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Abstract 

Staphylococcus aureus is a major cause of hospital acquired infections and is capable of 

causing life threatening illness. S. aureus produces a wide range of both cell surface and 

secreted virulence factors which enable it to cause disease. Among its repertoire of virulence 

factors are the 14 staphylococcal superantigen-like (SSL) proteins that have been shown to 

target components of the immune response. This thesis examined SSL4, which belongs to a 

subfamily of the SSLs that contain a conserved sialylated-glycan binding site in the C-

terminal β-grasp domain. SSL4 binds to, and is actively internalised by, myeloid cells in a 

sialic-acid dependent manner. SSL4 is endocytosed by neutrophils to a separate intracellular 

compartment to S. aureus, likely to be the lysosome. Within macrophages SSL4 displays 

perinuclear cytoskeletal staining of an as yet unidentified intracellular structure. While no 

specific function has been attributed to SSL4, this protein likely has a role in the modulation 

of myeloid recruitment and function through sialylated glycan specific interactions. These 

results suggest that SSL4 may force the internalisation of important cell surface 

glycoproteins, effect cell-mediated killing of S. aureus by interfering with the lysosome, or 

disrupt the capacity of macrophages to respond to bacterial infection by affecting the 

cytoskeleton. 

 

While sialyllactosamine has been identified as the core ligand for SSL4, cell binding and 

quantitative binding data of SSL4 indicate the blood group antigen sialyl Lewis X (sLe
x
) is a 

preferred ligand and likely is a component of the target receptor(s) of this protein. A 2.5 Å 

crystal structure of SSL4 binding sLe
x
 has been refined and revealed a similar glycan-binding 

site to SSL5 and SSL11, other members of the sugar-binding subfamily. Despite sharing a 

remarkably similar binding site to SSL11, glycan arrays, biosensor analysis of ligand binding, 

and competitive cell binding studies reveal these proteins differ in their affinity and 

preference for ligands. Together with site directed mutagenesis this shows how subtle 

differences in the glycan-binding site affect SSL specificities for host receptors and how S. 

aureus uses multiple related molecules to target myeloid cells through specific 

sialyllactosamine containing glycoproteins. 
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Chapter 1. Introduction 

1.1. Staphylococcus aureus overview 

Humans are a natural reservoir for the bacterium Staphylococcus aureus (Lowy 1998; 

Foster 2004). One in five healthy adults is persistently colonized while a further 60% 

are intermittent carriers of this Gram-positive bacterium. S. aureus is normally a 

harmless commensal whose primary habitat is the moist squamous epithelium of the 

anterior nares (Lowy 1998; Foster 2004). Given this information, it is remarkable that 

this organism is a common human pathogen capable of inducing a wide range of both 

community-acquired and nosocomial infections, and poses a very significant threat to 

public health (Lowy 1998; Fridkin et al. 2005). In the USA and developing countries S. 

aureus is the most frequent cause of nosocomial infections, in particular surgical site 

and invasive infections (Fridkin et al. 2005; Allegranzi et al. 2011). 

 

S. aureus can infect almost any tissue or organ, in many different species. Infections are 

initiated after a breech in the skin barrier enables bacterial contact with tissues or the 

bloodstream (Lowy 1998). Common skin or soft-tissue infections caused by S. aureus 

are abscesses, cellulitis, folliculitis, and impetigo (Fridkin et al. 2005). Life threatening 

invasive diseases caused by S. aureus include bacteraemia, septic arthritis, and 

osteomyelitis (Fridkin et al. 2005). The mortality rate of methicillin sensitive S. aureus 

(MSSA) bacteraemia in one meta analysis was 23.4% (Cosgrove et al. 2003). In another 

study, the 30 day all-cause mortality rate of S. aureus bacteraemia in New Zealand and 

Australia was 20.6% (Turnidge et al. 2009). 

 

Antibiotic resistance in S. aureus further enhances the threat this bacterium places on 

public health. There was an 11% increase in methicillin resistant staphylococcus aureus 

(MRSA) nosocomial infections in American intensive care units from 1998 to 2004 

(NNIS 2004). In MRSA, the mecA resistance gene is horizontally acquired and codes 

for a penicillin binding protein, PBP2a (Chambers 1997). When PBP2a is expressed, S. 

aureus is insensitive to methicillin and all β-lactams, including the isoxazoyl penicillins 
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and the broad spectrum β-lactams (Chambers 1997). More recently emerged than 

hospital acquired MRSA strains are community acquired MRSA strains (Chambers 

2001; Foster 2004). Unlike nosocomial strains, which are typically resistant to multiple 

antibiotics, community acquired MRSA tends to be sensitive to other antibiotics and is 

only resistant to β-lactams (Chambers 2001; Foster 2004). 

 

1.2. Staphylococci 

Staphylococci are a genus of spherical-shaped, Gram-positive bacteria that form grape 

like clusters. They are wide-spread in nature and are especially common as a 

commensal of humans and other animals (Kloos 1980). Staphylococci were originally 

described based on their colony colour; orange, S. aureus; and white, S. albus which has 

been renamed S. epidermidis (Rosenbach 1884). The presence of the protein enzyme 

coagulase was one of the first generally accepted methods to distinguish S. aureus from 

S. epidermidis, which is coagulase negative  (Kloos 1980). Coagulase causes blood to 

clot and allows the bacteria to coat themselves in fibrin making them more resistant to 

phagocytosis (Hale and Smith 1945). 

 

1.3. The S. aureus genome 

Many S. aureus genome sequencing projects have been completed. These include 

typical laboratory strains (Gillaspy et al. 2006); strains isolated from human infections 

(Baba et al. 2002; Baba et al. 2008), MRSA isolates from hospital strains (Kuroda et al. 

2001; Holden et al. 2004; Gill et al. 2005; Mwangi et al. 2007), vancomycin resistant 

strains (Kuroda et al. 2001; Mwangi et al. 2007), community acquired methicillin 

sensitive and resistant strains (Baba et al. 2002; Holden et al. 2004; Huang et al. 2012), 

and livestock strains (Bouchard et al. 2012). Many antibiotic resistance markers are 

carried within the mobile genetic element staphylococcal cassette chromosome mec 

(SCCmec) which permits horizontal gene transfer between strains. It has been shown 

that the acquisition of SCCmec can convert a methicillin sensitive S. aureus (MSSA) 

strain to an MRSA strain (Ito et al. 1999; Itou et al. 2000). The alarming rise of 

antibiotic resistance in S. aureus is attributable to the ability to transfer and integrate 

these resistance markers. Mobile genes encoding proteins which confer antibiotic 
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resistance found in SCCmec include mecA (encoding penicillin-binding protein 2), bleO 

(bleomycin resistance protein), ant(4’) (O-nucleotidyltransferase 4’), and ant(9) 

(Kuroda et al. 2001; Holden et al. 2004).  

 

1.4. S. aureus virulence and pathogenicity factors 

S. aureus produces a wide range of both cell surface and secreted virulence factors 

which enable it to cause disease. These virulence factors can be broken down into 

surface proteins, secreted enzymes, secreted toxins, and a protective polysaccharide 

capsule which is carried by most strains (Bronner et al. 2004; Foster 2005). Cell surface 

virulence factors can promote cell adhesion to host tissue, to other bacterial cells in the 

case of biofilm formation, to proteins which help the evasion of immune responses, and 

to nutrients such as iron (Foster and Hook 1998; Foster 2005). Secreted enzymes 

include proteases, a hyaluronidase, nucleases and lipases; these can facilitate tissue 

destruction and dispersion of the organism (Bronner et al. 2004; Foster 2005). Secreted 

toxins such as the archetype α-toxin can damage cellular membranes by forming pores 

through them resulting in cytolytic effects to host cells (Lowy 1998; Foster 2004). 

Superantigens, such as toxic shock syndrome toxin (TSST), are secreted toxins that 

cause the acute condition known as toxic shock (Bronner et al. 2004; Foster 2005). 

Increasing our knowledge of individual virulence factors provides a more complete 

picture of the bacterium. 

 

1.5. Host innate defence against S. aureus 

The capacity of S. aureus to cause disease is in part determined by its ability to evade 

the host immune response, in particular the immediate innate immune response. The 

innate immune response comprises a collection of cells, secreted factors, and 

physical/chemical barriers which are immediately available to prevent infection and rely 

on germ-line encoded receptors for antigen recognition (Janeway 2005). In particular 

the migration of neutrophils and macrophages to the site of infection, where they 

attempt to engulf and destroy the invading bacteria, is an essential component of this 

response (Foster 2005). 
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1.5.1 Pro-Inflammatory responses 

Upon stimulation by bacterial products, such as lipopolysaccharide (LPS) and other 

pathogen associated molecular patterns (PAMPS), the body reacts with a localised 

inflammatory response. During this response tissue resident macrophages produce 

inflammatory cytokines, including tumour necrosis factor-α (TNFα) and the chemokine 

interleukin-8 (IL-8) (Janeway 2005). It has been shown that staphylococcal protein A, 

α-toxin, and TSST-1 can produce pro-inflammatory effects on keratinocytes through the 

production and release of TNFα (Ezepchuk et al. 1996). These pro-inflammatory signals 

can cause vasodilation and increased blood vessel permeability which results in an 

influx of plasma and leukocytes to the affected area. 

 

1.5.2 Complement mediated immunity 

The complement proteins (C1-C9) are an essential group of plasma proteins belonging 

to the innate immune system, produced primarily in the liver, and form part of the acute 

phase response (Walport 2001; Janeway 2005). The complement proteins form a 

biochemical cascade which aids in the clearing of pathogens during an infection and is 

illustrated in Figure 1.1 (taken from Walport 2001). Essential roles performed by 

complement include the labelling of pathogens for clearance by phagocytes 

(opsonisation), direct lysis of the pathogen, and mediating inflammatory responses. The 

complement cascade is reviewed thoroughly by Foster (2005) and Janeway (2005). C3b 

is recognised by receptors present on phagocytes, such as complement receptor 1 (CR1), 

and acts as an opsonin to aid in the recognition and phagocytosis of bacteria. C5b,6,7,8, 

and 9 form the membrane attack complex (MAC), a large pore structure through the 

bacterial cell wall which results in osmotic lysis of the bacteria. C5a, C3a, and C4a are 

vasoactive, mediating vasodilation and increased vascular permeability of blood vessels 

to allow the entry of plasma proteins and leukocytes to the site of infection (Foster 

2005; Janeway 2005; Martin 2007). C5a and C3a also act as anaphylotoxins, directly 

activating mast cells, and chemoattractants, aiding the adhesion and migration of 

leukocytes to the site of infection and increasing their uptake and killing of bacteria. 

This is an essential component of the immune response against S. aureus. 
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Figure 1.1 Pathways of complement activation 

The classical pathway links the adaptive and innate immune system as the complement complex C1 

(comprised of one C1q molecule and two of both C1r and C1s) recognises and is activated by 

antigen:antibody complexes on the surface of the bacterium. Activated C1 cleaves C4 into soluble C4a 

and C4b which attaches to the bacterial cell wall. C4b then binds and cleaves C2 into C2b and C2a, which 

remains on the cell surface and binds C4b to form C4b2a, a C3 convertase. The alternative pathway stems 

from C3b activation on foreign surfaces; this binds Factor B which is subsequently cleaved by Factor D to 

produce Ba and Bb, which binds to C3b to form a C3bBb complex, a C3 convertase. This process is 

accelerated by properdin (Factor P) which binds to certain bacteria and stabilises C3bBb. The final 

pathway of complement activation, the mannose binding lectin (MBL) pathway, involves MBL binding to 

certain sugars found on bacterial cell walls and interacting with mannose-associated serine protease 1 

(MASP1) and MASP2 to activate C4, where it converges with the classical pathway. C3 convertase 

cleaves C3 into soluble C3a and C3b which forms a thioester bond to the cell surface of the bacteria and 

acts with either C4a2b (as C4a2b3b) or C3bBb (as C3bBb3b) to form a C5 convertase. C5 convertase 

cleaves C5 into soluble C5a and C5b which binds to the surface of the bacteria and subsequently binds 

C6; this is followed by C7 and C8 binding. This complex then finally acts to bind and polymerise C9 on 

the surface of the bacterium to form the MAC (C5b6789).  Taken from Walport 2001. 
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1.6. Complement immune evasion strategies of S. aureus 

The ability to evade complement is essential for S. aureus survival in the host and many 

proteins produced by this bacterium have been identified which inhibit the complement 

system.  Staphylokinase can cleave plasminogen to plasmin. By expressing several 

plasminogen binding receptors S. aureus can generate plasmin at its cell surface, this 

can cleave and inactivate both IgG and C3b (Foster 2005; Rooijakkers et al. 2005b). 

Extracellular fibrinogen binding molecule (Efb) and its C-terminal domain homologue 

extracellular complement-binding protein (Ecb) inhibit C3b containing convertases, 

blocking complement activation as well as complement mediated opsonisation (Lee et 

al. 2004b; Jongerius et al. 2007; Chen et al. 2010). Staphylococcal complement 

inhibitor (SCIN), SCIN-B, and SCIN-C bind and stabilise both C3bBb and C4b2a at the 

surface of the bacterium, thus preventing the generation of additional C3 convertases 

and impairing their enzymatic activity (Jongerius et al. 2007; Ricklin et al. 2009). S. 

aureus also binds Factor H to its surface using the recently identified surface-related 

protein SdrE (Sharp et al. 2012). Factor H regulates complement activity by 

accelerating the dissociation of C3 convertase from the cell surface as well as acting as 

a cofactor for Factor I mediated cleavage of C3b into C3bi (Rooijakkers, Van Kessel et 

al. 2005). By binding Factor H to its surface S. aureus protects itself from complement 

attack. Protein A, which binds IgG in an incorrect orientation at the cell surface, 

prevents complement activation through the classical pathway (Foster 2005; 

Rooijakkers et al. 2005a). Chemotaxis inhibitory protein of S. aureus (CHIPS) inhibits 

chemotaxis of leukocytes towards C5a by binding to the C5a Receptor (C5aR) (Postma, 

Poppelier et al. 2004). Recently it has been shown the staphylococcal immunoglobulin-

binding protein Sbi, as well as having binding capacity to IgG and β-2 glycoprotein-I, is 

secreted into growth medium and can bind and consume C3 (Burman et al. 2008).  

 

1.7. Cellular mediated immunity: neutrophils 

Of the cells that combat bacterial infection, neutrophils are the most numerous and the 

first to be recruited from the bloodstream to the site of infection (Mayer-Scholl et al. 

2004). Also known as polymorphonuclear granulocytes, neutrophils differentiate from 

pluripotent stem cells in the bone marrow and are characterised by a multi-lobed 

nucleus and plentiful granules in the cytoplasm (Mayer-Scholl et al. 2004). 
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1.7.1 Neutrophil recruitment 

Neutrophil recruitment is a multistep process which starts as cytokines are released from 

the site of infection. These cytokines induce an inflammatory response, as described 

previously, in nearby tissues which initiates neutrophil extravasation. First P-selectin 

appears on the surface of the endothelium as a response to cytokines such as leukotriene 

B4, histamine, and TNF-α, followed by E-selectin a few hours later (Beutler 2004; 

Janeway 2005). These selectins interact with the sialyl Lewis X (sLe
x
 - Neu5Acα2-

3Galβ1-4(Fucα1-3)GlcNAc) moiety of certain leukocyte glycoproteins exposed at the 

tip of microvilli (Feizi 2000; Janeway 2005). This results in neutrophil rolling along the 

endothelium surface. This allows interactions to occur between the integrins 

lymphocyte function-associated antigen-1 (LFA-1) and complement receptor 3 (CR3) 

on the surface of the neutrophil and molecules such as intercellular adhesion molecule-1 

(ICAM-1) on the endothelium cells (Janeway 2005). ICAM-1 is induced on 

endothelium cells by TNF-α and ICAM-2 while LFA-1 and CR3 become more adhesive 

through activation by cytokines such as CXCL8 bound to the surface of the endothelial 

cell (Janeway 2005). This results in the neutrophil attaching to the surface of the 

endothelium. 

 

The second step of neutrophil recruitment is extravasation. Here the neutrophil crosses 

the endothelial layer and moves into the tissue. The neutrophil squeezes between 

endothelial cells as a result of interactions made by LFA-1 and CR3 as well as platelet 

endothelial cell adhesion molecule (PECAM), an immunoglobulin related molecule 

found on both leukocytes and at the intracellular junctions between endothelial cells 

(Janeway 2005). In another important process of extravasation neutrophils penetrate the 

basement membrane with the aid of secreted enzymes, such as matrix metalloproteases 

(MMPs), which break down the extracellular matrix proteins that make up the basement 

membrane and extracellular matrix (ECM) (Elkington et al. 2005). This process is 

known as diapedesis. 

 

The final step is the process by which neutrophils follow a chemical gradient and 

migrate to the site of infection, an action called chemotaxis. Chemokines such as 
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CXCL8, CCL2 and complement factors C5a and C3a are produced at the site of 

infection and form a concentration gradient which the neutrophil can follow to the focus 

of infection (Beutler 2004). Chemokines are small proteins released by many different 

cell types, for example tissue resident macrophages. Some require activation at the 

surface of the bacteria, for example complement factors C3 and C5 require cleavage to 

release the chemokines C3a and C5a. Chemokines are recognized at high affinity by 

specific transmembrane G-protein-coupled receptors on the neutrophil surface 

(Murdoch and Finn 2000). The final result of this is large numbers of neutrophils that 

are recruited to the site of infection, usually within the first 6 hours of an inflammatory 

response (Janeway 2005). The steps involved in neutrophil extravasation are 

summarised in Figure 1.2. 
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Figure 1.2 Summary of the steps involved in neutrophil extravasation. 

The top panel illustrates the reversible interactions between the leukocytes and the vascular endothelium 

which result in cell rolling. Selectins, expressed at the surface of the endothelium, bind their carbohydrate 

ligands on the surface of the leukocytes; E-selectin and its ligand sLe
x
 are used here as an example. The 

bottom panel illustrates how this rolling can initiate neutrophil anchorage, diapedesis, and migration. 

Integrins on the surface of the endothelium interact with their receptors on neutrophils which are activated 

by the contact of the neutrophil with a chemokine such as CXCL8. This tight binding arrests the 

neutrophil rolling, allowing for diapedesis and migration towards the site of infection following a 

chemokine concentration gradient (modified from Janeway 2005).  

 

1.7.2 Neutrophil phagocytosis and killing of S. aureus 

Once neutrophils enter the site of infection they can encounter the bacteria. When this 

occurs the neutrophil will attempt to engulf the bacteria through a process called 

phagocytosis (Mayer-Scholl et al. 2004). In order to recognise bacteria phagocytes have 

endocytic pattern recognition receptors (PRRs) at their cell surface which recognise 
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common pathogen associated molecular patterns (PAMPs) (Janeway Jr and Medzhitov 

2002). This is the general strategy of cell based innate immune sensing, where a limited 

number of receptors recognise microbial molecules conserved across broad taxa 

(Beutler 2004). 

 

Bacteria are opsonised by serum antibodies and complement proteins that bind 

covalently to the bacteria targeting them for phagocytosis by neutrophils, which have 

specific receptors for the opsonins. These receptors include antibody receptors which 

bind to the Fc region of antigen bound IgG antibodies (FcγRs) (Underhill and Ozinsky 

2002). Complement proteins opsonise bacteria through both antibody dependent and 

independent mechanisms; neutrophils possess many complement binding receptors such 

as CR1 which binds C1q, C4b, C3b, as well as mannan binding lectin (MBL) (Underhill 

and Ozinsky 2002). Some PRRs and opsonin receptors are capable of transmitting the 

intracellular signals which stimulate phagocytosis. Others primarily strengthen the 

interaction of the phagocyte with the pathogen, in turn increasing the efficiency of 

internalisation. 

 

Neutrophils employ an immense arsenal of cytotoxic agents to destroy phagocytosed 

bacteria; this arsenal can be divided into oxygen-dependent and oxygen-independent 

mechanisms. The contents of the three main subsets of neutrophil granules encompass 

the oxygen-independent mechanisms; the azurophil, specific, and gelatinase granules 

which contain proteases, antimicrobial proteins and peptides, and enzymes (Borregaard 

and Cowland 1997; Mayer-Scholl et al. 2004). Azurophil granules contain the proteases 

neutrophil elastase (NE) and cathepsin G (CG) which degrade bacterial proteins. These 

granules also contain antimicrobial proteins such as defensins, 

bactericidal/permeability-increasing protein (BPI), and the enzyme lysozyme (Mayer-

Scholl et al. 2004). Both specific and gelatinase granules also contain lysozyme, which 

predominantly acts to disrupt anionic bacterial surfaces. Specific granules are identified 

by containing the antimicrobial protein lactoferrin, gelatinase granules are identified by 

containing the protease gelatinase (Borregaard and Cowland 1997). 
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During phagocytosis the phagosome undergoes a respiratory burst; this is the oxygen 

dependent mechanism of neutrophil killing. During the respiratory burst O2
-
, generated 

by the NADPH oxidase complex, is rapidly converted to hydrogen peroxide (H2O2) by 

the enzyme superoxide dismutase (Dahlgren and Karlsson 1999). Other reactive oxygen 

species can be generated by these metabolites and are strongly anti-microbial (Dahlgren 

and Karlsson 1999). H2O2 can be converted by myeloperoxidase (MPO), the marker for 

azurophil granules, to hyperchlorous acid (HOCl) which is indicated to play a role in 

bacterial killing (Chapman et al. 2002). Bacterial killing following phagocytosis by 

neutrophils is summarised in Figure 1.3. 

 

Figure 1.3 Summary of the oxygen dependent and independent mechanisms of bacterial killing 

following phagocytosis by neutrophils. 

Once bacteria have been phagocytosed, the phagosome is fused with granules containing antimicrobial 

proteins, peptides, and enzymes. The granule subsets are the azurophilic granules, specific granules, and 

gelatinase granules; this encompasses the oxygen-independent mechanisms of bacterial killing. The 

NADPH oxidase complex assembles at the phagosome membrane and produces O2
-
 which is rapidly 

converted to hydrogen-peroxide which is, in turn, converted to HOCl by myeloperoxidase; this 

encompasses the oxygen-dependent mechanisms of bacterial killing. Modified from Mayer-Scholl, 

Averhoff et al. 2004. 
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1.8. Cellular mediated immunity: macrophages 

Macrophages are mononuclear phagocytes of the myeloid cell lineage and derive from 

blood monocytes and dendritic cells (Beutler 2004). They are antigen presenting cells 

(APCs) and are highly efficient at the presentation of antigens to T-cells of the adaptive 

immune system. Macrophages are a morphologically diverse group of cells and 

depending on the tissue of residence take on various physiological characteristics; 

histiocytes of connective tissue, Küpffer cells of the hepatic sinusoids, microglial cells 

of the central nervous system (Cline 1994; Beutler 2004). Macrophages are tissue 

resident cells, being distributed throughout the body, and as a result are often one of the 

first cells to encounter an invading pathogen (Beutler 2004). They may also detect 

endogenous danger signals in the debris of necrotic cells through Toll-like receptors 

(TLRs) making them one of the primary danger sensors (Mosser and Edwards 2008). 

Macrophages are able to engulf and kill bacteria however their more important 

functions include the recruitment of other myeloid cells, in particular neutrophils, to the 

site of infection and the generation of an adaptive immune response through antigen 

presentation (Mosser and Edwards 2008).  

 

1.9. Cellular immune evasion strategies of S. aureus 

S. aureus produces many virulence factors aimed at subverting the phagocyte response 

to infection. These include mechanisms which prevent neutrophil recruitment, destroy 

invading neutrophils, prevent phagocytosis, and prevent destruction once phagocytosed. 

 

Reducing neutrophil recruitment to the site of infection is an essential target of many 

staphylococcal virulence factors. Chemotaxis inhibitory protein of Staphylococcus 

(CHIPS) inhibits leukocyte migration to the site of infection by binding to both the 

formylated peptide receptor (FPR) and C5aR (Postma et al. 2004; Rooijakkers et al. 

2005a). Extracellular adherence protein (Eap) directly interacts with many host adhesive 

proteins, such as ICAM-1 on the surface of endothelial cells, also preventing leukocyte 

adhesion and chemotaxis (Haggar et al. 2004). 
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The secretion of cytolytic toxins which damage the membranes of leukocytes, leading to 

lysis, is a critical feature of S. aureus and leads to abscesses by destroying the 

neutrophils attempting to engulf the bacteria (Foster 2005). α-toxin is the archetype of a 

class of toxin which forms β-barrel pores in the cytoplasmic membranes of target cells, 

leading to leakage and lysis (Montoya and Gouaux 2003; Foster 2005). Bicomponent 

leukotoxins have a strong affinity for leukocytes and are comprised of two subunits that 

are secreted separately and assemble into hexameric or heptameric oligomers. There are 

four types of these toxins, the γ-toxin or γ-haemolysin, the Panton-Valentine leukocidin, 

leukocidin E/D, and leukocidin M/F-PV-like (Menestrina et al. 2003). 

 

To prevent phagocytosis S. aureus produces a polysaccharide capsule which helps the 

bacteria to evade phagocytes (Mayer-Scholl et al. 2004). Bacteria which overexpress 

capsular polysaccharides persist longer in infection models and are more resistant to 

opsonophagocytosis (Luong and Lee 2002). S. aureus also produces Protein A, a cell 

wall anchored protein that contains four or five domains which bind to the Fc region of 

IgG (Uhlen et al. 1984). The effect of this is to coat the bacterial cell in antibodies that 

are in the incorrect orientation to be recognised by the neutrophil Fc receptor. Clumping 

factor A (ClfA) is the dominant fibrinogen-binding protein found at the surface of S. 

aureus cells during the stationary phase of growth (O'Brien et al. 2002). It has been 

postulated that the presence of this virulence factor at the surface of bacterial cells 

results in the cell being coated with fibrinogen which restricts deposition of or access to 

opsonins (Foster 2005). The C3 convertase, which assembles at the surface of bacteria, 

is a prerequisite for complement activation; the complement complexes C4bC2a and 

C3bBb carry out the same function. The activation of complement leads to the 

recruitment of phagocytes through the generation of chemokines, cell lysis through the 

formation of the membrane attack complex (MAC), and enhanced phagocytosis through 

the deposition of opsonins (Beutler 2004). S. aureus can produce staphylococcal 

complement inhibitor (SCIN) which binds to and stabilizes the C3 convertases C4bC2a 

and C3bBb, inhibiting further C3b formation (Jongerius et al. 2007). Extracellular 

fibrinogen-binding protein (Efb) has been shown to bind and block C3 deposition on the 

bacterial cell-surface (Lee et al. 2004a). Staphylokinase is a plasminogen activator 

protein secreted by S. aureus which binds and activates host plasminogen molecules to 

the bacterial cell surface. This activates the potent serine protease plasmin that cleaves 
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surface-bound C3b and IgG (Rooijakkers et al. 2005b). All together these surface 

associated proteins and polysaccharides interfere with the deposition and recognition of 

antibodies and other opsonins at the surface of S. aureus. As a result phagocytosis 

which requires recognition of bound particles is compromised (Foster 2005). 

 

Should S. aureus be phagocytosed by a neutrophil, it possesses many factors to help it 

survive the phagosome. The Dlt and MprF proteins help neutralise the negative charge 

of the cell wall. This reduces the affinity of cationic compounds such as the 

antimicrobial defensins in the phagosome, as well as antimicrobial compounds in serum 

such as lactoferrin (Peschel et al. 1999; Peschel et al. 2001). As well as modifying 

negatively charged surface molecules S. aureus secretes proteins into the phagosome 

which neutralise cationic peptides. Staphylokinase also binds defensins and contributes 

to the protection of the bacteria (Jin et al. 2004). The extracellular metalloprotease 

aureolysin cleaves and inactivates cathelicidin LL-37, a defensin peptide (Sieprawska-

Lupa et al. 2004). Lysozyme is a muraminidase that acts by cleaving the glycosidic 

linkage between N-acetylglucosamine and N-acetyl muramic acid of bacterial cell wall 

peptidoglycan, resulting in cell lysis (Foster 2005). S. aureus can become resistant to 

lysozyme by producing a membrane bound O-acetyltransferase that modifies muramic 

acid. When  this O-acetyltransferase is mutated in S. aureus the bacterium becomes 

sensitive to lysozyme (Herbert et al. 2007). 

 

S. aureus also employs several mechanisms to prevent and survive the respiratory burst. 

Factors that are dependent on the global regulator sar are believed to interfere with 

endosomal fusion and the release of antimicrobial substances (Gresham et al. 2000). To 

avoid the bactericidal effects of the oxygen free radicals formed during the respiratory 

burst, S. aureus produces a yellow carotenoid pigment which scavenges oxygen free 

radicals and two superoxide dismutase enzymes that remove O2
-
  (Karavolos et al. 2003; 

Liu et al. 2005). Manganese homeostasis regulated by uptake improves defence against 

oxidative stress as manganese acts as a non-enzymatic superoxide dismutase 

(Horsburgh et al. 2002). Proteins are damaged by reactive oxygen compounds through 

the oxidation of methionine sulphur atoms to form methionine sulphoxide (Singh and 

Moskovitz 2003). Several methionine sulphoxide reductases are expressed by S. aureus 
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which contribute towards survival (Mei et al. 1997; Foster 2005). Several known or 

suspected stress response genes, including superoxide-dismutases, catalases, and 

carotenoid-pigment-biosynthesis genes were up-regulated immediately after neutrophil 

ingestion indicating a role in phagosome survival (Foster 2005; Voyich et al. 2005). 

 

1.10. The superantigens and superantigen structure 

The superantigens (SAg) are the most powerful T-cell mitogens ever discovered (Proft 

and Fraser 2003). Superantigens owe their destructive effects to their ability to 

simultaneously bind major histocompatibility complex (MHC) class II molecules and 

the T-cell receptor (TCR) (Herman et al. 1991; Proft and Fraser 2003). MHC-II 

molecules are present on APCs, and are bound by SAgs outside the peptide binding 

groove. TCRs are found at the surface of T-lymphocytes and are bound by SAgs 

predominantly at the variable region of the TCR β-chain (Vβ). The result of SAg 

simultaneously binding to MHC-II and the TCR is the increased activation of the 

affected T-cell.  Normally only 1 in 10
5
-10

6
 T-cells are activated by conventional APC 

presented peptide antigen, however SAgs have the capacity to stimulate up to 20% of all 

T-cells (Proft and Fraser 2003). This results in the sudden release of pro-inflammatory 

cytokines such as TNFα and interleukin-β (IL-1β), as well as T-cell mediators such as 

IL-2 and γ-interferon (IFN- γ). This leads to the pathological effects of SAgs such as the 

potentially fatal symptoms of toxic shock syndrome (Jupin et al. 1988; Herman et al. 

1991; Proft and Fraser 2003). The exact mechanism of SAg mediated food poisoning is 

still poorly understood, but appears to be distinct from their mitogenic activity (Alber et 

al. 1990; Fraser and Proft 2008). Instead the SAg enterotoxin function seems to involve 

a highly flexible disulphide-loop within the N-terminal domain (Hovde et al. 1994). 

 

All SAgs contain a common two globular domain structure (Figure 1.4), as determined 

from the crystal structures of ten staphylococcal and eight streptococcal SAgs (Fraser 

and Proft 2008). The smaller N-terminal domain is an oligosaccharide/oligonucleotide 

binding fold (OB fold), a variety of a ß-barrel associated with oligosaccharide and 

oligonucleotide binding, while the larger C-terminal domain forms a ß-grasp domain (a 

series of ß-strands wrapped against a helix) (Acharya, Passalacqua et al. 1994). These 
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two domains are separated by a long solvent-accessible α-helix which extends down the 

centre of the molecule (Acharya, Passalacqua et al. 1994). Despite containing a 

conserved fold, the mechanism of action varies widely between SAgs. The MHC-II 

binding of SAgs provides a good example of this. Binding to MHC-II can occur via the 

N-terminal domain, for example in the case of Staphylococcal enterotoxin B (SEB) and 

TSST, or via a zinc atom bound on the surface of the C-terminal domain, for example in 

the case of streptococcal mitogenic exotoxin 2 (SMEZ-2) and streptococcal pyrogenic 

exotoxin C (SPE-C) (Proft and Fraser 2003). SEA is capable of cross-linking MHC-II 

molecules at the cell surface by simultaneous N and C-terminal binding, while SPE-C 

and SED can accomplish this through zinc mediated homo-dimerization (Proft and 

Fraser 2003). It has also been shown that SAg binding to the TCR is not exclusively to 

the Vβ chain, SEH predominantly binds through the Vα chain (Saline et al. 2010). This 

illustrates the structural plasticity with which these molecules can bind a single 

molecular target. 

 

Figure 1.4 Three Dimensional Structure of Staphylococcal TSST 

Crystal structure of TSST, Protein Data Base (PDB) accession number 2TSS (Prasad et al. 1997), 

highlighting the N-terminal OB-fold domain and C-terminal ß-grasp domain. Image created using 

pyMOL software (http://pymol.org/). Protein is coloured according to secondary structure; α-helices in 

red, β-sheets in yellow. 

 



 

 17 

1.10.1 The OB fold 

The OB fold was first discussed by Murzin (1993) who identified a novel fold in four 

proteins which bind oligonucleotides or oligosaccharides. This was first described as a 5 

stranded β-sheet coiled to form a closed β-barrel capped by an α-helix located between 

the third and fourth strands (Murzin 1993). Some members of this family have been 

shown to lack the α-helix and Arcus (2002) put forward an updated and more detailed 

description of this binding fold (Murzin 1993; Arcus 2002). The OB fold is a stable 

architecture with the constrained parameter of a 5 stranded β-barrel with a shear number 

of 8 or 10 (Arcus 2002). The shear number describes the degree to which the strands are 

tilted away from the axis of the β-barrel. The binding face of this fold is described as 

having its centre at β strands 2 and 3, bound at the bottom left with loop 1, the top with 

loop 4, and the top right with loop 2 (Arcus 2002). A search of the protein data bank 

(PDB) for oligonucleotide/oligosaccharide binding fold or OB fold reveals 145 

structures (excluding multiple structures of the same protein) containing this fold, 

showing a steady increase from the 85 reported in 2002 (Arcus 2002).  

1.10.2 The β-grasp fold 

The common core structure of the β-grasp fold is defined as 4 β-strands forming an 

antiparallel sheet and a single α-helical region, typically in the order of a β-β-α-β-β fold 

(Burroughs et al. 2007). A more inclusive description would be a mainly antiparallel β-

sheet with a segregated α and β region. The characteristic topological feature is the first 

and last strands are adjacent and parallel to each other located invariably in the centre of 

the sheet, while the remaining two strands are antiparallel and flank the former two 

strands (Burroughs et al. 2007). A helical element crosses over the first and last strands 

and is packed against one side of the sheet, giving the characteristic shape of the sheet 

grasping the helix (Burroughs et al. 2007). The structural classification of proteins 

(SCOP) lists 14 superfamilies under the β-grasp/ubiquitin-like fold; this includes the C-

terminal domain of SAgs as well as others such as staphylokinase/streptokinase, 

immunoglobulin-binding domains, and glutamine synthetase (Murzin et al. 1995). Both 

the OB fold and the β-grasp fold show strong sequence diversity among family 

members and appear in a wide range of functionally diverse proteins. 
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1.11. The staphylococcal superantigen-like (SSL) genes and proteins 

The SSLs are a family of exoproteins produced by S. aureus that are related to the SAgs 

but are functionally distinct. Despite being structurally homologous to the classical 

SAgs, the SSLs don’t cause the MHC-II dependent, TCR Vβ chain specific, stimulation 

of T-cells that is characteristic of the SAgs (Arcus et al. 2002; Al-Shangiti et al. 2004).  

Instead these proteins display a different set of anti-immune functions targeting the 

innate response to infection. The first ssl gene cloned was that of ssl7 (staphylococcal 

enterotoxin–like toxin [SET] 1; set1) which was identified through sequence homology 

to staphylococcal and streptococcal superantigens (Williams et al. 2000). Fourteen 

different ssls have now been identified with homology varying between 36% and 67%, 

and allelic variants showing 85% - 100% homology, summarised in Figure 1.5 (Arcus et 

al. 2002; Jongerius et al. 2007). Initially SSLs were named as SETs, however the 

International Nomenclature Committee for Staphylococcal Superantigen Nomenclature 

recommended the SETs should be renamed the SSLs, and the genes should be 

designated ssl1 to ssl14 in a clockwise order from the replication of origin of the 

chromosome based on homology to the full complement of genes found in strain MW2, 

as shown in Figure 1.6 (Lina et al. 2004). Using this system the allelic variants are 

differentiated by placing the ssl gene designation after the strain designation. ssl1 

through ssl11 are encoded in a conserved order on staphylococcal pathogenicity island 2 

(SaPIn2) (Kuroda et al. 2001). vSaα is the current naming convention for this genomic 

island (Holden et al. 2004). Upstream (5’) the ssl gene cluster is flanked by a putative 

transposase which is thought to contribute to the diversification of this gene region 

through horizontal gene transfer and recombination (Kuroda et al. 2001; Fitzgerald et 

al. 2003). Placed between ssl10 and ssl11 are the hsdS and hsdM genes, part of a three-

component restriction-modification system thought to stabilise and maintain SaPIn2 in 

the genome (Kuroda et al. 2001; Fitzgerald et al. 2003). ssl12 through ssl14 are a part of 

the second immune evasion cluster (IEC-2) located 700 kb downstream of the main 

cluster (Jongerius et al. 2007). IEC-2 contains several known immune evasive 

molecules in addition to ssl12-14, including SCIN and CHIPS, as well as mobile 

elements and bacteriophage remnants. The ssls have the highest sequence identity with 

tst, which encodes TSST. In a study performed by Fitzgerald et al. six to eleven of the 

ssl genes present in vSaα were found in all S. aureus isolates studied (Fitzgerald et al. 

2003). This highlights their non-redundant roles in the virulence of S. aureus. 
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Figure 1.5 Neighbour-Joining tree of SSLs 

Comparison of the primary SSL sequences from S. aureus strain MW2 presented as an N-J tree where 

branch length is proportional to sequence divergence, created using ClustalW (Chenna et al. 2003).  

 

 

Figure 1.6 The genetic structure of the ssl genes in pathogenicity island 2 

The ssl1-ssl11 gene positions within SaPIn2 from eight S. aureus strains, including the NCTC6571 strain 

from which set1 (now ssl7) was originally described (Williams et al. 2000; Fitzgerald et al. 2003). The 

genes encoding the SSL proteins are blue, the restriction modification units are green, and the transposase 

is red (modified from Fitzgerald et al. 2003). 
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1.11.1 SSL general structure 

The first SSL protein to have its structure determined was SSL5 (SET3), revealing a 

core fold similar to the SAgs along with some distinct differences (Arcus et al. 2002). 

This crystal structure revealed the classic two-domain structure of the SAg family 

(Figure 1.7). The N-terminal portion of the molecule forms an OB-fold domain while 

the C-terminal portion a β-grasp domain, the two domains being bridged by an N-

terminal helix (Arcus et al. 2002). This was also observed in the crystal structures of 

both SSL7 and SSL11 (Al-Shangiti et al. 2004; Chung et al. 2007). Despite this 

structural similarity, the key residues involved in MHC-II and TCR binding of other 

SAg structures are not conserved in SSL5. It has been shown SSL7, SSL5, and SSL11 

do not stimulate T-cells and do not act as non-specific activators of the immune system 

(Arcus et al. 2002). The functions of several SSL molecules have been described 

revealing their importance in suppressing the immune response towards S. aureus. 
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Figure 1.7 Structure Similarity of Superantigen and Superantigen-like Proteins 

Structural similarity of the superantigen and superantigen-like proteins as illustrated by A: Toxic Shock 

Syndrome Toxin (TSST); PDB accession number 2TSS (Prasad et al. 1997). B: Superantigen-like protein 

7 (SSL7); PDB accession number 1V1O (Al-Shangiti et al. 2004). C: SSL5, PDB accession number 

2Z8L (Baker et al. 2007). D: SSL11, PDB accession number 2RDH (Chung et al. 2007). Each molecule 

shares a similar tertiary structure consisting of an N-terminal OB fold domain and a C-terminal β-grasp 

domain. Images were created using pyMOL software. Proteins are coloured according to their secondary 

structure; α-helices in red, β-sheets in yellow. 

 

1.11.2 Expression of the SSLs 

The S. aureus virulon is controlled by a network of transcription factors and regulatory 

small RNA molecules with interactions between regulators and post-transcriptional 

modification adding to this complexity (Novick 2003; Cheung et al. 2004; Felden et al. 

2011). One central and extensively studied gene regulatory system is the quorum-

sensing accessory gene regulator (Agr) (Novick and Geisinger 2008). This functions as 

a classic two component signalling module where two proteins, AgrB and AgrD, 
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produce an auto-inducing peptide (AIP) which is the inducing ligand for AgrC, the Agr 

signal receptor (Novick and Geisinger 2008). The effector of global gene regulation in 

this system is the regulatory RNA III, this directly and indirectly controls the majority 

of Agr controlled genes by its antisense function (Geisinger et al. 2006; Boisset et al. 

2007). Agr activation results in a switch from the production of surface bound proteins 

to the production of secreted cytotoxins, enzymes, superantigens and other virulence 

factors (Dunman et al. 2001; Queck et al. 2008). One important aspect of Agr 

regulation is the indirect control of genes by RNA III through the post-transcriptional 

repression of the transcription factor repressor of toxins (Rot) (Geisinger et al. 2006). 

 

Studies have shown ssl1-11 to be negatively regulated by the quorum-sensing Agr and 

to be expressed in high quantities following dysfunction in this gene regulator (Benson 

et al. 2011). Natural agr defective strains of S. aureus frequently occur during infection 

and these strains have been shown to have residual virulence due to overproduction of 

these immunomodulatory proteins (Shopsin et al. 2008; Benson et al. 2011). Agr 

represses the expression of the SSLs through RNA III dependent inhibition of rot, 

which could directly activate the ssl promoters (Benson et al. 2011). These findings are 

supported by the observation that overproduction of the SSLs by agr-defective strains 

contributes to the retention of their virulence (Benson et al. 2011). Recently it has been 

shown that Rot and the S. aureus exoprotein expression (Sae) two-component system 

(TCS) synergise to coordinate the activation of the ssl promoters (Benson et al. 2012). 

The Sae TCS is critical in the regulation of the staphylococcal virulon and has been 

shown to be essential for S. aureus survival in whole blood (Voyich et al. 2009). The 

Sae TCS is regulated by two promoters, P1 and P3. P3 demonstrates low constitutive 

activity while P1 is activated through exposure to neutrophil and phagocyte products 

(Geiger et al. 2008). The Rot/Sae regulatory scheme of the ssls is mediated by direct 

binding of both transcription factors to the ssl promoters (Benson et al. 2012). 

 

Antibodies against the SSLs have been reported in normal human sera, indicating these 

proteins are expressed and secreted during colonisation or invasive infection (Fitzgerald 

et al. 2003; Al-Shangiti et al. 2005). Al-Shangiti et al. (2005) found reactive antibodies 

against SSL5, SSL7, and SSL9 in most donors; Fitzgerald et al. (2003) reported reactive 
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antibodies against SSL2, SSL4, SSL5, SSL8, SSL9, and SSL10 in patients admitted 

with invasive S. aureus infections. Arcus et al. (2002) showed seroconversion to SSL5 

and SSL7 in all healthy volunteers tested. SSL5 was also shown to be secreted by S. 

aureus through western analysis (Arcus et al. 2002). Several ssl genes have been shown 

to be expressed at lower levels in-vitro during exponential phase, and be greatly up-

regulated during stationary growth (Williams et al. 2000; Fitzgerald et al. 2003). 

Staphylococcal membrane damage results in the up-regulation of several SSLs, this is 

thought to be responsible for the hyper-virulence of S. aureus strains lacking the hemin-

regulated ABC transporter ATPase (HrtA) (Attia et al. 2010). Several transcriptome 

studies have shown the ssl genes to be up-regulated during additional conditions of 

stress. These include metal chelation, hydrogen peroxide induced oxidative stress, 

internalisation into epithelial cells, vancomycin induced cell wall damage, neutrophil 

phagocytosis, and exposure to neutrophil microbicides and azurophilic granule proteins 

(Voyich et al. 2005; Chang et al. 2006; McCallum et al. 2006; Garzoni et al. 2007; 

Corbin et al. 2008; Palazzolo-Ballance et al. 2008). This indicates these proteins may 

play an essential role in staphylococcal survival in the host environment, in particular 

within the neutrophil phagosome. 

 

1.12. The structure/function relationship of SSL7 

SSL7 was the first of the SSL proteins to have its function described (Langley et al. 

2005). SSL7 binds with nanomolar affinity to IgA through its N-terminal OB fold 

domain and effectively blocks its association with the FcαRI (Langley et al. 2005; 

Wines et al. 2006; Ramsland et al. 2007). The crystal structure of SSL7 has been solved 

(Al-Shangiti et al. 2004), and the crystal structure of SSL7 binding IgA has been 

reported by Ramsland et al. (2007) to a 3.2Å resolution, further illustrating the 

interaction of these molecules first described by Langley et al. in 2005. SSL7 binds to 

the Cα2/Cα3 interface of IgA which overlaps with the FcαRI binding region (Wines et 

al. 2006; Ramsland et al. 2007). By binding to this region, SSL7 blocks the recognition 

of IgA by the FcαRI and may inhibit IgA mediated cellular effector functions such as 

opsonisation and oxidative burst (Wines et al. 2006; Ramsland et al. 2007; Bestebroer 

et al. 2010). This interaction does not involve the N-linked carbohydrate of IgA which 

extends over the Cα2/Cα3 domain thereby further illustrating the functional diversity of 



 

 24 

the OB-fold to bind various motifs (Herr et al. 2003; Ramsland et al. 2007).  The 

extensive binding of SSL7 to IgA shields most of the lateral surface of the Cα3 domain. 

Despite this, SSL7 is able to bind both monomeric and dimeric IgA1 and IgA2, 

therefore does not block the additional components, the J-chain and secretory 

component, involved in IgA dimerisation (Ramsland et al. 2007). Though they differ in 

form and function, it has been shown that SSL7 binds both serum and secreted IgA with 

high affinity, thus it is feasible SSL7 plays a role in S. aureus systemic infections as 

well as mucosal colonisation (Ramsland et al. 2007).  

 

Another function of SSL7 is to bind and block the activity of complement factor C5. 

Langley et al. (2005) first documented this activity showing SSL7 binding C5 from all 

individuals tested in their study. SSL7 is capable of binding human C5 with nanomolar 

affinity (Langley et al. 2005). The C5 molecule is comprised of an N-terminal 75kDa β-

chain linked to a C-terminal 115kDa α-chain through a disulphide bond (Nilsson et al. 

1975). It was determined SSL7 binds to the β-chain of C5 (Gordon 2008). By inhibiting 

the function of C5, SSL7 blocks complement mediated lysis of an invading pathogen 

and recruitment of leukocytes to the site of an infection. This was shown as SSL7 

inhibited the complement-mediated lysis of red blood cells (RBCs) and enhanced the 

survival of bacteria in serum (Langley et al. 2005). More recent functional studies have 

further shown the protective activity of SSL7 against staphylococcal clearance in human 

whole blood as SSL7 strongly inhibited the C5a-induced phagocytosis of S. aureus 

(Bestebroer et al. 2010). An in vivo murine model of immune complex peritonitis has 

also shown SSL7 to abrogate the C5a-driven influx of neutrophils (Bestebroer et al. 

2010). The β-grasp domain of SSL7 is not involved in IgA binding and extends over the 

globular Cα3 domains in a position which should not interfere with the assembly of an 

IgA dimer (Ramsland et al. 2007). Recently the crystal structure of SSL7 bound to C5 

was determined (Laursen et al. 2010). This revealed several interesting aspects of the 

interaction between SSL7, C5, and IgA. SSL7 binds C5 distal to C5a, inhibiting the 

cleavage of C5 through blocking recognition by the C5 convertase (Laursen et al. 

2010). This inhibition is greatly enhanced by SSL7 having bound IgA to form a large 

super-complex, however this is not required to inhibit the end formation of MAC as the 

SSL7 β-grasp domain alone can bind C5b and inhibit MAC formation. This is 

interpreted as SSL7 inhibits the function of C5 at two steps. First it can bind IgA and C5 
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together in a large super-complex inhibiting the cleavage of C5 to prevent release of the 

chemoattractant C5a. Second it can bind activated C5b at the surface of the bacteria and 

inhibit MAC formation (Laursen et al. 2010). This was supported by findings in a 

murine peritoneal inflammation model of staphylococcal infection, where SSL7 is 

incapable of binding mouse IgA. When using a dose of SSL7 which does not 

significantly reduce neutrophil migration towards the site of infection, the addition of 

human IgA can induce a significant reduction in the number of recruited neutrophils. 

This is presumably through the enhanced C5 binding of SSL7 in super-complex with 

IgA (Natalie Lorenz, personal communication). 

 

1.13. The function of SSL10 

Like SSL7, SSL10 is reported to interact directly with antibodies, though much less is 

known about this interaction. Recently it was shown that SSL10 binds with striking 

specificity to the γ-1 subclasses of human immunoglobulins through its N-terminal OB-

fold domain and inhibits IgG1 mediated recognition of bacteria by neutrophils and 

macrophages as well as complement activation via the classical pathway (Itoh et al. 

2010b; Patel et al. 2010). IgG1 is the most abundant of the IgG subclasses in blood, has 

the highest affinity to multiple FcγRs, and is most efficient at complement fixation and 

Ab-dependent cell-mediated killing (Bruggemann et al. 1987; Bindon et al. 1988; 

Gessner et al. 1998); as SSL10 also targets this protein it is clear this subclass of 

antibody is essential for the control of S. aureus (Patel et al. 2010). The SSL10 binding 

site on IgG1 is at the Fc region of the protein and is either proximal to or overlapping 

the recognition site of the FcγRs. This allows SSL10 to act as a competitive inhibitor of 

FcγRs (Patel et al. 2010).  SSL10 has also been shown to bind human fibrinogen and 

fibronectin through its C-terminal β-grasp domain, highlighting again the dual binding 

role of the classic superantigen fold (Patel et al. 2010). In addition to inhibiting the 

classical pathway of complement activation through interference of the IgG1 and C1q 

interaction, SSL10 appears to interact with additional complement components (Weilin 

Hou, personal communication). More recently it was shown SSL10 is also capable of 

binding phosphatidylserine (PS) in a Ca
2+

 independent manner (Itoh et al. 2012). PS is a 

phospholipid kept at the inner leaflet of cell plasma membranes and is a marker for 

apoptosis (Verhoven et al. 1995). 
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1.14. Emerging function of SSL9 

The functions of several additional SSL proteins, including SSL9, SSL12, SSL13, and 

SSL14 have begun to be elucidated. These proteins belong to the cluster of SSLs that 

appear to inhibit complement activity, along with SSL7 and SSLl0. SSL9 was shown to 

inhibit the classical and lectin pathways of complement activation likely through direct 

interaction with the C4b2a convertase (Jackson 2008). This results in SSL9 being able 

to inhibit complement activity downstream of the C4b2a convertase, including C3b 

deposition and phagocytosis of S. aureus. SSL9 was also shown to bind fibrinogen and 

fibronectin simultaneously (Jackson 2008). Though the role of this interaction was not 

confirmed, Jackson (2008) hypothesised this may represent an adsorbent matrix to 

concentrate SSL9 within the site of infection. Complement inhibition activity was found 

to be restricted to residues of the C-terminal domain while fibrinogen and fibronectin 

binding was shown to be at least partly controlled by residues of the N-terminal domain 

(Jackson 2008). 

