FnBPA and FnBPB are followed by 

fibronectin-binding motifs that adopt a structure only when bound to their ligand. In contrast, 

the fibrinogen-binding regions o f ClfA and Fbl are followed by SD and SDSDSA repeats, 

respectively.
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The model o f  FnBPA binding to fibrinogen/ elastin must be considered in context o f  

the entire protein expressed on the surface o f  the bacterial cell. The presence o f  the 

fibronectin-binding repeats between the A domain and the cell wall do not hinder fibrinogen 

or elastin binding. However the binding o f  these repeats to the FI modules o f  fibronectin may 

cause steric hindrance to the docking o f  fibrinogen or elastin into the hydrophobic trench 

between N2 and N3. The representation o f  the FnBP m olecule in Figure 1.4 is misleading in 

the context o f  cell surface ligand binding. Upon fibrinogen or elastin docking, the latching 

peptide o f  N3 closes over the hydrophobic trench, undergoes P-strand complementation with 

the D and E strands o f  N2 before proceeding into the fibronectin-binding domains. N3 is 

positioned distal to the fibronectin-binding motifs at this stage with its latching strand 

traversing the N2 subdomain and linking it to the C-terminus o f  the molecule. The precise 

residues o f  the latching strand are unknown but the first fibronectin-binding m otif begins at 

position 512. The location o f  the N1 domain also remains unknown for all staphylococcal 

proteins. However its presence is neither required nor hinders fibrinogen or elastin binding 

(Figure 7.1).

The elastin substrate used in in vitro binding assays is a partially degraded form o f  

human aortic elastin that retains crosslinks but which has free N - and C-terminal peptides 

caused by chemical cleavage in hydrophilic domains. It is likely that these peptides bind into 

the hydrophobic trench in FnBPA. During infection it is possible that S. aureus encounters 

similar peptide fragments created by cleavage o f  host tissue by bacterial or host elastases. It 

has been shown previously that the elastin preparations used in binding assays are not 

contaminated with fibrinogen or fibronectin (Roche et al., 2004), indicating the specificity o f  

the FnBP-elastin interaction. Inhibition o f  rAFnBPA binding to immobilised elastin and 

fibrinogen was achieved using soluble desm osine/isodesm osine. It cannot be ruled out 

therefore, that these unique crosslinks contribute to the binding o f  FnBPA to elastin peptides. 

The adherence o f  rAFnBPA to imm obilised a-elastin peptides prompted an investigation to 

determine if  it could also interact with the elastin precursor, tropoelastin. It is interesting to 

note that, similar to rAFnBPA, the integrin avp3, which also contains a variant IgG fold 

(Deivanayagam et al., 2002), binds to the C-terminus o f  the fibrinogen y and a  chains 

(Yokoyama et al., 1999) and to tropoelastin (Rodgers and W eiss, 2004) among other ligands. 

Surface plasmon resonance analysis was performed testing the binding o f  soluble rAFnBPA  

proteins to immobilised tropoelastin. Previous results showed that rAFnBPA37_544 bound to 

full-length tropoelastin and an N-terminal truncate (SHELN-18) with similar affinities. In
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contrast, weaker binding occurred to tropoelastin truncates spanning dom ains 17-27 and 

dom ains 27-36 . These results suggest that FnBPA  interacts w ith tropoelastin at m ultiple sites. 

H ow ever dominant binding is likely to be localised  to a region spanning the N -term inus to 

dom ain 18. It w ould  be interesting to ascertain i f  FnBPA  com petes for the EbpS binding site 

on tropoelastin (dom ains 9 and 10). SH E L N -18 is the longest tropoelastin fragm ent screened  

in this study and the stronger binding could be attributed to this. It is p ossib le that a surface- 

surface interaction betw een  the tw o proteins occurs rather than binding to a sp ecific  site. 

Previous results also indicated that the FnBPA -tropoelastin interaction w as pH-dependent. 

