
AUTOCATALYTIC ACTIVATION AND 

CHARACTERIZATION OF STAPHYLOCOCCUS 

AUREUS CYSTEINE PROTEASE STAPHOPAIN A  

by 

Jessica Ip 

A thesis submitted in conformity with the requirements 

for the degree of Master of Science 

Graduate Department of Laboratory Medicine and Pathobiology 

University of Toronto 

© Copyright by Jessica Ip 2009 



 

 ii 

ABSTRACT 

 

Autocatalytic Activation and Characterization of Staphylococcus aureus  

Cysteine Protease Staphopain A 

 

Jessica Ip, M.Sc., 2009 

Department of Laboratory Medicine and Pathobiology 

University of Toronto 

 

Staphylococcus aureus secretes two cysteine proteases, Staphopain A (scpA) and 

Staphopain B (sspB). We hypothesized that ScpA will exhibit a distinct activation 

mechanism, and a different or complementary substrate specificity compared to SspB. A 

Cys>Ala active site substitution led to the accumulation of unprocessed 40-kDa proScpA, 

confirming that ScpA undergoes autocatalytic activation. A temporal analysis of ScpA 

expression revealed that activation was initiated by processing at Lys171 and Glu176, 

producing an intermediate that was rapidly converted to several isoforms of mature 

protease by processing after Thr202, Lys209, Thr214 and Asn216. Consistent with broad 

specificity, mature ScpA was sensitive to autocatalytic degradation. ScpA demonstrated 

activity towards elastin, fibrinogen and indicated evidence for binding to heparin. 

Elastinolytic activity was uniquely associated with strains belonging to CC30, and was 

correlated with ScpA expression. Therefore, although ScpA and SspB share both 

sequence and structural similarity, they exhibited very different substrate specificities and 

activation mechanisms.  
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PART I: INTRODUCTION 

I. Staphylococcus aureus 

(i) Identification 

Staphylococcus aureus is a Gram-positive pathogen that was first described by 

Sir Alexander Ogston in the late 1800s when he discovered that a cluster-forming 

bacteria was involved in causing abscess formation in humans. Because of the clusters of 

cocci observed through the microscope, the name “Staphylococcus” was given based on 

the Greek term staphyle, which meant, “bunch of grapes” (171). The term “aureus” 

comes from the Latin meaning “golden” describing the golden-yellow pigmentation of 

the colonies when grown on a nutrient agar medium.  

In addition to its unique golden pigmentation, S. aureus can be distinguished 

from other staphylococcal species by the production of coagulase, an enzyme that 

induces fibrin clot formation. All other members of the staphylococcal species unable to 

produce free coagulase are referred to as coagulase-negative staphylococci (207). S. 

aureus can also be identified by its growth in mannitol salt agar, by which colonies grow 

as a result of mannitol fermentation and a change in the pH of the medium. Furthermore, 

using deoxyribonucleases tests, the level of zone clearing of nutrient agar can 

differentiate the staphylococcal species (252).  

 

(ii) Clinical Importance of Staphylococcal Infections 

S. aureus is one of the most successful and persistent human pathogens to date. S. 

aureus typically colonizes the skin and mucosa, primarily in the anterior nares, but also in 

the vagina and perianal area (8). Approximately 30 to 50 percent of colonization occurs 
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in healthy people, with 10 to 20 percent persistently colonized (33, 162). An increased 

risk for infection is present for individuals colonized with S. aureus (251). S. aureus 

proved to be virulent as reported in Boston City Hospital in 1941, where the mortality 

rate was 82% in 122 patients associated with S. aureus bacteremia (225). During the 

period 1997 to 1999, S. aureus was reported as the leading cause of bloodstream, lower 

respiratory tract, and skin and soft tissue infections in the United States, Canada, Latin 

America, Europe, and the Western Pacific region (55).   

Staphylococcal infections are initiated when there is a breach of the skin or 

mucosal barrier allowing for S. aureus to infect surrounding tissues or enter the 

bloodstream. S. aureus can cause a variety of diseases ranging from mild subcutaneous 

infections, to severe life threatening conditions such as osteomyelitis, endocarditis and 

sepsis (125). 

Staphylococcal outbreaks among adults commonly occur in hospitals, particularly 

in burn or surgical units. Medical devices such as intravenous catheters and deep wounds 

in patients serve as a favourable growth environment for staphylococci (27, 48, 222).  In 

the recent decades, there has been higher prevalence of nosocomial staphylococcal 

infections, partly as a result of increased use of intravascular devices (233).   

Due to the persistence of S. aureus in the environment, outbreaks may occur as a 

result of exposure to environmental sources (48), or more commonly, through contact 

with the colonized hands of health care workers which allows for S. aureus to be readily 

transmitted (135). In addition, the spread of epidemic strains has been associated with the 

admission of infected patients from one hospital to another (24, 208). 
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(iii) Emergence of Antibiotic Resistant Strains of S. aureus 

!-lactam antibiotics interferes with cell wall synthesis by inactivating the 

transpeptidases responsible for cross-linking peptidoglycan chains in the cell wall. As a 

result of compromised structure, cell wall-based metabolism and cell division, as well as 

the function of the cell wall, is weakened, therefore leading to autolysis (229).  

S. aureus can acquire resistance by mutation, conjugation transduction or 

transformation although the latter two methods are less common (5). Prior to the 

introduction of antibiotics in the 1940s, invasive staphylococcal infections often resulted 

in mortality (225). When penicillin was introduced clinically in 1941, mortality rate was 

markedly reduced (232). Unexpectedly, in 1942, penicillin resistance in staphylococcal 

infections was reported (200) and by the late 1940s, penicillin was commonly used in 

hospitals and penicillin-resistant strains began to surface and exceed sensitive strains 

(18). Penicillin-resistance was due to the production of a serine protease, !-lactamase, 

which hydrolyzes pencillin’s !-lactam ring (125).  

Since penicillin was no longer an effective treatment for most S. aureus 

infections, semisynthetic !-lactamase-resistant penicillins, such as methicillin and 

oxacillin were developed to treat methicillin-sensitive S. aureus. However, within a few 

years of its introduction, the emergence of methicillin-resistant S. aureus (MRSA) strains 

were reported (178). From 1975 to 1991, hospitals in the United States reported an 

increase from 2.4% to 29% in the proportion of S. aureus strains resistant to methicillin. 

By 1991, 79% of hospitals were reporting MRSA cases (178) and by 2003, 59.5% of S. 

aureus strains isolated from intensive care units were methicillin resistant (3). Methicillin 

resistance is due to the acquisition of the mec gene that encodes for an altered penicillin-
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binding protein, PBP2a (34). Cross-resistance is conferred since PBP2a has a lower 

affinity for most !-lactams compared to PBP2 found in methicillin-sensitive S. aureus 

(8).  

 Until recently, vancomycin has remained an effective treatment against most 

MRSA infections. There has been increasing concern about the potential for vancomycin-

resistance in S. aureus. These concerns are based on the reports that clinical isolates of 

certain species of coagulase-negative staphylococci had developed resistance to 

vancomycin (214, 216). Furthermore, Gram-positive vancomycin-resistant enterococci 

(VRE) had developed and spread in many hospitals in the United States (152). The 

selective pressure for the development of resistant strains suggests it may only be a 

matter of time before vancomycin-resistant S. aureus is a threat to effective treatment for 

severe staphylococcal infections.  

Although the persistence and high level of resistance of strains in the hospital 

setting have been a serious concern, community-acquired MRSA (CA-MRSA) has shown 

to be more virulent than hospital-acquired MRSA (HA-MRSA) causing severe and often 

fatal infections in healthy individuals (77). While the rate of HA-MRSA infections had 

increased to nearly 50% in the late 1990s, community-acquired strains had begun to 

surface in diverse community groups including American Indian and Alaska Natives 

(14), sports teams (2), prisoners (1), and children (110). By 2002, up to 20% of CA-

MRSA isolates were obtained from healthy individuals who had no established risk 

factors (78). The emergence of hospital outbreaks compared to the subsequent delayed 

onset of disease in the community has suggested that hospital acquired strains may have 

been transmitted to the community (26).  However, studies of the emergence of 
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community-acquired MRSA disease over the past decade reported that S. aureus isolates 

from the community and those that were hospital-acquired were distinct (153).  

 

II. Virulence Strategy 

The virulence strategy of S. aureus proceeds through five stages: 1) colonization, 

2) local infection, 3) systemic dissemination and/or sepsis, 4) metastatic infection, and 5) 

toxinosis (8). Following colonization, infections are initiated by a breach of skin or 

mucosal barrier allowing the bacteria to spread to the local tissues or invade the blood 

stream. The capacity of S. aureus to express a variety of virulence factors has contributed 

to its success as a threatening pathogen. A brief list of those factors known to contribute 

to the establishment or maintenance of an infection is listed in Table 1.  

 The virulence of S. aureus is a result of coordinated activity of proteins that are 

expressed on the bacterial surface that bind to the extracellular matrix, as well as secreted 

toxins and enzymes.  The expression of many virulence factors appears to be growth-

phase dependent. Surface proteins are mostly produced during the exponential growth 

phase, while secreted proteins are produced during the stationary phase. This strategy of 

gene expression may have clinical implications whereby different stages of 

staphylococcal infections seem to require different types of virulence factors. 

Furthermore, whether S. aureus remains in the local tissues or continues to spread 

depends on the regulation of virulence factors by the complex networks of different 

staphylococcal global regulatory systems (125).  
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Table 1. Major virulence factors of S. aureus and their associated pathogenic 

mechanisms 

Pathogenic Mechanisms Virulence Factor 

Adhesion to Host Cells Fibronectin-binding proteins  

 Fibrinogen-binding proteins  

 Collagen-binding protein 

 Elastin-binding protein 

  

Immune Evasion Microcapsules (Serotypes 5 and 8) 

 Protein A 

 Coagulase 

 Fatty acid-metabolizing enzyme 

 Leukocidin and/or "-toxin 

  

Tissue Invasion and Bacterial Dissemination Proteases 

 Nucleases 

 Lipases 

 Hyaluronate lyase 

 Staphylokinase 

 Panto-Valentine leukocidin 

  

Induces Sepsis Toxic shock syndrome toxin 

 Enterotoxin 

 Hemolysins (#-, !-, $-, "-) 

  

Promotes Specific Toxinosis  Toxic shock syndrome toxin 

 Enterotoxin 

 Exfoliative toxin 

 

The data for this table was compiled from References (8, 101, 125). 
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Based on their pathogenic mechanisms, virulence factors may be grouped into three 

functional categories which include factors that mediate adhesion of bacteria to host cells, 

factors that help the bacteria evade the host immune response and factors that promote 

tissue damage and bacterial dissemination (12). Selected virulence factors from these 

three categories will be discussed in further detail below.  

