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Abstract 

Streptococcus pyogenes (Group A Streptococcus, GAS) is a leading human pathogen 

associated with a broad range of diseases and over half a million deaths annually all over the 

world. GAS generates numerous virulence factors contributing to the bacteria's pathogenesis. 

However, the function of many of these factors has yet to be identified, and more studies to 

gain a better understanding of host and bacterial factors are required for developing therapeutic 

and prevention strategies.  

The GAS whole-genome study has recently provided new opportunities to identify novel 

virulence factors by discovering several open reading frames in the GAS genome. This study 

aimed to investigate the functional characterisation of one of these newly discovered genes 

annotated as spy0136. It is a conserved gene across all major emm types of GAS, including the 

most prevalent invasive strains and flanks the fibrinogen-binding, collagen-binding, T antigen 

(FCT) region of the GAS genome.  

Through producing the recombinant form of Spy0136, the structural properties of this protein 

and its contribution to GAS virulence were evaluated using several in-vitro and in-vivo assays. 

Spy0136 was found to bind C1s, C1r, C3, C5 complement proteins, and fibrinogen, suggesting 

a potential involvement of this protein in immune evasion mechanisms. This binding was 

shown to be glycan-dependent for C1s, C3, and C5. 

Functional analysis of Spy0136 in host immune evasion revealed that the protein inhibits 

complement-mediated haemolysis of erythrocytes. Moreover, activation of all three pathways 

of complement and the formation of C5b-9 on the GAS surface were inhibited in the presence 

of Spy0136. All these observations suggest that Spy0136 is a novel GAS immune evasion 

factor that interferes with the human complement system. 

Additionally, Spy0136-mediated protection was observed in whole blood killing assays, and 

in-vivo analysis of the wild-type and spy0136-knockout strains of GAS in a wax worm infection 

model showed attenuated virulence of the mutant strain than the wild-type and confirmed the 

role of Spy0136 in GAS virulence.  

This study provides novel insights into the mechanisms that GAS employs to fight the 

complement system and interact with its human host. This information could help to develop 

new preventive and therapeutic approaches against GAS. 
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Chapter 1:  Introduction 

 

1.1 Characteristics of Streptococcus pyogenes 

 

Streptococcus pyogenes (group A streptococcus, GAS) is one of the most important Gram-

positive bacteria that causes substantial morbidity and mortality worldwide. This bacterium 

mainly resides extracellularly under facultative anaerobic conditions, grows in chains or pairs, 

and is beta-hemolytic. GAS is responsible for a broad spectrum of suppurative infections such 

as pharyngitis, impetigo, and cellulitis and non-suppurative sequelae like glomerulonephritis 

and acute rheumatic fever, which are post-infection autoimmune diseases. Besides, necrotising 

fasciitis (‘flesh-eating disease’), streptococcal toxic shock syndrome (STSS), and scarlet fever 

are classified as toxin-mediated diseases caused by GAS.  

According to the Lancefield serological classification, beta-hemolytic Streptococcus pyogenes 

is identified as group A streptococcus based on their surface group A carbohydrate comprising 

N-acetyl-glucosamine attached to a rhamnose polymer (McCarty, 1956). Moreover, serological 

diversity in the M protein, an important virulence factor of GAS that has a hyper-variable N-

terminal region, has been the basis for the further classification of GAS strains in the past 

(Cunningham, M. W., 2000). Recently, this has largely been replaced by genotyping the emm 

gene that encodes the M surface protein (Beall et al., 1996). More than 240 emm types have 

been determined. Some of them have been linked to specific clinical manifestations; for 

example, emm1 and emm3 genotypes are regularly associated with invasive infections, such as 

streptococcal toxic shock syndrome and necrotising fasciitis, while emm28 and emm2 are the 

genotypes associated with puerperal sepsis. Moreover, emm5 and emm18 have been linked with 

epidemic acute rheumatic fever (Metzgar et al., 2011). 

 

1.2 The global burden of GAS diseases  

 

GAS is considered a major human pathogen worldwide, especially in less developed countries. 

However, there is a lack of accurate information and statistics about the worldwide prevalence 

of streptococcal infections due to the scarcity of reliable information from high incidence 
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countries. Several studies indicate that GAS disease rates in low-income countries are at 

endemic levels, which can be attributed to factors such as inadequate medical intervention, 

improper sanitary conditions, and overcrowded housing (Carapetis et al., 2005). As 

summarised in Table 1.1, the recent global surveys show that 18.1 million people experience 

the consequences of serious GAS diseases. Annually, there are 1.78 million new cases of 

serious infection, 616 million prevalent cases of GAS pharyngitis, and more than 500,000 

deaths. The major causes of mortality from GAS infections are due to acute rheumatic fever 

(ARF) and its sequelae, rheumatic heart disease (RHD), and invasive infection (WHO, 2005). 

Nevertheless, the incidence of RHD in more prosperous countries is far lower than the invasive 

disease (Efstratiou et al., 2017). 

 

Table 1.1: Summary of the estimated global burden of group A streptococcal diseases                                 
The table was obtained from the department of child and adolescent health and development World  

Health Organization (WHO, 2005) with permission.   
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1.3 Epidemiology of GAS in New Zealand 

 

GAS diseases have been well documented in New Zealand, and according to available 

information, streptococcal infections are a particular health issue among indigenous and Pacific 

Island populations in New Zealand. The incidence rate of streptococcal infections in Auckland 

is 8.1 cases per 100,000 people annually, which is almost triple the incidence rate in other 

industrialized countries, and for Māori and Pacific Island people, this number increases 

considerably to 20.4/100,000 per year (Safar et al., 2011). Hambling et al. (2017) reported an 

increase of 1.1/100,000 in the prevalence of invasive GAS infection from 2015 to 2016 in New 

Zealand. On the other hand, the result of a study by Milne et al. (2012b) indicated that the 

incidence of ARF in New Zealand depends on the region and ethnicity. As a case in point, 

Manukau in South Auckland, which has a high concentration of Māori and Pacific families, 

with a rate of 93.9 per 100,000, had the highest mean annual incidence rate from 2000 to 2009. 

During those years, the prevalence of ARF for 9-12 aged Māori and Pacific children was about 

20-fold and 40-fold higher than those for non- Māori /Pacific children. In addition, the 

researcher's survey showed rates of this disease for Pacific and Māori children 4 to 19 years of 

age was augmented by more than 70% since 1993, while it has dropped by about 70% for non- 

Māori /Pacific children, which seemed to be linked to socioeconomic disparity (Milne et al., 

2012b; Ministry of Health, 2018). Since ARF can progress to RHD, which causes permanent 

injuries and death, it is considered an important factor in increased mortality rates and 

hospitalisation costs in New Zealand. Like the presented statistics for ARF, age-adjusted RHD 

mortality rates are by far higher overall for Māori and Pacific people by comparison with the 

rest of the population. Moreover, the studies demonstrate that during 2000-2007, the mean age 

at death from RHD was 58 years for Māori, 56 years for Pacific, and 80 years for non- Māori 

/Pacific people. Annually ARF and RHD across all age groups impose extravagant costs, 

approximately NZ$12.0 million, on the healthcare system of New Zealand (Milne et al., 

2012a). 
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1.4 Diseases caused by GAS 

 

1.4.1 Acute infections  

 

GAS can cause a broad range of diseases, from self-limiting illnesses to severe invasive 

infections and post-infectious sequelae. It is the causative bacterial agent of pharyngitis, which 

can lead to other diseases such as tonsillitis and scarlet fever. Besides infections in the upper 

respiratory tract, it also infects the skin and soft tissue. Impetigo, erysipelas, and cellulitis are 

examples of skin and soft tissue infections which most commonly affect children living in 

tropical and subtropical climates and areas with poor hygiene and crowded living conditions 

(Bisno et al., 1996; Cole & Gazewood, 2007; Valery et al., 2008). Also, GAS infections can 

disseminate into deeper tissue and cause life-threatening illnesses such as puerperal sepsis, 

septic scarlet fever, streptococcal toxic shock syndrome (STSS), and necrotising fasciitis which 

are toxin-mediated diseases. The studies have documented that the most invasive infections are 

related to emm1, emm3, emm4, emm12,emm28, and emm89 strains of GAS. Moreover, 

particular emm1 and emm3 strains are most commonly associated with STSS, which is the most 

serious streptococcal illness with a mortality rate of 30-60% within 72-96 hours (Gherardi et 

al., 2018; Kehoe et al., 1996; Rafei et al., 2020; Stevens, 2000; Worthing, K. A. et al., 2019). 

 

 

1.4.2 Post-infection disorders 

 

Repeated GAS infections may trigger postinfectious immune-mediated complications, 

including acute post-streptococcal glomerulonephritis (APSGN), ARF, and RHD (Gustafson 

et al., 2017; Lamagni et al., 2008; Ralph & Carapetis, 2012).  

After a latency period of 1 to 4 weeks, GAS pharyngeal and skin infections can be followed by 

APSGN, which presents with malaise, slight fever, nausea, mild nephritic syndrome, 

hypertension, urinary sediment abnormalities, and decreased serum complement levels. In 

areas with colder climate it occurs after upper respiratory tract infection such as pharyngitis or 

tonsillitis, especially with types of emm12, emm4, and M1 strains; On the other hand, in warmer 

regions, many cases follow skin infections  (Brodsky & Nadasdy, 2017; Henningham et al., 

2012). Streptococcal emm genotypes of 49, 42, 2, 57, and 60 seem to be predominant, and types 
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49, 42, and 2 are particularly potent to inducing glomerulonephritis after skin infections 

(Rogers et al., 2007; Worthing, Kate A et al., 2019). 

Another important non-suppurative immune sequelae which can develop after pharyngitis or 

skin infections caused by GAS is ARF. This inflammatory disease is characterised by 

polyarthritis, fever, carditis, tiredness, and breathlessness from cardiac failure, choreiform 

movements, and rare skin manifestations such as subcutaneous nodules and erythema 

marginatum (Carapetis et al., 2016). ARF is caused by the host developing an autoimmune 

response against self-antigens found in heart tissue, joints, and the brain. This is potentially 

triggered by bacterial epitopes such as the M protein, mimicking host epitopes found in human 

tissue, e.g., cardiac myosin. Some genotypes of GAS, such as emm3 and emm18, which are 

considered more rheumatogenic, are usually linked with ARF (Bono-Neri, 2017). The chronic 

sequel of ARF is known as RHD, which is the major cause of morbidity and mortality from 

GAS in developing countries. In this disorder, damage to cardiac valves may be chronic and 

can progress to infective endocarditis, which is a risk factor for ischaemic stroke, and 

progression to left ventricular enlargement followed by heart failure (Brodsky & Nadasdy, 

2017). RHD is the chronic sequel of ARF and is the leading cause of GAS morbidity and death, 

particularly in poor nations. 

 

 

1.5 Pathogenesis of GAS 

 

The wide range of diseases caused by GAS involves three principal steps for infection. The 

first and foremost step is the successful colonisation of bacteria in the stratified squamous 

epithelial tissues of the skin or oropharynx. These sites prepare the initial reservoirs responsible 

for keeping and spreading GAS to a new host. Initial attachment of GAS is performed in two 

stages: first by weak and long-range interactions by lipoteichoic acid (LTA), then followed by 

more specific, high-affinity binding through protein-protein interactions and lectin-

carbohydrate interactions, which involves bacterial adhesins (Courtney, H. S. et al., 2002; 

Cunningham, M. W., 2000; Schneewind & Missiakas, 2017; Walker et al., 2014).  

Obtaining essential nourishing sources for multiplying is the next main step in the pathogenesis 

of GAS. The proliferation of bacteria is necessary for the infection process, and to achieve this 
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purpose, some substances such as glucose are obligatory (Fuchs et al., 2012; Pancholi & 

Caparon, 2016). Studies have shown the organism does not obtain the necessary nutrients 

needed for proliferation from eukaryotic cell lysis and, usually in most colonised niches, faces 

a shortage of free glucose or other readily fermentable monosaccharides. GAS circumvents this 

problem by upregulating carbohydrate catabolism genes, allowing the degradation of complex 

host glycoproteins or polysaccharides such as glycans and maltodextrin as a nutrient source 

(Olsen et al., 2009). 

 Last but not least step in the pathogenesis of GAS is the evasion of the host immune system. 

The human immune system can eliminate bacteria by different methods such as opsonisation 

and phagocytosis. Thus, for the infection to proceed, GAS needs to utilise multiple strategies 

for evading the host immune system. The bacterium possesses a large number of immune-

modulating factors such as M protein, hyaluronic acid, streptococcal C5a peptidase (ScpA), 

streptococcal inhibitor of complement (SIC), IL-8 degrading enzyme (SpyCEP), streptokinase, 

DNases (Ashbaugh et al., 2000; Olsen et al., 2009). 

 

 

1.5.1 Virulence factors of GAS 

 

Bacterial determinants that enable them to survive and cause a wide range of diseases are 

known as virulence factors. A myriad of GAS virulence factors facilitates adhesion, 

colonisation, immune evasion, persistence, and spread of these bacteria in the host at many 

levels. Some of them at the level of cell and tissue and the rest at the organism level allow 

bacteria to colonise and grow successfully (Table 1.2) (Tart et al., 2007). In addition, GAS has 

several regulatory systems that adjust the production of these virulence factors during the 

course of infection.  
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 Table 1.2: Interaction of GAS virulence factors with a host in different levels 

 

GAS virulence factors based on their location can be categorised into two groups; those that 

remain mostly cell-associated and those that are secreted and released from the cell. 

 

 Surface-exposed virulence factors 

 

GAS produces a variety of cell wall-anchored microbial surface components recognising 

adhesive matrix molecules (MSCRAMMs). These proteins recognise a variety of extracellular 

matrix proteins (EMP) such as laminin, collagen, fibronectin and mediate the attachment of 

bacteria to host tissue, providing a critical step to establish infection. Laminin-binding proteins 

such as Lbp, Shr, and fibrinogen binding proteins like PrtF1, SfbII, PrtF2, Fbp54, and Pfbp and 

serum opacity factor are some examples. Moreover, LTA, M-protein, M-like proteins, and 

hyaluronic acid capsule are other main streptococcal cell-associated factors that play main roles 

in the pathogenicity of GAS (Cunningham, M. W., 2000; Hynes, W., 2004; Walker et al., 
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2014). Cell surface structures like the M-protein superfamily, the hyaluronic acid capsule, 

adhesins such as fibronectin-binding proteins, pili, and S.pyogenes nuclease A (SpnA) are 

considered foremost among the cell-associated virulence factors of GAS and will be discussed 

in greater detail.  

One of the best-studied group A streptococcal surface virulence factors is the M protein. This 

antiphagocytic surface constituent is part of a superfamily, which includes immunoglobulin-

binding proteins, M-related proteins, and M proteins. These proteins have a similar structure 

and bind a wide range of host proteins but differ in a number of important properties 

(Cunningham, M. W., 2000). The M-protein consists of two polypeptides arranged in an alpha-

helical coiled-coil configuration attached to the cell wall and appears as an extended structure 

on the bacterial surface. These include four repeat regions (A to D) that are completely different 

in terms of size and amino acid composition. The C-terminal domain of M protein has an 

LPXTG motif for anchoring the cell wall, which is highly conserved, while the surface-exposed 

N-terminal portion is highly variable and is responsible for serotype specificity (Figure 1.1). 

The M protein plays a leading role in the attachment of bacteria to host cells, serving as a 

second adhesion step following initial weak interactions by LTA. Interactions between the C-

repeats of some types of M protein and host cells that express CD46 or fibronectin (Fn) cause 

the progression of the infection (Courtney, H. S. et al., 2002). M proteins can also interact with 

the host immune system to prevent activation of the complement pathways and evade 

phagocytosis and killing by polymorphonuclear leucocytes (Bisno et al., 2003).  

  

 Figure 1.1: Structure of M protein  
Adapted from  (Bisno et al., 2003) with 

permission. 

 



9 

 

GAS produces a hyaluronic capsule that consists of a high molecular-weight polymer named 

hyaluronic acid. An operon composed of three different genes, hasA, hasB and hasC, is 

responsible for the synthesis of the capsule, which is negatively regulated by the CovR/CovS 

two-component regulatory system. Among these three genes hasA, which encodes the 

hyaluronan synthase, and hasB, which encodes UDP-glucose dehydrogenase, are sufficient for 

capsule expression. The lack of UDP-glucose pyrophosphorylase that is encoded by hasC does 

not indicate any significant changes in capsule formation (Ashbaugh et al., 1998). Creating a 

barrier around the bacteria for protecting the cell against toxic oxygen metabolites is the early 

role of the capsule in GAS. The capsule also serves important functions in colonisation 

prevention of phagocytic killing and cell invasion. Host epithelial cells that express CD44, a 

hyaluronate-binding protein, have suitable receptors for the capsule; therefore, binding to these 

cell types can induce cytoskeleton changes that lead to cellular invasion (Cywes & Wessels, 

2001). The GAS capsule polysaccharide is poorly immunogenic because it is structurally 

similar to a polysaccharide isolated from the human umbilical cord and is thus regarded as a 

self-antigen by the host immune system. However, studies have indicated that the pathogenicity 

of GAS can be associated with the capsule, and it is crucial for the virulence of the bacterium 

as demonstrated in different infection models (Creti et al., 2019; Wessels, 2019). 

 

 

Several virulence factors produced by GAS interact with human plasma proteins such as 

fibronectin, fibrinogen, plasminogen, IgG, albumin, and many complement factors. Amongst 

this group, fibronectin (Fn)-binding proteins are of paramount importance and play a main role 

in the attachment of streptococcal cells to epithelial cells. Additionally, they can help GAS 

internalise into human respiratory epithelial cells, protecting streptococci from the host 

immune responses and antibiotics (Henderson et al., 2011; Rocha et al., 1999). Fibronectin 

binding proteins can be classified into two major groups: the proteins that have fibronectin-

binding repeat sequences in the C-terminal end, which mediate streptococcal adherence to the 

amino terminus of fibronectin on mucosal surfaces and those with no repeats (Table1.3). 

Studies have indicated that invasive strains of GAS possess one or more Fn-binding proteins 

(Terao et al., 2002; Yamaguchi et al., 2013).  
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       Table 1.3: Reported two types of fibronectin (Fn)-binding proteins of GA 

                   Adapted from (Yamaguchi et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The presence of 3 µm hair-like extensions on the surface of GAS was discovered in 2005. GAS 

pili constitute the polymerised backbone proteins along with one or two ancillary proteins that 

are usually located on the tip and the base of a pilus fiber. Pili-associated sortases are 

responsible for covalently assembling these structural proteins on the cell surface (Mora et al., 

2005a). More investigations confirmed that the variable pili backbone protein is the T-antigen, 

which was used to classify GAS by the Lancefield T-typing system. All pilus proteins and the 

sortase enzymes that play a role in pili polymerisation are encoded in the highly variable FCT 

genomic regions in the GAS genome (Falugi et al., 2008). Pili are involved in the pathogenicity 

of GAS through mediating the attachment of bacteria to host cells in the initial stages of 

infection and the formation of biofilms (Abbot et al., 2007; Manetti et al., 2007). 
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S. pyogenes nuclease A (SpnA) is the only cell-wall anchored DNases of GAS that degrades 

the DNA framework of neutrophil extracellular traps (NETs) and thus enables the bacteria to 

escape from such immunity traps. This enzyme promotes virulence in a mouse infection model 

and has developed as a diagnostic tool for ARF serology (Chang, A. et al., 2011; Hanson-

Manful et al., 2018; Hasegawa et al., 2010; Whitcombe et al., 2020). 

 

 

 Secreted virulence factors  

 

Secreted virulence factors are a huge part of GAS released extracellular products. Many of 

them are considered the main contributors to pathogenicity and the cause of an extensive range 

of diseases. These factors include degradative enzymes such as proteases, DNases, and 

hyaluronate lyases, toxins such as streptolysins and superantigens, and proteins with other 

functions, including the inhibition of complement and interference with phagocytosis and 

killing (Ferretti et al., 2016). The following parts outline some of these important virulence 

factors, and secreted streptococcal complement-targeting virulence factors will be described 

further in section 1.6.2. 

 

 

 

 

 

 

 

 

 

Figure 1.2: Extracellular virulence factors of GAS  

A large arsenal of secreted GAS virulence factors affects tissues, cells, and immune response 

components and plays an important role in GAS pathogenesis.  Adapted from (Wayne Hynes, 2016) 

with permission.  
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Among the secreted streptococcal degradative enzymes, streptokinase (Ska) is an activator 

molecule that converts plasminogen to its active proteolytic form plasmin and produces 

streptokinase-plasmin complex. This complex can degrade fibrin clots as well as the 

extracellular matrix, allowing bacteria or their toxins to spread from their initial site of infection 

into surrounding areas (Walker et al., 2005). Furthermore, studies have shown that 

streptokinase can induce inflammation by activation of complement, which plays a role in post-

infectious sequelae of GAS, such as APSGN (Nordstrand et al., 1998). 

GAS produces several antigenically distinct DNases as extracellular products. Some of them 

are encoded chromosomally, and others are prophage-encoded variants. Research studies 

showed that this characteristic increases the probability that DNase activity is made whenever 

GAS encounters innate immune functions (Sumby et al., 2005). The major DNase that 

contributes to GAS virulence is Sda1. This enzyme can degrade DNA-based neutrophil 

extracellular traps, protecting the bacteria from neutrophil-mediated killing (Buchanan et al., 

2006). Sda1 also plays a role in suppressing innate immune responses and bactericidal activity 

of macrophages by decreasing the production of alpha interferon (IFN- α) and TNF-α 

(Uchiyama et al., 2012). Other DNases secreted by GAS include Spd1 and streptodornase B, 

which are bacteriophage-encoded and able to degrade both single- and double-stranded DNA, 

as well as RNA (Korczynska et al., 2011). 

Multifarious proteins encoded by GAS are known as hyaluronidases, including a 

chromosomally encoded hyaluronate lyase (HylA), bacteriophage hyaluronidases (HylP), and 

Spy1600 in the genome of M1 strain SF370. These enzymes help spread the organism through 

host tissue (El-Safory et al., 2011; Hynes, W. L. et al., 2000). Hyaluronidases have the ability 

to break down the hyaluronic acid present in the ground substance of host connective tissues; 

hence it is a proposed spreading factor and is essential for the diffusion of bacterial proteins or 

toxins (Ferretti, J. J. et al., 2001).  

 

 

Hemolysins are other important secreted GAS virulence factors that affect a variety of host cell 

types. Streptolysin O (SLO) and streptolysin S (SLS) are two well-characterised hemolysins 

that contribute to GAS pathogenesis (Barnett et al., 2015; Sierig et al., 2003).  

All GAS isolates produce SLO, which is an oxygen-sensitive, cholesterol-dependent, and thiol-

activated cytolysin. SLO attaches to membrane cholesterol of erythrocytes, macrophages, 
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leukocytes, platelets and forms pores in the membrane of target cells that leads to cell lysis 

(Shatursky et al., 1999). It has also been suggested that SLO mimics type III secretory pathways 

and can transfer proteins from the bacterial cytoplasm directly into the cytosol of a host cell 

(Madden et al., 2001). The study by Meehl et al. (2004)  showed SLO increases cytotoxicity in 

a process named cytolysin-mediated translocation (CMT), in which NAD-glycohydrolase 

(SPN) is translocated into the cytoplasm of the host, and consequently, depleted the host cell’s 

energy. 

