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Summary

The Microbial Surface Component Recognising Adhesive Matrix Molecules 

(MSCRAMMs) family o f  cell wall-associated proteins have recently been reclassified 

based on structure-flinction analysis. Under this new regime the MSCRAMM family is 

defined by the presence o f  at least two tandemly-linked IgG-like folded domains. 

Clumping factor A (ClfA) is the archetypal fibrinogen-binding MSCRAMM o f  

Staphylococcus aureus and an important virulence factor. An N-terminal signal 

sequence directs export by the Sec pathway and the C-terminal cell wall-anchoring 

domain allows covalent attachment o f  ClfA to peptidoglycan by sortase. Region A o f  

ClfA comprises three independently folded subdomains N l, N2 and N3. Subdomains 

N2N3 comprise IgG-like folds and promote fibrinogen binding. However the function 

o f  subdomain N l has, until now, remained elusive.

The clfA gene was cloned into pRMC2 under the control o f  a tightly regulated 

tetracycline-inducible promoter. The plasmid was transformed into a derivative o f  

strain Newman lacking all fibrinogen binding surface proteins. Expression o f  ClfA on 

the cell surface was dependent on the concentration o f  anhydrotetracycline. A mutant o f  

pRMC2 clfA lacking the entire N l subdomain was constructed but could not be 

expressed on the surface o f  S. aureus. However the presence o f  residues 211-228 o fN l  

was sufficient for expression o f  ClfA on the bacterial surface.

Loss o f  the N l subdomain o f  ClfA did not affect fibrinogen binding. This was 

demonstrated by the recombinant ClfA A region protein lacking the N l domain, surface 

shaving o f  the N l subdomain o f  ClfA from S. aureus strain Newman by a 

metalloprotease and by surface expression o f  ClfA AN 140-210- Furthermore, the N l 

subdomain is not required for the second major function o f  ClfA; to inhibit killing o f  S. 

aureus in human blood.

Attempted expression o f  a ClfA variant lacking the entire N l subdomain 

resulted in impaired growth o f  S. aureus and accumulation o f  ClfA protein in the 

cytoplasm and cytoplasmic membrane. The presence o f  residues 211-228 o f N l  was 

required to allow expression o f  ClfA on the bacterial surface. The importance o f  this 

region was confirmed when ClfA variants lacking residues 211-220 or 211-228 were 

also mislocalised to the cytoplasm and cytoplasmic membrane. However, these residues 

were not required for export o f  ClfA lacking the Ser-Asp repeats that links region A to



the w all-anchoring dom ain. Sim ilarly, subdom ain N1 o f  fibronectin binding protein B 

was required for export and surface display o f  the full length protein but not a derivative 

lacking fibronectin binding repeats. Surface expression  o f  a FnBPB variant lacking the 

N1 subdom ain w as not achieved although 28 residues at the C -term inus o f  the N1 

subdom ain w ere restored. This su ggests that a distinct region within subdom ain N 1 o f  

FnBPB is necessary to m ediate correct surface localisation. These results dem onstrate  

that the N1 subdom ain is d ispensable on the surface o f  S. aureus but is required for 

export and cell w all localization  o f  S. aureus surface proteins containing tandem ly- 

arrayed IgG -like fold dom ains linked by unfolded repeat regions to the cell wall.

The A  region o f  C lfA  w as show n previously  to bind to and activate com plem ent 

factor I. D N A  encoding C lfA  N 1 2340-559 and C lfA  N 2  3 22i-S59 and each o f  the individual 

subdom ains o f  the A region w ere cloned into pG E X -4T -2 and expressed as G ST -fusion  

proteins. R ecom binant G ST -tagged  proteins w ere exam ined for their ability to bind 

factor I in serum. Loss o f  the N1 subdom ain o f  C lfA  did not aftect factor 1 binding. 

A lthough the intact C lfA  N 1 2340-559 and C lfA  N23221-559 regions can bind factor I, none 

o f  the individual subdom ains w ere capable o f  prom oting factor I binding. This 

dem onstrates that the N 23221-559 region o f  C lfA  m ust be intact for factor I binding.

G ST -tagged  recom binant C lfA  variants containing amino acid substitutions that 

reduced affin ity for fibrinogen w ere constructed and exam ined for factor I binding. N o  

difference in affinity w as observed dem onstrating that fibrinogen binding is not 

necessary for factor 1 binding. Investigation  o f  the nature o f  the C lfA -factor 1 interaction  

revealed that C lfA  can only  bind factor 1 in serum  not purified factor I or factor 1 w hich  

w as pulled from serum using m onoclonal anti-factor 1 IgG. These results strongly  

indicate that the interaction betw een C lfA  and factor 1 requires one or m ore co-factors  

to occur.

Furthermore, this study dem onstrated that m ultiple staphylococcal surface 

proteins are capable o f  binding factor I and m em bers o f  the regulators o f  com plem ent 

activation fam ily, factor H and C 4-binding protein. These results indicate that 

staphylococcal surface proteins m ay play an important roles in survival o f  bacteria in 

human b lood by m odulating com plem ent activation.
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Chapter  1 

Introduction



1.1 Biology o f Staphylococci

1.1.1 Classification and identification

Bacteria o f the genus Staphylococcus are Gram-positive organisms which 

characteristically divide in three planes to form grape-like clusters (TzagolofF and 

Novick, 1977). Taxonomic studies place Staphylococcus in a new family, the 

Staphylococcaceae, order Bacillales, class Bacilli (Becker, 2011). Staphylococci are 

most closely related to Enterococcus, Bacillus and Listeria and their genomes contain 

DNA o f a low G+C content (30-39%) (Ludwig et al., 1985, Stackebrandt and Teuber, 

1988). The staphylococci are resistant to desiccation and are extremely halotolerant 

growing at up to 3.5 M NaCl.

Staphylococcus aureus {S. aureus) is a non-spore-forming and non-motile 

spherical organism. It forms smooth, raised colonies which have a characteristic golden 

pigment and are haemolytic on blood agar (Becker, 2011). In addition to its distinct 

colony morphology S. aureus is distinguished from other staphylococci by the ability to 

ferment mannitol, expression o f thermostable DNase and the elaboration o f  clumping 

factor (the cell wall-associated fibrinogen binding protein ClfA). In addition, S. aureus 

secretes the zymogen coagulase which can bind to and activate prothrombin. 

Prothrombin converts fibrinogen to fibrin promoting clot formation. The expression 

and production o f  extracellular coagulase differentiates S. aureus from coagulase- 

negative staphylococci (CoNS). S. aureus is considered more virulent than CoNS 

(Marston and Fahlberg, 1960, Fahlberg and Marston, 1960). However, CoNS species 

such as S. epidermidis, S. lugdunensis and S. haemolyticus can cause serious and life 

threatening human infections.

1.1.2 Colonisation and disease

S. aureus is a common commensal o f  humans. Its primary habitat in humans is 

the moist squamous epithelium o f the anterior nares, although it may also be found at 

secondary sites throughout the body such as the skin, pharynx, axillae and perineum. 

The nares o f approximately 20% of the population are persistently colonised with S. 

aureus while the remainder are intermittent low level carriers (van Belkum et a l ,  2009). 

To colonise the anterior nares S. aureus must overcome both innate and adaptive 

immune responses controlled by nasal-associated lymphoid tissue (NALT). Host factors 

associated with immune responses are believed to play a role in determining carriage
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status. However, these factors are poorly understood. Studies have reported that single 

nucleotide polymorphisms in the genes encoding the glucocorticoid receptor, 

interleukin-4, C-reactive proteins and complement cascade inhibitor proteins are 

associated with persistent S. aureus nasal carriage (van den Akker et al., 2006, Emonts 

et al., 2008, Ruimy et al., 2010). In addition, the presence o f haemoglobin in nasal 

secretions may contribute to nasal colonisation by promoting surface colonisation and 

preventing expression o f  the accessory gene regulator (Agr) quorum sensing system 

(Pynnonen et al., 2011).

The epithelium o f the anterior nares is stratified and is composed o f layers o f 

squamous cells which mature as they progress from basal layers to the exposed surface. 

Maturation o f  desquamated epithelial cells or squames involves changes in cell shape, 

loss o f nuclei and an increase in keratinization. S. aureus adheres most strongly to 

mature desquamated epithelial cells or squames found in the superficial epithelial layer. 

These cells have a flattened, scale-like shape (Peacock et al., 2001). Colonisation o f  the 

nares most likely depends on the ability o f S. aureus to adhere to desquamated epithelial 

cells and to avoid the host immune response.

Numerous surface-associated proteins o f S. aureus promote adhesion to 

desquamated nasal epithelial (squamous) cells in vitro. Clumping factor B (ClfB) 

mediates adhesion to squamous cells by binding two major protein components o f  the 

cornified envelope, cytokeratin 10 and loricrin (O'Brien et al., 2002, Mulcahy et al., 

2012, Wertheim et al., 2008). Iron-regulated surface determinant protein A (IsdA) is an 

important component o f the haem-acquisition system which also promotes adhesion to 

squames (Clarke and Foster, 2008, Clarke et al., 2006, Corrigan et al., 2009). This 

maybe due to the ability o f  IsdA to bind to the important components o f the cornified 

envelope loricrin, KIO and involucrin (Clarke et a l ,  2009).CltB and IsdA support 

colonisation o f  the nares o f rodents and in the case ofC ltB , humans.

The S. aureus surface protein G (SasG), the serine-asperate repeat proteins, 

SdrC and SdrD and SasX (which is expressed only by ST239) also promote adhesion o f 

bacteria to squamous cells although their ligands have not been identified (Corrigan et 

al., 2007, Corrigan et al., 2009, Li et al., 2012) and the ability o f  the proteins to promote 

nasal colinization in rodents has not been tested.
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Wall teichoic acid (WTA) is an important component o f  the S. aureus cell wall 

and has been implicated in nasal colonisation. A mutant o f 5'. aureus defective in WTA 

had decreased adherence to nasal cells and was unable to colonise the nares o f  cotton 

rats (W eidenmaier et al., 2004). Furthermore, the WTA biosynthesis genes tarO  and 

tarK  are up-regulated during early colonisation o f  the nares o f  cotton rats indicating that 

WTA may play a vital role during the initiation o f  nasal colonisation (Burian et al., 

2010).

Colonisation is a known risk factor for development o f  a S. aureus infection and 

patients are usually infected by the isolate that they carry (W ertheim et al., 2005, von 

E iff C, 2001, M unoz et al., 2008). However, S. aureus bacteraemia-related death is 

significantly higher in non-carriers compared to carriers. This suggests that carriers may 

be immunologicaliy adapted to their own strain (Wertheim et al., 2004).

S. aureus is an oportunistic pathogen responsible for a wide range o f  diseases 

and a major cause o f  device-related nosocomial infections, second only to the CoNS 

species S. epidermidis. Superficial skin lesions such as boils, abcesses and impetigo are 

the most common form o f  infection caused by S. aureus, However, if  S. aureus enters 

the bloodstream bacteraemia can occur. Bacteraemia can result in dissemination to and 

infection o f  internal tissues such as bone (osteomyelitis), joints (septic arthritis), lungs 

(pneumonia), and heart valves (endocarditis) (Lowy, 1998).

1.2 Virulence factors

S. aureus can cause a diverse array o f  infections due to its ability to express a 

plethora o f  virulence factors which can be subdivided into three main categories, 

adhesins, evasins and toxins. Although each category performs distinct roles, it appears 

that most S. aureus infections are facilitated by coordinated expression o f  multiple 

virulence factors. Furthermore, S. aureus expresses virulence factors which are 

multifunctional, fulfilling roles in adhesin and invasion or as toxins and evasins.

Adhesion is considered to be critical for the initiation o f  infection. S. aureus 

expresses numerous cell wall-associated factors which promote adhesion to components 

o f  the blood and extracellular matrix. These aid S. aureus in adherence to implanted 

medical devices, damaged tissue and host cells. A wide range o f  both secreted and 

surface factors play a role in S. aureus evasion o f  both the innate and adaptive immune 

response.
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The symptoms associated with several S. aureus infections are caused by toxins. 

Toxin-mediated diseases include Toxic Shock Syndrome (resulting from production o f 

Toxic Shock Syndrome Toxin-1 or enterotoxins, primarily o f type SeaA or SeaC) 

(Fraser and Proft, 2008), food poisoning (an intoxication due to ingestion o f food 

contaminated with enterotoxins), and scalded skin syndrome in neonates and young 

children (caused by elaboration o f epidermolytic toxin A or B) (Ladhani et al., 1999).

1.2.1 Cell w all com ponents

Gram-positive bacteria like S. aureus are encased within a rigid cell wall. This is 

composed predominantly o f peptidoglycan (-60% ) with the remainder being made up 

o f wall teichoic acid (WTA), lipoteichoic acid (LTA) and cell wall-associated proteins. 

The main function o f the cell wall is as a physical barrier which protects against 

environmental stresses, toxic substances and prevents lysis due to osmotic changes. The 

cell wall also flinctions as a scaffold for anchoring o f surface proteins which aid 

bacteria in diverse biological functions (Sjoquist et al., 1972, Schneewind and 

Missiakas, 2012).

Peptidoglycan consists o f a glycan backbone made up o f repeating disaccharide 

units composed o f N-acetylglucosamine and N-acetylmuramic acid (GlcNAc-(pl—>4)- 

MurNAc) (Ghuysen and Strominger, 1963). The glycan chains are cross linked by 

tetrapeptides (L-Ala-D-Glu-L-Lys-D-Ala) to the MurNAc moieties (Ghuysen et al., 

1965). This generates the three-dimensional molecular network which maintains the 

integrity o f the bacterium (Ghuysen et al., 1965, Tipper and Strominger, 1965). In S. 

aureus peptidoglycan interpeptide bridges link the tetrapeptide units on neighboring 

glycan chains. This is polymerized by translocases and transpeptidases (penicillin- 

binding proteins) to generate peptidoglycan strands that are crosslinked with other 

strands. This makes S. aureus peptides susceptible to cleavage by the glycyl-glycyl 

endopeptidase lysostaphin (Schleifer and Kandler, 1972). However, S. aureus 

peptidoglycan is resistant to cleavage by lysozyme due to acetylation o f MurNAc (Bera 

et al., 2005).

Wall teichoic acid (WTA) is covalently linked to peptidoglycan and is made up 

o f ribitol-phosphate polymers substituted with N-acetylglucosamine and D-alanine 

residues (Collins et al., 2002, Ward, 1981, Endl et al., 1983, Brown et al., 2008, 

Yokoyama et al., 1989). Lipoteichoic acid (LTA) polymers o f  S. aureus consist o f
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glycerol phosphate units substituted with D-alanine. LTA is attached to the cytoplasmic 

membrane via a glycolipid anchor and protrudes into the cell wall (Xia et al., 2010). 

Teichoic acids are important factors in bacterial resistance to environmental stress. 

WTA confers protection against fatty acids found on human skin (Kohler et al., 2009). 

Both WTA and LTA enhance S. aureus resistance to heat stress and low osmolarity 

(Oku et al., 2009, Vergara-Irigaray et al., 2008). They also modulate enzyme activity 

and cation concentrations in the cell envelope. The net negative charge o f  the bacterial 

surface is neutralised by D-alanine substitution o f  WTA and L-lysine modifications o f 

phosphatidylglycerol which promotes resistance to defensins, kinocidins and cationic 

antibiotics like vancomycin (Collins et al., 2002, Peschel et al., 2001, Peschel et al., 

1999, Weidenmaier et al., 2005).

1.2.2 Cell wall-associated surface proteins

The cell wall o f  Gram-positive bacteria is the first point o f  contact with the 

surrounding environment. It acts as a scaffold for proteins that interact with the host 

during colonisation and infection. Proteins which are covalently anchored to the cell 

wall promote several major functions including adhesion, invasion, nutrient acquisition 

and evasion o f  immune responses (Foster, 2005, Foster, 2013). S. aureus can express up 

to 24 different cell wall anchored proteins which can be differentially expressed under 

distinct growth conditions. These proteins contain several characteristic features which 

identify them as cell wall-associated proteins (Fig 1.1). An N-terminal signal sequence 

(SS) o f  approximately 40 residues in length targets pre-proteins tor secretion across the 

mem.brane via the general secretory pathway. The SS contains the “AXA” m otif which 

is recoginsed and cleaved by the membrane-anchored signal peptidases (SpsA and 

SpsB) during or shortly after translocation (Cregg et al., 1996). A sorting signal is 

located at the C-terminus o f  the protein. It comprises a sorting motif, a hydrophobic 

membrane-spanning domain and at the extreme C-terminus, a stretch o f  positively 

charged residues. The last two elements delay secretion across the membrane and 

facilitate recognition and cleavage o f  the sorting sequence by sortase A, a lipoprotein 

located on the outer face o f  the cytoplasmic membrane (See Section 1.2.2.2) 

(Schneewind et al., 1993). This facilitates covalent attachment o f  the protein to the cell 

wall peptidoglycan (Mazmanian et al., 2001).
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1.2.2.1 Export o f cell wall-associated proteins

Pre-proteins which are destined to be cel! wall-associated possess an N-terminal 

signal sequence which targets them for export from the cytoplasm. This signal sequence 

contains the classic tripartite structure which identifies pre-proteins to be translocated 

across the cytoplasmic membrane by the general secretory (Sec) pathway (Sibbald et 

al., 2006, DeDent et a i,  2008). The classical Sec signal sequence consists o f an N- 

terminal region which is rich in positively charged amino acids, a central hydrophobic 

region and a C-terminal hydrophilic region which contains the Ala-X-Ala m otif This 

motif is recognised and cleaved by the membrane-anchored signal peptidases (SpsA and 

SpsB) during or shortly after translocation (Cregg et al., 1996).

The Sec translocon is conserved across all three domains o f  life and is 

responsible for translocating the majority o f pre-proteins from the cytoplasm. Unfolded 

proteins are translocated through a heterotrimeric protein channel which spans the 

cytoplasmic membrane. The Sec translocon comprises SecY, SecE and SecG. SecY 

forms the channel through which unfolded proteins pass. SecE and SecG facilitate 

translocation through the channel. SecE is thought to stabilize SecY in its open 

conformation which is necessary for translocation, while SecG increases export 

efTiciency. Although not essential, a SecD,F,YajC complex or YidC may become 

transiently associated with the Sec translocon aiding translocation and (in the case o f 

YidC) membrane insertion o f  proteins. The SecYEG channel facilitates both post- 

translational and co-translational export. In Gram-negative organisms this is facilitated 

by the general secretory chaperone (SecB) or the signal recognition peptide (SRP). 

These chaperones guide the pre-protein in an export competent state to the Sec 

translocon. The Sec translocon is powered by the ATPase SecA, which is thought to 

insert into the base o f the translocase and force forward motion o f the pre-protein 

through repeated rounds o f ATP hydrolysis (Pugsley, 1993).

Although the Sec system has been well documented in Gram-negative 

organisms less is known about nuances o f secretion in Gram-positive organisms 

(Schneewind and Missiakas, 2012). The Sec system in S. aureus consists o f homologues 

o f the canonical SecYEG translocation channel and the SecA ATPase. However no 

homologue o f the general secretory chaperone (SecB) has ever been identified in Gram- 

positive organisms and there is a dearth o f knowledge in the area o f  protein specific

6



S e c r e to ry  Signal S e q u e n c e
Sec P a th w a y

\  /
\  /

S ort ing  Signal 
S o r t a s e - m e d ia t e d  c o v a le n t  
Linkage t o  p e p t id o g ly c a n

LPXT'
+++

P re -p ro te in

M a tu r e  cell w a l l - a n c h o r e d

| | | | lPXT- P e p t id o g ly ca n

Figure 1.1 Schematic o f a generic cell wall-associated protein in its precursor and 

mature forms.

An N -term inal signal sequence (SS) directs the pre-protein for secretion via the general 

secretory pathw ay. Upon translocation the signal sequence is rem oved by a signal 

peptidase. At the C -term inus the sorting  m o tif (S) is located. Sortase A cleaves betw een 

the threonine and glycine residues o f  the LPXTG m o tif covalently anchoring it to the 

cell wall peptidoglycan. The m ature cell wall anchored protein w hich has been secreted 

and sorted lacks the N -term inal signal sequence and the C -term inal portion o f  the 

sorting sequence containing the hydrophobic region and positively charged tail.



chaperones. Fig 1.2A illustrates the current model for translocation o f  pre-proteins by 

the Sec system in Gram-positive bacteria.

Some Gram-positive bacteria express an accessory Sec system composed of 

homologues to SecA and SecY, designated SecA2 and SecY2. The accessory secretion 

genes encoding these proteins, secA2 or secY2 are encoded on a locus along with genes 

encoding several accessory secretion proteins (Asps) and giycosyltransferases 

responsible for glycosylation o f the SecA2Y2 substrates (gtfA, gtfB). This system is 

believed to be necessary to facilitate export o f a subset o f proteins which cannot be 

translocated via the canonical Sec system. SecA2 and SecY2 can form a novel 

translocon along with several accessory secretion proteins (Asps) (Fig 1.2B) or interact 

with the canonical Sec system (Feltcher and Braunstein, 2012).

In Streptococcus gordonii, SecA2 and SecY2 are essential for the secretion o f 

the large glycoprotein GspB. GspB is a cell wall-associated protein which binds 

platelets. GspB is heavily glycosylated in the cytoplasm by the glycosyl transferases 

GtfA and GtfB which are encoded on the same locus as secA2, secY2, aspI-5  and gspB. 

Due to heavy glycosylation GspB cannot be transported via the canonical Sec pathway. 

In addition to its 90 residue N-terminal signal sequence, the first 20 amino acids of 

mature GspB are required for SecA2/SecY2-mediated translocation by a process that 

involves also the accessory secretion proteins A spl-5  (Sensing and Sullam, 2010, 

Bensing et al., 2005).

S. aureus encodes the secA2 and secY2 genes along with genes for the accessory 

secretion proteins Aspl-3. SraP, a serine rich glycoprotein implicated in platelet binding 

is the only protein shown to be translocated by this system and is encoded within the 

secA2Y2 locus (Siboo et al., 2008).

Secretion o f  staphylococcal surface proteins is fiirther complicated by the 

presence o f  a ‘YSIRK/GS’ motif present within the signal sequence. Pre-proteins which 

contain the ‘YSIRK/GS’ motif are directed for secretion to sites o f peptidoglycan 

biosynthesis at the region o f septum formation also known as the cross wall (DeDent et 

al., 2008). Pre-proteins containing a ‘YSIRK/GS’ m otif include the MSCRAMMs ClfA 

and FnBPB and the iron-regulated surface determinants IsdB and IsdH. Pre-proteins 

lacking this motif are targeted to the cell pole. Surface proteins targeted into the cross 

wall because o f  their ‘YSIRK/GS’ motif will eventually become distributed over the
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entire bacterial surface. Those that do not are located only at the cell poles. Membrane 

proteins which contain abortive-infectivity domains, SpdABC (surface protein display), 

are required for the trafficking o f ‘YSIRK/GS’ proteins into the cross wall (Frankel et 

al., 2010). However, the mechanisms involved in trafllcking pre-proteins to this cellular 

compartment are yet to be elucidated. Furthermore, it is unclear why proteins such as 

the iron-regulated surface determinants which act in concert to acquire iron for the cell 

are targeted to distinct locations.

During or shortly after translocation the signal sequence is cleaved by a 

membrane anchored signal peptidase. Once across the membrane proteins must rapidly 

fold to prevent degradation by cell wall-associated proteases. It is unclear how fully 

folded proteins can migrate through the peptidoglycan. Recently, it has been proposed 

that channels exist within peptidoglycan o f  sufficient width to allow fully folded 

proteins to migrate across the cell wall (Schneewind and Missiakas, 2012).

1.2.2.2 Sortase-mediated anchoring o f cell wall-associated proteins

The covalent linkage o f  proteins to the cell wall o f  Gram-positive bacteria 

requires a specific carboxy-terminal sorting signal. In S. aureus, two membrane-bound 

lipoprotein transpeptidases known as sortase (Srt) A and B mediate sorting (Fallen et 

a i,  2001, Mazmanian et al., 2001). For the majority o f  S. aureus surface proteins the 

C-terminal LPXTG sorting signal is recognised by SrtA. This is followed by a 

hydrophobic membrane-spanning domain o f -2 0  residues and a positively charged 

cytoplasmic tail. This region slows translocation o f the protein across the membrane and 

facilitates recognition by a sortase enzyme and subsequent covalent attachment to the 

cell wall (Fischetti et al., 1990, Mazmanian et al., 2001, Navarre and Schneewind, 

1999). SrtB anchors the iron-regulated surface determinant IsdC to the cell wall. The 

gene for SrtB (srtB) is encoded within the isd gene cluster o f S. aureus and is only 

expressed under iron restricted conditions. SrtB recognizes the distinct sortase cleavage 

m otif‘NPQTN’ present in IsdC (Mazmanian et al., 2002).

The active site o f SrtA cleaves between the threonine and glycine residues o f  the 

‘LPXTG’ m otif A thioester linked intermediate is formed by SrtA and the carbonyl 

group o f threonine. This intermediate is resolved by covalently attaching the surface 

protein to the pentaglycine crossbridge o f lipid II. This restores the enzyme active site. 

The linked surface protein is then incorporated into the cell wall envelope via the



Sec A'YEG pathway

Sec A2-Y2 pathw ay

C h a p e ro n e

Figure 1.2 Secretion o f pre-proteins by the Sec pathway

(A) Pre-proteins synthesized with N-terminal Sec signal peptides are targeted for 

secretion by the Sec pathway (step 1). Cytoplasmic chaperones may aid in maintaining 

pre-proteins in an unfolded export competent state and deliver pre-proteins to SecA. 

SecA delivers the preprotein to a membrane-spanning SecY, SecE and SecG complex 

(step 2). The signal peptide inserts into SecYEG channel. Export is powered by ATPase 

SecA which goes through rounds o f  ATP hydrolysis to promote forward movement o f  

the unfolded preprotein through the SecY channel (step 3). During or shortly after 

translocation, the signal sequence is removed by the signal peptidases (SP), and the 

protein then adopts its mature, folded conformation (step 4). After translocation, the 

exported protein can be anchored to the cell wall peptidoglycan via sortase A. (B) The 

accessory Sec system proteins (Asps) promote SecA2-SecY2-m ediated export by 

unknown mechanisms. They may serve as a scaffold for the export complex or target 

preproteins to the translocase. SecA2-SecY2-m ediated export and glycosylation are 

thought to be coupled processes. Glycosyl groups (small green circles) are added to the 

preprotein by cytoplasmic glycosylation factors, GtfA and GtfB glycosyltransferases. 

SecA2 provides the energy for translocation through the channel formed by SecY2.



transglycosylation and transpeptidation reactions o f  cell wall biosynthesis (Ton-That et 

a/., 2000) (Fig 1.3).

Recognition o f  the ‘LPXTG’ m otif by SrtA is stringent and substitutions at 

positions 1 , 2 , 4  and 5 are not tolerated (Kruger et al., 2004). The N-terminal catalytic 

domain o f  SrtA in complex with an LPXTG peptide has been crystalised (Zong et al., 

2004, Liew et a l ,  2004). The crystal structure revealed that proline and threonine 

residues o f  the ‘LPX TG’ m otif form crucial hydrophobic interactions with residues near 

the sortase active site, holding the ligand in place. SrtA is essential in the correct 

anchoring o f  surface proteins involved in colonisation and virulence. In S. aureus srtA 

deficient mutants surface proteins containing an ‘LPXTG’ m otif are not correctly 

anchored. These mutants are defective in the colonisation o f  the nares o f  mice and 

cotton rats (Schaffer et al., 2006, W eidenmaier and Peschel, 2008) and are attenuated in 

animal infection models o f  septic arthritis and endocarditis (Jonsson et al., 2002, Weiss 

et al., 2004).

1.2.2.3 M SCRAM M  family o f surface proteins

Cell wall-associated proteins which adhere to components o f  the blood and 

extracellular matrix were originally defined as Microbial Surface Component 

Recognising Adhesive Matrix M olecules (MSCRAM M s). This definition characterized 

cell wall-associated proteins based on their ability to bind host proteins such as 

fibrinogen, fibronectin and collagen. However, in recent years it has become clear that 

not all surface proteins are MSCRAM M s and many M SCRAM M s promote flinctions 

other than adhesion. Recently the cell wall-associated proteins have been redefined and 

split into four groups based on specific motifs which were defined by structure-flinction 

analysis (Foster, 2013). Under this new regime the MSCRAMM family is now defined 

by the presence o f  at least two tandemly-linked IgG-like folded domains. The 

MSCRAMMs are the most abundant family o f  surface proteins encompassing the 

clumping factors A and B (ClfA, ClfB), the Sdr proteins (SdrC, D, E), the fibronectin 

binding proteins (FnBPA, FnBPB) and collagen binding protein (CNA). The other 

families o f  cell wall-associated proteins include the NEAT m otif family, the three- 

helical bundle family and the G5-E domain family (Foster, 2013) (Fig 1.4). The cell 

wall-associated proteins for which a structure is not yet known (SasX, SraP, AdsH)
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have been separated into a fifth group until both structural and functional information is 

available to allow correct categorization.

1.2.2.3.1 The Clf/Sdr subfamily of MSCRAMMs

The largest subfamily o f  MSCRAMMs are the Clf/Sdr subfamily. In addition to 

an N-terminal signal sequence and a C-terminal wall-anchoring domain, the Clf/Sdr 

family contains several structural features characteristic o f the MSCRAMM family (Fig 

1.4). The Clf/Sdr subfamily consist o f an N-terminal ligand binding A region which is 

composed o f three independently folded subdomains N l, N2 and N3. In all members of 

the Clf/Sdr family where ligands have been identified the N2 and N3 subdomains fold 

independently into IgG like folds and binding is mediated by the ‘dock, lock, latch’ 

mechanism. ‘Dock, lock, latch’ is described in detail in section 1.2.2.3.2.1. The Nl 

subdomain has no known function and has never been crystallized. Subdomain N l lacks 

predicted secondary structure based on homology modeling and is not required for 

recombinant protein to bind to fibrinogen by ‘dock, lock, latch’.

An early study o f CltB showed that the Nl subdomain is composed 

predominantly o f |3-sheets and could fold as a discrete unit. Furthermore, gel permeation 

chromatography indicated that N l adopts a more elongated conformation than the N23 

subdomains. To date this is the only structural analysis o f  an N l subdomain available 

(Perkins et al., 2001).

The second defining feature o f the Clf/Sdr subfamily is the presence o f  a long, 

flexible unstructured region linking the A region to the cell wall anchoring domain. This 

region (R) is composed o f Ser-Asp dipeptide repeats. Due to the nature o f the repeats 

this region is predicted to be unstructured. The R region has no known ligand and is 

proposed to act as a stalk projecting the ligand binding A region away from the surface 

o f the cell (Hartford et al., 1997). Recently the Ser-Asp repeat region o f  ClfA has been 

shown to be glycosylated by the glycosyltransferases SdgA and SdgB encoded on the 

sdr operon (Hazenbos et al., 2013).

In the Sdr proteins, the A region and Ser-Asp repeat region border a shorter B- 

repeat region (110-113 residues). This region has no known fiinction but is believed to 

maintain a rigid rod-like secondary structure which projects the ligand binding A region 

from the surface o f  the cell. The B repeat domains contain a Ca^ binding motif and 

binding Ca^^ is important for structural integrity (Josefsson et al., 1998).
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Figure 1.3. Surface protein anchoring in Staphylococcus aureus, (i) Pre-proteins are directed into the Sec pathway and the signal sequence 

(SS) is removed, (ii) The C-terminal sorting signal retains polypeptides within the secretory pathway, (iii) Sortase A cleaves between residues T 

and G o f  the LPXTG m otif forming a thioester enzyme intermediate, (iv) The acyl-enzyme intermediate is resolved, and an amide bond is 

formed between the surface protein and the uncross-linked pentaglycine bridge on lipid II (v) Cell wall incorporation. Lipid-linked surface 

protein is incorporated into the cell wall peptidoglycan by transglycosylation. The murein pentapeptide subunit with attached surface protein is 

cross-linked to other cell wall peptides, generating the mature murein tetrapeptide. Adapted from (M azmanian el al., 2001)
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Figure 1.4 Schematic representation and ribbon diagrams of the common m otif 
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An N-terminal signal sequence (SS) directs the pre-protein for secretion via the general 

secretory pathway. At the C-terminus the proUne-rich wall-spanning domain W or Xc 

and the sorting m otif (S) are located. Surface proteins are categorized based on shared 

structural and functional motifs. The MSCRAMMs are the largest family o f surface 

proteins and contain an N-terminal A regions which contain two consecutive 

subdomains that tbrm IgG-like folds (green and yellow boxes correspond to colour 

coded ribbon diagram). The NEAT m otif family (Isd), triple helical bundle family 

(protein A) and G5-E repeat family (SasG) are also indicated. Ribbon diagrams o f  the 

known structures are also indicated to the right o f each schematic.



1.2.2.3.1.1 Clumping factor A

Fibrinogen is a large glycoprotein (340 kDa) that is synthesized in the liver by 

hepatocytes. It is found in blood plasma and as a component o f  the extracellular matrix. 

Implanted medical devices such as catheters and prostheses can become rapidly coated 

by fibrinogen from plasma. This provides a surface to which S. aureus can adhere and 

colonise (Cheung and Fischetti, 1990). Fibrinogen is a hexamer com posed o f  two 

identical disulfide-bonded subunits (Fig 1.5). Each subunit is formed by an Aa, Bp and 

Y polypeptide chain. Fibrinogen can be subdivided into four major structural domains, 2 

identical terminal D regions, a central E region, 2 aC regions and 2BPN regions 

(Doolittle, 1984).

ClfA is the archetypal fibrinogen binding MSCRAMM. The clfA gene is 

expressed at high levels in the stationary phase o f  growth from a sigma factor B- 

dependant promoter. Exponential phase expression o f  ClfA is driven by a weaker sigma 

70-dependant promoter (Homerova et al., 2004). Expression o f  ClfA promotes 

adherence to immobilized fibrinogen and formation o f  cell-aggregates in soluble 

fibrinogen. This is the distinguishing characteristic which confers the ability o f  S. 

aureus to form clumps in plasma (M cDevitt et al., 1994).

The boundaries o f  the N l ,  N 2 and N3 subdomains o f  ClfA were originally 

defined based on similar definitions in CltB before structures o f  any o f  the proteins 

were solved. The S. aureus zinc-metalloprotease aureolysin was found to cleave ClfB  

between the Ala and the Val residues at a ‘SL A V A ’ m otif during bacterial growth. The 

aureolysin cleavage site was designated as the boundary between N l and N2 (M cA leese  

et al., 2001). Sequence alignment with ClfB revealed that ClfA contains a similar m otif 

‘SL A A V A ’. This predicted cleavage site was used to define the end o f  the N l  

subdomain o f  ClfA as residue A 220

The X-ray crystal structure o f  ClfA N 23 has been solved both as an apo-protein 

and with the fibrinogen peptide ligand bound (Ganesh et al., 2008). The fibrinogen y- 

chain peptide binds in a hydrophobic trench formed between the separately folded N 2  

and N 3 subdomains by the ‘dock, lock, and latch’ mechanism (Ponnuraj et al., 2003). 

The minimum ligand binding domain necessary for fibrinogen adherence spans residues 

229-545. This has resulted in two distinct definitions for the C-terminal end o f  

subdomain N l .  The tlrst was defined by the predicted aureolysin cleavage m otif spans
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residues 40-220, and the second defined by the minimuiTi ligand binding domain spans 

residues 40-228.

The A region o f ClfA binds to an unfolded peptide sequence at the extreme C- 

terminal residues o f the y-chain o f fibrinogen (McDevitt et al., 1997). This is the same 

region o f fibrinogen that is recognised by the human platelet integrin GpIIb/IIla (Farrell 

et al., 1992). ClfA can interact with and stimulate activation o f  human platelets by two 

distinct mechanisms. (1) ClfA forms a fibrinogen bridge between the bacterium and the 

platelet receptor Gpllb/llla. ClfA-specific immunoglobulin interacts with the platelet 

immunoglobulin Fc receptor (FcyRIla). Both components are necessary for platelet 

activation to occur (Fig 1.6A). (2) The second mechanism occurs independently o f 

fibrinogen, instead requiring complement and specific anti-ClfA immunoglobulin (Fig 

1.6B). Platelet activation by S. aureus is considered to be an important contributing 

factor in the development o f  infective endocarditis (Loughman et al., 2005). The 

biological functions o f  ClfA which have been validated in animal models for infection 

are summarised in Table 1.1.

1.2.2.3.2 Fibrinogen binding by MSG RAM Ms

1.2.2.3.2.1 The 'dock, lock and latch’ mechanism of fibrinogen binding

The ‘dock, lock, latch’ mechanism was originally proposed for SdrG o f S. 

epidermidis. The crystal structure for the N23 region o f SdrG has been solved both as 

an apo-protein and also in complex with a synthetic fibrinogen 15-mer P-chain peptide 

(Ponnuraj et al., 2003). The apo-protein folds as an open structure containing a ligand- 

binding trench formed between the IgG-like folds o f the N2 and N3 subdomains in the 

A region. The peptide binds in the hydrophobic trench formed between the N2 and N3 

subdomains and adopts an extended conformation interacting with residues in both the 

N2 and N3 subdomains. Substitution o f  key residues in SdrG identified S338 and D339 

as crucial for interaction with residues FI 1 and S12 o f the fibrinogen P-chain peptide, 

respectively (Ponnuraj et al., 2003).

Upon ligand binding, the trench is no longer exposed and the protein-peptide 

complex structure adopts a closed conformation. Comparison o f  the apo-protein and the 

bound-ligand form led to the proposal o f  the ‘dock, lock, latch’ mechanism (Figure 1.7). 

The docked ligand is stabilised by residues within the trench with the ligand. This
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Table 1.1 Role o f cell wall-associated proteins in infection
Role in 
infection

Cell wall- 
associated 
protein

Mechanism Reference

Endocarditis ClfA

FnBPA

ClfB

SraP

Adhesion to thrombus

Adhesion to thrombus. 
Invasion o f adjacent 
endothelium

Adhesion to thrombus

Adhesion to platelets. 
Colonization o f thrombus

(Moreillon et al., 
1995)

(Que et al., 2005)

(Entenza et al., 2000) 

(Siboo et a l,  2005)

Mastitis FnBP Invasion o f mammary gland 
epithelial cells

(Brouillette et al., 
2003)

Pneumonia Protein A Increased inflammation of 
lung epithelium

(Gomez et al., 2004)

Foreign body 
infection

FnBP MRSA biofilm promoted 
adhesion to intra-aortic patch

(Vergara-1 rigaray et 
al., 2009, Arrecubieta 
et al., 2006)

Ocular keratitis CNA Enhanced colonization and 
infection

(Rhem et al., 2000)

Septic death 
Survival in 
blood

ClfA, 
Protein A, 
IsdH, 
AdsA 
SasX

Reduced
opsonophagocytosis

(Cheng et al., 2009)

Kidney abscess AdsA, 
ClfA, 
Protein A, 
IsdH

IsdA,
IsdB,
SdrD

ClfB,
SrdE,
SasG

Increased survival in blood 
stream prior to kidney 
infection

Initiation o f abscess.
Iron acquisition 
Initiation o f abscess, 
unknown function

Development o f abscess

(Cheng et a l ,  2009)

Septic arthritis ClfA, 
Protein A

CNA

Improved survival in blood 
prior to invasion o f  joint

Enhanced survival in blood 
& adhesion to joint cartilage

(Josefsson et al., 
2001)
(Palmqvist et al., 
2002)

(Patti et al., 1994)
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Figure 1.5. Structure o f human fibrinogen.

Fibrinogen consists o f  two identical disulfide-linked subunits, each composed o f  three non-identical polypeptide chains, Aa. Bp and y. 

Fibrinogen can be divided into 4 major regions, the central E region. 2 identical terminal D regions and the aC-domains. Binding sites for S. 

aureus surface proteins ClfA, ClfB, FnBPA and FnBPB and the S. epidermidis SdrG protein are indicated. The platelet integrin GPIIb/IIIa binds 

to the same site as ClfA and the FnBPs.



A B

Fibi'onectin
bridge

Fibrinogen
bridge

Platelet
Fc/RIIaFc/RIIa Complement Fr/RIIaGPIIb IIIn

receptoL
Figure 1.6 M echanisms o f M SCRAM M  mediated interaction with platelets

(A) Fibrinogen mediated platelet activation. S. aureus expressing fibrinogen binding MSCRAM M s become cross-linked to platelets via surface 

bound fibrinogen. Activation also requires specific antibodies to crosslink bacteria to the platelet Fc recpetor. (B) Complement mediated platelet 

activation. Platelet activation can be mediated by the deposition o f  complement proteins (green circles) on the bacterial surface which cross-links 

bacteria to a complement receptor on platelets. Specific antibodies are required to engage platelet receptor FcyRIIa. (C) Fibronectin mediated 

platelet activation. S. aureus expressing FnBPs can become cross-linked to platelets via surface bound fibronectin (purple ovals). Activation also 

requires specific antibodies to crosslink bacteria to the platelet Fc recpetor.



interaction induces a confbrmationai change where a C-termina! extension in the N3 

subdomain is reoriented to cross over the ligand binding trench (Fig 1.7, blue (3-strand). 

This extension covers the bound ligand, locking it in place. The final latching step is (3- 

strand complementation. A short C-terminal latching peptide inserts between P-strands 

in the N2 subdomain (the latching trough) creating a new |3-strand (G ” ) in the N2 

subdomain (Fig 1.7 red P-strand).

This mechanism and the importance o f the locking and latching steps was 

proven experimentally for SdrG. A variant o f  SdrG which was constrained in a closed 

form by a disulfide bond formed by engineered Cys residues in the P-strands E and G "  

at the base o f the latching trench was unable to bind fibrinogen or the P-peptide 

(Bowden et al., 2008). This demonstrated that the flexibility o f the C-terminal extension 

is essential for ‘dock, lock, latch’. Furthermore a truncate o f recombinant SdrG lacking 

the C-terminal latching extension was unable to bind (Ponnuraj et al., 2003).

The crystal structure o f ClfA both in complex with the synthetic fibrinogen y- 

chain peptide and as an apo-protein confirmed that ClfA employs a variation o f  the 

‘dock, lock, latch’ mechanism (Ganesh et al., 2008). A variant o f recombinant ClfA 

forced into a closed, “lock latch” conformation where the C-terminal extension o f  N3 

was held at the base o f the latching trough by a disulfide bond retained the ability to 

bind the fibrinogen y-chain peptide. This suggests that in contrast to SdrG, an open 

conformation not be required by ClfA as the y-chain peptide can still gain access to the 

ligand binding trench. In addition, in SdrG the bound peptide formed an anti-parallel P- 

sheet with the C-terminal extension o f ClfA, whereas in ClfA the bound peptide formed 

a parallel p-sheet. Ribbon diagrams o f the N23 subdomains o f SdrG, ClfA and ClfB are 

shown with their ligands docked in the binding trench to illustrate the conserved 

mechanism o f ‘dock, lock, latch’ (Fig 1.8).

1.2.2.3.2.2 A second fibrinogen binding site within ClfA

ClfA has a higher atTinity for whole fibrinogen than for the y-chain peptide 

which mimics the C-terminal residues that bind to the trench in “dock, lock, latch”. 

Binding o f  recombinant ClfA A regions to fibrinogen could only be inhibited by 60- 

70% by the y-chain peptides, whereas in contrast FnBPA was inhibited fi-om binding to 

fibrinogen by 100% (Wann et al., 2000). These observations suggest that the A region
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o f ClfA contains a second fibrinogen binding site. The second binding site was mapped 

to the top o f the N3 subdomain and overlaps with part o f the epitope recognised by the 

monoclonal ClfA antibody 12-9. 12-9 is a function blocking monoclonal antibody 

which recognizes an epitope at the top of N3 distinct from the y-chain binding trench. 

This antibody inhibited recombinant ClfAN23 binding to fibrinogen, but not to a His- 

tagged y-chain peptide. Single alanine substitutions in residues located in this region of 

the N3 subdomain reduced fibrinogen binding significantly. This led to the proposal o f 

a revised model where ClfA initially interacts with the extreme C-terminus o f the y- 

chain o f fibrinogen by the ‘dock, lock, latch’ mechanism. The second binding site then 

interacts with a site within the D-domain o f fibrinogen (Ganesh VK, (manuscript in 

preparation)). A schematic o f the proposed mechanism is illustrated in Fig 1.9.

1.2.2.3.3 The fibronectin binding protein subfamily o f  M SC RAM Ms

The second subfamily o f MSCRAMMs are the tlbronectin binding protein 

family (FnBPs). FnBPs are multifiinctional proteins which mediate adherence to 

fibrinogen, elastin and fibronectin. FnBPA and FnBPB are encoded by the closely 

linked and independently transcribed fnbA  and fnbB  genes (Jonsson et al., 1991). 

Expression o f FnBPs occurs in the exponential phase o f growth in most laboratory 

strains. However FnBP expression has been detected in late stationary phase in BHICC, 

a clinical isolate o f  S. aureus which is deficient in proteases (Geoghegan et a i ,  2013).

In addition to an N-terminal signal sequence and a C-terminal wall anchoring 

and sorting domain, the FnBP family shares key structural features with the Clf/Sdr 

family (Fig 1.4). The A region is composed o f three independently folded subdomains 

N l, N2 and N3 (Deivanayagam et al., 2002). The Nl subdomain lacks predicted 

secondary structure and has no known function. The N2 and N3 subdomains adopt 

IgG-like folds which promote binding to both fibrinogen and elastin most likely by 

‘dock, lock, latch’ (Keane et al., 2007).

The A region o f FnBPs is linked to the cell wall anchoring domain by a long, 

flexible unstructured repeat region. This region is composed o f multiple (10/11) 

tandemly arrayed motifs which promote binding to the N-terminal type I repeats o f 

fibronectin by the |3-tandem zipper mechanism described in section 1.2.2.3.3.1 

(Schwarz-Linek et a i ,  2003).
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Figure 1.7 Dock, Lock, Latch mechanism.

Ribbon diagram o f the ‘dock, lock, latch’ mechanism o f  fibrinogen binding by SdrG. 

Docking o f the peptide in the binding trench induces a conformational change in the 

flexible extension o f the C-terminus o f  the N3 subdomain which is reoriented to cover 

the ligand peptide and “ locks”  it in place (blue). Latching is completed by formation o f 

an extra P-strand which is complementary to a (3-sheet o f the N2 domain (red). The 

MSCRAMMs ClfB, FnBPA and FnBPB bind to fibrinogen by a similar mechanism. In 

all cases the ligand binding is confined to subdomains N2N3. Adapted from (Foster et 

al, 2013).
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Figure 1.8 Subdomains N23 o f SdrG, ClfA and ClfB in complex with their ligands.

Ribbon diagrams N23 domains o f  SdrG, ClfA and ClfB. (A) The fibrinogen |3-chain is shown in ball and stick form (purple) in complex with 

SdrG (adapted from Ponnuraj et al., 2003). (B) The fibrinogen y-chain C-terminal region (red ribbon) in complex with ClfA (adapted from 

Ganesh et al, 2008). (C) Comparison o f  the overlapping binding sites o f  the fibrinogen a-chain (cyan) and human cytokeratin 10 (dark blue) in 

complex with ClfB (adapted from Ganesh et al, 2011).



Figure 1.9 The second fibrinogen binding site in ClfA

Ribbon diagram o f  the N23 subdomains o f  ClfA in complex with fibrinogen (purple). 

The y-chain o f  fibrinogen binds in the hydrophobic trench at the junction o f  the N2 and 

N3 subdomains. A second site at the top o f  the N3 subdomain forms additional 

interactions with the D-domain o f  fibrinogen.



Binding to fibronectin promotes internalization into mammalian cells such as 

endothelial cells, epithelial cells, osteoblasts and keratinocytes (Dziewanowska et al., 

1999, Peacock et a i,  1999). Fibronectin acts as a bridging molecule between the FnBPs 

on the bacterial cell and the host cell integrin aSpi which binds fibronectin via its RGD 

motif (Fig 1.6C) (Massey et a i, 2002, Fowler et a l, 2000, Sinha et al., 1999). This 

leads to integrin clustering. The interaction triggers phosphorylation at the C-terminal 

cytoplasmic domain o f  the integrin leading to cell signalling events, actin 

rearrangements and subsequent bacterial internalisation by endocytosis (Schwarz-Linek 

et al., 2004). The biological functions o f FnBPs which have been validated in animal 

models o f  infection are summarised in Table 1.1.

The fibronectin binding repeat region (FnBR) contains repeats with both high 

and low affinity for fibronectin (Meenan et al., 2007). A single high affinity FnBR is 

sufficient to stimulate invasion o f  bacteria. Flowever, this is less efficient than a variant 

expressing multiple FnBRs. Furthermore, multiple FnBRs are required for virulence and 

to promote cellular dissemination. Internalisation o f S. aureus into mammalian cells is 

proposed to act as an important survival strategy, simultaneously protecting from 

antibiotics which poorly penetrate mammalian cells and host defensins to allow further 

dissemination o f the bacteria (Edwards et a i,  2010). Upon internalisation bacteria can 

damage host cells from within by production o f cytolytic toxins, triggering necrotic or 

apoptotic cell death. Alternatively, bacteria can persist in a semi-dormant state as small 

colony variants which have reduced metabolic rates and are intrinsically resistant to 

antibiotic treatment (Sendi and Proctor, 2009).

1.2.2.3.3.I Fibronectin binding by the tandem P-zipper mechanism

Fibronectin is an extracellular matrix glycoprotein found in blood plasma at high 

concentrations. It contributes to a number o f cell processes including adhesion, 

migration, growth and differentiation (Pankov and Yamada, 2002). The fibronectin 

molecule is a dimer composed o f two covalently linked 250 kDa subunits. The N- 

terminal domain o f  fibronectin contains five type 1 modules (FI) which are involved in 

self association o f  fibronectin necessary for formation o f  fibrils. The FI modules also 

represent the binding site for FnBPs by a tandem (3-zipper mechanism. The structure o f 

two fibronectin binding repeats o f FnBPA in complex with FI has been solved 

(Bingham et al., 2008, Schwarz-Linek et al., 2003). The fibronectin binding repeats 

form anti-parallel strands along adjacent type 1 modules o f  fibronectin. The FnBR of
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FnBPA lacks secondary structure. However, upon binding fibronectin it takes on an 

ordered structure (Fig 1.10). Lacking secondary structure the FnBR o f FnBPs are 

weakly recognised by antibodies in the absence o f fibronectin. However, in the presence 

o f fibronectin, the immune response is activated predominantly against neo-epitopes 

created upon fibronectin binding (Casolini et a l,  1998).

1.2.2.3.4 Collagen binding protein

The collagen binding adhesin (CNA) represents the third class o f MSCRAMM. 

Although it contains structural features characteristic o f MSCRAMMs, CNA displays a 

distinct organisation (Fig 1.4). The A region o f  CNA is linked to its wall spanning 

region by a B repeat region. The B domain lacks sequence similarity to the B domains 

of the Sdr family and forms inverse IgG-like folds (Deivanayagam et al., 2000). CNA is 

a virulence factor in animal models o f septic arthritis, endocarditis and osteomyelitis 

which are summarised in Table 1.1 (Patti et al., 1994, Hienz et al., 1996, Elasri et al., 

2002 ).

1.2.2.3.4.1 The ‘Collagen hug’ model for collagen binding by CNA

The A region o f CNA is composed o f three independently folded subdomains, 

N l, N2 and N3. The crystal structure o f the CNA N12 apo-protein and a complex with 

its ligand has been solved and shows that the N l and N2 subdomains adopt independent 

Ig-G like folds responsible for collagen adhesion. The mechanism o f collagen binding 

is similar to the ‘dock, lock, latch’ model and is known as the ‘collagen hug’ model 

(Zong et al., 2005). The collagen triple helix initially interacts with a surface trench in 

the N2 subdomain. This interaction is o f low affinity and is stabilised with polar and 

hydrophobic interactions. The linker region between Nl and N2 is long allowing 

subdomain Nl to fold over or ‘hug’ the collagen triple helix and form multiple 

hydrophobic contacts with the N2 subdomain. This results in a tube-like structure which 

locks the ligand between the N l and N2 subdomains. A C-terminal ‘latching’ extension 

o f N2 reorientates and inserts into a latching trench within the N l subdomain by P- 

strand complementation, stabilising the structure (Fig 1.11).