 

1.15. Emerging functions of SSL12, SSL13, and SSL14 

As described earlier, the staphylococcal IEC-2 which contains ssl12-ssl14 is located on 

the vSaγ genomic island 700 kb downstream from the first cluster. As for SSL9 and 

SSL10, it was shown SSL12, SSL13, and SSL14 all bind fibrinogen and fibronectin 

(Taylor 2008). Cell binding was also detected; SSL13 and SSL14 were shown to bind 

the surface of vascular endothelial cells, SSL14 was shown to bind peripheral blood 

mononuclear cells. Taylor (2008) hypothesised that although it is possible that cell 

binding of these proteins may allow S. aureus to migrate through the endothelial 

monolayer, or trigger the uptake of receptors and proteins from the surrounding 

environment, it is likely a consequence of fibronectin binding at the cell surface and the 

function of these virulence factors is to target components of the complement cascade. 

SSL12, SSL13, and SSL14 all inhibit complement activation through the MBL and 

classical pathways (Taylor 2008). SSL14 was shown to bind directly to C1q and 

presumably inhibits complement via the first step of the classical pathway. No other 

complement targets or mechanisms of action of complement inhibition have yet been 

identified for SSL12, SSL13, and SSL14. 
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1.16. The function of SSL3 

Recently it was shown SSL3 is capable of binding TLR2 and inhibiting its activation in 

a concentration dependent manner (Bardoel et al. 2012; Yokoyama et al. 2012). TLRs 

recognise PAMPs expressed on infectious agents and are key components in pathogen 

recognition and activation of innate immunity (Janeway 2005). TLR2 recognises a wide 

variety of PAMPs from bacteria, viruses, fungi, and parasites (Kawai and Akira 2010). 

For Gram-positive bacteria such as S. aureus this includes lipoteichoic acid. To 

recognise PAMPs TLR2 forms heterordimers with either TLR1 to recognise triacylated 

lipopeptides from Gram-negative bacteria and mycoplasma, or TLR6 to recognize 

diacylated lipopeptides from Gram-positive bacteria and mycoplasma (Kawai and Akira 

2010). TLR2 has been shown to be important for the clearance of S. aureus in murine 

infection models (Takeuchi et al. 2000; Stenzel et al. 2008). 

 

SSL3 can bind to the extracellular domain of TLR2 in at least a partially glycan 

dependent manner. Removing the sialic acid ligands from TLR2 through treatment with 

neuraminidase, and mutation of the carbohydrate binding pocket resulted in a significant 

loss of binding activity (Bardoel et al. 2012). The ability to bind TLR2 is not shared 

with other SSLs; SSL4 of the same allele was the only other SSL to show activity at a 

300 fold reduced level and not likely to be of physiological significance. An SSL4 allele 

which shares strong sequence similarity to SSL3 in the C-terminal domain, SSL4-

MRSA252, did show higher levels of TLR2 binding, but still at a significantly reduced 

level from SSL3 (Bardoel et al. 2012). It has been shown that SSL3 can inhibit the 

ligand stimulated production of IL-12 by macrophages and IL-8 by HEK cells 

expressing TLR1/2 and TLR2/6 heterodimers (Bardoel et al. 2012; Yokoyama et al. 

2012). Bardoel et al. speculate this may lead to therapeutic applications using a SSL3 

derivative to inhibit TLR2 activity (Bardoel et al. 2012).  
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1.17. The structure/function relationship of SSL5 and SSL11 

1.17.1 SSL5 

Although SSL5 was the first SSL protein to have its crystal structure solved it was five 

years later that its function was described (Arcus et al. 2002; Baker et al. 2007; 

Bestebroer et al. 2007). Crystal structures have revealed SSL5 binding sLe
x
 and SSL5 

has been shown to bind to both P-selectin glycoprotein ligand 1 (PSGL-1) and FcαR1 in 

a sLe
x
 dependent manner. In particular SSL5 binds sialylated glycans with sialyl-

lactosamine units (Baker et al. 2007). As previously described PSGL-1 is the principle 

ligand for P-selectin, which mediates the initial tethering and rolling of most leukocytes, 

including neutrophils, monocytes, and T-lymphocytes, on the vascular endothelium of 

blood vessels during inflammation and is essential for neutrophil recruitment to sites of 

infection (Luster 2005). SSL5 has been shown to inhibit neutrophil rolling along P-

selectin coated surfaces and activated human epithelial cells (Bestebroer et al. 2007). S. 

aureus can therefore use SSL5 to prevent leukocyte migration to a site of infection. 

Additionally SSL5 has been shown to inhibit leukocyte activation by anaphylatoxins 

and all classes of chemokines. SSL5 can target several chemokine and anaphylatoxin 

receptors and inhibit calcium mobilization, actin polymerization, and chemotaxis 

induced by chemokines and anaphylatoxins (Bestebroer et al. 2009). SSL5 binding to 

human leukemia cells has also been shown to inhibit adhesion to endothelial cells and 

platelets (Walenkamp et al. 2010).  Bestebroer et al. (2007, 2009) commented that this 

makes SSL5 a potential lead in the development of anti-inflammatory drugs which 

target conditions characterised by the excessive migration of leukocytes into tissues, 

such as rheumatoid arthritis as well as drugs that inhibit the metastasis of tumor cells. 

More recently it was shown SSL5 can bind human neutrophil MMP-9, inhibit its 

enzymatic activity, and supress the transmigration of neutrophils across Matrigel 

basement membranes (Itoh et al. 2010a). SSL5 is also capable of binding platelet 

glycoproteins, present on the platelet membrane receptor GPIbα and collagen receptor 

GPVI, inducing platelet activation (De Haas et al. 2009; Hu et al. 2011; Armstrong et 

al. 2012). This is thought to be the mechanism by which SSL5 induces thrombotic and 

bleeding complications in vivo (Armstrong et al. 2012). Sialylated glycan mimetics, 

such as the sLe
x
 mimetic Bimosiamose, have been shown to inhibit this interaction at 

concentration ranges equivalent to currently used human dosages (Hu et al. 2011). 
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1.17.2 SSL11 

The crystal structure of SSL11 has been solved also revealing the typical SAg two 

domain structure; the closest structural homologue of SSL11 is  SSL5, of which it 

shares 44% sequence identity (Chung et al. 2007). Like SSL5, SSL11 binds sialyl-

lactosamine containing glycans including both the FcαRI and PSGL-1. Despite this 

SSL11 has been shown not to possess many of the functions identified for SSL5. SSL11 

cannot bind and activate platelets, even at high concentrations, or inhibit leukocyte 

activation by chemokines and anaphylatoxins (Bestebroer et al. 2009; De Haas et al. 

2009). Many glycoproteins and glycolipids contain the sialyl-lactosamine carbohydrate 

modification and could be potential targets for SSL11 (Chung et al. 2007). While the 

concentration of protein required to effectively block the binding of IgA to its receptor 

is higher than can be achieved in situ, PSGL-1/P-selectin binding is of lower affinity 

and thus more likely to be inhibited by SSL11 at concentrations which can be achieved 

during infection (Chung et al. 2007). SSL11 was shown to inhibit neutrophil rolling 

along a P-selectin coated glass capillary at shear forces similar to those observed in the 

high endothelial venules (Chung 2008). Despite this Chung et al. (2007) believe the 

principle role of SSL11 carbohydrate binding is to gain entry into cells involved in the 

defence against S. aureus where it targets an as yet un-determined intracellular function. 

SSL11 can bind to surface glycoproteins, selectively gaining entry into myeloid cells 

such as monocytes and granulocytes. This entry is energy dependent and results in the 

uptake of SSL11 into discrete intracellular vesicles of granulocytes (Chung et al. 2007). 

SSL11 self-assembly into homodimers at high cell surface concentrations may represent 

a mechanism by which SSL11 increases its avidity to cell surface glycoproteins; 

biosensor analysis and crystal structures of SSL11 dimers support this hypothesis 

(Chung et al. 2007). Additionally, Chung (2008) demonstrated SSL11 induced 

neutrophil aggregation at high concentrations. A brief summary of the attributed 

functions of studied SSLs is shown in Figure 1.8. 
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Figure 1.8 Summary of functions attributed to SSLs 

SSLs that have been examined can be grouped into two dinstinct groups based on their observed 

functions. A SSLs that have been shown to inhibit the functions of antibodies and complement as well as 

binding to fibronectin and fibrinogen. B SSLs that contain the conserved carbohydrate binding site and 

have been shown to bind to and affect various function of leukocytes. 

 

1.17.3 The conserved carbohydrate binding site 

In the structures identified of SSL5 in complex with sLe
x
, sLe

x 
bound to a C-terminal 

domain site on SSL5 (Baker et al. 2007). This site seems to be conserved in several SSL 

family members including SSL2, SSL3, SSL4, SSL5, SSL6 and SSL11 (Figure 1.9), 

indicating the ability to bind sialylated glycans is an important mechanism by which 

these virulence factors subvert the immune system (Baker et al. 2007). The site is also 

conserved in CHIPS, this protein has a β-grasp fold similar to the C-terminal domain of 

the SSLs which contains all the components of the sLe
x 

binding motif found in SSL5 

and SSL11 (Haas, De Haas et al. 2005; Baker, Basu et al. 2007).  
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Figure 1.9 Sequence comparisons of SSLs 

The amino acid sequence of SSL5 from residue 171 to the C-terminus is aligned with the equivalent 

residues of SSLs 1, 2, 3, 4, 6, 7, 8, 9, 10, and 11. Included in this region are the residues involved in 

glycan binding in the crystal structure of SSL5, Tyr-173 to Asp-189 (indicated by line). Highly conserved 

and moderately conserved residues are shaded blue and light blue respectively. As can be seen in this 

sequence comparison the 17 amino acid region involved in glycan binding of SSL5 is highly conserved 

between SSL2, 3, 4, 5, 6, and 11; 12 of the 17 residues are entirely conserved. This alignment has been 

modified from Baker et al. (2007) using sequences from the MW2 strain of S. aureus, and was created 

using ClustalW (Chenna et al. 2003). 

 

The crystal structure of both SSL5 and SSL11 binding to sLe
x
 have now been solved 

revealing in great detail how these proteins interact with sialylated glycans. The 

carbohydrate binding site is composed of 17 residues which form a V-shaped loop 

between strand β10 of the C-terminal β-sheet and a distorted 310 α-helix (Baker et al. 

2007; Chung et al. 2007). The direct hydrogen bonds made between protein and the 

ligand subunits sialic acid (Sia) and galactose (Gal) are entirely conserved between 

SSL5 and SSL11 (Figure 1.10). Tyr-173, Thr-175, Glu-177, Gln-183, Arg-186, and 

Asp-189 from SSL5 all make hydrogen bonds to Sia of sLe
x
 identical to the equivalent 

residues of SSL11; Phe-166 Thr-168, Glu-170, Gln-176, Arg-179, and Asp-182. One 

essential residue of the binding site is the arginine located in the descending 310 α-helix 

which lies underneath the Gal and Sia units of sLe
x
, Arg-185 in SSL5 and Arg-179 in 

SSL11. This residue forms the floor of the binding pocket making several direct 

hydrogen bonds to the ascending β-sheet as well as to the ligand itself; and is entirely 

preserved between all the SSLs which contain the conserved binding site. The 

functional significance of this residue has been shown in SSL11 as when mutated this 
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protein loses all sLe
x
 and cell binding functionality (Richard Sequeira, personal 

communication). 

 

 

Figure 1.10 The sLe
x
 binding site of SSL5 and SSL11 

The 17 amino acid carbohydrate binding sites of SSL5 (A) and SSL11 (B) with bound sLex shown in 

stick form; PDB accession numbers 2ZL8 and 2RDG respectively, modified from Baker et al. (2007) and 

Chung et al. (2007). The hydrogen bonds between protein and ligand are displayed as dotted lines. The 

units of sLe
x
 are labelled as; S, sialic acid; G, galactose; N, N-acetyl glucosamine; F, fucose. 

 

1.17.4 Sialylated glycans 

The cells of all organisms are covered in a dense and diverse array of carbohydrates. 

These are usually attached covalently to underlying proteins or lipids to form 

glycoproteins or glycolipids, and form structures which are often cell type specific, 

developmentally regulated, and respond to environmental cues (Varki et al. 1999; 

Ohtsubo and Marth 2006). These carbohydrates play a key role in many essential 

cellular functions including cell adhesion, molecular trafficking and clearance, receptor 

activation, signal transduction, and endocytosis (Ohtsubo and Marth 2006). The lineage-

specific carbohydrates of many micro-organisms have become important signals for 

host organisms which use receptors of the innate immune system to recognise these 

pathogenic signatures (Bishop and Gagneux 2007). Conversely pathogens have also 
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evolved to exploit host lineage-specific glycans (Bishop and Gagneux 2007). Sialic 

acids are found on the terminating residues of many human cell surface and secreted 

glycoproteins (Varki 2007). Consequently they are a convenient target for microbes, 

which utilise them as a scaffold for host recognition, attachment, and invasion (Bishop 

and Gagneux 2007). A wide variety of microbial and viral adhesins, pili, fimbriae, and 

haemagglutinins all target sialylated glycoproteins. The influenza virus haemagglutinin 

mediates entry into human cells by binding to glycans which terminate in Sia residues 

α2-6 linked to Gal (Rogers and Paulson 1983). Various rotavirus strains use Sia to 

provide an initial interaction with host cells; several bacterial toxins also bind Sia-

containing gangliosides, these include the AB5 cholera toxin, pertussis toxin, Shiga 

toxin, subtilase toxin, as well as the tetanus toxin and botulinum toxin (Merritt and Hol 

1995; Ciarlet et al. 2001; Jin et al. 2006). S. aureus then extends this feature by utilising 

the adaptable SAg structure to produce six homologous proteins which contain a highly 

conserved sialylated glycan binding site. 

 

1.18. SSL4 

The ssl gene cluster has been found in all S. aureus strains sequenced. As a result of 

this, Langley (2003) predicted a non-redundant role for each SSL in the survival of S. 

aureus. Abundant seroconversion against the SSLs show these proteins are produced 

during colonisation and infection, and further suggests they likely act as virulence 

factors (Langley 2003). SSL4 has an as yet unknown function. Based on sequence 

homology and functional data from other SSLs, SSL4 is hypothesised to have a role in 

staphylococcal immune evasion. SSL4 contains the conserved carbohydrate binding site 

shared with SSL2, SSL3, SSL5, SSL6, SSL11 and is predicted to bind sialylated 

glycans. 

1.19. Aims of this study 

Several studies have been performed investigating the role of SSLs from the 

carbohydrate binding subfamily (Baker et al. 2007; Chung et al. 2007; Bardoel et al. 

2012). These studies report varied functional activities for these proteins, often not 

shared with other closely related members of this glycan-binding subfamily (Bestebroer 

et al. 2009; De Haas et al. 2009; Bardoel et al. 2012). Little is known about SSL4 and it 
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is still unclear, given their remarkable similarity, how these proteins retain unique roles 

in promoting staphylococcal survival. The aim of this research is to characterise the 

structure and function of the staphylococcal virulence factor SSL4, including a detailed 

comparison with the other, well characterised, carbohydrate binding site-containing 

SSLs, SSL5 and SSL11. 
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Chapter 2. Materials and Methods 

Materials 

2.1. Molecular biology reagents 

2.1.1 Common buffers 

TAE:   40 mM Tris acetate, 2 mM EDTA 

DNA loading dye: 0.25% w/v bromophenol blue, 0.25% w/v xylene cyanol, 30% 

glycerol in TAE 

10x Taq Buffer 500 mM KCl, 100 mM Tris HCl pH9.0, 1% v/v Triton X-100 in 

H2O 

TFBI 100 mM RbCl, 50 mM MgCl2, 10 mM CaCl2, 30 mM K-acetate, 

19% v/v glycerol, pH 5.8 with acetic acid 

TFBII 1 mM MOPS pH7.0, 75 mM CaCl2, 1 mM RbCl, 6.67% v/v 

glycerol 

TE:   10 mM Tris.HCl pH 7.5, 1 mM EDTA 

GES:    5 M guanidine thiocyanate, 100 mM EDTA, 0.5% v/v sarkosyl 
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2.1.2 Primers 

Table 2.1 Primers 

Primers used for cloning ssl4 and introducing mutations into ssl4-Newman. All primers were custom 

made from Sigma.  

Primer Name 
Mutation 
Induced 

Primer Sequence (5' - 3') 
Annealing 
Temperature 
(
o
C) 

SSL4 For   GCGGATCCAACGCGACAACACCATCTTC
* 60 

SSL4 Trunc For   GCGGATCCACAAAACAAGTACCAACAG 52 

SSL4 Rev   CCGGAAGCTTTTATTTTATATTCACTTCAATGTTATC 64 

SSL4 R182A For Arg-182-Ala CAAGAAAATGCCATGGCAGATGTCATAGATG 54 

SSL4 R182A Rev   CTGCCATGGCATTTTCTTGTAATTTTTTGTGC 56 

SSL4 N181H For Asn-181His TTACAAGAACATCGCATGGCAGATGTCATAG 58 

SSL4 N181H Rev   CCATGCGATGTTCTTGTAATTTTTTGTGCAA 52 

S-Tag   GAACGCCAGCACATGGAC 47 

T7-Reverse   GCTAGTTATTGCTCAGCGG 46 

*
Underlined sequences indicate modified sequence incorporating the required restriction site or mutation. 

S-tag and T7-reverse primers were used in conjunction with these to sequence ssl4. 

 

2.1.3 Plasmids 

See appendix 7.1 for plasmid details. 

pET-32a.3C: TCR A modified version of pET-32a (Novagen) containing a 

3C protease cleavage site and T-cell receptor (TCR) gene 

insert. 

2.1.4 Media for bacterial growth 

Tryptic Soy Medium: 3% w/v Bacto Trypic Soy Medium (BD). 

Sterilised by autoclaving at 15 pounds/square inch 

for 15 min at 121
o
C 

Luria-Bertani (LB) Medium: 1% w/v Bacto Tryptone (Oxoid), 0.5% w/v Bacto 

Yeast Extract (Oxoid), 1% w/v NaCl. Sterilised by 

autoclaving. 
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LB Agar Plates: 98.5% LB medium, 1.5% w/v Bacto Agar (Difco). 

Sterilised and agar dissolved by autoclaving. 50 

μg/mL ampicillin, 34 μg/mL chloramphenicol, and 

15 μg/mL kanamycin were added as required. 

2.1.5 Bacterial strains 

Escherichia coli DH5α For plasmid cloning. 

E. coli AD494 (DE3) pLysS Obtained from Novagen. For protein expression, this 

strain is chloramphenicol and kanamycin resistant. 

Staphylococcus aureus Clinical isolates were obtained from Greenlane Hospital, 

New Zealand (denoted with NU), Auckland Hospital, 

New Zealand (denoted with US) or various hospitals in 

Germany. A murine strain was also acquired. See Table 

2.2 for a full list of S. aureus clinical strains used. 

S. aureus pUNK: gfpLux A Green fluorescent protein (gfp) and Luciferase (Lux) 

producing S. aureus Newman strain. Gfp and Lux are 

under control of the formate dehydrogenase (fdh) 

promoter. These genes are located in the erythromycin 

resistant pUNK plasmid. Kindly provided by Dr. Simon 

Swift. 

S. aureus Newman SpA- A protein A deficient and erythromycin resistant S. aureus 

Newman strain acquired from Greifswald, Germany. 

Table 2.2 Summary of S. aureus strain characteristics 

  Strain Source Description 

S. aureus US6610 Auckland Hospital, Auckland, NZ Clinical isolate 

  
NU4362; NU9297; 
NU9637; NU9324 

Greenlane Hospital, Auckland, NZ Clinical isolates 

  SAPRI Unknown 
TSST-1 positive, 
SEC positive 

  SEH569; F14 Various German Hospitals Clinical isolates 

  Newman Kindly provided by Dr. Simon Swift Clinical isolate 

  JSNZ 
Vernon Jansen Unit, University of 
Auckland, Auckland, NZ 

Recently identified 
murine strain 
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2.2. Protein analysis reagents 

2.2.1 Common buffers 

PBS 120 mM NaCl, 2.7 mM KCl, 10 mM phosphates salt, pH adjusted 

to experiment 

2x SDS-PAGE Denaturing Sample Buffer 125 mM Tris pH 6.8, 4% w/v SDS, 

0.001% w/v Bromophenol Blue, 

20% v/v glycerol, and 300 mM 2-

ME 

SDS-PAGE Running Buffer 25 mM Tris, 25 mM glycine, 0.1% 

SDS 

Coomassie Blue stain 25% v/v ethanol, 3.75% v/v acetic acid, and 0.3% w/v Coomassie 

Brilliant Blue R-250 

Towbin’s buffer 25 mM Tris-HCl pH 8.3, 192 mM glycine, 0.375% w/v SDS, 

20% v/v methanol 

TBS 10 mM Tris-HCl pH 8.0, 120 mM NaCl 

TBS-T TBS with 0.1% v/v Tween 20 

Ponceau S stain 0.1% w/v Ponceau S, 5% v/v glacial acetic acid 

NTA Buffer I 50 mM NaPO4 pH 8.0, 300 mM NaCl, 10 mM imidazole, 10% 

v/v glycerol 

NTA Buffer II 50 mM NaPO4 pH 8.0, 300 mM NaCl, 100 mM imidazole 

NTA Buffer III 50 mM NaPO4 pH 8.0, 300 mM NaCl  

HBS-EP 10 mM HEPES-HCl pH 7.4, 150 mM NaCl, 3.4 mM EDTA, 

0.005% v/v P20 surfactant 

PD Buffer I 19 mM Tris-HCl pH 8.0, 500 mM NaCl, 1% Triton X-100, 0.1% 

SDS 

PD Buffer II 19 mM Tris-HCl pH 8.0, 140 mM NaCl, 0.05% sodium azide 
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PD Buffer III 50 mM Tris-HCl pH 8.0 

GHB++ (5x) 750 mM NaCl, 25 mM HEPES pH 7.35, 0.5% w/v Gelatin from 

bovine skin type B, 0.3 mM CaCl2, 2 mM MgCl2 

GHB/MgEGTA (5x) 750 mM NaCl, 25 mM HEPES pH 7.35, 0.5% w/v Gelatin from 

bovine skin type B, 10 mM EGTA, 10 mM MgCl2 

Coupling buffer 15 mM NaCO3, 35 mM NaHCO3 pH 9.6 

ELISA wash buffer PBS pH 7.4, 0.05% Tween-20 

OPD developing solution 50 mM citric acid, 100 mM Na2HPO4 pH 9.2. In 12 mL 

buffer add 0.012% (v/v) H2O2 and 1 tablet O-

phenylenediamine (Sigma) 

Gelatinase buffer 50 mM Tris pH 7.5, 200 mM NaCl, 5 mM CaCl2 

Alsever’s solution 2.05% w/v D-glucose, 0.42% w/v NaCl, 0.8% w/v tri-sodium 

citrate, 0.055% w/v citric acid 

Lysis buffer  10 mM Tris pH 8.0, 500 mM NaCl, 0.1% v/v Triton X – 100 

0.1% w/v SDS 

10x RBC lysis buffer 100 mM KHCO3, 9% w/v NH4Cl, 1 mM EDTA pH7.4, stored at 

4
o
C in low light conditions 

2.2.2 Additional Proteins 

SSL3 from S. aureus strain N315, as well as SSL5 and SSL6 from S. aureus strain 

Newman were kindly provided by Dr. Ries Langley. SSL11 from S. aureus strain 

US6610 was kindly provided by Richard Sequeira. SSL7 from S. aureus strain Newman 

was kindly provided by Natalie Lorenz. Recombinant C5a and fluorescein 

isothiocyanate (FITC) labelled annexinV was kindly provided by Fiona Clow. 
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2.3. Eukaryotic cell culture reagents 

2.3.1 Media 

RPMI 1640 RPMI media 1640 with L-glutamine (GIBCO) supplemented with 24 

mM sodium bicarbonate. 

FBS Fetal Bovine Serum (Life Technologies) was heat inactivated for 30 min 

at 56
o
C. 

2.3.2 Cell lines 

THP-1 A human monocytic cell line derived from an acute monocytic leukaemia 

(ATCC
®
: TIB-202). 

 

Methods 

2.4. DNA analysis 

2.4.1 DNA isolation 

(a) S. aureus genomic DNA preparation 

Liquid cultures of S. aureus were grown overnight in 5 mL tryptic soy medium at 37 °C 

with shaking (200 rpm). Bacteria were recovered by centrifugation (4,000 g for 5 min), 

re-suspended in 100 µL TE buffer with 50 ug/mL lysostaphin (Sigma) and 50 ug/mL 

RNAse A (Roche), and incubated at 37 °C for 30 min.  The bacteria were then lysed by 

the addition of 0.5 mL GES buffer, vortexed briefly, and then incubated at room 

temperature (RT) for 10 min. The bacterial lysate was then cooled on ice and 0.25 mL 

cold 7.5 M ammonium acetate was added. After 10 min of incubation at RT, 0.5 mL of 

chloroform was added and the contents centrifuged at 16,000 g for 10 min. The 

supernatant was transferred to a new tube, 0.5x volumes of cold 2-propanol were added, 

the contents were mixed for 1 min, and the DNA was precipitated by centrifugation at 
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6,500 g for 20 s. The DNA pellet was washed several times with 70% ethanol and 

allowed to dry for 10 min at RT. DNA was re-suspended in 50 µL sterile milliQ H2O. 

 

(b) Plasmid preparation by alkaline lysis 

A bacterial colony or glycerol stock was used to inoculate 10 mL LB medium 

containing the appropriate antibiotics and incubated overnight at 37
o
C with shaking 

(200 rpm). A total of 4.5 mL of the bacterial culture was pelleted at 2,375 g for 5min. 

The supernatant was discarded and the pellet re-suspended in 100 μL of Solution I (50 

mM glucose, 25 mM Tris.Cl pH8.0, 10 mM EDTA). RNAse A (Roche) was added to a 

final concentration of 100 μg and the solution incubated for 30 min at 50
o
C. The 

bacteria were gently lysed after the addition of 200 μL of Solution II (0.2 M NaOH, 1% 

SDS) and gently inverting the tube; 150 μL of Solution III (3 M potassium, 5 M acetate, 

pH 4.8) was added and mixed gently by inverting the tube. The cellular debris was 

pelleted by centrifugation at 16,000 g for 15 min and the supernatant collected in a new 

centrifugation tube. To this 400 μL of a 1:1 solution of chloroform and phenol were 

added and the tube mixed thoroughly by vortexing. This was centrifuged at 16,000 g for 

5 min and the plasmid containing upper phase was removed into a new centrifugation 

tube. DNA was precipitated by adding 1 mL of ethanol and incubating on ice for 10 

min. The DNA was spun down at 16,000 g for 10 min, the ethanol discarded, and the 

plasmid re-suspended in 20 μL of sterile milliQ H2O. 

 

(c) Plasmid preparation for sequencing 

Plasmid DNA required for sequencing was dissolved in a total of 45 μL of H2O. To this 

5 μL of 2 M NaOH/2 mM EDTA was added and left to incubate at 37
o
C for 30 min. 

Following this 75 μL of H2O, 7 μL of 10 mg/mL Ethidium Bromide (EtBr), 70 μL of 

7.5 M ammonium acetate, and 200 μL of a 1:1 solution of phenol and chloroform was 

added and mixed thoroughly by vortexing for 10 s. This was centrifuged for 2 min at 

16,000 g and the aqueous upper phase was removed into a new centrifugation tube. To 

this 400 μL of 100% ethanol was added and left to sit at room temperature for 2 min in 

order to precipitate the DNA, which was pelleted by centrifugation at 16,000 g for 10 
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min. The supernatant was collected and the pellet washed with 1mL of 70% ethanol, the 

DNA was then pelleted by centrifugation at 16,000 g for 10 min. The supernatant was 

removed and the DNA re-suspended in 10 μL of H2O. Plasmid DNA was sequenced by 

the Allan Wilson Centre Genome Sequencing service (AWCGS) using a capillary 

ABI3730 Genetic Analyzer, from Applied Biosystems Inc. 

 

(d) Gel purification of DNA 

DNA was purified from TAE agarose gels using a Zymoclean Gel DNA Recovery Kit 

(Zymo Research). After cutting the required DNA band out of the gel it was dissolved 

into 3 volumes of ADB buffer at 55
o
C. The melted agarose solution was transferred to a 

Zymo-spin I column and centrifuged at 16,000 g for 60 s. The flow through was 

discarded and the column was washed twice with 200 μL of wash buffer followed by a 

16,000 g centrifugation for 30 s. 10 μL of H2O was added directly to the column matrix 

and the DNA eluted by centrifugation at 16,000 g for 60 s. 

 

2.4.2 Agarose gel electrophoresis 

One volume of 6X loading dye was added to 5 volumes of DNA and electrophoresed at 

100 V through either a 1% or 2% agarose gel in TAE, a 1kb+ DNA ladder (Life 

Technologies) was included in one lane of the gel. The gel was stained in TAE buffer 

containing 5 μg EtBr for 10 min with shaking and visualized under ultraviolet (UV) 

light using a Gel Doc 2000 (Bio-Rad) and Quantity One software (Bio-Rad). 

 

2.4.3 Polymerase chain reaction (PCR) 

PCR was performed in an Eppendorf Mastercycler. PCRs were carried out in a total 

volume of 50 μL containing 1 μM of both the forward and reverse primers, 100 μM of 

each of the four dNTPs (Bioline), 5 μL 10X Taq polymerase buffer, 2.5 mM MgCl2, 

and 0.5 units of Taq polymerase (generated as a recombinant protein produced by an E. 

coli clone). If plasmid DNA was used as a template 1 μg of DNA was added; if agarose 
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gel electrophoresis purified DNA was used 1/5 of recovered DNA was added. For 

overlap PCR the overlapping templates were added at a 1:1 ratio. The first step in the 

PCR reaction consisted of DNA denaturing at 94
o
C for 30 seconds. This was followed 

with 15-20 cycles consisting of a 30 s denaturing step at 94
o
C, a 30 s annealing step at 

the temperature specified by Table 2.1, and a 30 s extension step at 72
o
C. A final 5 min 

extension step at 72
o
C completed the PCR which was held at 4

o
C on completion. 

 

2.4.4 Restriction endonuclease digestion of DNA 

An appropriate 10x restriction enzyme buffer (Roche) was chosen based on the 

restriction enzymes to be used and one tenth of the final volume (typically 50 μL) of 

this was added to the DNA. Approximately 10 U of both restriction enzymes were 

added and the final volume made with H2O, no more than two fifths of the final volume 

in DNA was used. The reaction was incubated at 37
o
C for 2 h. If plasmid DNA was 

being cut, 1 U of calf intestinal alkaline phosphatase (Life Technologies) was added to 

the digest 15 min before completion. The products were separated using agarose gel 

electrophoresis (see 2.4.2) and purified using gel purification of DNA (see 2.4.1(d)). 

 

2.4.5 Ligation of restriction endonuclease cleaved DNA and vectors 

One tenth of the final reaction volume (typically 15 μL) of 10x ligation buffer (Roche) 

was used and 1 U of T4 DNA ligase (Roche) was added to this. Insert DNA and vector 

DNA, cut by restriction endonucleases to leave compatible single strand overhangs and 

cleaned through agarose gel electrophoresis purification of DNA, were added to the 

reaction at a ratio of 1 part vector, 5 parts insert. The reaction was left to incubate 

overnight at RT, or left to progress for up to 3 d at 4
o
C. 
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2.4.6 Transformation 

a) Production of chemically competent E.coli 

E. coli DH5α or AD494 were inoculated from a glycerol stock into 10 mL of LB broth 

containing 20 mM Mg2SO4, 10 mM KCl. For E. coli AD494, 34 μg/mL 

chloramphenicol and 15 μg/mL kanamycin were also added. This was incubated 

overnight at 37
o
C with shaking. This culture was used to inoculate LB broth containing 

20 mM Mg2SO4, 10 mM KCl, and for E. coli AD494; 34 μg/mL chloramphenicol and 

15 μg/mL kanamycin, at a 1 in 100 dilution. This was incubated at 37
o
C with shaking 

until the OD600nm reached approximately 0.6. The cells were then pelleted by 

centrifugation at 1,500 g for 5 min, the supernatant was discarded and the cells re-

suspended in 60 mL of ice cold TFBI. The cells were kept on ice for 10 min and 

pelleted by centrifugation at 1,500 g for 4 min, the supernatant was discarded and the 

cells re-suspended in 4 mL of ice cold TFBII. The competent cells were aliquoted into 

100 μL volumes, snap frozen in a dry ice/ethanol bath, and stored at -80
o
C. 

 

b) Transformation of chemically competent cells 

DNA or ligation mix (≤10% cell volume) to be transformed was added to 50 μL of 

bacteria and incubated on ice for 20 min. The bacteria were heat shocked at 42
o
C for 45 

s and immediately placed back on ice for 10 min to recover. The total volume of the 

cells was brought up to 1 mL with LB media and incubated at 37
o
C for 30 min. The 

cells were spun down at 3,700 g for 5 min and 900 μL of the supernatant was removed. 

The cells were re-suspended in the remaining 100 μL of LB media and plated onto LB 

agar plates containing appropriate antibiotics and left to incubate overnight at 37
o
C. 

Bacterial cells successfully transformed contained the antibiotic resistant genes encoded 

by the plasmid and were able to grow on the agar plates as visible colonies. 

 

2.4.7 Site directed mutagenesis by overlap PCR 

Site-directed mutants of SSL4 were generated by overlap PCR. Forward and reverse 

fragments of the mutated gene were first amplified from plasmid template DNA through 
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18 cycles of PCR (see 2.4.3) using the SSL4 For and mutant reverse primers or the 

SSL4 Rev and mutant forward primers respectively (Table 2.1). The fragments were 

separated from the template DNA through agarose gel electrophoresis and gel excision 

of the desired DNA (see 2.4.2 and 2.4.1(d)). Full length product was then amplified 

through 20 cycles of overlap PCR using a 1:1 ratio of the two fragments as template and 

the primers SSL4 For and SSL4 Rev. The amplified DNA and purified plasmid 

pET32a.3c were then cut using the restriction enzymes HindIII and BamHI (see 2.4.4) 

and purified through agarose gel electrophoresis (see 2.4.2) and gel excision of the 

desired DNA (see 2.4.1(d)). The products were then ligated together (see 2.4.5) and 

transformed into E. coli DH5α (see 2.4.6(b)). 

 

2.5. Protein analysis 

2.5.1 Protein expression and purification using the pET32a.3C system 

A 100 mL starter culture of LB containing 50 μg/mL ampicillin, 34 μg/mL 

chloramphenicol, and 15 μg/mL kanamycin was inoculated with E. coli AD494 carrying 

the pET32a.3C plasmid containing the gene encoding the protein to be expressed and 

incubated overnight at 37
o
C with shaking. The culture was diluted to 1 L in LB 

containing ampicillin/chloramphenicol/kanamycin and the bacteria grown at 37
o
C for 1 

h with shaking. The culture was either kept at 37
o
C or cooled to 30

o
C depending on the 

solubility of the protein being expressed, and IPTG was added to 0.1 mM. The culture 

was incubated for a further 4-5 h with constant shaking. Bacteria were harvested by 

centrifugation at 5,000 g for 10 min. The supernatant was discarded and the pellet re-

suspended in NTA Buffer I. Triton-X-100 was added to 1%, PMSF was added to 0.1 

mM, and this was left overnight at -80
o
C. Once thawed the cells were sonicated with 2 x 

1 min bursts at maximum power with a 75% pulse using a Misonix Sonicator Ultrasonic 

Processor XL. The bacterial debris was then pelleted by centrifugation at 17,000 g for 

20 min.  

 

Thioredoxin fused protein was isolated by metal ion affinity chromatography. An 

iminodiacetic acid (IDA) nickel-sepharose column was equilibrated with NTA buffer I 
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and the bacterial lysate passed over. The column was then washed with 10 column 

volumes of NTA buffer I and the fusion protein was eluted from the column in 10 mL 

elution fractions of NTA buffer II. The column was washed with 10 mL NTA buffer III 

with 1 M imidazole after use to ensure all protein had been eluted off. Fusion protein 

was cleaved using 3C protease (at 1/100 w/w of the estimated amount of fusion protein) 

in 1 mM dithiothreitol (DTT); this was incubated overnight at 4
o
C. Cleavage was 

confirmed by SDS-PAGE and the protein dialysed into NTA buffer III. Cleaved protein 

was purified from thioredoxin through Ni-NTA affinity chromatography. The Nickel 

column used in the initial isolation of fusion protein was equilibrated with NTA buffer 

III. Cleaved protein was passed over the column and passed through it, although NTA 

buffer III with 5 mM imidazole was occasionally required to elute protein. 

 

Cleaved protein was further purified through ion exchange chromatography. Typically 

protein was dialysed into 20 mM NaPO4 pH 8.0. Ion exchange chromatography was 

performed on a MonoS 5/50 GL (GE Healthcare) connected to an Ӓkta FPLC system. 

20 mM NaPO4 pH 8.0 was used as a running buffer at a flow rate of 2 mL/min. The 

column was equilibrated with running buffer and 4 mL of concentrated protein was 

loaded onto the column. A gradient of elution buffer (20 mM NaPO4 pH 8.0, 1 M NaCl) 

to 40% over 20 mL was used to elute the protein from the column. 

 

For protein crystallography and quantitative binding analysis, size exclusion 

chromatography was performed to further purify the protein solution. Size exclusion 

chromatography was performed on a Superdex 75 10/300 GL (GE Healthcare) 

connected to an Ӓkta fast protein liquid chromatography (FPLC) system. PBS pH 7.4 or 

HBS-EP was used as running buffers at 1 mL/min. After washing the column with 

running buffer, 100 µL of concentrated protein was loaded onto the column. Fractions 

were collected by peak absorbance at 280 nm. 
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2.5.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE) 

a) Preparation of polyacrylamide gels 

Acrylamide minigels ranging from 10-17% were used for one dimensional gel-

electrophoresis under denaturing conditions. The separating gel was prepared by 

combining 30% acrylamide solution (29% w/v acrylamide, 1% w/v bisacrylamide) with 

solution B (0.4% w/v SDS, 1.5 M Tris pH 8.8), H2O, TEMED, and 10% v/v ammonium 

persulphate (APS) as listed in Table 2.3. A thin layer of water saturated butanol was 

layered onto the gel to generate a sharp interface between separating and stacking gels. 

The butanol was removed once the gel had set. A stacker gel with an inserted comb was 

prepared over the separating gel by combining 30% acrylamide solution, with solution 

C (0.4% w/v SDS, 0.5 M Tris.Cl pH 6.8), H2O, TEMED, and 10% v/v APS as listed in 

Table 2.3. 

Table 2.3 Recipes for separating and stacking portions of SDS-PAGE gels 

Separating gels 10% 12.5% 17% Stacking gels   

30% acrylamide 3.3 mL 4.2 mL 5.7 mL 30% acrylamide 0.5 mL 

Solution B 2.5 mL 2.5 mL 2.5 mL Solution C 0.83 mL 

H2O 4.2 mL 3.3 mL 1.8 mL H2O 2.0 mL 

10% APS 60 μL 60 μL 60 μL 10% APS 40 μL 

TEMED 8 μL 8 μL 8 μL TEMED 3.3 μL 

Volumes listed produce two minigels 

 

b) Electrophoresis of proteins 

Protein samples were mixed with an equal volume of 2x SDS-PAGE denaturing loading 

buffer and incubated at 95
o
C for 2 min before loading into the wells of the stacking gel. 

Gels were run at 20 mA (200 V) in SDS-PAGE running buffer. A Benchmark
TM

 pre-

stained protein ladder (Life Technologies) was included in one lane. 
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c) Coomassie blue staining of proteins in SDS-PAGE gels 

Gels were stained for 30 min in Coomassie Blue stain. De-staining was carried out with 

25% v/v ethanol and 8% v/v acetic acid. Staining and de-staining were performed under 

constant shaking at RT. 

 

d) Silver staining of proteins in SDS-PAGE gels 

Proteins in gels were stained with silver following Coomassie staining to improve the 

level of detection. Following Coomassie de-staining the gel was washed in H2O for 5 

min then incubated in 0.02% w/v NaS2O3 for 1 min, followed by rinsing with H2O. The 

gel was further incubated with 0.1% w/v AgNO3 for 10 min and rinsed with H2O. 

Staining was developed by incubating the gel in 3% w/v Na2CO, 0.05% v/v 

formaldehyde, 0.0004% w/v Na2S2O3 until bands had sufficiently developed then an 

equal volume of 1.3 M acetic acid was added to quench the reaction. 

 

2.5.3 Mass spectrometry analysis 

a) In-gel alkylation and digestion with trypsin for liquid 

chromatography-mass spectrometry (LC-MS) 

Eppendorf tubes were washed with 50% v/v acetonitrile (ACN), 0.1% v/v 

trifluoroacetic acid (TFA) and left to dry. Protein bands stained with Coomassie were 

excised from the gel with a scalpel, cut into 1x1 mm cubes and placed into washed 

eppendorf tubes. The Coomassie stain was removed by rinsing the gel pieces twice in 

200 μL of a 1:1 solution of 0.1 M ammonium bicarbonate (Ambic) and ACN for 45min 

at 37
o
C. The gel pieces were shrunk by adding 100 μL ACN and incubating at RT until 

the pieces became white. The ACN was removed and the gel pieces dried in a 

ThermoSavant SPDspeed Vac D111V vacuum centrifuge for 5 min. The gel pieces 

were re-hydrated in 20 mM DTT, 0.1 M Ambic for 30 min at 56
o
C. Excess liquid was 

removed and the gel pieces shrunk with ACN as described. ACN was removed and 55 

mM iodoacetamide, 0.1 M Ambic was added, this was left to incubate for 15 min at RT 
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in the dark. Excess liquid was removed and the gel pieces were washed once with 0.1 M 

Ambic, the Ambic was removed and the pieces dried in ACN. The ACN was removed 

and the gel pieces were washed with H2O and shrunk in ACN, the ACN was removed 

and the gel pieces were dried in the vacuum centrifuge for 5 min. 

 

Sequence Grade Modified Trypsin (Promega) was prepared to a final concentration of 

0.5 μg/μL according to the manufacturer’s instructions. 10 μL of a 0.1 M Ambic, 10% 

v/v ACN, 0.05 μg/L modified trypsin solution was added to each eppendorf tube 

containing gel pieces. The trypsin was allowed to absorb for 10 min at RT before 40 μL 

of a 0.1 M Tris/HCl pH 9.2, 10% v/v ACN solution was added to completely cover the 

gel pieces, this was left to incubate overnight at 37
o
C in the dark. The liquid was 

collected into fresh ACN/TFA treated eppendorf tubes. Peptides were extracted from 

the gel pieces through two additions of 150 μL 0.1% v/v TFA / 60% v/v ACN with a 30 

min incubation step at 37
o
C, the liquid collected into the same eppendorf tubes as the 

overnight fraction. This collected solution was dried down to an invisible pellet through 

vacuum centrifugation for approximately 10 h. The pellet was re-suspended in 20 μL 

Solvent A (0.1% v/v acetic acid, 0.005% v/v heptafluorobutyric acid) and transferred to 

a Snap Top Vial (Agilent Technologies). Samples were analysed using an Agilent 

Technologies 110 Series LC/MSD Trap through a Zorbax SB-C18 column (150 mm x 

0.5 mm; Agilent Technologies). The data were processed using an Agilent software 

programme and analysed using the MASCOT MS/MS ion search database 

(www.matrixscience.com). 

 

b) Matrix-assisted laser desorption/ionisation-time of flight mass 

spectrometry (MALDI-TOF MS) 

Alternatively, for MALDI-TOF MS, protein bands stained with Coomassie were 

excised from the gel with a scalpel, cut into 1x1 mm cubes, and placed into eppendorf 

tubes. Samples were sent to the Centre for Genomics and Proteomics Protein Analysis 

Facility, The University of Auckland, for tryptic digestion and MALDI-TOF MS. Data 

were analysed using the MASCOT MS/MS ion search database 

(www.matrixscience.com). 



 

 50 

 

c) Mass Spectrometry Data Analysis 

Mass spectrometry analysis data were entered into Mascot (Matrix Science- 

http://www.matrixscience.com). The Mascot MS/MS ions search engine identifies 

matching peptides to the data by comparing them to the primary protein sequence 

database Swiss-Prot (http://www.ebi.ac.uk/swissprot/). Search parameters were set to 

Homo sapiens or bacteria, fixed modification carbamidomethyl (C), and variable 

modification oxidation (M). Search results are located in Appendix 7.3, Appendix, 7.4, 

and Appendix 7.5. Peptides which matched keratin proteins were removed from data 

analysis as resulting from minor skin contamination. 

 

2.5.4 Western analysis of proteins 

Following separation by SDS-PAGE proteins were transferred to a nitrocellulose 

membrane using a TE77 semi-dry transfer unit (Hoefer) with Towbin’s buffer. The 

efficiency of protein transfer was checked by reversible staining of the membrane with 

Ponceau S stain and de-stained with H2O. The membrane was blocked with 5% w/v 

milk powder in TBS-T for 1 h at RT with constant shaking. The membrane was washed 

by 3 x 5 min incubations in TBS-T with constant shaking before probing with a 1:1000 

dilution of probe (typically 1 µg/mL final concentration of protein or primary antibody) 

in TBS-T for 1 h at RT with constant shaking. The wash step was repeated and if 

additional layers were required for horse radish peroxidase (HRP) detection the 1 h 

incubation was repeated with secondary or tertiary antibodies, typically at a 1:10,000 

dilution in TBS-T, followed by washing as above. Immobilised protein complexes were 

visualised by chemiluminescence using SuperSignal
®
 West Pico Chemiluminescent 

Substrate (Thermo Scientific) and images were captured using a LAS-3000 imager 

(Fujifilm) with Image Reader LAS-3000 (Fujifilm) software. 
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2.5.5 Coupling protein to sepharose 

Cyanogen bromide (CnBr) activated sepharose (GE Healthcare) was added to 1 mM 

HCl and allowed to swell; 1 g of activated sepharose powder gives a final volume of 3.5 

mL. The swelled sepharose was transferred to a glass vacuum filter and washed with 

excess 1 mM HCl. This was re-suspended in 1 mM HCl, and the resulting slurry used 

for coupling to a desired protein. The HCl was removed and the sepharose washed once 

with PBS pH 8.0. The protein, diluted to 2 mg/ml with PBS pH 8.0, was added to the 

sepharose beads; 6-7 mg of protein per mL of sepharose beads was used. This was left 

rotating gently overnight at 4
o
C to allow protein binding to sepharose. The remaining 

protein in PBS was removed and replaced with an equal volume of 100 mM Tris pH 

8.0/150 mM NaCl. The solution was mixed gently with the beads, left to settle before 

the supernatant was removed and replaced with another equal volume of 100 mM Tris 

pH 8.0/150 mM NaCl. This was then left overnight at 4
o
C without rotation to block the 

remaining binding sites on the sepharose. The Tris/NaCl solution was removed and the 

sepharose washed six times with PBS pH 8.0 with 0.1% sodium azide. After the final 

wash an equal volume of PBS/sodium azide was added to the beads to make a 1:1 slurry 

and stored at 4
o
C. Control sepharose was prepared using PBS pH 8.0 in place of protein. 

 

2.5.6 Fluorescent labelling of proteins 

a) Fluorescein Isothiocyanate (FITC) labelling of protein 

All steps for FITC and other fluorescent labelling of proteins were performed in low 

light or dark conditions. FITC (Molecular Probes) was dissolved at 4 mg/mL in 

dimethyl sulfoxide (DMSO) and immediately used for coupling. The FITC solution was 

added to a 2 mg/mL protein solution to a final ratio of 1:20 label to protein. The reaction 

was left to incubate overnight at 4
o
C. Unconjugated FITC was removed by gel filtration 

through a G25 sephadex column (GE Healthcare) using gravity feed, followed by 

extensive dialysis into PBS. Fractions with an optimal ratio of fluorescein to protein 

(OD495 nm: OD280 nm) between 0.3 and 0.7 were used for future experiments. 
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b) Cy5 labelling of protein 

Cy5 labelling was performed using a FluoroLink
TM 

Cy5 Reactive Dye kit (GE 

Healthcare). Protein at 1 mg/mL in PBS was conjugated to Cy5 by an overnight reaction 

at 4
o
C with constant rotation. Unconjugated Cy5 was removed by gel filtration through 

a G25 sephadex column using gravity feed. The dye to protein ratio (OD649 nm: 

OD280nm) was typically 0.8. 

 

c) Alexa-Fluor labelling of protein 

Amine reactive Alexa Fluor 488 and Alexa Fluor 647 were coupled to protein according 

to the manufacturer’s instructions. Alexa Fluor succinimidyl ester (Life Technologies) 

label was dissolved into DMSO at 10 mg/mL; protein was prepared at 10 mg/mL in 

PBS with 0.1 M NaHCO3 pH 8.3. Label was added to protein at a ratio of 1:50 label to 

protein and left to incubate at RT for 1 h or overnight at 4
o
C with constant rotation. 

Unconjugated label was removed by gel filtration through a G25 sephadex column 

using gravity feed followed by extensive dialysis into PBS. The efficacy of coupling or 

degree of labelling (DOL) was determined by UV spectroscopy of protein at 280 nm 

and 488 or 647 nm for Alexa Fluo 488 and Alexa Fluor 647 respectively. The DOL was 

determined using the equation DOL = (Amax x MW) / ([protein] x εdye) where Amax is the 

absorbance maximum of the dye, MW is the molecular weight of the protein, and εdye is 

the extinction coefficient of the dye at its absorbance maximum. The DOL was typically 

1.0. 