GAS produces an oxygen stable non-immunogenic toxin, SLS, responsible for the β-hemolysis 

on blood agar during the stationary growth phase. This powerful cytotoxin has a wide-ranging 

cytolytic activity on the membranes of erythrocytes, lymphocytes, neutrophils, platelets, and 

subcellular organelles like lysosomes and mitochondria (Hryniewicz & Pryjma, 1977; Molloy 

et al., 2011). SLS creates transmembrane pores that lead to cell lysis. This method is similar to 

the mechanism by which the complement system lyses bacterial cells. Moreover, SLS involves 

the pathogenicity of GAS through cytotoxicity and inhibition of phagocytosis by creating pores 

in the cell membrane of neutrophils. Studies have suggested that although the immunogenicity 

of SLS is lower than SLO, the anti-SLS antibody can reduce the SLS-mediated hemolysis and 

mortality of GAS-infected mice (Dale et al., 2002; Ginsburg, 1999).  

A powerful group of streptococcal exotoxins is known as pyrogenic exotoxins (SPEs) or 

superantigens (SAgs). Those are a family of highly potent T cell mitogens that trigger excessive 

stimulation of T lymphocytes, resulting in the release of pro-inflammatory cytokines. SAgs 

contribute to the pathogenesis of severe GAS infections such as necrotising fasciitis, scarlet 

fever, and STSS. GAS strains produce eleven superantigens. Eight of them, including SpeA1-

4, SpeC, SpeH, SpeI, SpeK, SpeL, SpeM, and streptococcal superantigen SSA are encoded on 

prophages, whereas SpeG, SpeJ, and the streptococcal mitogenic exoprotein SMEZ are 

encoded chromosomally (Proft, Thomas & Fraser, 2016; Proft, T. et al., 2003; Sriskandan et 

al., 2007). 
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1.6 Human immune defense mechanisms 

 

The human immune system consists of diverse cells, tissues, and organs and can be described 

as two forms: innate and adaptive immunity. Innate immunity forms an immediate and 

unspecific barrier against microbial infection and foreign factors. In contrast, activation of the 

adaptive arm of the immune response takes more time but can create immunological memory 

of specific invaders, acting more quickly upon re-exposure. The initial line of the innate 

immune system consists of physical barriers such as skin, mucosa, low stomach pH, and 

bacteriolytic enzymes in body secretions like tears and saliva, which assist in keeping the 

pathogen microorganisms out of the body or preventing their spread throughout the body 

(Turvey & Broide, 2010). Once these barriers are broken, professional phagocytes, such as 

macrophages, dendritic cells, and neutrophils, natural killer (NK) cells and antimicrobial 

peptides (AMPs), cytokines, and components of the complement system encounter with the 

invading pathogens (Chaplin, 2010). Furthermore, activation of adaptive immune response 

relies on innate immunity, and components of the innate system contribute to activation of T 

and B lymphocytes which are the major players in the adaptive immune response (Figure 1.3)  

(Medzhitov, 2000).  

 

Figure 1.3: Human immune system 

The human defense system can combat microbial agents through three levels: 1- anatomical and 

physiological barriers; 2- innate immunity; and 3- adaptive immunity. Some elements like NK T cells 

and dendritic cells are in common with innate and adaptive immunity. Adapted from (Turvey & Broide, 

2010) with permission. 
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1.6.1 Complement system 

 

Among all effector components of the immune system, the complement system is one of the 

most important factors of both adaptive and innate immunity. Protection against pathogens, 

removal of harmful debris such as apoptotic and necrotic cells, plus adaptive immunity 

guidance are leading biological functions of this system (Markiewski et al., 2007). More than 

30 plasma and cell-surface proteins are involved in regulating the complement system, and 

many of them are proteases. The complement system consists of three pathways, the classical, 

lectin, and alternative. The major goals of the activation of the pathways are producing various 

complement opsonins, chemoattractants, and terminal proteins that facilitate opsonisation, 

phagocytosis, and destruction of the pathogens through the formation of pores in their 

membrane (Carroll, 2004; Dunkelberger et al., 2010). 

Activation of different complement pathways occurs via different mechanisms.  The classical 

pathway is usually activated by antibodies attached to pathogenic surfaces. However, activation 

of this pathway can be antibody-independent and start by direct binding of C1q to foreign 

anionic molecules on the surface of pathogens. During the antibody-dependent process, Fc 

regions of IgM, IgG1, or IgG3 bind to the first component of complement, C1q, to initiate this 

pathway. C1q, C1r, and C1s are three subunits of the C1 complex. Attachment of C1q to 

antibody causes autoactivation of C1r, which then activates C1s. These complexes then activate 

C4, and C2, respectively, producing C3 convertase, an enzyme that cleaves C3 into a large 

fragment (C3b) and a small fragment (C3a). The lectin pathway is triggered by carbohydrate 

signatures on the cell surfaces of yeasts, bacteria, and viruses. The interaction of mannan-

containing microbes with plasma mannose-binding lectin (MBL), which is structurally similar 

to C1q, initiates this antibody-independent route of the complement system. MBL complexes 

with different MBL-associated serine proteases (MASPs) and causes the formation of the C3 

convertase. Activation of alternative pathways is different from the classical and lectin 

pathways and occurs through spontaneous activation of C3. This process leads to the formation 

of  C3b, which is an active form of C3 with the ability to bind to another member of this 

pathway named factor B (FB). The complex of C3b-FB is then cleaved by factor D (FD) and 

forms the C3 convertase of the alternative pathway. C3 is the common component of all three 

complement pathways, and the cleavage of this protein into its functional fragments by C3 

convertases is converge point of all complement pathways. Generating  C5 convertase is the 
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next step in the cascade. A combination of C4b, C2a, and C3b forms C5 convertase of the 

classical and lectin pathways, and the formation of alternative pathway’s C5 convertase occurs 

through binding of C3b to C3bBb. The C5 convertases with cleaving C5 initiates the formation 

of the membrane attack complex (MAC) to lyse the pathogen (Figure 1.4). Moreover, 

activation of this protein cascade results in the formation of significant anaphylatoxins, C4a, 

C3a, and C5a, which are important in proinflammatory activities, chemotaxis, and 

phagocytosis. Overall, the complement system, by using all these mechanisms, participates in 

the destruction and clearance of a wide variety of pathogens and macromolecules (Banda et al., 

2011; Beltrame et al., 2015; Dembic, 2015; Sarma et al., 2011; Tegla et al., 2011). 

 

 

 Figure 1.4: Activation of the three complement pathways  

The three activated pathways converge with the formation of C5b. This protein binds to C6 and C7, and 

the created complex inserts into the cell membrane. Afterward, C8 and C9 join the complex of C5b-

C6-C7, resulting in the formation of C5b-9 (MAC) and lysis of the cell. Adapted from (Beltrame, M. 

H. et al., 2015) with permission. 
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Regulation of the complement system to protect host tissues and prevent systemic depletion is 

crucial because, without that, the complement components can cause inflammatory disorders. 

Several inhibitors by acting on complement convertases are involved in this inhibitory process. 

For example, a serine protease, factor I (FI), through cleaving C4b and C3b, has a significant 

role in diminishing the activation of all complement pathways (Sim et al., 1993). In addition, 

the inhibitors like C4BP, CD35, and CD46 and factor H (FH) bind to C4b and C3b and prepare 

them in a cleavable form to FI and via this route inhibits the classical, lectin, and alternative 

pathways. CD55, a membrane-bound inhibitor that inactivates convertases, the MAC 

formation inhibitors, CD59, and vitronectin; Carboxypeptidase N (CPN), which inhibits C5a 

and C3a anaphylatoxins and C1-inhibitor are the rest main complement regulation factors 

(Merle et al., 2015; Sjöberg et al., 2009). 

 

 

Figure 1.5: The physiological impacts of complement pathways and their inhibitors 

The main effects of the complement system are shown in yellow boxes. The inhibitors of complement 

pathways and their action sites are presented in red. Adapted from (Sjöberg et al., 2009) with 

permission. 
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1.6.2 GAS and complement system 

 

Once GAS enters the body, the complement system is activated as the first line of defense in 

blood and promotes its rapid elimination. Opsonophagocytosis and pro-inflammatory 

responses are two main functions of the complement system for providing protection against 

GAS infections. Opsonisation of the bacterium by C3b, iC3b, C1q, and C4b complement 

proteins is the most important antibacterial mechanism provided by the complement system, 

which triggers phagocytosis and killing the GAS by PMN phagocytes. The pro-inflammatory 

function of complement is mostly based on the releasing C3a and C5a complement proteins 

into the fluid phase. These two strong inflammation mediators, via recruiting phagocytic and 

immune cells to the infection site, facilitate phagocytosis and inflammation (Merle, N. S. et al., 

2015; Syed et al., 2020). 

Clearance of the bacteria through the formation of membrane attack complex on the bacterial 

surface is another complement system strategy for destroying the pathogens. It is believed that 

Gram-positive bacteria resist forming lytic pores due to having a thick peptidoglycan layer in 

their cell wall. However, several Gram-positive bacteria secrete proteins that specifically target 

this protein complex and suggest the probable susceptibility of these bacteria to elimination by 

MAC. The importance of MAC on Gram-positive bacteria has been indicated in some studies 

(Berends, E. T. et al., 2013; Happonen et al., 2019; Khakzad et al., 2020). As a case in point, it 

has been shown that in contrast to C3b deposition, which occurs randomly on the bacterial 

surface, C5b-9 deposition occurs at specialised regions on GAS, depositing near the division 

septum. This suggests that the bacteria might be sensitive to the insertion of MAC during 

specific growth phases due to the dynamic structure of the cell wall (Berends, E. T. et al., 2013). 

GAS displays several virulence proteins involved in the evasion of attack by the complement 

system, including C5a peptidase, the M protein, streptococcal inhibitor of complement (SIC), 

cysteine protease (SpeB), immunoglobulin-degrading enzyme (IdeS), endopeptidase O 

(PepO), and the endoglycosidase (EndoS) (Laabei et al., 2019; Wayne et al., 2016).  

 C5a peptidase (ScpA), a highly conserved cell-wall enzyme of GAS, is an excellent example 

of virulence factors that target specific components of the human immune defense. ScpA 

cleaves the complement components of C5a and C3a at the polymorphonuclear leukocyte 

binding site and protects the organism from immune detection by eliminating the chemotactic 

signal from the site of infection (Lynskey et al., 2017). 
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M protein utilises a variety of mechanisms to assist the GAS in escaping from the complement 

system and inhibiting phagocytosis. M protein binds to factor H (FH) and C4-binding protein 

(C4BP), which are two main human complement inhibitors. These bindings prevent 

complement activation and opsonisation by decaying C3 convertases and inactivating 

deposited C4b and C3b (Laabei et al., 2019). Moreover, recruiting fibrinogen by M protein 

promotes phagocytosis resistance of GAS by inhibition of C3b deposition on the bacterial 

surface via decreasing the formation of the classical pathway C3 convertase (Carlsson et al., 

2005). 

SIC is of paramount importance virulence factors of GAS that interfere with the complement 

system. The gene of this protein, sic, in specific serotypes such as M1 and M57 has been 

reported and shows a high degree of sequence variation (Fernie‐King et al., 2001; Lukomski et 

al., 2000). This highly polymorphic secreted protein inhibits the interaction of the complement 

complex C5bC6C7 with host cell membranes, impeding MAC formation. Moreover, two 

antibacterial peptides of the innate immune response, human neutrophil alpha-defensin, and 

LL37 are inactivated by SIC (Frick et al., 2003). A recent study showed that SIC binds 

plasminogen and regulates fibrinolysis; thus, when entrapping the bacteria in clots, this protein 

protects them against killing and helps to the persistence of bacteria at the site of infection in 

the primary stage of infection (Frick et al., 2018). 

GAS produces various extracellular proteolytic enzymes, including SpeB, C5a peptidase, 

serum opacity factor (SOF is a surface protein that also appears in a secreted form)(Courtney 

et al., 2010), and IgG-degrading enzyme. The streptococcal cysteine proteinase (SpeB) is one 

of the most studied proteolytic enzymes, which is encoded by a conserved gene in all GAS 

strains and facilitates bacterial spread by the degradation of host tissue structure (Bohach et al., 

1988). Furthermore, the inactivation of several host and bacterial proteins is considered the 

main characteristic of this virulence factor, thereby playing a role in modulating the human 

immune response and GAS virulence. SpeB suppresses the complement system by degrading 

a broad range of complement factors such as C2, C3, C4, C5a, C6, C7, C8, C9, and C1-esterase 

inhibitor (C1-INH), preventing the formation of C3 convertase and MAC. Also, it interferes 

with the deposition of complement, which causes inhibition of PMN phagocytosis (Honda-

Ogawa et al., 2013; Nelson et al., 2011; Tsao et al., 2006). 

IdeS, EndoS, and PepO are other immune evasion factors of GAS that interfere with the 

initiation of the classical pathway. IdeS interacts with IgG resulting in proteolytic cleavage and 



20 

 

inhibition of complement-binding and Fc recognition. EndoS cleaves the chitobose core of the 

asparagine-linked glycan present on the heavy chain of native human IgG, which prevents the 

interaction with Fcγ receptors displayed by phagocytic cells and IgG-mediated complement 

activation. PepO binds to the classical pathway activator C1q and inhibits the interaction with 

IgG under low pH conditions consistent with inflamed tissues. 
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1.7 Aim and objectives 

 

Despite extensive advancements in the identification, treatment, and prevention of GAS 

diseases, this bacterium is still a major human pathogen that causes considerable mortality and 

morbidity in children and adults worldwide. Researchers believe many unanswered questions 

related to the molecular mechanisms of GAS pathogenicity and virulence factors have 

remained, and more investigations to understand host-bacterial interactions are required for the 

development of therapeutic strategies and preventions. The completion of the GAS genome 

sequencing project in 2001 provided new insights into identifying novel virulence factors 

(Ferretti et al., 2001). 

Bioinformatics analysis of GAS whole-genome sequencing uncovered many open reading 

frames with unknown functions. One of these, spy0136 (occupied locus spy0136 in the genome 

of GAS M1 SF370 strain), is a conserved gene across major emm types of GAS. Blast analysis 

of the spy0136 revealed > 92% nucleotide sequence identity among > 500 GAS isolates 

(Appendix B). This gene, along with the hsp33 (spy0123) gene, flank fibrinogen-binding, 

collagen-binding, T antigen (FCT) region of the GAS genome, which is a well-characterised 

area for the abundance of virulence genes (figure 1.6) (Debra et al., 2002). spy0136 encodes a 

~26 kDa protein with an unknown function. The predicted N-terminal signal sequence and the 

absence of any cell anchor or transmembrane regions in the sequence of Spy0136 suggest that 

the protein is secreted.  

 

 

 

 

 

 

Figure 1.6: Schematic representation of spy0136 gene in various GAS strains 

The presence of different genes in the FCT region of seven GAS strains has been shown with green, 

orange, black, and navy blue colors. The grey color represents the conserved flanking genes of spy0136 

and spy0123. Adapted from (Mora et al., 2005b) with permission. 
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An immunological study of Spy0136 has shown the production of this protein during human 

infections. Moreover, whole genomic microarray analysis has indicated that expression of the 

spy0136 is upregulated during PMN phagocytosis, suggesting the potential role of this gene in 

GAS pathogenesis (Voyich et al., 2003).  

This thesis hypothesises that Spy0136 is a novel virulence factor of GAS. The aim was, 

therefore, to characterise this protein and determine its function.  

 

The specific objectives of the work described in this thesis are: 

1. To express and purify recombinant form of Spy0136 protein (rSpy0136) to assess its 

interaction with host immune factors. 

2. To generate spy0136 alanine-conversion mutants (using selected amino acids identified as 

binding residues from Spy0136 protein structure) to examine the role of glycans in the 

interaction of Spy0136 with plasma proteins. 

3. To analyse the function of Spy0136 in host immune evasion.   

4. To generate spy0136 gene deletion mutant and complementation strain in GAS and gain-of-

function mutant in Lactococcus lactis (L.lactis) to examine the ability of these modified 

bacteria in the bactericidal assay.  

5. To infect Galleria mellonella with GAS mutants to understand the virulence role of Spy0136 

in-vivo. 
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Chapter 2:   Materials and Methods 

 

2.1 Materials 

2.1.1 Molecular biology 

 Reagents 

 

PCR buffer (10x) 500 mM KCl, 0.1% (v/v) Triton X-100, 100 mM Tris 

HCl, pH 9.0 

 

TAE buffer 2 mM EDTA, 0.1 % (v/v) glacial acetic acid, 40 mM 

Tris, pH 8.0 

 

DNA loading dye (6x) 30% (v/v) glycerol, 0.25% (w/v) bromophenol blue, 

0.25% (w/v) xylene cyanol FF 

 

CutSmart buffer (10x) 50 mM potassium acetate, 20 mM Tris-acetate, 10 mM 

magnesium acetate, 100 µg/ml BSA, pH 7.9 

 

Miniprep solution A 

(Cell resuspension buffer) 

25 mM Tris HCl, 10 mM EDTA, 50 mM glucose, pH 8.0 

Miniprep solution B 

(Cell lysis solution) 

 

1% SDS, 0.2 M NaOH 

Miniprep solution C 

(Neutralization solution) 

 

3 M potassium acetate, 2 M acetic acid 

CCMB80 transformation buffer 

 

10 mM KOAc, 80 mM CaCl2, 20 mM MnCl2, 10 mM 

MgCl2, 10% (v/v) glycerol, pH 6.4 
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 Plasmids 

 

pBC KS (+/-) pBC is a standard cloning vector derived from the 

pBluescript II phagemid and designed to simplify commonly 

used cloning and sequencing procedures. It contains the lacZ 

gene under the control of the lac promoter for blue/white 

selection and the chloramphenicol gene for chloramphenicol 

resistance. The pBC (+/-) plasmids are available with two 

polylinker orientations designated as either KS or SK. 

 

 

pGEX-3C A modified pGEX-2T expression vector containing 

Ampicillin resistance gene by Professor Thomas Proft. It 

includes a 3C protease recognition sequence introduced 

between the BamHI and EcoRI sites in the vector, so the 

recombinant protein product can be separated from the 

glutathione S-transferase moiety by 3C protease proteolysis. 

 

 

 

pET-32a-3C A modified pET-32a expression vector by Professor Thomas 

Proft. It contains a 3C protease recognition sequence that can 

facilitate the separation of the recombinant protein from the 

thioredoxin protein by 3C protease proteolysis and an 

ampicillin resistance gene. 

 

 

 

 

 pProExHta 

 

 

This prokaryotic expression system adds a His-tag at the N-

terminus of the target protein that can be used for protein 

purification. The expression of the protein in this carrier is 

controlled by the lac promoter. It contains an ampicillin 

resistance gene and the rTEV protease recognition site for 

His-tag removal.  
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pProExHta-MBP A modified version of pProExHta. The gene encoding 

maltose-binding protein (MBP) was inserted between the 

His-tag and the rTEV (recombinant Tobacco etch virus 

protease) cleavage site of pProExHta, followed by the 

standard pProExHta multiple cloning site (MCS). It was a 

gift from Dr. Paul Young, Auckland University, New 

Zealand. 

 

  

 

 pLZ12Km2 

 

An E.coli-streptococcal shuttle vector (a gift from Prof. 

Nobuhiko Okada, Kitasato University, Japan) containing a 

kanamycin resistance gene. 

 

 

 

pLZ12Km2-P23R 

 

A modified version of  pLZ12Km2 with the P23 

lactococcal promoter sequence from pOri23 inserted at the 

3’end of MCS in the reverse-complement direction.  

 

 

 

pLZ12Km2-P23R-SRBS 

 

 

A modified version of pLZ12Km2-P23R with a 

staphylococcal ribosomal binding site for improving protein 

expression in complementation strains.  

 

 

 

 pLZ12Km2-SRBS 

 

A modified version of pLZ12Km2 with a staphylococcal 

ribosomal binding site for improving protein expression in 

complementation strains. 

 

 

 

 pFW11 

 

A suicide vector is used to knock out the target gene and 

replace it with the aad9 gene, the spectinomycin-resistance 

gene. Prof. Andreas Podbielski from the University of 

Rostock, Germany, has provided the plasmid as a gift. 
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 Oligonucleotides 

 

Primers used for the amplification of the spy0136 gene are listed in Table 2.1. 

Table 2.1: Oligonucleotide primers sequences for the amplification of spy0136 gene 

 

Primers used for generating gene deletion mutants via allelic replacement are listed in Table 

2.2. 

Table 2.2: Oligonucleotide primers sequences for the generation and confirmation of spy0136 

gene-knockout mutant 

 

 

 

 

Name Sequence 5’-3’ Restriction 

site 

spy0136.fw ggatcccatgataacattgatgag BamHI 

spy0136.rev aagcttactcaccgaattcccc HindIII 

spy0136-sRBS.fw gcggatccaaggaggaataaaaaatgaaacgatgtaataaatatctc BamHI 

spy0136-sRBS.rev ctagctcgagttttactcaccgaattccccttta XhoI 

spy0136-sRBS/wt P23.fw ctagctcgagttggaggaataaaaaatgaaacgatgtaataaatatctc XhoI 

spy0136-sRBS/wt P23.rev gcggatccaattactcaccgaattccccttta BamHI 

spy0136-wt SP/proExHta.fw ggcggcgccaaacatgataacattgagaaag KasI 

Name Sequence 5’-3’ Restriction 

site 

spy0136-FR1.fw gcacgcgtcgacctgattctgtcagaggaacac SalI 

spy0136-FR1.rev  gctctagagctagtagtgaagtgaagag XbaI 

spy0136-FR2.fw aactgcagctgccagtccatcatcttttg PstI 

spy0136-FR2.rev  ccccccgggctaacagtatactggaggattg XmaI 

spy0136seq.fw  gcttcactcatcaacaatatctttg - 

spy0136seq.rev  gcaatcatgttgtcttagactc - 

aad9.fw ccttattggtacttacatgtttg - 

aad9.rev ccattcaatattctctccaag - 
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Primers used for spy0136 alanine-conversion mutagenesis are listed in Table 2.3 

 Table 2.3: Mutagenesis primers 

 

 

 Bacterial strains 

 

Escherichia coli DH5α 

 

 

A standard laboratory strain (ATCC® 

53868TM ), used for cloning 

Escherichia coli BL21(DE3)pLysS 

 

 

A strain from Novagen, used for 

recombinant protein expression 

Lactococcus lactis MG1363  

 

 

A plasmid-less strain, used for spy0136 

gene heterologous expression 

Streptococcus pyogenes 

 

GAS SF370, an ATCC 700294 serotype 

M1, MGAS315 serotype M3 ATCC 

BAA-595, MGAS10270 serotype M2 

ATCC BAA-1063, MGAS10394 

serotype M6 ATCC BAA-946 and 

MGAS8232 serotype M18  ATCC BAA-

572 strains were used       

Name Sequence 5’-3’ Substitution 

site 

spy0136-Mu1- D54A.fw GAACAATGGGTTTACCCTGCTTTCTCAGTTTTTCTTCC GAT      GCT 

spy0136-Mu1- D54A.rev GGAAGAAAAACTGAGAAAGCAGGGTAAACCCATTGTTC CTA      CGA 

spy0136-Mu2- W90A.fw CGCAATAATACACAAGCGCATTATGATTGGAAAAGCCAAC TGG      GCG 

spy0136-Mu2- W90A.rev GTTGGCTTTTCCAATCATAATGCGCTTGTGTATTATTGCG ACC      CGC 

spy0136-Mu3- E104A.fw CAAATTTTAATCAAGCATTTGATAAATTCCCTGGTTATACTGGTTGG GAA      GCA 

spy0136-Mu3- E104A.rev CCAACCAGTATAACCAGGGAATTTATCAAATGCTTGATTAAAATTTG CTT      CGT 

spy0136-Mu4- R140A.fw CCTATGGCGCTCAATCACACACTTATTTTTCTCATAAAATGGTTTG CGT     GCT 

spy0136-Mu4-R140A.rev CAAACCATTTTATGAGAAAAATAAGTGTGTGATTGAGCGCCATAGG GCA      CGA 

spy0136-Mu5- N178A.fw GGTATTAAACAAGCCAACCCATTAGCAGCATCATTCCCAAG AAC     GCC 

spy0136-Mu5-N178A.rev CTTGGGAATGATGCTGCTAATGGGTTGGCTTGTTTAATACC TTG     CGG 
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 Bacterial culture media 

 

 

 Selective antibiotics 

 

 

Kanamycin (Kan) 

 

 

At a concentration of 50 μg/ml for E. 

coli; 200 μg/ml for S. pyogenes and L. 

lactis 

 

Ampicillin (Amp) 

 

  

 

At a concentration of 50 μg/ml for E. 

coli 

Chloramphenicol (Cm) 

 

 

At a concentration of 30 μg/ml for E. 

coli BL21(DE3) 

 

 

Spectinomycin (Spec) 

 

 

At a concentration of 100 μg/ml for E. 

coli and S. pyogenes 

 

 Luria-Bertani broth (LB) 

 

 

1% (w/v) bacto-tryptone, 0.5% (w/v) 

bacto-yeast extract, 1% (w/v) NaCl 

Todd Hewitt broth with yeast (THY) 

 

 

3% (w/v) Todd Hewitt powder, 0.2% 

(w/v) yeast extract 

Brain heart infusion broth (BHI) 

 

 

3.7% (w/v) Brain Heart Infusion powder 

Super optimal broth (SOB)  

 

2% (w/v) bacto-tryptone, 0.5% yeast 

extract, 0.05% (w/v) NaCl, 0.018% (w/v) 

KCl, 1% (v/v) MgCl2, pH 7.0 

 

GM17 medium 

 

 

3.725% (w/v) M17 powder, 0.5% (w/v) 

glucose 
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2.1.2 Protein production and analysis 

 

All solutions were prepared using Mili-Q® water (Millipore). 