1.2.2.4 NEAT m otif family o f surface proteins

The NEAT motif family encompasses cell wall-associated proteins which in 

addition to secretion and sorting signals contain NEAT (Near Iron Transporter) motifs 

(Fig 1.4). Cell wall associated proteins in this family help bacteria survive within the
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Figure 1.10 The p-tandem zipper mechanism

Ribbon diagram o f the (3-tandem zipper mechanism. Two fibronectin type 1 modules are 

shown alone (green) and in complex with one fibronectin binding repeat (red). The 

fibronectin binding repeats occur as an unstructured linker between the FnBP A region 

and the wall spanning region. However, upon binding to fibronectin it takes on an 

ordered structure. Adapted from (Foster et al, 2013).
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Figure 1.11 The collagen hug

Ribbon diagram o f  the CNA N12 region as an apo-protein and a complex with its ligand 

(purple). The linker region between N 1 and N2 (blue) allows subdomain N 1 to fold over 

or ‘hug’ the collagen peptide and form multiple hydrophobic contacts with the N2 

subdomain. A C-terminal Matching’ (red P-strand) extension o f  N2 reorientates and 

inserts into a latching trench within the N1 subdomain by P-strand complementation, 

stabilising the structure. Adapted from (Foster et al, 2013).



host under iron limited conditions by capturing heme from haemoproteins. The Iron 

regulated surface determinant (Isd) proteins are cell wall associated proteins 

characterised by the presence o f one or more NEAT motifs (H am m er and Skaar, 

2 0 1  1 ).

The cell wall associated IsdA, IsdB, IsdC and IsdH proteins contain one to three 

NEAT motifs. NEAT motifs consist of~125 residues which adopt a conserved structure 

despite poor identity in primary sequences. NEAT domains adopt IgG-like beta 

sandwich folds o f 7 or more p-strands in 2 p-sheets (Fig 1.4). Neat domains can be 

divided into two subclasses, those that bind haemoproteins or those that bind haem. 

Haem binding requires a conserved tyrosine to capture the porphyrin ring o f haem and 

is utilised by the haem binding domains o f IsdA, IsdC, IsdB NEAT2 and IsdH NEAT2. 

Haemoglobin binding requires aromatic residues to recognise the side chain o f 

haemoglobin and is utilised by IsdB and IsdH (Grigg et al., 2010). In addition, NEAT 

domains are multifunctional and recognise other host ligands.

Gram-positive bacteria sense iron limited environments via the conserved ferric 

uptake regulator (Fur). Under iron repleat conditions Fur inhibits transcription o f Fur 

regulated genes by binding to consensus sequences known as Fur boxes. Under 

conditions o f  iron starvation Fur repression is alleviated resulting in transcription o f 

numerous genes including the isd locus (Xiong et al., 2000).

Expression o f  the Isd proteins allows coordinated acquisition o f  iron from the 

host. Host haemoglobin is initially released when secreted cytolytic toxins such as a-, 

P-, y- or 5-toxins lyse erythrocytes. Free haemoglobin is toxic to the host and is 

collected by haptoglobin, the host haemoglobin carrier molecule. IsdH binds

haemoglobin or the haemoglobin-haptoglobin complex, strips it o f haem and passes it to 

IsdB and/or IsdA. Haem is then passed to IsdC and then to the ABC transporter formed 

by IsdDEF. Alternatively, IsdB can bind directly to haemoglobin release haem and 

deliver it to IsdA or directly to IsdC. The haem is imported through the plasma 

membrane into the cytoplasm where it is degraded by haemoxygenases (Grigg et a l,  

2010, Haley and Skaar, 2012, Liu et al., 2008, Muryoi et al., 2008, Zhu et al., 2008).

In addition to their role in binding haem and haemoproteins other ligands have 

been identified for the Isd proteins. IsdA binds to fibrinogen and flbronectin. IsdA
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promotes bacterial adhesion to desquamated epithelial cells and an IsdA mutant was 

defective in colonization o f  the nares o f  a cotton rat. IsdA mediated adherence to 

squames may be due to binding components o f  the cornified envelope such as 

cytokeratin 10, loricrin and involucrin (Clarke et a i ,  2006, Clarke et al., 2009). 

Furthermore vaccination o f  cotton rats with IsdA or IsdH protected against colonisation 

(Clarke et al., 2006).

In addition to its roles in ligand binding and nutrient acquisition IsdA promotes 

survival o f  S. aureus on human skin (Clarke et al., 2007). A mutant o f  S. aureus 

deficient in isdA was more sensitive to killing by bactericidal lipids. Expression o f  IsdA 

makes the cell surface more hydrophilic and less susceptible to hydrophobic bactericidal 

lipids present in sebum. M utants defective in IsdA expression are also more sensitive to 

cationic antimicrobial peptides. IsdA binds to and neutralises the anti-bacterial activity 

o f  lactoferrin which is thought to promote survival o f  S. aureus at mucosal surfaces 

(Clarke and Foster, 2008).

Recently IsdB has been shown to promote adhesion and internalisation o f  S. 

aureus into mammalian cells which express (33-containing integrins. IsdB binds directly 

to p3-containing integrins and this interaction promotes both adhesion and 

internalisation (Zapotoczna et a i ,  2013). IsdH is anti-phagocytic and promotes survival 

o f i ”. aureus in whole human blood. Expression o f  IsdH induces accelerated degradation 

o f  the opsonin C3b to iC3b leading to reduced S. aureus uptake by human neutrophils 

(Visai et a i ,  2009). The biological functions o f  Isd proteins which have been validated 

in animal models o f  infection are summarised in Table 1.1.

1.2.2.5 Three-helical bundle family o f surface proteins

Protein A is the only cell wall-anchored member o f  the three-helical bundle 

family. Protein A contains 5 homologous ligand-binding domains (EABCD). Each o f  

these domains comprises a single separately folded three-helical bundle composed o f  

anti-parallel a-helices (Fig 1.4). Distal to the EABCD region are the Xr and Xc region. 

The Xr is composed o f  octapeptide repeats which are highly variable in number this 

contributes to size variation frequently observed in protein A between strains (M oks et 

a i ,  1986, Uhlen et al., 1984).

The ligand binding region is localised to the EABCD region and each domain is 

capable o f  binding multiple ligands including the Fc region o f  IgG, the Fab heavy chain
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o f Vh3 on IgM (Hillson et al., 1993), tumour necrosis factor receptor-1 (TNFR-1) and 

von Willebrand factor (vWF) (Hartleib et al., 2000, O'Seaghdha et al., 2006).

Protein A binding o f the Fc region o f IgG coats the bacterial cell with IgG 

molecules in an incorrect, non-immune orientation. This prevents recognition by 

neutrophil Fc receptors and inhibits phagocytosis and stimulation o f complement 

fixation by the classical pathway (Foster, 2009). In addition, protein A is a B cell 

mitogen. It binds to the Fab region o f VH3-class IgM molecules on B-cells causing their 

activation, proliferation and subsequent apoptotic destruction (Silverman, 1992, 

Silverman and Goodyear, 2006). This leads to significant depletion o f  potential 

antibody-secreting cells and is thought to account for the immunosuppressive activity o f 

protein A.

The crystal structure o f domain B o f Spa in complex with an Fc fragment has 

been solved. The Fc binding site comprises 11 residues and spans one face o f helices I 

and II (Deisenhofer, 1981). The binding sites o f  vWF and TTMFR-l have been localised 

by site-directed mutagenesis to a region in helices I and II that overlaps the Fc binding 

site (O'Seaghdha et al., 2006, Gomez et a l ,  2006). The crystal structure o f domain D o f 

Spa in complex with Vn3-Fab demonstrated that the Vh3 binding site spans helices II 

and III. Distinct residues in helix II bind Fc compared to those that bind Vh3 (Graille et 

al., 2000) demonstrating that it is possible for a single Spa domain to bind Fc and V h3-  

Fab simultaneously. Protein A is an important virulence factor in numerous animal 

models for human disease summarised in Table 1.1.

Protein A is the only cell wall-anchored protein which contains three-helical 

bundles. However, the second binding protein o f immunoglobulin (Sbi) also contains 

three-helical bundles (Atkins et a l ,  2008). Sbi is located in the cell wall by non- 

covalent attachment to lipoteichoic acid and is also secreted into the extracellular milieu 

(Smith et at., 2011). Sbi contains two three-helical bundles (Dl and D2) which mediate 

binding to the Fc region o f  IgG (Zhang et al., 1998).

1.2.2.6 G5-E domain family o f  surface proteins

SasG is the prototype o f the G5-E domain family in S. aureus. In addition to an 

N-terminal secretion signal and a C-terminal sorting signal this family o f  cell-wall 

associated proteins contain G5 domains which are tandemly arrayed and separated by E 

regions o f~50 residues (Fig 1.4). G5 domains adopt a p-triple helix-[3 like -fold which
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contains 5 conserved glycine residues. The primary sequence o f each G5 domain is 

identical. Typically tandemly arrayed domains with a high level o f sequence identity are 

prone to misfolding. In the 0 5  domain family alternating 05  and E regions appear to 

have circumvented this problem (Fig 1.4).

SasO is closely related to the accumulation associated protein (Aap) from S. 

epidermidis. In both SasO and Aap the 05-E  region is preceded by an N-terminal 

region, which is removed to facilitate the biological fijnctions o f the protein. In Aap this 

is mediated by the proteolytic removal o f the A region, and in SasO limited 

autocleavage occurs within the 05-E  domains (Rohde et al., 2005, Oeoghegan et a i ,  

2010).

Both SasO and Aap promote biofilm formation. Proteolytic removal o f the N- 

terminal A region is necessary to promote biofilm formation. The 05-E  region o f SasO 

promotes biofilm accumulation in a zinc-dependent manner. SasO molecules on 

opposing cells can interact through zinc-dependent self association events between 

stretches o f  tandem 05-E  domains. This is known as a ‘zinc zipper’ and leads to 

extensive cell-cell contact and accumulation (Conrady et al., 2008, Conrady et a i,  

2013).

The crystal structure o f  the B domains o f  SasO has been solved and it revealed 

that the identical 0 5  domains form highly extended structures (fibrils) on the surface o f 

the cell (Oruszka et al., 2012). The extended SasO fibrils inhibit adherence to the 

extracellular matrix proteins fibrinogen, fibronectin and cytokeratin 10 when SasO is 

expressed at high-level S. aureus strains (Corrigan et al., 2007). This observation 

suggests that SasO may function to mask binding o f  other adhesins to extracellular 

matrix ligands, possibly as a method o f dissemination into tissue during certain stages 

o f infection.

1.3 Immune evasion mechanisms 

1.3.1 Complement

Complement is one o f  the first lines o f  defence in the human immune system. 

The complement system is composed o f a family o f  proteins and their proteolytic 

fragments that generate a specific and sequential cascade which aids in clearing foreign 

organisms from the bloodstream. This is achieved either by direct complement killing or 

targeting the foreign bodies for destruction by white blood cells. Complement fixation
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can occur by three distinct but c lo se ly  liked pathw ays, the classical, the lectin and the 

alternative pathways. A ll three pathw ays con verge upon the activation o f  the central 

com plem ent protein C3 (W alport, 2001a , W alport, 2001b).

The classica l pathway w as the first m ethod o f  com plem ent activation to be 

discovered. W hen circulating antibodies recogn ize surface antigens o f  an invading  

m icroorganism  they op son ise  its surface. The c lassica l pathway is activated w hen the 

C lq  m olecule recogn izes the antibody-antigen com plex. This causes the sequential 

activation o f  the serine proteases within the C lr 2 - C ls 2 com plex. A ctivated C ls  c leaves  

the C 4 m olecu le, releasing an N -term inal region o f  C 4, designated C4a. The major 

portion o f  C4 rem ains and is designated C4b. C 4b binds to C2 a llow in g c leavage by 

C ls  to release C2b. C4b retains the catalytically  active C 2a to generate the classical 

pathway C3 convertase C 4b2a (F ig  1.12i).

The lectin pathway o f  com plem ent fixation converges with the c lassica l pathway 

at the formation o f  the C3 convertase C4b2a. The lectin pathw ay is activated upon  

recognition  o f  carbohydrate m oieties on the surface o f  the m icroorganism  by m annose 

binding protein (M B P ) or ficolin . M BP is associated  with a serine protease (M B P- 

associated  serine protease or M A SP) w hich adopts a sim ilar structure and role to the 

C Ir 2 - C ls 2 Complex. M A SP cleaves C4 and C2 to generate the C3 convertase C 4b2a (F ig  

1.12ii).

The C3 convertase activates C3 by proteolytic c leaveage  generating C 3a and 

C3b. C 3a is an anaphylatoxin and is released upon cleavage o f  C3. This induces a 

conform ational change within the remainder o f  the m olecu le , C3b. In native C3 an 

internal thioester is buried within the m olecu le , this b ecom es surface exposed  in C3b  

w here it is free to  form covalently  linked co m p lex es w ith any nucleophile. This a llow s  

C 3b to opson ize the surface o f  ce lls  (F ig  1.12).

The alternative pathway is distinct from both the classica l and lectin pathway  

because it d oes not depend upon recognition o f  sp ec ific  structures on the surface o f  a 

foreign organism . C3 can be activated at a slow  rate in the fluid phase by proteolysis 

generating C 3b or nucleophilic attack o f  its internal thioester by sm all nucleophiles  

w ithout the loss o f  C 3a generating C 3(H 20) w hich has a m olecular conform ation sim ilar 

to C3b. C 3b or C 3(H 20) can form the C3 convertase o f  the alternative pathway by 

interacting w ith activated factor B. Factor B is activated by factor D  to generate factor
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Bb. Bb then interacts with activated C3 to generate C3bBb. In this way the alternative 

pathway can be initiated spontaneously. However, once it has been activated or C3b has 

been generated via the classical or lectin pathway the alternative pathway acts as an 

amplification loop to deposit more C3b on the foreign surface (Fig 1.12iii).

Inappropriate activation o f C3 in blood or on non-activating host cell surfaces is 

tightly controlled by members o f the regulators o f complement activation (RCA) 

family. The RCA family fulfills two main functions in the regulation o f complement. 

RCA proteins may either impair the generation o f  new C3b by accelerating the decay o f 

the C3 convertases or by acting as a cofactor for the serine protease factor I (FI). 

Members o f the RCA family are characterized by the presence o f  short consensus 

repeats denoted complement control protein (CCP) repeats. Each CCP repeat comprises 

~60 highly conserved residues which adopt a secondary structure composed mainly o f 

(3-sheets and turns. Four Cys residues form two disulphide bonds in a 1-3, 2-4 

arrangement (Ferreira et al., 2010).

Two important members o f  the RCA family which are found in the fluid phase 

are factor H (FH) and C4-binding protein (C4BP). Both proteins are made up almost 

exclusively o f CCP repeats and have both decay accelerating activity and factor 1 

cofactor activity. Factor H regulates complement activation specifically through its 

interaction with C3b. Factor H can accelerate the decay o f  all alternative pathways 

convertases. Furthermore, factor H recognises C3b when it is inappropriately deposited 

on non-activating host cell surfaces. Activation o f complement on host surfaces could 

cause significant damage to host tissue. Factor H recognises polyanionic host cell 

structures such as glucosaminoglycans in conjunction with C3b. It is unclear exactly 

how factor H activates factor I but it is thought that factor H first binds C3b, then factor 

1 binds the C3b-factor H complex (Fig 1.13) (Wu et al., 2009, Soames and Sim, 1997).

Factor H acts as a cofactor for factor 1 which cleaves the opsonin C3b, 

generating iC3b to release C 3f iC3b can be llirther degraded to C3c, C3dg and C3d. 

This alters both the conformation and binding affinity o f  C3b (Janssen et al., 2006). 

While iC3b is still recognized by receptors on the surface o f neutrophils it is no longer 

capable o f binding activated factor B to form the alternative pathway C3 convertase. As 

the alternative pathway acts as a positive amplification loop for all o f  the complement
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Figure 1.12 Activation o f  complement

(i) Recognition o f  antigen-bound IgG by C lq  triggers activation o f  the classical pathway. Activation o f  the C lr -C ls  serine protease complex 

results in cleavage o f  C4 and C2 to generate the C3 convertase C4b2a. (ii) The lectin pathway o f  complement activation is triggered by 

recognition o f  carbohydrate residues on the microbe surface by mannose binding lectin (MBL). MBL associated serine protease (MASP) cleaves 

C4 and C2 to generate the C3 convertase C4b2a. (iii) The C3 convertase o f  the alternative pathway is generated when C3b interacts with 

activated factor B (FB) in the presence o f  factor D (FD) to generate C3bBb. The cleavage o f  C3 results in fragments C3a and C3b. The 

chemoattractant C3a diffuses away while C3b is covalently linked to the cell surface. Accumulation o f  C3b results in the formation o f  C5 

convertases (C4b2aC3b, C3bBbC3b) that cleave C5 releasing the neutrophil chemoattractant C5a.
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Figure 1.13 Regulation o f complem ent fixation by factor H

Schematic o f  the regulation o f  C3b deposition on activating and non-activating surfaces. 

C3b inappropriately deposited on host cell surfaces is recognized by factor H in 

coordination with polyanionic host cell surface molecules. Facror I then recognizes the 

factor H-C3b complex and cleaves C3b to iC3b with the release o f  C 3 f Further 

degradation o f  iC3b to C3dg with the release o f  C3c can occur. C3b deposited on 

activating bacterial surfaces is bound by activated factor B (Bb) to generate the 

alternative pathway C3 convertase C3bBb. This readily converts C3 into more C3b to 

opsonize the bacterial surface generating the positive feed-back loop o f  the alternative 

pathway.



pathways, the generation o f a dead-end substrate stymies flirther opsonization of 

bacteria and subsequent phagocytosis (Walport, 2001a).

C4BP has both decay accelerating and factor 1 cofactor activities. Its binding 

specificity is for C4b allowing it to accelerate the decay o f the classical and lectin 

convertases. In its cofactor activity for factor I, C4BP promotes the cleavage o f  C4b at 

two sites on either side o f its thioester to yield C4c and C4d.

Factor I is a serine protease which regulates activation o f  the C3/C5 convertases 

in all three complement cascades. Factor I circulates in blood at a concentration o f 35 

fig/ml and is produced predominantly by hepatocytes but is also synthesised in 

monocytes and fibroblasts (Nilsson et al., 2010). Factor I is an 88 kDa multidomain 

glycoprotein comprising two chains, a heavy chain (50 kDa) and a light chain (38 kDa) 

which are linked by a disulphide bond. The serine protease activity o f factor I is located 

in the light chain. Little is known about the specific fiinctions o f the individual domains 

in the heavy chain. These have been named based upon their predicted structural 

similarity to other proteins (Tsiftsoglou et al., 2005). The crystal structure o f factor I 

has not yet been elucidated so the overall structure o f the protein is also unknown.

Opsonization o f the surface o f  an invading organism targets it for destruction by 

the cellular immune response, but complement can mediate direct killing o f  cells in the 

absence o f phagocytes. This is achieved by formation o f  the membrane attack complex 

(MAC). C5 is activated by the C5 convertases C4b2aC3b or C3bBbC3b to form C5a 

and C5b. C5a is the most potent anaphylatoxin in the complement cascade. Generation 

o f C5b initiates the assembly o f the MAC. C5b binds to C6, C7 and C8 in a sequenial 

order. C5b-8 has membrane binding and weak cytolytic activity, however its main role 

is to recruit C9 and act as a cayalyst for C9 polymerisation. This yields the C5b-9 MAC 

which is highly cytolytic. C5b-9 forms a transmembrane channel which is capable of 

disrupting phospholipid bilayers o f target cells resulting in cell swelling and lysis. Due 

to its thick peptidoglycan cell wall, S. aureus is resistant to direct complement killing. 

The MAC is active mainly against Gram-negative cells and host cells targeted for 

destruction.
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1.3.1.1 Modulation o f complement activation by S. aureus

1.3.1.1.1 Secreted factors that modulate complement activation

The staphylococcal complement inhibitor (SCIN) protein o f  S. aureus is a 9.8 

kDa secreted protein which is expressed during the early exponential growth phase o f 

bacteria (Rooijakkers et al., 2005, Rooijakkers et al., 2006). SCIN is encoded by the S. 

aureus pathogenicity island 5 (SaPI5) (van Wamel et al., 2006). SaPI5 encodes the 

genes for several human specific secreted immune evasion factors including the 

chemotaxis inhibitory protein (CHIPS) and staphylokinase (de Haas et a l ,  2004, 

Gladysheva et al., 2003) SCIN specifically modulates human complement activation 

through interactions with the C3 convertases o f the classical and alternative pathway. In 

this way SCIN can inhibit all three complement pathways.

In their normal biological functions the C3 convertases are transiently active. 

Dissociation o f  the convertase allows C4b and C3b to act as cofactors for future 

convertases. SCIN stabilises the C3 convertases preventing the dissociation o f  C2a and 

Bb and can form stable C3bBb:SCIN dimers (Rooijakkers et at., 2005, Rooijakkers et 

al., 2009). By alterning the stability o f  the convertase SCIN blocks the amplification 

loop preventing further complement activation. This inhibits deposition o f  the serum 

opsonin C3b on the bacterial cell surface, tbrniation o f the C5 convertase and 

generation o f the potent chemoattractant C5a ultimately inhibiting phagocytosis o f S. 

aureus by human neutrophils (Rooijakkers et al., 2005).

S. aureus encodes two 9.8 kDA secreted SCIN homologs SCIN-B and SCIN-C. 

Both SCIN-B and SCIN-C inhibit opsonisation, complement-mediated phagocytosis 

and all three complement pathways (Jongerius et al., 2007). Opsonisation o f S. aureus 

in the presence o f  SCIN-B and SCIN-C results in increased levels o f bacterial cell 

surface-bound C2a and factor Bb. This suggest that SCIN-B and SCIN-C act to stabilise 

the C3 convertases preventing the release o f C2a and factor Bb (Jongerius et al., 2007).

Staphylokinase (SAK) is a secreted protein with potent anti-opsonic activity. 

Host plasminogen can deposit on the surface o f invading bacteria. SAK binds and 

activates surface-bound plasminogen into plasmin, a potent serine protease. Deposition 

o f plasmin on the bacterial surface results in cleavage o f  IgG and C3b. Destruction o f 

opsonins inhibits phagocytosis in vitro (Rooijakkers et al., 2005).
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Extracellular fibrinogen-binding protein (Efb) and extracellular complement- 

binding protein (Ecb) are small secreted proteins which can modulate the alternative 

pathway convertase by binding to the C3 molecule directly (Jongerius et a l ,  2007). 

Both proteins bind the C3d thioester-containing domain o f C3. Binding to C3d results in 

a conformational change in the C3 molecule that renders it unable to be activated by 

proteolytic cleavage ofC3a (Hammel et al., 2007).

The metalloprotease aureolysin cleaves C3 in the fluid phase generating 

functional derivatives similar to C3a and C3b blocking all three complement pathways. 

This inhibits complement-mediated phagocytosis o f the bacteria by preventing C3b 

deposition on the bacterial cell surface. In serum the C3b-like derivative is then 

degraded by factor H and factor I. This results in inhibition o f C5a formation as there is 

no C3b available to form the C5 convertases. Aureolysin was also shown to inhibit C3a- 

mediated neutrophil activation by cleaving C3a into an inactive derivative referred to as 

C3a' (Laarman et al., 2011).

1.3.1.1.2 Surface proteins that modulate complement

Protein A binds the Fc region o f IgG inhibiting its recognition as an opsonin by 

C lq  and inhibiting activation o f the classical pathway. Similarly, Sbi binds IgG in a 

non-immune manner inhibiting classical pathway activation. Although protein A is 

covalently attached to the cell wall and Sbi is anchored non-covalently to lipoteichoic 

acid high levels o f secreted protein A and Sbi have been reported (Smith et al., 2012). 

In addition to its role in antibody binding Sbi can also modulate complement activation 

by binding C3.

Domains D3 and D4 o f Sbi bind to the central complement protein C3 (Burman 

et at., 2008). SbiD3D4 binds to C3 through its thioester-containing C3d domain, which 

is also present in C3b (Burman et al., 2008). Incubation o f  recombinant SbiD3D4 in 

serum results in the formation o f a SbiD3D4:C3b adduct (Burman et al., 2008). This is 

proposed to provide a platform for the assembly o f  the alternative pathway C3 

convertase, C3bBb, that is transiently resistant to decay by factor H. This is thought to 

lead to the fluid phase consumption o f  C3 (Isenman et al., 2010). By titrating the C3 

convertase o f the alternative pathway SbiD3D4 can inhibit activation o f  all three 

complement pathways by stymying the crucial amplification loop.
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Recently CNA has been shown to inhibit activation o f  the classical pathway by 

binding to the C lq  molecule. The C lq  molecule recognises antibodies on the surface o f  

an invading organism. C lq  forms a bouquet structure made up o f  six identical 

heterotrimeric proteins which contain collagen-like triple helix structures in the stalk 

region. CNA can bind to the collagenous domain o f  C lq  and displace the C lr 2-C ls 2 

com plex inhibiting activation o f  the C3 convertase by the classical pathway (Kang et 

a/., 2013).

In recent years, cell wall-associated proteins o f  S. aureus have been identified 

which directly modulate the activation o f  complement regulatory proteins. Direct 

manipulation o f  members o f  the RCA family was previously observed in m eningococci 

and group A streptococci. N eisseria meningitidis expresses a surface protein capable o f  

binding to complement factor H. This reduces opsonisation o f  N. meningitidis and 

prevents complement mediated killing (Jongerius et al., 2013). Streptococcus pyogenes  

expresses a multifunctional M protein which is com posed o f  two polypeptides which 

form an a-helical coiled-coil structure on the surface o f  the cell. M proteins can bind 

factor H and C4BP, limiting deposition o f  C4b and C3b on the surface o f  the cell and 

promoting resistance to phagocytosis (Laarman et al., 2010).

In addition to its role in fibrinogen adhesion ClfA has been shown to bind and 

activate complement factor T ClfA binding to factor I promotes cleavage o f  the opsonin 

C3b to iC3b (Hair et al., 2010, Hair et al., 2008). Although iC3b can still be recognised  

as an opsonin by phagocyte receptors it can no longer act as a cofactor in the alternative 

pathway C3 convertase, or the C5 convertase o f  any pathway. This inhibits further C3b 

generation and opsonisation. However, the exact location within ClfA responsible for 

factor I adherence and the mechanism o f  factor 1 activation have not yet been 

elucidated.

SdrE has been shown to bind the RCA protein factor H (Sharp et al., 2012). 

Bound factor H was capable o f  activating factor 1, promoting cleavage o f  C3b to iC3b. 

Expression o f  SdrE from the surrogate host Lactococcus lactis enhanced recruitment o f  

FH with a concomitant increase in iC3b generation. Furthermore, surface expression o f  

SdrE led to a reduction in deposition o f  C3-fragments, less C5a generation, and reduced 

killing by polymorphonuclear cells. The RCA protein C4BP has been shown to be 

recruited by the surface o f  S. aureus. However, its binding partner is not yet known 

(Hair et al., 2012).
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1.3.2 Inhibition o f  neutrophil migration

In order to exit the blood stream, neutrophils initiate a process known as 

neutrophil rolling. The P-selectin glycoprotein ligand-1 (PSGL-I) located on the surface 

o f circulating neutrophils binds to P-selectin which is present on the surface o f 

endothelial cells during inflammation. S. aureus secretes two proteins which directly 

inhibit neutrophil rolling, staphylococcal superantigen-like (SSL) 5 and SSLII .  Both 

secreted proteins bind to PSGL-1. This inhibits PSGL-I binding to P-selectin in vitro 

and prevents neutrophil rolling on activated endothelial cells (Fig 1.14) (Bestebroer et 

al., 2007).

After neutrophil rolling the next major step in neutrophil migration targeted by 

S. aureus is transmigration across the endothelial cells which line blood vessels. 

Intercellular adhesion molecule-1 (ICAM-I) on the surface o f endothelial cells is bound 

by the (3-integrins Mac-1 and leucocyte function associated antigen-1 (LFA-1) present 

on the surface o f the leucocytes shortly before transmigration. The S. aureus 

extracellular adherence protein (Eap) can bind to ICAM-1 and block the interaction 

with LAF-1. This reduces neutrophil tight attachment to endothelial cells and 

subsequent transmigration through the blood vessel (Chavakis et al., 2002).

Neutrophils migrate to the site o f infection by detection o f a chemoattractants. 

Invading bacteria generate chemoattractants such as formyl peptides and the 

anaphylatoxins C3a and C5a (Gasque, 2004), but can inhibit their detection and inhibit 

migration o f  neutrophils. The chemotaxis inhibitory protein o f  S. aureus (CHIPS) is a 

14.1 kDa secreted protein that is expressed during the early exponential growth phase o f 

the bacteria (de Haas et al., 2004, Rooijakkers et al., 2006). Similar to SCIN, CHIPS is 

encoded on SaPI5 and is found in over 60% o f clinical isolates (van Wamel et al., 

2006). CHIPS inhibits chemotaxis by binding directly to the C5a receptor (C5aR) and 

the formylated peptide receptor (FPR). This blocks the normal binding o f  C5a and 

formylated peptide which induce phagocyte activation and chemotaxis (Postma et a l,  

2004). CHIPS has been shown to reduce neutrophil recruitment towards C5a in a 

mouse peritonitis model. However, similar to the secreted complement modulator 

proteins CHIPS is significantly more active against human cells then mouse cells (de 

Haas et al., 2004). A related protein, FLIPr is secreted by S. aureus. FLIPr binds to the 

formyl peptide receptor like-1 (FPRL-I) receptor on neutrophils inhibiting recognition 

o f formyl peptides (Fig 1.14).
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1.3.3 Resistance to phagocytosis

S. aureus utilizes multiple cel! wall-associated proteins to avoid phagoc)4osis by 

human leucocytes. Protein A and Sbi both bind IgG in a non-immune manner. Sbi, 

ClfA, SdrE and other as yet unidentified surface proteins modulate complement 

activation. External to the cell wall secreted proteins modulate complement activation, 

neutrophil extravasation and chemotaxis.

1.3.3.1 Capsule

Capsular polysaccharide is produced by -70%  o f  S. aureus clinical isolates 

(Roghmann et al., 2005, O'Riordan and Lee, 2004). There are 11 distinct serotypes o f  

capsule. However, serotypes 5 and 8 are expressed by the majority o f  isolates. 

Expression o f  capsule is associated with increased virulence in animal infection models 

and reduces phagocytosis in vitro (Luong and Lee, 2002, Thakker et al., 1998). 

Expression o f  capsule hinders opsonisation by inhibiting antibody binding to the S. 

aureus cell surface (Thakker et al., 1998). Furthermore, expression o f  capsule prevents 

recognition o f  complement components which are assembled beneath the capsule layer 

by phagocyte complement receptors (Cunnion et al., 2003).

1.3.3.2 Biofllm

S. aureus can form a dense multi-cellular structure or biofilm which protects it 

from phagocytosis. The first step in biofilm formation is initial attachment. Once 

inserted, implanted medical devices rapidly become coated in host proteins such as 

fibrinogen and fibronectin. Surface proteins can mediate attachment to pre-conditioned 

surfaces. AtlE can mediate initial attachment to an uncoated surface (Heilmann et al., 

1997). The second step in biofilm formation is the accumulation step. Proteinacious 

biofllms can form when cell wall associated proteins form protein-protein interactions 

between opposing cells. Autolysis o f  bacterial cells results in release o f  bacterial DNA. 

Extracellular DNA (eDNA) is viscous and aids in intercellular adhesion. S. aureus can 

also form a polysaccharide dependent biofilm where cells are held together by the 

polysaccharide intracellular adhesion, a charged polymer comprising |3-1, 6-linked N- 

acetylglucosamine (PNAG) encoded by the ica locus. Expression o f  PNAG promotes 

resistance to antimicrobial peptides and reduces uptake and killing o f  S. aureus by 

neutrophils (Vuong et al., 2004, Kropec et a l ,  2005).
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N e u t r o p h i l  in tegr i ty

Figure 1.14 Inhibition o f  neutrophil migration by S. aureus

Invading bacteria generate the chemoattractants such as formyl peptides, C3a, and C5a 

that stimulate the migration o f neutrophils to the site o f  infection. Each chemoattractant 

diffuses away from the bacteria creating a concentration gradient along which 

neutrophils migrate, guiding them to the site o f infection. To inhibit migration, S. 

aureus secretes proteins that specifically block (i) neutrophil rolling (SSLS and SSLl 1) 

(ii) tight adherence and transmigration (Eap) and (iii) detection o f and migration along 

the chemotactic gradient, (CHIPS, FLlPr and staphopain A). Upon arrival secreted 

PSMs, y-toxin and PVL damage neutrophil membrane integrity causing lysis. S. aureus 

is poorly opsonised/opsonins are poorly recognised by neutrophils because o f surface 

elaboration o f  capsule, ClfA and protein A. Expression o f  ClfA, SdrE and SAK results 

in degradation o f  surface opsonins. Expression o f SCIN, Ecb, Ecf and aureolysin inhibit 

the activity o f the complement convertases inhibiting opsonization.



1.3.3.3 Cytolytic pore forming toxins

The elaboration o f cytolytic pore forming toxins contributes to the development 

o f abcesses by killing neutrophils which are attempting to engulf and kill bacteria at the 

site o f infection. Cytolytic toxins act by forming [3-barrel pores in the cytoplasmic 

membrane o f target cells. This causes leakage and ultimately lysis o f  the cell.

The archeytypal cytolytic toxin o f S. aureus is a-haemolysin, encoded by the hla 

gene, a-haemolysin recognizes the membrane associated metalloprotease 10 (ADAM- 

10) on the surface o f human erythrocytes, a-haemolysin is secreted as a monomer but 

associates into a heptamer, forming a (3-barrel. ADAM-10 coordinates formation o f  the 

P-barrel in the cytoplasmic membrane (Inoshima et a i, 2011).

The second class o f cytolytic toxin expressed by S. aureus are the bi-component 

leucotoxins. These are secreted as two distinct subunits which assemble on the 

leucocyte membrane to form a single heptameric pore. There are four types o f 

bicomponent leukotoxin, y-haemolysin, Panton-Valentine leucocidin (PVL), leukocidin 

E/D and leukocidin M/F-PV-like toxins, y-haemolysin is capable o f  lysing both 

erythrocytes and leukocytes while PVL is toxic only for leukocytes (Menestrina et a i, 

2003).

PVL is encoded by the lukPV genes and is associated with CA-MRSA strains. 

CA-MRSA strains have emerged which cause severe contagious skin infections and 

severe nectotising pneumonia in young and previously healthy individuals. PVL was 

initially associated with these cases. However, not all MRSA strains which cause such 

diseases produce PVL and the role o f  PVL as a virulence factor has become 

controversial (Gillet et al., 2002, Lina et al., 1999, Moroney et a i,  2007, Voyich et a i, 

2006, Brown et a i,  2009). This controversy stems from the fact that PVL is highly 

specific for human polymorphonuclear leukocytes and fails to bind to and lyse murine 

or primate PMNs, although it is active against rabbit PMNs. Expression o f  PVL 

enhanced the ability o f the epidemic CA-MRSA strain, USA300, to cause lung 

inflammation and injury in a rabbit model o f necrotising pneumonia. PVL contributed 

to the virulence o f  USA300 by recruiting and lysing polymorphonuclear leukocytes 

which damage the lung by releasing their cytotoxic granule contents (Diep et a i, 2010).

The third class o f  cytolytic toxin are the phenol soluble modulins (PSMs). These 

cytolytic peptides were originally discovered in 1999 but more recently their role in
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lysis o f red and white blood cells and stimulation o f the inflammatory response has been 

highlighted (Mehlin et a i ,  1999, Peschel and Otto, 2013). There are three groups of 

PSM. The smaller a-type (PSMa), the larger (3-type (PSMP) and the 8-type (PSM8) 

which is encoded within the coding region for RNAlll, the effector molecule for the 

accessory gene regulator system (Agr system). PSMs are also found in S. epidermidis 

and related molecules such as slush peptides are found in S. liigdimensis (Donvito et a i,  

1997).

Unlike a-toxin or the bi-component leukotokins PSMs are thought to cause lysis 

o f target cells in a receptor independent process. The receptor for PSMs on neutrophils 

is formyl peptide receptor 2, although this is not necessary for cytolysis (Kretschmer et 

a i,  2010). Insetead PSMs are thought to bind cell membranes and disrupt their integrity 

at high peptide cocentrations. This allows them to target almost every eukaryotic 

membrane. PSMs have differential cytolytic activity. PSMa peptides play an important 

role in virulence o f S. aureus skin infections and bacteraemia in animal infection 

models (Surewaard et a i,  2013). PSMa peptides display the highest level o f  cytolytic 

activity in animal infection models, PSM8 display moderate cytolytic activity while 

PSM(3 display no cytolytic activity. The receptor for PSMs on neutrophils is formyl 

peptide receptor 2 (Kretschmer et al., 2010). PSMs are thought to damage neutrophils 

from within because their toxic activity is neutralized in serum (Surewaard et al., 2013). 

PSMs have also been shown to facilitate the detachment o f cells from biofilm (Wang et 

al., 2011).

1.3.4 Survival o f uptake by neutrophils

When phagocytic cells are activated or lysed they release chromatin and granule 

contents to form neutrophil extracellular traps (NETs). These provide a net to trap and 

kill bacteria extracellularly. S. aureus expresses a thermostable extracellular DNase 

which degrades the NETs and allows bacteria to survive in the presence o f neutrophils 

(Berends et al., 2010). In addition to its ability to evade opsonophagocytosis and lyse 

white blood cells, S. aureus had developed mechanisms to survive once phagocytosed.

1.3.4.1 Resistance to antimicrobial peptides and bactericidal proteins

S. aureus modifies its teichoic acids and membrane phospholipids to increase 

the net positive charge on the surface o f the cell. The S. aureus dlt operon (dltABCD) is 

is responsible for the addition o f D-alanine residues to WTA and LTA (Peschel et al..
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1999) while MprF catalyses the modification o f  membrane phosphatidylglycerol with 

L-lysine residues (Peschel et a i, 2001). This counteracts the negative charge o f cationic 

antimicrobial defensin peptides which are secreted into the phagosome.

Both aureolysin and staphylokinase (SAK) have potent anti-defensin activity. 

During lung infections, the defensin cathelicidin is present on the airway epithelial 

surfaces prior to inflammation. One molecule o f SAK can bind up to six defensin 

molecule peptides sequestering the defensins away from the cell (Jin et a i ,  2004). 

Aureolysin can cleave and inactivate cathelicidin LL-37 contributing to in vitro 

resistance to this peptide (Sieprawska-Lupa et al., 2004).

Lysozyme and lactoferrin are bactericidal proteins and two important 

components o f the innate defense agains bacterial infection. S. aureus encodes a 

membrane bound 0-acetyltransferase which confers resistance to lysozyme by 

modifying the C6 hydroxyl group o f muramic acid (Bera et a l ,  2005). Lactoferrin is 

bound and neutralized by IsdA, protecting S. aureus from its bactericidal effects (Clarke 

and Foster, 2008).

1.3.4.2 Resistance to oxidative and nitrosative stress

Engulfment o f S. aureus triggers an oxidative burst by activating phagosome 

oxidase. The golden carotenoid pigment o f S. aureus has anti-oxidant activity by 

scavenging and forming adducts with oxygen free radicals. Reactive oxygen species 

damage proteins by oxidizing sulphur in methionine to methione sulphoxide. S. aureus 

encodes two superoxide dismutases sodA and sodM  which remove oxygen free radicals 

(Karavolos et al., 2003) and three methionine sulphoxide reductases (Singh and 

Moskovitz, 2003).

NO' radicals are highly toxic because they modify a variety o f compounds 

including haemoglobin and cytochrome C by oxidizing the ferrous haem to its ferric 

form. S. aureus expresses o f an NO'-inducible lactate dehydrogenase (Ldh) to 

counteract reactive nitrogen species (Richardson et al., 2008).

The adsA gene o f  S. aureus encodes an adenosine synthase (AdsA) which is 

expressed on the bacterial cell surface. Adenosine regulates innate immune responses 

and suppresses production o f  superoxides and nitric oxide. Elaboration o f  a cell surface 

adenosine synthase supports bacterial survival within the phagosome (Thammavongsa 

et al., 2009).
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1.4 Vaccination strategies for the prophylactic and therapeutic treatment o f  

S. aureus

There is considerable interest in developing an effective vaccine for S. aureus 

due to the fact that it has developed resistance to every antibiotic introduced into 

clinical practice (Chambers and Deleo, 2009). The ideal vaccine candidate should be 

present in all strains in vivo, either on the surface o f the cell or a secreted factor 

(Spaulding et al., 2014) and be highly immunogenic with no antigenic variation. 

Furthermore, the ideal candidate vaccine should trigger both opsonising antibodies and 

immunological memory. Numerous attempts have been made to generate both 

prophylactic and therapeutic vaccines by passive and active immunization strategies 

(Table 1.2). No vaccine for S. aureus has successfully met its endpoints in clinical trial, 

despite apparent success in pre-clinical studies. The search for a successful S. aureus 

vaccine is complicated by the pleothora o f immunomodulatory factors expressed by S. 

aureus and a dearth o f knowledge on the correlates o f protection from S. aureus in 

humans.

Colonization or natural infection with S. aureus rarely promotes functional 

opsonophagocytic antibodies in humans and does not induce immunological memory. 

Furthermore, people with defects associated with antibody production are not at an 

increased risk o f  acquiring an S. aureus infection (Jansen et al., 2013). Therefore, there 

is considerable scepticism as to whether antibodies against S. aureus will induce 

protection against infection (Hawkins et al., 2012, Bagnoli et al., 2012). Investigation o f 

the correlates o f  protection against S. aureus infection is complicated by the fact that S. 

aureus is highly adapted to the human host. Host adaptation means that there is no 

preclinical animal model o f  infection which fully replicates the natural infection process 

in humans due to differences in host proteins. In addition, a high challenging dose o f 

bacteria is necessary to produce disease in a non-human host.

Although the most effective way to mount a protective immune response for S. 

aureus is not clear, it is apparent that functional neutrophils are crucial. Individuals who 

are immunocompimised such as AIDS patients, or those with neutropenia or impaired 

neutrophil function are at an increased risk o f S. aureus infection. In recent years it has 

become evident that an effective S. aureus vaccine will likely need to induce both T cell 

and R cell responses to provide flill protection. Antigen specific T cells are crucial for
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Table 1.2 Summary’ o f vaccination strategies
Vaccine Name 
/M anufacturer_________
StaphVAX,NABI

Veronate, Inhibitex(BMS) 

Pagibaximab, Biosynexus

V710, Merck/Intercell

PF-06290510, Pfizer 

PVL/a-toxin, NABl/GSK

Composition

Capsular polysaccharide 
5&8 conjugated to 
Pseudomonas aeruginosa 
exotoxoin

Enriched serum from 
unvaccinated subjects

Anti-LTA

IsdB

conjugated capsular 
polysaccharide 5&8, 
ClfA, and MntC. 
Panton-Valentine 
Leukocidin toxoid Alpha 
toxin

Problems/Limitations Status References

Single antigen approach Phaselll complete
Failed to reach primary endpoints

Antibodies made through natural 
exposure are not functional 
Neonates do not have a mature 
immune system 
No efficacy seen

Lipoteichoic acid may not be 
accessible to antibody 
Neonates do not have a mature 
immune system 
No efficacy seen

Single antigen vaccine
Did not generate
opsonophagocytic killing
antibodies
No efficacy seen
TBD, problem o f  protein A not
addressed

Phaselll complete

Phasell/HI complete

Phasel/II/lII
complete;terminated

Phasel!

TBD, problem o f  protein A not 
addressed

Phasel complete

N C T0007I2I4  
(Shinefield et 
al., 2002)

N C T 0 0 II3 I9 I  
(Vernachio ei 
a i,  2003; 
(Kaufman. 
2006)

NCT00646399 
(Daum and 
Spellberg, 
2012)

NCT005I8687 
(Kuklin et al., 
2006)

NCT0I64394I 
(Hawkins et al., 
2012)
NCTOIOI1335



Unnamed, GSK

Unnamed, Novartis

SA75, Vaccine International 
Research

Tetravalent vaccine; 
components not 
disclosed, adjuvanted 
withGSK2392102 
Tetravalent vaccine; 
components not 
disclosed but are all 
proteins, no adjuvant 
Whole cell vaccine

SAR279356, Sanofl PNAG

Altastaph. NAB I

Aurexis. Inhibitex

Immune serum from 
subjects vaccinated with 
StaphVAX 
Anti-ClfA mAb

Medi4893, Medlmmune Anti-a toxin mAb
LLC

KBSA301, Kenta Biotech Alpha toxin

TBD, problem o f  protein A not Phasel 
addressed

NCTO1160172

Protein antigens have not been Phasel
reported to induce robust 
opsonophagocytic killing 
antibodies
Immunisation with whole-cell S. Phasel
aureus vaccines may not induce 
protective antibodies.
Single antigen target. Phasell; terminated
Antibodies and effector cells may 
not effectively penetrate pre­
existing biofilm layer.

Single antigen target. Phasel; terminated

Immune serum from StaphVax
Single antigen target. Phasell

Monoclonal antibodies are not as 
effective as pAbs.
Prevents binding fibrinogen 
binding, not bactericidal

Single toxin target. Phasel

NCTO 1389700

NCT00066989

NCTOO198289 
NCTOO198302 
(Bubeck 
Warden burg 
and
Schneewind,
2008)
NCTO 1769417

Single antigen target Phasel/II suspended NCT01589185



Staph) ban, Berne

Aurograb, Novartis/Neutec 
Pharma

Whole cell vaccine 
Alpha toxin toxoid

F(ab) against ABC 
transporter YkpA 
Vancomycin

•  Secreted toxin, does not directly 
kill organism.

•  Infection already established
•  Immunization with whole-cell S. 

aureus vaccines may not induce 
protective antibodies.

•  Infection already established.
•  Single antigen target.
•  F(ab) only blocks transporter 

function.
•  No Fc portion to facilitate uptake 

and killing.

Small
investigational trial

Phaselll; terminated NCT002I784I

Clinical trial references can be accessed at www.ClinicalTrials.gov



generating an optimal antibody response and Thl7 cells can enhance neutrophil 

function potentially increasing bacterial clearance. Adjuvants which can successfully 

stimulate cell mediated immunity as well as promoting an effective humoral immune 

response will be needed for an efficacious S. aureus vaccine.

Expression o f protein A on the surface o f  S. aureus presents a major barrier to 

its etYective opsonisation and subsequent phagocytosis. Recently a variant o f protein A 

containing four key substitutions in each o f  the binding domains resulting in failure to 

bind IgG or IgM was generated (SpaKKAA). S. aureus expressing the SpaKKAA 

variant was phagocytosed and elicited B cell responses against important virulence 

factors protecting mice against a lethal challenge with S. aureus. Furthermore, mice 

vaccinated with S. aureus expressing the SpaKKAA variant were protected against 

subsequent challenge with USA300. This study demonstrates that an effective antibody 

response can be mounted against S. aureus and that the immunomodulatory effects o f 

protein A can be circumvented (Falugi et al., 2013).

A summary o f the clinical trials for vaccines against S. aureus is presented in 

Table 1.2. Although previous attempts at vaccine construction have failed important 

information can be derived from these failures. It is clear the single antigen approach 

adopted by many vaccines including StaphVAX (capsular polysaccharide) and Mercks 

V710 (IsdB) may not be sufficient. Strain variation and functional redundancy make 

single antigens weak targets. Furthermore, immunization with multiple candidate 

antigens is more protective that vaccination with a single antigen (Stranger-Jones et al., 

2006).

Although the efficacy o f  a humoral response has been questioned in recent years 

it is perhaps more appropriate to question the type antibody response being elicited. 

Generation o f  an antibody response that is not flinctional and does not elicit 

opsonophagocytic killing is not sufficient. This is exemplified by Veronate a 

formulation o f enriched serum from unvaccinated subjects. Natural exposure to S. 

aureus does not generate functional antibodies and Veronate was deemed to have no 

efficacy in Phase 111 trials. Furthermore, unless the activity o f protein A is inhibited 

passive immunization with antibodies directed against S. aureus is unlikely to be 

successful. This is demonstrated by the failures o f  Aurexis, Pagibaximab and Altastaph.
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In addition to a more critical approach to vaccine design it has been suggested 

that similar consideration should be put into the cohort to be vaccinated (Jansen et al., 

2013). In the past groups at high risk o f  S. aureus infections such as hemodialysis 

patients and neonates have been selected. Although these cohorts are at high risk o f  S. 

aureus infection, their underlying morbidity and mortality rates and underdeveloped 

immune system complicate our further understanding o f  the correlates o f  protection 

against S. aureus infection in healthy humans. Hemodialysis patients are 

immunocomprimised and undergo regular dialysis which may deplete antibodies 

generated to prevent infection. Passive vaccination with Veronate and Pagibaximab was 

performed on neonates, but it has been suggested that any protective effect may have 

been limited by the ability o f  the neonates immature immune system to use the 

antibodies supplied to them. It has been suggested that a more appropriate vaccination 

cohort would be healthy adults undergoing elective surgery (Jansen et al., 2013). Such a 

study may provide valuable insights into what mediates effective S. aureus protection, 

before vaccination strategies are developed to protect more high risk and 

immunocompromised individuals.

1.5 Rationale and aims o f  this study.

The MSCRAMM family o f  proteins are the most abundant o f  surface proteins in 

S. aureus. This family encompasses some o f  the most important adhesins and immune 

evasion molecules expressed by S. aureus. All M SCRAM M s o f  S. aureus contain an A 

region with an N123 substructure followed by a long, flexible unstructured repeat 

region, with the exception o f  CNA. In all such proteins the N1 subdomain lacks 

predicted secondary structure and is not predicted to be involved in ligand binding. 

With no discernible structure or ligand binding function it is unclear why the N1 

subdomain is retained by the MSCRAMM family.

The aim o f  this project was to investigate the role o f  the N1 subdomain. ClfA is 

the archetypal fibrinogen binding MSCRAMM. For this reason the N1 subdomain o f  

ClfA was investigated as the prototypical N1 subdomain. The first aim o f  this study was 

to investigate the role o f  the N1 subdomain on the surface o f  S. aureus in the biological 

functions o f  ClfA. To achieve this ClfA variants lacking most o f  the N1 subdomain 

were expressed on the surface o f  S. aureus in a controlled manner. ClfA variants 

lacking N 1 were examined for their ability to promote binding to the two known ligands 

o f  ClfA and to promote survival in whole human blood.
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The second major aim o f this project was to identity why MSCRAMMs retain 

an N1 subdomain. This study investigated the importance o f the NI subdomain in 

growth and colony formation o f S. aureus and identified a new and previously 

undocumented role for this region in surface expression ofClfA. Through the controlled 

expression o f ClfA variants lacking most o f N l on the surface o f S. aureus this study 

identified the specific region required for surface expression. Furthermore this study 

investigated why MSCRAMMs require subdomain N l in addition to the signal 

sequence for appropriate surface elaboration. The study was expanded to encompass a 

second MSCRAMM, FnBPB allowing the proposal o f a universal function for 

subdomain N 1.

The third aspect o f this study investigated the interaction between 

staphylococcal surface proteins and complement regulatory proteins. Initially the 

interaction between ClfA and human complement factor 1 was investigated. 

Recombinant ClfA A regions, individual subdomains and variants with reduced affinity 

for fibrinogen were examined in an attempt to identity the binding site for factor 1. 