 

(i) Colonization Factors 

The ability to adhere to the extracellular matrix (ECM) allows S. aureus to 

colonize the host. As the initial step in the infection process, adherence of the S. aureus to 

the host ECM utilizes bacterial surface adhesins designated as MSCRAMMS (microbial 

surface components recognizing adhesive matrix molecules). MSCRAMMS must be 

localized to the bacterial cell surface and be able to bind with high affinity and specificity 

to a macromolecular ligand present within the ECM (180). Such ECM ligands include 

fibronectin, fibrin and collagen.  

For most surface-associated proteins, which are covalently attached, a LPXTG 

motif is located at its C-terminal end, followed by hydrophobic residues and a positively 

charged tail (215). The LPXTG motifs are proteolytically cleaved by a membrane-bound 

transpeptidase referred to as sortase prior to anchoring the C-terminus of the protein to 

the cell wall (156).  

 

a. Fibronectin-Binding Proteins 

S. aureus possesses two related fibronectin (Fn) binding proteins, fnbA and fnbB, 

both of which are adjacent to each other but are transcribed separately. Most S. aureus 
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strains harbour both of these genes (183, 204), but some isolates may only carry a single 

fnb gene (146, 148, 183, 204, 228). FnbpA and FnbpB have similar protein structures and 

share almost identical D domains, which are located close to the cell-wall-spanning 

domain and considered as the primary domain responsible for interaction with Fn (71, 

180, 224). In addition to binding to Fn, both FnbpA and FnbpB can interact with elastin 

(206) and FnbpA can bind to fibrinogen (Fg) (249).  

It has been shown that lack of adherence and host-cell invasion of S. aureus strain 

Newman was caused by point mutations within the fnb genes which led to the loss of the 

cell wall anchor function of these proteins (84). In addition to host cells, it is possible for 

S. aureus to adhere to biomaterial surfaces such as intravenous catheters coated with host 

plasma and ECM proteins to cause a foreign body infection (246).  Furthermore, 

fibronectin was shown to be an important ligand for bacterial attachment as blood clots 

formed in vitro without Fn inhibited attachment of S. aureus (199). The observation that 

Fn is present on epithelial and endothelial cell surfaces suggests that Fn may contribute to 

the colonization of S. aureus in CAPD (continuous ambulatory peritoneal dialysis) 

peritonitis, severe endocarditis and ruminant mastitis (74).  In addition, a role for Fnbps 

in virulence is implicated in Fnbp mutants that reduced adherence of S. aureus to 

traumatized heart valve tissue in rats (119).  

 

b. Fibrinogen-binding proteins 

Present in high concentrations in the blood plasma, fibrinogen is a glycoprotein 

involved in coagulating blood as well as wound healing processes. Blood clots are 

formed when fibrinogen is proteolytically cleaved to yield fibrin (180). S. aureus 
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synthesizes two structurally similar but genetically distinct (73) fibrinogen (Fg) binding 

proteins also known as clumping factors ClfA and ClfB, which are encoded by genes clfA 

and clfB, respectively (136, 157). The Fg-binding domain is represented by the A domain 

which is anchored by the R domain to the cell wall (87). The region that is responsible for 

Fg-binding is located at the C-terminal end of the A domain in ClfA (88). The 340-kDa 

Fg is composed of six polypeptide chains (A#, B!, "). ClfA recognizes the C-terminal of 

the "-chain (137) while ClfB binds to the A#- and B!-chains (157).  

Virulence of both clumping factors is demonstrated with its involvement in 

causing endocarditis in a rat infection model. In this model, ClfA was shown to be more 

effective than ClfB (67, 149). Endocarditis can be further developed by the effective 

attachment of S. aureus to platelet aggregates present on the surface of the heart valves 

(236). It has been suggested that the activation of human platelets and the adherence of S. 

aureus to these platelets is facilitated by the clumping factors (168, 223). Furthermore, 

ClfA has been associated with staphylococcal arthritis (106, 175) and has shown to 

protect S. aureus against macrophage phagocytosis, although, protection did not require 

the presence of Fg (177). ClfB has been implicated as a virulence factor that promotes 

nasal colonization through adhering cytokeratin 10 molecules on the surface of 

desquamated nasal epithelial cells and keratinocytes (169).   

 

c. Collagen binding protein 

Collagen is a major component of the ECM and studies have found that S. aureus 

is capable of adhering to collagen via a specific receptor (231, 237). S. aureus produces a 

gene cna which encodes for a collagen adhesin (Cna) that facilitates in attachment to 
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collageneous tissues. Cna is comprised of an A domain that is responsible for collagen-

binding activity (181). Although only one gene has been identified in S. aureus, several 

different forms of the cna gene exists as the A domain is followed by varying numbers of 

B domains (80).  Cna has been implicated in virulence since strains isolated from 

osteomyelitis and septic arthritis were able to adhere to collageneous tissues in vitro (74). 

Furthermore, Cna has been shown to sustain experimental endocarditis, but not 

necessarily initiate the infection (93).  

 

d. Elastin binding protein 

Elastin is a major component of the ECM and is important in maintaining the 

elasticity and function of tissues rich in elastin and elastin fibres such as lungs, skin and 

major blood vessels (154). In addition to Fnbps which demonstrates elastin-binding 

activity, S. aureus produces another surface adhesin, the elastin binding protein EbpS, 

that is also responsible for adhering to elastin (58). Distinct from other adhesins of S. 

aureus such as fibrinogen-, collagen- and fibronectin-binding proteins, EbpS is an 

integral protein with two transmembrane domains. The N-terminus of EbpS containing 

the elastin binding site is exposed to the extracellular milieu (58). The ability of EbpS to 

adhere to elastin may contribute to the bacterial colonization of S. aureus.  



 

 

 

11 

(ii) Immune Evasion Factors 

When there is a breach of the skin or mucosal barrier, S. aureus is faced with the 

primary defence of the host. Once the infection has been initiated, a strong inflammatory 

response is stimulated thereby recruiting neutrophils and macrophages to the site of 

infection. The neutrophils and macrophages will attempt to phagocytose and remove 

invading S. aureus (72). However, S. aureus has been well adapted to employ several 

strategies to evade the host immune response. 

 

a. Staphylococcal Protein A  

One of the strategies S. aureus uses to evade phagocytic killing is by expressing 

surface-associated anti-opsonic proteins (72). Staphylococcal Protein A (Spa) is a surface 

protein known to bind to the Fc region of IgG (245). The interaction between Spa and the 

Fc region of IgG results in the coating of the bacterial surface with IgGs positioned in 

such a way that renders it unavailable for recognition by neutrophil Fc (72). Therefore, 

Spa may contribute to the antiphagocytic effects of S. aureus. This is supported by the 

observation that S. aureus strains deficient in Spa were more susceptible to phagocytosis 

by neutrophils in vitro (79) and resulted in attenuated virulence in several animal 

infection models (176, 179). Spa can also bind the von Willebrand factor, which is a 

multimeric serum glycoprotein implicated in mediating platelet adhesion in sites of 

endothelial damage (89, 209). It has also been shown that Spa can act as a receptor for 

TNFR1, which is a receptor for tumour-necrosis factor #, and stimulating an 

inflammatory response in airway epithelial cells (82). 
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b. Bacterial Capsules 

Many strains of S. aureus express a capsular polysaccharide. Of the known 11 

serotypes, serotype 5 and 8 have been found to be implicated in increased virulence in 

animal infection models (13, 126, 161, 243). The presence of the bacterial capsule was 

shown to reduce phagocytosis by neutrophils in the presence of normal serum opsonins. 

This suggests that encapsulated S. aureus strains are capable of evading 

opsonophagocytosis (161, 243).  

 

(iii) Invasion Factors 

As mentioned before, the expression of S. aureus virulence factors are growth-

phase dependent. Surface proteins are mainly expressed during exponential growth phase, 

whereas the synthesis of various extracellular proteins occurs during stationary phase 

(125). It has been suggested that this transition may be clinically relevant, as it is believed 

that the expression of surface proteins allows for successful colonization during the early 

stages of infection while secreted proteins are important for bacterial survival and 

dissemination during the late stages of infection (174).   

Once S. aureus invades the skin barrier, it secretes exotoxins and enzymes that 

can initiate various severe cutaneous and systemic infections. Some of these virulence 

factors include proteases, nucleases, lipases, hyaluronate lyase, staphylokinase and 

hemolysins (#-, !-, $-, "-) (101). An example of a systemic effect by toxins are the 

staphylococcal exfoliative toxins (ETs), including epidermolytic toxins A and B which 

have been shown to cause detachment in the epithelial layer, a feature of staphylococcal 

scalded skin syndrome (SSSS) (125). Also, Toxic Shock Syndrome Toxin (TSST-1) has 
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been linked to toxic shock syndrome, which is a potentially fatal illness and is 

characterized by high fever, rashes, peeling of the skin, hypotension and multisystem 

involvement (56). Moreover, Panton-Valentine leukocidin (PVL) toxin, a cytolytic toxin, 

has been associated causing furunculosis (boils) (194) and necrotizing pneumonia in 

young, otherwise healthy individuals (124, 257). Collectively, these diseases strongly 

support the importance of exotoxins in the virulence of S. aureus.  

In addition to toxins, secreted proteases have also demonstrated an important role 

in the growth and dissemination of S. aureus. A detailed review of secreted proteases as 

virulence factors will be examined in Chapter III.   

 

(iv) Regulation of Virulence Factors in S. aureus   

The virulence of S. aureus is a result of coordinated expression of secreted and 

surface-associated proteins by specific global regulatory systems. These systems regulate 

the production of virulence factors at specific stages of growth and also respond to 

environmental stimuli. Two of the best-described regulators for virulence factors are Agr 

(accessory gene regulator) and sarA (staphylococcal accessory regulator).  

The agr locus was identified by a transposon Tn551 insertional mutant that 

caused a pleiotropic effect on extracellular and cell wall-associated proteins. Production 

of extracellular proteins were decreased whereas cell wall-associated proteins such as 

protein A and fibronectin-binding protein were increased (202).  It has been found that 

agr can unregulate 104 genes and downregulate 34 genes in a cell density-dependent 

manner (65).  

 The agr locus consists of two divergent transcripts, RNAII and RNAIII, which are 
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transcribed by two distinct promoters, P2 and P3 respectively (184). The P2 transcript, 

referred to as RNAII, encodes AgrB, AgrD, AgrC and AgrA that together assemble a 

quorum sensing system (263). AgrB and AgrD work together to produce an autoinducing 

peptide (AIP) while AgrC and AgrA make up the a two-component signal transduction 

system which is sensitive to the signal, AIP (12).  