 Protein purification solutions 

 

 

 

Protein purification lysis buffer 

 

 

100 mM HEPES buffer pH 7.5, 250 

mM NaCl, 2% (v/v) glycerol, 10 mM 

imidazole 

 

Protein purification wash buffer 

 

 

50 mM HEPES buffer pH 7.5, 250 mM 

NaCl, 2% (v/v) glycerol 

 

 

Protein purification elution buffer 

 

 

50 mM HEPES buffer pH 7.5, 250 mM 

NaCl, 2% (v/v) glycerol,  a gradient of 

imidazole (50 to 500 mM)  

 

Dialysis buffer 

 

 

50 mM HEPES buffer pH 7.5, 250 mM 

NaCl, 2% (v/v) glycerol, 5 mM 2-

mercaptoethanol 

 

Size exclusion chromatography buffer 

 

 

50 mM HEPES buffer pH 7.5, 100 mM 

NaCl 

 

 

GSH lysis buffer 

 

 

1 mM EDTA, 50 mM NaCl, 1% (v/v) 

Triton X-100, 25 mM Tris HCl, pH 7.4 
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GSH I buffer 

 

 

1 mM EDTA, 50 mM NaCl, 25 mM 

Tris HCl, pH 7.4 

 

GSH II buffer 

 

 

1 mM EDTA, 500 mM NaCl, 25 mM 

Tris HCl, pH 7.4 

 

GSH III buffer 

 

 

1 mM EDTA, 5 mM glutathione, 25 

mM Tris HCl, 1 mM DTT, 50mM 

NaCl,  pH 7.4 

 

MCAC- lysis buffer 

 

 

MCAC-0 plus 0.1 mM PMSF, 0.1% 

(v/v) Triton X-100 

 

MCAC-0 

 

 

0.5 M NaCl ,10% glycerol, 20 mM 

Tris.HCl, pH 8 

 

MCAC-1000 

 

 

1 M imidazole, 10% (v/v) glycerol, 0.5 

M NaCl, 20 mM Tris HCl, pH 8.0 

 

MonoQ solution A 

 

 

20 mM Tris pH 8.5 

 

MonoQ solution B 

 

 

20 mM Tris pH 8.0, 1 M NaCl 
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 SDS-PAGE and Western blot solutions 

SDS-PAGE resolving buffer 

 

 

0.4% (w/v) SDS, 1.5 M Tris HCl pH 8.8 

SDS-PAGE  stacking  buffer 

 

 

0.4% (w/v) SDS, 1 M Tris HCl pH 6.8 

Acrylamide/Bis solution 

 

 

30% (w/v) acrylamide, 0.8% (v/v) 

bisacrylamide 

SDS-PAGE  running buffer 

 

 

25 mM Tris, 250 mM glycine, 0.1% w/v 

SDS  

Coomassie blue stain 

 

 

0.06% (w/v) brilliant blue R-250, 50% 

(v/v) ethanol, 7.5% (v/v) acetic acid 

 

Protein loading buffer (2X) 

 

 

4.1% (w/v) SDS, 125 mM Tris-HCl pH 

6.8, 20% (v/v) glycerol, 0.01% (w/v) 

bromophenol blue, 5% (v/v) β-

mercaptoethanol 

 

Destain solution  

 

 

25% (v/v) ethanol, 8% (w/v) acetic acid 

Tris-buffered saline (TBS) 

 

20 mM Tris-Cl, 150 mM NaCl, pH 7.6 

TBS-T 

 

TBS + 0.1% (v/v) Tween-20 

Western blot Towbin transfer buffer  

 

 

25 mM Tris-HCl, 192 mM glycine, 20% 

(v/v) methanol (Merk), pH 8.3  

 

Western blot blocking solution  

 

 

TBS-T plus 5% (w/v ) skim milk powder 

(Anchor)  

 

Western blot probing solution  TBS-T plus 2.5% (w/v) skim milk powder 

(Anchor) 
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2.1.3 Protein characterisation and functional assays 

 

 Pull-down assay 

 

TSA buffer 

 

 

10 mM Tris-HCl pH 8.0, 140 mM NaCl, 

0.025% (v/w) NaN3 

Lysis buffer 

 

 

  

300 mM NaCl, 50 mM Tris-HCl, pH 7.6, 1% 

(v/v) TritonX-100, protease inhibitor 

cocktail, 1.8 mg/ml iodoacetamide  

IP buffer (gentle wash buffer) 

 

 

0.025% (v/w) NaN3, 140 mM NaCl, 1% 

(v/v) Triton X-100, 10 mM Tris HCl, pH 8.0 

 

 

RIPA buffer (harsh wash buffer) 

 

 

 

 

1% (w/v) sodium deoxycholate, 0.1% (w/v) 

SDS, 500 mM NaCl, 1% (v/v) Triton X-100, 

10 mM Tris HCl, pH 8.0 

 Complement haemolytic  assay 

 

Phosphate-buffered saline (PBS)  

 

 

2.7 mM KCl, 10 mM Na2HPO4, 2 mM 

KH2PO4, 137 mM NaCl, pH 7.4 

Gelatine HEPES buffer (GHB 5x) 1 M NaCl, 400 mM HEPES, 0.66% (W/V)     

Bovine Skin Type B Gelatin, pH: 7.35 

 

GHB++ (5x)  75% 5x GHB, 2 mM MgCl2, 0.3 mM CaCl2 
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 Enzyme-linked immunosorbent assay (ELISA) 

 

Coating buffer 

 

15 mM Na2CO3, 35 mM NaHCO3, 

0.01% NaN3, pH 9.6 

Dilution buffer 

 

50 mM NaCl, 20 mM Tris–HCl, pH 7.4, 

1 mM CaCl2 

Blocking solution 3% BSA in PBS 

 

Wash buffer 0.05% Tween-20 in PBS 

 

 Complement deposition assay  

 

HEPES buffered saline (HBS++) 

 

 20 mM HEPES, 140 mM NaCl, pH 7.4,    

2.5 mM MgCl2, 5 mM CaCl2 

 

Wash buffer PBS, 1% BSA 

 

 

 

 

 

 

Wash buffer  

 

0.15 M NaCl 

Alsevers solution 2.05% dextrose, 0.8% sodium citrate, 

0.055% citric acid, and 0.42% sodium 

chloride 

Guinea pig serum Made in-house by the Vernon Jansen Unit 

(The University of Auckland) 

https://en.wikipedia.org/wiki/Dextrose
https://en.wikipedia.org/wiki/Sodium_citrate
https://en.wikipedia.org/wiki/Sodium_chloride
https://en.wikipedia.org/wiki/Sodium_chloride
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2.1.4 Antibodies and proteins 

 

 Table 2.4: List of antibodies used to analyse the function of rSpy0136 

 

 Table 2.5: List of used proteins in analysing the function of Spy0136 protein 

 

Name Host 

Species 

Working 

dilution 

Supplier 

Anti-rabbit IgG (HRP)- polyclonal-ab6721 Goat 1:10000 Abcam 

Anti-mouse IgG (HRP)- polyclonal -ab6789 Goat 1:10000 Abcam 

Anti-rabbit IgG H&L (FITC)- polyclonal-ab97050 Goat 1:50 Abcam 

Anti-mouse IgG H&L(FITC)- polyclonal-ab6785 Goat 1:500 Abcam 

C1R MaxPab mouse polyclonal antibody(B01P)  Mouse 1:1000 Abnova 

C1S MaxPab mouse polyclonal antibody(B01P)   Mouse 1:1000 Abnova 

C4BPA MaxPab rabbit polyclonal antibody(D01P)  Rabbit 1:1000 Abnova 

Anti-C1q antibody (34E2)-monoclonal-ab235454 Rabbit 1:1000 Abcam 

Anti-C2 antibody-polyclonal-ab77498  Rabbit  1:1000 Abcam 

Anti-C3 antibody- polyclonal -ab48611  Rabbit  1:1000 Abcam 

Anti-C4 antibody- polyclonal -ab48612 Rabbit  1:1000 Abcam 

Anti-C5/C5a antibody-polyclonal -ab193295 Rabbit 1:1000 Abcam 

Anti-C5b-9 antibody- monoclonal -ab66768 Mouse 1:4000 Abcam 

Anti-fibrinogen antibody- polyclonal -ab34269  Rabbit 1:1000 Abcam 

Anti-sheep red blood cell stroma antibody-ab50674 Rabbit 1:2500 Abcam 

rSpy0136  polyclonal antibody Rabbit 1:1000 Made in-house 
(The University of 

Auckland) 

Name Source Supplier 

Complement C1r, Human, Activated two-chain form Serum Merck 

Complement C1s, Human, Activated two-chain form Serum Merck 

C4BPA (Human) Recombinant Protein (P01) Wheat germ Abnova 

C2 (Human) Recombinant Protein (P02) Wheat germ Abnova 

Complement C1q, Human Serum Merck 

Complement C3, Human Serum Merck 

Complement C5, Human Serum Merck 

Fibrinogen from human plasma Plasma Sigma-Aldrich  
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2.2       Methods 

2.2.1 Molecular cloning 

 Plasmid extraction  

 

E. coli DH5α was grown overnight in 10 ml LB containing the appropriate antibiotics at 37˚C 

with shaking at 200 rpm. The bacteria were collected by centrifugation at 4000 xg for 10 min, 

and plasmid DNA was isolated using Nucleospin® plasmid miniprep kit (Macherey-Nagel). 

The concentration of purified plasmid in pre-heated UltraPureTM water (Invitrogen) was 

quantified using the NanoDropTM 2000 UV-Vis spectrophotometer (Thermo Fisher Scientific). 

 

 DNA amplification by polymerase chain reaction (PCR) 

 

To amplify DNA fragments from a single bacterial colony or purified DNA template, PCR was 

performed using a Mastercycler® Nexus thermocycler (Eppendorf). The reactions were 

prepared in a total volume of 20-50 μl containing components and conditions listed in tables 

2.6 and 2.7. 

 

 Table 2.6: Colony PCR reaction mixture 

 

 

 

Reagents Final concentration Volume 

10X PCR buffer 1x 2 µl 

MgCl2 (25 mM) 1.5 mM 1.2 µl 

dNTPs (10 mM) 0.3 mM 0.6 µl 

Forward primer (10 μM ) 0.3 μM 0.6 µl 

Reverse primer (10 μM ) 0.3 μM 0.6 µl 

Taq DNA polymerase (5 U ) 2.5 U 0.5 µl 

UltraPure water To 20 μl final volume 14.5 µl 
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Table 2.7: Colony PCR thermal cycles 

 

The full-length target genes were amplified using iProof High-fidelity DNA polymerase (Bio-

Rad, UK) in a 50 μl reaction volume under the following conditions: 

 

Table 2.8: PCR reaction mixture 

 

 

 Table 2.9: PCR thermal cycles 

 

Step Temperature Time cycles 

Initial denaturation 95˚C 5 min 1 

Denaturation 95˚C 30 sec  

Annealing 53˚C 60 sec 15 

Extension 72˚C 30 sec  

Final extension 72˚C 5 min 1 

Reagents Final concentration Volume 

iProof 5X buffer 1x 10 µl 

dNTPs (10 mM) 1.25 mM 1 µl 

Forward primer (10 μM ) 12.5 μM 2.5 µl 

Reverse primer (10 μM ) 12.5 μM 2.5 µl 

Template gDNA 50 ng X µl 

iProof polymerase 1 U 0.5 µl 

UltraPure water 50 μl total volume Up to 50 µl 

Step Temperature Time cycles 

Initial denaturation 98˚C 30 sec 1 

Denaturation 98˚C 10 sec  

Annealing 53˚C 30 sec 30 

Extension 72˚C 30 sec  

Final extension 72˚C 5 min 1 
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 Agarose gel electrophoresis 

 

PCR and DNA products were mixed with 6x DNA loading dye and run through a 1% agarose 

gel at 90 V for 30 min in TAE buffer.  DNA was detected using 1:10,000 dilution of SYBRTM 

Safe DNA gel stain (Invitrogen) and visualised using a ChemiDocTM imaging system (Bio-

Rad). The size of the products was determined by loading a 1 Kb Plus DNA ladder (Invitrogen) 

as a molecular-weight size marker for comparison. 

 

 Cleaning up PCR products 

 

 PCR products were purified using the QIAquick PCR purification kit (QIAGEN) as per the 

manufacturer’s instructions and eluted in UltraPure water in a volume of 20 µl. 

 

 DNA extraction from agarose gel 

 

The desired DNA fragments were cut from a 1% agarose gel using a sterile scalpel over a Dark 

Reader® DR46B transilluminator (Clare Chemical Research). The gels were mashed using a 

sterile pipette tip in microtubes and frozen by placing the tube on dry ice. The frozen gels were 

transferred to a filter tip (Axygen) and left to thaw. DNA was then eluted by centrifugation at 

13000 xg for 1 min. 

 

 Making A-tailing PCR products 

 

A-tailing PCR products for ligation to T-tailed cloning plasmid was generated by preparing a  

PCR reaction using Taq polymerase. The reaction mix was made up to 50 µl with 1x PCR 

buffer, 2.5 mM MgCl2, 10 mM dATP, and 5 U Taq polymerase and incubated at 72˚C for 30 

min. The A-tailed product was purified using QIAquick PCR purification kit (QIAGEN) 

according to the manufacturer’s instruction. 
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 Making T-tailing cloning vector 

 

A restriction digest reaction was set up by incubating 1 μg pBluescript plasmid with 10 U of 

EcoRV (New England BioLabs) and the supplied buffer in a total volume of 10 μl at 37˚C for 

1 h. A PCR reaction mix was then prepared as in section 2.2.1.6 but with dTTP instead of 

dATP. The T-tailed product was purified using QIAquick PCR purification kit (QIAGEN) 

according to the manufacturer’s instruction. 

 

 Restriction endonuclease digestion and ligation  

 

Digestion of DNA with restriction enzymes and ligation were performed in a total volume of 

10 μl containing the following components: 

  

           

 

  

  

  

The digestion reaction mixture was incubated at 37˚C for 2 h. Heat inactivation or DNA gel 

extraction was performed after digestion to remove the restriction enzymes. Purified cleaved 

plasmid and insert DNA were mixed at a ratio of 1:3, and the reaction was incubated at 4˚C 

overnight using the following reaction mix: 

  

 

 

 

 

Reagents Volume 

DNA 1 µg 

Restriction enzyme 1 µl 

10X Buffer 1 µl 

Ultrapure water Up to 10 µl 

Reagents Volume 

Vector x 

Insert 3x 

10X ligation buffer 1 µl 

T4 DNA ligase 1 µl 

Ultrapure water Up to 10 µl 

Table 2.11: Ligation reaction mix 

Table 2.10: Digestion reaction mix 
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 Preparation  and transformation of chemically competent E. coli  

 

A single colony of E. coli (DH5α or BL21) was inoculated in 2 ml of SOB media and grown 

overnight at 37˚C with shaking at 200 rpm. The culture was diluted 1:100 into a fresh SOB and 

grown at 28˚C with aeration until the OD600nm reached 0.2. Cells were pelleted by 

centrifugation at 4000 xg for 10 min at 4˚C and resuspended in ice-cold CCMB80 buffer at a 

ratio of 32 ml per 100 ml of the original culture. The bacteria were incubated on ice for 20 min 

and, after centrifuging, resuspended in 4 ml fresh, ice-cold CCMB80 buffer and left to incubate 

on ice for 20 min. Cells were then aliquoted and snap frozen in a dry ice/ethanol bath for storage 

at -80˚C. 

A tube of competent cells was thawed on ice and incubated with 5 µl DNA of the ligation 

reaction mix for 10 min on ice. Bacteria then were heat-shocked at 42˚C for 45 s and 

immediately placed back on the ice for a further 5 min incubation. To recover bacteria, 1 ml 

pre-warmed LB was added to the tubes and incubated at 37˚C for 30 min. The bacterial cells 

were centrifuged at 2000 xg for 5 min, media removed, then resuspended in 100 μl LB. Bacteria 

and was plated on an agar plate containing appropriate antibiotics and incubated at 37˚C 

overnight. 

 

 Preparation and electroporation  of electrocompetent GAS  

 

The desired GAS strain was cultured in 1.5 ml THY media overnight. The culture was then 

diluted with 50 ml fresh THY broth and grown until an OD600nm between 0.2-0.25 was reached. 

The cell pellet was obtained by centrifuging at 4000 xg for 10 min at 4˚C and washed twice 

with 1 ml ice-cold sterile 0.5 M sucrose. The cells were then resuspended in 50 μl ice-cold 0.5 

M sucrose and kept on ice before electroporation. 

Electroporation cuvettes were chilled on ice for 15 min before use. Electroporation was done 

within 60 min after the electrocompetent cells were prepared. 1-10 μg of plasmid DNA was 

mixed with 50 μl cell suspension and incubated on ice for 2-3 min. After that, the mixture was 

moved to a pre-chilled cuvette and subjected to a single pulse of 2.1 kV, the capacitance at 25 

μF, and resistance at 200 Ω using a Gene Pulser Xcell Electroporation System (Bio-Rad, UK). 

Immediately after the electric pulse, the cells were diluted in 1 ml of THY broth and transferred 
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to a 1.7 ml microtube followed by a 2 h incubation at 37˚C without aeration. Following the 

incubation at 37˚C, the cells were collected by centrifugation. Extra supernatant was removed, 

and the cells were resuspended in 100 µl THY broth and spread on THY agar plates containing 

appropriate antibiotics before being incubated at 37˚C overnight. 

 

 Preparation and electroporation of  L. lactis  

 

L.lactis MG1363 strain was grown in 1.5 ml GM17 medium at 28˚C overnight. The next day, 

1 ml of the overnight culture was added to 50 ml of fresh GM17 broth and incubated at 28˚C 

without shaking for ~ 2.5 h until the OD600nm reached 0.4-0.6. Cells were harvested by 

centrifugation at 4000 xg for 15 min at 4˚C and washed in three steps using 4 ml ice-cold sterile 

H2O, 2 ml of ice-cold 50 mM EDTA, and then 2 ml of 0.3 M sucrose solution. After washing, 

the cells were gently resuspended in 0.4 ml of ice-cold 0.3 M sucrose and used immediately 

for electroporation. 

One microgram of plasmid DNA was added to 40 µl of cells and incubated on ice for 5 min. 

The mix of bacteria and DNA was then transferred to a prechilled electroporation cuvette, and 

electroporation was performed in a BioRad Gene Pulser apparatus by applying a single pulse 

of 2.5 kV, resistance at 200 Ω, and capacitance at 25 μF. Electroporated cells were quickly 

resuspended in 1 ml of GM17 medium and placed in an incubator at 28˚C for 2 h without 

aeration. Cells were then plated on GM17 agar plates with appropriate antibiotics and incubated 

at 28˚C overnight. 
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2.2.2 Protein production 

 Recombinant protein expression in E. coli 

 

A single colony of E.coli BL21(DE3) containing the desired expression plasmid was picked 

and inoculated in 50 ml LB broth supplemented with appropriate antibiotics. The culture was 

incubated overnight at 37˚C with agitation. The following day, the overnight culture was added 

to 1 L LB broth containing appropriate antibiotics and incubated at 37˚C on a 200 rpm shaker 

until the bacterial growth reached OD600nm ~ 0.6-0.8. The culture was cooled to 18˚C for one 

hour before adding 0.1 mM IPTG; then, the bacterial culture was incubated overnight at 18˚C 

with shaking (180 rpm). The next day, bacterial cell pellets were harvested by centrifugation 

at 4000 xg for 30 min at  4˚C and stored at -20˚C. 

 

 Protein purification by nickel affinity chromatography 

 

The frozen E.coli cell pellet was resuspended in 10% w/v of  MCAC-lysis buffer and sonicated 

using a Q700 sonicator (Qsonica) on ice. The bacterial lysate was centrifuged at 13000 xg for 

30 min at 4˚C, and the supernatant was filtered through a 0.22 μm filter (Merck). Clarified 

lysate was passed over 2 ml nickel-charged nitrilotriacetic acid resin (Ni2+-NTA /Bio-Rad) pre-

equilibrated with 10 column volumes of MCAC-0. The column was then washed with 10 

column volumes of MCAC-0, and the protein was eluted in a stepwise procedure using 5 

column volumes of MCAC-0 containing different concentrations of imidazole from 25 mM to 

250 mM. The eluted proteins were analysed by SDS-PAGE, and the fractions containing the 

desired protein were concentrated down using a 10 kDa molecular weight cut-off VivaspinTM 

protein concentrator (GE Healthcare). The thioredoxin tag was cleaved from the concentrated 

protein by incubating with 5 μg/ml 3C protease and 1.5 mM DTT at 4˚C overnight before 

further purification of the protein of interest by anion exchange chromatography.  

Purification of protein expressed from the pProExHta-MBP vector was done using HEPES-

based buffers. The harvested bacteria cell pellet was resuspended at 10% (w/v) in lysis buffer 

plus 1 Mini EDTA-free Protease Inhibitor Cocktail Tablets ( Roche Applied Science) per each 

10 ml solution. The cell suspension was lysed by sonication using a Q700 sonicator (QSonica) 

on ice and spun down at 13000 xg at 4˚C for 30 min. The supernatant was transferred to a new 
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Falcon tube, and the cell pellet was collected for SDS-PAGE analysis. The rest of the 

purification process was done at 4˚C to prevent protein degradation. Ni2+-NTA beads (2 ml) 

were equilibrated with 10 column volumes of wash buffer. The lysate was passed over the 

column and washed with 10 column volumes of HEPES-based wash buffer. The protein was 

eluted in the stepwise process using 5 column volumes of the elution buffer containing different 

concentrations of imidazole from 25 mM to 250 mM and analysed by SDS-PAGE. The fusion 

protein was concentrated using a 10 kDa molecular weight cut-off VivaspinTM protein 

concentrator (GE Healthcare), then cut with recombinant Tobacco Etch Virus protease (rTEV) 

at a volume ratio of 1:25 and dialysed into dialysis buffer at 4˚C overnight before further 

purification by size exclusion chromatography. 