ClfA-factor 1 binding assays were performed to determine the nature o f the ClfA-factor 

1 interaction. Furthermore, attempts to identify potential co-factors for the ClfA-factor 1 

interaction were made. The study was then expanded to demonstrate that several 

staphylococcal surface proteins are capable o f binding complement regulatory proteins 

including factor H and C4BP.
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Chapter 2 

Materials and Methods



2.1 Bacterial culture conditions and reagents

Strains used in this study are listed in Table 2.1. S. aureus was grown on 

trypticase soy agar or broth (TSA, TSB, Oxoid) or RPMI 1640 with shaking (200 r.p.m)
o

at 37 C. For expression studies stationary phase cultures were diluted 1:100 in brain 

heart infusion broth (BHI, Difco), grown to an ODeoo o f 0.5 and induced with 

anhydrotetracycline (ATc) for 2 h at 37 C. In order to mimic in vivo growth conditions, 

S. aureus strains were grown to stationary phase in RPMI 1640 medium (Sigma). 

RPMI medium is an iron deficient medium which was originally designed for the 

culture o f human leukocytes (Moore et a i ,  1967). Starter cultures were grown 

overnight at 37 °C in RPMI and diluted in fresh RPMI containing ATc to an ODeoo 

0.05. Strains were then grown at 37 °C with shaking (200 rpm). E. coli strains were
o

cultured on Luria agar or broth (Difco) at 37 C. L. lactis strain MG1363 (pKS80) were 

cultured in M l7 medium (Difco) containing 0.5% (v/v) glucose at 28 °C. Antibiotics 

were incorporated into media where appropriate at the following concentrations: 

ampicillin (Ap) 100 |J.g/ml, chloramphenicol (Cm) 10 |ig/ml, erythromycin (Em) 10 

^ig/ml, kanamycin (Ka) 50 |ig/ml, anhydrotetracycline (ATc) 100 -  1200 ng/ml. Unless 

otherwise stated all reagents were obtained from Sigma.

2.2 DNA Manipulation

DNA manipulations were performed using standard methods (Sambrook, 1989). 

Restriction endonucleases were purchased from New England Biolabs and Finnzyems 

and were used according to the manufacturers’ instructions. DNA ligase was purchased 

from Promega. DNA sequencing was carried out by MSC Operon or GATC-Biotech.

2.2.1 Isolation o f  plasmid and genomic DNA

The plasmids used in this study are listed in Table 2.2. Plasmid DNA was 

isolated using the Wizard® Plus SV Miniprep kit (Promega) according to the 

manufacturer’s instructions. DNA purification was carried out using the Wizard® SV 

Gel and PCR Clean-up System (Promega). Genomic DNA was prepared using 

Bacterial Genomic DNA purification kit (Edge BioSystems) according to the 

manufacturer’s instructions. 200 |J.g/ml o f lysostaphin was added to digest cell wall 

peptidoglycan to facilitate extraction o f plasmid and genomic DNA from S. aureus.
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2.2.2 Polymerase chain reaction

Polymerase Chain Reaction (PCR) amplification was carried out in a DNA 

thermal cycler (Techne or PIKO). Reactions were typically carried out in 50 |il 

volumes using 1 U Phusion™ Hot Start DNA polymerase in Phusion HF buffer or Phire 

Hot Start DNA polymerase in Phire buffer (Finnzymes). Plasmid DNA (10 ng) or 

genomic DNA (25 ng) were used as templates for PCR. Primers and dNTPs (Bioline) 

were used at final concentrations o f 2 |iM and 200 |o,M, respectively. Primers were 

purchased from Integrated DNA Technologies and are listed in Table 2.3. Initial 

denaturation was carried out at 98 °C (30 s) followed by 30-35 cycles o f denaturation 

(10 s) at 98 °C, 20 s annealing (temperature dependent on primer used) and extension at 

72 °C. When amplifying plasmid DNA, an extension time o f  15 s/1 kb DNA was used. 

For high complexity genomic DNA a longer extension time was used (30 s/kb). A final 

extension step was carried out at 72 °C for 5 min. PCR products were purified using 

Wizard SV gel and PCR clean-up system (Promega).

2.2.3 Agarose gel electrophoresis

1-1.5 % agarose was dissolved by boiling in TAE buffer (Invitrogen), cooled to 

65 °C and cast in mini trays (Life Technologies). DNA samples in loading buffer 

containing an elecrophoretic dye were pipetted into wells and DNA size markers 

(Bioline) were loaded to confirm the size in base pairs. Electrophoresis o f samples was 

routinely performed at 90 V. Gels were bathed in ethidium bromide for 10 min, washed 

and viewed under UV light. Gel images were analysed using Alpha Imager^w software.

2.2.4 Strain construction

Bacterial strains used in this study are listed in Table 2.1. Chromosomal 

resistance markers were moved between S. aureus strains by generalized bacteriophage 

(j)85-mediated transduction. Bacteriophage were propagated on the donor strain and used 

to infect the recipient strain with antibiotic selection for the required marker. Putative 

transductant colonies were single colony purified three times on TSA plates containing 

the appropriate antibiotic and 0.05% (w/v) sodium citrate to eliminate contaminating 

phage particles.

Stram NM l was constructed by transduction o f  spa::¥ja. into strain Newman 

clfAS Strain BHICC IsfnbAfnbB spa:: Ka*̂  was constructed by transduction

of spa:: Ka*̂  into strain BHICC iSfnbAfnbB. Strain NM3 was constructed by
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Table 2.1 Bacterial strains.
Strain 

S. aureus

Newman

Newman clfAS clfBv.Evi^

Newman spa 

SH I000 sdgAB 

NMl

NM2

NM3

^\\\CC^fnbAfnbB

Relevant Features

Human clinical isolate, 

NCTC 8178 

Derivative o f strain 

Newman deficient in ClfA, 

ClfB. Frameshift mutation 

in the clfA gene, clfBv.Err^ 

Derivative o f strain 

Newman deficient in 

protein A. 5/?o::Ka'^ 

Derivative o f SHI 000 

deficient in sdgA and sdgB. 

sdgABv.Ka^

Derivative o f strain 

Newman deficient in ClfA, 

ClfB and protein A. 

Frameshift mutation in the 

clfA gene, clfBv.En?'

Derivative o fN M l. 

Replacement o f clfBwEw^ 

with a deletion o f the clfB 

gene by allele exchange. 

Derivative ofNewman 

clfAS deficient in

sdgA and sdgB. sdgABv.K ^  

Derivative o f MRS A strain 

BHICC deficient in FnBPA 

and FnBPB

Reference

(Duthie and Lorenz, 

1952)

(Fitzgerald et a i ,  2006)

(Higgins et a i ,  2006a)

A kind gift from Simon 

Foster.

This study

This study

This study

(Geoghegan et a i ,  2013)



Table 2.1 Bacterial strains continued

Strain Relevant Features Reference

B H \C C ^fnbA fnbB Derivative o f  BH ICC This study

spav.Ks^ l^fnbAfnbB  deficient in
Rprotein A. spawKa

L. lactis

MG 1363 Derivative o f  NCD 0712, 

plasmid-free

(Gasson, 1983)

E. coli

DClOB dam bidcm AhsdRM S  

endA I recA I

(Monk et al., 2012)

X Ll-B lue Host for cloning. recA I 

endA I gyrA 96 thi-1 hsdRI 7 

suppE44 relA I lac 

(F 'proA B /flcl^'ZAMlS 

TnlO[Tet^])

Stratagene

Topp3 Protease deficient strain 

used for recombinant 

protein expression. RifR 

(F > ro  A B /acl^A M 15T n/0[ 

Tet'^][Ka‘̂ ])

Stratagene



Table 2.2 Plasmids

Plasmids Relevant Features Reference

pALC2073

p A L C 2 0 7 3 cP  

pA L C 2073c//4A N l 40-220

pRMC2

pRM C2c//4  

pRM C2c//4 AN 140-220

pRM C2c//4ANl4o-228

pRMC2c//v4ANl 40-210

p R M C 2c//4A 2n -22o

pRMC2c///4 A2 11-228

Vector allowing high level gene 

expression in the absence o f
R Rinducer. Ap Cm 

pALC2073 containing full- 

length clfA gene. 

p A L C 2 0 7 3 c^  lacking region 

encoding residues 40-220 o f  

ClfA

T etracyc 1 ine- indue ible 

expression vector with tight 

repression in the absence o f
R Rinducer. Ap Cm 

pRMC2 containing full-length 

clfA gene from strain Newman  

p R M C 2 c ^  lacking DNA  

encoding residues 40-220 o f  

ClfA

pKMC2clfA  lacking DNA  

encoding residues 40-228 o f  

ClfA

\)KMC2clfA  lacking DNA  

encoding residues 40-210 o f  

ClfA

p R M C 2 c ^  lacking region 

encoding residues 211-220 o f  

ClfA

pK M ClclfA  lacking region 

encoding residues 211-228 o f  

ClfA

(Bateman et al., 2001)

A. Loughman, Trinity 

College Dublin.

This study

(Corrigan and Foster, 

2009)

This study 

This study

This study

This study

This study

This study



Table 2.2 Plasmids continued
Plasmids Relevant Features Reference

pRMC2c///JANl 40-220

*10A la

p R M C 2 c ^  lacking DNA  

encoding residues 40-220 and 

inserting DNA encoding 10 

alanine codons.

This study

p R M C 2 c / /4 A S D 5 5 9 -8 7 5 p R M C 2 c ^  lacking DNA  

encoding residues 559-875

This study

pRMC2c//4AN]4o-22o

A S D 5 5 9 .8 7 5

\)KMC2clfA  lacking DNA  

encoding residues 40-220 and 

559-875

This study

pRMC2c//v4AN 12340-559

FLAG

p R M C 2 c ^  lacking DNA  

encoding residues 40-559 o f  

ClfA and incorporating a FLAG 

epitope

This study

pRMC2c//v4AN2 3 22i-559

FLAG

p R M C 2 c ^  lacking DNA  

encoding residues 221-559 o f  

ClfA and incorporating D N A  

encoding a FLAG epitope

This study

^RMC2fnbB pRMC2 containing full-length  

fnbB  gene from strain 8325-4

This study

pRM C2/«65AN 138-162 pRM C2/«^5 lacking DNA  

encoding residues 38-162

This study

pRMC2/«/?5ANl38-

l62+ C lfA 211-220

pRM C2/h65 lacking DNA  

encoding residues 38-162 and 

incorporating DNA encoding 

residues 211-220 N-terminal to 

the N 2 subdomain

This study

pRMC2/«/b5AN 1 sg -i sg pRMC2/«AZ? lacking DNA  

encoding residues 38-138

This study

pRM C2/«M A N 138-134 ^KMC2fnbB  lacking DNA  

encoding residues 38-134

This study



Table 2.2 Plasmids continued
Plasmids Relevant Features Reference

pRMC2/h^Z?AN 138-162

A F n B R 4 8 i - 8 i i  f l a g

pRM ClfnbB  lacking DNA 

encoding residues 38-167 and 

481-811 and incorporating DNA 

encoding a FLAG epitope

This study

pKS80 L. lactis expression plasmid. 

Erm'^

(Hartford et al., 2001)

pKSSOc//^ pKS80 containing full length 

clfA gene.

(Hartford et a i,  2001)

pKSSOc/yB pKS80 containing full length 

clfB gene.

(1  lartford et al., 2001)

pKS80/J/ pKS80 containing full length fb l  

gene o f S. lugdimensis strain 

N920143.

(Mitchell et al., 2004)

pKSmsdH pKS80 containing full length 

isdH gene.

(Visai et al., 2009)

pKS805«3frC pKS80 containing full length 

sdrC  gene.

(O'Brien et al., 2002)

pKS805<irD pKS80 containing full length 

sdrD  gene.

(O'Brien et al., 2002)

pKSSOWri? pKS80 containing full length 

sdrE gene.

(O'Brien et al., 2002)

pKSSOs't/rG pKS80 containing full length 

sdrG gene.

(Hartford et a l , 2001)

pQE30 E. coli expression vector, 

polyhistidine-tagged. Amp*^

Qiagen



Table 2.2 Plasmids continued
Plasmids Relevant Features Reference

pCF40 pQE30 derivative encoding the (O'Connell et al..

full length A region 

(subdomains N 123) o f ClfA 

(residues 40-559)

1998)

pCF41 pQE30 derivative encoding the (O'Connell et al..

N23 subdomains o f  ClfA 

(residues 221-559)

1998)

pGEX-4T2 E. coli vector for the expression 

o f glutathione S-transferase- 

tagged recombinant proteins

GE Lifesciences

pGEXc//4N123 pGEX4T-2 derivaive encoding 

the fill] length A region 

(subdomains N123) o f ClfA 

(residues 40-559)

This study

pGEXc///^N23 pGEX4T-2 derivative encoding 

the N23 subdomains o f ClfA 

(residues 221-559)

This study

pGEXc^^N 140-220 pGEX4T-2 derivative encoding 

the N 1 subdomain o f  ClfA 

(residues 40-220)

This study

pGEXc//4N 140-228 pGEX4T-2 derivative encoding 

the Ml subdomain o f  ClfA 

(residues 40-228)

This study

pGEXc//4N2 pGEX4T-2 derivative encoding 

the N2 subdomain o f  ClfA

This study

pGEXc//4N3 pGEX4T-2 derivative encoding 

the N3 subdomain o f  ClfA

This study

pi MAY ^clfB pIMAY containing 500 bp o f 

DNA from upstream and 

downstream from clfB. Cm*̂

(Mulcahy et al., 2012)



Table 2.3 Primers
Primers Sequence 5'-3' M o d ifica tio n s

pR M C 2cPF

pRM C 2c//4R

pR M C 2c//4A N l 40-220

pRMC2c//4ANl^Q_22oR

pRMC2c//4 AN 1 2̂-220^

pRMC2c//4ANl^„_ 2̂3F 

pRM C2c///IANl^„.2,/ 

pRMC2c//v4AN1 _________ F
40-210- lOAIa

pR M C 2cPA N  1
40-210+ lOAIa

R

R

pRMC2c//4A2„_^2^ 

pRMC2c///IA,„.22^ R

pRMC2cPASDs59-879 F 

pRMC2c///i ASD559-879 R 

pRMC2c//4 AN 12 3 4 0 -5 5 9  F

pRMC2c//v4AN23220-559 R

pRMC2c//5 F

pRMC2c//i5 R

pRMC2c/yBANl 48-200 I

pRMC2c//fiANlR

pRM C2/«65F

pRMC2/«^5R

pRMC2/>7^fiANl3g 1̂ , F

pRMC2/«A5ANl3g ,^ 2  ^

CCGAGATCTAAAGAGGGAATAA Bglll 
AATGAATATG
CCGGAATTCCTTATTTCTTATCTT EcoRl 
TATTTTC
GTAGCTGCAGATGCACCGGC 5'Phos

TGCATCTGCTTCTTTACTGCT 5'Phos

CATATTCATTTTATTCCCTCT 5'Phos

GGCACAGATATTACGAATCAG 5'Phos

CCTAGAATGAGAGCAATTTAG 5'Phos

GCTGCGGCTGCGGCTGTAGCTGC 5'Phos 
AATATGCAC
CGCTGCCGCTGCCGCTGCATCTG 5'Phos 
CTTCTTAACT
CGCACTTGTATTAACCGTTGA 5'Phos

TGCCGCTAAACTAAATGCTCTCA 5'Phos 
TTC
TC ACCTA A A A ATGGTACTA ATGC 5' Phos

TGGAATTGGTTCAATTTCACCAG 5'Phos

GACGATGACAAACCTGGTGAAA 5'Phos 
TTGGACCAATTCC
ATCTTTATAATCTGCCGCTAAACT 5'Phos 
AAATGCTCTC
GGGAGATCTAATGGAGTAATATT BglH 
TTTGAAAAAAAGA
CCCGAATTCTTACGCTTTTTCTTT EcoRI 
ATGATCTTGC
GGTACAAATGTAAATGATAAAGT 5'Phos 
TACG
AGCTTGTGCTTGATGATTGCCTA 5'Phos

GGGAGATCTAGGGAGAATATTAT Bglll 
AGTGAAAAGC
GCGGAATTCTTATGCTTTGTGATT EcoRl 
CTT'TTTATTTC
GGTACAGATGTAACAAATAAAGT 5'Phos 
G
TGCAGCTTCTTTTTCTTGTCCC 5'Phos



Table 2.3 Primers continued

Primers Sequence 5'-3' Modifications

pRMC2/«^fiANl 38-162+ClfA

pRMC2/«65ANl3g ,33 F

pRM C2/«^5ANl3g ,3̂  F

pRMC2/«Z)5AFnBR^g, 31, F

pRMC2/«Zj5AFnBR4g, 3,, R

fnbA  u/s400

fnbB  u/s400 

pRMC2 MCS F 

pRMC2 MCS R 

pGEXc///4N123F

pGEXc//4N123R

pGEXcZ/^N 1 40-220 R

p G E X c / / ^ N l 4 0 - 2 2 8 R

pGEXc//4N2F

pGEXc//4N2R

pGEXc//4N3F

CCTAGAATGAGAGCATTTAGTTT 5'Phos
AGCGGCAGGTACAGATGTAACA
AATAAAGTG
CCAAGAATGAAAAGATCAACTG 5'Phos 
A
TCAGAAATTAAACCAAGAATGA 5'Phos 
AAAG
GACGATGACAAACCAATCGTGCC 5'Phos 
ACCAACGCC
ATCTTTATA ATCCTTTAGTTTATCT 5' Phos 
TTGCCGTCGC
GCAGAAAATCGTCTGAAATAC

TGACTATCAAAATGATCTTCAA

CAGTCACGACGTTGTAAAAC

CTCGAGTTCATGAAAAACTAAAA

CGCGGATCCAGTGAAAATAGTGT Bam HI 
TACGCAATCT
CGCGAATTCCTCTGGAATTGGTT EcoRI 
CAATTTC
CGCGAATTCTGCCGCTAAACTAA EcoRl 
ATGCTCTC
CGCGAATTCAGCTGCCGGTGCAT EcoRI 
CTGC
TATGGATCCGTAGCTGCAGATGC BamHI 
ACCG
GCGGAATTCTTAATATTTTTCATA EcoRI 
ATCTACTAATACTGT
TATGGATCCGATTATGAAAAATAT BamHI 
GGTAAGTTTTA



transduction o f  sdgA sdgB \\¥ .^  from strain SHI 000 sdgAsdgB  into strain Newman clfAS 

clfBv.Evc^. Transductants were screened by Western immunoblotting, antibiotic 

selection and tested for 6 -toxin production on sheep blood agar plates. Deletion o f  

clfBv.Exx^ from strain N M l to yield NM2 was achieved by allelic replacement using 

p IM A Y A c ^  (Table 2.2) as previously described (Monk et a i ,  2012).

2.2.5 Plasmid construction

Primers used in this study are listed in Table 2.3. The complete clfA gene from 

strain Newman was amplified from genomic DNA by PCR. Recognition sequences for 

EcoRI and Bglll were incorporated into the ends o f  the amplicon by primer extensions 

during PCR to facilitate directional cloning. The clfA gene was digested with EcoRI and 

Bglll overnight and purified using Wizard SV gel and PCR clean-up system (Promega). 

Purified digested products were ligated to pRMC2 digested with EcoRI and Bglll using 

T4 DNA ligase (Promega) to generate p R M C 2 c ^ . The fn b B  gene from strain 8325-4 

was amplified from genomic DNA by PCR and cloned between the EcoRI and Bglll 

sites o f  pRMC2 to generate \>KMC2fnbB as described above. Positive clones were 

identified by restriction digest with EcoRI and Bglll and confirmed by DNA 

sequencing. Inverse PCR was used to generate derivatives o f  p R M C 2 c ^ , 

pALC2073c///l, p R M C 2 c ^  and pRMC2/«^i?. Alanine substitutions and FLAG 

epitopes were incorporated by primer extension during inverse PCR. PCR products 

were treated with Dpnl to eliminate parental template DNA and following blunt-end 

ligation plasmids were transformed into E. coli DClOB (see Section 2.3). Plasmids were 

purified from DClOB and transformed into S. aureus made electrocompetent as 

described in Section 2.4.

2.2.6 Construction of GST-tagged recombinant proteins

DNA encoding the A region o f  ClfA (0 ^ 40-559 or clfA 22\-s59) was amplified from 

pCF40. Recognition sequences for EcoRI and BamHI were incorporated into the 

amplicon during PCR to facilitate directional cloning. The clfA fragments were digested 

with EcoRI and BamHI overnight and purified using Wizard SV gel and PCR clean-up 

system (Promega). Purified digested products were ligated to pGEX-4T-2 which had 

been digested with EcoRI and BamHI using T4 DNA ligase (Promega). DNA encoding 

each o f  the individual subdomains o f  clfA (N 14o-22o,N 140-228, N2 and N3) was amplified 

from pCF40 and cloned between the EcoRI and BamHI sites o f  pGEX-4-T2 as
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described above. Positive clones w ere identified by restriction digest w ith EcoRI and 

Bam Hl and confirm ed by com m ercial sequencing.

2.3 Transformation of Escherichia coli with plasmid DNA

C hem ically  com petent E. coli w ere prepared using C aC b treatm ent. An 

overnight culture o f  E. coli w as used to  inoculate IL  fresh L-broth in a 2L flask and 

grow n to an ODeoo o f  4 .0-5.0. C ells w ere chilled on ice for 1 h and then harvested. 

Cells w ere resuspended in M gC l2 (100 m M ) and w ere harvested again. C ells were 

w ashed tw ice in ice cold buffer (60 mM C aC b , 10 mM PIPES, 15% (v/v) glycerol, pH 

8 ) before being aliquoted. Cells w ere snap-frozen in liquid nitrogen and w ere stored at - 

70°C. Thaw ed aliquots w ere incubated with 50 ng o f  plasm id for 10 min on ice. 

Sam ples w ere heated to 42 °C for 2 min and then chilled on ice for 2 min. 1 ml o f  L- 

broth was added and the m ixture was incubated for 1 h at 37°C w ith shaking before 

plating onto L-agar containing the appropriate antibiotic. Plates w ere incubated for 16 h. 

E. coli transform ants w ere screened for the presence o f  recom binant plasm ids using a 

rapid colony screening procedure (Le G ouill and Dery, 1991).

2.4 Transformation of Staphylococcus aureus with plasmid DNA

Plasm ids isolated from  E. coli D C lO B  w ere introduced into S. aureus by 

electroporation. E lectrocom petent S. aureus cells w ere prepared by dilu ting an 

overnight culture o f  S. aureus to an O D 578 o f  0.5 in 50 ml pre-w arm ed TSB. The 

culture w as reincubated at 37 °C for 30 min, until an O D 5?g o f  0 .8-0 .9  was reached. 

Cells w ere cooled in an ice-w ater slurry for 10 m in. C ells w ere harvested at 3,900 x g  

for 10 m inutes at 4°C. The supernatant w as discarded and the pellet was resuspended in 

50 ml sterile filtered ice-cold water. C ells w ere harvested  again and the pellet was 

washed in decreasing  volum es o f  sterile ice-cold 10% (v/v) glycerol (5 ml, 1 ml, 250 

|il). A liquots (50 jil) w ere snap-frozen in liquid n itrogen and stored at -70 °C.

A liquots w ere thaw ed on ice for 5 min and then incubated at room  tem perature 

for 5 min. C ells w ere harvested  at 5,000 x g  for 1 min and w ere re-suspended in sterile 

electroporation  buffer (50 jil, 10% (v/v) glycerol / 500 mM  sucrose). Up to 5 n g  o f  

plasm id w as added to the cells in a volum e o f  5 |il w ith gentle m ixing and w as then 

transferred to  a 0.1 cm  electroporation cuvette  (B iorad). The cells w ere pulsed at 21 

kV /cm , 100 Q  and 25 uF. A tim e constant o f  2 .2-2 .4  ms w as achieved. The cells were
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immediately resuspended in sterile BHl supplemented with 500 mM sucrose (1 ml) and 

were incubated for 1-2 h at 37 °C with shaking. Cells were then plated out on TSA 

containing the appropriate antibiotic. Transformants were screened by PCR, restriction 

mapping and Western immunoblotting.

2.5 Isolation o f extracellular proteins

S. aureus cultures were harvested by centrifugation at 2,000 x g for 10 min. The 

culture supernatant was filtered through a 0.45 |o,m filter and proteins were precipitated 

by addition o f  a 1:20 volume o f  ice-cold 100% (w/v) trichloroacetic acid (TCA). 

Precipitated proteins were recovered by centriftjgation at 17,000 x g for 15 min. The 

pellet was washed once in ice-cold acetone and finally the pellet containing the 

precipitated extracellular proteins was resuspended in final sample buffer.

2.6 Isolation o f cell wall-associated proteins

S. aureus cultures were harvested, washed in phosphate buffered saline (PBS) 

and adjusted to an ODaoo o f  10. Cell wall-associated proteins were solubilised by 

resuspending bacteria in 250 ^1 digestion buffer (50 mM Tris-HCl, 20 mM M gCh, 30

% (w/v) raffinose, pH 7.5) containing protease inhibitors (Roche) and lysostaphin
0

(AMBI Products LLC, 200 (ig/ml) at 37 C for 10 min. Protoplasts were removed by 

centrifugation at 12,000 x g  for 10 min and the supernatant containing solubilised cell- 

wall proteins was aspirated and boiled in an equal volume o f  Laemmli sample buffer for 

5 min.

2.7 Isolation o f cell membrane and cytoplasmic proteins

Protoplast pellets were washed with digestion buffer and resuspended in ice-cold 

Tris-HCl (50 mM, pH 7.5) containing protease inhibitors (Roche) and DNase (80 

|xg/ml). Protoplasts were lysed on ice by vortexing. Complete lysis was confirmed by 

phase contrast microscopy. Lysed cell fractions were separated by centrifugation at 

44,500 X for 1 h at 4 C. The supernatant was retained as the cytoplasmic fraction. The 

pellet was washed with ice-cold Tris-HCl (50 mM, pH 7.5) and resuspended in Tris- 

HCl (50 mM, pH 7.5). Cytoplasmic and cell membrane fractions were mixed in an 

equal volume o f  Laemmli sample buffer and boiled for 5 min.
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2.8 Protein Electrophoresis and Western immunobiotting 

2.8.1 SDS-PAGE

Proteins for sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS- 

PAGE) were boiled for 5 min in an equal volume o f final sample buffer before a brief 

centrifugation to pellet debris. In general, 20 |̂ 1 o f each sample was separated using 

4.5% stacking and 7.5-12 % acrylamide separating gel at 40 mA for 2 hr. Gels were 

either stained in Coomassie Brilliant Blue and destained in 45 % (v/v) methanol, 10% 

(v/v) acetic acid or transferred by wet transfer onto polyvinylidene difluoride (PVDF) 

membranes (Roche) in 20 mM Tris, 150 mM glycine and 20% (v/v) methanol.

2.8.2 Western immunobiotting

Non-specific binding to membranes was inhibited by incubation for 1-16 hrs in 

10% (w/v) skimmed milk powder (Marvel) in TS buffer (10 mM Tris-HCl, 0.9% (w/v) 

NaCl pH7.4). Blots were probed with the appropriate primary antibody for 1 h, washed 

three times with gentle agitation for 10 min in TS buffer. Bound antibody was detected 

using a horseradish peroxidise (HRP)-conjugated antibody where appropriate. Primary 

and secondary antibodies used are listed in Table 2.4. Reactive bands were visualised 

using the LumiGLO reagent and peroxide detection system (Cell Signalling
o

Technology). Antibodies were removed from blots by incubation at 70 C for 30 min in 

stripping buffer (2 % SDS, 100 mM P-mercaptoethanol and 50 mM Tris). Stripped blots 

were washed twice in PBS, blocked in 10 % (w/v) skimmed milk proteins and reprobed 

as above.

2.8.3 Ligand affinity blotting 

2.8.3.1 Ligand affinity blotting with biotinylated fibronectin

Cell wall extracts from S. aureus expressing FnBPB were probed with 

biotinylated fibronectin. Human fibronectin (0.5 mg/ml in PBS, Calbiochem) was 

incubated with A^-hydroxysuccinimidobiotin (NHS-biotin, 2 mg/ml) for 20 min at room 

temperature. The reaction was stopped by addition o f 10 mM NH4CI. Biotinylated
o

fibronectin was dialysed overnight at 4 C to remove excess biotin. PVDF membranes 

were probed with biotinylated fibronectin (30 |ig/ml) in 10% (w/v) skimmed milk for 1 

hr at room temperature. Bound biotin was detected using horseradish peroxidise (HRP)- 

conjugated streptavadin (1:5000, Roche).
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Table 2.4 Antibodies used in this study
Antibody W orking dilution Reference

Rabbit anti-ClfA A region IgG 1:10,000 (Higgins et a i, 2006b)

Mouse monoclonal anti-ClfA (ClfA 

mAb)

1:1000 Inhibitex

Polyclonal rabbit anti-SdrE 1:2000 (Josefsson et a i, 1998)

Polyclonal rabbit anti- EbpS 1:500 (Downer et al., 2002)

Rabbit anti-ClfB A region 1:2000 (Walsh et al., 2004)

Polyclonal rabbit anti-lsdH 1:5000 P. Speziale

Polyclonal anti-Sdr B repeats 1:!000 E. Josefsson

Polyclonal goat anti-factor 1 1:2000 Quidel

Monoclonal mouse anti-factor I 1:1000 Quidel

Monoclonal mouse anti-factor H 1:1000 Quidel

Monoclonal mouse anti-C4BP 1:1000 Quidel

Polyclonal anti-C3 1:2000 Calbiochem

HRP-conjugated anti-His IgG 1:500 Roche

HRP-conjugated anti-GST IgG 1:1000 GE Healthcare

Protein A-peroxidase 1:500 Sigma

MRP-conjugated anti-fibrinogen IgG 1:3000 Dako

HRP-conjugated rabbit anti-mouse 

IgG

1:3000 Dako

HRP-conjugated rabbit anti-human 

IgG

1:3000 Dako

HRP-conjugated rabbit anti-goat IgG 1:3000 Dako

HRP-conjugated goat anti-rabbit IgG 1:2000 Dako



2.5.3.2 Ligand afTinity blotting with GST-tagged recombinant protein

PVDF m em branes w ere probed with G ST -tagged ClfA (8 ^M ) in 10% (w /v) 

skim m ed m ilk for 1 hr at room  tem perature. Bound protein was detected  using (H R P)- 

conjugated anti-G ST IgG (1:1000, GE H ealthcare).

2.5.3.3 Ligand affinity blotting with normal human serum

M em branes were probed with 10 % (v/v) norm al hum an serum  (C om plem ent 

Technologies) in 10% (w /v) skim m ed m ilk for 1 hr at room  tem perature. Bound 

com plem ent com ponents w ere detected  using specific m onoclonal antibodies (Table 

2.4).

2.8.4 Dot immunoblotting

B acteria w ere w ashed tw ice in PBS and adjusted  to an ODeoo o f  1.0. D oubling 

dilutions (5 |j,l) w ere spotted  onto a nitrocellulose m em brane (P rotran) and allow ed to 

dry. M em branes w ere blocked for 1 h in 10 % (w /v) skim m ed m ilk pow der and 

im m unoblotting was perform ed as above.

2.9 Aureolysin treatment of S. aureus

S. aureus N M l pRM C2 clfA  w as grow n with ATc (800 ng/m l) as described 

section 2.1. Bacteria w ere harvested, w ashed in PBS and adjusted  to an ODeoo o f  10.
o  ^

A ureolysin (8 |xg/ml, B ioC entrum ) w as added and bacteria w ere incubated at 37 C for 1 

h. C ells w ere incubated briefly on ice, harvested by centriftigation and w ashed w ith 

PBS.

2.10 Bacterial adherence to fibrinogen

M icrotitre plates (Sarsted t) w ere coated with doubling d ilu tions o f  fibrinogen or
o

fibronectin (C albiochem ) overnight at 4 C. W ells w ere blocked with 5 %  (w /v) bovine
o

serum  album in (B SA ) for 2 h at 37 C. W ashed bacteria w ere adjusted to an ODeoo o f
o

1.0 in PBS and 100 |il w as added to each well and incubated for 2 h at 37 C. W ells 

w ere w ashed with PBS and adherent cells fixed w ith form aldehyde 25 % (v/v), stained 

w ith crystal violet and the A$7o m easured.

2.11 Bacterial survival in whole human blood

B acteria w ere grow n overnight in RPM I contain ing Cm , diluted to an ODeoo o f  

0.05 in RPMI containing Cm and ATc (800 or 1200 ng/m l) and grow n overnight at 37
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C. Bacteria were washed twice in RPMI. The number o f input cfli was determined by 

plating on TSA incorporating Cm. For blood survival experiments fresh human blood 

(0.5 ml) containing the anticoagulant hirudin (50 |_ig/ml, Refludan, Pharmion) was 

inoculated with S. aureus (2 x lO"* cftj/ml). Tubes were incubated tor 3 h at 37 C with 

shaking at 70 r.p.m. The number o f cfu surviving after incubation in blood was 

determined by diluting the culture 1:10 in sterile endotoxin free water and plating on 

TSA incorporating Cm.

2.12 Competitive growth o f bacteria

For competitive growth experiments stationary phase cultures were adjusted to 

an ODeoo o f 0.025 in BHI containing Cm. Equal volumes o f two S. aureus strains were 

mixed and grown in BHI incorporating Cm to an OD600 o f 0.5. Where appropriate ATc
o

(1200 ng/ml) was added and cultures were incubated at 37 C for a further 2 h before 

being plated on TSA incorporating Cm. Colonies which were resistant to Cm were 

replica plated onto TSA containing Em and the percentage o f Em resistant bacteria was 

calculated.

2.13 Electron microscopy analysis o f  bacteria

2.13.1 Scanning electron microscopy

Stationary phase cultures o f 5'. aureus were adjusted to an OD6ooof0.05 in BHI 

containing Cm and grown to an ODeoo o f 0.5. ATc (1200 ng/ml) was added and cultures
o

were incubated at 37 C for a further 2 h. Cells were washed, harvested and fixed in 3 % 

gluteraldehyde for 1 h with gentle rocking.

Samples were dehydrated on an ethanol gradient by washing in increasing 

concentrations o f ethanol (10-100 % (v/v)) followed by critical point drying. Dried 

samples were mounted onto SEM stubs, sputter coated in 20 nm o f gold and imaged by 

SEM. Critical point drying and gold coating o f  samples was performed by the Trinity 

Centre for Microscopy Analysis (CMA).

2.13.2 Transmission electron microscopy

Stationary phase cultures o f S. aureus carrying pR M C 2 c^  or pR M C 2c^A N l 40-220 

were adjusted to an ODeoo o f 0.05 in BHI containing Cm and grown to an ODeoo o f 0.5.
o

ATc (1200 ng/ml) was added and cultures were incubated at 37 C for a tlirther 2 h. 

Cells were washed, harvested and fixed in 3 % gluteraldehyde for 1 h with gentle
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rocking. Gluteraldehyde fixed ceils were washed for 1 h six times in PBS to remove 

unreacted gluteraldehyde. A second fixation step was preformed for 30 min in 2% 

osmium tetroxide with gentle agitation. Fixed cells were dehydrated on an alcohol 

gradient (10- 100% (v/v)). Dehydrated cells were incubated with 100 % propylene 

oxide for 30 min at room temperature twice. Cells were incubated in a 50 % resin 

solution in propylene oxide for 2- 3 h followed by a 100 % resin solution for 2-3 h to 

embed in resin and then placed under vacuum to remove air bubbles. Samples 

embedded in resin were cut into thin sections, stained with 0.5 % aqueous uranyl acetate 

and Reynold’s lead citrate and imaged using TEM . Preparation o f  samples following 

gluteraldehyde fixation was performed by the Trinity CMA.

2.14 Expression, purification and modification o f recombinant proteins

2.14.1 Expression and purification o f recombinant His-tagged proteins

Recombinant His-tagged proteins were purified by immobilised nickel chelate 

affinity chromatography according to the m anufacturer’s instructions using a peristaltic 

pump (Amersham). DNA encoding c ^ N  12340-559 and c^N2322i-559 was previously 

cloned into pQE30 to generate recombinant proteins with an N-terminal hexahistidine 

tag (O'Connell et a i ,  1998). Full-length recombinant ClfA A domain constructs rClfA 

40-559 and recombinant ClfA lacking the N1 domain rClfA 221-559 were purified from E. 

coli Topp3 (Stratagene) carrying pCF40 and pCF41 respectively. Overnight cultures (20 

ml) were inoculated into fresh medium (1 :100) and grown to an ODeoonm o f  0.6 at 37 °C. 

IPTG was added to a final concentration o f  1 mM and the culture was grown for a 

further 3 h. Cells were harvested by centrifugation at 7,000 rpm for 10 min at 4°C in a 

Sorvall GS-3 rotor. The pellet was resuspended in 30 ml binding buffer (0.5 M NaCl, 20 

mM Tris-Hcl, 20 mM imidazol, pH 7.9) containing protease inhibitors (Complete 

EDTA-free Protease inhibitor, Roche) and frozen overnight. Resuspended cells were 

thawed on ice and lysed by repeated passage through a French Pressure Cell. Cell debris 

was removed by centrifugation at 17,000 rpm for 20 min at 4 °C in a Sorvall SS-34 

rotor and the supernatant was filtered through a 0.45 |im filter. The cleared lysate was 

applied to a HisTrap HF chelating column (GE Healthcare) and washed with binding 

buffer. Bound protein was eluted in fractions with a continuous linear gradient o f  

imidazole (5-100 mM) in binding buffer. Eluted fractions were analysed by SDS-PAGE 

and positive fractions were pooled. To prevent excessive breakdown o f  rClfA 1 mM 1, 

10-phenanthroline was added to pooled factions and to the dialysis buffer. rClfA was
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further purified by anion affinity  exchange w ith a H i-Trap M onoQ  colum n (GE 

Healthcare) using a N aCl gradient for elution on the A kta PRIM E FPLC. Protein 

concentrations w ere determ ined by m easuring the absorbance at 280 nm  according to 

the B eer-Lam bert Law (v428o=E.c.l).

2.14.2Expression and purification o f recombinant GST-tagged proteins

D N A  encoding clfA N12340-559, c^N2322i-559> N I 40-2205 N1 40-228 , N 2, N3 was 

cloned into pG E X -4T -2 to generate recom binant proteins w ith an N -term inal G ST  tag 

as described in Section 2.2.6. Protein expression was induced w ith 1 mM IPTG  and 

cells w ere harvested  and lysed as described in Section 2.14.1 w ith the exception that 

harvested cells w ere resuspended in PBS. The G ST -fusion proteins w ere purified using 

a GSTrap^*^ colum n (G E H ealthcare) accord ing  to  the m anufactu rer’s instructions using 

a peristaltic pum p (A m ersham ). B riefly, the colum n w as equilibrated  w ith 10 colum n 

volum es o f  PBS. The cleared lysate w as loaded onto the colum n and washed w ith 10 

colum n volum es o f  PBS. B ound protein was eluted with 10 mM  glutathione in 50 mM 

Tris-H CL, pH 8.0 in 2ml fractions and sam ples w ere analysed by SD S-PA G E. Positive 

fractions w ere pooled and dialysed against phosphate-buffered saline (PB S) overnight. 

To prevent excessive breakdow n o f  rC lfA  Im M  1, 10-phenanthroline was added to 

eluted factions and to  the dialysis buffer. rC lfA  w as further purified by anion affinity 

exchange w ith a  H i-Trap M onoQ  colum n (G E H ealthcare) using a N aC l gradient for 

elution on the A kta PRIM E FPLC.

2.14.3 Aureolysin cleavage o f  recombinant proteins

Recom binant C lfA 4o-559 w as expressed  w ith an N -tem iinal hexahistidine tag  and 

purified from  E. coli Topp3 by Ni^^ affinity  chrom atography as described in Section 

2.14.1. R ecom binant C lfA 4o-559 was incubated w ith aureolysin (4 ^g /m l, B ioCentrum ) 

for 1 h at 37 C. Sam ples w ere analysied by SD S-PA G E. For N -term inal sequencing, 

sam ples w ere transferred  to a PV D F m em brane and sequencing w as perform ed by Alta 

B iosiences, B irm ingham , UK.

2.15 Solid phase binding assays 

2.15.1 Fibrinogen binding assays

A solution o f  fibrinogen in PBS (10 |ig /m l) was used to coat m icrotitre plates 

(96-welI, Sarstedt). W ells w ere w ashed three tim es w ith PBS and w ere incubated for 2 h 

at 37 °C in 5% (w /v) bovine serum  album in (B SA ) in PBS to block non-specific
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binding. W ells w ere w ashed again and serial dilutions o f  recom binant protein in PBS 

w ere added. Follow ing a 2 h incubation at 37 °C, wells were washed 3 tim es w ith  PBS 

to rem ove unbound protein. B ound protein was detected with H R P-conjugated  rabbit 

anti-H is IgG o r H R P-conjugated rabbit anti-G ST  IgG in 10 % (w /v) M arvel in PBS 

buffer. Plates w ere incubated for 1 h at room  tem perature with shaking. A fter washing, 

1 0 0  ^il o f  a chrom ogenic substrate solution ( 1  m g/m l tetram ethylbenzidine and 0.006%  

H2 O2 in 0.05 M phosphate citrate buffer pH 5.0) was added, and plates w ere developed 

for 10-30 min in the dark. The reaction w as stopped by the addition o f  2 M H2SO4 (50 

1/well), and the w as m easured in a plate reader (Labsystem s). D ata w as plotted 

and analysed using Prism  G raphpad 5 softw are.

2.15.2 Fibrinogen and complement protein capture assays

A range o f  concentrations o f  recom binant C lfA  proteins and variants were 

coated onto a m icrotitre plate (Nunc, m axisorb) in sodium  carbonate buffer (15 mM 

N a 2C 0 3 , 35 mM N aH C O s, pH 9.6) and w ere incubated for 16 h at 4 °C. W ells were 

w ashed three tim es with PBS and w ere incubated for 2 h at 37 °C in 5% (w /v) bovine 

serum  album in (B SA ) in PBS to block non-specific binding. W ells w ere w ashed again 

and a solution o f  fibrinogen (10 ^g/m l) o r 10 % norm al hum an serum  in PBS was 

added. Follow ing a 2 h incubation at 37 °C, wells w ere w ashed 3 tim es w ith PBS to 

rem ove unbound protein. Bound protein was detected  with H R P-conjugated  anti­

fibrinogen IgG o r m onoclonal an ti-factor I IgG , m onoclonal an ti-factor H IgG or 

m onoclonal anti-C 4B P IgG and H R P-conjugated rabbit anti-m ouse IgG in 10 % (w/v) 

M arvel in PBS buffer. Plates w ere incubated for I h at room  tem perature w ith shaking. 

A fter w ashing, 100 ^1 o f  a chrom ogenic substrate solution (1 mg/ml

tetram ethylbenzidine and 0.006%  H 2O2 in 0.05 M phosphate citra te buffer pH  5.0) was 

added, and plates w ere developed for 10-30 min in the dark. The reaction w as stopped 

by the addition o f  2 M H2SO4 (50 |il/w ell), and the was m easured in a p late  reader 

(Labsystem s). Data was plotted and analysed using  Prism G raphpad 5 softw are.

2.15.3 Serum recognition o f recombinant protein assays 

2.15.3.1 Preparation o f mouse serum

C hallenged m ice received a single intra-peritoneal injection o f  S. aureus 

N ew m an ( 5 x 1 0 *  C FU ) and were allow ed to recover for 35 days before serum  was 

isolated. V accinated mice were vaccinated intranasally w ith H is-tagged ClfA  N 1 2 3 4 0 -5 5 9

46



(10 |ig) and an experim ental adjuvant (K aren M isstear and Ed Lavelle) or were m ock 

im m unised with PBS. B oosters w ere adm inistered  on day 14 and day 28 before mice 

were sacrificed at day 35 and serum  was obtained. Serum  sam ples w ere a kind gift from 

Kate O ’Keefe and Rachel M cLoughlin

2.15.3.2 ELISA with human and mouse sera

R ecom binant G ST -tagged ClfA variants w ere coated onto a m icrotitre plate 

(N unc, m axisorb) in sodium  carbonate buffer (15 mM N a2C 0 3 , 35 mM N aH CO s, pH 

9.6) and w ere incubated for 16 h at 4 °C. W ells w ere w ashed three tim es w ith PBS and 

were incubated for 2 h at 37 °C in 5% (w /v) bovine serum  album in (B SA ) in PBS to 

block non-specific binding. W ells w ere w ashed again and dilu tions o f  serum  from  m ice 

or hum ans in PBS w ere added. Follow ing a 2 h incubation at 37 °C, wells w ere w ashed 

3 tim es w ith PBS to rem ove unbound antibody. Bound hum an antibodies were detected 

with H R P-conjugated rabbit anti-hum an IgG in 10 %  (w /v) M arvel in PBS buffer. 

Plates w ere incubated for I h at room  tem perature with shaking. A fter w ashing, 100 ^1 

o f  a chrom ogenic substrate solution (I m g/m l tetram ethylbenzidine and 0.006%  H 2O2 in 

0.05 M phosphate citrate buffer pH 5.0) was added, and plates w ere developed for 10- 

30 min in the dark. The reaction w as stopped by the addition o f  2 M H2SO4 (50 

Hl/well), and the was m easured in a  plate reader (Labsystem s). D ata was plotted 

and analysed using Prism  G raphpad 5 softw are.

2.16 Prediction of secondary structure o f the N1 subdomains of MSCRAMMs

Predictions o f  the secondary structure o f  the N l subdom ains w as generated  by 

subm itting  the am ino acid sequence to the Protein H om ology/analogy R ecognition 

Engine (Phyre) service w ebsite (h ttp ://w w w .sbg .b io .ic.ac.uk/phvre2/)

2.17 Statistical analysis

Statistical analysis was perform ed using S tuden t’s /-test in Prism  G raphpad 5 

softw are. P values w ere considered significant if  they w ere less than 0.05.
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Chapter 3

Investigating the role of the N1 subdomain in the biological functions of

ClfA



3.1 Introduction

The MSCRAMM family comprises proteins with an N-terminal ligand-binding 

A domain. This contains two tandemly arrayed subdomains N2 and N3 that are 

composed o f IgG-like folds (Deivanayagam et al., 2002) and the N-terminal N1 which, 

in the case o f  the related protein ClfB, is elongated and is not compact (Perkins et al., 

2001). The A domains are linked to the cell wall by an extended, unstructured flexible 

region comprising repeats o f the dipeptide Ser-Asp (ClfA, ClfB, SdrC, SdrD, SdrE, 

Bbp) or 10/11 fibronectin binding domains (FnBPA, FnBPB) (Hartford et al., 1997, 

Schwarz-Linek et at., 2003).

The A domain o f ClfA binds to a peptide sequence at the extreme C-terminus o f 

the y-chain o f fibrinogen (McDevitt et al., 1997). The X-ray crystal structure o f ClfA 

N23 has been solved both as an apo-protein and with the fibrinogen peptide ligand 

bound (Ganesh et al., 2008). The fibrinogen y-chain peptide binds in a hydrophobic 

trench formed between the separately folded N2 and N3 subdomains by the ‘dock, lock, 

and latch’ mechanism (Ponnuraj et al., 2003). Docking o f the peptide in the binding 

trench induces a conformational change in the flexible extension o f the C-terminus o f 

the N3 subdomain which is reoriented to cover the ligand peptide and “locks” it in 

place. Latching is completed by formation o f an extra P-strand which is complementary 

to a P-sheet o f the N2 domain. The MSCRAMMs ClfB, Bbp, FnBPA and FnBPB bind 

to fibrinogen by a similar mechanism (Ganesh et al., 2011, Keane et al., 2007, Vazquez 

et al., 2011, Burke et al., 2011). In all cases the ligand binding site appears to be 

confined to subdomains N2N3 (Keane et al., 2007, Burke et al., 2011, Vazquez et al., 

2011, Ganesh et al. ,2011).

The boundaries o f the N1 and N2 subdomains were originally defined for ClfB 

before structures o f any o f  the proteins were solved. The S. aureus zinc-metalloprotease 

aureolysin was found to cleave ClfB at a ‘SLAVA’ motif during bacterial growth. 

Since ClfA contains a similar ‘SLAAVA’ m otif this was designated as the boundary 

between N1 and N2 (McAleese et al., 2001). Virtually nothing is known about the 

structure or function o f subdomain N1 o f the MSCRAMM family o f  surface proteins 

and to date has been considered dispensable for function.

To facilitate the study o f  the N1 subdomain o f ClfA it was necessary to 

manipulate S. aureus genetically. Genetic manipulation o f  staphylococci has long been
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complicated by the strong restriction barrier found in S. aureus and S. epidermidis. To 

circumvent this difficulty it was necessary to utilise an intermediate host, the restriction 

defective RN4220, when transforming S. aureus with DNA from E. coli (Kreiswirth et 

al., 1983). In S. aureus a conserved type IV restriction system which specifically 

recognises and restricts uptake o f foreign cytosine methylated DNA was recently 

identified as the major barrier for transformation (Monk et a i ,  2012). A DNA cytosine 

methyltransferase mutant o ^E. co//(DC10B, Table 2.1) derived from the E. coli cloning 

strain DHIOB has been constructed (Monk et a l,  2012). DClOB does not cytosine 

methylate DNA allowing direct transformation o f target S. aureus strains with a high 

transformation efficiency without the need tor RN4220.

Direct genetic manipulation has proven crucial in defining the role o f  virulence 

factors in pathogenic bacteria. To identify the potential virulence factors it is necessary 

to first disrupt the gene o f  interest and to perform complementation. Strategies for gene 

disruption in staphylococci are transposon mutagenesis, directed plasmid integration 

and allelic replacement.

Transposon mutagenesis is a powerful tool involving the random insertion o f 

transposable elements throughout the target chromosome. It is particularly usefijl as no 

knowledge o f the target gene is required as long as a phenotypic screen is available to 

identify mutants. Recently the Nebraska Center for Staphylococcal Research has 

generated a sequence-defined transposon mutant library consisting o f 1,952 strains, 

each containing a single mutation within a nonessential gene o f  the community- 

associated methicillin-resistant (CA-MRSA) S. aureus isolate USA300 (Fey et al., 

2013).

Directed plasmid integration is commonly achieved through suicide vectors 

which contain a site o f shared homology with the gene o f interest (Hartford et al., 

2001). After a single cross-over event the plasmid becomes integrated into the 

chromosome resulting in target gene disruption. Unlike transposon mutagenesis prior 

knowledge o f the target genes sequence is required. One disadvantage o f  directed 

plasmid integration is that the mutations are often polar and can have deleterious 

downstream effects when such mutations are made within an operon.

A more precise method o f gene inactivation than transposon mutagenesis is 

allelic exchange. This exploits homologous recombination to replace precisely a section
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o f DNA with a defined mutation. With allelic exchange precise control over the 

mutation is achieved allowing the deletion o f entire genes, introduction o f point 

mutations or hybrid genes, and gene restoration eliminating the possibility o f polar 

effects. However unlike transposon mutagenesis, prior knowledge o f the sequence of 

the target gene and its surroundings is necessary.

Allelic exchange is a multi-step process. In order to construct a deletion 

mutation regions 5' and 3 ' to the target gene are cloned into a multi-copy plasmid. A 

drug resistance determinant can be inserted between the 5' and 3 ' fragments through 

specific restriction sites. The plasmid is then used to transform S. aureus and can 

integrate into the chromosome by homologous recombination. Once confirmed 

mutations can be moved into different genetic backgrounds by generalised transduction. 

For a complete in-frame chromosomal deletion without drug resistance makers, primer 

pairs can be designed to construct a deletion cassette which encodes the immediate 5' 

and 3 ' regions o f  the target gene. These deletion constructs are conventionally used with 

temperature sensitive plasmids in S. aureus.

Temperature sensitive plasmids contain a temperature sensitive replicon. For 

this reason they can replicate and are stable within the cell at their permissive 

temperature (typically 28-30 °C), but growth at the restrictive temperature (typically 37- 

42 °C) under selective pressure inhibits replication and selects for single cross-over 

integrants. A further shift back to the permissive temperature without selective pressure 

allows excision and loss o f the plasmid. Excision occurs through a second single cross­

over event. A proportion o f  the population will retain the mutation while the remainder 

will contain the wild-type gene.