 During the exponential growth phase, agrD encodes a propeptide that undergoes 

maturation by the anchored membrane protein AgrB prior to secretion into the 

extracellular environment. AgrB is a 26-kDa membrane protein containing six 

transmembrane segments (105) while the processed AIP consists of seven to nine 

residues (104, 133). ArgC is a 46-kDa transmembrane receptor made from five 

transmembrane domains. Upon binding of AIP, AgrC is phosphorylated at the sensor of 

the system which is a conserved cytoplasmic histidine kinase present at the C-terminal 

end of the protein (104). Subsequently, a phosphate residue is transferred from AgrC to 

the response regulator, AgrA, thereby allowing AgrA to bind to the P2 and P3 promoters 

or interact with other factors to increase transcription from these promoters (29).  

 The P3 promoter initiates transcription of RNAIII, which has been shown to be a 

pleiotropic effector molecule of the agr system. Upon accumulation of AIP, which 

signals the AgrCA system, RNAIII upregulates the transcription for secreted proteins 

while downregulating surface-associated virulence factors (102, 165, 166). Therefore 

surface-associated virulence factors are typically expressed during early growth phase 

whereas secreted proteins are activated and transcribed during late exponential growth 

phase (12). RNAIII also encodes for $-toxin gene (103) that when translated, appears to 

modulate the RNAIII regulatory function (16). The agr gene has demonstrated its 



 

 

 

15 

importance to virulence by S. aureus in animal models of infection including arthritis, 

subcutaneous abscesses, endocarditis, mastitis, and osteomyelitis. Models have shown 

greatly attenuated virulence as a result of agr mutants (45, 195).   

 Another well-characterized pleiotropic regulator of S. aureus is the staphylococcal 

accessory regulator, sarA. The sarA locus was identified locus by a transposon Tn917 

insertional mutant that decreased fibrinogen binding in a clinical strain of S. aureus. 

Moreover, opposite to the phenotype of an agr mutant, surface-associated proteins were 

reduced to lower levels in the Tn917 insertional mutants than in the parent strain (39). 

SarA is transcribed from three distinct promoters, P1, P2 and P3, which all shares a 

common 3’ end. Therefore, the 14.5-kDa SarA protein is a product of all three transcripts 

(19).  

The DNA-binding protein sarA regulates target genes by binding to a conserved 

AT-rich sequences present in their promoter regions. sarA acts as an activator of the agr 

system by binding to the agr P2 and P3 promoter regions. This activates RNAII and 

RNAIII thereby regulating the production of S. aureus virulence factors (38, 150). 

Furthermore, sarA may regulate the synthesis of target proteins by binding to the 

conserved regions within the promoters of surface-associated as well as extracellular 

proteins (41, 65).  

   

III. Role of Secreted Proteases in Virulence 

Secreted proteases facilitate in the survival of bacteria and dissemination of 

infection (125). In particular, secreted staphylococcal proteins include metallo-, serine- 

and cysteine proteases (10, 61, 188, 205). With the exception of #2-macroglobulin, these 
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proteases are not regulated by human plasma protease inhibitors. In fact, these 

staphylococcal proteases may interfere with host protease activity by proteolytically 

inactivating some of these host-derived inhibitors resulting in harmful effects on the host 

(128, 193). Proteases can modulate bacterial adhesion and cell surface proteins as the 

bacteria progresses through virulence factor expression (141). Besides toxins and other 

enzymes, proteases play an important role in host tissue destruction allowing S. aureus to 

acquire nutrients and spread into adjoining tissues (188, 244). Furthermore, proteases 

initiate the release of kinins causing pathogenic effects ranging from pain and edema, 

translocation of bacteria from the site of infection into circulation and septicemia (128). 

In addition to degradation of immunoglobulins and complement cascade proteins, 

proteases interact with coagulation and fibrinolysis pathways to allow the bacteria to 

defend against host immune response and promote dissemination (9, 63). 

 

(i) The Staphylococcal Proteolytic Cascade 

Amongst the virulence factors secreted by S. aureus, it has been found that the 

activity of three major proteases secreted by S. aureus work together in a Staphylococcal 

Proteolytic Cascade (SPC). This cascade is initiated by the rapid autocatalytic activation 

of a metalloprotease, aureolysin. Mature aureolysin subsequently activates a serine 

protease, SspA by processing its N-terminal propeptide. SspA proceeds to the last step of 

removing the N-terminal propeptide of the cysteine protease precursor SspB to yield an 

active protease (4, 5). SspA and SspB are encoded in a staphylococcal serine protease 

(ssp) operon along with SspC, of unknown function. The proteases in the ssp operon have 

been previously identified to be required for the in vivo growth and survival of S. aureus. 
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This was supported by a study using signature-tagged mutagenesis on sspA that had led to 

reduced virulence in three different infection models (47). However, in another study, a 

nonpolar inactivation of SspA resulted in a pleiotropic effect and did not show to be 

directly involved in the development of tissue abscess infections (205). In addition, 

aureolysin, in combination with #-hemolysin, sortase A, and functional agr and sigB 

regulators, were required for bacterial survival and evasion of human monocyte-derived 

macrophages. Furthermore, confocal microscopy demonstrated that Aur, SspA and SspB 

were produced following phagocytosis by human neutrophils (31).  S. aureus also 

secretes another, although less characterized, cysteine protease called Staphopain A 

(ScpA) which shares 47% amino acid identity with SspB (81). ScpA combined with the 

activity of SspB can induce vascular leakage activity by targeting kininogens to release 

bradykinin, a potent vasodilator (100). Although it has been suggested that ScpA is not 

involved in the SPC pathway for activation, secreted proteases ScpA along with Aur, 

SspA and SspB undoubtedly plays a significant and complex role in the virulence 

strategy of S. aureus. These proteases and other similar cysteine proteases involved in 

virulence will be described in further detail in the following sections.  

 

(ii) Aureolysin 

Aureolysin belongs to the M4 family of metalloproteases (201) and was first 

purified and identified as an EDTA-sensitive protease from S. aureus strain V8 (11). 

Genetic analysis has shown that the aur gene is strongly conserved and is widespread 

amongst strains isolated from humans indicating an important role in bacterial growth 

and survival (213). Two allelic forms of the aur gene have been identified as aureolysin 
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type I and type II in strains isolated from humans and domestic animals (213, 239). 

Purification and biochemical analysis of both aureolysins from domestic animals have 

shown that the specific activity of aureolysin type II was two times higher than that of 

type I (239). 

Aureolysin is structurally similar to zinc metalloprotease thermolysin (17) with a 

polypeptide chain of 301 amino acids folded into a !-pleated N-terminal domain and an 

"-helical C-terminal domain. Gene analysis has suggested that the aureolysin protease is 

produced in preproform (213). This 56 kDa preproAur is comprised of a signal peptide 

followed by an N-terminal propeptide, and a 33 kDa metallopeptidase domain containing 

a catalytic HExxH (159). Its similarity to thermolysin and other M4 metalloproteases 

suggests that Aur may undergo autocatalytic activation. A previous study had concluded 

that Aur maturation does not proceed autocatalytically (217). However, a more recent 

study has shown that proAur does proceed through rapid autocatalytic activation and is 

processed within the fungalysin-thermolysin-propeptide domain, an internal segment of 

the propeptide. This domain, which is conserved in other M4 metalloprotease, has proved 

to function as a chaperone as well as a modulator for the specificity of Aur autocatalytic 

activation (159).  

Expression of Aur is upregulated by agr and is repressed by sarA (25, 35, 65). 

Aur exhibits specificity for peptide bonds on the N-terminal side of bulky hydrophobic 

residues. Aur can be inactivated by o-phenanthroline, reactivated by zinc ions and its 

structure can be stabilized with calcium (17, 59, 191). Aur functions as the initiator of the 

SPC pathway beginning with its rapid autocatalytic activation and subsequently 

activating SspA precursor (59, 160). In vitro studies have shown that Aur processes and 
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thereby inactivates human plasma protease inhibitors #1-antichymotrypsin and #1-

proteinase inhibitor, a neutrophil elastase inhibitor. Processing of #1-antichymotrypsin 

yields a molecule with potent chemotactic activity towards neutrophils (189). Compared 

to SspA, Aur inefficiently cleaves #1-proteinase inhibitor suggesting that these two 

proteases may work in concert to deregulate neutrophil-derived proteolytic activity (193). 

In addition, Aur may be involved in coagulation activity induced by staphylococci as in 

vitro studies have suggested that a metalloprotease from S. aureus can directly activate 

prothrombin, thereby promoting plasma-clotting (250). Similar to SspA, Aur modifies 

cell surface proteins of S. aureus, which can potentially promote detachment of bacterial 

cells from colonized sites and facilitate in bacterial dissemination. In particular, Aur is 

responsible for the cleavage of the N-terminal domain surface-associated clumping 

factor, ClfB (134).  

 

(iii) SspA 

The staphylococcal serine protease (Ssp) SspA, also known as V8 protease, was 

the first purified and characterized secreted enzyme of S. aureus (61). From the glutamyl 

endopeptidase family, SspA purified from different strains have demonstrated structural 

heterogeneity (20, 210, 261). This heterogeneity was likely due to the predicted intrinsic 

region of disorder at the C-terminus of the protease comprised of tandemly repeated Pro-

Asn/Asp-Asn tripeptides (60). Using sequence analysis of the S. aureus strain COL 

genome (http://www.tigr.org), the sspA was followed by an open reading frame encoding 

an extracellular cysteine protease, sspB. The sspA and sspB proteases are encoded on one 

operon which also included a third open reading frame, sspC, of unknown function. The 
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ssp operon expression is upregulated by agr (205) and strongly repressed by sarA (35). 

SspA is synthesized in preproform and is cleaved by signal peptidase to remove the 

signal peptide during secretion. proSspA is subsequently released for initial processing 

exclusively through autocatalytic intramolecular maturation, which was shown to be a 

necessary step for efficient processing to yield mature SspA by Aur (59, 160).  

 SspA exhibits a high specificity, with a preference for the carboxyl-side of 

glutamic acid residues (94). As a component of the SPC pathway, SspA is required for 

activating the 40-kDa SspB by proteolytic removal of the SspB propeptide (130). SspA 

may moderate adhesion functions of S. aureus by modifying surface proteins. Consistent 

with its preference for cleaving after glutamic acid residues, SspA degrades cell-surface 

fibronectin binding proteins (Fnbps), which have a high glutamic acid content, including 

the required motif involved in ligand binding (140, 141). Studies have shown that the 

stability of Fnbp was enhanced by supplementing cultures with #2-macroglobulin (141) 

as well as inactivation of SspA (113).  

In addition to efficiently inactivating #-proteinase inhibitor (193), SspA is able to 

generate kinins from high molecular weight kininogen which may assist in bacterial 

spread into the systemic circulation (128, 147). Furthermore, in vitro studies showed 

SspA may promote immune evasion by its ability to cleave the heavy chains of all classes 

of immunoglobulin (9, 196). Contrary to a study observing attenuated virulence after a 

transposon insertion into the sspA gene (47), a nonpolar allelic replacement mutation of 

sspA led to inactivation of SspA but did not result in attenuated virulence in tissue 

abscess model of infection. However, a pleiotropic effect was observed on the profile of 

secreted proteins including autolysin activity suggesting that SspA may be involved in 
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controlling autolytic activity. There was also an effect on the maturation of the SspB as 

noted by the accumulation of a 40 kDa protein in the culture supernatant, which was later 

identified to be proSspB (205).  