 

 Purification of GST-tagged recombinant protein 

 

The bacterial lysate in GSH lysis buffer was passed over a GSH-agarose column pre-

equilibrated with 10 column volumes of GSH I buffer. The beads and bound protein were 

washed with GSH II buffer, and the recombinant protein was eluted with 10 column volumes 

of GSH III. The target protein was analysed by SDS-PAGE. 

 

 Anion-exchange chromatography 

 

Further purification of the recombinant protein after cleavage by 3C protease was done using 

ion-exchange chromatography on an ÄKTA FPLC over a MonoQ 5/50 GL column (GE 

Healthcare). The protein was dialysed against Mono Q buffer A at 4˚C overnight, and it was 

then loaded onto the column equilibrated with five column volumes of buffer A. The protein 

was eluted in a  salt gradient up to 100 mM  NaCl over 10 column volumes at a flow rate of 1 

ml/min. The purity of the fractions was checked by SDS-PAGE. Protein yield was quantified 

by UV spectrometry (NanoDrop 2000, Thermo Scientific).  
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 Size exclusion chromatography 

 

Size exclusion chromatography (SEC) was performed on purified, rTEV treated protein to 

separate maltose-binding protein and TEV fusion proteins from the protein of interest. The 

Superdex 200 Increase 10/300 GL column (GE Healthcare) connected to an ÄKTA machine 

was equilibrated with 2 column volumes (CV) of room temperature water and 2 CV of the size-

exclusion buffer at a flow rate of 0.75 ml/min. The protein sample was concentrated at a volume 

of 500 μl and loaded onto the column. Fractions were collected at peak absorbance at 280 nm 

in the flow rate of 0.5 ml/min and analysed by SDS-PAGE. 

 

 

2.2.3 Protein characterisation and analysis 

 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis(SDS-PAGE) 

 

For analysing the purified proteins, one-dimensional discontinuous SDS-PAGE under reducing 

conditions was performed. In order to do this, a 12.5% polyacrylamide gel was prepared in a 

Hoefer dual gel caster (GE Healthcare) contained stacking and resolving gels. The composition 

of gels are as follows (Table 2.12): 

 

                             Table 2.12: Composition of SDS-PAGE gels  

 

 

 

 

 

 

 

 

Reagents Resolving 

gel (12.5%) 

Stacking gel 

Acrylamide/Bis 4.2 ml 0.5 ml 

Resolving buffer 2.5 ml - 

Stacking buffer - 0.83 ml 

Water 3.3 ml 2 ml 

TEMED 8 μl 3.3 µl 

10% APS 60 μl  40 μl  

Polymerization 

time 

45 min 30 min 
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Separation of proteins on SDS-PAGE gel was performed by combining an equal volume of 2x 

SDS-PAGE loading buffer with the protein samples and boiling them for 5 min at 95˚C before 

loading onto the gel. The samples were then loaded onto the gel in 10 µl volumes, and 

electrophoresis was done at 200 V, 20 mA per gel in 1x SDS-PAGE running buffer for 1 h. For 

size comparison, the 1 kb BenchMark protein ladder (Invitrogen) was run on gel parallel with 

protein samples. Gels were then stained for 1 h at room temperature (RT) with Coomassie 

Brilliant Blue R250 and destained in Coomassie destain buffer or used for Western blots. 

 

 Western blot analysis 

 

Protein samples were run on a SDS-PAGE gel alongside a pre-stained ladder (Invitrogen) and 

then transferred onto a nitrocellulose membrane using a TE77 semi-dry transfer unit (Hoefer) 

at 200 V, 50 mA/gel for 1 h. The membrane was incubated by blocking solution on a shaker at 

RT for at least 1 h to block nonspecific binding sites of the membrane. Following this step, the 

membrane was washed twice with T-BST for 5 min on a shaker. The membrane was probed 

with primary antibody at an appropriate concentration in probing solution for 1 h at RT. The 

membrane was then washed three times with TBS-T for 5 min each and incubated with HRP-

conjugated secondary antibody in probing buffer and incubated on a shaker at RT for 1 h. The 

unbound antibodies were eliminated by washing with TBS-T three times for 5 min. ECL 

detection reagent (Amersham Biosciences) was used for detecting the desired protein, and the 

chemiluminescent signals were then captured using a ChemiDocTM imaging system. 

 

 Trichloroacetic acid protein precipitation 

 

An equal volume of protein sample and 20% Trichloroacetic acid (TCA) were mixed for a final 

concentration of 10% TCA and incubated on ice for 30 min. The sample was then spun at 

20,000 xg for 15 min at 4˚C. The supernatant was discarded, and the pellet was washed with 

ice-cold ethanol. After drying, the pellet was resuspended in SDS-PAGE loading buffer for 

analysis in SDS-PAGE gel. 
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 Coupling of protein to sepharose 

 

A slurry containing 1 g of Cyanogen bromide (CNBr)-Activated Sepharose 4B (GE Healthcare, 

Sweden) and  3.5 ml 1 mM HCl was prepared. The mixture in a volume of 600 µl was 

centrifuged at 4500 xg for 1 min, and the sepharose was incubated with 500 µl of 2 mg/ml 

recombinant protein in PBS, pH 8 by rotating overnight at 4˚C. The following day, the mixture 

was spun down at 4500 xg for 1 min, and the concentration of unbound protein was measured 

in the supernatant to determine the coupling efficiency. The remaining active sites of the beads 

were then blocked in 1 ml 100 mM Tris, pH 8.0 at RT for 2 h. After washing the beads three 

times with PBS, pH 8.0, the protein-coupled sepharose beads were stored in PBS, pH 8.0 with 

0.025% NaN3 at 4˚C. 

 

 Pull-down assay 

 

The interaction between proteins was detected by a pull-down assay. Human plasma was 

collected from consented donors and approved by the University of Auckland Human 

Participants Ethics Committee (Reference number 021200). The test was initiated by mixing 

100 μl of the prepared plasma with 10 μl protein-coupled sepharose and diluted to 500 μl using 

TSA buffer by rotating at 4˚C for 30 min. Unbound proteins were removed by centrifugation 

at 16000 xg for 1 min at 4˚C, and IP or RIPA buffers were used to wash the pellet three times. 

For the final wash step, the sepharose beads were washed in TSA, and the excess liquid was 

removed using a Hamilton syringe. The precipitated protein-beads complex was resuspended 

in 10 µl SDS-PAGE reducing buffer and run on a gel for downstream analysis. 
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 Complement protein ELISA 

 

A MaxiSorpTM Immuno-assay plate (Nunc) was coated with 1 µg/well of the desired protein in 

100 µl ELISA coating buffer overnight at 4˚C. The same quantity of HSA was applied to the 

control wells. Following three washes with PBS-T, the wells were blocked with 200 µl of 3% 

BSA in PBS at 37˚C for 2 h. After the wash steps, the complement proteins in different 

concentrations in ELISA dilution buffer were added to each well and incubated for 2 h at 37˚C.  

Then, the plate was incubated with primary and HRP-conjugated secondary antibodies at RT 

for 3 h and 1 h, respectively. Subsequent to the final wash, the complexes were detected with 

100 μl TMB substrate (Pierce, USA), and the reaction was stopped by adding 100 μl of 1M 

HCl. The absorbance was measured at 450 nm by an EnSightTM Multimode plate reader (Perkin 

Elmer, USA). 

 

2.2.4 Functional assays 

 Complement haemolytic assay 

 

Fresh sheep blood (5 ml) was centrifuged at 1250 xg for 5 min at 4˚C, and the erythrocytes 

were resuspended in Alsevers solution at a 1:1 ratio. The solution containing red blood cells 

(RBCs) in the volume of 5 ml was mixed with 40 ml ice-cold 1x GHB++ and incubated at 37˚C 

for 15 min to lyse unstable cells. Following lysis, erythrocytes were washed in ice-cold 0.15 M 

NaCl until the supernatant turned clear and resuspended in 1x GHB++ to form a 2% (v/v)  

suspension. For the next step, the RBCs were sensitised by combining equal volumes of 2% 

RBCs and anti-sheep red blood cell stroma antibody at a ratio of 1 to 2500 in 1x GHB++ for 30 

min at 37˚C. Hemolytic assays were performed in 96-well round-bottom plates in a total 

volume of 250 μl. Guinea pig serum (100 µl) as the source of complement was diluted to the 

desired concentration using 1x GHB++ and pre-incubated with 50 µl of the protein of interest 

for 30 min at 37˚C. Following this step, 100 µl sensitised RBCs were added to the mixture and 

incubated for 1 h at 37˚C with occasional agitation to keep RBCs in suspension. Unlysed 

erythrocytes were pelleted by centrifugation at 1250 xg for 5 min at 4˚C. The supernatant was 

transferred into a flat-bottom 96-well plate, and hemolysis was measured on an EnSightTM 

Multimode plate reader at A412nm. 
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 Complement pathway ELISA by Wieslab 

 

The Wieslab® total complement screen kit is a commercial ELISA-based test system for the 

functional assessment of the three individual pathways of the complement system based on 

specific activators, coatings, and inhibitory buffer systems. The test was performed according 

to the manufacturer’s instructions. The serum was diluted in diluent containing a specific blocker 

to ensure that only the respective pathway was activated. First, serum was pre-incubated with 

desired recombinant protein at different concentrations for 30 min at 37˚C. The C5b-9 complex 

(MAC) was then detected with a specific alkaline phosphatase labeled antibody to a neoantigen 

of the MAC complex at 405 nm. Percentage of the pathways activity was calculated using the 

following formula:  

% complement activity =  100% x  Mean A405 (sample) - Mean A405 (inactivated serum) / Mean 

A405 (standard serum) - Mean A405 (inactivated serum). 

 

 Whole blood killing assay 

 

Different strains of GAS were grown overnight in BHI without agitation. The following day, a 

fresh culture was inoculated, and bacteria were collected at the late exponential phase of growth 

(OD600nm ~ 0.8). Then, approximately 105 CFU of bacteria in a volume of 50 µl were incubated 

with 1 ml of fresh heparinised human whole blood from a non-immune consented donor for 3 

h at 37˚C with constant rotation. Every 30 min, 100 μl samples were taken and plated onto BHI 

agar plates in triplicates to enumerate the surviving bacteria. The percentage of survival rate 

was calculated as [CFU (at a given time point) / CFU (at the start)] x100. 

A similar method using L.lactis was performed with some changes. The bacteria (~103 CFU) 

at the late exponential phase of growth in Hank’s Balanced Salt Solution (HBSS) was added to 

1ml blood, and at the end of the incubation period, 100 μl sample after serial dilution was plated 

on GM17 agar plates for enumeration, and the survival rate was calculated. 
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 Complement deposition assay  

 

Complement deposition was analysed by flow cytometry. The assay was performed by 

culturing the GAS to the mid-exponential phase of growth (OD600nm ~ 0.5). Following the wash 

with PBS, 300 µl bacterial suspensions in HBS++ containing 0.01% BSA, at a concentration of 

5x106 CFU, were mixed with 300 µl freshly prepared human serum containing desired protein 

for 45 min at 37˚C with constant shaking. The mixture was then washed twice with 1.5 ml PBS 

supplemented with 1% BSA (PBS-1% BSA). The pellet was resuspended in 300 µl of PBS-

1% BSA containing 20 µg/ml of the appropriate primary antibody and incubated at RT for 15 

min. Subsequent to the wash step, the bacteria were resuspended in 300 µl of FITC-labeled 

secondary antibody at a ratio of 1:10 in PBS-1% BSA and incubated for 15 min at RT. Finally, 

the bacteria were washed and resuspended in 800 µl of PBS for flow cytometry analysis. An 

opsonised sample containing bacteria and serum and a non-opsonised sample (bacteria only) 

were used as controls. 

 

 

 Clotting assay 

 

Fresh human blood was collected from consented donors and approved by the University of 

Auckland Human Participants Ethics Committee (Reference number 021200) in BD 

Vacutainer® sodium citrate tubes. Plasma was separated from the blood cells by centrifuging 

at 2000 xg for 15 min at 4˚C. Desired protein was diluted at different concentrations in PBS. 

Then, 100 µl of plasma was added to each well containing 50 μl of recombinant protein in a 

96-well MaxiSorp™ plate (Nunc, Denmark) and incubated for 5 min. Following the 

incubation, 50 μl of 20 mM CaCl2 was added to initiate the clotting process, and the absorbance 

at 405 nm and 620 nm was measured over 50 min on a Multimode plate reader. 
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2.2.5 Galleria mellonella infection model 

 Preparation of bacterial samples for injection 

 

Overnight cultures for different GAS strains (wild-type, knocked-out, and complementation 

strains) were set up in BHI broth supplemented with the appropriate antibiotics and incubated 

at 37˚C under static conditions. The next day, 50 ml of BHI broth was inoculated with 5 ml of 

overnight culture and grown at 37˚C to reach OD600nm~ 0.7-0.8 (late exponential phase). The 

cells were then spun down at 4000 xg for 20 min at 4˚C and washed with PBS. The bacterial 

cells were resuspended in 50 ml of filtered PBS + 10% glycerol. Aliquots of 1 ml were 

subjected to snap freezing and stored at -80˚C until use. An aliquot for each strain was then 

thawed to determine CFU/ml of bacteria in prepared samples. The cells were centrifuged down 

at 4000 xg for 10 min at 4˚C and, after washing once with sterile PBS, resuspended in 1 ml of  

PBS. A 10-fold serial dilution from 10-1 to 10-6  was prepared, and the last four dilutions (10-3 

to10-6) were plated in triplicates on BHI agar plates containing the appropriate antibiotics. The 

next day, bacteria were enumerated. 

 

 Injection procedure 

 

A group of 10 antibiotic-free and medium-sized (~1.5 cm) Galleria mellonella larvae 

(Biosuppliers) were chosen for each experiment. The bacterial samples were prepared in the 

desired concentration for injection in a similar process as described in section 2.2.5.1. The 

inoculum in a volume of 20 µl was injected into the lower-left proleg of a Galleria mellonella 

larva using an insulin syringe (BD Biosciences, USA). The injected dose was confirmed by 

culturing the samples on plates for colony enumeration. Each group of 10 larvae was incubated 

at 37˚C in a Falcon®12-well plate without food and monitored daily for the following features 

up to five days post-infection: activity, cocoon formation, melanization, and survival. A health 

index score based on these attributes was defined for each larva between 0 to 10 (Table 2.13) 

(Loh et al., 2013), and the healthier larvae received a higher score. 
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            Table 2.13: Galleria mellonella health index scoring system 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.6 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism software version V7.03. Statistical 

significance was calculated using t-tests to compare two data sets and one-way ANOVA with 

Tukey’s multiple comparisons test. A P-value of < 0.05 was considered significant. The 

Kaplan-Meier estimator in GraphPad Prism was used to estimate the survival function. 

 

 

 

 

 

 

Attribute Description Score 

 

 

Activity 

No activity 0 

Minimal activity on stimulation 1 

Active when stimulated 2 

Active without stimulation 3 

 

Melanisation 

None 4 

<3 spots on beige wax worm 3 

≥ 3 spots on beige wax worm 2 

Complete melanisation (black or brown) 0 

Cocoon 

formation 

No cocoon 0 

Partial cocoon 0.5 

Full cocoon 1 

Survival Alive 2 

Dead 0 
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Chapter 3:  Production and Characterisation of 

Recombinant Spy0136 Protein   

 

Producing a broad arsenal of virulence factors, both secreted and surface-anchored, is one of 

the reasons for the success of GAS as a leading pathogen. These virulence factors play crucial 

roles in colonisation, cell invasion, tissue destruction, and immune evasion of this bacterium. 

Analysing the whole-genome sequence of GAS in 2001 revealed numerous predicted protein-

encoding genes with unknown functions (Ferretti, J. J. et al., 2001). Examination of the 

genomic regions around the fibrinogen-binding, collagen-binding, T antigen (FCT) region of 

the GAS M1 SF370 strain, an area well known for the abundance of virulence genes (Kratovac 

et al., 2007), revealed an open reading frame encoding for a hypothetical protein with the 

unknown function. The spy0136 is a conserved gene across all major emm types of GAS, 

including the most prevalent invasive strains. Together with hsp33 (spy0123), spy0136 flanks 

the FCT region in the SF370 genome (Bessen et al., 2002; Nakata et al., 2021). However, a co-

regulation between the FCT region and spy0136 gene has not been identified, and the spy0136 

gene has its own promotor and transcriptome terminator. 

 

Bioinformatic analysis predicted an N-terminal secretion sequence suggesting that the protein 

would undergo maturation before being secreted into the environment. Moreover, resolving the 

Spy0136 protein structure at 1.6Å by Dr.Young’s team (at School of Biological Sciences, 

University of Auckland) revealed a strand sharing homo-dimer, with each monomer 

comprising a β-sandwich core domain flanked by three α-helixes (Figure 3.1). Although 

sequencing analysis of this protein did not show significant identity to any known protein, it is 

structurally similar to the Streptococcus suis adhesin factor H-binding protein (Fhb), which 

plays an essential role in immune evasion by recruiting factor H to inhibit activation of the 

complement alternative pathway (Zhang et al., 2016). A structural overlay of Spy0136 and Fhb 

bound with its carbohydrate substrate indicates that Spy0136 likely shares a similar complex 

carbohydrate-binding site, although with different substrate specificity (Paul Young, 

unpublished data). 

In order to examine the ambiguous role of Spy0136 in GAS pathogenesis, the recombinant 

form of the mature Spy0136 protein was expressed in E. coli and purified with high purity for 

further analysis. This chapter outlines the work of producing and analysing the protein.  
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Figure 3.1: Protein structure of Spy0136 

The ribbon diagram reveals a strand sharing dimer where the N-terminus of each monomer is exchanged 

(provided by Paul Young). 

 

3.1 Expression of recombinant Spy0136 protein 

 

The spy0136 is a 661bp gene that encodes a 221-amino acid precursor protein with a predicted 

N-terminal signal peptide sequence at amino acid positions 1 to 27.   

The physical and chemical parameters of the Spy0136 were computed using Protein Calculator 

v3.4, designed by Chris Putnam at the Scripps Research Institute to determine the estimated 

molecular weight, isoelectric point, and molecular extinction coefficient 

(https://www.scripps.edu/ http://protcalc.sourceforge.net/) (Table 3.1). 

 

Table 3.1: Predicted physical and chemical properties of Spy0136  

 

 

 

 

Number of amino 

acids 

 

Molecular weight in 

kDa (without SP) 

 

Theoretical pI 

 

Extinction 

Coefficient  

( M-1 cm-1) 

Spy0136 

protein 

 

221 

 

23.307 

 

7.26 

 

3.0213 



53 

 

Production of rSpy0136 protein was tested in three different expression vectors for optimising 

the quality and quantity of the purified protein. 

The spy0136 gene without the region encoding the signal peptide was amplified from the 

genomic DNA of GAS M1 SF370 strain and cloned into pGEX-3C and pET-32a-3C vectors 

by Professor Thomas Proft.  In pGEX-3C, it was cloned using flanking BamHI and SmaI 

restriction enzyme sequences that were introduced with the PCR primers. The resulting fusion 

protein construct was produced as N-terminal glutathione-S-transferase (GST)-tagged protein. 

The GST tag is a 26 kDa-functional enzyme that allows protein purification under mild 

conditions, easy cleavage, and helps to maintain the native structure and function of proteins. 

In addition, it simplifies the purification process using the high affinity between GST and its 

substrate, reduced glutathione (GSH). 

 In pET-32a-3C, the gene was inserted between the BamHI and HindIII restriction sites. This 

plasmid allows the expression of Spy0136 protein as N-terminal polyhistidine and thioredoxin 

tag fusion protein. The polyhistidine tag helps in the purification of the protein by nickel 

affinity chromatography; the thioredoxin (Trx) tag aids in increasing protein solubility and 

improves the folding and stability of the protein. Moreover, for separating the polyhistidine 

and thioredoxin tags from the recombinant protein, this vector has been modified by adding a 

3C protease cleavage site between the thioredoxin tag sequence and multiple cloning site. 

The third expression vector, pProExHta-MBP-spy0136, was provided by Dr. Paul Young from 

Auckland University, New Zealand. In this plasmid, the spy0136 gene was cloned between the 

KasI and XhoI restriction sites. The construct produced a maltose-binding protein (MBP)-

fusion protein with an additional polyhistidine tag at the N terminus, which allows protein 

purification through nickel affinity chromatography. This protein construct also contains a 

recombinant Tobacco Etch Virus (rTEV) protease identification site between MBP and 

spy0136. Therefore, the fused His tag and MBP can be removed by enzyme digestion with 

rTEV protease.  Producing the recombinant protein as a fusion protein with MBP increases the 

solubility of the protein and prevents aggregation of the purified protein. 

The plasmids were transformed into E.coli BL21(DE3), and a colony of the transformants on 

agar plates containing appropriate antibiotics was selected for protein expression as outlined in 

section 2.2.2.1. The result of the expression tests revealed that all three vectors could express 

the Spy0136 protein, although lower expression was seen with pGEX-3C (Figure 3.2). 
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Figure 3.2: SDS-PAGE analysis of spy0136 protein expression in three different vectors 

E.coli BL21 (DE3) containing pGEX-3C-spy0136 (1), pET-32a-3C-spy0136 (2) and pProExHta-MBP-

spy0136 (3) vectors before (A) and after (B) induction with IPTG. Cell lysates were run on a 12.5% 

SDS-PAGE gel and stained with Coomassie blue to detect protein expression. 

 L: protein ladder 

 

3.2 Purification of recombinant Spy0136 protein 

3.2.1 Protein purification using the pGEX-3C-spy0136 system 

Isolation of the GST-tagged Spy0136 protein was performed through a GSH-sepharose 

column, as outlined in section 2.2.2.3. Reduced glutathione (GSH) is a tripeptide (Glu-Cys-

Gly) that is the specific substrate for glutathione S-transferase (GST). The affinity 

chromatography for purifying GST-tagged protein utilizes GSH immobilized to sepharose 

beads through its sulfhydryl group. To isolate the protein of interest, the bacterial lysate was 

run over the column. Following a washing step using GSH II buffer, the GST- tagged Spy0136 

protein was eluted from the column by adding excess reduced glutathione (5 mM). Replacing 

free glutathione with the immobilised glutathione binding interaction with GST caused the 

fusion protein to be released from the affinity column. The eluted product appeared as a ~ 50 

kDa protein band on an SDS-PAGE gel, which is close to the predicted GST-tagged Spy0136 

molecular weight of 49.307 kDa (rSpy0136 MW: 23.307 kDa, GST tag MW: 26 kDa). 

However, the yield of purified protein was not satisfactory (0.076 mg/L of culture), as a large 

quantity of protein remained bound to the beads (Figure 3.3A). Therefore, the GSH III buffer 

with increasing concentrations of glutathione (5,50 and 500 mM) was used to elute the fusion 
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protein from GSH-agarose beads. Despite these modifications, a large proportion of Spy0136 

protein remained bound to the beads (Figure 3.3B). 

 

 

 

 

 

 

 

 

Figure 3.3: Purification of GST-tagged Spy0136 using GSH agarose beads   

(A) rSpy0136 protein at approximately 50 kDa on a SDS-PAGE gel was mostly found in the soluble 

fraction. The flow-through fraction still contained a substantial amount of the recombinant protein. The 

column was washed with GSH II buffer before the elution with GSH III buffer containing 5 mM 

glutathione. (B) Elution buffer with different concentrations of glutathione (5, 50, and 500 mM) was 

used for separating the attached fusion protein from GSH-agarose beads. 