 

2.5.7 Biotinylation of SSL4 

EZ-link Sulfo-NHS-LC Biotin (Thermo Scientific) was dissolved at 10 mM into H2O 

and added to 2 mg/mL SSL4 in PBS at a ratio of 1:5 biotin to protein. This reaction was 

left to incubate in low light or dark conditions for 1-2 h at RT with constant rotation. 

Unconjugated biotin label was removed by extensive dialysis into PBS. Coupling of 

biotin to protein was confirmed by western analysis of the conjugated protein using the 

probe streptavidin-HRP (BD Pharmingen). 
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2.5.8 Production of anti-SSL4 antibodies 

A New Zealand white rabbit was maintained at the Vernon Jansen Unit, Auckland, and 

injected into the peritoneal cavity with 100 µg of SSL4-Newman in Freud’s Incomplete 

Adjuvant once a month for 3 months. The rabbit was culled and the blood was collected 

by heart puncture into 50 mL conical plastic tubes. The blood was allowed to clot and 

the serum was recovered by centrifugation at 1,250 g for 20 min, filter sterilised, 

aliquoted, and stored at -20
o
C. 

 

The rabbit sera was passed through a POROS A 20 µm (Protein A) column (Life 

Technologies) using an Ӓkta FPLC system to purify antibodies. The bound fraction 

containing antibodies was eluted with 10 mM glycine-HCl pH 2.0 into an equal volume 

of 100 mM Tris-HCl pH 8.0 and dialysed into PBS. This elution was then passed over a 

column of SSL4 coupled CnBr sepharose to purify SSL4 specific antibodies. These 

were eluted with 10 mM glycine-HCl pH 2.0 into an equal volume of 100 mM Tris-HCl 

pH 8.0 and dialysed into PBS for future use. 

 

2.5.9 Preparation of human plasma and serum 

All blood was collected by skilled colleagues from consenting healthy volunteers, 

including male and females aged 21-50 

 

a) Plasma 

For plasma (up to approximately 25mL), blood was collected into potassium EDTA - 

containing Vacutainer tubes (BD Biosciences). Blood was layered over Histopaque 

1077 (Sigma) which was layered over Histopaque 1119 (Sigma). The tubes were 

centrifuged at 700 g for 30 min allowing a gradient separation of blood components. 

The top yellow plasma layer was removed first and aliquoted for later use. Plasma was 

stored at 4
o
C if used within 24 h otherwise was stored at -20

o
C. 
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b) Serum 

For serum blood was collected into Serum non-gel with silica Vacutainer tubes (BD 

Biosciences) and allowed to clot for 30 min at RT. The tubes were spun at 1,250 g for 

20 min at 4
o
C. The serum was collected as the top yellow layer and stored at 4

o
C if used 

within 24 h or -20
o
C for periods no longer than 60 h. 

 

2.5.10 Preparation of glycan array samples 

Preparation of SSL4 to be submitted to the Centre for functional Glycomics 

(http://www.functionalglycomics.org; Scripps Research Institute, San Diego, California) 

was performed by Dr. Ries Langley. The truncated variant of SSL4-NU9325 was 

labelled with FITC and prepared at a final concentration of 200 µg/mL in 20 mM Tris-

HCl, 150 mM NaCl, 2 mM CaCl2, 2 mM MgCl2, 0.05% v/v Tween 20 with 1% w/v 

Bovine Serum Albumin (BSA). Binding was analysed at 100 µg/mL to 320 glycans 

arrayed on a glass slide. Relative binding was measured as relative fluorescent units 

(RFU). 

 

2.5.11 Pulldown assay 

Protein coupled slurry (20 μL) was added to 100 μL of plasma and 400 μL of PD Buffer 

1. Following incubation at room temperature for 30 min rotating slowly, the sepharose 

beads were spun down at 16,000 g and the supernatant removed. The beads were 

washed three times with PD Buffer I, once with PD Buffer II, and once with PD Buffer 

III. All traces of buffer were removed using a Hamilton syringe. The sepharose beads 

were then re-suspended in an equal volume (10 μL) of 2x SDS running buffer, boiled at 

95
o
C for 2 min, and the product run on an SDS-PAGE gel and visualised by coomassie 

staining (see 2.5.2). 
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2.5.12 Biosensor analysis of SSL interactions with sLe
x
 and sLacNac 

Biosensor analysis of SSL interactions with sLe
x
 and sLacNac were performed using 

two separate methods during the course of this study. Initially experiments were 

performed to analyse the affinity of SSL4 for sLe
x
 using the same methods as used for 

SSL11 (Chung et al. 2007). sLe
x
-BSA (Dextra Laboratories, UK) was coupled by 

carbodiimide chemistry to a CM5 biosensor chip surface using a Biacore
®
2000 (GE 

Healthcare) as per the manufacturer’s instructions. Coupling was typically 200-400RU; 

coupled BSA was used as a control channel. SSL4-Newman and SSL4-R182A were 

freshly purified by size exclusion chromatography; the tailing edge of the peaks were 

used as the analyte (1-0.1 µM) in HBS-EP and were passed over the immobilized ligand 

at 30 µL/min. HBS-EP was used as the running buffer in all reactions. The response at 

equilibrium (Req) was measured as the binding response plateau at 6 min. Equilibrium 

binding data were fitted to a single binding site model using the BIAevaluation 3.1 

software; Req/Bmax = ([SSL4])/(KD + [SSL4]); where Req response at equilibrium, 

Bmax is the maximal bound analyte at calculated saturation, Req/Bmax is the fraction 

of immobilized ligand bound, and KD is the equilibrium dissociation constant. 

 

A variation of this method was used to make comparable data sets for the affinity of 

multiple SSL proteins to sLe
x
 and sLacNac. SLe

x
-BSA and sLacNac-BSA (Dextra 

laboratories, UK) were coupled by carbodiimide chemistry to a CM5 biosensor chip 

surface using a Biacore
®

 T200 (GE Healthcare) as per the manufacturer’s instructions. 

Coupling was typically 100-200RU. SSL11 was kindly prepared by Richard Sequeira. 

SSL4-Newman, SSL11-US6610, SSL4-N181H, SSL4-R182A were freshly purified by 

size exclusion chromatography; the trailing edge of the peaks were used as the analyte 

(8 µM-6.125 nM) in HBS-EP+ (0.01 M HEPES pH7.4, 0.15 M NaCl, 3 mM EDTA, 

0.05% Surfactant P20, GE Healthcare) and were passed over the immobilized ligand at 

30 µL/min. HBS-EP+ was used as the running buffer in all reactions. The Req was 

measured as the binding response plateau at 6 min. Equilibrium binding data were fitted 

to a single binding site model using the Biacore T200 Evaluation software; Req/Bmax = 

([SSL])/(KD + [SSL]). 
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2.5.13 Classical and lectin pathway complement enzyme linked 

immunosorbent assay (ELISA) 

For classical pathway complement ELISAs purified human IgG1 at 10 mg/mL was heat 

aggregated at 63
o
C for 15 min. Precipitated proteins were spun and removed. Maxisorb 

ELISA plates (Nunc, Denmark) were coated with 50 µL of heat aggregated IgG (kindly 

provided by Weilin Hou) at 25 µg/mL in coupling buffer overnight at 4
o
C. For Lectin 

pathway complement ELISAs Maxisorb ELISA plates (Nunc, Denmark) were coated 

with 50 µL of Mannan from Saccharomyces cerevisiae (Sigma) at 25 µg/mL in 

coupling buffer overnight at 4
o
C. 

 

Wells were washed three times in ELISA wash buffer and blocked with 1% human 

serum albumin in PBS pH 7.4. Wells were washed as before. Fresh human serum was 

diluted to 2.5% in GHB++ buffer and titrated test protein. 50 µL of this mixture was 

added to the IgG or mannan coated wells and incubated for 30 min for detection of 

MAC deposition. Wells were washed as before and MAC was detected by adding 50 µL 

of rabbit mouse anti-C5b-9 antibody (aE11; Abcam) at 0.25 µg/mL to the wells. Wells 

were washed as before and 50 µL of goat anti-mouse IgG (H/L):HRP (AbD seroTec) 

was added at 0.4 µg/mL. Wells were washed as before and bound secondary antibody 

was detected by adding 50 µL OPD developing solution. The reaction was halted with 

an equal volume of 10% (v/v) HCl. The absorbance was measured at OD490nm on an 

EnSpire 2300 multilabel plate reader (PerkinElmer). Control wells with no serum were 

included to ensure the signal detected was not due to non-specific binding. All 

experiments were performed in duplicates and expressed as the average absorbance 

value ± SD. 

 

2.5.14 Alternative pathway complement ELISA 

S. aureus Newman SpA-, lacking protein A, was grown overnight at 37
o
C in LB broth. 

The bacteria were heat killed at 60
o
C for 90 min then pelleted by centrifugation at 5,000 

g for 5 min. The bacteria were washed with PBS pH 7.4, pelleted as before, and 

resuspended at OD600nm 0.4 (1x10
8
 cells/mL). The bacteria were aliquoted into 1 mL, 
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pelleted by centrifugation at 13,000 g for 1 min, the supernatant was removed, and the 

bacterial pellet stored at -20
o
C. On day of use the bacterial pellet was suspended in 5 

mL of sodium carbonate coupling buffer. Maxisorb ELISA plates (Nunc, Denmark) 

were coated with 50 µL of this bacterial suspension. Wells were washed three times in 

ELISA wash buffer and blocked with 10% FBS in PBS pH 7.4. Wells were washed as 

before. Fresh human serum was diluted to 2.5% in GHB/MgEGTA buffer and titrated 

test protein, 50 µL of this mixture was added to the bacteria coated wells and incubated 

for 30 min for detection of MAC deposition. Wells were washed as before and MAC 

was detected as for the classical and lectin pathway complement ELISAs (see 2.5.13). 

 

2.5.15 Isothermal titration calorimetry (ITC) 

Isothermal titration calorimetry was performed on a VP-ITC calorimeter (MicroCal, 

USA) at 25
o
C in PBS pH 7.4. Prior to each experiment the sample and syringe were 

rinsed in fresh H2O and the experimental buffer. The instrument was calibrated to 25
o
C 

with an initial delay of 600 s. The reference power and filter were set to 300 µcal/s and 

2 s respectively. A typical experiment was performed with approximately 1.4 mL PBS 

pH 7.4 in the cell, stirring at 307 rpm, and approximately 300 µL 500 µM SSL4 in the 

syringe. A total of 28 10.5 µL protein injections at a speed of 0.5 µL/s were performed 

and the heat evolved was measured. An interval of 400 s between each consecutive 

injection was allowed for the heat signal to return to baseline. The heat evolved from the 

dilution of PBS alone was also measured as a background control. All data were fitted 

using Origin software (OriginLab, USA). 

 

2.6. Cell biology 

2.6.1 Purification of whole blood leukocytes 

Human leukocytes were purified from blood collected in sodium heparin Vacuette tubes 

(Griener Bio One). RBC lysis buffer was prepared by diluting 5 mL of 10x RBC lysis 

buffer into 40 mL H2O; this was then warmed to 20
o
C. A total 5 mL of fresh human 

blood was then added to this. The reaction was incubated with constant rotation until the 
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erythrocytes were lysed, before centrifugation at 400 g for 5 min. The cells were washed 

and re-suspended in PBS-0.5% BSA at 1x10
6 
cells/mL. 

 

2.6.2 Isolation of peripheral blood mononuclear cells (PBMCs) and 

granulocytes 

Fresh blood was collected in potassium EDTA - containing Vacutainer tubes (BD 

Biosciences). A total of 5 mL of blood was layered over 2.5 mL of Histopaque 1077 

(Sigma) which was layered over 2.5 mL of Histopaque 1119 (Sigma), then centrifuged 

at 700 g for 30 min with low brakes. The separation resulted in layering of blood 

fractions with plasma, PBMCs, granulocytes, and RBCs from top to bottom. PBMCs 

include monocytes and lymphocytes, while granulocytes include mainly neutrophils 

with some eosinophils. The desired interface was carefully collected and the cells were 

washed once in PBS and centrifuged for 5 min at 400 g with low brakes. For 

granulocytes, contaminating erythrocytes were lysed by hypotonic saline lysis. The cells 

were re-suspended in 25 mL 0.2% w/v NaCl for no more than 30 s before adding 25 mL 

of 1.6% w/v NaCl. The cells were then washed with PBS as before and re-suspended at 

the desired concentration and in the desired buffer. 

 

2.6.3 Neuraminidase treatment of cells 

Granulocytes were re-suspended at 1x10
7
 cells/mL in 150 mM NaCl, 5 mM CaCl2 pH 

6.0. The cells were incubated with or without neuraminidase (25 U/mL – New England 

Biolabs) for 1 h at 37
o
C and 5% CO2 with occasional mixing. The cells were 

centrifuged for 5 min at 400 g with low brakes, washed with PBS, centrifuged as before 

and re-suspended at the desired concentration and in the desired buffer. 

 

2.6.4 Flow cytometry 

To determine leukocyte populations bound by SSL4, cells were prepared by ammonium 

chloride RBC lysis (see 2.6.1), re-suspended at 1x10
7
 cells/mL in PBS-0.5% BSA, and 
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aliquoted at 100 µL per sample. 0.5 µM FITC labelled SSL4-Newman and 5 µL/mL 

CD14-PE (M5E2, BD pharmingen), CD3-PE, CD10-PE, or CD19-PE (SN5c, MEM-57, 

and LT19 respectively, Serotec) were added to the cells for 30 min at 37
o
C before they 

were washed twice by centrifugation at 400 g for 5 min and re-suspended in 0.5 mL 

PBS-0.5% BSA, and analysed on a BD LSR II Flow Cytometer with FACSDiva 

software (BD Biosciences). Cell populations were gated based on size and granularity 

(e.g. granulocytes, monocytes, and lymphocytes). 

 

To determine granulocyte binding by SSL4, granulocytes were prepared as described 

(see 2.6.2), re-suspended at 1x10
7
 cells/mL in PBS-0.5% BSA, and aliquoted at 100 µL 

per sample. Each sample was incubated for 30 min at 37
o
C with 0.5 µM of FITC 

labelled SSL4-Newman or SSL4-R182A, washed twice by centrifugation at 400 g for 5 

min and re-suspended in 0.5 mL PBS-0.5% BSA. The cells were vortexed and analysed 

by flow cytometry using a BD LSR II Flow Cytometer with FACSDiva software (BD 

Biosciences). Reactions were also performed on neuraminidase treated cells. 

 

For complementary binding studies, granulocytes were prepared as described (see 

2.6.2), re-suspended at 1x10
7
 cells/mL in PBS-0.5% BSA, and aliquoted at 100 µL per 

sample. 0.01 µM Alexa Fluor 488 labelled SSL4 and SSL11 were added to neutrophils 

with 0.1 µM SSL4, SSL11, or SSL4-N181H for 30 min at 37
o
C before being washed 

twice by centrifugation at 400 g for 5 min and re-suspended in 0.5 mL PBS-0.5% BSA, 

and analysed on a BD LSR II Flow Cytometer with FACSDiva software (BD 

Biosciences). 

 

Analysis for all flow cytometry data were performed using FlowJo software. 

 

2.6.5 In vitro granulocyte migration assay 

BD Falcon 35 x 10 mm Cell Culture dishes were filled with 3 mL of 40% RPMI 10% 

FBS 49% HBSS and 1% agarose, allowed to set, and stored at 4
o
C. A 3 mm biopsy 
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punch was used to make a row of 3 holes in the agar 2.3 mm apart. The plates were then 

warmed to 37
o
C prior to use. Granulocytes were prepared as described (see 2.6.2) and 

re-suspended at 5x10
6
 cells/mL in PBS. Calcein-AM at 1 µM was added to the 

granulocytes and incubated for 30 min at 37
o
C. The granulocytes were washed by 

centrifugation at 400 g for 5 min and re-suspended at 5x10
6
 cells/mL in PBS. For SSL 

treatment granulocytes were incubated with SSL4-Newman or SSL4-R182A at 0.01-

1µM for 30 min at 37
o
C. The granulocytes were then washed as before and re-

suspended at 1x10
7
 cells/mL in assay buffer (50% HBSS, 40% RPMI, 10% FBS) prior 

to use. Activated serum or recombinant C5a was used as a chemoattractant. For 

activated serum, serum was collected as described (see 2.5.9b). Heat killed. S. aureus 

Newman was grown overnight at 37
o
C in TSB media. Bacteria were washed several 

times with PBS by centrifugation at 4,000 g for 5 min, re-suspended in 5 mL PBS, and 

heat killed for 15 min at 75
o
C. Bacteria were vortexed well before and after heat 

treatment. Bacteria were washed as before with PBS and re-suspended at an OD600nm of 

2.0 (5x10
8
 cells/mL). Serum was activated by combining 75% serum and 10% bacteria 

in assay buffer with SSL4-Newman or SSL4-R182A at 0.01-1µM and incubating for 45 

min at 37
o
C. The bacteria were then removed by centrifugation at 4,000 g for 5 min. 

Either 0.54 µg of C5a in 10 µL of PBS, kindly provided by Fiona Clow, or 10 µL 

activated serum was then added to one outside well of each dish, 10 µL assay buffer 

was added to the other outside well. The dishes were then incubated for 15 min at 37
o
C 

with 5% CO2 to allow a chemoattractant gradient to form before 10 µL of granulocytes 

were added to the centre well. The dishes were incubated for 2 h at 37
o
C with 5% CO2 

and the wells were replenished with assay buffer as required to prevent desiccation. The 

dishes were visualised on a Nikon Eclipse TE2000-S microscope and a Nikon Digital 

Sight DS-U1 Camera System. Photos were captured with ACT-2U imaging software 

(Nikon). The distance travelled by the leading 5 granulocytes was measured after it was 

ensured no migration had occurred toward to the assay buffer only control well. 

 

2.6.6 Granulocyte aggregation assay 

A total of 250 µL granulocytes at 5x10
6
 cells/mL were incubated with SSL/SSLs 

(SSL3-N315, SSL4-Newman, SSL5-Newman, SSL6-Newman, and SSL11-US6610) at 

the desired concentration (0.06-2 µM) for 30 min at RT. The cell suspension was then 
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added to a 96 well plate (BD) and visualised using light microscopy on a Nikon Eclipse 

TE2000-S microscope and a Nikon Digital Sight DS-U1 Camera System. Photos were 

captured with ACT-2U imaging software (Nikon). 

 

2.6.7 In vitro granulocyte rolling assay 

Microchambers were prepared as follows. Capillary tubes (VD/3530-050 – Camlab, 

UK) were cleaned in 50% nitric acid by complete immersion, allowing the acid to fill 

the tube by capillary action, for 24 h in a fume cupboard. The tubes were blotted onto 

tissue paper to drain the acid, rinsed with H2O and again blotted onto tissue paper. 

Anhydrous acetone was drawn through the tubes to remove traces of water before filling 

the tubes with 4% w/v 3-Aminoprpyl-triethoxtilane (APES) in anhydrous acetone by 

capillary action and incubating for 30 s. The APES was removed from the tubes by 

blotting onto tissue paper, replaced with fresh 4% APES in anhydrous acetone, and the 

tubes incubated for 30 s. The tubes were blotted onto tissue paper, rinsed with 

anhydrous acetone, rinsed with H2O, and allowed to dry in a 37
o
C 5% CO2 incubator. 

The microchambers were coated with purified human P-selectin (Calbiochem) at 1 

µg/mL in PBS for 1 h before blocking with PBS-1% BSA for 1 h prior to use. For pre-

soaked tubes, SSL4-Newman was incubated in the tube for 10 min immediately prior to 

use. 

 

Granulocytes were prepared as described (see 2.6.2) and re-suspended in Dulbecco’s 

PBS with CaCl2 and MgCl2 at 1x10
6
 cells/mL. SSL4-Newman, SSL4-R182A, SSL11-

US6610, anti-sLe
x
 mAb (KM93), or PBS was incubated with 1 mL of granulocytes for 

10 min at 37
o
C. The cell suspension was perfused through a microchamber at a rate of 

0.3 mL/min (0.8 dyn/cm
2
) at RT by a Harvard Apparatus syringe pump. Cell binding to 

the microchambers was visualised with an Axiovert S100 microscope over 3 separate 

fields for 1 s. Digital videos were captured with an Axiocam MR-3 camera and analysed 

with Axiovision 4.5 software. 
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2.6.8 Granulocyte phagocytosis assay 

Granulocytes were prepared as described (see 2.6.2) and re-suspended at 1x10
7
 cells/mL 

in assay buffer (PBS containing 0.5% w/v BSA, 0.5 mM MgCl2, 1 mM CaCl2) prior to 

use. Included in this assay were samples of granulocytes re-suspended at 2x10
6
 cells/mL 

in assay buffer and treated with 0.1 µM SSL4-Newman or SSL4-R182A for 15 min at 

37
o
C, washed with PBS, and re-suspended at 1x10

7
 cells/mL in assay buffer prior to 

use. S. aureus pUNK: gfpLux was grown overnight at 37
o
C in TSB media with 5 µg/mL 

erythromycin. Bacteria were washed several times with PBS by centrifugation at 4,000 

g for 5 min, re-suspended in 5 mL PBS, and heat killed for 15 min at 75
o
C. Bacteria 

were vortexed well before and after heat treatment. Bacteria were washed as before with 

PBS and opsonised by re-suspension at an OD600nm of 0.04 (1x10
7
 cells/mL) in PBS 

with 5% v/v fresh human serum prepared as described (see 2.5.9b) for 15 min at RT. 

Included in this opsonisation reaction were samples incubated with 0.1 µM SSL4-

Newman or SSL4-R182A. Negative controls included non-opsonised bacteria. Bacteria 

were washed and re-suspended at an OD600nm of 0.04 (2x10
7
 cells/mL) in assay buffer. 

A total of 1.8 mL of bacterial suspension was added to 0.2 mL granulocytes per sample 

and phagocytosis was allowed to proceed for 15 min at 37
o
C with occasional mixing. 

Included in this phagocytosis reaction were samples incubated with 0.1 µM SSL4-

Newman or SSL4-R182A. Cells were washed by centrifugation at 400 g for 5 min and 

re-suspended in PBS-0.5% w/v BSA to remove unbound bacteria. Surface bound 

bacteria were removed by the addition of lysostaphin (Sigma-Aldrich) to 10 µg/mL for 

20 min at 37
o
C. Cells were washed as before and re-suspended again in PBS-0.5% BSA 

then analysed on a BD LSR II Flow Cytometer with FACSDiva software (BD 

Biosciences). Analysis of the data were performed using FlowJo software. 

 

2.6.9 Granulocyte apoptosis assay 

Granulocytes were prepared as described (see 2.6.2) and re-suspended at 5x10
6
 cells/mL 

in PBS with 1 µM SSL4-Newman, SSL11-US6610, or SSL4-R182A. Cells were 

incubated at 37
o
C with 5% CO2 for 0.5-5 h with occasional mixing. A positive control 

was prepared as follows. Neutrophils were suspended in 5 mL of RPMI-10% FBS at 

2x10
5
 cells/mL. The cells were UV irradiated by a transilluminator for 7.5 min, washed 
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by centrifugation at 400 g for 5 min and re-suspended in 500 µL fresh RPMI and 

incubated at 37
o
C with 5% CO2 for 2 h. All samples were then washed as before and re-

suspended in Calcium buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 10 mM glucose, 5 

mM KCl, 1 mM MgCl2, 2.5 mM CaCl2). AnnexinV-FITC, kindly been prepared by 

Fiona Clow, was added to samples to give optimal fluorescence for the UV treated 

positive apoptotic control samples. The reaction was incubated in the dark for 30 min at 

RT. Each sample was washed as before and re-suspended in Calcium buffer; propidium 

iodide (PI; Life Technologies) was added to 1 µg/mL and the samples were analysed on 

a BD LSR II Flow Cytometer with FACSDiva software (BD Biosciences). Analysis of 

the data were performed using FlowJo software.   

 

2.6.10 Cell cross-linker assay 

SSL4 was coupled to the biotin label transfer reagent Sulfo-SBED (Pierce) according to 

the manufacturer’s instructions. A total of 2 µL Sulfo-SBS at 45 mg/mL was directly 

added to 750 µL SSL4-Newman at 1 mg/mL and the reaction was incubated at 4
o
C for 2 

h with constant rotation. Uncoupled Sulfo-SBED was removed by extensive dialysis 

into PBS. Granulocytes and human monocyte derived macrophages in 6 well plastic 

plates (BD) were prepared as described (see section 2.6.11) and incubated with 2 µM 

SSL4-crosslinker and 1.5 µM SSL4-crosslinker respectively for 30 min at 37
o
C in 

Dulbecco’s PBS with Ca
2+

 and Mg
2+

. The cells were washed with PBS and placed on a 

UV transilluminator for 10 min, 10-15 cm from the lamp. An EDTA free protease 

inhibitor cocktail tablet was added to 10 mL of lysis buffer and the cells were lysed with 

1 mL of lysis buffer-inhibitor for 1 h at RT. Lysed cells were scraped off and stored at -

80
o
C for further analysis. For isolation of biotin labelled proteins, 50 µL streptavidin 

coupled beaded agarose (Sigma) was added to 500 µL cell lysate and incubated for 30 

min at RT with rotation. Excess fluid was removed and the agarose was washed twice 

and re-suspended in PBS.  
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2.6.11 Preparation of live cells for confocal microscopy 

Freshly isolated granulocytes (see 2.6.2) were suspended at 1x10
6
 cells/mL and allowed 

to adhere on to a poly-D-lysine coated 2.3 cm glass plate (World Precision Instruments) 

in 2 mL Dulbecco’s PBS without Ca
2+

 and Mg
2+ 

(Sigma) for 30 min at RT. Monocyte 

derived macrophages were prepared as described (Daigneault et al. 2010). In short, 

human PBMCs were collected as described (see 2.6.2). Human serum was prepared as 

described (see 2.5.9b). PBMCs at 1x10
6
 cells/mL were plated on to a poly-D-lysine 

coated 2.3 cm glass plate in 2 mL RPMI 1640 media with L-glutamine and sodium 

bicarbonate (GIBCO) containing 10% human serum and incubated at 37
o
C and 5% 

CO2. After 24 h non-adherent cells were removed and adherent cells were cultured in 2 

mL RPMI with 10% FBS (Life Technologies) at 37
o
C and 5% CO2 for 14 d. To prepare 

primary monocytes PBMCs at 2x10
6
 cells/mL were plated on to a plastic 2.3 cm plate in 

2 mL RPMI with 10% FBS (Life Technologies) and incubated at 37
o
C and 5% CO2 for 

1 h. Selection was by plastic adhesion and non-adherent cells were removed through 

PBS washing. Cell coated plates were washed and incubated with 0.2 µM Alexa Fluor-

647 (Life Technologies) labelled SSL4-Newman 0.2 µM Alexa Fluor-488 (Life 

Technologies) labelled SSL11-US6610 as appropriate in 1 mL Dulbecco’s PBS with 

Ca
2+

 and Mg
2+

 (Sigma) for 30 min at 37
o
C, or 4

o
C. The cells were washed and re-

suspended in Dulbecco’s PBS without Ca
2+

 and Mg
2+

 then visualised using an Olympus 

FV1000 confocal laser scanning microscope with FV10-ASW software (Olympus). 

 

For additional staining cells were also incubated, prior to addition of fluorescently 

labelled SSL, with subcellular component markers. For Tubulin staining cells were 

incubated with 200 nm Tubulin Tracker Green (Life Technologies) in 0.5 mL Hank’s 

buffered salt solution (HBSS; Sigma) for 30 min at 37
o
C in 5% CO2. For golgi 

apparatus staining cells were incubated with 5 µM NBD C6-Ceramide-BSA (Life 

Technologies) in 0.5 mL HBSS for 30 min at 4
o
C. Ceramide is a lipid molecule 

composed of a sphingosine and a fatty acid that selectively stains the golgi, NBD is an 

attched fluorophore. For endoplasmic reticulum (ER) staining, cells were incubated with 

1 µM ER-Tracker Green (Life Technologies) in 0.5 mL HBSS for 30 min at 37
o
C in 5% 

CO2. Cells were washed with Dulbecco’s PBS without Ca
2+

 and Mg
2+

 before staining 

with SSL. 
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Heat killed S. aureus for live cell staining with granulocytes were prepared as follows. 

An overnight culture of S. aureus Newman pUNK: gfp.lux was grown in TSB media 

with 5 µg/mL erythromycin and 10 µM ferric chloride. Gfp is constitutively expressed 

under the fdh promoter. The bacteria were centrifuged and washed several times with 

PBS. S. aureus was finally re-suspended at an OD600nm of 0.04 (2x10
7
 cells/mL) in PBS. 

The bacteria were heat killed at 75-80
o
C for 10-15 min. The heat killed S. aureus were 

then washed and re-suspended at an OD600nm of 0.04 (1x10
7
 cells/mL) in Dulbecco’s 

PBS containing MgCl2 and CaCl2. The bacteria were then spun at 1,000 g and the 

supernatant, which contains mostly individual or small clumps of bacteria, was used. 

Granulocytes were prepared as described (see 2.6.2) and re-suspended at 1x10
6
 cells/mL 

using the heat killed S. aureus supernatant. Cy-5 labelled SSL4-Newman at 0.1 µM was 

added and the cells were incubated at 37
o
C in 5% CO2 for 30 min in the dark. The cells 

were washed and re-suspended in 1 mL Dulbecco’s PBS without CaCl2 and MgCl2, 

placed in a poly-D-lysine coated 2.3 cm glass plate (World Precision Instruments), and 

visualised using an Olympus FV1000 confocal laser scanning microscope with FV10-

ASW software (Olympus). 

 

2.6.12 Preparation of slides for confocal microscopy 

Human monocyte derived macrophages were prepared in poly-D-lysine coated 2.3 cm 

glass plates (World Precision Instruments) as described (see 2.6.11). The cells were 

washed with PBS before being fixed with 1 mL cold methanol on ice for 5 min. The 

cells were then washed several times with PBS before being permeabilised with 1 mL 

0.2% w/v saponin for 10 min at RT. The cells were washed several times with PBS 

before blocking with PBS-1% BSA containing 10% v/v goat serum (Innate 

Theraputics). The cells were washed with PBS-1% BSA and stained with mouse 

primary antibodies at 1 µg/mL or ER Tracker Green (Life Technologies) in PBS-1% 

BSA for at 5 µM for 1 h at RT. Primary antibodies used were mouse anti-Vimentin and 

mouse anti-protein disulphide isomerase (PDI) (V9 and RL90 respectively; Abcam).The 

cells were washed with PBS-1% BSA, stained with secondary Alexa Fluor-594 labelled 

goat anti-mouse-IgG (Life Technologies) in PBS-1% BSA for 1 h at RT. The cells were 

washed with PBS-1% BSA, and stained with 0.2 µM Alexa Fluor-488 labelled SSL4-

Newman in PBS-1% BSA for 30 min at RT. The cells were washed with PBS-1% BSA, 
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the glass was removed from the dish, mounted on a clean microscope slide, and 

visualised using an Olympus FV1000 confocal laser scanning microscope with FV10-

ASW software (Olympus).  

 

2.6.13 Subcellular fractionation of granulocytes 

Freshly isolated granulocytes (see 2.6.2) were suspended at 1x10
7
 cells/mL in 8mL 

Dulbecco’s PBS with Ca
2+

 and Mg
2+

 (Sigma) and treated with 1 µM SSL4-Biotin (see 

2.5.7) for 30 min at 37
o
C. The granulocytes were washed twice by centrifugation at 400 

g for 5 min and re-suspended in 8 mL relaxation buffer (HBSS [Sigma] with 2.5 mM 

MgCl2, and 0.5 mM PMSF). Cells were disrupted by nitrogen cavitation at 400 psi for 

20 min in a Kontes mini-bomb tissue disruptor. The cavitate was collected drop wise 

into EGTA, to a final concentration of 1.25 mM. Nuclei and intact cells were pelleted 

by centrifugation at 400 g for 15 min. A two layer Percoll density gradient was prepared 

by mixing Percoll stock solution (GE Healthcare) with H2O and 1/10 of the final 

volume of a 10-fold concentrated relaxation buffer (10x HBSS [Sigma] with 25 mM 

MgCl2, and 5 mM PMSF) as indicated in Table 2.4. A cushion of 14 mL Percoll density 

1.12 g/mL was gently layered under 14 mL of Percoll density 1.05 g/mL in a 35 mL 

Ultracrimp tube (Thermo Scientific). The post-nuclear supernatant was then layered 

slowly to the top of the Percoll gradient solution to avoid mixing of the layers. The 

gradient was centrifuged at 37,000 g for 30 min at 18
o
C in a Sorvall T-865 fixed angle 

rotor in a Sorvall WX Ultra 100 centrifuge (Thermo Scientific). Fractions of 1 mL were 

collected from the bottom of the tube for analysis. 

 

Table 2.4 Preparation of Percoll solutions of different densities 

Final Density 
(g/mL) 

Final Volume 
(mL) 

Percoll 
(mL) 

10x Relaxation Buffer 
(mL) 

H2O 
(mL) 

1.05 30 10.27 3 16.73 
1.12 30 26.55 3 0.45 
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2.6.14 Gelatinase assay 

SDS-polyacrylamide gels (10%) were prepared as described (see 2.5.2a) with 1% 

gelatin type I (Sigma). The gels were loaded with protein and run as described (see 

2.5.2b). Following electrophoresis of the proteins the gels were removed and incubated 

for 1 h on a rotary shaker at RT covered in gelatinase buffer with 2.5% Triton X-100. 

The buffer was decanted and replaced by gelatinase buffer with 0.02% Tween-20; the 

gels were then incubated at 37
o
C for at least 18 h. The buffer was once again decanted 

and the gels were stained by coomassie blue as described (see 2.5.2c). Gelatinase 

activity in each protein sample was observed as a clearing of the coomassie blue stain. 

 

2.6.15 Myeloperoxidase (MPO) assay 

Protein samples of 100 µL were loaded into wells of a 96 well flat-bottom plate; control 

samples of PBS pH 7.4 only were included. A total of 25 µL of 0.2 M NaPO4 pH 6.2 

and 25 µL of a 1:1 mixture of 3.9 mM o-dianisidine HCl and 15 mM H2O2 were added 

to each sample containing and control well. After 10 min incubation at RT, or sufficient 

colour had developed, the reaction was stopped by the addition of 25 µL 1% sodium 

azide. MPO activity was measured by the change in absorbance over the PBS control 

wells at 450 nm. 

 

2.7. Protein crystallography 

2.7.1 Crystallization of SSL4 and its complex with sLe
x
 

SSL4-Newman crystallization trials were carried out in sitting drops dispensed by a 

Cartesian HONEYBEE
TM

 nanoliter dispensing robot (Genomic solutions
TM

) using a 

480-condition crystallization screen (Moreland et al. 2005) at 18
o
C. Crystals were 

grown in sitting drops in 96-well Intelliplates, using 100 nL protein with 100 nL 

precipitant solution. Manual fine screening was then performed around conditions that 

grew crystals. Following optimization the highest quality SSL4 crystals grew in sitting 

drops of 1 µL SSL4-Newman (14.5 mg/mL in 20 mM Tris pH 7.4, 100 mM NaCl) and 

1 µL precipitant solution (0.2 M bis-tris-propane pH 6.5, 21% MPEG 5000). Crystals 
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were bipyramidal or trapezoidal in shape, visible after several hours, and continued to 

grow for several days. 

 

Crystallization trials were carried out for SSL4-Newman complexed with sLe
x
 (Dextra 

laboratories, UK) as for SSL4. Following optimization the highest quality crystals grew 

in sitting drops of 1 µL protein solution (13.5 mg/mL SSL4-Newman, 10 mM sLe
x
 in 

10 mM Tris pH 7.4, 150 mM NaCl) and 2 µL precipitant solution (0.18 M PIPES pH 

6.7, 28% MPEG 5000).  

 

Crystallization trials were carried out for full length SSL4-Newman as for SSL4. After 

extensive trials small crystals formed in two conditions after several weeks. 

Optimization of crystallization trials did not result in crystal growth. The crystals used 

for data collection were removed from the 480-condition screen and were grown in 100 

nL protein solution (6.2 mg/mL FL-SSL in 20 mM Tris pH 7.4, 150 mM NaCl ) and 

100 nL precipitant solution (0.2M PIPES/KOH pH 6.7, 28% MPEG 5000). These 

crystals were thick plates and were visible after several weeks. 

 

The crystals were mounted in cryoloops, transferred to a cryoprotectant solution that 

consisted of the precipitant solution plus 20% glycerol for the SSL4 crystal, 17% 

glycerol for the SSL4 sLe
x
 complex crystal, 20% glycerol for the full length SSL4 

crystal, and flash-cooled by plunging into liquid nitrogen. 

 

2.7.2 Data collection and processing 

X-ray diffraction data for both SSL4 and SSL4 in complex with sLe
x
 crystals were 

collected at 113 K using CuKα radiation (λ = 1.5418 Å) from a Rigaku Micromax-007 

HF rotating anode generator equipped with Osmic mirrors, an Oxford cryostream, and a 

Mar345 imaging plate system. X-ray diffraction data for full length SSL4 crystals and 

one cocrystal of SSL4 and sLe
x
 were collected at 103 K on beamline MX-1 at the 

Australian Synchrotron facility (Clayton, VIC; http://www.synchrotron.org.au), using 
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an ADSC Quantum 210r Detector and SAM sample loading robot. SSL4 crystal data 

were processed with MOSFLM and scaled with SCALA from the CCP4 Suite 

(Collaborative Computational Project No. 4 1994). The data set was more than 99% 

complete to 1.7 Å resolution with a space group of C2. SSL4 and sLe
x
 complex data 

were integrated using XDS (Kabsch 1993) and scaled with SCALA. The data set was 

more than 99% complete to 2.5 Å resolution with a space group of I222. Full length 

SSL4 data were integrated using XDS and scaled with SCALA. The data set had a space 

group of P422. 

 

2.7.3 Structure determination and refinement 

The SSL4 structure was solved by molecular replacement for a resolution range of 

1.70Å to 27.62Å using PHASER (Storoni et al. 2004). The structures of SSL5 in 

complex with sLe
x
, protein data bank (PDB, http://www.rcsb.org) ID: 2Z8L (Baker et 

al. 2007), and SSL11, PDB ID: 2RDG (Chung et al. 2007) were used as the search 

models. The molecular replacement phases were then used with PHENIX (Adams et al. 

2002) to build two incomplete models of SSL4. This structure was refined through 

cycles of manual model building using COOT (Emsley and Cowtan 2004) and 

refinement using REFMAC5 (Murshudov et al. 1997). Water molecules were included 

in the model if they had good spherical density, reasonable B-factors, and favourable 

hydrogen bonding contacts. Other solvent species were identified from their densities 

and environment, these included one glycerol molecule and 4 chlorine molecules. The 

structure was validated using MOLPROBITY (Davis et al. 2004) and the refinement 

statistics are shown on Table 5.1. 

 

The structure of SSL4 in complex with sLe
x
 was solved by molecular replacement for a 

resolution range of 2.50 Å to 24.42 Å using PHASER (Storoni et al. 2004). The SSL4 

structure was used as a search model. This structure was refined as for the native SSL4 

structure. Well defined density was immediately apparent for the complete sLe
x
 

molecule, however this was not modelled until the protein structure was nearing 

completion. A restraint library for sLe
x
 was developed through the program 

SKETCHER of the CCP4 suite (Collaborative Computational Project No. 4 1994). 
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Water molecules and other solvent species which included one PIPES molecule and two 

chlorine molecules were added as above. The refinement statistics are shown on Table 

5.1. 

 

The crystal structure of full length SSL4 was solved by molecular replacement to a 

resolution of 3.2 Å using PHASER (Storoni et al. 2004). The structure of SSL4 was 

used as a search model to build two incomplete models of full length SSL4. 
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Chapter 3. Investigating the Binding Specificity of SSL4 

3.1. Introduction 

Six SSLs contain a 17 amino acid conserved carbohydrate-binding site in their C-

terminal β-grasp domain. These constitute a sub-family of the larger group of 14 SSLs 

present in all staphylococcal strains (see 1.17.3). Both the carbohydrate specificity and 

the cellular binding profile of SSL5 and SSL11 have been reported previously (Baker et 

al. 2007; Chung et al. 2007). Glycan binding arrays revealed core specificity of the 

carbohydrate binding site for sialyllactosamine (sLacNac - NeuAcα2-3-Galβ1-4-

NAGluc), and cell binding studies showed SSL5 and SSL11 preferentially bind to 

neutrophils and monocytes. Little is known about the cellular targets of these SSLs and 

whether competition takes place between them for cell binding. In addition to the initial 

analysis of the sequence variation of SSL4 alleles prior to protein production, this 

section addresses work performed to characterise the carbohydrate and cell binding 

specificities of SSL4 and to compare it with other members of the carbohydrate binding 

family. This included identifying and quantifying carbohydrate, plasma protein, and cell 

interactions of SSL4. 

 

3.2. Analysis of SSL4 alleles from published S. aureus genomes 

To investigate the allelic variation of SSL4 an alignment of the translated SSL4 amino 

acid sequences from 24 published S. aureus genomes was performed. The sequences 

were picked randomly as a representative of staphylococcal clonal clusters. This 

revealed a maximum of 99% and a minimum of 66% sequence identity between allelic 

variants (Figure 3.1A). Interestingly the majority of sequence variation was found at the 

N-terminus of the protein; a region which also does not align with other similar SSLs 

such as SSL5 and SSL11 (39% and 37% sequence identity respectively; Figure 3.1B). 

Only SSL3, which shares 60% sequence identity with SSL4, contains a similar 

sequence. Removal of the elongated N-terminus increased sequence similarity between 

allelic variants, ranging from 99% to 75%. Fifteen distinct allele types were identified 

by comparing the SSL4 amino acid sequences from the S. aureus strains studied. 
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Figure 3.1 Comparison of the SSL4 sequence between SSL4 alleles and with related SSL sequences 

A Comparison of the amino acid SSL4 sequences from 24 published S. aureus genomes presented as an 

N-J tree where branch length is proportional to sequence divergence. Sequences were obtained from 

National Center for Biotechnology Information (NCBI). B Alignment of SSL4, SSL3, SSL5, and SSL11 

from the MW2 strain of S. aureus with the extended N-terminal sequence of SSL4 underlined and the 

signal peptide sequences, as determined by SignalP (Bendtsen et al. 2004), shown in italics. These figures 

were created using ClustalW (Chenna et al. 2003).  
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3.3. Analysis of SSL4 sequences from clinical isolates 

To further investigate allelic variation, the ssl4 genes from several unrelated clinical S. 

aureus isolates and JSNZ, a recently identified murine strain of S. aureus (Dr. Fiona 

Radcliff, personal communication) were compared. One pair of major primers was 

designed to amplify ssl4 from the end of the extended N-terminal sequence, where 

conservation of sequence was greatest. All primers were designed to amplify ssl4 

without the predicted signal peptide as determined by SignalP (Bendtsen et al. 2004). 

Twelve of the fifteen isolates tested positive for SSL4; S. aureus strain Newman was 

used as a positive control. An example of an agarose gel electrophoresis of the resulting 

PCR amplification of the truncated ssl4 gene can be seen in Figure 3.2, with the 640bp 

SSL4 amplified fragment clearly evident from all but 3 clinical isolates of S. aureus. 

 

Figure 3.2 Amplification of ssl4 by PCR 

Agarose gel electrophoresis of the PCR products amplified from various clinical isolates using the 

primers SSL4_Trunc_Fw and SSL4_Maj_Rv. The SSL4 product, shown by an arrow, runs at 

approximately 650bp. A 1kb+ DNA ladder was included on the left lane (M). 

 



 

 74 

The PCR products from 11 S. aureus isolates were sequenced, and the translated amino 

acid products were aligned by ClustalW into an N-J tree, shown in Figure 3.3A. 

Coupled with the sequences from published strains this revealed three distinct clades of 

SSL4 alleles sharing no less than 75% sequence identity from the beginning of the 

conserved sequence (Figure 3.3B). The 25% variation was due primarily to strain 

MRSA252 which had the most divergent ssl4. This allele formed a unique clade. The 

remaining alleles shared no less than 92% sequence identity with 24 of the 35 alleles 

forming a single clade. The 17 amino acid carbohydrate binding site was almost entirely 

conserved between these alleles; only a single residue showed variability (Figure 3.3C). 

From the start of the conserved sequence the alleles were between 200 and 202 amino 

acids in length, and were predicted to be 23.04 and 23.62kDa in size with isoelectric 

points (PI) between 9.33 and 9.56. These predictions were calculated using ProtParam 

software (web.expasy.org/protparam/). 
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Figure 3.3 Comparison of 35 SSL4 alleles and an alignment of the carbohydrate binding site 

sequence of non-identical alleles 

A The amino acid sequences from 24 published strains shown underlined and 11 clinical isolates aligned 

using ClustalW and presented as an N-J tree where branch length is proportional to sequence divergence, 

revealing 15 allele types, ordered a-o, centred around 3 distinct clades numbered in bold. 34 of the 35 

sequences align into clades 1 and 2 showing no less than 92% sequence identity. B Table showing the 

amino acid sequence identity between the 15 non-identical SSL4 alleles as a percentage. C Alignment of 

the 15 non-identical SSL4 allele types using ClustalW. Identity (*), strong similarity (:), and weak 

similarity (.) are indicated. The 17 amino acid carbohydrate binding sequence has been highlighted. 
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There is no obvious correlation between the geographical distribution or antibiotic 

resistance traits of the S. aureus strains and their SSL4 alleles. The JH9 strain is 

vancomycin resistant while the JH1 strain is vancomycin susceptible; both SSL4 alleles 

were identical (Mwangi et al. 2007). Strain MW2 was isolated in the Midwestern 

United States, strain MSSA476 from the United Kingdom, and strain USA300 has been 

isolated in 21 U.S. states, Canada, and Europe; all of these strains share identical SSL4 

alleles (Diep et al. 2006; Highlander et al. 2007). 

 

3.4. Cloning, expression, and purification of SSL4 

To investigate the structure and functional activities of SSL4 and compare these to 

known SSLs, ssl4 was cloned and expressed as soluble recombinant protein. ssl4 was 

cloned from the Newman strain since the sequence was conserved with that of many 

clinical isolates of S. aureus. Both the entire gene and the gene from the start of the SSL 

conserved sequence, lacking the un-conserved N-terminal region, were cloned. This 

conserved sequence included the predicted OB-fold domain and β-grasp domain shared 

between all SSLs. These genes were expressed as thioredoxin-3C fusion proteins using 

the pET32a.3C system; SSL4 was cleaved from thioredoxin using the human rhinovirus 

3C protease. This protease cleaves the sequence EVLFQ/GP (Walker et al. 1994). An 

additional four residues (GPGS) were inserted at the N-terminus of all proteins 

expressed using the pET32a.3C plasmid system due to the BamHI site introduced to the 

3’ end of the protease cleavage site. Expression in E. coli was uncomplicated with 

yields of up to 30 mg/litre of fusion protein from liquid culture (Figure 3.4A). This 

resulted in a final rSSL4 yield of 10-15 mg following cleavage by 3C protease and 

purification by cation exchange chromatography (Figure 3.4B). rSSL4 was typically 

produced in batches of 15-30mg and stored in 20mM Tris pH7.4, 100mM NaCl buffer 

at 4
o
C for crystallography trials. For immediate use rSSL4 was typically stored in PBS 

pH7.4 at 4
o
C. 
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Figure 3.4 The purification of truncated SSL4-Newman shown on 12.5% SDS-PAGE gels 

 A Bacterial lysate was passed over an IDA-sepharose column, washed, and eluted. The bacterial pellet 

and IDA-sepharose beads were checked for insoluble and bound rSSL4 respectively. B rSSL4 was 

separated from cleaved thioredoxin and other contaminating proteins through cation exchange 

chromatography. A BenchMark
TM

 protein ladder (Life Technologies; M) was included in the left lane of 

all gels. 

 

Full length SSL4 was expressed as a fusion protein with thioredoxin and began to 

degrade immediately upon purification and continued until it reduced in size to a stable 

form of the same molecular weight as the truncated rSSL4 produced from the conserved 

SSL sequence. The presence of the serine protease inhibitor PMSF did not prevent this 

degradation (Figure 3.5A). This was anticipated since the variable N-terminal region 

was predicted to be of low complexity (Figure 3.5B). Low complexity sequence regions 

contain little diversity in their amino-acid composition and tend to prevent folding to a 

well-defined structure (Dyson and Wright 2005; Tzul and Bowler 2010). Because of 

this uncontrolled degradation of the N-terminal region of SSL4, the remainder of this 

thesis examined the stable, shorter C-terminal rSSL4 sequence which was consistent in 

size and structure to other SSLs. 
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Figure 3.5 The degradation and predicted complexity of full length rSSL4-Newman 

A 12.5% SDS PAGE gel separation of purified full length rSSL4 with degradation products in both the 

presence and absence of the protease inhibitor PMSF. B Predicted complexity of the full length SSL4-

Newman structure displayed as disorder probability for each residue of the amino acid sequence, using 

DisEMBL (Linding et al. 2003). A prediction of complexity is made for each residue using three criteria, 

displayed as curves of disorder probability, and compared to the expected random values displayed as 

dotted lines. The Extended N-terminus is highlighted. 
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3.5. Constructing, cloning, expression, and purification of Arg-182-

Ala SSL4 

Site directed mutagenesis was employed to introduce an Arg-182-Ala mutation to the 

SSL4-Newman amino acid sequence. The aim of mutating this residue was to confirm 

the carbohydrate binding site of SSL4 to the same region as SSL5 and SSL11 and 

determine the importance of this residue to carbohydrate binding by SSL4. Arg-182 was 

chosen for mutation as it is highly conserved in the carbohydrate binding site between 

SSLs, and the Arg sidechain has been shown to make significant contributions to sLe
x
 

binding in the crystal structures of both SSL5 (Arg-186; Figure 3.6A), and SSL11 (Arg-

179; Figure 3.6A).  

 

Figure 3.6 The conserved arginine of the sLe
x
 binding site of SSL5 and SSL11 

Crystal structures of the conserved glycan sites of SSL5 and SSL11 (silver) with bound sLe
x
 (green). The 

conserved  arginine present in the carbohydrate binding sites of SSL5 (A) and SSL11 (B) with bound sLe
x
 

shown in stick form; PDB accession numbers 2ZL8 and 2RDG respectively, modified from Baker (2007) 

and Chung (2007). The hydrogen bonds made by arginine are displayed as dotted lines and the sialic acid 

unit of sLe
x
 is labelled as (S). Image was created using Pymol software. 