Several temperature sensitive plasmids have been developed for use in S. aureus 

including pMAD, pKORl and pi MAY. Each system has its own merits. Plasmid pMAD 

carries the bgaB gene encoding p-galactosidase. This allows staphylococci to cleave the 

chromogenic substrate X-gal resulting in blue colonies (Arnaud et al., 2004). This 

facilitates colony screening based on blue/white colony colour to detect excision and 

loss o f  the plasmid. Both pKORland plMAY employ antisense secY  RNA expression 

for counter-selection (Bae and Schneewind, 2006). SecY is an essential component of 

the SecYEG translocase that transports signal peptide-bearing proteins across the 

cytoplasmic membrane (Manting and Driessen, 2000). SecY expression is essential for 

bacterial growth and expression o f secY  antisense RNA inhibits colony formation on
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agar plates (Ji et al., 2001). Anhydrotetracycline (ATc) induced expression o f antisense 

secY  RNA suppresses growth o f bacterial cells containing pKORl or pIMAY resulting 

in a mixture o f  large and small colonies on agar plates, with large colonies having lost 

the plasmid. Plasmid pKORl also contains a lambda recombination cassette tor 

gateway cloning, which facilities rapid cloning o f mutant alleles without the use o f 

restriction enzymes and ligase (Bae and Schneewind, 2006). In both the pMAD and 

pKORl systems the restrictive temperature for plasmid replication is greater than 37 °C 

(42°C). Plasmid plMAY replicates normally in E. coli at 28 °C but is highly 

temperature sensitive in S. aureus with a low restrictive temperature o f 37 °C. At lower 

restrictive temperature, secondary mutations are less frequent than the more stressful 

restrictive temperatures used by pMAD and pKORI. A schematic o f allelic replacement 

by pi MAY is shown in Fig 3.1.

Inducible expression vectors are widespread and powerfiil tools used in 

molecular biology to facilitate the study o f  proteins and elucidate gene function. A 

variety o f  regulatable expression systems have been developed for Gram-negative 

bacteria. However, fewer have been adapted for use in S. aureus. O f note the P x > i/x y iR  

inducible promoter, the P b a d ,  the P s p a c i a c i  and the P x y i  teto systems have been used in S. 

aureus with varying degrees o f success. The xylose promoter is repressed by the 

presence o f  glucose rendering it useless for in vivo work. The P b a d  promoter is induced 

by arabinose, however expression is weak in staphylococci. This is likely due to poor 

penetration o f arabinose through the staphylococcal cell wall (Bateman et al., 2001). 

The P x y i / t e to  promoter is induced by tetracycline which is suitable in animal models 

because it can difflise through biological membranes. It is very active and achieves a 

high level o f  expression but is poorly repressed in plasmid pALC2073 (Bateman et al., 

2001, Corrigan and Foster, 2009).

The plasmid pRMC2 was developed as an ATc-inducible expression vector for 

S. aureus which can achieve a high level o f  expression and is tightly repressed in the 

absence o f  its inducer (Corrigan and Foster, 2009). Plasmid pRMC2 was derived from 

the parental plasmid pALC2073, a high copy number shuttle vector (Fig 3.2). Although 

a high level o f expression could be achieved from pALC2073, an undesirably high level 

o f leaky expression occurs from the P x y i / t e t o  promoter in the absence o f  inducer due to 

poor repression by TetR. Both plasmids allow gene expression through a classical 

tetON system. Expression o f the gene o f  interest is controlled by TetR expression from
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Figure 3.1 Schematic representation o f allelic replacement by the temperature 

sensitive plasmid pIMAY.

(A) pIMAY integrates at the chromosomal locus by a single cross-over event on one 

side o f  the gene o f  interest (GOI) via either the AB or CD sides o f  homology. (B) A 

second recombination event can occur either at the AB or CD sides o f  the GOI. (C) (i) 

A second cross-over event on the opposite side to the first causes excision and removal 

o f  the wild-type gene, (ii) a second cross-over event on the same side o f  the gene o f  

interest causes excision o f  the plasmid without allelic replacement.
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6433 bp
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fcoR I,S acl, Kpn\

pRMC2 MCS
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fcoRI, S o d , eg /ll, Hpal, Kpnl

Figure 3.2 Schematic of plasmid pRIVIC2 and the MCS of pALC2073 and pRMC2.

Plasmid pRMC2 is a multicopy shuttle vector containing an ampicillin resistance 

determinant which encodes a P-lactamase for selection in E. coli and a chloramphenicol 

resistance determinant which encodes chloramphenicol acetyltransferase for selection in 

S. aureus. (B) Schematic o f  the P x y i te to  and *PR promoter regions and multiple cloning 

sites (MCS) o f pALC2073 and pRMC2. Expression o f  target genes is controlled by 

TetR expression from the *PR promoter. TetR bind to the tetO site within the P x y i/te to  

promoter. The -10 box o f the *PR promoter has been mutated in pRMC2 improving the 

sequence consensus and simultaneously disrupting its tetO site and relieving 

autorepression. In the presence o f ATc TetR binding to tetO  is disrupted at the P x y i te to  

promoter and high level expression achieved.



the * P R  promoter. TetR bind to the tetO  site within the Pxyi/teto promoter which 

represses expression o f  the gene o f  interest. In the presence o f  ATc TetR binding to tetO  

is disrupted and high level expression can be achieved.

Corrigan et al. identified the sequence o f  the -10 box o f  *PR promoter in 

pALC2073 as ‘tagagt’ which differs by two bases from the B. subtilis consensus o f  

‘tataat’. Hypothesizing that leaky expression in pALC2073 was due to poor TetR 

expression the -10 box o f  the *PR promoter was mutated to bring it to the B. subtilis 

consensus sequence ‘tataat’. The *PR promoter contains a tetO  site allowing 

autorcgulation o f  tetR. Manipulation o f  the -10 box o f  *PR simultaneously disrupted the 

tetO  site within the *PR promoter removing autoregulation and allowed constitutive 

expression o f  TetR. To improve functionality o f  the plasmid the multiple cloning site 

was expanded to include the restriction sites Hpal and Bglll. The resulting plasmid 

pRMC2 allows a high level o f  expression o f  target genes without leaky expression in 

the absence o f  inducer (Corrigan and Foster, 2009).

In this Chapter the role o f  the N1 subdomain in the biological functions o f  ClfA 

is explored. To facilitate the study o f  the role o f  N1 on the surface o f  S. aureus it was 

necessary to carry out genetic manipulations to create a suitable host for expression 

studies. Plasmid pRMC2 carrying the full length clfA gene was constructed and variants 

lacking subdomain N1 were constructed and utilised to study the role o f  the N1 

subdomain in ClfA function and surface display. Constitutive expression o f  a ClfA 

variant lacking subdomain N1 was attempted in pALC2073 and the effect o f  expression 

o f  a ClfA variant lacking subdomain N 1 on growth was examined.
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3.2 Results

3.2.1 Subdomain N1 is not required for fibrinogen binding by recombinant ClfA A 

domains.

To confirm that subdomain N1 is not required for fibrinogen binding 

recombinant His-tagged ClfA N l2340-220 and ClfAN23 22i-559 were expressed from 

plasmids pCF40 and pCF41, respectively, and purified to homogeneity. The ExPASY 

protparam tool predicts that His-tagged ClfA N l2340.220 and ClfAN2322i-559 would have 

molecular weights o f 56 kDa and 37 kDa respectively. Interestingly although 

ClfAN23 22i-559 migrates at its predicted molecular weight under denaturing and reducing 

SDS-PAGE conditions C lfA N l2340.220 has an apparent molecular weight o f -85 kDa 

(Fig 3.3A). This is consistent with observations made for CUB which suggest that the 

N1 subdomain migrates on SDS-PAGE with an aberrantly high apparent molecular 

mass. This retarded migration was predicted to be due to the elongated structure o f the 

N1 subdomain o f ClfB as determined by gel permeation chromatography. Intriguingly 

the N1 subdomain o f  ClfB was shown to be capable o f conferring this elongated 

structure on the N2 or N23 subdomains when expressed in conjunction with these 

subdomains (Perkins et al., 2001).

His-tagged ClfA N l2340.220 and ClfAN23 22i..‘i59 were tested for their ability to 

bind to immobilized fibrinogen to confirm accepted dogma that subdomain N1 is not 

involved in fibrinogen binding. No difference in affinity at half maximal binding was 

observed indicating that the loss o f subdomain N1 is not detrimental to fibrinogen 

binding (Fig 3.3B). In a modified version o f this fibrinogen binding assay, His-tagged A 

regions were immobilized on the surface o f  a microtitre plate and their ability to capture 

fibrinogen from solution was measured. To ensure both His-tagged constructs coated 

the plate with equal efficiency and ELISA was performed with monoclonal anti-ClfA 

IgG. Monoclonal IgG raised against the N3 region o f ClfA was used to ensure equal 

recognition o f both ClfA constructs. Intriguingly although both His-tagged 

ClfA N l2340-220 and ClfAN23 22i-559 coated the surface o f  a microtitre plate with equal 

efficiency (Fig 3.3 C) they were not capable o f capturing fibrinogen with equal 

efficiency when immobilized in this fashion. Although this scenario is somewhat 

artificial it suggests that the N1 subdomain may promote additional flexibility required 

for the dynamic process o f dock, lock and latch.
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Figure 3.3 R ecom binant H is-tagged ClfA A regions b inding to im m obilised  

fibrinogen.

(A) R ecom binant H is-tagged C lfA N l2340-559  and ClfAN2322i-559 separated  on a 12.5 %  

SD S-PA G E  gel and stained with C om m assie brilliant blue. M olecular w eight m arkers 

are indicated with black arrow s. (B) R ecom binant H is-tagged C lfA N l2 3 4 1 .5 5 9  and 

N23221-559 were tested for binding to  im m obilised hum an fibrinogen (10 ng/m l). Bound 

ClfA was recognised by ClfA  m A b and H R P-conjugated rabbit anti-m ouse IgG. (C) 

His C lfA N l2340-559 and ClfAN 23 22 i-559 were tested to ensure equal im m obilisation on 

the surface o f  a m icrotitre plate. W ells w ere incubated overnight w ith 0-1 |iM  o f  

recom binant ClfA. Bound protein w as detected  as in (B) (D) C apture o f  fibrinogen (10  

fig/ml) by im m obilized ClfA  A dom ains. W ells w ere coated as in w ith 0-8 |iM  o f  

recom binant ClfA (rC lfA ). Bound fibrinogen w as detected using H R P-conjugated anti­

fibrinogen IgG. ELISA s w ere developed by incubation with a chrom ogenic substrate. 

The absorbance at A 4 5 0  was determ ined. D ata points represent the m ean o f  triplicate 

wells. The data show n is representative o f  three individual experim ents.



3.2.2 Construction o f strain Newman clfASclfBspa ( NMl )

We hypothesized that subdomain N 1 must have a function and may be important 

when ClfA is expressed on the surface o f S. aureus. S. aureus expressed four different 

fibrinogen binding surface proteins, ClfA, ClfB, and FnBPA and FnBPB. To facilitate 

the investigation into the role o f subdomain N1 on the surface o f S. aureus a derivative 

o f strain Newman which does not bind to fibrinogen was required. In addition, binding 

o f IgG by protein A complicates surface protein detection by Western immunoblotting. 

In Newman the fnbA  and fnbB  genes contain premature stop codons that cause truncated 

FnBP proteins to be secreted (Grundmeier et a i ,  2004). A derivative o f  strain Newman 

which lacks expression o f ClfA and ClfB due to a frame-shift mutation within the clfA 

gene and an erythromycin resistance cassette insertion within the clfB gene had 

previously been constructed (Table 2.1). Strain NMl was constructed by transducing 

spav.\is^ from the strain Newman spa into Newman clfA5clfB using phage 85. The strain 

was validated by Western immunoblotting to ensure that it lacked the cell wall proteins 

ClfA, ClfB and protein A (Fig. 3.4 A, B, C). The cell wall fraction o f NM l was also 

probed with anti-SdrE IgG as a positive control (Fig 3.4 D). Strain Newman was used as 

a positve conto! for surface protein expression.

Spontaneous mutations in the global regulatory system agr can occur at high 

frequency (Tegmark et al., 2000, Traber and Novick, 2006). Mutations within the agr 

locus can seriously affect expression o f  virulence factors and impact on fitness through 

growth rate. To insure agr function strain NMl was tested for 6-haemolysin production. 

8-haemolysin is a short cytolylic peptide that is translated from RNAIII, the effector 

molecule o f  the Agr two-component system. 5-haemolysin has weak haemolytic activity 

on sheep blood agar but can act in synergy with P-haemolysin potentiating the zone o f 

haemolytic clearing where they interact. Strain NMl and its parental strain Newman 

clfA5clfB were cross-streaked against strain RN4220, a strain which produces only p- 

haemolysin (Tegmark et a i ,  2000)(Traber et al., 2008). Similar zones o f clear 

haemolysis were observed for both strains where the production of P-haemolysin and 5- 

haemolysin overlapped indicating normal agr function (Fig. 3.4E).

A growth curve was performed to insure no loss o f fitness was aquired during 

transduction of5po:;Ka'^. No difference in growth was observed when strain NMl was 

compared to its parental strain Newman clfASclfB (Fig. 3.4F).
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3.2.3 Construction and validation o f pRMC2c(/>l

This study set out to identify the role o f  subdomain N1 o f  ClfA. To facilitate 

this, the clfA gene o f  strain Newman was cloned between the Bglll and EcoRI sites o f  

pRMC2. A schematic o f  plasmid pRM C2 is depicted in Fig. 3.2A. Briefly the full 

length clfA gene o f  strain Newman including its ribosome binding site was amplified 

from genomic DNA isolated from strain Newman. Bglll and EcoRI sites were 

incorporated into the 5 ' ends o f  the forward and reverse primers, respectively, to 

facilitate directional cloning. PCR products were digested with EcoRI and Bglll, 

purified and ligated to pRMC2 digested with EcoRI and Bglll and transformed into E. 

coli strain DCIOB.

Positive p R M C 2 c ^  clones were confirmed first by PCR colony screening using 

primers directed against the clfA gene to detect replicating p R M C 2 c ^  plasmid (Fig 

3.5A). Plasmid was isolated from putative positive clones and insertion o f  clfA was 

confirmed by restriction digest with EcoRI and Bglll (Fig 3.5B). Plasmid ipKMC2clfA 

was sequenced to confirm the fidelity o f  the clfA sequence and promoter region. 

Plasmids were transformed into strain N M l (Table 2.1) for expression analysis.

Plasmid pRMC2 was chosen as the expression vector for ClfA as it allows high 

level expression o f  proteins in the presence o f  ATc and tight repression in its absence. 

To confirm that p R M C 2 c ^  fulfilled these criteria whole cell dot immunoblotting using 

monoclonal anti-ClfA IgG o f  N M l cells carrying pRMC2 or p R M C 2 c ^  was 

performed to measure surface expression o f  ClfA. A stationary phase culture o f  strain 

Newman spa was used as a positive control for ClfA expression from a single 

chromosomal copy o f  clfA. In the absence o f  inducing agent no ClfA expression was 

observed on the surface o f  S. aureus highlighting the tight level o f  repression achieved 

by pRMC2. High level dose-responsive expression o f  ClfA above the level o f  Newman 

spa was achieved when increasing concentrations o f  ATc were used (Fig 3.6A). 

Adherence o f  cells to immobilised fibrinogen was performed with the same cells as in 

Fig 3.6A. Dose-responsive binding to fibrinogen was observed with increasing 

concentrations o f  ATc and higher expression o f  ClfA (Fig 3.6B) demonstrating that 

functional ClfA is expressed from pRM C2 and can be induced in an ATc concentration- 

dependent manner.
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Figure 3.4 Validation of strain NMl.

Western immiinoblotting o f cell wall fractions. (A-D) Lane I: Newman wild type. Lane 

2; N M l. Newman was used as a positive control for MSCRAMM expression. Blots 

were probed with (A) polyclonal anti-ClfA IgG, (B) polyclonal anti-ClfB IgG, (C) 

HRP-conjugated rabbit IgG for detection o f  protein A. (D) polyclonal anti-SdrE IgG 

and detected with protein A peroxidase. SdrE was used as a positive control for the cell 

wall o f  strain NM l (E) S. aureus NM l and its parental strain Newman clfASclfB were 

cross-streaked against RN4220 on sheep blood agar plates in order to compare the 

haemolytic pattern. Enhanced haemolysis due to 5-toxin is indicated with black arrows. 

(F) Growth curve comparing strain NMl and its parental strain Newman clfASclfB.
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Figure 3.5 Agarose gel electrophoresis of PCR colony screens for and restriction 

digest of \>RMC2cIfA

(A) Lanes 1-10 PCR colony screen performed on E. coli transformed with pR M C 2c^ . 

Primers directed against the clfA gene were used to detect replicating plasmid 

containing the clfA gene. Positive clones contain a 2.8 kb fragment. (B)Lane 1, 

p R M C 2 c^  digested with EcoRl and Bglll. Fragments o f 2.8 kb and 6.4 kb correspond 

to the size o f the full length clfA gene and pRMC2 vector backbone, respectively. Lane 

2, uncut pRMC2.
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Figure 3.6 Expression o f ClfA from pRIVIC2c//>l

(A) Whole cell dot immunoblot o f  N M l cells carrying pRMC2 or pR M C lclfA . Strain 

Newman spa was used as a positive control for ClfA expression in stationary phase 

from a single chromosomal copy. The strain and level o f  inducing agent are listed and 

the ODeoo o f  the cells is indicated across the top o f  the blot. 5|j,l o f  each concentration 

was spotted onto the membrane and probed with ClfA mAb and HRP-conjugated rabbit 

anti-mouse IgG. (B) Adhesion to immobilized fibrinogen by S. aureus expressing 

pKW[C2clfA induced with ATc (50 ng/ml- 1 jiig/ml). Stationary phase Newman pRMC2 

was used as a positive control for fibrinogen binding and N M l pRMC2 as a negative 

control. Bacterial adherence to fibrinogen was measured by staining with crystal violet 

and measuring the A 5 7 0 . Data points represent the mean o f  triplicate wells, the graph is 

representative o f  three independent experiments.



3.2.4 Construction and validation o f x>RMC2clfA ANl variants

The subdomain boundaries o f  the A region o f  ClfA were originally defined 

based on amino acid sequence similarity with ClfB by the position o f  a cleavage site 

(SLAVA) for the S. aureus metalloprotease aureolysin (Peri<.ins et al., 2001). ClfA 

contains a similar sequence (SLAAVA). Based on this m otif the amino acid coordinate 

o f  the beginning o f  the N2 subdomain o f  ClfA was originally defined as residue 221 

(M cDevitt et al., 1995, O'Connell et al., 1998). More recently the N2N3 subdomains o f  

ClfA have been crystallized (Ganesh et al., 2008) allowing the precise definition o f  

boundaries o f  the N2N3 subdomains as comprising residues 229-545 (Fig. 3.7).

To determine the role o f  the N1 subdomain on the surface o f  .S', aureus plasmid 

p R M C 2 c ^  was manipulated by inverse PCR to create derivatives lacking DNA 

encoding the N 1 subdomain o f  ClfA. A schematic o f  inverse PCR is depicted in Fig 3.8. 

Two p R M C 2 c ^  ANl constructs were generated to reflect the different definitions o f  

the boundary o f  subdomain N1 yielding plasmids p R M C 2 c ^ A N l40-220 and 

p R M C 2 c ^ A N l40-228, respectively (Fig. 3.7, Table 2.2). C lfA A N l40-220 represents a 

deletion up to and including A220 o f  the SLAAVA m otif while C lfA A N l4o-228 removes 

the entire N1 sequence defined by the X-ray crystal structure o f  N23 (Fig. 3.6A). 

Following ligation o f  inverse PCR amplimers and transformation o f  E. coli strain 

DClOB, plasmids were electroporated into strain N M l for expression studies. The 

fidelity o f  all constructs was confirmed by DNA sequencing.

Whole cell dot immunoblotting was performed to measure the amount o f  ClfA 

on the bacterial surface. Serial dilutions o f  bacteria were applied to a nitrocellulose 

membrane and a monoclonal antibody that recognizes an epitope in subdomains N23 o f  

ClfA (ClfA mAb) was used to detect the protein. Expression o f  ClfA by N M l 

{pKMClclfA)  could not be detected in the absence o f  inducer (Fig. 3.9) in agreement 

with previous work showing that gene expression from pRMC2 is tightly repressed. 

Strain N M l carrying the pRMC2 empty vector was used as a negative control. Addition 

o f  increasing concentrations o f  ATc resulted in increasing amounts o f  ClfA on the 

surface o f  S. aureus (Fig. 3.9). A high level o f  expression similar to that achieved by a 

single chromosomal gene in strain Newman spa was achieved at inducer concentrations 

o f  800 ng/ml and 1.2 |ig/ml. In contrast neither C lfA A N l4o-22o nor C lfA A N l40-228 could 

be detected even at the highest concentration o f  inducer tested (Fig. 3.9). This was 

surprising as sequencing revealed that the promoter region if  pRMC2 was intact. This
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result suggested that N 1 might have a role to play in protein export. However, with no 

evidence o f  protein expression obtained it cannot be ruled out that the construct was 

non-functional.

Variants o f pKMClclfA  were constructed which retained differing amounts o f 

N 1 in an attempt to determine the minimum sequence that supported surface expression. 

A mutant lacking residues 40-210 but retaining C-terminal residues o f N l  (ClfAANUo- 

210) was expressed on the surface o f  S. aureus, albeit at a slightly lower level than ftill- 

length ClfA expressed from pRMC2c ^  (Fig. 3.9). However, when cultures o f  NMl 

(pRMC2c ^ )  and NMl (pRMC2c ^ A N l 40.210) were induced with 800 ng/ml and 1.2 

|Lig/ml o f  ATc, respectively, the amount o f ClfA and ClfAANl4o-2io on the surface o f S. 

aureus was found to be the same.

3.2.5 Aureolysin treatment of S. aureus and recombinant ClfA

A putative metalloprotease cleavage site (SLAA220V221A) is located close to the 

junction between N 1 and N 2. Bacteria expressing full length ClfA from pRMC2c ^  

were treated with aureolysin to proteolytically remove the N 1 subdomain and examined 

by Western immunoblotting. Aureolysin-treated cell wall fractions revealed a truncated 

form o f ClfA which migrated similarly to ClfAANl4o.2io at a molecular weight o f -100 

kDa (Fig 3. 10A). This indicates that aureolysin can cleave ClfA on the surface o f  .S', 

aureus presumably at the SLAAVA motif (Fig. 3 .7). Proteolytic removal o f Nl  did not 

reduce ClfA-mediated adherence o f  bacteria to immobilized fibrinogen (Fig. 3.1 OB). 

This shows that the N 1 subdomain up to residue V221 is not required for ClfA 

expressed on the bacterial cell surface to promote adherence to fibrinogen.

In order to determine if aureolysin cleaves ClfA at the SLAA220V221A motif, 

recombinant His-tagged ClfAN l2340.559 was treated with aureolysin (Fig. 3.11 A). SDS- 

PAGE analysis o f aureolysin-treated recombinant ClfA revealed a band o f ~40 kDa 

similar to the molecular weight o f recombinant His-tagged ClfAN23220.559 (Fig 3.3A). 

The N-terminal sequence o f aureolysin-treated recombinant ClfA was determined. The 

N-terminal sequence o f  the truncate was determined as ‘VAADA’ showing that 

cleavage occurred between residues A220 and V221 o f the SLAA220V221A motif as 

predicted (Fig. 3.1 IB).
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Figure 3.7 Schematic representation of ClfA derivatives.

The amino acid coordinates o f the signal sequence (SS), N l,  N2 and N3 subdomains, 

SD repeat region (R) and cell wall (W) and membrane spanning (M) regions are 

indicated. The original and revised definition for the minimum ligand binding domain 

o f subdomains N23 (colour coded green and yellow, residues 229-545) and its crystal 

structure o f is shown.
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Fig 3.8 Schematic o f  inverse PCR for deletion o f subdomain N1 o f  ClfA

(i) 5' Phosphorylated (red ovals) primers were designed in an inverted orientation to 

regions 5 ' and 3 ' to the N1 subdomain, (ii) PCR amplification using pKM C2clfA  as 

template generated a linear fragment o f  DNA with phosphorylated ends (red ovals) 

which contains the 5 ' and 3 ' fragments o f  the clfA gene lacking the region encoding 

subdomain N l. (iii) Following Dpnl digestion to remove hemimethylated template 

DNA the linear amplimer is ligated to generate circular p R M C 2 c ^ A N l.
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Figure 3.9 Surface expression of ClfA and ClfA derivatives.

Dot immunoblot o f  S. aureus N M l expressing C lfA , C lfA A N l40-220, C lfA A N l40-228 or 

C lfA A N l40-210 from pRM C2 . Newman spa has been included as a positive control for 

C lfA  expression and N M l carrying pRMC2 empty vector serves as a negative control. 

The concentration o f  inducer used and the ODeoo o f  the cells are indicated. 5 |xl o f  each 

dilution o f  cells was spotted onto the membrane and probed w ith C lfA  mAb and HRP- 

conjugated rabbit anti-mouse IgG.
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Figure 3.10 Bacterial adherence to fibrinogen by strains lacking subdomain N1 of 

ClfA

(A) Western immunoblot o f cell wall extracts from bacteria expressing ClfA. S. aureus 

NMl (pRMC2c//>i) was grown in broth containing ATc (800 ng/ml) and treated with 

aureolysin where indicated as described above. NM l (p R M C 2 c^ A N l40-210 or 

p R M C 2 c^A N l40-220) were grown in broth containing ATc (1200 ng/ml). Cell wall 

extracts were separated on 7.5 % acrylamide gels, blotted onto PVDF membranes and 

probed with ClfA mAb and HRP-conjugated rabbit anti-mouse IgG. (B) S. aureus NMl 

(p R M C 2 c^ ) was grown in broth containing ATc (800 ng/ml). NMl 

(pRMC2c^J4ANl4o.2io or pR M C 2c^A N  140-220) were grown in broth containing ATc 

(1200 ng/ml). Bacteria were incubated in a solution o f  aureolysin (8 |J.g/ml) prior to 

addition to fibrinogen-coated wells where indicated. Bacterial adherence to fibrinogen 

was measured by staining with crystal violet and measuring the A 5 7 0 . Data jx)ints 

represent the mean o f triplicate wells. The graph shown is representative o f three 

independent experiments
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^  Aureolysin c leavage  site
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VGIDSGTTVYPHQAGYVKLNYGFSVPNSAVKGDTFKITVPKELNLNGVTSTAKVPPIMAG 3 0 0  

DQVLANGVIDSDGNVIYTFTDYVNTKDDVKATLTMPAYIDPENVKKTGNVTLATGIGSTT 3 6 0  
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Figure 3.11 D egradation o f  recom binant H is-tagged C lfA N l2340-559  by aureolysin.

(A ) C oom assie stained 12.5% SD S-PA G E gel show ing recom binant H is-tagged 

C lfA N l2340-559 treated with 4 |ig /m l aureolysin. M olecular w eight m arkers are listed at 

the side o f  the gel and concentration o f  aureolysin used at the top o f  the blot. (B) Am ino 

acid sequence o f  the ClfA A region from  strain N ew m an. The N -term inal sequence o f  

aureolysin treated  recom binant C lfA  is highlighted in yellow . A ureolysin cleavage site 

is indicated by black arrow .



3.2.6 Construction of GST-tagged ClfA A region and variants.

As subdomain N1 does not appear to play a role in fibrinogen binding it is 

unclear why it is retained by S. aureus. When expressed on the surface o f S. aureus 

subdomain N1 can be cleaved by the S. aureus metalloprotease aureolysin. Cleavage o f 

subdomain N1 from surface-expressed mature ClfA protein suggests that the N1 

subdomain is either dispensable once it is displayed on the cell surface or its loss is 

beneficial to the organism. One plausible benefit could be that loss o f  the N1 subdomain 

affects antibody recognition and opsonisation o f  S. aureus. To facilitate the study o f the 

N1 subdomain o f  ClfA the A region comprising residues 40-559 and the N23 

subdomains comprising residues 221-559 were cloned into pGEX-4T-2 to allow 

expression and purification o f GST-tagged proteins. Plasmid pCF40 was used as 

template tor PCR amplitlcation o f the A domain fragments using primers incorporating 

EcoRI and BamHI restriction sites. Positive clones were confirmed by restriction 

digestion with EcoRl and BamHI yielding bands o f 1.6 kB and 1 kB for C lfA N l2340-559 

and ClfAN2 3 22i-559 respectively (Fig 3.12A). Protein expression was induced with IPTG 

in E. coli Topp3 cells. Recombinant proteins were purified to homogeneity firstly by 

affinity chromotography on a GST Hi-Trap column followed by anion exchange. 

Proteins were examined by SDS-PAGE to confirm size and purity (Fig 3.12B). 

ExPASy’s ProtParm tool predicts the molecular weights for GST tagged C lfA N l2340-559  

and ClfAN2 3 22i-559 to be aproximatly 78 kDa and 60 kDa respectively. As with the His- 

tagged recombinant ClfA A regions, the GST-tagged ClfAN23 22i-559 migrates at its 

predicted molecular weight while the GST-tagged ClfA N l2340-559 construct migrates at 

a higher apparent molecular weight o f 100 kDa (Fig 3.12B).

Doubling dilutions o f  GST-tagged recombinant ClfA were immobilized on the 

surface o f  a microtitre plate. To confirm that both constructs coated the plate with equal 

efficiency bound protein was detected using polyclonal anti-GST IgG. Both constructs 

coated the plate in a dose-responsive and saturable manner. No difference in the level o f 

immobilized protein was detected (Fig 3.12C). To determine if the immobilized GST- 

tagged ClfA A regions were fully functional immobilized proteins were incubated with 

10 |J.g/ml human fibrinogen. Both constructs bound fibrinogen in a dose-responsive and 

saturable manner with similar affinities confirming previous observations that 

subdomain N1 is not necessary for fibrinogen binding (Fig 3.12 D).
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As a surface-expressed protein, ClfA can be recognized by circulating antibodies 

in the blood stream. To determine which o f  the individual subdomains o f ClfA is most 

readily recognized by the antibodies the N l, N2 and N3 subdomains o f  ClfA were 

cloned individually into pGEX-4T-2. To reflect the two different definitions o f  

subdomain Nl two distinct GST-tagged recombinant protein constructs were generated. 

N l SHORT comprises residues 40-220 and reflects the N l subdomain as defined by its 

aureolysin cleavage site. N I l o n g  comprises residues 40-228 and reflects the Nl 

subdomain as defined by the crystal structure o f the minimum ligand binding domain o f 

ClfAN23.

At the junction o f  the N2 and N3 subdomains is a six residue linker region 

which joins the two individually folded subdomains. The boundary between N2 and N3 

was defined as beginning o f this linker region. To facilitate folding o f the individual 

subdomains the entire linker region was added as a tail region to both the N2 and N3 

subdomains (Fig 3.13A). Each o f  the individual subdomains was expressed and affinity- 

purified as described for C lfA N l2 3 4 0 -5 5 9  and ClfAN23 22o-559- ExPASy’s ProtParm tool 

predicted the following molecular weights for each o f the GST-tagged subdomains. 

Nl s h o r t : 42 kDA, N I l o n g : 42 kDa, N2: 39 kDa, N3: 44 kDa. Intriguingly both 

Nl SHORT and N I l o n g  migrated at an apparent molecular weight o f ~70 kDa while the 

N2 and N3 subdomains migrated at their predicted molecular weights (Fig. 3.13B). This 

confirms that it is the N l subdomain alone which migrates at a higher than predicted 

molecular weight and that it is capable o f  conferring this aberrant migration phenotype 

on subdomains to which it is attached. Doubling dilutions o f  GST-tagged recombinant 

ClfA subdomains were immobilized on the surface o f  microtitre plates. To confirm all 

ClfA constructs coated the plate with equal efficiency bound protein was detected with 

polyclonal anti-GST IgG. All individual subdomains bound to the surface o f  the 

microtitre plate in dose-responsive and saturable manner with equal efficiency to the 

full length C lfA Nl2340-559 construct and the ClfAN23 22o-559 construct (Fig 3.13C).

3.2.7 Quantification o f the antibody response against individual G ST-tagged ClfA 

subdomains in serum obtained from immunized mice and healthy human donors.

To determine whether the N l subdomain plays a role in the ability o f  antibodies 

in serum to recognise recombinant ClfA, pooled serum was obtained from healthy 

human donors, mice which had been vaccinated with recombinant His-tagged 

ClfA N l2 3 4 0 -5 5 9  or mice which had been challenged with S. aureus strain PS80. Pooled
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Figure 3.12 Construction of recombinant GST-tagged ClfA A domains

(A) Agarose gel electrophoresis o f  pGEX-4T-2c^22i-s59 (Lanes 1-3) and pGEX-4T- 

2c//)^4o.ss9 (Lanes 4 and 5) digested with EcoRl and BamHl. Lanes 1-3 contain 

fragments o f 1 kb corresponding to an insertion in 3 distinct clones o f  pGEX-4T- 

2c///f221-559. Lanes 5 and 6 contain fragments o f 1.6 kb corresponding to an insertion in 2 

distinct clones o f  pGEX-4T-2c^40-559 Cut pGEX-4T-2 vector appears as a fi-agment o f 

4.9 kb. (B) Recombinant GST-tagged C lfA A domains N 1234o-.‘),‘59 (Lane 1) and N23 2 2 i- 

559 (Lane 2) separated on a 12.5% SDS-PAGE gel and stained with Commassie Brilliant 

Blue. Molecular weight markers are indicated with black arrows. (C) GST ClfAN 12340- 

559 and ClfAN23 2 2 i 559 were tested to ensure equal immobilisation on the surface o f a 

microtitre plate. Wells were incubated overnight with 0-1.5 |iM  o f recombinant C lfA  

(rClfA). Bound protein was detected with HRP-conjugated anti-GST IgG (D) Capture 

o f fibrinogen (10 ^tg/ml) by immobilized C lfA  A regions. Wells were coated as in C. 

Bound fibrinogen was detected using HRP-conjugated anti- fibrinogen IgG. Assays 

were developed by incubation with a chromogenic substrate. The was determined. 

Data points represent the mean o f  triplicate wells. The data shown is representative o f 

three individual experiments.
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Figure 3.13 Construction and validation of recombinant GST-tagged ClfA 

subdomains

(A) Ribbon models o f  the crystal structure o f ClfAN23 and the N2 and N3 subdomain. 

The linker region which attaches the N2 and N3 subdomains is highlighted in red and 

has been included in both constructs to facilitate proper folding o f the individual 

domains. (B) Recombinant GST-tagged ClfA A subdomains separated on a 10% SDS 

PAGE gel and stained with Commassie Brilliant Blue. Molecular weight markers are 

indicated with black arrows. (C) GST-tagged ClfA A subdomains were tested to ensure 

equal immobilisation on the surface o f a microtitre plate. Wells were incubated 

overnight with 0-250 nM of rClfA. Bound protein was detected with HRP-conjugated 

anti-GST IgG. Assays were developed by incubation with a chromogenic substrate. The 

A^sowas determined. Data points represent the mean o f  triplicate wells. The data shown 

is representative o f three individual experiments.



normal human serum contains antibodies against S. aureus as approx 20% o f the human 

population demonstrate persistent nasal colonisation with S. aureus whilst the remainder 

are transiently colonised. Serum samples were analysed for ClfA antibodies directed 

against each o f the individual domains. I o f each recombinant GST-tagged ClfA 

subdomain was immobilized on the surface o f a microtitre plate and incubated with 

doubling dilutions o f  serum. ELISA results show that the presence o f the N1 subdomain 

does not increase the level o f  antibody bound to the NI23 compared to the N23 

construct with all three types o f serum (Fig 3.14A, B and D). Antibodies recognizing 

GST-tagged ClfANl 2340.559 were compared in untreated mouse serum and serum from 

mice vaccinated with recombinant His-tagged ClfA N l2340-559 or mice challenged with 

PS80. No cross-reactive antibodies were detected. In all test serum samples the N1 sh o r t  

subdomain was not recognised by serum antibodies unless it w'as expressed in 

conjunction with a small portion o f the N2 domain (NI long40-228)- The N2 domain is 

poorly immunogenic and the majority o f the antibody response was directed against the 

N3 subdomain.

These results demonstrate in vitro that the presence or absence o f the N1 

subdomain does not affect recognition o f  recombinant ClfAN23 22i-559 by antibodies in 

human or mouse sera. The N1 and N2 constructs were recognised poorly by antibodies 

from both human and mouse sera. However, it is possible that the N1 and N2 constructs 

were not correctly folded in the absence o f the remainder o f the protein. This seems 

unlikely as work involving the individual subdomains o f recombinant ClfB showed that 

the individual subdomains were capable o f  folding independently o f  each other. 

However CD spectroscopy would need to be performed on these constructs to show that 

this is also the case for recombinant ClfA.

3.2.8 Subdomain N1 is not required for ClfA to promote survival o f S. aureus in 

human blood.

Both ClfA and protein A promote survival o f S. aureus in human blood (Smith 

et a i ,  2011) by protecting the bacteria from phagocytosis by neutrophils and 

macrophages (Higgins et al., 2006, Palmqvist et a i ,  2004). In order to determine if the 

N1 subdomain o f ClfA is required for ClfA-promoted survival o f S. aureus in human 

blood, S. aureus NMI (pR M C 2c^) and NMl (pRMC2c^ANl4o.2io) were tested for 

their ability to persist in whole human blood compared to NMl carrying the empty 

vector pRMC2.
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Bacteria were grown and induced in RPMI to mimic the iron-limited 

environment o f blood. Equal levels o f ClfA and ClfAANl4o-2 io were expressed on the 

surface o f NMl growing in rich media to exponential phase when induced with 800 

ng/ml and 1 |J.g/ml ATc, respectively (Fig 3.9). In order to determine whether equal 

levels o f expression could be obtained at stationary phase in iron-limited conditions 

induction was performed overnight in RPMI. NMl (p R M C 2 c^ ) and NM l 

(pRMC2c^ANl4o-2io) were induced overnight in RPMI with 800 ng/ml or 1.2 |ug/ml 

ATc, respectively. Whole cell dot immunoblotting using ClfA mAb demonstrated that 

equal amounts o f ClfA and ClfAANl4o-2 io were present on the surface o f the cell (Fig 

3.15A). Adherence o f bacteria expressing ClfA and ClfAANl4o-2 io to fibrinogen was 

dose-responsive and saturable No difference in fibrinogen binding was observed when 

equal levels o f ClfA and ClfAANl4o-2io were expressed on the surface indicating that 

under iron-limited conditions subdomain N1 is not required for adherence to fibrinogen 

and equal levels o f ClfA and ClfAANl4o-2 io can be surface expressed (Fig 3.15B).

Whole blood survival assays were performed for three hours in fresh hirudin- 

treated human blood. The anti-coagulant hirudin was used as it does not inhibit the 

complement pathway. Strain NMl lacks both ClfA and protein A, two important 

surtace-expressed immune evasion proteins (Smith et a i ,  2011). Only 9% of the input 

inocula o f NMl (pRMC2) survived compared to -70%  of the parental strain Newman 

(Fig. 3.16). NM l expressing full-length ClfA (NMl (p R M C 2 c^) showed an increased 

level o f  survival (42% o f input inoculum, Fig. 3.16) confirming previous reports that 

ClfA promotes survival o f  S. aureus in blood (Smith et al., 2011). Bacteria expressing 

ClfAANl4o-2 io survived similarly to those expressing ftjll-length ClfA (43% o f input 

inoculum. Fig. 3.16). These data indicate that residues 40-210 o f N l  are not required 

for ClfA to inhibit killing o f  S. aureus in human blood. Donor blood was screened to 

ensure it did not contain a high level o f  anti-ClfA IgG. Aureolysin-treated cells could 

not be used in whole blood survival assays as aureolysin cleaves the complement 

protein C3 which would interfer with complement-mediated opsonisation (Laarman et 

a/., 2011).

3.2.9 Construction of a constitutively expressed ClfAANl variant.

Expression o f  ClfAANl40-220 or ClfAANl40.228 could not be detected on the 

surface o f  S. aureus when NM l (pR M C 2 c^A N l40.220) and NM l (pRM C2c^ANUo- 

22s) were grown in the presence o f  a high concentration o f inducer (1.2 |ig/ml ATc).
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Figure 3.14 Quantification of antibody response against individual ClfA 

subdomains in sera obtained from mice and healthy human donors.

GST ClfAN 12340-559, GSTN23220-559, GST N1 40-220, G S T N l  40-228, GST N2 and GST N3 

were tested to determine the antibody response directed against individual ClfA 

subdomains in sera from mice and humans. Wells were coated with 1 |j,M recombinant 

ClfA and incubated with doubling dilutions o f  serum obtained from (A) mice 

vaccinated with His-tagged recombinant ClfA 4 0 -5 5 9 , (B) Mice challenged with S. aureus 

strain PS80, (C) healthy untreated mice, and (D) healthy human volunteers. Bound 

antibody was detected with HRP-conjugated rabbit anti-mouse IgG (A, B and C) or 

HRP-conjugated rabbit anti-human IgG. Assays were developed by incubation with a 

chromogenic substrate. The A 4 5 0  was determined. Data points represent the mean o f  

triplicate wells. The data shown is representative o f  three individual experiments.
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Figure 3.15 Optimizing expression levels o f  ClfA and ClfAANl4o-2 io under iron 

limited conditions.

(A) Dot immunoblot performed with S. aureus N M l (p R M C 2 c ^ )  or 

(pRMC2c///^ANUo-2io) induced with 800 ng/ml and 1.1 |ig/m L Ate, respectively in 

RPM l.The OD 600 o f  cells is indicated at the top o f  the blot. 5|il o f  each dilution o f  cells 

was spotted onto the membrane and probed with ClfA mAb and HRP-conjugated rabbit 

anti-mouse IgG. (B ) Solid phase adhesion assay performed with the same cells as panel 

(A) binding to wells coated with Fg ranging from 0-10 fig/ml.Adherent cells were 

stained with crystal violet and A570 was measured. Data points represent the mean o f  

triplicate wells. Graphs shown are representative o f  three different experiments.



80 H

60-
(0
>
'>k- 40-
3
(A

0 20-

P=0.0001 P=0.3726
*** ns

I- - - - - - - - - - - - - 1 I- - - - - - - - - - - - - 1

Newman pRMC2 

N M lpR M C Z  

NMlpRMC2c//>4 

m N M l pRMC2c//4 A N I 4 0  2 1 0

Figure 3.16 Survival of 5. aureus in whole human blood.

Bacteria were incubated in fresh hirudin-treated human blood (50 ^g/m l) for 3 h and 

viable counts were determined on TSA plates incorporating chloramphenicol. The 

percentage survival was calculated based on the number o f  input cfu. Error bars 

represent the standard deviation on the mean o f  three independent experiments 

performed on separate days with different blood donors.



Plasmid pALC2073 is the precursor o f  pRMC2 which allows constitutive expression in 

S. aureus due to weak TetR repression (Bateman et a i ,  2001, Corrigan and Foster, 

2009). Whole cell dot immunoblotting with polyclonal anti-ClfA IgG was performed on 

S. aureus N M l cells carrying pKM ClclfA  or p A L C 2 0 7 3 c ^  under inducing or non­

inducing conditions. Although no ClfA can be detected on the surface o f  cells carrying 

p R M C 2 c ^  in the absence o f  ATc cells carrying p A L C 2 0 7 3 c ^  express high levels o f  

ClfA in both the presence and absence o f  inducing agent. No apparent difference in the 

level o f  ClfA expressed from p A L C 2 0 7 3 c ^  was observed in the presence o f  ATc 

when compared to the uninduced control and in both cases the level o f  ClfA expressed 

from p A L C 2 0 7 3 c ^  was higher than that achieved from induced pKM ClclfA  (Fig 

3.17).

To determine if expression o f  ClfA AN 140-220 is deleterious a deletion o f  residues 

40-220 was made in plasmid p A L C 2 0 7 3 c ^ . Plasmid pALC2073c//^ was manipulated 

by inverse PCR to generate pALC2073c//^ANl4o-22o. Equal amounts o f  the parental 

plasmid p A L C 2 0 7 3 c ^  and pALC207 3 AN 140-220 DNA were purified from E. coli 

DClOB and used to transform S. aureus NMl .  Transformation with p A L C 2 0 7 3 c ^  

yielded ~2 x 10  ̂Cm resistant colonies (Fig. 3.18A). However, p A L C 2 0 7 3 A N  140-220 

yielded fewer than 20 transformants (Fig. 3.18A). Both plasmids tested were able to 

transform E. coli with equal efficiently (~ 3 x 10'* cfti per transformation. Fig. 3.18B) 

which demonstrates the integrity o f  the DNA. The failure to establish transformants 

with p A L C 2 0 7 3 c^ A N l 40-220 in S. aureus suggested that constitutive expression o f  a 

variant o f  ClfA lacking subdomain N1 inhibited growth and colony formation. PCR 

colony screening o f  p A L C 2 0 7 3 c ^ A N l40-220 transformants using primers directed 

against the multiple cloning site o f  plasmid pALC2073 revealed bands with a range o f  

both higher and lower molecular weights when compared to p A L C 2 0 7 3 c ^ A N l40-220 

DNA from E. coli (Fig 3.1 SC). This finding suggests that the plasmid had undergone 

rearrangements to reduce or prevent expression o f  truncated ClfA.

3.2.10 Construction and validation o f  an isogenic variant o f strain N M l which is 
sensitive to erythromycin (NM2).

To facilitate competitive growth experiments to determine if  there is a 

deleterious effect on growth because o f  expression o f  C lfA A N l4o-22o from pRM C2 an 

isogenic strain o f  N M l which is erythromycin sensitive was constructed and designated 

NM2 (Table 2.1). The mutant was constructed by allelic replacement o f  the clfBwEm
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cassette with a 1 kb fragment homologous to the up and downstream regions o f the gene 

using the temperature sensitive integration vector pIMAY (a kind gift from Dr. Michelle 

Mulcahy). A schematic diagram o f the allelic replacement by pIMAY is illustrated in 

Fig. 3.1. Strain NM2 was validated by Western immunoblotting o f  cell wall fractions to 

ensure that it lacked the cell wall proteins ClfA, ClfB and protein A (Fig. 3.19 

A(i)(ii)(iii)). Anti-SdrE IgG was used as a control for the cell wall o f  S. aureus (Fig 

3.19A(iv)). Antibiotic resistance markers were tested to ensure loss o f the erythromycin 

resistance cassette and a growth curve was performed to ensure there was no difference 

in the fitness between NM l and NM2 (Fig. 3.19B). To ensure agr activity delta toxin 

production was examined on sheep blood agar plates (Fig 3.19C).

3.2.11 Competitive growth o f NlMl (pR M C 2c/^ ) and NIM2 (pRMC2c//>lANl4o-22o)

In order to investigate if inducing expression o f ClfAAN I 4 0 - 2 2 0  in S. aureus 

harboring the tightly repressed p R M C 2 c^ A N l4 0 - 2 2 0  would inhibit bacterial growth, 

competitive growth experiments were performed with bacteria harboring pKMClclfA  or 

pR M C 2c^A N  140-220- To distinguish between cells harboring the different plasmids, 

pR M C 2c^A N l40-220 was introduced into strain NM2, which is Em sensitive. Equal 

numbers o f  NMl (pRMC2c//^) and NM2 (pRMC2c^^AN 14 0 - 2 2 0 )  were mixed and co­

cultured for two generations either in the presence or absence o f the inducer ATc. 

Viable counts were obtained by plating on agar containing Cm. Replica plating onto 

agar incorporating Em allowed the number o f  Em resistant bacteria NMl (p R M C 2 c^ ) 

to be counted.

In the absence o f inducer where ClfA expression was repressed (Fig. 3.8) equal 

numbers o f  NMl (pR M C 2ci^) and NM2 (p R M C 2 c^  AN 140-220) were recovered (Fig. 

3.20A). However when ClfA expression was induced and the bacteria were allowed to 

grow for approximately two generations the number o f NM2 (pR M C 2c^A N  140-220) 

recovered was 1.5 times lower than for NMl {pRM ClclfA) (Fig. 3.20A). This indicates 

that expression o f  ClfA lacking subdomain N1 confers a growth disadvantage compared 

to expression o f  full-length ClfA. To investigate if expression o f wild-type ClfA 

affected the fitness o f S. aureus, control experiments were conducted with NM l
c

(pR M C 2c^) and NM2 carrying the empty vector pRMC2. The proportion o f  Em to 

Em'^ bacteria was the same for cultures grown in ATc and the inducer-free control (Fig. 

3.20B).
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Figure 3.17 Comparing ClfA expression by pALC2073c//>l and ipKMClclfA

(A) Whole cell dot immunoblot o f N M l (pR M C 2c^) or N M l (pALC2073c^). 5 1̂ 

each dilution o f cells was spotted onto filter paper and probed with polyclonal anti-ClfA 

IgG and protein A peroxidase. Strain and level o f inducing agent are listed at the side o f 

the blot and OD600 o f cells at the top o f the blot. (B) Schematic o f the P x y i / t e t o  and *PR 

promoter regions and multiple cloning sites (MCS) o f pALC2073 and pRMC2. 

Expression o f target genes is controlled by TetR expression from the *PR promoter. 

TetR binds to the tetO site within the P x y i / t e to  promoter. The -10 box o f the *PR 

promoter has been mutated in pRMC2 simultaneously disrupting its tetO site and 

relieving autorepression. In the presence o f ATc TetR binding to tetO was disrupted at 

the P x y i t e t o  promoter and high level expression achieved.
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Figure 3.18 Transformation o f S. aureus with constitutively expressing 

p A LC2073c//4 AN 140-220

(A) Transformation efficiency o f  pA L C 2073c^ compared to pA LC2073c^A N  14 0 .220- 

NM l cells were transformed with 5 |xg o f pA L C 2073c^ or pALC2073c/y^ANl4o-220, 

plated on TSA containing Cm and the total cfu per transformation was calculated. 

Graph shown is representative o f two independent comparative transformations. (B) 

Transformation efficiency o f  pA L C 2073c^ compared to pA LC 2073c^A N l 40 -22 0 - E. 

coli DClOB cells were transformed with 100 ng plasmid DNA, plated on L agar 

containing ampicillin and the total cfu per transformation was calculated. Graph shown 

is representative o f two independent comparative transformations. P values were 

calculated using Student’s t-test (C) PCR colony screen o f  NM l pALC2073c^ANl4o- 

220  transformants performed using primers directed against the MCS of pALC2073. E. 

coli DClOB (pA L C 2073c^A N l40 -22 0 )  was used as a positive control.
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Figure 3.19 Construction and validation o f strain NM2

(A) Western immunoblotting o f  cell wall fractions o f  strain Newman, NMl and NM2 

probed with (i) polyclonal anti-ClfB IgG, (ii) polyclonal anti-ClfA IgG, (iii) HRP- 

conjugated rabbit IgG or (iv) polyclonal anti-SdrE IgG. Bound antibodies were detected 

with HRP-conjugated anti rabbit IgG.(B) Growth curve comparing NM l and the 

isogenic erythromycin sensitive mutant NM2. (C) S. aureus NM2 and its parental strain 

NM l were cross-streaked against RN4220 on sheep blood agar plates in order to 

compare the haemolytic pattern. Enhanced haemolysis due to 8-toxin is indicated with 

black arrows.
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Figure 3.20 Competitive growth comparing NIVIl(pRMC2c//^) and 

NM2(pRMC2c//4ANl4o-22o) or NM2(pRMC2).

(A) S. aureus N M l (p R M C 2 c^) and NM2 (p R M C 2 c^AN 140-220) cells were induced 

with ATc (1200 ng/ml) and plated on agar incorporating Cm. Colonies resistant to Cm 

were replica plated onto agar containing Em. (B) Competitive growth assay o f N M l 

(pRMC2c//4) and NM2 (pRMC2). S. aureus N M l (pRMC2c//v4) and NM2 (pRMC2) 

cells were induced with 1.2 ^g/ml ATc and plated on TSA Cm. Colonies resistant to Cm 

were replica plated onto TSA containing Em. Bar charts represent the mean percentage 

cfli based on the total Cm resistant cfu. Error bars represent the standard deviation on 

the mean o f three independent experiments. Statistical analysis was performed using 

Student’s t-test.
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Figure 3.21 Size distribution of S. aureus N M l cells expressing ClfA or C lfA A N l4o.

220.

(A) SEM image o f S. aureus cells expressing ClfA. (B) Histogram o f size distribution 

o f S. aureus ceils expressing ClfA. (C) SEM image o f  S. aureus cells expressing 

ClfAAN 140-220- (D) Histogram o f size distribution o f S. aureus cells expressing 

ClfAAN 140-220- (E )  Table o f results obtained from size analysis o f SEM images and 

histograms from (A-D).
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Figure 3.22 TEM analysis of S. aureus NIMl cells expressing ClfA or ClfAAN 140-220-

(A&B) Representative TEM images o f N M l  expressing ClfA. (C&D) Representative 

TEM images o fNMl  expressing ClfAAN 140.220.