 

(iv) SspB 

As mentioned above, the sspB gene encoding the preproform of a cysteine 

protease is preceded by sspA and followed by sspC on the ssp operon. During activation, 

the propeptide of the 40 kDa proSspB is removed by SspA yielding a 20 kDa mature 

form of SspB, also known as Staphopain B. This was noted by the accumulation of 

proSspB in the culture supernatant when SspA was inactivated (205). With 30.52% GC 

content, SspB shares a 47% amino acid identity with another secreted cysteine protease 

of S. aureus Staphopain A (ScpA). Both staphopain genes were conserved among S. 

aureus strains suggesting an important role in the growth and survival of S. aureus. 

Although SspB exhibits some degree of polymorphism, there is minimal alteration in 

protein sequence and therefore is able to retain its function (81). The thiol histidine active 

site of SspB was identified to be LGHALAVVGNA (205).  

 SspB belongs to the papain family of cysteine proteases, which requires a bulky 

hydrophobic amino acid at the P2 site relative to the scissile bond (142, 143, 163, 235). 

SspB exhibits a narrow substrate specificity as it demonstrates a strong preference for 

arginine at the P1 site and a hydrophobic amino acid at the P2 site (130). SspB is 

stimulated by EDTA in the presence of cysteine and inhibited by a cysteine protease 

inhibitor, E-64. As suggested by the nonpolar inactivation of SspA which did not appear 

to contribute to the development of tissue abscess infection (205), virulence may have 
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been a result of downstream effects on SspB by the transposon insertion in the sspA gene 

(47) thereby supporting SspB as an important virulence determinant. This is supported by 

a study in a skin abscess mouse model whereby the insertional inactivation of sspB 

resulted in attenuated virulence (217).  

SspB is unable to process resorufin-labeled casein, IgG, IgA, or serum albumin 

suggesting that SspB does not have a general role in protein degradation. However, SspB 

demonstrates a role in controlling adhesive functions by targeting extracellular matrix 

molecules. As such, fibronectin is degraded by SspB at VR259%A, which mimics the 

cleavage site by urokinase plasminogen activator. Furthermore, SspB can process 

fibrinogen at YR42%A, which is the same site that is cleaved by plasmin to initiate 

fibrinolysis. SspB is able to cleave single-chain kininogen yielding fragments similar in 

size to the heavy and light chains. Although bradykinin was not excised from the putative 

heavy chain, the conversion may increase attachment to cell surfaces and also facilitate in 

efficient conversion to active kallikrein, which ultimately can enhance vascular 

permeability thereby promoting the dissemination of infection. Moreover, SspB promotes 

the detachment of primary human keratinocytes suggesting a means for S. aureus to gain 

access to the ECM (130). SspB has also demonstrated a possible role for initiating 

chronic inflammation. This was suggested by the observation that SspB can mediate the 

activation of chemoattractant chemerin, which could result in the recruitment of 

plasmacytoid dendritic cells and macrophages to the site of infection (118). A possible 

strategy for S. aureus to evade the immune system was noted when phagocytosis by 

neutrophils and monocytes were reduced when treated with SspB (227). 
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(v) ScpA 

S. aureus also secretes another, although less characterized, cysteine protease 

called Staphopain A (ScpA). The less virulent Staphylococcus epidermidis has 

orthologues of scpA and sspA, but the latter locus is monocistronic and therefore has no 

orthologue of sspB (64).  Hence, the simultaneous existence of two staphopain operons in 

S. aureus distinguishes the proteolytic capacity of S. aureus from S. epidermidis, thereby 

suggesting a key role of staphopains in causing virulent infections. The presence of two 

staphopains does not suggest functional redundancy as each protease differs in substrate 

specificity and function (81). In addition, the scpA gene has been found in high protease-

producing avian strains of S. aureus (238). 

The scpA gene is encoded on the staphylococcal cysteine protease operon (scpAB) 

and is co-transcribed with a downstream specific inhibitor of ScpA called scpB 

(staphostatin A) (62). ScpA is secreted in preproenzyme form but its activation 

mechanism has yet to be elucidated. Similar to sspB, scpA is conserved and has a thiol 

histidine active site AGHAMAVVGNA (130). A study using strains with insertional 

inactivations of SspA, SspB or Aur that continue to yield mature ScpA suggested that it is 

not involved in the SPC pathway for activation (217). The ScpA orthologue of S. 

epidermidis, Ecp, efficiently cleaves substrates containing the Yaa-Glu%Xaa sequence 

motif, where Yaa represents a large hydrophobic amino acid and Xaa represents any 

amino acid except for proline (172). In contrast, it has been suggested that ScpA exhibits 

a broader substrate specificity (25). Due to its broad specificity, its proteolytic activity 

may lead to degradation of E. coli host cell proteins. Therefore, a study had shown that 
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recombinant ScpA could only be expressed with its cognate inhibitor, ScpB, due to 

cytoplasmatic toxicity when expressed alone (254).  

Ecp of S. epidermidis, which shows 75% identity with the sequence of ScpA, has 

been known to possess elastinolytic activity (172). Similarly, it has been proposed that 

ScpA may also possess elastinolytic properties (188) and therefore may play a role in the 

degradation of host connective tissue. Moreover, ScpA is able to hydrolyze cysteine 

protease inhibitors cystatins C and D by cleaving at hydrophobic residues (Val and Leu) 

in the P2 residue, thereby downregulating cystatins necessary for host protease-inhibitor 

balance (248). Although less efficient than SspA, ScpA is also able to process human #-

proteinase inhibitor (193). In addition, ScpA combined with the activity of SspB can 

induce vascular leakage activity by targeting kininogens to release bradykinin, a potent 

enhancer of vascular permeability (100). Despite its activity on these substrates and 

limited activity on synthetic substrate Z-Phe-Leu-Glu-pNA, further investigation into the 

substrate preferences is needed to gain a deeper understanding of its target protein 

substrates.   

 

(vi) Staphostatins 

Several strategies have been implemented by microorganisms to protect the cells 

that produce them from the broad specificity of proteases, which may degrade host cell 

proteins. Mechanisms to control proteolytic activity of the enzymes include secreting 

proteases as inert zymogens and/or producing specific inhibitors (114).  As such, 

staphostatins are a distinct, novel class of cysteine inhibitors found to be co-expressed 

with staphopains in S. aureus. Organization of the ssp operon and the scp operon show 
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that staphostatins sspC and scpB are encoded downstream of sspB and scpA, respectively. 

This organization suggested that sspC and scpB might function as inhibitors of papain-

like cysteine proteases. However, despite the homology between SspB and ScpA, the 

inhibitors were found to be highly specific for the proteases encoded in the same operon 

and did not exhibit any cross-inhibition with other cysteine proteases (212).  

 Staphostatins form a 1:1 tight, non-covalent inhibitory complex with their 

respective proteases completely eliminating enzyme activity and preventing reaction with 

substrates and inhibitors (212). Staphostatins occludes the active site clefts of their 

corresponding proteases in a substrate-like orientation (70). Although they have the same 

overall folding pattern, SspC and ScpB show little amino acid sequence homology, with 

SspC sharing only 18.2% identity with ScpB (212). At the structural level, staphostatins 

form eight-stranded mixed !-barrels and SspC has been found to be most similar to 

lipocalins, which are serine protease inhibitors (211). Sequence analysis has predicted 

that SspC and ScpB are localized within the cell due to a lack of secretory signal 

sequences in SspC and ScpB (212). Therefore, staphostatins may serve as protectors of 

the cytoplasm proteins from premature activation of staphopains that would otherwise 

cause proteolytic degradation within the cell. Evidence of this was supported by a finding 

that ScpA cannot be expressed without its specific inhibitor ScpB. Expression of ScpA 

alone resulted in toxicity to the host cells (254).  

 

IV. Other Similar Cysteine Proteases Involved in Virulence 

(i) Streptococcal pyrogenic-erythrogenic exotoxin B (SpeB) 

Streptococcus pyogenes is a Gram-positive pathogen responsible for causing 15 to 
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30% of all cases of pharyngitis in children and 5 to 10% in adults (22).  S. pyogenes can 

infect skin and soft tissue which may lead to impetigo, erysipelas and cellulitis (23). In 

addition, it can cause high mortality by further disseminating into the tissues thereby 

eliciting necrotizing fasciitis as well as sepsis and toxic shock syndrome (167, 234). 

Furthermore, severe infections of S. pyogenes can include poststreptococcal 

glomerulonephritis, which may result in renal failure and acute rheumatic fever (49).  

 S. pyogenes produces several extracellular enzymes, many of which interact with 

the host immune system. SpeB, streptococcal pyrogenic-erythrogenic exotoxin B, is a 

cysteine protease and is one of the most characterized secreted proteins of S. pyogenes 

(43). It is secreted as a 40 kDa zymogen which subsequently undergoes autocatalytic 

activation involving several maturation intermediates to convert to the active 28 kDa 

mature protease (37, 57). The speB gene is highly conserved and is found in virtually all 

S. pyogenes strains (262). Although there is minimal sequence homology, the 3D crystal 

structure of the zymogen form reveals a similar folding pattern to papain (108). 

 SpeB is transcribed during early stationary phase and is downregulated by glucose 

and other nutrients in the culture medium (36). Positive regulators of speB expression 

include the global transcriptional regulator mga (186), the speB-specific ropB in the 

regulation of proteinase (Rop) loci (127) and pleiotropic effect locus (pel) (121). The 

possible contribution of the two-component system CsrR-CsrS in the repression of speB 

remains to be established (68, 90).  The contribution of SpeB expression to virulence is 

controversial, as findings have shown that there is an inverse relationship between 

disease severity and SpeB expression (40). However, it has also been suggested that the 

decreased expression of SpeB may help S. pyogenes stabilize its M1 protein structure, 
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which is involved in resisting immune clearance (109). At the same time, there are still 

many pieces of evidence that support SpeB in pathogenesis in humans. For instance, it 

has been shown that SpeB is produced in vivo during infection of patients with severe 

invasive disease (85). Furthermore, SpeB production has been linked to a particular 

isolate of S. pyogenes involved in Toxic Shock Syndrome (TSS) patients (241). 

 SpeB has a substrate specificity similar to that of cysteine proteases of the papain 

family, which prefers a bulky hydrophobic amino acid at the P2 site relative to the 

scissile bond (163). SpeB activates matrix-metalloproteases, which may enhance tissue 

damage and bacterial invasion (32, 242). It can also release surface adhesins such as M 

proteins and Protein H (21) and can fragment fibronectin (112) suggesting a role in 

bacterial dissemination. SpeB has demonstrated a role in immune evasion by degrading 

IgG to reduce the ability of opsonizing IgG that can kill S. pyogenes in human blood (44). 