 

The sidechain of this residue in both crystal structures shows saturated hydrogen 

bonding, both to the Sia unit of sLe
x
 where the majority of contacts between protein and 

ligand occur, and residues opposite in the binding site. Because no contacts are made 

through the peptide backbone, a mutation to alanine was performed to remove all 

interactions made by the sidechain and conserve the peptide structure. A comparable 

yield of soluble recombinant protein (SSL4-R182A) was expressed using the pET32a.3c 

system and the same purification conditions compared to wild type SSL4-Newman 

(data not shown). 
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3.6. SSL4 binding glycan array 

SSL4 was prepared by Dr Ries Langley to test for binding against 320 different glycans 

using a microarray format at the Consortium for Functional Glycomics (San Diego). 

Glycans were attached through spacer groups SP0 and SP8-SP21. SSL4 was tested at 

100 µg/mL and the results for the 10 strongest glycans are presented in Table 3.1. The 

full data from the glycomics array are presented in Figure 3.7 and can additionally be 

found in Appendix 7.2. The core ligand for SSL4, present in all of the top nine scoring 

glycans, was 3’- sLacNac, which was itself represented at position 9 in Table 3.1. 

sLacNac is a subcomponent of sLe
x
 which was represented at position 3 in Table 3.1. 

Like SSL11 (Chung et al. 2007) SSL4 did not bind sLacNac with a β1-3 linkage 

between the Gal and N-acetylglucosamine (NAG) residues, highlighting the preference 

for the β1-4 linkage between the Gal and NAG residues of sLacNac. However, whereas 

SSL11 did not bind to very similar glycans such as sGal (Neu5Acα2-3Galβ) and 

sialyllactose (Neu5Acα2-3Galβ1-4Glcβ), SSL4 displayed moderate binding (Table 3.1). 
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Glycan Name 
Average RFU 
(100µg/mL) 

Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp8 10246 

Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ–Sp0 7555 

Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ–Sp8 (sLeX) 6916 

Neu5Acα2-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ–Sp0 4871 

Neu5Acα2-3Galβ1-4[6OSO3]GlcNAcβ-Sp8 4717 

Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ-Sp8 4496 

Neu5Gca2-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 4444 

Neu5Acα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 4253 

Neu5Acα2-3Galβ1-4GlcNAcβ–Sp8 (sLacNac) 3774 

Galβ1-3(Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-6)GalNAc–Sp14 3525 

Neu5Acα2-3Galβ1-3GlcNAcβ–Sp8 307 

Neu5Acα2-3Galβ-Sp8 (sGal) 2327 

Neu5Acα2-3Galβ1-4Glcβ–Sp0 (sLac) 517 

Neu5Acα2-3Galβ1-4Glcβ–Sp8 (sLac) 1627 

 

Table 3.1 SSL4 Glycomics Array Results 

The top ten scoring glycans from a 320 glycan array using 100 µg/mL SSL4-FITC. For comparison, similar glycans to the core sLacNac, including sLacNac with a β1-3 

linkage between Gal and Nag, are included. 
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Figure 3.7 Summary graph of SSL4 glycan array results 

Summary graph of 100µg/mL SSL4-FITC binding on the consortium for function glycomics (CFG) 320 glycan array. The graph shows the average fluorescence for n=4 with 

the standard error of the mean shown as error bars. 



 

 84 

3.7. Quantitative analysis of SSL4 binding sLe
x
 by SPR 

Surface plasmon resonance (SPR) was used to calculate the affinity of rSSL4 to the 

blood group antigen sLe
x
.  The sLe

x
 carbohydrate was immobilised to the chip surface 

and then highly purified recombinant SSL4 used as the soluble analyte. An initial SSL4 

concentration series revealed more than one binding species that were affecting the 

binding and dissociation kinetics suggesting the presence of protein aggregates as seen 

by Chung et al. (Chung et al. 2007). SSL4 was further purified by size exclusion 

chromatography on a Sephadex 10/200 GL FPLC column and the leading and trailing 

edge of the single SSL4 protein peak were then analysed immediately and separately for 

sLe
x
 binding (Figure 3.8A and B).  The trailing edge material displayed a faster 

dissociation rate than the material that eluted at the leading edge of the peak. Possible 

sources of mutliple binding species in the sample include aggregates of SSL4 with other 

material in the sample, heterogeniety of the SSL4 protein present in the sample, and 

slight adherance of SSL4 to the dextran surface of the column material. The SSL4-

R182A mutant showed no binding to the sLe
x
 surface confirming this mutation 

completely eliminated the sLe
x
 binding capacity of rSSL4 (Figure 3.8B). A new chip of 

lower density was then made for affinity analysis. A steady state equilibrium binding 

curve from the trailing edge was obtained from 0.1-1 µM SSL4 and the KD was 

calculated to be 223 ± 10 nM (Figure 3.8C and D). 
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Figure 3.8 Quantitative measure of SSL4 binding sLe
x
 

A An SSL4 protein peak from FPLC size exclusion highlighting the leading and trailing edges used for 

further quantitative binding analysis. B sLe
x
 sensor chip binding of 1 µM SSL4-R182A (curve 1), 0.5µM 

of the trailing edge (curve 2), and leading edge (curve 3) of an SSL4 protein peak purified by the FPLC 

size exclusion. C Low density sLe
x
 sensor chip binding of 0.1-1 µM SSL4 representative of five separate 

experiments. D Equilibrium binding analysis of the data in C. Binding responses at equilibrium are shown 

against the SSL4 concentration and fitted to a steady state affinity binding model to calculate an affinity 

constant at equilibrium of 223 ± 10 nM with an Rmax of 95.4 ± 7.01 and a Chi
2
 value of 3.99 ± 2.35. This 

plot is a representative of five separate experiments. 
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3.8. Identification of SSL4 plasma ligands 

A simple plasma pull down assay was performed for both SSL4 and SSL4-R182A to 

identify potential ligands (Figure 3.9A). The Arg-182-Ala mutation almost completely 

abolished all binding to plasma components; carbohydrate binding was then essential 

for the interaction of SSL4 with these proteins (Figure 3.9A lane 1). The major bands at 

50kD and 25kD pulled down by SSL4-R182A were likely to be anti-SSL4 idiotype 

immunoglobulin heavy and light chains. The plasma pull down assay was repeated for 

band excision and identification by mass-spectrometry (Figure 3.9B and C). The ligands 

bound by SSL4 from human plasma were identified by LC-MS and are summarised in 

Table 3.2. 

 

 

Figure 3.9 Human plasma pull down using SSL4 

A Image of a 12.5% SDS-polyacrylamide gel of proteins bound to by sepharose beads (-ve), SSL4-

R182A (1) and SSL4 (2) coupled to sepharose beads. B Image of a 12.5% SDS-polyacrylamide gel of 

proteins bound by SSL4 coupled to sepharose beads, the numbered bands were excised for LC-MS. C 

Image of a 10% SDS-polyacrylamide gel of proteins bound by SSL4 coupled to sepharose beads, the 

numbered bands were excised for LC-MS. A BenchMark
TM

 protein ladder (Life Technologies; M) was 

included in the left lane of all gels. 
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Fifteen of the sixteen proteins bands excised and processed by LC-MS returned with 

positive identification when submitted to the protein database search program Mascot 

(Matrix Science LTD., London) against Homo sapiens entries in the Swiss-Prot 

database (Table 3.2; see also appendix 7.2). Many of the protein bands observed were 

revealed to contain a mixture of plasma proteins. These included proteins involved in 

the complement system, such as ficolin-3 which serves as a recognition molecule in the 

lectin pathway (Akaiwa et al. 1999; Hummelshoj et al. 2008), the C4b-binding protein  

(C4BP) which inhibits the action of C4 (Gigli et al. 1979), the plasma protease C1 

inhibitor which inhibits the spontaneous activation of complement through classical and 

MBL pathways (Davis III 2004), and the subcomponents of C1s and C1r. Proteins 

involved in scavenging and debris clearance were also identified, haptoglobin binds free 

haemoglobin (Wassell 2000) and clusterin is associated with the clearance of cellular 

debris (Jones and Jomary 2002). A wide variety of protease inhibitors were also 

identified, heparin cofactor 2, alpha-1-antichymotrypsin, and alpha-2-macroglobulin 

(Kalsheker 1996; Armstrong and Quigley 1999; Mitchell and Church 2002). Proteins 

involved in cell adhesion and the extracellular matrix were identified; fibronectin is an 

essential component of the extracellular matrix (Pankov and Yamada 2002), lumican is 

involved in collagen fibril assembly (Neame et al. 2000), and vitronectin promotes cell 

adhesion and spreading as well as binding and stabilizing plasminogen activator 

inhibitor-1 (Mayasundari et al. 2004). Proteins involved in homeostasis were identified, 

serum albumin regulates osmotic pressure and binds a remarkable range of hydrophobic 

small molecule ligands (Zunszain et al. 2003), ceruloplasmin is the major copper-

carrying protein in the blood and is involved in iron metabolism (Hellman and Gitlin 

2002), and apolipoprotein-B transports cholesterol to tissues and has been shown to 

interrupt S. aureus quorum sensing (Olofsson and Boren 2005; Peterson et al. 2008). 

Rho GTPase-activating protein-5 was identified; this protein activates the GTPase 

activity of several G-proteins, terminating signalling through these receptors (Lancaster 

et al. 1994). Kininogen-1 was identified. As well as having anticoagulant, 

profibrinolytic, antiadhesive, and proinflammatory attributes this is a precursor to 

vasoactive kinins which induce vasodilation (Zhao et al. 2009). Carboxypeptidase N, 

which cleaves the basic C-terminal amino acids from active kinins, protamine, C3a, and 

C5a among others, was also identified (Oshima et al. 1975). 
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Both the heavy and light chains of IgG antibodies were identified. However as these 

were present as a minor band, and matching protein bands were seen in the SSL4-

R182A lane. It is predicted these are likely to be anti-SSL4 immunoglobulin heavy and 

light chains naturally present in the plasma of the donor. 

 

Due to the remarkably high number and diversity of plasma proteins identified as being 

bound by SSL4, it is thought the majority of this binding is non-specific and related to 

the glycosylation of these proteins. Serum albumin is unique from other blood proteins 

in that it is not glycosylated and is likely to present due to its high abundance in human 

plasma. Removal of the capacity of SSL4 to bind carbohydrate with the R182A 

mutation completely eliminated serum protein binding confirming that this was due to 

the glycosylation of these serum proteins. 
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Table 3.2 Summary of hits for plasma protein identification by LC-MS 

A summary of the human plasma proteins bound to by SSL4 isolated from the gel imaged in Figure 3.9B 

and C. These proteins were analysed by LC-MS and submitted to the protein database search program 

Mascot (Matrix science LTD., London). Where multiple significant hits for an excised protein were 

identified, these are displayed. 

Sample Match Score* Expect** Mr (Da) 

Calculated 

PI 

Sequence 

Coverage 

1 Haptoglobin 193 5.0E-20 45861 6.13 9% 

2 Ig kappa chain C region 56 2.5E-06 11773 5.58 49% 

2 Ig lamda chain V-I region 44 4.0E-05 12003 9.07 11% 

3 No significant hits           

4 Ficolin-3 215 3.2E-22 33404 6.20 20% 

5 Clusterin 260 1.0E-26 53041 5.89 18% 

6 Haptoglobin 326 2.5E-33 45873 6.13 24% 

7 Carboxypeptidase N catalytic unit 58 1.6E-06 52543 6.86 1% 

8 Ig gamma-1 chain C region 49 1.3E-05 36605 8.46 19% 

9 Alpha-1-antichymotrypsin 516 2.5E-52 47795 5.33 40% 

9 Kininogen-1 200 1.0E-20 73014 6.34 12% 

9 Lumican 97 2.0E-10 38753 6.16 10% 

10 Lumican 278 1.6E-28 38747 6.16 30% 

10 C4b-binding protein alpha chain 187 2.0E-19 69042 7.15 9% 

10 Alpha-1-antichymotrypsin 50 1.0E-05 47792 5.33 2% 

10 Rho GTPase-activating protein 5 54 4.0E-06 173834 6.18 1% 

10 Vitronectin 51 7.9E-06 55069 5.55 5% 

10 Serum albumin 55 3.2E-06 71317 5.92 3% 

10 Heparin cofactor 2 60 1.0E-06 57205 6.41 5% 

11 Plasma protease C1 inhibitor 210 1.0E-21 55351 6.09 21% 

11 Carboxypeptidase N subunit 2 174 4.0E-18 61388 5.63 14% 

11 Complement C1r subcomponent 143 5.0E-15 81633 5.82 8% 

11 Alpha-2-macroglobulin 163 5.0E-17 164638 6.03 6% 

11 Complement C1s subcomponent 124 4.0E-13 78201 4.86 7% 

11 C1r subcomponent-like protein 79 1.3E-08 54218 6.75 4% 

12 Plasma protease C1 inhibitor 349 1.3E-35 55351 6.09 21% 

13 Alpha-2-macroglobulin 904 4.0E-91 164613 6.03 23% 

13 Ceruloplasmin 93 5.0E-10 122983 5.44 3% 

14 Alpha-2-macroglobulin 703 5.0E-71 164613 6.03 21% 

15 Fibronectin 290 1.0E-29 266034 5.45 15% 

16 Apolipoprotein B 83 5.0E-09 516691 6.61 5% 

* Ions score is −10log(Expect). ** Expect is a probabilistic value that the protein identified was obtained 

by chance. Individual ions scores > 34 and Expect values < 0.05 indicate identity or extensive homology 

at the 5% confidence threshold. 
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3.9. SSL4 binding to leukocyte populations 

It has been shown that SSL5 and SSL11 both bind directly to monocytes and 

granulocytes (Bestebroer et al. 2007; Chung et al. 2007). To test the binding specificity 

of SSL4 for leukocytes, FITC labelled SSL4 was incubated with whole blood 

leukocytes co-labelled by cell type. FITC-labelled SSL4 bound strongly to human 

monocytes (CD14) and neutrophils (CD10) and weakly to T lymphocytes (CD 3), while 

no binding was observed to B lymphocytes (CD 19) (Figure 3.10). This binding 

specificity was consistent with multiple individual blood samples tested and was similar 

in profile to the cell specificity of SSL11 (Chung et al. 2007). 

 

 

Figure 3.10 Binding of SSL4 to human myeloid cells 

A Flow cytometry analysis showing the forward and side scatter of a typical human leukocyte preparation 

and the gates used to separate leukocyte subsets. Gate 1 was used for granulocytes, gate 2 for monocytes, 

and gate 3 for lymphocytes. The cell mass at the bottom left represents RBCs. B Flow cytometric analysis 

of the interaction between human leukocytes double stained with rSSL4-FITC (x-axis) and PE-antibodies 

specific to monocytes (CD-14), neutrophils (CD-10), B lymphocytes (CD-19), and T lymphocytes (CD-

3). Cells were first gated based on size and granularity using the gates shown in panel A. 
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SSL4-R182A lost all granulocyte binding capacity, indicating this interaction was 

glycan dependent (Figure 3.11A). In support of this SSL4 binding was substantially 

reduced to granulocytes pre-treated with 25 U/mL neuraminidase (Figure 3.11B). This 

enzyme cleaves the glycosidic link to neuraminic acids, including sialic acid, a key 

residue of sLe
x
 and the core ligand for SSL4, sLacNac. 

 

Figure 3.11 Sialic acid dependent binding of SSL4 to human granulocytes 

Flow cytometric analysis of human neutrophils treated with neuraminidase and stained with wild type or 

mutant SSL4. A Human granulocytes stained with 0.1 µM SSL4-FITC (peak 1) or 0.4 µM SSL4-R182A-

FITC (peak 2).  B Binding of 0.1µM SSL4-FITC to human granulocytes un-treated (peak 1) or pre-treated 

(peak 2) with neuraminidase. 

 

3.10. SSL4 binding granulocytes is target specific 

It was observed when adding labelled SSL4 to granulocytes, no saturated binding is 

detected up to 0.8 µM (Figure 3.12A and B). To determine whether SSL4 targets 

specific glycosylated receptor(s) and whether SSL4 and SSL11 competed for the same 

glycosylated targets, complementary binding studies were performed. A low 

concentration of either fluorescent SSL4 or SSL11 (0.01 µM) was mixed with either a 

ten-fold (0.1µM) or hundred-fold (1µM) excess of unlabelled SSL4 (Figure 3.12C and 

D). Complementary binding studies using excess SSL11 to compete for SSL4-FITC 

binding could not be performed as SSL11 agglutinates granulocytes at concentrations 

above 0.5 µM (Chung 2008). If there is competition of binding between unlabelled and 

FITC labelled protein, a reduction in the fluorescence detected for each cell will be 
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observed when compared to cells stained with labelled protein alone. SSL4 competed 

effectively with itself for granulocyte binding, suggesting that the majority of binding 

was to specific surface receptor(s) rather than non-specific electrostatic binding. 

Granulocyte binding of SSL4 was not saturating, suggesting that at higher 

concentrations SSL4 bound non-specifically to many other components on the cell. 

Excess unlabelled SSL4 had no effect on SSL11-488 granulocyte binding, indicating 

that despite a shared affinity for sialylated glycoproteins, the target molecule(s) bound 

by the SSL4 and SSL11 are not identical. This is consistent with the binding preference 

differences observed in the glycomics array data. 

 

Figure 3.12 SSL4 binding granulocytes 

Flow cytometric analysis of human neutrophils treated with FITC labeled or unlabeled SSL4 and SSL11. 

A Human granulocytes stained with (1) 0.006125 µM (2) 0.0125 µM (3) 0.025 µM (4) 0.05 µM (5) 0.1 

µM (6) 0.2 µM (7) 0.4 µM and (8) 0.8 µM SSL4-FITC. B A graphical representation of the data 

presented in panel A. C Human granulocytes stained with 0.01 µM SSL4-FITC (peak 1) plus 10-fold (0.1 

µM peak 2) or 100-fold (1 µM peak 3) excess of unlabelled SSL4. D Human granulocytes stained with 

0.01µM SSL11-FITC (peak 1) plus 10-fold (0.1µM peak 2) or 100-fold (1µM peak 3) excess of 

unlabelled SSL4. 
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3.11. Cellular internalisation of SSL4 

SSL11 was rapidly internalised by human granulocytes in an energy-dependent manner 

(Chung et al. 2007). To determine the cellular fate of SSL4, it was labelled with Alexa 

Fluor 647 and incubated with human granulocytes at 37
o
C or 4

o
C and monitored by 

live-cell confocal microscopy (Figure 3.13). SSL4 was rapidly internalized by human 

neutrophils into sharply distinct vesicles at 37
o
C whereas at 4

o
C it remained surface-

bound.  SSL4 also bound human monocytes but staining of the monocytic cell line 

THP-1 at room temperature (which results in internalisation by neutrophils) revealed 

that the SSL4 remained surface bound. Internalisation was also tested for monocytes 

selected through plastic adhesion. At 37
o
C but not 4

o
C moderate internalisation was 

seen to intracellular vesicles similar to neutrophils; however the majority of SSL4 

appeared to remain on the surface. SSL4 was rapidly internalised into activated human 

macrophages at 37
o
C but not at 4

o
C. The fluorescent staining pattern of neutrophils and 

to a lesser extent monocytes showed strong intracellular punctate staining, suggesting 

concentration into vesicles. Macrophages displayed a more diffuse intracellular staining 

pattern similar to cytoskeletal staining. In contrast to freshly isolated monocytes, the 

monocytic cell line THP-1 did not internalise SSL4. The requirements of internalisation 

are either missing from these cells or this reflects a difference in activation states 

between these cell types. The temperature dependence of SSL4 internalisation indicated 

that it was an energy driven process. 
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Figure 3.13 Binding and internalization of SSL4-647 into neutrophils, THP-1 cells, and 

macrophages 

The centre slice of stacked Z images from confocal microscopy of various myeloid cell types treated with 

SSL4- 647. Cells were treated with 0.2 µM SSL4-647 and examined at either 4
o
C or after warming cells 

to 37
o
C or room temperature for THP-1 cells and incubated for 30 min prior to visualisation. Images were 

captured using a LUMPlan FI/IR 60x/0.90 water immersed objective lens and individual groups of cells 

were digitally selected for each panel using FV10-ASW software. 
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3.12. Discussion 

SSL4 displayed high sequence identity between the 24 alleles chosen from the 

published S. aureus genomes. A single allele accounted for the majority of variation 

observed; the full length SSL4-MRSA252 protein sequence shared a greater homology 

(75%) to SSL3 from the same strain of S. aureus than any SSL4 allele identified from 

published S. aureus genomes in this study (73%). At the time it was sequenced 

MRSA252 was the most genetically diverse S. aureus strain identified (Holden et al. 

2004). This suggests that the SSL4 and SSL3 of MRSA252 have undergone less 

divergence following the duplication event from where these proteins arose than in 

other strains. This is supported by the finding of Bardoel et al. that SSL4-MRSA252 

shows greater TLR2 inhibition than other SSL4 alleles, an activity reported for SSL3 

(Bardoel et al. 2012). High sequence variation was also seen at the N-terminus, where 

SSL4 contains an additional 100 amino acids prior to the conserved sequence shared 

between all SSLs, including the OB-fold and β-grasp domains. Prediction models 

suggested that this site is of low complexity, and when expressed it was rapidly 

degraded. A comparison of the conserved OB-fold and β-grasp domain sequence 

between these alleles, not including SSL4-MRSA252, revealed 92% sequence identity. 

The truncated sequences of 11 additional clinical isolates of S. aureus further supports 

the notion that SSL4 is a highly conserved sequence with no less than 92% sequence 

identity between the 34 sequences studied, excluding SSL4-MRSA252. 12/34 

sequences were identical, and formed a large clade of 24, SSL4-Newman was included 

within these identical sequences and the truncated form of this protein was further 

characterised. 

 

A glycan array revealed the core ligand for SSL4, sLacNac, was identical to SSL11. 

Like SSL11, SSL4 also interacted strongly with the blood group antigen sLe
x
. This was 

expected since the 17 amino acid residues that form the carbohydrate binding in SSL5 

and SSL11 were almost completely conserved in SSL4. Nonetheless, clear differences 

were observed in the glycan specificity between these proteins for the interaction with 

similar glycans such as sGal. Therefore minor variations in the sequence and 

conformation of the binding site may then confer variations in the fine specificity of 

these proteins to glycans and thus alter target molecule specificity. SPR analysis was 
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used to confirm and further analyse the interaction of SSL4 with sLe
x
. The sLe

x
 KD of 

SSL4 was calculated to be 223 nM. This interaction is almost threefold stronger than 

that reported by Chung et al. (2007) for the strongest sLe
x
 binding SSL11 allele, 720 

nM, using the same method. This further illustrates that minor variations in the 

carbohydrate pocket may confer differences in ligand specificity of these proteins. 

 

SSL4 had a similar leukocyte binding specificity to SSL11, binding preferentially to 

myeloid cells while not interacting to any significant degree with lymphocytes. Sialic 

acids terminate many human secreted and cell-surface glycoproteins (Varki 2007). 

While many glycoproteins express sLacNac, it is known that sLe
x
 is expressed 

constitutively on granulocytes, monocytes, and a small percentage of T cells (Munro et 

al. 1992). This matches the leukocyte binding profile of SSL4 which indicates SSL4 

binding is more specific than just the core sLacNac ligand. Supporting this is the finding 

that SSL4 was able to compete with itself, indicating the majority of binding was target-

specific, but did not compete with SSL11 binding to cells, suggesting a different array 

of target molecule(s). Flow cytometry analysis showed SSL4 was able to bind 

granulocytes without apparent saturation and pull-down assays showed that SSL4 

bound multiple plasma glycoproteins. 

 

SSL4 was actively internalised into neutrophils, monocytes, and macrophages, and 

interestingly displayed different staining patterns for these two cell types. While being 

actively internalised into discrete intracellular vesicles in neutrophils and monocytes, 

SSL4 staining of macrophages showed a distinct cytoskeleton-like diffuse staining. 

SSL4 may target sialylated glycoproteins at the surface of myeloid cells to gain entry 

and affect cellular function. 

 

The results presented in this chapter demonstrate SSL4 belongs to the sialylated glycan 

binding subfamily of the SSLs, identifying carbohydrate, protein, and cell binding 

specificities of SSL4. The mutation of a key conserved residue of the glycan-binding 

site, Arg-182, resulted in a lack of leukocyte, plasma protein, and sLe
x
 binding. These 

functions were all attributed to carbohydrate binding vie the C-terminal glycan-binding 
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site. SSL4 showed binding to sialylated glycans by glycan array, exhibited similar 

leukocyte binding and staining as for SSL11, and bound to multiple immune related 

molecules in human plasma. 
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Chapter 4. Investigating the functional activity of SSL4 

4.1. Introduction 

Despite structural similarity to superantigens, the SSLs have been shown to target 

components of innate immunity such as complement, Fc receptors, and myeloid cells. 

The SSLs can be grouped into two subfamilies based on their function in supressing the 

immune response to infection. One group primarily target complement and antibody 

molecules and includes SSL7, SSL9, SS10, SSL12, SSL13, and SSL14. SSL7 is the 

best characterized of this group and simultaneously binds complement factor C5 and 

Immunoglobulin IgA with high affinity (Langley et al. 2005). SSL7 inhibits the end 

stage of complement activation and IgA binding to FcαR (Ramsland et al. 2007; 

Laursen et al. 2010). 

 

The second group of SSLs bind sialylated glycoproteins and possess a 17 amino acid 

carbohydrate binding site in the C-terminal domain that is conserved in SSL2, SSL3, 

SSL4, SSL5, SSL6, and SSL11. SSL5 and SSL11 target myeloid cells by binding to cell 

surface glycoproteins containing the minimal trisaccharide sLacNac. SLe
x
, of which 

sLacNac is a component (minus the fucose), is essential to the inflammatory response 

and is constitutively expressed on granulocytes and neutrophils. SLe
x
 regulates selectin 

mediated tethering to endothelial cells and extravasation of neutrophils into the tissue to 

fight infection (Munro et al. 1992). SSL3 has been shown to inhibit the activation of 

TLR2 and this was also shown to be inhibited by SSL4 (Bardoel et al. 2012). SSL4 

however, was several-hundred fold less potent at TLR2 inhibition than SSL3; this likely 

reflects the fact that SSL4 is most similar in sequence to SSL3. In the previous chapter, 

SSL4 was identified as a member of the glycan-binding subfamily of SSLs. It is 

believed to be targeting molecule(s) at the surface of myeloid cells and having an 

unknown effect on cellular function. This chapter presents data on the functional effects 

of SSL4 on myeloid cells. Comparison is made with SSL11. 
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4.2. The effect of SSL4 on complement activity 

Several complement proteins were detected by mass spectrometry from the human 

plasma proteins bound by immobilised SSL4. All three complement pathways converge 

at the formation of a C3 convertase before forming the membrane attack complex 

(MAC) comprised of C5b-9. To test if SSL4 inhibited the human complement cascade, 

an ELISA based assay was performed using human serum. To activate the classical 

pathway, immobilised heat-aggregated polyclonal IgG1 was used to initiate the binding 

of C1qrs complex. For the lectin pathway immobilised mannan was used to initiate the 

binding of MBL, and for the alternative pathway immobilised heat killed S. aureus was 

used to initiate the binding of C3b. Complement activation was detected using an 

antibody directed against C5b-9, the MAC. SSL7, which blocks the activation of C5 

(Langley et al. 2005), was used as a positive control. SSL4 did not show any evidence 

of complement inhibition using these ELISA methods. SSL7 displayed complete 

inhibition at concentrations as low as 0.03125 µM (Figure 4.1). 
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Figure 4.1 ELISA analysis of C5b-9 deposition following IgG, mannan, or S. aureus mediated 

complement activation. 

A Immobilised heat aggregated human IgG1 (1.25 µg/well) incubated with 2.5% human serum and SSL4, 

SSL4-R182A, and SSL7 in the presence of CaCl2 and MgCl2. B Immobilised mannan from S. cerevisiae 

(1 µg/well) incubated with 2.5% human serum and SSL4, SSL4-R182A, and SSL7 in the presence of 

CaCl2 and MgCl2. C Immobilised heat killed S. aureus (1x10
6
 cells/well) incubated with 2.5% human 

serum and SSL4, SSL4-R182A, and SSL7 in the presence of MgCl2 and EGTA. Each condition was 

performed in duplicate with the mean ± SD displayed. These figures are representative of two 

independent experiments. 
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4.3. In-vitro effect of SSL4 on the chemotaxis of granulocytes 

Neutrophils migrate along a chemoattractant gradient towards a site of infection. To test 

whether SSL4 blocked neutrophil migration, an in vitro migration assay was utilised. 

Neutrophils were placed in the centre well of an RPMI agarose filled dish and allowed 

to migrate towards a second well containing either recombinant C5a or serum pre-

activated by heat killed S. aureus. To test the effect of SSL4 on the generation of a 

chemoattractant signal the serum was additionally treated with SSL4 during activation 

(Figure 4.2A). To test the effect of SSL4 on neutrophil migration, neutrophils were pre-

incubated with SSL4 prior to migration towards C5a (Figure 4.2B). In the absence of 

SSL4, neutrophils migrated toward recombinant C5a (mean distance = 430 µm) and 

activated serum (mean distance =126 µm).  SSL4 (1 µM) had no effect on either the 

production of a chemoattractant gradient in serum or the ability of neutrophils to 

migrate along this gradient (mean distance = 120 µm), or the neutrophils to migrate 

towards C5a (mean distance = 334 µm). 
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Figure 4.2 The effect of SSL4 on the generation of a chemotactic signal and neutrophil migration 

A Serum was activated with heat killed S. aureus for 15 min at 37
o
C prior to trans-well migration of 

neutrophils through RPMI agarose. Varying concentrations of SSL4, 1 µM SSL4-R182A, or 1 µM SSL7 

were added to the serum prior to activation. Only the 1 µM SSL7 condition displayed a statistically 

significant difference to the negative control (p<0.05) using a two tailed unpaired t test. B Neutrophils 

were pre-incubated with SSL4 for 30 min at 37
o
C prior to trans-well migration through RPMI agarose 

toward C5a. A 1 µM SSL4-R182A control (1 µM R182A) was included. No condition showed a 

statistically significant difference to the negative control (p<0.05) using a two tailed non-paired t test. For 

both panels, each condition was performed in duplicate and the average distance travelled of the leading 5 

neutrophils for each dish was measured. The average value for the duplicates of each condition was taken 

and the collated values from two independent experiments are displayed as mean ± SD. Migration 

towards a control well with no chemoattractant was used to confirm migration was a result of the 

chemoattractant used. Graphs and statistical analysis were generated by Prism software (GraphPad). 



 

 103 

4.4. SSL induced aggregation of granulocytes 

SSL11 has been shown by dynamic light scattering to form dimers in solution (Chung 

2008). Additionally SSL11 has been shown to aggregate neutrophils at concentrations 

above 0.5 µM, possibly as a result of dimer formation at the cell surface (Chung 2008). 

Various concentrations of SSL4 (0.05 µM - 2 µM) were incubated with neutrophils for 

30 min at RT before being examined by bright field microscopy (Figure 4.3A,B). No 

significant neutrophil aggregation was observed for SSL4 at any concentration tested, 

whereas neutrophil aggregation was observed with 1 µM SSL11 (Figure 4.3C). This 

may reflect differences in the capacity of SSL4 and SSL11 to form dimers at the 

neutrophil cell surface.  

 

To determine if SSL4 could alter SSL11 induced aggregation, various concentrations of 

SSL4 and an aggregating concentration of SSL11 (1 µM) were incubated with 

neutrophils for 30 min at RT before being examined by bright field microscopy (Figure 

4.3D-H). SSL4 prevented the aggregation of neutrophils by 1 µM SSL11 at a 

concentration of 0.125 µM. SSL4 may block the formation of SSL11 dimers at the cell 

surface, or may promote SSL11 internalisation by the neutrophil.  
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Figure 4.3 Neutrophil aggregation by SSL4 and SSL11 

Purified human neutrophils were incubated with (A) no SSL, (B) 2 µM SSL4, (C) 1 µM SSL11, (D-H) 1 

µM SSL11 and 1, 0.5, 0.25, 0.125, 0.062 µM SSL4, and examined by bright field microscopy. Cells were 

imaged using a LWD 20x/0.40 Ph1 DL ∞/1.2 WD 3.0 objective lens. 

 

To test the effects of SSL4 on neutrophil aggregation by other glycan binding SSLs; 

SSL3, SSL5, and SSL6 in combination with SSL4 at a concentration ratio of 1:1 were 

incubated with neutrophils for 30 min at RT then visualised by bright field microscopy 

(Figure 4.4A-H). SSL4 appeared to enhance neutrophil aggregation by SSL3, but made 

no apparent difference to neutrophil aggregation by SSL5 and SSL6. This could reflect 

the capacity of these proteins to form dimers with each other at the cell surface. 
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Figure 4.4 SSL4 effect on neutrophil aggregation by SSL3, SSL5, and SSL6 

Purified neutrophils were incubated with (A) no SSL, (B) 1 µM SSL4, (C) 1 µM SSL3, (D) 1 µM SSL3 

and 1 µM SSL4, (E) 1 µM SSL5 (F) 1 µM SSL5 and 1 µM SSL4, (G) 1 µM SSL6 (H) 1 µM SSL6 and 1 

µM SSL4, and examined by bright field microscopy. Cells were imaged using a LWD 20x/0.40 Ph1 DL 

∞/1.2 WD 3.0 objective lens.  

 

4.5. In vitro neutrophil rolling assay 

SSL5 and SSL11 have been shown to inhibit neutrophil tethering to a P-selectin surface 

in a dose dependent manner (Chung et al. 2007). SLe
x
 is vital for leukocyte tethering to 

endothelial cells and is the principal ligand for P-selectin expressed on these cells. The 

effect of introducing SSL4 to an in vitro rolling assay was tested. Neutrophils were 

passed through a P-selectin treated glass capillary at a comparable shear force (0.8 

dyn/cm
2
) to those exhibited in high endothelial venules (Figure 4.5). The number of 

cells adhered to the capillary in three separate areas was counted. SSL11 and anti-sLe
x
 

were included as controls and displayed a reduction in the mean number of adhered 

cells (4.2 and 5.2 respectively) against the negative control (24.2). SSL4 treatment of 

neutrophils surprisingly resulted in an increase in the mean number of adhered cells 

(189.8 when treated with 1 µM SSL4). 
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Figure 4.5 SSL4 enhances neutrophil adherence to a P-selectin surface 

Comparison of the number of neutrophils adhered to P-selectin coated glass capillaries. Neutrophils were 

untreated (Negative Control) or treated with anti-sLe
x
, 1 µM SSL11, SSL4 at various concentrations, and 

1 µM SSL4-R182A. A * denotes conditions that show a statistically significant difference to the negative 

control (p<0.05) using a two tailed non-paired t test. Each condition was performed on a single glass 

capillary and counts were taken from three separate fields of view. The average counts of each condition 

from two independent experiments were collated and are displayed as mean ± SD. Graphs and statistical 

analysis were generated by Prism software (GraphPad). 

 

A potential reason for increased adherence of neutrophils to P-selectin coated glass was 

that SSL4 was linking the neutrophils to the glass surface irrespective of P-selectin. This 

was tested by using glass capillaries pre-incubated with SSL4 in the rolling assay 

(Figure 4.6). A treated glass surface without P-selectin was unable to arrest neutrophils 

(mean of 0.2 neutrophils adhered). Pre-treating either the neutrophils or glass capillary 

with 1 µM SSL4 for 10 min at RT resulted in a significant increase in adherence (mean 

of 156.7 and 264.0 neutrophils adhered respectively). Pre-incubating the glass capillary 

with 1 µM SSL4-R182A did not cause adherence (mean of 0.5 neutrophils adhered). 

Thus SSL4 was causing direct attachment to the glass and interacting with the 

neutrophils through the glycan binding site. 
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Figure 4.6 SSL4 enhances neutrophil adherence to a glass surface 

Comparison of the number of adhered neutrophils to blank glass capillaries. The neutrophils and glass 

capillary were untreated (Negative Control), or the neutrophils were pre-incubated with 1 µM SSL4, or 

the glass capillary was pre-soaked with PBS, 1 µM SSL4, and 1 µM SSL4-R182A. The mean count for 

each condition is displayed as a line. A * denotes conditions that show a statistically significant difference 

to the negative control (p<0.05) using a one-sample t test comparing the mean of every condition to the 

negative control value. Each condition was performed on a single glass capillary and counts were taken 

from three separate fields of view. The average counts of each condition from two independent 

experiments were collated and are displayed as mean ± SD. Graphs and statistical analysis were generated 

by Prism software (GraphPad). 

 

4.6. In vitro  effect of SSL4 on S. aureus phagocytosis by granulocytes 

To test if SSL4 affected neutrophil phagocytosis of opsonised S. aureus a phagocytosis 

assay was adapted from Patel et al. (2010). Neutrophils were incubated with serum 

opsonised GFP-producing S. aureus, extracellular bacteria were removed with 

lysostaphin, and intracellular bacteria were quantified by flow cytometry. SSL4 was 

either incubated with the serum prior to opsonisation, with the neutrophils prior to 

addition of S. aureus, or during the incubation step to test for an effect on phagocytosis. 
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SSL4 did not have an apparent effect on neutrophil phagocytosis of serum opsonised S. 

aureus when incubated with neutrophils and S. aureus (Figure 4.7A), with neutrophils 

prior to phagocytosis (Figure 4.7B), or with serum prior to opsonisation of S. aureus 

(Figure 4.7C). Had SSL4 treatment affected the capacity of neutrophils to phagocytose 

S. aureus, a change in the fluorescence signal from the granulocytes would have been 

expected. In all SSL4 treatment conditions the neutrophils displayed equal GFP 

fluorescence, and therefore S. aureus uptake, as control samples that were not treated 

with SSL4. 

 

Figure 4.7 SSL4 does not affect S. aureus phagocytosis by granulocytes 

Freshly isolated granulocytes were incubated with GFP S. aureus and measured by flow cytometry for 

phagocytosis. A Human granulocytes incubated for 15 min at 37
o
C with serum opsonised GFP S. aureus 

with no SSL (peak 1), 0.1 µM SSL4 (peak 2), or 0.1 µM R182A-SSL4 (peak 3). B Human granulocytes 

were pre-incubated at 37
o
C for 15 min with no SSL (peak 1), 0.1 µM SSL4 (peak 2), or 0.1 µM R182A-

SSL4 (peak 3) before being incubated with serum opsonised GFP S. aureus. C Human granulocytes were 

incubated with GFP S. aureus that had been opsonised with serum and no SSL (peak 1), 0.1 µM SSL4 

(peak 2), or 0.1 µM R182A-SSL4 (peak 3) for 15 min at RT. The negative control granulocyte sample for 

all panels was incubated with non-opsonised GFP S. aureus (shaded peaks). 

 

4.7. In vitro granulocyte apoptosis assay 

Phosphatidylserine (PS) is a phospholipid kept at the inner leaflet of cell plasma 

membranes. When a cell becomes apoptotic, PS is expressed at the surface of the cell 

where it can be recognised by phagocytes (Verhoven et al. 1995). SSL4 treated 
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neutrophils displayed minor physiological differences associated with apoptosis when 

compared to untreated cells; minor membrane blebbing was observed for these cells 

(Figure 4.8). Blebbing of the cytoplasmic membrane is a characteristic of apoptosis 

(Fadeel 2004). AnnexinV-FITC, which binds PS at the surface of apoptotic cells 

(Koopman et al. 1994), was used as a marker for neutrophil apoptosis following 

incubation with 1 µM SSL4. SSL4 treated granulocytes displayed an increase in PS at 

the cell membrane from 6% of the non-necrotic cells seen in the negative control to 

58.7% seen when incubated with SSL4 (AnnexinV
+
, PI

-
 quadrant; Figure 4.9A and C). 

Interestingly it appeared that the entire cell population shifted and displayed slight PS 

expression. This was in contrast to UV light treated granulocytes which were used as 

the positive control (Figure 4.9B). This effect was not seen on granulocytes treated with 

1 µM SSL4-R182A or 1 µM SSL11, where 5.2% and 8.6% of the non-necrotic cells 

show PS expression at the cell surface respectively (AnnexinV
+
, PI

-
 quadrant; Figure 

4.9D and E). Due to the harsh conditions of UV treatment there were fewer cells 

observed by flow cytometry for the UV light treated sample following cell wash steps. 

 

Figure 4.8 SSL4 treatment of granulocytes results in a marked change in cellular appearance 

Purified neutrophils were incubated with 0-5 µM SSL4 and examined by bright field microscopy. Cells 

were imaged using a LWD 20x/0.40 Ph1 DL ∞/1.2 WD 3.0 objective lens. Marked changes in the 

appearance of the cells, membrane blebbing, appear with the treatment of neutrophils with SSL4, but not 

without. 
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Figure 4.9 SSL4 induces an increase in PS expression at the surface of granulocytes 

Granulocytes were incubated at 37
o
C for 30 min with (A) No SSL control, (B) UV light treated control, 

(C) 1 µM SSL4, (D) 1 µM SSL4-R182A, (E) 1 µM SSL11. Annexin V-FITC was used as a marker for 

apoptosis; PI was used as a marker for necrosis.  

 

The appearance of PS at the surface of SSL4 treated granulocytes was observed as a 

minor shift in the bulk expression by the granulocytes when compared to the positive 

control used; UV light treated granulocytes. To determine how this expression changed 

over time and to test if the granulocytes underwent apoptosis with increased PS 

expression, an extended annexin V assay was performed. The expression of PS at the 

surface of 1 µM SSL4 treated granulocytes was tested up to 5 h post SSL4 treatment 

(Figure 4.10). SSL4 induced a transient increase of PS at the surface of granulocytes. A 

maximal shift of cells expressing PS at the cell surface was seen at the earliest time 

point, 30 min, from 1.7% of the untreated cells to 26.9% of the SSL4 treated cells. By 3 

h post treatment the cells had recovered, with 3.0% of the untreated cells and 5.3% of 

the SSL4 treated cells expressing PS. An increase in necrotic cells, detected by PI, was 

observed for SSL4 treated granulocytes at 30 min post treatment compared to the 

untreated cells, 29.0% and 15.6% respectively (PI
+
 quadrants; Figure 4.10). This is 

thought to be a result of the holding conditions for the neutrophils prior to treatment. 



 

 111 

 

Figure 4.10 SSL4 induces a transient increase in phosphatidylserine expression at the surface of 

granulocytes 

Granulocytes were incubated at 37
o
C for set lengths of time with no SSL, 1 µM SSL4, or 1 µM SSL4-

R182A. Annexin V-FITC was used as a marker for apoptosis; PI was used as a marker for necrosis. The 

number of double positive cells appear to increase with SSL treatment, this shows marked variability 

between experiments (Figure 4.9) and is thought to be a result of the in vitro neutrophil holding 

conditions of this assay. 



 

 112 

4.8. Identifying Neutrophil and Macrophage molecular targets of 

SSL4 

To identify potential molecular targets of SSL4 a biotin label transfer reagent was 

utilised to label myeloid proteins in close proximity to SSL4. This reagent, Sulfo-SBED 

(Thermo Scientific), was coupled to SSL4 through amide chemistry. Coupled SSL4 was 

then incubated with either macrophages or neutrophils and the photoreactive aryl azide 

moiety of the crosslinker was activated to capture SSL4 bound proteins. The interacting 

complex was then isolated through the biotin label using streptavidin coupled sepharose. 

Upon reduction the disulphide bond to SSL4 is released and the biotin label is 

transferred to the proximal protein. 

 

Following macrophage incubation with SSL4-crosslinker and isolation of the biotin 

labelled proteins, a western blot with streptavidin revealed several biotin labelled 

polypeptides (Figure 4.11A). These bands were purified by immobilised streptavidin 

and analysed by silver stained SDS-PAGE (Figure 4.11B). Three bands were excised 

and processed by tryptic cleavage and MALDI-TOF MS from an equivalent SDS-

PAGE gel. Each band was positively identified in the protein database search program 

Mascot (Matrix Science LTD., London) against H. sapiens entries for bands 1 and 2, 

and bacteria entries for band 3 in the Swiss-Prot database (Table 4.1). Band 1 was 

identified to be vimentin which forms type III intermediate filaments and is expressed in 

mesenchymal cells (Eriksson et al. 2009). Vimentin has been shown to be critical in the 

control of various cellular processes related to the organization and regulation of 

proteins involved in adhesion, migration, and cell signalling (Eriksson et al. 2009). 

An anti-vimentin western was performed to confirm this band as vimentin (Figure 

4.11C). A faint vimentin band was also identified from the SSL4-R182A treated cells. 

This band was likely to be a result of the very slight residual SSL4-R182A mutant 

activity being detected at the high sensitivity of this western analysis. Band 2 was 

identified as actin which forms microfilaments, a highly versatile component of the 

cytoskeleton. Band 3 was identified as SSL4 which is explained by some crosslinker 

coupling to the same or neighbouring SSL4 molecules. 
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Figure 4.11 Isolation and identification of SSL4 bound proteins in macrophages through the use of 

a biotin label transfer reagent 

A Streptavidin western of biotin coupled proteins following isolation and reduction from macrophages 

incubated with SSL4-crosslinker. A biotin coupled protein ladder (Cell Signalling) was included in the 

left lane (M). B Silver stained SDS-PAGE analysis of the results in (A). A BenchMark
TM

 protein ladder 

(Life Technologies; M) was included in the left lane of the gel. The numbered bands were excised for LC-

MS. C Anti-vimentin western of the results in (A). 

 

Table 4.1 Summary of hits for MALDI-TOF MS of protein bands identified from macrophage 

SSL4-crosslinker assay 

A summary of the biotin labelled proteins isolated from the gel imaged in Figure 4.11B. These proteins 

were analysed by MALDI-TOF MS and submitted to the protein database search program Mascot (Matrix 

science LTD., London).  

Band Match Score* Expect** Mr (Da) 

Calculated 

PI 

Sequence 

Coverage 

1 Vimentin 876 2.3E-88 53676 5.06 84% 

2 Actin 478 1.6E-48 38950 5.19 51% 

3 SSL4 635 3.2E-64 28064 9.47 56% 
* Ions score is −10log(Expect). ** Expect is a probabilistic value that the protein identified was obtained 

by chance. Individual ions scores > 34 and Expect values < 0.05 indicate identity or extensive homology 

at the 5% confidence threshold. 
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Granulocytes were also incubated with SSL4-crosslinker and SSL4-R182A-crosslinker. 

The biotin labelled proteins from the SSL4-crosslinker treated granulocytes were then 

isolated and a streptavidin Western analysis revealed several distinct protein bands 

(Figure 4.12A). These bands were detected on a silver stained SDS-PAGE gel using 

streptavidin agarose to isolate biotin tagged proteins (Figure 4.12B). All three bands 

were excised and processed by tryptic cleavage and MALDI-TOF MS from an 

equivalent SDS-PAGE gel. Each band was positively identified in the protein database 

search program Mascot (Matrix Science LTD., London) against H. sapiens entries for 

bands 1 and 2, and bacteria entries for band 3 in the Swiss-Prot database (Table 4.2). 

Band 1 was identified to be MPO, an enzyme involved in killing phagocytosed bacteria 

through the production of HOCl and found in the azurophil granules of neutrophils 

(Chapman et al. 2002). Band 2 was identified as eosinophil peroxidase, an abundant 

protein of the eosinophil granule involved in cell killing through the production of 

oxidising compounds such as hypobromite (Ten et al. 1989). As for macrophages 

incubated with SSL4-crosslinker, band 3 was identified as SSL4. 

 

Figure 4.12 Isolation and identification of SSL4 bound proteins in granulocytes through the use of a 

biotin label transfer reagent 

A Biotin western of biotin-coupled proteins following isolation and reduction from granulocytes 

incubated with SSL4-crosslinker. A biotin coupled protein ladder (Cell Signalling) was included in the 

left lane (M). B Silver stained SDS-PAGE analysis of the results in (A). A BenchMark
TM

 protein ladder 

(Life Technologies; M) was included in the left lane. Numbered bands were excised for LC-MS. 



 

 115 

Table 4.2 Summary of hits for MALDI-TOF MS of protein bands identified from granulocyte 

SSL4-crosslinker assay 

A summary of the biotin labelled proteins isolated from the gel imaged in Figure 4.12. These proteins 

were analysed by MALDI-TOF MS and submitted to the protein database search program Mascot (Matrix 

science LTD., London).  

Band Match Score* Expect** Mr (Da) 

Calculated 

PI 

Sequence 

Coverage 

1 Myeloperoxidase 241 7.9E-25 84770 9.19 6% 

2 Eosinophil Peroxidase 274 4.0E-28 80517 10.20 9% 

3 SSL4 489 1.3E-49 34562 9.48 32% 

* Ions score is −10log(Expect). ** Expect is a probabilistic value that the protein identified was obtained 

by chance. Individual ions scores > 34 and Expect values < 0.05 indicate identity or extensive homology 

at the 5% confidence threshold. 

 

4.9. Intracellular localisation of SSL4 

4.9.1 Co-staining of myeloid cells with SSL4 and SSL11 

Both SSL4 (see 3.11) and SSL11 (Chung et al. 2007) are actively internalised into 

discrete vesicles by neutrophils and to a lesser extent monocytes. SSL4 is additionally 

internalised by macrophages, though interestingly displays different staining patterns 

between these cells (see 3.11). To determine if SSL4 and SSL11 are internalised into the 

same intracellular location, myeloid cells were incubated with both SSL4-647 and 

SSL11-488. Two-colour overlay (yellow) confirmed that they both trafficked to the 

same intracellular location (Figure 4.13). 
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Figure 4.13 Internalisation of SSL4-647 and SSL11-488 by myeloid cells. 

Human neutrophils, monocytes, and macrophages were incubated with 0.2 µM of both SSL11-488 and 

SSL4-647 and the cells warmed to 37
o
C for 30 min.  Two colour channels were overlaid to identify 

coincident fluorescence (yellow). Cells were imaged using a LUMPlan FI/IR 60x/0.90 water immersed 

objective lens and individual groups of cells were digitally selected for each panel using FV10-ASW 

software. 

