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Abstract 

Staphylococcus aureus is a versatile human pathogen that has a remarkable ability to subvert 

host immune defences. This thesis investigates SSL10, a member of the staphylococcal 

superantigen-like protein (SSL) family. SSL10 was previously reported to interact with 

multiple aspects of the human immune system, including IgG, the complement system and 

the coagulation system, and thus is potentially important in S. aureus immune evasion. SSL10 

binds IgG through its β-grasp domain via an interface formed by β10, β11 and the loop in 

between the two strands, with residues F166, N168 and Y179 making the crucial 

contributions (Fig 3.11). Combined mutation of F166/N168/Y179 (SSL10-FNY) disabled the 

protein binding to IgG. Functional analysis of SSL10-FNY confirmed that the binding of 

SSL10 to IgG directly interferes with the association of C1q and FcγR to the immunoglobulin, 

and thus inhibits the two major effector functions of IgG-mediated defence.  

SSL10-FNY retains the ability to inhibit complement and delay coagulation, indicating that 

IgG interaction and interference of the complement and coagulation cascades are distinct 

components of SSL10’s immune suppression. In addition to C1q, SSL10 further modulates 

the complement cascade by preventing the cleavage of C5 and reduces the production of C5a. 

The inter-domain interface and structural packing of SSL10 are important for this interaction, 

as mutations of a few inter-domain residues altered the complement inhibition profiles.  

SSL10 promoted the survival of S. aureus in human whole blood. The effect was related to the 

S. aureus induced coagulation. SSL10 did not induce coagulation itself, but accelerated plasma 

clotting in the presence of S. aureus. This property was not dependent on IgG binding although 

IgG interaction contributed substantially to the survival advantage provided by SSL10. Thus 

the distinct interactions of SSL10 with the immune system co-operate to enhance bacterial 

survival. SSL10 contributes to the synergistic actions of Staphylococcal virulence factors to 

maximize bacterial survival. 
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  Introduction 

1.1 Staphylococcus aureus and S. aureus infections 

Staphylococcus aureus is a versatile human pathogen that is responsible for the majority of 

infections caused by the genus Staphylococcus in humans (Foster, 2009; Lowy, 1998; 

Wertheim et al., 2005). They appear as clustered Gram positive cocci by microscopy and are 

often identified by the production of coagulase, catalase and its ability to ferment mannitol. 

This bacterium can infect practically any part of the human body. The anterior nares of the 

nose are the most frequent colonization site, although the skin and pharynx are also often 

positive for this bacterium (Foster, 2009; Lowy, 1998; Wertheim et al., 2005). Within the 

general population, 33%-50% of individuals are S. aureus carriers with no apparent illness 

(Wertheim et al., 2005). However, when given the right opportunity, the pathogen can adapt a 

virulent phenotype and cause diseases ranging from superficial infections to the life threatening 

conditions such as endocarditis and toxic shock syndromes (Lowy, 1998). The molecular 

mechanisms that govern the transition from commensalism to disease development are largely 

unknown, however, it is apparent that carriage status confers an increased risk of S. aureus 

infection, as the strains isolated from infection sites are often of the same phage type or 

genotype as that isolated from the colonization sites (Safdar & Bradley, 2008; van Belkum et 

al., 2009; von Eiff et al., 2001a; Wertheim et al., 2005; Wertheim et al., 2004). This is of 

particular concern for hospitalized patients who have compromised immune systems and/or 

breached skin barrier (Wertheim et al., 2005). The difficulty in managing a S. aureus infection 

is further complicated by the rapid rise and spread of methicillin-resistant S. aureus (MRSA) 

across the globe (Otto, 2012).  

In the past two decades, the incidence of S. aureus infection in people with no connection to 

the healthcare system has also increased (community associated, CA) (David & Daum, 2010; 

Lowy, 2013; Mediavilla et al., 2012a). These strains are responsible for epidemics that have 

occurred across the world, with the well-known USA300 strain as an example (David & Daum, 

2010; Mediavilla et al., 2012a). The predominant clones differ geographically, but transmission 

of clones across the geographical settings has also been noted (David & Daum, 2010; 

Mediavilla et al., 2012a).  
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In contrast to the drop of the healthcare associated MRSA (HA-MRSA) infection due to the 

reinforcement of hygiene management in health care settings, the incidence of CA-MRSA is 

increasing (David & Daum, 2010; Gordon & Lowy, 2008; Kallen et al., 2010; Kim et al., 2013; 

Mediavilla et al., 2012b). The same trend has also been found in New Zealand (Heffernan & 

Bakker, 2013). The rate of MRSA infection has doubled over the past ten years, with a major 

increase occurring in 2011 (Fig 1.1). In 2012, over 90% of infections were caused by six strains 

of S. aureus, five of which are generally regarded as CA-MRSA strains. The predominant clone 

has shifted from the HA-MRSA strain EMRSA-15 to AK3, a CA-MRSA strain that suddenly 

emerged in 2006 (Heffernan & Bakker, 2013). The highest prevalence of MRSA infection in 

New Zealand was found in children under 5 years old and the infection rate has risen by 9-fold 

in 6 years (Williamson et al., 2013b). The incidence of community associated skin and soft 

tissue infections (SSTI) caused by S. aureus in pediatric patients in New Zealand has also 

increased (Williamson et al., 2013a). Interestingly, the infections were predominantly caused 

by methicillin sensitive S. aureus (MSSA) rather than MRSA (Williamson et al., 2013a).  

 

Fig 1.1 Prevalence of MRSA infection in New Zealand during 2003-2012. The responding strains were colored coded as 

indicated at the bottom of the graph. Error bars indicate the 95% confidence intervals. Figure is reproduced with permission 

from (Heffernan & Bakker, 2013), copyright The Institute of Environmental Science and Research. 
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1.1.1 S. aureus genome and regulation of gene expression 

The genome of S. aureus is made up of a 2.8-2.9 Mbp circular core and transferrable mobile 

elements such as pathogenicity islands (SaPI, 7 identified), genomic islands (νSaα and νSaβ), 

Staphylococcal chromosomal cassettes (SCC) and bacteriophages (Lindsay & Holden, 2004). 

House-keeping genes and some virulence factors (e.g. protein A and coagulase) are hosted by 

the core genome. These genes are conserved among strains. Most of the virulence determinants 

however, are encoded within the mobile elements. The composition of the ‘flexible’ part of the 

genome defines the characteristics of an individual strain, in particular the potential for 

pathogenicity (Lindsay & Holden, 2004).  

Although the virulence factor repertoire is determined by the genome, the expression of 

virulence proteins is fine-tuned by a complicated regulatory network that is formed by the two 

component regulatory systems including agr and sae; transcription factors, such as σB, SarA 

and its homologues; and regulatory RNA (Novick, 2003). Genes encoding surface proteins 

were found to be expressed during the exponential phase of in vitro growth, which is generally 

accepted to correlate to the colonization phase of infection. The expression of virulence factors 

starts at the late-exponential growth phase and is positively regulated by agr (Cheung et al., 

2004; Novick, 2003). The in vivo situation during infection is likely to be more dynamic, 

reflecting the particular state of bacterial growth, host defense and environmental nutrition 

(Camargo & Gilmore, 2008; van Belkum et al., 2009).  

 

1.1.2 Antibiotic resistance  

S. aureus has demonstrated an ability to ‘co-evolve’ with the development of antibiotics. The 

bacterium was originally susceptible to β-lactam antibiotics, such as penicillin (Van Bambeke 

et al., 2008). β-lactam disrupts bacterial wall synthesis by binding and inactivating the bacterial 

transpeptidase, penicillin-binding protein (PBP), which catalyzes the cross-linking of 

peptidoglycan in the bacterial cell wall (Hiramatsu, 2001; Shahid et al., 2009). Shortly after 

penicillin was introduced, S. aureus gained resistance by producing β-lactamases (e.g. 

penicillinase) that cleave β-lactam (Shahid et al., 2009). The ‘penicillinase-resistant penicillins’ 

such as methicillin were then developed. In these antibiotics, the structure of the β-lactam was 

modified to block the penicillinase activity without interfering with its binding to PBP (Tipper, 
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1985). S. aureus soon acquired the mecA operon that encodes a modified PBP (PBP 2a), which 

showed reduced affinity for β-lactam binding and thus allows the bacterium to withstand high 

β-lactam concentration (Chambers, 1997; Reynolds & Brown, 1985; Utsui & Yokota, 1985). 

This conferred resistance to the bacterium to all β-lactam containing antibiotics (Chambers, 

1997; Shahid et al., 2009; Van Bambeke et al., 2008).  

The glycopeptide antibiotics, particularly vancomycin, are currently the most frequently used 

agent for MRSA treatment (Gardete & Tomasz, 2014). However, both vancomycin-resistant S. 

aureus (VRSA) and vancomycin-intermediate S. aureus (VISA) have already been reported 

(Chang et al., 2003; Gardete & Tomasz, 2014; Hiramatsu et al., 1997; Smith et al., 1999). 

Vancomycin targets the D-alanyl-D-alanine residues in the peptidoglycan precursor and the 

nascent peptidoglycan chain (Reynolds, 1989). Binding by the antibiotics inhibits both the 

incorporation of new cell wall subunit into the peptidylglycan chain and its subsequent cross-

linking into mature cell wall structure (Hiramatsu, 2001; Reynolds, 1989). VRSA strains gain 

resistance through the acquisition of transposon Tn1546, which is most likely originated from 

vancomycin-resistant Enterococcus (Gardete & Tomasz, 2014; Sievert et al., 2008; Weigel et 

al., 2003). This mobile element encodes enzymes that alter the D-alanyl-D-alanine to D-alanyl-

D-lactate, which binds vancomycin with a much reduced affinity (Arthur et al., 1993; Bugg et 

al., 1991; Gardete & Tomasz, 2014). The mechanism of resistance by VISA strains is different. 

These strains often exhibit thicker cell walls (Cui et al., 2003; Sieradzki & Tomasz, 1999). The 

mature outer layers of the S. aureus cell wall also contains free D-alanyl-D-alanine, which can  

bind vancomycin (Gardete & Tomasz, 2014; Hiramatsu, 2001). Thus the increased cell wall 

mess traps vancomycin in the outer layer and prevents it reaching to the cytosol cell wall 

synthesis site (Gardete & Tomasz, 2014; Hiramatsu, 2001; Pereira et al., 2007). Studies 

tracking the origin of VISA in patients during antibiotic treatment showed that these strains are 

evolved from vancomycin-susceptive Staphylococci by gradually accumulating mutations 

including those influence bacterial cell wall synthesis (Chen et al., 2014; Mwangi et al., 2007; 

van Hal et al., 2013). Clearly bacterial antibiotic resistance is driven by the usage of antibiotics. 

Alternative methods in disease management and prevention are needed. A better understanding 

of pathogenicity of the bacteria will provide important information for such designs (Van 

Bambeke et al., 2008).  
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1.2 Host defense against S. aureus  

Host defense against S. aureus mainly relies on the innate immune system, in particular, the 

neutrophil-mediated killing (Foster, 2005). The first restriction for bacterial entry is the 

integrity of the skin and mucosal layer. Once this barrier is breached, the damage of barrier 

cells and the presence of foreign materials alert the innate pattern recognition receptors, such 

as the Toll-like receptors (TLRs) and immunoglobulins to initiate pro-inflammatory processes 

such as cellular activation, cytokine production, and complement activation (Chavakis et al., 

2007; Foster, 2005; Lambris et al., 2008). The coagulation cascade is also activated at the same 

time to seal the defect and contain the infection (Engelmann & Massberg, 2013). The 

inflammatory mediators released by these processes, such as the anaphylatoxins C3a and C5a, 

and the formyl methionine peptides produced by bacteria form a chemotactic gradient that 

guides the migration of leukocytes to the site of infection. The immunoglobulin and 

complement fragments label bacteria cells for phagocytosis, which eventually leads to the 

clearance of the infection (Chavakis et al., 2007; Foster, 2005).  

 

1.2.1 Immunoglobulins 

Immunoglobulins or antibodies are secreted glycoproteins that have the ability to recognize 

antigen and mediate effector functions through interactions with various immunoglobulin 

receptors, linking the adaptive and innate immunity (Rosales & Uribe-Querol, 2013; Schroeder 

Jr & Cavacini, 2010). Monomeric immunoglobulin is made up of two identical light chains and 

two identical heavy chains, linked by disulfide bridges to form a Y shaped structure (Fig 1.2 

A) (Nezlin & Ghetie, 2004; Schroeder Jr & Cavacini, 2010; Wines et al., 2012). Each Ig 

molecule contains two antigen-binding regions (Fab), which are connected to the constant 

region (Fc) through a hinge fragment. Fab contains the antigen binding grooves that recognize 

non-self epitopes while Fc provides binding sites for numerous host Ig receptors that trigger 

downstream effector functions such as complement activation, antibody-dependent cellular 

cytotoxicity and antibody-mediated phagocytosis (Fig 1.2 B) (Nezlin & Ghetie, 2004; 

Schroeder Jr & Cavacini, 2010; Wines et al., 2012). The make-up of the hinge region 

determines the flexibility of the Ig molecule, which in turn affects the Ig receptor accessibility 

(Brekke et al., 1995; Tan et al., 1990; Wines et al., 2012). Based on the type of heavy chain 

that has been used, immunoglobulins can be further classified into  5 classes: IgA, IgG, IgD, 
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IgE and IgM (Schroeder Jr & Cavacini, 2010). Their biochemical and physiological properties 

are summarized in Table 1.1 

 

Fig 1.2 Antibody structure and functional regions.  (A): Cartoon presentation of human IgG1 (PDB: 1HZH, (Saphire et al., 

2001)). The heavy and light chains are colored in blue and grey respectively with the N-linked carbohydrates shown as yellow 

spheres. The Fab (Fragment Antigen Binding) portion, Fc (Fragment Crystallizable Region) portion and the hinge region of 

the antibody are indicated. Figure is generated by PyMol. (B): Diagrammatic representation of IgG structure and functional 

domains, with the heavy and light chains colored as in (A). Regions used for antigen recognition and for the binding of C1q, 

FcγR and FcRn (Neonatal Receptor) are indicated. Position of antibody glycosylation is indicated as a yellow circle with the 

carbohydrate structure detailed in the bottom inset. The core structure of the carbohydrate is shown as solid lines and filled 

shapes while the variable modifications are represented by unfilled shapes and dashed lines. VH: heavy chain variable region; 

CH: heavy chain constant region; VL light chain variable region; CL: light chain constant region; black lines: disulfide bounds; 

Figure is adapted from (Carter, 2006) 
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Table 1.1 Biological properties of Immunoglobulin subclasses.  Table adapted from (Schroeder Jr & Cavacini, 2010) and 

also based on information reviewed by (Rosales & Uribe-Querol, 2013; Schroeder Jr & Cavacini, 2010; Wines et al., 2012) 

  Serum 
(%) Structure Physiological 

functions Subclasses Complement 
fixation Opsonizing Neutrolizing FcR 

IgG 75 Monomer 

Secondary 
response, 
High affinity 
antibody, 
Cross 
placenta 

IgG1 (67% 
IgG) 

IgG3 > 
IgG1 > IgG2 Yes 

Yes 

FcγRI, II, 
III, FcRn 

IgG2(22% 
IgG) 

FcγRII, 
FcRn 

IgG3 (7% 
IgG) 

FcγRI, II, 
III, FcRn 

IgG4 (4% 
IgG) No No FcγRI, II, 

FcRn 

IgA 15 

Monomer 
(serum) 
Dimer 
(secretory) 

Mucosal 
protection 

IgA1(main 
serum 
IgA) 

No Yes Yes FcαR IgA2 
(main 
mucosal 
IgA) 

IgD <0.5 Monomer Homeostasis   No No No FcδR 

IgE <0.01 Monomer 

Allergy, 
Protection 
against worm 
infection 

  No No No FcɛRI, II 

IgM 10 Pentamer Primary 
response   Yes Yes Yes Fcα/μR 

 

 

1.2.1.1 IgG  

IgG is the predominant Ig in circulation. It is readily transported into the extravascular tissues 

and this wide distribution allows IgG to provide systemic protection to the host (Jefferis & 

Kumararatne, 1990). IgG dominates the antibody-mediated immune response in the later phase 

of an infection, providing highly specific recognition of the target antigen with high affinity 

(Jefferis & Kumararatne, 1990; Rosales & Uribe-Querol, 2013). 

Based on the heavy chain sequence, human IgG can be further divided into 4 different 

subclasses, with IgG1 being the most abundant isotype (Table 1.1) (Schroeder Jr & Cavacini, 

2010). These isotypes differ in their abilities to trigger different immune responses, with IgG1 

and IgG3 displaying the strongest stimulatory effects on both complement and IgG receptor 

(FcγR) activation (Karsten & Köhl, 2012; Nimmerjahn & Ravetch, 2008). The reason 

underlining this functional difference is not fully understood, however the flexibility of their 
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relative hinge regions has been considered as a major contributor, particularly for the 

complement fixation ability (Brekke et al., 1995; Karsten & Köhl, 2012). IgG induces 

complement activation via its interaction with C1q. The core sequence for C1q binding has 

been identified as residues D270, K322, P329, and P331, located in the upper CH2 domain 

(Idusogie et al., 2000; Karsten & Köhl, 2012). Corresponding to their complement fixation 

ability (Table 1.1), the upper hinge regions of IgG3 and IgG1 are longer and more flexible 

while that of IgG4 is short and rigid (Brekke et al., 1995; Karsten & Köhl, 2012). However, 

domain-exchange experiments demonstrated that an IgG3 molecule carrying an IgG4 hinge 

sequence was still able to activate the classical pathway and vice versa, indicating there are 

other determinants for the different complement activation properties of IgG isotypes 

(Norderhaug et al., 1991; Tan et al., 1990). 

The heterogeneity of IgG is further complicated by glycosylation patterns of the protein 

(Anthony et al., 2012). Carbohydrate is added at asparagine 297 (N297) in the CH2 domain via 

N-linked glycosylation (Fig 1.2B) and the sugar moiety protrudes inwards into the central 

cavity between the two heavy chains (Fig 1.2 A) (Deisenhofer, 1981). These carbohydrates 

share the same core structure but differ at the terminal or branched sugar additions (Fig 1.2B 

bottom inset) (Anthony et al., 2012). It has been suggested that over 30 types of IgG molecules 

may exist in circulation (Routier et al., 1998) and this pattern could change under different 

physiological/pathological conditions (Parekh et al., 1985; van de Geijn et al., 2009). These 

carbohydrates contribute to the integrity of IgG structure, in particular the conformation of the 

CH2 domain and can directly participate in the interaction of IgG and FcγRs (Krapp et al., 2003; 

Sondermann et al., 2000). Consequently, the composition of the carbohydrates affects the 

binding property of IgG to FcγRs, which in turn regulate the activation property of the antibody 

(Anthony et al., 2012; Kaneko et al., 2006; Lux & Nimmerjahn, 2011) 

The interaction of IgG with its receptors links humoral protection to cellular function 

(Nimmerjahn & Ravetch, 2008; Rosales & Uribe-Querol, 2013). FcγR is expressed in virtually 

all types of leukocytes with the exception of T cells. The outcome of the IgG/FcγR interaction 

is determined by the balance between the activation and inhibition signals. Humans express 

three classes of FcγRs with FcγRIIB being the only inhibitory receptor. With the exception of 

FcγRI, all other receptors display low affinity towards monomeric IgGs. Therefore effective 

activation of the receptor only occurs with clustered IgG molecules, such as immune 

complexes. Activation of FcγRs on myeloid cells induces their effector responses, including 
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phagocytosis, antibody-dependent cell-mediated cytotoxicity, release of proinflammatory 

mediators, and antimicrobial substances, and the induction of the oxidative burst. FcγRs not 

only mediate activation of innate immune effector cells, but also regulate the function of B 

cells, the survival of plasma-cells and the maturation of dendritic cells. Another type of Fc 

receptor is the neonatal FcR (FcRn). Binding of FcRn to IgG increases the half-life of the 

antibody and also facilitates its transportation across the placenta (Nimmerjahn & Ravetch, 

2008; Rosales & Uribe-Querol, 2013). 

 

1.2.2 The human complement system 

The human complement system is a sequentially activated proteolytic cascade that involves 

more than 30 fluid phase and surface bound proteins (Lambris et al., 2008; Walport, 2001). It 

is one of the key elements of the innate immune system that connects bacterial recognition, 

leukocyte chemotaxis, phagocytosis as well as adaptive immunity (Ricklin et al., 2010; Walport, 

2001; Zipfel et al., 2013).  

Complement activation in humans is mainly mediated by three activation pathways, as 

reviewed by (Gros et al., 2008; Walport, 2001; Zipfel & Skerka, 2009). The process is driven 

by conformational changes that are induced by ligand binding and cleavage reactions. The 

classical pathway (CP) senses antigen bound antibody by C1q, whereas bacterial carbohydrate 

ligands, such as staphylococcal peptidoglycan and lipoteichoic acid, are recognized by 

mannose binding lectin (MBL) or ficolins and initiate the lectin pathway (LP). Ligand binding 

induces conformational changes in the recognition complexes, which trigger the activation of 

their specific proteases to cleave C4 and then C2. This leads to the formation of C4b2a (the C3 

convertase), which converts C3 to C3a and C3b. The alternative pathway (AP) starts with the 

direct binding of C3b to the bacterial surface. C3b is generated by spontaneous lysis of C3, a 

process called ‘tick-over’. Factor B that associates with surface-bound C3b is subsequently 

cleaved to Bb and forms the alternative pathway C3 convertase C3bBb. The amplification loop 

of C3 activation is then started. C3 cleavage is the central event and merging point of the three 

pathways. Accumulation of surface bound C3b changes the substrate specificity of C3 

convertase to C5. C5 cleavage produces C5a and C5b. The latter mediates the formation of the 

membrane attack complex (MAC), C5b-9, which inserts into the target cell membrane and 

ultimately causes lysis of the target cells. C3a and C5a are powerful anaphylatoxins that trigger 
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neutrophil infiltration (Gros et al., 2008; Walport, 2001; Zipfel & Skerka, 2009). The overall 

picture of this complex system is depicted in Fig 1.3. 

 

Fig 1.3 Activation of human complement system.  Figure is reprinted from New England Journal of Medicine, Walport, M. 

J., Complement. First of two parts. 344(14), 1058-1066 (Walport, 2001). Copyright © 2001 Massachusetts Medical Society. 

Reprinted with permission from Massachusetts Medical Society." 
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1.2.2.1 Functional consequences of complement activation 

The activation of complement results in three main outcomes: 1, activation and chemotaxis of 

leukocytes via C5a and C3a; 2, enhanced phagocytosis mediated by C3b and its inactivation 

product iC3b (this is the process of opsonisation) and 3, lysis of bacteria by MAC (Ricklin et 

al., 2010; Walport, 2001).  

MAC-mediated lysis of target cells is a powerful defense against Gram negative bacteria, 

although the consequence of MAC deposition in Gram positive bacteria such as S. aureus is 

not clear, as the pore formed by MAC is not deep enough to penetrate their thicker 

peptidoglycan cell wall. A recent florescent confocal microscopy study found MAC localized 

at specific positions on the surface of several Gram positive bacteria, including S. aureus 

(Berends et al., 2013). Interestingly, the protein complex was shown to deposit along the cell 

division plane, probably reflecting a weak point in the bacterial cell wall. The physiological 

and pathological significance of this observation needs further investigation (Berends et al., 

2013).  

The engagement of anaphylatoxins with their receptors induces profound pro-inflammatory 

signaling in leukocytes (Klos et al., 2009; Ricklin et al., 2010).  One of the consequences of 

C3a and C5a signaling is the up-regulation of phagocytosis receptors on the phagocyte surface 

(Shushakova et al., 2002). It has been shown that treatment with C5a induces the up-regulation 

of FcγRIII expression by murine macrophages, as measured by both mRNA transcript and 

receptor expression on the cell surface in vitro and in vivo. Conversely, the expression of the 

inhibitory FcγRII was down-regulated. Thus, phagocytes are primed for IgG-mediated 

phagocytosis by lowering the activation threshold. These C5a primed cells displayed enhanced 

cytokine production in response to immune complexes in vitro (Shushakova et al., 2002). 

Interestingly, further engagement of IgG to their receptors was also shown to promote C5 

production by the phagocytes (Kumar et al., 2006). 

Complement is a critical component in combating against S. aureus infection (Chavakis et al., 

2007; Foster, 2005; Lambris et al., 2008). The strongest evidence in supporting this view comes 

from studies with mice where specific complement genes have been deleted. Increased 

mortality and decreased bacterial clearance have been described for C3 and C5 deficient mice 

in blood stream S. aureus infections (Cunnion et al., 2004a; Takahashi et al., 2005; von 
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Kockritz-Blickwede et al., 2010), and lung infection (Cerquetti et al., 1983). Similarly, patients 

with complement deficiency, particularly C3, C5 or their regulating proteins, are more 

susceptible to recurrent and persistent bacterial infections, including those caused by S. aureus, 

highlighting the physiological relevance of complement in S. aureus/human interactions 

(Skattum et al., 2011).  

 

1.2.3 The coagulation and fibrinolysis system 

The coagulation system, like the complement system, consists of circulating zymogens that are 

activated by proteolytic reactions in a regulated sequential manner (Adams & Bird, 2009; 

Dahlbäck, 2000; Markiewski et al., 2007; Tanaka et al., 2009). The coagulation process can be 

activated by the contact system on a negatively charged surface (the intrinsic pathway), or by 

the expression of tissue factor (TF) (the extrinsic pathway) (Fig 1.4). Factor X activation is the 

converging point of the two pathways. Once activated, Xa (“a” indicates the activated form of 

coagulation factors) catalyzes the conversion of prothrombin (a.k.a Factor II) to thrombin, 

either by itself or in a complex formed by Factor Va and calcium. Thrombin is the key enzyme 

of the coagulation system that not only catalyzes the conversion of fibrinogen to fibrin, but also 

sets up the powerful feedback loops for the generation of the thrombin burst that is necessary 

to overcome the anti-coagulation force in the circulation. Cleaved fibrin is then cross linked to 

the fibrin clot by Factor XIIIa. The clot seals the defect in the vasculature, provides containment 

for potential infection and localizes inflammatory responses (Adams & Bird, 2009; Dahlbäck, 

2000; Delvaeye & Conway, 2009; Markiewski et al., 2007; Tanaka et al., 2009).  

Alongside of the production of fibrin, the fibrin degradation process is also in action (Rijken 

& Lijnen, 2009). Plasmin is the central enzyme of the fibrinolysis system and mediates the 

dissolving of fibrin clots. This enzyme is activated from plasminogen by tissue-type 

plasminogen activator (t-PA) and the urokinease-type plasminogen activator (u-PA) in the 

presence of fibrin or on cell surface (Rijken & Lijnen, 2009).  
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Fig 1.4 The intrinsic and extrinsic cascades of human coagulation system. The intrinsic pathway can be initiated by the 

activation of Factor XII on a negatively charged surface. The extrinsic pathway is initiated through the expression of tissue 

factor (TF). Both pathways centered around the production of Xa and the subsequent cleavage of prothrombin to thrombin by 

the prothrombinase (Xa:Va in the presence of Ca2+).  Thrombin cleaves fibrinogen to fibrin and also actives factor XIII to 

XIIIa, which mediates the cross-link of fibrin to stable clots. The generation of thrombin also sets up several amplification 

loops (red arrows) that accelerate coagulation. Thrombin releases Factor VIII from its inactive complex formed with von 

Willebrand factor; cleaves Factor XI to XIa and Factor V to Va; induces Factor Va expression by platelet and activates platelet 

to expose phosphatidylserine (PS) that increases the negatively charged surface area. All of the up-regulated components feed 

into the intrinsic pathway and lead to the formation of the intrinsic tenase complex Factor IXa:Factor VIIIa with calcium. This 

complex exhibits much higher efficacy in activating Factor X to factor Xa, which accelerates thrombin production. Figure is 

adapted from (Adams & Bird, 2009) and also based on information reviewed in (Tanaka et al., 2009) 

 

1.2.4 The cross-talk between complement and coagulation factors 

Evidence has emerged in recent years demonstrating that the coagulation and the complement 

systems are closely linked (Oikonomopoulou et al., 2012; Ricklin et al., 2010). Huber-Lang et 
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al. (2006) showed that complement-mediated lung injury could occur in C3-/- mice to the same 

extent as that in the wild type animal (Huber-Lang et al., 2006). When challenged with zymosan, 

C5a production was noted in plasma from both animals. It was found that the lost complement 

activity in C3-/- mice was compensated by thrombin, which could directly mediate C5 cleavage. 

Originally it was thought that thrombin cleaved C5 at the same site as the C5 convertase 

(Huber-Lang et al., 2006). It was later demonstrated that the reaction occurred at an alternative 

site and effective cleavage could be achieved with as low as 20 nM thrombin (Krisinger et al., 

2012). In addition to C5, thrombin also cleaves C5b. These reactions generate novel activation 

fragments C5T and C5bT, which can form lytic MAC. Incubating C5 together with C5 

convertase and thrombin resulted in the production of C5bT and C5a, suggesting that thrombin 

works in synergy with C5 convertase to produce C5a and C5bT-9 (Krisinger et al., 2012). 

Further analysis indicated that several coagulation enzymes can directly cleave C3 and C5 and 

these include Factor XIa, Xa, IXa and plasmin (Amara et al., 2010). The cleavage can generate 

biologically functional C3a and C5a (Amara et al., 2010). Plasmin was also reported to be able 

to cleave C3b to iC3b, and therefore could function as a complement inhibitor (Barthel et al., 

2012). Interestingly, the lectin pathway proteases, mannose-binding protein-associated serine 

proteases (MASPs), were reported to be able to activate coagulation enzymes, including 

prothrombin and Factor XIII in vitro (Gulla et al., 2010; Hess et al., 2012; Krarup et al., 2008) 

and in a murine occlusive thrombosis model (La Bonte et al., 2012), highlighting the existence 

of positive feedback loops between the soluble components of the complement system and the 

coagulation system. 

The cross talk between the cellular components of the two systems has also been well 

documented (Oikonomopoulou et al., 2012; Ricklin et al., 2010). The feedback loop is mainly 

mediated by the anaphylatoxins C3a and C5a, acting on endothelial cells, myeloid cells and 

platelet to induce tissue factor expression, as well as platelet activation and aggregation. MAC 

formed on platelets also exerts pro-coagulation activity, including induction of platelet 

mediated thrombin generation (Oikonomopoulou et al., 2012; Ricklin et al., 2010). Clearly, the 

complement and coagulation system are coordinately activated during inflammation to 

maximize the successful defense against intruders. 
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1.2.5 Leukocyte recruitment and killing 

Leukocyte recruitment is critical to the successful control of S. aureus infection (Chavakis et 

al., 2007; Rigby & DeLeo, 2012; Spaan et al., 2013). The process is initiated when phagocytes 

sense the gradient of chemoattractants through their surface expressed receptors, such as C5a 

receptor (C5aR) and formylated peptide receptor (FPR). Leukocytes up-regulate cell surface 

adhesion molecules and change from rolling in the blood stream to firm adhesion and then 

transmigrate through the endothelial layer. The process is accomplished through highly 

coordinated interactions between adhesins on leukocytes and endothelial cells. Neutrophil 

rolling is mediated by P-selectin ligand 1 (PSGL-1) on neutrophils and P-selectin on 

endothelial cells, while intercellular adhesion molecule 1 (ICAM-1) on endothelial cells 

participates in the leukocytes firm adhesion and extravasation by interacting with macrophage-

1 antigen (MAC-1) or lymphocyte function-associated antigen 1 (LFA-1) on leukocytes 

(Chavakis et al., 2007; Rigby & DeLeo, 2012; Spaan et al., 2013).  

Multiple engagement of leukocyte FcγRs and complement receptors with their ligands results 

in phagocytosis, degranulation, secretion of inflammatory cytokines, and production of 

reactive oxygen species (ROS) (Spaan et al., 2013). In neutrophils, bacteria-containing 

phagosomes fuse with neutrophil cytoplasmic granules and the antimicrobial proteins stored in 

these granules are discharged into the phagosomes (Chavakis et al., 2007; Foster, 2005; Rigby 

& DeLeo, 2012; Spaan et al., 2013). Some of these peptides directly cleave the cell wall, such 

as lysozyme(Bera et al., 2005b); some interfere with bacterial cell wall synthesis, such as the 

defensins (Ganz et al., 1990); some degrade bacterial proteins, such as neutrophil elastase 

(Bode et al., 1989); and some restrict bacterial growth by chelating iron, such as lactoferrin 

(Farnaud & Evans, 2003; Rigby & DeLeo, 2012).  

Though the antimicrobial proteins have a wide range of functions, ROS-induced killing is still 

the most effective intracellular bacterial killing mechanism for neutrophils (Foster, 2005). 

Upon neutrophil activation, large amount of superoxide is produced by the NADPH dependent 

oxidase that assembles on the phagosomal and plasma membranes (DeLeo et al., 1999; Rigby 

& DeLeo, 2012; Spaan et al., 2013). The superoxide can be converted to hydrogen peroxide, 

which reacts with chloride, in the presence of myeloperoxidase (MPO), and produce 

hypochlorous acid (Klebanoff, 2005). Hypochlorous acid is an antimicrobial agent itself but 

also serves as an intermediate for secondary reactions that produce other highly reactive oxygen 
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radicals, such as hydroxyl radical (Klebanoff, 2005). All of these molecules can severely 

damage microbes although the exact mechanism is not entirely understood (Rigby & DeLeo, 

2012; Spaan et al., 2013).  

In addition to intracellular killing, neutrophils also release their DNA, associated with histones 

and antimicrobial proteins, to form a fibrous network termed the neutrophil extracellular trap 

(NET) (Brinkmann et al., 2004). The exact mechanisms of NET formation and its effector 

function are not fully understood, however bactericidal activity by NETs has been described 

for both Gram positive and Gram negative bacteria in vitro, including S. aureus (Brinkmann et 

al., 2004; Spaan et al., 2013). Using intravital microscopy, Yipp et al. (2012) showed that NETs 

formed during S. aureus skin infection in mice (Yipp et al., 2012). In conditions where NETs 

were dissolved by DNase treatment, the bacterial load was reduced in the skin infection site 

but significantly increased in the blood stream, indicating NETs prevent S. aureus 

dissemination (Yipp et al., 2012). NETs are proposed to trap the bacteria and provide an 

environment with concentrated antimicrobial substances, recruiting immune effector cells and 

pro-inflammatory mediators to promote localized killing of invading staphylococci (Spaan et 

al., 2013; Yipp et al., 2012) 

 

1.3 S. aureus virulence factors  

S. aureus has evolved to express an array of adhesins, immunomodulatory molecules, 

cytotoxins and superantigens to counter-act the host attack (Chavakis et al., 2007; Edwards & 

Massey, 2011; Spaan et al., 2013). Establishing colonization, inhibiting immune recognition 

and dodging phagocytosis and phagocytic killing are the main focuses of these virulence 

factors. Many of these virulence proteins are host specific, interact with multiple ligands and 

display heavy functional overlap with each other. One possible reason for this arrangement is 

to ensure maximal efficiency in countering an immune attack at any given time (Chavakis et 

al., 2007; Edwards & Massey, 2011; Spaan et al., 2013).  

 

16 

 



1.3.1 S. aureus adhesin 

Colonization is the first step in bacterial infection and is an important component in 

pathogenesis (Clarke et al., 2006). The tasks of initial colonization and invasion are carried out 

by S. aureus adhesins, most of which interact with host extracellular matrix proteins, 

particularly fibrinogen (Fg) and fibronectin (Fn) (Chavakis et al., 2005; Clarke et al., 2006; 

Hauck & Ohlsen, 2006).  

Fibronectin binding by fibronectin binding proteins (FnBPA and FnBPB) is particularly 

important in mediating S. aureus invasion to non-professional phagocytes (Edwards et al., 

2010; Sinha et al., 1999). FnBPs bind to the N-terminal F1 module of fibronectin, while the C-

terminus of fibronectin interacts with α5β1 integrin that is expressed on most host cell surfaces 

(Bingham et al., 2008; Fowler et al., 2000; Sinha et al., 1999). This binding arrangement allows 

S. aureus to attach to the host cell through a fibronectin bridge (Fowler et al., 2000; Massey et 

al., 2001; Schwarz-Linek et al., 2003; Sinha et al., 1999). This attachment was shown to initiate 

internalization in a protein tyrosine kinase FAK-dependent manner (Agerer et al., 2005; 

Schröder et al., 2006). Fibrinogen binding is important for platelet activation and aggregation, 

which is a critical factor for the development of infective endocarditis (Clarke et al., 2006; 

O´Brien et al., 2002). Clumping factor A (ClfA), B (ClfB), and the serine-aspartate repeat 

protein SdrE, were found to play a key role in platelet aggregation with ClfA displaying the 

strongest effect (O´Brien et al., 2002). Interestingly, Protein A (SpA) also enhances the 

aggregation when expressed with other S. aureus platelet binding proteins, but cannot cause 

aggregation on its own (O´Brien et al., 2002).  

Fibronectin and fibrinogen interactions have been implicated particularly in S. aureus wound 

infection and infective endocarditis in humans (Chavakis et al., 2005; Schennings et al., 2012). 