L: protein ladder  

 

3.2.2 Protein purification using the pET-32a-3C-spy0136 system 

Spy0136 was produced as N-terminal thioredoxin- polyhistidine (Trx-His) tag fusion protein 

through the pET-32a-3C vector. The polyhistidine tag is key for the purification of the protein 

by nickel affinity chromatography. As detailed in section 2.2.2.2, the Ni-NTA agarose loaded 

with bacterial lysate was first washed with MCAC-0 buffer then eluted with an imidazole 

gradient (50-250 mM) to release the bound protein from the column. The purified fusion 

rSpy0136 protein appeared as a protein band at approximately 40 kDa on a 12.5% SDS-PAGE 

gel, close to its predicted molecular weight of 41.307 kDa (rSpy0136 MW: 23.307 kDa, Trx 

MW: 18 kDa). The gel indicated that most of the protein was eluted at >100 mM imidazole 

concentration (Figure 3.4A). The eluted fractions were dialysed into MCAC-0 buffer and 

treated with 3C protease, which cleaves the protein at the cleavage site between Spy0136 and 
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Trx tag. The separation of rSpy0136 and released tag was accomplished by passing the mixture 

through the Ni-NTA agarose column. Normally, after digestion with 3C protease, the Trx-His 

tag should bind to Ni-NTA-agarose, while the released rSpy0136 can be collected in the flow-

through fraction. Nevertheless, the analysis of the flow-through indicated that the last 

purification step was not effective, and the flow-through was still contained Trx (Figure 3.4B).  

 

 

 

Figure 3.4: Purification of Trx-tagged Spy0136 from pET-32a-3C expression vector using nickel 

affinity chromatography 

(A) Trx-tagged Spy0136 at approximately 40 kDa was found in the soluble fraction. The SDS-PAGE 

analysis showed the flow-through fraction still contained a considerable amount of the recombinant 

protein. The column was washed with MCAC-0 before eluting with 50, 100, 150, 200, and 250 mM 

imidazole. (B) After incubation with 3C protease, the purified protein was passed through Ni-NTA 

agarose to separate rSpy0136 from the Trx tag. 

 L: protein ladder   W: wash fraction 

 

 

In a second attempt to remove the thioredoxin tag and unwanted E.coli proteins, ion-exchange 

chromatography on an ÄKTA FPLC was performed (Section 2.2.2.4). This method separates 

proteins according to their surface charges at a particular pH on a specific resin, which contains 

either positively or negatively charged chemical groups. Therefore, the charged resin attracts 

proteins with the opposite charge and facilitates the isolation of a protein of interest.  
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Spy0136 protein has a predicted isoelectric point (pI) of 7.26; therefore, a MonoQ 5/50 GL 

column (GE Healthcare) was used. After dialysing Spy0136 against MonoQ solution A at a pH 

of 8.5, it was negatively charged and bound to the positively charged resin in the MonoQ anion-

exchange column. The protein was then eluted by increasing the ionic strength of the buffer 

using different concentrations of salt (0 – 100 mM) in MonoQ solution B, and the detected UV 

absorbance peaks were analysed using SDS-PAGE. The result showed peak 2, which was 

eluted with 25 mM NaCl, was a pure fraction of rSpy0136 (~23 kDa), while other fractions 

were a mixture of the fusion protein (~41 kDa), rSpy0136, Trx (~18 kDa) and other E.coli 

proteins (Figure 3.5). The clean fraction was dialysed against PBS after concentrating, and its 

concentration was assessed by UV-Vis spectrophotometry. The overall yield of the pure protein 

(0.185 mg/L of culture) was not enough for downstream analysis.  

 

 

 

Figure 3.5: Purification of rSpy0136 using anion-exchange chromatography 

The eluted fractions from the Ni-NTA column, after concentrating using a 10 kDa molecular weight 

cut-off protein concentrator, were digested with 3C protease (lane Pre-MonoQ) and further purified by 

anion exchange chromatography. Five absorbance peaks were detected during the chromatography. A 

fraction from peak 2 (lane 1 on SDS-PAGE gel) was contained pure rSpy0136 protein, and the rest of 

the fractions consisted of several proteins (lane 2-5).              L: protein ladder 
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3.2.3 Protein purification using the pProExHta-MBP-spy0136 system 

The pProExHta-MBP vector allows the expression of Spy0136 protein as an N-terminal 

polyhistidine and MBP tag fusion protein. As in section 2.2.2.2, a series of imidazole 

concentrations from 25 to 250 mM was used to elute the polyhistidine-tagged protein from the 

Ni-NTA beads. The fractions were analysed on a 12.5% SDS-PAGE gel, and the purified 

rSpy0136 fusion protein was detected as a protein band between 60 and 70 kDa, which is in 

agreement with its predicted molecular weight of 65.807 kDa (rSpy0136 MW: 23.307 kDa, 

MBP MW: 42.5 kDa) (Figure 3.6). The eluted fractions contained Spy0136 fusion protein and 

other native E.coli proteins. Thus, after separating MBP from Spy0136 protein using rTEV 

protease, the further purification of rSpy0136 was subjected to size exclusion chromatography 

(SEC) (Figure 3.7).  

 

 

Figure 3.6: Purification of MBP-Spy0136 from the pProExHta-MBP system using nickel affinity 

chromatography 

(A)The MBP-Spy0136 fusion protein at around 66 kDa was mostly found in the soluble fraction. The 

column was washed with 20 mM imidazole to remove unwanted E. coli proteins, and the protein was 

separated from Ni2+-NTA sepharose using an imidazole gradient of 25, (B) 50, 100, 150,200, and 250 

mM. (C) The purified fusion protein was concentrated down and treated with rTEV protease for 

removing MBP. 

Band No.1: MBP-Spy0136 fusion protein (~ 66 kDa), Band No.2: MBP (~ 42.5 kDa), Band No.3: rTEV 

protease (~ 27 kDa), Band No.4: rSpy0136 (~ 23 kDa) 

L: protein ladder 
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The larger size of MBP than Trx allowed the separation of the proteins based on their size using 

SEC instead of anion-exchange chromatography. 

The eluted rSpy0136 fusion protein from the Ni-NTA column was concentrated and treated 

with rTEV protease (Figure 3.6 C). Following dialysis, the prepared sample was loaded on the 

SEC column, and the proteins were eluted by SEC buffer, and detected UV absorbance peaks 

were analysed by SDS-PAGE (Figure 3.7). The proteins with molecular weights greater than 

Spy0136 protein, including MBP (~ 42.5 kDa) and TEV (~ 27 kDa), were eluted in the first 

three peaks and pure rSpy0136 was isolated in the fourth peak. A protein band at approximately 

25 kDa, consistent in size with the rSpy0136 predicted molecular weight of 23.307 kDa, was 

observed. The collected fractions containing rSpy0136 were concentrated and dialysed against 

PBS and, after snap freezing, stored at -80˚C for further analysis of the protein. The overall 

yield of the pure recombinant protein was 0.95 mg/L of culture, which was higher than other 

tested expression systems. Thus, purification of rSpy0136 for downstream analysis of the 

protein was continued using the pProExHta-MBP system in this thesis.  

 

 

Figure 3.7: Size exclusion profile of Spy0136 fusion protein 

Digested MBP-Spy0136 fusion protein with rTEV was loaded on the SEC column, and the collected 

fraction was analysed by SDS-PAGE. The elution peaks correspond to larger size proteins bands are 

seen in lane 1,2,3, and the pure fraction of Spy0136 protein are shown in lane 4 on the SDS-PAGE gel. 
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3.3 Initial analysis of recombinant Spy0136 protein 

3.3.1 Interaction of the Spy0136 with human plasma proteins 

An essential step towards understanding protein function and identifying relevant biological 

pathways is identifying its binding partners. Since interactions between GAS and human 

plasma proteins play an important role in the pathogenicity of GAS (Sjöholm et al., 2014), in 

the first step, the interplay between these proteins and Spy0136 was investigated using the pull-

down assay. This is an in-vitro technique based on affinity purification for studying protein-

protein interactions.  

The rSpy0136 protein was first coupled to CNBr-Activated Sepharose 4B as described in 

section 2.2.3.4, and the loaded sepharose was then mixed with freshly-prepared human plasma. 

The affinity-purified proteins were analysed by SDS-PAGE. The result showed that the binding 

profile of Spy0136-coupled sepharose contained several bands that did not appear in the pull-

down from the sepharose-alone control (Figure 3.8). The major protein bands in different sizes 

were enriched and identified by mass spectrometry as complement proteins C3 (~ 115 kDa), 

C1r (~ 80 kDa), C1s (~ 76 kDa), C4b-binding protein alpha chain (C4BPA/ ~ 67 kDa), and 

other plasma proteins such as fibulin-1 (~ 95 kDa) and fibrinogen beta chain (~ 56 kDa). 

Another band shown in the Spy0136 binding profile was identified to be keratin (type II 

cytoskeletal 1). Since this protein mostly exists in epithelial cells, it may be a result of 

contamination during sample preparation. 
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Figure 3.8: Identification of plasma binding partners for rSpy0136 by pull-down assay 

Spy0136 coupled sepharose (1) and sepharose alone (2) were individually incubated with human 

plasma. The attached proteins were separated by SDS-PAGE, and the gel was stained with Coomassie 

blue. Mass spectrometry revealed binding partners of Spy0136 as C3 complement protein (A), Fibulin-

1 (B), C1r complement protein (C), C1s complement protein (D), C4BPA (E), fibrinogen β-chain (F), 

and keratin (type II cytoskeletal 1) (G). 

H: rSpy0136 ,  L:protein ladder 

 

 

3.3.2 Investigating Spy0136 interaction with complement proteins using ELISA 

Innate immune responses play a crucial role in the early recognition and eradication of invading 

pathogens. An important and well-conserved part of the innate immune response is the 

complement system, which consists of several small precursor proteins. Activation of the 

complement system during an infection triggers the generation of factors that promote 

inflammation, phagocytosis and attack the cell membrane of the invading pathogen (Nesargikar 

et al., 2012). However, streptococcal pathogens have evolved to express virulence factors that 

enable them to evade the complement‐mediated attack. GAS possesses a sophisticated arsenal 

of virulence determinants such as cysteine proteinase (SpeB), C5a peptidase, streptococcal 

inhibitor of complement (SIC), immunoglobulin-degrading enzyme (IdeS), endopeptidase O 

(PepO), and the endoglycosidase EndoS which all are capable of interfering with complement 

(Laabei et al., 2019).  
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Since the Spy0136 binding profile using mass spectrometry (Section 3.3.1) showed an 

interaction with several complement proteins, this interplay was assessed by ELISA. For this 

purpose, commercially available complement proteins, C1r, C1s, C1q, C2, C3, C4BPA, and 

C5, were individually immobilised onto 96-well plates and binding to rSpy0136 was analysed. 

When the plate was coated with complement proteins, no obvious binding of rSpy0136 to the 

proteins was detected (data not shown), and the results were similar to control wells, which had 

been coated with the same amount of Human Serum Albumin (HSA). However, the findings 

were completely different when the plates were coated with 1µg/well of rSpy0136 and 

incubated with various concentrations of complement proteins. rSpy0136-coated plates 

demonstrated that rSpy0136 protein binds to C1s, C1r, C3, and C5 proteins in a dose-dependent 

manner that confirms physical interaction rSpy0136 with these complement proteins (Figure 

3.9A). The finding suggests a potential role of Spy0136 in complement evasion. In contrast, a 

strong interaction among rSpy0136 with C1q, C2, and C4BPA was not identified (Figure 3.9B). 

Although a strong signal was detected between C1q and Spy0136, the same detected signal in 

the control group showed this result was very likely due to the non-specific binding of the 

primary antibody (Figure 3.9B3). 

 

(A) 
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(B) 

 

Figure 3.9: Analysing interaction of Spy0136 protein with complement proteins by ELISA 

Complement proteins were incubated with immobilised Spy0136, and the binding was measured at 450 

nm. (A) Spy0136 bound strongly to C1r (1), C1s (2), C3 (3), and C5 (4) complement proteins but (B) 

not to C2 (1), C4BPA (2), and C1q (3). Data represent the mean ± SD of three independent experiments, 

each with duplicate wells. 

 

3.3.3 Interaction between Spy0136 protein and fibrinogen 

The role of fibrinogen in streptococcal survival in human blood and bacterial pathogenesis is 

significant. This protein has been demonstrated to interact with M proteins and other GAS 

adhesion proteins, promoting immune evasion by reducing phagocytic cell interactions 

(Courtney, H. S. et al., 2002). 

As the results of the pull-down assay showed (Section 3.3.1), Spy0136 can bind fibrinogen. 

This interaction was confirmed by ELISA using commercially available fibrinogen. 

The ELISA plate was coated with 1µg/well rSpy0136, and the binding of different 

concentrations of fibrinogen to rSpy0136 were analysed. In accordance with the results of the 



64 

 

pull-down assay, fibrinogen strongly bound to Spy0136 in a dose-dependent manner (Figure 

3.10).  

 

 

 

 

 

 

 

Figure 3.10: Interaction between rSpy0136 and fibrinogen analysed by ELISA 

Fibrinogen binds to immobilised rSpy0136 protein in a dose-dependent manner. Data are representative 

of the mean ± SD of three independent experiments, each with duplicate wells. 

 

 

3.3.4 Analysis of the role of glycans in the interaction of Spy0136 with plasma proteins 

Most characterised complement evasion factors specifically bind to one particular protein only.  

The ability of Spy0136 to bind to several proteins raised the possibility that binding might 

involve glycans, which are abundant on most complement proteins (Ritchie et al., 2002). In 

order to examine the influence of glycans on the interaction of Spy0136 with plasma proteins, 

the glycoproteins, C1s, C1r, C3, C5, and fibrinogen, were treated with Peptide-N-Glycosidase 

F (PNGase F). This enzyme is an amidase that effectively eliminates almost all N-linked 

oligosaccharides from glycoproteins. The binding of deglycosylated fibrinogen and 

complement proteins to rSpy0136 were analysed by ELISA. The rSpy0136-coated plates were 

incubated with the treated and non-treated plasma proteins in separate wells, and protein 

binding was detected by measuring the absorbance at 450 nm. The result indicated that the 

removal of N-linked glycans from C1s, C3, and C5 complement proteins with PNGase F 

strongly decreased binding, which confirmed glycan-dependent interactions (Figure 3.11A). In 

contrast, an insignificant increase in binding rSpy0136 to C1r or fibrinogen after PNGase F 
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treatment was observed, suggesting that binding to C1r and fibrinogen is glycan-independent 

(Figure 3.11B).   

 

(A) 

 

(B) 

 

Figure 3.11: Interaction of Spy0136 protein with glycosylated and deglycosylated plasma proteins 

 PNGaseF-treated and non-treated complement proteins and fibrinogen were incubated with 

immobilised Spy0136, and the binding was measured. (A) the elimination of oligosaccharide residues 

from C1s (1), C3 (2), and C5 (3) complement proteins significantly decreased binding, confirming 

glycan-dependent interactions (B) no significant difference in binding to C1r or fibrinogen after 

PNGase F treatment suggested that binding to C1r (1) and fibrinogen (2) is glycan-independent. 
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3.4 Construction and phenotypic analysis of spy0136 alanine-conversion 

mutants 

Site-directed mutagenesis is a simple and widely used technique to understand proteins' 

structure better and dissect their functional domains. This method is used to generate DNA 

sequences with mutated codons, insertions, or deletions.  

In this study, the predicted glycan-binding site of Spy0136 was investigated by alanine 

conversion mutagenesis in which residues in Spy0136 were substituted for alanine at a selected 

position by site-directed mutagenesis. Alanine is the residue of choice for substitution, as it 

removes the side chain outside the β carbon without changing the conformation of the main 

chain, nor does it cause drastic electrostatic or steric effects. 

 

3.4.1 Generation of spy0136 alanine-conversion mutants 

Based on the structure of Spy0136 protein, the possible sites for binding to carbohydrate 

moieties were identified by Dr.Paul Young (Auckland University, New Zealand). These 

potentially important carbohydrate-binding pocket residues consist of D54, W90, E104, R140, 

and N178 (Figure 3.12). These are the residues that are often seen binding to carbohydrate 

moieties and sit in a pocket that maps to the binding pocket of Fhb protein of Streptococcus 

suis, which has a homologous structure with Spy0136.  

 

 

 

 

 

 

 

 

Figure 3.12: Spy0136 structure showing the residues that were mutated to alanine 

Spy0136 (yellow) is overlaid on the structure of Fhb protein (purple), showing the position of the bound 

carbohydrate. The image was generated using PyMOL by Dr. Paul Young. 



67 

 

Alanine mutations were introduced at these sites to assess the role of these residues in the 

glycan-dependent binding of Spy0136 to complement proteins. A three-step overlap PCR using 

overlapping primer sets was performed to introduce a specific mutation into the spy0136 

sequence to achieve this goal. The mutation primers alter one or two bases in the intended 

amino acid codon to produce an alanine. The upstream and downstream fragments of the 

spy0136 sequence were separately amplified using each mutant primer along with the spy0136 

primer. The amplified fragments were purified and used for the next round of PCR. The 

complementary regions of these fragments overlap and were used as the template for the third 

PCR. As a result, the outer primers of the gene amplified a single fragment (~ 596 bp) 

containing the introduced mutation, which was confirmed by DNA sequencing. The five 

different mutated genes were cloned into the pProExHta-MBP plasmid for the expression and 

purification of mutated Spy0136 proteins (Figure 3.13). 

In addition, a N-terminal truncated mutant that Dr. Paul Young had already made was cloned 

into pProExHta-MBP for downstream analysis alongside other mutants. This construct 

removes the N-terminal strand sharing β-hairpin that forms the dimer contacts (starts at residue 

V20). 
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Figure 3.13: Mutation at five different sites of spy0136 was created by overlap extension 

mutagenesis 

Schematic representation of the overlap-extension protocol shows a three-step PCR amplification 

procedure that was used to generate mutated spy0136. Two sets of primers, spy0136 and a series of 

mutagenic primers, were used to introduce five single mutations into the spy0136 gene. The first PCR 

(A) was performed using the forward primer of spy0136 and the reverse mutant primers for mutation 1 

to 5, and in the second PCR (B), the mutated fragments were synthesised using the mutagenic forward 

primers for mutation 1 to 5 and the reverse primer of spy0136. The final mutated fragments were 

synthesised using the common primer pair of spy0136 during the third PCR (C). The mutated spy0136 

gene was doubly digested with KasI and XhoI restriction enzymes and cloned into the similarly digested 

pProExHta-MBP vector. E. coli BL21(DE3) strain transformed with the expression vectors, and the 

result was confirmed by colony PCR (D).  

Mutation1:D54A / Mutation2:W90A / Mutation3:E104A / Mutation4: R140A / Mutation5:N178A        

L:ladder      Well 6 in gels of C&D: spy0136 gene as positive control 
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3.4.2 Expression and purification of Spy0136 mutant proteins 

Expression of mutant proteins in E. coli BL21(DE3) was analysed by SDS-PAGE, and the 

fusion proteins were detected between 60 and 70 kDa, which is in agreement with their 

predicted molecular weight of 65.807 kDa (Figure 3.14). The level of expression was similar 

to the wild-type rSpy0136. The mutants were purified as soluble proteins using nickel-affinity 

chromatography, as described in sections 2.2.2.2, and further purification of mutated proteins 

was performed using size exclusion chromatography (Section 2.2.2.5). The purified mutant 

proteins' yield was similar to the wild-type protein (~ 0.9 mg/L), and no difference was 

observed in the purification process. 

 

 

 

 

 

 

 

Figure 3.14: Detection of mutant Spy0136 proteins expression 

Six different mutants of Spy0136 were produced as a fusion protein with MBP in E. coli BL21(DE3) 

using pProExHta-MBP expression plasmid. Non-induced and induced bacteria for each mutation (1 to 

6) are shown in the image.  

Mutation1:D54A / Mutation2:W90A / Mutation3:E104A / Mutation4: R140A / Mutation5:N178A        

Mutation6: N-terminal truncated mutant, L: ladder.                                                                                                                 
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3.4.3 Analysis of Spy0136 mutant proteins interaction with complement proteins  

To determine if the identified residues were involved in binding to complement proteins, 

Spy0136 mutant proteins were analysed using ELISA. As outlined in section 2.2.3.6, the 

mutant rSpy0136 proteins and wild-type rSpy0136 as control were coated on an ELISA plate 

at a concentration of 1 µg/well and binding to commercially available complement proteins, 

C1r, C1s, C3, and C5 were individually analysed. All mutant proteins interacted with the tested 

complement proteins similarly to wild-type, suggesting that this protein’s binding to 

complement proteins is independent of the selected carbohydrate-binding face. 

 

 

Figure 3.15: The interaction of rSpy0136 mutated proteins with complement proteins  

rSpy0136 mutant proteins binding to complement proteins (1) C1r, (2) C3, (3) C1s, and (4) C5 proteins 

were tested by ELISA.No significant differences between the wild-type and mutants proteins’ 

interaction with complement proteins showed that the mutation sites did not affect Spy0136 binding to 

complement proteins. 
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3.5 Discussion 

 

The complete genome sequence of the SF370 M1 strain of GAS indicated that approximately 

one-third of the predicted protein-encoding genes of this bacteria have no recognisable function 

and putative virulence-related genes are profuse in the genome (Ferretti et al., 2001). As 

virulence factor genes are often found clustered on bacterial genomes, we have analysed the 

genomic regions around the fibrinogen- collagen-binding T antigen (FCT) region of GAS SF370. 

This region is a well-known 11–16 Kbp gene cluster with an abundance of virulence genes which 

are bounded by the conserved hsp33 (spy0123) gene on the left flank and spy0136 gene on the 

right flank (Kratovac et al., 2007; Podbielski, 2007). The spy0136 gene is conserved across all 

major emm types of GAS and has an unknown function. Few studies have been conducted on this 

gene. A DNA microarray study by Voyich, Jovanka M et al. (2003) has shown that the spy0136 

gene encoding a protein with a predicted secretion signal motif was upregulated during PMN 

phagocytosis, suggesting a potential role of this factor in GAS evasion from the innate immune 

and promoting survival of the bacteria. Thus, for the purpose of this project, Spy0136 was selected 

for further characterisation. 

This chapter described the procedures for expressing and purifying rSpy0136 protein for 

subsequent functional studies. Expression of the protein was investigated in three different 

expression vectors, pET-32a-3C, pGEX-3C, and pProExHta-MBP, and followed by affinity 

purification methods specifically designed for the polyhistidine or GST tag each protein product 

possesses. 
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Expression of Spy0136 in pGEX-3C indicated that despite good solubility of the expressed protein 

from this vector, the purification was challenging. The SDS-PAGE analysis of the rSpy0136 

purification showed, on the one hand, a lot of protein could not bind to resin and was wasted in 

the flow-through fraction, and on the other hand, a high amount of the protein remained bound to 

the GSH-agarose beads. Any attempt to separate the recombinant protein from the resin using 

different concentrations of glutathione at pH:7-8 failed. It is most likely that the protein 

aggregation led to its irreversible removal from the beads, which also prevented more protein 

binding to the resin. This assumption can justify the presence of a large amount of protein in the 

flow-through fraction. Moreover, the yield of rSpy0136 expression in pGEX-3C was less than 

pET-32a-3C and pProExHta-MBP (Figure 3.2). 

The pET-32a-3C expressed Spy0136 protein as a soluble fusion protein with a thioredoxin (Trx) 

tag, and the protein yield was much higher than with pGEX-3C (Figure 3.2). The Trx-tagged 

rSpy0136 purification on the Ni-NTA-agarose column was successful, but separating rSpy0136 

from Trx proved difficult. The first attempt for purification of rSpy0136 by re-passing the 3C 

protease-digested mixture through the Ni-NTA-agarose did not sufficiently remove the Trx tag. 

Extensive dialysis to remove residual imidazole in the buffer that may have prevented the Trx 

tag from binding did not improve separation. This suggests that the poly-histidine residues 

adjacent to the Trx tag may have degraded. The next endeavor to separate unwanted proteins 

from rSpy0136 in the treated sample was performed using anion-exchange chromatography, 

and a highly purified fraction of rSpy0136 was obtained, but the overall yield was low as most 

of the fractions still contained Trx.  