 

4.9.2 Co-staining of myeloid cells with SSL4 and intracellular markers 

To identify the subcellular location of SSL4 internalisation by macrophages and 

neutrophils these cells were double stained with SSL4 and a variety of fluorescent 

intracellular markers. For macrophages; ER-tracker green and anti-PDI were used as 

markers for the endoplasmic reticulum, ceramide was used as a marker for the Golgi-

apparatus, and tubulin-tracker and anti-vimentin were used as markers for the 

cytoskeletal components tubulin and vimentin respectively (Figure 4.14A-F). ER 

tracker was initially used as a stain for the endoplasmic reticulum (ER) however both 

live cell staining and post-fixation staining were inconclusive. Anti-PDI antibodies were 

then employed to test ER localisation of SSL4. SSL4 did not appear to co-localise with 

the anti-PDI stained ER. SSL4 staining did not overlap with any other stains used in this 

study. SSL4-crosslinker assays with macrophages suggested proximal location with 
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vimentin intermediate filaments; however no overlap of SSL4 and vimentin was 

detected by two-colour overlay microscopy. The crosslinking experiment results could 

possibly be a product of SSL4 vesicles, apparent in these images, transporting along the 

intermediate filament network. The intracellular SSL4 staining pattern of macrophages 

concentrated to a perinuclear region and appeared cytoskeletal, though it did not co-

localise with the proteins which form microtubules, or type III intermediate filaments. 

The SSL4 staining pattern appeared to centre at the Golgi and the microtubule network. 
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Figure 4.14 Macrophage double staining with SSL4 and intracellular markers 

Human macrophages incubated at 37
o
C for 30 min with 0.2 µM SSL4-647 and: A 5 µM ceramide. B 1 

µM ER-tracker green. C 0.2 µM Tubulin-tracker green. For the remaining conditions the cells were 

incubated at 37
o
C for 30 min with either 0.2 µM SSL4-647 or 0.2 µM SSL4-488, then fixed and 

permeabilised before staining with: D 5 µM ER-tracker green. E 1 µg/mL anti-PDI antibodies and a goat 

anti-mouse IgG-594 secondary antibody. G 0.2 1 µg/mL anti-vimentin antibodies and a goat anti-mouse 

IgG-594 secondary antibody. Two colour channels were overlaid to identify coincident fluorescence 

(yellow). Cells were imaged using a LUMPlan FI/IR 60x/0.90 water immersed objective lens for panels 

A, B, C, and E, a UPlan SApo 60x/1.32 ∞/0.17/FN 26.5 oil immersed objective lens was used to image 

cells for panels D and F. Individual groups of cells were digitally selected for each panel using FV10-

ASW software. 

 

For neutrophils ER-tracker green was used as a marker for the endoplasmic reticulum, 

ceramide was used as a marker for the Golgi-apparatus, and tubulin-tracker was used as 

a marker for microtubules (Figure 4.15A-C). SSL4 did not show any overlap in staining 

with the ER, Golgi, or microtubule network. This was expected as the punctate staining 

pattern observed indicates SSL4 may be internalised into separate intracellular vesicles. 

Assays performed with SSL4 linked to crosslinker revealed SSL4 was co-localised with 

MPO, SSL4 could then have been internalised to peroxidase containing granules such as 

the azurophile granule. Neutrophils were incubated with GFP producing S. aureus 

concurrently with SSL4 to determine if SSL4 and S. aureus are internalised to the same 

intracellular phagolysosome (Figure 4.15D). SSL4 did not internalise to the same 

intracellular location as phagocytosed S. aureus.  
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Figure 4.15 Neutrophil double staining with SSL4 and intracellular markers 

Human neutrophils incubated at 37
o
C for 30 min with 0.2 µM SSL4-647 or 0.1 µM SSL4-Cy5 and: A 5 

µM ceramide. B 1 µM ER-tracker green. C 0.2 µM Tubulin-tracker green. D 2x10
7
 cells/mL S. aureus - 

GFP centrifuged to remove cell clumps. Two colour channels were overlaid to identify coincident 

fluorescence (yellow). Cells were imaged using a LUMPlan FI/IR 60x/0.90 water immersed objective 

lens. Individual groups of cells were digitally selected for each panel using FV10-ASW software. 
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4.10. Identifying the subcellular location of granulocyte internalised 

SSL4 

Nitrogen cavitation of SSL4 treated granulocytes followed by subcellular fractionation 

of the cytosolic components was employed to identify the possible intracellular location 

of internalised SSL4. Previous studies have reported a two-layered Percoll gradient to 

be sufficient to fraction the cytosolic granules of neutrophils into separate layers 

following nitrogen cavitation (Figure 4.16); the azurophilic granules form one layer, the 

specific and gelatinase granules another, and the plasma membrane form a final layer 

(Borregaard et al. 1983; Kjeldsen et al. 1999). 

 

 

Figure 4.16 Photo of granulocyte postnuclear cavitate after centrifugation on Percoll gradients 

The azurophilic granule, gelatinase/specific granule, and plasma membrane bands are clearly visible and 

labelled. Adapted from Borregaard et al. 1983. 

 

Granulocytes were treated with or without biotin labelled SSL4, lysed by nitrogen 

cavitation, and fractioned by Percoll gradient centrifugation in a protocol replicating 

closely that of Kjeldsen et al. 1999. Fractions were collected from the bottom of the 

tube. Despite this, both gelatinase, a marker for gelatinase granules, and MPO, a marker 

for azurophilic granules (Borregaard and Cowland 1997) consistently located to the 
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same fractions following gradient centrifugation for both SSL4 treated and untreated 

cells (Figure 4.17A and B). A slight decreasing gradient of absorbance at 450 nm was 

detected for MPO activity through all fractions collected. This was due to the Percoll 

gradient through these fractions possessing slight absorbance at 450 nm. Clear 

enzymatic activity was still detected despite this. Both MPO and gelatinase were 

detected in the higher fractions supposedly representing the plasma membrane. It is 

believed cytosolic proteins, as well as proteins released from destroyed cytosolic 

granules, were also present in this layer. 
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Figure 4.17 Gelatinase and MPO activity in granulocyte subcellular fractions 

Granulocytes were treated with or without 1 µM SSL4-biotin for 30 min at 37
o
C before nitrogen 

cavitation and subcellular fractionation by discontinuous Percoll gradient centrifugation. A Fractions 

were tested for gelatinase activity, clearing of the coomassie blue staining indicates enzyme activity. 

Gelatinase activity was detected between fractions 11 and 15 and from fraction 19 onwards in both SSL4-

biontin treated and untreated samples. A BenchMark
TM

 protein ladder (Life Technologies; M) was 

included prior to fraction 1 of both samples. B Fractions were tested for MPO activity, abs at 450 nm 

directly correlates to enzyme activity. MPO was detected between fractions 11 and 15 and from fraction 

23 onward in both SSL4-biontin treated and untreated samples. This is a representative of three 

independent experiments. 
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When the fractions were tested using a biotin-streptavidin western analysis it was found 

that SSL4-biotin co-localised with MPO and gelatinase, confirming its localisation in 

granulocytes to lysosomal granules (Figure 4.18). Interestingly multiple SSL4 bands 

were detected at lower molecular weights, particularly in fractions 9 to 15, which 

represent azurophil and gelatinase granules. This was likely due to the proteolytic 

degradation of SSL4 present in these granules. SSL4 degradation was not detected in 

the lower density fractions where it is likely the proteins were too dilute to be detected, 

or there were no enzymes with specificity for cleaving SSL4. 

 

 

 

Figure 4.18 Streptavidin-HRP western analysis of granulocyte subcellular fractions 

Granulocytes were treated with or without SSL4-biotin for 30 min at 37
o
C before nitrogen cavitation and 

subcellular fractionation by discontinuous Percoll gradient centrifugation. The fractions were tested by 

streptavidin-HRP western analysis to detect the biotin labelled SSL4. SSL4-biotin was detected between 

fractions 11 and 15 and from fraction 19 onwards in the SSL4-biotin treated granulocytes only. A 

biotinylated protein ladder (Cell Signalling; M) was included prior to fraction 1 of both samples. 
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4.11. Discussion 

Several complement proteins were identified by LC-MS from those pulled out of 

plasma by SSL4 (Table 3.2). These included proteins involved in the activation and 

inhibition of the classical and lectin pathways of complement; such as ficolin-3, the 

C4b-binding protein (C4BP), the plasma protease C1 inhibitor, and the subcomponents 

of C1s and C1r. Despite this SSL4 had no effect on complement activation via the 

classical, lectin, or alternative pathways leading to the formation of MAC, as detected 

by ELISA. Several SSLs have been shown to inhibit complement activity; this is not 

shared with SSL4 which belongs to the glycan-binding subfamily of SSLs. Instead 

SSL4 appears to target sialylated glycans present on myeloid cells for internalisation, 

where it may have an effect on cellular function. SSL4 has been shown to bind and be 

internalised by neutrophils, monocytes, and macrophages (Figure 3.13). SSL11 displays 

a similar binding profile and it was determined using confocal microscopy that these 

proteins are co-localised within the target cell. It is possible the glycan binding site 

containing SSLs act together to affect the function of myeloid cells. 

 

Crosslinking experiments were employed to identify possible molecular targets of 

SSL4. Several distinct proteins were identified in both granulocytes and macrophages. 

Vimentin and actin were identified from macrophages. These proteins form components 

of the cytoskeleton, vimentin is a component of intermediate filaments and actin is a 

component of the microfilaments. These molecules are essential for several cellular 

functions, including cellular adhesion, migration, and cell signalling. The macrophage 

internalisation of SSL4 reflects this as SSL4 showed a distinct cytoskeletal staining 

pattern which focussed at a perinuclear region. Co-staining of macrophages with 

markers for the ER, Golgi apparatus, and cytoskeleton were inconclusive in identifying 

the exact location where SSL4 is sequestered within these cells. SSL4 appeared to 

localise at the centre of the tubulin network and around the Golgi apparatus. It is likely 

SSL4 is trafficked along the cytoskeletal network in vesicles; this could possibly explain 

the cytosketal proteins identified following crosslinking experiments. Several images of 

SSL4 internalisation by macrophages support this hypothesis (Figure 4.14). 

 



 

 126 

MPO and eosinophil peroxidase were identified from granulocytes following 

crosslinking experiments. These proteins are contained within the cytosolic granules of 

granulocytes and are involved in forming oxidising agents which are used by the 

granulocytes to kill pathogens. SSL4 was clearly observed within punctate cytosolic 

vesicles in neutrophils and subcellular fractionation of SSL4 treated granulocytes 

revealed that SSL4 was localised to the lysosomal granule containing fractions, which 

include the azurophilic and gelatinase granules. These findings, along with co-staining 

of granulocytes with SSL4 and markers for the ER, Golgi apparatus, and tubulin, 

suggest that SSL4 is internalised to late endosomal or lysosomal granules within the 

cytosol of the granulocytes. Incubation of granulocytes with SSL4 and S. aureus 

revealed that SSL4 is not internalised into the same phagosome as S. aureus and could 

be internalised into lysosomal granules prior to phagosome-lysosome fusion. 

 

SSL4 internalisation by granulocytes did not inhibit any of the cell functions tested. 

SSL4 did not appear to prevent S. aureus phagocytosis by granulocytes or affect the 

chemotaxis of granulocytes towards the chemoattractant C5a. SSL11 and SSL5 have 

been shown to inhibit granulocyte adherence to a P-selectin coated surface (Bestebroer 

et al. 2007; Chung et al. 2007). Interestingly SSL4 was found to have the opposite 

effect, causing an increase in adherence to a P-selectin surface. This was found to be a 

direct result of SSL4 attaching to the glass surface irrespective of P-selectin, and 

binding neutrophils in a glycan dependent fashion. Glass capillaries pre-soaked with 

SSL4 were shown to arrest granulocytes under shear conditions. SSL4 may possess 

localised areas of high charge at its surface that vary from SSL5 and SSL11. A 

comparison of the surface electrostatics of SSL4 and SSL11 reveal differences in charge 

at the protein surface (Figure 4.19). It was hypothesised this variation in surface charge 

could result in SSL4 being held to the glass capillary surface while SSL11 is repulsed. 

SSL4 would then be capable of binding granulocytes through the glycan binding site 

resulting in their adherence, as observed. 
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Figure 4.19 Comparison of the surface electrostatics of SSL4 and SSL11 

Vacuum electrostatics of A SSL4 and B SSL11, PDB accession number 2RDH (Chung et al. 2007). Each 

side of the molecule is displayed. Positive charge is shown in blue, negative charge shown in red, and 

bound sLe
x
 coloured yellow and shown in stick form. The vacuum electrostics and images were created 

using pyMOL software. 

 

SSL11 has been shown to aggregate granulocytes at high concentrations; this effect was 

not induced by SSL4. Additionally SSL4 inhibited the aggregation of granulocytes by 

SSL11, even at low concentrations. This could be the result of SSL4 interfering with the 

capacity of SSL11 to form dimers at the granulocyte cell surface. SSL4 was also shown 

to enhance neutrophil aggregation by SSL3, which by itself did not aggregate 

neutrophils, and have no effect on granulocyte aggregation by SSL5 and SSL6. These 

results may reflect the capacity of these proteins dimerise and cross-link at the cell 

surface. If the target molecule(s) of these proteins at the surface are different, and they 

are capable of forming heterodimers at the cell surface, this could lead to interesting 

combinational effects on leukocyte function. For example multiple surface proteins 

could be internalised, reducing their expression at the cell surface. SSL3 has been 

shown to bind to TLR2 in a partially carbohydrate dependent manner (Bardoel et al. 
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2012). If SSL4 is tageting similar PRRs and forming a dimer at the cell surface with 

SSL3 resulting in receptor internalisation, this could lead to reduced recognition, 

inlfammation, and phagocytosis of S. aureus by neutrophils. Some receptor signaling is 

dependent on co-localising of receptors with their corresponding co-receptors; TCR 

signalling is dependent on the co-localisation of the TCR with the CD4 or CD8 co-

receptors (Janeway 2005). If multiple SSLs of the carbohydrate bidning subfamily are 

capable of binding and colocalising these molecules this could lead to aberrative cell 

activation or suppression. 

 

Another marked difference between SSL4 and SSL11 was observed when testing PS 

expression at the surface of granulocytes exposed to these proteins. PS is a phospholipid 

expressed at the cell surface of apoptotic cells. It has been shown that S. aureus is 

capable of inducing rapid apoptosis of neutrophils (Nilsdotter-Augustinsson et al. 

2004). SSL4, but not SSL11, was shown to induce PS expression at the surface of 

granulocytes. This expression was, however, minor and transient when compared to UV 

exposed apoptotic granulocytes. SSL4 could be affecting membrane function when 

internalised causing PS, which is present at the inner leaflet, to be transiently exposed 

on the external leaflet. Alternatively SSL4 could be causing the activation and 

degranulation of neutrophils resulting in PS expression at their surface. Vesicles 

released by degranulating neutrophils have been shown to express PS at their surface 

(Gasser et al. 2003). Small physiological changes in the appearance of granulocytes 

exposed to SSL4, such as blebbing of the cytoplasmic membrane during neutrophil 

aggregation tests (Figure 4.3), support these hypotheses. 
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Chapter 5. Crystal Structures and Binding Site Analysis of 

SSL4 

5.1. Introduction 

All SAgs contain a common two globular domain structure; the smaller N-terminal 

domain forming an OB fold while the larger C-terminal domain forms a ß-grasp domain 

(see section 1.10). The overlying architecture of this structure is remarkable in that it 

supports high variation in amino acid sequence and correspondingly protein function. 

SAgs utilize a range of binding properties to carry out their roles in stimulating T cells 

and the SSLs have emerged as a family of structurally related molecules which target a 

wide array of immune related molecules. The crystal structures of SSL5, SSL7, and 

SSL11 have been solved and show the structural similarity of the SSLs to classical 

SAgs (Arcus et al. 2002; Al-Shangiti et al. 2004; Chung et al. 2007). 

 

The structures of both SSL5 and SSL11 binding to the tetrasaccharide sLe
x
 have been 

solved and show a conserved binding site at the C-terminal β-grasp domain (Baker et al. 

2007; Chung et al. 2007). SLe
x
 is a terminal carbohydrate found on many cell-surface 

proteins of granulocytes, monocytes, and some T-cells, and is essential to the 

inflammatory response (Munro et al. 1992). The carbohydrate binding site is composed 

of 17 residues which form a V-shaped loop between strand β10 of the C-terminal β-

sheet and a distorted 310 α-helix. The direct hydrogen bonds made between protein and 

the ligand subunits Sia and Gal are entirely conserved between SSL5 and SSL11 (see 

section 1.17.3). This chapter presents structural data on SSL4 as well as its interaction 

with sLe
x
, making detailed comparisons of the binding site with the structures of SSL5 

and SSL11. Further to this, binding comparisons are presented to further explain small 

but significant differences in the binding affinity and specificity between SSL4 and 

SSL11. 
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5.2. Crystallisation of SSL4 

Recombinant truncated SSL4-Newman was prepared as described (see 2.5.1) for 

crystallisation trials using a 480-condition screen (Moreland et al. 2005). Within seven 

days well-formed crystals appeared under six conditions, and several of these were 

selected for further optimisation by condition screening (Figure 5.1A, B, and C). Only a 

single condition screen centred on 0.2 M bis-tris propane pH 6.7 21% MPEG 5000 

resulted in large well-formed crystals (Figure 5.1D). The final crystals used for data 

collection grew in large drops of 1 µL protein (14.45 mg/mL in 20 mM Tris pH 7.4, 100 

mM NaCl) and 1 µL 0.2 M bis-tris propane pH 6.5 21% MPEG 5000. Crystals were 

visible after several hours and continued to grow for several days. 

 

 

Figure 5.1 SSL4-Newman crystals 

A SSL4 crystals grown in 0.2 M NaCl, 20% PEG 3350. B SSL4 crystals grown in 0.2 M bis-tris propane 

pH 6.7, 21% MPEG 5000. C SSL4 crystals grown in 0.2 M NH4Cl, 0.1M sodium acetate trihydrate pH 

4.6, 30% PEG 4000. D SSL4 crystals grown in hanging drops of 0.2 M bis-tris propane pH 6.5, 21% 

MPEG 5000, and imaged under polarised light. This condition formed the crystals used for data 

collection. SSL4 was prepared and added 1:1 to each of these conditions in 20mM tris pH 7.4, 100mM 

NaCl. 
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5.3. X-ray diffraction data from SSL4-Newman crystals 

Glycerol was tested as a cryoprotectant condition for flash freezing the crystal into 

liquid nitrogen. A high glycerol concentration was found to lower the resolution of the 

collected data, and low glycerol solutions resulted in fracturing of the crystals. As a 

result an increased MPEG 5000 concentration was used to improve the quality of the 

crystals. The final cryoprotectant solution used consisted of 20% glycerol, 0.2 M bis-tris 

propane pH 6.5, and 23% MPEG 5000. A 1.70 Å data set was collected from these 

conditions using a home source rotating anode generator. 

 

5.4. Determination and refinement of SSL4 structure 

SSL4 crystal data were processed with MOSFLM and scaled with SCALA from the 

CCP4 Suite (Collaborative Computational Project No. 4 1994). The data set was more 

than 99% complete to a 1.7 Å resolution with a space group of C2. The unit cell 

dimensions were a = 96.1 Å, b = 81.92 Å, c = 57.3 Å, α = 90
o
, β = 105.45

o
, γ = 90

o
, 

with a Matthews coefficient of 2.36 Å3/Da and an estimated solvent content of 47.83%. 

 

The crystal structure of SSL4 was solved by molecular replacement using PHASER 

(Storoni et al. 2004) with the structures of SSL5 and SSL11 as search models. The 

molecular replacement phases were then used with PHENIX (Adams et al. 2002) to 

build an initial model. This initial model comprised two incomplete molecules of SSL4. 

Molecule A consisted of three segments of amino acids; Asp-14 to Leu-34, Arg-41 to 

Glu-112, and Thr-117 to Ile-199. Molecule B consisted of two segments of amino acids; 

Phe-12 to Glu-112, and Ser-119 to Ile-199. This structure was refined through cycles of 

manual model building using COOT (Emsley and Cowtan 2004) and refinement using 

REFMAC5 (Murshudov et al. 1997). Water molecules were included in the model if 

they had good spherical density, reasonable B-factors, and favourable hydrogen bonding 

contacts. Other solvent species were identified from their densities and environment. 

The missing loops of both SSL4 molecules in the structure were found to have 

reasonable density which allowed fitting of the required amino acids. The final structure 
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contains two SSL4 chains, residues Glu-7 to Lys-200 in molecule A and residues Lys-

11 to Lys-200 in molecule B, 316 water molecules, 1 glycerol molecule, and 4 chloride 

ions. The structure was refined to a resolution of 1.7 Å and validated using 

MOLPROBITY (Davis et al. 2004) showing excellent geometry and an R value of 

20.86% (Rfree 26.14%; Table 5.1). A total of 97.11% of all residues in both protein 

molecules were in favourable regions of the Ramachandran plot (Ramachandran et al. 

1963) with none in disallowed regions. Asn-48 of both protein molecules was present in 

a generously allowed region. Asn48 is present at the end of a loop between β-sheets β2 

and β3 and makes hydrogen bonds with the carbonyl nitrogen of Phe-50 and the 

sidechain oxygen from Tyr-52. This bonding seems to stabilise this loop present in the 

N-terminal OB-fold domain. Several residues were replaced with alanine due to a lack 

of density for the sidechains; Lys-104 of both molecules, Glu-7 and Lys-126 of 

molecule A, and Arg-108 of molecule B. 

 

Table 5.1 Refinement statistics of the SSL4 crystal structure 

Crystal Data   SSL4 

  Space Group   C2 

Cell       

  Axial Lengths (Å)  96.1, 81.19, 57.30 

  Angles (
o
)   90.00, 105.45, 90.00 

Data Collection     

  Resolution Range
* 

 27.62 – 1.70 (1.79 – 1.70) 

  
Data Collection Temperature 
Total Reflections 

113 K 
461477 

  Unique Reflections  46435 

  Completeness
*
 (%)  99.7 (99.3) 

  Mosaicity (
o
)  1.02 

  Rmerge
*
 (%)  0.058 (0.698) 

  I/sigma
* 

  17.4 (2.4) 

Refinement     

  Resolution Range  27.62 – 1.70 

  R/Rfree  0.2086/0.2614 

  Mean B-Value   29.686 

rms Deviations from Standard Values   

  Bond Lengths (Å)  0.025 

  Bond Angles (
o
)   2.096 

Ramachandran Plot     

  % Residues in Favoured Regions 97.11 

  Outliers   - 
*Values in parenthesis are for the outermost shell. 

 



 

 133 

5.5. Analysis and comparison of the monomeric SSL4 structure 

SSL4 shows the same characteristic two domain fold as other SAgs and SSLs. The N-

terminal domain (residues 1-100) forms an OB-fold domain, a five stranded β-barrel 

structure comprising β-strands β1-β5 which has a shear number of 8. The C-terminal 

domain (residues 101 to 200) forms a β-grasp fold in which a central helix (α4) rests 

against a mixed β-sheet formed from β-strands β7-β6-β12-β9-β10 (Figure 5.2A). 

 

A single glycerol molecule is bound between the N-terminus of the two SSL4 molecules 

in the crystal structure (Figure 5.2B). To both molecules the glycerol makes hydrogen 

bonds to residues between β-sheets β1a and β1b. From molecule A the glycerol makes a 

hydrogen bond to Lys-27 and Glu-29, while making a water bridge to Asn-28. From 

molecule B the glycerol makes a single hydrogen bond to Glu-29. 

 

The two molecules of SSL4 within the crystal structure show remarkable conservation 

with a root mean square (rms) difference of 0.282 Å for all atoms when aligned (Figure 

5.2C). A small degree of variation is observed in the loops joining the β-sheets of the N-

terminal OB-fold. The C-terminal β-grasp domain by comparison is almost identical in 

each molecule. A comparison of the variances of the amino acid sequence between 

SSL4 alleles reveals a similar trend (Figure 5.2D). Small variances are observed 

throughout the N-terminal domain. The C-terminal domain by comparison has 

substantial variation in the loop directly preceding the β-12 sheet, following the 

carbohydrate binding site, but is otherwise largely conserved. Active sites of proteins 

demonstrate conservation of sequence between alleles. If there are additional active sites 

present in SSL4, other than the conserved glycan binding site, it is likely the site will 

display conservation of sequence between alleles. The SSL4 sequence is highly 

conserved between all alleles studied, however, making this comparison less 

informative. Of note, the N-terminal loop between β-sheets β1b and β2 displays 

conservation of sequence through the entire loop. 
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Figure 5.2 The crystal structure of SSL4-Newman 

A Ribbon diagram and amino acid sequence of the crystal structure of SSL4 with secondary structure 

elements labelled according to standard SAg nomenclature. The N-terminal OB-fold domain is on the 

right with the C-terminal β-grasp domain on the left. B Glycerol binding between the two SSL4 

molecules of the asymmetric unit. Molecule A is left, molecule B right, both are shown as ribbon 

diagrams. The glycerol and residues bound by glycerol are shown in stick form. The water molecule is 

shown as a red sphere and the hydrogen bonds are shown as broken lines with their length in Å. C 

Superposition of the two molecules of the SSL4 crystal structure. D Ribbon diagram of the SSL4 crystal 

structure coloured to represent conservation of the amino acid sequence between the SSL4 alleles shown 

in Figure 3.3, not including SSL4-MRSA252. Identity (red), strong similarity (blue), weak similarity 

(green), and no similarity (yellow) are indicated. Images created using pyMOL software. 

 

Superposition of the structures of SSL4 and SSL11 resulted in a rms difference for main 

chain atoms of 5.79 Å, the superposition of SSL4 and SSL5 resulted in an rms 

difference for main chain atoms of 6.56 Å (Figure 5.3). Superposition of the N-terminus 

and C-terminus separately resulted in an rms difference for main chain atoms of 5.81 Å 

and 3.05 Å respectively between SSL4 and SSL11, 5.40 Å and 2.79 Å respectively 

between SSL4 and SSL5. This shows that there is higher conservation of the C-terminal 

β-grasp domain between these proteins than the N-terminal OB-fold domain. It is 

possible a second ligand binding site exists in the N-terminal domain of these proteins. 

SSL7 contains two ligand binding sites, a C5 binding site in the C-terminus and an IgA 

binding site in the N-terminus. Due to the variation observed between the N-terminal 

domains of these proteins, if there is an N-terminal ligand binding site it is likely to vary 

in function between them. β-Sheets β6 and β7 of the SSL4 β-grasp domain show 

significant variation from those found in SSL11 and SSL5. The loop between these 

sheets stretches in towards the molecule in SSL4 as opposed to away from it as in 

SSL11 and SSL5. This may have functional significance in relation to dimerization of 

the molecules. 
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Figure 5.3 Superposition of SSL4, SSL5, and SSL11 

Superposition of the structures of SSL4 (red), SSL5 (yellow; PDB accession number 1M4V), and SSL11 

(blue; PDB accession number 2R61) as ribbon diagrams (Arcus et al. 2002; Chung et al. 2007). The 

structures of SSL4, SSL5, and SSL11 do not have bound ligand in the carbohydrate binding site. Image 

created using pyMOL software. 

 

5.6. Crystallisation of full length SSL4-Newman 

Full length SSL4-Newman was prepared as for the truncated form of SSL4, and crystal 

formation was tested using a 480-condition screen at 12.4 mg/mL (Moreland et al. 

2005). No crystals or crystal-like structures formed and the majority of the conditions 

resulted in the formation of oils, indicating the protein used was too concentrated. The 

480-condition screen was repeated using 6.2 mg/mL protein; small crystals formed in 

two conditions after several weeks. Fine screening of these conditions, 0.2M 

PIPES/KOH pH 6.7, 28% MPEG 5000, and 0.2M MOPS/KOH pH 7.3, 28% MPEG 

5000, resulted in no crystal formation. The final crystals used for data collection were 
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removed from the 480-condition screen and were grown in 0.2M PIPES/KOH pH 6.7, 

28% MPEG 5000. These crystals were thick plates less than 0.1 mm in length. These 

were chosen to test for a conserved structure at the elongated N-terminus prior to 

additional crystal screening. 

 

5.7. X-ray diffraction data from full length SSL4-Newman crystals 

The cryoprotectant condition used for flash freezing the crystal included 20% glycerol. 

A poor data set was collected to 3.2 Å at the Australian Synchrotron facility (Clayton, 

VIC). These data were integrated using XDS (Kabsch 1993) and scaled with SCALA 

(Collaborative Computational Project No. 4 1994). The data set had a space group of 

P422. The crystal was solved by molecular replacement using PHASER (Storoni et al. 

2004) with the structure of SSL4 as a search model. This structure contained 2 

molecules of the SSL4 in the asymmetric unit. Weak evidence was observed for any 

ordered structure at the N-terminus of the OB-fold domain. Weak electron density was 

observed at the interface between symmetry related molecules where four N-termini 

converge (Figure 5.4). However this density did not extend far and joined to the N-

terminus of opposing symmetry related molecules. Little room was available to build a 

model of the additional 108 amino acids at the N-terminus. It was concluded these 

amino acids are disordered. These data support the prediction that these residues are 

disordered based on the predicted complexity of this protein (Figure 3.5B). 
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Figure 5.4 Analysis of the diffraction data of full length SSL4-Newman 

The electron density surrounding the N-termini of the two chains of the un-built full length SSL4 

structure contoured at 0.8δ. All molecules are coloured by element; carbon, yellow/grey; oxygen, pink; 

nitrogen, blue; and the symmetry related molecules are shown in grey. Image created using Coot software 

(http://lmb.bioch.ox.ac.uk/coot/). 

 

5.8. Crystallisation of SSL4 in complex with sLe
x
 

Recombinant truncated SSL4-Newman was prepared as described (see 2.5.1) and, 

together with sLe
x
, used for crystallisation fine screening. The crystal forming 

conditions from the 480 condition crystal screen of truncated SSL4 alone were used 
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initially. One condition, 0.18-0.22 M LiCl 18-22% PEG 3350, resulted in large rod-like 

crystals which diffracted poorly when sent for data collection at the Australian 

Synchrotron facility (Clayton, Vic). A 480 condition screen was then prepared for SSL4 

and sLe
x
 from which poor clusters of fine needle-like crystals were seen in two 

conditions. These conditions were chosen for further fine screening. Large plate-like 

crystals formed in the screen centred on 0.2 M NaSCN pH 6.9 20% PEG 3350, and 

small square crystals grew in the screen centred on 0.2 M PIPES/KOH pH 6.7 28% 

MPEG 5000. The final crystals used for data collection grew in large drops of 1µL 

protein (13.5mg/mL SSL4, 10mM sLe
x
 in 20mM Tris pH 7.4, 100mM NaCl) and 1µL 

0.2M NaSCN pH 6.9 22% PEG 3350 or 1µL protein and 1µL 0.18M PIPES pH 6.7 

28% MPEG 5000 (Figure 5.5). Crystals were visible after 24 h and continued to grow 

for an additional 24 h. 

 

Figure 5.5 SSL4-Newman and sLe
x
 crystals 

SSL4 and sLe
x
 crystals grown in 0.18 M PIPES pH 6.7, 28% MPEG 5000. 

 

5.9. X-ray diffraction data from SSL4-Newman and sLe
x
 crystals 

As for crystals of SSL4, glycerol was included in cryoprotectant condition screening for 

both cocrystals of SSL4 and sLe
x
. The final cryoprotectant condition used for flash-

freezing both cocrystals of SSL4 and sLe
x
 included 17% glycerol. A data set was 

collected from the crystal grown in 1µL protein and 1µL 0.2M NaSCN pH 6.9 22% 

PEG 3350 to 2.8 Å at the Australian Synchrotron facility (Clayton, VIC). This was 
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superseded by a data set collected from a crystal grown in 1µL protein and 1µL 0.18M 

PIPES pH 6.7 28% MPEG 5000 to 2.4 Å using a home source rotating anode generator. 

 

5.10. Determination and refinement of the SSL4 and sLe
x
 complex 

structure 

The initial 2.7 Å SSL4 and sLe
x
 complex data were integrated using XDS (Kabsch 

1993) and scaled with SCALA (Collaborative Computational Project No. 4 1994). The 

data set had a space group of P212121 and the unit cell dimensions were a = 94.7 Å, b = 

191.7 Å, c = 201.8 Å, α = 90
o
, β = 90

o
, γ = 90

o
. The crystal was solved by molecular 

replacement using PHASER (Storoni et al. 2004) with the structure of SSL4 as a search 

model. This structure contained 16 molecules of the SSL4 sLe
x
 complex in the 

asymmetric unit. 

 

The 2.4 Å SSL4 sLe
x
 complex data which superseded this were integrated using XDS 

(Kabsch 1993) and scaled with SCALA (Collaborative Computational Project No. 4 

1994). The data set was more than 99% complete to 2.5 Å resolution with a space group 

of I222. The unit cell dimensions were a = 61.9 Å, b = 78.9 Å, c = 97.7 Å, α = 90
o
, β = 

90
o
, γ = 90

o
, with a Matthews coefficient of 2.50 Å3/Da and an estimated solvent 

content of 50.75%. 

 

The crystal structure of SSL4 in complex with sLe
x
 was solved by molecular 

replacement using PHASER (Storoni et al. 2004) with structure of SSL4 as a search 

model. The initial model comprised one incomplete molecule of SSL4 consisting of 

residues Ile-8 to Lys-200. This structure was refined as for the native SSL4 structure. 

Well defined density was immediately apparent for the complete sLe
x
 molecule, 

however this was not modelled until the protein structure was nearing completion. A 

restraint library for sLe
x
 was developed through the program SKETCHER of the CCP4 

suite (Collaborative Computational Project No. 4 1994). Water molecules and other 

solvent species were identified as for the native SSL4 structure. The final structure 

contains one SSL4 chain including residues Glu-7 to Lys-200, 1 sLe
x
 molecule, 62 
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water molecules, 1 PIPES molecule, and 2 chloride ions. The structure was refined to a 

resolution of 2.5 Å and validated using MOLPROBITY (Davis et al. 2004) showing 

excellent geometry and an R value of 18.47% (Rfree 25.43%; Table 5.2). A total of 

95.31% of all residues in both protein molecules were in favourable regions of the 

Ramachandran plot (Ramachandran et al. 1963) with none in disallowed regions. 

 

Table 5.2 Refinement statistics of the SSL4-sLe
x
 complex crystal structure 

Crystal Data   SSL4 and sLe
x
 complex 

  Space Group   I222 

Cell       

  Axial Lengths (Å)  61.88, 78.88, 97.70 

  Angles (
o
)   90.00, 90.00, 90.00 

Data Collection     

  Resolution Range
* 

 24.42 – 2.50 (2.64 - 2.5) 

  
Data Collection Temperature 
Total Reflections 

113 K 
75866 

  Unique Reflections  8563 

  Completeness
*
 (%)  99.9 (100.00) 

  Mosaicity (
o
)  0.214 

  Rmerge
*
 (%)  16.9 (74.7) 

  I/sigma
* 

  12.0 (3.1) 

Refinement     

  Resolution Range  24.42 – 2.50 

  R/Rfree  0.1847/0.2543 

  Mean B-Value   25.624 

rms Deviations from Standard Values   

  Bond Lengths (Å)  0.017 

  Bond Angles (
o
)   1.779 

Ramachandran Plot     

  % Residues in Favoured Regions 95.31 

  Outliers   - 
*Values in parenthesis are for the outermost shell. 

5.11. The crystal structure of SSL4 complexed with sLe
x
 

The sLe
x
 molecule is a tetrasaccharide comprised of a sialic acid (Sia), galactose (Gal), 

N-acetylglucosamine (NAG), and fucose (Fuc) subunits (Figure 5.6A). The overall 

structure of the SSL4 molecule with bound sLe
x
 is identical to that of native SSL4. 

Superposition of SSL4 from the sLe
x
 complex with the native monomer structures of 

SSL4 confirm no major structural changes upon sLe
x
 binding with a rms difference of 

0.337 Å for all atoms aligned with molecule A of the native structure and 0.349 Å for 

all atoms aligned with molecule B of the native structure (Figure 5.6B). 
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Figure 5.6 The crystal structure of the SSL4-sLe
x
 complex 

A The chemical structure of sLe
x
 (Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAc) B Ribbon diagram showing 

the SSL4-sLe
x
 complex with secondary structure elements labelled according to standard SAg 

nomenclature. The N-terminal OB-fold domain is on the right with the C-terminal β-grasp domain on the 

left. The bound sLe
x
 is shown as yellow sticks and sits in a surface depression made by a V-shaped loop 

between strand β10 and a deformed 310 helix (blue). Image created using pyMOL software. 

 

One PIPES molecule is found in the structure located between the N-terminal OB-fold 

domain and the loop connecting the C-terminal and N-terminal domains of a symmetry 

molecule. This PIPES molecule makes a water bridge to Pro-22 located at the loop 

following the α-helix α2, and Leu-78 located following the β-sheet β4 (Figure 5.7A). To 
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the symmetry related molecule the PIPES molecule makes extensive hydrogen bonds to 

Asn-97, Lys-99, and Val-101 all located in the loop joining the N-terminus and C-

terminus, as well as making a water bridge to Asn-28 located at the loop between β-

sheets β1a and β1b (Figure 5.7B). Interestingly the position occupied by the PIPES 

molecule is very similar to that of the glycerol molecule found between the two SSL4 

molecules present in the native structure (Figure 5.7C and D). A water bridge is formed 

from the ligand to the Asn-28 residue in both structures. 

 

Figure 5.7 The PIPES binding site on SSL4 

A and B PIPES binding between the SSL4 molecule (yellow) and a symmetry related SSL4 molecule 

(grey). All molecules are coloured by element; carbon, yellow/grey; oxygen, pink; nitrogen, blue; 

sulphur, green; water molecules, pink stars. Hydrogen bonds are shown as broken lines with their length 

in Å. C Ribbon diagram of native SSL4 (red) with the single bound glycerol shown as yellow sticks. D 

Ribbon diagram of SSL4 (red) in complex with sLe
x
 with the single bound PIPES shown as yellow sticks. 

Images A and B were created using Coot software, Images C and D were created using Pymol software. 
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5.12. Dimerization of SSL4 

Dimers of SSL4 were formed in both crystal structures of SSL4 as a result of crystal 

packing. The β7 strands from adjacent symmetry-related molecules aligned in anti-

parallel fashion, creating a 10-stranded β-sheet between the C-terminal domains of both 

molecules (Figure 5.8A and B). The same interaction is observed in all crystal forms of 

SSL5 and SSL11, indicating that this form of association is of possible functional 

significance, for example at the target cell surface where the proteins could potentially 

be found in high local concentrations. Two hydrogen bonds are found between the Ile-

118 residues from both molecules of the interaction. This is in contrast to the seven 

hydrogen bonds seen in SSL11 and the six seen in SSL5. The difference seen is a direct 

result of the loop between the β6 and β7 strands of SSL4 bending in towards the centre 

of the molecule instead of away from it, as seen in SSL5 and SSL11 (Figure 5.3). In 

addition to the potential C-terminal domain dimer interface, other potential dimer 

interfaces of SSL4 were calculated using the program PISA (Proteins, Interfaces, 

Structures, and Assemblies) available in the CCP4 suite (Collaborative Computational 

Project No. 4, 1994). The top scoring dimer interface using this program forms from the 

loop between strands β2 and β3 of both molecules opposing the loop between strand β4 

and helix α3 of the paired molecule. 

 

ITC was used to test dimer formation of SSL4 in solution. A high concentration of 

SSL4 in solution, 500 µM, was placed in the needle then added slowly to the cell, which 

contained PBS alone. If SSL4 is dimeric at the high concentration within the needle, an 

energy change would be detected as SSL4 enters the cell and returns to a low 

concentration and monomeric form. This did not occur. No energy change over time 

comparable to the negative control was observed (Figure 5.8C); SSL4 did not form 

dimers at high concentration in solution under these analysed conditions. 
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Figure 5.8 Dimerization of SSL4 

A Dimerization seen between the SSL4 molecule (yellow) and the SSL4 molecule from an asymmetric 

unit (grey) in the native structure of SSL4. All molecules are coloured by element; carbon, yellow/grey; 

oxygen, pink; nitrogen, blue; sulphur, green; water molecules, pink stars. Hydrogen bonds are shown as 

broken lines with their length in Å. B Dimerization seen between the SSL4 molecule (yellow) and the 

SSL4 molecule from an asymmetric unit (grey) in the structure of SSL4 complex with sLe
x
. All 

molecules are coloured as for (A) and hydrogen bonds are shown as broken lines with their length in Å. C 

ITC data where 500 µM SSL4 in solution is added to a cell with no SSL4. This is a representative of two 

independent experiments. The top graph displays raw data as µcal/sec against time in min, after the 

integration baseline has been subtracted. The bottom graph shows normalized integration data as 

kcal/mole of monomer plotted against the equivalent monomer concentration in the cell in mM after the 

buffer control data has been subtracted from it. Images A and B were created using Coot software, image 

C was created using MicroCal Origin software (USA). 



 

 146 

 

5.13. Analysis of the carbohydrate binding site 

In complex with SSL4, sLe
x
 occupies the V-shaped loop between the β-sheet β10 and a 

distorted 310 helix (Figure 5.9A).  Key residues of SSL4 that interact with the sLe
x
 

molecule are Lys-169, Thr-171, and Glu-173 from the β10 strand, Lys-176 from the top 

of the V-shaped loop, and Gln-179, Asn-181, Arg-182, and Asp-185 from the 

descending α-helix (Figure 5.9B, C, D, and E). SSL4 makes 14 direct hydrogen bonds 

with the sLe
x
 molecule (Table 5.3); the majority of these interactions occur to the Sia 

and Gal units of the tetrasaccharide. The N2 of Gln-179 can make three hydrogen bonds 

to sLe
x
; to the O6 of Gal, the O3 of NAG, and the O2 of Fuc. All of the possible 

hydrogen bonds are at favourable angles and lengths to Gln-179; it is likely this residue 

shares these hydrogen bonds. Several water bridges were also identified. Sia forms a 

water bridge to Lys-169, Gal forms a water bridge to Glu-173 and Gln-179, and Fuc 

forms a water bridge to Glu-173. Due to the resolution of the structure there is not 

sufficient information to be certain of the positioning of all water molecules surrounding 

the binding site. 
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Figure 5.9 sLe
x
 binding by SSL4 

A Stereoview of the sLe
x
 binding site of SSL4. SLe

x
 is shown as gold sticks and SSL4 is shown as silver 

sticks. Hydrogen bonds between sLe
x
 and protein atoms are shown by dashed lines. sLe

x
 residues are 

labelled S (Sia), G (Gal), N (NAG), and F (Fuc); SSL4 residues which form direct hydrogen bonds to 

sLe
x
 are labelled. B, C, D, and E Hydrogen bonding of Sia, Gal, NAG, and Fuc respectively to SSL4. 

SLe
x
 is shown as yellow sticks, SSL4 is shown as silver sticks, and hydrogen bonds are labelled as for (A) 

with their length in Å. Water molecules are displayed as red spheres. These images were created using 

Pymol software. 
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Table 5.3 List of hydrogen bonds formed between SSL4 and sLe
x 

sLex unit Unit atom SSL4 atom/residue Length (Å) 

Sia O8 NH2/Arg-182 2.79 

  O9 NE/Arg-182182 2.85 

  O9 OD2/Asp-185 2.56 

  N5 O/Lys-169  2.9 

  O1B OG1/Thr-171 2.74 

  O1A N/Thr-171 2.89 

Gal O6 OE2/Glu-173 2.58 

  O6 NE2/Gln-179 2.78 

NAG O5 ND2/Asn-181 2.96 

  O3 NE2/Gln-179 3.12 

Fuc O2 NE2/Gln-179 2.99 

  O2 NZ/Lys-176Lys 3.03 

  O3 NZ/Lys-176 2.59 

  O3 OE2/Glu-173 2.88 
 

 

The V-shaped loop between β-sheet β10 and the distorted 310 helix occupied by sLe
x
 in 

SSL4 is the same as seen in both SSL5 and SSL11 (Figure 5.10A). Comparisons of the 

rms differences between main chain atom positions in the 17-residue binding sites and 

the entire proteins chains when aligned reveal the remarkable conservation of the 

binding loop between these proteins. These are 0.34 Å and 6.31 Å respectively between 

SSL4 and SSL11, and 0.35 Å and 6.10 Å respectively between SSL4 and SSL5. The 

hydrogen bonds formed between SSL4 and the Sia and Gal units of the tetrasaccharide 

are identical to those made by SSL5 and SSL11. Differences between the binding sites 

of SSL4, SSL5, and SSL11 are seen in the NAG and Fuc interactions. Asn-181 of SSL4 

makes a direct hydrogen bond with O5 of NAG. This allows the conserved Glu-173, 

Lys-176, and Gln-179 residues of SSL4 to make four additional hydrogen bonds with 

the Fuc residue. The equivalent residue of Asn-181 from SSL4 in SSL11 is His-178. 

Due to the longer side chain of His-178, this residue forms a direct hydrogen bond to 

the O6 of NAG and also causes the NAG and Fuc residues to be held 2-3 Å further out 

of the binding pocket in SSL11 (Figure 5.10A). This prevents any hydrogen bonding 

between Lys-173 and Gln-176 of SSL11 and the Fuc of sLe
x
 (Figure 5.10B). The two 

available crystal structures of SSL5 and sLe
x
 show that His-185, equivalent to Asn-181 

in SSL4 and His-178 in SSL11, can have two positions. In one position it forms a 

hydrogen bond to the O6 of NAG and pushes the NAG and Fuc residues out of the 
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binding pocket, as for SSL11. In position two, however, the His flips away allowing the 

NAG and Fuc residues to move in closer, as in SSL4 (Figure 5.10B). 

 

 

Figure 5.10 Superposition of the sLe
x
 binding site of SSL4, SSL5, and SSL11 

A Superposition of the 17 amino acid binding site of SSL4 (yellow), SSL5 (blue), and SSL11 (red) as a 

ribbon diagram, bound sLe
x
 is shown as sticks. B Overlay of the interaction between NAG (N) and Fuc 

(F) of sLe
x
 and Glu-173, Lys-176, Gln-179 and Asn-181 of SSL4 (Yellow), Glu-170, Lys-173, Gln-176, 

and His-178 of SSL11 (Red), and Glu-177, Lys-180, Gln-183, and His-185 of SSL5 (Blue). Image was 

created using Pymol software. 

 

5.14. Quantitative comparison of carbohydrate binding between SSL4 

and SSL11 

SPR was used to calculate and compare the affinities of SSL4 and SSL11 for the blood 

group antigen sLe
x
 and the carbohydrate sLacNac, a subcomponent of sLe

x
 lacking the 

terminal fucose. SLacNac was included as it is the core moiety recognised by the glycan 

binding SSLs and differences were observed in sLe
x
 binding between SSL4, SSL5, and 

SSL11 in the crystal structures. SSL5 was excluded from further analysis due to its 

highly positive nature being unsuitable for SPR. The sLe
x
 and sLacNac carbohydrates 

were immobilised to a chip surface and highly purified SSL4 and SSL11 were then used 

as soluble analyte. As described previously in section 3.7, SSL4 and SSL11 were 
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purified by size exclusion chromatography on a Sephadex 10/200 GL FPLC column to 

isolate the monomeric species from the trailing edge of the protein peak. These proteins 

were then analysed immediately and separately for sLe
x
 and sLacNac binding. 

Equilibrium binding curves were obtained from the trailing edge of both SSL4 and 

SSL11 binding sLe
x
 and sLacNac. The KD values of SSL4 binding sLe

x
 and sLacNac 

were calculated to be 87.0 ± 4.5 nM and 471.7 ± 18.7 nM respectively, compared with 

the values 2.32 ± 0.20 µM and 2.43 ± 0.02 µM respectively for the same carbohydrates 

bound by SSL11 (Figure 5.11A, B, E, and F). These results show an affinity of SSL4 

and SSL11 for sLe
x
 several fold higher than previously recorded. This is presumed to be 

a result of using a Biacore
®

 T200 to collect this data, which has greater sensitivity than 

the Biacore
®
 2000 used to collect previous data. It was interesting to note that SSL4 

shows a roughly five-fold reduction in affinity for sLacNac over sLe
x 

(471.7 nM and 

87.0 nM respectively), while SSL11 shows almost identical affinities for these ligands 

(2.43 µM and 2.32 µM respectively). 

 

It was hypothesised from the crystal structures of these proteins complexed with sLe
x
 

that the Asn-181 residue of SSL4 may be responsible for its higher affinity for sLe
x
 over 

SSL11 (Figure 5.10B). This was tested by performing site directed mutagenesis to 

replace the Asn-181 residue of SSL4 with the His found in the equivalent position in 

SSL11. A comparable yield of soluble recombinant protein (SSL4-N181H) was 

expressed using pET32a.3c compared to wild type SSL4-Newman. The affinity of the 

SSL4-N181H mutant for sLe
x
 was, however, similar to that of SSL4 with a calculated 

KD of 90.8 ± 6.4 nM (Figure 5.11C). Differences between SSL4 and SSL4-N181H were 

observed in their affinities for sLacNac. Unlike SSL4, but identical to SSL11, the 

dissociation constant of SSL4-N181H mutant for sLacNac was very similar to its 

dissociation constant for sLe
x
, with a calculated KD of 119.1 ± 10.3 nM (Figure 5.11D). 

All KD values calculated during this analysis are summarised in Table 5.4. 
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Figure 5.11 Quantitative measure of SSL4, SSL4-N181H, and SSL11 binding to sLe
x
 and sLacNac 

SPR binding responses at equilibrium are shown against the concentration and fitted to a steady state 

affinity binding model to calculate an equilibrium affinity constant (KD) A sLe
x
 sensor chip binding and 

equilibrium binding analysis of 6.125-500nM SSL4 in duplicate B sLacNac sensor chip binding and 

equilibrium binding analysis of 25-850 nM SSL4 in duplicate C sLe
x
 sensor chip binding and equilibrium 

binding analysis of 6.125-500 nM SSL4-N181H in duplicate D sLacNac sensor chip binding and 

equilibrium binding analysis of 25-500 nM SSL4-N181H in duplicate E sLe
x
 sensor chip binding and 

equilibrium binding analysis of 0.5-8 µM SSL11 in duplicate F sLacNac sensor chip binding and 

equilibrium binding analysis of 0.125-8 µM SSL11 in duplicate. The plots shown are representative of 

two independent experiments, Rmax and Chi
2
 values can be found in Table 5.4.  
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Table 5.4 Quantitative measure of SS4, SSL4-N181H, and SSL11 binding to sLe
x
 and sLacNac. 