Fibrinogen binding alone can initiate experimental endocarditis in mice and has been correlated 

with valve colonization (Que et al., 2005). However, cell invasion and persistence of the 

infection only occurred when the fibronectin-binding ability was enabled (via FnBPs). Both 

interactions were statistically correlated to disease severity (Que et al., 2005). Simultaneous 

binding to fibrinogen and fibronectin significantly accelerated the rate of internalization into 

cultured endothelial cells (Piroth et al., 2008). In this regard FnBPA that is capable of binding 

both proteins may play an important role in establishing endocarditis (Piroth et al., 2008; Que 

et al., 2005).  
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In addition to the traditional adhesins, the superantigen like protein 5 (SSL5) was recently 

reported to interact with platelet surface receptors, including the von Willebrand factor (vWF) 

receptor GPIbα, the platelet integrin αIIaβ3 (de Haas et al., 2009) and the platelet collagen 

receptor GPVI (Hu et al., 2011). Binding of these platelet glycoproteins by SSL5 induced 

platelet activation and aggregation (de Haas et al., 2009). Increased platelet adherence to the 

extracellular matrix protein coated surfaces in the presence of SSL5 was also described (de 

Haas et al., 2009; Hu et al., 2011). In vivo, mice treated with SSL5 suffered from increased 

thrombus formation in the lung coupled with prolonged tail bleeding time, resembling 

disseminated intravascular coagulation (DIC), a bleeding complication that is often observed 

with S. aureus infection (Armstrong et al., 2012). The effect was abolished when the binding 

of SSL5 to platelets was inhibited, confirming that SSL5-induced platelet aggregation could 

contribute to S. aureus pathogenesis (Armstrong et al., 2012).  

However, platelets are not the only host factor that S. aureus utilizes for defense. S. aureus 

coagulase (Coa) and von Willebrand factor binding protein (vWbp) bind prothrombin. The 

binding induces a conformational change in the zymogen and results in the exposure of the 

thrombin catalytic site, but the activation occurs without prothrombin cleavage. (Friedrich et 

al., 2003; Kroh et al., 2009). Interestingly thrombin activated by S. aureus has a much reduced 

substrate range, with fibrinogen as the primary substrate (Friedrich et al., 2003; Kroh et al., 

2009). The effects of Coa and vWbp on promoting bacterial adherence, platelet aggregation, 

abscess formation and endocarditis have been demonstrated (Cheng et al., 2010; Panizzi et al., 

2011; Vanassche et al., 2011; Vanassche et al., 2012). Recently, a more direct protection 

against neutrophil bactericidal activity was observed (Guggenberger et al., 2012). In this study, 

Coa and vWbp-expressing S. aureus were shown to be able to form a “pseudocapsule and an 

extended outer dense microcolony-associated meshwork (MAM)” around the bacterial 

microcolonies. This layer contains fibrin and forms a physical barrier against neutrophil attack 

(Guggenberger et al., 2012).   

 

1.3.2 General anti-opsonin effects 

S. aureus employs a range of virulence factors to reduce opsonization of the bacteria or to 

directly interfere with the engagement of opsonins with their receptors. The capsular 

polysaccharide outer cell wall is anti-opsonic. The serotypes 5 and 8 of the capsular 
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polysaccharide are associated with increased virulence (Foster, 2005). Recruitment of host 

matrix proteins, like fibrinogen, fibronectin and collagen, is also suggested to provide a 

disguise for the bacteria (Chavakis et al., 2005; Clarke et al., 2006; Heilmann, 2011; Ko et al., 

2013). Staphylokinase (SAK) forms a complex with plasmin(ogen), which converts other 

plasminogen to plasmin (Collen, 1998). Plasmin cleaves IgG and C3b deposited on S. aureus, 

resulting in reduced recognition by phagocytes and likely impaired initiation of C1q mediated 

complement classical pathway activation (Rooijakkers et al., 2005b). 

Immunoglobulin binding is another evasion strategy of S. aureus. The surface anchored protein 

A (SpA) contains four to five IgG binding units that interact with the CH2/CH3 interface of IgG 

via hydrophobic interactions (Cedergren et al., 1993; Deisenhofer, 1981). Protein A potently 

inhibits FcγR recognition of IgG (Peterson et al., 1977). In the presence of IgG, Protein 

A expressing strains were shown to be more resistant to neutrophil phagocytosis than a SpA 

deficient strain. Opposite results occurred when IgG was absent, indicating Protein A confers 

protection against neutrophils through its IgG interaction (Peterson et al., 1977). It was 

proposed that binding by Protein A at the CH2/CH3 elbow places a steric restriction on the 

antibody so that the FcγR binding to IgG cannot occur (Patel et al., 2010). It was also suggested 

that Protein A presents IgG to leukocyte Fc receptors (FcγRs) in the wrong orientation and 

therefore prevents recognition (Foster, 2005).  

S. aureus binder of IgG (Sbi) provides additional aid in disarming IgG. Sbi contains two IgG 

binding sites that are structurally and sequentially homologous to that of Protein A (Atkins et 

al., 2008; Zhang et al., 1998). The core residues involved in Protein A/IgG Fc binding are also 

conserved in Sbi and their interaction sites on IgG overlap (Atkins et al., 2008). Sbi does not 

contain the cell wall anchor motif LPXTG and was initially considered as a secreted protein 

(Burman et al., 2008). However recently, it was shown that Sbi was retained at the S. aureus 

cell wall by lipoteichoic acid (LTA) and this retention is growth stage related (Smith et al., 

2011; Smith et al., 2012). The IgG binding domain of surface bound Sbi is accessible and is 

protective. However the protection, at least in context of phagocytosis, was lost when the 

protein was released from the cell wall, providing an interesting example of regulation on 

virulence factor activity post the protein expression level (Smith et al., 2011; Smith et al., 

2012).  

Staphylococcal superantigen like protein 10 (SSL10) is another Staphylococcal IgG binder 

(Itoh et al., 2010; Patel et al., 2010). However unlike Protein A and Sbi, which display wide 
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host specificity and isotype preferences, SSL10 specifically targets IgG isotype 1 from human 

and non-human primate species (Atkins et al., 2008; Patel et al., 2010). The interaction was 

mapped to the Fc hinge-proximal region of IgG, which also hosts the recognition site for C1q 

and FcγRs (Patel et al., 2010). It was shown that monomeric IgG1 binding to monocyte surface 

receptors and C1q binding to IgG immobilized on Sepharose were both reduced in the presence 

of SSL10 (Itoh et al., 2010; Patel et al., 2010). Correspondingly, IgG-mediated phagocytosis 

and IgG-mediated complement activation were both impaired in the presence of SSL10 (Itoh 

et al., 2010; Patel et al., 2010). 

Staphylococcal superantigen like protein 7 (SSL7) targets both serum and secretory IgA at the 

heavy chain Cα2/Cα3 elbow with nanomolar affinity. The binding competitively inhibits the 

IgA receptor (FcαRI), which also binds IgA through the Cα2/Cα3 region (Langley et al., 2005; 

Ramsland et al., 2007; Wines et al., 2006). IgA is the main protective immunoglobulin at the 

mucosal surface (Horton & Vidarsson, 2013; Schroeder Jr & Cavacini, 2010). It protects the 

mucosal layer against pathogen attachment, neutralizes toxins, and tags pathogens for 

phagocytic uptake by phagocytes and dendritic cells (Horton & Vidarsson, 2013; Schroeder Jr 

& Cavacini, 2010). Thus the interaction of SSL7 and IgA is potentially important for the 

successful colonization of S. aureus in mucosal layers. 

 

1.3.3 S. aureus complement inhibitors  

S. aureus is now recognized as ‘a master of complement evasion’ (Lambris et al., 2008). S. 

aureus produces a group of proteins to directly attack the key elements of the complement 

cascades (Foster, 2005; Lambris et al., 2008). The list of anti-complement virulence factors is 

growing. So far, five complement inhibitors have been well characterized: SCIN; Efb; Ehp; 

SSL7 and Sbi. Interestingly, SCIN, Efb, Ehp and Sbi all use a triple α helix bundle as their 

functional domain and C3 as their target, yet their modes of action are markedly different 

(Fig 1.5) (Upadhyay et al., 2008).  
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Fig 1.5 Structural comparison of different S. aureus complement inhibitors’ functional domains. SCIN (PDB: 2QFF, 

(Rooijakkers et al., 2007)), the C3-binding domain of Efb (Efb-C, PDB: 2GOM, (Hammel et al., 2007b)), Ehp (PDB: 2NOJ, 

(Hammel et al., 2007a) and the C3-binding domain of Sbi (Sbi-IV, PBD: 2JVH, (Upadhyay et al., 2008)) are presented in 

cartoon style. The N-and C-terminus are indicated. Structures are generated by PyMol. Figure is adapted from (Upadhyay et 

al., 2008).  

 

1.3.3.1 SCIN  

SCIN (staphylococcal complement inhibitor) is a human-specific 9.8 kDa secreted protein 

(Fig 1.5) and is produced by 90% of S. aureus strains (Rooijakkers et al., 2005a; Rooijakkers 

et al., 2007). SCIN inhibits all three complement pathways but the effect is much more potent 

in preventing the alternative pathway activation (Rooijakkers et al., 2005a). The protein 

directly binds to surface-immobilized C3b with a nanomolar affinity and forms a complex with 

C3b in a 1:1 or 2:2 ratio (Ricklin et al., 2009). In the crystal structure of SCIN in complex with 

the alternative pathway C3 convertase, the complex appeared as a SCIN2C3b2Bb2 heterodimer 

that was bridged by the two SCIN molecules cross-linking the two C3b fragments (Rooijakkers 

et al., 2009). Ricklin et al. (2009) showed native C3 could still associate with the SCIN-C3 

convertase complex, but the production of C3b was largely inhibited, suggesting the convertase 

was likely to be trapped in a dysfunctional yet stable state (Ricklin et al., 2009). The cross-link 

is not critical in SCIN’s inhibition of C3 conversion but is important in inhibiting the binding 

of complement receptor 1 to C3b, which in turn disrupts the interaction of complement opsonin 

mediated phagocytosis (Jongerius et al., 2010).  
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1.3.3.2 Efb and Ehp 

Efb (extracellular fibrinogen-binding protein) and the recently discovered Ehp (Efb-

homologous protein, a.k.a extracellular complement binding protein (Ecb)) have been shown 

to inhibit complement mediated lysis, C5a generation and C5a mediated neutrophil recruitment 

in a murine immune complex peritonitis model (Jongerius et al., 2007; Lee et al., 2004). Both 

Efb and Ehp bind C3 and C3b via the C3d fragment (Hammel et al., 2007a; Lee et al., 2004).  

Efb functions as an allosteric inhibitor for C3 convertase by stabilizing C3b in an open 

conformation that impairs the association of Factor B to immobilized C3b and the formation 

of the convertase (Chen et al., 2010). Efb binds fibrinogen and C3b simultaneously and can 

form a tri-molecular complex on the surface of S. aureus during complement activation (Lee 

et al., 2004). This property was recently shown to provide protection for S. aureus against 

phagocytosis by human neutrophils in vitro and by murine neutrophils in vivo (Ko et al., 2013). 

Confocal microscopy analysis revealed that a fibrinogen coat was formed on the bacterial 

surface in the presence of Efb, which shields the opsonins, such as C3b and IgG, and thus 

prevents their recognition by phagocytosis receptors (Ko et al., 2013).  

 

1.3.3.3 Sbi 

Besides the antibody binding ability, Sbi also targets C3 activation (Burman et al., 2008; 

Upadhyay et al., 2008). Sbi binds C3b via its fourth domain (Sib IV) but has a stronger affinity 

to C3dg (Burman et al., 2008). Interestingly, Sbi IV alone was shown to inhibit the alternative 

pathway activation in a dose-dependent manner. However when the third domain was also 

present, incubation of human serum with this recombinant protein induced consumptive 

activation of the complement, probably by providing a fluid-phase transacylation target for C3 

cleavage (Burman et al., 2008). An Sbi deficient strain was shown to be more susceptible to 

whole blood killing and phagocytic destruction by neutrophils (Smith et al., 2011). This 

protection is at least partially attributed to its complement inhibition (Smith et al., 2011). 

Recently, the binding of factor H and plasminogen by Sbi and Efb was also reported (Haupt et 

al., 2008; Koch et al., 2012). Both human factors remained functionally active in the bound 

form, degrading C3b to iC3b in vitro. Though the exact contribution of these interactions to S. 

aureus virulence needs to be further investigated (Haupt et al., 2008; Koch et al., 2012). 
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1.3.3.4 SSL7   

Unlike the other complement inhibitors described above, SSL7 inhibits complement via 

disrupting C5 function (Langley et al., 2005; Ramsland et al., 2007). SSL7 binds intact C5 with 

nanomolar affinity independent of its interaction with IgA (Langley et al., 2005). The binding 

inhibits C5 cleavage and thus obstructs C5a production and C5a mediated neutrophil activities 

in vitro (Bestebroer et al., 2010), and in vivo in a murine peritoneal model that measures 

myeloid cell infiltration in response to heat killed S. aureus (Lorenz et al., 2013). The effect 

could be transferred to a bacterial survival advantage, as the survival of SSL7 knock-in 

Lactococcus lactis in human whole blood was significantly higher than the non-pathogenic 

wild type bacteria. In both experiments, SSL7’s immune suppression did not depend on the 

interaction of IgA, but the presence of IgA did enhance its function (Lorenz et al., 2013). SSL7 

can bind IgA and C5 simultaneously which allows the formation of a pentameric complex of 

IgA-SSL72-C52 (Langley et al., 2005; Laursen et al., 2010). It was proposed that this complex 

offers additional steric effects that provides more effective inhibition of the association of C5 

to C5 convertase (Laursen et al., 2010; Lorenz et al., 2013; Wines et al., 2012).  

 

1.3.4 Preventing phagocyte extravasation and chemotaxis 

S. aureus directly inhibits leukocyte infiltration in two ways. First is directly blocking the 

interaction of chemoattractants to their receptors. It uses several virulence factors to achieve 

this. They include the chemotaxis inhibitory protein of S. aureus (CHIPS), which inhibits C5aR 

and the formylated peptide receptor (FPR) (de Haas et al., 2004), FPR-like 1 inhibitory protein 

(FLIPr) and FLIPr-like, a homologue of FLIPr, inhibiting both FPR and FPR-1 like receptor 

(FPRL1) (Prat et al., 2006; Prat et al., 2009)., and SSL5, which binds to the N-terminus of 

several G protein coupled receptors, including those for chemokines and anaphylatoxins 

(Bestebroer et al., 2009). 

Secondly, S. aureus produces proteins that directly disrupt integrin-mediated leukocyte 

migration. Both SSL5 and SSL11 have been reported to bind PSGL-1 via an interaction with 

sialylated glycans and potently inhibit PSGL-1 and P-selectin mediated neutrophil rolling 

(Baker et al., 2007; Bestebroer et al., 2009; Chung et al., 2007). The extracellular adherence 

protein (Eap, a.k.a the major histocompatibility class II analogue protein, Map) inhibits the 

next step of leukocyte migration by binding ICAM-1 (Chavakis et al., 2002; Palma et al., 1999; 
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Scriba et al., 2008). Binding of Eap to ICAM-1 completely stopped the interaction of ICAM-

1with its ligands, MAC-1 and LFA-1 (Chavakis et al., 2002). Consequently, Eap blocked 

ICAM-1 mediated firm adhesion and transmigration of neutrophils (Athanasopoulos et al., 

2006; Chavakis et al., 2002).  

Interestingly, the virulence factors presented in this section share another common protein 

domain called the β grasp fold to modulate the host immune system (Fig 1.6) (Baker et al., 

2007; Chung et al., 2007; Geisbrecht et al., 2005; Haas et al., 2005). This domain is also found 

in the staphylococcal superantigens and the staphylococcal superantigen-like proteins and 

clearly is capable of mediating different functions. 

 

 

Fig 1.6  The β-grasp folds in SSL5, Eap and CHIPS. SSL5 (PDB: 1M4V, (Baker et al., 2007)) is consist of a N-terminal 

OB-fold domain and a C-terminal β grasp domain, which is shown on the left. Presented in the middle is one Eap repeat (PDB: 

1YN3, (Geisbrecht et al., 2005)). Intact EAP contains four to six of such repeats. The C5aR binding domain of CHIPS (PDB: 

1XEE) (Haas et al., 2005)) is presented on the right. It is made up of residues 31-121 of CHIPS while the N-terminal 30 

residues are predicated to contain the binding site for formylated peptide receptor. Figure is generated by PyMol. 

 

1.3.5 Resistance to antimicrobial substances 

S. aureus circumvents antimicrobial substances by three main strategies: 1, changing surface 

charges; 2, modifying the substrates of antimicrobial substances and 3, inactivating 

antimicrobial substances (Chavakis et al., 2007; Foster, 2005). S. aureus employs two enzymes 

to change the highly negatively charged wall teichoic acid (WTA) in its cell wall. Dlt D 
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(encoded by the Dlt operon) adds D-alanine to WTA (Peschel et al., 1999) and the multiple 

peptide resistance factor F (Mprf) participates in the modification of membrane 

phosphatidylglycerol with L-lysine (Peschel et al., 2001). Both modifications increase bacterial 

surface charges and thus reduces the attraction to the cationic defensins (Peschel et al., 1999; 

Peschel et al., 2001).  

S. aureus avoids lysozyme function by modifying its cell wall peptidoglycan, using O-

acetyltransferase (OatA) (Bera et al., 2005a). OatA catalyzes the o-acetylation of muramic acid, 

which results in the addition of an acetyl group on the peptidoglycan,  making the cell wall 

resistant to lysozyme lysis (Bera et al., 2005a).  

Two enzymes have been reported to directly inactivate antimicrobial peptides (Chavakis et al., 

2007). Aureolysin is a metalloproteinase that can cleave and therefore inactivate cathelicidin 

LL-37 (Sieprawska-Lupa et al., 2004). Staphylokinase (SAK) was reported to form a complex 

with α defensin and almost completely blocked its antimicrobial activity (Jin et al., 2004). This 

activity was independent of plasminogen binding (Jin et al., 2004). In addition to these enzymes, 

a S. aureus secreted nuclease has been recently described to degrade the NETs in vitro (Berends 

et al., 2010; Spaan et al., 2013). 

The oxygen free radicals are neutralized by several bacterial enzymes, including two 

superoxide dismutases, three methionine sulphoxide reductases, a catalase, and an alkyl 

hydroperoxide reductase (AhpC), which also exhibits catalase activity (Foster, 2005; Spaan et 

al., 2013). Catalase is the main enzyme providing protection. This protein converts hydrogen 

peroxide into water and oxygen, thus removes ROS (Mandell, 1975; Spaan et al., 2013). 

Interestingly, the yellow carotenoid pigment of S. aureus also has antioxidant activity (Liu et 

al., 2005). Bacterial resistance to hydrogen peroxides and survival in neutrophils were reduced 

when the carotenogenesis pathway was mutated (Liu et al., 2005). 

 

1.3.6 S. aureus cytotoxins 

S. aureus produces a range of cytotoxins, including the β barrel pore forming toxins (e.g. α 

hemolysin); the two component pore forming leukocidins and the exfoliative toxin (Foster, 

2005; Gordon & Lowy, 2008; Lowy, 1998). Besides the effects of reducing viable phagocytes 

and weakening the host immune system, S. aureus cytotoxins are currently believed to 
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contribute to bacterial dissemination. Lysis of host cells also provide nutrients for proliferating 

bacteria, especially iron from hemolysis (Foster, 2005; Gordon & Lowy, 2008; Lowy, 1998).   

These toxins have varying importance in different diseases. Exfoliative toxin (ET) operates at 

the epidermal layer of the skin and causes staphylococcal scalded-skin syndrome (Nishifuji et 

al., 2008). The pore forming α hemolysin (Hla) is strongly implicated in S. aureus lung 

infections (Wardenburg & Schneewind, 2008) and in S. aureus escape from phagosomes in 

cystic fibrosis epithelial cells (CFT-1) (Jarry et al., 2008). Human neutrophils can resist Hla 

lysis but these cells are the target of leukocidins, which also undergoes oligomerization on 

target surfaces (Diep & Otto, 2008; Gordon & Lowy, 2008; Spaan et al., 2013). Among the 

leukocidins, Panton-Valentine Leukocidin (PVL) is found in many CA-MRSA isolates and is 

strongly associated with CA-MRSA infection. Its role in infection has been investigated 

intensively but remains controversial (Diep & Otto, 2008; Fraunholz & Sinha, 2012; Gordon 

& Lowy, 2008; Wardenburg et al., 2007). Nevertheless, a new type of leukocidal molecule, the 

α type Phenol-Soluble Modulins (PSMs), was produced at a considerably high level by CA-

MRSA and was shown to contributed to the increased leukocyte lysis activity of CA-MRSA 

(Diep & Otto, 2008; Gordon & Lowy, 2008; Wang et al., 2007).  

 

1.3.7 Intracellular survival 

S. aureus was traditionally viewed as an extracellular pathogen but this view is being 

challenged by increasing data suggesting S. aureus can invade, escape the phagosome and 

proliferate in the cytoplasm of host cells (Fraunholz & Sinha, 2012). Hiding intracellularly 

could provide the bacteria protection against antibiotics and host immune attacks. 

The formation of small colony variants (SCV) is related particularly to the persistence of S. 

aureus in non-phagocytic cells (Fraunholz & Sinha, 2012; Kahl, 2013). SCVs can be formed 

by many bacterial species. The colonies, when cultured on conventional agar plate, often show 

reduced growth, altered metabolism and loss of phenotypic characterizations, which limits 

clinical detection (Fraunholz & Sinha, 2012; Kahl, 2013). S. aureus SCV can be induced by 

exposure to intracellular environment (Vesga et al., 1996) and these variants were shown to be 

able to survive in the lysosome of non-professional phagocytes (Schroder et al., 2006). 

Tuchscherr et al (2011) demonstrated that intracellular SCV population occurred naturally 
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during long-term infections in cultured human cells and was the predominant phenotype at the 

later stage of infection (Tuchscherr et al., 2011). Along with the increase of SCV percentage, 

the bacteria expressed less agr and hla but increased fnbp (Tuchscherr et al., 2011). This 

resembles the virulence factor expression profile reported for stable laboratory SCV mutants 

(Tuchscherr et al., 2011; Vaudaux et al., 2002). Moreover, the phenotype switch was correlated 

to the diminish of host acute immune responses, in agreement with previous finding that SCV 

elicits much weaker pro-inflammatory responses from the host cells (Tuchscherr et al., 2010; 

Tuchscherr et al., 2011). Once removed from the intracellular environment the naturally 

occurred SCV readily reversed to rapidly growing, fully virulent, wild-type bacteria within 24 

hrs and were capable of establishing new infections (Tuchscherr et al., 2011). These 

observations suggest SCV could be a bacterial reservoir that hides from host immune detection 

(Tuchscherr et al., 2011). Coincidently, S. aureus SCV are often associated with recurrent or 

chronic infections (Fraunholz & Sinha, 2012; Kahl, 2013; Proctor et al., 1995; von Eiff et al., 

2001b). Edwards et al.(2012) demonstrated the presence of a small but persistent SCV 

subpopulation in S. aureus exponential phase culture without selection pressure (Edwards, 

2012). The phenotypic variation could be a “bet-hedging strategy” to ensure adaptation to 

sudden change of environment (Cui et al., 2012; Edwards, 2012).  

S. aureus causes neutrophil destruction 3-6 hrs after phagocytosis (Kobayashi et al., 2010; 

Voyich et al., 2005). The phenomenon has been reported with different strains, indicating a 

natural ability to survive neutrophil killing (Kobayashi et al., 2010; Voyich et al., 2005). 

Though not conclusively, the S. aureus pore-forming toxins, in particular PSM, have been 

implicated in this process for their ability to lyse neutrophil membranes (Fraunholz & Sinha, 

2012; Geiger et al., 2012; Spaan et al., 2013; Surewaard et al., 2013).  

However, direct lysis of host membranes may not be the only mechanism underlining S. aureus 

induced neutrophil death. After ingesting S. aureus USA300, the neutrophil phagosome 

membrane remained intact until the point of cell lysis (Kobayashi et al., 2010). The neutrophil 

appeared to be morphologically apoptotic but cell lysis was much more accelerated than a 

normal apoptosis process. Microarray analysis of neutrophil gene changes suggested a profile 

that fits into the newly defined programmed necrosis cell death, suggesting S. aureus induced 

cell death is in part attributed to host cellular machineries (Kobayashi et al., 2010). 

Interestingly, S. aureus ingested by human monocyte derived macrophages was also reported 

to live in cytoplasmic vacuoles without escaping for 3–4 days (Kubica et al., 2008). The 
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macrophages display no sign of cell death at this stage until intracellular proliferation of 

bacteria occurs (Kubica et al., 2008).  

 

1.3.8 S. aureus superantigens (Sags)  

As reviewed by Fraser & Proft, (2008); Spaulding et al (2013) and Xu & McCormick (2012), 

the staphylococcal superantigens (Sag) are a group of secreted proteins that have a potent 

mitogenic effect on T cells (Fraser & Proft, 2008; Spaulding et al., 2013; Xu & McCormick, 

2012). To date, 24 members have been defined and can be classified as the staphylococcal 

enterotoxins (SEs), the staphylococcal enterotoxin-like proteins (SEls) and TSST-1 (toxic 

shock syndrome toxin). Sag crystal structures all exhibit a packed two domain arrangement: 

the C-terminal β-grasp domain and the smaller N-terminal OB domain. A small portion of the 

N-terminus reaching over the β grasp domain further stabilizes the structure (Fig 1.7) (Fraser 

& Proft, 2008; Spaulding et al., 2013; Xu & McCormick, 2012). The recently described SElX 

is an exception to this structural packing (Wilson et al., 2011). SElX has a shortened N-terminal 

domain that lacks homology to the typical Sag OB fold domain (Fig 1.7). This superantigen 

can stimulate T cell activation but does not contain the key contributing residues that are 

conserved in other Sags. SElX may present a new mechanism of T cell activation (Wilson et 

al., 2011).  

 

Fig 1.7 Ribbon presentation of the solved structure of TSST-1 and the modelled structure of SEIX-2.  The α helixes are 

colored in red, β sheets in yellow and the loop regions in green. The C-terminal β grasp domain is labelled as A and N-terminal 

domain as B. SEIX-2 is one of SEIX allelic variants found in human S. aureus strain. Figure is reproduced and modified from 

(Wilson et al., 2011), Copyright Wilson et al. The original article is distributed under the terms of the Creative Commons 

Attribution License. 
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All superantigens can stimulate massive T cell activation and subsequently elevate the cytokine 

levels, with the most profound effects on IL-1β, IL-2, IFNγ and TNFα production (Fraser & 

Proft, 2008; Spaulding et al., 2013; Xu & McCormick, 2012). This effect could be achieved at 

the concentration range of picogram/ml and does not require antigen stimulation. 

Crystallographic studies revealed that Sags bind the lateral faces of both the MHC class II 

molecule and the β chain variable region (Vβ) of T cell receptor (TCR) simultaneously (Fig 1.8). 

The binding occurs in such a fashion that the superantigens are inserted into the TCR:MHC 

interface, which forces the antigen recognition loop of the TCR to move away from the 

antigenic peptide presented within the MHC molecule. Thus the activation of T cells is no 

longer dependent on antigen recognition (Fig 1.8) (Arad et al., 2011; Fraser & Proft, 2008; 

Spaulding et al., 2013; Xu & McCormick, 2012). Recently Arad et al. (2011) reported that SEB 

can also bind CD28, the T cell co-stimulatory molecule (Arad et al., 2011). It was shown that 

the strong T cell activation can only be stimulated by SEB when CD28 binding occurs, leading 

to the proposal that an activation synapse is formed and maintained by Sag cross-linking the 

TCR, MHC class II molecules and CD28 (Arad et al., 2011). 

 

 

Fig 1.8 Ribbon diagram models of superantigen/T cell activation complexes.  (A): conventional  MHC activation complex 

(B) TSST-1 activation complex (C) SEB activation complex. Figure reproduced and modified with permission from (Xu & 

McCormick, 2012), Copyright © 2012 Xu and McCormick. The original article is distributed under the terms of the Creative 

Commons Attribution Non Commercial License. 
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Sags bind TCR through the germ line encoded Vβ region rather than the highly diverse CDR3 

loop (Fraser & Proft, 2008; Spaulding et al., 2013; Xu & McCormick, 2012). The proportion 

of T cells that could be targeted by the superantigen is therefore largely increased compared to 

physiologically antigen derived activation. The binding ‘footprint’ or orientations of the Sags 

on TCR and MHC molecules are different between the Sags and provide the target specificity 

(Fig 1.8). Overall up to 20% of T cells can be targeted by Sags (Fraser & Proft, 2008; Spaulding 

et al., 2013; Xu & McCormick, 2012). 

As reviewed by Bachert et al. (2008) and Fraser & Proft (2008), the uncontrolled activation 

contributes to the elevated/biased inflammation manifested in Sag-related pathology. Sags are 

linked with allergic diseases, nasal polyp disease, food poisoning and toxic shock syndrome 

(TSS). The infiltration of immune cells and the release of inflammatory as well as 

vasoregulatory mediators contribute to host tissue damage. In extreme conditions it could 

progress to hypotension, shock and multiple organ failure (Bachert et al., 2008; Fraser & Proft, 

2008). The significance of Sags in S. aureus immune evasion is not clear, although it has been 

suggested that Sags produced early in infection at low concentrations may favor an immune-

suppressive local environment by activating local T cells and perhaps altering the cytokine 

milieu (Fraser & Proft, 2008; Spaulding et al., 2013; Xu & McCormick, 2012).  

1.4 The staphylococcal superantigen-like proteins 

The staphylococcal superantigen-like proteins (SSLs) are a group of S. aureus virulence factors 

that exhibit similar structural organization to S. aureus Sags (Langley & Fraser, 2013). The 

genes of SSLs were discovered during an attempt to identify new S. aureus exoproteins 

(Williams et al., 2000). Due to their sequence homology with the staphylococcal and 

streptococcal Sags (25%) and their retention of the staphylococcal/streptococcal exotoxin 

consensus signature 2 (K-X2-[LIV]-X2-[LIV]-D-X3-R-X2-L-X5-[LIV]-Y), they were thought 

to be novel exotoxin-like proteins and were originally named as the staphylococcal exotoxin-

like toxins (SETs) (Williams et al., 2000). However the SSLs do not possess the conserved 

residues that are important for superantigen interaction with the TCR and MHC class II, and 

correspondingly, they do not function as T cell mitogens. Instead, they appear to target the 

central events in innate immunity against S. aureus (Langley & Fraser, 2013). To avoid the 

potential confusion with staphylococcal enterotoxin T (SET), the International Nomenclature 

Committee for Staphylococcal Superantigen Nomenclature renamed this family as SSLs and 
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standardized the numbering of the genes to follow the “clockwise order from the origin of 

replication based on homology to the full complement of genes found in strain MW2” (Lina et 

al., 2004). In total, 14 genes were identified that belong to this family (Fraser & Proft, 2008).  

 

1.4.1 Organization and expression of ssl genes 

The genes encoding SSL1-11 form the main cluster located in the genomic island νSaα, which 

was previously known as pathogenic island SaPIn2 (strain N315) and SaPIm2 (strain MU50) 

(Kuroda et al., 2001). The first 10 genes form a continuous cluster, which is separated from 

ssl11 by the insertion of hsdM and hsdS, two restriction and modification genes that participate 

in maintaining and stabilizing the genome (Fig 1.9 A) (Fitzgerald et al., 2003). The genes 

encoding SSL12-14 are located 700 kb downstream of the main cluster and is arranged in the 

reverse tandem order (Jongerius et al., 2007). The genomic region that ssl12-14 occupies has 

been named the second immune evasion cluster (IEC-2), since it also hosts the genes encoding 

FLIPr, Efb, Ehp, SCIN-B and SCIN-C (functional isoforms of SCIN) and Hla, molecules that 

are heavily implicated in immune evasion (Fig 1.9 B) (Jongerius et al., 2007). To date, all the 

sequenced S. aureus genomes contain the ssls, although the genetic content varies between 

strains (Fig 1.9 C) (Langley & Fraser, 2013; Smyth et al., 2007). The fact that most of the 14 

genes exist in every S. aureus genome strongly suggests they play important and non-redundant 

roles in S. aureus pathogenicity. 
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Fig 1.9 Genomic organization of the ssl genes.  (A): ssl1-11 locates in the genomic island νSaα. This region also contains a 

lipase cluster (lpl repeats), a transposases remnant (trans) and genes from the restriction and modification system (hsdS and 

hsdM). Figure is adapted from (Fitzgerald et al., 2003). (B): ssl12-14 are part of the immune evasion cluster 2 (IEC-2). Genes 

encoding Ehp (ecb), FLIPr or FLIPr-like (flr or fll), Efb (efb), SCIN-B or SCIN-C (scb/scc) and Hla (hla) (grey arrows) as 

well as transposases and bacteriophage remnants (white arrow with stars) are also presence in this region. Figure is adapted 

from (Jongerius et al., 2007). For (A) and (B) light grey arrow indicates housekeeping genes and white arrow represents orfs 

with unknown function. (C): Comparison of the compositions of ssl genes in selected S. aureus genomes.  

 

The expression of SSLs appears to be up-regulated under situations mimicking membrane 

stress. Increased expression of the SSLs has been reported when the bacteria were challenged 

by whole blood (Malachowa et al., 2011), exposed to neutrophil azurophilic granule content  

(Palazzolo-Ballance et al., 2008), phagocytized by neutrophils (Voyich et al., 2005) and in a 

case of hemin-induced membrane damage (Attia et al., 2010). Benson et al. (2011) described 

significant over-expression of SSLs in an agr - S. aureus strain (Benson et al., 2011). The over-

expression was dependent on the synergistic activity of the transcription factor Rot (repressor 
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of toxins) and the two component system Sae (S. aureus exoprotein expression) (Benson et al., 

2011; Benson et al., 2012; Giraudo et al., 1994). An SaeR (Sae response regulator) binding 

sequence was identified in the promoter region of each ssl and both Rot and SaeR were shown 

to bind to the ssl promoters directly and specifically. It was proposed that Rot could recruit 

SaeR to the ssl promoters, which in turn allows the recruitment of RNA polymerase, initiating 

expression (Benson et al., 2011; Benson et al., 2012).   

 

1.4.2 SSL proteins 

The crystal structures of SSL4, SSL5, SSL7 and SSL11 have been published (Al-Shangiti et 

al., 2004; Arcus et al., 2002; Baker et al., 2007; Chung et al., 2007; Hermans et al., 2012; 

Ramsland et al., 2007). All four proteins exhibit the same basic structural architecture as the 

superantigens: an N-terminal OB fold and a C-terminal β grasp domain with a small section of 

the N-terminal peptides extending to the β grasp domain (Fig 1.10).  

Despite structural similarity, the amino acid sequence similarity between the SSLs and the 

superantigens is limited, with TSST-1 being the closest related superantigen to the SSLs with 

a sequence identity of 30% (Fraser & Proft, 2008; Langley & Fraser, 2013). Amino acid 

sequence alignment from strain Newman separates the SSL proteins into four groups (Fig 1.10). 

SSL1-6 and SSL11 form one branch, with SSL11 and SSL5 forming a subgroup within the 

group. This group of proteins favors an interaction with glycans (the glycan binders) (Fraser & 

Proft, 2008; Langley & Fraser, 2013). SSL7, 8, 9 and 10 form the third cluster and SSL12-14 

the fourth. Most members of these two groups interact with immunoglobulin and/or interfere 

with the complement cascade (Fraser & Proft, 2008; Langley & Fraser, 2013). 
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Fig 1.10 The SSL protein family.  The Phylogenetic tree of the SSLs (Newman) and TSST-1 (N315) is shown on the left. 

The tree was constructed using ClustalW (www.genome.jp/tools/clustalw). The SSLs can be divided into the two indicated 

subgroups based on function characterization of individual SSLs within these clusters. *: SSL1 does not bind glycan 

experimentally despite possessing some of the conserved glycan binding residues. (Dr. Ries Langley, Personal communication, 

the University of Auckland). The structures of SSL11 (PDB: 2RDH, (Chung et al., 2007)), as an example of the glycan binders 

and SSL7 (PDB: 1V1O, (Al-Shangiti et al., 2004)), as an example of the complement and Ig binders, are showing on the right. 

The structure of TSST-1 (PDB: 2IJ0, (Moza et al., 2007)) is shown as a comparison. The N-terminal OB-fold domain and the 

C-terminal β-grasp domain are indicated. The functional important regions of each protein are highlighted on their structures. 

Colored in red: the glycan binding site on SSL11 (Chung et al., 2007), the C5 binding site on SSL7 (Laursen et al., 2010) and 

TCR binding site on TSST-1 (Moza et al., 2007). Colored in green: the IgA binding site on SSL7 (Ramsland et al., 2007) and 

the MHC binding site on TSST-1 (Kim et al., 1994).  Figure is adapted from (Fraser & Proft, 2008).  