Compared to the previous two expression systems, the expression of rSpy0136 protein 

construct in the pProExHta-MBP vector produced the highest yield of pure soluble recombinant 

protein. Highly purified fractions of rSpy0136 were stored at -80˚C for downstream functional 

analysis.  

One of the causes for the success of GAS as a pathogen is its ability to induce a potent 

inflammatory response resulting in vascular leakage at the infection site. Under this 

circumstance, the bacterium invades the vasculature and will be exposed to plasma and its 

constituents. The ability of GAS to interact with human plasma proteins is well-known. Studies 

have identified many different human plasma targets with implications for bacterial adaptation 

and virulence, underlining the significance of these protein interactions (Malmström et al., 

2012; Sjöholm et al., 2014). 
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The binding partners of Spy0136 in human plasma were initially investigated by pull-down 

assay, where complement proteins, C1r, C1s, C3, C5, C4BPA, fibrinogen, fibulin-1, and 

keratin (type II cytoskeletal1) were identified as the potential binding partners of rSpy0136. 

As keratin (type II cytoskeletal1) mostly exists in epithelial cells, it was considered as potential 

contamination during sample preparation. Moreover, fibulin-1 is a secreted glycoprotein with 

the ability to bind to fibrinogen (Lee et al., 2005). Therefore, detecting this protein in pull-

down assay can be attributed to the coprecipitation of this protein and fibrinogen. In view of 

this, both proteins, keratin and fibulin-1, were excluded from further analysis.  

To confirm the result of the pull-down assay and further analyse the specificity and affinity of 

Spy0136 in binding to plasma proteins, ELISAs were established. During assay development, 

it was noted that any interaction between the proteins and Spy0136 was not detected if the plate 

was coated with plasma proteins. However, by immobilising rSpy0136, a strong interaction 

among them was observed, suggesting the likely dependence on the conformation of the plasma 

proteins for binding to Spy0136. This dependence on conformation was also observed in a 

previous study where an increased binding of the streptococcal inhibitor of complement (SIC) 

to human β-defensin 2 ( hBD-2) was detected when SIC was immobilised as opposed to hBD-

2 immobilisation, which was suggested to the binding site to SIC (Fernie‐King et al., 2004). 

The complement system consists of an important set of plasma proteins that are involved in 

immune and inflammatory reactions. As an ancient evolutionary arm of innate immunity, this 

system of proteins plays an essential role in combatting bacterial infection. GAS employs 

different virulence factors that enable the bacteria to evade the complement-mediated attack. 

The virulence factors interact with complement molecules, which lead to complement evasion 

(Laabei et al., 2019; Syed et al., 2020). 

Interactions of Spy0136 with several complement proteins were first identified by mass 

spectrometry and then confirmed in an ELISA-based assay, suggesting a potential role of 

Spy0136 in complement evasion. Moreover, the interaction between C3, C5 complement 

proteins, and Spy0136 suggests that this protein assists the bacteria in evasion from innate 

immunity by inhibiting PMN phagocytosis. This finding is consistent with the study by Voyich 

et al. (2003), which revealed the spy0136 gene is upregulated during PMN phagocytosis. 

ELISA confirmed that C1r, C1s, and C3 were able to interact with Spy0136, whereas C2 and 

C1q were not. In addition, a strong binding between C5 protein and Spy0136 was also detected 

by ELISA even though the pull-down assay had not shown this binding. This finding may be 
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related to the presence of competing-binding sites of C5 with other complement proteins. A 

study by Low et al. (1999) has shown that C3, C4, and C5 complement proteins are homologous 

and have structural similarities, suggesting that they may share the same binding site on 

Spy0136. Moreover, the plasma level of C3 (201 mg/dL) is approximately ten times the plasma 

level of C5 (20 mg/dL) and would therefore likely out-compete C5 in interaction with Spy0136 

in the pull-down assay. 

Although C4BPA was identified in the pull-down assay, it was not detected by ELISA. Since 

C4BPA is a main inhibitor of complement pathways with the ability to bind to C4b and C3b 

proteins, one could speculate that identification of this protein by mass spectrometry might be 

due to coprecipitation of C4BPA with C3 protein. 

 Another main protein in human plasma is fibrinogen. Many bacteria express bacterial proteins 

that bind to fibrinogen. It has been shown that fibrinogen recruitment and its cleavage products 

can interfere with complement activation and phagocytosis. This function may be related to 

preventing phagocytes from recognising deposited C3b and inhibiting the classical/lectin C3 

convertase formation (Carlsson et al., 2005; Whitnack et al., 1985). The preliminary result of the 

Spy0136 study revealed a dose-dependent interaction of Spy0136 and fibrinogen, suggesting the 

probable importance of this streptococcal protein in the inhibition of complement activation and 

opsonisation. 

As demonstrated above, Spy0136 can interact with several complement proteins and fibrinogen, 

making it a potentially powerful immune evasion factor of GAS. Most characterised complement 

evasion factors specifically bind to one particular protein, though the ability to bind to several 

proteins has previously been identified as an effective characteristic of virulence factors like 

streptococcal cysteine proteinase (SpeB) in promoting pathogenicity of GAS. Studies have shown 

that SpeB, as a secreted complement evasion factor of GAS, can target and inactivate many 

different host and bacterial proteins and modulates both innate and adaptive immunity and 

virulence regulation. Due to its ability to interact with several proteins is considered the major 

secreted virulence factor of GAS (Honda-Ogawa et al., 2013; Laabei et al., 2019). 

The ability of Spy0136 to bind to various proteins raised the possibility that glycans, which are 

plentiful on most complement proteins, could be involved in binding. Most plasma glycoproteins 

contain N-glycosylation sites, and some of them have O-glycans. C1r, C1s, C3, C5 complement 

proteins, and fibrinogen are known to possess 4, 2, 3, 2, and 4 N-linked glycosylation sites, 

respectively. In addition to N-glycosylation, fibrinogen may also carry O-glycans  (Clerc et al., 
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2016; Ritchie et al., 2002). In order to investigate the role of polysaccharides in this interaction, 

the glycans were removed from the intended plasma proteins using the PNGaseF enzyme, and 

the binding of Spy0136 with the deglycosylated proteins was examined by ELISA. The reduced 

interaction between PNGaseF-treated C1s, C3, and C5 proteins and Spy0136 in comparison with 

their glycosylated form suggested glycan-dependent binding of these proteins. 

In contrast, no significant difference between glycosylated and non-glycosylated C1r and 

fibrinogen with Spy0136 was observed. This suggests a glycan-independent binding to these 

proteins or that binding might occur through glycans that the PNGaseF cannot remove. 

Investigation of potential residues involved in the binding interface was performed by generating 

spy0136 alanine-conversion mutants. The bioinformatics analysis by Dr. Paul Young at the 

University of Auckland has shown there is a general structural fold homology between Spy0136 

and Fhb protein of Streptococcus suis. A structural overlay of Spy0136 and Fhb bound with its 

carbohydrate substrate indicated that Spy0136 likely shares a similar complex carbohydrate-

binding site, although with different substrate specificity. Therefore, mutations were designed 

based on this prediction to test whether the putative glycan-binding sites in Spy0136 are on the 

same face as seen in the homologous crystal structure of Fhb, and the mutated Spy0136 proteins 

were analysed by ELISA. The results demonstrated that the mutation sites did not affect Spy0136 

binding to complement proteins. Hence we can conclude that binding to complement is 

independent of the tested face and different from glycan-binding in Fhb. We speculate that 

Spy0136 may still bind glycans at those sites with binding partners yet to be elucidated. 

Furthermore, it is possible that the interaction of Spy0136 with glycans occurs via other 

carbohydrate-binding faces or pockets. Another probability is that removing a single bond may 

not affect binding sites enough to inhibit the binding, and if the multiple sites had been destroyed, 

we would have seen an effect; therefore, making multiple mutations may have a more significant 

effect on binding. Future investigation of the binding interface would involve creating a panel 

of surface residue mutants, as well as double or triple mutants. 

Moreover, it was interesting that the N-term truncated mutant was also not effective at eliminating 

binding. This finding potentially suggests that the strand sharing dimer is not essential for Spy0136 

binding to complement proteins. 
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Chapter 4:  Functional Analysis of Spy0136 in Host 

Immune Evasion   

 

The complement system as one of the main effector mechanisms of the innate immune system, 

plays a fundamental role in the clearance of human pathogens like GAS. Activation of the 

complement cascade initiates efficient innate processes such as phagocyte recruitment and 

bacterial opsonisation. Moreover, direct bacterial killing can occur through the formation of 

membrane-penetrating pores by the membrane attack complex (MAC) (Heesterbeek et al., 

2018).  

Recognition of microorganisms through specific structures or the antibodies that bind 

microbial surfaces triggers activation of three different complement pathways, which all 

converge in the formation of C3 and C5 convertase enzymes. The activity of these enzymes 

causes the generation of the leading complement effectors, including anaphylatoxins, opsonins, 

and the MAC (Merle et al., 2015). 

The binding of the C1q protein from the C1 complex to the Fc region of antibodies activates 

C1r and C1s serine proteases, leading to the deposition of the C3 convertase enzyme on the 

bacterial surface. The cleavage of C3 protein by C3 convertase helps to produce C5 convertase 

enzyme and, consequently, the formation of the C5b-9 complex (Rus et al., 2005). 

As shown in Chapter 3, Spy0136 binds to C1r, C1s, C3, and C5 complement proteins and 

fibrinogen. This chapter demonstrates the functional consequences of this interaction by 

analysing the formation of the C5b-9 complex. The importance of fibrinogen attachment to 

Spy0136 is also investigated using a plasma turbidity assay. 
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4.1 Inhibition of complement-mediated haemolytic activity by Spy0136 

 

To demonstrate that Spy0136 binding to complement proteins results in inhibition of one or 

more complement pathways, a complement haemolysis assay was carried out. This experiment 

assesses the ability of the components of complement classical pathway in serum to lyse 

antibody-sensitised sheep red blood cells (RBCs). The formation of C5b-9 on the surface of 

RBCs leads to the lysis of the erythrocytes and the release of haemoglobin. The amount of 

discharged haemoglobin is a measurement of serum's complement activity and is quantified by 

spectroscopy (Costabile, 2010). 

In this assay, guinea pig serum was used as a source of complement, and the extent of 

complement inhibition by rSpy0136 was assessed by measuring the degree of antibody-

sensitised RBC haemolysis. A known inhibitor of complement, Staphylococcal superantigen-

like 7 (SSL7) with the ability of binding to C5 complement protein (Lorenz et al., 2013), and 

a gene-deletion mutant lacking C5 binding capacity (SSL7- C5-) were utilised as a positive and 

negative control respectively. 

The result showed Spy0136 considerably reduced the RBCs lysis at concentrations of 0.2 µM 

and higher and inhibited complement-mediated haemolysis of erythrocytes in a dose-dependent 

manner. The level of observed inhibition was similar to the SSL7 positive control. As expected, 

SSL7- C5 – did not inhibit the formation of the C5b-9 complex significantly, resulting in a high 

level of RBCs haemolysis (Figure 4.1). 
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Figure 4.1: Inhibition of complement haemolytic activity of serum by Spy0136 

The complement-mediated lysis of erythrocytes in the presence of increasing concentrations of   

Spy0136, SSL7 (positive control), and SSL7-C5- (negative control) was evaluated. The Spy0136, as 

compared to the negative control, significantly reduced haemolysis of RBCs (p <0.0001, unpaired two-

tailed t-test). The difference between Spy0136 and positive control was not significant. Data represent 

the amount of haemolysis as mean ± SD of triplicate samples. 

n.s: not significant 

 

 

 

4.2 Pathway specific inhibition of complement by Spy0136 using 

Wieslab® complement screen kit 

 

To determine how the binding of Spy0136 to complement proteins affects complement 

activation, a commercial enzyme immunoassay kit was used. The Wieslab® complement screen 

kit is an ELISA-based test system for the qualitative analysis of the three individual pathways 

of the complement system. In this assay, specific activators are utilised to activate different 

pathways: IgM for the classical pathway, mannan for the lectin pathway (MBL), and LPS for 

the alternative pathway. The activator, in combination with a particular blocker in a buffer 

blocking system, eliminates the other two pathways and actives only the respective pathway. 
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C5b-9 (MAC) is then detected with a specific antibody to the neoantigen produced during 

MAC formation. 

Specific complement pathways inhibition in the presence of Spy0136, SSL7 (positive control), 

and SSL7-C5- (negative control) was assessed. Separate ratios of the serum (1/101 for the 

classical and MBL pathway and 1/18 for the alternative pathway) in specific buffers were used 

for each pathway. 

Spy0136 significantly reduced complement activity in all three pathways. The complement 

activation via the classical pathway was decreased to 9.35 %; MBL pathway activity was down 

to 4%, and the alternative pathway was reduced to 32.45%. SSL7 reduced the classical and 

MBL pathway activity to < 2%, and the alternative pathway down to 7.13%. 

Differences between the negative control and serum-only group were not significant, and all 

three complement pathways almost retained their full complement activity in the presence of 

SSL7-C5-. 

 

Figure 4.2: Inhibition of the functional activity of the classical, MBL, and alternative pathway by 

Spy0136 

Activation of individual complement pathways was assessed using the Wieslab® complement system 

screen kit. The Spy0136, SSL7 (positive control), and SSL7-C5- (negative control) were tested at a 

concentration of 2 µM. The influence of the proteins on the function of the complement pathways is 

shown in comparison to the control serum without the added proteins. Data are indicated as means ± 

SD for two independent experiments performed in duplicate. Analysing the result by one-way ANOVA 

revealed significant differences (*P <0.0001) between the marked groups. No significant difference was 

observed between the negative control and serum-only group. 
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In order to determine the 50% maximal inhibitory concentration (IC50) of Spy0136 for 

inhibiting the complement pathways, different concentrations of Spy0136 ranging from 0.125 

µM to 2 µM were tested. IC50 of the classical, MBL and alternative pathways by Spy0136 

occurred at the concentrations of 0.3017, 0.3158, and 1.1149 µM, respectively. The results 

revealed that Spy0136 is more effective at inhibiting classical and MBL pathways than the 

alternative pathway. 

 

 

 

Figure 4.3: Spy0136 reduces activation of complement pathways in a dose-dependent manner 

Complement pathway activity assessed using the Wieslab® complement system screen kit showed all 

three pathways inhibited by Spy0136 in a dose-dependent manner. Complement activity in the absence 

of Spy0136 was set as 100%, and other data were normalised to this. Data represent the percentage of 

complement activity as mean ± SD of duplicate samples. The dashed line shows the Spy0136 

concentration required to achieve 50% inhibition (IC50). 
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4.3 Influence of Spy0136 on C5b-9 deposition on the surface of GAS 

 

Activation of complement pathways by bacteria triggers protein cascades, which finally cause 

the formation of a large protein complex, C5b-9 or MAC, on the surface of pathogens. 

Inhibition of any part of this cascade is expected to reduce C5b-9 deposition on the bacteria’s 

surface.  

To confirm that Spy0136 inhibits complement deposition on the surface of GAS, flow 

cytometry was used to detect C5b-9 complex formation on whole bacteria.  

The presence of Spy0136 in the serum during opsonisation of GAS decreased the formation of 

C5b-9 on the surface of bacteria. The C5b-9 deposition was detected on ~ 80% of bacteria in 

the presence of serum (control sample) which was reduced by 2.2-fold with the addition of 

Spy0136 (Figure 4.4). 

 

 

Figure 4.4: Inhibition of complement deposition by Spy0136  

The deposition of C5b-9 on the surface of GAS was analysed by flow cytometry. The bacteria opsonised 

with 10 % serum in the absence (Ops GAS) or presence of 0.5 μM Spy0136 (Ops GAS+Spy0136) in 

comparison with non-opsonised (Non-ops GAS). (A) The flow cytometry histogram shows an overlay 

of bacteria incubated with human serum (red), buffer (orange), and serum+Spy0136 (blue). An antibody 

against C5b-9 was used to identify the percentage of bacteria with surface C5b-9 deposition (FITC-A+) 

(B). Bar graph displaying the percentage of bacterial cells positive for C5b-9. The formation of C5b-9 

was inhibited by adding Spy0136. Analysing the result by one-way ANOVA revealed significant 

differences (p<0.0001) between the groups. 
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4.4 Effect of Spy0136 in blood coagulation 

 

Fibrinogen is an important component of the blood plasma and the extracellular matrix 

contributing to blood clotting, inflammatory responses, and wound healing. Participation in the 

blood coagulation cascade is the most well-known function of this protein (Mosesson, 2000). 

Following damage to the blood vessel and leakage of blood into the perivascular space, the 

coagulation cascade starts by releasing tissue factor (TF). TF then activates factor VII which 

subsequently goes on to activate different molecules in the extrinsic and intrinsic pathways.  

Activation of these pathways causes the formation of Xa, mediating the cleavage of 

prothrombin to thrombin. Thrombin then cleaves fibrinogen into fibrin subunits. Finally, 

polymerization of the fibrin monomers leads to the formation of a mesh that aids in stabilizing 

the hemostatic plug (Figure 4.5). Moreover, the presence of calcium ions for activation of 

several coagulation factors and preventing fibrinolysis of the fibrin clot is essential (Chaudhry 

et al., 2019; Singh et al., 2019).  

 

 

 

 

 

 

 

 

 

 

 

                         

  Figure 4.5: A schematic diagram representing the blood coagulation cascade 
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Spy0136 binding to fibrinogen was detected in a pull-down assay (Section 3.3.1) and confirmed 

by ELISA (Section 3.3.3). Since fibrinogen plays a crucial role in the coagulation cascade, 

seizing of fibrinogen by Spy0136 may interfere with fibrin clot generation. To validate this 

hypothesis, fibrin formation in the presence of Spy0136 protein was measured using a plasma 

turbidity assay. 

The assay was initiated by adding CaCl2 to sodium citrate-treated plasma in the presence of 

different concentrations of Spy0136. Clot formation was examined within the 50 min time 

frame, using turbidity measurement (absorbance at OD405nm-OD620nm). An increase in turbidity 

indicating fibrin cross-linking was observed after an initial lag phase of approximately 10 min. 

No significant differences in turbidity were observed with the addition of Spy0136 (Figure 

4.6), indicating that the sequestration of fibrinogen by Spy0136 did not interfere with blood 

coagulation at concentrations 2 µM and below. 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Interaction of Spy0136 with fibrinogen does not inhibit the coagulation cascade 

Freshly prepared sodium citrate plasma was pre-incubated with various doses of Spy0136, ranging from 

0 to 2 µM, and the clot formation was monitored by adding 10 mM CaCl2 over the 50 min period. No 

significant differences were detected between the samples. The data are representative of results from 

three independent experiments using sodium citrate-treated plasma from healthy donors. 
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4.5 Discussion 

 

The complement system serves as an initial line of immune defence against pathogens. Several 

plasma proteins collaborate as a cascade in this system to generate inflammatory responses and 

opsonise pathogens, resulting in helping the immune system combat infection and retain 

homeostasis. Blocking this early stage of host defence gives a great opportunity to the pathogen 

for colonization, initiation of pathogenicity, and immune evasion. 

GAS produces a range of proteins to inhibit complement activity. The inhibiting mechanisms 

are usually associated with the cleaving of IgG, breakdown of C3, inactivation of C3 

convertases, and binding human convertase regulators (Laarman et al., 2010).  

Spy0136 provides the bacterium with another complement inhibitory mechanism through its 

interaction with C1s, C1r, C3, and C5 complement proteins. Although it is not clear how these 

interactions inhibit complement activation, they caused an efficient inhibition of complement-

mediated haemolysis. Since the haemolytic assay detects the activation of the classical 

complement pathway, it can be concluded that Spy0136 can inhibit classical pathway-activated 

hemolysis of RBC.  

Investigation of the different pathways of complement activation showed that all three were 

inhibited by Spy0136, albeit at varying levels. The protein was moderately less effective at 

inhibiting the alternative pathway, while it effectively inhibited both the classical and MBL 

pathways. Though all three complement pathways converge at forming the C3 convertases, 

two different forms of the enzyme are generated upon activation. The C4b2a is formed as C3 

convertases of classical and MBL pathways, while the alternative pathway results in the 

formation of C3bBb. The covalent binding of additional C3b molecules to these convertases 

changes the enzymes substrate specificity and generates C4b2a3b and C3bBb3b as C5 

convertases of classical, MBL, and alternative pathways, respectively (Berends, E. T. M. et al., 

2015; Merle, Nicolas S et al., 2015). The difference in the effectiveness of Spy0136 between 

pathways could be based on the differences in the conformation of C5 convertases. There is a 

possibility that binding of Spy0136 to C5 could bring about conformational changes in C5, 

which prevent the recognition of C5 by C5 convertase of the classical and lectin pathways 

(C4b2a3b), but the alternative pathway C5 convertase (C3bBb3b) might partially retain its 

activity in the presence of Spy0136. 



85 

 

Activation of all three routes of complement causes the MAC or C5b-9 formation. This multi-

protein complex inserts into pathogen membranes generating lytic pores. The formation of the 

C5b-9 complex on the cell wall of Gram-positive bacteria has been investigated in some 

studies. In a survey by Lorenz (2012), the formation of C5b-9 was detected on the surface GAS, 

L. lactis, S. aureus, and the highest level was identified on GAS. Another study has shown that 

activation of complement leads to surface deposition of C5b-9 at specific regions on GAS, B. 

subtilis, and L. lactis (Berends, E. T. et al., 2013). It is generally accepted that Gram-positive 

bacteria's thick peptidoglycan layer makes them resistant to MAC-dependent lysis; however, 

as multiple Gram-positive pathogens appear to secrete proteins that interfere with MAC 

(Åkesson et al., 1996; Khakzad et al., 2020; Langley et al., 2005), this suggests that MAC may 

have an as yet undetermined role to play. One hypothesis is the possibility that Gram-positive 

bacteria might be sensitive to the insertion of C5b-9 during specific growth phases due to the 

dynamic structure of the cell wall. In addition, the combination of C5b-9 with other immune 

components like antimicrobial peptides might be important in killing Gram-positive bacteria. 

These assumptions have been supported by different studies, but further investigations are 

necessary to be confirmed (Berends, E. T. et al., 2013; Frick, I.-M. et al., 2003; Happonen et 

al., 2019; Kashyap et al., 2011; Pence et al., 2010). 

This chapter demonstrated that Spy0136 could inhibit the deposition of C5b-9 on the GAS cell 

surface. Inhibition of C5b-9 deposition is also a function of two other GAS virulence factors, 

SIC and M protein. SIC prevents the formation of MAC by binding to C5b67 or C5b678 

complexes; also, neutralising the effects of some antimicrobial peptides and interfering with 

coagulation and fibrinolysis are other functions of this bacterial protein (Frick, I.-M. et al., 

2003; Frick et al., 2018). M protein is another main multifunctional GAS virulence factor that 

by recruiting complement regulators like FH, factor H like-1 (FHL1), C4-binding protein 

(C4BP), and fibrinogen interferes with complement deposition and phagocytosis (Carlsson et 

al., 2005; Laarman et al., 2010). Unlike spy0136, which is a conserved gene across all major 

emm types of GAS, SIC and M proteins are type-specific and vary in function in different 

genotypes of GAS. Therefore, I speculate that Spy0136 might be important in inhibiting the 

complement system and serving as an immune evasion virulence factor for GAS, especially in 

genotypes lacking other complement inhibitory factors. Moreover, there is another possibility 

that Spy0136 may synergise with other immune evasion virulence factors and enhance the 

ability of GAS to escape from the immune system. 
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In addition to the ability of Spy0136 to interact with different human complement proteins, 

fibrinogen was identified as another Spy0136 binding partner in human plasma. This chapter 

showed that Spy0136-fibrinogen interaction did not interfere with clot formation. However, 

fibrinogen is also involved in the inhibition of complement activation and phagocytosis. The 

studies have indicated that the M protein-fibrinogen complex inhibits complement deposition 

via the classical pathway in some serotypes of GAS, a characteristic that explains its 

antiphagocytic function (Courtney, Harry S et al., 2006; Fredric et al., 2005). Therefore, it is 

possible that fibrinogen-binding may contribute further to inhibition of complement and 

phagocytosis by Spy0136, as seen with the M-protein. Another possibility might be that 

Spy0136, after secretion, binds to the surface of GAS via fibrinogen to increase local 

concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



87 

 

Chapter 5:  Analysis of Expression and Function of 

Spy0136 in the Whole Organism  

 

Bioinformatics analysis has shown that the spy0136 is a conserved gene, and genomic 

microarrays have revealed that expression of this gene is upregulated during invasive infection. 