SpeB is also able to cleave IgA, IgM and IgD and degrade IgE (42). SpeB has also shown 

to release proinflammatory molecules. In particular, SpeB can activate cytokine 

interleukin-1!, which is a strong inflammatory mediator (111). As well, SpeB is able to 

release bradykinin from high molecular weight kininogen, which may be the reason for 

hypovolemic hypotension observed in sepsis caused by S. pyogenes (92).  

 

(ii) Gingipains 

Porphyromonas gingivalis is a Gram-negative pathogen that has been linked with 

the onset and development of human periodontitis, an inflammatory disease that results in 

the destruction of supporting tissues of the teeth (230). This disease has been estimated to 

affect around 30% of the adult population with severe cases ranging from 5-10% (173). 
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P. gingivalis has been shown to produce several proteases that are considered to be 

involved with virulence. Among these enzymes, there are three predominant cysteine 

proteases which have been suggested to contribute to P. gingivalis pathogenesis (190). 

These proteases are collectively referred to as gingipains and are designated as RgpA, 

RgpB and Kgp (50). The gingipains are cell-surface associated and/or secreted depending 

on the bacterial strain and environmental conditions (170). The gingipains contribute to 

pathogenesis by indirectly causing periodontitis through activation of host matrix 

metalloproteinases and by degrading important proteins of the immune system (187).  

 Gingipains R, RgpA and RgpB, are encoded by two individual genes rgpA and 

rgpB. The protein structures are strongly conserved as there are little coding sequence 

variations between strains (145). The 50 kDa RgpA polypeptide includes a profragment, 

followed by the protease domain, and a large hemagglutinin/adhesion domain at its 

carboxy terminus (182). Kgp also has the hemagglutinin/adhesion domain, which is 

responsible for hemagglutinating activity and specific binding to fibrinogen, fibronectin 

and laminin by gingipains (185). In contrast, RgpB lacks the sequence encoding 

hemagglutinin/adhesion domain (226).  

Gingipains R have been found to exclusively cleave Arg-Xaa while Kgp is 

specific for Lys-Xaa peptide bonds (192). To date, only the activation mechanism for 

proRgpB has been elucidated. Three sequential autolytic steps are involved in the 

activation of proRgpB for full activity. The first cleavage occurs at Arg103 followed by 

removal of the remainder of the N-terminal propeptide, and lastly, removal of a C-

terminal peptide to yield the mature protease (144). Although the structure of proRgpA 

and proKgp is more complex and may require many more proteolytic events to generate 
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the mature protease, it has been suggested that these proteases may undergo similar 

activation process as proRgpB (192). Interestingly, it has also been found that active 

RgpB is involved in efficient and correct maturation of Kgp by cleaving the C-terminal 

portion of Kgp (107).  

Substrates for gingipains R include various plasma proteins, extracellular matrix 

components, cytokines and their receptors as well as other host cell surface proteins 

(187). Gingipains R are able to enhance vascular permeability whereas gingipain K does 

not harbour this ability. However, gingipain K can work in synergy with gingipains R to 

promote the release of bradykinin from high molecular weight kininogen, thereby 

mimicking the function of kallikrein. This action may potentially contribute to the 

gingival crevicular fluid production and edema formation at periodontitis sites (97). 

Furthermore, it has been found that gingipains R can accelerate human plasma clotting 

time and activate coagulation factors and prothrombin (95, 98, 99). Although all three 

gingipains can degrade fibrinogen (185), Kgp is more potent and specific than gingipains 

R (96). Furthermore, RgpB can degrade C3, the central factor in the complement system, 

therefore possibly allowing P. gingivalis to evade the host immune response (253). In 

addition, gingipains can up-regulate expression of matrix metalloproteinases (MMPs) in 

fibroblasts (52) and activate secreted latent MMPs (53), which may cause connective 

tissue damage in periodontal disease. 

 

V. Activation Mechanism for Bacterial Proteases 

Protease activity is regulated and controlled at specific times and cellular 

locations while needing to remain in a properly folded conformation. Therefore, 
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proteases require intramolecular chaperones, or propeptides to act as a folding catalyst as 

well as maintaining the precursor form of the protease as an inactive zymogen. Many 

bacterial proteases are synthesized in a preproform that consists of an N-terminal signal 

peptide required for secretion (pre), a propeptide domain (pro) and the mature protease 

(28).  

Precursor activation is initiated in three major stages: i) proper folding of the 

precursor by its cognate propeptide (221, 264); ii) autoproteolytic cleavage of the peptide 

bond between the propeptide and the mature protein (120, 220); and iii) degradation of 

the propeptide and release of the active protease in a stable conformation (15). 

Autocatalytic processing of precursors can occur via an intramolecular and/or 

intermolecular processing mechanism. An intramolecular mechanism would be 

characterized by a zero-order reaction, where precursor-processing is independent of the 

precursor concentration. Therefore, each precursor protease is responsible for removing 

and degrading its own propeptide. In contrast, an intermolecular mechanism is 

characterized by a higher order reaction, where the precursor-processing rate is dependent 

on the precursor concentration (247). Thus, a precursor protease undergoes an 

intermolecular mechanism when a neighbouring active protease facilitates in the 

propeptide removal of the precursor. 

Much of what we know about precursor activation has been based on the 

autocatalytic activation of prosubtilisin. This model can likely be applied to other 

proteases produced as precursors. The proposed model for activation of precursor 

proteases is illustrated in Figure 1 (256).  
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Figure 1. An example of an activation model for precursor proteases. 

When folded in a correct orientation, prosubtilisin undergoes maturation by the 

autoprocessing of the propeptide of pro-subtilisin. The propeptide is subsequently 

released and then degraded by mature subtilisin. The event where the protease domain is 

freed from its cognate propeptide has been found to be the rate-determining step of the 

maturation reaction. Once activated, mature subtilisin proceeds to activate neighbouring 

precursors (256).  



 

 

 

32 

VI. Hypothesis and Objectives  

Staphylococcus aureus secretes two closely related cysteine proteases, Staphopain 

A (ScpA) and Staphopain B (SspB). The presence of two staphopain operons in S. 

aureus distinguishes it from the less virulent S. epidermidis, which has the scp operon, 

but no equivalent of the ssp operon. From the SPC pathway, we know that SspA activates 

SspB by removing the N-terminal propeptide of proSspB. In contrast, little is known 

regarding the activation mechanism of ScpA as it does not appear to be involved in this 

pathway.  

The ScpA orthologue of S. epidermidis, Ecp, exhibits specificity towards the Yaa-

Glu%Xaa sequence motif, where Yaa represents a large hydrophobic amino acid and Xaa 

represents any amino acid except for proline (172). In addition, SspB has been shown to 

be specific for cleaving after Arg at the P1 site of the scissile bond. In contrast, previous 

work suggests that ScpA may not share similar specific substrate specificities. The 

specificity difference seen amongst these proteases warrants for further investigation into 

the substrate specificity of ScpA.  

Although ScpA has been shown to be involved in vascular leakage, very little is 

known about its contributions in clinical isolates of S. aureus to facilitate in causing 

infections. As outlined in the literature review, clinical isolates of S. aureus including 

hyper-virulent strains, and community acquired MRSA demonstrate various pathogenic 

mechanisms. Therefore, more work is needed to determine the specific role and function 

of ScpA as a virulence factor in these clinical isolates, which may be capable of causing 

severe infections. 
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Hypothesis: Although Staphopain A is structurally similar to SspB, it is not involved in 

the SPC pathway and therefore will exhibit a distinct activation mechanism and a 

different or complementary substrate specificity. 

 

Objectives: 

1) To elucidate the activation mechanism for ScpA  

2) To further characterize the substrate specificity of ScpA and identify new substrates 

3) To determine the role of ScpA in S. aureus clinical isolates  
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PART II: MATERIALS AND METHODS 

I. Buffers and Media 

Alkaline phosphatase (AP) 

Developing buffer 

0.5 mM MgCl2, 0.1 M Tris, pH 9.5 

Antibody Blocking buffer 3% w/v BSA and 0.02% NaN3 in PBS 

Antibody Dilution buffer 0.1% w/v BSA, 0.05% Tween20, 0.02% w/v NaN3 in PBS 

Brain Heart Infusion (BHI) agar 

plates 

15 g agar in 1 L of BHI Broth media 

 

BHI Broth media 37 g of BHI powder in 1 L of ddH2O 

Coomassie Stain  

 

2.5 g Coomassie Brilliant Blue, 500 ml Methanol, 100 ml 

Acetic acid in 1 L ddH2O 

Coomassie destain 40% Methanol, 10% Acetic Acid in 500 mL ddH2O 

Elastin agar plates 1.5 g agar, 0.3 g elastin bovine neck ligament, 0.25 g yeast 

extract, 0.1 g glucose, 0.441 g hydrated trisodium citrate, 1 

g sodium caseinate, 2 mM cysteine, 20 mM CaCl2 in 100 

ml ddH2O 

Fibrin agar plates 1.2 % human fibrinogen in 0.1 M sodium phosphate buffer, 

pH 7.4, thrombin solution (100 NIH U/ml), 1% (w/v) 

agarose solution, 10 mM cysteine 

LB Broth media 25 g of LB powder in 1 L of ddH2O 

Loading Dye for DNA 0.05% w/v Bromophenol blue, 40% w/v sucrose, 0.1 M 

EDTA, pH 8.0, 0.5% w/v SDS 

 

PBS buffer 8 g NaCl, 0.2 g KCl, 0.24 g KH2PO4, 1.44 g Na2HPO4  in 1 

L of ddH2O 

 

Reducing Buffer (3X) 0.64 g SDS, 1 mL 2 M Tris (pH 6.8), 2.12 mL ddH2O, 3.2 

mL glycerol, 0.08 mL 0.5% Bromophenol blue, 1.6 mL !-
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mercaptoethanol 

 

SDS-PAGE Running Buffer 15 g Tris, 72 g glycine, 5 g SDS, in 5 L of ddH2O 

SDS-PAGE Blotting Transfer 

Buffer 

3.03 g Tris, 14.4 g glycine, 200 mL methanol in 1 L of 

ddH2O 

 

TAE buffer 4.84 g Tris, 1.14 mL glacial acetic acid, 2 mL 0.5 M 

EDTA, per litre of ddH2O (pH 8.0) 

Trypticase Soy Broth (TSB) 

(soybean casein digest broth) 

agar plates 

15 g agar in 1 L of TSB Broth media 

 

TSB Broth media 30 g of TSB powder per litre of ddH2O 

Wash Buffer for Western Blots 0.05% Tween20, 0.02% NaN3 in PBS 

 



 

 

 

36 

II. Bacterial Strains and Growth Conditions 

Bacterial strains and recombinant plasmids used in this study are listed in Table 2. 