3.2.12 Electron microscopy of S. aureus cells expressing ClfA or ClfAANl4o-22o

To determine whether expression o fC lfA A N l40-220 causes morphological defects 

in S. aureus scanning electron microscopy (SEM ) was performed on S. aureus cells 

expressing ClfA or ClfAANl4o-22o N M l (pRM C2c ^ )  or (pRM C2c ^ A N l 40-220) were 

grown to an ODeoo o f  0.5 and induced with 1.2 ^g/ml ATc for 2 hours. Cells were 

harvested, washed in PBS and fixed for 1 hr in 3 % glutaraldehyde. After fixation cells 

were dehydrated on an ethanol gradient. Critical point drying was performed to remove 

all liquid before mounting samples on SEM stubs and sputter coating in gold. Samples 

were imaged by SEM. Representative images for N M l (pRM C2c ^ )  and N M l 

(pRM C2c ^ A N l 40-220) are shown in Fig 3.21 A & C respectively. Eighty cells from 

each group were chosen at random and their size distribution was analysed using imageJ 

software (Fig. 3.21 B&U). No statistical difference in cell diameter was observed 

between the control group expressing wildtype ClfA and the test group expressing 

ClfAAN 140.220- This data suggests that expression o f  ClfAANl4o-22o does not affect cell 

size.

Transmission electron microscopy (TEM ) analysis was also performed on N M l 

(pKMClclfA)  or (pRM C2c ^ A N  140-220) cells induced as above to allow closer 

investigation o f  the cell wall and division septum. Induced cells were washed and fixed 

with then dehydrated before embedding within the resin. Thin slices were stained and 

TEM images obtained. Figure 3.22 A & B show representative TEM images o f  NM l 

{pKMClclfA)  or C & D o f  N M l (pRM C2c ^ A N l 40-220) cells respectively. In both 

samples a range o f  cell diameters was observed. This was expected as the processing o f  

TEM samples requires thin slices to be taken. Depending on the location o f  the cocci 

within the sample different sectors o f  the cocci will be bisected resulting in the range o f  

cell diameters observed. No difference in cell wall thickness or misplacement o f 

division septa was observed for either cells expressing ClfA or ClfAANI40-220 The 

electron microscopy results indicate that expression o fC lfA A N l4 0 - 2 2 0  does not affect the 

division o f  staphylococci.

64



3.3 Discussion

Clumping factor A is the archetypal member o f the MSCRAN4M fam.ily o f wall- 

anchored proteins o f  S. aureus. The defining features o f these proteins are (i) the A 

region and (ii) the flexible unfolded region linking the A region to the cell wall 

spanning/anchoring domain. The A regions comprise two separately folded subdomains 

N2 and N3 composed o f IgG-like folds. All MSCRAMMs which contain a long, 

flexible unfolded region linking the A region to the cell wall spanning/anchoring 

domain have an N-terminal subdomain N1 with no known fijnction.

In this Chapter subdomain N1 was shown to be dispensable for ClfA mediated 

bacterial adherence to fibrinogen in agreement with previous studies demonstrating that 

recombinant N23 subdomain constructs bind to fibrinogen with the same affinity as 

recombinant N123 subdomains (Geoghegan et al., 2010, Ganesh et al., 2008). Here, 

this has been demonstrated using recombinant ClfA, ClfA expressed on the surface o f S. 

aureus lacking the bulk o f the N1 subdomain (ClfAANl 40-210)  and using bacteria treated 

with aureolysin to shave the N1 subdomain from the surface o f the cell. In all cases loss 

o f the N1 subdomain did not affect fibrinogen binding showing conclusively that the N1 

subdomain is not required for ClfA-mediated adherence to fibrinogen.

Intriguingly although the N1 subdomain is not required for recombinant His- 

tagged ClfA A regions to bind to immobilised fibrinogen it is necessary for immobilised 

recombinant His-tagged ClfA to bind to fibrinogen in the fluid phase. This was 

circumvented by the addition o f a GST-tag. This observation suggests that the 

immobilised N23 form o f the protein requires additional residues to allow binding. 

Since a GST tag was sufficient it is likely that specific residues o f N1 are not required 

and it is tempting to speculate that due to the dynamic nature o f the dock, lock, latch 

mechanism additional residues are required to facilitate the flexibility required for 

ligand binding.

Subdomain N1 plays no role in fibrinogen binding by ClfA located on the 

surface o f  S. aureus. To determine whether it is involved in evasion o f opsonization 

each o f the individual subdomains o f  ClfA were expressed as recombinant GST fusion 

proteins. The results demonstrate that the presence o f the N1 subdomain does not affect 

recognition o f  recombinant ClfAN23 22i-559 by antibodies in human or mouse sera. 

Furthermore the N1 subdomain itself was poorly immunogenic.
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ClfA promotes survival o f  S. aureus in human blood (Smith et a i ,  2011) by 

protecting the bacteria from phagocytosis by neutrophils and macrophages (H iggins et 

al., 2006, Palmqvist et al., 2004). This Chapter demonstrated that subdomain N1 is not 

required for ClfA to inhibit killing o f  S. aureus in human blood. ClfA binds to and 

activates the complement regulator factor I, resulting in cleavage o f  the complement 

opsonin C3b (Hair et a l ,  2010). This result indicates indirectly that subdomain N1 is 

not involved in this interaction. The interaction between ClfA and factor I is not 

investigated in this Chapter and will be examined in greater detail in Chapter 5.

In this Chapter pRMC2 was used as an inducible expression system  to help 

elucidate the function o f  the N1 subdomain. In agreement with previous studies, this 

Chapter has demonstrated that pRMC2 can express a target gene at a high level and is 

tightly repressed in the absence o f  inducer (Corrigan and Foster, 2009). Furthermore we 

have demonstrated the utility o f  pRMC2 when dealing with mutations in regions o f  

unknown function. Constitutive expression o f  an N1 deletion mutant following  

transformation into S. aureus resulted in a very low yield o f  transformants which upon 

further examination appeared to have undergone rearrangements. This complication was 

avoided by the use o f  pRMC2 highlighting its value in the study o f  genes o f  unknown 

function by avoiding potential gene toxicity issues. Recently a new variant o f  pRMC2 

has been developed with an additional tetO  site within the P .x y i/te to  promoter region. This 

vector, pRABl 1, is reported to have improved repression in the absence o f  ATc due to 

the additional tetO  site (Helle et al., 2011). However under the conditions described in 

this thesis no leaky expression was detected trom pRMC2 and it was deemed fit for 

purpose.

Neither C lfA A N l 40-220 nor C lfA A N l40-228 were expressed on the cell surface 

following induction. Constitutive expression o f  an N1 deletion mutant o f  

p A L C 2 0 7 3 c^  following transformation into S. aureus resulted in a very low yield o f  

transformants, in the majority o f  which the plasmid appeared to have undergone 

rearrangements. Furthermore, induction o f  the truncated clfA mutant in S. aureus caused 

a significant loss o f  fitness compared to cells expressing wild-type ClfA which shows 

that attempting to express the protein lacking N1 is aflecting cell growth and colony  

formation. These studies provide indirect evidence that although the ClfA A N l variants 

are not surface-displayed attempts to express them have a deleterious effect on the cell. 

Intriguingly a plasmid constitutively expressing an F n B P A N l deletion mutant cannot
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be established in S. aureus (Geoghegan et al., 2013), Since N1 subdomains are found in 

all MSCRAM M s it seems likely that they will have a conserved flmction. This will be 

explored in greater detail in Chapter 4.

In conclusion, this Chapter has demonstrated that pRMC2 is a powerftil tool tor 

inducible gene expression especially where associated with a deleterious growth 

phenotype. The N1 subdomain o f  ClfA is not required for fibrinogen binding by 

recombinant proteins or once the protein has been established on the surface o f  S. 

aureus. It was not possible to express a variant o f  ClfA lacking the entire N 1 subdomain 

on the surface o f  the cell suggesting that it may play a role in surface elaboration o f 

ClfA. However, the N1 subdomain o f  ClfA could be removed from the surface o f  S. 

aureus by aureolysin-treatment. Again loss o f  the N1 subdomain by aureolysin 

treatment did not affect adherence to fibrinogen, in this Chapter ten residues were 

identified at the C-terminus o f  subdomain N1 which were sufTicient to mediate surface 

expression at a similar level to wild type ClfA with no loss ability to adhere to 

fibrinogen. The role o f  the N1 subdomain in surface display o f  ClfA and other 

MSCRAMMs will be examined in detail in Chapter 4.
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Chapter 4

Investigating the role of subdomain N 1 in the cellular localisation of ClfA

and other M SC RAM Ms



4.1 Introduction

The MSCRAMM family comprises proteins with a distinctive substructure. An 

N-terminal ligand-binding A region contains two tandemiy arrayed subdomains N2 and 

N3 that are composed o f IgG-like folds (Deivanayagam et al., 2002) and the N-terminal 

N1 which, in the case o f  ClfB, is elongated and is not compact (Perkins et al., 2001). 

The A domains are linked to the cell wall by an extended flexible region comprising 

repeats o f the dipeptide Ser-Asp (ClfA, ClfB, SdrC, SdrD, SdrE, Bbp) or 10/11 

fibronectin binding domains (FnBPA, FnBPB) (Hartford et al., 1997, Schwarz-Linek et 

al., 2003). Although ClfA is the main focus o f  this Chapter the MSCRAMMs ClfB and 

FnBPB will also be investigated.

ClfB has a very similar structural organisation to ClfA, sharing 93% amino acid 

identity in region R and 26% amino acid identity in the A region (Ni Eidhin et al., 

1998). ClfB binds to the a-chain o f fibrinogen by the ‘dock, lock, latch’ mechanism 

(Walsh et al., 2008, Ganesh et al., 2011). In addition, ClfB also binds to the tail region 

o f human cytokeratin 10 (Walsh et al., 2004) and the i^-loop rich loricrin, a major 

component o f the human cornified envelope, making it an important factor in nasal 

colonisation (Mulcahy et al., 2012).

The A regions o f FnBPs are multifunctional. Both bind the y-chain o f fibrinogen 

by the ‘dock, lock, latch’ mechanism similarly to ClfA but in addition are capable o f 

binding to elastin (Loughman et al., 2008, Burke et al., 2010). Adjacent to the A region 

are 10/11 tandemiy arrayed fibronectin binding repeat regions. FnBPA contains 11 

repeats while FnBPB contains only 10. These mediate Fn binding through a tandem 13- 

zipper mechanism (Bingham et al., 2008). FnBPs play an important role in immune 

evasion and pathogenesis by facilitating invasion o f epithelial and endothelial cells via a 

fibronectin bridge between S. aureus and host cell integrins. FnBPs are also involved in 

platelet activation and aggregation (Fitzgerald et al., 2006), coating o f  implanted 

medical devices (Arrecubieta et a l,  2008), and the intracellular accumulation phase o f 

bio film formation in certain MRSA strains (O'Neill et al., 2008).

Although MSCRAMMs play a pivotal role during colonization and 

establishment o f S. aureus infection very little is known about how these proteins are 

directed to the secretion apparatus (Sibbald et al., 2006, Schneewind and Missiakas, 

2012). Members o f the MSCRAMM family possess an N-terminal signal sequence that
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is predicted to mediate their translocation across the cytoplasmic membrane by the 

general secretory (Sec) pathway (Sibbald et a l ,  2006, DeDent et a i, 2008). The Sec 

system in S. aureus consists o f homologiies o f the canonical SecYEG translocation 

channel and the SecA ATPase (Sibbald et al., 2006). However no homologue o f  the 

general secretory chaperone SecB or the signal recognition peptide (SRP) has ever been 

identified in Gram-positive organisms and there is a dearth o f knowledge o f protein 

specific chaperones.

S. aureus and other Gram-positive organisms contain an additional Sec system 

not found in Gram-negative organisms, denoted the accessory Sec system. The 

accessory Sec system is responsible for secretion o f a subset o f proteins which cannot 

be secreted via the canonical Sec system. It consists o f an accessory ATPase (SecA2) 

and a second SecY protein (SecY2). SecA2 and SecY2 are thought form a novel 

translocation channel with the aid o f accessory proteins, A spl, Asp2 and Asp3. It has 

also been suggested that SecA2 may interact with the canonical SecYEG translocation 

channel to aid secretion o f certain pre-proteins (Rigel and Braunstein, 2008).

In Streptococcus gordonii the accessory Sec system is required for export and 

surface-display o f the serine rich glycoprotein GspB. GspB contains an accessory signal 

domain in addition to its signal sequence which is required to direct secretion via the 

accessory Sec system (Sensing and Sullam, 2010). GspB is an important virulence 

factor o f S. gordonii which binds to and activates human platelets. In S. gordonii, the 

accessory Sec system is solely responsible for secretion o f  GspB. GspB is heavily 

glycosylated by four glycosyltransferases whose genes {gly, nss, gtfA, and gtfB) are 

located within the locus encoding the accessory Sec system. The glycosylation o f GspB 

inhibits its secretion via the canonical Sec system.

In S. aureus SraP is the only protein known to be exported by the accessory Sec 

system. SraP is a member o f the same family o f serine rich glycoproteins as GspB 

although SraP is not thought to be as heavily glycosylated as GspB because S. aureus 

has only two glycosyl transferases gtfA and gtfB. Although ClfA has never been shown 

to be secreted via the accessory Sec system, it is glycosylated by the 

glycosyltransferases SdgA and SdgB encoded by sdgA and sdgB within the sdr locus 

(Hazenbos et al., 2013).
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A ‘YSIRK/GS’ motif present in the signal sequence o f many MSCRAMMs 

directs secretion o f  the pre-proteins to sites o f peptidoglycan biosynthesis at the region 

o f septum formation (DeDent et a i ,  2008). MSCRAMMs containing a YSIRK/GS 

motif include ClfA, ClfB, the Sdr proteins and the fibronectin binding proteins A and B. 

Proteins lacking the ‘YSIRK/GS’ motif, including SasA, SasD, SasF and SasK are 

localised to the cell pole. Reciprocal exchange o f signal sequences containing the 

‘YSIRK/GS’ motif and those that do not altered the localisation o f the chimeric protein. 

However, the mechanisms involved in trafficking MSCRAMMs to these cellular 

compartments are yet to be elucidated (Schneewind and Missiakas, 2012, DeDent et al., 

2008). Surface display o f  S. aureus surface proteins containing the ‘YSIRK/GS’ motif 

is reduced in mutants lacking the spdA, spdB or spdC  genes which encode three 

transmembrane proteins with abortive infectivity (ABI) domains. Unfortunately the 

molecular basis o f this is not understood (Frankel et al., 2010).

A sorting signal is located at the C-terminus o f the protein. It comprises an 

LPXTG motif, a hydrophobic membrane-spanning domain and at the extreme C- 

terminus, a stretch o f positively charged residues. The last two elements delay secretion 

across the membrane and facilitate recognition and cleavage o f the LPXTG sequence by 

sortase A, a lipoprotein located on the outer face o f  the cytoplasmic membrane 

(Schneewind et al., 1993). Sortase cleaves between threonine and glycine forming an 

acyl-enzyme intermediate which allows transfer o f the MSCRAMM to the pentaglycine 

bridge o f  lipid II. Following transglycosylation the MSCRAMM becomes covalently 

anchored to peptidoglycan (Ton-That et a i,  2000).

In Chapter 3 the Ml subdomain o f  ClfA was shown to be dispensable for 

fibrinogen binding by recombinant proteins or that were expressed on the surface o f S. 

aureus. It was not possible to express a complete ClfAANl variant on the surface o f the 

cell suggesting that the N1 subdomain may play a role in surface elaboration. 

Furthermore, attempted expression o f a ClfA variant lacking subdomain N1 resulted in 

impaired growth and colony formation o f S. aureus. Ten residues were identified at the 

C-terminus o f  subdomain NI which were sufficient to mediate surface expression at a 

similar level to wild type ClfA with no loss ability to adhere to fibrinogen.

In this Chapter the subcellular localization o f ClfAANl variants is investigated. 

In Chapter 3 ten residues (211-220) were identified at the C-terminus o f subdomain Nl 

which were sufficient to mediate surface expression o f  the remainder o f  the protein.
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This Chapter investigates whether residues 211-220 are necessary as well as sufficient 

for surface elaboration o f  ClfA. In light o f the growth defect observed in cells 

expressing ClfAANl40-220, the subcellular localization o f another MSCRAMM was 

investigated in S. aureus expressing ClfAANl40-220 Furthermore this Chapter 

investigates whether the N 1 subdomain is required for surface expression o f another 

MSCRAMM FnBPB and determines whether the necessity for subdomain N 1 in export 

o f MSCRAMMs is due to their unique architecture.
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4.2 Results

4.2.1 Subdomain N1 is required for ClfA to be localized to the S. aureus cell wall.

Whole cell immunoblotting indicated that ClfAANl4o-22o was not elaborated on 

the surface o f  S. aureus following induction with ATc (Chapter 3, Fig 3.9) but bacterial 

growth was significantly reduced (Chapter 3, Fig 3.20A) suggesting that subdomain N1 

may be involved in surface display. Therefore, the subcellular location o f  ClfA AN 140-220 

following induction was investigated. Fractions corresponding to the cytoplasm, the 

cytoplasmic membrane and proteins solubilized from the cell wall by lysostaphin 

treatment during protoplast formation (cell wall fraction) were analyzed by Western 

immunoblotting probing with the ClfA mAb.

In the wild type ClfA sample a band o f  150 kDa was detected only in the cell 

wall fraction. This is consistent with normal sorting. In contrast, ClfAANl 4 0 - 2 2 0  was not 

detected in the cell wall fraction but was instead located in the membrane and 

cytoplasmic fractions (Fig. 4.1 A). This protein migrated more slowly than expected and 

may represent translation products that had not been cleaved posttranslationally by 

signal peptidase and sortase A. In contrast ClfAANl4o-2 io was only detected in the cell 

wall fraction in a similar fashion to ftill-length ClfA indicating that this truncate had 

been correctly secreted and sorted.

As a control for secretion and sorting activity in cells attempting to express the 

ANl constructs, samples were also probed for the expression o f SdrE, a member o f the 

MSCRAMM family which is known to be sorted to the cell wall (O'Brien et al., 2002). 

This protein was detected only in the cell wall fraction indicating that it had been 

exported and sorted correctly in all strains (Fig. 4 .IB). Additional controls to ensure 

equal loading o f  membrane and cytoplasmic fractions were also performed. Fractions 

were probed with rabbit anti-Micrococcus luteus F|/FoATPase serum which cross reacts 

with the staphylococcal protein as a control for the cell membrane (Fig 4.2 A). A cross 

reactive band o f  ~50 kDa was observed only in the membrane fractions consistent with 

the size o f S. aureus ATPase (Downer et al., 2002). Cytoplasm fractions were separated 

by SDS-PAGE and stained with Coomassie Brilliant Blue to show equal loading o f 

protein (Fig 4.2 B). To confirm that ClfAANl40-220 was not released into the supernatant 

the concentrated supernatants o f NMl (pR M C 2c^) and NMl (pR M C 2c^A N l40-220) 

induced with 800 ng/ml and 1.2 ^ig/ml respectively was probed with ClfA mAb. No
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ClfA variants were detected in the concentrated supernatant fractions (Fig 4.2 C). The 

cell wall fraction o f  stationary phase Newman spa was used as a positive control for 

ClfA expression. The concentrated supernatant of stationary phase Newman spa was 

used to determine wild type levels o f  secreted ClfA.

ClfAANl40-220 was not detected in the cell wall fraction but was instead located 

in the membrane and cytoplasmic fractions (Fig. 4.1 A). Similar results were obtained 

for ClfAANl40-228 (Fig. 4.3A, B). The failure to localize to the cell wall explains why 

ClfAANl40-220 and ClfAANl40.228 were not detected on the surface o f  intact bacterial 

cells (Chapter 3, Fig 3.9). In contrast ClfAAN I40.210 was only detected in the cell wall 

fraction in a similar fashion to ftjll-length ClfA indicating that this truncate had been 

correctly secreted and sorted.

To eliminate the possibility that removal o f N1 subdomain interfered with the 

signal protease cleavage site an additional construct was generated with 2 additional 

residues at the N-terminus o f  the N1 subdomain, ClfAANl42-220 (Fig 4.4A). Again, 

although cellular fractionation revealed the protein was well expressed in the cytoplasm 

and cytoplasmic membrane fractions no protein could be detected in the cell wall 

fraction (Fig 4.4B). These results indicate that the N1 subdomain is required for surface 

expression o f ClfA.

4.2.2 The effect of ATc on the subcellular locahzation of ClfA.

ATc was chosen as an inducer because it displays little antibiotic activity 

(Bateman et a i ,  2001). As a control for the effect o f ATc on ClfA localisation the effect 

o f increasing concentrations o f  ClfA surface expression was examined. Stationary phase 

Newman cells were subcultured and grown to mid-exponential phase then re-adjusted to 

an OD600 o f 0.05 grown to an ODeoo o f 0.5 and then treated for 2 hours with ATc. 

Cellular fractions o f Newman grown in the presence o f ATc were probed with 

polyclonal anti-ClfA IgG. In the uninduced control a band of~150 kDa was observed in 

the cell wall fraction only. No difference in the level o f  ClfA or subcellular localization 

was observed at even the highest concentration o f ATc used (Fig 4.5A). Cytoplasm 

fractions were separated by SDS-PAGE and stained with Coomassie Brilliant Blue. No 

difference in overall protein composition was observed (Fig 4.5B). These results 

demonstrate that the presence o f ATc did not affect proper secretion and sorting o f 

ClfA.
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Figure 4.1  Subceiluiar localization of C ifA , ClfAANl4o-22oand ClfAAN 140-210.

Cellular fractions from S. aureus expressing C lfA , C lfAAN  14 0 - 2 2 0  or C lfAAN  140-210 were 

probed with (A ) C lfA  mAb and detected with HRP-conjugated rabbit anti-mouse IgG or 

(B )  anti-SdrE IgG and detected with HRP-conjugated goat anti-rabbit IgG in a Western 

immunoblot. Fractions are labelled cell wall (CW ), cell membrane (CM ) and cytoplasm 

(CP).
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Figure 4.2 Membrane, cytoplasm and supernatant controls for ClfAANl variants

(A) Subcellular localization o f the membrane F|/Fo ATPase in S. aureus expressing 

ClfA, ClfAANl 4 0 .2 2 0  and ClfAANl4o-2 io Western immunoblot o f cellular fractions from 

S. aureus expressing ClfA induced with 800 ng/ml ATc, ClfAANl40-220  or ClfAANUo- 

210  induced with 1.2 ^g/ml Ate were probed with rabbit anti-ATPase serum and 

detected with HRP-conjugated goat anti-rabbit IgG. Fractions are labelled cell wall 

(CW), cell membrane (CM) and cytoplasm (CP). (B) Cytoplasm fractions as in (A) 

separated by SDS-PAGE and stained with Coomassie Brilliant Blue. (C) Concentrated 

supernatant fractions from NM l (p R M C 2 c^), (pR M C 2c^A N l 40 -220 )  and 

(pRMC2c^ANl4o-2io) were probed with ClfA mAb and detected with HRP-conjugated 

rabbit anti-mouse IgG. The CW fraction o f stationary phase Newman spa was used as a 

positive control for ClfA. The concentrated supernatant o f stationary phase Newman 

spa was used to determine wild type levels o f  secreted ClfA. Cell wall (CW) or 

supernatant (S) fractions are labelled.
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Figure 4.3 Subcellu lar localization o f  C lfA , C lfA A N l4o- 2 2 8  and ClfAANUo-iio-

Cellular fractions from S. aureus expressing ClfA, C lfA A N l40-228 or ClfAANl4o-2io were 

probed with (A) ClfA m Ab and detected with H RP-conjugated rabbit anti-mouse IgG or 

(B ) anti-SdrE IgG and detected with HRP-conjugated goat anti-rabbit IgG in a Western 

immunoblot. Cell wall (CW ), cell membrane (CM ) and cytoplasm (CP) fractions are 

labelled.
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Figure 4.4 Subcellular localisation o f C lfA A N l42-220.

(A ) Schematic representation o f C lfA , C lfA A N  140-220 and C lfA A N  142-220- (B) Western 

immunoblot o f cellular fractions o f  IMMl expressing C lfA , C lfA A N l40-220 and 

ClfAAN 142-220 The blot was probed with C lfA  mAb and HRP-conjugated rabbit anti­

mouse IgG. Cell wall (C W ), cell membrane (C M ) and cytoplasm (CP) fractions are 

labelled.
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Figure 4.5 Subcellular localization of C lfA  expressed from Newman (pRIVIC2) 

grown in ATc.

(A ) Western immunoblot o f cellular fractions fi-om S. aureus Newman (pRMC2) 

incubated with increasing concentrations o f ATc. The concentration o f ATc is indicated 

at the top of the blot. The blot was probed with polyclonal anti-ClfA IgG and detected 

with protein A-peroxidase. Fractions are labelled cell wall (CW), cell membrane (CM ) 

and cytoplasm (CP). (B) Cytoplasm fi-actions as in (A ) separated by SDS-PAGE and 

stained with Coomassie Brilliant Blue.



4.2.3 The effect o f ClfA AN 14 0 - 2 2 0  on the localization o f the MSCRAMIVl SdrE.

Deletion o f  subdomain N1 o f  ClfA results in mislocalisation o f  ClfAAN 1 4 0 -2 2 0 - 

To determine if mislocalisation o f  ClfA variants atYects correct localisation o f  another 

M SCRAM M , cellular fractions o f  cells expressing ClfAAN 140-220 were probed for SdrE. 

SdrE is a cell wall-anchored surface protein o f  S. aureus which is expressed in both the 

exponential and stationary phases o f  growth. S. aureus cells carrying pR M C lclfA  or 

p R M C 2 c^ A N l 4 0 -2 2 0 were grown to an ODeoo o f  0.5. Before induction with ATc cells 

were treated with trypsin for 1 hour at 37°C to remove all cell wall-anchored proteins. 

This ensured removal o f  any cell wall-bound SdrE that was secreted prior to the 

induction o f  ClfAAN 14 0 -2 2 0  expression and allowed the surface expression o f  SdrE to be 

examined in the presence o f  ClfAAN 1 4 0 -2 2 0- Cells were washed and resuspended in the 

original volume o f  BHI and induced with 1.2 |ig/ml ATc for two hours (Fig 4.6A). Cell 

wall fractions o f  cells treated with trypsin or cells treated with trypsin then induced with 

ATc were probed with ClfA mAb. No cross reactive bands were detected in trypsin- 

treated cell wall fractions, indicating that the protease had removed all cell wall- 

anchored protein (Fig 4.6B). N M l {pK M C lclfA) cells that were induced with ATc after 

trypsin treatment displayed two bands in the cell wall, one at -1 5 0  kDa and a second at 

-1 0 0  kDa. The 150 kDa band corresponds to the size o f  full length ClfA, while the 100 

kDa band is likely to be a break down product due to protease that was not removed by 

washing prior to induction. Trypsin-treated fractions were also probed with anti-SdrE 

IgG (Fig 4.6C). No difference in the level o f  cell wall SdrE was detected in cells 

expressing ClfA or ClfAAN 140.220 As with ClfA, a double band was observed for the 

SdrE protein. The higher band o f  greater than 170 kDa corresponds to the full length 

SdrE protein, while the lower band is likely due to breakdown due to contaminating 

protease. To determine if cells expressing ClfAAN 140-220 contained SdrE in other 

subcellular fractions, whole cell fractionation was performed on the same cells as panel 

B and C. SdrE was only detected in the cell wall fraction o f  cells expressing ClfA or 

ClfAAN I40-220 showing that expression o f  ClfAAN 140-220 did not affect correct secretion 

and sorting o f  SdrE (Fig 4.6D).

4.2.4 Identification o f residues in subdomain N1 required for ClfA to be localized 

to the cell wall.

The N1 truncate ClfAAN I40-210 was sorted efficiently to the cell wall o f  S. 

aureus while ClfAAN 140-220 and ClfAAN 140.228 were found in the cytoplasm and
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membrane (Fig 4.1 A and Fig 4 .3A) suggesting that residues 211 - 220 may be required 

for efficient translocation and cell wall localization. The Phyre2 program predicts that 

the N1 subdomain is largely disordered, except for a short region at the C-terminus 

beginning at residue 209 (Fig 4.7). This structure may be important for functional 

surface expression o f  ClfA. In order to investigate the importance o f  residues 211-220 

further, plasmid p R M C 2 c ^  was manipulated to create a derivative lacking DNA 

encoding amino-acids 211-220 o f  C l f A  (plasmid p R M C 2 c^ A 2 11-220). A  second variant 

where residues 211-220 were substituted with 10 alanines was also constructed (Fig 

4 .8A).Whole cell dot immunoblotting using C l f A  mAb with cells expressing C l f A A 2 i i -  

220 (Fig 4 .SB, upper p a n e l) or C l f A A N l 40-220+ i o a u  (Fig 4 .SB, lower panel) revealed that 

they were not surface expressed. Fractionation revealed C l f A A 2 i  1-220 was not detected in 

the cell wall but was present in the cell membrane and cytoplasm (Fig 4 .S C ) .  This 

shows that residues 211-220 are necessary for cell wall localization. While C l f A A N U o .  

210 was only detected in the cell wall fraction (Fig 4 .S C ) ,  a variant where residues 211- 

220 were substituted with ten alanines ( C l f A A N l  4 0-220+ lOAia) was not (Fig 4 .S C ) .  SdrE 

was detected only in the cell wall fraction indicating that it had been exported and 

sorted correctly in all strains (Fig 4.SD). These results demonstrate that residues 211- 

220 are necessary and sufFicient for surface expression o f the remainder o f  the ClfA 

protein. To reflect the two different definitions o f  subdomain N1 (40-220 and 40-22S), 

an additional variant o f  C l f A  was constructed lacking residues 211-22S (ClfAA2 i 1.22s; 

Fig 4.9A). ClfAA2 i 1-228 was detected in the cytoplasm and membrane fractions similarly 

to ClfAA2 ii-22o (Fig4.9B ).

In CIfAANl40-220+lOAia residues 211-220 could not be ftinctionally substituted 

with ten alanine residues. Residue 211 is a proline. Proline residues are commonly 

associated with bends in secondary structure or at the beginning o f  an a-helix. To 

determine whether proline was important for the function o f  residues 211-220, plasmid 

p R M C 2 c ^  was manipulated to delete residues 40-210 and to simultaneously substitute 

proline2 ii with an alanine (Fig 4.10A). This was achieved by incorporating a single 

alanine codon into the forward primer designed for inverse PCR. Figure 4.1 OB shows an 

agarose gel electrophoresis image o f  the inverse PCR product. To confirm loss o f  DNA 

encoding the N1 subdomain a restriction digest with EcoRI and Bglll was performed on 

plasmid pRlVIC2c^ANl4o-2ioP2ii*A (Fig 4 .IOC). The cell wall fraction o f  N M l 

expressing C lfA A N l4o-2 ioP2 ii*A 2 n induced with 1 ng/ml ATc was probed with ClfA
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Figure 4.6 Subcellular localisation of SdrE in trypsin-treated cells expressing 

ClfAAN 140-220

(A) Schematic representation o f the experiment to remove all surface proteins by 

treatment with trypsin before induction with ATc. (B) Western immunoblot o f cell wall 

fractions o f N M l expressing ClfA or ClfAANl4o-22o treated with trypsin or following 

trypsin treatment and induction with 1.2 |ig/ml ATc. The blot was probed with ClfA 

mAb and detected with HRP-conjugated rabbit anti-mouse IgG. (C) Cell wall fractions 

as in B. The blot probed with anti-SdrE IgG and detected with protein A-peroxidase. 

(D) Cellular fractions o f N M l expressing ClfA or ClfAAN 140-220 following trypsin 

treatment and induction with 1.2 |ag/ml ATc. The blot was probed with rabbit anti-SdrE 

IgG and protein A-peroxidase. Cell wall (CW), cell membrane (CM) and cytoplasm 

(CP) fractions are labelled.
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Figure 4.9 Subcellular localisation of ClfAA2n-228

(A) Schematic representation o f  ClfAA2n-228 (B) Cellular fractions from S. aureus 

expressing ClfAA2n-228 induced w ith 1200 ng/ml ATc. The cell wall fraction o f  N M l 

expressing C lfA  induced w ith 800 ng/ml was included as a positive control for C lfA  

expression. The blot was probed w ith  C lfA  mAb and detected with HRP-conjugated 

rabbit anti-mouse IgG. Cell wall (CW ), cell membrane (CM ) and cytoplasm (CP) 

fractions are labelled.
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Figure 4.10 Construction and localisation o f  ClfAANl4o.2ioP2ii*A2n

(A) Schematic representation o f  ClfAANl 4o-2ioP2ii*A2n. (B) Agarose gel 

electrophoresis (LI)  DNA size marker (L2 ) inverse PCR product for pRM C2 

c//}^AN]4o-2ioP2ii*A2ii . (C) Agarose gel electrophoresis (LI)  DNA size marker, (L2) 

restriction digest o f  pRM C2 c^ANl4o-2ioP2ii*A2n with EcoRI and BgllL The band at 

2.29 kb corresponds to the size o f  ClfAANl4o-2ioP2i!*A2ii. The band at 6.4 kb 

corresponds to the size o f  cut pRM C2 . The band at 8.7 kb corresponds to pRM C2 

c^ANl4o-2ioP2ii*A2ii which has not been cut to completion by EcoRI and BgllL (D) 

Cell wall fractions from N M l expressing ClfA or ClfAANl4o-2ioP2!i*A2ii induced with 

1 |xg/ml ATc. N M l (pRM C2 ) was used as a negative control. Cell wall fractions were 

probed with ClfA mAb and detected with HRP-conjugated rabbit anti-mouse IgG in a 

W estern immunoblot.



mAb. A cross reactive band was detected at -1 0 0  kDa indicating that P211 is not 

necessary for surface expression o f  ClfA.

4.2.5 Subdomain N1 is not required for cell wall localization o f a ClfA variant 

lacking residues comprising the serine-aspartate repeat region.

The A regions o f  MSCRAM M s which contain an N1 subdomain with no known 

structure or function are linked to the cell wall by an extended flexible region. In the 

case o f  ClfA this comprises Ser-Asp dipeptide repeats. To determine if the N1 

subdomain is required for correct localisation o f  MSCRAMMs containing long flexible 

unstructured repeat regions additional variants were constructed. Plasmids p R M C 2 c ^  

and p R M C 2 c^ A N l 4 0 -2 2 0  were manipulated in order to create variants lacking DNA 

encoding the Ser-Asp dipeptide repeat region (residues 559-875) generating plasmids 

pRMC2c^ASD559.875 and plasmid pRMC2c^ANl4o-22oASD559.875, respectively (Fig 

4.11 A). ClfAASD5 5 9 .8 7 5  was only detected in the cell wall (Fig 4.1 IB). Similarly, 

C lfA A N l4o-2 2oASD5 9 .g75 was present only in the cell wall fraction (Fig. 4.1 IB). This 

demonstrates that the N1 subdomain is not required for export or cell wall localization 

o f  ClfA lacking the flexible Ser-Asp repeat region and is only required for expression o f  

the repeat-containing protein.

To determine whether the N1 subdomain was required for surface export o f  the 

Ser-Asp repeat region alone or export o f  the Ser-Asp repeat region in conjunction with 

the IgG-like folds o f  the N23 region plasmid p R M C 2 c ^  was manipulated to remove 

DNA encoding the A region. DNA encoding a FLAG-epitope was introduced into both 

constructs N-terminal to the Ser-Asp repeat region to facilitate detection o f  the proteins 

in the absence o f  the A region. Two additional constructs were generated by inverse 

PCR to create ClfA AN 1 234o-559flag lacking the entire A region and ClfAAN234o-220FLAG 

lacking the N23 region (Fig 4.12A). Cellular fractions o f  NM I expressing 

ClfAAN1234o-559FLAG and ClfAAN234o-220FLAo were probed with monoclonal anti-FLAG 

IgG and detected with HRP-conjugated rabbit anti-mouse IgG. Cellular fi-actions o f  

NM I expressing ClfA or carrying pRMC2 (empty vector) were included as additional 

controls for non-FLAG tagged proteins. A crossreactive band was detected at -5 0  kDa 

in all membrane fractions. This is likely to be Sbi, a membrane-localized IgG binding 

protein reacting with the secondary antibody. ClfAAN1234o-559FLAG does not appear to 

be expressed in any fraction suggesting the construct is unstable or not reacting with the
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antibody. However, a band o f  -1 3 0  kDa was detected in the membrane o f  cells 

expressing ClfAAN234o-220FLAG, suggesting that the N1 subdomain is not sufficient for 

surface display o f  the Ser-Asp repeats in the absence o f  the N23 region. Unexpectedly 

a cross-reactive band o f  ~55 kDa was detected in the cytoplasm o f  the p R M C 2 c ^  non- 

FLAG-tagged control (Fig 4 .12B). This suggests that when ClfA is expressed from 

pRlVIC2 a small breakdown product o f  ClfA can cross react with the anti-FLAG 

antibodies. This phenomenon was observed with two distinct monoclonal FLAG 

antibodies. This complicated interpretation o f  the data and fijrther investigation in this 

area.

4.2.6 Investigation of the mechanism by which subdomain N1 mediates surface 

expression o f  ClfA

It is unclear why a region distinct from the signal sequence should be necessary 

to mediate correct cell wall localisation o f  a pre-protein. It is possible that subdomain 

N1 acts as a molecular chaperone and binds to the N23 region o f  ClfA. To investigate 

the mechanism by which subdomain N1 mediates surface expression o f  ClfA, 

recombinant GST-tagged ClfANlLONG40-228 was examined for its ability to bind to 

immobilised His-tagged ClfAN2 3 22o-559- No binding was detected (Fig 4 .13A). The Sec 

pathway mediates secretion o f  unfolded pre-proteins. If  the N1 subdomain acts a 

chaperone for the remainder o f  ClfA by binding the N23 region it would bind directly to 

this region when it is unfolded. Recombinant His-tagged ClfAN23220-559 migrated under 

reducing and denaturing conditions by SDS-PAGE was probed in a ligand affinity blot 

with GST-tagged ClfANlLONG4o-228 and detected with anti-GST IgG. Cross-reactive 

bands corresponding to the size o f  His-tagged ClfANl 2 340-559  and ClfAN23 22o-559 were 

detected when probed with GST-tagged ClfAN 1 l o n g 4o-228- However, this was attributed 

to non-specific binding o f  the GST-tag as similar bands were also observed in the GST 

control (Fig 4.13B).

Residues 211-220 are necessary for surface expression o f  ClfA. To investigate 

the possible role o f  this region a His-tagged peptide comprising residues 211-220 was 

synthesised commercially (HisClfA 2 i 1-220). The ability o f  HisClfA2 n-22o to bind to 

immobilised GST-tagged C lfA N l2340-559  and N 23220-559  was examined. No interaction 

was detected indicating that residues 211-220 do not bind to the N23 region (Fig
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Figure 4 .U  Subcellular localisation of ClfA.ASD559-875and ClfAAIS 140-220 8̂0559-875

(A) Schematic representation o f  C lfA , C!fAASDs59-875 3nd ClfAANl40.220ASD559.875. (B) 

Subcellular location o f  C lfA , ClfAASD559.875 and ClfAANl40.220ASD559.875. Cellular 

fractions from S. aureus were probed with C lfA  mAb and HRP-conjugated rabbit anti­

mouse IgG in a Western immunoblot. Cell wall (CW ), cell membrane (CM ) and 

cytoplasm (CP) fractions are labelled.
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(A) Schematic representation o f ClfA, CIfAAN1234o-559FLAG and ClfAAN2340-220FLAG-

(B) Subcellular location o f ClfA, ClfAAN123 4o-559f l a g  and ClfAAN234o-220FLAO after 

induction with 1 ^ig/ml ATc. Cellular fractions were probed with murine monoclonal 

anti-FLAG IgG and HRP-conjugated rabbit anti-mouse IgG. Cell wall (CW), cell 

membrane (CM) and cytoplasm (CP) fractions are labelled.
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Figure 4.13 Recombinant GST-tagged ClfA N 1 lo n g 4 o - 2 2 8  binding to His-tagged 

ClfAN 12340-559 and C!fAN2322i-559

(A) Recombinant His-tagged ClfAN 1 2340-559 and C lfAN 2 3 2 2 i -5 5 9  were immobilised on a 

microtitre plate and incubated with GST-tagged C lfA  N 1 lg n g 4 o - 2 2 8  Immobilised C lfA 

N 1 lo n g 4 o - 2 2 8  was used as a positive control for GST-tagged C lfA  N 1 lo n g 4 o - 2 2 8  

recognition. Bound GST was recognised by HRP-conjugated anti-GST IgG. (B) 

Recombinant His-tagged ClfAN 1 2340-559 and C lfAN 2 3 2 2 i -5 5 9  were electrophoresed by 

SDS-PAGE, transferred to a membrane and probed with GST-tagged ClfA N 1 lq n g 4 0 - 2 2 8  

or GST only Bound GST was recognised by HRP-conjugated anti-GST IgG. (C) 

Immobilised GST-tagged C lfAN 2 3  22i-559 was incubated with the synthetic peptide 

HisClfA2i 1-220 HisClfA2i 1-220 was recognised using murine polyclonal anti-His IgG and 

HRP-conjugated anti-mouse IgG. Immobilised GST-tagged C lfAN 2  3  22o-559 was used as 

a positive control for GST-tagged C lfAN 2 3  22o-559 immobilisation and was detected using 

HRP-conjugated anti-GST IgG. ELISA plate wells were incubated with a chromogenic 

substrate and the absorbance at A450 was determined. Data points represent the mean o f 

triplicate wells and the graph is representative o f three independent experiments.



4 .13C). However, this does not preclude the possibility that residues 211-228 can bind 

in this region.

4.2 .7  The effect o f  protein glycosylation  on surface expression  o f  C lfA  and a 

ClfAAN 140-220.

ClfA has been shown to be glycosylated via glycosyltransferases encoded by the 

sdgA and sdgB genes (Hazenbos et al., 2013). These modifications occur in the Ser-Asp 

repeat region o f ClfA. In S. gordonnii, GspB a serine rich glycoprotein has been shown 

to be exported via the accessory Sec pathway. Furthermore, glycosylation o f  GspB is 

refractory to secretion via the canonical Sec pathway (Sensing and Sullam, 2010). To 

determine whether glycosylation affects the cellular localisation o f ClfA or ClfAAN 140- 

220 a strain o f  S. aureus SHI 000 containing a Ka*̂ ' determinant which disrupts the sdgA 

and sdgB genes (SH I000 sdgAB) was employed (Table 2.1). The Ka*̂  determinant was 

moved into a strain o f Newman lacking clfA due to a frame shift mutation and clfB due 

to disruption with an erythromycin resistance cassette (Newman clfA5clfB) by 

generalized transduction forming NM3 (Table 2.1). NM3 grew normally when 

compared to Newman clfASclfB (Fig 4 .14A) and expression o f 8-toxin indicated that the 

agr locus was intact (Fig 4.14B). This suggests that secondary mutations affecting 

growth and Agr had not been acquired during transduction. Strain NM3 was 

transformed with plasmids p R M C 2 c^  or p R M C 2 c^A N l40.220. Cellular fractions o f 

NM3 expressing ClfA showed no significant change in protein localization with the 

majority o f  the protein detected in the cell wall fraction. Cellular fractions o f NM3 

expressing ClfAAN 140-220 revealed cross reactive protein present in the membrane and 

cytoplasm fraction similar to expression o f ClfAAN 140-220 in strain NMl (Fig 4.14C). 

These results indicate that lack o f  glycosylation does not affect the surface elaboration 

o f  ClfAAN 140-220.

4.2 .8  C onstruction and validation  o f  pR M C 2c//B  and pRlM C2c//B A N I48-200

Region A o f ClfB shares -26%  amino-acid identity with the corresponding 

region o f ClfA and is organised into N l, N2 and N3 subdomains (Ni Eidhin et al., 1998) 

(Fig 4.15A). To determine whether the N l subdomain plays a similar role in secretion 

and surface expression o f other MSCRAMMs the full clfB gene including its ribosome 

binding site was amplified from strain Newman and cloned into pRMC2 between the 

EcoRl and Bglll sites. The construct was validated by DNA sequencing but failed to
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express high levels o f  CltB. This was demonstrated by whole cell dot immunoblotting 

o f  NM l (p R M C 2c^ ) cells induced with 1.2 |J .g /iT il ATc after Ihr, 2hr, or 3hr (Fig 

4 .15B). Cell wall fractions were obtained from cells in panel B, and probed with anti- 

ClfB IgG. A immunoreactive band o f -1 5 0  kDa was detected which corresponds to the 

size o f  ClfB in the cell wall fraction o f  Newman spa from the exponential phase o f  

growth. However, very poor levels o f  ClfB were obtained (Fig 4 .15C). Cells from 

panel B and C were tested for their ability to adhere to immobilised human cytokeratin 

10. Cytokeratin 10 is a ligand that is only recognised by CltB in contrast to fibrinogen 

which is bound by several MSCRAMMs and can be used to monitor ClfB expression. 

NM l(pRM C2c//B) induced with 1.2 |ig/ml ATc could adhere to human cytokeratin 10 

but not to the same level as Newman ClfB* (Fig 4.15D). Plasmid p R M C 2 c^  was 

manipulated to remove DNA encoding residues 48-200 comprising the N 1 subdomain 

(Fig 4 .15E). Sequence analysis confirmed complete deletion o f  subdomain N l. 

However, no ClfB was delected in any cellular fractions o f  NM l (pR M C 2c^A N  148-200) 

induced with 1.2 |^g/ml (Fig 4 .15F). Due to poor levels o f  expression o f  ClfB and the 

CltBANl 48-200 variant this MSCRAMM was not investigated further.

4.2.9 Construction and validation o f pRIMC2/«6fl

Region A o f  FnBPB shares ~  25% amino acid identity with the corresponding 

region o f  ClfA and is organised into N l, N2 and N3 subdomains (Deivanayagam et al., 

2002). FnBPB does not have a Ser-Asp repeat region and instead harbours ten 

tlbronectin binding repeats at the C-terminus o f  the protein (Fig 4.16A). In order to 

determine if  subdomain N l was required for localisation o f  other S. aureus 

MSCRAMMs, the subcellular localisation o f  FnBPB and FnBPBANl variants was 

studied. The fnbB  gene from strain 8325 was cloned into pRMC2 between the EcoRI 

and Bglll sites to generate pRMC2/«^i?. Plasmid DNA was isolated from putative 

positive clones and the insertion o f  fnbB  was confirmed by cleavage with EcoRI and 

Bglll, revealing bands o f  6.4 kb corresponding to pRMC2 backbone and 2.7 kb 

corresponding to the fnbB  gene (Fig 3.I6B). Plasmid pRMC2/«^fi was sequenced to 

confirm the integrity o f  the fnbB  gene. Plasmids were transformed into a strain o f  the 

MRS A isolate BHICC lacking both FnBPA and FnBPB (BHICC ^fnbAB, Table 2.1) 

for analysis o f  expression. Strain BHICC was selected because it is protease deficient 

and allows expression o f  FnBPs into stationary phase (Geoghegan et al., 2013a).
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Figure 4.14 Construction and validation o f  strain NM 3

(A) W estern im m unoblotting o f  cell wall fractions o f  strain N ew m an clfA5clfB  and 

NM 3 probed w ith polyclonal anti-C lfA  IgG, polyclonal anti-C lfB  IgG o r HRP- 

conjugated rabbit IgG. Bound antibodies w ere detected with H R P-conjugated anti­

rabbit IgG and exposure to  a chem ilum inescent substrate. (B) S. aureus N M 3 and its 

parental strain N ew m an clfASclfB  w ere cross-streaked against RN 4220 on sheep blood 

agar plates in order to com pare the haem olytic pattern. Enhanced haem olysis due to 8- 

toxin is indicated with black arrow s. (C ) G row th curve com paring N M 3 and its parental 

strain N ew m an clfA5clfB. (D) C ellular fractions from  N M 3 expressing C lfA A N l4o-22o or 

ClfA. The blots were probed with C lfA  m Ab and detected  with H R P-conjugated rabbit 

anti-m ouse IgG. Cell w all (C W ), cell m em brane (C M ) and cytoplasm  (C P) fractions are 

labelled.
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Figure 4.15 C onstruction and validation o f  pR M C 2c//B

(A ) Schem atic representation o f  ClfB (B) W hole cell dot im m unoblot o f  N M l 

expressing C lfB  induced with 1.2 >ig/ml ATc after Ihr, 2hr or 3hr. N ew m an spa cells 

from the exponential phase o f  grow th w ere used as a positive control for ClfB. N M l 

(pR M C 2) was used as a negative control. (C ) W estern im m unoblot o f  cell wall fractions 

from  (B) separated by SD S-PA G E. Blots in B and C w ere probed with polyclonal rabbit 

anti-C lfB  IgG and protein A -peroxidase. (D) Bacterial adherence to  im m obilised hum an 

cytokeratin  10 by N M l (p R M C 2 c ^ )  induced w ith  1.2 |ig/m l ATc. N ew m an spa and 

N M l (pR M C 2) w ere used as positive and negative controls. A dherent cells were 

detected by staining with crystal v iolet and the A 570 m easured. (E ) Schem atic 

representation o f  ClfB A N l48.2oo- (F) C ellular fi-actions o f N M l  (p R M C 2 c ^ )  and N M l 

(p R M C 2 c ^ A N l 48.200) induced w ith 1.2 |j,g/ml ATc. The blot was probed with 

polyclonal anti-C lfB  IgG and protein A -peroxidase. Cell wall (C W ), cell m em brane 

(C M ) and cytoplasm  (CP) fractions are labelled.
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Figure 4.16 Construction and validation of pRMClfnhpB

(A) Schematic representation o f FnBPB. (B) (L I)  agarose gel electrophoresis o f 

restriction digest o f pRMClfnbB  cleaved with EcoRI and B g lll (L2) uncut pRMC2 

fnbB. (C) Ligand affinity blot analysis o f cellular fractions from BHICC t^fnhAB 

{pKMC2fnbB) and BHICC ISfnbAB (pRMC2) induced with I |J.g/ml ATc, probed with 

biotinylated fibronectin and detected with HRP-conjugated streptavadin. Cell wall 

(CW), cell membrane (CM) and cytoplasm (CP) fractions are labelled. (D) Bacterial 

adherence to immobilised fibronectin by cells expressing FnBPB from pRMC2 induced 

with 1 ^g/ml ATc. Exponential phase cells o f  BHICC were used as a positive control. 

BHICC ^fnbAB  (pRMC2) was used as a negative control. Adherent cells were detected 

by staining with crystal violet and the A^vq measured. Data points represent the mean o f 

triplicate wells. The graph is representative o f three experiments performed on different 

days.



C ellu lar fractions o f  B H IC C  l^fnbAB (pR M C 2 fnbE ) induced w ith 1 |ig /m l ATc 

w ere probed with biotinylated fibronectin and bound ligand was detected  with HRP- 

conjugated  streptavadin. B iotinylated fibronectin was used as antibodies raised against 

the A region were not available. B H IC C  l^fnbAB (pR M C 2) was used as a negative 

control. A reactive band o f -1 6 0  kD a corresponding to the size o f  full length FnBPB 

was detected  in the cell w all fraction o f  B H IC C  d^fnbAB {pK M C lfnbB ) (Fig 4 .16C). N o 

reactive bands were detected  in the B H IC C  IsfnbAB (pR M C 2) control. B H IC C  AfnbAB  

ipK M C 2fnbB ) induced w ith 1 |ag/ml ATc w as tested for adherence to im m obilized 

fibronectin  and com pared to exponential phase B H IC C . B H IC C  ISfnbAB (pR M C 2/«^5) 

could adhere to fibronectin in a dose responsive and saturable m anner at levels sim ilar 

to B H IC C . B H IC C  ISfnbAB (pR M C 2) did not adhere to fibronectin (F ig  4.16D ).