However, there is not much information about the quantity of the Spy0136 expression in 

different phases of growth in various emm types, the expression of this protein in infected 

humans, and the role of Spy0136 in GAS pathogenesis.  

This chapter first outlines Spy0136 expression levels in various wild-type GAS strains and the 

potential immunoreactive features of Spy0136 in patients' sera. Then, with the generation of 

gene-knockout and complementation strains in GAS and a gain-of-function strain in L. lactis, 

the functional characterisations of Spy0136 are examined. 

 

5.1 Detection of Spy0136 expression by various wild-type GAS strains 

 

In order to examine the expression levels of Spy0136 across various strains of wild-type  GAS 

(M1, M2, M3, M6, and M18) in both the exponential and stationary phases, Western blotting 

was performed. The bacterial cultures were collected at OD600nm of ~ 0.6 for the exponential 

phase and ~ 1 for the stationary phase, followed by TCA precipitation of the media supernatants 

and the isolation of cell pellets by centrifugation. The cell pellets and supernatants were then 

used in the Western blot analysis probing with Spy0136 rabbit antiserum. The result indicated 

that Spy0136 protein was expressed at variable amounts by all wild-type strains of GAS in 

different growth phases. M1 and M3 GAS expressed and secreted Spy0136, the most abundant 

throughout the bacterial growth; however, the amount of non-secreted protein in the stationary 

phase was noticeable. A lower level of Spy0136 expression in M6 and M18 in both phases was 

detected. Spy0136 expression in M2 GAS was only detected in the supernatant of the culture 

in the stationary phase. Moreover, an extra band was detected in all strains during the stationary 

phase and in cell pellets of the exponential phase (Figure 5.1), suggesting either dimerization 

of Spy0136 as predicted by the crystal structure or post-translational modification of the 

protein. 
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Figure 5.1: Detection of Spy0136 in different wild-type GAS strains at various growth phases by 

Western blotting 

Expression of Spy0136 was compared in the exponential and stationary growth phases in WT M1, M2, 

M3, M6, and M18 strains of GAS. The recombinant form of Spy0136 was used as the positive control. 

L: protein ladder 

 

 

5.2 Investigation of  the potential immunoreactive features of Spy0136 in 

GAS invasive patient sera 

 

To evaluate whether Spy0136 is expressed in infected humans, the immunoreactivity of 

rSpy0136 was analysed in sera from 14 patients with invasive GAS infections by Western blot 

using rSpy0136 and human serum samples. Serum samples were collected at Middlemore 

Hospital, Auckland, New Zealand, between July 2001 and January 2003 with approval by the 

Auckland Human Ethics Committee. The result indicated the presence of  anti-Spy0136 

antibody in all tested sera, representing that the protein is produced during human infections. 
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However, different levels of antibody against Spy1036 were detected in patients' sera (Figure 

5.2), which could be related to various levels of Spy0136 expression by different GAS isolates.  

Figure 5.2: Immunoblot analysis of patient and control sera with rSpy0136  

All invasive patient sera (1 to 14) showed reactivity against rSpy0136 in Western blot, suggesting the 

presence of Spy0136 specific antibodies. Sera from healthy donors (15 & 16) were used as a control. 

 

 

5.3 Construction and analysis of spy0136 mutants 

 

Resistance to host immunity after initial attachment and colonisation is the main stage in GAS 

pathogenesis. Pathogenic bacteria employ various virulence factors to evade or inhibit the 

complement system, opsonisation, PMN phagocytosis, and destruction by antimicrobial 

peptides (Laabei et al., 2019). 

Analysis of Spy0136 in Chapter 3 demonstrated the interaction between rSpy0136 and plasma 

proteins, including complement proteins C1r, C1s, C3, C5, and fibrinogen. These interactions 

were shown to have a functional role in preventing complement deposition on the surface of 

GAS as well as MAC-mediated RBC lysis, suggesting the role of Spy0136 as a novel GAS 

immune evasion factor. 

To further understand the contribution of Spy0136 to GAS infection, a spy0136 gene deletion 

(Δspy0136) mutant and its plasmid-based complementation strain were generated. In addition, 

a plasmid-based gain-of-function L. lactis strain was constructed to investigate if the expression 

of Spy0136 could confer virulence in a non-pathogenic bacterium. 
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5.3.1  Generation of GAS spy0136 gene deletion mutant 

 

The deletion of the spy0136 gene in the GAS M1 SF370 strain was performed through an allelic 

replacement strategy that substitutes the target gene in the genome with an antibiotic resistance 

gene on the constructed plasmid. The resistance gene allows the selection of successful gene-

knockout mutants after transformation. For this purpose, the E.coli-GAS shuttle vector, 

pFW11, was employed. This plasmid carries two multiple cloning sites, MCS-I and MCS-II, 

at either end of the aad9 spectinomycin resistance gene. The introduction of homologous 

sequences that flank the target gene into each of these multiple cloning sites allows the 

replacement of the target gene with aad9 via double-crossover recombinations (Podbielski, 

Spellerberg, et al., 1996). The pFW11 vector does not possess a streptococcal origin of 

replication, permitting replication of the recombinant plasmid only in E.coli but not in GAS 

(Figure 5.3 A&B). 

DNA sequences representing the upstream flanking region (FR1) and downstream flanking 

region (FR2) of the spy0136 gene (~1000bp each) were amplified using the designed primers 

(Table 2.2) by PCRs and cloned into a pBC-KS vector. The sequence-confirmed DNA 

segments of FR1 and FR2 were sub-cloned into MCS-I and MCS-II of the pFW11 vector, 

respectively, flanking the aad9 gene. The recombinant pFW11 construct was electroporated 

into GAS M1 SF370, and the transformants were selected on BHI agar plates containing 

spectinomycin. Replacement of the spy0136 gene with aad9  and generation of gene-knockout 

mutants of GAS was subsequently confirmed using spy0136 primer pairs by PCR. Moreover, 

the integration of the aad9 gene was also investigated by PCR using the aad9 forward primer 

and a reverse primer of FR2. The absence of a 661 bp PCR product with spy0136 primers and 

the presence of a 1728 bp PCR product (FR2: 1053 bp, aad9: 675 bp)  with the same colony 

by aad9.fw and FR2.rev primers confirmed the successful generation of a GAS spy0136 gene 

deletion mutant (Figure 5.3 C&D). Validation of the deletion mutants after DNA sequencing 

of the genomic DNA was also performed at the protein level by Western blotting (Section 

5.3.3) 
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Figure 5.3: Allelic replacement strategy for constructing GAS M1 spy0136-knockout mutant 

(A) The flanking regions of the spy0136 gene were cloned into the multiple cloning sites of the suicide 

vector pFW11, flanking the aad9 gene. FR1 was inserted between SalI and XbaI restriction sites in 

MCS-I, and FR2 was cloned into MCS-II using PstI and XmaI restriction sites. (B) When plasmids 

were inserted into the GAS M1 SF370 strain by electroporation, double crossover recombination 

occurred, and the target gene was replaced by aad9. (C) The isolated transformants on an agar plate 

containing antibiotics were screened using spy0136 primers by PCR to confirm the loss of the target 

gene (lower gel), and the presence of the aad9 gene was confirmed using aad9.fw and FR2.rev primers 

(upper gel). The absence of a 661 bp band for colony number 6 with spy0136 primers and the presence 

of a ~1750 bp band on an agarose gel using primers for identification of the aad9 gene showed 

successful creation of a spy0136-knockout mutant which was re-confirmed with additional controls(D) 

WT: wild-type GAS M1 SF370 strain      ∆: spy0136-knockout mutant    P: Recombinant pFW11 

plasmid containing FR1& FR2 of spy0136 gene 
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5.3.2  Generation and expression analysis of GAS spy0136 complementation strain  

 

The expression of spy0136 was restored by reintroducing the gene into the spy0136-knockout 

strain of GAS M1 SF370 using the pLZ12-Km2 vector. This system carries a kanamycin 

resistance gene, facilitating the isolation of transformants that successfully take up the 

plasmids. Three different plasmids were constructed for optimising the expression of soluble 

Spy0136 in the knockout mutant strain of GAS and restoring the bacteria to the original 

phenotype. 

The pLZ12-Km2P23R:spy0136 plasmid was constructed by cloning the spy0136 between 

BamHI and PstI sites in the multiple cloning site of the pLZ12-Km2P23R vector. The pLZ12-

Km2P23R is a modified version of pLZ12-Km2 that contains P23, a strong lactococcal 

promoter (Van der Vossen et al., 1987) on the opposite end of the MCS from the original 

streptococcal promoter. This promoter allows the constitutive expression of the inserted genes. 

The plasmid construct was introduced into the spy0136-knockout mutant through 

electroporation. The transformants were isolated on BHI agar plates containing kanamycin and 

confirmed by colony PCR. The expression of Spy0136 in the constructed mutant was examined 

by Western blot. No expression of Spy0136 was detected in the generated complementation 

strain with pLZ12-Km2P23R:spy0136 plasmid. To solve this problem, the second version of 

the plasmid included amplification of the spy0136 gene along with a staphylococcal ribosome 

binding site, cloned between BamHI and XmaI restriction sites of  pLZ12-Km2P23R. Western 

blot analysis of the mutant strain containing pLZ12-Km2P23R: SRBS-spy0136 indicated 

expression of insoluble Spy0136 (in the cell pellet) from this new version of the recombinant 

plasmid (Figure 5.4). Therefore, the third version of the expression system, pLZ12-Km2: 

SRBS-spy0136, utilising the original streptococcal promoter, was generated to slow down the 

expression and prevent protein aggregation. The gene was inserted into the pLZ12-Km2 vector 

using XhoI and BamHI enzymes. Western blot analysis revealed that the transformed spy0136-

knockout mutant with pLZ12-Km2: SRBS-spy0136 could expressed Spy0136 in a soluble form 

(Figure 5.4).  
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5.3.3 Comparison of Spy0136 expression by wild-type M1 GAS and mutant strains in 

different growth phases 

 

The expression of Spy0136 in wild-type M1 GAS and the constructed mutants at different 

growth phases was examined by Western blot. The process was the same as in section 5.1. 

Results showed Spy0136 expression in wild-type strain at both exponential and stationary 

growth phases. Western blot also confirmed the absence of Spy0136 in the spy0136-knockout 

strain. Analysis of the supernatant and cell pellet fractions at both exponential and stationary 

phases of three complementation strains showed that Spy0136 could only be found in the 

supernatant of the third complementation strain (containing pLZ12-Km2:SRBS-spy0136 

plasmid) in both growth phases and cell pellet of the stationary phase, which was similar to the 

Spy0136 expression in wild-type strain; therefore it was used in downstream analysis. In 

contrast, no expression was seen in the first complementation strain (containing pLZ12-

Km2P23R:spy0136 plasmid) and only in the cell pellet during the exponential phase of the 

second version of complementation strain (containing pLZ12-Km2P23R: SRBS-spy0136 

plasmid) expression was detected.  
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Figure 5.4: Investigation of Spy0136 expression in wild-type M1 GAS and the generated mutants 

by Western blotting 

Western Blot analysis of growth supernatant and cell pellet in both exponential and stationary phases 

from wild-type M1GAS, spy0136-knockout, and three complementation strains showed that Spy0136 

could be found in the supernatant of wild-type M1 and the strain complemented with pLZ12-

Km2:SRBS-spy0136 only.  

WT: wild-type M1 GAS      ∆: spy0136-knockout mutant      C1: complementation strain 1 with pLZ12-

Km2P23R:spy0136 plasmid      C2: complementation strain 2 with pLZ12-Km2P23R: SRBS-spy0136 

plasmid      C3: complementation strain 3 with pLZ12-Km2:SRBS-spy0136 plasmid          Recombinant 

form of Spy0136 was used as the positive control. 

 

 

5.3.4 Generation and phenotypic analysis of Spy0136-expressing L. lactis  

 

GAS produces a wide range of secreted and cell wall-anchored virulence factors that contribute 

to the pathogenicity of the bacteria. To elucidate the role of Spy0136 in GAS virulence in the 

absence of other virulence factors, the non-pathogenic, Gram-positive surrogate host, 

Lactococcus lactis, was used for heterologous expression of Spy0136.  

The three constructed recombinant plasmids, pLZ12-Km2P23R:spy0136, pLZ12-

Km2P23R:SRBS-spy0136, pLZ12-Km2:SRBS-spy0136 (Section 5.3.2), were employed to 
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generate L.lactis gain-of-function strains. The plasmid-free strain of L. lactis cremoris MG1363 

was transformed with the expression vectors through electroporation. The colonies selected 

from an agar plate containing kanamycin were screened by colony PCR. Detection of a band 

approximately 650 bp (spy0136 gene: 661 bp) on an agarose gel showed the successful 

generation of a gain-of-function strain of L.lactis for each recombinant plasmid (Figure 5.5 A). 

To test the expression of Spy0136 in L. lactis MG1363 gain-of-function mutants, the bacteria 

were grown to late exponential phase (OD600nm ~ 0.7-0.8), and the soluble fractions after TCA 

precipitation were analysed by Western blotting. Spy0136 heterologous expression was 

observed in mutants containing pLZ12-Km2P23R:SRBS-spy0136 and pLZ12-Km2:SRBS-

spy0136 plasmids, but not with pLZ12-Km2P23R:spy0136 (Figure 5.5 B). 

 

 

 

Figure 5.5: Analysis of the generated L. lactis gain-of-function mutants by PCR and immunoblot 

(A) Single colony PCR analysis of L. lactis transformed with pLZ12-Km2P23R:spy0136 (1), pLZ12-

Km2P23R:SRBS-spy0136 (2), or pLZ12-Km2:SRBS-spy0136 (3). A PCR product using gene-specific 

spy0136.fw and spy0136.rev primers the same size as the GAS genomic DNA positive control (4) 

confirmed successful transformants. (B) Western blot analysis of supernatants from L. lactis gain-of-

function cultures showed heterologous expression of Spy0136 with pLZ12-Km2P23R:SRBS-spy0136 

(6) and  pLZ12-Km2:SRBS-spy0136 (7), but not pLZ12-Km2P23R:spy0136 (5).  

L: DNA ladder         4- GAS M1 genomic DNA      8- rSpy0136 protein (positive control) 

 

 



96 

 

5.4 Functional characterisation of the spy0136 deletion mutant and 

complementation strains 

 

The finding that Spy0136 interacts with plasma proteins, especially complement proteins 

(Chapter 3), suggests that this protein might be involved in GAS virulence by interfering with 

the host immune system.  

In order to study the role of Spy0136 in GAS virulence in a whole bacterial system, the 

generated knock-out and gain-of-function mutants were tested using an in-vitro bactericidal 

assay and an in-vivo infection model. 

 

5.4.1 Influence of Spy0136 in promoting bacterial survival in human whole blood 

 

The presence of bacteria in the bloodstream usually leads to activation of the complement 

system, a crucial part of innate immunity, which eliminates the bacteria through the formation 

of membrane attack complex (MAC) and phagocytosis. Most bacteria like GAS utilise immune 

evasion mechanisms by expressing different virulence factors in order to survive. To extend 

the understanding of the importance of  Spy0136 in GAS virulence, a whole blood killing assay 

was employed.  This bactericidal assay assesses the viability of bacteria in whole blood based 

on the phagocytic activity of the leukocytes in human blood. 

Late-exponential phase cultures of spy0136-knockout and complementation strains of GAS and 

spy0136 gain-of-function mutant of L.lactis were incubated with heparinised human whole 

blood, and surviving bacteria were enumerated at indicated timepoints. 

The comparison among three different GAS strains showed a decrease in the survival rate of 

wild-type and complementation strains just over the first 60 min; whereas over the second 90 

min time interval, the number of bacteria increased and became approximately 8 and 6 fold 

higher for wild-type and complementation strains, respectively, in comparison with the initial 

number of bacteria. This finding indicated that the complementation restored survival, and its 

growth was the same as wild-type until around 120 min when wild-type growth exceeded the 

complementation growth. 
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Contrary to the strains containing the spy0136 gene, the knockout mutant did not show recovery 

over time, and its survival rate decreased from 100% at the initial time point to around 10% at 

the end of 150 min (Figure 5.6 A). This observation suggests that the spy0136-deletion mutant 

of GAS is significantly sensitive to killing by blood, and Spy0136 expression contributes to 

the boosted survival rate in wild-type bacteria. 

To further investigate the influence of Spy0136 without the interference of other contributing 

virulence factors, the L.lactis gain-of-function mutant expressing spy0136 and wild-type 

L.lactis as negative control were tested in whole blood killing assay. Survival rates of both 

strains decreased within the first 30 min, with complete clearance of wild-type L.lactis by 180 

min. In contrast, the L. lactis gain-of-function mutant was not completely cleared by 180 min, 

although the survival rate did reduce to 11% (Figure 5.6 B). The difference between the 

survival rate of the wild-type and the mutant strain at each time point was statistically 

significant. The findings suggest that the expression of Spy0136 provided the gain-of-function 

mutant survival advantage.  
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Figure 5.6: The role of Spy0136 in promoting bacterial survival in human blood 

Bacterial strains were incubated with freshly drawn human blood and bacteria enumerated at indicated 

timepoints. The bacterial survival rate was determined by dividing the CFU at a given time point by the 

CFU of the initial inoculum. 

(A) The survival rate of wild-type, spy0136-knockout, and complementation strains of M1 GAS after 

incubation with whole human blood was calculated. Deletion of spy0136 caused a considerably reduced 

survival rate, while the Spy0136 expressing strains were able to grow. 

(B) Survival of wild-type and a L.lactis spy0136 gain-of-function mutant in whole human blood was 

analysed. The mutant strain showed an improved survival rate compared to wild-type L. lactis.    

The data shown are representative of three independent experiments, displayed as the mean ± SD.                         

*P <0.05,  **P < 0.001,  ns: non significant 
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5.4.2 Investigating the in-vivo function of Spy0136 in GAS immune evasion using a 

wax worm infection model  

 

The rise of a number of non-vertebrate mini-hosts as an infection model for bacterial and fungal 

pathogens has recently become popular. These host organisms have numerous advantages, such 

as being affordable, easy-to-use, and more ethically acceptable than mammalian models 

(Lionakis, 2011). Among the non-mammalian infection models, the larvae of Galleria 

mellonella, known as the wax worms, has recently been presented as a suitable model to study 

GAS pathogenicity (Tsai, C. J. et al., 2020). The ability to survive at 37˚C is the major 

advantage of the wax worm over other classic non-mammalian models like Caenorhabditis 

elegans and Drosophila melanogaster, making the larvae more suitable for studying human 

pathogens. This characteristic is crucial for GAS study because temperature either above or 

below 37˚C considerably alters the GAS transcriptome (Smoot et al., 2001). Moreover, the 

Galleria mellonella immune system is homogeneous with the mammalian innate immune 

system in terms of function and structure, and it consists of both humoral and cellular 

immunity. Melanisation, the production of anti-microbial peptides, and coagulation of 

haemolymph are the most important insects’ humoral immune responses. In addition, the wax 

worm haemocytes, which play a similar role as the phagocytes of mammals, are involved in 

phagocytosis, nodulisation, and encapsulation as the cellular arm of the immune system 

(Kavanagh & Reeves, 2004; Pereira, M. F. et al., 2020). 

In this study, the Galleria mellonella larvae were used as an in-vivo model to examine the 

spy0136 mutant strains and clarify the virulence contribution of the Spy0136. 

 

 Attenuated virulence of GAS M1 spy0136-knockout mutant is observed in the 

wax worm model 

 

To determine the role of spy0136 as a virulence factor in the pathogenicity of GAS M1 SF370 

in wax worms, at first, a dose titration experiment using the late-exponential culture of the 

wild-type strain at doses ranging from 7 x 105 to 3 x106 colony forming units (CFU) per wax 

worm larva was performed. The 1.5 x 106 CFU/wax worm was selected as an ideal dose for 

injection (Figure 5.7).  
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The late-exponential cultures of wild-type, spy0136-knockout, and complementation strains 

were injected through the lower-left proleg of the larvae. Groups of 10 wax worms were 

infected with GAS strains or PBS, and their survival was monitored for 5 successive days after 

injection (Figure 5.8 A). Furthermore, to obtain more details about the health status of injected 

larvae, the health index scores based on the four main characteristics, including movement, 

melanisation, cocoon formation, and survival, were recorded over the 5-day time course 

(Figure 5.8 B). 

All wax worms in the control group injected with PBS remained alive over the 5-day time 

course with a higher health index than other groups. The wax worms infected with spy0136 

deletion mutant showed significantly enhanced survival and higher health index scores 

compared to those infected with wild-type GAS M1 or complementation strain. Wax worms 

infected with wild-type GAS M1 all died after 2 days, while all wax worms inoculated with 

the spy0136-knockout strain were alive after 2 days and had an 80% survival rate at the end of 

the 5-day period. The survival rate of the wax worms administered the complemented strain 

was 30% at the end of the 5th day, which was significantly lower than the group injected with 

spy0136 deletion mutant but not to the wild-type strain level. A similar trend was also observed 

in the health index scores of the wax worms. This finding suggests that the constitutive 

expression of the spy0136 correlates with increased virulence in GAS. 

 

 

 

 

 

 

 

Figure 5.7: Various doses of GAS M1 SF370 lead to different degrees of survival in wax worms 

Wax worms (n = 10) were injected with a dose titration of exponential phase M1 GAS and monitored 

daily for 5 days. The percentage of the wax worms survival is shown as Kaplan-Meier survival curves. 

The killing pattern with 2.5 x 106 CFU bacteria because of overlapping between its result with other 

groups is not visible on the graph. This dose killed 90% of larvae during the first day, and the last larva 

was killed on the second day. 
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Figure 5.8: Deletion of spy0136 gene reduces GAS M1 virulence in the wax worm model 

The Galleria mellonella larvae were inoculated with 1.5 × 106 CFU/wax worm of wild-type, spy0136 

knockout, or complemented strains of GAS and monitored daily for 5 days. (A) Kaplan-Meier survival 

curves, *P < 0.0001 (log-rank test) and (B) Mean ± SEM health index scores of wax worms post-

infection, *P < 0.0001 (2-way ANOVA). 
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5.5 Discussion 

 

Specific serotypes of GAS are more likely to be associated with specific clinical presentations, 

suggesting different M-types produce certain virulence factors at varying levels. As a case in 

point, the study by Calfee et al. (2018) has shown that the expression of pili on the surface of 

M3 GAS is by far less compared to the M1 and M49 serotypes. Consequently, this results in 

reduced attachment of M3 isolates to host tissues but enhanced survival in human blood and 

the ability to potentiate invasive infections. Natural mutations can also lead to differences in 

virulence factor expression. For example, a mutation in the rocA gene, an important regulatory 

protein, is responsible for the hyper-encapsulation of M18 isolates, which may underlie the 

association with pharyngitis and acute rheumatic fever of this serotype (Lynskey et al., 2013). 