S. aureus and E.coli stock cultures were maintained in Brain Heart Infusion (BHI) (Difco 

Laboratories) and Luria-Bertani (LB) media (Invitrogen) respectively, at -80°C in 80% 

glycerol (Biobasic). S. aureus and E.coli strains were streaked and grown on BHI or LB 

medium containing 1.5% agar (Becton-Dickinson) and were supplemented with 

antibiotics (ampicillin, 100 µg/ml; erythromycin, 10 µg/ml; chloramphenicol, 10 µg/ml; 

kanamycin, 25 µg/ml and tetracycline, 50 µg/ml) as required. Bacteria on solid agar were 

grown lid side down in a 37°C stationary incubator. For liquid cultures, bacterial strains 

were grown in BHI broth, Tryptic Soy Broth (TSB) or LB media and supplemented with 

antibiotics as required. Bacterial strains were cultured with shaking at 250 rpm in a 37 °C 

shaker-incubator. When a specific cell concentration was required, the OD600 of an 

overnight culture was measured and sub-cultured into the appropriate media such that an 

initial OD600 of 0.1 was obtained. 
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Table 2. Bacterial strains and recombinant plasmids used in this study. 

Strain or Plasmid Description Source 

S. aureus:   

RN6390 Derivative of NCTC 8325 with increased 

expression of secreted proteins 

(166) 

RN4220 Entry level host strain for plasmids, restriction 

deficient strain 

(164) 

RN6390 Pspac::sspABC A conditional inactivation mutant of the ssp 

operon 

(158) 

   

E.coli:   

DH5# Host strain for construction of recombinant 

plasmids 

Invitrogen 

DH10B Host strain for expression of recombinant proteins Gibco 

BRL 

XL-Blue Entry level host strain for site-directed 

mutagenesis of plasmids 

Stratagene 

M15 pREP Host strain for expression of recombinant proteins Qiagen 

   

CC30 Isolates:   

WBG10049 Australia, 1999  

BK12003 New York; Queen’s; 1990’s MSSA  

BK5969 San Francisco; Contemporary  

M1015 Australia, 1962  

BK9950 Alabama, 1964 (Early TSST Strain)  

M809/BK22029 Australia, 1961  

Seattle 1945 (ATCC25923) Seattle, 1945  

L516 Winnipeg, 1994: MSSA  

MN-8/BK21203 TSST High Producer  
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L528 Manitoba, MSSA  

BK21339 France; Necrotizing Pneumonia; PVL MSSA  

BK13271 NJ MSSA  

ATCC49775 V8 Strain, PVL+  

PM7 (MRSA252) Contemporary MRSA, epidemic  

   

pRN5548a pRN5548 lacking blaZ promoter fragment (130) 

pUC18 E.coli cloning vector (259) 

pQE30 E.coli expression vector incorporating N-terminal 

6His tag 

Qiagen 

pBAD24 High expression vector with arabinose-inducible 

promoter 

(86) 

ScpAB-pRN5548 Expression of ScpAB from native promoter This study 

ScpAB C238A ScpAB-pRN5548 modified with mutagenic 

primers ScpABala-F
 
and ScpABala-R 

This study 

ScpAB L174A ScpAB-pRN5548 modified with mutagenic 

primers ScpAB-Leu-Ala-F and ScpAB-Leu-Ala-R 

This study 

6His_proScpAB C238A ScpA active site mutant with ScpB cloned into 

pQE30 expression vector 

This study 

6His_proSspB proSspB active site mutant cloned into pQE30 

expression vector 

(158) 

ScpAB_6His ScpAB with 6His-tag incorporated to the C-

terminus and cloned into pBAD24 

This study 
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 III. Molecular Biology Techniques 

(i) Isolation of Plasmid DNA 

Plasmid DNA was isolated from S. aureus and E.coli using GenElute Plasmid 

Miniprep Kit (Sigma) according to manufacturer’s protocol. Briefly, single colonies were 

inoculated into BHI for S. aureus or LB for E.coli and cultured in a 37 °C shaker-

incubator overnight. Overnight bacterial cells (6 ml) were harvested via centrifugation in 

microcentrifuge tubes (12, 000xg, 1 min). Subsequently, bacterial pellets were 

resuspended with 200 µl of Resuspension Solution containing RNase A. For plasmid 

isolation from S. aureus only, 20 µg/ml of lysostaphin was added to the resuspension and 

incubated on a 37 °C heat block for 30 minutes prior to proceeding to the lysis step. To 

lyse the resuspended cells, 200 µl of the Lysis Buffer was added and gently mixed by 

inversion until the mixture became clear and viscous. Cell debris was precipitated by 

adding and mixing with 350 µl of Neutralization/Binding buffer. Cell debris was pelleted 

by centrifugation (12, 000xg, for 10 minutes) and the cleared lysate was transferred, 

washed and eluted through a GenElute Miniprep Binding Column. All buffers that were 

used were provided by the GenElute Plasmid Miniprep Kit (Sigma).  

 

(ii) Polymerase Chain Reaction and Recombinant DNA Procedures 

S. aureus genomic DNA was isolated using the DNeasy Tissue kit (Qiagen) 

according to manufacturer’s protocol. PCR was performed with the Expand High Fidelity 

PCR system (Roche Applied Science). Primers used for PCR in this study are described 

in Table 3. The PCR reaction was performed in a 50 µl volume, containing 0.1 ng of  
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Table 3. Oligonucleotides used for PCR and plasmid modification. 

Primer Sequence
a
 Coordinates

b
 

6390_ScpAB_F ggatccCTACGCTTCTTTCAAAATCG 

 

(-)223/(-)204 

StpAB-R gaattcTTATGACTTATGCTTAATGAAAGTC 

 

2385-2361 

ScpABala-F
c
 CTCAAGGTAACAATGGTTGGGCGGCAGGCTATA

CGATGTCT 

 

692-732 

 

ScpABala-R
c
 

 

AGACATCGTATAGCCTGCCGCCCAACCATTGTT

ACCTTGAG 

 

732-692 

pScpA-F ggatccGAGAGCAATTCAAATATCAAAGC 

 

76-98 

pScpA-R ctgcagTTATGACTTATGCTTAATGAAAGTC 

 

2385-2361 

BspHI-ScpAB-F tcatgaACGCTGAGAGCAATTCAAATATCAAAGC 

 

931-959 

ScpABHisR ctgcagTCAATGGTGATGGTGATGATGTGACTTAT

GCTTAATGAAAGTCATTCTAGG 

 

2382-2353 

ScpAB-Leu-Ala-F CTAAAAACACCACGTGCAGAAGATAAAAAG 

 

1369-1398 

ScpAB-Leu-Ala-R CTTTTTATCTTCTGCACGTGGTGTTTTTAG 1398-1369 

   

a
Restriction endonuclease sites are in lower case, stop codons are in bold, and nucleotide 

changes for site-directed mutagenesis are underlined. 
b
The coordinates are numbered with +1 corresponding to the first nucleotide in the ATG 

initiation codon of the scpA gene SAOUHSC_02127 to the end of the scpB gene 

SAOUHSC_02129 from the S. aureus NCTC 8325 genome sequence (AF309515). 

Nucleotides that are 5’ of the initiation codon are numbered with negative integers. 
c
 This set of primers were obtained from reference (254). 
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plasmid DNA or 10 ng of genomic DNA with 200 µM of deoxynucleotide triphosphates 

(Roche Applied Science), 0.3 µM of each forward and reverse primers, 1x concentration 

of Expand High Fidelity buffer with MgCl2 and 2.6U of Expand High Fidelity DNA 

polymerase. DNA manipulations using restriction enzymes, T4 DNA Ligase (New 

England BioLabs), Calf Intestine Alkaline Phosphatase (Roche Applied Science) were 

used according to manufacturer’s protocol. PCR products and digested plasmids used in 

cloning were purified using QIAquick PCR Purification kit (Qiagen) or PureLink Quick 

Gel Extraction Kit (Invitrogen). Plasmid constructs with cloned DNA fragments were 

submitted to the Center for Applied Genomics at the Toronto Hospital for Sick Children 

for verification of the expected nucleotide sequences. 

  

(iii) DNA Manipulations 

a. Construction of ScpAB Expression Vector 

A derivative of plasmid pRN5548 (130), lacking the blaZ promoter fragment, was 

used as the vector to construct the ScpAB expression vector. We designed a forward 

primer 6390_ScpAB_F to anneal upstream of the scpA native promoter and a reverse 

primer StpAB-R with BamHI and EcoRI restriction sites, respectively, in order to amplify 

the scpAB genes. Thermocycling conditions were as follows: 95°C
 
for 2 min, followed by 

30 cycles of amplification: 95°C for 30 s, a specific annealing temperature 54°C for 1 

min, and 72°C for a set amount of time 2 min with a final extension at 72°C
 
for 10 min. 

The PCR products were purified with QIAquick PCR Purification Kit (Qiagen) and 

digested with BamHI and EcoRI for 2 hours in 37°C and ligated with T4 DNA ligase to 

pRN5548a which was previously digested with BamHI and EcoRI and dephosphorylated 
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with alkaline phosphatase. Ligation reactions were conducted in a 16°C waterbath 

overnight. After initial transformation of RN4220 by electroporation, the resulting 

ScpAB-pRN5548 expression construct was electroporated into strain RN6390 

Pspac::sspABC.  

 

b. Construction of ScpA mutants in S. aureus  

To construct ScpA mutants, the 1.7 kb ScpAB cloned fragment was excised from 

the ScpAB-pRN5548 expression vector and ligated into pUC18 and transformed into 

DH5# for site-directed mutagenesis. Mutagenic primers were designed with the desired 

mutation. For amplification of ScpA active site mutant (ScpABC238A) with the Cys238 

residue change to Ala, mutagenic primers ScpABala-F and ScpABala-R were designed. 

For amplification of ScpA with Leu174 changed to Ala (ScpAB L174A), ScpAB-Leu-Ala-F 

and ScpAB-Leu-Ala-R mutagenic primers were designed. Site-directed mutagenesis was 

performed using the QuikChange II-E Site-Directed Mutagenesis Kit (Stratagene) 

according to manufacturer’s protocol. Briefly, the ScpAB-pUC18 plasmid was used as 

the DNA template with the appropriate primers for amplification using PfuUltra HF 

DNA polymerase (2.5 U). The mutagenized plasmids were transformed into XL1-Blue 

E.coli competent cells. Once the plasmids were verified to have the desired mutation, the 

inserts were excised from these plasmids and cloned back into pRN5548a and 

electroporated into RN4220, then into RN6390 Pspac::sspABC.  