 

1.4.3 The glycan binders  

SSL2-SSL6 and SSL11 all display affinity towards sialylated glycan, recognizing the 

trisaccharide sialyl-lactosamine (sLacN) specifically (Baker et al., 2007; Chung et al., 2007; 

Hermans et al., 2012). Crystal structures of SSL4, 5 and 11 in complex with tetrasaccharide 
34 

 

http://www.genome.jp/tools/clustalw


sialyl Lewis X (sLex) clearly demonstrated a conserved glycan binding motif. The 

major contacts between SSLs and sLacN are almost identical between the three SSLs, forming 

the basis for explaining their specificity towards sLacN. The binding variation contributes to 

the target specificity and functional differences between the glycan binders (Baker et al., 2007; 

Chung et al., 2007; Hermans et al., 2012). A good example is the interaction with G-protein 

coupled receptors (section 1.3.4), which is only observed with SSL5 but not SSL11 (Bestebroer 

et al., 2009). In addition, interaction of SSL11 and SSL4 with sialyated glycoproteins on 

neutrophils resulted in rapid internalization of the proteins in an energy dependent manner 

(Chung et al., 2007; Hermans et al., 2012). But the cellular location of these two proteins only 

partially overlaps. Most importantly, SSL4 can compete with itself but not with SSL11 for cell 

binding, suggesting different target specificity of the two SSLs. The cellular fate and function 

of SSL4 and SSL11 are under investigation (Chung et al., 2007; Hermans et al., 2012). Glycan 

binding is also likely to partially contribute to the interaction of SSL3 with TLR2 (Bardoel et 

al., 2012; Yokoyama et al., 2012). SSL3 was recently reported to bind the extracellular domain 

of TLR2 and antagonize the TLR2 mediated production of IL-8 and TNFα in response to 

Pam3Cys, heat-killed S. aureus, and peptidoglycan (Bardoel et al., 2012; Yokoyama et al., 

2012).  

 

1.4.4 The complement and Ig binders 

The interactions of SSL7 with C5 and IgA have been described above and provide a good 

example of the dual ligand binding ability that has been described for several members of this 

subgroup. Like SSL7, SSL10 and SSL12-14 all bind human immunoglobulins (Patel et al., 

2010; Taylor, 2008). SSL10 specifically targets human IgG isotype 1 while IgM was captured 

by immobilized SSL12-14 in affinity pull down assays (Patel et al., 2010; Patel, 2011; Taylor, 

2008). Both IgG and IgM are strong complement fixers. However, SSL9, 10, 12-14 were all 

reported to inhibit not only the classical but also lectin activation pathway, suggesting they may 

bind additional complement factors. The exact mechanisms remain to be determined (Jackson, 

2008; Patel, 2011; Taylor, 2008).  
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1.5 SSL10 as a potential S. aureus virulence factor 

Like other SSLs, SSL10 was predicted to be a secreted protein. The crystal structure of SSL10 

adapts the typical SSL fold, with an N-terminal OB fold domain and a C-terminal β grasp 

domain (Patel, 2011). SSL10 was reported to interfere with multiple aspects of the immune 

system including both the cellular and the humoral components. It directly binds to the cell 

chemokine receptor CXCR4 and disrupts the CXCR4-CXCL12 signaling axis (Walenkamp et 

al., 2009). SSL10 was also reported to bind to apoptotic cells via phosphatidylserine, although 

the physiological consequence of this binding is not clear (Itoh et al., 2012).  

SSL10 is a human specific S. aureus IgG binding protein and inhibits IgG-mediated immune 

defense (Section 1.3.2) (Itoh et al., 2010; Patel et al., 2010). The site for IgG binding on SSL10 

is predicted to involve the N-terminal portion of the protein, although the exact binding 

interface was not defined (Patel, 2011). Interestingly, SSL10 can inhibit complement activity 

in guinea pig serum, which is a human IgG free environment (Fig 1.11 A) (Patel, 2011). The 

C terminal β grasp domain of SSL10 (C-SSL10, a.k.a SSL10 95-197) was found to inhibit serum 

complement activity with a comparable efficiency as the full length protein, suggesting IgG1 

binding is not the only contribution of SSL10 to S. aureus complement evasion. In addition to 

the complement system, both SSL10 and C-SSL10 were found to potently delay human plasma 

coagulation, another important aspect of the innate defense (Fig 1.11 B) (Patel, 2011). 

Given the close linkages of the complement, coagulation and IgG function, and their roles in 

fighting against S. aureus infection, the simultaneous inhibition of these systems by SSL10 is 

particularly interesting and potentially important for staphylococcal immune evasion. The gene 

encoding SSL10 was identified in all sequenced S. aureus strains (Patel, 2011), and like the 

other SSLs, its expression was mainly up-regulated under stress situations (Attia et al., 2010; 

Malachowa et al., 2011; Palazzolo-Ballance et al., 2008; Voyich et al., 2005).  Anti-SSL10 

antibodies have been detected in S. aureus bacteremia patients, suggesting the protein is 

expressed during infection (den Reijer et al., 2013). Taken together, SSL10 is likely to make a 

non-redundant contribution to S. aureus virulence. 
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Fig 1.11 SSL10-mediated inhibition on complement and blood coagulation.  (A): SSL10 and SSL10 β grasp domain 

(SSL10 95-197) inhibits complement mediated hemolysis with guinea pig serum dose-dependently. (B): human blood clotting 

is delayed in the presence of SSL10 and SSL10 95-197. Blood coagulation was measured by the absorbance at 405 nm, using 

620 nm reading as reference, at 40 min after coagulation was initiated. Reprinted with permission from (Patel, 2011), copyright 

Patel D. 
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1.6  AIMS 

SSL10 is conserved among S. aureus genomes and is expressed during infection. The protein 

interferes with IgG mediated immunity and the function of the complement and coagulation 

system, which are all key components of the innate defense against S. aureus. It was thus 

hypothesized that SSL10 is a potentially important contributor for S. aureus immune evasion. 

However little is known about its mechanism of action, how SSL10 coordinates various 

interferences with important plasma proteins and its contribution to S. aureus pathogenicity.  

The aim of this study was to further understand the involvement of SSL10 in S. aureus 

virulence, particularly the molecular mechanisms behind SSL10’s interactions with IgG and 

complement. The scope of this research is best summarized by 3 main areas: 

1. Identification of the binding interfaces on SSL10 to generate loss-of-function mutants 

as a tool to fully dissect and understand SSL10’s function 

2. Further characterize the interaction of SSL10 and the complement system  

3. Provide insight into SSL10’s contribution to S. aureus virulence  
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 Materials and Methods 

2.1 Materials 

All chemical reagents were supplied by BDH (UK) and solutions were prepared using Type 

I/18 M-ohm/cm MilliQ water unless otherwise stated. 

 

2.1.1 Molecular Biology 

2.1.1.1 Reagents 

10 x PCR Buffer: 100 mM Tris HCl, pH 9.0 (Applichem, Germany) / 500 

mM KCl (Merck, Germany) / 0.1% Triton X-100 (Sigma 

Aldrich, USA) 

6 x DNA loading dye: 30% glycerol (Labserv, NZ) / 0.25% bromophenol blue / 

0.25% xylene cyanol (Serva, Germany) / TAE (see 

below) 

Plasmid Preparation Solution A: 25 mM Tris HCl, pH 8.0 / 50 mM glucose (Scientific 

Supplies, NZ) / 10 mM EDTA 

Plasmid Preparation Solution B: 0.2 M NaOH / 1% SDS 

Plasmid Preparation Solution C: 3 M potassium acetate / 11.5% glacial acetic acid (Merck, 

Germany) 

TAE: 40 mM Tris, pH 8.0 / 2 mM EDTA / 0.1% glacial acetic 

acid 

TFB I: 100 mM RbCl / 10 mM CaCl2 / 50 mM MgCl2 (JT Baker, 

USA) / 30 mM potassium acetate / 15% glycerol / 

adjusted to pH 5.8 with 0.2 M glacial acetic acid 

TFB II: 10 mM MOPS, pH 7.0 (Sigma Aldrich, USA) / 10 mM 

RbCl / 75 mM CaCl2 / 15% glycerol 

 

 

 

2.1.1.2 Plasmids 
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pET32a.3C (Novagen, USA).  

Escherichia coli (E. coli) expression vector modified by Dr. Thomas Proft, (University of 

Auckland, New Zealand) to include a 3C protease cleavage site at the C-terminal of the 

thioredoxin gene. Ampicillin resistant. Refer to Appendix 1 for vector map and multiple-

cloning sites. 

2.1.1.3 Synthetic Oligonucleotides 

Table 2.1 Synthetic oligonucleotide primers used for mutagenesis of the ssl10 gene.  All primers were made by Sigma 

Genosys, Australia.  

SSL10 Mutants Forward primer 5'-3' Reverse primer 5'-3' 
SSL10 Fwd CGGGATCCAAACAAAATCAAAAG

TCAGTAAATAAAC 
  

SSL10 Rev   GGAATTCTTACTTTAAGTTAACTTC
AATATCTTTAA 

SSL10 C terminal Fwd CGGGATCCGGAACATCTGGAGTT
GTCAGTG 

  

K108A TATTTCAGCAGAAAAGGGTG CACCCTTTTCTGCTGAAATA 

E109A TTCAAAAGCAAAGGGTGAAGATG
C 

TCACCCTTTGCTTTTGAAATA 

E112A AAGGGTGCAGATGCTTTTGTG AAGCATCTGCACCCTTTTCT 
V116A ATGCTTTTGCGAAAGGTTACCCT TAACCTTTCGCAAAAGCATCTTCA 
K117A GCTTTTGTGGCAGGTTACC GGTAACCTGCCACAAAAGC 
K162A ATTAGCTTGGCAGATGGCAG ACTGCCATCTGCCAAGCTAA 

K187A/K190A 
  GGAATTCTTACTTTAAGTTAACTTC

AATATCTGCAATTTGTGCGCTTTC
TATG 

K174A/K176A/K178A AGATCTGCATTAGCATTTGCATAT
ATGGGGGA 

CATATATGCAAATGCTAATGCAG
ATCTTAAAT 

Q188A   GGAATTCTTACTTTAAGTTAACTTC
AATATCTTTAATTGCTTTGCTTTC 

E182A TATATGGGGGCAGTCATAGAAAGC
A 

TTCTATGACTGCCCCCATATA 

K176A/K187A TAAATTAGCATTTGCATATATGGG
GGA 

CATATATGCAAATGCTAATTTAGA 

F166A GGCAGTGCTTATAACCTTGAT GTTATAAGCACTGCCATCT 
Y179A ATTTAAAGCTATGGGGGAAGTC TCCCCCATAGCTTTAAATTTTAAT 

R172A CCTTGATTTAGCATCTAAATTAAA
AT 

ATTTAGATGCTAAATCAAGGTTAT 

 

The restriction enzyme sites are underlined. Bold indicates codon changes for site-directed mutagenesis. The SSL10 Rev 

primer was designed by Dr Ries Langley, University of Auckland, NZ. The SSL10 Cterm Fwd primer was designed by Dr 

Deepa Patel, University of Auckland, NZ. 
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2.1.2 Bacterial Culture 

2.1.2.1 Media 

All media was sterilized at 121 °C (15 psi) for 15 min prior to use. 

Luria-Bertani (LB) broth: 1% (w/v) bacto-tryptone (Oxoid, UK) / 0.5% yeast extract 

(Oxoid, UK) / 1% NaCl 

Tryptic Soy Broth (TSB) 3% (w/v) TSB (Becton Dickinson, USA) 

M17/ 0.5% (w/v) Glucose  3.725% (w/v) M17 (Becton Dickinson, USA), 

supplemented in 0.5% (w/v) Glucose after sterilization  

2XYT medium: 1.6% bacto-tryptone / 1% yeast extract / 0.5% NaCl 

Agar plates: Growth media / 1.5% bacto-agar (Fort Richard, NZ) 

 

2.1.2.2 Selective antibiotics 

All antibiotics were purchased from Sigma (USA). 

Ampicillin:  Final concentration of 50 µg/mL 

Chloramphenicol:  Final concentration of 30 µg/mL 

Kanamycin:  Final concentration of 15 µg/mL 

Erythromycin:  Final concentration of 30 µg/mL 
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2.1.2.3 Bacterial Strains 

Table 2.2 Summary of bacterial strains. 

Strain Description Source 
E. coli 

DH5α cloning strain ATCC 

AD494(DE3)pLysS 

Protein expression strain, 
thioredoxin reductase 
deficient, chloramphenicol 
and kanamycin resistant 

Novagen 

S. aureus 

Newman Commonly used reference 
strain 

Prof. Erick Skaar, 
Vanderbilt University, USA 

Wood 46 (NCTC10345) 
Protein A deficient strain, 
clumping factor and 
coagulase defective variants 

NZ Culture Collection, ESR, 
New Zealand 

L. lactis 

MG1363  
Nicolas Heng,  

Otago University, Dunedin, 
New Zealand 

 

2.1.3 Mammalian cell culture 

2.1.3.1 Media 

All media and components were sterilized in a Class II biosafety cabinet by filtration. All media 

were from Gibco, Invitrogen, USA unless otherwise stated. 

Complete RPMI 1640: Roswell Park Memorial Institute media 1640 pH 7.4 (RPMI 

1640) / 1.5 mg/mL sodium bicarbonate / 50 U/mL penicillin 

/ 50 μg/mL streptomycin / 2 mM L-glutamine / 110 μg/mL 

sodium pyruvate / 10 % heat inactivated Fetal Calf Serum 

(FCS). 

THP-1 cell media: Complete RPMI 1640 / 55 μM β-mercaptoethanol (Sigma 

Aldrich, USA) 

ARH-77 media:  Complete RPMI 1640 / 15 mM glucose / 10 mM HEPES 

pH 7.4 
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Heat inactivated FCS: Heat inactivated at 56 °C for 30 min (Invitrogen, New 

Zealand) 

 

2.1.3.2 Cell lines 

Table 2.3 Summary of Cell lines. 

Cell Line Description 

U937 (ATCC:CRL-2367) 
Monocytes. Isolated from adult male lymphoma 
patient. Grown with complete RPMI 1640. Subcultured 
every 2-3 days 

THP-1 (ATCC:TIB-202) 
Monocytes. Isolated from acute monocytic leukaemia 
patient. Grown with THP1 media. Subcultured every 3-
4 days 

ARH-77 (ATCC:CRL-
1621) 

Isolated from IgG plasma cell leukaemia patient. EBV 
transformed. Grown with ARH-77 media. Subcultured 
every 3 days. For IgG production, culture was left to 
grow for 7 days. 

 

2.1.4 Protein Expression and Analysis 

2.1.4.1 Reagents  

Coomassie stain:  0.06% Brilliant Blue R-250 (Sigma Aldrich, USA) / 50% 

ethanol (Labserv, NZ) / 7.5% acetic acid 

Coomassie destain: 25% ethanol / 8% acetic acid 

Membrane stripping solution: 100 mM 2-mercaptoethanol (Sigma Aldrich, USA) / 2% 

SDS / 62.5 mM Tris HCl, pH 6.7  

Mono S buffer A: 50 mM sodium phosphate, pH 8.0 / 300 mM NaCl 

Mono S buffer B: 50 mM sodium phosphate, pH 8.0 / 1M NaCl 

NTA Buffer I: 50 mM sodium phosphate, pH 8.0 / 300 mM NaCl / 10 

mM imidazole / 10% v/v glycerol 

NTA buffer II: 50 mM sodium phosphate, pH 8.0 / 300 mM NaCl / 100 

mM imidazole 

NTA Buffer III: 50 mM sodium phosphate, pH 8.0 / 300 mM NaCl 
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Phosphate-buffered saline (PBS): 120 mM NaCl / 10 mM Na2HPO4 / 2.7 mM KCl / 1.76 

mM KH2PO4 

PBS-T: PBS pH 7.4/ 0.05% v/v Tween 20 (Sigma Aldrich, USA) 

Pull-down assay wash buffer: 1% v/v Triton X-100 / 0.1% w/v SDS / 500 mM NaCl / 

10 mM Tris HCl, pH 8.0 

Prothrombin HQ buffer A: 10 mM Tris pH 8.5 

Prothrombin HQ buffer B: 10 mM Tris pH 8.5 / 1M NaCl 

Reducing 2 x SDS-PAGE  

Sample buffer: 125 mM Tris HCl, pH 6.8 / 4.1% SDS / 20% glycerol / 1 

x 10-4% Bromophenol Blue / 300 mM 2-mercaptoethanol 

SDS-PAGE solution A: 30% acrylamide / 0.8% bisacrylamide (Carl Roth, 

France) 

SDS-PAGE solution B: 1.5 M Tris HCl, pH 8.8/ 0.4% SDS 

SDS-PAGE solution C: 0.5 M Tris HCl, pH 6.8/ 0.4% SDS  

SDS-PAGE running buffer: 25 mM Tris HCl / 250 mM glycine / 0.1% SDS 

Towbin Western Transfer buffer: 0.192 M glycine / 25 mM Tris HCl, pH 8.3 / 1.3 mM SDS 

/ 20% methanol (Merck, Germany) 

Tris-buffered saline (TBS): 10 mM Tris HCl, pH 8.0 / 120 mM NaCl 

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

TSA buffer: 10 mM Tris HCl, pH 8.0 / 140 mM NaCl / 0.025% NaN3  

 

2.1.5 Functional assays  

2.1.5.1 Reagents 

ELISA coating buffer: 15 mM Na2CO3 / 35 mM NaHCO3 / 0.01% NaN3, pH 9.6 

ELISA developing solution: 50 mM citric acid / 100 mM Na2HPO4 / 0.012% H2O2 / 

0.5 mg/mL o-phenylenediamine dihydrochloride  

GHB Stock buffer: 1 M NaCl / 0.4 M Hepes1, pH 7.35/ 0.66% Bovine Skin, 

Type B gelatin (Sigma Aldrich, USA) 

5 x GHB+ buffer: 75% GHB stock buffer / 0.3 mM CaCl2 / 2 mM MgCl2 

1 Barbiturate substituted for Hepes in GVB buffer due to import restrictions in New Zealand 
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5x GHB/MgEGTA 75% GHB stock buffer / 10 mM EGTA / 10 mM MgCl2 

Phagocytosis buffer: 150 mM NaCl / 5 mM KCl / 1 mM MgCl2 / 1 mM CaCl2 

/ 20 mM Hepes, pH 7.4/ 10 mM glucose 
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2.1.6 Antibodies: 

Table 2.4 Summary of antibodies used in this study 

Antibodies Label Source Description Dilution 

Sheep-α-human C1q none Serotec, UK Polyclonal 1:2000 

Goat-α- human C2 none Calbiochem, 
Germany 

Polyclonal 1:4000 

Rabbit-α- human C3c none Sigma Aldrich, USA Polyclonal 1:4000 

Goat-α-human C4 none Calbiochem, 
Germany Polyclonal 1:10000 

Mouse-α-human C5a none R&D Systems Monoclonal 10 μg/ml 

Rabbit-α-human C5a none Calbiochem, 
Germany Polyclonal 1:1000 

Mouse-α-human C5b-9 none AbCam, UK Monoclonal 1:4000 

Sheep-α- human 
prothrombin 

none AbCam, UK Polyclonal 1:2000 

Goat-α- human 
plasminogen 

none AbCam, UK Polyclonal 1:2000 

Rabbit-α-SSL10 none In house polyclonal 1:4000 

Goat-α-mouse IgG HRP Serotec, UK Secondary 
antibody 1:2000 

Goat-α-rabbit IgG HRP Dako, Denmark Secondary 
antibody 1:2000 

Rabbit-α-goat IgG HRP Serotec, UK Secondary 
antibody 1:10000 

Streptavidin HRP BD Pharmingen, UK Biotin specific 1:2500 

46 

 



2.2 Methods 

2.2.1 Molecular biology methods 

2.2.1.1 Polymerase Chain Reaction  

Polymerase chain reaction (PCR) was performed in 50 µL reaction volumes, containing 1 x 

PCR buffer, 2.5 mM MgCl2, 100 µM of each dNTP (Bioline, UK), 0.2 µM of forward and 

reverse primers, 5 units of Taq DNA polymerase (generated as a recombinant protein from an 

E. coli clone) and ~ 1 µg of template DNA. Reactions were performed using an Eppendorf 

Mastercycler (Eppendorf, Germany) with the following cycling conditions: denaturation at 94 

°C for 5 min; 25 cycles of 30 sec of denaturation (94 °C), 1 min of annealing at 53 °C; 1 min 

of elongation (72 °C); followed by a final elongation at 72 °C for 5 min. For colony screening, 

reaction volumes were reduced to 25 µL. 

 

For over-lap PCR used in site-directed mutagenesis, two separate amplification steps were 

performed. The first PCR step used one internal primer carrying the nucleotide substitution and 

one external full length ssl10 primer to generate DNA fragments containing the desired 

mutation. The resultant fragments overlap with each other at the mutation region. ssl10 wild 

type DNA was used as the template in the first amplification step. The fragments were purified 

by gel extraction (section 2.2.1.2.2). In the second PCR step, the fragments were combined 1:1 

with the full length primers to generate mutated full length ssl10. Fifteen amplification cycles 

were performed for each PCR step.  

 

For random mutagenesis, the gene encoding SSL10 C-terminal domain was used as the 

template. To promote the incorporation of error codons during the PCR process, the original 

reaction mixture was altered to the following: 0.2 μg template DNA; 0.2 µM of forward and 

reverse primers; 5 units of Taq DNA polymerase; 7 mM MgCl2; 0.5 mM MnCl2; 20 μM dATP; 

20 μM dGTP; 100 μM dTTP and 100 μM dCTP with PCR buffer to make up to 50 μl. A total 

of 30 PCR cycles, with 2 min of elongation for each cycle, were carried out for each reaction.  

 

2.2.1.2 DNA analysis and purification 

2.2.1.2.1 Agarose gel electrophoresis 
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Plasmid DNA and PCR products were prepared in 1 x DNA loading dye and were 

electrophoresed at 100 V for 30 min on 1% w/v agarose (Bioline,UK) gels in TAE buffer. Gels 

were stained in 1 x SYBR® safe (Invitrogen, USA) in TAE buffer for 10 min and washed with 

ddH2O for 10 min. DNA bands were visualized  under blue light using a Gel Doc EZ (Bio-

Rad, USA). 1Kb+ DNA ladder (Invitrogen, USA) was used as a reference for product sizes. 

 

2.2.1.2.2 DNA extraction from agarose gels 

DNA bands were excised over a blue light source. Gel blocks were transferred to microfuge 

tubes containing filter pipette tips; placed on top of the filter and frozen at – 80 °C for a 

minimum of 30 min. Following rapid thawing at room temperature (RT), the microfuge tubes 

were centrifuged at 16200 g for 5 min. The DNA containing solution was filtered through to 

the microfuge tubes while the agarose remained on top of the filter. The DNA solution was 

used directly in PCR. For digestion, ligation and transformation, the solution was cleaned with 

the DNA Clean & Concentrator™-5 kit (Zymo, USA) following the manufacturer’s 

instructions.  

 

2.2.1.2.3 Phenol:Chloroform extraction and ethanol precipitation 

DNA volumes were adjusted to at least 50 µL with sterile MQ H2O and combined with one 

volume of 1:1 phenol:chloroform. After vigorous vortexing, the mixture was microcentrifuged 

at 16200 g for 10 min. The upper DNA-containing phase was transferred to a fresh tube and 

precipitated with 2 volumes of pure ethanol and 0.1 volumes of 3M sodium acetate pH 5.2 for 

10 min on ice. The DNA was pelleted by microcentrifugation at 16200 g for 10 min; 

supernatant was removed and the pellet was allowed to dry briefly at RT. DNA pellets were 

resuspended in 10 µL of sterile MQ H2O. 

 

2.2.1.3 DNA  Manipulation 

2.2.1.3.1 Restriction endonuclease digestion of DNA 

Vector DNA or PCR products were typically digested in 50 µL reaction volumes containing 

1μl of Bam HI (Roche, Germany) and 1 μl of Eco RI (Roche, Germany); 5 μl of 10 x buffer B 

(Roche, Germany) and MQ H2O. Digestions were carried out for 2 h at 37 °C.   
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2.2.1.3.2 Ligation of DNA 

Linearized vector and digested insert DNA were purified as described in section 2.2.1.2.2 or 

by the DNA Clean & Concentrator™-5 kit (Zymo, USA). Typically, they were ligated at a 3:1 

insert:vector molar ratio with 1 unit of T4 DNA ligase and 1 μl of 10 x ligation buffer (Roche, 

Germany) as specified by the manufacturer’s instructions. A 12:1 insert:vector ratio was used 

for ligating random mutagenesis products. The reactions were carried out in a total volume of 

10 µl for at least 3 hr at RT.  

 

2.2.1.4 Plasmid Purification and Transformation 

2.2.1.4.1 Plasmid mini-prep by alkaline lysis 

E. coli DH5α containing a plasmid of interest was grown overnight in LB broth (2 mL) 

containing appropriate antibiotics at 37 °C with agitation (200 rpm). Bacteria were recovered 

by microcentrifugation at 3600 g for 5 min and then resuspended in 100 µL of plasmid 

preparation solution A.  Bacteria were lysed by the addition of 200 µL plasmid preparation 

solution B, mixed by gentle inversion and then neutralized by the addition of 150 µL plasmid 

preparation solution C. Plasmid containing solution was recovered by microcentrifugation at 

16200 g for 15 min and then transferred to a fresh microcentrifuge tube. DNA was precipitated 

by incubation with 1 mL of pure ethanol for 3 – 5 min at RT and then pelleted by 

microcentrifugation at 16200 g for 10 min. DNA pellets were resuspended in 45 µL sterile MQ 

H2O. Contaminating RNA was removed by incubation with 10 µg/mL DNase-free RNase A 

(Promega, USA) for 30 min at 37 °C and then the plasmid was purified by phenol:chloroform 

extraction and ethanol precipitation as specified in section 2.2.1.2.3. 

 

2.2.1.4.2 Preparation of chemically competent E. coli 

E. coli (DH5α or AD494 (DE3)pLysS) was cultured in LB broth (2 mL) containing 20 mM 

MgSO4 and 10 mM KCl overnight at 37 °C with agitation (200 rpm).  For strain 

AD494(DE3)pLysS, 30 µg/mL chloramphenicol and 15 µg/mL Kanamycin were included in 

the culture medium to maintain the pLysS plasmid. Overnight cultures were diluted 100-fold 

and allowed to continue growing at 37 °C with agitation until the optical density (OD) (A600) 

was between 0.3 and 0.4. Bacteria were harvested by centrifugation at 3600 g for 5 min at 4 °C 

and then gently resuspended in 50 mL of ice-cold TFBI buffer. Resuspended pellets were 

incubated on ice for 60 min and then centrifuged at 3600 g for 5 min at 4 °C. Supernatant was 
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discarded and then the pellet was gently resuspended in 4 mL of ice cold TFBII buffer. 

Competent cells were aliquoted, snap frozen and stored at – 80 °C.  

    

2.2.1.4.3 Preparation of electrocompetent E.coli  

E.coli strain AD494 (DE3)pLysS was cultured in LB with 30 µg/mL chloramphenicol and 15 

µg/mL kanamycin at 37 °C overnight. The next day, the culture was diluted 100 fold and 

allowed to grow to OD600 0.5. Bacterial cells were collected by centrifugation at 3600 g for 

10 min at 4 °C and washed twice with ice-cold MQ H2O. Cells were then resuspended in ice-

cold MQ H2O, aliquoted, snap frozen and stored at – 80 °C 

 

2.2.1.4.4 Transformation of chemically competent E. coli 

Chemically competent E. coli (50 µL) (section 2.2.1.4.2) were thawed on ice and then 

incubated with 5 µL of ligation mixture (section 2.2.1.3.2) or 1 µL of purified plasmid for 10 

min on ice. Bacteria were heat shocked at 42 °C for 45 s and then recovered on ice for 5 min. 

Bacteria were then incubated in 950 μl LB broth at 37 °C for 30 min. Bacteria were pelleted 

by microcentrifugation at 3600 g for 10 min and then resuspended in ~ 100 µL of LB broth. 

The transformed bacteria were selected on LB–agar plates containing the appropriate 

antibiotics and incubated overnight at 37 °C. Colonies were screened by PCR to confirm the 

presence of insert DNA (section 2.2.1.1) 

 

2.2.1.4.5 Electroporation of electrocompetent E.coli 

A volume of 50 μl of electrocompetent E.coli strain AD494 (DE3)pLysS (section 2.2.1.4.3) 

was mixed with 50 ng of ligation mixture (for random mutagenesis, section 2.2.1.3.2) in a pre-

chilled electroporation cuvette (1mm) on ice. After 5 min incubation, bacterial cells were 

electroporated with a GenePulser Xcell (Biorad, USA) at 1800 V (μF=25, Ω=200) for 4.8 msec. 

For recovery, 1 ml of 2XYT medium was immediately added to the cells after electroporation. 

Cells were transferred to a microtube and recovered at 37 °C for 1 hr. A 10 fold and 100 fold 

dilution of each were spread on LB-agar plates containing the appropriate antibiotics. After 

overnight incubation at 37 °C, colonies were screened by PCR for positive transformants 

(section 2.2.1.1). 
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2.2.1.5 Plasmid preparation for sequencing 

Plasmid constructs selected for sequencing were purified by the Zyppy™ Plasmid Miniprep 

Kit (Zymo, USA) to ensure the quality of the plasmid. Bacteria were recovered from 3 mls of 

culture by microcentrifugation at 16200 g for 1 min. Pellets were resuspended in 600 μl of MQ 

H2O. Bacteria were lysed, neutralized and passed through silica columns as per the 

manufacturer’s instructions. The plasmid DNA was eluted with 30 μl MQ H2O. DNA was 

quantified by UV spectrometry (ND-1000 Spectrometer, Nanodrop) and sequenced on a 

capillary ABI3730 Genetic Analyzer (Applied Biosystems Inc.) at the Allan Wilson Centre for 

Genomics and Proteomics, Massey University, Palmerston North, NZ. S-Tag (5’ – 3’: 

GAACGCCAGCACATGGAC) and T7R (5’ – 3’: GCTAGTTATTGCTCAGCGG) primers 

were routinely used for sequencing of inserts ligated into the pET32a.3C expression vector.     

 

2.2.1.6 Preparation of glycerol stocks 

Stationary phase bacterial cultures of sequence-confirmed E. coli transformants were mixed 

with glycerol to a final concentration of 15 % and frozen rapidly in cryotubes (Nunc, Denmark) 

at – 80 °C.  

 

2.2.2 Protein expression and purification methods 

2.2.2.1 Recombinant protein expression using the pET expression system 

E. coli (AD494(DE3)pLysS) transformed with the pET32a.3C:ssl10 (wild type or mutant) were 

cultured in 100 mL of LB broth with 50 µg/mL ampicillin, 34 µg/mL chloramphenicol and 15 

µg/mL kanamycin at 37 °C overnight with agitation (200 rpm). The following day, cultures 

were diluted 10 – fold in 1 L of LB broth with the appropriate antibiotics and allowed to grow 

for 1 h at 37 °C with agitation (200 rpm). After cooling to the appropriate induction temperature 

(28 °C), the cultures were induced with 0.1 mM IPTG (Kramel Biotech, UK) for 4 hrs. Bacteria 

were then harvested by centrifugation at 3600 g for 45 min at 4 °C. The pellets were 

resuspended in 50 ml NTA buffer I containing 1% w/v Triton X-100 and 0.1 mM PMSF and 

were frozen at -80 ⁰C to facilitate lysis. 

 

2.2.2.2 Protein purification 
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2.2.2.3 Protein extraction from E. coli 

Frozen bacterial suspensions were thawed on ice. The bacteria were lysed by sonication on ice 

using a Misonix XL2015 sonicator (power level 6, 75% pulse) for 2 x 1 min periods with a 1 

min interval in between to cool. Bacterial debris and the insoluble fraction were pelleted by 

centrifugation at 16200 g for 10 min at 4°C. The soluble lysate was retained for recombinant 

protein purification. 

 

2.2.2.3.1 Nickel affinity chromatography   

Bacterial lysate containing soluble proteins was passed over a Ni2+-IDA Sepharose column 

(approximately 3 ml, prepared in-house) that had been equilibrated with NTA buffer I. The 

column was then washed with ~ 10 column volumes (cv) of NTA buffer I and then 10 cv of 

NTA buffer III. Bound fusion protein was directly eluted by NTA II buffer. Fusion protein was 

then cleaved by the addition of 3C protease (1/100 of estimated fusion protein) and 1 mM DTT 

overnight at 4 °C. Recombinant SSL10 was purified from the protein mixture by cation 

exchange chromatography (section 2.2.2.3.2).  

 

2.2.2.3.2 Cation exchange Chromatography 

Cleaved SSL10 and SSL10 mutants were purified by cation exchange chromatography using a 

Mono S FPLC column (GE Healthcare, Sweden) on an AKTA fast protein liquid 

chromatography (FPLC) system (GE Healthcare, USA). Proteins were dialyzed, using 

cellulose dialysis tubing (Sigma, USA), into Mono S buffer A and then applied to the column 

at 1.5 ml/min in 3 ml batches. Bound protein was eluted over a linear gradient from 0-83% 

mono S buffer B over 10 cv at a flow rate of 1.5 ml/min. Fractions were collected by peak 

absorbance at 280 nm and analyzed by SDS-PAGE. Fractions with a high degree of purity were 

dialyzed into PBS, pH 7.4. Protein concentration was determined by UV spectrometry (ND-

1000 Spectrometer, Nanodrop).  

 

2.2.2.3.3 IgG purification 

Human polyclonal IgG from plasma and IgG1 produced by ARH-77 cells were purified by 

passing plasma or cell line supernatant through HiTrap™ Protein G HP Columns (GE 

Healthcare, Sweden) on an AKTA FPLC system. Human plasma or cell line supernatant was 
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diluted 1:1 v/v with PBS, pH 7.4 and spun at 16200 g for 10 min to remove precipitated 

substances. The supernatant was filtered through a 0.22 μm filter and applied to the protein G 

column pre-equilibrated with at least 3 cv of PBS, pH7.4. Bound Ig was eluted with 100 mM 

glycine, pH 3.0 into 1 M Tris-HCl, pH 9.0 to neutralize the pH (about 1/10 of the elution 

volume). The elutate was dialyzed overnight into PBS, pH 7.4, sterilized by 0.22 μm filter, 

liquated and stored at 4 °C. Protein concentration was determined by UV spectrometry (ND-

1000 Spectrometer, Nanodrop).  

 

For purification of human polyclonal IgG1 and IgG3, the total IgG eluted from protein G 

chromatography was first passed through POROS® Protein A Sepharose (Life technology, 

USA). The unbound fraction was collected as IgG3 and was dialyzed into PBS, pH 7.4. Bound 

Ig was eluted, neutralized and dialyzed as stated above. Then the eluted proteins were passed 

over SSL10 Sepharose. Bound IgG1 was eluted, neutralized, dialyzed and stored as above. 

 

2.2.2.3.4 Purification of endogenous human prothrombin 

Prothrombin was purified from sodium citrate-treated plasma according to a method 

established previously (Patel, 2011). Plasma proteins were precipitated with 1 M BaCl (0.8 

mL/10 mL plasma) for 1 h at 4 oC in the presence of 1 mM PMSF (Sigma Aldrich, USA). The 

mixture was spun at 5000 g for 10 min at 4 oC and the pellet was resuspended and washed once 

with 0.9% NaCl. After centrifugation, the precipitate was resuspended and resolublized in 0.5 

M EDTA pH 8 (1.5 mL/10 mL plasma) by rotating for 20 min at 4 oC. The protein solution 

was dialyzed to Prothrombin HQ buffer A overnight at 4 oC; applied to a HQ column (GE 

Healthcare, Sweden) and subjected to a linear NaCl gradient (0-1M) over 12 cv at 1 ml/min. 

Prothrombin elution occurred at approximately 0.7 M NaCl. 
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2.2.3 Protein Analysis and Manipulation 

2.2.3.1 Protein electrophoresis 

2.2.3.1.1  Preparation of acrylamide minigel 

Acrylaminde minigels were prepared with a Hoefer SE 245 dual gel caster unit (GE Healthcare, 

USA). A single 12.5% separating gel was made according to the following recipe: 2.1 ml SDS-

PAGE solution A, 1.25 ml SDS-PAGE solution B, 1.5 mL MQ H2O, 4 µL TEMED (Promega, 

USA) and 30 µL 10 % APS (Invitrogen, USA). The gel was set in a gel caster unit with water-

saturated butanol (Sigma Aldrich, USA) overlaid. Once set, the butanol was removed and the 

stacker gel (4.5%) was added containing 0.25 ml SDS-PAGE solution A, 0.415 ml SDS-PAGE 

solution C, 1.0 ml MQ H2O, 20 µl 10% APS, and 1.65 µl TEMED. Lanes were defined by the 

addition of a comb. For different percentages of the separation gel, the volume of Solution A 

was adjusted accordingly.  

 

2.2.3.1.2  Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

One dimensional discontinuous sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) was conducted by a Hoefer SE 250 mini-vertical gel electrophoresis unit (GE 

Healthcare, USA). Typically 12.5% acrylamide running gels with 4.5% stacker gel 

(section 2.2.3.1.1) were used. Protein samples were diluted in 2 x SDS-PAGE reducing sample 

buffer (1:1 v/v) and denatured at 94 °C for 2 – 5 min. Electrophoresis was performed at 20 

mA/gel and at 200 V in SDS-PAGE running buffer using a Mighty Small II (GE Healthcare, 

USA) apparatus.   

 

2.2.3.1.3  Coomassie blue staining of SDS-PAGE gels 

After electrophoresis, SDS-PAGE gels were stained in Coomassie Blue stain for at least 30 

min at RT with gentle shaking (~50 rpm). The gel was then rinsed with ddH2O and destained 

in coomassie destain solution. 

 

2.2.3.1.4  Silver staining of SDS-PAGE gels 

Typically silver staining was performed after coomassie stain for the detection of less 

concentrated proteins. Destained gels were washed with ddH2O for 5 min, incubated with 
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0.02% Na2S2O3 for 3 min and then with 0.1% w/v AgNO3 for 10 min. The gels were washed 

briefly with ddH2O after each step. Protein bands were developed by incubating the gel with 

freshly prepared 3% Na2CO3 / 0.05% formaldehyde / 0.0004% Na2S2O3 (~ 1 min). The 

reaction was stopped by the addition of an equal volume of 20% acetic acid. 