4.2.10 Construction and validation o f pRMC2/nAfiANl38-i62

In order to determ ine if  the N1 subdom ain is necessary for correct localisation o f  

FnBPB plasm id pK M C lfn bB  was m anipulated by inverse PCR to rem ove the entire N1 

subdom ain spanning residues 38-162 to yield pRM C2/«^5ANl38-i62 (FIG  4 .17A). Loss 

o f  D N A  encoding the N1 subdom ain w as validated by cutting with EcoRI and B glll. A 

band o f  6.4 kb corresponds to the size o f  pR M C2 backbone and the band at 2.3 kb 

corresponds to the size o f  the fn bB  gene lacking DNA encoding  the N1 subdom ain (FIG  

4.17B). Plasm ids w ere transform ed into BVWCCtsfnhAB. Cell w all, m em brane and 

cytoplasm ic fractions w ere probed for FnBPB expression in a ligand affinity  blot using 

biotinylated fibronectin. F nB P B A N l3g.i62 was not detected  in the cell w all fraction. 

R eactive bands w ith a m olecular w eight o f  -1 2 0  kD a w ere observed in the cell 

m em brane and cytoplasm  fractions (F ig 4.17C). This indicates that the N1 subdom ain 

o f  FnBPB is required for cell w all localization o f  the protein.

4.2.11 Construction and subcellular localization o f FnBPBANl variants

In an attem pt to restore surface expression o f  FnBPB  lacking the N1 subdom ain, 

in a sim ilar strategy to ClfA, p R M C 2 /« ^5  was m anipulated to yield pRM C2/nA5ANl38- 

138 encoding a variant o f  FnBPB lacking m ost o f  the N I dom ain but contain ing residues 

at the C -term inus o f  the N1 subdom ain (F ig 4.18A ). C ellu lar fractions o f  

B H lC C A /h M 5  (pRM C2y>?^5ANl38-138) w ere probed w ith biotinylated fibronectin  and 

detected  with H R P-conjugated streptavidin. Interestingly, FnBPB A N lsg.ng w as not 

detected  in the cell w all, how ever reactive bands o f  sim ilar m olecular w eight to
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FnBPBAN 138-162 were detected in the membrane and cytoplasm fractions (Fig 4.18B). 

This suggests that this region is not sufficient to mediate surface expression o f  FnBPB.

To determine whether residues 211-220 o f  ClfA could mediate cell wall- 

localization o f  an FnBPB variant lacking N 1 these residues were inserted between the 

signal sequence and the beginning o f  the N2 domain. 5 'phosphorylated primers for 

inverse PCR were designed with additional flanking sequences containing five codons 

on each primer. This generated a ten residue linker region consisting o f  the 

“PRM RAFSLAA” m otif o f  ClfA between the signal sequence and the first residue o f  

the N2 subdomain in place o f  the N1 subdomain (F nB P B A N l38.i62+cifA2 i 1-220, Fig 

4.19A ). Cellular fractions o f  BH1CCA/«Z>/J5 (p R M C 2 y > 7 6 5 A N l3 8 - i6 2 + a f A 2 11-220)  were 

probed with biotinylated fibronectin and detected with HRP-conjugated streptavidin. 

This construct was not detected in the cell wall suggesting that these residues are unable 

to mediate surface expression o f  FnBPB (Fig 4 .19B).

Plasmid pKM C2fnbB  was manipulated by inverse PCR to remove DNA  

encoding most o f  the N1 subdomain leaving additional residues at the C-terminus o f  the 

N1 domain (p R M C 2/«5/*5A N l38-134, Fig 4.19A ). Cellular fractions o f  BHXCClsfnbAB 

(p R M C 2/«65A N l38-134) were probed with biotinylated fibronectin and detected with 

FIRP-conjugated streptavidin. As with the FnBPBAN variant, FnBPBAN 138-134 

was not detected in the cell wall. However, reactive bands o f  similar molecular weight 

to FnBPBAN 138-138 were detected in the membrane and cytoplasm fractions suggesting  

that these residues are unable to mediate surface expression o f  FnBPB (Fig 4.19C).

Analysis o f  the N1 subdomain o f  FnBPB by Phyre 2 predicted that residues 132- 

148 have an a-helical secondary structure similar to ClfA (Fig 4 .20A). However, unlike 

ClfA two distinct additional regions o f  the N1 subdomain o f  FnBPB at residues 65-73  

and 115-118 are also predicted to be a-helical. Since residues 135-162 are not sufficient 

to mediate surface expression o f  FnBPB it is possible that one or more o f  these regions 

o f  the N 1 subdomain are also necessary.

Intriguingly, in a different study with a related protein to FnBPB a plasmid 

constitutively expressing an FnBPA N1 deletion mutant could not be established in S. 

aureus until a short region at the C-terminus o f  the N1 subdomain was restored 

(Geoghegan et al., 2013b). Phyre 2 analysis predicted that the N1 subdomain o f  FnBPA  

has an a-helical secondary structure in this region (Fig 4.20B).
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Figure 4.17 Construction, validation and localisation o f  FnBPBANl38-i62

(A) Schem atic representation o f  F nB P B A N l38-162 (B) A garose gel electrophoresis ( 1) 

DNA size m arker, (2 ) pR M C 2/ « ^ 5 A N l38-162 cleaved with EcoRI and B glll, and (3 ) 

uncut pR M C 2 /«Z)5 A N 138-162 (C) W estern ligand affinity blot o f  cellu lar fractions from 

B H IC C  iSfnbAB {p R M C lfn b B )  and B H IC C  S fn b A B  (pR M C 2/ « 6 B A N l3g-i62) induced 

with 1 |ig /m l ATc, probed w ith biotinylated flbronectin and detected  with HRP- 

conjugated streptavadin. Cell wall (C W ), cell m em brane (C M ) and cytoplasm  (CP) 

fractions are labelled.
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Figure 4.18 Subcellular localisation of FnBPBANl38-i62 and FnBPBANljg-us

(A )  Schematic representations o f  F n B P B A N l3g.i62 and FnBPBANhg.Bg. (B ) Cellular 

fractions from S. aureus expressing FnBPB, F n B P B A N l38-i62 or FnBPBANbg.isg  

induced with 1 fig/m l A Tc probed with biotinylated fibronectin and detected with H R P- 

conjugated streptavadin in a ligand affin ity  blot. Cell w all (C W ), cell membrane (C M )  

and cytoplasm (C P) fractions are labelled.
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Figure 4,19 Subcellular localisation o f  FnBPBANl38-i62+cifA2ii-22o and FnBPBANljs-

134

(A) Schematic representations o f  FnBPBANl38.i62+cifA2i 1-220 and FnBPBA Nl38.134. 

Western ligand affinity blot o f  cellular fractions from ( B )  S. aureus expressing FnBPB, 

FnBPB ANI38-162 or FnBPB ANl38-i62+cifA2ii-22o induced with 1 |ag/ml ATc. (C) S. 

aureus expressing FnBPBA Nl38-162 or FnBPBA Nl38-134 induced with 1 |ag/ml ATc. 

Blots in B and C were probed with biotinylated fibronectin and detected with HRP- 

conjugated streptavadin. Cell wall (CW ), cell membrane (CM) and cytoplasm (CP) 

fractions are labelled.
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Figure 4.20 Phyre 2 prediction of secondary structure in the N1 subdomains of 

FnBPB and FnBPA

(A) Phyre 2 prediction o f secondary structure o f N l  subdomain o f FnBPB. (B) Phyre 2 

prediction o f secondary o f the N1 subdomain o f FnBPA Regions within the signal 

sequence and the C-terminal region o f the N1 subdomain that are predicted to have a- 

hehcal secondary structures are indicated by the green heHces.



4.2.12 Subdomain N1 is not required for cell wall-localization of FnBPB lacking 

the long unstructured repeat region.

The N1 subdomain o f  ClfA was not necessary for correct localisation o f  the pre­

protein in the absence o f  the long unstructured Ser-Asp repeat region. To determine if 

the N1 subdomain is necessary for export o f  FnBPB in the absence o f  the fibronectin 

binding repeat regions, pRMC2/A7MANl 38-162 was manipulated to yield 

pRMC2y>7^5ANl38-i62AFnBR48i.8iiFLAG- A FLAG epitope tag was introduced by primer 

extension during PCR to facilitate detection o f  the protein in the fibronectin binding 

repeat region (FnBR) (Fig 4.22A). FnBPBANl 38-i62AFnBR48i.8iiFLAG has a predicted 

molecular weight o f  ~50 kDa. To avoid interference by protein A in Western 

immunoblotting, the spawKa cassette from Newman spa  was transduced into strain 

B H IC C b^fnbAB to generate strain BH ICC IsfnbAB  (Table 2.1). Dot

immunoblotting with HRP-conjugated rabbit-IgG was performed to confirm the loss o f  

protein A (Fig 4.21 A). A PCR colony screen using primers directed against the fnbA B  

region was performed to confirm the BH IC C AfnbAB  background (800 bp), BH ICC 

was used as a positive control for the fnbA B  region (7 kb) (Fig 4.21 B). A growth curve 

was performed to ensure no growth defect was associated with acquisition o f  the 

spa::K.a^ cassette (Fig 4.21C). Strain BH IC C AfnbAB spa::Ka^ was transformed with 

pRMC2 fnbB , pRMC2/«Z?5ANl38-162, pRMC2//7Z)5ANl38-i62AFnBR48i-8iiFLAG for 

expression analysis.

Cellular fractions o f  BH ICC ^^fnbAB sp a v .K ^  {pK M C lfnbB) and 

(pRMC2y«Z?5ANl 38-162) were probed with biotinylated fibronectin and HRP-conjugated 

streptavidin to confirm the subcellular localisation o f  FnBPB and FnB PBA N l38-162- As 

was observed in BH IC C  AfnbAB, FnBPB was localised to the cell wall fraction. 

However, FnBPBA Nl38-162 was confined to the cytoplasm and cytoplasmic membrane 

(Fig 4.22B). When probed with monoclonal anti-FLAG IgG and HRP-conjugated rabbit 

anti-mouse IgG cellular fractions o f  BH ICC AfnbAB spa::K i^  (pRMC2/«^)5ANl38- 

i62AFnBR48i-8iiFLAo) revealed a reactive band with a molecular weight o f  ~60 kDa in 

the cell wall fraction only (Fig 4.22C). This demonstrates that the N1 subdomain is not 

required for export or cell wall localization o f  FnBPB lacking the flexible fibronectin 

binding repeat region.

In Fig 4.12B cross reaction was observed between the anti-FLAG IgG and ClfA 

expressed from pRMC2. To determine whether the reactive band identified in the cell

82



wall fraction o f  B H IC C  iSfnbAB 5/?(3::Ka'^(pRMC2/«/?5ANl38.i62AFnBR48i-8iiFLAG) was 

due to an artefact o f  the experim ent pR M C 2/«^5, pRM C2 and pRMC2/«Z?5ANl38- 

i62APnBR48i-8 iiFLAG w crc transform ed into strain N M l lacking ClfA. Cellular fractions 

o f N M l  {^K U C lfnbB ), (pR M C 2) and (pRMC2/«^5ANl38.i62AFnBR48i-8iiFLAG) were 

probed w ith m onoclonal anti-FL A G  IgG and no cross reaction w as detected for either 

N M l (pR M C 2/rtZ ?5)orN M l (pR M C 2).
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Figure 4.21 Construction and validation of BHICC AfnbAB sp«::Ka'^

(A) Whole cell dot immunoblot o f BHICC IsfnbAB spa\\K<^ (panels 3-7). BHICC 

ISfnbAB was included as a positive control for protein A expression (panel 1). NMl was 

included as a negative control (panel 2). A suspension o f cells o f OD 1 (5 |al) o f each 

strain was spotted on a membrane. Blots were probed with HRP-conjugated rabbit IgG.

(B) Agarose gel electrophoresis o f PCR colony screen for the fnbA  and fn b S  genes 

using primers to amplify the fnbAB  region. (l)DNA size marker 1, (2) BHICC, (3) 

BHICC iSfnbAB spaw K ^. (C) Growth curve comparing B H lC C A /nM ^ and BHICC 

AfnbAB spa::Ks^.
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Figure 4 . 2 2  Subcellular localisation o f FnBPBANl38-i62AFnBR48i-8 iiFLAG

(A) Schematic representation o f  FnBPBANl3g.i62AFnBR48i.gnFLAG (B) Western ligand 

affinity blot o f cellular fractions from BHICC ISfnbAB spav.Ks^ expressing FnBPB or 

FnBPB AN 138-162 induced with 1 |ig/ml ATc were probed with biotinylated fibronectin 

and detected with HRP-conjugated streptavadin. (C) Western immunoblot o f cellular 

fractions from BHICC ISfnbA'Q spa\\K.d^ expressing FnBPBANl38.i62AFnBR48i.8n 

probed with monoclonal anti-FLAG IgG and detected with HRP-conjugated rabbit anti­

mouse IgG. Cell wall (CW), cell membrane (CM) and cytoplasm (CP) fractions were 

labelled.



4.3 Discussion

In this Chapter a role for subdomain N1 in export and surface expression of 

MSCRAMMs was verified. Residues comprising the N1 subdomain o f  ClfA were 

shown to be required for the protein to be translocated across the membrane so that it 

can be anchored by sortase to ceil wall peptidoglycan. Deletion mutants lacking N1 

(residues 40-220, 42-220 and 40-228) were not exported and instead accumulated in the 

cytoplasm and the membrane fractions. This could only be detected in bacteria where 

ClfA expression was tightly regulated because constitutive expression o f an N1 deletion 

mutant following transformation into S. aureus resulted in a very low yield o f 

transformants where the plasmid had undergone rearrangements (Chapter 3, Fig 3.18).

Dissection o f the N1 subdomain o f ClfA revealed that a stretch o f 10 residues 

close to the boundary between N1 and N2 is necessary for surface expression, and that 

only this region plus the 8 residues that join it to the beginning o f N2 as defined by the 

X-ray crystal structure are necessary. Residues 211-220 could not be substituted by 10 

alanines suggesting that they have a specific function. Secondary structure analysis of 

this region with Phyre 2 revealed that residues 209-228 are predicted to have a-helical 

structure. It is possible that this structure is required for the function o f this region. 

Surface expression o f ClfAANl40-210 was lower than wild type ClfA (Fig 3.9), 

suggesting that perhaps these residues are not optimal for surface expression. The 

presence o f additional residues upstream from 210 may improve surface expression o f 

ClfA ANl variants. However, as ClfAANl4o-2 io was not detected in the cytoplasm or 

membrane fractions it is also possible that mRNA stability has been affected 

consequently lowering expression levels.

To determine whether growth o f S. aureus in ATc affected the cellular 

localisation o f  wild type ClfA strain Newman (pRMC2) was subcultured and grown 

with ATc at the same concentrations used to induce expression from pRMC2. No affect 

on the level o f expression o f ClfA or its localisation was observed even at the highest 

concentration o f ATc tested (1.2 |ig/ml). This demonstrates that mislocalisation o f ClfA 

variants is not caused by the presence o f  ATc.

Since expression ofC lfA A N l4 0 - 2 2 0  affects growth and the protein is mislocalised 

to the cytoplasm and the membrane, the subcellular localisation o f SdrE was examined 

in cells expressing ClfAANl4o-22o to investigate if secretion and anchoring o f another
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MSCRAMM was affected. Cells were trypsinized prior to induction to remove SdrE 

expressed before the addition o f  ATc. This allowed the surface expression o f  SdrE to be 

examined while C lfAAN l4o-22o was being expressed. Expression o f  C lfAANl4o-22o did 

not affect expression o f  SdrE indicating that secretion and sorting o f  the protein was not 

affected by expression o f  ClfAANl 40 - 220 .

A ClfA truncate lacking the Ser-Asp repeat region was exported and anchored to 

the cell wall in the absence o f  N1 suggesting that the N1 subdomain is required to aid 

transport o f  the long flexible unstructured Ser-Asp repeat region. Intriguingly the N1 

subdomain was not sufficient to mediate surface expression o f  the Ser-Asp repeat 

region in the absence o f  the N23 region. This suggests that the N1 subdomain may 

interact with the N23 region whilst mediating surface expression. However, this result 

may be an artefact o f  the experiment due to cross-reaction with the anti-FLAG IgG.

To investigate the mechanism through which subdomain N1 mediates surface 

expression o f  ClfA, recombinant GST-tagged ClfA N1 was tested for its ability to bind 

to immobilised His-tagged ClfAN23. No binding was detected. However, if  the N1 

subdomain acts a chaperone for the remainder o f ClfA by binding the N23 region it 

might bind to the unfolded N23 region. Recombinant His-tagged ClfA N23 denatured 

prior to SDS-PAGE and was probed with GST-tagged N l. Although binding was 

detected this was attributed to non-specific binding o f  the GST-tag which complicated 

further investigation.

Since residues 211-220 are necessary for surface expression o f  ClfA the ability 

o f  a His-tagged synthetic peptide comprising residues 211-220 to bind to GST-tagged 

ClfAN23 was examined. No interaction was detected. However, this does not rule out 

the possibility that residues 211-228 can bind in this region.

Subdomain N l is not required for export o f  ClfA lacking the Ser-Asp repeat 

region. It is possible that subdomain N l interacts directly with the Ser-Asp repeat 

region. This was not investigated in this Chapter but it presents an intriguing avenue for 

future work.

In S. gordonii the surface glycoprotein GspB has been shown to require an 

accessory signal domain in addition to its signal sequence to direct secretion via the 

accessory Sec system (Sensing and Sullam, 2010). To determine whether the N l 

subdomain is required for surface expression o f  ClfA because o f  glycosylation o f
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residues in the Ser-Asp repeat region, the localisation o f  ClfAANl 4 0 - 2 2 0  was examined in 

a mutant o f  5'. aureus lacking sdgA and sdgB  (NM3). Unglycosylated ClfA was detected 

predominantly in the cell wall whereas C lfAAN l40.220 was localised to the cytoplasm 

and membrane fractions. This demonstrates that subdomain N1 is not required 

specifically for surface elaboration o f  glycosylated ClfA. Furthermore, ClfA has never 

been shown to be secreted via the accessory Sec system and is glycosylated by 

glycosyltransferases encoded on the sdr locus suggesting that this is a distinct 

mechanism.

This Chapter has demonstrated that the N1 subdomain o f  ClfA is necessary for 

surface display o f  ClfA. We hypothesised that if this is a feature o f  the MSCRAMM 

family and not just a property specific to ClfA then the N1 subdomains o f  other 

MSCRAMMs will also be required for surface expression. Accordingly deletion o f  the 

N1 subdomain o f  FnBPB prevented surface expression o f  that protein. Further support 

comes from an observation that a plasmid constitutively expressing an FnBPA N1 

deletion mutant could not be established in S. aureus (Geoghegan et al., 2013b). The 

level o f  amino acid sequence similarity between the N1 subdomains o f  the 

MSCRAMMs is very low so that it is not possible to determine if a similar “m otif’ is 

present in this region. Attempts to restore surface expression o f  FnBPB lacking the N1 

subdomain were unsuccessful demonstrating that residues 134-162 are not sutTicient for 

surface expression. Secondary structure analysis o f  FnBPB by Phyre 2 demonstrated 

additional regions within subdomain N1 distinct from the C-terminus with predicted 

alpha helical secondary structure. These regions may be necessary for N1 to mediate 

surface expression o f  FnBPB.

A ClfA truncate lacking the Ser-Asp repeat region was exported and cell wall 

anchored in the absence o f  N1 suggesting that the N1 subdomain is required to aid 

transport o f  the long flexible repetitive Ser-Asp repeat region. Interestingly, a FnBPB 

truncate lacking both the flexible FnBR region and the N1 subdomain was also cell wall 

anchored. These data suggest that the N1 subdomain is necessary for exporting 

MSCRAMMs with a complex structure containing IgG-like folds followed by a long 

unstructured repeat region.

In conclusion this Chapter shows an important ftinction for the N1 subdomain in 

surface elaboration o f  the MSCRAMMs ClfA and FnBPB. The mechanism by which 

N1 supports export o f  the MSCRAMMs is not yet understood. This Chapter suggests
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that the N1 subdomain o f  the MSCRAMM family o f  surface proteins contains an 

additional export domain required for appropriate surface display o f  the protein. This 

study is the first o f  its kind to indicate that additional domains, distinct from the signal 

sequence, are necessary in S. aureus. It is possible that the N1 subdomain acts as a 

cytoplasmic chaperone by directly binding to a region o f  the protein. Perhaps its role is 

to prevent the N2N3 subdomains folding prematurely into globular IgG-like folds or in 

aiding the formation o f  a hairpin loop to facilitate export by Sec. The Sec translocon 

facilitates the export o f  unfolded pre-proteins and would not tolerate the large folded 

IgG-like domains. However, CNA contains subdomains which form IgG-like folds but 

does not contain a region adjacent to the signal sequence o f  unknown structure and 

function. It is possible that in the absence o f  a long flexible repeat region it does not 

require a dedicated export domain.

Alternatively the N1 subdomain may engage an additional cytoplasmic factor 

which guides the long pre-protein from the ribosome to the Sec translocation apparatus. 

Recently ClfA has been shown to bind ClpC, a molecular chaperone. Although the 

biological significance o f  this interaction has not been investigated it is possible that 

subdomain N1 engages ClpC as a chaperone to ensure safe passage o f  the pre-protein to 

the Sec apparatus. Alternatively, the N1 subdomain may engage SecA or other 

components o f  the Sec machinery directly to facilitate export.
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Chapter 5

Investigating the interaction between staphylococcal surface proteins and

complement regulatory factors.



5.1 Introduction

Clumping Factor A (ClfA) is an important MSCRAMM o f S. aureus. Its ability 

to bind human fibrinogen is well characterized (McDevitt et a i, 1995). ClfA binds 

fibrinogen by the ‘dock, lock, latch’ mechanism (Geoghegan et a i,  2010, Ganesh et a i, 

2008). In the proposed mechanism for binding, the C-terminal residues o f the y-chain o f 

fibrinogen dock in the trench formed between the independently folded N2 and N3 

subdomains. When the ligand binds, a flexible extension o f the C-terminus o f the N3 

subdomain is reoriented to encase the ligand peptide, locking it in place and then forms 

a (3-strand which is complementary to a (3-sheet o f the N2 domain, creating the latch.

A second fibrinogen binding site was discovered in the ClfA A region. ClfA has 

a higher affinity for whole fibrinogen than for the y-chain peptide. The y-chain peptide 

mimics the C-terminal fibrinogen residues that bind to the trench in ‘dock, lock, latch’. 

This observation, coupled with the fact that binding o f recombinant ClfA A region to 

fibrinogen could only be inhibited by 60-70% by the fibrinogen y-chain peptide 

suggested the presence o f a second fibrinogen binding site in the A domain o f ClfA. 

Conversely fibronectin binding protein A (which also binds to the y-chain o f  fibrinogen) 

could be inhibited to 100% by the fibrinogen y-chain peptide (Wann et al., 2000). The 

second binding site was mapped to the top o f the N3 subdomain and forms part o f the 

epitope o f the function blocking monoclonal ClfA antibody 12-9. This antibody 

inhibited recombinant ClfAN23 binding to fibrinogen, but not to a His-tagged y-chain 

peptide. Single alanine substitutions in residues located in this region o f the N3 

subdomain reduced fibrinogen binding significantly. This led to the proposal o f  a model 

where ClfA initially interacts with the extreme C-terminus o f the y-chain o f fibrinogen 

by a variation o f the dock, lock, latch mechanism. The second binding site then interacts 

with a second site within the globular D-domain on fibrinogen (Ganesh VK, 

(manuscript in preparation)).

Recently a second ligand for ClfA has been discovered. ClfA binds and activates 

human complement factor 1 (FI) (Hair et a i, 2008), a serine protease which regulates 

activation o f  all three complement cascades. Factor I is an 88 kDa multidomain 

glycoprotein which is modified posttranslationally by proteolytic cleavage to generate a 

heavy chain (50 kDa) and a light chain (38 kDa) which remain linked by a disulphide 

bond. The serine protease activity o f  factor I is located in the light chain. Little is known
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about the specific functions o f the individual domains in the heavy chain. These have 

been named based upon their predicted structural similarity to other proteins 

(Tsiftsoglou et al., 2005). The crystal structure o f factor I has not yet been elucidated so 

the overall structure o f the protein is also unknown. To modulate complement activation 

factor 1 normally requires a cofactor from the Regulators o f Complement Activation 

(RCA) family.

Factor H (FH) is a member o f the RCA family. This family o f  proteins is 

characterised by the presence o f  short consensus repeats known as complement control 

protein (CCP) repeats. Factor H works in two distinct ways to regulate complement 

activation. Firstly it can accelerate the dissociation o f factor Bb from the C3bBb 

complex, inactivating the alternative pathway C3 convertase. Secondly, factor H 

recognises C3b that has been inappropriately deposited on non-activating host cell 

surfaces. Factor H acts as a cofactor for factor 1 which is then responsible for cleavage 

to the opsonin C3b (see Fig 1.13), generating iC3b to release C 3f This alters both the 

conformation and binding affinity o f  C3b (Janssen et a i ,  2006). While iC3b is still 

recognized by receptors on the surface o f  neutrophils it is no longer capable o f binding 

factor B to form the alternative pathway C3 convertase (See Fig 1.12). As the 

alternative pathway acts as a positive amplification loop for all o f the complement 

pathways, the generation o f a dead-end substrate stymies flirther opsonization o f 

bacteria and subsequent phagocytosis (Walport, 2001). It is unclear exactly how factor 

H activates factor I but it is thought that factor H first binds C3b, then factor 1 binds the 

C3b-factor H complex (Wu et al., 2009).

C4 binding protein (C4BP) is another fluid phase member o f the RCA family. 

Similarly to factor H, C4BP can accelerate decay o f  C3 convertases. However, its 

binding specificity is for C4b making it active against the C3 convertase o f the classical 

and lectin pathways, C4b2a. In addition C4BP can act as a cofactor for factor 1 to 

facilitate degradation o f  the opsonin C4b. Factor 1 cleaves C4b at two sites in the a ' 

chain to yield C4c and C4d. As yet no biological functions or ligands have been 

identified for C4c or C4d.

The interaction between ClfA and factor I occurs in the A region o f  ClfA but the 

exact location and mechanism o f activation o f factor 1 is as yet unclear (Hair et al., 

2010b). S. aureus expressing a ClfA variant containing two substitutions which
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abrogates fibrinogen binding, ClfA P336A Y338S, is less virulent then the wild type in 

vivo (Higgins et al., 2006). S. aureus ClfA P336A Y338S was shown to bind factor I 

more tightly than the wild type ClfA but was unable to activate its serine protease 

activity (Hair et al., 2010b). This result suggests that fibrinogen and factor I may 

occupy at least partially overlapping binding sites.

To date, no other surface proteins o f  S. aureus have been shown to bind 

complement factor I. It has been suggested that ClfA and factor I interact directly 

although this has not been demonstrated experimentally. Only two viral proteins have 

ever been shown to manipulate factor I directly. Vaccinia virus and Kaposi’s sarcoma- 

associated Herpes virus express proteins with structural features thought to mimic the 

CCP repeats o f  the RCA family capable o f  directly binding factor I (Mark et al., 2007, 

Mullick et at., 2005).

In this Chapter the interaction between factor I and ClfA is investigated. The 

ability o f  each o f  the individual subdomains o f  region A o f  ClfA in factor 1 binding is 

examined. Variants o f  recombinant ClfA with reduced fibrinogen binding were studied 

for their ability to bind factor I. Experiments were performed to determine whether the 

interaction between ClfA and factor 1 is direct, and attempts to identify potential co­

factors for the ClfA-factor 1 interaction were made. Futhermore, this Chapter 

demonstrates that the functional redundancy often observed in staphylcocci extends to 

factor 1 binding, and that numerous staphylococcal surface proteins are capable o f 

binding other complement regulatory proteins.
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5.2 Results 

5.2.1 Clumping factor A binds human complement factor 1

The A region o f  ClfA has been shown to bind to and activate complement factor 

1 (Hair et al., 2010a, Hair et al., 2008). To confirm that ClfA could bind factor 1 in 

serum ligand affinity blotting was performed. Recombinant GST-tagged ClfANl 2340-559 

was analysed by SDS-PAGE and stained with Coomassie Brilliant Blue. A band o f 

-1 0 0  kDa was observed. This is consistent with the correct molecular weight for fijll 

length undegraded GST-tagged C lfA N l2340-559 (Fig 5.1 A(i)). GST-tagged C lfA N l234o- 

559 analysed by SDS-PAGE was transferred to a PVDF membrane which was incubated 

with 10% normal human serum and probed for factor 1 binding with monoclonal anti­

factor I IgG. A band corresponding to the size o f  GST-tagged C lfA N l2340-559 was 

detected demonstrating that C lfA N l2340.559 can bind factor 1 in serum (Fig 5. 1A(ii)).

In Chapter 3 the N 1 subdomain was shown to be dispensible for fibrinogen 

binding. To determine if the N 1 subdomain was required for the interaction between 

ClfA and factor 1 purified GST-tagged C lfA N l2340-559 and ClfAN23 22i-559 were 

examined. Proteins were immobilized on a microtitre plate and examined by ELISA for 

their ability to capture complement factor 1 from normal human serum. Monoclonal 

anti-Factor I IgG was used to detect factor I binding in a dose-responsive and saturable 

manner (Fig 5. IB). Both C lfA N l2340-559 and ClfAN23 22i-559 proteins were capable o f 

binding to factor I with a similar high affinites (half maximum binding o f  42 nm and 32 

nm respectively). Interestingly ClfAN23 22i-559 reached saturation before ClfAN 12340- 

559. This difference o f  binding at saturation may be due to a minor difference in the 

kinetics o f  the interaction. However, the N 1 subdomain does not appear to be necessary 

for ClfA binding to factor I. Similar to observations made in Chapter 3 for fibrinogen 

binding, immobilised His-tagged ClfAN2322i-559 was not able to promote factor I 

binding.

5.2.2 Investigation o f  the regions within ClfA responsible for factor I binding

To determine which subdomains within the A region o f  ClfA were responsible 

for mediating the interaction with factor I, each o f  the individual subdomains were 

examined for their ability to capture factor I. DNA encoding each o f  the individual 

subdomains o f  ClfA was cloned into pGEX-4T-2 as described in Chapter 3 . To reflect 

the two different definitions o f  subdomain N 1 two distinct GST-tagged recombinant
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Figure 5.1 Clum ping factor A binds hum an com plem ent factor I

(A) R ecom binant G ST -tagged ClfA N 12340-559 was analysed by SD S-PA G E  and (i) 

stained w ith C oom assie Brilliant Blue or (ii) transferred to a PV DF m em brane, 

incubated with 10 %  norm al hum an serum  and probed with m onoclonal an ti-factor I 

IgG. Bound an ti-factor I IgG was detected with H R P-conjugated rabbit anti-m ouse IgG 

and incubation w ith a chem ilum inescent substrate. (B) Investigating the ability o f  

im m obilised G S T -tagged recom binant ClfA to capture factor I from 10%  norm al hum an 

serum. W ells o f  a m icrotitre plate w ere incubated overnight with 0 - 1.5 recom binant 

G S T -tagged ClfA NI2340.559 or ClfA N23221-559- G ST  was included as a negative 

control. Im m obilised protein w as incubated w ith 10%  norm al hum an serum. Bound 

factor I was detected with m onoclonal anti-factor I IgG and H R P-conjugated rabbit anti­

m ouse IgG. W ells w ere incubated with a chrom ogenic substrate and the A450 

determ ined. D ata points represent the m ean o f  triplicate wells. The graph is 

representative o f  three independent experim ents.



protein constructs w ere generated. N1 s h o r t  com prises residues 40-220 and reflects the 

N1 subdom ain as defined by its aureolysin cleavage site. N I l o n g  com prises residues 40- 

228 and reflects the N1 subdom ain as defined by the crystal structure o f  the m inim um  

ligand binding dom ain o f  ClfAN23229-545-

1 |iM  o f  each recom binant G ST-tagged ClfA  subdom ain w as incubated 

overnight to coat the surface o f  a m icrotitre plate. Im m obilised protein w as incubated 

w ith doubling dilutions o f  serum. B ound factor I was detected  with m onoclonal anti­

factor I IgG and H R P-conjugated rabbit anti-m ouse IgG. N one o f  the individual 

subdom ains could prom ote binding o f  factor 1 (F ig 5.2). This indicates that the N1 

subdom ain is not required for the interaction betw een C lfA  and factor I and neither 

individual subdom ain can interact with factor I alone.

F ibrinogen binding by the A region o f  C lfA  requires both the N 2 and N3 regions 

to be intact. To determ ine w hether residues w hich are necessary for fibrinogen binding 

are im portant for factor I, binding am ino acid substitutions w hich w ere originally  

isolated to m ap the fibrinogen binding sites in C lfA  were utilised (G anesh VK, 

(m anuscript in preparation)). DNA encoding the C lfA N 23 2 2 i - 5 5 9  variants C lfA  Y 512A , 

ClfA  1408A, C lfA  D 481A  and C lfA  P336S Y 338A  D 321A  (C lfA PY D ) w as cloned into 

pG EX  4T-2. Figure 5.3A show s a ribbon diagram  o f  the crystal structure o f  the N23 

region highlighting residues im portant in fibrinogen binding. Proteins w ere purified  to 

hom ogeniety and analysed by SD S-PA G E. All G ST -tagged ClfAN 23 22 i-559 variants 

m igrated as a single band at ~60 kD a sim ilar to  the wild type G ST -tagged C lfA N 2 3 2 2 i- 

559 (Fig 5.3B). D oubling d ilu tions o f  G S T -tagged rClfA  variants w ere im m obilized on 

the surface o f  a m icrotitre plate. To confirm  that all constructs coated the plate with 

equal efficiency bound protein w as detected  using polyclonal an ti-G S T  IgG and HRP- 

conjugated rabbit anti-goat IgG. All constructs coated the plate in a dose-responsive and 

saturable m anner. N o difference in the level o f  im m obilized protein w as detected  (Fig 

5.3C).

The recom binant ClfA variants w ere exam ined for their ability to capture factor 

I from  serum  com pared to  wild type G ST -tagged ClfA N23 22 i-559. W ells o f  m icrotitre 

p lates were incubated overnight with 0-500 nM o f  G S T -tagged ClfAN23 2 2 i-559 and its 

variants to coat wells. Im m obilised proteins w ere incubated with 10% norm al hum an 

serum . Bound factor I was detected  with m onoclonal an ti-factor I IgG. All variants 

tested showed m inor reductions in factor 1 capture but no significant d ifference in K d at
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h a lf m axim al binding was observed (Fig 5.4 A-D). These results indicate that the ability 

o f  ClfA to bind fibrinogen is not necessary for factor I binding. Furtherm ore they 

suggest that factor I binding involves distinct residues not involved in the ‘dock, lock, 

la tch’ m echanism  em ployed by C lfA  binding to fibrinogen. H ow ever, this does not 

preclude the possibility that residues that are involved in fibrinogen binding can affect 

the dissociation rate o f  bound factor I as this cannot be accurately m easured by ELISA.

5.2.3 Investigating the interaction between ClfA and purified factor I.

In order to determ ine w hether ClfA and factor I interact directly, purified factor 

I was exam ined for ClfA binding ability. W ells o f  a m icrotitre plate were incubated 

overnight w ith 1 |j,M o f  G ST -tagged  CIfAN1234o-,559. Im m obilised protein was 

incubated w ith 40 ^g /m l factor I. 10% norm al hum an serum  was used as a positive 

control for factor 1 binding binding (F ig 5.5A). A lthough im m obilised C lfA N l2 3 4 0 -5 5 9  

can capture factor I from  serum , it cannot bind to purified factor I. Factor I was captured 

from serum  by an im m obilised m onoclonal antibody and C lfA  binding w as exam ined. 

W ells o f  a m icrotitre plate w ere incubated overnight with m onoclonal an ti-factor I IgG. 

Coated w ells w ere incubated with norm al hum an serum  to capture factor I on the 

surface o f  the plate. Bound factor I was then incubated with G ST-tagged ClfAN 123 40- 

5 5 9 . Bound C lfA  was detected  w ith H R P-conjugated anti-G ST IgG. As a control for 

factor I capture on the surface o f  the m icrotitre plate bound protein w as detected  with 

polyclonal goat anti- factor I IgG and H R P-conjugated  rabbit anti-goat IgG (Fig 5.5 B). 

ClfAN 12340-559 could not bind to factor I captured from hum an serum. This result, 

com bined w ith observations that C lfA  cannot bind com m ercially  purified factor I 

suggests that C lfA  does not interact w ith factor I alone and requires one o r m ore 

additional cofactors that present in serum.

5.2.4 Investigating potential cofactors for the ClfA factor I interaction

ClfA  cannot bind to  purified factor I but can capture factor I from  hum an serum. 

This suggests that additional cofactors present in hum an serum  are required. C lfA  is 

know n to bind to fibrinogen and in its natural frmction regulating com plem ent 

activation, factor I interacts with factor H, C 4BP and C3b. To determ ine i f  these 

proteins are involved as cofactors for factor I and ClfA , factor I was pre-incubated with 

either fibrinogen, factor H, C 3b, C4BP, C3 or fibrinogen and factor H together. The 

concentrations used represent those that occur in blood. W ells o f  a m icrotitre plate were
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Figure 5.2 Factor I binding by individual subdomains o f C lfA.

Recombinant GST-tagged C lfA subdomains were tested for their ability to capture 

factor 1 from normal human serum. Wells o f  a microtitre plate were incubated overnight 

with 1 ^iM o f each o f the recombinant GST-tagged C lfA  subdomains. Immobilised 

protein was incubated with dilutions o f  normal human serum ranging from 0 -2.5 %. 

GST-tagged ClfA N23221-559 was included as a positive control for factor I binding. 

Bound factor I was detected with monoclonal anti-factor I IgG and HRP-conjugated 

rabbit anti-mouse IgG. Wells were incubated with a chromogenic substrate and the A450 

determined. Data points represent the mean o f triplicate wells. The graph is 

representative o f three independent experiments.
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Figure 5.3 Expression of ClfA variants deficient in fibrinogen binding

(A) Ribbon model o f the crystal structure o f ClfA N23229-545- Residues important for 

fibrinogen binding in the trench (P336, Y338) and in the second fibrinogen binding site 

at the top o f the N3 subdomain (Y5I2, 1408, D481) are highlighted and amino acid 

coordinates indicated. (B) Purified ClfA variants were analysed by SDS-PAGE and 

stained with Cooinassie Brilliant Blue. L I: ClfAN23Y512A, L2: ClfAN23 I408A, L3; 

ClfAN23 D481, L4: ClfAN23 P336S, Y338A, D321A. Molecular weight markers are 

indicated with black arrows. (C) GST-tagged ClfA variants were tested to ensure equal 

immobilisation on the surface o f a microtitre plate. Wells were incubated overnight with 

0-500 nM o f rClfA. Bound protein was detected with goat anti-GST IgG and HRP- 

conjugated rabbit anti-goat IgG. Wells were incubated with a chromogenic substrate 

and the A^so determined. Data points represent the mean o f triplicate wells and the graph 

is representative o f three independent experiments.
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Figure 5.4 Capture of factor I by ClfA variants deficient in fibrinogen binding

Wells were incubated over night with 0-500 nM o f recombindant GST-tagged ClfA 

N23 and (A) ClfA Y512A (B) ClfA 1408A (C) D481A and (D) ClfA PYD. Wells were 

incubated with 10% normal human serum. Bound factor I was detected with 

monoclonal anti-factor I IgG and HRP-conjugated rabbit anti-mouse IgG. Wells were 

incubated with a chromogenic substrate and the A 45 0 determined. Data points represent 

the mean o f triplicate wells. Graphs are representative o f three independent experiments
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Figure 5.5  Investigating the interaction between recom binant ClfA NI2340.559 and 

purified factor I.

(A ) W ells w ere incubated with 1 recom binant G ST -tagged ClfA N 12340-559 

overnight. Im m obilised protein was incubated with either 10%  norm al hum an serum  or 

40  |ig /m l purified factor I. Bound factor I was detected with m urine m onoclonal anti­

fac to r I IgG and H R P-conjugated rabbit an ti-m ouse IgG. (B) W ells w ere incubated 

overn igh t with m onoclonal anti-factor I IgG. W ells coated with IgG w ere incubated 

w ith norm al hum an serum  to capture factor I follow ed by 8 recom binant G ST- 

tagged  ClfA  N 12340-559. Bound ClfA was detected  w ith H R P-conjugated an ti-G ST  IgG. 

As a control for factor I capture by im m obilised an ti-factor I IgG bound protein was 

detected  with polyclonal goat anti-factor I IgG and H R P-conjugated rabbit anti-goat 

IgG. W ells w ere incubated with a chrom ogenic substrate and the A ^ so  determ ined. D ata 

points represent the m ean o f  trip licate wells. G raphs are representative o f  three 

independent experim ents.



incubated overnight with GST-tagged ClfA N I2340-559 and then incubated with normal 

human serum, factor 1 alone or factor I pre-incubated with a potential cofactor (Fig 5.6). 

Although immobilized ClfA was able to capture factor I from normal human serum, it 

was not able to interact with factor 1 which had been pre-incubated with any o f  the other 

serum proteins tested. This result suggests that fibrinogen, factor H, C4BP, C3b, C3 or 

fibrinogen and factor H are insufficient to act as cofactors for factor I binding by ClfA. 

This does not preclude the possibility that ClfA may interact with these proteins and 

that more than one cofactor is necessary.

To determine whether ClfA interacts with serum components other than factor I, 

microtitre plates were incubated overnight with GST-tagged ClfAN 1 2 3 4 0 -559- Coated 

wells were incubated with 10% normal human serum. Bound factor H, fibrinogen or C3 

fragments were detected with monoclonal anti-factor H IgG, polyclonal anti-fibrinogen 

IgG or polyclonal anti-C3 IgG respectively (Fig 5.7A,B,C). ClfA bound all three plasma 

proteins in a dose responsive and saturable manner.

5.2.5 Studying the interaction o f staphylococcal surface proteins with complement 

factor I

Staphylococcal surface proteins display a high degree of functional redundancy 

with multiple surface protiens capable o f  binding to the same ligands. It is possible that 

staphylococcal surface proteins other than ClfA may also bind factor 1. To investigae 

this, the surrogate host Lactococcus lactis was used for heterologous expression o f 

surface proteins from S. aureus, S. lugdunensis and S. epidermidis. The MSCRAMMs 

ClfA, ClfB, Fbl, SdrC, SdrD, SdrE and SdrG along with the surface protein IsdH were 

expressed from the constitutive expression vector pKS80. To confirm surface 

expression o f each protein whole cell dot immunoblotting was performed with specific 

antibodies (Table 2.4). L. lactis carrying pKS80 empty vector was used as a negative 

control. All proteins were detected on the surface o f L. lactis. Fbl appeared to be 

expressed at a low level. However, in the absence o f specific anti-Fbl IgG, polyclonal 

anti-ClfA IgG was used to detect Fbl which is only partially cross-reactive (Fig 5.8A). 

Bacterial adherence to immobilised fibrinogen was tested with cells expressing ClfA, 

ClfB, Fbl and SdrG. Each was capable o f promoting a high level o f adherence to 

immobilised fibrinogen when compared to the negative control (Fig 5.SB). This 

demonstrates that the fibrinogen binding MSCRAMMs are functionally expressed by L. 

lactis.
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To determine if surface proteins could bind factor I whole cell dot ligand affinity 

blotting was performed on L. lactis expressing ClfA, ClfB, Fbl, IsdH, SdrC, SdrD, SdrE 

or SdrG. Lactococci expressing staphylococcal proteins were spotted onto a membrane 

and incubated with 10% normal human serum. Bound factor I was detected with 

monoclonal anti-factor I IgG and HRP-conjugated rabbbit anti-mouse IgG. L.lactis 

expresing ClfA was capable o f  capturing factor I. This is consistent with observations 

that recombinant ClfA can bind factor I. Interestingly ClfB, IsdH and SdrD were all 

capable o f  binding factor I (Fig 5.9). IsdH has previously been shown to have a role in 

C3b degradation on the surface o f  S. aureus but factor I binding was not tested (Visai et 

al., 2009). Interestingly, ClfB interacted strongly with Factor I. Intruigingly although 

Fbl shares 60% homology with ClfA in the N23 region, it was not able to capture factor 

I from serum.

To investigate the interactions between factor I and staphylococcal fibrinogen 

binding M SCRAM M s further equimolar amounts o f  recombinant His-tagged 

ClfAN 123 40-559, Fbl N 12340-553 and CltB N23:oi-542 proteins were incubated overnight 

on a microtitre plate and examined by ELISA for their ability to capture human 

complement factor 1 from normal human serum. Monoclonal anti-factor 1 IgG was used 

to detect factor I binding. Interestingly ClfB bound ~1.5-fold more factor I than ClfA 

(Fig 5.10). Fbl did not bind factor I which is consistent with the results obtained from 

whole cell dot ligand atTinity blotting.

5.2.6 Investigating the interaction of staphylococcal surface proteins and members 

of the regulators o f complement activation family, factor H and C4BP

Complement factor H is a member o f  the Regulators o f  Complement Activation 

(RCA) family o f  proteins. In order to inactivate complement that has become 

inappropriately fixed on host cell surfaces factor H normally recruits factor I to mediate 

cleavage o f  C3b. To determine whether staphylococcal surface proteins can bind factor 

H whole cell dot ligand affinity blotting was performed. L. lactis expressing ClfA, ClfB, 

Fbl, IsdH, SdrC, SdrD, SdrE or SdrG were spotted onto a membrane and incubated with 

10% normal human serum. Bound factor H was detected with monoclonal anti-factor H 

IgG and HRP-conjugated rabbbit anti-mouse IgG (Fig 5.11). Although recombinant 

ClfA was capable o f  capturing factor H, L  lactis expressing ClfA was not. O f the
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Figure 5.6 Investigating possible cofactors for ClfA and Factor 1 binding.

W ells o f  a in icrotitre plate w ere incubated overnight with 1 jiM  o f  recom binant G ST- 

tagged ClfA N 12340-559. Im m obilised protein was incubated with 10% norm al hum an 

serum  (N H S), purified factor 1 or purified factor 1 co-incubated w ith either fibrinogen, 

factor H (FH ), C3b, C4 binding protein (C 4B P), C3 o r factor H and fibrinogen. All 

proteins w ere used at physiological blood concentrations listed at the side. Bound factor 

I was detected  with m onoclonal an ti-factor I IgG and H R P-conjugated rabbit anti-m ouse 

IgG. W ells w ere incubated with a chrom ogenic substrate and the determ ined. D ata 

points are the m ean o f  trip licate wells. G raph is representative o f  three independent 

experim ents.
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Figure 5.7 C apture o f  serum  com ponents from  hum an serum  by im m obilized ClfA

N2322I-559-

W ells o f  a m icrotitre plate w ere incubated overnight with 0-500 nM  o f  recom binant 

G ST -tagged C lfA N2 3 22 i-559- Im inobilised protein was incubated w ith 10% norm al 

hum an serum. (A) Bound factor H was detected using m onoclonal an ti-factor H IgG 

and H R P-conjugated rabbit anti-m ouse IgG. (B) Bound C3 was detected  by polyclonal 

anti C3 serum  and H R P-conjugated rabbit anti-goat IgG. (C ) Bound fibrinogen was 

detected using H R P-conjugated rabbit anti-fibrinogen IgG. W ells w ere incubated with a 

chrom ogenic substrate and the A430 determ ined. D ata points represent the m ean o f  

triplicate wells. G raphs are representative o f  three independent experim ents.
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Figure 5.8 Heterologous expression of staphylococcal surface proteins by 

Lactococcus lactis.

(A) Whole cell dot immunoblot o f L. lactis carrying pKS80 clfA, pKS80 clfB, pKS80 

fb l, pKSSO isdH, pKSSO sdrC, pKSSO sdrD, or pKSSO sdrE. The ODeoo o f the cells is 

indicated across the top o f the blot. A suspension o f cells (5 (xl) at each concentration 

was spotted onto the membrane and probed with specific antibodies. L. lactis carrying 

pKSSO empty vector was used as a negative control. (B) Bacterial adhesion to 

immobilized fibrinogen by L. lactis expressing ClfA, ClfB, Fbl or SdrG. Wells o f a 

microtitre plate were incubated overnight with 10 |J.g/ml human fibrinogen. Coated 

wells were incubated with a suspension o f bacterial cells ODeoo 1- Adherence to 

fibrinogen was measured by staining with crystal violet and measuring the Ajyo- Data 

points represent the mean o f triplicate wells. The graph is representative o f  three 

independent experiments.



L. lactis

pKSSO 

pKS80 clfA

pKS80 clfB

pKS80/fa/

pKSSO/sdH

pKS80sdrC

pKSSO sdrD

pKSSOsdrE 

pKSSOsdrG

Figure 5.9 Whole cell dot ligand affinity blot o f L. lactis expressing staphylococcal 

surface proteins binding factor I.

Whole cell dot ligand affinity blot o f L. lactis expressing staphylococcal surface 

proteins ClfA, ClfB, Fbl, IsdH, SdrC, SdrD, SdrE or SdrG from pKS80. The strains are 

listed and the ODeoo o f the cells is indicated across the top o f the blot. A suspension o f 

cells (5 |il) at each concentration was spotted onto the membrane and probed with 10% 

normal human serum. Bound factor I was detected with murine monoclonal anti-factor 1 

and HRP-conjugated rabbit anti-mouse IgG. L. lactis carrying pKS80 empty vector was 

used as a negative control.
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Figure 5.10 Capture o f factor I by immobilised recombinant His-tagged 

ClfAN 12340-559, FblN 12340-533, and ClfBN232oi-542.

Wells o f  a microtitre plate were incubated overnight with 2 |aM o f  each recombinant 

His-tagged protein. Coated wells were incubated with 10% normal human serum. 

Bound factor 1 was detected with monoclonal anti-factor 1 IgG and HRP-conjugated 

rabbit anti-mouse IgG. Wells were incubated with a chromogenic substrate and the 

determined. Data points represent the mean o f  triplicate wells. The graph is 

representative o f  three independent experiments.
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Figure 5.11 Whole cell dot ligand affinity blot of L. lactis expressing staphylococcal 

surface proteins binding factor H

Whole cell dot ligand affinity blot o f L. lactis expressing ClfA, ClfB, Fbl, IsdH, SdrC, 

SdrD, SdrE or SdrG from pKS80. The strains are listed and the ODeoo o f the cells is 

indicated across the top o f the blot. A suspension o f  cells (5 îl) at each concentration 

was spotted onto the membrane and probed with 10% normal human serum. Bound 

factor H was detected with murine monoclonal anti-factor H and HRP-conjugated rabbit 

anti-mouse IgG. L  lactis carrying pKS80 empty vector was used as a negative control.
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Figure 5.12 W hole cell dot ligand affinity blot o f  L. lactis expressing staphylococcal 

surface proteins binding C4BP

Whole cell dot ligand affinity blot o f  L. lactis expressing ClfA, ClfB, Fbl, IsdH, SdrC, 

SdrD, SdrE or SdrG from pKS80. The strains are listed and the ODeoo o f  the cells is 

indicated across the top o f  the blot. A suspension o f  cells (5 |al) at each concentration 

was spotted onto the membrane and probed with 10% normal human serum. Bound C4- 

binding protein (C4BP) was detected with murine monoclonal anti- C4BP IgG and 

HRP-conjugated rabbit anti-mouse IgG. L. lactis carrying pKS80 empty vector was 

used as a negative control for C4BP binding by L. lactis.



surface proteins tested, IsdH, SdrD and SdrE were able to capture factor H from normal 

human serum. O f these proteins both IsdH and SdrD can interact with factor I. These 

results indicate that surface proteins may be capable o f  manipulating complement 

activation on the surface o f  the bacterial cells.