A steady state affinity binding model was used to calculate an affinity constant at equilibrium (KD). 

  sLe
x     

  KD (nM) Rmax Chi
2 

SSL4 86.96 ± 4.53 235.50 ± 0.14 6.95 ± 0.01 

SSL4-N181H 90.76 ± 6.36 243.25 ± 3.18 6.28 ± 0.33 

SSL11 2320 ± 200 217.95 ± 0.64 2.67 ± 1.96 

  sLacNac    

  KD (nM) Rmax Chi
2 

SSL4 471.70 ± 18.67 374.00 ± 7.21 1.91 ± 1.22 

SSL4-N181H 119.05 ± 10.25 414.25 ± 0.49 6.78 ± 3.41 

SSL11 2430 ± 180 478.00 ± 44.42 8.58 ± 9.16 

 

5.15. Competitive granulocyte binding of SSL4-N181H 

To determine whether SSL4, SSL11, and SSL4-N181H compete for the same 

glycosylated targets, complementary binding studies on cells were performed with a low 

concentration of either fluorescent SSL4 or SSL11 (0.01 µM) mixed with a tenfold 

excess (0.1 µM) of the unlabelled proteins (Figure 5.12A and B). As described in 

section 3.10, SSL4 competed effectively with itself while excess SSL4 had no effect on 

labelled SSL11 binding. SSL4-N181H mutant and SSL4 wild-type competed to an 

equivalent degree against labelled SSL4 indicating that despite a mutation in the 

carbohydrate binding site and variable affinity to sLacNac, the target molecule(s) bound 

by SSL4 and SSL4-N181H were identical. SSL11, SSL4, and SSL4-N181H did not 

compete with labelled SSL11 indicating a wider binding specificity from this SSL. 
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Figure 5.12 Competitive granulocyte binding SSL4, SSL11 and SSL4-N181H 

A Human granulocytes stained with 0.01 µM SSL4-488 (peak 1) plus 10-fold (0.1 µM) excess of either 

unlabelled SSL11 (peak 2), unlabelled SSL4 (peak 3), or unlabelled SSL4-N181H (peak 4). B Human 

granulocytes stained with 0.01 µM SSL11-488 (peak 1) plus 10-fold (0.1 µM) excess of unlabelled 

SSL11 (peak 2), unlabelled SSL4 (peak 3), or unlabelled SSL4-N181H (peak 4). This is a representative 

of multiple independent experiments. 

 

5.16. Discussion 

The conserved OB-fold and β-grasp domains of SSL4 are structurally homologous to 

the previously reported and available structures of SSL5, SSL7, and SSL11. This is 

observed in both the native structure of SSL4 and the structure of SSL4 in complex with 

sLe
x
. Attempts at solving the crystal structure of full length SSL4-Newman revealed the 

additional amino acids at the N-terminus to display no electron density and are therefore 

determined to be disordered. This does not exclude this region from being of functional 

significance, where it may augment the cellular effect of this protein. 

 

It is interesting to note that SSL4 formed identical homodimers in both crystal 

structures. ITC data revealed this is not of functional significance as SSL4 does not 

form dimers at high concentrations in solution. Early SPR analysis of SSL4 on sLe
x
 

revealed multiple binding species present in the SSL4 preparation that possess different 
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binding characteristics, necessitating size exclusion chromatography before binding 

analysis. These may be the result of protein aggregates that likely have a small effect on 

the surface binding of the protein while the majority of the SSL4 protein remains 

monomeric. Homodimers of both SSL11 and SSL5 were observed in crystal structures 

of these proteins. SSL11 has been shown to form homodimers in solution and 

aggregates granulocytes at high concentrations as a result of dimer formation at the cell 

surface (Chung 2008). SSL4 did not aggregate granulocytes at high concentrations; 

supporting the observation SSL4 did not form homodimers in solution. The SSLs are 

expressed and produced together (Benson et al. 2011), heterodimers of these proteins 

may form at the surface of target cells and augment their cellular effect. 

 

In both crystal structures of SSL4, a ligand is observed bound to the N-terminal OB-fold 

domain at the reverse face of the molecule from the conserved glycan binding site. In 

the native structure of SSL4 a glycerol molecule is found bound between sheets β1a and 

β1b. In complex with sLe
x
 a PIPES molecule is bound to the same location as the 

glycerol in the native structure, as well as to additional loops in the N-terminus 

following helix α4 and sheet β4 and the loop joining the OB-fold and β-grasp domains. 

The N-terminal OB-fold also shows remarkably less structural conservation between 

SSL4, SSL5, and SSL11 when compared to the C-terminal β-grasp domain which 

contains the glycan binding site. No function has thus far been attributed to the N-

terminal domain of the glycan binding SSLs. This domain may contain a second 

binding site unique to each SSL of the glycan binding subfamily which could explain 

the different functional effects observed between these proteins. 

 

Both SSL5 and SSL11 have been shown to bind sialylated glycans through a conserved 

binding site in the C terminal β-grasp domain that is present in several SSLs (Baker et 

al. 2007; Chung et al. 2007). SSL4, a member of this subfamily, binds to sLe
x
 in an 

almost identical fashion. The key amino acid residues that interact directly with sLe
x
 are 

almost entirely conserved between SSL5, SSL11, and SSL4. Despite this, SSL4 

displayed a much higher affinity than SSL11 for sLe
x
 (KD = 87.0 nM compared with 

2.32 µM), in quantitative binding studies. This is largely due to the substitution of Asn-

181 in SSL4 by His-178 in SSL11, which holds the NAG and Fuc residues 2-3 Å 
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further out of the binding pocket when compared to SSL4, resulting in three fewer 

direct hydrogen bonds made between protein and ligand. Mutating the equivalent 

residue of SSL4, Asn-181, to histidine had little effect on the affinity for sLe
x
 (KD = 

90.8 nM). This is hypothesised to be a result of His-181 of SSL4-N181H flipping out as 

seen in SSL5, allowing NAG and Fuc to bind closer to the binding site; although one 

hydrogen bond to NAG is lost by this, the three additional hydrogen bonds made to Fuc 

remain. In SSL11, the His-178 cannot flip away as it is held in place by a water-

mediated hydrogen bond with the preceding Thr-177. This hydrogen bond could not 

occur in SSL4 and SSL5, in which the residues equivalent to Thr-177 are glutamic acid 

and proline respectively. It is predicted SSLs with an asparagine or aspartic acid at the 

equivalent site of Asn-181 of SSL4, such as SSL5 and SSL2 of strain MW2, bind sLe
x
 

in a position to form multiple hydrogen bonds to Fuc and have increased affinity for 

sLe
x
. Those with histidine at this position and threonine at the preceding position, as for 

SSL11 of strain US6610, bind sLe
x
 with reduced recognition of Fuc and a lower 

affinity. 

 

SSL11 showed a similar affinity for the carbohydrate sLacNac (KD = 2.43 µM), a 

truncated form of sLe
x
 lacking the terminal fucose, as for sLe

x
 (KD = 2.32 µM). This 

was unlike SSL4 which shows a reduced affinity for sLacNac (KD = 471.7 nM) 

compared with sLe
x
 (KD = 87.0 nM). Like SSL11, the SSL4-N181H mutant showed 

similar affinities for sLacNac (KD = 119.1 nM) and sLe
x
 (KD = 90.8 nM). This indicates 

that a histidine at the equivalent position of Asn-181 in SSL4 forms a stronger bond to 

the O6 of NAG, independent of the presence of a Fuc residue, whereas an asparagine at 

this position forms a weaker bond to the O5 of NAG and the overall carbohydrate 

specificity is more dependent on Fuc. In addition to this it was revealed SSL4-N181H, 

despite having greater affinity for sLacNac, competed for granulocyte binding with 

SSL4-488 to an equal extent as SSL4. Together this indicates a preference of SSL4 for 

glycans terminating in sLe
x
, which includes Fuc. This chapter has focused on the 

structure of SSL4, in particular the conserved glycan binding site, to show how small 

variations in the primary sequence of the glycan binding SSLs can relate to differences 

observed in their affinity for carbohydrates as well as their cell binding characteristics. 
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Chapter 6. Discussion 

6.1. Overview 

Staphylococcus aureus is a major human pathogen capable of causing life threatening 

illness in both the community and hospital setting. S. aureus produces a wide range of 

both cell surface and secreted virulence factors which enable it to cause disease. 

Coupled to the emergence of multi-antibiotic resistant strains, S. aureus disease is 

becoming increasingly difficult to treat and is a rising public health problem. By 

increasing the understanding of staphylococcal virulence factors and disease processes, 

novel anti-microbial agents can be developed. Among the repertoire of staphylococcal 

virulence factors are the 14 SSL proteins that have been shown to target components of 

the immune response. SSL4 belongs to a subfamily of the SSLs which contain a 

conserved sialylated-glycan binding site in the C-terminal β-grasp domain. This 

research was undertaken to characterise SSL4 as a member of the glycan binding 

subfamily of SSLs and a virulence factor of S. aureus. 

 

SSL4 likely promotes bacterial survival during infection. There is good evidence that 

SSL4 is expressed at a suitable time to be effective in vivo. Reactive antibodies against 

SSL4 were identified in patients with invasive S. aureus infections, indicating sufficient 

expression to result in seroconversion to SSL4 (Fitzgerald et al. 2003). Several 

transcriptome studies also support in vivo expression of the SSLs, in particular under 

response to stress. Vancomycin treatment, hydrogen peroxide induced oxidative stress, 

Zn
2+

 depletion, internalisation into human epithelial cells, membrane damage, 

phagocytosis by neutrophils, and exposure to neutrophil microbicides all result in the 

up-regulation of several SSLs, including SSL4 (Voyich et al. 2005; Chang et al. 2006; 

McCallum et al. 2006; Garzoni et al. 2007; Corbin et al. 2008; Palazzolo-Ballance et al. 

2008; Attia et al. 2010). The ssls are negatively regulated by the quorum sensing Agr 

and it has been hypothesised that over-production of the SSLs by agr defective strains 

results in the residual virulence observed by these strains (Benson et al. 2011). Together 

this supports a role for the SSLs and SSL4 in S. aureus defence and survival. 
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The primary objectives of this study included characterising SSL4 and identifying it as a 

member of the glycan binding subfamily of the SSLs. Initial work identified several ssl4 

alleles from published genomes, as well as several ssl4 alleles cloned from clinical 

isolates, which were compared with each other and other ssls. Recombinant SSL4 was 

produced and the protein and cell binding characteristics were studied to compare with 

other glycan binding SSLs. The crystal structure of SSL4 was also solved and compared 

with the known structures of other SSLs, in particular the structures of SSL5 and 

SSL11, other glycan-binding SSLs. To test the activity of this protein in staphylococcal 

virulence, recombinant SSL4 was tested for functional effects on innate immune 

components, including complement and myeloid cells. To compare the ligand 

specificity and cell binding characteristics of the glycan binding SSLs the crystal 

structure of SSL4 binding sLe
x
 as well as competitive cell binding and quantitative 

glycan binding were analysed. Site directed mutagenesis was employed to test the 

functional significance of residues in the ligand binding site. 

 

6.2. SSL4 exhibits conservation of primary sequence. 

The primary SSL4 sequence from several published S. aureus genomes were identified 

and compared with other glycan binding site SSLs (Figure 3.1B). A variable sequence 

of approximately 100 amino acids precedes the sequence of SSL4 that shares similarity 

with the other SSLs. Prediction models suggest this site is of low complexity, and 

attempts at refining the crystal structure of full length SSL4 reveal this region to likely 

be disordered (Figure 5.4). A full length native structure of SSL4 from S. aureus strain 

NCTC 8325 is available on the PDB, accession number 3URY, and was deposited by 

the Center for Structural Genomics of Infectious Diseases. No structure was refined at 

the N-terminus prior to Ile-8 of the truncated SSL4 sequence. When expressed as full-

length protein, SSL4 degraded to a size comparable to truncated SSL4. SSL3, the only 

other SSL to exhibit an extended N-terminal sequence, was shown to bind and inhibit 

TLR2 in a glycan dependent fashion. This activity was unaffected by removal of the 

extended N-terminal sequence (Bardoel et al. 2012). This study has focused on 

carbohydrate specificity of SSL4, which is associated with the conserved glycan binding 

site in the β-grasp domain of the protein. As such all studies were performed using 

truncated SSL4-Newman, amino acids 109-309, that excluded the extended N-terminal 
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sequence. This does not exclude this region from being of functional significance where 

it may, for example, augment the cellular effect of this protein or assist in complex 

formation with unidentified binding partners. Disordered segments can fold upon the 

satisfaction of certain criteria, such as binding to biological targets, this could be true of 

SSL4 (Dyson and Wright 2005). This region is proline rich and contains a repeated 

motif of roughly 17 amino acids which further indicates a possible role for this 

sequence, such as to anchor SSL4 to the cell wall of S. aureus. 

 

Alignments of 24 published SSL4 primary truncated sequences and 11 cloned SSL4 

truncated sequences from clinical isolates show high sequence identity (Figure 3.3). 

SSL4-MRSA252 is the most genetically diverse SSL4, sharing no more than 77% 

truncated sequence identity with any other allele identified. This allele shares greater 

full length sequence homology to SSL3 from the same strain of S. aureus (75%) than 

any SSL4 allele identified from published S. aureus genomes in this study (73%). This 

suggests that the SSL4 and SSL3 of MRSA252 have undergone less divergence than in 

other strains. Additionally SSL4-MRSA252 demonstrates enhanced TLR2 inhibition, a 

reported function of SSL3, when compared to other SSL4 alleles (Bardoel et al. 2012). 

The truncated sequence variation of the remaining 34 alleles is observed to be no less 

than 92% with 12 identical sequences as part of a clade of 24. This suggests 

conservation of function for SSL4 alleles. 

 

The 17 amino acid conserved carbohydrate binding site displays very little variation 

between the alleles identified in this study. Only a single amino acid was found to show 

variation between the 35 sequenced S. aureus strains. Asn-181 of SSL4-Newman was 

identified as a tyrosine in SSL4-B970 and SSL4-NU9324, as an aspartic acid in SSL4-

JSNZ, SSL4-VCU006, and SSL4-21343, and as a histidine in MRSA-252. The 

remaining 29 sequences show identical binding sites. Though tyrosine, aspartic acid, 

asparagine, and histidine have polar side-chains, this variation could have significant 

effects on the carbohydrate specificity of these alleles. Asn-181 was identified through 

the crystal structure of SSL4 binding sLe
x
 and quantitative binding studies to make 

significant contributions to both sLe
x
 binding and affinity for sLacNac. The extended 

side chain of a tyrosine in this position, similar to the His-178 of SSL11, may force the 
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Fuc residue of sLe
x
 further out of the binding pocket reducing the affinity for sLe

x
.  

Alternatively due to the lack of a preceding threonine in SSL4, which is present in 

SSL11, the tyrosine side-chain may flip out allowing the same interactions to Fuc to be 

made, as seen in SSL5, and the affinity for sLe
x
 would remain unchanged. The target 

molecule(s) of these different SSL4 alleles may then be altered in an unidentified 

fashion. 

 

6.3. SSL4 as a glycan binding SSL 

SSL5 has been shown to bind FcαR1, PSGL-1, and leukocytes in a sialic acid dependent 

manner (Baker et al. 2007). The crystal structure of SSL5 binding sLe
x
 revealed a 

glycan binding site in the C-terminal domain, a sequence shared with several other SSLs 

including SSL2, SSL3, SSL4, SSL6, and SSL11. SSL11, as well as binding the FcαR1, 

PSGL-1, and leukocytes, was internalised into granulocytes in an energy dependent 

fashion (Chung et al. 2007).  A glycan binding array revealed sLacNac was the core 

ligand for SSL11. A glycan binding array reveals that as for SSL11, sLacNac is the core 

ligand for SSL4. Recombinant SSL4 was shown in this study to bind granulocytes in a 

sialic acid dependent manner (Figure 3.11). Additionally SSL4 displayed a similar 

leukocyte binding specificity to SSL11, binding preferentially to granulocytes and 

monocytes while not interacting to any significant degree to lymphocytes (Figure 3.10). 

These data identify SSL4 as a member of the glycan binding subfamily of SSLs. 

 

The refined structure of SSL4 confirms this protein maintains structurally homologous 

OB-fold and β-grasp domains to those found in SSL5, SSL7, and SSL11 (Figure 5.2). In 

particular the C-terminal domain of SSL4 is highly conserved with that of SSL5, an rms 

difference for main chain atoms of 2.79 Å, and SSL11, an rms difference for main chain 

atoms of 3.05 Å. This was expected as the C-terminal β-grasp domain contains the 

glycan binding site. No function has yet been attributed to the N-terminal OB fold 

domain of the glycan binding SSL subfamily. Unlike the C-terminal domain, there is 

considerable variation between the N-terminal domain of SSL4 and that of SSL5, an 

rms difference for main chain atoms of 5.40 Å, and SSL11, an rms difference for main 
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chain atoms of 5.81 Å. If a second binding partner is attributed to the N-terminal OB-

fold domain of these proteins it is then likely to vary between them. 

 

SSL4 is able to compete with itself for granulocyte binding, indicating that the majority 

of binding is target-specific (Figure 3.12). The target of SSL4 is more specific than just 

the core sLacNac ligand; SSL4 likely targets sLe
x
 containing glycoproteins at the 

surface of myeloid cells to gain entry.  As discussed previously many glycoproteins 

express sLacNac, however it is known that sLe
x
 is expressed constitutively on 

granulocytes, monocytes, and a small percentage of T cells (Munro et al. 1992). This 

matches the leukocyte binding profile of SSL4. Quantitative binding data support this as 

SSL4-N181H, a binding site mutant with enhanced affinity for sLacNac but not sLe
x
, 

competes for cell binding with SSL4 to an identical level as SSL4 itself. 

 

6.4. Functional effects of SSL4 

6.4.1 Immunological effects of SSL4 

Several SSLs have been shown to affect the activity of complement. SSL7 is capable of 

binding IgA and C5 inhibiting the alternative complement pathway (Laursen et al. 

2010). SSL10 binds IgG1 and inhibits the classical pathway of complement activation 

(Patel et al. 2010). SSL4 was able to bind several complement factors found in human 

serum (Table 3.2). When tested in complement pathway ELISAs SSL4 was unable to 

inhibit complement activation and the formation of MAC through the classical, lectin, 

and alternative pathways (Figure 4.1). The binding of SSL4 to complement factors in 

plasma is thus thought to be a result of non-specific interactions of SSL4 with 

carbohydrate moieties found on these proteins, this is likely true for the additional 

plasma proteins pulled out of plasma by SSL4. SSL3 was shown to bind lactoferrin 

from plasma but did not inhibit the bactericidal activity of this protein (Jackson 2008). 

SSL6 binds α2-macroglobulin, which was also extracted from plasma by immobilised 

SSL4 (Table 3.2), but does not affect α2-macroglobulin inhibition of trypsin or the 

interaction of α2-macroglobulin with its target receptor (Dr Ries Langley, personal 

communication). This does not exclude SSL4 plasma protein interactions from being of 
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functional significance as not all possible effects on plasma were tested. By binding and 

concentrating broad-spectrum protease inhibitors such as α2-macroglobulin SSL4 may, 

for example, cause localised inhibition of protease mediated effects such as coagulation 

and thrombolysis (Armstrong and Quigley 1999). Non-specific glycan-binding may also 

affect target specific SSL4 binding in an unidentified fashion. Glycan binding arrays 

reveal SSL4 interacts with different affinities to many sialylated glycans and SPR 

analysis of SSL4 binding sLe
x
 and sLacNac support this. It is hypothesised that SSL4 

binds specific molecular targets with much higher affinity than non-specific targets. 

Alternatively SSL4 may be expressed in such high titres or in contexts where binding 

non-specifically to plasma proteins has little functional effect. 

 

SSL5 and SSL11 have been shown to bind PSGL-1 and inhibit neutrophil binding to P-

selectin (Bestebroer et al. 2007; Chung et al. 2007). Both of these proteins have been 

shown to inhibit neutrophil rolling on a P-selectin surface. Interestingly SSL4 was 

shown not to have a similar effect. When tested using the same method as SSL11, SSL4 

was found to enhance neutrophil adherence to a P-selectin surface (Figure 4.5). When 

investigated further it was found this effect was independent of P-selectin and 

hypothesised to be a result of electrostatic forces holding SSL4 to the glass capillaries 

used (Figure 4.6). SSL4 may still function to inhibit neutrophil rolling in a physiological 

setting. 

 

SSL4 was shown to have the same preference for binding human leukocytes as SSL11, 

interacting preferentially with granulocytes and monocytes, but only weakly with 

lymphocytes (Figure 3.10). Identifying the target receptor(s) for SSL4 at the surface of 

these cells would lead to further insights into the function of this virulence factor. Once 

bound it was shown SSL4 is actively internalised into neutrophils, macrophages, and to 

a lesser extent monocytes (Figure 3.13). Interestingly SSL4 displays different staining 

patterns for these cells; this may reflect differences in effect of SSL4 internalisation by 

these cell types. While being actively internalised into discrete intracellular vesicles by 

neutrophils and monocytes, SSL4 staining of macrophages shows a distinct 

cytoskeleton-like diffuse staining. 
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Cross-linking experiments have confirmed SSL4, when internalised by macrophages, is 

located in close proximity to vimentin, a component of the intermediate filaments of the 

cytoskeleton (Table 4.1). Despite this, two colour overlays of structurally labelled 

macrophages have yet to identify the exact location of SSL4 internalisation (Figure 

4.14). If SSL4 is targeting the cytoskeleton of macrophages it will be interesting to 

determine the effects this would have on cellular mobility and intracellular functions. 

The cytoskeleton is a dynamic structure of significant importance to cellular function, 

playing key roles in cellular mobility, adhesion, integrity, phagocytosis, and 

intracellular trafficking. Microfilaments, or actin filaments, are essential for cell motility 

and changes in cell shape through elongation at one end of a filament coupled with 

shrinkage at the other (Zhu et al. 2000). Intermediate filaments, of which vimentin is a 

member, function in the maintenance of cell shape, cell adhesion, anchoring organelles, 

and cellular signalling (Eriksson et al. 2009). Microtubules play a key role in 

maintaining cell structure and providing platforms for intracellular transport (Desai and 

Mitchison 1997).  By affecting the cytoskeleton, and therefore any of these processes, 

SSL4 may disrupt the capacity of these cells to respond to bacterial infection. Many 

pathogenic bacteria, including Shigella flexneri, Salmonella typhimurium, Listeria 

monocytogenes, E. coli, and Yersinia spp. produce toxins that target components of the 

cytoskeleton and its regulatory system (Ham et al. 2011). This can result in the 

subversion of pathways involved in vesicle trafficking, facilitate the entry and 

replication of the pathogen, and prevent its phagocytosis and degradation. Toxins A and 

B of Clostridium difficile target Rho-GTPases, small regulatory proteins of 

microfilaments, leading to cytoskeleton disorganisation and cell death (Davies et al. 

2011). 

 

Further tests into the functional effects of SSL4 internalisation by granulocytes were 

inconclusive. SSL4 treatment of granulocytes did not affect neutrophil migration along 

a chemotactic gradient (Figure 4.2) or the phagocytosis of opsonised S. aureus (Figure 

4.7). Interestingly SSL4 internalisation by granulocytes resulted in the transient low-

level expression of the apoptotic marker PS at the surface of the granulocytes, followed 

by the apparent recovery of the cells (Figure 4.10). This was not seen in granulocytes 
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exposed to SSL11. PS expression by apoptotic cells is recognised by neighbouring 

phagocytes as an ‘eat-me’ signal, resulting in the phagocytosis of the apoptotic cell 

(Fadeel 2004). SSL4 induced PS expression at the surface of granulocytes could 

facilitate their engulfment by neighbouring phagocytes. PS expression has been shown 

in viable non-apoptotic cells, however, and it is thought that PS expression must exceed 

a threshold level to trigger phagocytosis (Fadeel 2004). Whether SSL4 is capable of 

inducing this level of PS expression at the surface of granulocytes is unknown. 

Apoptotic cells expressing PS at their cell surface have also been shown to act as 

immune regulators, having an anti-inflammatory effect. PS-dependent ingestion of 

apoptotic cells has been shown to induce the production of the immunosuppressive 

cytokine TGF-β1 (Huynh et al. 2002). Interaction of PS and its receptor in-vivo has also 

been shown to inhibit the immune response in a TGF-β1 dependent fashion (Hoffmann 

et al. 2005). Apoptotic cells have been shown to increase macrophage production of the 

anti-inflammatory cytokine IL-10 and decrease the production of the pro-inflammatory 

TNF-α, IL-1, and IL-12 (Voll et al. 1997). SSL4-induced PS expression at the surface 

of granulocytes may then have an immune-modulatory effect, supressing the response to 

S. aureus. Interestingly, SSL10 has also been reported to interact with PS and apoptotic 

cells, though the pathophysiological role of this has yet to be clarified (Itoh et al. 2012). 

Investigation into whether SSL4 may exert an immunological effect, such as 

immunosuppression, through inducing PS expression at the surface of target cells is an 

interesting future possibility. 

 

Cross-linking experiments have identified the granule components MPO and eosinophil 

peroxidase as being in close proximity to SSL4 once internalised by granulocytes (Table 

4.2). Subcellular fractionation of SSL4 treated granulocytes identified SSL4 present in 

fractions representing at least the azurophilic and gelatinase granules (Figure 4.18). As 

described earlier (see 1.7.2) MPO and other effectors of the oxidation burst of 

neutrophils against S. aureus are present within the azurophil, gelatin, and specific 

granules. SSL4 may affect the capacity of granulocytes to destroy phagocytosed S. 

aureus by reducing the effectiveness of lysosome cell killing through, for example, 

prevention of the fusion of vesicles with the phagosome or by direct binding inhibition.  
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6.4.2 Possible functional activities of SSL4 

It has been proposed that phagocytes, in particular neutrophils, represent a privileged 

site for S. aureus during infection (Thwaites and Gant 2011). S. aureus survival in 

leukocytes has been shown in both rabbit and human neutrophils and monocyte derived 

macrophages (Rogers and Tompsett 1952; Kubica et al. 2008). Interestingly S. aureus 

can occupy different intracellular locations within these cells, occupying vacuoles in 

macrophages and the phagosome of neutrophils. Within neutrophils, SSL4 and S. 

aureus were internalised into separate compartments that are likely to be the late 

endosome or lysosome and the phagosome, respectively (Figure 4.15D). This may 

reflect differences between target molecules at the granulocyte cell surface between S. 

aureus and SSL4, or variations in the granulocyte phagocytic activity between SSL4 

and S. aureus. Survival within the phagosome of neutrophils is dependent on numerous 

virulence factors which interfere with the release of antimicrobial substances, protect 

from the chemical attack of antimicrobial proteins and peptides, and resist the lethal 

effects of oxidative stress. Studies have shown the SSLs to be up-regulated by S. aureus 

when exposed to neutrophil granule components and microbicides as well as when 

phagocytosed by neutrophils, possibly as a survival mechanism (Voyich et al. 2005; 

Palazzolo-Ballance et al. 2008). Interestingly SSL4 was internalised to a separate 

vesicle than S. aureus (Figure 4.15) and was localised in close proximity to lysosomal 

enzymes. SSL4 could be augmenting the survival of S. aureus within host cells by 

affecting the function of effector proteins within the lysosome or phagosome-lysosome 

fusion. This could be investigated further by measuring S. aureus survival when 

exposed to azurophil and gelatinase granule components with or without SSL4, or 

measuring S. aureus survival when phagocytosed by neutrophils exposed to SSL4. 

Mycobacterium tuberculosis is an extensively studied intracellular pathogen which 

resides and replicates within the phagosome of macrophages. M. turbuculosis employs a 

wide variety of mechanisms to inhibit phagosome-lysosome fusion; these include the 

prevention of phagosome acidification, maturation of the phagosome, and recruitment 

of tryptophan-aspartate containing coat protein on the phagosome wall (Meena and 

Rajni 2010). As mentioned earlier (see 1.9) S. aureus is capable of producing several 

proteins which directly interfere with lysosomal proteins; these include staphylokinase 

which binds defensins and aureolysin which cleaves and inactivates cathelicidin LL-37 

(Jin et al. 2004; Sieprawska-Lupa et al. 2004). SSL5 has been shown to bind the pro-
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form of MMP-9, an enzyme found in neutrophil gelatinase granules, with high affinity 

and inhibit MMP-9 enzymatic activity (Itoh et al. 2010a). 

 

Evidence has been found for the presence of SSL11 at the cell surface of S. aureus 

(Laughton et al. 2006). SSL4, SSL11, and other SSLs contain an N-terminal signal 

peptide and are secreted by S. aureus. It is possible other SSLs, including SSL4, may 

bind back to the bacterial cell surface. It would be interesting to investigate if this can 

occur. There are several mechanisms by which these proteins may be linked to the 

bacterial cell surface. This includes non-specific interactions of positively charged 

molecules, such as SSL4, with the hydrophobic and negatively charged surface of S. 

aureus (Dickson and Koohmaraie 1989). Surface bound receptors for the SSLs may also 

exist. If any of the SSLs bind back to the bacterial cell surface S. aureus could use them 

as adhesins. SLe
x
 and modified sLe

x
 molecules can be expressed on a vast array of 

tissue types during times of immunological activity (Renkonen et al. 2002). 

 

Gangliosides are glycosphingolipid molecules with one or more sialic acids linked to 

the sugar chain and are ubiquitous on mammalian cell plasma membranes. They are 

involved in many cellular processes including cell adhesion, signal transduction, and 

growth (Zhang and Kiechle 2004). The specific composition of gangliosides varies 

between different cell types and can respond to changes in cell morphology and 

function. Because of this they are often used by pathogens to target proteins to specific 

tissue types. For example staphylococcal enterotoxin B (SEB) accumulates in the 

kidneys of monkeys and rabbits as a result of its interaction with digalactosylceramide 

(Chatterjee et al. 1995). SSL4 could potentially target gangliosides to affect essential 

cellular processes as well as utilising them to target SSL4 to specific tissue types. The 

investigation of SSL4 interacting with gangliosides would be an exciting proposition for 

future research on SSL4 glycan binding. 
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6.5. Investigations into the glycan binding site 

A key line of investigation of this project was to identify similarities and differences in 

the structure of the conserved glycan binding site of the sugar binding SSLs and how 

this may affect ligand specificity. The crystal structure of SSL4 complexed with sLe
x
 

was refined to a resolution of 2.5Å (Figure 5.6). This allows for structural comparison 

of the conserved glycan binding site with SSL5 and SSL11 which have also been 

crystalized with sLe
x
. Comparisons of the rms differences between main chain atom 

positions in the 17-residue binding sites when aligned reveal the remarkable 

conservation of the binding loop between these proteins. These are 0.34 Å between 

SSL4 and SSL11, and 0.35 Å between SSL4 and SSL5. Not surprisingly then SSL4 

binds to sLe
x
 in an almost identical fashion as SSL5 and SSL11, the key amino acid 

residues that interact directly with sLe
x
 are almost entirely conserved. Upon further 

examination of the crystal structures of these proteins complexed with sLe
x
 it was 

apparent that SSL11 holds the terminal Fuc at a position 2-3Å further out of the binding 

pocket than SSL4. This is due to the substitution of Asn-181 in SSL4, which binds the 

O5 of NAG, with His-178 in SSL11, which binds the O6 of NAG. This results in three 

fewer direct hydrogen bonds made between protein and ligand for SSL11 than SSL4 

and SSL4 maintaining a significantly higher affinity for sLe
x
 than SSL11 in quantitative 

binding studies (Figure 3.8 and Figure 5.11). The equivalent residue of SSL5, His-185, 

was observed to have different conformations between the two different crystal 

conditions. In one position it forms a hydrogen bond to the O6 of NAG and pushes the 

NAG and Fuc residues out of the binding pocket as for SSL11. In the second position 

the His flips away, allowing the NAG and Fuc residues to move in closer, just as in 

SSL4. This second conformation cannot occur in SSL11 as His-178 is held in place by a 

water-mediated hydrogen bond with the preceding Thr-177. The Asn-181-His mutant of 

SSL4 displays similar affinity for sLe
x
 to that of SSL4 (Figure 5.11); this is likely due to 

the His-181 residue flipping out as seen in the crystal structure of SSL5. These data lead 

to the prediction that SSL4, and other glycan-binding SSLs with an asparagine or 

aspartic acid at the equivalent site of Asn-181 of SSL4, have increased affinity for sLe
x
. 

This shows how S. aureus can produce a family of proteins with increased specificities 

for sialylated glycans by subtly altering this highly conserved binding site, thus 

allowing for a broad coverage of ligands. 
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Quantitative binding data of these SSLs to sLacNac support this prediction. SSL4 has a 

reduced affinity for sLacNac, which lacks the terminal Fuc, over sLe
x
 while SSL4-

N181H and SSL11 displayed similar affinities. This indicates that a His at the 

equivalent position 181 of SSL4 makes a stronger bond to the O6 of NAG than Asn 

does to the O5 of NAG. This also further supports the prediction that the preferred 

ligand for SSL4 likely contains sLe
x
.  

 

Glycomics array data reflect variations in the fine specificity of SSL4 for other glycans. 

As for SSL11 (Chung et al. 2007), sLacNac is the core ligand for SSL4 but the affinity 

is increased in the presence of an attached Fuc residue as in sLe
x
.  Whereas SSL11 

displayed weak or no binding to similar glycans such as sGal or sLac, moderate binding 

was observed for SSL4 (Table 3.1). These observations support structural and 

quantitative affinity data highlighting differences between the binding sites and affinity 

to core glycans between these proteins. Reflected in this differential glycan preference 

is the finding that SSL4 and SSL11 do not compete for binding to cells. SSL4 is able to 

compete with itself, indicating that the majority of binding is target-specific. SSL11 did 

not compete with itself, indicating that this protein targets a more broad range of 

molecules and that a more significant amount of binding is non-specific and potentially 

electrostatic. It is apparent that the cell surface targets of these proteins are likely not 

identical. 

 

In light of this a curious finding of this study has been that when incubated together 

with leukocytes, SSL4 and SSL11 were localised to the same intracellular location. It is 

interesting to speculate why these proteins appear to have different molecular targets at 

the cell surface. It has been suggested that variant carbohydrate sequences related to the 

sLe
x
 sequence, among others, are preferentially bound by one or other of the selectins 

resulting in subtle differences in their binding specificities (Feizi 2000). It appears that 

the same could be true for the carbohydrate-binding SSLs and might explain why S. 

aureus produces an array of homologous proteins to target sialylated glycoproteins with 

variations in their ligand preferences. This would allow S. aureus to target a broad range 

of similar molecules at target cell surfaces using a family of related molecules. The 

glycan binding SSLs may also affect the function of leukocytes through targeting 
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specific cell surface receptors, such as SSL3 which appears to target and inhibit the 

activation of TLR2 present at cell surfaces (Bardoel et al. 2012). 

 

6.6. Future Directions 

Identifying the specific target molecule(s) for SSL4 at the surface of myeloid cells is an 

essential step towards identifying possible functional effects of SSL4 exposure. TLR2 

has been identified as a target molecule for SSL3, a closely related SSL molecule. The 

interaction of SSL3 with TLR2 was found to be glycan dependent and results in the 

inhibition of TLR2 activation by affected cells (Bardoel et al. 2012). While the 

interaction of SSL4 with TLR2 appears less specific than that of SSL3, SSL4 may have 

specificity for similar molecules. If SSL4 is having an analogous effect to SSL3, it is 

important to identify the molecular target(s). TLR2 is one of many PRRs present on the 

surface of phagocytic cells. Other PRRs are found within the cytosol in addition to the 

cell surface and include the TLRs, C-type lectin receptors (CLRs), and NOD-like 

receptors (Janeway 2005). These are essential for host recognition and immune 

activation and could be potential targets of SSL4. 

 

As discussed earlier it is possible the SSLs may also act as S. aureus surface bound 

proteins, binding through non-specific interactions or through a receptor. This could be 

investigated by testing S. aureus surface expression and binding characteristics of SSL4 

using cell staining or flow cytometry with anti-SSL4 antibodies. If SSL4 is capable of 

binding to the surface of S. aureus in a saturable manner, and if different strains are 

capable of binding different levels of SSL4, it is likely SSL4 is being bound by a 

surface receptor. 

 

Studies have shown multiple SSLs, including SSL4, to be secreted concurrently both in-

vitro during mid-log phase with increased expression during stationary phase and during 

the course of human infections (Arcus et al. 2002; Fitzgerald et al. 2003; Benson et al. 

2011). All crystal structures of the SSLs available to date, including SSL4, SSL5, SSL7, 

and SSL11, indicate the formation of homodimers (Arcus et al. 2002; Baker et al. 2007; 
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Chung et al. 2007). SSL4, SSL5, and SSL11 form the most similar homodimers with 2-

6 hydrogen bonds between the β7-sheets of the peptide chains. Additionally SSL11 has 

been shown to form dimers in solution using dynamic light scattering and aggregate 

neutrophils at high concentrations (Chung 2008). SSL4 was shown not to form 

homodimers at high concentrations in solution by ITC (Figure 5.8) or aggregate 

neutrophils at high concentrations; additionally SSL4 seems to disrupt SSL11 dimer 

formation and aggregation of neutrophils even at low concentrations (Figure 4.3). This 

suggests SSL4 can disrupt dimer formation of SSL11 at the cell surface. However SSL4 

does appear to enhance SSL3 aggregation of neutrophils (Figure 4.4). The SSLs, in 

particular the glycan binding SSLs, may therefore form heterodimers and interact with 

each other in certain combinations to allow a broad range of functions. This could have 

a significant effect on the function of myeloid cells and their capacity to combat 

infection, for example by targeting multiple cell surface receptors or effector molecules 

for internalisation and down-regulation through forming dimers at the cell surface.  

Dimer formation between SSLs could be tested by an ELISA designed to test labelled 

SSL interaction with unlabelled SSL at the surface of the plate. 

 

Further studies could also be performed in order to investigate the significance of SSL4 

to the pathogenesis of S. aureus. This could include knock-in studies using Lactococcus 

lactis, a non-pathogenic gram-positive organism. By expressing ssl4 in L. lactis and 

testing the survivability of this bacterium in human serum or following phagocytosis by 

granulocytes, the functional significance of SSL4 can be examined. This construct could 

also be used to examine full length SSL4 and the non-conserved N-terminal sequence to 

test its expression and stability. In-vivo mouse S. aureus infection models, with SSL4 

introduced either systemically or as an additive to the S. aureus inoculum can be used to 

test the functional significance of SSL4 in a whole animal system. This could be 

extended further to examine the effects of SSL4 on other SSLs with identified functions, 

such as SSL3, SSL5, and SSL11. By combining multiple members of the glycan-

binding subfamily synergistic effects of these proteins can be tested, for example SSL4 

may enhance SSL3 mediated TLR2 inhibition. 
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S. aureus produces a subfamily of virulence proteins which utilise a common binding 

mode and are likely to be important for bacterial pathogenicity. This identifies the 

glycan binding SSLs as a potential target for drug or vaccine design. The primary 

method of interaction with cell surfaces is through a single binding site at the C-terminal 

domain and testing has confirmed that these SSLs do share broad carbohydrate 

specificity. Further studies have identified the binding mechanism and essential residues 

for this interaction. It is feasible then for a single inhibitor to target six separate SSL 

virulence factors. Sia mimetic inhibitors which target neuraminidase have been 

developed for the treatment of influenza (Lynch Iii and Walsh 2007). Screening 

potential small mimetics would be possible through testing inhibition of protein binding 

to a carbohydrate surface through SPR analysis. 

 

6.7. Conclusions 

Data presented in this thesis identify SSL4 as belonging to the sialylated glycan binding 

sub-family of SSL proteins. These proteins have been identified as significant 

staphylococcal virulence factors attacking components of the immune response to 

infection. While sLacNac has been identified as the core ligand for SSL4, cell binding 

and quantitative binding data of SSL4 and glycan binding site mutants indicate sLe
x
 is a 

preferred ligand and likely is a component of the target receptor(s) of this protein. 

Additional structural and competitive binding data lend further support that the target 

molecule(s) of the glycan binding SSLs vary from protein to protein. While no specific 

function has been attributed to SSL4, data presented here indicate a role in the 

modulation of myeloid recruitment and function through sialylated glycan specific 

interactions. 

 

Sialic acids are a convenient target for microbes, which utilize them as a scaffold for 

host recognition, attachment, and invasion (Bishop and Gagneux 2007). A wide variety 

of microbial and viral adhesins, pili, fimbriae, and hemagglutinins all target sialylated 

glycoproteins. This strategy has been adapted by S. aureus which utilizes a highly stable 

and adaptable structure shared with the SAgs to produce six homologous proteins which 

contain a highly conserved sialylated glycan binding site. The ssls are negatively 
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regulated by the quorum-sensing Agr and are up-regulated under conditions of bacterial 

stress (Voyich et al. 2005; Palazzolo-Ballance et al. 2008; Attia et al. 2010). Natural 

agr defective strains have residual virulence due to overproduction and excretion of the 

SSLs and frequently occur during infection (Shopsin et al. 2008; Benson et al. 2011). 

Overproduction of the SSLs by S. aureus strains lacking hrtA leads to hypervirulence in 

vertebrate infection models (Attia et al. 2010). It is interesting to speculate as to what 

potent effect these SSL proteins may have when expressed together, to promote 

staphylococcal survival and persistence during colonization and infection.  
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Chapter 7. Appendix 

7.1. The pET32-a.3C vector 

 

pET-32a was modified by inserting a PCR fragment containing a 3C protease recognition site followed by 

the gene for a T-cell receptor construct. 

AGATCTGAGGTGCTGTTCCAGGGACCGGGATCC 3C Protease linker sequence and 

      Bgl II                E  V  L  F  Q /G  P            Bam HI  3C Protease recognition 

Sequence cleavage site 

 

Bgl II Bam HI Eco RI 

3C protease cleavage site TCR insert 
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7.2. Glycomics array data 

Glycan 
number Glycan name 

Avg 
w/o 
Max & 
Min 

StDev 
w/o 
Max & 
Min 

SEM 
w/o 
Max & 
Min %CV 

233 
Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4GlcNAcβ-
Sp8 10246 1636 818 16 

229 
Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4(Fucα1-
3)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ–Sp0 7555 449 224 6 

231 Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ–Sp8 6916 2675 1338 39 

235 
Neu5Acα2-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-3Galβ1-
4GlcNAcβ–Sp0 4871 967 483 20 

227 Neu5Acα2-3Galβ1-4[6OSO3]GlcNAcβ-Sp8 4717 305 152 6 

232 Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ-Sp8 4496 405 202 9 

259 Neu5Gca2-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 4444 900 450 20 

143 
Neu5Acα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-3Galβ1-
4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 4253 297 148 7 

237 Neu5Acα2-3Galβ1-4GlcNAcβ–Sp8 3774 215 108 6 

293 
Galβ1-3(Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ1-6)GalNAc–
Sp14 3525 495 247 14 

285 Neu5Acα2-3Galβ1-4GlcNAcβ1-3Galβ1-3GlcNAcβ-Sp0           3150 81 40 3 

230 Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ–Sp0 3118 162 81 5 

228 Neu5Acα2-3Galβ1-4(Fucα1-3)(6OSO3)GlcNAcβ–Sp8 3039 402 201 13 

315 
Neu5Acα2-3Galβ1-3(Neu5Acα2-3Galβ1-4GlcNAcβ1-
6)GalNAc–Sp14 2946 303 152 10 

208 Neu5Acα2-3(6-O-Su)Galβ1-4(Fucα1-3)GlcNAcβ–Sp8 2844 352 176 12 

46 NeuAcα2-3[6OSO3]Galβ1-4GlcNAcβ–Sp8 2745 300 150 11 

277 Galβ1-3-(Neu5Aa2-3Galβ1-4GlcNacβ1-6)GalNAc-Sp14 2736 797 398 29 

222 Neu5Acα2-3Galβ-Sp8 2327 172 86 7 

240 Neu5Acα2-3Galβ1-4Glcβ–Sp8 1627 167 84 10 

238 Neu5Acα2-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 1565 72 36 5 

212 NeuAcα2-3(NeuAcα2-3Galβ1-3GalNAcβ1-4)Galβ1-4Glcβ-Sp0 1491 142 71 10 

249 Neu5Acα2-6Galβ1-4Glcβ–Sp0 1458 78 39 5 

220 Neu5Acα2-3Galβ1-3[6OSO3]GalNAcα-Sp8 1352 102 51 8 

225 Neu5Acα2-3Galβ1-3GlcNAcβ–Sp0 1300 76 38 6 

214 Neu5Acα2-3GalNAcα–Sp8 1258 211 106 17 

210 Neu5Acα2-3(GalNAcβ1-4)Galβ1-4GlcNAcβ-Sp8 1229 117 58 9 

318 
Neu5Acα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-
4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 1222 81 40 7 

199 
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-3Galβ1-
4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 1173 58 29 5 

1 Neu5Acα2-8Neu5Acα-Sp8 1121 256 128 23 

202 Neu5Acα2-3Galβ1-3GalNAcα-Sp8 1113 52 26 5 

26 [3OSO3][6OSO3]Galβ1-4[6OSO3]GlcNAcβ-Sp0 1109 147 73 13 

224 NeuAcα2-3Galβ1-3GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 1098 221 111 20 

236 Neu5Acα2-3Galβ1-4GlcNAcβ–Sp0 1090 136 68 13 

287 [3OSO3][4OSO3]Galβ1-4GlcNacβ-SpSp0 1079 180 90 17 

53 
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-
4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp13 1036 255 128 25 

295 
Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-4GlcNAcβ1-
2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 1018 169 84 17 

180 Glcβ1-4Glcβ-Sp8 994 139 69 14 

247 
Neu5Acα2-6Galβ1-4GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ1-
3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 985 99 50 10 

219 Neu5Acα2-3Galβ1-3(Neu5Acα2-3Galβ1-4)GlcNAcβ-Sp8 971 148 74 15 
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261 Neu5Gcα2-3Galβ1-4Glcβ–Sp0 965 225 113 23 

267 [3OSO3]Galβ1-4[Fucα1-3][6OSO3]GlcNAc-Sp8  960 80 40 8 

216 Neu5Acα2-3Galβ1-3(6OSO3)GlcNAc-Sp8 954 45 23 5 

60 Fucα1-2Galβ1-3GalNAcβ1-4(Neu5Acα2-3)Galβ1-4Glcβ-Sp9 906 210 105 23 

265 [3OSO3]Galβ1-4(Fucα1-3)(6OSO3)Glc-Sp0 902 80 40 9 

14 α-Neu5Ac–Sp8 885 55 28 6 

253 Neu5Acα2-8Neu5Acα2-3Galβ1-4Glcβ–Sp0 864 84 42 10 

188 KDNα2-3Galβ1-4GlcNAcβ–Sp0 849 147 74 17 

40 [4OSO3]Galβ1-4GlcNAcβ-Sp8 844 225 112 27 

73 Fucα1-2Galβ1-4Glcβ–Sp0 843 626 313 74 

218 
NeuAcα2-3Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-4(Fucα1-
3)GlcNAcβ Sp0 791 246 123 31 

251 Neu5Acα2-6Galβ–Sp8 768 119 60 16 

29 [3OSO3]Galβ1-4(6OSO3)Glcβ–Sp0 757 127 63 17 

194 
Manα1-2Manα1-2Manα1-3(Manα1-2Manα1-3(Manα1-
2Manα1-6)Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 756 261 131 35 

263 Neu5Gcα2-6Galβ1-4GlcNAcβ–Sp0 746 118 59 16 

3 Neu5Acα2-8Neu5Acα2-8Neu5Acβ-Sp8 713 40 20 6 

38 [3OSO3]Galβ–Sp8 709 147 74 21 

18 β-D-Glc–Sp8 688 141 70 20 

34 [3OSO3]Galβ1-4(Fucα1-3)GlcNAcβ–Sp8 677 230 115 34 

257 Neu5Gca2-3Galβ1-3(Fucα1-4)GlcNAcβ-Sp0 676 208 104 31 

311 Manα1-6Manβ-Sp10 663 159 80 24 

319 
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(Galβ1-4GlcNAcβ1-
2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 655 362 181 55 

70 
Fucα1-2Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-3Galβ1-
4GlcNAcβ-Sp0 655 68 34 10 

303 GlcAβ1-3GlcNAcβ-Sp8 649 63 32 10 

317 Neu5Acα2-3Galβ1-3GalNAc–Sp14 617 129 65 21 

305 
GlcNAcβ1-2Manα1-3(GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4GlcNAcβ-Sp12 616 248 124 40 

192 
Manα1-6(Manα1-2Manα1-3)Manα1-6(Manα2Manα1-3)Manβ1-
4GlcNAcβ1-4GlcNAcβ-Sp12 603 103 51 17 

270 Fucα1-2Galβ1-4[6OSO3]GlcNAc-Sp8 586 127 63 22 

215 Neu5Acα2-3GalNAcβ1-4GlcNAcβ-Sp0 584 193 96 33 

260 Neu5Gcα2-3Galβ1-4GlcNAcβ–Sp0 574 339 169 59 

198 
Manα1-6(Manα1-3)Manα1-6(Manα1-3)Manβ1-4GlcNAcβ1-4 
GlcNAcβ-Sp12 569 106 53 19 

256 
Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-4GlcNAcβ1-
2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp21 567 168 84 30 

291 Galα1-3GalNAcα-Sp16 553 84 42 15 

186 GlcAβ1-6Galβ-Sp8 545 225 113 41 

48 9NAcNeu5Acα-Sp8 538 73 37 14 

16 β-Neu5Ac-Sp8 527 107 53 20 

139 Galβ1-4[6OSO3]Glcβ–Sp0 527 107 54 20 

136 Galβ1-4(Fucα1-3)GlcNAcβ–Sp8 519 229 114 44 

137 Galβ1-4(Fucα1-3)GlcNAcβ1-4Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 519 64 32 12 

239 Neu5Acα2-3Galβ1-4Glcβ–Sp0 517 97 48 19 

168 GlcNAcβ1-4MDPLys 513 150 75 29 

275 Galβ1-3-(Galβ1-4GlcNacβ1-6)GalNAc-Sp14 510 89 45 17 

289 6-H2PO3Glcβ-Sp10 504 163 81 32 

170 GlcNAcβ1-4Galβ1-4GlcNAcβ-Sp8 496 228 114 46 

273 Fucα1-2-Galβ1-4[6OSO3]Glc-Sp0 487 173 86 35 

56 Fucα1-2Galβ1-3GalNAcβ1-3Galα1-4Galβ1-4Glcβ-Sp9 487 216 108 44 

113 Galα1-6Glcβ-Sp8 482 51 26 11 
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47 [6OSO3]GlcNAcβ–Sp8 480 146 73 30 