 

2.2.3.2 Western Blot 

Proteins of interest were separated by SDS-PAGE (section 2.2.3.1.2) and then transferred to 

nitrocellulose membrane (Biotrace®NT, Pall Life Sciences) in towbin western transfer buffer 

using a TE77 semi-dry transfer unit (GE Healthcare, USA). Protein transfer was confirmed by 

staining the membrane with 0.2 % Ponceau S (Sigma, USA). Non-specific binding sites were 

blocked by incubation with 5 % non-fat milk powder (NFMP) in TBS-T for a minimum of 1 

hr at RT with gentle agitation. Primary antibodies were diluted with 2.5 % NFMP/TBS-T and 

incubated with the membrane for 1 hr at RT or overnight at 4⁰C. The membranes were washed 

three times with TBS-T (5 min each time) and then incubated with appropriate secondary 

antibodies for 1 hr at RT. After washing with TBS-T, immobilized protein-antibody complexes 

were detected by chemiluminescence using an ECL Western Blotting Detection System (GE 

Healthcare, USA) then visualized using a Fujifilm LAS-3000 scanner and analysed by 

Multigauge software (Both GE Healthcare, USA). A list of primary and secondary antibodies 

and the dilutions used in this study can be found in Table 2.4. For detection of biotinylated 

protein (section 2.2.3.3.2), after blocking, membranes were directly probed with Streptavidin-

HRP conjugate (1/2000 dilution in 2.5% NFMP/TBST). The membranes were developed and 

visualized as above. 

 

2.2.3.3 Protein coupling methods 

2.2.3.3.1  Coupling proteins to cyanogen-bromide activated Sepharose 

Cyanogen bromide (CnBr)-activated Sepharose (GE Healthcare, USA) was hydrated and 

washed several times with 1 mM HCl (Merck, Germany) and kept as a 1:1 slurry in HCl. 

Protein was incubated with Sepharose in PBS, pH 8.0 (1 mg protein:300 µl Sepharose slurry) 

for 1 hr at RT with constant inversion by rotation. Protein coupled Sepharose was pelleted by 

microcentrifugation at 16200 g for 1 min. Supernatant was retained to check coupling 

efficiency by spectrometry or SDS-PAGE. After washing with PBS, pH 8.0 six times, the 

remaining active groups of the coupled-Sepharose were blocked by incubation with 100 mM 
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Tris HCl, pH 8.0 overnight at 4⁰C. Coupled-Sepharose was washed thoroughly with PBS, pH 

8.0 and then stored 1:1 in PBS containing 0.025% NaN3 at 4 °C. 

 

2.2.3.3.2  Biotinylation of proteins 

Biotinylation was performed essentially following the manufacturer’s instructions. Briefly, 10 

mM Sulfo-NHS-Biotin (Pierce, USA) was prepared immediately before use as specified by the 

manufacturer (2.2 mg of biotin powder in 360 μl of MQ H2O). Biotin was added in 20 molar 

excess to SSL10 (2 mg/ml) and the reaction was allowed to proceed for 2 hr on ice or 30 min 

at RT. Un-conjugated biotin was removed by extensive dialysis against PBS, pH 8.0. Success 

of biotinylation was determined by western analysis as specified in section 2.2.3.2. 

 

2.2.3.3.3 Coupling proteins to fluorophore 

To couple to Fluorescein, a succinimidyl ester of 5-(6)-carboxyfluorescein diacetate 

(Molecular Probes, USA) was dissolved in dimethyl sulfoxide (DMSF) at 4 mg/mL 

immediately before use. In general, 5 ul of fluorescein solution was added slowly to 500 ul of 

2 mg/ml SSL10 in PBS, pH 7.4. The reaction was allowed to proceed for 2 hr at RT in the dark. 

Excess free Fluorescein was removed by gel filtration through a G25 Sephadex column. The 

proteins were collected in small aliquots and were run on SDS-PAGE gel. Gels were viewed 

under UV light and fractions containing the Fluorescein-conjugated protein were pooled and 

the fluorescein:protein (OD495nm:OD280nm) ratio was measured. A value between 0.3 and 0.7 

was considered optimal. Protein concentration was calculated as OD280nm - (OD495nm x 0.3) / 

extinction coefficient of SSL10 

 

The procedure to couple SSL10 to Alexa Fluor 488 (Molecular Probes, USA) was essentially 

the same as above with the following exceptions. A 10 molar excess of the dye was used in the 

coupling reaction. After separation on G25 Sephadex, the pooled fractions were further 

dialyzed in PBS, pH 7.4 extensively. Protein concentration was calculated as OD280nm - 

(OD495nm x 0.11) / extinction coefficient of SSL10. 
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2.2.3.4 Heat aggregation of IgG 

Human IgG (10 mg/ml) purified by protein G chromatography (section 2.2.2.3.3) was heated 

at 65⁰C for 30 min. Particulate aggregates were removed by microcentrifugation at 16200 g 

for 5 min at 4 ⁰C. Aggregated IgG was diluted to 1 mg/ml with PBS, pH7.4 and kept at 4 ⁰C 

for short term storage or -80 ⁰C for long term storage. 

 

2.2.3.5 Binding assays 

2.2.3.5.1 Pull-down assays 

Typically, pull-down assays were performed using 10 µl of protein-coupled Sepharose slurry 

(prepared in section 2.2.3.3.1) and 100 μl human serum with TSA buffer to bring the final 

volume up to 500 µl. Samples were incubated for 1 h at RT with constant inversion by rotation, 

then microcentrifuged at 16200 g for 1 min to pellet Sepharose. Supernatant was removed by 

pipetting and then the Sepharose was washed three times with pull-down wash buffer, one time 

with TSA buffer, followed by a single wash with 50 mM Tris HCl, pH 6.8. Residual liquid was 

removed using a Hamilton syringe and then Sepharose was resuspended in 10 µL of reducing 

2x SDS-PAGE loading buffer. Bound proteins were eluted by boiling at 95 °C for 5 min and 

then analyzed by SDS-PAGE as specified in section 2.2.3.1.2  and western blotting as specified 

in section 2.2.3.2.     

 

2.2.3.5.2 Enzyme-Linked Immunosorbent Assay 

Enzyme-Linked ImmunoSorbent Assays (ELISAs) were performed using MaxiSorp Immuno-

assay plates (Nunc, Denmark). For binding assays, 50 μl of SSL10 or mutant protein of suitable 

concentration, diluted in ELISA coating buffer, was coated onto a MaxiSorp plate overnight at 

4 ⁰C. Buffer alone was coated at the same time as the negative control. Wells were blocked 

with 100 μl of 0.5% BSA / PBS, pH 7.4 for at least 1 hr at RT. Proteins of interest were diluted 

in 0.25% BSA / PBS, pH 7.4 to various concentrations and 50 μl of the solution was incubated 

with each well for 1 hr at RT. The plate was then incubated with appropriate primary antibodies 

and then secondary antibodies (diluted in 0.25% BSA / PBS, pH 7.4) for 1 hr each at RT. The 

plate was washed with PBS-T, pH 7.4 at least four times after each step. The interaction was 

detected with developing solution and the reaction was stopped with 50 μl/well of 10% HCl. 
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Absorbance at 490 nm was determined using a µQuant Microplate Spectrophotometer and 

analysed by K4 software (both Biotek Instruments Inc.).  

 

2.2.3.5.3 Isothermal titration calorimetry (ITC) 

The binding kinetics of 7 μM human polyclonal IgG1 and 70 μM SSL10 or mutants was 

measured by Isothermal titration calorimetry on a VP-ITC calorimeter (MicroCal, USA) in 

PBS pH 7.4 at 25 oC. The sample cell and syringe were rinsed with fresh MQ H2O and then 

primed with PBS, pH 7.4 before each experiment. The sample cell was pre-equilibrated to 

25 oC. After being degassed with a vacuum pump, 1.8 ml of IgG was carefully added into the 

sample cell (stirring at 307 rpm) and approximately 150 uL SSL10 was loaded in the syringe. 

The program was set up with an initial delay of 300 s, 300 μcal/s reference power; 2 s filter; 30 

10 μl injections (0.5 μL/s) and 240 s intervals between each consecutive injection. Injection of 

SSL10 into buffer alone was measured as a background control. All data was analyzed with 

Origin software (OriginLab, USA). 

 

2.2.3.6 Functional assays 

2.2.3.6.1  CH50 total complement hemolytic assays 

The CH50 total complement mediated hemolytic assays were performed using sheep red blood 

cells (SRBCs) and guinea pig serum in round bottom microtiter plates as previously specified 

(Jackson, 2008). Unstable sheep erythrocytes (1:1 in Alsevers solution) (Invitrogen, USA) 

were eliminated from the study by incubation with 1 X GHB+ buffer at 37 °C for 15 min. 

Erythrocytes were then washed with 1 X GHB+ buffer and pelleted by centrifugation at 1250 

g for 5 min at 4 °C. The process was repeated until the supernatant appeared clear. The SRBCs 

were then resuspended in 1 x GHB+ buffer to form a 2% suspension and sensitized (1:1 v/v) 

with rabbit anti-sheep erythrocyte antibody solution (1:2500 dilution) (Virion/Serion, 

Germany) at 37 °C for 30 min. Proteins were diluted to various concentrations with 1 X GHB+ 

buffer and 50 ul of diluted protein was incubated with 100 μl standardized guinea pig serum 

(1:300) and 100 μl sensitized SRBCs at 37°C for 60 min with occasional agitation. Unlysed 

erythrocytes were pelleted by centrifugation immediately after incubation and 200 μl 

supernatant was transferred to a flat bottom plate. The absorbance at 412 nm was determined 

using a Quant Microplate Spectrophotometer (Biotek Instruments Inc.). All experiments were 
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performed in duplicate. MQ H2O was used as a total lysis control. GHB+ buffer alone with 

RBCs was used as background lysis. Total lysis by serum was determined by incubating 100 

μl serum with 50 μl GHB+ buffer and 100 μl SRBCs. After being averaged and corrected with 

background lysis, measurements were expressed as percentage of serum lysis ± s.d. 

 

2.2.3.6.2  Human complement ELISAs 

MaxiSorp plates (Nunc, Denmark) were coated with heat-aggregated human IgG (25 μg/ml, 

section 2.2.3.4) for the complement classical pathway assay or mannan (20 μg/ml) for the lectin 

pathway assay or ELISA coating buffer (as negative control) overnight at 4 ⁰C. The plates were 

blocked by 100 μl 0.5% human serum albumin (HSA) in PBS, pH 7.4 for 1 hr at RT. The plates 

were incubated with 2% (final concentration) human serum from a healthy donor and an 

increasing concentration of SSL10 proteins in 1 x GHB+ buffer for 1 hr at 37 ⁰C. The deposition 

of C1q, C2, C4b, C3b or C5b-9 was detected by their respective antibodies (Table 2.4) and 

subsequently HRP conjugated secondary antibodies (Table 2.4) in half strength blocking 

buffer. The plates were washed and developed as described in section 2.2.3.5.2. A final volume 

of 50 μl solution was added in each well in all incubation steps unless stated otherwise. 

Complement activity was determined in duplicate and expressed as Abs 490 ± s.d. after being 

corrected with background reading from EGTA-treated serum.  

 

The alternative pathway activation assay was carried out essentially as stated above with the 

following exceptions: 0.5 mg/ml zymosan was coated overnight as the stimulus. 1x 

GHB/MgEGTA was used to ensure only the alternative pathway was activated in the assay.  

 

2.2.3.6.3 C5a capture ELISA 

The C5a capture ELISA was performed as described previously (Lorenz, 2012), with some 

modifications. MaxiSorp plates (Nunc, Denmark) were coated with 50 μl of 10 μg/ml 

monoclonal mouse anti-C5a antibody (Table 2.4) at 4 °C overnight and blocked by 5% HSA 

in PBS, pH 7.4 for at least 1 hr at RT. Human Serum (2.5%) was activated by 0.5 mg/ml 

zymosan in 1 x GHB+ buffer in the presence or absence of 4 μM SSL10 or mutant for 1 hr at 

37 °C. Zymosan was pelleted by centrifugation at 5500 g for 5 min at 4 °C. The supernatant 

was applied to the capture antibody and incubated for 1 hr at RT. The ELISA was carried out 
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as described in section 2.2.3.5.2 with polyclonal rabbit anti-human C5a as the primary detection 

antibody (Table 2.4).  

 

2.2.3.6.4 Bactericidal assay 

Serum complement mediated killing was tested using E. coli (strain DH5α). Exponential phase 

bacteria were incubated with human serum (5% and 2.5%) in 1 x GHB+ for 30 min at 37 °C 

unless otherwise stated. Proteins at suitable concentrations were co-incubated with the mixture. 

E. coli with serum only were set as the indication of maximal serum bactericidal activity. At 

the end of the incubation, complement mediated lysis was stopped by placing the samples on 

ice. Samples were diluted in 10-fold dilution series with ice cold PBS, and plated on LB agar. 

After overnight incubation at 37 °C, bacterial survival was determined by counting the cfu and 

expressed as mean cfu/ml ± s.d. 

Whole blood bactericidal activity was tested using S. aureus (Newman or Wood 46) and L. 

lactis. Exponential phase bacteria were incubated with heparinized or lepirudin-treated human 

whole blood in phagocytosis buffer for 3 hr at 37 °C with rotation. The intended bacteria 

concentrations are 1 x 106 cfu/ml for 10% blood and 5 x 106 cfu/ml for 50% blood, unless 

otherwise stated. Proteins at the stated concentrations were co-incubated with the mixture. S. 

aureus with blood only was set as the indication of maximal serum bactericidal activity. At the 

end of the incubation, clots formed in the blood sample were taken out, washed and physically 

disrupted by Omni Bead Ruptor with seven 2.8 mm Zirconium Ceramic Beads in a 2 ml Omni 

lysing tube for 5 sec at 3.4 m/s (Omni International Inc USA). The liquid and solid components 

of each sample were diluted in 10-fold dilution series with ice cold PBS, pH 7.4 and plated on 

TS agar in triplicate. After overnight incubation, bacterial survival was determined by counting 

the cfu and expressed as mean cfu/ml ± s.d. 

 

2.2.3.6.5 Blood coagulation assay 

Fresh platelet poor plasma was obtained by centrifuging citrated blood from healthy volunteers 

at 1500 g for 15 min at 4 oC. Plasma was diluted to 50 % or 25 % (v/v) in PBS pH 7.4 and was 

mixed with 0-1 μM SSL10 or mutants at RT. The clotting process was initiated by the addition 

of 10 mM CaCl2 and was measured by monitoring the change of turbidity at OD405nm and 
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OD620nm at RT over 40 to 50 min with a µQuant Microplate Spectrophotometer (Biotek 

Instruments Inc.) (Patel, 2011).  

 

S. aureus-induced blood coagulation was assessed following the procedure stated above except 

that in this assay live S. aureus (Newman, 1x 106 cfu/ml) was incubated with heparinized 

platelet poor plasma (20% or 50%) at 37 °C for 240 min.  

 

2.2.3.6.6 Binding of fluorescently labeled SSL10 to S. aureus  

Various concentrations of Alexa Fluor 488 labeled SSL10 were incubated with 1 x 

105 cfu/reaction live S. aureus (Newman) in PBS / 0.5%  HSA or in the presence of 100 μg 

IgG1 or 10% EDTA-treated plasma in the dark with occasional gentle mixing. Binding was 

allowed for 30 min at 37 °C. Cells were then washed 2 times in PBS, pH 7.4 and resupspended 

in 0.5 mL PBS. Samples were acquired with an LSRII flow cytometer (Becton Dickinson, 

USA) and 20000 events were collected for each sample. Data were collected with FACSDiva 

(Becton Dickinson, USA) and analyzed with FlowJo (Tree Star, Inc, Switzerland) 

 

2.2.3.6.7 Bacteria adherence assay 

Microtiter plates were pre-coated with fibrinogen (150 μg/well) or PBS and then incubated 

with 1 x 106 cfu/ml S. aureus Newman for 1 hr at 37 °C with gentle rotation. SSL10 (2 μM) 

was co-incubated with the bacteria. After the incubation, the plate was washed with PBS, pH 

7.4 three times and stained with 0.1 % (w/v) crystal violet for 30 min at RT. The plate was then 

washed three times with PBS, and air dried overnight. Incorporated dye was dissolved by 

incubating the plate with ethanol for 30 min at RT. The level of crystal violet in solution was 

determined by measuring the absorbance at 550 nm. 

 

2.2.4 Blood and cellular based methods 

2.2.4.1 Serum preparation 

Fresh blood was collected from healthy human volunteers in BD vacutainer serum tubes 

(Becton Dickinson, USA) and allowed to clot at RT for ~ 1 hr. To prepare the serum used in 

the complement ELISA, fresh human blood was only allowed to clot at RT for 15 min to reduce 
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the degradation of complement proteins. Serum was isolated by centrifugation at 1250 g for 20 

min at 4 °C, transferred to sterile microcentrifuge tubes under sterile conditions and 

immediately stored at – 80 °C. Guinea pig blood was collected in the Vernon Jansen Unit, the 

University of Auckland, and serum was prepared as described above.  

 

2.2.4.2 Heat inactivation of human serum 

Human serum was collected as described above (section 2.2.4.1) and heated at 56 ⁰C for 30 

min. Serum was then transferred to sterile microcentrifuge tubes under sterile conditions and 

stored immediately at -80 ⁰C until required.  

 

2.2.4.3 Isolation of peripheral blood mononuclear cells (PBMCs) from peripheral blood  

A histopaque (Sigma, USA) gradient was used to separate peripheral blood leukocytes from 

blood collected in sodium heparin or K3EDTA vacutainer tubes (Becton Dickinson, USA) from 

healthy human volunteers. A 2.5 ml volume of Histopaque 1077 was layered on top of 2.5 ml 

Histopaque 1191. Five ml blood was layered carefully on top of the gradient and spun at 700 

g for 30 min at RT with no brake. After the spin, plasma presents as the top layer, whereas the 

PBMCs can be found at the plasma / Histopaque 1077 interface. The cells collected were 

washed three times in PBS pH 7.4. Cell number was determined by hemocytometer.  

 

2.2.4.4 FcγR blocking assay 

Monoclonal human IgG1 produced by the ARH77 cell line and purified by Protein G 

chromatography (Section 2.2.2.3.3) was labelled with Fluorescein (Section 2.2.3.3.3). A total 

of 2 μg of IgG1-Fluorescein was incubated with 1 x 105 fresh human peripheral blood 

mononuclear cells (PBMC) (Section 2.2.4.3) or THP-1 cells in the presence of various 

concentrations of proteins in PBS. Binding was carried out in the dark at 4 °C with occasional 

gentle mixing for 15 min. Cells were then washed 2 times in PBS at 4 °C and resupspended in 

0.5 mL PBS. FACS tubes were kept on ice and in the dark until acquisition on the LSRII flow 

cytometer (Becton Dickinson, USA). Monocytes were gated based on size and granularity, and 

10000-30000 events were collected. Data were collected with FACSDiva (Becton Dickinson, 

USA) and analyzed using Flow Jo (Tree Star, Inc Switzerland). 
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 Mutagenesis and functional screening 
of SSL10 

3.1 Introduction 

SSL10 is a 25kDa protein that has been reported to interfere with several important aspects of 

host defense. These include inhibition of the complement system (Itoh et al., 2010; Patel, 2011) 

and the coagulation system (Itoh et al., 2013; Patel, 2011). A specific interaction with human 

IgG1 and a direct interaction with professional phagocytes have also been observed (Itoh et al., 

2012; Patel, 2011; Walenkamp et al., 2009). Though some putative interaction targets have 

been identified by pull down experiments, the direct linkage of those proteins to SSL10’s 

function has not been confirmed. Furthermore many of SSL10’s targets, such as the 

complement system and the coagulation system, are known to have heavy inter-connections. It 

is not clear if the observed functional properties of SSL10 are consequences of modulating one 

focal point or occur independently to each other. Equally interesting is how such a small protein 

conducts and coordinates such a diverse range of functions. One way to provide insight into 

these questions is to map the binding sites on SSL10 by mutagenesis. 

 

This chapter describes the mutagenesis and functional screening process that led to the 

identification of the IgG binding interface in addition to several residues that displayed 

improved complement inhibition activities. Two different mutagenesis approaches were used. 

A random mutation library for the C-SSL10 domain was constructed while single and 

combined targeted mutants were cloned and tested for IgG, complement and coagulation 

activity changes. Targeted mutagenesis was designed based on residues in regions of similar 

SSLs that are known to mediate ligands interaction and by analysis of the SSL10 structure 

solved by Dr. Deepa Patel during her PhD research (Patel, 2011). 
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3.2 Results 

3.2.1 Overview of mutant cloning and expression  

Until recently, only two major alleles (represented by the sequences from strain N315 and 

MRSA252) of SSL10 were available in published S. aureus genomes. These two alleles display 

no obvious functional differences and thus allelic comparison cannot be used to reveal potential 

regions of functional importance. Consequently, the initial selection of mutation target was 

based on homologous comparison with SSL7, another SSL protein that also interacts dually 

with immunoglobulin and the complement system (Langley et al., 2005). SSL7 binds IgA with 

its N-terminal OB fold domain and complement component 5 (C5) with the C-terminal domain 

(Langley et al., 2005; Laursen et al., 2010). A similar domain arrangement has been proposed 

for SSL10’s interaction (Patel, 2011). These functional similarities and sequence homology 

provided a start point for the current research. Once mutants with functional changes were 

identified, further targeted mutagenesis was selected based on structural analysis of SSL10. 

Intended mutations were introduced in the ssl10 gene by over-lap PCR, using a pair of internal 

overlap primers that contains the desired nucleotide change. ssl10 from clinical isolates MRSA 

33938 was used as the template DNA for all mutants created in this study. This strain is the 

same allele as strain N315 and was used in previous studies for the initial characterization of 

SSL10 (Patel, 2011),  

 

The Escherichia coli (E. coli) pET expression system (Novagen, USA) was used to clone and 

express SSL10 mutants as several SSLs, including SSL10, have been successfully produced by 

this system (Patel, 2011). Following digestion with respective restriction enzymes, the final 

amplification products were ligated into the expression vector pET32a:3C (Appendix I). 

Recombinant protein was purified by Ni 2+ affinity isolation followed by cation exchange 

chromatography with specifications established previously by Dr. Deepa Patel (Patel, 2011). 

All mutants constructed in this study were expressed as soluble proteins and at a similar level 

as the wild type SSL10. The biochemical properties and extinction coefficient of each mutant 

was estimated using ProtParam (http://web.expasy.org/protparam/) and listed in Appendix II. 

Mutant concentrations were calculated based on the absorbance at 280 nm and confirmed by 

SDS-PAGE electrophoresis (Appendixes III).  
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3.2.2 Overview of screening methods 

3.2.2.1 Methods for screening of SSL10/IgG binding activity changes 

Itoh et al. (2010) demonstrated that SSL10 prevented C1q binding to IgG coupled Sepharose, 

as a consequence of the SSL10/IgG interaction (Itoh et al., 2010). This property was explored 

to evaluate changes in the binding ability for each SSL10 variant. To effectively and 

quantitatively screen the mutants, an ELISA based competition assay was developed, in which 

the binding of serum C1q to plate-bound heat-aggregated IgG1 in the presence or absence of 

SSL10 was assessed using an anti-C1q antibody.  

 

The binding of C1q was only observed with IgG coated wells, confirming that binding was not 

due to non-specific deposition of C1q to the plate surface (Fig 3.1 A). SSL10 reduced C1q 

recognition in a dose-dependent fashion. The effect was specific since addition of SSL7, which 

binds complement C5, had no effect on C1q binding (Fig 3.1 B). To ensure the observed effect 

was not dependent on the interaction with other serum proteins, purified C1q at a concentration 

that is equivalent to that in 2% serum was applied to heat-aggregated IgG1 and the interaction 

of C1q and IgG was still disrupted by addition of SSL10 (Fig 3.1 C). Subsequently it was 

noticed that SSL10 was also able to reduce C1q binding to heat-aggregated total IgG (Appendix 

IV), presumably because IgG1 is the most abundant IgG isotype in the circulation and is the 

most significant IgG isotype to bind C1q. Heat-aggregated total IgG more closely represents 

the physiological situation and thus was used for testing the IgG binding ability of the mutants 

in subsequent experiments. The direct binding of IgG1 to SSL10 mutants was compared using 

plasma pull down experiments and confirmed by direct-binding ELISA. 
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Fig 3.1 The effect of SSL10 on the binding of C1q to heat-aggregated IgG1.  (A): The binding of C1q from serum was 

only detected in IgG coated wells in the presence of serum and in the presence of anti C1q antibody. (B) and (C): The effect 

of SSL10 and SSL7 on the binding of serum C1q (B) and purified C1q (10 nM) (C) to heat-aggregated IgG1. C1q binding in 

the absence of SSL proteins were set as 100% for (B) and (C). Data are expressed as mean value ± s.d. and represent two 

independent experiments. 
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3.2.2.2 Methods for screening complement activity changes 

SSL10 mutants were tested for their ability to inhibit complement using human complement 

activation ELISAs and the CH50 assay2. The interaction between SSL10 and human serum has 

been investigated previously using a commercial ELISA assay (Wieslab, Sweden) and was 

shown to be specific for the classical and lectin pathways (Patel, 2011). A modified version of 

the classical pathway activation ELISA was developed by Dr. Deepa Patel during her doctoral 

studies of SSL10, using surface-bound heat-aggregated human IgG as the initiating agent, 

which provides a simpler approach to investigate the influence of the SSL10/IgG interaction 

on complement activation (Patel, 2011). A mannan-induced complement activation ELISA was 

developed in this study based on the literature’s description of mannan-induced lectin pathway 

activation in vitro (Harboe et al., 2006; Mollnes et al., 2007). This activation ELISA uses 

mannan as the trigger for complement activation, providing a method to investigate SSL10’s 

inhibition of the human complement system independent of IgG activation. The formation of 

end-stage C5b-9, the MAC complex, was detected by a specific antibody and used as the read-

out for complement activity.  

The CH50 assay measures complement activation by the classical pathway and is used to test 

for complement deficiency in patients (Mollnes et al., 2007). This assay was modified to use 

guinea pig serum (GPS) as the complement source and antibody-sensitized sheep red blood 

cells (SRBC) as the stimulus (Jackson, 2008). A rabbit anti-sheep RBC antibody was used in 

this study as the opsonin. Since SSL10 is a human specific IgG binder, this assay presented an 

IgG independent system and was used as a measurement for SSL10’s direct interaction with 

the complement system (Patel, 2011). The extent of complement activity was quantified by the 

lysis of SRBCs, using the amount of hemoglobin released as the indicator, measured by the 

absorbance at 412nm. A titration of guinea pig serum prior to functional testing indicated that 

a 300-fold dilution of the GPS was sufficient to achieve majority lysis and this dilution was 

used in subsequent standardized screening (data not shown). 

 

 

2 50% Complement Haemolytic (CH50) Activity of Serum 
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3.2.3 Identification of the IgG binding site on SSL10 

3.2.3.1 Mutation of Y119/I184 showed impaired IgG binding 

A previous study has showed that mutations of residue D78 and D81 resulted in a reduction in 

FcγR competition, although no corresponding direct binding changes were observed (Patel, 

2011). To clarify if D78 and D81 are involved in IgG binding, the plasma pull down experiment 

was first repeated. Equal amounts of recombinant SSL10 and mutants were coupled to CNBr 

activated Sepharose. The degree of coupling was determined by measuring the post-coupling 

protein absorbance at 280nm. All couplings were 100% efficient. Fresh human plasma was 

incubated with SSL10, SSL10-D78A and SSL10-D81A coupled Sepharose and the level of 

IgG binding was compared. The protein binding profiles of the SSL10 mutants in comparison 

to SSL10 were examined by gel electrophoresis under reducing conditions. 

A previously cloned C-terminal mutant, SSL10-Y119A/I184T, was also included in the 

experiment. SSL10-Y119 was originally targeted because the residue was located in proximity 

to the position that is equivalent to the C5 binding residue D117 of SSL7. The I184T mutation 

was an additional PCR-introduced mutation that was initially believed to be of little 

consequence to protein function. Interestingly, this mutant was found to display improved 

complement inhibition in the CH50 assay (Personal communication, Dr. Deepa Patel, the 

University of Auckland). Thus the plasma binding ability of this mutant was also tested to 

identify binding changes that might correlate to the improved complement inhibition.  

IgG appeared as a 50 kDa heavy chain and a 25 kDa light chain by SDS-PAGE under 

reducing conditions. As shown in Fig 3.2, the most prominent effect on IgG binding was 

observed with SSL10-Y119A/I184T (Fig 3.2 A). Compared to wild type SSL10 (Lane 3), a 

much reduced amount of IgG was pulled out by SSL10-Y119A/I184T (Lane 4). SSL10-

D78A (Lane 5) only showed slightly impaired binding and the binding of IgG by SSL10-

D81A (Lane 6) was not notably different from that of SSL10 coupled Sepharose. The 

effect was reproduced by independent repeats using plasma from different donors.  

The interaction between human IgG and Y119A/I184T was then analyzed by direct binding 

ELISA (Fig 3.2 B). Various concentrations of human myeloma IgG1 were applied over 

immobilized SSL10, SSL10-D78A and SSL10-Y119A/I184T (0.5 μM). SSL7, which interacts 

with IgA but not IgG, was included as a negative control. IgG binding was detected using an 

anti-IgG antibody. SSL10 and SSL10-D78A bound IgG comparably. SSL10-Y119A/I184T, on 
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the other hand, displayed a profile resembling that of SSL7. At the highest IgG concentration 

used, binding to SSL10-Y119A/I184T coated wells was only marginally higher than 

background indicating substantially impaired binding by the double mutant. 

 

Fig 3.2 IgG binding by SSL10 and SSL10 mutants.  (A): Affinity purification of IgG from human plasma. EDTA treated 

plasma (10%) was incubated with 10 μl SSL10 or mutant coupled Sepharose for 1 hr at 4°C. The bound fraction was analyzed 

by SDS-PAGE under reducing conditions. IgG is shown as 50 kDa heavy chain and 25kDa light chain, as indicated by the 

stars. Lane 1: Benchmark protein ladder; Lane 2: blank Sepharose; Lane 3: SSL10 Sepharose; Lane 4: SSL10-Y119A/I184T 

Sepharose; Lane 5: SSL10-D78A Sepharose; Lane 6: SSL10-D81A Sepharose. Gel represents 3 independent experiments. 

(B): Direct binding of human monoclonal IgG1 (0-1 μM) to immobilized SSL10 or mutant (0.5 μΜ). Binding of IgG was 

detected by anti-IgG antibody. Data are expressed as mean absorbance ± s.d. from duplicate readings and represent two 

independent experiments. 
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3.2.3.2 The loss of IgG binding by SSL10-Y119A/I184T is due to mutation of residue I184 

As shown in the crystal structure of SSL10, the Y119 and I184 mutations are located on 

opposite sides of the protein, highlighting two areas that are potentially important in the 

IgG/SSL10 interaction (Fig 3.3 A). To narrow down the responsible interface, single mutants 

of Y119A and I184T were produced and analyzed for their ability to interact with IgG by 

plasma pull down (Fig 3.3 B). The binding profile of SSL10-I184T closely resembled that of 

SSL10-Y119A/I184T, with almost no IgG heavy chain and light chain detected, while SSL10-

Y119A bound IgG to a similar level as the wild type protein. The same binding ability was 

confirmed by the C1q competition assay, where the binding of serum C1q to heat-aggregated 

IgG was inhibited by SSL10 and SSL10-Y119A but the inhibition was largely reduced with 

both SSL10-I184T and SSL10-Y119A/I184T (Fig 3.3 C). Thus the reduced IgG binding is due 

to the mutation at residue I184.  
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Fig 3.3 The effects of separately mutating Y119 and I184 on IgG binding.  (A): The location of Y119 and I184 in the 

SSL10 crystal structure. (B): Affinity isolation of IgG from 10% EDTA treated human plasma by SSL10-I184T (Lane 1), 

SSL10 wild type (Lane 2), SSL10-Y119A (Lane 4) and SSL10-Y119A/I184T (Lane 5). Sepharose alone was used as control 

(Lane 3). (C): Displacement of serum C1q (2%) binding to heat aggregated IgG with increasing concentrations of SSL10 or 

mutants. C1q binding without addition of any protein was regarded as 100% and all the samples were normalized against this 

value. Experiments was conducted in duplicates and data were expressed as mean percentage of C1q binding ± s.d.. Data 

represent two independent experiments. 
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3.2.3.3 Further mutagenesis based on the region of SSL10 in which I184 is located 

As shown in Fig 3.4 A, I184 orientates slightly inwards and is surrounded by non-polar residues 

such as L130, L133, L161, Y167 and I189. Thus this residue is possibly involved in 

maintaining structural integrity of SSL10 rather than directly participating in an SSL10/ligand 

interaction. The observed loss of IgG1 binding could be due to a disruption of the local structure 

by substituting a hydrophobic isoleucine to a polar threonine, implying the potential 

involvement of this area in SSL10/IgG interaction. Thus further mutagenesis was carried out 

to investigate the residues in this local region. I184 locates at the bottom of the pocket formed 

by the β10 strand, β10/β11 loop and β11 strand (Fig 3.4 B). Interestingly, this interface has 

been shown in SSL2-6 and SSL11 to accommodate sialic acid binding (Langley & Fraser, 

2013), highlighting its potential involvement in SSL/ligand interactions. Thus surface exposed 

residues around that region were specifically targeted by overlap PCR. These include F166, 

N168, R172 and Y179, which locate on β10 and the loop region; plus E182 and Q188, whose 

side chains are directly adjacent to I184’s (Fig 3.5 ).  

Moreover the β10-β11 loop is packed against the N-terminal domain of SSL10, particularly 

loop 3 of the N-terminus. A stretch of 10 amino acids from loop 3 is missing from the crystal 

structure. This area was predicted to be flexible and therefore could have potential functional 

importance (Patel, 2011). In particular, residues Q61/Q62 and R63 were shown to marginally 

reduce SSL10’s competition with FcγR for IgG1(Patel, 2011). Thus, mutant Q61A/Q62A, 

R63A and the mutant Y65A/E66A which are located at the end of the missing loop were also 

tested for IgG-binding analysis (Fig 3.5). 
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Fig 3.4 Side and back view of SSL10 structure showing the location of I184.  (A): I184 (red) is surrounded by non-polar 

residues (yellow and green). From left to right, yellow residues represent L161, Y167 and L130. From left to right green 

residues are I189 and L133. (B): I184 resides on the β11 strand and is part of the pocket formed by the β10 strand, β10/β11 

loop and β11 strand. The numbering of other β sheets in the C-terminal domain is also indicated on the image. Images were 

generated using PyMOL. 
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Fig 3.5 SSL10 structure showing the location of residues (highlighted in green) in proximity to I184 (red) that have 

been selected for mutagenesis.  The start (G54) and end (Y65/E66) of loop3 are also indicated and highlighted in yellow. 

Image was generated using PyMOL. 
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3.2.3.4 Screening of the β10/β11 and loop 3 mutants for effects on IgG binding 

Mutants were screened for their ability to prevent C1q binding to heat aggregated IgG by 

ELISA. Several mutants exhibited altered C1q inhibition profiles but the most profound effect 

was observed with SSL10-F166A (Fig 3.6). In the experiment shown in Fig 3.6, the 50% 

inhibition of maximal C1q binding to IgG (IC50) occurred at approximately 0.2 μM SSL10 

(Fig 3.6 A). Substitution of F166 with an alanine almost abolished the inhibition on C1q 

binding to IgG, with 81% C1q still detected in the presence of 2 μM SSL10-F166A. SSL10-

N168A and SSL10-Y179A displayed partially reduced IgG/C1q interference: 50% inhibition 

of C1q binding to IgG was not detected with SSL10-N168A in the concentration range tested 

while the IC50 for SSL10-Y179A was estimated to be 1.62 μM, which is 8 times higher than 

wild type protein. A marginal decrease in C1q inhibition was also observed with SSL10-

R172A, with an approximately 2 fold increase in its IC50 value compared to the wild type 

protein (Fig 3.6 B). Mutation of the residues located in proximity to I184 (SSL10-Q188A and 

SSL10-E182A) did not result in noticeable changes in their C1q inhibition profile, supporting 

the theory that mutation of I184T lead to a general structural perturbation of this area rather 

than an inhibition of specific binding (Fig 3.6 A and B). Among the loop 3 mutants tested, only 

Q61A/Q62A displayed a decrease in C1q displacement. The 50% inhibition concentration 

required for this mutant was 3-fold higher than that of the wild type protein (Fig 3.6 C).  
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Fig 3.6 Comparison of SSL10 mutants in their ability to block C1q binding to IgG.  Normal human serum (2%) was 

incubated with heat aggregated IgG in the presence of different SSL10 proteins. The binding of C1q to IgG was measured by 

anti-C1q antibody. The activity change of F166A, Y179A, N168A and Q188A are included in (A); R172A and E182A are 

shown in (B) and Q61A/Q62A; R63A and Y65A/E66A are shown in (C). C1q binding in the absence of SSL10 was set as 

100% and all other readings were normalized to this. Experiments were all conducted in duplicates. Data represent two 

independent experiments and were expressed as mean percentage of C1q binding ± s.d. Dashed line indicates the protein 

concentration required to achieve 50% inhibition (IC50).  
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The mutants that showed altered C1q inhibition were then tested for their ability to interact 

with IgG by the plasma pull down experiment (Fig 3.7). Compared to wild type protein (Lane 

2 and Lane 9), IgG binding was clearly reduced with SSL10-F166A (Lane 3), -Y179A (Lane 

5) and –N168A (Lane 10), as indicated by the disappearance of IgG fragments. At the same 

time other plasma proteins, such as fibrinogen, were bound at a similar concentration as the 

wild type SSL10, suggesting the reduction of IgG binding was specific and was not a result of 

different levels of protein coupling. SSL10-R172A (Lane 4) showed a slight reduction of IgG 

binding while SSL10–Q61A/Q62A (Lane 6) and SSL10-R63A (Lane 7) did not display 

significant loss of binding compared to the wild type protein. Taken together, the current data 

identified an area that is important for IgG binding. The interface involves residues F166, N168 

and Y179 with F166 playing the key role in mediating this interaction.  