C4BP is another member o f  the RCA family. It contains multiple CCP repeats 

similar to factor H. Like factor H, C4BP also acts as a co-factor for factor I and can 

mediate breakdown o f  C4b to inhibit further complement activation. To determine 

whether staphylococcal surface proteins can bind C4BP whole cell dot ligand affinity 

blotting was performed on L. lactis expressing staphylococcal proteins ClfA, ClfB, Fbl, 

IsdH, SdrC, SdrD, SdrE or SdrG. Cells were spotted onto a membrane and incubated 

with 10% normal human serum. Bound C4BP was detected with monoclonal anti-C4BP 

IgG and HRP-conjugated rabbbit anti-mouse IgG (Fig 5.12). L. lactis expressing ClfB, 

IsdH, SdrC, SdrD and SdrE displayed an increase in C4BP binding above the level o f  

the negative control. O f these proteins ClfB, IsdH and SdrD were also shown to interact 

with factor I. These results suggest that these proteins may be able modulate 

complement activation on the surface o f  the cell by manipulating factor I.
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5.3 Discussion

Clf'A o f Staphylococcus aureus has been shown to bind to and activate 

complement factor I (Hair et al., 2010b). This Chapter demonstrates that recombinant 

ClfA can capture factor I from normal human serum. This was initially illustrated by 

ligand affinity blotting where recombinant ClfAN 12340-559 could capture factor I from 

serum. A modified ELISA, where equimolar amounts o f ClfAN 12340-559 and 

ClfAN2322i-559 were immobilized on the surface o f microtitre plates demonstrated that 

subdomain N1 was not necessary for factor I binding. Intriguingly, immobilized His- 

tagged ClfAN2322i-559 did not mediate factor I binding. This is reminiscent o f 

observations made in Chapter 3, that immobilized His-tagged ClfAN2322i-559 could not 

bind fibrinogen. It is tempting to speculate that factor I binding by ClfA is an active 

process which requires structural rearrangement similar to the ‘dock, lock, latch’ 

process o f fibrinogen binding.

In order to determine which subdomains within the A region o f ClfA were 

responsible for factor I binding, each o f the individual GST-tagged ClfA subdomains 

were assayed for their ability to capture factor I from serum. Although the intact 

ClfAN 12 3 40-559 region and the ClfAN23 22i-559 regions can bind factor 1, none o f the 

individual subdomains were capable o f promoting factor I binding. This result shows 

that the N2322I-559 region o f  ClfA must be intact for factor I binding.

Previously S. aureus espressing ClfAN23 22i-559 P336A Y338S was shown to 

bind factor I more tightly and irreversibly than the wild type ClfA, but was unable to 

activate its serine protease activity. This Chapter demonstrates that recombinant 

ClfAN2322i-559 PYD binds factor I with the same affinity as wild type ClfA. However, 

the ability o f  ClfA PYD to activate factor I and the reversibility o f  the interaction was 

not examined. The observation that ClfA PYD binds factor I more tightly and 

irreversibly than the wild type ClfA suggests that fibrinogen binding may be important 

for factor I binding, and that the interaction may occur in the trench between the N2 and 

N3 region.

To determine if loss o f fibrinogen binding by ClfA affects its ability to capture 

factor I, three ClfA variants with amino acid substitution in the second fibrinogen 

binding site at the top o f the N3 subdomain were investigated. Although minor 

differences in the ability o f  ClfA variants to capture factor I at saturation were observed.
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no difference in affinity was observed. These results demonstrate that fibrinogen 

binding is not necessary for factor I binding. This does not preclude the possiblity that 

fibrinogen binding is important in the interaction between ClfA and factor I. It may be 

that fibrinogen is required to activate factor I. Its is also possible that fibrinogen and 

factor I occupy similar or overlapping binding sites and that fibrinogen binding is 

necessary to allow dissociation o f  activated factor I.

This Chapter has demonstrated that ClfA can only interact with factor I in serum 

and not with purified factor I or which was pulled from serum using monoclonal anti­

factor I IgG. These results strongly indicate that the interaction between ClfA and factor 

I cannot occur in the absence o f  one or more co-factors. Attempts to identify a cofactor 

for the ClfA-factor I interaction were unsucessful. Addition o f  fibrinogen, factor H, 

C4BP, C3b, C3, or factor H and fibrinogen at physiological concentrations was not 

sufficient to mediate the ClfA-factor I interaction. Interestingly, this Chapter also 

demonstrated that recombinant ClfA can interact with fibrinogen, factor H and C3 in 

serum. Although recombinant ClfA was capable o f  binding factor H, ClfA expressed on 

the surface o f  L. lactis was not. This suggests that the interaction is not o f  sufficient 

strength to promote bacterial attachement. Since L  lactis expressing ClfA could not 

promote factor H binding it is perhaps unsurprising that ClfA was not capable o f  

promoting C4BP binding.These results demonstrate that the interaction between ClfA 

and factor I does not occur alone and may occur independently o f  the RCA proteins 

factor H and C4BP. The interaction between ClfA and factor 1 may be a multiprotein 

interaction, or require non-protein components to be reconstructed in vitro.

Functional redundancy is a common theme with staphylococcal surface proteins. 

This Chapter demonstrates that ClfA, ClfB, IsdH and SdrD were all capable o f  binding 

factor I when expressed on the surface o f  the surrogate host, L. lactis. Intriguingly 

although Fbl shares 60% sequence identity with ClfA it was not able to promote factor 1 

binding on the surface o f  L. lactis. Homology modelling o f  Fbl on the crystal structure 

o f  ClfA shows that the majority o f  residues which differ between ClfA and Fbl are 

located on the surface o f  the protein. Since Fbl cannot promote factor I binding it is 

possible that factor I or cofactors required for the interaction may form contacts with 

ClfA on the surface o f  the protein. Chimeric ClfA-Fbl recombinant poteins could be 

used to investigate the regions within ClfA that are important for factor I binding. The 

factor I binding profiles o f  ClfB and Fbl were validated using recombinant ClfB and Fbl
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confirming that lack o f  factor I binding by Fbl was not due to poor surface expression in 

L. Lactis.

Although IsdH has previously been implicated as having a role in C3b 

degradation on the surface o f  the cell factor I binding was not studied and no 

mechanism was proposed. To date only the viral proteins Vaccinia complement control 

protein (VCP) and Kaposi’s sarcoma associated herpesvirus complement control protein 

(KCP) have been shown to interact directly with factor I. These proteins mimic the CCP 

repeats found in members o f  the RCA family, enabling factor I recruitment. This 

Chapter demonstrates that IsdH can bind both RCA proteins factor H and C4BP. Based 

on these observations a mechanism for C3b degredation by IsdH can be proposed 

whereby IsdH first binds factor H or C4BP and the RCA protein in turn recruits factor I 

to mediate degradation o f  C3b or C4b, respectively. This ability to modulate the 

complement system at multiple stages o f  the cascade is frequently demonstrated by S. 

aureus. This ability to modulate complement activation explains why IsdH is a 

virulence factor (Visai et al., 2009).

This is the first time that CltB has been implicated in factor 1 binding and is 

primarily considerd to be a colonisation factor. As activation o f  factor 1 was not 

investigated in this Chapter it is unclear whether factor I binding by ClfB has any effect 

in immune evasion. However as ClfB also binds C4BP it seems unlikely that ClfB 

would be capable o f  interacting with two important complement regulatory proteins 

without modulating its response. It is possible that the role o f  CltB in staphylococcal 

immune evasion has been heretofore masked by the pleothora o f  surface poteins capable 

o f  promoting immune evasion or it was tested with cells that do not express ClfB on 

their surface (eg stationary phase Newman). Although no active complement system has 

ever been demonstrated in the nares, it is possible that colonising staphylococci 

regularly encounter complement proteins in this location through micro-epistaxis 

events.

SdrD has never been implicated in modulating the complement immune 

response. In this Chapter SdrD has been shown to interact with the RCA proteins, 

factor H and C4BP in addition to factor I. This suggests that SdrD, like IsdH may be 

able modulate opsonin deposition on the surface o f  S', aureus at multiple stages o f  the 

complement cascade. This suggests SdrD may be an immunomodulatory factor worthy 

o f  further study.
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Although SdrE demonstrated a clear ability to capture factor H and C4BP, it did 

not bind factor 1. Recently a study was published highlighting a role for SdrE in factor 

H binding (Sharp et al., 2012). Another study has demonstrated that S. aureus can 

capture C4BP from serum, but no binding partners have been identified (Hair et al., 

2012). This Chapter demonstrates that SdrE can promote C4BP binding in addition to 

factor H. it is unclear why factor I was not recruited, but it is possible that S. aureus can 

manipulate its RCA binding partners decay accelerating functions to facilitate 

premature dissociation o f  the C3 convertase to slow complement activation.

Mechanisms o f  immune evasion are crucial for survival o f  any sucessful 

pathogen. Staphylococcus arueus is well documented for its success as a human 

pathogen, and ability to evade the human immune system. This Chapter highlights the 

complex nature o f  the interaction between ClfA and factor I. Although it is clear from 

the data that an interaction between ClfA and factor I alone does not occur, it is unclear 

what additional factor or factors are required to faciliate this interaction. This Chapter 

demonstrates for the first time that multiple staphylococcal surface proteins are capable 

o f  binding members o f  the RCA family and factor I. These results indicate that these 

proteins may play important roles in survival o f  bacteria in human blood. Furthermore, 

although only two surface proteins were examined from coagulase negative 

staphylococci, Fbl and SdrG, neither were capable o f  binding the complement 

regulatory proteins tested. This is consistant with observations that coagulase negative 

bacteria are often less pathogenic than their coagulase positive counterparts.
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Chapter 6 

Discussion



6.1 Discussion

S. aureus is an important pathogen that causes serious and Hfe threatening 

community acquired and nosocomial infections. Although MSCRAMMs play a pivotal 

role during colonization and establishment o f S. aureus infection very little is known 

about how these proteins are directed to the secretion apparatus (Sibbald et a i,  2006, 

Schneewind and Missiakas, 2012). Members o f the MSCRAMM family possess an N- 

terminal signal sequence, with a classic tripartite structure that is predicted to mediate 

their translocation across the cytoplasmic membrane by the general secretory (Sec) 

pathway (Sibbald et a i,  2006, DeDent et a i, 2008). The Sec system in S. aureus 

consists o f homologues o f the canonical SecYEG translocation channel and the SecA 

ATPase. However no homologue o f the general secretory chaperone SecB has ever been 

identified. Studies have shown that MSCRAMM proteins are exported by the Sec 

system with the other major secretory pathways (twin-arginine and accessory Sec 

system) playing no role (DeDent et al., 2008). However, virtually nothing is known 

about how proteins o f the MSCRAMM family are trafficked to the Sec apparatus 

(Sibbald et a i,  2006, Schneewind and Missiakas, 2012). Previous studies identified a 

‘YSIRK-GS’ motif in the signal sequence o f MSCRAMMs and certain other surface 

proteins (DeDent et a i, 2008). This feature is required for the proteins to be targeted to 

the cross-wall o f the cell but molecular details o f the mechanism are lacking 

(Schneewind and Missiakas, 2012, DeDent et a i,  2008). Studies have demonstrated that 

surface display o f S. aureus surface proteins is reduced in mutants lacking proteins with 

abortive infectivity domains encoded by the spdA, spdB or spdC genes but the 

molecular basis o f this is not understood (Frankel et al., 2010).

Clumping factor A displays the classical structural features associated with 

MSCRAMMs o f S. aureus. Under the reclassification o f staphylococcal cell wall- 

associated proteins the defining features o f the Clf-Sdr group are (i) the A region and 

(ii) the long flexible unfolded region linking the A region to the cell wall 

spanning/anchoring domain. The A region comprises two independently folded 

subdomains N2 and N3, which adopt IgG-like folds. MSCRAMMs like ClfA which 

have a long flexible unfolded repeat region have an N-terminal subdomain Ml with no 

known function. This study set out to define a role for the N1 subdomain o f ClfA as a 

prototypical N1 subdomain. Here, for the first time a crucial role for subdomain N1 in 

export and surface expression o f MSCRAMMs is identified.
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This study has demonstrated that residues 211-220 o f Ml o f ClfA are required 

for the protein to be translocated across the membrane so that it can be anchored by 

sortase to cell wall peptidoglycan. Deletion mutants lacking N1 were not exported but 

instead accumulated in the cytoplasm and the membrane. This could only be detected in 

bacteria where ClfA expression was tightly repressed and was only expressed after 

addition o f an inducer. Constitutive expression o f an N1 deletion mutant following 

transformation into S. aureus resulted in a very low yield o f  transformants. This was 

likely due to the failure o f  cells attempting to express the mutant constitutively to 

survive following the shock o f electroporation. Those colonies that grew had plasmids 

with rearrangements which presumably prevented protein expression. Induction o f the 

truncated clfA mutant in established S. aureus culture caused a significant loss o f fitness 

compared to cells expressing wild-type ClfA. In an established culture o f cells growing 

exponentially in rich medium the effect o f inducing expression was less dramatic 

causing loss o f  fitness but not complete cessation o f growth. Although the nature o f the 

transformation and competitive growth assays is distinct both clearly demonstrate that 

attempting to express the protein lacking N1 impairs growth.

It is unclear why loss o f subdomain N1 results in attenuated growth and failure 

to tbnn colonies. No increase in cell size or morphology was observed by SEM or TEM 

in cells lacking subdomain N l. Furthermore improper localisation o f ClfA variants 

lacking Nl did not affect the localisation o f  another MSCRAMM SdrE. It is possible 

that ClfA variants lacking Nl aggregate within the cytoplasm inhibiting their secretion 

and triggering a stress response (Bednarska et al., 2013). Aggregation o f recombinant 

cytoplasmic proteins has been shown to affect membranes in Gram-negative bacteria, 

resulting in rearrangements that modulate membrane trafficking, nutrients, metabolites 

and other small solutes (Ami et al., 2009).

Dissection o f the N l subdomain o f  ClfA revealed that a stretch o f 10 residues 

close to the boundary between N l and N2 is necessary for surface expression, and that 

only this region plus the 8 residues that join it to the beginning ofN2 as defined by the 

X-ray crystal structure is necessary. This is the first time a region which is necessary for 

surface expression o f  a pre-protein but is distinct from the signal sequence has been 

identified in S. aureus. It is possible that other surface proteins and secreted factors also 

contain previously unrecognised export motifs. This finding highlights the serious 

dearth in our understanding o f  the secretion process in Gram-positive organisms.
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We have identified a new region o f the MSCRAMM required for its export, but 

the mechanism involved is not yet understood. In the absence o f a fundamental 

understanding o f  pre-protein trafficking in S. aureus it is difficult to speculate about the 

functions o f N l .  Figure 6.1 illustrates several potential mechanisms through which the 

N1 subdomain might facilitate export o f a pre-protein. It is possible that residues 211- 

220 could engage a molecular chaperone that guides the long protein from the ribosome 

to the Sec translocation apparatus (Fig 6.1 A). Recently ClfA has been implicated in an 

interaction with the ATP dependent ClpC chaperone (Graham et a l ,  2013). It is 

possible that residues 211-228 form crucial contacts with ClpC, aiding in export o f the 

pre-protein. This interaction is an interesting avenue for fijture work on elucidating a 

mechanism for residues 211-228. It is also possible that the Ml subdomain may contain 

residues necessary for interacting specifically with the Sec machinery (Fig 6 .IB) 

Alternatively, the N1 subdomain may act as a cytoplasmic chaperone by directly 

binding to another region within the ClfA pre-protein helping to maintain it in an export 

competent state (Fig 6.1C,D).

As yet no function has been identified for residues 40-210 o f ClfA. These 

residues are not required for fibrinogen or factor 1 binding by recombinant proteins, or 

for fibrinogen binding on the surface o f  S. aureus. Furthermore this region does not 

promote better survival o f  5'. aureus in blood, nor does loss o f this region affect 

antibody recognition o f  recombinant ClfA. Although no function for this region is 

evident, it is possible that it performs a flinction in S. aureus under conditions not 

examined in this study and the role o f this region warrants fijrther investigation.

In addition to ClfA, this study has demonstrated that FnBPB also requires its N1 

subdomain for export and correct localisation o f  the pre-protein. However, when the N1 

subdomains o f ClfA and FnBPA were compared a common motif for export could not 

be located. Twenty-eight additional residues at the C-terminus o f FnBPB are not 

sufficient to mediate correct localisation o f the pre-protein. Furthermore, residues 211- 

220 o f ClfA were not sufficient to mediate surface expression o f FnBPB lacking its N1 

subdomain. These results strongly suggest that a distinct region o f N1 is necessary for 

correct localisation o f FnBPB. This is perhaps not surprising when the likely 

mechanisms for N1 are considered. If subdomain N1 acts as a cytoplasmic chaperone 

by binding regions within the pre-protein, distinct motifs may be required for each 

MSCRAMM. If N1 acts as a recognition site for specific molecular chaperones.

103



different chaperones may require distinct binding motifs. Chimeric MSCRAMMs where 

the N1 subdomains o f  two MSCRAMMs are reciprocally replaced could be used to 

determine i fNl  subdomains can functionally substitute for each other.

Truncates o f ClfA and FnBPB lacking the long unstructured repeat region are 

exported and cell wall anchored in the absence o f N 1. This suggests that subdomain Ml 

is required to aid transport o f the long flexible repetitive repeat regions. This is 

particularly intriguing considering that the nature o f the repeat regions in ClfA and 

FnBPB is very different. The common feature between the two being that the region is 

long and unstructured. I f Nl  subdomains act as molecular chaperones specific for long 

unstructured regions then they will not be fiinctionally interchangeable as the sequence 

o f the Clf-Sdr repeat region is completely different from that o f the fibronectin binding 

repeat region o f  FnBPs. Further work investigating the number o f flexible repeats for 

which subdomain N1 is necessary to promote export may provide insights into the 

mechanism o f action.

The only MSCRAMM o f S. aureus which does not contain an N1 subdomain 

lacking a predicted secondary structure is collagen binding protein (CNA). CNA 

mediates binding to collagen by the ‘collagen hug’ mechanism. In this mechanism the 

N1 and N2 subdomains fold independently to form IgG-like folds. Collagen binding 

occurs in the trench at the intersection o f the N1 and N2 subdomains. Unlike other 

members o f  the MSCRAMM family CNA also lacks a long unstructured repeat region, 

containing a B repeat region which adopts a secondary structure o f an inverse IgG-like 

fold (Deivanayagam et al., 2000). It is possible that a distinct region is not necessary in 

CNA to promote correct localisation o f  the pre-protein in the absence o f  a long 

unstructured region. Conversely a distinct region may be required but may not be 

located adjacent to the signal sequence. In CNA the N3 subdomain has no defined 

function, and a role in protein localisation has never been investigated.

The conserved architecture observed in all MSCRAMMs with the exception o f 

CNA suggests that the N1 subdomain has a conserved role in surface expression o f all 

MSCRAMMs. A diverse family o f  surface proteins, MSCRAMMs are also found in 

other staphylococcal species including Fbl o f  S. lugdunensis and SdrG o f S. epidermidis 

and a role for the N1 subdomain in protein export has never been investigated in these 

organisms. This hypothesis could be tested by expressing variants o f these proteins 

lacking subdomain N 1 from pRMC2 and examining their cellular localisation profiles.
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F igure 6.1 Schem atic rep resen ta tion  o f the N l subdom ain  dependen t export o f 

ClfA.

(A) The N l subdomain may contain a binding site necessary for recognition o f  a 

specific or general secretory chaperone (X) represented by the red oval. (B) The N l 

subdomain may interact directly with components o f  the Sec machinery to facilitate 

exprort o f  the pre-protein. (C) The N l subdomain may act as a molecular chaperone 

maintaining the pre-protein in an export competent state by binding within the A region 

or (D) by binding within the long unstructured repeat region.



Further insight into the mechanism through which subdomain N1 mediates 

surface expression is necessary. Currently, the majority o f  antibiotics used in the 

treatment o f MRSA infections target bacterial cell wall or protein synthesis. With 

increasing antibiotic resistance and no effective vaccination strategies novel therapeutic 

avenues need to be explored. Loss o f  residues 211-220 in the N1 subdomain o f ClfA 

dramatically affects both fitness o f  S. aureus and expression o f a conspicuous virulence 

factor. If similar regions can be identified in other MSCRAMMs it is possible that small 

molecule inhibitors could be utilised to help attenuate virulence o f S. aureus in vivo. 

Such inhibitors could simultaneously target multiple virulence factors and could 

potentially be used in concert with conventional therapies. Alternatively if key 

MSCRAMM chaperones could be identified these could be targeted to disregulate 

normal MSCRAMM expression. This could represent a viable alternative therapeutic 

strategy simultaneously targeting factors involved in colonisation, immune evasion and 

pathogenesis.

The use o f anti-virulence and anti-immunomodulatory strategies has been 

previously suggested for the treatment o f MRSA infections. Sortase A inhibitors have 

been developed which inhibit surface expression o f cell wall associated proteins which 

contain an LPXTG motif in vitro (Fitzgerald-Hughes et al., 2012). However, these 

proteins would be secreted into the extracellular milieu, where certain proteins may still 

function as virulence factors. Currently, pharmaceutical companies still favour the 

development o f next generation classical antibiotics. Minor changes in drugs where the 

safety and efficacy is well established in vivo and which are amenable to pharmaceutical 

preparation represent a more favourable risk:benefit ratio than the more risky venture o f 

an entirely novel class o f anti-infective. However, in the long term it seems likely that 

pharmaceutical companies will have to explore alternative anti-staphylococcal agents 

with alternative and multifaceted modes o f antibacterial activity.

Although subdomain N1 is necessary for surface expression o f ClfA no role 

could be attributed to the N 1 subdomain on the surface o f  S. aureus. Investigation into 

the interaction between ClfA and factor I revealed that the N1 subdomain was not 

involved, but that an intact N23 region is required to promote factor I binding. Amino 

acid substitutions which abrogate fibrinogen binding, located both in the ligand binding 

trench and at the top o f the N3 subdomain, do not significantly reduce factor I binding. 

These residues may still form contacts with factor I but are not essential for the
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interaction to occur. Furthermore Fbl, a homologue o f ClfA with -60%  identity in the 

N23 region does not bind factor I. Since the majority o f different residues between ClfA 

and Fbl are located on the surface exposed regions o f Fbl, it is likely that factor 1 makes 

contact with ClfA on surface exposed regions o f N23. Previous studies have shown that 

the ClfAPY variant which cannot bind fibrinogen binds factor I but cannot activate or 

release it. Factor I is a large multi-domain protein which may make contact at multiple 

regions in ClfA both on the surface and within the trench region. It is possible that 

although fibrinogen binding is not necessary for factor 1 binding it may be necessary to 

displace the activated factor I molecule.

Although binding o f complement regulatory proteins by surface proteins and 

their contribution to immune evasion has been well documented in invasive pathogens 

such as meningococci and streptococci relatively little is known in S. aureus (Laarman 

et al., 2010). The mechanisms through which staphylococcal surface proteins interact 

with complement regulatory proteins is summarised in Fig 6.2. Surface proteins can 

bind members o f the RCA family directly, possibly facilitating the premature decay o f 

C3 and C5 convertases. Acceleration o f the decay o f the complement convertases 

inhibits flirther opsonisation o f bacteria and inhibits the release o f the anaphylatoxins 

C3a and C5a (Fig 6.2i). Surface proteins which recruit members o f the RCA family may 

also recruit factor I. Factor I may then promote the degradation o f C3b to iC3b and 

reduce phagocytosis (Fig 6.2ii). The ClfA-factor 1 interaction was originally reported to 

be a direct interaction. However, no experimental evidence o f a direct ClfA-factor I 

interaction has ever been demonstrated. Attempts to reconstitute the ClfA-factor I 

interaction with purified proteins were unsuccessful. To date only viral proteins which 

express molecular mimics o f the RCA family have been shown to bind factor I directly 

(Mullick et al., 2005, Mark et al., 2007). It is clear that ClfA does not interact with 

factor I in the absence o f  a co-factor, but binding to factor H or C4-binding protein was 

not observed demonstrating that ClfA requires an undiscovered co-factor to bind and 

activate factor I. If correct, this represents an entirely new mechanism o f circumventing 

complement activation by recruiting complement factor I through an undiscovered 

intermediate.

Functional redundancy is a common feature observed in staphylococcal surface 

proteins. This is now exemplified by the multitude o f S. aureus surface proteins capable 

o f binding proteins which modulate complement activation. In S. aureus all o f  the
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Figure 6.2 M echanisms for m odulating the activity o f complement regulator} proteins by staphylococcal surface proteins.

Staphylococcal surface proteins can bind directly to members o f  the regulators o f  complement activation (RCA) family such as factor H (FH, 

orange ovals) and C4 binding protein (C4BP) and (i) accelerate the decay o f  complement C3 and C5 covertases or (ii) recruit factor I (FI) to 

facilitate the degradation o f  C3b or C4b on the surface o f  the cell, (iii) Alternatively staphylococcal surface proteins can interact with FI in the 

absence o f  FH or C4BP.



surface proteins tested displayed interactions with either a member o f  the RCA family, 

or factor 1. However only SdrD and IsdH displayed interactions with all three 

complement regulatory proteins tested. This level o f  functional redundancy and the 

expression o f  surface proteins which can modulate complement activation through-out 

all stages o f  growth suggests that evasion o f  complement activation is crucial for 

bacterial survival. To examine the biological significance o f  staphylococcal surface 

proteins binding to members o f  the RCA family it will be necessary to test their ability 

to protect L. lactis from complement mediated opso no phagocytosis in human blood.

107



References



Ami, D., A. Natalello, T. Schultz, P. Gatti-Lafranconi, M. Lotti, S. M. Doglia and 

A. de Marco (2009). "Effects o f recombinant protein misfolding and aggregation on 

bacterial membranes." Biochim Biophys Acta 1794(2): 263-269.

Arnaud, M., A. Chastanet and M. Debarbouille (2004). "New vector for efficient 

allelic replacement in naturally nontransformable, low-GC-content, gram-positive 

bacteria." Appl Environ Microbiol 70(11): 6887-6891.

Arrecubieta, C., T. Asai, M. Bayern, A. Loughman, J, R. Fitzgerald, C. E. Shelton, 

H. M. Baron, N. C. Dang, M. C. Deng, Y. Naka, T. J. Foster and F. D. Lowy (2006).

"The role o f  Staphylococcus aureus adhesins in the pathogenesis o f ventricular assist 

device-related infections." J Infect Dis 193(8): 1109-1119.

Arrecubieta, C., !. Matsunaga, T. Asai, Y. Naka, M. C. Deng and F. D. Lowy 

(2008). "Vaccination with clumping factor A and fibronectin binding protein A to 

prevent Staphylococcus aureus infection o f an aortic patch in mice." J Infect Dis 198(4): 

571-575.

Atkins, K. L., J. D. Burman, E. S. Chamberlain, J. E. Cooper, B. Poutrel, S. Bagby, 

A. T. Jenkins, E. J. Feil and J. M. van den Elsen (2008). "S. aureus IgG-binding 

proteins SpA and Sbi: host specificity and mechanisms o f immune complex formation." 

Mol Immunol 45(6): 1600-1611.

Bae, T. and O. Schneewind (2006). "Allelic replacement in Staphylococcus aureus 

with inducible counter-selection." Plasmid 55(1): 58-63.

Bagnoii, F., S. Bertholet and G. Grandi (2012). "Inferring reasons for the failure o f 

Staphylococcus aureus vaccines in clinical trials." Front Cell Infect Microbiol 2: 16.

Bateman, B. T., N. P. Donegan, T. M. Jarry, M. Palma and A. L. Cheung (2001).

"Evaluation o f a tetracycline-inducible promoter in Staphylococcus aureus in vitro and 

in vivo and its application in demonstrating the role o f sigB in microcolony formation." 

Infect Immun 69(12): 7851-7857.

Becker, K., A. W. Friedrich, G. Lubritz, M. Weilert, G. Peters, and C. von (2011).

"Staphylococcus, Micrococcus, and Other Catalase-Positive Cocci." Manual o f Clinical 

Microbiology, American Society for Microbiology Washington, DC. 1: 308-330.

108



Bednarska, N. G., J. Schymkowitz, F. Rousseau and J. Van Eldere (2013). "Protein 

aggregation in bacteria: the thin boundary between llinctionality and toxicity." 

Microbiology 159(Pt 9): 1795-1806.

Bensing, B. A. and P. M. Sullam (2010). "Transport o f preproteins by the accessory 

Sec system requires a specific domain adjacent to the signal peptide." J Bacteriol 

192(16); 4223-4232.

Bensing, B. A., D. Takamatsu and P. M. Sullam (2005). "Determinants o f the 

streptococcal surface glycoprotein GspB that facilitate export by the accessory Sec 

system." Mol Microbiol 58(5): 1468-1481.

Bera, A., S. Herbert, A. Jakob, W. Vollmer and F. Gotz (2005). "Why are 

pathogenic staphylococci so lysozyme resistant? The peptidoglycan 0-acetyltransferase 

Oat A is the major determinant for lysozyme resistance o f Staphylococcus aureus.” Mol 

Microbiol 55(3): 778-787.

Berends, E. T., A. R. Horswill, N. M. Haste, M. Monestier, V. Nizet and M. von 

Kockritz-Blickwede (2010). "Nuclease expression by Staphylococcus aureus facilitates 

escape from neutrophil extracellular traps." J Innate Immun 2(6): 576-586.

Bestebroer, J., M. J. Poppelier, L. H. Ulfman, P. J. Lenting, C. V. Denis, K. P. van 

Kessel, J. A. van Strijp and C. J. de Haas (2007). "Staphylococcal superantigen-like 5 

binds PSGL-1 and inhibits P-selectin-mediated neutrophil rolling." Blood 109(7): 2936- 

2943.

Bingham, R. J., E. Rudino-Pinera, N. A. Meenan, U. Schwarz-Linek, J. P. 

Turkenburg, M. Hook, E. F. Garman and J. R. Potts (2008). "Crystal structures o f 

fibronectin-binding sites from Staphylococcus aureus FnBPA in complex with 

fibronectin domains." Proc Natl Acad Sci U S A  105(34): 12254-12258.

Bowden, M. G., A. P. Heuck, K. Ponnuraj, E. Kolosova, D. Choe, S. 

Gurusiddappa, S. V. Narayana, A. E. Johnson and M. Hook (2008). "Evidence for 

the "dock, lock, and latch" ligand binding mechanism o f the staphylococcal microbial 

surface component recognizing adhesive matrix molecules (MSCRAMM) SdrG." J Biol 

Chem 283(1): 638-647.

109



Brouillette, E., G. Grondin, L. Shkreta, P. Lacasse and B. G. Talbot (2003). "In vivo 

and in vitro demonstration that Staphylococcus aureus is an intracellular pathogen in the 

presence or absence o f  tlbronectin-binding proteins." Microb Pathog 35(4): 159-168.

Brown, E. L., O. Dumitrescu, D. Thomas, C. Badiou, E. M. Koers, P. Choudhury, 

V. Vazquez, J. Etienne, G. Lina, F. Vandenesch and M. G. Bowden (2009). "The 

Panton-Valentine leukocidin vaccine protects mice against lung and skin infections 

caused by Staphylococcus aureus USA300." Clin M icrobiol Infect 15(2): 156-164.

Brown, S., Y. H. Zhang and S. W alker (2008). "A revised pathway proposed for 

Staphylococcus aureus wall teichoic acid biosynthesis based on in vitro reconstitution 

o fth e  intracellular steps." Chem Biol 15(1): 12-21.

Bubeck W ardenburg, J. and O. Schneewind (2008). "Vaccine protection against 

Staphylococcus aureus pneumonia." J Exp Med 205(2): 287-294.

Burian, M., M. Rautenberg, T. Kohler, M. Fritz, B. Krismer, C. Unger, W. H. 

Hoffmann, A. Peschel, C. W olz and C. Goerke (2010). "Temporal expression o f 

adhesion factors and activity o f  global regulators during establishment o f  

Staphylococcus aureus nasal colonization." J Infect Dis 201(9): 1414-1421.

Burke, F. M., A. Di Poto, P. Speziale and T. J. Foster (2011). "The A domain o f  

fibronectin-binding protein B o f  Staphylococcus aureus contains a novel fibronectin 

binding site." FEBS J 278(13): 2359-2371.

Burke, F. M., N. M cCormack, S. Rindi, P. Speziale and T. J. Foster (2010).

"Fibronectin-binding protein B variation in Staphylococcus aureus." BMC Microbiol 

10: 160.

Burman, J. D., E. Leung, K. L. Atkins, M. N. O'Seaghdha, L. Lango, P. Bem ado, 

S. Bagby, D. I. Svergun, T. J. Foster, D. E. Isenman and J. M. van den Elsen 

(2008). "Interaction o f  human complement with Sbi, a staphylococcal immunoglobulin- 

binding protein: indications o f  a novel mechanism o f  complement evasion by 

Staphylococcus aureus." J Biol Chem 283(25): 17579-17593.

Casolini, F., L. Visai, D. Joh, P. G. Conaldi, A. Toniolo, M. Hook and P. Speziale 

(1998). "Antibody response to fibronectin-binding adhesin FnbpA in patients with 

Staphylococcus aureus infections." Infect Immun 66(11): 5433-5442.

110



Chambers, H. F. and F. R. Deleo (2009). " Waves o f resistance: Staphylococcus 

aureus in the antibiotic era." Nat Rev Microbiol 7(9): 629-64).

Chavakis, T., M. Hussain, S. M. Kanse, C. Peters, R. G. Bretzel, J. 1. Flock, M. 

Herrmann and K. T. Preissner (2002). "Staphylococcus aureus extracellular 

adherence protein serves as anti-inflammatory factor by inhibiting the recruitment o f 

host leukocytes." Nat Med 8(7): 687-693.

Cheng, A. G., H. K. Kim, M. L. Burts, T. Krausz, O. Sehneewind and D. M. 

Missiakas (2009), " Genetic requirements for Staphylococcus aureus abscess formation 

and persistence in host tissues." FASEB J 23(10): 3393-3404.

Cheung, A. L. and V. A. Fisehetti (1990). "The role o f  fibrinogen in staphylococcal 

adherence to catheters in vitro." J Infect Dis 161(6): 1177-1186.

Clarke, S. R., G. Andre, E. J. Walsh, Y. F. Dufrene, T. J. Foster and S. J. Foster 

(2009). "Iron-regulated surface determinant protein A mediates adhesion o f 

Staphylococcus aureus to human corneocyte envelope proteins." Infect Immun 77(6): 

2408-2416.

Clarke, S. R., K. J. Brummell, IM. J. Horsburgh, P. W. IVlcDowell, S. A. Mohamad, 

IVl. R. Stapleton, J. Acevedo, R. C. Read, N. P. Day, S. J. Peacock, J. J. Mond, J. F. 

Kokai-Kun and S. J. Foster (2006). " Identification o f  in v/vo-expressed antigens o f 

Staphylococcus aureus and their use in vaccinations for protection against nasal 

carriage." J Infect Dis 193(8): 1098-1108.

Clarke, S. R. and S. J. Foster (2008). " IsdA protects Staphylococcus aureus against 

the bactericidal protease activity o f apolactoferrin." Infect Immun 76(4): 1518-1526.

Clarke, S. R., R. Mohamed, L. Bian, A. F. Routh, J. F. Kokai-Kun, J. J. Mond, A. 

Tarkowski and S. J. Foster (2007). "The Staphylococcus aureus surface protein IsdA 

mediates resistance to innate defenses o f  human skin." Cell Host Microbe 1(3): 199- 

2 1 2 .

Collins, L. V., S. A. Kristian, C. Weidenmaier, M. Faigle, K. P. Van Kessel, J. A. 

Van Strijp, F. Gotz, B. Neumeister and A. Peschel (2002). "Staphylococcus aureus 

strains lacking D-alanine modifications o f  teichoic acids are highly susceptible to 

human neutrophil killing and are virulence attenuated in mice." J Infect Dis 186(2): 

214-219.

I l l



Conrady, D. G., C. C. Brescia, K. Horii, A. A. Weiss, D. J. Hassett and A. B. Herr 

(2008). "A zinc-dependent adhesion module is responsible for intercellular adhesion in 

staphylococcal bio films." Proc Natl Acad Sci U S A 105(49): 19456-19461.

Conrady, D. G., J. J. Wilson and A. B. Herr (2013). "Structural basis for Z n ^ - 

dependent intercellular adhesion in staphylococcal biotllms." Proc Natl Acad Sci U S A  

110(3): E202-211.

Corrigan, R. M. and T. J. Foster (2009). "An improved tetracycline-inducible 

expression vector for Staphylococcus aureus." Plasmid 61(2): 126-129.

Corrigan, R. IM., H. Miajlovic and T. J. Foster (2009). "Surface proteins that promote 

adherence o f Staphylococcus aureus to human desquamated nasal epithelial cells." 

BMC Microbiol 9: 22.

Corrigan, R. M., D. Rigby, P. Handley and T. J. Foster (2007). "The role o f 

Staphylococcus aureus surface protein SasG in adherence and biofilm formation." 

Microbiology 153(Pt 8): 2435-2446.

Cregg, K. M., I. Wilding and M. T. Black (1996). " Molecular cloning and expression 

o f the spsB gene encoding an essential type I signal peptidase from Staphylococcus 

aMrgMi-." J Bacteriol 178(19): 5712-5718.

Cunnion, K. M., H. !M. Zhang and !M. M. Frank (2003). "Availability o f  complement 

bound to Staphylococcus aureus to interact with membrane complement receptors 

influences efficiency o f  phagocytosis." Infect Immun 71(2): 656-662.

Daum, R. S. and B. Spellberg (2012). "Progress toward a Staphylococcus aureus 

vaccine." Clin Infect Dis 54(4): 560-567.

de Haas, C. J., K. E. Veldkamp, A. Peschel, F. Weerkamp, W. J. Van Wamel, E. C. 

Heezius, M. J. Poppelier, K. P. Van Kessel and J. A. van Strijp (2004). "Chemotaxis 

inhibitory protein o f Staphylococcus aureus, a bacterial antiinflammatory agent." J Exp 

Med 199(5): 687-695.

DeDent, A., T. Bae, D. M. Missiakas and O. Schneewind (2008). "Signal peptides 

direct surface proteins to two distinct envelope locations o f Staphylococcus aureus." 

EM BOJ 27(20): 2656-2668.

112



Deisenhofer, J. (1981). "Crystallographic refinement and atomic models o f  a human Fc 

fragment and its complex with fragment B o f  protein A from Staphylococcus aureus at 

2.9- and 2.8-A resolution." Biochemistry 20(9): 2361-2370.

Deivanayagam, C. C., R. L. Rich, M. Carson, R. T. Owens, S. Danthuluri, T. Bice, 

M. Hook and S. V. Narayana (2000). "Novel fold and assembly o f  the repetitive B 

region o f  the Staphylococcus aureus collagen-binding surface protein." Structure 8(1); 

67-78.

Deivanayagam, C. C., E. R. W ann, W. Chen, M. Carson, K. R. Rajashankar, M. 

Hook and S. V. Narayana (2002). "A novel variant o f  the immunoglobulin fold in 

surface adhesins o f  Staphylococcus aureus: crystal structure o f  the fibrinogen-binding 

M SCRAM M , clumping factor A." EMBO J 21(24): 6660-6672.

Diep, B. A., L. Chan, P. Tattevin, O. Kajikawa, T. R. Martin, L. Basuino, T. T. 

M ai, H. M arbach, K. R. Braughton, A. R. W hitney, D. J. Gardner, X. Fan, C. W. 

Tseng, G. Y. Liu, C. Badiou, J. Etienne, G. Lina, M. A. Matthay, F. R. DeLeo and 

H. F. Chambers (2010). "Polymorphonuclear leukocytes mediate Staphylococcus 

aureus Panton-Valentine leukocidin-induced lung inflammation and injury." Proc Natl 

Acad Sci U S A 107(12): 5587-5592.

Donvito, B., J. Etienne, L. Denoroy, T. Greenland, Y. Benito and F. Vandenesch 

(1997). "Synergistic hemolytic activity o f  Staphylococcus lugdunensis is mediated by 

three peptides encoded by a non-agr genetic locus." Infect Immun 65(1): 95-100.

Doolittle, R. F. (1984). "Fibrinogen and fibrin." Annu Rev Biochem 53: 195-229.

Downer, R., F. Roche, P. W. Park, R. P. Mecham and T. J. Foster (2002). "The 

elastin-binding protein o f  Staphylococcus aureus (EbpS) is expressed at the cell surface 

as an integral membrane protein and not as a cell wall-associated protein." J Biol Chem 

277(1): 243-250.

Duthie, E. S. and L. L. Lorenz (1952). "Staphylococcal coagulase; mode o f  action and 

antigenicity." J Gen Microbiol 6(1-2): 95-107.

Dziewanowska, K., J. M. Patti, C. F. Deobald, K. W. Bayles, W. R. Trumble and 

G . A. Bohach (1999). " Fibronectin binding protein and host cell tyrosine kinase are 

required for internalization o f  Staphylococcus aureus by epithelial cells." Infect Immun 

67(9): 4673-4678.

113



Edwards, A. IM., J. R. Potts, E. Josefsson and R. C. Massey (2010). "Staphylococcus 

aureus host cell invasion and virulence in sepsis is facilitated by the multiple repeats 

within FnBPA." PLoS Pathog 6(6): e l 000964.

Elasri, M. O., J. R. Thomas, R. A. Skinner, J. S. Blevins, K. E. Beenken, C. L. 

Nelson and M. S. Smeltzer (2002). "Staphylococcus aureus collagen adhesin 

contributes to the pathogenesis o f  osteomyelitis." Bone 30(1); 275-280.

Emonts, M., A. G. Uitterlinden, J. L. Nouwen, I .  Kardys, M. P. Maat, D. C. Melles, 

J. W itteman, P. T. Jong, H. A. Verbrugh, A. Hofman, P. W. Hermans and A. 

Belkum (2008). " Host polymorphisms in interleukin 4, complement factor H, and C- 

reactive protein associated with nasal carriage o f  Staphylococcus aureus and occurrence 

ofboils." J Infect Dis 197(9): 1244-1253.

Endl, J., H. P. SeidI, F. Fiedler and K. H. Schleifer (1983). "Chemical composition 

and structure o f  cell wall teichoic acids o f  staphylococci." Arch Microbiol 135(3): 215- 

223.

Entenza, J. M., T. J. Foster, D. Ni Eidhin, P. Vaudaux, P. Francioli and P. 

Moreillon (2000). "Contribution o f  clumping factor B to pathogenesis o f  experimental 

endocarditis due to Staphylococcus aureus." Infect Immun 68(9): 5443-5446.

Fahlberg, W. J. and J. Marston (1960). "Coagulase production by Staphylococcus 

aureus. I. Factors influencing coagulase production." J Infect Dis 106: 111-115.

Falugi, F., H. K. Kim, D. M. Missiakas and O. Schneewind (2013). "Role o f  protein 

A in the evasion o f  host adaptive immune responses by Staphylococcus aureus." MBio 

4(5): e00575-00513.

Farrell, D. H., P. Thiagarajan, D. W. Chung and E. W. Davie (1992). "Role o f  

fibrinogen alpha and gamma chain sites in platelet aggregation." Proc Natl Acad Sci U 

S A 89(22): 10729-10732.

Feltcher, M. E. and IM. Braunstein (2012). "Emerging themes in SecA2-mediated 

protein export." Nat Rev Microbiol 10(11): 779-789.

Ferreira, V. P., M. K. Pangburn and C. Cortes (2010). "Complement control protein 

factor H: the good, the bad, and the inadequate." Mol Immunol 47(13): 2187-2197.

114



Fey, P. D., J. L. Endres, V. K. Yajjala, T. J. Widhelm, R. J. Boissy, J. L. Bose and 

K. W. Bayles (2013). " A genetic resource for rapid and comprehensive phenotype 

screening o f nonessential Staphylococcus aureus genes." MBio 4(1); e00537-00512.

Fischetti, V. A., V. Pancholi and O. Schneewind (1990). "Conservation o f a 

hexapeptide sequence in the anchor region o f  surface proteins from gram-positive 

cocci." Mol Microbiol 4(9): 1603-1605.

Fitzgerald-Hughes, D., M. Devocelle and H. Humphreys (2012). "Beyond 

conventional antibiotics for the fijture treatment of methicillin-resistant Staphylococcus 

aureus infections: two novel alternatives." FEMS Immunol Med Microbiol 65(3): 399- 

412.

Fitzgerald, J. R., A. Loughman, F. Keane, M. Brennan, M. Knobel, J. Higgins, L. 

Visai, P. Speziale, D. Cox and T. J. Foster (2006). "Fibronectin-binding proteins o f 

Staphylococcus aureus mediate activation o f human platelets via fibrinogen and 

fibronectin bridges to integrin GPIIb/IIla and IgG binding to the FcgammaRIIa 

receptor." Mol Microbiol 59(1): 212-230.

Foster, T. J. (2005). "Immune evasion by staphylococci.” Nat Rev Microbiol 3(12): 

948-958.

Foster, T. J. (2009). "Colonization and infection o f the human host by staphylococci: 

adhesion, survival and immune evasion." Vet Dermatol 20(5-6): 456-470.

Foster, T. J., J. A. Geoghegan, V. K. Ganesh and M. Hook (2014). "Adhesion, 

invasion and evasion: the many functions o f the surface proteins o f  Staphylococcus 

aureus." Nat Rev Microbiol 12(1): 49-62.

Fowler, T., E. R. Wann, D. Joh, S. Johansson, T. J. Foster and M. Hook (2000).

"Cellular invasion by Staphylococcus aureus involves a fibronectin bridge between the 

bacterial fibronectin-binding MSCRAMMs and host cell betal integrins." Eur J Cell 

Biol 79(10): 672-679.

Frankel, M. B., B. M. Wojcik, A. C. DeDent, D. M. Missiakas and O. Schneewind 

(2010). "ABI domain-containing proteins contribute to surface protein display and cell 

division in Staphylococcus aureus." Mol Microbiol 78(1): 238-252.

Fraser, J. D. and T. Proft (2008). "The bacterial superantigen and superantigen-like 

proteins." Immunol Rev 225: 226-243.

115



Ganesh, V. K., E. M. Barbu, C. C. Deivanayagam, B. Le, A. S. Anderson, Y. V. 

Matsuka, S. L. Lin, T. J. Foster, S. V. Narayana and M. Hook (2011). "Structural 

and biochemical characterization o f Staphylococcus aureus clumping factor B/ligand 

interactions." J Biol Chem 286(29): 25963-25972.

Ganesh VK, Geoghegan. J.A, Liang X, Smeds E, Riveria J, Foster TJ, Hook M. 

(manuscript in preparation). "Mapping the epitope recognised by a function blocking 

monoclonal antibody reveals a second fibrinogen binding site on clumping factor A o f 

Staphylococcus aureus.”

Ganesh, V. K., J. J. Rivera, E. Smeds, Y. P. Ko, M. G. Bowden, E. R. Wann, S. 

Gurusiddappa, J. R. Fitzgerald and M. Hook (2008). "A structural model o f the 

Staphylococcus aureus ClfA-fibrinogen interaction opens new avenues for the design o f 

anti-staphylococcal therapeutics." PLoS Pathog4(l 1): e l 000226.

Gasque, P. (2004). "Complement: a unique innate immune sensor for danger signals." 

Mol Immunol 41(11): 1089-1098.

Geoghegan, J. A., R. M. Corrigan, D. T. Gruszka, P. Speziale, J. P. O'Gara, J. R. 

Potts and T. J. Foster (2010). " Role o f surface protein SasG in biofilm formation by 

Staphylococcus aureus." J Bacteriol 192(21): 5663-5673.

Geoghegan, J. A., V. K. Ganesh, E. Smeds, X. Liang, M. Hook and T. J. Foster 

(2010). "Molecular characterization o f  the interaction o f staphylococcal microbial 

surface components recognizing adhesive matrix molecules (MSCRAMM) ClfA and 

Fbl with fibrinogen." J Bio! Chem 285(9): 6208-6216.

Geoghegan, J. A., I. R. Monk, J. P. O'Gara and T. J. Foster (2013). "Subdomains 

N2N3 o f fibronectin binding protein A mediate Staphylococcus aureus biofilm 

formation and adherence to fibrinogen using distinct mechanisms." J Bacteriol 195(11): 

2675-2683.

Ghuysen, J. M. and J. L. Strominger (1963). "Structure o f the Cell Wall o f 

Staphylococcus aureus. Strain Copenhagen. li. Separation and Structure o f 

Disaccharides." Biochemistry 2: 1119-1125.

Ghuysen, J. M., D. J. Tipper and J. L. Strominger (1965). "Structure o f the Cell 

Wall o f  Staphylococcus aureus. Strain Copenhagen. Iv. The Teichoic Acid- 

Glycopeptide Complex." Biochemistry 4: 474-485.

116



Gillet, Y., B. Issartel, P. Vanhems, J. C. Fournet, G. Lina, M. Bes, F. Vandenesch, 

Y. Piemont, N. Brousse, D. Floret and J. Etienne (2002). "Association between 

Staphylococcus aureus strains carrying gene for Panton-Valentine leuicocidin and highly 

lethal necrotising pneumonia in young immunocompetent patients." Lancet 359(9308): 

753-759.

Gladysheva, L P., R. B. Turner, I. Y. Sazonova, L. Liu and G. L. Reed (2003).

"Coevolutionary patterns in plasminogen activation." Proc Natl Acad Sci U S A 

100(16): 9168-9172.

Gomez, M. L, A. Lee, B. Reddy, A. Muir, G. Soong, A. Pitt, A, Cheung and A. 

Prince (2004). "Staphylococcus aureus protein A induces airway epithelial 

inflammatory responses by activating TN FR l." N at Med 10(8): 842-848.

Gomez, M. L, M. O'Seaghdha, M. Magargee, T. J. Foster and A. S. Prince (2006).

"Staphylococcus aureus protein A activates TNFRl signaling through conserved IgG 

binding domains." J Biol Chem 281(29): 20190-20196.

Graham, J. W., M. G. Lei and C. Y, Lee (2013). "Trapping and Identification o f  

Cellular Substrates o f  the Staphylococcus aureus ClpC Chaperone." J Bacteriol 195(19): 

4506-4516.

Graille, M., E. A. Stura, A. L. Corper, B. J. Sutton, M. J. Taussig, J. B. 

Charbonnier and G. J. Silverman (2000). "Crystal structure o f  a Staphylococcus 

aureus protein A domain complexed with the Fab fragment o f  a human IgM antibody: 

structural basis for recognition o f  B-cell receptors and superantigen activity." Proc Natl 

Acad Sci U S A 97(10): 5399-5404.

Grigg, J. C., G. Ukpabi, C. F. Gaudin and M. E. Murphy (2010). "Structural biology 

o f  heme binding in the Staphylococcus aureus Isd system." J Inorg Biochem 104(3): 

341-348.

Grundmeier, M., M. Hussain, P. Becker, C. Heilmann, G. Peters and B. Sinha 

(2004). "Truncation o f  fibronectin-binding proteins in Staphylococcus aureus strain 

Newman leads to deficient adherence and host cell invasion due to loss o f  the cell wall 

anchor function." Infect Immun 72(12): 7155-7163.

117



Gruszka, D. T., J. A. W ojdyla, R. J. Bingham, J. P. Turkenburg, I. W. Manfield, 

A. Steward, A. P. Leech, J. A. Geoghegan, T. J. Foster, J. Clarke and J. R. Potts 

(2012). "Staphylococcal biofilm-fbrming protein has a contiguous rod-like structure." 

Proc Natl Acad Sci U S A 109(17): ElOl 1-1018.

Hair, P. S., C. G. Echague, A. M. Sholl, J. A. W atkins, J. A. Geoghegan, T. J. 

Foster and K. M. Cunnion (2010). "Clumping factor A interaction with complement 

factor 1 increases C3b cleavage on the bacterial surface o f  Staphylococcus aureus and 

decreases complement-mediated phagocytosis." Infect hnm un 78(4): 1717-1727.

Hair, P. S., C. G. Echague, A. M. Sholl, J. A. W atkins, J. A. Geoghegan, T. J. 

Foster and K. M. Cunnion (2010). "Clumping Factor A interaction with complement 

factor I increases C3b cleavage on the bacterial surface o f  Staphylococcus aureus, and 

decreases complement-mediated phagocytosis." Infect Immun.

Hair, P. S., S. M. W agner, P. T. Friederich, R. R. Drake, J. O. Nyalwidhe and K. 

M. Cunnion (2012). "Complement regulator C4BP binds to Staphylococcus aureus and 

decreases opsonization." Mol Immunol 50(4): 253-261.

Hair, P. S., M. D. Ward, O. J. Semmes, T. J. Foster and K. M. Cunnion (2008).