204 
Neu5Acα2-8Neu5Acα2-8Neu5Acα2-3(GalNAcβ1-4)Galβ1-
4Glcβ-Sp0 475 176 88 37 

36 [3OSO3]Galβ1-4GlcNAcβ–Sp0 473 66 33 14 

184 GlcAβ-Sp8 472 118 59 25 

133 Galβ1-3GlcNAcβ–Sp0 471 77 39 16 

245 Neu5Acα2-6Galβ1-4GlcNAcβ–Sp0 465 248 124 53 

281 Galβ1-4[Fucα1-3][6OSO3]Glc-Sp0 460 90 45 20 

243 Neu5Acα2-6GalNAcβ1-4GlcNAcβ-Sp0 453 145 72 32 

97 Galα1-3(Fucα1-2)Galβ1-4GlcNAc-Sp0 441 184 92 42 

309 HOOC(CH3)CH-3-O-GlcNAcβ1-4GlcNAcβ-Sp10 441 203 101 46 

71 Fucα1-2Galβ1-4GlcNAcβ–Sp0 438 171 86 39 

87 GalNAcα1-4(Fucα1-2)Galβ1-4GlcNAcβ-Sp8 429 32 16 7 

162 GlcNAcβ1-3Galβ-Sp8 418 118 59 28 

115 Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 418 108 54 26 

299 Galβ1-4GlcNAcβ1-6Galβ1-4GlcNAcβ-Sp0 418 83 41 20 

103 Galα1-3Galβ1-4(Fucα1-3)GlcNAcβ–Sp8 417 105 52 25 

84 GalNAcα1-3(Fucα1-2)Galβ–Sp8 416 149 74 36 

76 Fucα1-3GlcNAcβ-Sp8 411 218 109 53 

248 Neu5Acα2-6Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 409 103 51 25 

58 Fucα1-2Galβ1-3GalNAcα–Sp8 407 118 59 29 

123 Galβ1-3(Neu5Acβ2-6)GalNAcα-Sp8 402 66 33 16 

154 Galβ1-4Glcβ–Sp0 400 143 71 36 

172 (GlcNAcβ1-4)5β-Sp8 399 152 76 38 

201 
Fucα1-3(Galβ1-4)GlcNAcβ1-2Manα1-3(Fucα1-3(Galβ1-
4)GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp20 399 143 72 36 

190 Manα1-2Manα1-3(Manα1-2Manα1-6)Manα-Sp9 394 84 42 21 

35 [3OSO3]Galβ1-4[6OSO3]GlcNAcβ-Sp8 392 66 33 17 

106 Galα1-3Galβ1-4Glcβ–Sp0 389 87 43 22 

121 Galβ1-3(GlcNAcβ1-6)GalNAcα-Sp8 387 61 30 16 

12 α-L-Fuc–Sp9 382 203 101 53 

31 [3OSO3]Galβ1-3(Fucα1-4)GlcNAcβ–Sp8 381 153 77 40 

105 Galα1-3Galβ1-4GlcNAcβ–Sp8 377 179 89 48 

52 
Galβ1-4GlcNAcβ1-2Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-
6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp13 376 150 75 40 

99 Galα1-3(Fucα1-2)Galβ–Sp8 374 65 33 17 

109 Galα1-4Galβ1-4GlcNAcβ–Sp0 368 54 27 15 

127 Galβ1-3GalNAcβ1-3Galα1-4Galβ1-4Glcβ-Sp0 367 125 63 34 

78 Fucβ1-3GlcNAcβ-Sp8 367 81 41 22 

108 Galα1-4(Fucα1-2)Galβ1-4GlcNAcβ-Sp8 359 115 57 32 

64 Fucα1-2Galβ1-3GlcNAcβ–Sp8 356 71 36 20 

5 
Galβ1-3GlcNAcβ1-2Manα1-3(Galβ1-3GlcNAcβ1-2Manα1-
6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp19 355 42 21 12 

62 Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1-4Glcβ–Sp8 352 104 52 30 

153 Galβ1-4GlcNAcβ–Sp8 348 60 30 17 

151 Galβ1-4GlcNAcβ1-6GalNAcα–Sp8 348 69 34 20 

21 β-GlcNAc–Sp0 346 110 55 32 

111 Galα1-4Galβ1-4Glcβ–Sp0 344 90 45 26 

50 Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp13 344 246 123 71 

85 GalNAcα1-3GalNAcβ–Sp8 343 155 77 45 

24 (Galβ1-4GlcNAcβ)2-3,6-GalNAcα–Sp8 343 95 48 28 

283 Galβ1-4GlcNAcβ1-3Galβ1-3GlcNAcβ-Sp0 341 83 42 24 

37 [3OSO3]Galβ1-4GlcNAcβ-Sp8 338 29 14 9 



 

 177 

91 GalNAcβ1-4(Fucα1-3)GlcNAcβ-Sp0 335 112 56 33 

81 GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ-Sp0 333 131 66 39 

66 
Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4(Fucα1-
3)GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 333 71 35 21 

44 [6OSO3]Galβ1-4GlcNAcβ–Sp8 332 180 90 54 

176 GlcNAcβ1-6Galβ1-4GlcNAcβ-Sp8 324 96 48 30 

209 Neu5Acα2-3(GalNAcβ1-4)Galβ1-4GlcNAcβ-Sp0 324 39 19 12 

20 β-GalNAc–Sp8 324 184 92 57 

163 GlcNAcβ1-3Galβ1-3GalNAcα-Sp8 321 187 93 58 

156 GlcNAcα1-3Galβ1-4GlcNAcβ-Sp8 319 35 17 11 

144 Galβ1-4GlcNAcβ1-3GalNAcα–Sp8 317 28 14 9 

17 β-D-Gal–Sp8 315 101 51 32 

174 GlcNAcβ1-6(Galβ1-3)GalNAcα–Sp8 311 87 43 28 

146 Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ–Sp0 310 93 46 30 

266 [3OSO3]Galβ1-4(Fucα1-3)Glc-Sp0 309 59 30 19 

33 [3OSO3]Galβ1-3GlcNAcβ–Sp8 308 265 133 86 

42 [6OSO3]Galβ1-4Glcβ–Sp0 308 61 31 20 

164 GlcNAcβ1-3Galβ1-4GlcNAcβ–Sp0 308 85 42 27 

226 Neu5Acα2-3Galβ1-3GlcNAcβ–Sp8 307 87 43 28 

242 Neu5Acα2-6GalNAcα–Sp8 305 35 18 11 

140 Galβ1-4[6OSO3]Glcβ–Sp8 303 147 73 48 

313 
Manα1-2Manα1-2Manα1-3(Manα1-2Manα1-6(Manα1-
3)Manα1-6)Manα-Sp9 302 48 24 16 

223 NeuAcα2-3Galβ1-3GalNAcβ1-3Galα1-4Galβ1-4Glcβ-Sp0 301 158 79 52 

27 [3OSO3][6OSO3]Galβ1-4GlcNAcβ-Sp0 301 48 24 16 

148 Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ–Sp0 297 37 18 12 

107 Galα1-3Galβ–Sp8 297 117 59 39 

254 Neu5Acβ2-6GalNAcα–Sp8 297 73 37 25 

2 Neu5Acα2-8Neu5Acβ-Sp17 296 115 57 39 

297 Galβ1-4GlcNAcβ1-3(GlcNAcβ1-6)Galβ1-4GlcNAc-Sp0 296 111 55 37 

89 GalNAcβ1-3(Fucα1-2)Galβ-Sp8 293 95 47 32 

75 Fucα1-3GlcNAcβ-Sp8 290 120 60 41 

22 β-GlcNAc–Sp8 289 136 68 47 

94 Galα1-2Galβ–Sp8 287 187 93 65 

25 GlcNAcβ1-3(GlcNAcβ1-4)(GlcNAcβ1-6)GlcNAc-Sp8 286 208 104 73 

187 KDNα2-3Galβ1-3GlcNAcβ–Sp0 284 46 23 16 

290 Galα1-3(Fucα1-2)Galβ–Sp18 284 98 49 35 

185 GlcAβ1-3Galβ-Sp8 281 123 62 44 

102 Galα1-3GalNAcβ–Sp8 281 137 68 49 

193 
Manα1-2Manα1-6(Manα1-3)Manα1-6(Manα2Manα2Manα1-
3)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 280 99 49 35 

80 GalNAcα1-3(Fucα1-2)Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 279 44 22 16 

158 GlcNAcβ1-2Galβ1-3GalNAcα–Sp8 279 85 43 31 

181 Glcβ1-6Glcβ-Sp8 277 93 47 34 

301 GalNAcα1-3(Fucα1-2)Galβ–Sp18 277 49 25 18 

252 Neu5Acα2-8Neu5Acα-Sp8 277 42 21 15 

206 Neu5Acα2-8Neu5Acα2-3(GalNAcβ1-4)Galβ1-4Glcβ–Sp0 276 125 63 45 

8 α-D-Glc–Sp8 272 115 57 42 

271 Fucα1-2[6OSO3]Galβ1-4[6OSO3]Glc-Sp0 272 105 53 39 

83 GalNAcα1-3(Fucα1-2)Galβ1-4Glcβ-Sp0 271 62 31 23 

221 Neu5Acα2-3Galβ1-3(Neu5Acα2-6)GalNAcα–Sp8 270 101 51 37 

138 
Galβ1-4(Fucα1-3)GlcNAcβ1-4Galβ1-4(Fucα1-3)GlcNAcβ1-
4Galβ1-4(Fucα1-3)GlcNAcβ–Sp0 270 68 34 25 
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112 Galα1-4GlcNAcβ–Sp8 269 101 50 37 

126 Galβ1-3GalNAcβ–Sp8 269 144 72 54 

134 Galβ1-3GlcNAcβ–Sp8 267 92 46 34 

269 Fucα1-2[6OSO3]Galβ1-4GlcNAc-Sp0 267 72 36 27 

90 GalNAcβ1-3Galα1-4Galβ1-4GlcNAcβ-Sp0 266 74 37 28 

135 Galβ1-4(Fucα1-3)GlcNAcβ–Sp0 265 123 62 47 

6 
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-
4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 262 32 16 12 

74 Fucα1-2Galβ–Sp8 259 68 34 26 

274 Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-3(Fucα1-4)GlcNAcβ-Sp0 258 81 41 32 

145 
Galβ1-4GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-
4(Fucα1-3)GlcNAcβ-Sp0 258 56 28 22 

178 Glcα1-4Glca–Sp8 255 82 41 32 

159 GlcNAcβ1-3(GlcNAcβ1-6)GalNAcα–Sp8 255 65 32 25 

175 GlcNAcβ1-6GalNAcα–Sp8 254 133 66 52 

160 GlcNAcβ1-3(GlcNAcβ1-6)Galβ1-4GlcNAcβ–Sp8 253 124 62 49 

203 
NeuAcα2-8NeuAcα2-8NeuAcα2-8NeuAcα2-3(GalNAcβ1-
4)Galβ1-4Glcβ-Sp0 252 61 31 24 

262 Neu5Gcα2-6GalNAcα–Sp0 252 21 11 8 

117 Galβ1-3(Fucα1-4)GlcNAc–Sp0 252 87 43 34 

49 9NAcNeu5Acα2-6Galβ1-4GlcNAcβ-Sp8 250 62 31 25 

63 Fucα1-2Galβ1-3GlcNAcβ–Sp0 248 73 37 30 

39 [4OSO3][6OSO3]Galβ1-4GlcNAcβ-Sp0 247 108 54 44 

9 α-D-Man–Sp8 247 106 53 43 

182 G-ol-Sp8 247 112 56 46 

197 
Manα1-6(Manα1-3)Manα1-6(Manα2Manα1-3)Manβ1-
4GlcNAcβ1-4GlcNAcβ-Sp12 246 98 49 40 

157 GlcNAcα1-6Galβ1-4GlcNAcβ-Sp8 244 126 63 52 

93 GalNAcβ1-4GlcNAcβ–Sp8 244 59 30 24 

296 Galβ1-4GlcNAcβ1-3(Galβ1-4GlcNAcβ1-6)Galβ1-4GlcNAc-Sp0 242 184 92 76 

155 Galβ1-4Glcβ–Sp8 242 120 60 50 

244 Neu5Acα2-6Galβ1-4[6OSO3]GlcNAcβ-Sp8 241 165 83 69 

51 
GlcNAcβ1-2Manα1-3(GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4GlcNAcβ-Sp13 240 63 32 26 

288 [6OSO3]Galβ1-4[6OSO3]GlcNacβ-Sp0 239 128 64 53 

166 GlcNAcβ1-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 238 32 16 14 

310 Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 238 94 47 39 

258 Neu5Gca2-3Galβ1-3GlcNAcβ-Sp0 237 147 73 62 

125 Galβ1-3GalNAcα-Sp8 235 21 11 9 

279 Galβ1-3GlcNAcβ1-3Galβ1-3GlcNAcβ-Sp0 234 137 69 59 

124 Galβ1-3(Neu5Acα2-6)GlcNAcβ1-4Galβ1-4Glcβ-Sp10 234 105 53 45 

147 Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ–Sp0 234 141 71 60 

101 Galα1-3GalNAcα-Sp8 233 57 28 24 

82 GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ–Sp8 233 90 45 39 

264 Neu5Gcα–Sp8 232 101 50 43 

72 Fucα1-2Galβ1-4GlcNAcβ–Sp8 232 112 56 48 

217 Neu5Acα2-3Galβ1-3(Fucα1-4)GlcNAcβ–Sp8 230 70 35 31 

150 Galβ1-4GlcNAcβ1-6(Galβ1-3)GalNAcα–Sp8 230 52 26 22 

152 Galβ1-4GlcNAcβ–Sp0 228 97 49 43 

43 [6OSO3]Galβ1-4Glcβ–Sp8 227 32 16 14 

302 GalNAcβ1-3Galβ-Sp8 227 94 47 41 

142 Galβ1-4GalNAcβ1-3(Fucα1-2)Galβ1-4GlcNAcβ-Sp8 225 85 42 38 

54 
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-
4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp8 225 81 41 36 
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68 Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ–Sp8 225 129 64 57 

15 α-Neu5Ac–Sp11 224 97 49 43 

110 Galα1-4Galβ1-4GlcNAcβ–Sp8 222 76 38 34 

30 [3OSO3]Galβ1-4(6OSO3)Glcβ–Sp8 222 119 59 54 

11 α-L-Fuc–Sp8 222 49 24 22 

79 GalNAcα1-3(Fucα1-2)Galβ1-3GlcNAcβ-Sp0 221 77 39 35 

165 GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp8 220 122 61 56 

161 GlcNAcβ1-3GalNAcα–Sp8 218 191 96 88 

120 Galβ1-3(Galβ1-4GlcNAcβ1-6)GalNAcα-Sp8 218 99 50 45 

61 Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1-4Glcβ–Sp10 218 23 11 11 

67 Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ–Sp0 217 76 38 35 

320 
Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-3(GlcNAcβ1-2Manα1-
6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 216 111 55 51 

96 Galα1-3(Fucα1-2)Galβ1-4(Fucα1-3)GlcNAcβ-Sp0 215 59 30 28 

45 [6OSO3]Galβ1-4[6OSO3]Glcβ-Sp8 213 63 31 29 

195 Manα1-3(Manα1-6)Manα–Sp9 212 69 35 33 

292 Galβ1-3GalNAcα-Sp16 211 58 29 28 

57 Fucα1-2Galβ1-3(Fucα1-4)GlcNAcβ–Sp8 211 93 47 44 

131 Galβ1-3GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 210 138 69 65 

114 Galβ1-2Galβ–Sp8 210 55 28 26 

246 Neu5Acα2-6Galβ1-4GlcNAcβ–Sp8 210 46 23 22 

280 Galβ1-4[Fucα1-3][6OSO3]GlcNAc-Sp0  209 50 25 24 

28 [3OSO3]Galβ1-4Glcβ-Sp8 208 118 59 57 

173 GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ–Sp8 208 103 52 50 

32 [3OSO3]Galβ1-3GalNAcα–Sp8 207 63 32 31 

196 Manα1-3(Manα1-2Manα1-2Manα1-6)Manα-Sp9 205 73 37 36 

141 Galβ1-4GalNAcα1-3(Fucα1-2)Galβ1-4GlcNAcβ-Sp8 202 102 51 50 

268 [3OSO3]Galβ1-4[Fucα1-3]GlcNAc-Sp0  201 149 74 74 

10 α-GalNAc–Sp8 200 98 49 49 

100 Galα1-3(Galα1-4)Galβ1-4GlcNAcβ-Sp8 198 77 38 39 

205 Neu5Acα2-8Neu5Acα2-8Neu5Acα2-3Galβ1-4Glcβ–Sp0 195 110 55 56 

191 Manα1-2Manα1-3Manα-Sp9 194 44 22 23 

122 Galβ1-3(Neu5Acα2-6)GalNAcα-Sp8 194 87 43 45 

167 GlcNAcβ1-3Galβ1-4Glcβ–Sp0 193 43 22 22 

128 Galβ1-3GalNAcβ1-4(Neu5Acα2-3)Galβ1-4Glcβ-Sp0 191 113 57 59 

316 Neu5Acα2-3Galβ1-3(Neu5Acα2-6)GalNAc-Sp14 190 32 16 17 

286 [3OSO3]Galβ1-4[6OSO3]GlcNAcβ-Sp0 188 70 35 37 

207 Neu5Acα2-8Neu5Acα2-8Neu5Acα-Sp8 188 84 42 45 

88 GalNAcβ1-3GalNAcα–Sp8 185 81 40 44 

298 Galβ1-4GlcNAcα1-6Galβ1-4GlcNAcβ-Sp0 185 47 23 25 

149 Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ–Sp8 184 74 37 40 

306 GlcNAcβ1-3Man-Sp10 183 93 47 51 

23 β-GlcN(Gc)-Sp8 182 62 31 34 

272 Fucα1-2-(6OSO3)-Galβ1-4Glc-Sp0 181 103 52 57 

86 GalNAcα1-3Galβ–Sp8 181 108 54 60 

77 Fucα1-4GlcNAcβ–Sp8 181 185 92 102 

211 Neu5Acα2-3(GalNAcβ1-4)Galβ1-4Glcβ–Sp0 179 112 56 63 

284 Neu5Acα2-3Galβ1-3GlcNAcβ1-3Galβ1-3GlcNAcβ-Sp0        178 53 26 30 

179 Glcα1-6Glcα1-6Glcβ-Sp8 176 54 27 31 

4 Neu5Gcβ2-6Galβ1-4GlcNAc-Sp8 175 63 31 36 

308 GlcNAcβ1-4GlcNAcβ-Sp12 175 83 41 47 

169 GlcNAcβ1-4(GlcNAcβ1-6)GalNAcα-Sp8 174 138 69 79 
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95 Galα1-3(Fucα1-2)Galβ1-3GlcNAcβ-Sp0 173 75 38 44 

55 Fucα1-2Galβ1-3GalNAcβ1-3Galα-Sp9 172 31 15 18 

7 α-D-Gal–Sp8 172 86 43 50 

307 GlcNAcβ1-4GlcNAcβ-Sp10 172 101 50 59 

92 GalNAcβ1-4GlcNAcβ–Sp0 172 59 29 34 

304 
GlcNAcβ1-2Manα1-3(Neu5Acα2-6Galβ1-4GlcNAcβ1-2Manα1-
6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp12 170 82 41 48 

65 
Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-4(Fucα1-
3)GlcNAcβ-Sp0 166 39 20 24 

177 Glcα1-4Glcβ–Sp8 165 64 32 39 

98 Galα1-3(Fucα1-2)Galβ1-4Glcβ-Sp0 159 87 43 54 

189 Manα1-2Manα1-2Manα1-3Manα-Sp9 158 84 42 54 

276 Galβ1-3(GlcNacβ1-6)GalNAc-Sp14 155 87 44 56 

234 
Neu5Acα2-3Galβ1-4GlcNAcβ1-3Galβ1-4(Fucα1-3)GlcNAc-
Sp0 154 26 13 17 

132 Galβ1-3GlcNAcβ1-3Galβ1-4Glcβ–Sp10 153 92 46 60 

183 GlcAa-Sp8 153 106 53 70 

129 Galβ1-3GalNAcβ1-4Galβ1-4Glcβ–Sp8 151 56 28 37 

59 Fucα1-2Galβ1-3GalNAcβ1-4(Neu5Acα2-3)Galβ1-4Glcβ-Sp0 150 32 16 21 

282 Galβ1-4(Fucα1-3)GlcNAcβ1-3Galβ1-3(Fucα1-4)GlcNAcβ-Sp0 150 108 54 72 

69 Fucα1-2Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAc–Sp0 145 44 22 30 

118 Galβ1-3(Fucα1-4)GlcNAc–Sp8 140 50 25 36 

250 Neu5Acα2-6Galβ1-4Glcβ–Sp8 139 51 25 36 

41 6-H2PO3Manα–Sp8 139 53 26 38 

13 α-L-Rhα–Sp8 136 34 17 25 

130 Galβ1-3Galβ–Sp8 131 98 49 75 

116 Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 130 107 54 82 

312 Manα1-6(Manα1-3)Manα1-6(Manα1-3)Manβ-Sp10 128 78 39 61 

255 Neu5Acβ2-6Galβ1-4GlcNAcβ-Sp8 128 46 23 36 

200 Manβ1-4GlcNAcβ-Sp0 115 73 37 64 

278 Galβ1-3GalNAc-Sp14 115 47 24 41 

171 (GlcNAcβ1-4)6β-Sp8 114 24 12 21 

314 
Manα1-2Manα1-2Manα1-3(Manα1-2Manα1-6(Manα1-
2Manα1-3)Manα1-6)Manα-Sp9 109 43 22 40 

213 Neu5Acα2-3(Neu5Acα2-6)GalNAcα–Sp8 109 47 24 43 

104 Galα1-3Galβ1-3GlcNAcβ-Sp0 103 38 19 37 

119 Galβ1-3(Fucα1-4)GlcNAcβ–Sp8 103 36 18 35 

294 Galβ1-3Galβ1-4GlcNAcβ-Sp8 98 29 14 30 

241 
Galβ1-4GlcNAcβ1-2Manα1-3(Fucα1-3(Galβ1-4)GlcNAcβ1-
2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcβ-Sp20 97 38 19 39 

300 GalNAcα-Sp15 96 24 12 25 

19 β-D-Man–Sp8 83 19 10 23 
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7.3. Results of Peptide Mass Database Searches of LC-MS for Plasma 

Pulldowns 

Mass Spectrometry data was used to search primary sequence databases for matching 

proteins. The band listed is followed by the most likely matching protein(s) from the 

database search. 

Band 1 Most Likely Result(s) 

Haptoglobin OS=Homo sapiens GN=HP PE=1 SV=1 

Score: 193 

Nominal mass (Mr): 45861 

Calculated pI: 6.13 

Protein sequence coverage: 9% 

Matched peptides shown in bold. 

1 MSALGAVIAL LLWGQLFAVD SGNDVTDIAD DGCPKPPEIA HGYVEHSVRY 

51 QCKNYYKLRT EGDGVYTLND KKQWINKAVG DKLPECEADD GCPKPPEIAH 

101 GYVEHSVRYQ CKNYYKLRTE GDGVYTLNNE KQWINKAVGD KLPECEAVCG 

151 KPKNPANPVQ RILGGHLDAK GSFPWQAKMV SHHNLTTGAT LINEQWLLTT 

201 AKNLFLNHSE NATAKDIAPT LTLYVGKKQL VEIEKVVLHP NYSQVDIGLI 

251 KLKQKVSVNE RVMPICLPSK DYAEVGRVGY VSGWGRNANF KFTDHLKYVM 

301 LPVADQDQCI RHYEGSTVPE KKTPKSPVGV QPILNEHTFC AGMSKYQEDT 

351 CYGDAGSAFA VHDLEEDTWY ATGILSFDKS CAVAEYGVYV KVTSIQDWVQ 

401 KTIAEN     

 

Band 2 Most Likely Result(s) 

Ig kappa chain C region OS=Homo sapiens GN=IGKC PE=1 SV=1 

Score: 56 

Nominal mass (Mr): 11773 

Calculated pI: 5.58 

Protein sequence coverage: 49% 

Matched peptides shown in bold. 

1 TVAAPSVFIF PPSDEQLKSG TASVVCLLNN FYPREAKVQW KVDNALQSGN 

51 SQESVTEQDS KDSTYSLSST LTLSKADYEK HKVYACEVTH QGLSSPVTKS 

101 FNRGEC     

 

Ig lambda chain V-I region HA OS=Homo sapiens PE=1 SV=1 
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Score: 44 

Nominal mass (Mr): 12003 

Calculated pI: 9.07 

Protein sequence coverage: 11% 

Matched peptides shown in bold. 

1 QSVLTQPPSV SGTPGQRVTI SCSGGSSNGT GNNYVYWYQQ LPGTAPKLLI 

51 YRDDKRPSGV PDRFSGSKSG TSASLAISGL RSEDEAHYHC AAWDYRLSAV 

101 VFGGGTQLTV LR    

 

Band 4 Most Likely Result(s) 

Ficolin-3 OS=Homo sapiens GN=FCN3 PE=1 SV=2 

Score: 215 

Nominal mass (Mr): 33404 

Calculated pI: 6.20 

Protein sequence coverage: 20% 

Matched peptides shown in bold. 

1 MDLLWILPSL WLLLLGGPAC LKTQEHPSCP GPRELEASKV VLLPSCPGAP 

51 GSPGEKGAPG PQGPPGPPGK MGPKGEPGDP VNLLRCQEGP RNCRELLSQG 

101 ATLSGWYHLC LPEGRALPVF CDMDTEGGGW LVFQRRQDGS VDFFRSWSSY 

151 RAGFGNQESE FWLGNENLHQ LTLQGNWELR VELEDFNGNR TFAHYATFRL 

201 LGEVDHYQLA LGKFSEGTAG DSLSLHSGRP FTTYDADHDS SNSNCAVIVH 

251 GAWWYASCYR SNLNGRYAVS EAAAHKYGID WASGRGVGHP YRRVRMMLR 

 

Band 5 Most Likely Result(s) 

Clusterin OS=Homo sapiens GN=CLU PE=1 SV=1 

Score: 260 

Nominal mass (Mr): 53041 

Calculated pI: 5.89 

Protein sequence coverage: 18% 

Matched peptides shown in bold. 

1 MMKTLLLFVG LLLTWESGQV LGDQTVSDNE LQEMSNQGSK YVNKEIQNAV 

51 NGVKQIKTLI EKTNEERKTL LSNLEEAKKK KEDALNETRE SETKLKELPG 

101 VCNETMMALW EECKPCLKQT CMKFYARVCR SGSGLVGRQL EEFLNQSSPF 

151 YFWMNGDRID SLLENDRQQT HMLDVMQDHF SRASSIIDEL FQDRFFTREP 

201 QDTYHYLPFS LPHRRPHFFF PKSRIVRSLM PFSPYEPLNF HAMFQPFLEM 
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251 IHEAQQAMDI HFHSPAFQHP PTEFIREGDD DRTVCREIRH NSTGCLRMKD 

301 QCDKCREILS VDCSTNNPSQ AKLRRELDES LQVAERLTRK YNELLKSYQW 

351 KMLNTSSLLE QLNEQFNWVS RLANLTQGED QYYLRVTTVA SHTSDSDVPS 

401 GVTEVVVKLF DSDPITVTVP VEVSRKNPKF METVAEKALQ EYRKKHREE 

 

Band 6 Most Likely Result(s) 

Haptoglobin OS=Homo sapiens GN=HP PE=1 SV=1 

Score: 326 

Nominal mass (Mr): 45873 

Calculated pI: 6.13 

Protein sequence coverage: 24% 

Matched peptides shown in bold. 

1 MSALGAVIAL LLWGQLFAVD SGNDVTDIAD DGCPKPPEIA HGYVEHSVRY 

51 QCKNYYKLRT EGDGVYTLND KKQWINKAVG DKLPECEADD GCPKPPEIAH 

101 GYVEHSVRYQ CKNYYKLRTE GDGVYTLNNE KQWINKAVGD KLPECEAVCG 

151 KPKNPANPVQ RILGGHLDAK GSFPWQAKMV SHHNLTTGAT LINEQWLLTT 

201 AKNLFLNHSE NATAKDIAPT LTLYVGKKQL VEIEKVVLHP NYSQVDIGLI 

251 KLKQKVSVNE RVMPICLPSK DYAEVGRVGY VSGWGRNANF KFTDHLKYVM 

301 LPVADQDQCI RHYEGSTVPE KKTPKSPVGV QPILNEHTFC AGMSKYQEDT 

351 CYGDAGSAFA VHDLEEDTWY ATGILSFDKS CAVAEYGVYV KVTSIQDWVQ 

401 KTIAEN     

 

Band 7 Most Likely Result(s) 

Carboxypeptidase N catalytic chain OS=Homo sapiens GN=CPN1 PE=1 SV=1 

Score: 58 

Nominal mass (Mr): 52543 

Calculated pI: 6.86 

Protein sequence coverage: 1% 

Matched peptides shown in bold. 

1 MSDLLSVFLH LLLLFKLVAP VTFRHHRYDD LVRTLYKVQN ECPGITRVYS 

51 IGRSVEGRHL YVLEFSDHPG IHEPLEPEVK YVGNMHGNEA LGRELMLQLS 

101 EFLCEEFRNR NQRIVQLIQD TRIHILPSMN PDGYEVAAAQ GPNKPGYLVG 

151 RNNANGVDLN RNFPDLNTYI YYNEKYGGPN HHLPLPDNWK SQVEPETRAV 

201 IRWMHSFNFV LSANLHGGAV VANYPYDKSF EHRVRGVRRT ASTPTPDDKL 

251 FQKLAKVYSY AHGWMFQGWN CGDYFPDGIT NGASWYSLSK GMQDFNYLHT 

301 NCFEITLELS CDKFPPEEEL QREWLGNREA LIQFLEQVHQ GIKGMVLDEN 

351 YNNLANAVIS VSGINHDVTS GDHGDYFRLL LPGIYTVSAT APGYDPETVT 

401 VTVGPAEPTL VNFHLKRSIP QVSPVRRAPS RRHGVRAKVQ PQARKKEMEM 



 

 184 

451 RQLQRGPA     

 

Band 8 Most Likely Result(s) 

Ig gamma-1 chain C region OS=Homo sapiens GN=IGHG1 PE=1 SV=1 

Score: 148 

Nominal mass (Mr): 36605 

Calculated pI: 8.46 

Protein sequence coverage: 19% 

Matched peptides shown in bold. 

1 ASTKGPSVFP LAPSSKSTSG GTAALGCLVK DYFPEPVTVS WNSGALTSGV 

51 HTFPAVLQSS GLYSLSSVVT VPSSSLGTQT YICNVNHKPS NTKVDKKVEP 

101 KSCDKTHTCP PCPAPELLGG PSVFLFPPKP KDTLMISRTP EVTCVVVDVS 

151 HEDPEVKFNW YVDGVEVHNA KTKPREEQYN STYRVVSVLT VLHQDWLNGK 

201 EYKCKVSNKA LPAPIEKTIS KAKGQPREPQ VYTLPPSRDE LTKNQVSLTC 

251 LVKGFYPSDI AVEWESNGQP ENNYKTTPPV LDSDGSFFLY SKLTVDKSRW 

301 QQGNVFSCSV MHEALHNHYT 
QKSLSLSPGK  
 

  

 

Band 9 Most Likely Result(s) 

Alpha-1-antichymotrypsin OS=Homo sapiens GN=SERPINA3 PE=1 SV=2 

Score: 516 

Nominal mass (Mr): 47795 

Calculated pI: 5.33 

Protein sequence coverage: 40% 

Matched peptides shown in bold. 

1 MERMLPLLAL GLLAAGFCPA VLCHPNSPLD EENLTQENQD RGTHVDLGLA 

51 SANVDFAFSL YKQLVLKAPD KNVIFSPLSI STALAFLSLG AHNTTLTEIL 

101 KGLKFNLTET SEAEIHQSFQ HLLRTLNQSS DELQLSMGNA MFVKEQLSLL 

151 DRFTEDAKRL YGSEAFATDF QDSAAAKKLI NDYVKNGTRG KITDLIKDLD 

201 SQTMMVLVNY IFFKAKWEMP FDPQDTHQSR FYLSKKKWVM VPMMSLHHLT 

251 IPYFRDEELS CTVVELKYTG NASALFILPD QDKMEEVEAM LLPETLKRWR 

301 DSLEFREIGE LYLPKFSISR DYNLNDILLQ LGIEEAFTSK ADLSGITGAR 

351 NLAVSQVVHK AVLDVFEEGT EASAATAVKI TLLSALVETR TIVRFNRPFL 

401 MIIVPTDTQN IFFMSKVTNP KQA   
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Kininogen-1 OS=Homo sapiens GN=KNG1 PE=1 SV=2 

Score: 200 

Nominal mass (Mr): 73014 

Calculated pI: 6.34 

Protein sequence coverage: 12% 

Matched peptides shown in bold. 

1 MKLITILFLC SRLLLSLTQE SQSEEIDCND KDLFKAVDAA LKKYNSQNQS 

51 NNQFVLYRIT EATKTVGSDT FYSFKYEIKE GDCPVQSGKT WQDCEYKDAA 

101 KAATGECTAT VGKRSSTKFS VATQTCQITP AEGPVVTAQY DCLGCVHPIS 

151 TQSPDLEPIL RHGIQYFNNN TQHSSLFMLN EVKRAQRQVV AGLNFRITYS 

201 IVQTNCSKEN FLFLTPDCKS LWNGDTGECT DNAYIDIQLR IASFSQNCDI 

251 YPGKDFVQPP TKICVGCPRD IPTNSPELEE TLTHTITKLN AENNATFYFK 

301 IDNVKKARVQ VVAGKKYFID FVARETTCSK ESNEELTESC ETKKLGQSLD 

351 CNAEVYVVPW EKKIYPTVNC QPLGMISLMK RPPGFSPFRS SRIGEIKEET 

401 TVSPPHTSMA PAQDEERDSG KEQGHTRRHD WGHEKQRKHN LGHGHKHERD 

451 QGHGHQRGHG LGHGHEQQHG LGHGHKFKLD DDLEHQGGHV LDHGHKHKHG 

501 HGHGKHKNKG KKNGKHNGWK TEHLASSSED STTPSAQTQE KTEGPTPIPS 

551 LAKPGVTVTF SDFQDSDLIA TMMPPISPAP IQSDDDWIPD IQIDPNGLSF 

601 NPISDFPDTT SPKCPGRPWK SVSEINPTTQ MKESYYFDLT DGLS 

 

Lumican OS=Homo sapiens GN=LUM PE=1 SV=2 

Score: 97 

Nominal mass (Mr): 38753 

Calculated pI: 6.16 

Protein sequence coverage: 10% 

Matched peptides shown in bold. 

1 MSLSAFTLFL ALIGGTSGQY YDYDFPLSIY GQSSPNCAPE CNCPESYPSA 

51 MYCDELKLKS VPMVPPGIKY LYLRNNQIDH IDEKAFENVT DLQWLILDHN 

101 LLENSKIKGR VFSKLKQLKK LHINHNNLTE SVGPLPKSLE DLQLTHNKIT 

151 KLGSFEGLVN LTFIHLQHNR LKEDAVSAAF KGLKSLEYLD LSFNQIARLP 

201 SGLPVSLLTL YLDNNKISNI PDEYFKRFNA LQYLRLSHNE LADSGIPGNS 

251 FNVSSLVELD LSYNKLKNIP TVNENLENYY LEVNQLEKFD IKSFCKILGP 

301 LSYSKIKHLR LDGNRISETS LPPDMYECLR VANEVTLN  

 

Band 10 Most Likely Result(s) 

Lumican OS=Homo sapiens GN=LUM PE=1 SV=2 

Score: 278 

Nominal mass (Mr): 38747 
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Calculated pI: 6.16 

Protein sequence coverage: 30% 

Matched peptides shown in bold. 

1 MSLSAFTLFL ALIGGTSGQY YDYDFPLSIY GQSSPNCAPE CNCPESYPSA 

51 MYCDELKLKS VPMVPPGIKY LYLRNNQIDH IDEKAFENVT DLQWLILDHN 

101 LLENSKIKGR VFSKLKQLKK LHINHNNLTE SVGPLPKSLE DLQLTHNKIT 

151 KLGSFEGLVN LTFIHLQHNR LKEDAVSAAF KGLKSLEYLD LSFNQIARLP 

201 SGLPVSLLTL YLDNNKISNI PDEYFKRFNA LQYLRLSHNE LADSGIPGNS 

251 FNVSSLVELD LSYNKLKNIP TVNENLENYY LEVNQLEKFD IKSFCKILGP 

301 LSYSKIKHLR LDGNRISETS LPPDMYECLR VANEVTLN  

 

C4b-binding protein alpha chain OS=Homo sapiens GN=C4BPA PE=1 SV=2 

Score: 187 

Nominal mass (Mr): 69042 

Calculated pI: 7.15 

Protein sequence coverage: 9% 

Matched peptides shown in bold. 

1 MHPPKTPSGA LHRKRKMAAW PFSRLWKVSD PILFQMTLIA ALLPAVLGNC 

51 GPPPTLSFAA PMDITLTETR FKTGTTLKYT CLPGYVRSHS TQTLTCNSDG 

101 EWVYNTFCIY KRCRHPGELR NGQVEIKTDL SFGSQIEFSC SEGFFLIGST 

151 TSRCEVQDRG VGWSHPLPQC EIVKCKPPPD IRNGRHSGEE NFYAYGFSVT 

201 YSCDPRFSLL GHASISCTVE NETIGVWRPS PPTCEKITCR KPDVSHGEMV 

251 SGFGPIYNYK DTIVFKCQKG FVLRGSSVIH CDADSKWNPS PPACEPNSCI 

301 NLPDIPHASW ETYPRPTKED VYVVGTVLRY RCHPGYKPTT DEPTTVICQK 

351 NLRWTPYQGC EALCCPEPKL NNGEITQHRK SRPANHCVYF YGDEISFSCH 

401 ETSRFSAICQ GDGTWSPRTP SCGDICNFPP KIAHGHYKQS SSYSFFKEEI 

451 IYECDKGYIL VGQAKLSCSY SHWSAPAPQC KALCRKPELV NGRLSVDKDQ 

501 YVEPENVTIQ CDSGYGVVGP QSITCSGNRT WYPEVPKCEW ETPEGCEQVL 

551 TGKRLMQCLP NPEDVKMALE VYKLSLEIEQ LELQRDSARQ STLDKEL 

 

Alpha-1-antichymotrypsin OS=Homo sapiens GN=SERPINA3 PE=1 SV=2 

Score: 50 

Nominal mass (Mr): 47792 

Calculated pI: 5.33 

Protein sequence coverage: 2% 

Matched peptides shown in bold. 

1 MERMLPLLAL GLLAAGFCPA VLCHPNSPLD EENLTQENQD RGTHVDLGLA 

51 SANVDFAFSL YKQLVLKAPD KNVIFSPLSI STALAFLSLG AHNTTLTEIL 
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101 KGLKFNLTET SEAEIHQSFQ HLLRTLNQSS DELQLSMGNA MFVKEQLSLL 

151 DRFTEDAKRL YGSEAFATDF QDSAAAKKLI NDYVKNGTRG KITDLIKDLD 

201 SQTMMVLVNY IFFKAKWEMP FDPQDTHQSR FYLSKKKWVM VPMMSLHHLT 

251 IPYFRDEELS CTVVELKYTG NASALFILPD QDKMEEVEAM LLPETLKRWR 

301 DSLEFREIGE LYLPKFSISR DYNLNDILLQ LGIEEAFTSK ADLSGITGAR 

351 NLAVSQVVHK AVLDVFEEGT EASAATAVKI TLLSALVETR TIVRFNRPFL 

401 MIIVPTDTQN IFFMSKVTNP KQA   

 

Rho GTPase-activating protein 5 OS=Homo sapiens GN=ARHGAP5 PE=1 SV=2 

Score: 54 

Nominal mass (Mr): 173834 

Calculated pI: 6.18 

Protein sequence coverage: 1% 

Matched peptides shown in bold. 

1 MMAKNKEPRP PSYTISIVGL SGTEKDKGNC GVGKSCLCNR FVRSKADEYY 

51 PEHTSVLSTI DFGGRVVNND HFLYWGDIIQ NSEDGVECKI HVIEQTEFID 

101 DQTFLPHRST NLQPYIKRAA ASKLQSAEKL MYICTDQLGL EQDFEQKQMP 

151 EGKLNVDGFL LCIDVSQGCN RKFDDQLKFV NNLFVQLSKS KKPVIIAATK 

201 CDECVDHYLR EVQAFASNKK NLLVVETSAR FNVNIETCFT ALVQMLDKTR 

251 SKPKIIPYLD AYKTQRQLVV TATDKFEKLV QTVRDYHATW KTVSNKLKNH 

301 PDYEEYINLE GTRKARNTFS KHIEQLKQEH IRKRREEYIN TLPRAFNTLL 

351 PNLEEIEHLN WSEALKLMEK RADFQLCFVV LEKTPWDETD HIDKINDRRI 

401 PFDLLSTLEA EKVYQNHVQH LISEKRRVEM KEKFKKTLEK IQFISPGQPW 

451 EEVMCFVMED EAYKYITEAD SKEVYGRHQR EIVEKAKEEF QEMLFEHSEL 

501 FYDLDLNATP SSDKMSEIHT VLSEEPRYKA LQKLAPDRES LLLKHIGFVY 

551 HPTKETCLSG QNCTDIKVEQ LLASSLLQLD HGRLRLYHDS TNIDKVNLFI 

601 LGKDGLAQEL ANEIRTQSTD DEYALDGKIY ELDLRPVDAK SPYFLSQLWT 

651 AAFKPHGCFC VFNSIESLSF IGEFIGKIRT EASQIRKDKY MANLPFTLIL 

701 ANQRDSISKN LPILRHQGQQ LANKLQCPFV DVPAGTYPRK FNETQIKQAL 

751 RGVLESVKHN LDVVSPIPAN KDLSEADLRI VMCAMCGDPF SVDLILSPFL 

801 DSHSCSAAQA GQNNSLMLDK IIGEKRRRIQ ITILSYHSSI GVRKDELVHG 

851 YILVYSAKRK ASMGMLRAFL SEVQDTIPVQ LVAVTDSQAD FFENEAIKEL 

901 MTEGEHIATE ITAKFTALYS LSQYHRQTEV FTLFFSDVLE KKNMIENSYL 

951 SDNTRESTHQ SEDVFLPSPR DCFPYNNYPD SDDDTEAPPP YSPIGDDVQL 

1001 LPTPSDRSRY RLDLEGNEYP IHSTPNCHDH ERNHKVPPPI KPKPVVPKTN 

1051 VKKLDPNLLK TIEAGIGKNP RKQTSRVPLA HPEDMDPSDN YAEPIDTIFK 

1101 QKGYSDEIYV VPDDSQNRIK IRNSFVNNTQ GDEENGFSDR TSKSHGERRP 

1151 SKYKYKSKTL FSKAKSYYRR THSDASDDEA FTTSKTKRKG RHRGSEEDPL 

1201 LSPVETWKGG IDNPAITSDQ ELDDKKMKKK THKVKEDKKQ KKKTKNFNPP 

1251 TRRNWESNYF GMPLQDLVTA EKPIPLFVEK CVEFIEDTGL CTEGLYRVSG 

1301 NKTDQDNIQK QFDQDHNINL VSMEVTVNAV AGALKAFFAD LPDPLIPYSL 

1351 HPELLEAAKI PDKTERLHAL KEIVKKFHPV NYDVFRYVIT HLNRVSQQHK 

1401 INLMTADNLS ICFWPTLMRP DFENREFLST TKIHQSVVET FIQQCQFFFY 

1451 NGEIVETTNI VAPPPPSNPG QLVEPMVPLQ LPPPLQPQLI QPQLQTDPLG 
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1501 II     

 

Vitronectin OS=Homo sapiens GN=VTN PE=1 SV=1 

Score: 51 

Nominal mass (Mr): 55069 

Calculated pI: 5.55 

Protein sequence coverage: 5% 

Matched peptides shown in bold. 

1 MAPLRPLLIL ALLAWVALAD QESCKGRCTE GFNVDKKCQC DELCSYYQSC 

51 CTDYTAECKP QVTRGDVFTM PEDEYTVYDD GEEKNNATVH EQVGGPSLTS 

101 DLQAQSKGNP EQTPVLKPEE EAPAPEVGAS KPEGIDSRPE TLHPGRPQPP 

151 AEEELCSGKP FDAFTDLKNG SLFAFRGQYC YELDEKAVRP GYPKLIRDVW 

201 GIEGPIDAAF TRINCQGKTY LFKGSQYWRF EDGVLDPDYP RNISDGFDGI 

251 PDNVDAALAL PAHSYSGRER VYFFKGKQYW EYQFQHQPSQ EECEGSSLSA 

301 VFEHFAMMQR DSWEDIFELL FWGRTSAGTR QPQFISRDWH GVPGQVDAAM 

351 AGRIYISGMA PRPSLAKKQR FRHRNRKGYR SQRGHSRGRN QNSRRPSRAT 

401 WLSLFSSEES NLGANNYDDY RMDWLVPATC EPIQSVFFFS GDKYYRVNLR 

451 TRRVDTVDPP YPRSIAQYWL GCPAPGHL   

 

Serum albumin OS=Homo sapiens GN=ALB PE=1 SV=2 

Score: 55 

Nominal mass (Mr): 71317 

Calculated pI: 5.92 

Protein sequence coverage: 3% 

Matched peptides shown in bold. 

1 MKWVTFISLL FLFSSAYSRG VFRRDAHKSE VAHRFKDLGE ENFKALVLIA 

51 FAQYLQQCPF EDHVKLVNEV TEFAKTCVAD ESAENCDKSL HTLFGDKLCT 

101 VATLRETYGE MADCCAKQEP ERNECFLQHK DDNPNLPRLV RPEVDVMCTA 

151 FHDNEETFLK KYLYEIARRH PYFYAPELLF FAKRYKAAFT ECCQAADKAA 

201 CLLPKLDELR DEGKASSAKQ RLKCASLQKF GERAFKAWAV ARLSQRFPKA 

251 EFAEVSKLVT DLTKVHTECC HGDLLECADD RADLAKYICE NQDSISSKLK 

301 ECCEKPLLEK SHCIAEVEND EMPADLPSLA ADFVESKDVC KNYAEAKDVF 

351 LGMFLYEYAR RHPDYSVVLL LRLAKTYETT LEKCCAAADP HECYAKVFDE 

401 FKPLVEEPQN LIKQNCELFE QLGEYKFQNA LLVRYTKKVP QVSTPTLVEV 

451 SRNLGKVGSK CCKHPEAKRM PCAEDYLSVV LNQLCVLHEK TPVSDRVTKC 

501 CTESLVNRRP CFSALEVDET YVPKEFNAET FTFHADICTL SEKERQIKKQ 

551 TALVELVKHK PKATKEQLKA VMDDFAAFVE KCCKADDKET CFAEEGKKLV 

601 AASQAALGL     
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Heparin cofactor 2 OS=Homo sapiens GN=SERPIND1 PE=1 SV=3 

Score: 60 

Nominal mass (Mr): 57205 

Calculated pI: 6.41 

Protein sequence coverage: 5% 

Matched peptides shown in bold. 

1 MKHSLNALLI FLIITSAWGG SKGPLDQLEK GGETAQSADP QWEQLNNKNL 

51 SMPLLPADFH KENTVTNDWI PEGEEDDDYL DLEKIFSEDD DYIDIVDSLS 

101 VSPTDSDVSA GNILQLFHGK SRIQRLNILN AKFAFNLYRV LKDQVNTFDN 

151 IFIAPVGIST AMGMISLGLK GETHEQVHSI LHFKDFVNAS SKYEITTIHN 

201 LFRKLTHRLF RRNFGYTLRS VNDLYIQKQF PILLDFKTKV REYYFAEAQI 

251 ADFSDPAFIS KTNNHIMKLT KGLIKDALEN IDPATQMMIL NCIYFKGSWV 

301 NKFPVEMTHN HNFRLNEREV VKVSMMQTKG NFLAANDQEL DCDILQLEYV 

351 GGISMLIVVP HKMSGMKTLE AQLTPRVVER WQKSMTNRTR EVLLPKFKLE 

401 KNYNLVESLK LMGIRMLFDK NGNMAGISDQ RIAIDLFKHQ GTITVNEEGT 

451 QATTVTTVGF MPLSTQVRFT VDRPFLFLIY EHRTSCLLFM GRVANPSRS 

 

Band 11 Most Likely Result(s) 

Plasma protease C1 inhibitor OS=Homo sapiens GN=SERPING1 PE=1 SV=2 

Score: 210 

Nominal mass (Mr): 55351 

Calculated pI: 6.09 

Protein sequence coverage: 10% 

Matched peptides shown in bold. 

1 MASRLTLLTL LLLLLAGDRA SSNPNATSSS SQDPESLQDR GEGKVATTVI 

51 SKMLFVEPIL EVSSLPTTNS TTNSATKITA NTTDEPTTQP TTEPTTQPTI 

101 QPTQPTTQLP TDSPTQPTTG SFCPGPVTLC SDLESHSTEA VLGDALVDFS 

151 LKLYHAFSAM KKVETNMAFS PFSIASLLTQ VLLGAGENTK TNLESILSYP 

201 KDFTCVHQAL KGFTTKGVTS VSQIFHSPDL AIRDTFVNAS RTLYSSSPRV 

251 LSNNSDANLE LINTWVAKNT NNKISRLLDS LPSDTRLVLL NAIYLSAKWK 

301 TTFDPKKTRM EPFHFKNSVI KVPMMNSKKY PVAHFIDQTL KAKVGQLQLS 

351 HNLSLVILVP QNLKHRLEDM EQALSPSVFK AIMEKLEMSK FQPTLLTLPR 

401 IKVTTSQDML SIMEKLEFFD FSYDLNLCGL TEDPDLQVSA MQHQTVLELT 

451 ETGVEAAAAS AISVARTLLV FEVQQPFLFV LWDQQHKFPV FMGRVYDPRA 

 

Carboxypeptidase N subunit 2 OS=Homo sapiens GN=CPN2 PE=1 SV=2 

Score: 174 

Nominal mass (Mr): 61388 
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Calculated pI: 5.63 

Protein sequence coverage: 14% 

Matched peptides shown in bold. 