 

 

 

Fig 3.7 Plasma binding experiment confirming the differences in IgG interaction with SSL10 mutant proteins.  EDTA 

treated plasma (10%) was incubated with SSL10 protein coupled Sepharose at 4°C for 1 hr. Bound protein was analyzed by 

SDS-PAGE gel electrophoresis under reducing conditions. Lane 1 and Lane 8: blank Sepharose; Lane 2 and Lane 9: SSL10 

coupled Sepharose; Lane 3: SSL10-F166A coupled Sepharose; Lane 4: SSL10-R172A coupled Sepharose; Lane 5: SSL10-

Y179A coupled Sepharose; Lane 6: SSL10-Q61A/Q62A coupled Sepharose; Lane 7: SSL10-R63A coupled Sepharose; and 

Lane 10: SSL10-N168A coupled Sepharose. Arrows indicate the heavy (50 kDa) and light chain (25 kDa) of IgG. The stars 

indicate the three chains of fibrinogen which bound at consistent levels across all the mutants and acted as internal consistency 

controls. Identity of these proteins were previously determined (Patel, 2011). Data represents two independent experiments.  
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3.2.3.5 Finalizing the IgG binding site  

To fully knock out IgG binding, a mutant combining F166A/N168A/Y179A (SSL10-FNY) 

was made. The mutant was soluble and expressed normally. Additionally no solubility changes 

of the purified protein over time were observed, indicating the folding of the triple mutant was 

stable. The binding of IgG by SSL10-FNY from plasma was abolished, as indicated by the 

absence of IgG fragments in SSL10-FNY bound fractions as opposed to unaffected fibrinogen 

binding (Fig 3.8 A, Lane 3). SSL10-Q188A (Lane 4) bound IgG at the same level as wild type 

SSL10 (Lane 2), serving as a control. Direct binding of purified IgG1 (0-0.25 μM) to surface 

immobilized SSL10, SSL10-FNY, and the individual single mutants was tested by ELISA 

(Fig 3.8 B). IgG binding reached saturation at 0.125 μM, a concentration that is roughly 1:1 to 

the coating concentration of SSL10. All the mutant proteins displayed largely impaired IgG 

binding, with the combined mutant exhibiting the lowest affinity.  

 

 

Fig 3.8 . Binding of plasma IgG (A) and purified IgG (B) to immobilized SSL10 and SSL10 mutants. (A): Plasma pull 

down by SSL10 and SSL10-FNY. Lane 1: blank Sepharose; Lane 2: SSL10 coupled Sepharose; Lane 3: SSL10-FNY coupled 

Sepharose; Lane 4: SSL10-Q188A coupled Sepharose. (B): direct binding of IgG1 to SSL10 coated ELISA plates. The 

experiments were carried out in duplicate and data are expressed as mean absorbance ± s.d. Data represent two independent 

experiments. 
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To investigate the binding affinity of SSL10-FNY to IgG1, isothermal titration calorimetry 

(ITC) analysis was performed. ITC measures binding interactions in solution and therefore 

eliminates the problem of non-specific electrostatic interaction associated with surface 

immobilization (Wiseman et al., 1989). SSL10 or SSL10-FNY was titrated into the solution of 

human polyclonal IgG1 by repeated injection over a 2 hr time period. The interaction was 

maintained at 25°C in PBS, pH 7.4. The interaction of SSL10 and IgG1 causes heat change in 

the solution. The heat change of each injection was recorded and plotted as a function of time. 

Heat changes caused by injection of SSL10 proteins into PBS were taken as background control 

and were corrected from the experiment data. In agreement with previous results (Patel, 2011), 

the binding of SSL10 to IgG could be fitted into a single site binding model with a Chi 

square/DoF (degree of freedom) of 2.944 x 105 and N of 0.867 and a calculated disassociation 

constant (Kd) of  0.207 ± 0.03 μM (± SEM) (Fig 3.9 A). No detectable binding was observed 

with SSL10-FNY (Fig 3.9 B). 
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Fig 3.9 Isothermal Titration calmetry profile of human polyclonal IgG1 binding to SSL10 (A) and SSL10-FNY (B).  SSL10 or SSL10 FNY (70 μM) were titrated into IgG1 solution (7 μM) 

at 25°C in PBS, pH7.4 over indicated time period. Data were analyzed using the Origin software (OriginLab, USA). 
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In agreement with the binding data, SSL10-FNY did not compete with C1q for IgG binding 

even at the highest concentration tested (Fig 3.10), while in the same assay SSL10 reached near 

full inhibition at 0.5 μM. The mutant SSL10-Q188A displayed no changes in IgG binding 

ability and was used as a control in the experiment. As expected, SS10-Q188A functioned like 

the wild type protein, indicating the loss of C1q competition was resulted from the abolition of 

IgG binding. The residues that participate in SSL10/IgG interactions based on mutagenesis 

analysis are summarized on the SSL10 structure (Fig 3.11).  

 

 

 

 

Fig 3.10 serum C1q displacement by SSL10, SSL10-FNY and SSL10-Q188A.  Normal human serum (2%) was incubated 

with heat aggregated IgG in the presence of different SSL10 proteins. The binding of C1q to IgG was measured by anti-C1q 

antibody. C1q binding in the absence of SSL10 was set as 100%. Experiments were conducted in duplicate and data represent 

several independent experiments and were expressed as mean percentage of C1q binding ± s.d.  
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Fig 3.11 The IgG interface on SSL10.  (A) Cartoon presentation of the location of F166, N168 and Y179. The three residues 

(shown as red sticks) border the two sides of a groove formed by β10 and β10-β11 loop. The C- and N-terminus are indicated. 

The β grasp domain is colored blue and OB fold domain orange.  (B) Surface presentation of the binding interface. In addition 

to F166, N168 and Y179 (red), R172 is also highlighted in green. Mutation of this residue also resulted in reduction of IgG 

binding to a lesser degree. Other residues that displayed partially reduced IgG binding are Q61A/Q62A, which reside in the 

loop 3 that is missing from the currently resolved structure. The start and end of loop 3 are colored in yellow. Image was 

generated in PyMoL. 
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3.2.4 Functional consequences of knocking out the IgG Binding 

The identification of the IgG binding site allows clarification of the functional consequence of 

knocking out SSL10 binding to IgG. The SSL10/IgG interaction has been directly implicated 

in competing with C1q and FcγR binding to IgG (Itoh et al., 2010; Patel, 2011). Data presented 

above have clearly demonstrated that SSL10 prevented C1q from interacting with heat 

aggregated IgG and that ability was directly correlated with IgG binding. Next, the 

IgG/SSL10/FcγR interaction, as well as the role IgG1 plays in SSL10 mediated complement 

inhibition were investigated. 

 

3.2.4.1 SSL10 prevents monomeric IgG binding to Fcγ receptor 

To confirm the hypothesis that SSL10 could interfere with the FcγR/IgG interaction, the ability 

of SSL10-FNY to compete with FcγR for IgG1 binding was investigated in a FcγR blocking 

assay. Humans have three different classes of FcγRs that display different affinities for IgG or 

its immune complex. FcγR1 is the only high affinity receptor for monomeric IgG (Nimmerjahn 

& Ravetch, 2008). Using this pair in the testing system simplified the complexity of the 

competition. Monocytes express high levels of FcγRI without requiring stimulation (Fleit & 

Kobasiuk, 1991; Jefferis & Kumararatne, 1990). Therefore, peripheral blood monocytes and 

the monocytic THP-1 cell line were used as the receptor sources. The current in-house method 

of effectively purifying human polyclonal IgG1 involves affinity chromatography with SSL10 

coupled Sepharose. To avoid potential leakage of SSL10 from this step as well as the bias of a 

selected SSL10-binding IgG1 population, human monoclonal IgG1 produced by the cell line 

ARH77 was purified by protein G chromatography and used in the binding competition. 

Fluorescein labeled monomeric IgG1 (2 μg) was incubated with monocytes (1x105 cells) in the 

presence of SSL10 or SSL10-FNY (5 μg). The reaction was carried out at 4 °C to avoid 

phagocytosis and cell activation. The level of IgG binding to the cell surface IgG receptors was 

determined by flow cytometry. An equivalent amount of Protein A was used as a control.  

Inclusion of SSL10 (green line in Fig 3.12 A) in the binding mixture reduced the binding of 

IgG1 to THP-1 cells (purple line) to the same level as protein A (blue line), while addition of 

SSL10-FNY resulted in no changes (red line). Quantification of the reaction showed SSL10 

significantly inhibited the geometric mean florescent intensity of IgG binding (p< 0.01), while 

the IgG binding mutant had no effect on the interaction (Fig 3.12 B). This was also observed 
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in IgG1 binding to freshly purified human monocytes. A dose-dependent interference was 

observed with SSL10 but the inhibition was lost when using SSL10-FNY (Fig 3.13). The 

differences between wild type and mutant protein were statistically significant at all three 

concentrations tested. The maximal binding of IgG1 to monocytes appeared to be less than that 

to THP-1 cell line (Fig 3.13 compared to Fig 3.12 B), probably reflecting that the FcγRI is 

partially saturated by monomeric IgG in blood circulation. The results confirmed that binding 

of SSL10 to the hinge region of IgG1 was sufficient to prevent the antibody binding to its high 

affinity receptor, FcγRI. 

 

Fig 3.12 Effect of SSL10 and SSL10-FNY on IgG1 binding to the FcγR on THP-1 cells.  Fluorescein labelled human 

monoclonal IgG1 produced by the ARH-77 cell line was incubated with SSL10 or SSL10-FNY and THP-1 cells at 4°C for 15 

min. The degree of IgG1 binding was analyzed by flow cytometry with 20000 events collected for each reaction. (A): FACS 

profile comparing IgG binding to FcγRs in the presence of 5 ug SSL10 and SSL10-FNY. (B): Bar graph showing the changes 

in the geometric mean florescent intensity (GMFI). Statistical comparison between non-treated samples and SSL10 or SSL10-

FNY treatment was performed by One-way ANOVA. **: P< 0.01. Experiment was carried out in duplicate and represent 3 

independent experiments.  
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Fig 3.13 Inhibition of IgG1 binding to human monocytes surface receptor by SSL10 and SSL10-IgG binding mutant. 

Fluorescein labelled human monoclonal IgG1 produced by the ARH-77 cell line was incubated with SSL10 or SSL10-FNY 

and peripheral mononuclear cell isolated from human blood at 4°C for 15 min. The degree of IgG1 binding was analyzed by 

flow cytometry and quantified for the geometric mean florescent intensity. Monocytes population was gated based on cell size 

and granularity. Experiments were carried out in duplicate and 10000 events collected for each condition. Statistical 

comparison between SSL10 and SSL10-FNY treatment was performed by One-way ANOVA and indicated on the graph. *** 

p<0.001. Data represent two independent experiments. 
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3.2.4.2 SSL10’s inhibition of complement is not solely IgG1 dependent 

To evaluate the functional relationship between SSL10/IgG binding and SSL10/complement 

inhibition, the effect of SSL10 and the IgG binding mutants in the complement system was 

examined. Two questions were addressed. The first was whether the competition of SSL10 

with C1q contributed to SSL10’s inhibition of the classical pathway. The second was whether 

SSL10’s inhibition of complement was solely dependent on its interaction with IgG1.  

Human serum was stimulated using heat-aggregated IgG in the presence of SSL10 or the 

SSL10 IgG-binding mutants. Complement activation was indicated by the level of MAC 

formation and was compared to the level of C1q competition by SSL10. Assays were carried 

out in an ELISA format. C1q and MAC were detected by their respective antibodies. SSL7, a 

potent complement inhibitor at the C5 level, and SSL11, which has previously been found not 

to affect the activation of human complement, were included as controls (Sequeira, 2013). 

The IgG binding mutants displayed C1q inhibition as expected (Fig 3.14 A) and as previously 

shown in section 3.2.3.4 and 3.2.3.5. Despite their reduced C1q inhibition, all mutants 

continued to exhibit complement inhibition observed as final MAC formation (Fig 3.14 B). 

SSL10-FNY, in particular, which totally lacked the ability to inhibit the deposition of C1q at 2 

μM, still displayed a 60% inhibition of MAC formation. However this inhibition was less than 

wild type SSL10 at the same concentration. Inhibition was not a result of non-specific 

interaction caused by the addition of large amounts of recombinant protein, as an equal 

concentration of SSL11 was not inhibitory. These findings suggest that SSL10 can inhibit 

complement in the absence of IgG binding but that optimal inhibition requires this binding to 

be intact. In agreement with this, a reduction in C1q interference by the mutants correlated 

directly with a reduction in the inhibition of complement activation.  
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Fig 3.14 Inhibition of the complement classical pathway activation by SSL10 IgG binding mutants.  Human serum (2%) 

was applied to heat aggregated IgG in the presence of SSL10 proteins at various concentrations. C1q deposition (A) and MAC 

formation (B) were measured as an indication of C1q binding and complement activation respectively. Readings in the absence 

of SSL10 were set as 100%. Experiments were all conducted in duplicate and data are expressed as mean percentage of 

complement factor deposition ± s.d. The dashed line indicates the protein concentration required to achieve 50% inhibition of 

maximal complement activity (IC50). The estimated IC50 value is also indicated. Data represent two independent experiments. 
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3.2.4.3 SSL10 targets other component(s) in the complement system 

To confirm the presence of IgG independent complement inhibition, the effect of SSL10 was 

tested by the CH50 assay and on mannan-induced complement activation, a pathway that does 

not require C1qrs activation. 

The CH50 assay measures guinea pig complement activity triggered by rabbit antibody and 

thus represents a human IgG free environment. In this environment, SSL10 reduced guinea pig 

complement mediated hemolysis in a dose-dependent fashion (Fig 3.15 A). Comparable 

inhibition was observed with the IgG binding mutants. Unlike the inhibition of the classical 

pathway, all of the mutants, including SSL10-FNY, inhibited complement with equivalent 

efficiency. The result suggests that in addition to IgG1, SSL10 affects another component in 

the complement system, and mutation of the IgG binding interface was independent of this 

secondary complement interaction. 

To confirm this effect in a human system, mannan-induced human complement activation was 

tested in the presence of SSL10 and SSL10 mutants (Fig 3.15 B). Mannan activates the lectin 

pathway via mannan binding lectin and therefore provides an activation environment that is 

not influenced by the C1q interaction with IgG. Terminal pathway activation was used as an 

indication of complement activity with SSL7 as control for this experiment. The amount of 

MAC formation was reduced in the presence of SSL10, although the effect is much weaker 

compared to that on IgG initiated complement activation (Fig 3.14 B compared to Fig 3.15 B).  

Similar to that found with guinea pig serum, all IgG binding mutants were capable of inhibiting 

complement activation, confirming the presence of an additional complement target and that 

the complement binding site is separate from the interface used for IgG interaction. 

Interestingly, the inhibition by SSL10-FNY was noticeably stronger than SSL10, with a more 

than 2 fold reduction in the IC50 value.  
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Fig 3.15 Inhibition of the SSL10 IgG binding mutants of guinea pig complement (A) and human lectin pathway (B) 

activation.  For guinea pig serum activation, standardized guinea pig serum was incubated with sheep red blood cells 

opsonized by rabbit anti-sheep RBC antibody at 37 °C for 1 hr. various concentrations of SSL10 were added during the 

incubation. Lysis of the red cells was used as indication of complement activity. For mannan-induced complement activation, 

2% serum was applied to mannan in the presence of SSL10 proteins of various concentrations. MAC formation was measured 

as an indication of complement activation respectively. Serum activity in the absence of SSL10 is set as 100%. Experiments 

were all conducted in duplicate and data are expressed as mean ± s.d. The dashed line indicates the protein concentration 

required to achieve 50% inhibition of maximal complement activity (IC50). Data represent two independent experiments.  
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3.2.4.4 SSL10 offers serum protection independent of IgG binding  

To test if the inhibition of terminal complement pathway activation by SSL10 could provide 

protection for bacteria from serum killing, the effect of SSL10 on serum bactericidal activity 

was analyzed. Since S. aureus is a Gram positive bacterium and is resistant to complement-

mediated lysis, the Gram negative E. coli was used in the assay instead. Human serum (2.5%) 

was incubated with 6x106 cfu/ml E.coli for 60 min with 0-2 μM SSL10 or SSL10-FNY 

(Fig 3.16). In the absence of SSL10, no bacteria survived at the end of incubation. Addition of 

1μM SSL10 increased the bacterial survival rate to 25% (1.5 x106 cfu/ml bacteria survived) 

and full protection was achieved at 2 μΜ SSL10. Similar to the observation in the human lectin 

pathway assay, knocking-out IgG binding offered a better protection against complement, as 1 

μM SSL10-FNY was sufficient to grant full protection. The results confirmed that SSL10 could 

prevent functional MAC formation in response to live bacteria in serum and suggested IgG 

binding is not involved in the inhibition of killing in this experiment setup. In addition, the 

interaction with serum IgG seems to lessen SSL10’s ability to prevent MAC mediated killing.  

 

Fig 3.16 Serum killing of E. coli in the presence of SSL10 and SSL10-FNY.  E. coli (6 x 106 cfu/ml, indicated by the dashed 

line) was incubated with 2.5% serum at 37 °C for 60 min. SSL10 proteins were added to the mixture at the indicated 

concentrations. Bacterial survival was evaluated by plating. Experiments were carried out in triplicate and Data are expressed 

as mean cfu/ml ±s.d. Data represent two independent experiments.  
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3.2.4.5 SSL10-FNY is still able to delay coagulation 

The IgG binding interface mainly involves C-terminal residues. The C-terminal domain of 

SSL10 was previously shown to hinder coagulation on its own and therefore was predicted to 

contain the interaction interface for the coagulation factor (Patel, 2011). To clarify if the IgG 

interface is related to the coagulation-interaction site, the effects of SSL10 and SSL10-FNY on 

human plasma coagulation kinetics were tested using a clot formation assay that was 

established in the previous study (Patel, 2011). Human platelet poor plasma was collected in 

the presence of sodium citrate and the coagulation process was initiated by the addition of 10 

mM calcium. Clot formation was monitored by measuring changes of absorbance at 405 nm 

with the reading at 620 nm as a reference.  

In the absence of SSL10, plasma clot formation can be observed after an 8 min lag phase, which 

reflects the time required for thrombin generation and the production of protofibrils without 

cross linking (Patel, 2011). The absorbance increases progressively until the maximal OD is 

obtained at 40 min, which reflects the propagation of the coagulation and the increased 

production of cross-linked fibrin (Patel, 2011).  

In agreement with the previous observations that SSL10 prolongs the lag phase of coagulation, 

addition of 0.5 μΜ SSL10 increased the lag phase to 24 min (Fig 3.17). The effect was stronger 

with SSL10-FNY treatment, as a further 10 min delay was observed. The level of clot 

formation, as indicated by the turbidity of the plasma, was also significantly lower in SSL10-

FNY treated samples. 
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Fig 3.17 The effect of SSL10 and SSL10-FNY on plasma coagulation kinetics. Protein (0.5μM) was added to sodium citrate 

treated plasma (25%) and plasma coagulation was initiated by addition of Ca2+. Clot formation was measured by the 

absorbance at 405 nm with absorbance at 620 nm as a reference. Data are expressed as mean absorbance differences ± s.d. and 

represent two independent experiments. The dashed line indicates the lag phase of the coagulation curve. Statistical 

significance between SSL10 and SSL10-FNY treated samples were calculated by two-way ANOVA and indicated on the 

graph. *** p<0.001 * p<0.05.  

 

 

3.2.5 Further mutagenesis of SSL10 to define the additional complement interaction site 

Further mutagenesis was carried out to map the interface(s) used by SSL10 for its other 

functions, in particular the IgG independent complement interaction. Given the structural and 

functional similarities between SSL10 and SSL7, the area structurally equivalent to the SSL7 

C5 binding interface was first investigated. SSL7 interacts with C5 via residues located on the 

β7 strand with D117 making the major contact (highlighted in Fig 3.18) (Laursen et al., 2010). 

This area is structurally aligned to the β7 strand of SSL10 and the loop between β6 and β7. 

Interestingly, though the overall structure of SSL10 and SSL7 displays a high level of 

similarity, the β6-β7 region is different in their structural orientations. The β6/β7 loop in 

particular is rotated almost 90° from that of SSL7, highlighting a potential structural basis for 

the different interactions with complement factors. A set of alanine substitutions of residues in 
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this area was made and expressed for testing. These residues included K108; E109; E112; 

D113; V116 and K117. Y119 also locates in this area, therefore was also included in this 

screening. The double mutant Y119A/I184T was re-tested to fully analyze its complement 

activity change. Single nucleotide substitution of residue E109 and E112 were not achieved 

despite repeated attempts. E109A/Q62R and E112A/K149R were tested in the screening. 

Q62R and K149R were additional PCR introduced mutations. SSL10-D113A was cloned by 

Dr. Deepa Patel in the previous study and re-expressed and tested in this study. All mutants 

were expressed and purified as mentioned above and screened mainly by the human based 

classical and lectin pathway activation assays and some by the CH50 assay.  

 

 

 

Fig 3.18 Structural comparison of SSL10 and SSL7.  SSL10 (white) and SSL7 (green, PBD file 1V1O) were aligned using 

PyMOL. Residue D117 on the SSL7 β7 strand that contributes significantly to SSL7’s interaction with complement C5 is 

highlighted in red (Laursen et al., 2010). The overall structure of the two proteins displays extensive structural similarity but 

the orientation of the β7 strand and β6/β7 loop differs greatly as indicated by arrows.  
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No activity changes were observed on the classical pathway, lectin pathway and guinea pig 

serum inhibition with the β7 mutants (Fig 3.19 ). Even though SSL10-Y119A/I184T showed 

reduced IgG binding (Fig 3.2), inhibition of the classical pathway was comparable to wild type 

SSL10 (Fig 3.19 B). In addition, this mutant enhanced the inhibition of the complement lectin 

pathway by ELISA and the CH50 assay (Fig 3.19 C and D). Over 80% inhibition of human 

serum was observed at 0.5 μM SSL10-Y119A/I184T. At this concentration, wild type SSL10 

only reduced the complement activity by approximately 20%. Maximal inhibition of guinea 

pig serum could be achieved with 0.25 μM SSL10-Y119A/I184T but required greater than 2 

μM of wild type SSL10. SSL10-Y119A did not exhibit enhanced inhibition, suggesting the 

mutation at I184 was the effective change.  

To confirm this possibility, the effect of SSL10-I184T on mannan-induced complement 

activation was tested and compared to SSL10, SSL10-Y119A/I184T and SSL10-Y119A by 

ELISA. As expected, SSL10-I184T enhanced inhibition on MAC deposition and resembled 

the activity of SSL10-Y119A/I184T (Fig 3.20 A). The effect of SSL10-I184T on the classical 

activation was also tested (Fig 3.20 B). Like SSL10-Y119A/I184T, despite the reduced IgG 

binding (Fig 3.2 and Fig 3.3 B and C), SSL10-I184T inhibited the classical pathway at 

equivalent concentration as SSL10 (Fig 3.20 B)   
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Fig 3.19 Screening of SSL10 β6/β7 mutants for inhibition of the classical pathway complement activation (A) and (B), 

the lectin pathway complement activation (C) and guinea pig complement mediated hemolysis (D).  Human serum (2%) 

was applied to heat aggregated IgG or mannan coated wells with or without SSL10 proteins. The level of complement 

activation was determined by the degree of MAC deposition. Complement activity in serum without addition of any protein 

was regarded as 100% and all the samples were normalized against this value.  For the hemolysis assay, the pre-titrated guinea 

pig serum was incubated with opsonized sheep red blood cells and cell lysis was used to indicate complement strength. IC50 

is indicated as dashed lines on the graph. Data are expressed as mean ± s.d. and represent two independent experiments.   
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Fig 3.20 SSL10-I184T’s effect on the lectin pathway (A) and the classical pathway activation (B). Human serum (2%) 

was applied to heat aggregated IgG or mannan coated wells with or without SSL10 proteins. The level of complement 

activation was determined by the degree of MAC deposition. Complement activity in serum without addition of any protein 

was regarded as 100% and all the samples were normalized against this value. Data are expressed as mean ± s.d. and represent 

two independent experiments.   
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3.2.6 Mutagenesis and screening of the I184-proximity area for complement inhibition 

The finding that I184 influences complement inhibition drew the attention of complement 

activity screening back to the pocket this residue is situated in. In addition to previously cloned 

mutants, two highly positively charged areas that consist of two clusters of triple lysine residues 

(K162/K187/K190 and K174/K176/K178) were found to flank the I184-containing pocket. 

The two lysine groups were targeted by two triple alanine substitutions (Fig 3.21). Cloning of 

SSL10-K162A/K187A/K190A was difficult. The best clone obtained carried a PCR introduced 

mutation K76R. This additional mutation locates on the N-terminal domain of SSL10 and is 

away from I184. It is less likely to contribute to I184T-induced complement activity change. 

Thus SSL10-K162A/K187A/K190A/K76R was tested in the subsequent experiments. Both of 

the mutants were expressed as soluble protein. Together with the loop 3 mutants and the 

β10/β11 mutants, these mutants were analyzed for their ability to inhibit MAC formation by 

the complement activation ELISAs and the CH50 assay. Some tests are displayed below and 

the rest can be found in Appendix V. 

 

 

 

Fig 3.21 SSL10 structure showing the location of I184 and the two triple lysine clusters that have been selected for 

mutagenesis. I184 is colored red. The image is generated using PyMOL. 
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A few residues displayed altered complement interaction. The most profound change in 

complement inhibition were found with SSL10-Q61A/Q62A, which locates at the end of loop 

3. This mutant displayed significantly improved inhibition of the complement lectin pathway 

(Fig 3.22 A). MAC deposition was reduced to 20% using 0.5 μM SSL10-Q61A/Q62A 

compared to the 2 μM SSL10 that was required to achieve the same inhibition level. 

Interestingly SSL10-R63A, a mutant resides directly adjacent to the double mutants, displayed 

a slight reduction in inhibition of human complement activity (Fig 3.22 A). The IC50 for 

mannan induced complement activation was increased to 1.8 μM compared the 1.3 μM for the 

wild type protein, although 80% inhibition was still achieved by this mutant at 4μM. Though 

to a lesser extent, the effects of both SSL10-Q61A/Q62A and SSL10-R63A were reproduced 

with the classical pathway activation ELISA, suggesting the effects are unrelated to the nature 

of activation (Fig 3.22 B). No activity changes were observed with SSL10-Y65A/E66A, which 

also locates in proximity to Q61/Q62 and R63 (Fig 3.22).  

The mutants SSL10-K174A/K176A/K178A and SSL10-R172A displayed weaker inhibition of 

hemolysis in guinea pig serum, with less than 50% inhibition at 4 μM, while the wild type 

protein completely inhibited at that concentration (Fig 3.23 A and B respectively). However, 

the results on guinea pig serum were not consistent with the human complement system 

(Fig 3.24 and Fig 3.25). SSL10-K174A/K176A/K178A was actually more potent than SSL10 

in the lectin pathway inhibition (Fig 3.24), while SSL10-R172A and the wild type protein 

inhibited classical and lectin pathway activation with similar IC50s (Fig 3.25). Structural 

analysis of R172 and the triple mutant showed both R172 and K174 may play structural roles 

in maintaining the packing of the N-terminal and C-terminal domains by interacting with K153 

and E75 respectively (Fig 3.26). 
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Fig 3.22 Functional changes of SSL10 loop 3 mutants and SSL10-E182A on mannan-induced (A) and IgG-induced (B) 

complement activation.  Human serum (2%) was applied to heat aggregated IgG or mannan coated wells with or without 

SSL10 proteins. The level of complement activation was determined by the degree of MAC deposition. Complement activity 

in serum without addition of any protein was regarded as 100% and all the samples were normalized against this value.  IC50 

is indicated as dashed lines on the graphs. Data are expressed as mean ± s.d. and represent two independent experiments.   
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Fig 3.23 inhibition of guinea pig complement mediated hemolysis by the SSL10 triple mutants (A) and SSL10-R172A 

(B).  Pre-titrated guinea pig serum was incubated with opsonized sheep red blood cells and cell lysis was used to indicate 

complement strength. Complement activity in serum without addition of any protein was regarded as 100% and all the samples 

were normalized against this value. IC50 is indicated as dashed lines on the graph. Data are expressed as mean ± s.d. and 

represents two independent experiments.   
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Fig 3.24  Functional changes of the SSL10 triple mutants on IgG-induced (A) and mannan-induced (B) complement 

activation. Human serum (2%) was applied to heat aggregated IgG or mannan coated wells with or without SSL10 proteins. 

The level of complement activation was determined by the degree of MAC deposition. Complement activity in serum without 

addition of any protein was regarded as 100% and all the samples were normalized against this value. IC50 is indicated as 

dashed lines and is shown on the graph. Data are expressed as mean ± s.d. and represent two independent experiments.   
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Fig 3.25 Functional changes of SSL10-R172A and SSL10–Q188A on IgG-induced (A) and mannan-induced (B) 

complement activation.  Human serum (2%) was applied to heat aggregated IgG or mannan coated wells with or without 

SSL10 proteins. The level of complement activation was determined by the degree of MAC deposition. Complement activity 

in serum without addition of any protein was regarded as 100% and all the samples were normalized against this value. IC50 

is indicated as dashed lines and is shown on the graph. Data are expressed as mean ± s.d. and represent two independent 

experiments.   
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Fig 3.26 Location of R172 (A) and K174/K176/K178 (B) on SSL10 structure.  The N-terminal domain is highlighted in 

yellow and the C-terminal domain in green. Spatial relationship of R172 and K174 to surrounding residues are indicated. 

Dashed line (colored yellow in A and red in B) represents potential hydrogen bound formation. Residues are colored according 

to their elements: C: green, O: red, H: white and N: blue. Image was generated using PyMol. 
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3.2.7 Screening SSL10 mutants for anti-coagulation activity changes 

Due to the increasing evidence of cross-talk between the complement and coagulation systems, 

the mutants produced in this study were also screened for their ability to delay coagulation of 

human plasma. The focus was put on the C-terminal mutants as this domain was shown to be 

fully capable of delaying coagulation (Patel, 2011). SSL10-Q61A/Q62A and SSL10-R63A that 

displayed altered complement inhibition profiles were also tested. The coagulation kinetics of 

human platelet poor plasma in the presence of SSL10 and SSL10 mutants was monitored over 

time by measuring plasma turbidity changes, as described in section 3.2.4.5.   

The clotting assay showed large variations between assays, most probably reflecting the 

differences between donors and the composition of coagulation components. Despite the 

variations, none of the mutants tested in this study lost their ability to suppress coagulation. 

The coagulation kinetics in the presence of SSL10 mutants tested is presented below (Fig 3.27 

and Fig 3.28). No significant difference in the anti-coagulation activity changes were observed 

compared to wild type protein (statistical significance was determined by two-way ANOVA), 

although compared to SSL10, the rate of clot formation after the initial lag phase appeared to 

be slightly increased in the presence of D113A and V116A mutations (Fig 3.27 A). Most 

interestingly, the duration of lag phase and the level of clot formation in the presence of SSL10-

Y119A/I184T (Fig 3.27 C) and SSL10-Q61A/Q62A (Fig 3.28 A), both of which displayed 

enhanced complement inhibition and reduction in IgG binding, resembled the wild type 

protein. The profile of the IgG binding mutant SSL10-FNY has been presented in 

section 3.2.4.5. SSL10-R172A inhibited the coagulation system, but the level of inhibition by 

this mutant was inconsistent compared to SSL10 (Data not shown).  
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Fig 3.27 Effect of SSL10 mutants on plasma coagulation.  (A) and (B): the β7 mutant. (C): SSL10-Y119A/I184T. Protein 

(0.5 μM) was added to sodium citrate treated plasma (25%) and plasma coagulation was initiated by addition of Ca2+. Clot 

formation was measured by the absorbance at 405 nm with absorbance at 620 nm as a reference. Dashed line indicates the 

duration of the lag phase. Data are expressed as mean absorbance differences ± s.d and represent two independent experiments. 
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Fig 3.28 Effect of SSL10 mutants on plasma coagulation.  (A): the loop 3 mutants. (B): the triple mutants. (C): SSL10-

Q188A and SSL10-E182A. Protein (0.5 μM) was added to sodium citrate treated plasma (25%) and plasma coagulation was 

initiated by the addition of Ca2+. Clot formation was measured by the absorbance at 405 nm with absorbance at 620 nm as a 

reference. Dashed line indicates the duration of the lag phase. Data are expressed as mean absorbance differences ± s.d. Data 

represent two independent experiments 
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3.2.8 Random mutation screening of SSL10 

In parallel with the targeted mutagenesis approach, a random mutagenesis method was also 

used to investigate the binding surfaces on SSL10. Random mutagenesis provides unbiased 

alteration and systematic coverage of a target sequence which requires little structural or 

functional information of a protein so providing an alternative way to mapping SSL10’s 

functional interfaces.  

Since C-SSL10 was previously predicted to contain the complement and coagulation binding 

site/s (Patel, 2011), the c-ssl10 was used as the gene target. The mutation library was 

constructed using error prone PCR. The principle behind error-prone PCR is to use sub-optimal 

PCR conditions to enhance the ‘error’ rate of the Taq polymerase. Most often these conditions 

include imbalanced dNTPs; high MgCl2 concentration and the presence of MnCl2 which 

reduces the specificity of Taq polymerase (Wilson & Keefe, 2001). The mutation levels were 

set to a maximum of 2-3 nucleotide changes per gene to maximize the chance of 1-2 amino 

acid substitutions at the protein level. Too many mutations in one sequence may alter the 

protein structure and therefore give false positive results. The degree of mutation was 

confirmed by DNA sequencing (Appendix VI). 

After optimization, the final PCR conditions were set as the following: the reaction was carried 

out in a 50 μl reaction mixture, which contains 7 mM MgCl2; 0.5 mM MnCl2 and 0.2 ug c-

ssl10 template. The concentrations of both dATP and dGTP were reduced from the original 

100 μM to 20 μM. Thirty PCR cycles were carried out for this reaction. Eight PCR reactions 

were pooled together to reduce the chance of biasing the screening with an over representation 

of mutations that arose at early PCR cycles. Pooled PCR products were ligated with the 

pET32a:3c vector to keep the protein production conditions consistent. A library containing 

40,000 colonies was constructed in the expressing strain, E. coli AD494. 

The induction and expression of C-SSL10 followed the established SSL10 expression method 

(Patel, 2011). C-SSL10 was expressed as an N-terminal thioredoxin fusion protein. The size 

and solubility of thioredoxin-C-SSL10 from each randomly selected colony was checked by 

SDS-PAGE electrophoresis to filter out proteins that terminated prematurely or that folded 

incorrectly. As functional targets of SSL10 have not been identified, binding based methods 

could not be used for screening. An alternative was to use functional changes as a read out. 

The coagulation assay is sensitive to experimental conditions and exhibits too much variation 
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for high-throughput screening. Therefore the classical pathway activation ELISA was chosen 

as a robust and high-throughput format for the screening process. The C-terminal domain of 

SSL10 was previously reported to be unable to bind IgG, thus the inhibition of this domain was 

regarded to reflect the additional complement inhibitory potential (Patel, 2011). 

For the purpose of complement activity screening, isolation of C-SSL10 from the cell lysate is 

necessary as neither thioredoxin-C-SSL10 fusion protein nor direct lysis of the C-SSL10-

expressing colonies could effectively inhibit complement (results not shown). After 

optimization, the purification process was set as the following: soluble C-SSL10 fusion 

proteins were separated from the rest of the cell lysate by incubating with and then eluting from 

Ni2+ affinity beads using 50 mM imidazole in PBS, pH7.4. 3C protease (0.25 μg) was added to 

release the C-SSL10 from the fusion protein. The protein concentration was predicted by 

comparison with C-SSL10 wild type of a known concentration as visualized by SDS-PAGE 

and was adjusted to 1 μM prior to testing for classical pathway inhibition. Given the protein 

concentration was determined by SDS-PAGE and therefore limited its accuracy, only total loss-

of-inhibition was considered as a positive result.   

Appendix VII illustrated the process of such a screen. In an example run, 59 colonies were 

screened, 32 showed expression at the correct size; 18 were soluble; 17 were successfully 

purified and tested. Over 200 colonies were screened by random mutagenesis and 

unfortunately, no positive results were obtained. 

 

 

 

 

 

 

 

108 

 



3.3 Discussion 

The mutagenesis analysis carried out in this study has identified the interface used by SSL10 

to accommodate IgG1 binding and also highlighted a few residues that have the potential to 

influence complement interaction.  

The β10/β11 pocket was targeted and found to contain the IgG1 binding site. Alanine 

substitution of R172 and K174/K176/K178 resulted in reduction of complement inhibition in 

guinea pig serum but not in human serum. The β6/β7 loop and β7 strand were also mutated. 