 

c. Construction of 6His_proScpAB C238A 

To construct a 6His-tag to the N-terminal end of proScpA, primers pScpA-F and 
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pScpA-R were used to clone ScpAB C238A into BamHI and PstI sites of pQE30, which is 

an expression vector that incorporates a N-terminal 6His-tag. The vector ScpAB C238A 

was used as the DNA template to ensure that proScpA would not undergo autocatalytic 

activation. Thermal cycling conditions were as described above except with a specific 

annealing temperature 52 °C for 1 min. Constructs with the cloned fragment were 

subsequently transformed into M15 E.coli competent cells. 

 

d. Construction of ScpAB_6His  

To construct a 6His-tag to the C-terminal end of ScpAB, primers BspHI-ScpAB-F 

and ScpABHisR were used. The forward primers were designed with BspHI restriction 

sites while the reverse primers were designed with PstI restriction sites. Since the 

multiple cloning site of pBAD24 did not include BspHI, DNA inserts were digested with 

BspHI and PstI but ligated to pBAD24 digested with NcoI and PstI. This allowed for an 

appropriate frameshift so that ultimately the ScpA could be expressed without its signal 

peptide and with N-terminal ends beginning with MNA. Thermal cycling conditions 

using RN6390 genomic DNA were as described above except with a specific annealing 

temperature 63.6°C for 1 min. The mutant construct was subsequently transformed into 

DH10B E.coli competent cells.  

 

(iv) Transformation procedures and Electroporation Conditions  

Following the ligation reactions of DNA inserts to its appropriate vectors, the 

ligation reaction was subjected to ethanol precipitation. Briefly, in a 620 µl volume, 20 µl 

(1/10
th

 of total volume) of 3 M sodium acetate, pH 5.2 and 400 µl (2x total volume) of 
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100% ice cold ethanol were mixed into the ligation reaction and stored in -20 °C 

conditions. After 3 hours, the microcentrifuge tube was centrifuged (14, 000xg, 10 

minutes) to collect the DNA pellet. Subsequently, the DNA pellet was washed with 70% 

ethanol and centrifuged again for an additional 5 minutes (14, 000xg). After decanting 

the wash solution, the DNA pellet was air-dried and resuspended in 50 µl of E. coli or 80 

µl of S. aureus electrocompetent cells on ice.  

For E. coli transformations, the electroporation was carried out in pre-chilled 0.1 

cm gap electroporation cuvettes (Bio-Rad Laboratories) using the Micropulser (Biorad). 

Immediately following the electroporation, the suspension was supplemented with SOC 

medium and incubated at 37°C with shaking at 250 rpm for 1 hour. Subsequently, the 

cells were plated on LB agar with the required antibiotics. For S.aureus transformations, 

the same procedures are followed with 0.2 cm gap electroporation cuvettes (Bio-Rad 

Laboratories) and the Gene Pulser (Bio-Rad) apparatus. Also, the suspension was 

supplemented with BHI medium and plated on BHI agar with the required antibiotics. 

 

IV. Protease Expression and Purification 

For purification of mature ScpA and the propeptides of the ScpAB L174A mutant, 

an overnight culture S. aureus RN6390 Pspac::sspABC with ScpAB-pRN5548 and S. 

aureus RN6390 Pspac::sspABC with ScpAB L174A expression vector, respectively, was 

subcultured into TSB to achieve an initial OD600 of 0.1. After 6 hours of growth, protein 

in the culture supernatant was precipitated with 80% saturation of ammonium sulfate and 

1mM EDTA and collected by centrifugation (5500 rpm, 60 mins, 4 °C). The protein 

pellet was dissolved and dialyzed in 20 mM sodium phosphate, pH 7.4 then syringe-
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filtered through a 0.20 µM filter before applying the supernatant to a HiTrap SP HP ion 

exchange column (Amersham Biosciences) connected to a AKTA FPLC system 

(Amersham Biosciences). Proteins were eluted over a linear NaCl gradient with the 

elution buffer 50 mM sodium phosphate, pH 7.4 and 1.0M NaCl. 2 ml fractions were 

collected and fractions containing proteins were resolved using SDS-PAGE. The 

fractions with protease activity from the mature ScpA purification were pooled and 

subjected to size exclusion chromatography using the HiLoad 16/60 Superdex 75 column 

as a final purification step to yield purified mature ScpA in 1 ml fractions.  

To determine the interaction of heparin and ScpA, similar expression and 

purification procedures as described above were used. Ammonium sulfate precipitated 

and dialyzed culture supernatant of S. aureus RN6390 Pspac::sspABC with ScpAB-

pRN5548 was applied to a HiTrap Heparin HP column and eluted in 10 mM sodium 

phosphate, pH 6.5 and 1M NaCl.  

For purification of 6His_proScpAB C238A, E. coli M15 pREP with proScpAB 

C238A cloned into pQE30 was induced with 2mM IPTG for 4 hours and purified from the 

soluble fraction of cell lysate using the HiTrap HP Chelating affinity column. Proteins 

were eluted over a linear imidazole gradient with the elution buffer 20 mM sodium 

phosphate, pH 7.4, 500 mM NaCl and 500 mM imidazole, pH 7.4. 2 ml fractions were 

collected and pooled and subject to size exclusion chromatography to resolve the proteins 

that co-purified with 6His_proScpAB C238A. For purification of proScpAB_6His, E. coli 

DH10B with proScpAB_6His cloned into pBAD24 was induced with 0.02% arabinose 

for 4 hours and followed the same purification procedures for HiTrap HP Chelating 

affinity column as described above. 



 

 

 

46 

All protein concentrations were determined with a BCA assay. Briefly, proteins 

were mixed with BCA solution and 4% CuSO4 in a microtiter plate in triplicates and 

incubated for 30 minutes at 37°C. Purified proteins were measured in dilutions of 1:1, 1:2 

and 1:3 against a BSA protein standard curve. Absorbances were measured at 560 nm.  

 

V. Enzymes Assays  

(i) Chromogenic peptide assay for ScpA activity 

ScpA protease activity was measured by monitoring the release of p-nitroaniline 

(pNA) from chromogenic substrate Z-Phe-Leu-Glu-pNA (Bachem). Assays were 

conducted in triplicate wells of a microtiter plate in a 100 µl volume containing 100 mM 

sodium phosphate, pH 7.4, 2 mM cysteine, 5 mM EDTA and 0.4 mM substrate. 

Absorbances were read at specified time points using a microplate reader (BioTek) with a 

405 nm filter. 

 

(ii) Fluorogenic substrate assay for ScpA activity 

ScpA protease activity was measured by monitoring the release of AMC 

fluorophore from fluorogenic substrate Ac-Arg-Ser-Leu-Lys-AMC. Assays were 

conducted in triplicate wells of a microtiter plate in a 100 µl volume containing 100 mM 

sodium phosphate, pH 7.4, 2 mM cysteine, 0.2 mM substrate and absorbances were read 

at specified time points with a FLX800 luminescence spectrometer (360 nm excitation, 

460 nm emission) (BioTek).   
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(iii) Fibrin Plate Method 

Fibrin degradation was monitored using the fibrin plate method as described in 

(115). Briefly, plasminogen-free fibrin plates were made by using a fibrinogen solution 

containing 1.2 % human fibrinogen in 0.1 M sodium phosphate buffer, pH 7.4, thrombin 

solution (100 NIH U/ml), 1% (w/v) agarose solution and 10 mM cysteine in a petri dish. 

The plates were allowed to stand for 30 minutes to allow for fibrin clots to form. 

Subsequently, holes were made using the tip of an autoclaved Pasteur pipette and 0.05 

nmol of protein was dispensed into each hole. Zones of fibrin clearing following 

incubation at 37 °C indicated fibrinolytic activity. 

 

(iv) Elastin Degradation Assay 

Elastin degradation was monitored using elastin agar containing 1.5 g agar, 0.3 g 

elastin bovine neck ligament, 0.25 g yeast extract, 0.1 g glucose, 0.441 g hydrated 

trisodium citrate, 1 g sodium caseinate, 2 mM cysteine, 20 mM CaCl2 in 100 ml ddH2O. 

The agar medium was autoclaved and poured into petri dishes to allow the elastin agar to 

solidify. Subcultures for the strains of interest were grown starting from OD600 of 0.1 for 

2 hours. After 2 hours of growth, the OD600 was measured and 5 µl of culture were 

dispensed onto the elastin agar plates and incubated in 37 °C for 4 days. Zones of elastin 

clearing indicated elastinolytic activity. 

 

(v) Autodegradation Assay 

To demonstrate that ScpA, in contrast to SspB, is capable of autodegradation, 2 

µg of ScpA and SspB were incubated in 100 mM sodium phosphate, pH 7.4, 2 mM 
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cysteine, and 5 mM EDTA for 6 and 18 hours in a 37 °C incubator. 28 µM of cysteine 

inhibitor E64 added to control samples to inhibit cysteine protease activity. Following 

incubation, samples were resolved with 12% SDS-PAGE.  

 

(vi) Intramolecular Cleavage Assay 

To determine the type of autocatalytic processing mechanism utilized by ScpA, 

10 µg of purified precursor ScpA C238A was treated with purified mature ScpA in a 10:1 

molar ratio. The 30 µl reaction contained the proteases in 100 mM sodium phosphate, pH 

7.4, 2 mM cysteine and 5 mM EDTA. The reactions were incubated in 37 °C and were 

stopped with 28 µM E64 after 2 hours. Following incubation, samples were resolved on 

12% SDS-PAGE. 

 

VI. SDS-PAGE 

To determine the profiles of secreted proteins, culture supernatants were 

precipitated with an equal volume of ice-cold 20% (w/v) trichloroacetic acid (TCA). 

Protein from the culture supernatant was collected and ethanol-washed via centrifugation. 

The protein pellet was air-dried and resuspended in 1x SDS loading buffer and boiled for 

5 minutes. Proteins were subject to SDS-PAGE and a broad range protein marker (New 

England Biolabs) was used as the molecular weight standard. Protein gels were 

visualized by staining with Coomassie Brilliant Blue R-250.  
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VII. Mass Spectrometry and Mass Analysis 

Coomassie-stained proteins were carefully excised from the protein gel and 

subjected to in-gel digestion using trypsin (Promega). The processed samples were 

submitted to the Proteomics Core Facility of the Toronto Angiogenesis Research Center 

at Sunnybrook Health Sciences Centre. Peptides were analyzed by LC-MS/MS using 

Agilent 1100 nanoflow HPLC with Agilent XCT-Plus ion trap (Agilent Technologies).  

Mass analysis of the ScpA propeptide was determined by dialyzing the protein 

sample in 0.1% acetic acid. Following dialysis, the sample was submitted to Proteomics 

Core Facility of the Toronto Angiogenesis Research Center at Sunnybrook Health 

Sciences Centre and processed using time of flight mass spectrometry (QStar-XL, 

Applied
 
Biosystems/MDS Sciex) and analyzed using BioAnalyst 1.1.5 software package 

(Applied Biosystems/MDS Sciex).  