1 MLPGAWLLWT SLLLLARPAQ PCPMGCDCFV QEVFCSDEEL ATVPLDIPPY 

51 TKNIIFVETS FTTLETRAFG SNPNLTKVVF LNTQLCQFRP DAFGGLPRLE 

101 DLEVTGSSFL NLSTNIFSNL TSLGKLTLNF NMLEALPEGL FQHLAALESL 

151 HLQGNQLQAL PRRLFQPLTH LKTLNLAQNL LAQLPEELFH PLTSLQTLKL 

201 SNNALSGLPQ GVFGKLGSLQ ELFLDSNNIS ELPPQVFSQL FCLERLWLQR 

251 NAITHLPLSI FASLGNLTFL SLQWNMLRVL PAGLFAHTPC LVGLSLTHNQ 

301 LETVAEGTFA HLSNLRSLML SYNAITHLPA GIFRDLEELV KLYLGSNNLT 

351 ALHPALFQNL SKLELLSLSK NQLTTLPEGI FDTNYNLFNL ALHGNPWQCD 

401 CHLAYLFNWL QQYTDRLLNI QTYCAGPAYL KGQVVPALNE KQLVCPVTRD 

451 HLGFQVTWPD ESKAGGSWDL AVQERAARSQ CTYSNPEGTV VLACDQAQCR 

501 WLNVQLSPQQ GSLGLQYNAS QEWDLRSSCG SLRLTVSIEA RAAGP 

 

Complement C1r subcomponent OS=Homo sapiens GN=C1R PE=1 SV=2 

Score: 143 

Nominal mass (Mr): 81633 

Calculated pI: 5.82 

Protein sequence coverage: 8% 

Matched peptides shown in bold. 

1 MWLLYLLVPA LFCRAGGSIP IPQKLFGEVT SPLFPKPYPN NFETTTVITV 

51 PTGYRVKLVF QQFDLEPSEG CFYDYVKISA DKKSLGRFCG QLGSPLGNPP 

101 GKKEFMSQGN KMLLTFHTDF SNEENGTIMF YKGFLAYYQA VDLDECASRS 

151 KSGEEDPQPQ CQHLCHNYVG GYFCSCRPGY ELQEDTHSCQ AECSSELYTE 

201 ASGYISSLEY PRSYPPDLRC NYSIRVERGL TLHLKFLEPF DIDDHQQVHC 

251 PYDQLQIYAN GKNIGEFCGK QRPPDLDTSS NAVDLLFFTD ESGDSRGWKL 

301 RYTTEIIKCP QPKTLDEFTI IQNLQPQYQF RDYFIATCKQ GYQLIEGNQV 

351 LHSFTAVCQD DGTWHRAMPR CKIKDCGQPR NLPNGDFRYT TTMGVNTYKA 

401 RIQYYCHEPY YKMQTRAGSR ESEQGVYTCT AQGIWKNEQK GEKIPRCLPV 

451 CGKPVNPVEQ RQRIIGGQKA KMGNFPWQVF TNIHGRGGGA LLGDRWILTA 

501 AHTLYPKEHE AQSNASLDVF LGHTNVEELM KLGNHPIRRV SVHPDYRQDE 

551 SYNFEGDIAL LELENSVTLG PNLLPICLPD NDTFYDLGLM GYVSGFGVME 

601 EKIAHDLRFV RLPVANPQAC ENWLRGKNRM DVFSQNMFCA GHPSLKQDAC 

651 QGDSGGVFAV RDPNTDRWVA TGIVSWGIGC SRGYGFYTKV LNYVDWIKKE 

701 MEEED     

 

Alpha-2-macroglobulin OS=Homo sapiens GN=A2M PE=1 SV=1 

Score: 163 

Nominal mass (Mr): 164638 
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Calculated pI: 6.03 

Protein sequence coverage: 6% 

Matched peptides shown in bold. 

1 MGKNKLLHPS LVLLLLVLLP TDASVSGKPQ YMVLVPSLLH TETTEKGCVL 

51 LSYLNETVTV SASLESVRGN RSLFTDLEAE NDVLHCVAFA VPKSSSNEEV 

101 MFLTVQVKGP TQEFKKRTTV MVKNEDSLVF VQTDKSIYKP GQTVKFRVVS 

151 MDENFHPLNE LIPLVYIQDP KGNRIAQWQS FQLEGGLKQF SFPLSSEPFQ 

201 GSYKVVVQKK SGGRTEHPFT VEEFVLPKFE VQVTVPKIIT ILEEEMNVSV 

251 CGLYTYGKPV PGHVTVSICR KYSDASDCHG EDSQAFCEKF SGQLNSHGCF 

301 YQQVKTKVFQ LKRKEYEMKL HTEAQIQEEG TVVELTGRQS SEITRTITKL 

351 SFVKVDSHFR QGIPFFGQVR LVDGKGVPIP NKVIFIRGNE ANYYSNATTD 

401 EHGLVQFSIN TTNVMGTSLT VRVNYKDRSP CYGYQWVSEE HEEAHHTAYL 

451 VFSPSKSFVH LEPMSHELPC GHTQTVQAHY ILNGGTLLGL KKLSFYYLIM 

501 AKGGIVRTGT HGLLVKQEDM KGHFSISIPV KSDIAPVARL LIYAVLPTGD 

551 VIGDSAKYDV ENCLANKVDL SFSPSQSLPA SHAHLRVTAA PQSVCALRAV 

601 DQSVLLMKPD AELSASSVYN LLPEKDLTGF PGPLNDQDNE DCINRHNVYI 

651 NGITYTPVSS TNEKDMYSFL EDMGLKAFTN SKIRKPKMCP QLQQYEMHGP 

701 EGLRVGFYES DVMGRGHARL VHVEEPHTET VRKYFPETWI WDLVVVNSAG 

751 VAEVGVTVPD TITEWKAGAF CLSEDAGLGI SSTASLRAFQ PFFVELTMPY 

801 SVIRGEAFTL KATVLNYLPK CIRVSVQLEA SPAFLAVPVE KEQAPHCICA 

851 NGRQTVSWAV TPKSLGNVNF TVSAEALESQ ELCGTEVPSV PEHGRKDTVI 

901 KPLLVEPEGL EKETTFNSLL CPSGGEVSEE LSLKLPPNVV EESARASVSV 

951 LGDILGSAMQ NTQNLLQMPY GCGEQNMVLF APNIYVLDYL NETQQLTPEI 

1001 KSKAIGYLNT GYQRQLNYKH YDGSYSTFGE RYGRNQGNTW LTAFVLKTFA 

1051 QARAYIFIDE AHITQALIWL SQRQKDNGCF RSSGSLLNNA IKGGVEDEVT 

1101 LSAYITIALL EIPLTVTHPV VRNALFCLES AWKTAQEGDH GSHVYTKALL 

1151 AYAFALAGNQ DKRKEVLKSL NEEAVKKDNS VHWERPQKPK APVGHFYEPQ 

1201 APSAEVEMTS YVLLAYLTAQ PAPTSEDLTS ATNIVKWITK QQNAQGGFSS 

1251 TQDTVVALHA LSKYGAATFT RTGKAAQVTI QSSGTFSSKF QVDNNNRLLL 

1301 QQVSLPELPG EYSMKVTGEG CVYLQTSLKY NILPEKEEFP FALGVQTLPQ 

1351 TCDEPKAHTS FQISLSVSYT GSRSASNMAI VDVKMVSGFI PLKPTVKMLE 

1401 RSNHVSRTEV SSNHVLIYLD KVSNQTLSLF FTVLQDVPVR DLKPAIVKVY 

1451 DYYETDEFAI AEYNAPCSKD LGNA   

 

Complement C1s subcomponent OS=Homo sapiens GN=C1S PE=1 SV=1 

Score: 124 

Nominal mass (Mr): 78201 

Calculated pI: 4.86 

Protein sequence coverage: 7% 

Matched peptides shown in bold. 

1 MWCIVLFSLL AWVYAEPTMY GEILSPNYPQ AYPSEVEKSW DIEVPEGYGI 

51 HLYFTHLDIE LSENCAYDSV QIISGDTEEG RLCGQRSSNN PHSPIVEEFQ 
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101 VPYNKLQVIF KSDFSNEERF TGFAAYYVAT DINECTDFVD VPCSHFCNNF 

151 IGGYFCSCPP EYFLHDDMKN CGVNCSGDVF TALIGEIASP NYPKPYPENS 

201 RCEYQIRLEK GFQVVVTLRR EDFDVEAADS AGNCLDSLVF VAGDRQFGPY 

251 CGHGFPGPLN IETKSNALDI IFQTDLTGQK KGWKLRYHGD PMPCPKEDTP 

301 NSVWEPAKAK YVFRDVVQIT CLDGFEVVEG RVGATSFYST CQSNGKWSNS 

351 KLKCQPVDCG IPESIENGKV EDPESTLFGS VIRYTCEEPY YYMENGGGGE 

401 YHCAGNGSWV NEVLGPELPK CVPVCGVPRE PFEEKQRIIG GSDADIKNFP 

451 WQVFFDNPWA GGALINEYWV LTAAHVVEGN REPTMYVGST SVQTSRLAKS 

501 KMLTPEHVFI HPGWKLLEVP EGRTNFDNDI ALVRLKDPVK MGPTVSPICL 

551 PGTSSDYNLM DGDLGLISGW GRTEKRDRAV RLKAARLPVA PLRKCKEVKV 

601 EKPTADAEAY VFTPNMICAG GEKGMDSCKG DSGGAFAVQD PNDKTKFYAA 

651 GLVSWGPQCG TYGLYTRVKN YVDWIMKTMQ ENSTPRED  

 

Complement C1r subcomponent-like protein OS=Homo sapiens GN=C1RL PE=1 

SV=2 

Score: 79 

Nominal mass (Mr): 54218 

Calculated pI: 6.75 

Protein sequence coverage: 4% 

Matched peptides shown in bold. 

1 MPGPRVWGKY LWRSPHSKGC PGAMWWLLLW GVLQACPTRG SVLLAQELPQ 

51 QLTSPGYPEP YGKGQESSTD IKAPEGFAVR LVFQDFDLEP SQDCAGDSVT 

101 ISFVGSDPSQ FCGQQGSPLG RPPGQREFVS SGRSLRLTFR TQPSSENKTA 

151 HLHKGFLALY QTVAVNYSQP ISEASRGSEA INAPGDNPAK VQNHCQEPYY 

201 QAAAAGALTC ATPGTWKDRQ DGEEVLQCMP VCGRPVTPIA QNQTTLGSSR 

251 AKLGNFPWQA FTSIHGRGGG ALLGDRWILT AAHTIYPKDS VSLRKNQSVN 

301 VFLGHTAIDE MLKLGNHPVH RVVVHPDYRQ NESHNFSGDI ALLELQHSIP 

351 LGPNVLPVCL PDNETLYRSG LLGYVSGFGM EMGWLTTELK YSRLPVAPRE 

401 ACNAWLQKRQ RPEVFSDNMF CVGDETQRHS VCQGDSGSVY VVWDNHAHHW 

451 VATGIVSWGI GCGEGYDFYT KVLSYVDWIK GVMNGKN  

 

Band 12 Most Likely Result(s) 

Plasma protease C1 inhibitor OS=Homo sapiens GN=SERPING1 PE=1 SV=2 

Score: 349 

Nominal mass (Mr): 55351 

Calculated pI: 6.09 

Protein sequence coverage: 21% 

Matched peptides shown in bold. 
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1 MASRLTLLTL LLLLLAGDRA SSNPNATSSS SQDPESLQDR GEGKVATTVI 

51 SKMLFVEPIL EVSSLPTTNS TTNSATKITA NTTDEPTTQP TTEPTTQPTI 

101 QPTQPTTQLP TDSPTQPTTG SFCPGPVTLC SDLESHSTEA VLGDALVDFS 

151 LKLYHAFSAM KKVETNMAFS PFSIASLLTQ VLLGAGENTK TNLESILSYP 

201 KDFTCVHQAL KGFTTKGVTS VSQIFHSPDL AIRDTFVNAS RTLYSSSPRV 

251 LSNNSDANLE LINTWVAKNT NNKISRLLDS LPSDTRLVLL NAIYLSAKWK 

301 TTFDPKKTRM EPFHFKNSVI KVPMMNSKKY PVAHFIDQTL KAKVGQLQLS 

351 HNLSLVILVP QNLKHRLEDM EQALSPSVFK AIMEKLEMSK FQPTLLTLPR 

401 IKVTTSQDML SIMEKLEFFD FSYDLNLCGL TEDPDLQVSA MQHQTVLELT 

451 ETGVEAAAAS AISVARTLLV FEVQQPFLFV LWDQQHKFPV FMGRVYDPRA 

 

Band 13 Most Likely Result(s) 

Alpha-2-macroglobulin OS=Homo sapiens GN=A2M PE=1 SV=1 

Score: 904 

Nominal mass (Mr): 164613 

Calculated pI: 6.03 

Protein sequence coverage: 23% 

Matched peptides shown in bold. 

1 MGKNKLLHPS LVLLLLVLLP TDASVSGKPQ YMVLVPSLLH TETTEKGCVL 

51 LSYLNETVTV SASLESVRGN RSLFTDLEAE NDVLHCVAFA VPKSSSNEEV 

101 MFLTVQVKGP TQEFKKRTTV MVKNEDSLVF VQTDKSIYKP GQTVKFRVVS 

151 MDENFHPLNE LIPLVYIQDP KGNRIAQWQS FQLEGGLKQF SFPLSSEPFQ 

201 GSYKVVVQKK SGGRTEHPFT VEEFVLPKFE VQVTVPKIIT ILEEEMNVSV 

251 CGLYTYGKPV PGHVTVSICR KYSDASDCHG EDSQAFCEKF SGQLNSHGCF 

301 YQQVKTKVFQ LKRKEYEMKL HTEAQIQEEG TVVELTGRQS SEITRTITKL 

351 SFVKVDSHFR QGIPFFGQVR LVDGKGVPIP NKVIFIRGNE ANYYSNATTD 

401 EHGLVQFSIN TTNVMGTSLT VRVNYKDRSP CYGYQWVSEE HEEAHHTAYL 

451 VFSPSKSFVH LEPMSHELPC GHTQTVQAHY ILNGGTLLGL KKLSFYYLIM 

501 AKGGIVRTGT HGLLVKQEDM KGHFSISIPV KSDIAPVARL LIYAVLPTGD 

551 VIGDSAKYDV ENCLANKVDL SFSPSQSLPA SHAHLRVTAA PQSVCALRAV 

601 DQSVLLMKPD AELSASSVYN LLPEKDLTGF PGPLNDQDNE DCINRHNVYI 

651 NGITYTPVSS TNEKDMYSFL EDMGLKAFTN SKIRKPKMCP QLQQYEMHGP 

701 EGLRVGFYES DVMGRGHARL VHVEEPHTET VRKYFPETWI WDLVVVNSAG 

751 VAEVGVTVPD TITEWKAGAF CLSEDAGLGI SSTASLRAFQ PFFVELTMPY 

801 SVIRGEAFTL KATVLNYLPK CIRVSVQLEA SPAFLAVPVE KEQAPHCICA 

851 NGRQTVSWAV TPKSLGNVNF TVSAEALESQ ELCGTEVPSV PEHGRKDTVI 

901 KPLLVEPEGL EKETTFNSLL CPSGGEVSEE LSLKLPPNVV EESARASVSV 

951 LGDILGSAMQ NTQNLLQMPY GCGEQNMVLF APNIYVLDYL NETQQLTPEI 

1001 KSKAIGYLNT GYQRQLNYKH YDGSYSTFGE RYGRNQGNTW LTAFVLKTFA 

1051 QARAYIFIDE AHITQALIWL SQRQKDNGCF RSSGSLLNNA IKGGVEDEVT 

1101 LSAYITIALL EIPLTVTHPV VRNALFCLES AWKTAQEGDH GSHVYTKALL 

1151 AYAFALAGNQ DKRKEVLKSL NEEAVKKDNS VHWERPQKPK APVGHFYEPQ 

1201 APSAEVEMTS YVLLAYLTAQ PAPTSEDLTS ATNIVKWITK QQNAQGGFSS 
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1251 TQDTVVALHA LSKYGAATFT RTGKAAQVTI QSSGTFSSKF QVDNNNRLLL 

1301 QQVSLPELPG EYSMKVTGEG CVYLQTSLKY NILPEKEEFP FALGVQTLPQ 

1351 TCDEPKAHTS FQISLSVSYT GSRSASNMAI VDVKMVSGFI PLKPTVKMLE 

1401 RSNHVSRTEV SSNHVLIYLD KVSNQTLSLF FTVLQDVPVR DLKPAIVKVY 

1451 DYYETDEFAI AEYNAPCSKD LGNA   

 

Ceruloplasmin OS=Homo sapiens GN=CP PE=1 SV=1 

Score: 93 

Nominal mass (Mr): 122983 

Calculated pI: 5.44 

Protein sequence coverage: 3% 

Matched peptides shown in bold. 

1 MKILILGIFL FLCSTPAWAK EKHYYIGIIE TTWDYASDHG EKKLISVDTE 

51 HSNIYLQNGP DRIGRLYKKA LYLQYTDETF RTTIEKPVWL GFLGPIIKAE 

101 TGDKVYVHLK NLASRPYTFH SHGITYYKEH EGAIYPDNTT DFQRADDKVY 

151 PGEQYTYMLL ATEEQSPGEG DGNCVTRIYH SHIDAPKDIA SGLIGPLIIC 

201 KKDSLDKEKE KHIDREFVVM FSVVDENFSW YLEDNIKTYC SEPEKVDKDN 

251 EDFQESNRMY SVNGYTFGSL PGLSMCAEDR VKWYLFGMGN EVDVHAAFFH 

301 GQALTNKNYR IDTINLFPAT LFDAYMVAQN PGEWMLSCQN LNHLKAGLQA 

351 FFQVQECNKS SSKDNIRGKH VRHYYIAAEE IIWNYAPSGI DIFTKENLTA 

401 PGSDSAVFFE QGTTRIGGSY KKLVYREYTD ASFTNRKERG PEEEHLGILG 

451 PVIWAEVGDT IRVTFHNKGA YPLSIEPIGV RFNKNNEGTY YSPNYNPQSR 

501 SVPPSASHVA PTETFTYEWT VPKEVGPTNA DPVCLAKMYY SAVDPTKDIF 

551 TGLIGPMKIC KKGSLHANGR QKDVDKEFYL FPTVFDENES LLLEDNIRMF 

601 TTAPDQVDKE DEDFQESNKM HSMNGFMYGN QPGLTMCKGD SVVWYLFSAG 

651 NEADVHGIYF SGNTYLWRGE RRDTANLFPQ TSLTLHMWPD TEGTFNVECL 

701 TTDHYTGGMK QKYTVNQCRR QSEDSTFYLG ERTYYIAAVE VEWDYSPQRE 

751 WEKELHHLQE QNVSNAFLDK GEFYIGSKYK KVVYRQYTDS TFRVPVERKA 

801 EEEHLGILGP QLHADVGDKV KIIFKNMATR PYSIHAHGVQ TESSTVTPTL 

851 PGETLTYVWK IPERSGAGTE DSACIPWAYY STVDQVKDLY SGLIGPLIVC 

901 RRPYLKVFNP RRKLEFALLF LVFDENESWY LDDNIKTYSD HPEKVNKDDE 

951 EFIESNKMHA INGRMFGNLQ GLTMHVGDEV NWYLMGMGNE IDLHTVHFHG 

1001 HSFQYKHRGV YSSDVFDIFP GTYQTLEMFP RTPGIWLLHC HVTDHIHAGM 

1051 ETTYTVLQNE DTKSG    

 

Band 14 Most Likely Result(s) 

Alpha-2-macroglobulin OS=Homo sapiens GN=A2M PE=1 SV=1 

Score: 703 

Nominal mass (Mr): 164613 

Calculated pI: 6.03 

Protein sequence coverage: 21% 



 

 195 

Matched peptides shown in bold. 

1 MGKNKLLHPS LVLLLLVLLP TDASVSGKPQ YMVLVPSLLH TETTEKGCVL 

51 LSYLNETVTV SASLESVRGN RSLFTDLEAE NDVLHCVAFA VPKSSSNEEV 

101 MFLTVQVKGP TQEFKKRTTV MVKNEDSLVF VQTDKSIYKP GQTVKFRVVS 

151 MDENFHPLNE LIPLVYIQDP KGNRIAQWQS FQLEGGLKQF SFPLSSEPFQ 

201 GSYKVVVQKK SGGRTEHPFT VEEFVLPKFE VQVTVPKIIT ILEEEMNVSV 

251 CGLYTYGKPV PGHVTVSICR KYSDASDCHG EDSQAFCEKF SGQLNSHGCF 

301 YQQVKTKVFQ LKRKEYEMKL HTEAQIQEEG TVVELTGRQS SEITRTITKL 

351 SFVKVDSHFR QGIPFFGQVR LVDGKGVPIP NKVIFIRGNE ANYYSNATTD 

401 EHGLVQFSIN TTNVMGTSLT VRVNYKDRSP CYGYQWVSEE HEEAHHTAYL 

451 VFSPSKSFVH LEPMSHELPC GHTQTVQAHY ILNGGTLLGL KKLSFYYLIM 

501 AKGGIVRTGT HGLLVKQEDM KGHFSISIPV KSDIAPVARL LIYAVLPTGD 

551 VIGDSAKYDV ENCLANKVDL SFSPSQSLPA SHAHLRVTAA PQSVCALRAV 

601 DQSVLLMKPD AELSASSVYN LLPEKDLTGF PGPLNDQDNE DCINRHNVYI 

651 NGITYTPVSS TNEKDMYSFL EDMGLKAFTN SKIRKPKMCP QLQQYEMHGP 

701 EGLRVGFYES DVMGRGHARL VHVEEPHTET VRKYFPETWI WDLVVVNSAG 

751 VAEVGVTVPD TITEWKAGAF CLSEDAGLGI SSTASLRAFQ PFFVELTMPY 

801 SVIRGEAFTL KATVLNYLPK CIRVSVQLEA SPAFLAVPVE KEQAPHCICA 

851 NGRQTVSWAV TPKSLGNVNF TVSAEALESQ ELCGTEVPSV PEHGRKDTVI 

901 KPLLVEPEGL EKETTFNSLL CPSGGEVSEE LSLKLPPNVV EESARASVSV 

951 LGDILGSAMQ NTQNLLQMPY GCGEQNMVLF APNIYVLDYL NETQQLTPEI 

1001 KSKAIGYLNT GYQRQLNYKH YDGSYSTFGE RYGRNQGNTW LTAFVLKTFA 

1051 QARAYIFIDE AHITQALIWL SQRQKDNGCF RSSGSLLNNA IKGGVEDEVT 

1101 LSAYITIALL EIPLTVTHPV VRNALFCLES AWKTAQEGDH GSHVYTKALL 

1151 AYAFALAGNQ DKRKEVLKSL NEEAVKKDNS VHWERPQKPK APVGHFYEPQ 

1201 APSAEVEMTS YVLLAYLTAQ PAPTSEDLTS ATNIVKWITK QQNAQGGFSS 

1251 TQDTVVALHA LSKYGAATFT RTGKAAQVTI QSSGTFSSKF QVDNNNRLLL 

1301 QQVSLPELPG EYSMKVTGEG CVYLQTSLKY NILPEKEEFP FALGVQTLPQ 

1351 TCDEPKAHTS FQISLSVSYT GSRSASNMAI VDVKMVSGFI PLKPTVKMLE 

1401 RSNHVSRTEV SSNHVLIYLD KVSNQTLSLF FTVLQDVPVR DLKPAIVKVY 

1451 DYYETDEFAI AEYNAPCSKD LGNA   

 

Band 15 Most Likely Result(s) 

Fibronectin OS=Homo sapiens GN=FN1 PE=1 SV=3 

Score:    290 

Nominal mass (Mr):  266034 

Calculated pI:   5.45 

 

Protein Sequence Coverage: 15% 

 

Matched peptides shown in bold. 

 

     1 MLRGPGPGLL LLAVQCLGTA VPSTGASKSK RQAQQMVQPQ SPVAVSQSKP  

    51 GCYDNGKHYQ INQQWERTYL GNALVCTCYG GSRGFNCESK PEAEETCFDK  

   101 YTGNTYRVGD TYERPKDSMI WDCTCIGAGR GRISCTIANR CHEGGQSYKI  

   151 GDTWRRPHET GGYMLECVCL GNGKGEWTCK PIAEKCFDHA AGTSYVVGET  
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   201 WEKPYQGWMM VDCTCLGEGS GRITCTSRNR CNDQDTRTSY RIGDTWSKKD  

   251 NRGNLLQCIC TGNGRGEWKC ERHTSVQTTS SGSGPFTDVR AAVYQPQPHP  

   301 QPPPYGHCVT DSGVVYSVGM QWLKTQGNKQ MLCTCLGNGV SCQETAVTQT  

   351 YGGNSNGEPC VLPFTYNGRT FYSCTTEGRQ DGHLWCSTTS NYEQDQKYSF  

   401 CTDHTVLVQT QGGNSNGALC HFPFLYNNHN YTDCTSEGRR DNMKWCGTTQ  

   451 NYDADQKFGF CPMAAHEEIC TTNEGVMYRI GDQWDKQHDM GHMMRCTCVG  

   501 NGRGEWTCIA YSQLRDQCIV DDITYNVNDT FHKRHEEGHM LNCTCFGQGR  

   551 GRWKCDPVDQ CQDSETGTFY QIGDSWEKYV HGVRYQCYCY GRGIGEWHCQ  

   601 PLQTYPSSSG PVEVFITETP SQPNSHPIQW NAPQPSHISK YILRWRPKNS  

   651 VGRWKEATIP GHLNSYTIKG LKPGVVYEGQ LISIQQYGHQ EVTRFDFTTT  

   701 STSTPVTSNT VTGETTPFSP LVATSESVTE ITASSFVVSW VSASDTVSGF  

   751 RVEYELSEEG DEPQYLDLPS TATSVNIPDL LPGRKYIVNV YQISEDGEQS  

   801 LILSTSQTTA PDAPPDPTVD QVDDTSIVVR WSRPQAPITG YRIVYSPSVE  

   851 GSSTELNLPE TANSVTLSDL QPGVQYNITI YAVEENQEST PVVIQQETTG  

   901 TPRSDTVPSP RDLQFVEVTD VKVTIMWTPP ESAVTGYRVD VIPVNLPGEH  

   951 GQRLPISRNT FAEVTGLSPG VTYYFKVFAV SHGRESKPLT AQQTTKLDAP  

  1001 TNLQFVNETD STVLVRWTPP RAQITGYRLT VGLTRRGQPR QYNVGPSVSK  

  1051 YPLRNLQPAS EYTVSLVAIK GNQESPKATG VFTTLQPGSS IPPYNTEVTE  

  1101 TTIVITWTPA PRIGFKLGVR PSQGGEAPRE VTSDSGSIVV SGLTPGVEYV  

  1151 YTIQVLRDGQ ERDAPIVNKV VTPLSPPTNL HLEANPDTGV LTVSWERSTT  

  1201 PDITGYRITT TPTNGQQGNS LEEVVHADQS SCTFDNLSPG LEYNVSVYTV  

  1251 KDDKESVPIS DTIIPAVPPP TDLRFTNIGP DTMRVTWAPP PSIDLTNFLV  

  1301 RYSPVKNEED VAELSISPSD NAVVLTNLLP GTEYVVSVSS VYEQHESTPL  

  1351 RGRQKTGLDS PTGIDFSDIT ANSFTVHWIA PRATITGYRI RHHPEHFSGR  

  1401 PREDRVPHSR NSITLTNLTP GTEYVVSIVA LNGREESPLL IGQQSTVSDV  

  1451 PRDLEVVAAT PTSLLISWDA PAVTVRYYRI TYGETGGNSP VQEFTVPGSK  

  1501 STATISGLKP GVDYTITVYA VTGRGDSPAS SKPISINYRT EIDKPSQMQV  

  1551 TDVQDNSISV KWLPSSSPVT GYRVTTTPKN GPGPTKTKTA GPDQTEMTIE  

  1601 GLQPTVEYVV SVYAQNPSGE SQPLVQTAVT NIDRPKGLAF TDVDVDSIKI  

  1651 AWESPQGQVS RYRVTYSSPE DGIHELFPAP DGEEDTAELQ GLRPGSEYTV  

  1701 SVVALHDDME SQPLIGTQST AIPAPTDLKF TQVTPTSLSA QWTPPNVQLT  

  1751 GYRVRVTPKE KTGPMKEINL APDSSSVVVS GLMVATKYEV SVYALKDTLT  

  1801 SRPAQGVVTT LENVSPPRRA RVTDATETTI TISWRTKTET ITGFQVDAVP  

  1851 ANGQTPIQRT IKPDVRSYTI TGLQPGTDYK IYLYTLNDNA RSSPVVIDAS  

  1901 TAIDAPSNLR FLATTPNSLL VSWQPPRARI TGYIIKYEKP GSPPREVVPR  

  1951 PRPGVTEATI TGLEPGTEYT IYVIALKNNQ KSEPLIGRKK TDELPQLVTL  

  2001 PHPNLHGPEI LDVPSTVQKT PFVTHPGYDT GNGIQLPGTS GQQPSVGQQM  

  2051 IFEEHGFRRT TPPTTATPIR HRPRPYPPNV GEEIQIGHIP REDVDYHLYP  

  2101 HGPGLNPNAS TGQEALSQTT ISWAPFQDTS EYIISCHPVG TDEEPLQFRV  

  2151 PGTSTSATLT GLTRGATYNI IVEALKDQQR HKVREEVVTV GNSVNEGLNQ  

  2201 PTDDSCFDPY TVSHYAVGDE WERMSESGFK LLCQCLGFGS GHFRCDSSRW  

  2251 CHDNGVNYKI GEKWDRQGEN GQMMSCTCLG NGKGEFKCDP HEATCYDDGK  

  2301 TYHVGEQWQK EYLGAICSCT CFGGQRGWRC DNCRRPGGEP SPEGTTGQSY  

  2351 NQYSQRYHQR TNTNVNCPIE CFMPLDVQAD REDSRE 

 

Band 16 Most Likely Result(s) 

Apolipoprotein B-100 OS=Homo sapiens GN=APOB PE=1 SV=1 

Score:    83 

Nominal mass (Mr):  516691 

Calculated pI:   6.61 

 

Protein Sequence Coverage: 5% 

 

Matched peptides shown in bold. 
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     1 MDPPRPALLA LLALPALLLL LLAGARAEEE MLENVSLVCP KDATRFKHLR  

    51 KYTYNYEAES SSGVPGTADS RSATRINCKV ELEVPQLCSF ILKTSQCTLK  

   101 EVYGFNPEGK ALLKKTKNSE EFAAAMSRYE LKLAIPEGKQ VFLYPEKDEP  

   151 TYILNIKRGI ISALLVPPET EEAKQVLFLD TVYGNCSTHF TVKTRKGNVA  

   201 TEISTERDLG QCDRFKPIRT GISPLALIKG MTRPLSTLIS SSQSCQYTLD  

   251 AKRKHVAEAI CKEQHLFLPF SYNNKYGMVA QVTQTLKLED TPKINSRFFG  

   301 EGTKKMGLAF ESTKSTSPPK QAEAVLKTLQ ELKKLTISEQ NIQRANLFNK  

   351 LVTELRGLSD EAVTSLLPQL IEVSSPITLQ ALVQCGQPQC STHILQWLKR  

   401 VHANPLLIDV VTYLVALIPE PSAQQLREIF NMARDQRSRA TLYALSHAVN  

   451 NYHKTNPTGT QELLDIANYL MEQIQDDCTG DEDYTYLILR VIGNMGQTME  

   501 QLTPELKSSI LKCVQSTKPS LMIQKAAIQA LRKMEPKDKD QEVLLQTFLD  

   551 DASPGDKRLA AYLMLMRSPS QADINKIVQI LPWEQNEQVK NFVASHIANI  

   601 LNSEELDIQD LKKLVKEALK ESQLPTVMDF RKFSRNYQLY KSVSLPSLDP  

   651 ASAKIEGNLI FDPNNYLPKE SMLKTTLTAF GFASADLIEI GLEGKGFEPT  

   701 LEALFGKQGF FPDSVNKALY WVNGQVPDGV SKVLVDHFGY TKDDKHEQDM  

   751 VNGIMLSVEK LIKDLKSKEV PEARAYLRIL GEELGFASLH DLQLLGKLLL  

   801 MGARTLQGIP QMIGEVIRKG SKNDFFLHYI FMENAFELPT GAGLQLQISS  

   851 SGVIAPGAKA GVKLEVANMQ AELVAKPSVS VEFVTNMGII IPDFARSGVQ  

   901 MNTNFFHESG LEAHVALKAG KLKFIIPSPK RPVKLLSGGN TLHLVSTTKT  

   951 EVIPPLIENR QSWSVCKQVF PGLNYCTSGA YSNASSTDSA SYYPLTGDTR  

  1001 LELELRPTGE IEQYSVSATY ELQREDRALV DTLKFVTQAE GAKQTEATMT  

  1051 FKYNRQSMTL SSEVQIPDFD VDLGTILRVN DESTEGKTSY RLTLDIQNKK  

  1101 ITEVALMGHL SCDTKEERKI KGVISIPRLQ AEARSEILAH WSPAKLLLQM  

  1151 DSSATAYGST VSKRVAWHYD EEKIEFEWNT GTNVDTKKMT SNFPVDLSDY  

  1201 PKSLHMYANR LLDHRVPETD MTFRHVGSKL IVAMSSWLQK ASGSLPYTQT  

  1251 LQDHLNSLKE FNLQNMGLPD FHIPENLFLK SDGRVKYTLN KNSLKIEIPL  

  1301 PFGGKSSRDL KMLETVRTPA LHFKSVGFHL PSREFQVPTF TIPKLYQLQV  

  1351 PLLGVLDLST NVYSNLYNWS ASYSGGNTST DHFSLRARYH MKADSVVDLL  

  1401 SYNVQGSGET TYDHKNTFTL SCDGSLRHKF LDSNIKFSHV EKLGNNPVSK  

  1451 GLLIFDASSS WGPQMSASVH LDSKKKQHLF VKEVKIDGQF RVSSFYAKGT  

  1501 YGLSCQRDPN TGRLNGESNL RFNSSYLQGT NQITGRYEDG TLSLTSTSDL  

  1551 QSGIIKNTAS LKYENYELTL KSDTNGKYKN FATSNKMDMT FSKQNALLRS  

  1601 EYQADYESLR FFSLLSGSLN SHGLELNADI LGTDKINSGA HKATLRIGQD  

  1651 GISTSATTNL KCSLLVLENE LNAELGLSGA SMKLTTNGRF REHNAKFSLD  

  1701 GKAALTELSL GSAYQAMILG VDSKNIFNFK VSQEGLKLSN DMMGSYAEMK  

  1751 FDHTNSLNIA GLSLDFSSKL DNIYSSDKFY KQTVNLQLQP YSLVTTLNSD  

  1801 LKYNALDLTN NGKLRLEPLK LHVAGNLKGA YQNNEIKHIY AISSAALSAS  

  1851 YKADTVAKVQ GVEFSHRLNT DIAGLASAID MSTNYNSDSL HFSNVFRSVM  

  1901 APFTMTIDAH TNGNGKLALW GEHTGQLYSK FLLKAEPLAF TFSHDYKGST  

  1951 SHHLVSRKSI SAALEHKVSA LLTPAEQTGT WKLKTQFNNN EYSQDLDAYN  

  2001 TKDKIGVELT GRTLADLTLL DSPIKVPLLL SEPINIIDAL EMRDAVEKPQ  

  2051 EFTIVAFVKY DKNQDVHSIN LPFFETLQEY FERNRQTIIV VVENVQRNLK  

  2101 HINIDQFVRK YRAALGKLPQ QANDYLNSFN WERQVSHAKE KLTALTKKYR  

  2151 ITENDIQIAL DDAKINFNEK LSQLQTYMIQ FDQYIKDSYD LHDLKIAIAN  

  2201 IIDEIIEKLK SLDEHYHIRV NLVKTIHDLH LFIENIDFNK SGSSTASWIQ  

  2251 NVDTKYQIRI QIQEKLQQLK RHIQNIDIQH LAGKLKQHIE AIDVRVLLDQ  

  2301 LGTTISFERI NDVLEHVKHF VINLIGDFEV AEKINAFRAK VHELIERYEV  

  2351 DQQIQVLMDK LVELTHQYKL KETIQKLSNV LQQVKIKDYF EKLVGFIDDA  

  2401 VKKLNELSFK TFIEDVNKFL DMLIKKLKSF DYHQFVDETN DKIREVTQRL  

  2451 NGEIQALELP QKAEALKLFL EETKATVAVY LESLQDTKIT LIINWLQEAL  

  2501 SSASLAHMKA KFRETLEDTR DRMYQMDIQQ ELQRYLSLVG QVYSTLVTYI  

  2551 SDWWTLAAKN LTDFAEQYSI QDWAKRMKAL VEQGFTVPEI KTILGTMPAF  

  2601 EVSLQALQKA TFQTPDFIVP LTDLRIPSVQ INFKDLKNIK IPSRFSTPEF  

  2651 TILNTFHIPS FTIDFVEMKV KIIRTIDQMQ NSELQWPVPD IYLRDLKVED  

  2701 IPLARITLPD FRLPEIAIPE FIIPTLNLND FQVPDLHIPE FQLPHISHTI  

  2751 EVPTFGKLYS ILKIQSPLFT LDANADIGNG TTSANEAGIA ASITAKGESK  

  2801 LEVLNFDFQA NAQLSNPKIN PLALKESVKF SSKYLRTEHG SEMLFFGNAI  

  2851 EGKSNTVASL HTEKNTLELS NGVIVKINNQ LTLDSNTKYF HKLNIPKLDF  

  2901 SSQADLRNEI KTLLKAGHIA WTSSGKGSWK WACPRFSDEG THESQISFTI  

  2951 EGPLTSFGLS NKINSKHLRV NQNLVYESGS LNFSKLEIQS QVDSQHVGHS  

  3001 VLTAKGMALF GEGKAEFTGR HDAHLNGKVI GTLKNSLFFS AQPFEITAST  
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  3051 NNEGNLKVRF PLRLTGKIDF LNNYALFLSP SAQQASWQVS ARFNQYKYNQ  

  3101 NFSAGNNENI MEAHVGINGE ANLDFLNIPL TIPEMRLPYT IITTPPLKDF  

  3151 SLWEKTGLKE FLKTTKQSFD LSVKAQYKKN KHRHSITNPL AVLCEFISQS  

  3201 IKSFDRHFEK NRNNALDFVT KSYNETKIKF DKYKAEKSHD ELPRTFQIPG  

  3251 YTVPVVNVEV SPFTIEMSAF GYVFPKAVSM PSFSILGSDV RVPSYTLILP  

  3301 SLELPVLHVP RNLKLSLPHF KELCTISHIF IPAMGNITYD FSFKSSVITL  

  3351 NTNAELFNQS DIVAHLLSSS SSVIDALQYK LEGTTRLTRK RGLKLATALS  

  3401 LSNKFVEGSH NSTVSLTTKN MEVSVAKTTK AEIPILRMNF KQELNGNTKS  

  3451 KPTVSSSMEF KYDFNSSMLY STAKGAVDHK LSLESLTSYF SIESSTKGDV  

  3501 KGSVLSREYS GTIASEANTY LNSKSTRSSV KLQGTSKIDD IWNLEVKENF  

  3551 AGEATLQRIY SLWEHSTKNH LQLEGLFFTN GEHTSKATLE LSPWQMSALV  

  3601 QVHASQPSSF HDFPDLGQEV ALNANTKNQK IRWKNEVRIH SGSFQSQVEL  

  3651 SNDQEKAHLD IAGSLEGHLR FLKNIILPVY DKSLWDFLKL DVTTSIGRRQ  

  3701 HLRVSTAFVY TKNPNGYSFS IPVKVLADKF ITPGLKLNDL NSVLVMPTFH  

  3751 VPFTDLQVPS CKLDFREIQI YKKLRTSSFA LNLPTLPEVK FPEVDVLTKY  

  3801 SQPEDSLIPF FEITVPESQL TVSQFTLPKS VSDGIAALDL NAVANKIADF  

  3851 ELPTIIVPEQ TIEIPSIKFS VPAGIVIPSF QALTARFEVD SPVYNATWSA  

  3901 SLKNKADYVE TVLDSTCSST VQFLEYELNV LGTHKIEDGT LASKTKGTLA  

  3951 HRDFSAEYEE DGKFEGLQEW EGKAHLNIKS PAFTDLHLRY QKDKKGISTS  

  4001 AASPAVGTVG MDMDEDDDFS KWNFYYSPQS SPDKKLTIFK TELRVRESDE  

  4051 ETQIKVNWEE EAASGLLTSL KDNVPKATGV LYDYVNKYHW EHTGLTLREV  

  4101 SSKLRRNLQN NAEWVYQGAI RQIDDIDVRF QKAASGTTGT YQEWKDKAQN  

  4151 LYQELLTQEG QASFQGLKDN VFDGLVRVTQ KFHMKVKHLI DSLIDFLNFP  

  4201 RFQFPGKPGI YTREELCTMF IREVGTVLSQ VYSKVHNGSE ILFSYFQDLV  

  4251 ITLPFELRKH KLIDVISMYR ELLKDLSKEA QEVFKAIQSL KTTEVLRNLQ  

  4301 DLLQFIFQLI EDNIKQLKEM KFTYLINYIQ DEINTIFNDY IPYVFKLLKE  

  4351 NLCLNLHKFN EFIQNELQEA SQELQQIHQY IMALREEYFD PSIVGWTVKY  

  4401 YELEEKIVSL IKNLLVALKD FHSEYIVSAS NFTSQLSSQV EQFLHRNIQE  

  4451 YLSILTDPDG KGKEKIAELS ATAQEIIKSQ AIATKKIISD YHQQFRYKLQ  

  4501 DFSDQLSDYY EKFIAESKRL IDLSIQNYHT FLIYITELLK KLQSTTVMNP  

  4551 YMKLAPGELT IIL 

 

7.4. Results of Peptide Mass Database Searches of LC-MS for SSL4-

crosslinker isolations from macrophages 

Mass Spectrometry data was used to search primary sequence databases for matching 

proteins. The band listed is followed by the most likely matching protein(s) from the 

database search. 

Band 1 

Vimentin [Homo sapiens] 

Score: 876 

Nominal mass (Mr): 53676 

Calculated pI: 5.06 

 

Protein sequence coverage: 84% 

Matched peptides shown in bold. 
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1 MSTRSVSSSS YRRMFGGPGT ASRPSSSRSY VTTSTRTYSL GSALRPSTSR 

51 SLYASSPGGV YATRSSAVRL RSSVPGVRLL QDSVDFSLAD AINTEFKNTR 

101 TNEKVELQEL NDRFANYIDK VRFLEQQNKI LLAELEQLKG QGKSRLGDLY 

151 EEEMRELRRQ VDQLTNDKAR VEVERDNLAE DIMRLREKLQ EEMLQREEAE 

201 NTLQSFRQDV DNASLARLDL ERKVESLQEE IAFLKKLHEE EIQELQAQIQ 

251 EQHVQIDVDV SKPDLTAALR DVRQQYESVA AKNLQEAEEW YKSKFADLSE 

301 AANRNNDALR QAKQESTEYR RQVQSLTCEV DALKGTNESL ERQMREMEEN 

351 FAVEAANYQD TIGRLQDEIQ NMKEEMARHL REYQDLLNVK MALDIEIATY 

401 RKLLEGEESR ISLPLPNFSS LNLRETNLDS LPLVDTHSKR TLLIKTVETR 

451 DGQVINETSQ HHDDLE    

 

Band 2 

Unnamed protein product – Identified as Actin [Homo sapiens] 

Score: 478 

Nominal mass (Mr): 38950 

Calculated pI: 5.19 

  

Protein sequence coverage: 51% 

Matched peptides shown in bold. 

1 MDDDIAALVV DNGSGMCKAG FAGDDAPRAV FPSIVGRPRH QGVMVGIVTN 

51 WDDMEKIWHH TFYNELRVAP EEHPVLLTEA PLNPKANREK MTQIMFETFN 

101 TPAMYVAIQA VLSLYASGRT TGIVMDSGDG VTHTVPIYEG YALPHAILRL 

151 DLAGRDLTDY LMKILTERGY SFTTTAEREI VRDIKEKLCY VALDFEQEMA 

201 TAASSSSLEK SYELPDGQVI TIGNERFRCP EALFQPSFLG MESCGIHETT 

251 FNSIMKCDVD IRKDLYANTV LSGGTTMYPG IADRMQKEIT ALAPSTMKIK 

301 IIAPPERKYS VWIGGSILAS LSTFQQMWIS KQEYDESGPS IVHRKCF 

 

Band 3 

Superantigen-like protein [Staphylococcus aureus O11] – SSL4 

Score: 635 

Nominal mass (Mr): 28064 

Calculated pI: 9.47 

  

Protein sequence coverage: 56% 

Matched peptides shown in bold. 

1 ATTPSSTKVE APQQAANATT PPSTKVEAPK QTPNAPTPPS TKVEAPQSPT 

51 TKQVPTEINP KFKNLRAYYT KPSLEFKNEI GIILKKWTTI RFMNVVPDYF 
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101 IYKIALVGKD DKKYGEGVHR NVDVFVVLEE NNYNLEKYSV GGITKSNSKK 

151 VDHKAGVRIT KEDNKGTISH DVSEFKITKE QISLKELDFK LRKQLIEKNN 

201 LYGNVGSGKI VIKMKNGGKY TFELHKKLQE DRMADVIDGT NIDNIEVNIK 

 
 

 
    

7.5. Results of Peptide Mass Database Searches of LC-MS for SSL4-

crosslinker isolations from granulocytes 

Mass Spectrometry data was used to search primary sequence databases for matching 

proteins. The band listed is followed by the most likely matching protein(s) from the 

database search. 

Band 1 

Unnamed protein product – Identified as Myeloperoxidase [Homo sapiens] 

Score: 241 

Nominal mass (Mr): 84770 

Calculated pI: 9.19 

  

Protein sequence coverage: 6% 

Matched peptides shown in bold. 

1 MGVPFFSSLR CMVDLGPCWA GGLTAEMKLL LALAGVLAIL ATPQPSEGAA 

51 PAVLGEVDTS LVLSSMEEAK QLVDKAYKER RESIKQRLRS GSASPMELLS 

101 YFKQPVAATR TAVRAADYLH VALDLLERKL RSLWRRPFNV TDVLTPAQLN 

151 VLSKSSGCAY QDVGVTCPEQ DKYRTITGMC NNRRSPTLGA SNRAFVRWLP 

201 AEYEDGFSLP YGWTPGVKRN GFPVALARAV SNEIVRFPTD QLTPDQERSL 

251 MFMQWGQLLD HDLDFTPEPA ARASFVTGVN CETSCVQQPP CFPLKIPPND 

301 PRIKNQADCI PFFRSCPACP GSNITIRNQI NALTSFVDAS MVYGSEEPLA 

351 RNLRNMSNQL GLLAVNQRFQ DNGRALLPFD NLHDDPCLLT NRSARIPCFL 

401 AGDTRSSEMP ELTSMHTLLL REHNRLATEL KSLNPRWDGE RLYQEARKIV 

451 GAMVQIITYR DYLPLVLGPT AMRKYLPTYR SYNDSVDPRI ANVFTNAFRY 

501 GHTLIQPFMF RLDNRYQPME PNPRVPLSRV FFASWRVVLE GGIDPILRGL 

551 MATPAKLNRQ NQIAVDEIRE RLFEQVMRIG LDLPALNMQR SRDHGLPGYN 

601 AWRRFCGLPQ PETVGQLGTV LRNLKLARKL MEQYGTPNNI DIWMGGVSEP 

651 LKRKGRVGPL LACIIGTQFR KLRDGDRFWW ENEGVFSMQQ RQALAQISLP 

701 RIICDNTGIT TVSKNNIFMS NSYPRDFVNC STLPALNLAS WREAS 

 

Band 2 

Eosinophil preperoxidase (AA -127 to 575) [Homo sapiens] 

Score: 274 
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Nominal mass (Mr): 80517 

Calculated pI: 10.20 

  

Protein sequence coverage: 9% 

Matched peptides shown in bold. 

 

1 EFRGQDPCQG TDPASPGAVE TSVLRDCIAE AKLLVDAAYN WTQKSIKQRL 

51 RSGSASPMDL LSYFKQPVAA TRTVVRAADY MHVALGLLEE KLQPQRSGPF 

101 IVTDVLTEPQ LRLLSQASGC ALRDQAERCS DKYRTITGRC NNKRRPLLGA 

151 SNQALARWLP AEYEDGLSLP FGWTPSRRRN GFLLPLVRAV SNQIVRFPNE 

201 RLTSDRGRAL MFMQWGQFID HDLDFSPESP ARVAFTAGVD CERTCAQLPP 

251 CFPIKIPPND PRIKNQRDCI PFFRSAPSCP QNKNRVRNQI NALTSFVDAS 

301 MVYGSEVSLS LRLRNRTNYL GLLAINQRFQ DNGRALLPFD NLHDDPCLLT 

351 NRSARIPCFL AGDTRSTETP KLAAMHTLFM REHNRLATEL RRLNPRWNGD 

401 KLYNEARKIM GAMVQIITYR DFLPLVLGKA RARRTLGHYR GYCSNVDPRV 

451 ANVFTLAFRF GHTMLQPFMF RLDSQYRASA PNSHVPLSSA FFASWRIVYE 

501 GGIDPILRGL MATPAKLNRQ DAMLVDELRD RLFRQVRRIG LDLAALNMQR 

551 SRDHGLPGYN AWRRFCGLSQ PRNLAQLSRV LKNQDLARKF LNLYGTPDNI 

601 DIWIGAIAEP LLPGARVGPL LACLFENQFR RAETETGSGG RTRCFHQRQR 

651 KALSRISLSR IICDNTGITT VSRDIFRANI YPRGFVNCSR IPRLNLSAWR 

701 GT     

 

Band 3 

Superantigen-like protein – SSL4 [Staphylococcus aureus subsp. aureus 

MW2] 

Score: 489 

Nominal mass (Mr): 34562 

Calculated pI: 9.48 

  

Protein sequence coverage: 32% 

Matched peptides shown in bold. 

1 MKITTIAKTS LALGLLTTGV ITTTTQAANA TTPPSTKVET PQQVANATTP 

51 SSTKVEAPQQ AANATTPSST KVEAPQSKPN ATTPSSTKVE APQQAANATT 

101 PPSSNVDTSP PQSPTTKQVP TEINPKFKDL RAYYTKPSLE FKNEIGIILK 

151 KWTTIRFMNV VPDYFIYKIA LVGKDDKKYG EGVHRNVDVF VVLEENNYNL 

201 EKYSVGGITK SNSKKVDHKA GVRITKEDNK GTISHDVSEF KITKEQISLK 

251 ELDFKLRKQL IEKNNLYGNV GSGKIVIKMK NGGKYTFELH KKLQENRMAD 

301 VIDGTNIDNI EVNIK    
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