This area is structurally equivalent to the SSL7 C5 binding site but mutations made in this 

region did not result in altered complement inhibition. The last region targeted was the third 

loop in the N-terminal domain of SSL10. Mutation of residue Q61/Q62 located in this area led 

to largely enhanced complement inhibition while the adjacent R63, when substituted by an 

alanine, displayed marginal reduction of both human classical and lectin pathway activation. 

Changes in the mutant’s activity are summarized in Table 3.1 and Table 3.2 and also indicated 

on the sequence alignment of SSL10 alleles with SSL5 and SSL7 (Fig 3.29). 

Three residues, F166, N168 and Y179 were found to play critical roles in mediating the 

interaction of SSL10 with IgG. A single mutation of F166 to an alanine reduced the ability to 

compete with C1q for IgG binding over 10 fold in a C1q binding ELISA. N168 and Y179 

displayed intermediate phenotypes. Combined alanine substitutions of the three residues 

disabled SSL10 from forming a stable interaction with monomeric IgG1 in solution, as 

determined by ITC. Among the three residues, F166 and N168 are conserved in the two major 

alleles of SSL10 (Fig 3.29). In the second allele of SSL10, represented by the sequence from 

strain MRSA252, Y179 is substituted to a histidine, which contains a slightly more polar side 

chain. Interestingly, this SSL10 allele was shown to have a slightly higher affinity towards 

IgG1, 0.6 μM compared to 0.9 μM of N315 (Patel, 2011), further supporting the involvement 

of this area in the interactions of SSL10 with IgG. 
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Table 3.1 Summary of IgG binding changes of SSL10 mutants. 

Mutants Residue Location C1q competition (IC50 
mutant /IC50 SSL10) * 

Y119A/I184T Double mutant: β7 strand and 
β11 strand 5.75 

Y119A β7 strand 1 

I184T β11 strand 5.75 

F166A β10 strand, in proximity to I184 >10 

N168A β10 strand, in proximity to I184 >10 

R172A β10/β11 Loop 1.9 

Y179A β10/β11 Loop, in proximity to 
I184 8 

E182A β11 strand, in proximity to I184 1 

Q188A β11 strand, in proximity to I184 1 

Q61A/Q62A Loop 3, missing from the crystal 
structure 3.32 

R63A Loop 3, missing from the crystal 
structure 1 

Y165A/E66A Loop 3 1 

FNY Combined mutant of 
F166A/N168A/Y179A >10 

 

* : The absolute IC50 value of C1q competition experiments varies in between assays. Therefore, the IC50 changes were 
expressed as ration of IC50 of the mutant to that of the SSL10 wild type protein. 
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Table 3.2 Summary of complement interaction changes of SSL10 mutants.  

Mutants Residue Location IC50 mutant/IC50 
SSL10* 

    CP  LP CH50 

K108A β6/β7 loop 1 1 1 

E109A/Q62R β6/β7 loop 1 1 1 

E112A/K149R β6/β7 loop, structurally proximal to 
SSL7 C5 binding site 1 1 1 

D113A β6/β7 loop, structurally proximal to 
SSL7 C5 binding site 1 1 1 

V116A β7 strand, structurally proximal to 
SSL7 C5 binding site 1 1 N.A. 

K117A β7 strand, structurally proximal to 
SSL7 C5 binding site 1 1 1 

Y119A β7 strand 1 1 1 

Y119A/I184T double mutant; β7 and β11 strand 1 0.35 0.06 

I184T β11 strand, impaired IgG binding 1 0.35  N.A. 

F166A β10 strand, major IgG binding residue 5.6 1 1 

N168A β10 strand, major IgG binding residue 2 1 1 

R172A β10/β11 Loop 1.4 1.3 ≥ 2.5 

Y179A β10/β11 Loop, major IgG binding 
residue 2  1 1 

E182A β11 strand, in proximity to I184 1 0.7 1** 

Q188A β11 strand, in proximity to I184 1 1 1 

Q61A/Q62A Loop 3, missing from the crystal 
structure 0.6 0.15 0.5** 

R63A Loop 3, missing from the crystal 
structure 1.28 1.38 1.4** 

Y165A/E66A Loop 3 1 1 1** 

K162A/k187A/K190A/K76R β9 strand; β11/β12 loop; β12 strand 
respectively 1 0.7 0.5 

K174A/K176A/K178A β10/β11 Loop 1 0.32 ≥ 2 

FNY β10 strand and β10/β11 loop, IgG 
binding knock-out.  6.8 0.41 1 

* The absolute IC50 value of complement assays varies between experiments. Therefore, the IC50 changes were expressed 
as ratio of IC50 of the mutant to that of the SSL10 wild type protein.  
** Experiment Data are shown in Appendix V 
N.A.: not available 
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Fig 3.29 Sequence alignment of SSL10 (strains N315 and MRSA252), SSL7 (strain N315) and SSL5 (strain N315).  The 

IgG binding residues of SSL10 are highlighted in red. Residues displaying reduced complement inhibition are highlighted in 

yellow and that showed enhanced complement inhibition are highlighted in green. Residues on loop 3 that are missing from 

the crystal structure are boxed. Residues involved in SSL5 binding to sialic acid are highlighted in purple. Resides involved 

in SSL7 binding to IgA are highlighted in light blue and that involved in C5 binding is highlighted in gray.  

 

 

F166, N168 and Y179 line the two walls of a narrow surface depression that is located in the 

C-terminal domain of SSL10. One side of the binding groove is formed by the β10 strand 

(residue 164-170) and the other by the following peptide loop (residue 171-183) (Fig 3.11). 

The β10/β11 loop makes multiple contacts with the N-terminal OB fold domain, which 

 
SSL10-N315         MKFTALAKATLALGILTTGTLTTEVHSGHAKQNQ-KSVN-KHDKEALYRYYTGKTMEMKN 58 

SSL10-MRSA252      MKLTALAKVTLALGILTTGTLTTEAHSGHAKQNQ-KSVN-KHDKEALHRYYTGNFKEMKN 58 

SSL7               MKLKTLAKATLALGLLTTGVITSEGQAVHAKEKQ-ERVQHLYDIKDLYRYYSSESFEFSN 59 

SSL5               MKMAAIAKASLALGILATGTITSLHQTVNASEHEAKYENVTKDIFDLRDYYSGASKELKN 60 

                   **: ::**.:****:*:**.:*:  :: :*.::: :  :   *   *  **:.   *:.* 

 

SSL10-N315         IS---ALKHGKNNLRFKFRGIKIQVLLPGNDKSKFQQRSYEGLDVFFVQEKRDKHDIFYT 115 

SSL10-MRSA252      IN---ALRHGKNNLRFKYRGMKTQVLLPGDEYRKYQQRRHTGLDVFFVQERRDKHDISYT 115 

SSL7               ISGKVENYNGSNVVRFNQEKQNHQLFLLGKDKDKYKKG-LEGQNVFVVKELIDPNGRLST 118 

SSL5               VTGYRYSKGGKHYLIFDKNRKFTRVQIFGKDIERFKARKNPGLDIFVVKEAENRNGTVFS 120 

                   :.       *.: : *. .    :: : *.:  :::     * ::*.*:*  : :.   : 

 

SSL10-N315         VGGVIQNNKTS--GVVSAPILNISKEKGEDAFVKGYPYYIKKEKITLKELDYKLRKHLIE 173 

SSL10-MRSA252      VGGVTKTNKTS--GFVSTPRLNVTKEKGEDAFVKGYPYDIKKEEISLKELDFKLRKHLIE 173 

SSL7               VGGVTKKNNKS--SETNT-HLFVNKVYGGNLDASIDSFLINKEEVSLKELDFKIRKQLVE 175 

SSL5               YGGVTKKNQDAYYDYINAPRFQIKRDEGDGIATYGRVHYIYKEEISLKELDFKLRQYLIQ 180 

                    *** :.*: :  .  .:  : :.:  * .  .    . * **:::*****:*:*: *:: 

 

SSL10-N315         KYGLYKTISKDGRVKISLKDGSFYNLDLRSKLKFKYMGEVIESKQIKDIEVNLK-- 227 

SSL10-MRSA252      KYGLYKTLSKDGRIKISLKDGSFYNLDLRTKLKFKHMGEVIDSKQIKDIEVNLK-- 227 

SSL7               KYGLYKGTTKYGKITINLKDEKKEVIDLGDKLQFERMGDVLNSKDIQNIAVTINQI 231 

SSL5               NFDLYKKFPKDSKIKVIMKDGGYYTFELNKKLQTNRMSDVIDGRNIEKIEANIR-- 234 

                   ::.***  .* .::.: :**     ::*  **: : *.:*::.::*:.* ..:.   
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maintains the correct conformation of the inter-domain region. Removal of the N-terminal 

domain of SSL10 may therefore disrupt the integrity of the binding interface. This could 

explain why the IgG biding site was previously predicted to be in the N-terminal domain of 

SSL10 as the C-SSL10 lost the ability to bind IgG (Patel, 2011).  

A similar structural arrangement of the β10/β11 region can be found in all crystalized SSL 

proteins. Interestingly, this cavity is also used by a subgroup of SSLs (SSL2-SSL6 and SSL11) 

to accommodate sialylated glycan. SSL4, 5 and 11 have been co-crystalized with sLeX and a 

high level of conservation of residue usage has been identified, including Y173, Y174, T175, 

E177, Q183, R186 and D189 (SSL5 sequence) (Fig 3.29) (Baker et al., 2007; Chung et al., 

2007; Hermans et al., 2012). Aside from SSL10-Y167 that is equivalent to SSL5-Y174, SSL10 

does not share any of the conserved glycan binding residues. A glycan array conducted in a 

previous SSL10 study did not reveal any significant glycan binding of SSL10 (Dr. Deepa Patel, 

personal communication, the University of Auckland) and deglycosylation of IgG actually 

improved SSL10 binding (Patel, 2011). Thus it is unlikely that SSL10 binds IgG through 

carbohydrate recognition by this interface. Rather, the packing of this area may represent a 

region that is favorable for protein-protein interactions. 

A few residues around the groove also showed weaker IgG1 binding if mutated. One is R172, 

located on top of the binding groove and the other is the double mutant Q61A/Q62A, located 

on loop 3 that sits at the bottom of SSL10 and in proximity to the β11 strand. It is possible that 

even though F166, N168 and Y179 contribute significant to SSL10/IgG binding, additional 

interaction sites may exist. Co-crystallization of IgG1 in complex with SSL10 would provide 

the final illustration of the details of this interaction.  

Reduction of direct binding of C1q to IgG-coupled Sepharose in the presence of SSL10 has 

been demonstrated before by Itoh et al (2010). Here I measured the binding of C1q to heat-

aggregated IgG and drew the same conclusion. The effect holds true for both purified C1q in 

isolation and in the context of serum, and is also correlated to SSL10’s ability to bind IgG and 

its ability to inhibit the complement classical pathway. Analysis of IgG1 binding to FcγR in 

the presence of SSL10-FNY confirmed SSL10’s inhibition on the binding of IgG1 to its 

phagocytes receptors. Clearly, SSL10 is capable of aiding the bacteria to subvert IgG mediated 

humoral and cellular immunity. 
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The IgG binding mutants all retained partial inhibition of the classical pathway and full 

inhibition of guinea pig serum and the lectin pathway of human complement. These results 

confirmed that the IgG interaction is not the only mechanism involved behind SSL10-mediated 

complement inhibition and the second interaction is mediated through a different interface. 

Among the IgG binding mutants, SSL10-FNY displayed moderately increased inhibition of the 

human lectin pathway, but the enhanced activity was lost when tested in guinea pig serum. A 

possible explanation is that the presence of IgG1 in human plasma and serum affects the 

interaction of SSL10 with the additional target. SSL10-FNY does not bind IgG and therefore 

is more available for the additional interaction, hence the increased inhibition. The difference 

was diminished in guinea pig serum, which is a human IgG-free environment and therefor there 

would be no competition for binding.  

Interestingly, mutations of Q61/Q62 and I184 also displayed improved complement inhibition 

and reduced IgG binding at the same time. Both Q61/Q62 and I184 are located close to the IgG 

binding site. The enhanced inhibition of complement activation maybe a consequence of 

reduced interaction with IgG in solution. It is also possible that overlapping or closely located 

interfaces are involved in the interaction of SSL10 with IgG and with the complement factor, 

and mutations in the local area are sufficient to influence both interfaces. Nevertheless, it 

appears that the binding of IgG may negatively influence the interaction of SSL10 with the 

additional complement factor possible through direct competition between the two target 

proteins. 

A number of other residues also displayed altered complement inhibition. SSL10-R63A, is the 

only mutant tested in this study that displayed a consistent reduction in inhibiting human 

complement activation, although the reduction is only minimal. Mutants R172A and 

K174A/K176A/K178A were much weaker complement inhibitors when tested in guinea pig 

serum but were comparable, if not stronger, to the wild type protein when tested in a human 

system. The discrepancy between human complement assay and guinea pig complement assay 

may reflect differential binding of SSL10 to serum proteins that come from different species. 

Nevertheless, R172 and K174/K176/K718 still provide a start point for future mutagenesis. 

Interestingly, all of the residues mentioned above are conserved between SSL10 alleles 

(Fig 3.29) and they are aligned alongside of the N- and C- terminal domain interface, with 

R172 on the top, K174/K176/K174A in the middle and the missing loop 3 at the bottom. As 

shown in Fig 3.26, both R172 and K174/K176/K178 are partially surface exposed but also 
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form potential hydrogen bonds with adjacent residues to promote domain packing. The 

orientation of QQR is not clear but is likely to reside in the space at the bottom of SSL10, 

defined by the β11 strand and the rest of the missing loop. These results stressed the importance 

of maintaining the inter-domain packing for SSL10’s inhibition of complement activity and the 

potential involvement of surface residues in the inter-domain interface in mediating this 

inhibition. 

No significant change in anti-coagulation activity was observed with the mutants being tested 

in the current study, except the IgG binding mutant SSL10-FNY. Once again, this mutant 

displayed increased inhibition, which may be another consequence of the reduction of 

interaction with monomeric IgG in solution. SSL10’s inhibition of the coagulation and the 

complement system are both negatively influenced by IgG binding. It is possible that a common 

interface on SSL10 is involved in the inhibition of both systems, in agreement with that the 

coagulation and the complement system are closely related and both can be inhibited by the C-

terminal domain of SSL10. However, mutants displaying altered complement inhibition were 

comparable with the wild type full length protein in inhibiting the coagulation system. This 

may reflect that a much higher concentration of plasma was used in the coagulation assay. It is 

also possible that different mechanisms were involved in the inhibition of complement and 

coagulation by SSL10.  

A random mutation library was also constructed using c-ssl10 as the template at the start of 

this study. The original purpose of the library was to screen for complement activity changes 

by the classical pathway assay, though no positive hits were identified. However, the 

expression and purification process was optimized and was proven to be effective. This library 

could still be used for binding based screening once the complement and coagulation factors 

are identified. 

The data presented in this study clearly showed that SSL10, like many other S. aureus virulence 

factors, such as SSL7, Sbi and Efb, interacts with the immune system via at least two aspects. 

One is the inhibition of IgG mediated immunity by direct binding to the IgG, and the other is 

interference of the complement and coagulation activity that alters the complement and 

coagulation property of blood. It is not clear if the two arms of SSL10 reinforce each other like 

that seen in SSL7 (Lorenz, 2012) and Efb (Ko et al., 2013). Further characterization of the 

plasma inhibitory property of SSL10 will provide more insight into the protein’s mechanism 

of action.   
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 SSL10 and complement 

4.1 Introduction 

It has previously been shown that SSL10 inhibits the classical and lectin pathways of the 

complement system (Itoh et al., 2010; Patel, 2011). In the current study, it was demonstrated 

that SSL10 could prevent C1q binding to IgG and thus inhibit the initiation of the classical 

pathway. However an SSL10 mutant lacking the ability to bind IgG was still fully capable of 

inhibiting complement activation induced by mannan. Clearly IgG is not the sole target of 

SSL10 in the complement system (Section 3.2.4.2).    

Little is known about the additional inhibitory effects of SSL10. Key questions such as what 

components are affected by SSL10 and how they are affected need to be addressed. Previous 

studies have provided several proteins that could be potential candidates (Patel, 2011). One of 

them is C4, the merging point of the classical and lectin pathways. The others include 

prothrombin and plasminogen, the zymogens of the two key enzymes that participate in the 

cross-talk between the complement and coagulation systems (Barthel et al., 2012; Huber-Lang 

et al., 2006; Krisinger et al., 2012; Ramos et al., 2012). Though their interaction with SSL10 

has been shown by binding analysis, little functional evidence is available regarding their 

involvement in SSL10 mediated complement inhibition. In this chapter, the involvement of C4, 

prothrombin and plasminogen in SSL10 complement inhibition were investigated and the 

interaction between SSL10 and the complement system was further characterized.  
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4.2  Results 

4.2.1 SSL10 inhibits classical pathway C3 cleavage via an interaction with IgG 

C4 is the first substrate in the classical and lectin complement cascade. It is cleaved to C4b and 

forms the basis of the classical pathway C3 convertase, C4b2a. This protein complex then 

cleaves C3 to C3b (Ricklin et al., 2010). Pathogens produce C4 binding proteins that block the 

cleavage of C4 or the function of C4b2a (Avirutnan et al., 2010; Zipfel et al., 2013). Under 

both circumstances, C3 cleavage and C3b deposition are reduced (Avirutnan et al., 2010; Zipfel 

et al., 2013). To test if binding of SSL10 to C4 also has similar effects, solid phase deposition 

of C3b was analyzed by ELISA with anti-C3c antibody. Complement was induced by heat 

aggregated IgG and the deposition of MAC was tested in parallel to ensure proper activation. 

SSL7 blocks C5 activation but has no effect on early complement activation (Lorenz, 2012). It 

was used as a negative control for the inhibition of C3 cleavage and a positive control for the 

inhibition of MAC deposition. SSL11 has no reported influence on complement activity and 

was used as a negative control for the assay system (Sequeira, 2013). 

When induced by heat-aggregated IgG, SSL10 wild type reduced C3b activation in a dose 

dependent fashion. In the presence of 1 μM SSL10, the deposition of C3b was reduced to 68.5% 

and that was further reduced to 4% when 2 μM SSL10 was used (Fig 4.1 A). SSL10-FNY, the 

IgG binding mutant, did not inhibit C3b deposition but still partially inhibited MAC deposition 

(Fig 4.1 A and B). As expected, SSL7 potently inhibited MAC formation but had no effect on 

C3b formation, while SSL11 displayed no influence on neither of the complement components 

(Fig 4.1 A and B). The results suggested that the inhibition of C3b deposition by SSL10 was 

largely dependent on the interaction with IgG rather than as a consequence of an interaction 

with C4.  
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Fig 4.1 Effect of SSL10 on C3b (A) and MAC (B) deposition by the complement classical pathway.  Complement 

activation in 2% serum was induced with heat aggregated IgG1 in the presence of SSL10, SSL10-FNY, SSL7 or SSL11 (0-4 

μM). The deposition of C3b and MAC were detected by their respective antibodies. The assay was carried out in duplicate. 

Complement activity in serum without addition of any protein was regarded as 100% and all the samples were normalized 

against this value. Data are expressed as mean percentage ± s.d. and represent two independent experiments. 
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4.2.2 SSL10 inhibits mannan-induced MAC formation but not C4b and C3b deposition 

Since SSL10 did not inhibit C3b deposition by the classical pathway in the absence of IgG 

binding, this led us to investigate where there was an IgG independent mechanism of inhibition. 

Solid phase deposition of C4, C3 and MAC after mannan activation was analyzed by ELISA 

with anti-C4, anti-C3c and anti-MAC antibodies. SSL10-I184T, a mutant that displayed 

enhanced inhibition in the lectin pathway assay, was used as a comparison. Incubation with 

SSL10 only resulted in a limited reduction of C4b and C3b deposition (Fig 4.2 A and B). At 4 

μM SSL10, deposition of C4b and C3b was only reduced by 20% and 36% respectively. 

SSL10-I184T was more successful at preventing MAC formation in response to mannan 

(Fig 4.2 C). However this trend was not correlated with the inhibition of the earlier complement 

components (Fig 4.2 A and B). At 1 μM, three times less MAC was formed in the presence of 

SSL10-I184T than equivalent wild type protein, while little inhibition of C4 or C3 was 

observed with either SSL10 or SSL10-I184T. It is therefore most likely that SSL10 inhibits 

complement further past the point of C3 cleavage. 
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Fig 4.2 The effect of SSL10 and SSL10-I184T on C4b (A), C3b (B) and MAC (C) deposition by the complement lectin 

pathway. Complement activation in 2% serum was induced by mannan in the presence of SSL10 and SSL10-I184T. The 

deposition of the complement factors was detected by their respective antibodies. The assay was carried out in duplicate. 

Deposition of complement molecules in serum without addition of any protein was regarded as 100% and all the samples were 

normalized against this value. Data are expressed as mean percentage ± s.d. Plots represent two independent experiments. 
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4.2.3 SSL10 can inhibit complement activation in a Ca2+ independent manner 

The three activation pathways of complement converge on C3 cleavage. The observation that 

SSL10’s inhibition occurs below C3 cleavage led to the question of whether SSL10 specifically 

inhibits classical and lectin pathway activation. This was addressed by testing how SSL10’s 

influences on serum activation in the presence or absence of Ca2+. Calcium is required for the 

assembly of the C1 complex and the MBL/MASP-2 complex thus in the absence of Ca2+ only 

the alternative pathway is activated (Degn & Thiel, 2013). Zymosan was used to stimulate 

complement activation in 2%, 4% and 8% serum in the presence of Ca2+ or EGTA, a Ca2+ 

chelating agent. The level of MAC formation in the presence of 0-4μM SSL10 was assessed 

by ELISA. However the trends of inhibition by SSL10 were similar with or without Ca2+ in all 

serum concentrations tested (Fig 4.3 A and B). The inhibition became weaker with increasing 

serum percentage. At 8% serum, almost no inhibition was observed against total complement 

activation. SSL10’s inhibition appears to be concentration dependent rather than related to the 

availability of Ca2+. 

To confirm this was not an artifact of an ELISA based assay, serum (5%) complement mediated 

killing of E. coli was tested in the presence of SSL10 in EGTA/Mg2+ buffer. The bacterial 

survival was assessed by plating. Significant killing of E. coli was observed after 30 min 

incubation with serum (Fig 4.3 C). E. coli survival was increased by over 2 log in the presence 

of 2 μM SSL10 (p < 0.001). SSL10 at a concentration of 4 μM offered full protection to the 

bacteria (Fig 4.3 C). Together, these results suggest that SSL10 inhibits common pathway 

activation and potentially affects C5 activity.  
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Fig 4.3 SSL10 inhibits complement activity in the absence of Ca2+.  Serum at 2%, 4% and 8% was activated by zymosan 

in the presence of Ca2+ (A) or in the presence of EGTA (B). SSL10 was added at indicated concentrations. The formation of 

MAC was assessed by antibody detection. Data was expressed as mean percentage of total complement activation ± s.d. (C) 

E. coli was incubated with 5% serum with or without SSL10. Only Ca2+ independent activation was allowed by the addition 

of EGTA. Bacterial survival was tested in triplicate and assayed by plating. Data was expressed as cfu/ml ± s.d. Statistical 

significance was calculated by one-way ANOVA test and indicated on the plot. ***: p < 0.001. The experiments were carried 

out in duplicate and represent one of two independent experiments. 
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4.2.4 SSL10 reduces C5a production 

MAC formation is the end point of the terminal complement activation (Walport, 2001). It is 

initiated by the cleavage of C5 into C5a, a powerful anaphylatoxin, and C5b, which attaches to 

the target surface and forms the basis for assembly of the membrane attack complex. MAC 

assembly begins by the attachment of C6 to activated C5b and is followed by the addition of 

C7, C8 and multiple copies of C9. To clarify if SSL10 affects the actual assembly of MAC or 

instead inhibits the cleavage of C5, the production of C5a was assessed by a sandwich ELISA 

(Lorenz, 2012). Serum (2.5%) was activated with zymosan in the presence of SSL10 for 30 

min. C5a was captured by a monoclonal anti-C5a antibody and quantified using a polyclonal 

anti-C5a antibody. SSL7 is a well-established inhibitor of C5a production and therefore was 

used as a positive control. Since total complement activation was permitted by this assay, 

SSL10-FNY was included to specifically assess the IgG independent effect of SSL10. The non-

inhibitory SSL11 was used as a negative control for the assay (Sequeira, 2013). EDTA chelates 

both calcium and magnesium and therefore prevents the activation of all three complement 

pathways. EDTA-treated serum was used to indicate the background reading of this 

experiment. 

As expected, SSL11 did not alter C5a production (Fig 4.4). SSL10 (4 μM) effectively reduced 

C5a production to 7.4%, the same level as EDTA-treated and SSL7-treated samples. Only 5% 

C5a was produced in the presence of SSL10-FNY, confirming the inhibition was not a 

consequence of inhibiting IgG mediated classical pathway activation. Taken together, the 

results suggested that SSL10 interferes with complement activation between the level of C3 

cleavage and C5 cleavage.  
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Fig 4.4 SSL10 inhibits C5a production.  Zymosan (0.5mg/ml) was incubated with 2.5% serum ± 4 μM SSL10, SSL7 or 

SSL11. C5a production was detected by sandwich ELISA in duplicate. C5a production in serum alone was set as 100% and 

all others were normalized to this value. Data are expressed as mean percentage ± s.d. and represent one out of two independent 

experiments 

 

 

4.2.5 The binding of SSL10 to prothrombin requires the presence of the N-terminal 

domain 

Both prothrombin and plasminogen have been implicated in modulating the complement 

pathway between C3 and C5 stages (Barthel et al., 2012; Huber-Lang et al., 2006; Krisinger et 

al., 2012). Therefore their involvement in SSL10’s complement inhibition was investigated 

next. It was demonstrated previously that SSL10 binds prothrombin in a saturating manner, but 

such binding was not seen with the C-terminal domain of SSL10 (Patel, 2011). However this 

domain of SSL10 is likely to directly participate in complement interaction as C-SSL10 

exhibits complement inhibitory properties and several mutants located in this domain displayed 

enhanced complement inhibition. This discrepancy raised the question of whether prothrombin 

is the mediator of SSL10’s complement inhibition. Therefore the binding of C-SSL10 to 

purified prothrombin was re-examined. 
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Purified prothrombin (0-1 μM) was added to SSL10 or C-SSL10 (0.5 μM) adsorbed to plastic 

plates, and the binding was detected by anti-prothrombin antibody. SSL10 coated wells were 

saturated at a prothrombin concentration of 0.125 μM but no binding was detected on C-SSL10 

coated wells (Fig 4.5 A). To ensure this difference was not caused by reduced access of 

prothrombin to the smaller-sized C-SSL10 immobilized on the microtitre plate, a competition 

assay was carried out. Prothrombin (0.5 μM) was pre-mixed with SSL10 and C-SSL10 (0-4 

μM). The protein mixture was applied to a SSL10 coated plate. A clear competition was 

observed with the wild type protein (Fig 4.5 B). The competition peaked at 0.5 μM, a 1:1 ratio 

to the prothrombin concentration. Curiously no further reduction of prothrombin binding was 

observed at concentrations higher than 0.5 μM. Only high concentrations of soluble C-SSL10 

affected the solid phase prothrombin binding. Bound prothrombin, detected by absorbance at 

490nm, reduced from 0.9608 to 0.7765 at 4 μM soluble C-SSL10. This difference was not 

significant (Student t-test).  
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Fig 4.5 Direct binding of purified prothrombin to SSL10 and C-SSL10.  (A): Saturating binding of prothrombin to 0.5 μM 

plate coated SSL10 or C-SSL10. The binding of prothrombin was detected by anti-prothrombin antibody (1:2000 dilution). 

(B): Competition for prothrombin binding by SSL10 and C-SSL10. Prothrombin (0.5 μM) was pre-incubated with SSL10 or 

C-SSL10 at the indicated concentration and the mixture was applied to plate immobilized 0.5 μM SSL10. Prothrombin binding 

was tested by anti-prothrombin antibody. All conditions were tested in duplicate and expressed as mean Abs490 ± s.d. Data 

represent two independent experiments. 
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4.2.6 SSL10 isolates prothrombin from plasma but not serum 

To examine if the binding of prothrombin could be correlated with complement inhibition by 

a different method, immobilized SSL10 and SSL10-Q61A/Q62A were tested for their ability 

to selectively remove prothrombin from plasma or serum by pull down experiment coupled 

with western blot analysis. SSL10-Q61A/Q62A is a mutant that displayed enhanced 

complement inhibition. Because all of the prior complement experiments carried out in this 

study (chapter 3) were conducted in serum, the binding of prothrombin by SSL10 in serum was 

also tested. Prothrombin was bound by SSL10-coupled Sepharose when incubated with plasma 

(Lane 4-6) but no prothrombin was detected with serum incubation (Lane 1-3) (Fig 4.6). 

Furthermore compared to the amount of prothrombin bound by the wild type protein from 

plasma (Lane 5), SSL10-Q61A/Q62A did not display enhanced binding (Lane 6). These 

observations suggest that prothrombin is less likely to be responsible for SSL10’s inhibition of 

serum complement activity. The reduction of prothrombin binding in the serum samples is 

probably due to a low prothrombin concentration caused by consumption during the blood 

clotting and separation process.  

 

 

 

Fig 4.6 Western analysis of prothrombin binding by SSL10 coupled Sepharose from 10% EDTA treated serum (lane 

1-3) or plasma (Lane 4-6).  Prothrombin binding was determined by anti-prothrombin antibody. Binding of SSL10 (Lane 2 

and 5) and SSL10-Q61A/Q62A (Lane 3 and Lane 6) was tested. Sepharose alone (Lane 1 and 4) was used as a control. 

Benchmark pre-stained protein ladder is shown in Lane 7. Data represent three independent experiments. 
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4.2.7 SSL10 inhibits MAC formation in the presence of lepirudin 

Thrombin-mediated MAC formation can occur through two routes (Krisinger et al., 2012). 

High concentrations of thrombin directly cleave C5 to produces C5bT (section 1.2.4) that forms 

the basis for MAC assembly. At low thrombin concentrations, such as the low serum 

percentage used in the present assay, C5 cleavage is predominantly mediated by the C5 

convertases however the generated C5b can be rapidly converted to C5bT by thrombin. 

Thrombin-mediated cleavage of both C5 and C5b has been shown to be inhibited by the 

presence of lepirudin, a direct thrombin inhibitor (Krisinger et al., 2012). If SSL10 inhibits 

complement by preventing prothrombin/thrombin activity, then when thrombin activity is 

blocked, the addition of SSL10 would have little effect on the traditional complement cascades. 

To test this, SSL10’s effect on MAC formation in the presence of lepirudin was examined.   

Plasma was used in the experiment to reduce variation caused by prothrombin consumption 

during serum isolation. Ideally, plasma without thrombin inhibitor should be used as the 

experimental control. However plasma coagulation occurred within 10 minutes without anti-

thrombin treatment. Therefore, autologous normal human serum was used as a reference for 

SSL10 activity. 

Both IgG-induced and mannan-induced complement activation in 2% Lepirudin treated plasma 

and autologous normal serum in the presence of SSL10 were tested (Fig 4.7). SSL10-FNY, the 

IgG binding mutant, was used as an additional control for the classical pathway. Pathway 

activation was evaluated by ELISA detection of MAC formation. No coagulation was observed 

during the experiment, indicating lepirudin treatment was effective. Both SSL10 and the IgG 

binding mutant were functional in the presence of lepirudin. With respect to the classical 

pathway, the activity of the wild type protein in lepirudin-treated plasma and normal serum 

superimposed each other (Fig 4.7 A). Similar trends were observed in mannan-induced 

complement activation (Fig 4.7 B). Although no inhibition was observed in normal human 

serum incubated with 0.5 uM SSL10, 40% inhibition had occurred in lepirudin treated plasma. 

Clearly, blocking thrombin activity did not negatively influence SSL10’s inhibitory function 

of complement. On the contrary, it may provide a less antagonizing environment for SSL10’s 

action.   
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Fig 4.7, SSL10 mediated inhibition in lepirudin treated plasma on IgG induced (A) and mannan induced (B) 

complement activation.  Lepirudin treated plasma (2%) was activated by IgG or mannan and the activation was measured by 

the formation of MAC. The effects of SSL10 and SSL10-FNY were analyzed. The effect was compared to autologous 2% 

normal human serum (NHS). MAC formation in serum or plasma alone was set as 100%. Experiment was carried out in 

duplicate. Data are expressed as mean percentage ± s.d. and represent two independent experiments. 
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4.2.8 SSL10-mediated complement inhibition is not changed in the presence of a 

plasminogen inhibitor 

ε-aminocaproic acid (EACA) is a lysine analogue and competitively inhibits plasminogen 

activation and plasmin activity in the micromolar range (Sun et al., 2002). If SSL10 influences 

complement activation through plasminogen activity, then inhibiting plasminogen activation 

may alter SSL10’s effects. Four different concentrations of EACA (0.5-10 mM) were added to 

normal human serum and complement activation in response to mannan was tested (Fig 4.8). 

SSL10’s ability to prevent MAC formation in the lectin pathway was unaffected at all EACA 

concentrations tested and was equivalent to non-treated serum. 

 

 

Fig 4.8 Inhibition of lectin pathway activity by SSL10 in 2% serum in the presence of 0.5-10 mM EACA.  Complement 

activity was measured as MAC deposition. MAC formation in serum alone was set at 100%. The experiment was carried out 

in duplicate. Data are expressed as mean percentage ± s.d. and represent two independent experiments. 
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4.2.9 SSL10-mediated complement inhibition is not altered in plasminogen depleted serum  

If SSL10 functions through plasminogen binding, depleting plasminogen would likely remove 

SSL10’s inhibition. To test this hypothesis, SSL10’s effect on mannan-induced MAC 

formation in plasminogen-depleted serum was assessed by ELISA and compared to that in 

plasminogen-sufficient or reconstituted samples. Depletion of plasminogen was carried out 

with L-lysine-coupled Sepharose, which pulled out plasminogen by interacting with the lysine 

binding kringle domain. Serum passed through non-coupled Sepharose was used as the 

plasminogen-positive reference (referred as the PLG+ serum). EACA is generally used to elute 

plasminogen after affinity isolation. However it has been reported to inhibit complement at 

high concentration (Vallota, 1978), so L-lysine solution was used here instead. Eluted protein 

from L-lysine beads or non-coupled Sepharose was added back to serum samples to create the 

restored condition (referred as the PLG restored and the mock elution restored) and un-

processed normal human serum was used as a control. 

The serum plasminogen levels after depletion and reconstitution were confirmed by western 

blotting (Fig 4.9 A). The C4 level was used as a control for gel loading and serum 

concentration. Compared to un-processed normal human serum (Lane 1), the majority of 

plasminogen was removed by the L-lysine processing (Lane 2 and Lane 8). However elution 

by the amino acid solution was not successful (Lane 6) and therefore the attempted 

reconstitution did not restore plasminogen to the full serum concentration (Lane 3). Sepharose 

alone did not pull out plasminogen (Lane 7 and Lane 9) and the serum plasminogen level of 

the PLG+ serum was not changed (Lane 4 and 5). To ensure the depletion process did not cause 

reduction in serum complement strength, the level of MAC formation in differentially 

processed serum samples was compared and a similar amount of MAC was detected in all 

conditions tested (Fig 4.9 B).  

Addition of SSL10 to plasminogen-depleted serum resulted in a dose-dependent reduction of 

MAC formation (Fig 4.9 C). The overall trends of inhibition in plasminogen-deficient serum 

were similar to that seen in plasminogen-sufficient conditions (PLG+ serum and Mock-elution 

restored serum). Serum processed through L-lysine Sepharose appeared to be less resistant to 

SSL10’s inhibition compared to the serum processed with Sepharose only controls. The 

difference was not statistically significant as determined by student’s t test (p= 0.08 for 2 μM 

SSL10). This could be caused by serum activation or consumption during the affinity isolation 
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process, as a faint C4 deposition was observed on L-lysine coupled Sepharose but not on blank 

Sepharose (Fig 4.9 A).  

 

Fig 4.9 SSL10-mediated complement inhibition of the lectin pathway in plasminogen depleted serum.  (A): Western blot 

detecting plasminogen level after depletion. C4 level was measured as a reference. Lane 1: Normal human serum, Lane 2: L-

lysine processed serum, Lane 3: plasminogen restored serum, Lane 4: Non-coupled Sepharose processed serum, Lane 5: mock-

elution restored serum, Lane 6: elution from L-lysine Sepharose, Lane 7: elution from non-coupled Sepharose, Lane 8: L-

lysine beads, Lane 9: non-coupled Sepharose beads. (B): MAC formation in plasminogen deficient and sufficient serum (2%). 

(C): Complement was activated by mannan and MAC formation was measured in the presence of SSL10 for the different 

serum preparations. Data are expressed as Abs 490 ± s.d. and represent two independent experiments. 
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Similar results were also obtained in plasminogen deficient guinea pig serum as analyzed by 

the CH50 assay. This assay measures complement mediated hemolysis of antibody opsonized 

sheep red blood cells and therefore represents the inhibition of MAC lytic activity. To test if 

plasminogen binding is involved in enhanced complement inhibition, the enhancing mutant 

SSL10-Y119A/I184T was also tested. Serum was processed as above. Due to the lack of an 

appropriate antibody against guinea pig plasminogen, the beads used for purification were run 

on a gel and the removal of plasminogen was only observed in L-lysine coupled Sepharose 

(Fig 4.10 A). There was no substantial difference between SSL10’s effects in L-lysine treated 

and in blank Sepharose treated serum samples. Moreover the enhanced inhibition by SSL10-

Y119A/I184T was not affected by plasminogen deficiency (Fig 4.10 B). Taken together, the 

data in this section shows that plasminogen is not likely to be the key mediator for SSL10’s 

complement inhibition. 