These examples show a serotype-specific manner in GAS serotypes.  

The spy0136 is a conserved gene among all emm types of GAS; nonetheless, due to lack of 

information about the quantity of protein expression in different phases of growth in various 

strains, M1, M2, M3, M6, and M18 serotypes of GAS were selected for further investigation 

by Western blotting. Spy0136 expression throughout bacterial growth was variable across all 

the serotypes tested, and a positive correlation between the growth phase and expression of the 

protein was observed. Although most serotypes expressed the Spy0136 in both phases, it seems 

the expression level for some serotypes in the stationary phase was higher than the exponential 

phase.  

The higher level of Spy0136 expression in M1 and M3, two major invasive serotypes of GAS, 

in comparison to the other serotypes tested in this study, suggests the importance of Spy0136 

in invasive infections caused by GAS.  

Immunoblot analysis of patients' sera revealed that Spy0136 expresses during infection; 

however, the varying anti-Spy0136 antibody titers in different sera raise the possibility that 

different GAS strains express different levels of Spy0136 or certain host factors play a role in 

upregulating Spy0136 expression. It is also possible that some patients are infected with higher 

CFUs of the bacteria. 

The expression of this conserved gene in all GAS strains and its immunogenicity in humans 

indicate that Spy0136 may be a promising candidate in vaccine development against GAS.  
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GAS produces a broad variety of immune evasion virulence factors, which help the bacteria to 

survive in the human body. Initial analysis of Spy0136 has confirmed the potential role of this 

protein in conferring resistance to host immunity. Thus, to study Spy0136’s influence in GAS 

pathogenesis, a spy0136- deletion mutant and complemented strains of GAS were generated. 

Moreover, the gene was heterologously expressed in a non-pathogenic Gram-positive 

bacterium, L.lactis, to further assess the virulence of Spy0136 in the absence of other immune 

evasion factors.   

Generation of chromosomal site-specific mutagens using the allelic replacement strategy is a 

popular method to delete a gene of interest from the chromosomal DNA of different bacterial 

species. This strategy allows studying the intended gene and its resulting phenotype in great 

detail (Schweizer, 2008). The function of many GAS virulence factors have been identified 

and analysed by employing this method in various studies (Buchanan et al., 2006; Datta et al., 

2005; Podbielski, Pohl, et al., 1996; Zinkernagel et al., 2008). In this study, the same technique 

was used to produce a spy0136- knockout strain, where spy0136 was substituted with a 

spectinomycin resistance gene (aad9) through homologous recombination. 

Analysis of expression of Spy0136 in wild-type and deletion strain by Western blotting showed 

that wild-type GAS expresses the protein throughout various growth phases, and no expression 

was observed in the knockout strain, confirming deletion of the spy0136. 

Complementation to reintroduce the spy0136 gene into the spy0136-knockout strain of GAS 

M1 was performed through a plasmid-based expression system to demonstrate that reduced 

virulence in the gene-deletion mutant is related to the removed gene. Based on the molecular 

Koch’s postulate, the reintroduction of the wild-type gene into a deletion mutant should restore 

microbial pathogenicity (Falkow, 1988). The complementation strains were generated using 

the plasmids derived from the pLZ12-Km2 vector. Different versions of this E.coli-

streptococcal shuttle vector have been used in several studies to complement knockout mutants 

in GAS (Chalmers et al., 2020; Hanski et al., 1992; Soh et al., 2020). In the recent study, the 

pLZ12-Km2P23R, a modified version of the pLZ12-Km2 plasmid containing the P23 

lactococcal promoter with the ability of constitutive expression of the genes, was selected to 

reintroduce the spy0136 gene to the knockout strain. However, expression of Spy0136 was not 

detected in the complemented strain by Western blotting. Analysis of the region upstream of 

the spy0136 ORF showed that there is no recognisable ribosome binding site which suggests 

the native upper region of the gene is insufficient for Spy0136 expression. To address this issue, 
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the pLZ12-Km2P23R:SRBS-spy0136 construct containing a well-characterised strong 

staphylococcal ribosome binding site (5’ GGAGGAAT 3’) cloned upstream of the spy0136 

gene was created to achieve a higher level of Spy0136 expression in the complementation 

strain. Unfortunately, the transformant only expressed Spy0136 as an insoluble protein in the 

exponential phase, suggesting a combination of the staphylococcal ribosome binding site and 

the P23 lactococcal promoter may cause overexpression of the Spy0136 and thus not favorable 

for producing a soluble protein. As a result, SRBS-spy0136 was cloned into the pLZ12Km2 

vector without the P23 promoter to regulate Spy0136 expression from another promotor, which 

is also constitutive but weaker than the P23 promoter. As confirmed by Western blot, the 

spy0136-knockout mutant harbouring pLZ12-Km2:SRBS-spy0136 expressed soluble Spy0136 

at a level comparable to the wild-type strain. 

Heterologous expression of different virulence factors of GAS in L.lactis has been extensively 

studied in numerous researches (Asmat et al., 2012; Buchanan et al., 2006; Chang, Y.-M., 

2013; Oliver-Kozup et al., 2011; Zinkernagel et al., 2008) in order to isolate the function of the 

protein of interest from other GAS virulence factors. In this study, gain-of-function strains of 

L. lactis presenting an altered phenotype associated with Spy0136 were created using pLZ12-

Km2P23R:spy0136, pLZ12-Km2P23R:SRBS-spy0136, and pLZ12-Km2:SRBS-spy0136 

recombinant plasmids. In agreement with the result of GAS complementation strains, 

expression of Spy0136 was detected only in L.lactis strains transformed by pLZ12-

Km2P23R:SRBS-spy0136, and pLZ12-Km2:SRBS-spy0136 (Figure 5.5B). 

The first step of host defense against many bacterial pathogens is provided by 

polymorphonuclear leukocytes (PMNs) through phagocytosis. GAS employs various virulence 

factors such as M protein, hyaluronic acid capsule, C5a peptidase, and IdeS to inhibit the 

function of PMNs and killing through phagocytosis (Cunningham et al., 2000; Fischetti, 1989; 

Lei et al., 2001). A study by Voyich, J. M. et al. (2003) on GAS gene expression during 

phagocytic interaction with human PMNs has shown that spy0136 is one of the genes 

upregulated during PMN phagocytosis, suggesting the putative contribution of Spy0136 to 

resist phagocytosis and evasion from host innate immunity.  

The association between Spy0136 and the host innate immune system was examined by whole 

blood killing assay and a wax worm infection model in this chapter. The blood killing assay 

indicated that expression of Spy0136 promotes bacterial survival, as deletion of the spy0136 

gene resulted in attenuated bacterial growth in whole human blood.  
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Moreover, the importance of Spy0136 in bacterial survival was further revealed by 

investigating the growth of L. lactis in whole human blood, heterologously expressing 

Spy0136. Expression of Spy0136 in the gain-of-function strain increased the survival rate of 

the recombinant bacteria compared to the wild-type strain. 

Phagocytosis and complement activation are the most important strategies contributing to the 

GAS killing in whole blood (Soderholm et al., 2017). In this study, the reduced survival rate 

of the spy0136-knockout mutant of GAS and better survival of the L.lactis gain-of-function 

strain compared to their wild-type strains in the bactericidal assay can be attributed to the 

activity of PMNs. The findings suggest that Spy0136 plays a role as a GAS virulence factor in 

the inhibition of PMN-mediated killing. On the other hand, the interaction of Spy0136 with C3 

and C5 complement proteins in chapter 3 suggested the putative influence of Spy0136 in GAS 

evasion from innate immunity by inhibition of PMN phagocytosis. Both these findings are 

consistent with the upregulation of spy0136 during PMN phagocytosis that has been found in 

a previous study (Voyich, J. M. et al., 2003). 

Galleria mellonella has been used for modeling an extensive range of Gram-negative and 

Gram-positive bacterial infections in-vivo (Olsen et al., 2011; Pereira, M. F. et al., 2020). 

Despite the fact that the wax worm infection model will not precisely indicate the complexity 

of human infection like any other animal model, similarities with the mammalian innate 

immune system exist, which provide valuable information of the pathogen-host interaction. For 

instance, wax worms possess hemocytes and complement-like proteins involved in 

phagocytosis and opsonisation, which act like human leucocytes and complement proteins, 

respectively (Pereira et al., 2020). In addition, the insect’s prophenoloxidase activating (proPO) 

system, which kills the pathogens through producing melanin and other toxic components, is 

comparable with the human complement system (Sheehan et al., 2018). A study by Shokal et 

al. (2017) has shown some resemblance between proPO sequence and the human complement 

proteins of C3 and C4.  

In recent years, the use of these larvae in the investigation of GAS pathogenicity has also been 

widespread. A study by Loh et al. (2013) has shown that the wax worm is a suitable model for 

investigating M-protein, the main GAS virulence factor. Similarly, the wax worm has been 

employed to characterise the in-vivo virulence of pili from the M2 serotype of GAS encoded 

in the FCT-6 region (Tsai, J. Y. C. et al., 2017). 
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 In this study, Galleria mellonella larvae were used to investigate the contribution of Spy0136 

to GAS virulence. Attenuated virulence of spy0136-knockout mutant compared to the wild-

type and complementation strain was detected in wax worms. Since the interaction between 

Spy0136 and C3 complement protein was confirmed in the previous investigations (Section 

3.3.1 and 3.3.2), and there is a similarity between the C3 protein of mammalian and insect 

proPO, I speculate that interaction of Spy0136 with proPO or hemocytes of wax worms has led 

to enhanced virulence of the wild-type and complementation strains in comparison with the 

spy0136-deletion mutant.  

Moreover, the enhanced survival rate and health index of the wax worms infected with the 

spy0136 deficient mutant confirmed the observed lower bacterial survival in the whole blood 

killing assay for this strain. Overall, the survival advantage conferred by Spy0136 in GAS 

strains containing the spy0136 gene than knockout strain indicates Spy0136 plays a role in the 

virulence of GAS.  
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Chapter 6:  Summary and Future Directions 

 

GAS is a major human pathogen responsible for a high rate of morbidity and mortality 

worldwide. The interaction between GAS and its human hosts is mediated by employing a wide 

variety of virulence factors that contribute to adherence, colonisation, invasion, and immune 

evasion. Whole-genome sequencing of GAS provided an opportunity to identify further open 

reading frames encoding proteins with unknown functions (Ferretti et al., 2001). The function 

of approximately one-third of GAS genes is still unknown, and presumably, more putative 

virulence factors involved in GAS pathogenesis have yet to be identified.  Analysing the FCT 

region of the GAS M1 SF370 strain and its flanking areas led to identifying the spy0136 gene. 

This gene is conserved across all major emm types of GAS and encodes a protein with an 

unknown function. A study has shown that the spy0136 gene is upregulated during PMN 

phagocytosis, suggesting a potential role of this gene in evasion from the innate immune system 

and promoting survival of the bacteria (Voyich et al., 2003). Based on this finding, we 

hypothesised that Spy0136 is a novel GAS immune evasion factor. Thus, this study was aimed 

to investigate the functional characteristics of Spy0136 and gain insights into its potential role 

in GAS virulence. 

 

6.1 Spy0136 production and analysis of recombinant Spy0136 

interaction with plasma proteins 

 

Expression of Spy0136 was investigated in three different expression vectors, pET-32a-3C, 

pGEX-3C, and pProExHta-MBP, and the protein was purified by affinity chromatography 

methods. Further purification of the rSpy0136 was achieved with anion exchange or size 

exclusion chromatography. Although all three plasmids expressed the protein, the pProExHta-

MBP vector was more successful in producing a higher yield of soluble rSpy0136 compared 

with the other two expression systems. 

The primary analysis of rSpy0136 identified the potential binding partners of Spy0136 in 

human plasma. The recombinant protein was coupled to cyanogen bromide-activated 

sepharose beads and used as bait for a pull-down assay with human plasma. Several plasma 

proteins were enriched and identified by mass spectrometry as binding partners of Spy0136. 
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The dose-dependent binding of C1s, C1r, C3, C5, and fibrinogen to rSpy0136 was confirmed 

in an ELISA-based assay, suggesting a potential role of this protein in complement evasion. 

The ability to bind to multiple proteins is unusual and raises the possibility that the binding 

might involve glycans, which are abundant on most complement proteins (Ritchie et al., 2002). 

Removal of N-linked glycans from C1s, C3, and C5 with PNGase F strongly decreased binding, 

confirming glycan-dependent interactions. No difference in binding to C1r or fibrinogen after 

PNGase F treatment was observed, which suggested binding to these proteins is glycan-

independent. 

Further examination of the role of carbohydrate residues in the Spy0136-complement protein 

interaction was done by generating spy0136 alanine-conversion mutants. Previous 

investigations have been revealed a general structural fold homology between Spy0136 and 

Fhb protein of Streptococcus suis, which suggested similar carbohydrate-binding sites on both 

proteins. The produced mutants based on this hypothesis were analysed by ELISA for their 

binding capacity. The mutations did not affect Spy0136 binding to the plasma proteins, 

suggesting differences between the glycan-binding sites of Spy0136 and Fhb. 

Analysis of Spy0136 protein structure revealed a strand sharing homo-dimer. However, the N-

terminal truncated mutant which removed the dimer contacts was also not effective at 

eliminating Spy0136 binding to plasma proteins, suggesting the strand sharing dimer is not 

essential for the binding. 

 

6.2 The functions of Spy0136 in host immune evasion  

 

In this study, the impact of Spy0136 in inactivating the complement pathways was examined 

in different assays. Binding of Spy0136 to complement proteins led to efficient inhibition of 

complement-mediated lysis of antibody-sensitised red blood cells, suggesting the role of 

Spy0136 in inhibiting the classical pathway of complement. Moreover, complement pathway 

analysis with a commercial test system revealed that Spy0136 significantly reduced the activity 

of all three complement pathways in a dose-dependent manner. However, the protein was less 

effective in inhibiting the alternative pathway in comparison with the other two complement 

pathways. Since all three complement pathways intersect at C3b formation, this finding could 

suggest that the interaction of Spy0136 with C5 complement protein may be more important 
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than the other identified Spy0136 complement binding partners for inhibition of the pathways, 

but further investigation is essential for confirming this claim.  

Interference of Spy0136 with complement deposition on the bacterial cell surface was analysed 

by detecting the C5b-9 complex. Spy0136 reduced the formation of C5b-9 on the GAS cell 

surface and blocked the activation of the complement system.  

The acquired results suggest that Spy0136 is a novel GAS immune evasion factor that interferes 

with the human complement system. The complement system is a primary target for GAS, and 

the bacteria produce multiple virulence factors that target the host complement system. Since 

the complement components are the most abundant human serum proteins (Adkins et al., 

2002); sufficient expression of a single virulence factor by bacteria to create complete 

protection from complement-mediated defense mechanisms seems unlikely (Hammel et al., 

2007), and collaboration of different virulence factors might be necessary to suppress the innate 

immune system. Furthermore, the human immune system is more likely to be adapted for 

neutralizing a single complement inhibiting protein rather than a combination of virulence 

factors. Hence, it can be speculated that Spy0136, along with other GAS immune evasion factors, 

plays a fundamental role in GAS escaping from the potent human innate immune responses and 

the survival of the bacteria in the human body. 

 

6.3 The contribution of Spy0136 to GAS virulence 

 

In this study, the expression of Spy0136 in GAS M1 SF370 conferred protection for the 

bacteria by resisting killing in whole blood. Deletion of Spy0136 led to a significantly 

attenuated survival of GAS in human whole blood. Moreover, the increased survival rate of the 

gain-of-function L. lactis strain expressing the heterologous GAS Spy0136 compared to wild-

type L. lactis confirmed the importance of Spy0136 expression in bacterial survival in human 

blood. 

The in-vivo effects of Spy0136 were investigated using the Galleria mellonella infection 

model. Wild-type infected larvae resulted in a lower survival rate and health status compared 

to the knockout mutant, which was in line with the survival advantage granted by Spy0136 in 

the whole blood killing assay. 
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Overall, results from the in-vitro assays and the wax worm infection model indicated that 

Spy0136 is a GAS immune evasion virulence factor that helps bacteria evade the immune 

responses and survive in the host. We, therefore, named this novel virulence factor 

‘complement evasion factor’ (CEF). 

 

6.4 Is Spy0136/CEF a potential GAS vaccine candidate? 

 

spy0136/cef gene is highly conserved among all major M serotypes of GAS (Debra et al., 

2002). Blast analysis was found in >1,000 GAS genomes encoding proteins with aa sequence 

identities between 85.5% and 100%. Examination of Spy0136/CEF expression by various GAS 

strains (Section 5.1) showed all the tested strains express the Spy0136/CEF protein. The 

presence of  spy0136/cef gene and protein in all strains suggests a fundamental function of the 

gene in GAS pathogenesis. Moreover, the analysis of immunoreactivity of rSpy0136/CEF in 

sera from patients with invasive GAS infections proved that the expression of Spy0136/CEF 

occurs during GAS infections in humans (Section 5.2). All these findings propose 

Spy0136/CEF as a potential target for GAS vaccine development. 
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6.5 Future direction 

 

This research focused on the interaction of Spy0136/CEF with plasma proteins and the role of 

this protein in GAS virulence. The finding revealed that Spy0136/CEF is a novel GAS immune 

evasion factor that interferes with the human complement system and provided new insights 

into its role in GAS disease. However, the determination of the exact employed mechanisms 

by Spy0136/CEF to overcome the innate immune system needs further investigation. 

The study utilised rSpy0136/CEF in a complement-mediated haemolysis assay, an ELISA-

based test using Wieslab® complement screening kit, and a complement deposition assay to 

test the protein's function in the inhibition of complement pathways and deposition of C5b-9 

on the bacterial surface. The results of all assays showed that rSpy0136/CEF reduces the 

formation of MAC, but it is likely that Spy0136 interferes earlier in the complement cascade. 

Therefore to dissect this further, performing more experiments like complement deposition 

assay using C3b antibody instead of C5b-9 can aid to uncover the possible interaction of 

Spy0136/CEF with complement proteins in the stages before the MAC formation.  

In addition, strong and dose-dependent binding of rSpy0136/CEF to fibrinogen was also found. 

It has previously been shown that fibrinogen binds to several variants of the M protein, 

including M1 (Sanderson-Smith et al., 2014), leading to complement evasion (Courtney, H. S. 

et al., 2006). However, the mechanism of fibrinogen-mediated evasion of complement remains 

unclear. I hypothesise that Spy0136/CEF binds to surface M1 protein-bound fibrinogen to 

increase the local concentration of the protein before capturing complement proteins. This 

could be tested by incubating GAS with rSpy0136/CEF in the presence or absence of 

fibrinogen and analysing the ability of Spy0136 to bind to the surface of GAS by flow 

cytometry. Moreover, an ELISA-based competition assay can be performed to examine 

whether fibrinogen and complement proteins bind at different locations on the Spy0136 

protein.     

In this study, the initial attempt to determine the binding interface by generating alanine-

conversion mutants did not reveal any key residues. However, it is possible that the relative 

contribution of individual residues may be low, and mutating multiple residues together or a 

mutation that creates a charge reversal may be required for identifying binding residues. 
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In this project, attenuated virulence of spy0136/cef deletion mutant compared to the GAS 

strains containing spy0136/cef was detected in the Galleria mellonella infection model, which 

confirmed the contribution of Spy0136/CEF to GAS virulence. However, the mechanisms 

behind the reduced pathogenicity in-vivo need further investigation. Therefore, labeling wild-

type and spy0136/cef deletion strains of GAS with a bioluminescence reporter using a toxin-

antitoxin stabilised plasmid might provide a better understanding of the role of Spy0136/CEF 

in GAS pathogenesis through comparative analysis of growth dynamics or localisation of the 

wild-type and mutant strains in different in-vivo and in-vitro assays. Bioluminescence is a rapid 

technique for detecting and quantifying bacteria during infection and has previously been 

generated in our group (Loh & Proft, 2013; Loh et al., 2020). 

Since there is no licenced vaccine for GAS, the identification of novel virulence factors can 

provide promising insights into the development of an effective vaccine against this bacterium. 

Characteristics and preliminary analysis of Spy0136/CEF indicated that it might be a new 

vaccine candidate. The fact that antibodies against Spy0136/CEF exist in the sera of patients 

with invasive GAS infections also implies that the protein is immunogenic. To further evaluate 

the suitability of Spy0136/CEF as a vaccine candidate, immunising animals with 

rSpy0136/CEF and analysing their immune response by performing an opsonophagocytic 

killing assay or a neutralising assay can be helpful. Opsonophagocytic killing assay aids in 

identifying protective antibodies against Spy0136/CEF, and neutralising assay measures 

neutralising effect of Spy0136/CEF specific antibodies. Moreover, the efficiency of 

Spy0136/CEF  as a vaccine candidate can be more assessed through immunisation and 

challenge studies in a mouse infection model. 

 

6.6 Conclusion 

 

This study uncovered the functional and structural characterisation of Spy0136  as a novel 

virulence factor of GAS. The findings showed Spy0136 can be produced as a soluble 

recombinant protein and interacts with several complement proteins and fibrinogen. These 

interactions are able to inhibit the complement-mediated lysis of RBCs, dramatically reduce 

the activity of all three complement pathways and inhibit the formation of C5b-9 on the GAS 

surface. The expression of Spy0136 increased the ability of GAS to survive in human whole 

blood and demonstrated its role in virulence in a wax worm infection model. Overall, it can be 
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concluded that Spy0136 is a GAS immune evasion virulence factor that helps bacteria to evade 

the innate immune system and survive in the host. 
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Appendix A: 

 

spy0136 gene sequence (without signal sequence): 

         1 atgaaacgat gtaataaata tctcttcact tcactactag cagcttcgat gctgtttagt 

       61 tcgtataaat cagtacatgc ccatgataac attgatgaga aaggtaaagt gcacctttac 

      121 tggcagggaa attactatgt tgataactat gtcgactata ctaaaaaatt ggtcgatagc 

      181 gataaaaata ttgaatggac tgtaaccttt aattcagcta aagaacaatg ggtttaccct 

      241 gatttctcag tttttcttcc taagggtgta aaagctccta cagagataac ttatgagcat 

      301 cattattggg acggtacagt tcgttctgaa acacgcaata atacacaatg gcattatgat 

      361 tggaaaagcc aacaaacaaa ttttaatcaa gaatttgata aattccctgg ttatactggt 

      421 tggagtcctt ctctagataa attttacaaa ctaaaaaacg acggaaaatt ttctcacgtt 

      481 ttagtagata cctatggccg tcaatcacac acttattttt ctcataaaat ggtttggaag 

      541 tttaaaactg agcttgaaga taattacaaa aataaatggg ataaattacc gtttatagca 

      601 ggtattaaac aaaacaaccc attagcagca tcattcccaa gttataaagg ggaattcggt 

      661 gagcatcatcaccatcattaa 

 

Spy0136 protein whole sequence: 

MKRCNKYLFTSLLAASMLFSSYKSVHAHDNIDEKGKVHLYWQGNYYVDNYVDKLVDSDK

NIEWTVTFNSAKEQWVYPDFSVFLPKGVKAPTEITYEHHYWDGTVRSETRNNTQWHYDWK

SQQTNFNQEFDKFPGYTGWSPSLDKFYKLKNDGKFSHVLVDTGRQSHTYFSHKMVWKFKTE

LEDNYK NKWDKLPFIA GIKQNNPLAASFPSYKGEFGE                  (MW: 25.76 kDa) 

 

Signal peptide prediction of Spy0136: 
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Appendix B: 

 

RID: 65KY8PU0013  

Job Title: X63212:B.taurus CI-B17 mRNA for ubiquinone...     

Program: BLASTN  

Database: nt Nucleotide collection (nt) 

Query #1:  Query ID: lcl|Query_11669 Length: 681 

 

Sequences producing significant alignments: 
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