"Staphylococcus aureus clumping factor A binds to complement regulator factor I and 

increases factor I cleavage o fC 3b." J Infect Dis 198(1): 125-133.

Haley, K. P. and E. P. Skaar (2012). "A battle for iron: host sequestration and 

Staphylococcus aureus acquisition." Microbes Infect 14(3): 217-227.

Hammel, M., G. Slyroera, S. Pyrpassopoulos, D. Ricklin, K. X. Ramyar, M. Pop, 

Z. .Jin, J. D. Lambris and B. V. Geisbrecht (2007). "Characterization o f  Ehp, a 

secreted complement inhibitory protein from Staphylococcus aureus." J Biol Chem 

282(41): 30051-30061.

Hammer, N. D. and E. P. Skaar (2011). " M olecular mechanisms o f  Staphylococcus 

aureus iron acquisition." Annu Rev M icrobiol 65: 129-147.

Hartford, O., P. Francois, P. Vaudaux and T. J. Foster (1997). "The dipeptide repeat 

region o f  the fibrinogen-binding protein (clumping factor) is required for fiinctional 

expression o f  the tlbrinogen-binding domain on the Staphylococcus aureus cell 

surface." Mol Microbiol 25(6): 1065-1076.

118



Hartford, O., L. O'Brien, K, Schofield, J. Wells and T. J. Foster (2001). "The Fbe 

(SdrG) protein o f  Staphylococcus epidermidis HB promotes bacterial adherence to 

fibrinogen." Microbiology 147(Pt 9): 2545-2552.

Hartford, O. M., E. R. Wann, M. Hook and T. J. Foster (2001). "Identification of 

residues in the Staphylococcus aureus fibrinogen-binding MSCRAMM clumping factor 

A (ClfA) that are important for ligand binding." J Biol Chem 276(4): 2466-2473.

Hartleib, J., N. Kohler, R. B. Dickinson, G. S. Chhatwal, J. J. Sixma, O. M. 

Hartford, T. J. Foster, G. Peters, B. E. Kehrel and M. Herrmann (2000). "Protein A 

is the von Willebrand factor binding protein on Staphylococcus aureus." Blood 96(6); 

2149-2156.

Hawkins, J., S. Kodali, Y. V. Matsuka, L. K. McNeil, T. Mininni, 1. L. Scully, J. H. 

Vernachio, E. Severina, D. Girgenti, K. U. Jansen, A. S. Anderson and R. G. 

Donald (2012). "A recombinant clumping factor A-containing vaccine induces 

functional antibodies to Staphylococcus aureus that are not observed after natural 

exposure." Clin Vaccine Immunol 19(10); 1641-1650.

Hazenbos, W. L., K. K. Kajihara, R. Vandlen, J. H. Morisaki, S. M. Lehar, M. J. 

Kwakkenbos, T. Beaumont, A. Q. Bakker, Q. Phung, L. R. Swem, S. 

Ramakrishnan, J. Kim, M. Xu, 1. M. Shah, B. A. Diep, T. Sai, A. Sebrell, Y. 

Khalfin, A. Oh, C. Koth, S. J. Lin, B. C. Lee, M. Strandh, K. Koefoed, P. S. 

Andersen, H. Spits, E. J. Brown, M. W. Tan and S. Mariathasan (2013). "Novel 

Staphylococcal Glycosyltransferases SdgA and SdgB Mediate Immunogenicity and 

Protection o f Virulence-Associated Cell Wall Proteins." PLoS Pathog 9(10); el 003653.

Heilmann, C., M. Hussain, G. Peters and F. Gotz (1997). "Evidence for autolysin- 

mediated primary attachment oi'Staphylococcus epidermidis to a polystyrene surface." 

Mol Microbiol 24(5); 1013-1024.

Helle, L., M. Kull, S. Mayer, G. Marincola, M. E. Zelder, C. Goerke, C. Wolz and 

R. Bertram (2011). "Vectors for improved Tet repressor-dependent gradual gene 

induction or silencing in Staphylococcus aureus." Microbiology 157(Pt 12); 3314-3323.

Hienz, S. A., T. Schennings, A. Heimdahl and J. I. Flock (1996). "Collagen binding 

o f Staphylococcus aureus is a virulence factor in experimental endocarditis." J Infect 

Dis 174(1); 83-88.

119



Higgins, J., A. Loughtnan, K. P. van Kessel, J. A. van Strijp and T. J. Foster 

(2006). "Clumping factor A o f  Staphylococcus aureus inhibits phagocytosis by human 

polymorphonuclear leucocytes." Ferns M icrobiology Letters 258(2); 290-296.

Higgins, J., A. Loughman, K. P. M. van Kessel, J. A. G. van Strijp and T. J. Foster 

(2006). "Clumping factor A o f  Staphylococcus aureus inhibits phagocytosis by human 

polymorphonuclear leucocytes." Ferns Microbiology Letters 258(2): 290-296.

Hillson, J. L., N. S. Karr, I. R. Oppiiger, M. M annik and E. H. Sasso (1993). "The 

structural basis o f  germline-encoded VFI3 immunoglobulin binding to staphylococcal 

protein A." J Exp Med 178(1): 331-336.

Homerova, D., IM. BischofT, A. Dumolin and J. Kormanec (2004). "Optimization o f  a 

two-plasmid system for the identification o f  promoters recognized by RNA polymerase 

containing Staphylococcus aureus alternative sigma factor sigmaB." Fems 

Microbiology Letters 232(2): 173-179.

Inoshima, I., N. Inoshima, G. A. Wilke, M. E. Powers, K. M. Frank, Y. Wang and 

J. B. W ardenbui^ (2011). "A Staphylococcus aureus pore-forming toxin subverts the 

activity o f  ADAMIC to cause lethal infection in mice." Nat Med.

Isenman, D. E., E. Leung, J. D. Mackay, S. Bagby and J. M. van den Elsen (2010).

"Mutational analyses reveal that the staphylococcal immune evasion molecule Sbi and 

complement receptor 2 (CR2) share overlapping contact residues on C3d; implications 

for the controversy regarding the CR2/C3d cocrystal structure." J Immunol 184(4): 

1946-1955.

Jansen, K. U., D. Q. Gir^enti, I. L. Scully and A. S. Anderson (2013). "Vaccine 

review: "Staphyloccocus aureus vaccines: problems and prospects"." Vaccine 31(25): 

2723-2730.

Janssen, B. J., A. Christodoulidou, A. M cCarthy, J. D. Lambris and P. Gros 

(2006). "Structure o f  C3b reveals conformational changes that underlie complement 

activity." Nature 444(7116): 213-216.

Ji, Y., B. Zhang, S. F. Van, Horn, P. W arren, G. W oodnutt, M. K. Burnham and 

M. Rosenberg (2001). " Identification o f  critical staphylococcal genes using conditional 

phenotypes generated by antisense RNA." Science 293(5538): 2266-2269.

120



Jin, T., M. Bokarewa, T. Foster, J. Mitchell, J. Higgins and A. Tarkowski (2004).

"Staphylococcus aureus resists human defensins by production o f  stapiiylokinase, a 

novel bacterial evasion mechanism." J Immunol 172(2): 1169-1176.

Jongerius, 1., J. Kohl, INI. K. Pandey, M. Ruyken, K. P. van Kessel, J. A. van Strijp 

and S. H. Rooijakkers (2007). "Staphylococcal complement evasion by various 

convertase-blocking molecules." J Exp Med 204(10): 2461-2471.

Jongerius, I., H. Lavender, L. Tan, N. Ruivo, R. M. Exiey, J. J. Caesar, S. M. Lea, 

S. Johnson and C. M, Tang (2013). "Distinct binding and immunogenic properties of 

the gonococcal homologue o f meningococcal factor h binding protein." PLoS Pathog 

9(8): el003528.

Jonsson, L M., S. K. Mazmanian, O. Schneewind, M. Verdrengh, T. Bremell and 

A. Tarkowski (2002). "On the role o f Staphylococcus aureus sortase and sortase- 

catalyzed surface protein anchoring in murine septic arthritis." J Infect Dis 185(10): 

1417-1424.

Jonsson, K., C. Signas, H. P. Muller and M. Lindberg (1991). "Two different genes 

encode fibronectin binding proteins in Staphylococcus aureus. The complete nucleotide 

sequence and characterization o f the second gene." Eur J Biochem 202(3): 1041-1048.

Josefsson, E., O. Hartford, L. O'Brien, J. M. Patti and T. Foster (2001). "Protection 

against experimental Staphylococcus aureus arthritis by vaccination with clumping 

factor A, a novel virulence determinant." J Infect Dis 184(12): 1572-1580.

Josefsson, E., K. W. McCrea, D. Ni Eidhin, D. O'Connell, J. Cox, M. Hook and T. 

J. Foster (1998). "Three new members o f the serine-aspartate repeat protein multigene 

family o f  Staphylococcus aureus." Microbiology 144 ( Pt 12): 3387-3395.

Kang, M., Y. P. Ko, X, Liang, C. L. Ross, Q. Liu, B. E. Murray and M. Hook 

(2013). "Collagen-binding microbial surface components recognizing adhesive matrix 

molecule (MSCRAMM) o f Gram-positive bacteria inhibit complement activation via 

the classical pathway." J Biol Chem 288(28): 20520-20531.

Karavolos, M. H., M. J. Horsburgh, E. Ingham and S. J. Foster (2003). "Role and 

regulation o f the superoxide dismutases o f  Staphylococcus aureus." Microbiology 

149(Pt 10): 2749-2758.

121



Kaufman, D. (2006). "Veronate (Inhibitex)." Curr Opin Investig Drugs 7(2): 172-179.

Keane, F. IVl., A. Loughman, V. Valtulina, M. Brennan, P. Speziale and T. J. Foster 

(2007). "Fibrinogen and elastin bind to the same region within the A domain o f 

tlbronectin binding protein A, an MSCRAMM of Staphylococcus aureus.” Mol 

Microbiol 63(3): 711-723.

Kohler, T., C. Weidenmaier and A. Peschel (2009). "Wall teichoic acid protects 

Staphylococcus aureus against antimicrobial fatty acids from human skin." J Bacteriol 

191(13): 4482-4484.

Kreiswirth, B. N., S. Lofdahl, M. J. Betley, M. O'Reilly, P. M. Schlievert, M. S. 

Bergdoll and R. P. Novick (1983). "The toxic shock syndrome exotoxin structural 

gene is not detectably transmitted by a prophage." Nature 305(5936): 709-712.

Kretsehmer, D., A. K. Gleske, M. Rautenberg, R. Wang, M. Koberle, E. Bohn, T. 

Schoneberg, M. J. Rabiet, F. Boulay, S. J. Klebanoff, K. A. van Kessel, J. A. van 

Strijp, M. Otto and A. Peschel (2010). "Human formyl peptide receptor 2 senses 

highly pathogenic Staphylococcus aureus." Cell Host Microbe 7(6): 463-473.

Kropec, A., T. IVlaira-Litran, K. K. Jefferson, M. Grout, S. E. Cramton, F. Gotz, D. 

A. Goldmann and G. B. Pier (2005). "Poly-N-acetylglucosamine production in 

Staphylococcus aureus is essential for virulence in murine models o f  systemic 

infection." Infect Immun 73(10): 6868-6876.

Kruger, R. G., B. Otvos, B. A. Frankel, M. Bentley, P. Dostal and D. G. 

McCafferty (2004). "Analysis o f  the substrate specificity o f the Staphylococcus aureus 

sortase transpeptidase SrtA." Biochemistry 43(6): 1541-1551.

Kuklin, N. A., D. J. Clark, S. Secore, J. Cook, L. D. Cope, T. McNeely, L. Noble, 

IM. J. Brown, J. K. Zorman, X. IM. Wang, G. Pancari, H. Fan, K. Isett, B. Burgess, 

J. Bryan, M. Brownlow, H. George, M. Meinz, M. E. Liddell, R. Kelly, L. Schultz, 

D. Montgomery, J. Onishi, M. Losada, M. Martin, T. Ebert, C. Y. Tan, T. L. 

Schofield, E. Nagy, A. Meineke, J. G. Joyce, M. B. Kurtz, M. J. Caulfield, K. U. 

Jansen, W. McClements and A. S. Anderson (2006). "A novel Staphylococcus aureus 

vaccine: iron surface determinant B induces rapid antibody responses in rhesus 

macaques and specific increased survival in a murine S. aureus sepsis model." Infect 

Immun 74(4): 2215-2223.

122



Laarman, A., F. Milder, J. van Strijp and S. Rooijakkers (2010). "Complement 

inhibition by gram-positive pathogens: molecular mechanisms and therapeutic 

implications." J Mol Med (Berl) 88(2); 115-120.

Laarman, A. J., M. Ruyken, C. L. Malone, J. A. van Strijp, A. R. Horswill and S. 

H. Rooijakkers (2011). "Staphylococcus aureus metalloprotease aureolysin cleaves 

complement C3 to mediate immune evasion." J Immunol 186(11): 6445-6453.

Ladhani, S., C. L. Joannou, D. P. Lochrie, R. W. Evans and S. M. Poston (1999).

"Clinical, microbial, and biochemical aspects of the exfoliative toxins causing 

staphylococcal scalded-skin syndrome." Clin Microbiol Rev 12(2): 224-242.

Le Gouiii, C. and C. V. Dery (1991). "A rapid procedure for the screening o f 

recombinant plasmids." Nucleic Acids Res 19(23): 6655.

Li, M., X. Du, A. E. Villaruz, B. A. Diep, D. Wang, Y. Song, Y. Tian, J. Hu, F. Yu,

Y. Lu and M. Otto (2012). " MRSA epidemic linked to a quickly spreading 

colonization and virulence determinant." Nat Med 18(5): 816-819.

Liew, C. K., B. T. Smith, R. Pilpa, N. Suree, U. Ilangovan, K. M. Connolly, M. E. 

Jung and R. T. Clubb (2004). " Localization and mutagenesis o f the sorting signal 

binding site on sortase A from Staphylococcus aureus." FEBS Lett 571(1-3): 221-226.

Lina, G., Y. Piemont, F. Godail-Gamot, M. Bes, M. O. Peter, V. Gauduchon, F. 

Vandenesch and J. Etienne (1999). "Involvement o f Panton-Valentine leukocidin- 

producing Staphylococcus aureus in primary skin infections and pneumonia." Clin 

Infect Dis29(5): 1128-1132.

Liu, M., W. N. Tanaka, H. Zhu, G. Xie, D. M. Dooley and B. Lei (2008). "Direct 

hemin transfer from IsdA to IsdC in the iron-regulated surface determinant (Isd) heme 

acquisition system o f  Staphylococcus aureus." J Biol Chem 283( 11): 6668-6676.

Loughman, A., J. R. Fitzgerald, M. P. Brennan, J. Higgins, R. Downer, D. Cox and 

T. J. Foster (2005). "Roles for fibrinogen, immunoglobulin and complement in platelet 

activation promoted by Staphylococcus aureus clumping factor A." Mol Microbiol 

57(3): 804-818.

Loughman, A., T. Sweeney, F. M. Keane, G. Pietrocola, P. Speziale and T. J. 

Foster (2008). "Sequence diversity in the A domain o f Staphylococcus aureus 

fibronectin-binding protein A." BMC Microbiol 8: 74.

123



Lowy, F. D. (1998). "Staphylococcus aureus infections." N Engl J Med 339(8): 520- 

532.

Ludwig, W., E. Seewaldt, R. Kilpper-Balz, K. H. Schleifer, L. Magrum, C. R.

W oese, G. E. Fox and E. Stackebrandt (1985). "The phylogenetic position o f 

Streptococcus and Enterococcus." J Gen Microbiol 131(3): 543-551.

Luong, T. T. and C. Y. Lee (2002). "Overproduction o f  type 8 capsular polysaccharide 

augments Staphylococcus aureus virulence." Infect hnm un 70(7): 3389-3395.

M anting, E. H. and A. J. Driessen (2000). "Escherichia coli translocase: the 

unravelling o f  a molecular machine." Mol M icrobiol 37(2): 226-238.

Mark, L., O. B. Spiller, B. O. Villoutreix and A. M. Blom (2007). "Kaposi's sarcoma- 

associated herpes virus complement control protein: KCP-complement inhibition and 

more." Mol Immunol 44(1-3): 11-22.

Marston, J. and W. J. Fahlberg (1960). "Coagulase production by Staphylococcus 

aureus. II. Growth and coagulase production in complex and chemically defined 

mediums-comparison o f  chemically defined mediums." J Infect Dis 106: 116-122.

Massey, R. C., S. R. Dissanayeke, B. Cameron, D. Ferguson, T. J. Foster and S. J. 

Peacock (2002). "Functional blocking o f  Staphylococcus aureus adhesins following 

growth in ex vivo media." Infect Immun 70(10): 5339-5345.

M azmanian, S. K., H. Ton-That and O. Schneewind (2001). "Sortase-catalysed 

anchoring o f  surface proteins to the cell wall o f  Staphylococcus aureus." Mol Microbiol 

40(5): 1049-1057.

M azmanian, S. K., H. Ton-That, K. Su and O. Schneewind (2002). "An iron- 

regulated sortase anchors a class o f  surface protein during Staphylococcus aureus 

pathogenesis." Proc Natl Acad Sci U S A  99(4): 2293-2298.

M cAdow, M., H. K. Kim, A. C. Dedent, A. P. Hendrickx, O. Schneewind and D. M. 

Missiakas (2011). "Preventing Staphylococcus aureus sepsis through the inhibition o f 

its agglutination in blood." PLoS Pathog 7(10): el002307.

McAleese, F. M., E. J. Walsh, M. Sieprawska, J. Potempa and T. J. Foster (2001).

"Loss o f  clumping factor B fibrinogen binding activity by Staphylococcus aureus 

involves cessation o f  transcription, shedding and cleavage by metalloprotease." J Biol 

Chem 276(32): 29969-29978.

124



McDevitt, D., P. Francois, P. Vaudaux and T. J. Foster (1994). "Molecular 

characterization o f the clumping factor (fibrinogen receptor) o f Staphylococcus aureus." 

Mol Microbiol 11(2): 237-248.

McDevitt, D., P. Francois, P. Vaudaux and T. J. Foster (1995). "Identification o f the 

ligand-binding domain o f the surface-located fibrinogen receptor (clumping factor) of 

Staphylococcus aureus.” Mol Microbiol 16(5): 895-907.

McDevitt, D., T. Nanavaty, K. House-Pompeo, E. Bell, N. Turner, L. Mclntire, T. 

Foster and M. Hook (1997), "Characterization o f  the interaction between the 

Staphylococcus aureus clumping factor (ClfA) and fibrinogen." Eur J Biochem 247(1): 

416-424.

Meenan, N. A., L. Visai, V. Valtulina, U. Schwarz-Linek, N. C. Norris, S. 

Gurusiddappa, M. Hook, P. Speziale and J. R. Potts (2007). "The tandem beta- 

zipper model defines high affinity tlbronectin-binding repeats within Staphylococcus 

aureus FnBPA." J Biol Chem 282(35): 25893-25902.

Mehlin, C., C. M. Headley and S. J. Klebanoff(1999). " An inflammatory polypeptide 

complex from Staphylococcus epidermidis: isolation and characterization." J Exp Med 

189(6): 907-918.

Menestrina, G., M. Dalla Serra, M. Comai, M. Coraiola, G. Viero, S. Werner, D. 

A. Colin, H. Monteil and G. Prevost (2003). "Ion channels and bacterial infection: the 

case o f beta-barrel pore-forming protein toxins o f Staphylococcus aureus." FEBS Lett 

552(1): 54-60.

Mitchell, J., A. Tristan and T. J. Foster (2004). "Characterization o f the fibrinogen- 

binding surface protein Fbl o f Staphylococcus lugdunensis." Microbiology 150(Pt 11): 

3831-3841.

Moks, T., L. Abrahmsen, B. Nilsson, U. Heilman, J. Sjoquist and M. Uhlen (1986).

"Staphylococcal protein A consists o f five IgG-binding domains." Eur J Biochem 

156(3): 637-643.

Monk, 1. R., 1. M. Shah, M. Xu, M. W. Tan and T. J. Foster (2012). "Transforming 

the untransformable: application o f direct transformation to manipulate genetically 

Staphylococcus aureus and Staphylococcus epidermidis." mBio vol. 3 no. 2 e00277-l 1

125



Moore, G. E., R. E. Gerner and H. A. Franklin (1967). "Culture o f normal human 

leukocytes." JAMA 199(8): 519-524.

Moreillon, P., J. M. Entenza, P. Francioli, D. McDevitt, T. J. Foster, P. Francois 

and P. Vaudaux (1995). " Role o f Staphylococcus aureus coagulase and clumping 

factor in pathogenesis o f  experimental endocarditis." Infect Immun 63(12); 4738-4743.

IVloroney, S. M., L. C. Heller, J. Arbuckle, M. Talavera and R. H. Widen (2007).

"Staphylococcal cassette chromosome mec and Panton-Valentine leukocidin 

characterization o f methicillin-resistant Staphylococcus aureus clones." J Clin 

Microbiol 45(3); 1019-1021.

IMulcahy, M. E., J. A. Geoghegan, I. R. Monk, K. M. O'Keeffe, E. J. Walsh, T. J. 

Foster and R. M. McLoughlin (2012). "Nasal colonisation by Staphylococcus aureus 

depends upon clumping factor B binding to the squamous epithelial cell envelope 

protein loricrin." PLoS Pathog 8(12); el 003092.

Mullick, J., J. Bernet, Y. Panse, S. Hallihosur, A. K. Singh and A. Sahu (2005).

"Identification o f  complement regulatory domains in vaccinia virus complement control 

protein." J Virol 79(19); 12382-12393.

Munoz, P., J. Hortal, M. Giannella, J. M. Barrio, M. Rodriguez-Creixems, M. J. 

Perez, C. Rincon and E. Bouza (2008). "Nasal carriage ofiS. aureus increases the risk 

o f surgical site infection after major heart surgery." J Hosp Infect 68(1); 25-31.

Muryoi, N., M. T. Tiedemann, M. Pluym, J. Cheung, D. E. Heinrichs and M. J. 

Stillman (2008). " Demonstration o f the iron-regulated surface determinant (Isd) heme 

transfer pathway in Staphylococcus aureus." J Biol Chem 283(42); 28125-28136.

Navarre, W. W. and O. Schneewind (1999). "Surface proteins o f  gram-positive 

bacteria and mechanisms o f  their targeting to the cell wall envelope." Microbiol Mol 

Biol Rev 63(1); 174-229.

Ni Eidhin, D., S. Perkins, P. Francois, P. Vaudaux, M. Hook and T. J. Foster 

(1998). "Clumping factor B (ClfB), a new surface-located fibrinogen-binding adhesin o f 

Staphylococcus aureus.” Mol Microbiol 30(2); 245-257.

Nilsson, S. C., I.  Nita, L. Mansson, T. W. Groeneveld, L. A. Trouw, B. O. 

Villoutreix and A. M. Blom (2010). "Analysis o f  binding sites on complement factor I 

that are required for its activity." J Biol Chem 285(9); 6235-6245.

126



O'Brien, L., S. W. Kerrigan, G. Kaw, M. Hogan, J. Penades, D. Litt, D. J. 

Fitzgerald, T. J. Foster and D. Cox (2002). "Multiple mechanisms for the activation 

o f  human platelet aggregation by Staphylococcus aureus: roles for the clumping factors 

ClfA and ClfB, the serine-aspartate repeat protein SdrE and protein A." Mol Microbiol 

44(4): 1033-1044.

O'Brien, L. M., E, J. Walsh, R. C. Massey, S. J. Peacock and T. J. Foster (2002).

"Staphylococcus aureus clum ping factor B (ClfB) promotes adherence to human type 1 

cytokeratin 10: implications for nasal colonization." Cell Microbiol 4(11): 759-770.

O'Connell, D. P., T. Nanavaty, D. McDevitt, S. Gurusiddappa, M. Hook and T. J. 

Foster (1998). "The fibrinogen-binding MSCRAMM (clumping factor) o f 

Staphylococcus aureus has a Ca^ -dependent inhibitory site." J Biol Chem 273(12): 

6821-6829.

O'Neill, E., C. Pozzi, P. Houston, H. Humphreys, D. A. Robinson, A. Loughman, T. 

J. Foster and J. P. O'Gara (2008). "A novel Staphylococcus aureus bio film phenotype 

mediated by the fibronectin-binding proteins, FnBPA and FnBPB." J Bacteriol 190(11): 

3835-3850.

O'Riordan, K. and J. C. Lee (2004). "Staphylococcus aureus capsular 

polysaccharides." Clin M icrobiol Rev 17(1): 218-234.

O'Seaghdha, M., C. J. van Schooten, S. W. Kerrigan, J. Emsley, G. J. Silverman, 

D. Cox, P. J. Lenting and T. J. Foster (2006). "Staphylococcus aureus protein A 

binding to von Willebrand factor A1 domain is mediated by conserved IgG binding 

regions." FEBS J 273(21): 4831-4841.

Oku, Y., K. Kurokawa, IM. M atsuo, S. Yamada, B. L. Lee and K. Sekimizu (2009).

"Pleiotropic roles o f  polyglycerolphosphate synthase o f  lipoteichoic acid in growth o f  

Staphylococcus aureus cells." J Bacteriol 191(1): 141-151.

Pallen, M. J., A. C. Lam, M. Antonio and K. Dunbar (2001). "An embarrassment o f 

sortases - a richness o f  substrates?" Trends M icrobiol 9(3): 97-102.

Palmqvist, N., T. Foster, A. Tarkowski and E. Josefsson (2002). "Protein A is a 

virulence factor in Staphylococcus aureus arthritis and septic death." Microb Pathog 

33(5): 239-249.

127



Palmqvist, N., J. M. Patti, A. Tarkowski and E. Josefsson (2004). "Expression o f 

staphylococcal clumping factor A impedes macrophage phagocytosis." Microbes Infect 

6(2): 188-195.

Pankov, R. and K. M. Yamada (2002). "Fibronectin at a glance." J Cell Sci 115(Pt 

20): 3861-3863.

Patti, J. M., T. Bremen, D. Krajewska-Pietrasik, A. Abdelnour, A. Tarkowski, C. 

Ryden and M. Hook (1994). "The Staphylococcus aureus collagen adhesin is a 

virulence determinant in experimental septic arthritis." Infect Immun 62(1): 152-161.

Peacock, S. J., I. de Silva and F. D. Lowy (2001). " What determines nasal carriage o f 

Staphylococcus aureusl" Trends Microbiol 9(12): 605-610.

Peacock, S. J., T. J. Foster, B. J. Cameron and A. R. Berendt (1999). "Bacterial 

fibronectin-binding proteins and endothelial cell surface fibronectin mediate adherence 

o f Staphylococcus aureus to resting human endothelial cells." Microbiology 145 ( Ft 

12): 3477-3486.

Perkins, S., E. J. Walsh, C. C. Deivanayagam, S. V. Narayana, T. J. Foster and M. 

Hook (2001). " Structural organization o f the fibrinogen-binding region o f the clumping 

factor B MSCRAMM Staphylococcus aureus." J Biol Chem 276(48): 44721-44728.

Peschel, A., R. W. Jack, M. Otto, L. V. Collins, P. Staubitz, G. Nicholson, H. 

Kalbacher, W. F. Nieuwenhuizen, G. Jung, A. Tarkowski, K. P. van Kessel and J. 

A. van Strijp (2001). "Staphylococcus aureus resistance to human defensins and 

evasion o f neutrophil killing via the novel virulence factor MprF is based on 

modification o f membrane lipids with 1-lysine." J Exp Med 193(9): 1067-1076.

Peschel, A. and IVl. Otto (2013). " Phenol-soluble modulins and staphylococcal 

infection." Nat Rev Microbiol 11(10): 667-673.

Peschel, A., M. Otto, R. W. Jack, H. Kalbacher, G. Jung and F. Gotz (1999).

"Inactivation o f the dlt operon in Staphylococcus aureus confers sensitivity to defensins, 

protegrins, and other antimicrobial peptides." J Biol Chem 274(13): 8405-8410.

Ponnuraj, K., M. G. Bowden, S. Davis, S. Gurusiddappa, D. Moore, D. Choe, Y. 

Xu, M. Hook and S. V. Narayana (2003). "A "dock, lock, and latch" structural model 

for a staphylococcal adhesin binding to fibrinogen." Cell 115(2): 217-228.

128



Postma, B., M. J. Poppelier, J. C. van Galen, E. R. Prossnitz, J. A. van Strijp, C. J. 

de Haas and K. P. van Kessel (2004). "Chemotaxis inhibitory protein o f 

Staphylococcus aureus binds specifically to the C5a and formylated peptide receptor." J 

Immunol 172( 11): 6994-7001.

Pugsley, A. P. (1993). " The complete general secretory pathway in gram-negative 

bacteria." Microbiol Rev 57(1): 50-108.

Pynnonen, M., R, E. Stephenson, K. Schwartz, IM. Hernandez and B. R. Boles 

(2011). "Hemoglobin promotes Staphylococcus aureus nasal colonization." PLoS 

Pathog 7(7): e l 002104.

Que, Y. A., P. Francois, J. A. Haefliger, J. M. Entenza, P, Vaudaux and P. 

Moreillon (2001). "Reassessing the role o f  Staphylococcus aureus clumping factor and 

flbronectin-binding protein by expression in Lactococcus lactis." Infect Immun 69(10): 

6296-6302.

Que, Y. A., J. A. Haefliger, L. Piroth, P. Francois, E. W idmer, J. M. Entenza, B. 

Sinha, M. Herrmann, P. Francioli, P. Vaudaux and P. Moreillon (2005).

"Fibrinogen and fibronectin binding cooperate for valve infection and invasion in 

Staphylococcus aureus experimental endocarditis." J Exp Med 201(10): 1627-1635.

Rhem, IM. N., E. IM. Lech, J. IM. Patti, D. M cDevitt, M. Hook, D. B. Jones and K. R. 

W ilhelmus (2000). "The collagen-binding adhesin is a virulence factor in 

Staphylococcus aureus keratitis." Infect Immun 68(6): 3776-3779.

Richardson, A. R., S. J. Libby and F. C. Fang (2008). "A nitric oxide-inducible 

lactate dehydrogenase enables Staphylococcus aureus to resist innate immunity." 

Science 319(5870): 1672-1676.

Rigel, N. W . and M. Braunstein (2008). "A new twist on an old pathway-accessory 

Sec systems." Mol M icrobiol 69(2): 291-302.

Roghmann, M., K. L. Taylor, A. Gupte, M. Zhan, J. A. Johnson, A. Cross, R. 

Edeiman and A. I. Fattom (2005). "Epidemiology o f  capsular and surface 

polysaccharide in Staphylococcus aureus infections complicated by bacteraemia." J 

Hosp Infect 59(1): 27-32.

129



Rohde, H., C. Burdelski, K. Bartscht, IM. Hussain, F. Buck, M. A. Horstkotte, J. K. 

Knobloch, C. Heilmann, M. Herrmann and D. Mack (2005). "Induction o f 

Staphylococcus epidermidis biofilm formation via proteolytic processing o f the 

accumulation-associated protein by staphylococcal and host proteases." Mol Microbiol 

55(6): 1883-1895.

Rooijakkers, S. H., M. Ruyken, A. Rocs, M. R. Daha, J. S. Presanis, R. B. Sim, W. 

J. van Wamei, K. P. van Kessel and J. A. van Strijp (2005). "Immune evasion by a 

staphylococcal complement inhibitor that acts on C3 convertases." Nat Immunol 6(9): 

920-927.

Rooijakkers, S. H., M. Ruyken, J. van Roon, K. P. van Kessel, J. A. van Strijp and 

W. J. van Wamel (2006). "Early expression o f SCIN and CHIPS drives instant immune 

evasion by Staphylococcus aureus." Cell Microbiol 8(8): 1282-1293.

Rooijakkers, S. H., J. Wu, M. Ruyken, R. van Domselaar, K. L. Planken, A. 

Tzekou, D. Ricklin, J. D. Lambris, B. J. Janssen, J. A. van Strijp and P. Gros 

(2009). "Structural and functional implications o f the alternative complement pathway 

C3 convertase stabilized by a staphylococcal inhibitor." Nat Immunol 10(7): 721-727.

Ruimy, R., C. Angebault, F. Djossou, C. Dupont, L. Epelboin, S. Jarraud, L. A. 

Lefevre, M. Bes, B. E. Lixandru, M. Bertine, A. El Miniai, M. Renard, R. M. 

Bettinger, M. Lescat, O. Clermont, G. Peroz, G. Lina, M. Tavakol, F. Vandenesch, 

A. van Belkum, F. Rousset and A. Andremont (2010). "Are host genetics the 

predominant determinant o f persistent nasal Staphylococcus aureus carriage in 

humans?" J Infect Dis 202(6): 924-934.

Sambrook, J., Fritsch, E, F, & Maniatis, T. (1989). Molecular cloning: a laboratory 

manual. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory.

Schaffer, A. C., R. M. Solinga, J. Cocchiaro, M. Portoles, K. B. Kiser, A. Risley, S. 

M. Randall, V. Valtulina, P. Speziale, E. Walsh, T. Foster and J. C. Lee (2006).

"Immunization with Staphylococcus aureus clumping factor B, a major determinant in 

nasal carriage, reduces nasal colonization in a murine model." Infect Immun 74(4): 

2145-2153.

Schleifer, K. H. and O. Kandler (1972). "Peptidoglycan types o f bacterial cell walls 

and their taxonomic implications." Bacteriol Rev 36(4): 407-477.

130



Spaulding, A. R., W. Salgado-Pabon, J. A. Merriman, C. S. Stach, Y. Ji, A. N. 

Gillman, IM. L. Peterson and P. M. Schlievert (2014). "Vaccination Against 

Staphylococcus aureus Pneumonia." J Infect Dis. (ePub ahead o f print).

Schneewind, O., D. Mihaylova-Petkov and P. Model (1993). "Cell wall sorting 

signals in surface proteins o f gram-positive bacteria." EMBO J 12(12); 4803-4811.

Schneewind, O. and D. M. Missiakas (2012). "Protein secretion and surface display in 

Gram-positive bacteria." Philos Trans R Soc Lond B Biol Sci 367(1592): 1123-1139.

Schwarz-Linek, U., M. Hook and J. R. Potts (2004). "The molecular basis of 

fibronectin-mediated bacterial adherence to host cells." Mol Microbiol 52(3): 631 -641.

Schwarz-Linek, U., J. M. Werner, A. R. Pickford, S. Gurusiddappa, J. H. Kim, E. 

S. Pilka, J. A. Briggs, T. S. Gough, M. Hook, I. D. Campbell and J. R. Potts (2003).

"Pathogenic bacteria attach to human fibronectin through a tandem beta-zipper." Nature 

423(6936): 177-181.

Sendi, P. and R. A. Proctor (2009). "Staphylococcus aureus as an intracellular 

pathogen: the role o f small colony variants." Trends Microbiol 17(2): 54-58.

Sharp, J. A., C. G. Echague, P. S. Hair, M. 0 . Ward, J. O. Nyalwidhe, J. A. 

Geoghegan, T. J. Foster and K. M. Cunnion (2012). "Staphylococcus aureus surface 

protein SdrE binds complement regulator factor H as an immune evasion tactic." PLoS 

One 7(5): e38407.

Shinefield, H., S. Black, A. Fattom, G. Horwith, S. Rasgon, J. Ordonez, H. Yeoh, 

D. Law, J. B. Robbins, R. Schneerson, L. Muenz, S. Fuller, J. Johnson, B. Fireman, 

H. Alcorn and R. Naso (2002). "Use o f  a Staphylococcus aureus conjugate vaccine in 

patients receiving hemodialysis." N Engl J Med 346(7): 491-496.

Sibbald, M. J., A. K. Ziebandt, S. Engelmann, M. Hecker, A. de Jong, H. J. 

Harmsen, G. C. Raangs, I. Stokroos, J. P. Arends, J. Y. Dubois and J. M. van Dijl 

(2006). "Mapping the pathways to staphylococcal pathogenesis by comparative 

secretomics." Microbiol Mol Biol Rev 70(3): 755-788.

Siboo, I. R., D. O. Chaffin, C. E. Rubens and P. M. Sullam (2008). "Characterization 

o f the accessory Sec system o f Staphylococcus aureus." J Bacteriol 190(18): 6188-6196.

131



Siboo, I. R., H. F. Chambers and P. M. Sullam (2005). "Role o f SraP, a Serine-Rich 

Surface Protein o f Staphylococcus aureus, in binding to human platelets." Infect Immun 

73(4): 2273-2280.

Sieprawska-Lupa, IM., P. Mydel, K. Krawczyk, K. Wojcik, M. Puklo, B. Lupa, P. 

Suder, J, Silberring, M. Reed, J. Pohl, W. Shafer, F. McAleese, T. Foster, J. Travis 

and J. Potempa (2004). "Degradation o f human antimicrobial peptide LL-37 by 

Staphylococcus aureus-Aenvtd proteinases." Antimicrob Agents Chemother 48(12): 

4673-4679.

Silverman, G. J. (1992). " Human antibody responses to bacterial antigens: studies o f a 

model conventional antigen and a proposed model B cell superantigen." Int Rev 

Immunol 9(1): 57-78.

Silverman, G. J. and C. S. Goodyear (2006). "Confounding B-cell defences: lessons 

from a staphylococcal superantigen." Nat Rev Immunol 6(6): 465-475.

Singh, V. K. and J. Moskovitz (2003). "Multiple methionine sulfoxide reductase genes 

in Staphylococcus aureus: expression o f activity and roles in tolerance o f oxidative 

stress." Microbiology 149(Pt 10): 2739-2747.

Sinha, B., P. P. Francois, O. Nusse, M. Foti, O. M. Hartford, P. Vaudaux, T. J. 

Foster, D. P. Lew, M. Herrmann and K. H. Krause (1999). "Fibronectin-binding 

protein acts as Staphylococcus aureus invasin via fibronectin bridging to integrin 

alphaSbetal." Cell Microbiol 1(2): 101-117.

Sjoquist, J., J. Movitz, I. B. Johansson and H. Hjelm (1972). "Localization o f  protein 

A in the bacteria." Eur J Biochem 30(1): 190-194.

Smith, E. J., R. IM. Corrigan, T. van der Sluis, A. Grundling, P. Speziale, J. A. 

Geoghegan and T. J. Foster (2012). "The immune evasion protein Sbi o f 

Staphylococcus aureus occurs both extracellularly and anchored to the cell envelope by 

binding lipoteichoic acid." Mol Microbiol 83(4): 789-804.

Smith, E. J., L. Visai, S. W. Kerrigan, P. Speziale and T. J. Foster (2011). "The Sbi 

protein is a multifunctional immune evasion factor o f Staphylococcus aureus." Infect 

Immun 79(9): 3801-3809.

Soames, C. J. and R. B. Sim (1997). "Interactions between human complement 

components factor H, factor I and C3b." Biochem J 326 ( Ft 2): 553-561.

132



Stackebrandt, E. and M. Teuber (1988). "Molecular taxonomy and phylogenetic 

position o f  lactic acid bacteria." Biochimie 70(3): 317-324.

Stranger-Jones, Y. K., T. Bae and O. Schneewind (2006). "Vaccine assembly from 

surface proteins o f  Staphylococcus aureus." Proc Natl Acad Sci U S A 103(45): 16942- 

16947.

Surewaard, B. G., C. J. de Haas, F. Vervoort, K. M. Rigby, F. R. DeLeo, M. Otto, 

J. A. van Strijp and R. Nijland (2013). "Staphylococcal alpha-phenol soluble 

modulins contribute to neutrophil lysis after phagocytosis." Cell Microbiol 15(8): 1427- 

1437.

Tegmark, K., A. Karlsson and S. Arvidson (2000). "Identification and 

characterization o f  SarH l, a new global regulator o f  virulence gene expression in 

Staphylococcus aureus." Mol M icrobiol 37(2): 398-409.

Thakker, M,, J. S. Park, V. Carey and J. C. Lee (1998). "Staphylococcus aureus 

serotype 5 capsular polysaccharide is antiphagocytic and enhances bacterial virulence in 

a murine bacteremia model." Infect Immun 66( 11): 5183-5189.

Thamm avongsa, V., J. W. Kern, D. M. Missiakas and O. Schneewind (2009).

"Staphylococcus aureus synthesizes adenosine to escape host immune responses." J Exp 

Med 206(11): 2417-2427.

Tipper, D. J. and J. L. Strominger (1965). "Mechanism o f  action o f  penicillins: a 

proposal based on their structural similarity to acyl-D-alanyl-D-alanine." Proc Natl 

Acad Sci U S A 54(4): 1133-1141.

Ton-That, H., S. K. M azmanian, K. F. Faull and O. Schneewind (2000). "Anchoring 

o f  surface proteins to the cell wall o f  Staphylococcus aureus. Sortase catalyzed in vitro 

transpeptidation reaction using LPXTG peptide and NH(2)-Gly(3) substrates." J Biol 

Chem 275(13): 9876-9881.

Traber, K. and R. Novick (2006). "A slipped-mispairing mutation in AgrA o f 

laboratory strains and clinical isolates results in delayed activation o f  agr and failure to 

translate delta- and alpha-haemolysins." Mol M icrobiol 59(5): 1519-1530.

Traber, K. E., E. Lee, S. Benson, R. Corrigan, M. Cantera, B. Shopsin and R. P. 

Novick (2008). "agr function in clinical Staphylococcus aureus isolates." Microbiology 

154(Pt 8): 2265-2274.

133



Tsiftsoglou, S. A., A. C. Willis, P. Li, X. Chen, D. A. Mitchell, Z. Rao and R. B, Sim 

(2005). "The catalytically active serine protease domain o f  human complement factor 

I." Biochemistry 44(16): 6239-6249.

Tzagoloff, H. and R. Novick (1977). "Geometry o f  cell division in Staphylococcus 

aureus." J Bacteriol 129(1): 343-350.

Uhlen, M., B. Guss, B. Nilsson, S. Gatenbeck, L. Philipson and M. Lindberg (1984).

"Complete sequence o f  the staphylococcal gene encoding protein A. A gene evolved 

through multiple duplications." J Biol Chem 259(3): 1695-1702.

van Belkum, A., N. J. Verkaik, C. P. de Vogel, H. A. Boelens, J. Verveer, J. L. 

Nouwen, H. A. Verbrugh and H. F. W ertheim (2009). "Reclassification o f  

Staphylococcus aureus nasal carriage types." J Infect Dis 199(12): 1820-1826.

van den Akker, E. L., J. L. Nouwen, D. C. Melles, E. F. van Rossum, J. W. Koper, 

A. G. Uitterlinden, A. Hofman, H. A. Verbrugh, H. A. Pols, S. W. Lamberts and A. 

van Belkum (2006). "Staphylococcus aureus nasal carriage is associated with 

glucocorticoid receptor gene polymorphisms." J Infect Dis 194(6): 814-818.

van W amel, W. J., S. H. Rooijakkers, M. Ruyken, K. P. van Kessel and J. A. van 

Strijp (2006). "The innate immune modulators staphylococcal complement inhibitor 

and chemotaxis inhibitory protein o f  Staphylococcus aureus are located on beta- 

hemolysin-converting bacteriophages." J Bacteriol 188(4): 1310-1315.

Vazquez, V., X. Liang, J. K. Horndahl, V. K. Ganesh, E. Smeds, T. J. Foster and 

M. Hook (2011). "Fibrinogen is a ligand for the Staphylococcus aureus microbial 

surface components recognizing adhesive matrix molecules (MSCRAM M ) bone 

sialoprotein-binding protein (Bbp)." J Biol Chem 286(34): 29797-29805.

Vergara-lrigaray, M., T. M aira-Litran, N. Merino, G. B. Pier, J. R. Penades and I. 

Lasa (2008). "Wall teichoic acids are dispensable for anchoring the PNAG 

exopolysaccharide to the Staphylococcus aureus cell surface." Microbiology 154(Pt 3): 

865-877.

Vergara-lrigaray, M., J. Valle, N. Merino, C. Latasa, B. Garcia, I. Ruiz de Los 

Mozos, C. Solano, A. Toledo-Arana, J. R. Penades and I. Lasa (2009). "Relevant 

role o f  fibronectin-binding proteins in Staphylococcus aureus biofilm-associated 

foreign-body infections." Infect Immun 77(9): 3978-3991.

134



Vernachio, J., A. S. Bayer, T. Le, Y. L. Chai, B. Prater, A. Schneider, B. Ames, P. 

Syribeys, J. Robbins and J. M. Patti (2003), "Anti-clumping factor A 

immunoglobulin reduces the duration o f  methicillin-resistant Staphylococcus aureus 

bacteremia in an experimental model o f infective endocarditis." Antimicrob Agents 

Chemother 47(11): 3400-3406.

Visai, L., N. Yanagisawa, E. Josefsson, A. Tarkowski, I. Pezzali, S. H. Rooijakkers, 

T. J. Foster and P. Speziaie (2009). " Immune evasion by Staphylococcus aureus 

conferred by iron-regulated surface determinant protein IsdH." Microbiology 155(Pt 3): 

667-679.

von Eiff C, B. K., Machka K, Stammer H, Peters G. (2001). "Nasal carriage as a 

Source of Staphylococcus aureus Bactemia, Study Group." N Engl J Med 344(1): 11- 

16.

Voyich, J. M., M. Otto, B. Mathema, K. R. Braughton, A. R. Whitney, D. Welty, R. 

D. Long, D. W. Dorward, D. J. Gardner, G. Lina, B. N. Kreiswirth and F. R. 

DeLeo (2006). "Is Panton-Valentine leukocidin the major virulence determinant in 

community-associated methicillin-resistant Staphylococcus aureus disease?" J Infect 

Dis 194(12): 1761-1770.

Vuong, C., S. Kocianova, J. M. Voyich, Y. Yao, E. R. Fischer, F. R. DeLeo and M. 

Otto (2004). "A crucial role for exopolysaccharide modification in bacterial biofilm 

formation, immune evasion, and virulence." J Biol Chem 279(52); 54881-54886.

Walport, M. J. (2001). "Complement. First o f two parts." N Engl J Med 344(14): 1058- 

1066.

Walport, M. J. (2001). "Complement. Second o f two parts." N Engl J Med 344(15): 

1140-1144.

Walsh, E. J., H. Miajlovic, O. V. Gorkun and T. J. Foster (2008). "Identification o f 

the Staphylococcus aureus MSCRAMM clumping factor B (ClfB) binding site in the 

alphaC-domain o f human fibrinogen." Microbiology 154(Pt 2): 550-558.

Walsh, E. J., L. M. O'Brien, X. Liang, M. Hook and T. J. Foster (2004). "Clumping 

factor B, a fibrinogen-binding MSCRAMM (microbial surface components recognizing 

adhesive matrix molecules) adhesin o f Staphylococcus aureus, also binds to the tail 

region o f type I cytokeratin 10." J Biol Chem 279(49): 50691-50699.

135



W ang, R., B. A. Khan, G. Y. Cheung, T. H. Bach, M. Jam eson-Lee, K. F. Kong, S. 

Y. Queck and M. Otto (2011). "Staphylococcus epidermidis surfactant peptides 

promote biofilm maturation and dissemination o f  biofilm-associated infection in mice." 

J Clin Invest 121(1): 238-248.

W ann, E. R., S. Gurusiddappa and M. Hook (2000). "The fibronectin-binding 

M SCRAMM FnbpA o f  Staphylococcus aureus is a bifunctional protein that also binds 

to fibrinogen." J Biol Chem 275(18): 13863-13871.

W ard, J. B. (1981). "Teichoic and teichuronic acids: biosynthesis, assembly, and 

location." M icrobiol Rev 45(2): 211-243.

W eidenmaier, C., J. F. Kokai-Kun, S. A. Kristian, T. Chanturiya, H. Kalbacher, 

!M. Gross, G. Nicholson, B. Neumeister, J. J. Mond and A. Peschel (2004). "Role o f  

teichoic acids in Staphylococcus aureus nasal colonization, a major risk factor in 

nosocomial infections." Nat Med 10(3): 243-245.

W eidenmaier, C. and A. Peschel (2008). "Teichoic acids and related cell-wall 

glycopolymers in Gram-positive physiology and host interactions." Nat Rev M icrobiol 

6(4): 276-287.

W eidenmaier, C., A. Peschel, V. A. Kempf, N. Lucindo, M. R. Yeaman and A. S. 

Bayer (2005). "DItABCD- and M prF-mediated cell envelope modifications o f  

Staphylococcus aureus confer resistance to platelet microbicidal proteins and contribute 

to virulence in a rabbit endocarditis model." Infect Immun 73(12): 8033-8038.

W eiss, W. J., E. Lenoy, T. Murphy, L. Tardio, P. Burgio, S. J. Projan, O. 

Schneewind and L. Alksne (2004). "Effect o f  srtA and srtB gene expression on the 

virulence o f  Staphylococcus aureus in animal models o f  infection." J Antimicrob 

Chem other 53(3): 480-486.

W ertheim, H. F., D. C. Melles, M. C. Vos, W. van Leeuwen, A. van Belkum, H. A. 

Verbrugh and J. L. Nouwen (2005). "The role o f  nasal carriage in Staphylococcus 

aureus infections." Lancet Infect Dis 5(12): 751-762.

W ertheim, H. F., M. C. Vos, A. Ott, A. van Belkum, A. Voss, J. A. Kluytmans, P. 

H. van Keulen, C. M. Vandenbroucke-Grauls, M. H. M eester and H. A. Verbrugh 

(2004). "Risk and outcome o f  nosocomial Staphylococcus aureus bacteraemia in nasal 

carriers versus non-carriers." Lancet 364(9435): 703-705.

136



W ertheim, H. F., E. Walsh, R. Choudhurry, D. C. Melles, H. A. Boelens, H. 

M iajlovic, H. A. Verbrugh, T. Foster and A. van Belkum (2008). "Key role for 

clumping factor B in Staphylococcus aureus nasal colonization o f  humans." PLoS Med 

5(1): e l7 .

Wu, J., Y. Q. Wu, D. Ricklin, B. J. Janssen, J. D. Lambris and P. Gros (2009).

"Structure o f  complement fi'agment C3b-factor H and implications for host protection 

by complement regulators." Nat Immunol 10(7): 728-733.

Xia, G., T. Kohler and A. Peschel (2010). "The wall teichoic acid and lipoteichoic 

acid polymers Staphylococcus aureus." Int J Med M icrobiol 300(2-3): 148-154.

Xiong, A., V. K. Singh, G. Cabrera and R. K. Jayaswal (2000). "Molecular 

characterization o f  the ferric-uptake regulator, fur, from Staphylococcus aureus.” 

Microbiology 146 ( Ft 3): 659-668.

Yokoyama, K., H. M izuguchi, Y. Araki, S. Kaya and E. Ito (1989). "Biosynthesis o f  

linkage units for teichoic acids in gram-positive bacteria: distribution o f  related 

enzymes and their specificities for UDP-sugars and lipid-linked intermediates." J 

Bacteriol 171(2): 940-946.

Zapotoczna, M., Z. Jevnikar, H. M iajlovic, J. Kos and T. J. Foster (2013). "Iron- 

regulated surface determinant B (IsdB) promotes Staphylococcus aureus adherence to 

and internalization by non-phagocytic human cells." Cell M icrobiol 15(6): 1026-1041.

Zhang, L., K. Jacobsson, J. Vasi, M. Lindbei^ and L. Frykberg (1998). "A second 

IgG-binding protein in Staphylococcus aureus.” M icrobiology 144 ( Ft 4): 985-991.

Zhu, H., G. Xie, M. Liu, J. S. Olson, IVl. Fabian, D. M. Dooley and B. Lei (2008).

"Pathway for heme uptake from human methemoglobin by the iron-regulated surface 

determinants system o f  Staphylococcus aureus.” J Biol Chem 283(26): 18450-18460.

Zong, Y., T. W. Bice, H. Ton-That, O. Schneewind and S. V. Narayana (2004).

"Crystal structures o f  Staphylococcus aureus sortase A and its substrate complex." J 

Biol Chem 279(30): 31383-31389.

Zong, Y., Y. Xu, X. Liang, D. R. Keene, A. Hook, S. Gurusiddappa, M. Hook and 

S. V. Narayana (2005). "A 'Collagen Hug' model for Staphylococcus aureus CNA 

binding to collagen." EMBO J 24(24): 4224-4236.

137