 

Fig 4.10 Plasminogen deficiency has little effect on the SSL10-mediated inhibition of hemolysis. Plasminogen was 

removed from guinea pig serum by affinity isolation using L-lysine-Sepharose. Hemolysis of antibody sensitized sheep red 

blood cells by L-lysine Sepharose (PLG- serum) and blank Sepharose treated serum (PLG+ serum) with different concentrations 

of SSL10 was measured. Binding of PLG by blank Sepharose (Lane 1) and L-lysine coupled Sepharose (Lane 2) were shown 

in (A). The measurement of hemolytic activity in the presence of SSL10 and SSL10-Y119A/I184T were shown in (B). Data 

are expressed as mean percentage of hemolysis ± s.d. from duplicate readings and represent two independent experiments. 
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4.2.10 SSL10 does not directly bind C3 and C5 from serum 

Since SSL10 affects complement between C3 and C5 in the common pathway, the binding of 

SSL10 to C3 and C5 was tested. EDTA treated fresh human serum was applied to a microtitre 

plate coated with immobilized SSL10, SSL7 or SSL11 (0.5 μM). The binding of C3 and C5 

was assessed by their respective antibodies (Fig 4.11). As expected, strong binding to C5 was 

observed in SSL7 coated wells while SSL11, a non-complement inhibitor (Sequeira, 2013), 

remained negative. SSL10 did not bind C3 and C5 above the level of SSL11. The lack of 

binding was also observed by western blot analysis of serum pull down experiments with anti-

C3 and anti-C5 antibodies (data not shown) and was in agreement with previous observations 

regarding C5 binding (Patel, 2011). 

 

 

Fig 4.11 Binding of C3 and C5 to plate immobilized SSL10, SSL7, and SSL11 (0.5 μM) from 10% EDTA-treated serum.  

Binding was detected by anti-C3 and anti-C5 antibodies in duplicate. Data are expressed as mean absorbance ± s.d. and 

represent two independent experiments. 
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4.2.11 Other attempts to identify the complement target of SSL10 

In addition to directly investigating the involvement of SSL10 binding to C4, prothrombin and 

plasminogen on complement activation, the overall plasma and serum binding profiles of 

functionally distinct mutants were compared to wild type protein. Fig 4.12 shows an example 

where two mutants, SSL10-Q61A/Q62A and SSL10-F166A, were compared in the pull down 

experiment. SSL10-Q61A/Q62A is a mutant that was previously shown to display improved 

complement inhibition while SSL10-F166A has reduced ability to bind IgG. Compared to wild 

type SSL10, there were no noticeable differences observed in the binding profiles of these 

mutants from either plasma or serum, except the reduction in IgG binding to SSL10-F166A 

(Lane 3 in plasma and Lane 7 in serum) (Fig 4.12). The major protein bands appearing on the 

gel corresponded to fibrinogen, IgG and α2-macroglobulin based on size and mass 

spectrometry results from the previous study (Patel, 2011) and are labeled as a-g on Fig 4.12.  

The mutagenesis experiments performed during this research demonstrated that mutations that 

affect complement activity and mutations that affect IgG binding are concentrated in one 

general area on SSL10. Additionally losing IgG binding often correlates with stronger 

complement inhibition. Therefore the IgG binding site might partially overlap or indirectly 

influence the interface used for complement interaction. Binding of IgG-depleted serum or 

plasma to SSL10-coupled Sepharose was tested and no consistent differences were observed 

when compared to the binding profile in the presence of IgG (data not shown).  

SSL10 proteins used in pull down experiments are immobilized on a solid surface and this may 

hinder access to the binding sites. Therefore immunoprecipitation with polyclonal anti-SSL10 

antibody coupled Sepharose was also attempted to analyze the interaction of SSL10 to serum 

proteins in solution. Bound proteins were eluted using glycine, pH 3.0. However, no protein 

bands were observed after silver staining, which detects protein in low abundance. Proteins 

remaining on the Sepharose beads were released by boiling in SDS buffer. Unfortunately, due 

to the presence of a large amount of anti-SSL10 IgG, the protein pattern obtained this way 

could not be properly interpreted (data not shown).  

 

 

 

135 

 



 

 

Fig 4.12 Affinity isolation of plasma and serum protein by SSL10 or mutant coupled Sepharose. EDTA-treated plasma 

(10%) (Lane 1 to 4) and serum (Lane 5 to 8) were incubated with protein coupled Sepharose at 4°C for 1 hr with rotation. 

Bound proteins were electrophoresed under reducing conditions. Lane 1 and 5: blank Sepharose; Lane 2 and 6: SSL10 coupled 

Sepharose; Lane 3 and 7: SSL10-F166A coupled Sepharose; Lane 4 and 8: SSL10-Q61A/Q62A coupled Sepharose. a: high 

molecular weight protein containing IgG heavy chain sequence. b: fibrinogen α chain, c: fibrinogen β chain, d: fibrinogen γ 

chain and IgG heavy chain, e: IgG light chain, f: fibronectin, g: α2-macroglobulin. 

 

4.2.12 SSL10 activates the lectin pathway at low concentrations 

During the process of analyzing complement activation, it was noticed that the addition of 

SSL10 at concentrations below 0.125 μM often resulted in increased readings on mannan-

induced MAC deposition. To test if SSL10 has a stimulatory effect on complement when used 

at a low protein to serum ratio, the effect of low concentrations of SSL10 on IgG-induced and 

mannan-induced MAC deposition was examined (Fig 4.13). The IgG binding mutant, SSL10-

FNY was also tested as a control for the classical pathway activity while SSL7 was used as a 

control for the experiment. Serum activation in response to mannan increased dramatically in 

the presence of 0.03 μM to 0.5 μM SSL10 (Fig 4.13 A). The induction peaked at 0.125 μM. At 

this concentration, 1.5 times more MAC was detected in SSL10 treated samples than the 

untreated condition. In this experiment, inhibition of complement by SSL10 started occurred 

at concentrations over 0.5 μM and complete inhibition was achieved at 4 μM. Similar activity 

profiles were observed with SSL10-FNY, although this mutant displayed a stronger inhibitory 

effect than wild type protein, as observed previously. Interestingly, SSL10 directly inhibited 
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IgG induced complement activation even at the lowest concentration tested (Fig 4.13 B). As 

expected, SSL10-FNY displayed reduced inhibition on classical pathway activation. However, 

no strong induction of complement was observed with the classical pathway. At low 

concentrations SSL7 inhibited both pathways equally and from the lowest concentration tested, 

suggesting that the induction of the lectin pathway by SSL10 was not non-specific. This 

stimulatory effect on lectin pathway activity was reproducible, although the level of induction 

and the protein concentration corresponding to the induction varied between assays, probably 

reflecting donor related differences in complement components composition and concentration 

(data not shown). 

 

 

 

Fig 4.13 The effect of low concentrations of SSL10 on mannan (A) and heat aggregated IgG (B) induced complement 

activation.  Normal human serum (2%) was incubated with 0-4 μM SSL10 and SSL10-FNY. Complement activity was 

measured by MAC formation in duplicate. Serum alone was set as 100% and Data are expressed as mean percentage ± s.d. 

Data are from a combination of three experiments. The dashed lines indicate 100% complement activation. 
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4.3 Discussion 

SSL10 inhibits C3b deposition in the classical pathway, but the inhibition is lost when using 

SSL10-FNY, suggesting this inhibition is achieved through the interaction of SSL10 with 

IgG1, presumably via disruption of C1q/IgG recognition. Activation of the classical cascade 

promotes bacterial clearance in two ways: tagging the bacterial surface with C4b and C3b for 

phagocytic removal and providing an anaphylactic signal for phagocyte infiltration through the 

release of C4a and C3a (Degn & Thiel, 2013; Gros et al., 2008; Ricklin et al., 2010). Moreover, 

C3a and C4a also displays additional antimicrobial activity against Gram positive and Gram 

negative bacteria, including S. aureus (Nordahl et al., 2004; Zipfel & Reuter, 2009). SSL10 

provides S. aureus with a valuable additional mechanism for evading early complement 

activity.  

SSL10-FNY inhibits MAC formation by the classical complement cascade, but has no 

influence on C3b deposition. Similar results were observed with SSL10 and the enhancing 

mutant SSL10-I184T in mannan-induced complement activation, suggesting the second point 

of inhibition occurs below the level of C3 cleavage. In support of this observation, SSL10 can 

inhibit complement activation in the absence of Ca2+, under conditions where the C1 complex 

and MBL complex cannot be formed and the classical and lectin pathways cannot be activated. 

During lectin pathway activation, SSL10-I184T displayed stronger complement inhibition but 

the difference was only observed at the MAC level, suggesting the functional target of SSL10 

is more likely to be C5 rather than C3. The production of C5a was inhibited by SSL10 

regardless of IgG binding, suggesting C5 cleavage is affected by the additional inhibition. 

Taken together, on one hand, SSL10 disrupts C1q recognition of antibody labelled bacteria and 

inhibits initiation of the classical pathway; and on the other hand, the protein interferes with a 

common point shared by the three complement activation pathways and prevents the formation 

of MAC and the release of C5a, a powerful inflammatory mediator that instructs an immune 

response against S. aureus. 

This finding is different from previous results that showed SSL10 has little effect on the 

complement alternative pathway activity (Patel, 2011). One possible reason is that the previous 

study used the commercial Weislab ELISA test to determine pathway specificity. The specific 

activation of the classical and lectin pathway was tested in 1% serum to avoid the influence of 

C3-autoactivation. However, higher serum concentration was used (5 %) for the alternative 
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pathway test to ensure predominant alternative pathway activation. This serum concentration 

may overcome the effect of SSL10 (up to 2 μM) under the experimental conditions used, as the 

protein’s inhibition on complement is clearly inversely related to serum strength.  

These observations also suggest that C4, a component of the classical and lectin cascades, is 

not very likely to be the main contributor to SSL10’s inhibition of complement activation. Both 

prothrombin and plasminogen participate in regulation of C3 and C5 cleavage, however their 

involvement in SSL10-mediated inhibition was not supported by the current data. SSL10 was 

still capable of complement inhibition in conditions where plasminogen and 

prothrombin/thrombin had been removed by depletion or inhibition, suggesting neither of the 

two zymogens is indispensable for complement inhibition by SSL10. However as demonstrated 

by the current and previous studies, SSL10 binds both plasminogen and prothrombin directly 

and specifically (Patel, 2011). Thrombin and plasmin play central roles in maintaining blood 

homeostasis, SSL10 will still have some reason for binding these zymongens, which is in line 

with its effects in the coagulation system.  

Despite using a range of approaches, the additional interaction partner of SSL10 was not 

identified in the present study. Although current data suggests SSL10 directly influences the 

complement system and most likely affects the cleavage of C5. SSL10 does not directly purify 

C5 from EDTA treated serum, indicating it does not function like SSL7, which prevents C5 

conversion by direct binding to C5 and blocking its association with C5 convertase (Laursen 

et al., 2010). However SSL10 could still inhibit C5 cleavage indirectly by recruiting host 

complement regulators, such as the Factor H related protein 1 (FHR-1), a host C5 convertase 

inhibitor (Heinen et al., 2009). FHR1 binds C5 and inhibits the terminal pathway at two points: 

preventing C5 cleavage and C5a generation by C5 convertase; and blocking C5bC6 complex 

assembly and surface deposition (Heinen et al., 2009). FHR-1 recruiting proteins have been 

reported for Group A Streptococci (Streptococcal Collagen-like Protein 1) (Reuter et al., 2010), 

Pseudomonas aeruginosa (dihydrolipoamide dehydrogenase) (Hallström et al., 2012) and 

Leptospira interrogans (LfhA) (Verma et al., 2006). It would be of interest to examine if SSL10 

also interacts with FHR1 in the future. 

Alternatively, SSL10 could potentially bind Factor H, C4 binding protein and Factor I to 

increase the inactivation of C3b, which in turn reduces C5 convertase activity (Gros et al., 

2008; Laursen et al., 2012). Many bacterial virulence factors recruit factor H to the cell surface 

to reduce C3 containing convertase activity and interestingly, most of the factor H interacting 
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proteins also bind plasminogen (Laarman et al., 2010; Zipfel et al., 2013). A staphylococcal 

example in this regard is Sbi. Sbi can bind factor H and the bound protein is functional as a 

cofactor for Factor I. Co-incubation of Factor I and Sbi bound Factor H resulted in C3b 

cleavage in an in vitro system (Haupt et al., 2008).  

Factor I cleaves both C3b and C4b and therefore regulates complement activity in all three 

pathways. Interestingly, co-incubation of Factor I with C3b-coated S. aureus leads to 75% 

increase in iC3b generation and a 40% decrease in phagocytosis with a 58% reduction of 

surface bound C3-fragments (Cunnion et al., 2005). Most importantly, this activity does not 

require the cofactor function of Factor H, suggesting S. aureus could manipulate this host 

protease for its benefit (Cunnion et al., 2004b; Cunnion et al., 2005). It was recently shown that 

clumping factor A could mediate this action, providing an example for bacterial manipulation 

of Factor I in a co-factor independent way (Hair et al., 2010). 

In the presence of 4 μM SSL10, the surface bound C3b fragments were also reduced by 40%. 

Because the ELISA assay did not reveal the composition of these fragments, it is not clear if 

this reduction is a result of increased surface inactivation, although the observation still 

suggests that it is possible for SSL10 to modulate this crucial step of complement activation. 

Future work should also study the composition of surface C3 containing molecules to clarify 

if SSL10 affects the C3b inactivation rate.  

A dramatic increase in complement activity was observed when low concentrations of SSL10 

were added to human serum. This effect is more profound in mannan induced activation, 

probably due to the intrinsic difference between the lectin and classical cascade. The MBL 

associated proteases (MASP1, MASP2 and MASP3) exhibit thrombin-like enzymatic activity 

and have far broader substance specificity than their classical pathway analogues (C1r and 

C1s). Coagulation proteins fibrinogen, factor XIII (Krarup et al., 2008) and prothrombin 

(Krarup et al., 2007) are all being reported to be substrates of MASPs. Of particular relevance, 

thrombin can in turn modulate complement activity by producing an alternatively cleaved 

C5bT, which forms MAC at a faster rate and displays higher lytic activity (Krisinger et al., 

2012). Moreover, Iwaki et.al. demonstrated that MASP-1 cleaves pro Factor D and it is 

sufficient to initiate the alternative pathway, further linking the initiation of the lectin pathway 

to their amplification of the alternative pathway (Iwaki et al., 2011).  
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The induction of complement at low SSL10 concentrations could be another possible way for 

SSL10 to inhibit complement activity by pre-mature consumption of complement system 

components. Using consumption as a way of complement evasion has been reported for Sbi 

(Upadhyay et al., 2008). Incubation of the third and fourth domains of Sbi (Sbi-III/IV) caused 

degradation of intact C3 to C3b in the fluid phase. Sbi-III is the responsible unit and was 

proposed to provide a hydroxyl group for the nascently activated C3b and form a covalently 

bound C3b-Sbi complex (Upadhyay et al., 2008). Though the activation context (alternative 

pathway for Sbi and lectin pathway for SSL10) and the outcome of induction (C3 cleavage for 

Sbi and MAC formation for SSL10) are not exactly the same, Sbi still provides an example 

that an observed inhibition could be the result of uncontrolled activation. Alternatively, this 

difference could reflect a concentration dependent effect of SSL10 on its target, such as a 

change from cross linking to blockage or vice versa. Compared to SSL10’s inhibition, this 

induction occurs in a more physiologically relevant concentration range. For a secreted 

virulence factor, futile activation of complement protein away from the bacterial surface would 

be beneficial for the bacterium. 

Compared to other staphylococcal complement inhibitors, the efficacy of SSL10 in the in vitro 

assay system is not high. It is possible that binding to fibrinogen can produce a concentration 

effect in vivo that achieves the concentration requirement. It is more likely though that SSL10 

works in synergy with other staphylococcal complement inhibitors to reinforce prevention of 

common pathway activation. In vitro assays cannot always reflect the in vivo situation, 

particularly with a protein such as SSL10 that is capable of binding so many host factors. This 

multifactorial interaction of SSL10 with complement and coagulation is particularly relevant 

in light of the increasing body of evidence that suggests the synchronization of complement 

activity and blood coagulation with a heavy emphasis on the MBL/MASPs complex and the 

orchestrating role of C5a (Ricklin et al., 2010).  
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 Contribution of SSL10 in a complex 
system 

5.1 Introduction 

Efforts thus far have been focused on analysis of SSL10’s mechanism of action in separate 

systems (Itoh et al., 2010; Itoh et al., 2012; Itoh et al., 2013; Patel et al., 2010). However little 

is known about the overall role of this protein in S. aureus virulence, in particular how it 

functions in a complex system in which all of its ligands are present. In addition to modulating 

IgG and complement function, SSL10 also interacts with the blood coagulation system and 

myeloid cells (Itoh et al., 2013; Patel, 2011), all of which are effector components in the blood. 

Curiously, S. aureus is one of the leading causes of blood stream infections (Lowy, 1998). The 

ability of S. aureus to survive in blood is a key to its dissemination through the host and is also 

responsible for the development of sepsis (Powers & Wardenburg, 2014). Due to the specificity 

of SSL10 to human IgG, use of animal models may be inadequate. In this regard, the human 

blood system provides an ideal environment to investigate SSL10’s effects in a complex 

environment. In this chapter, the effect of SSL10 on S. aureus survival in blood is described 

and characterized. 
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5.2 Results  

5.2.1 SSL10 promotes the formation of thrombi in heparinized blood 

SSL10 interacts with IgG, the complement system and the coagulation system, which are all 

functional components of blood. To evaluate if SSL10 provides protection for S. aureus in 

whole blood, a whole blood killing assay was performed. S. aureus strain Newman, a 

frequently used strain for characterization of S. aureus virulence, was incubated with 10% 

heparinized blood at a final concentration of 1 x106 cfu/ml with inversion mixing (although 

5.37 x105 cfu/ml was achieved in the experiment below). After 3 hrs incubation, a small clot 

was observed in samples that had been inoculated with bacteria. The clot was notably bigger 

in SSL10 (2 μM) treated samples (Fig 5.1 A). To assess the clot-associated viable bacteria, the 

clot was isolated, washed and homogenized by physical disruption. Bacterial survival in both 

the soluble component and clot component was assessed by plating (Fig 5.1B). Live bacteria 

were found in the clot. As expected, the larger clot that formed in the presence of SSL10 

contained a significantly higher number of live S. aureus, 2.15 x105 cfu/ml with SSL10 

compared to 1.6 x103 cfu/ml without SSL10. In contrast, most of surviving bacteria remained 

in solution in the absence of SSL10. Treatment with 10% heparinized blood did not result in 

substantial S. aureus killing. Despite differences in the distribution of S. aureus between the 

samples, the total number of surviving bacteria, as calculated by the summation of the number 

of bacteria found in solution and in clot associated material, was not significantly different in 

both conditions (Fig 5.1 B). 
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Fig 5.1 Clot formation in S. aureus treated blood samples.  S. aureus Newman (5.60 x105 cfu/ml as indicated by the dashed 

line) was incubated with 10% heparinized blood with inverting mixing for 3 hrs at 37°C with or without 2 μM SSL10. (A): 

Blood clot observed following incubation. Left tube = 10% heparinized blood + S. aureus. Right tube = 10% heparinized blood 

+ S. aureus + SSL10. (B): Clots were isolated, washed in PBS and homogenized by physical disruption. Each condition was 

carried out in duplicate. Both the liquid and clot associated material were plated and surviving bacteria were enumerated and 

plotted as cfu/ml ± s.d. The sum of bacteria survival in solution and in the clot was set as total survival. Statistical significance 

was calculated by two-way ANOVA test and indicated on the plot. ***<0.001. Data represent two independent experiments. 
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Thrombi formation was also observed in both SSL10 treated and non-treated samples in 50% 

heparinized blood. A higher number of bacteria (5 x106 cfu/ml) was used in this experiment to 

keep the same bacteria to blood ratio (although 3.46 x106 cfu/ml was achieved in the 

experiment below). In contrast to incubation in 10% blood, where SSL10 treatment was 

associated with larger clots, in 50% blood there was no visible difference in clot size between 

the SSL10-treated and non-treatment conditions (data not shown). A substantial majority of 

surviving bacteria were associated with the clot (Fig 5.2). However addition of SSL10 

significantly increased the clot-associated staphylococci (p<0.001) and the difference was 

directly corresponded to increased total survival (p<0.001). 

 

 

 

Fig 5.2 Survival of staphylococci in 50% heparinized blood.  S. aureus Newman (3.46 x106 cfu/ml as indicated by the 

dashed line) was incubated with or without 2 μM SSL10 with inverting mixing for 3 hrs at 37°C. The blood clots were isolated, 

washed in PBS and homogenized by physical disruption. Each condition was carried out in duplicate. Both the liquid- and 

clot-associated material were plated and bacterial survival enumerated and plotted as cfu/ml ± s.d. The sum of bacteria survived 

in solution and in clot was set as total survival. Statistical significance was calculated by two-way ANOVA test. ***: p<0.001. 

Data represent two independent experiments. 
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5.2.2 The effect of SSL10 is not limited to heparinized whole blood 

To test if SSL10’s effect is related to heparin treatment, clot formation by S. aureus Newman 

in the presence of SSL10 in lepirudin treated blood (50%) was also assessed. Clot formation 

resembled that in 50% heparinized blood. Again, clot size was not related to the presence of 

SSL10 but 2-3 fold more bacteria survived in SSL10-treated blood over non-treated blood at 

every time point assessed (Fig 5.3 A). The effect could be observed as early as 60 min and 

interestingly, a steady increase of clot-associated viable S. aureus was also observed over time 

independent of the addition of SSL10. 

Cells are an important part of coagulation regulation. In an inflammatory environment, 

leukocytes, in particular monocytes, express tissue factors that promote blood coagulation 

(Oikonomopoulou et al., 2012). Previous work has demonstrated a specific interaction between 

SSL10 and monocytes (Patel, 2011). To test if this cellular interaction contributes to SSL10’s 

effect, cells were removed from the assay by using platelet poor plasma and bacterial survival 

in plasma was assayed (Fig 5.3B). The survival of bacteria in plasma was mainly associated 

with the clot. Similar to observations in the whole blood environment, addition of SSL10 

resulted in improved bacterial survival in the thrombi by 2.27 times (p<0.01). 
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Fig 5.3 Survival of staphylococci in 50% lepirudin treated blood (A) and heparinized plasma (B). S. aureus Newman (6 

x106 cfu/ml) was incubated with or without 2 μM SSL10 with inverting mixing for up to 3 hrs at 37°C. The blood clot was 

isolated, washed in PBS and homogenized by physical disruption. For lepirudin blood, three continuous time points were 

analyzed and bacterial survival in the solid component was measured by plate count and survival plotted as cfu/ml ± s.d. For 

plasma, both the liquid and clot associated material was evaluated. Each condition was carried out in duplicate. Statistical 

significance was calculated by two-way ANOVA test and indicated on the plot. *: p < 0.05; **: p <0.01. Data are representative 

of two independent experiments. 
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5.2.3 SSL10 cannot confer the clotting property to L. lactis 

To investigate if SSL10 could provide general protection to other bacteria, the clotting of whole 

blood (50%) in the presence of SSL10 was tested with L. lactis, a non-pathogenic Gram 

positive bacterium, S. aureus Newman and Wood46 (NCTC 10345), a strain of S. aureus that 

is defective in clumping factors and coagulase production (Kjems, 1963). No clot formation 

was observed in the presence of L. lactis or S. aureus Wood46 after 3 hrs with or without 

SSL10 treatment, while S. aureus Newman formed thrombi as expected (Fig 5.4). The data 

suggest SSL10’s influences on clotting are dependent on the presence of other S. aureus 

virulence factors, such as the clumping factors and coagulase. 

 
Fig 5.4 Clot formation in S. aureus Newman, Wood46 and L. lactis inoculated blood samples with and without SSL10. 

Bacteria (5 x106 cfu/ml) were incubated with 50% heparinized blood with mixing for 3 hrs at 37°C with or without 2 μM 

SSL10. Tubes were washed once and blood clot formation was observed. Date are representative of two independent 

experiments. 
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5.2.4 SSL10 binds back to S. aureus 

Two types of virulence factors contribute to the aggregation of staphylococci in blood (Cheng 

et al., 2011; Powers & Wardenburg, 2014). The conversion of fibrinogen to fibrin is carried 

out by staphylocoagulases (Friedrich et al., 2003; Kroh et al., 2009). They form a 1:1 complex 

with the host coagulation enzyme prothrombin and directly activate it, bypassing the host 

coagulation regulation (Friedrich et al., 2003; Kroh et al., 2009). The recruitment of S. aureus 

to the fibrin mesh is mediated by bacterial surface anchored adhesins, such as the clumping 

factors, that interact with extracellular matrix proteins (Cheng et al., 2011; Powers & 

Wardenburg, 2014). Previous studies have identified both fibrinogen and fibronectin as SSL10 

ligands although SSL10 does not contain the surface anchor motif in its sequence. To examine 

if soluble SSL10 could re-bind back to live S. aureus, SSL10 labelled with Alexa Fluor 488 

(0.125 μM to 0.5 μM) was added to live bacterial cultures (1x 105 cfu/reaction, Newman) and 

the surface association of SSL10 to S. aureus was analyzed by flow cytometry. SSL10 was 

associated with the surface of both stationary and exponential growth phase bacteria (Fig 5.5). 

The binding occurred in a dose-dependent manner but did not reach saturation in the 

concentration range tested. The differences between growth phases are not statistically 

significant (Two-way ANOVA).  

 

Fig 5.5 SSL10 binds back to S. aureus dose dependently.  (A): Histogram representing 0.5 μM Alexa Fluor 488 labelled 

SSL10 binding to stationary and exponential phase live S. aureus Newman (1x 106 cfu/ml). (B): Dose dependent binding of 

0.125 μM to 0.5 μM SSL10 to S. aureus, presented as geometric mean fluorescence intensity (GMFI) ± s.d. Binding was 

assessed in duplicate and was detected by flow cytometry. Data represent two independent experiments. Statistical significance 

was determined by two-way ANOVA. 
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5.2.5 SSL10 binds back to S. aureus in the presence of IgG and plasma 

SSL10 interacts with several plasma proteins including IgG. To assess if the presence of plasma 

protein changes the association pattern of SSL10 to S. aureus, the binding of 0.5 μM SSL10 

labeled with Alexa Fluor 488 to live exponential phase S. aureus in the presence of EDTA 

treated plasma or purified human IgG1 (1 mg/ml) was analyzed by flow cytometry. The binding 

of SSL10 to S. aureus was not inhibited in the presence of these SSL10 ligands (Fig 5.6 A and 

B). There appeared to be a trend towards greater SSL10 binding in the presence of IgG or 

plasma, but the differences were not statistically significant, due to variations between assays 

(Fig 5.6)   

 

 

 
Fig 5.6 SSL10 binds back to live S. aureus in the presence of plasma and IgG.  Alexa 488 labeled SSL10 (0.5μM) was 

incubated with 1x106 cfu/ml live Newman at 37°C for 30 min in the presence of IgG1 (1 mg/ml) and EDTA-treated plasma. 

Binding was assessed by flow cytometry. Data are combined from two independent experiments. The histogram of one 

experiment was shown in (A) and the geometric mean fluorescence intensity in (B). and expressed as mean ± s.d. 
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5.2.6 SSL10 does not directly enhance attachment of bacteria to plastic or to fibrinogen-

coated surface 

To examine if SSL10 mediates S. aureus binding to fibrinogen, 1x 106 cfu/ml S. aureus 

Newman was allowed to adhere to fibrinogen- or PBS- coated plates for 1 hr at 37°C with 

gentle rotation. PBS or 2 μM SSL10 was added to the bacteria. Bacterial adherence was 

determined by crystal violet staining, a commonly used method to evaluate biofilm formation 

(Vanassche et al., 2011). The dye is taken up into the biomass and can be dissolved by ethanol. 

The intensity of the crystal violet solution therefore indicates the level of bacterial attachment. 

The readings from wells treated with PBS were used to determine the background staining. 

Including SSL10 in the solution did not change dye incorporation (Fig 5.7). S. aureus attached 

to the PBS-coated surface but the presence of fibrinogen enhanced the attachment considerably. 

However addition of SSL10 did not provide an additional advantage for bacterial attachment 

in either condition.  

 

Fig 5.7 SSL10 does not directly affect S. aureus adherence to a fibrinogen coated surface.  A 96 well tissue culture plate 

was coated with either PBS or fibrinogen (150 μg/well). PBS, 2 μM SSL10, 1x106 cfu/ml S. aureus (Newman) or S. aureus 

plus SSL10 were applied to the plates at 37°C for 1 hr with gentle rotation. Adherence of the bacteria was measured by crystal 

violet staining. After being dissolved with ethanol, the level of dye incorporation was measured by absorbance at 550nm. Data 

are calculated from duplicate wells and expressed as mean absorbance ± s.d. Data shown here represent two independent 

experiments.  
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5.2.7 SSL10 accelerates the clotting kinetics at low plasma concentrations 

SSL10 has been reported to interfere with the host coagulation cascade (Patel, 2011). Thus 

SSL10 may also improve the staphylococcal thrombi formation by directly modulating the 

coagulation process. To address this, the effect of SSL10 on S. aureus-induced blood clotting 

kinetics was investigated. Live S. aureus strain Newman (1x106 cfu/ml) was incubated in 

heparinized platelet poor plasma in the absence or presence of 2 μM SSL10 in a microtiter 

plate. Plasma coagulation was measured by monitoring plasma turbidity at 405 nM, using 620 

nM as a background reading, as described previously (Section 3.2.4.5).  

In the presence of S. aureus, plasma turbidity increased after an initial lag phase while plasma 

alone remained soluble through the tested time period (Fig 5.8). The clot formed faster in higher 

plasma concentrations with a 50 min lag phase observed in 50% plasma, in contrast to 75 min 

in 20% plasma. Clot formation was accelerated in the presence of SSL10 in 20% plasma, with 

turbidity changes occurring within the first 15 min. Higher levels of clot formation were 

observed throughout the measured time period and the differences were statistically significant 

from 60 min onwards. In 50% plasma, the addition of SSL10 did not result in major changes 

in the lag phase, although significantly higher levels of clotting were observed in later time 

points. 
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Fig 5.8 SSL10 alters the kinetics of S. aureus induced clot formation.  Heparinized platelet poor plasma at 20% (A) and 

50% (B) of indicated concentration was incubated with 1x106 cfu/ml live S. aureus (Newman) ± 2 μM SSL10 at 37°C with 

gentle shaking. The turbidity of the plasma was read as changing in absorbance at 405nm at indicated time points. Absorbance 

at 620 nm was used as the background reading. Statistical significances were calculated by two-way ANOVA with multiple 

comparison tests and indicated on the plot. Data represent two independent assays. *: P<0.05; **: P<0.01 and ***: p<0.001 
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5.2.8 IgG binding by SSL10 is associated with more clot-associated bacteria 

Since IgG binding is an important aspect of SSL10’s function, the effects of SSL10 wild type 

and the IgG binding mutant (SSL10-FNY) in 50% heparinized blood were compared. At 3 hrs, 

8.1x106 cfu/ml S. aureus were associated with the thrombi in the absence of SSL10 (Fig 5.9 

A). The number of viable clot-associated bacteria increased to 2.33x107 cful/ml with the 

addition of 2 μM SSL10 (p<0.05). The number dropped to 1.37x107 cfu/ml bacteria with 

addition of 2 μM SSL10-FNY although the difference is not statistically significant. 

The effects of SSL10 and SSL10-FNY on clotting kinetics were also compared in 20% 

heparinized platelet poor plasma (Fig 5.9 B). Treatments with both SSL10 and SSL10-FNY 

significantly accelerated the clotting of the plasma (p<0.05). Significantly higher levels of 

fibrin cross-linking were observed with both proteins at the start and end of the incubation 

period. The effect of SSL10-FNY appeared to be stronger than SSL10, although the difference 

is not significant. 
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Fig 5.9 Comparison of the effects of wild type SSL10 and the IgG binding mutant SSL10-FNY on S. aureus induced 

blood clotting.  (A): 5.2x106 cfu/ml S. aureus Newman was incubated with 50% heparinized blood for 180 min. The assay 

was carried out in duplicate. Bacterial survival was assessed by plating and expressed as cfu/ml ± s.d. The dashed line indicates 

the initial inoculation of S. aureus. (B): Heparinized platelet poor plasma (20%) was incubated with 1x106 cfu/ml live S. aureus 

(Newman) ± 2 μM SSL10 or SSL10-FNY at 37°C with gentle shaking. The turbidity of the plasma was read as absorbance at 

405nm at indicated time points. Absorbance at 620 nm was used as the background reading. Statistical significance was 

calculated by two-way ANOVA with multiple comparison tests (Bonferroni post test) and indicated on the plot. Data represent 

two independent assays. *: P<0.05; **: P<0.01 and ***: p<0.001 
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5.3 Discussion  

When applied to a complex environment such as blood, SSL10 promotes the association of S. 

aureus within thrombi. The effect is most obvious in a lower percentage of heparin-treated 

blood (10%), where visibly larger clots were formed with SSL10 treatment. The overall 

survival of S. aureus in SSL10 treated and non-treated samples did not differ greatly, however 

the distribution of the bacteria was clearly different. When the blood concentration increased, 

clots formed in the absence of SSL10, however the number of viable staphylococci was still 

significantly less than in the SSL10 treated sample. There is a clear positive correlation between 

the presence of SSL10 with the formation of the clot and the association of bacteria to it.  

SSL10 cannot induce blood coagulation itself, nor can the protein induce clot formation by the 

non-pathogenic L. lactis, suggesting the effect is indirect and acting in synergy with other 

staphylococcal coagulation factors. It was discovered over a century ago that S. aureus can 

coagulate blood in the absence of host thrombotic activity (Loeb, 1903). This ability is 

attributed to two secreted staphylococcal coagulation factors: coagulase (Coa) and von 

Willebrand factor binding protein (vWbp) and the fibrinogen binding surface proteins of S. 

aureus, particularly the clumping factors (Cheng et al., 2011; McAdow et al., 2012; Powers & 

Wardenburg, 2014). Inhibition of Coa, vWbp and ClfA activity often results in attenuated 

virulence, as shown by reduced agglutination in plasma, decreased tissue lesions formation, as 

well as increased survival rates of the experimental animals (McAdow et al., 2011). The 

formation of an S. aureus thrombus is likely to be a contributing factor for S. aureus 

pathogenicity. Indeed the ability to clot blood is still used diagnostically for the identification 

of pathogenic staphylococci and is correlated to blood stream survival (Lowy, 1998; Spink & 

Vivino, 1942). Addition of recombinant SSL10 to live staphylococci in fresh whole blood or 

plasma increased the survival of clot-associated bacteria by 2-3 fold, suggesting a potential role 

of SSL10 in S. aureus blood stream survival, and seeding of infectious lesions and persistence 

in peripheral tissue. 

This increase in bacteria survival in the presence of SSL10 was consistently observed in both 

heparin-treated and lepirudin-treated blood, suggesting this effect is not related to anti-

coagulant treatment. The effect could be observed at 60 min and remained constant throughout 

the time course until 180 min, while the clot-associated bacteria steadily increased in both 
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SSL10-treated and S. aureus alone samples. It is not clear if this reflects a growth of clot 

associated S. aureus over time or a continuous adherence of bacteria to the clotted material.  

The reason behind the altered behavior of S. aureus at different blood concentrations is not 

clear. One possible explanation is that 50% blood presents an environment with more 

concentrated coagulation factors and thus favors coagulation by the bacteria. It may be a result 

of the much higher concentration of bacteria used in 50% blood. Alternatively, this could 

represent a stronger host defense forcing the bacteria to change to a different evasion strategy. 

In 50% blood, the majority of surviving bacteria were found in association with the clotted 

material, suggesting this is could also be an effective way for S. aureus to avoid bactericidal 

effects of blood.  

Cellular components of blood also contribute to blood clotting. Activated platelets aggregate 

around defects in the blood vessel endothelium and provide surfaces for co-localization of 

prothrombin and its activation complexes, phospholipid and calcium (Adams & Bird, 2009; 

Delvaeye & Conway, 2009). S. aureus uses platelet aggregation to its advantage to improve 

adherence to microvasculature and has particular relevance in the development of endocarditis 

(Clarke et al., 2006; O´Brien et al., 2002). In addition to platelets, monocytes and macrophages 

contribute to coagulation by expressing pro-coagulation factors such as tissue factor in 

response to inflammatory stimuli (Adams & Bird, 2009; Hoffman, 2003; Markiewski et al., 

2007). The effect of SSL10 can be observed in platelet poor plasma, suggesting the interaction 

of SSL10 with the cellular component of the blood system is not crucial for this function.  