Tropoelastin has a h igh ly basic pi o f  11. At pH > 5, rA FnBPA  is n egatively  charged and is 

thus free to interact w ith  the positively-charged lysines o f  tropoelastin. This result 

dem onstrates that ionic interactions betw een p ositive regions on tropoelastin and negatively- 

charged regions o f  rA FnB PA  stabilize the binding betw een the proteins. Sm aller tropoelastin  

fragm ents m ay help to narrow dow n the binding site for FnBPA  w ithin tropoelastin. This 

approach how ever, has its disadvantages. Further truncations o f  SHEL constructs w ill still 

contain short m otifs that are present throughout the entire protein. It is also likely that 

secondary structure o f  these constructs w ill be lost. Furthermore, as the FnBPA -tropoelastin  

interaction is proposed to occur at m ultiple sites via  a surface charge-charge interaction, no 

one specific peptide is likely  to bind. Instead, it is likely that various peptides o f  differing  

sequence but containing the required overall p ositive charge w ill interact w ith the FnBPA  

m olecule.

Recom binant rA FnB PA 3 7 .5 n proteins w ith alanine substitutions w ere tested for binding  

to the tropoelastin m onom er. A ll proteins tested bound to tropoelastin with sim ilar affin ities, 

including an N 2N 3 truncate o f  rA FnBPA w hich  confirm s this to be the m inim um  ligand- 

binding region. The binding o f  alanine-substituted proteins show s that residues located along  

the hydrophobic trench situated betw een N 2 and N 3 o f  region A  o f  FnBPA  that have 

important roles in the binding o f  fibrinogen and a-elastin  peptides, are not involved  in 

tropoelastin binding. The hypothesis that FnBPA  binds to tropoelastin by a charge/surface 

interaction is further supported by the fact that the alanine-substituted residues w hich  are 

located in the interior o f  the FnBPA  protein and w hose side chains point into the hydrophobic 

trench, had no role in tropoelastin binding. The elastin peptides used in previous ELISA  

assays are a heterogeneous m ix o f  d igested fragm ents o f  aortic elastin  prepared by hot oxalic  

acid treatment o f  human elastic tissue. This process possib ly  exp oses sites available for 

binding into the trench o f  rA FnBPA. These sites how ever, w ould  not be exposed  in intact
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recombinant tropoelastin. Thus FnBPA binds to tropoelastin and digested a-elastin peptides 

by a distinct mechanism.

EndotheHal cells, among others, synthesise and secrete tropoelastin. The direct 

interaction of S. aureus with endothelial cells has been known for some time (Tompkins et a l, 

1990; Tompkins et al., 1992). In addition, S. aureus binds to other elastin-synthesising cells 

such as fibroblasts and microvascular cells via bridging molecules such as fibronectin. The 

close proximity of bacteria to the surface of these cells provides opportunities to interact with 

the tropoelastin monomer on the host cell surface. Tropoelastin synthesis in fibroblast and 

endothelial cells is highest in foetal and infant development. S. aureus is a known pathogen of 

low birth weight neonates often causing tissue infections or even systemic sepsis. The high 

mortality of such infections has led to trials testing the efficacy of anti-staphylococcal IgG- 

based prophylactics (Bloom et al., 2005). It is possible therefore that S. aureus interactions 

with secreted tropoelastin on these cells aids in the establishment of such infections. S. aureus 

encounters elastin on its journey through blood vessel walls, traversing the extracellular space 

beneath the basement membrane of endothelial cells in tissue such as lung and around the 

synovial lining of various joints. During the course of an infection, both bacterial and host 

elastases are active. S. aureus is known to produce proteases which aid in tissue destruction. 

The activity of these enzymes around the site of infection would lead to the presence of 

varying states o f elastin tissue, in the process o f being degraded or subsequently repaired by 

salvage or de novo synthesis methods. The elastin peptides produced are known 

chemoattractants, recruiting monocytes and neutrophils to the site o f damage. The binding of 

S. aureus to these peptides may be a bacterial mechanism designed to inhibit this process and 

prevent an immune response. In any event, the elastin degradation process results in the 

exposure of a heterogeneous mixture of elastin peptides and tropoelastin monomers, all of 

which S. aureus is capable of binding via FnBPA. The adaptability of this organism may help 

to explain the persistent nature o f some S. aureus infections.
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