SSL10 binds fibrinogen directly, and although it does not contain a cell wall sorting motif, it 

can bind to the surface of live S. aureus. However addition of recombinant SSL10 did not 

increase the adherence of S. aureus to plastic or fibrinogen coated surfaces, suggesting SSL10 

does not function directly as an aggregation agent for S. aureus. In agreement with the result, 

no thrombi were formed by Wood46, a strain deficient in clumping factors (Kjems, 1963), in 

whole blood even in the presence of SSL10. The binding of SSL10 to S. aureus and fibrinogen 

may serve to localize and concentrate SSL10 to the proximity of S. aureus. This could also be 

a way to counteract the dilution effect of blood flow. The association was improved by the 

presence of purified IgG and plasma, suggesting that host plasma proteins could bridge this 

interaction and also indicates the interaction is physiologically relevant. Interestingly, co-

localization to the bacterium is also a key to the function of Coa (Ekstedt & Yotis, 1960). This 

was shown in a mouse sepsis model, in which the virulence of coagulase negative 
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Staphylococci, as measured by the mortality rate of experiment animals, increased when the 

bacteria were pre-incubated with coagulase before being injected into the blood stream of mice. 

However the effect was not observed when coagulase was injected into mice prior to 

inoculation of coagulase negative staphylococci (Ekstedt & Yotis, 1960). It is conceivable that 

activation of coagulation in close proximity to S. aureus would be more beneficial and effective 

to the bacterium than stimulating the pro-inflammatory coagulation cascade systemically.   

In 20% plasma, clot formation was much accelerated in the presence of SSL10. At 50%, even 

though the kinetics were not obviously altered, the level of clot formed was still improved by 

SSL10, reflecting enhanced fibrin production and cross linking. It is likely that SSL10 can alter 

the coagulation process, which is in line with the fact SSL10 alters the human coagulation 

cascade. In human plasma, addition of SSL10 in the absence of S. aureus delays coagulation 

(Patel, 2011). However in the presence of S. aureus and absence of host thrombin activity, 

SSL10 produced an opposite effect. This could reflect that SSL10 has different effects on host 

mediated and S. aureus mediated coagulation process. The result also highlighted how different 

results can be achieved taking a reductionist view over studying a more complex model. 

Interestingly, the binding of IgG by SSL10 is not necessary for altering the kinetics of clot 

formation but contributes significantly to bacterial protection in whole blood. It is not clear if 

this is a result of full inhibition of the immune system or a result of enhanced association to the 

bacterial surface. However this functional arrangement appears to be in line with the 

independent interference of IgG function and that of complement and coagulation cascades. 

The exact mechanism for SSL10 to assist staphylococcal thrombus formation remains to be 

elucidated. The current investigation was carried out using S. aureus Newman, a commonly 

used reference strain. It would be beneficial to test SSL10’s effect with a wider range of S. 

aureus strains to fully evaluate the physiological relevance and contribution of this observation. 
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 Discussion 

6.1 Introduction 

The outcome of a S. aureus infection largely depends on the battle between the host innate 

immune system and bacterial virulence (Lowy, 1998). To maximise the chance of survival, S. 

aureus produces a large array of virulence factors, many of which target various aspects of 

innate immunity (Foster, 2005). Understanding the pathogenicity of this organism is key to the 

effective management of staphylococcal infections. 

SSL10 is a 25kDa, strongly cationic protein that belongs to the superantigen-like protein family 

(Patel, 2011). Expanding evidences have placed the SSLs as an integral part of the S. aureus 

immune evasion strategy. SSL10 is no exception. This protein interacts with several key 

components of the host immune system, including IgG, prothrombin, plasminogen, and 

fibrinogen as well as directly interacting with leukocytes (Itoh et al., 2010; Itoh et al., 2013; 

Patel et al., 2010; Patel, 2011; Walenkamp et al., 2009). Correspondingly, SSL10 was reported 

to prevent IgG-mediated phagocytosis (Patel et al., 2010), inhibit complement classical 

pathway activation (Itoh et al., 2010; Patel, 2011), delay coagulation (Itoh et al., 2013; Patel, 

2011), and inhibit leukocyte migration in response to the homing cytokine CXCL12 

(Walenkamp et al., 2009). The expression of SSL10 is tightly controlled under normal growth 

conditions, but up-regulated in conditions mimicking membrane stress (Attia et al., 2010; 

Malachowa et al., 2011; Palazzolo-Ballance et al., 2008; Voyich et al., 2005), further 

highlighting the potential importance of SSL10 in S. aureus immune evasion. 

This work aimed to further the understanding of the mechanisms underlying SSL10 action, 

with the goal of answering the following questions: How does SSL10 carry out each function? 

Are these functions related to each other? What is the contribution of this protein to S. aureus 

virulence?  

 

6.2 The interaction of SSL10 and IgG 

One important outcome of this thesis was the discovery that SSL10 binds IgG through an 

interface in the C-terminal β grasp domain formed by the β10, β11 and the loop in between the 
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two strands. Three residues, F166, N168 and Y179 were found to play important roles in the 

SSL10/IgG1 interaction (Fig 3.6, Fig 3.7 and Fig 3.8). Combined mutations of F166, N168 and 

Y179 (SSL10-FNY) completely abolished the binding of SSL10 to IgG1 (Fig 3.8 and Fig 3.9). 

As a consequence, SSL10-FNY lost the ability to compete with C1q and FcγR for IgG binding 

(Fig 3.10, Fig 3.12 and Fig 3.13), confirming SSL10 directly interferes with the two major 

downstream effector functions of IgG1. 

The inhibition of C1q by SSL10 is directly linked to the reduction of classical pathway 

activation. It was hypothesized that IgG, in a natural antigen bound form, may only expose one 

C1q binding site (Michaelsen et al., 2006). This was supported by a recent paper that described 

the antigen-driven polymerization of six IgG1 molecules on the cell surface (Diebolder et al., 

2014). C1q can interact with the hexamer and form an antibody-C1 complex in a fashion that 

the four headpieces of the C1q molecule bind to one IgG hexamer (Diebolder et al., 2014). In 

this sense, SSL10 could effectively prevent C1 activation by disrupting the multiple 

engagement of C1q heads to the IgG hexamer and the small size of SSL10 may fit well into 

this complex structure.   

In addition to their most appreciated innate bacterial clearance roles, both C1q and FcγRs are 

involved in numerous other cellular and humoral activities. For example, C1q participates in 

the clearance of apoptotic cells, which are also a reported target of SSL10 (Itoh et al., 2012), 

and has recently been reported to promote angiogenesis and therefore promote wound healing 

(Bossi et al., 2014; Nayak et al., 2012). FcγRs are expressed widely on all types of leukocytes 

with the exception of T cells (Nimmerjahn & Ravetch, 2008; Rosales & Uribe-Querol, 2013). 

The effect they mediate depends on the cell type they are expressed on and range from the 

classical innate immune defence, such as phagocytosis, to regulation of adaptive immunity by 

shaping antibody production by B cells and altering antigen presentation (Nimmerjahn & 

Ravetch, 2008; Rosales & Uribe-Querol, 2013). Thus interference of IgG recognition by C1q 

and FcγRs may be beneficial to the bacterium in a much broader sense that has not yet been 

fully explored. 

C1q and FcγRIIa are both implicated in platelet aggregation. C1q activates platelets through 

the binding of the platelet C1q receptor (Nayak et al., 2012; Peerschke & Ghebrehiwet, 1997) 

and FcγRIIa responds to IgG (Loughman et al., 2005; Miajlovic et al., 2007). In this sense, 

SSL10’s competition with both proteins, plus its prevention of prothrombin activation (Itoh et 

al., 2013), will cut off the two most important positive feedback events that allow coagulation 
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to propagate. However S. aureus also aggregates platelets to provide protection and allow 

attachment (Clarke et al., 2006; Heilmann, 2011). Curiously, IgG and a heat sensitive serum 

component are also required for S. aureus induced platelet activation (Loughman et al., 2005; 

Miajlovic et al., 2007). Protein A, which also inhibits the interaction between IgG and FcγR, was 

reported to promote this process (O´Brien et al., 2002). It is not clear if SSL10 also has this bi-

functional role.   

S. aureus produces another two IgG binding proteins, Protein A and Sbi. Both Protein A and 

Sbi bind to the CH2/CH3 interface in the Fc portion of the immunoglobulin (Atkins et al., 2008; 

Deisenhofer, 1981) and were hypothesized to produce an allosteric effect that restricted 

association of FcγRs (Patel et al., 2010). In contrast, SSL10 binds to the upper CH2 domain of 

IgG and shares common binding residues with both C1q and FcγR (Idusogie et al., 2000; Patel 

et al., 2010; Ramsland et al., 2011; Sondermann et al., 2000). Deglycosylation of IgG, which 

leads to slight conformational changes in the upper CH2 domain, altered the binding of all three 

proteins to IgG (Krapp et al., 2003; Patel, 2011; Tao & Morrison, 1989), supporting the view 

that closely located or even overlapping binding sites were used by SSL10, C1q and FcγRs. 

Data gain from this study add support to this hypothesis. Thus SSL10 may function as a direct 

competitive inhibitor to C1q and FcγRs, representing a different method of Ig inhibition.  

Interestingly, the IgG binding interface on SSL10 is similar to that used for sialic acid binding 

by SSL4, 5 and 11, and is vastly different from the triple helix bundle structures used by Protein 

A and Sbi (Atkins et al., 2008; Baker et al., 2007; Chung et al., 2007; Deisenhofer, 1981; 

Hermans et al., 2012). This indicates a modification of the β grasp domain to suit different 

functional requirements. The striking selectivity for primate IgG1 further separates SSL10 

from the other staphylococcal IgG binders (Patel, 2011) and also suggests an adaptation to the 

human host environment. SSL10 may be adapted to play a specific role in modulating IgG 

function that is different from, and complementary to, the function of Protein A.   

 

6.3 The interaction of SSL10 with complement 

The effects of SSL10 on the complement system are two-fold. It inhibits the initiation of the 

classical complement cascade and prevents the production of surface opsonins such as C3b 

(Fig 4.1). SSL10 also prevents the formation of MAC and the production of C5a (Fig 4.4) and 

protects the Gram negative bacterium E. coli against serum complement mediated killing in an 
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IgG independent manner (Fig 3.16 and Fig 4.3). The inhibition likely occurs below C3 cleavage 

but above the cleavage of C5 and does not rely on SSL10’s interaction with prothrombin and 

plasminogen.  

S. aureus produces an array of proteins to inhibit complement activity. Most of the inhibitors 

have a heavy emphasis on alternative pathway activity and have no effect on complement 

function prior to C3 activation (Burman et al., 2008; Chen et al., 2010; Garcia et al., 2010; 

Hammel et al., 2007a; Laursen et al., 2010). SSL10 provides the bacterium with another 

complement inhibitory mechanism. Through its binding of IgG, it directly blocks the initiation 

of the classical pathway and thus reduces early complement activity. This may be of particular 

relevance in reducing the protective effect of anti S. aureus IgG that is generated as part of the 

adaptive immune response.  

The current data suggests that the second functional target of SSL10 is most likely to be C5, 

although it is not clear how SSL10 achieves the inhibition of C5 cleavage. The physiological 

relevance of MAC in immune defence against Gram positive bacteria is not clear. However, 

accumulating evidence suggests this large protein complex does form on the surface of Gram 

positive bacteria and may mediate an unknown function (Berends et al., 2013; Lorenz et al., 

2013). Nevertheless, both sub-lytic levels of MAC and C5a can elicit pro-inflammatory signals 

through their interactions with host cells (Manthey et al., 2009; Ricklin et al., 2010; Woodruff 

et al., 2011).  

During defence against infection, C5a instructs the chemotaxis of immune cells, induces the 

production of inflammatory cytokines, enhances the generation of ROS and increases vascular 

permeability (Manthey et al., 2009; Ricklin et al., 2010). C5a also cross-links several different 

branches of the immune system. Interestingly, C5a promotes coagulation by increasing the 

expression of tissue factor and reducing that of plasminogen activator inhibitor-1 in platelets, 

monocytes and endothelial cells (Markiewski et al., 2007; Ricklin et al., 2010). It also simulates 

the up-regulation of activating FcγRs and down-regulation of inhibitory FcγRs on leukocytes 

and therefore reduces the threshold of IgG-mediated FcγR activation (Kumar et al., 2006; 

Shushakova et al., 2002). To S. aureus, it is beneficial and crucial to reduce the production of 

C5a to prevent immune activation (von Kockritz-Blickwede et al., 2010). In preventing the 

production of C5a, which in turn reinforces its inhibition of IgG mediated FcγR activation and 

its effect on coagulation, SSL10 could amplify its inhibitory effects. 
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The cross-links between the complement and the coagulation system do not only occur at the 

C5a level. MASPs from the lectin pathway directly activate coagulation factors such as 

prothrombin while thrombin and plasmin in turn modulate complement activity (Markiewski 

et al., 2007; Oikonomopoulou et al., 2012). The current data suggests plasminogen and 

prothrombin are not indispensable in SSL10’s inhibition of complement. However in an 

environment where the activation of both systems is allowed, such as during infection, a much 

more profound effect can be achieved by the simultaneous inhibition of both pathways. 

 

6.4 Multiple protein interactions by SSL10 

Multiple ligand binding is a common characteristic among bacterial Ig binding proteins. For 

example, Sbi simultaneously binds IgG, factor H and C3 and was shown to inhibit alternative 

pathway activation independent of IgG binding (Haupt et al., 2008; Koch et al., 2012; 

Upadhyay et al., 2008). The advantage of such a functional arrangement is not clear, although 

the formation of a multiple protein complex may enhance the inhibition of its individual 

components, as seen in the simultaneous binding of C5 and IgA by SSL7 (Laursen et al., 2010; 

Lorenz et al., 2013; Patel, 2011; Wines et al., 2012). Although binding of C5 by SSL7 is 

sufficient to inhibit the cleavage of C5, the inhibition is improved in the presence of IgA 

binding (Lorenz et al., 2013). It is proposed that the formation of the C5/SSL7/IgA complex 

provides an additional steric effect that blocks the access of the C5 convertase to C5 more 

effectively and therefore enhances SSL7’s immune suppression (Laursen et al., 2010; Lorenz 

et al., 2013; Wines et al., 2012). 

SSL10-FNY retained the ability to inhibit the complement system and delay coagulation, 

suggesting both interactions were mediated through areas of SSL10 that are different from the 

IgG binding interface (Fig 3.14, Fig 3.15 and Fig 3.17). However, unlike SSL7, the current 

mutagenesis data suggests that binding of IgG negatively influences the effects of SSL10 on 

the additional complement target, and on the inhibition of the coagulation system. It is possible 

that overlapping or closely located interfaces are involved in these interactions. The nature of 

this apparent competition and the significance of it in vivo needs more understanding, although 

it is possible that this arrangement may direct SSL10 to either modulate the function of IgG or 

that of the complement and coagulation cascades. Curiously, SSL10 was crystalized as an anti-

parallel dimer through the β7 strand (Patel, 2011). This arrangement will allow the two β10/β11 
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areas to extend away from each other and in turn may allow the formation of a multiple-protein 

complex with the SSL10 dimer in the centre.  

 

6.5 SSL10 contributes to the survival of S. aureus in whole blood 

SSL10 promotes the survival of S. aureus in human whole blood in vitro. Interestingly, the 

effect is related to S. aureus-induced thrombus formation, an ability that has been implicated 

in S. aureus blood stream infection, including dissemination as well as persistence in the 

peripheral tissue (Cheng et al., 2011; Powers & Wardenburg, 2014).  

This observation actually fits well with the known functions of SSL10. SSL10 directly interacts 

with prothrombin and causes a delay in normal blood coagulation (Itoh et al., 2013; Patel, 2011). 

Recently, Itoh et al. (2013) localised the binding of SSL10 to the N-terminal Gal domain of 

prothrombin and proposed that the binding of SSL10 blocks the binding sites for the 

prothrombin activation complex (Itoh et al., 2013). The binding of Coa and vWbp to 

prothrombin involves the C-terminal B chain of the host coagulation factor (Friedrich et al., 

2003; Kroh et al., 2009). SSL10 inhibits prothrombin activation by Factor Xa but showed no 

inhibition on staphylocoagulase induced prothrombin activation in a reductionist system (Itoh 

et al., 2013). Thus SSL10 may on one hand down regulate the host mediated prothrombin 

activation and on the other hand promote bacterial coagulase binding to prothrombin by both 

localising prothrombin to the fibrin mesh or increasing prothrombin availability.  

Disruption of coagulation could also be achieved by reducing the anti-coagulation pathway, 

which is centred on the fibrinolysis enzyme plasmin, another ligand of SSL10. Plasminogen 

activation in the sense of fibrinolysis requires the formation of a complex comprising fibrin, 

tissue plasminogen activator, and plasminogen (Bergmann & Hammerschmidt, 2007; Rijken 

& Lijnen, 2009). Plasminogen contains a high affinity binding site for lysine residues and that 

binding is important for the recruitment of plasminogen to fibrin and the conformational 

changes that permit its activation. Interestingly, the lysine binding site also mediates the 

binding of anti-plasmin, a host plasmin inhibitor (Bergmann & Hammerschmidt, 2007; Rijken 

& Lijnen, 2009). The lysine-rich (17%) nature of SSL10 puts it in an interesting position to 

modulate plasminogen recruitment or activation.  
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Activation of coagulation leads to production of pro-inflammatory signals, activation of innate 

immune responses and infiltration of leukocytes into the thrombi (Engelmann & Massberg, 

2013; Powers & Wardenburg, 2014). To survive in that environment, S. aureus needs to 

produce virulence factors to counteract these assaults. SSL10’s inhibition of complement, host 

coagulation activity as well as IgG function could help to improve the immune suppressive 

environment favouring bacterial survival. The effect of SSL10 could be concentrated in the 

local environment by rebinding directly to S. aureus and indirectly through plasma protein 

bridging. Removing IgG binding, as seen with the SSL10-FNY mutant, halved SSL10’s 

protective effect (Fig 5.9), indicating the importance of this interaction.  

The activity of staphylocoagulase and formation of a fibrin mesh are also important in 

staphylococcal abscess formation. Staphylococcal abscesses contain a bacterial centre that is 

surrounded by a fibrous capsule (Cheng et al., 2010). The capsule protects the bacterium 

against infiltrating phagocytes, host enzymes and antimicrobial substances, allowing the 

bacteria to multiply (Cheng et al., 2011). Cheng et al. demonstrated the distribution of Coa and 

vWbp in the capsule layer of the abscess, confirming the active formation of a fibrin shell by 

the bacteria (Cheng et al., 2010). Coa, vWbp and Clf knock out S. aureus strains have 

significantly impaired abilities to cause abscess formation in murine renal and subcutaneous 

abscess models (Cheng et al., 2010; Vanassche et al., 2011).  Interestingly, the expression of 

SSL10 is largely increased at both mRNA and protein level during murine subcutaneous 

abscess infection, providing a further linkage of SSL10 to coagulase-related pathology (Dr. 

Ries Langley, Personal communication, the University of Auckland).  

 

6.6 Model of action 

Data gained from this study provides the basis to start building a function model for SSL10. 

Secreted SSL10 negatively regulates both the coagulation and complement activities of the 

host. The inhibition of complement reduces the production of C5a, tipping the balance away 

from activation of immune responses. SSL10 prevents the full activation of the host 

coagulation cascade, by direct inhibition of prothrombin and potentially, by indirectly reducing 

platelet aggregation and endothelium activation. This reduces the entrapment conferred by 

clotting as part of innate immune response and may also make the host coagulation factor 

available to staphylocagulases. The second arm of SSL10’s immune evasion role focuses on 
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IgG by competitively inhibiting C1q and FcγR recognition and subsequent immune effector 

functions. IgG, the complement and the coagulation systems cross-link with each other in order 

to mount an effective and synergistic attack on invading microbes. Inhibition of each individual 

system by SSL10 disrupts the key linkages between them and therefore may contribute to 

reverse the balance in favour of an immune suppressive environment. 

SSL10 can rebind to the bacterial surface, which is potentially aided by host plasma proteins 

such as IgG and possibly fibrinogen. Surface-bound SSL10 could continue to participate in the 

immune evasion locally and also has the potential to form protein complexes, recruiting 

proteins like prothrombin and plasminogen. The function of the recruited proteins could be 

modulated by SSL10 itself or by other Staphylococcal virulence factors, such as Coa and vWbp, 

which activate prothrombin (Friedrich et al., 2003; Kroh et al., 2009), or staphylokinase and 

Sbi, which act on plasminogen (Jin et al., 2004; Koch et al., 2012). The end result is a 

concentrated and localised immune environment that has been directed by the bacteria to favour 

its survival and dissemination. 

 

6.7 Future directions 

Mutagenesis data obtained in this study suggests overlapping or closely located interfaces are 

used in SSL10’s interaction with IgG and with its additional plasma targets. This would be 

established by further mutagenesis and structural analysis to identify the binding site(s) for 

other ligands on SSL10.    

Though the IgG binding site has been identified, co-crystallization of IgG with SSL10 will 

provide the details of how this interaction occurs. It may reveal details such as if IgG binding 

can affect SSL10 conformation, particularly the inter-domain surface and the loop3 region, 

which are potentially important in the interactions with the complement and coagulation system. 

This will also answer the question of if the 1:1 binding of SSL10 to IgG1 is also a result of 

structural alteration of the CH2 hinge proximal region, as seen in the interaction between FcγRs 

and IgG (Patel, 2011; Ramsland et al., 2011; Sondermann et al., 2000).  

Another key question regarding IgG binding is whether SSL10 preferentially interacts with 

antigen bound antibody. The cationic nature of SSL10 produces high background that makes 

the interpretation of solid phase binding analysis very difficult. However, the difference in size 
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and density of aggregated immune complex to free IgG may enable ultracentrifugation based 

analysis to be used to look at if SSL10 interacts with different affinity with any of the species. 

Though attempted, the identity of SSL10’s complement target is not yet clear. As discussed 

earlier (section 4.3), it would also be interesting to look into whether SSL10 interacts with host 

complement regulatory proteins such as Factor I and Factor H. SSL10 may interact with the 

target transiently or may preferentially interact with a certain conformation status during 

activation. Solution binding methods such as a cross-linker based method, which stabilize the 

complex or radio based binding method, which offers higher sensitivity, could be considered 

for future investigation.  

In light of SSL10’s contribution to coagulase and thrombus related pathology, the effect of 

SSL10 on the coagulation process in the presence of staphylococcal coagulation regulators 

would be interesting to investigate. For example, can SSL10 alter the activation rate of 

prothrombin by Coa? Will the interaction of SSL10 and plasminogen alter the speed of lysis of 

the fibrin mesh? Is the activation of complement changed inside the clot environment in the 

presence of SSL10? Given the close linkage between IgG bindings, complement activation, 

platelet activation and coagulation, it may also be of interest to look at if SSL10 could change 

platelet function directly and indirectly. Due to the complex nature of these interactions, it 

would be best evaluated in in vivo system, although the requirement of human IgG1 needs to 

be satisfied. 

Gain of function studies with L. lactis as the surrogate host could provide insight into the 

benefit provided by SSL10 in isolation. However the synergistic effect of SSL10 with other 

staphylococcal virulence factors needs to be kept in mind with such analysis. In this sense, a 

ssl10 knock-out S. aureus strain will probably provide a complementary indication. Although, 

in light of the functional redundancy of S. aureus virulence factors, a total knock out of all of 

the SSL proteins may provide a much less virulent background. The effect of individual SSLs 

may then be evaluated by supplemental expression or addition of the recombinant protein.  

 

6.8 Perspectives 

The success of S. aureus as a human pathogen is attributed to its remarkable ability to adapt to 

the host environment and its large reservoir of immune evasion molecules that target almost 
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every aspect of host defence. Many of these virulence factors are multifunctional and interact 

with each other to form an integrated network  (Gordon & Lowy, 2008). SSL10 is one such 

example. It interferes with the functions of IgG, the complement system and the coagulation 

system and improves bacterial survival in blood as a part of an immune evasion network. 

Multiple ligand binding gives SSL10 the potential to produce compound effects on its targets 

and allows the protein to cooperate with different virulence factors at different levels. It is also 

likely that protein families, like the SSLs that display diverse but complementary functions 

among its members, would work together. The co-regulation of gene expression of many SSLs 

suggests possible synergistic actions by these proteins. Understanding the molecular 

mechanisms of S. aureus/host interaction as well as the functional compensation and 

complementation between staphylococcal virulence factors will provide a basis for gaining 

control of S. aureus infection.  

Interestingly, studies of these virulence factors have also revealed protein structures that have 

the potential to be used for therapeutic purpose. The SSL structure, for example, is clearly able 

to conduct a wide range of functions. Further investigation of members in this protein family, 

such as SSL10, may provide the basis for protein engineering to produce specific negative 

regulators for complement, coagulation as well as immunoglobulin function. 
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Appendices 

Appendix I pET32a:3c map 

 

The pET32a:3C vector was modified from pET32a (+) (Novagen) by Dr. Thomas Proft (the 

University of Auckland, New Zealand). A 3C protease recognition sequence (indicated by the 

box) followed by a Sma I site and a Pst I site was inserted at the BamH I/Bgl II site. The 3C 

protease cleavage site is indicated by the arrow. The pET 32a (+) map was provided by 

Novagen.  
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Appendix II  Recombinant protein characteristics 

Theoretical values determined using ProtParam (http://web.expasy.org/protparam/).  Observed 

MWs were determined by 12.5 % reducing SDS-PAGE.  

 

protein Extinction 
Coefficient 

Theoretical pI  Predicted 
MW (kDa) 
[observed] 

SSL10  0.829 9.81 23.372 [25] 
C-SSL10 0.967 9.6 12.321[12] 
D78A 0.841 9.85 As for full 

length wild 
type SSL10 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

D81A 0.841 9.85 
K108A 0.842 9.79 
E109A/Q62R 0.826 9.81 
E112A/K149R 0.826 9.81 
D113A 0.841 9.85 
V116A 0.841 9.81 
K117A 0.832 9.75 
Y119A 0.778 9.83 
Y119A/I184T 0.778 9.83 
I184T 0.83 9.78 
F166A 0.832 9.78 
N168A 0.841 9.81 
R172A 0.837 9.78 
Y179A 0.769 9.79 
E182A 0.843   9.89 
Q188A 0.826 9.78 
Q61A/Q62A 0.844 9.81 
R63A 0.827 9.74 
Y65A/E66A 0.78 9.87 
K162A/k187A/K190A/K76R 0.83 9.71 
K174A/K176A/K178A 0.831 9.7 
FNY 0.773 9.79 
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Appendix III SDS-PAGE comparison of SSL10 mutants that were expressed in this study 

a) SSL10 N-terminal mutants 

 

 

Appendix III-1, Lane 1: SSL10; Lane 2: SSL10-D78A; Lane 3: SSL10-D81A; Lane 4: SSL10-Q61A/Q62A; Lane 5: SSL10-

R63A; Lane 6: SSL10-Y65A/E66A at 1 mg/ml 
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b) SSL10 C-terminal mutants expressed in this study 

 

Appendix III-2, SDS-PAGE gel (12.5%) electrophoresis of SSL10 C-terminal domain mutants at a standard concentration. 
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Appendix IV SSL10 competes heat-aggregated total IgG for C1q binding 

 

 

 

Appendix IV-1, The effect of SSL10 and SSL7 on the binding of serum C1q to heat-aggregated total IgG. C1q binding in the 

absence of SSL proteins were set as 100%. Data are expressed as mean value ± s.d. and represents two independent experiments. 
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Appendix V Effect of SSL10 mutants in guinea pig serum complement activity 

 

 

Appendix V-1, inhibition of guinea pig complement mediated hemolysis by the SSL10-Q61A/Q62A and SSL10-Q188A (A) 

and SSL10-R63A, SSL10-Y65A/E66A and SSL10-E182A (B). Pre-titrated guinea pig serum was incubated with opsonized 

sheep red blood cells and cell lysis was used to indicate complement strength. IC50 is indicated as dashed lines and is indicated 

on the graph. Data are expressed as mean ± s.d. and represents two independent experiments.   
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Appendix VI Mutation level of colonies from the random mutagenesis library 

Sequence comparison of two colonies from the library with wild type C-SSL10 sequence. Both 

colonies contain 2-3 nucleotides changes at the DNA level. Colony 5.2 also displayed 3 amino 

acid changes at the protein level, while colony 5.8 contains a frame-shift mutation which led 

to truncation of C-SSL10 

DNA sequence alignment of colony 5.2 with wild type c-ssl10 

RM.5.2.Stag       GGATCCGGAACATCTGGAGTTGTCAGTGCACCAATATTAAATATTTCAAAAGAAAAGGGT 60 
RM.5.2.T7R        GGATCCGGAACATCTGGAGTTGTCAGTGCACCAATATTAAATATTTCAAAAGAAAAGGGT 60 
SSL10.WT.C-T      GGATCCGGAACATCTGGAGTTGTCAGTGCACCAATATTAAATATTTCAAAAGAAAAGGGT 60 
                  ************************************************************ 
 
RM.5.2.Stag       GAAGATGCTTTTATGAAAGGTTACCCTTATTACATTAAAAAAGAAAAAATAACACTAAAA 120 
RM.5.2.T7R        GAAGATGCTTTTATGAAAGGTTACCCTTATTACATTAAAAAAGAAAAAATAACACTAAAA 120 
SSL10.WT.C-T      GAAGATGCTTTTGTGAAAGGTTACCCTTATTACATTAAAAAAGAAAAAATAACACTAAAA 120 
                  ************.*********************************************** 
 
RM.5.2.Stag       GAACTGGATTATAAGTTGAGAAAGCATCAAATTGAAAAATACGGACTTTATAAAACAATC 180 
RM.5.2.T7R        GAACTGGATTATAAGTTGAGAAAGCATCAAATTGAAAAATACGGACTTTATAAAACAATC 180 
SSL10.WT.C-T      GAACTGGATTATAAGTTGAGAAAGCATCTAATTGAAAAATACGGACTTTATAAAACAATC 180 
                  ****************************:******************************* 
 
RM.5.2.Stag       TCAAAAGATGGTAGGGTCAAAATTTGCTTGAAAGATGGCAGTTTTTATAACCTTGATTTA 240 
RM.5.2.T7R        TCAAAAGATGGTAGGGTCAAAATTTGCTTGAAAGATGGCAGTTTTTATAACCTTGATTTA 240 
SSL10.WT.C-T      TCAAAAGATGGTAGGGTCAAAATTAGCTTGAAAGATGGCAGTTTTTATAACCTTGATTTA 240 
                  ************************:*********************************** 
 
RM.5.2.Stag       AGATCTAAATTAAAATTTAAATATATGGGGGAAGTCATAGAAAGCAAACAAATTAAAGAT 300 
RM.5.2.T7R        AGATCTAAATTAAAATTTAAATATATGGGGGAAGTCATAGAAAGCAAACAAATTAAAGAT 300 
SSL10.WT.C-T      AGATCTAAATTAAAATTTAAATATATGGGGGAAGTCATAGAAAGCAAACAAATTAAAGAT 300 
                  ************************************************************ 
 
RM.5.2.Stag       ATTGAAGTTAACTTAAAGTAAGAATTC 327 
RM.5.2.T7R        ATTGAAGTTAACTTAAAGTAAGAATTC 327 
SSL10.WT.C-T      ATTGAAGTTAACTTAAAGTAAGAATTC 327 
                  *************************** 
 

Protein sequence alignment of colony 5.2 with wild type C-SSL10 
 

RM.5.2            GSGTSGVVSAPILNISKEKGEDAFMKGYPYYIKKEKITLKELDYKLRKHQIEKYGLYKTI 60 
SSL10.WT.C-T      GSGTSGVVSAPILNISKEKGEDAFVKGYPYYIKKEKITLKELDYKLRKHLIEKYGLYKTI 60 
                  ************************:************************ ********** 
 
RM.5.2            SKDGRVKICLKDGSFYNLDLRSKLKFKYMGEVIESKQIKDIEVNLK-EF 108 
SSL10.WT.C-T      SKDGRVKISLKDGSFYNLDLRSKLKFKYMGEVIESKQIKDIEVNLK-EF 108 
                  ********.************************************* ** 
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DNA sequence alignment of colony 5.8 with wild type c-ssl10 
 
RM.5.8.Stag       GGATCCGGAACATCTGGAGTTGTCAGTGCACCAATATTAAATATTTCAAAAGAAAAGGGT 60 
RM.5.8.T7R        GGATCCGGAACATCTGGAGTTGTCAGTGCACCAATATTAAATATTTCAAAAGAAAAGGGT 60 
SSL10.WT.C-T      GGATCCGGAACATCTGGAGTTGTCAGTGCACCAATATTAAATATTTCAAAAGAAAAGGGT 60 
                  ************************************************************ 
 
RM.5.8.Stag       GAAGATGCTTTTGTGAAAGGTTACCCTTATTACATTAAAAAAGAAAAAATTACACTAAAA 120 
RM.5.8.T7R        GAAGATGCTTTTGTGAAAGGTTACCCTTATTACATTAAAAAAGAAAAAATTACACTAAAA 120 
SSL10.WT.C-T      GAAGATGCTTTTGTGAAAGGTTACCCTTATTACATTAAAAAAGAAAAAATAACACTAAAA 120 
                  **************************************************:********* 
 
RM.5.8.Stag       GAACTGGATTATAAGTTGAGAAAGCATCTAATTGAAAAATACGGACTT-ATAAAACAATC 179 
RM.5.8.T7R        GAACTGGATTATAAGTTGAGAAAGCATCTAATTGAAAAATACGGACTT-ATAAAACAATC 179 
SSL10.WT.C-T      GAACTGGATTATAAGTTGAGAAAGCATCTAATTGAAAAATACGGACTTTATAAAACAATC 180 
                  ************************************************ *********** 
 
RM.5.8.Stag       TCAAAAGATGGTAGGGTCAAAATTAGCTTGAAAGATGGCAGTTTTTATAACCTTGATTTA 239 
RM.5.8.T7R        TCAAAAGATGGTAGGGTCAAAATTAGCTTGAAAGATGGCAGTTTTTATAACCTTGATTTA 239 
SSL10.WT.C-T      TCAAAAGATGGTAGGGTCAAAATTAGCTTGAAAGATGGCAGTTTTTATAACCTTGATTTA 240 
                  ************************************************************ 
 
RM.5.8.Stag       AGATCTAAATTAAAATTTAAATATATGGGGGAAGTCATAGAAAGCAAACAAATTAAAGAT 299 
RM.5.8.T7R        AGATCTAAATTAAAATTTAAATATATGGGGGAAGTCATAGAAAGCAAACAAATTAAAGAT 299 
SSL10.WT.C-T      AGATCTAAATTAAAATTTAAATATATGGGGGAAGTCATAGAAAGCAAACAAATTAAAGAT 300 
                  ************************************************************ 
 
RM.5.8.Stag       ATTGAAGTTAACTTAAAGTAAGAATTC 326 
RM.5.8.T7R        ATTGAAGTTAACTTAAAGTAAGAATTC 326 
SSL10.WT.C-T      ATTGAAGTTAACTTAAAGTAAGAATTC 327 
                  *************************** 
 

Protein sequence alignment of colony 5.8 with wild type C-SSL10 
 
 
RM.5.8            GSGTSGVVSAPILNISKEKGEDAFVKGYPYYIKKEKITLKELDYKLRKHLIEKYGLIKQS 60 
SSL10.WT.C-T      GSGTSGVVSAPILNISKEKGEDAFVKGYPYYIKKEKITLKELDYKLRKHLIEKYGLYKTI 60 
                  ******************************************************** *   
 
RM.5.8            QKMVGSKLA-KMAVFITLI-DLN-NLNIWGKS-KANKLKILKLT-SKN- 103 
SSL10.WT.C-T      SKDGRVKISLKDGSFYNLDLRSKLKFKYMGEVIESKQIKDIEVNLK-EF 108 
                  .*    *:: * . * .*    : :::  *:  :::::* :::. . :  
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Appendix VII The process of random mutation library screening 

a) Initial screening of the random mutation library to select colonies that expressing soluble 

C-SSL10 fusion protein of the correct size for further analysis. 

 

 

 

Appendix VII-1, Initial screening of C-SSL10 fusion protein expression by SDS-PAGE gel electrophoresis. After induction 

by IPTG, colonies were lysed directly and run on 17.5% SDS-PAGE gel. The wild type C-SSL10 colony was induced in the 

same way and used as an indicator for the correct size of the fusion protein (indicated by arrow). The first Lane is non-induced 

(N.I) cell lysate as a negative control. Colonies expressing protein of the wrong size and expressing no fusion protein (as 

indicated by stars) were excluded from screening.  
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b) Purification and concentration determination of purified and released C-SSL10. 

 

Appendix VII-2, Cell lysates that are positive for soluble C-SSL10 were subjected to Ni2+ affinity chromatography, followed 

by cleavage using 0.25μg of 3C protease to release the C-SSL10 from the fusion protein. Protein concentration was decided 

by comparing to C-SSL10 wild type of known concentration. 2 µM and 4 µΜ wild type C-SSL10 were shown in this gel. 
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c) The presence of thioredoxin does not affecting the ability of C-SSL10 to inhibit 

complement activity 

 

Appendix VII-3, Comparison of complement classical pathway inhibition by conventionally purified C-SSL10 and the C-

SSL10/ thioredoxin mixture purified during screening. Both protein preparations showed similar activity to reduce MAC 

formation by 1% serum in response to IgG. 
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d) Screening SSL10 C-terminal random mutants for their compliment inhibition ability 

 

Appendix VII-4, Screening of representative SSL10 C-terminal random mutants for their compliment inhibition ability. 1 μΜ 

Batch purified C-SSL10 mutants (1 Μμ) were incubated with 1% serum and complement activation in response to heat 

aggregated IgG were measure. Wild type (wt) C-SSL10 and serum alone were used as full inhibition and no inhibition control 

respectively. 
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