 

VIII. N-Terminal Sequencing 

Three OD600 units of culture supernatant were TCA precipitated and resolved 

using SDS-PAGE. Purified proteins did not require TCA precipitation but were resolved 

by SDS-PAGE as well. Proteins were transferred to a PVDF membrane in 1x CAPS 

buffer and quickly stained with 0.1% Coomassie Blue R-250 dissolved in 40% methanol 

solution to visualize the proteins. After 5 minutes of staining, the membrane was 

destained with 50% methanol for 10 minutes and allowed to dry. The membrane was 

submitted to the Advanced Protein Technology Center at the Hospital for Sick Children 

for N-terminal sequencing. 
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Another method that was used was to determine the N-terminal sequence of 

peptides was by a modification of the procedures of McDonald et al. (138, 139). Proteins 

were separated by SDS-PAGE and excised from the gel. Free amino groups in the 

excised protein bands were acetylated before proteolysis by trypsin. After trypsin digest, 

the primary amino groups in the sample were subjected to coupling with CNBr-activated 

Sepharose (GE Healthcare). Peptides with the acetylated primary amino group were 

eluted through the matrix and submitted for LC-MS/MS at the Proteomics Core Facility 

of the Toronto Angiogenesis Research Center at Sunnybrook Health Sciences Centre. 
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PART III: RESULTS 

 

I. ScpA Undergoes Autocatalytic Activation 

In contrast to SspB, which is activated by the SspA serine protease as part of the 

SPC pathway, we hypothesized that ScpA will exhibit a distinct activation mechanism. 

To confirm this hypothesis, the gene encoding preproScpA (scpA) and its cognate 

inhibitor, ScpB (scpB), was first cloned into plasmid pRN5548a and expressed in S. 

aureus RN6390 Pspac::sspABC, which is a strain harbouring an insertional disruption of 

the sspABC operon. Subsequently, a ScpA mutant with an active site substitution C238A 

was constructed and expressed in S. aureus RN6390 Pspac::sspABC. Consistent with 

autocatalytic activation, an unprocessed 40 kDa proScpA, which was not present in the 

recombinant ScpA control, accumulated in the culture supernatant after 6 hours of growth 

(Figure 2). After 18 hours of growth, the 40 kDa proScpA was no longer evident (data 

not shown). The absence of the 40 kDa proScpA during 18 hours of growth suggested 

that if proScpA is not activated immediately, it would eventually be degraded. Therefore, 

this data suggests that ScpA uniquely undergoes an autocatalytic maturation mechanism, 

which is distinct from SspB and the SPC pathway.  

 

II. Identification of Intermediates in ScpA Activation 

A temporal analysis of ScpA activation was conducted by growing S. aureus 

RN6390 Pspac::sspABC expressing recombinant ScpA to various time points. The  



Figure 2. ScpA undergoes autocatalytic activation.

preproScpA with its cognate inhibitor, ScpB was expressed in S. aureus RN6390 

Pspac::sspABC (Lane 2) against a RN6390 Pspac::sspABC control (Lane 1). An 

active site substitution of ScpAB C238A led to the expression and accumulation 

of unprocessed 40 kDa precursor ScpA in the culture supernatant (Lane 3). 

Cultures of respective strains were grown for 6 hours in TSB media and 

supernatants (1.0 OD units) were resolved on SDS-PAGE. The arrow indicates 

the 40 kDa proScpA.
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culture supernatants of the various time points were subjected to TCA precipitation 

followed by SDS-PAGE. At 4 hours of growth, a faint 22 kDa intermediate appeared  

along with a 20 kDa and a 17 kDa intermediate. At 5 hours of growth, these intermediates 

became more prominent. After 6 hours of growth, proceeding through the three 

intermediates, was a 19 kDa intermediate (Figure 3). At 18 hours of growth, the 

intermediates appear to have gradually degraded (data not shown). Compared to the 

RN6390 Pspac::sspABC control, the 40 kDa proScpA was not apparent at any time point 

in the culture supernatant of RN6390 Pspac::sspABC expressing recombinant ScpA (data 

not shown). 

To identify the polypeptides, N-terminal sequencing of the three prominent 

intermediates ranging from 17-20 kDa in the 6 hour culture supernatant were determined. 

The analysis showed that the lowest of the three bands (17 kDa) corresponded to the 

ScpA propeptide having been cleaved at the predicted signal peptidase site 

ANA%26ESNSN. Furthermore, the N-terminal analysis for the first stable intermediate of 

ScpA, with a molecular mass of 20 kDa, indicated processing at VT#203MPTSQ. This 

stable isoform was further processed at FK#210SNNYT to yield the 19 kDa ScpA 

intermediate. The N-terminal sequence of the 22 kDa intermediate present in the 4 hour 

culture supernatant could not be determined due to the presence of more than one 

indistinguishable band within that mass size. Consistent with the papain family of 

proteases, a trend of bulky hydrophobic amino acid was revealed in all the P2 residues at 

the processing sites relative to the scissile bond. Moreover, ScpA demonstrated a 

preference for polar amino acids at the P1 residues. Therefore, while ScpA and SspB are 

both members of the papain family and require a hydrophobic amino acid in the P2  
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Figure 3. Temporal analysis of proScpA activation.

Culture supernatants (1.0 OD units) of RN6390 Pspac::sspABC 

expressing recombinant ScpA were sampled at 2-6 hours of growth. A 

22 kDa transient intermediate appears with the 20 kDa stable 

intermediate processed at 203MPTSQ and the 17 kDa propeptide in as 

early as 4 hours of growth. At 6 hours, an additional intermediate is 

processed at 210SNNYT. 
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position, ScpA has a broader specificity by recognizing substrates with a polar amino 

acid at P1, while SspB is restricted to arginine.  

III. Purification and Activity Assay for Mature ScpA 

Subjecting the 6 hour culture supernatant of RN6390 Pspac::sspABC expressing 

recombinant ScpA to cation exchange chromatography, a 19 kDa polypeptide was eluted 

over a broad peak of several fractions and showed protease activity when assayed with a 

known ScpA chromogenic substrate, Z-Phe-Leu-Glu-pNA. This confirmed that the 19 

kDa polypeptide corresponded to active ScpA. In addition, fractions containing a 17 kDa 

polypeptide with the 19 kDa polypeptide (Figure 4, lanes 3-5) and the 17 kDa 

polypeptide alone (Figure 4, lane 6-8) were also eluted but showed minimal protease 

activity. The fractions with specific protease activity were pooled and subjected to size 

exclusion chromatography yielding a purified mature ScpA, which migrated as a doublet 

on SDS-PAGE (Figure 4, lane 9). Mass spectrometry analysis using a modified procedure 

by McDonald et al. (138, 139) of the upper mass of the purified ScpA doublet proved to 

be consistent with the N-terminal sequence of the 19 kDa band seen in the culture 

supernatant of RN6390 Pspac::sspABC expressing recombinant ScpA with an N-terminal 

sequence of FK#210SNNYT. Furthermore, when N-terminal sequence of the lower mass 

was determined using this method, several N-terminal peptides were recovered. 

However, only two of the four peptides recovered were consistent with the size of the 

lower mass, which was approximately 18 kDa. Therefore, the N-terminal sequences for 

the lower mass peptide suggested a combination of peptides processed at YT#215YNEQY  



Figure 4. Purification of ScpA using cation exchange chromatography.

Culture supernatants were subject to ammonium sulfate precipitation and 

subsequently  purified in 50 mM sodium phosphate, pH 7.4 over a linear NaCl 

gradient using cation exchange chromatography. Purified ScpA (Lane 1, 2) 

eluted over a broad peak (only  two of several fractions shown in this figure). 

Subsequently, purified ScpA and propeptide eluted together (Lane 3-6) and 

lastly propeptide alone was eluted at the end of an increasing NaCl gradient 

(Lane 7-8). Samples with ScpA protease activity were subject to size 

exclusion chromatography, yielding purified mature ScpA, which migrated as 

a doublet (1 µg, Lane 9). The upper mass of purified mature ScpA had an N-

terminal sequence of 210SNNYT while the lower mass had a combination of 

polypeptides with N-terminal sequences 215YNEQY and 217EQYIN.
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and YN#217EQYIN indicating that purified ScpA underwent additional, slower 

processing after purification. 

IV. ScpA is Activated via an Intramolecular Mechanism 

To determine whether the autocatalysis of proScpA occured via an intra- or 

intermolecular mechanism, ScpAB C238A from S. aureus RN6390 Pspac::sspABC was 

purified using cation exchange chromatography and subjected to mature ScpA at a 10:1 

molar ratio of ScpAB C238A:mature ScpA. There was some evidence of processing but 

the products did not distinctly correspond to intermediates involved in maturation. 

Therefore, autocatalytic processing of proScpA occurs mostly via an intramolecular 

mechanism (data not shown). 

 

V. Determining the Initial Processing Site 

To gain insight into the initial processing site for ScpA maturation, Protein 

Homology Recognition Engine (PHYRE) was used to visualize a potential initiation site. 

A modeling of proScpA on the PHYRE showed that Leu174 is optimally oriented toward 

the catalytic Cys and His residues. Since the main specificity determinant of the papain 

family is a hydrophobic amino acid in the P2 position relative to the scissile bond, Leu174 

is in an ideal position such that autocatalytic processing could be initiated at 

LE#176DKKLK. To confirm this, the mass value of the propeptide byproduct from cation 

exchange chromatography of RN6390 Pspac::sspABC expressing recombinant ScpA was 

determined. With this value, the C-terminus sequence of the propeptide could be inferred 

to reveal the N-terminus of the initial processing site involved in ScpA maturation. 
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Although the predicted site for signal peptidase cleavage is ANA%26ESNSN, it 

may be possible that, through autocatalytic processing, the propeptide is shortened to 

#33AKDKK. In this case, it was hypothesized that the theoretical mass values of two 

major species for the propeptide with an N-terminus of #33AKDKK would be 16572.97 

Da and 15976.61 Da. Consistent with the theoretical masses, the measured mass values 

for the purified propeptide were 16573.3 Da and 15977.14 Da. Therefore, these values 

suggested that processing occurred mostly at LE#176DKKLK and some at LK#171TPRLE, 

respectively. Furthermore, a minor species with a measured mass value of 17346.64 Da 

was consistent with a propeptide with N-terminus ESNSN and processing at 

LE#176DKKLKwith a predicted mass value of 17345.99 Da (Table 4). Collectively, these 

results verify that initial processing mostly occurs at LE#176DKKLK (Figure 5).  

It was hypothesized that if LE#176DKKLK were the site of initiation, then a 

mutation of that site would lead to an accumulation of proScpA in the culture 

supernatant. To prove that autocatalytic processing was initiated at LE#176DKKLK, site-

directed mutagenesis was performed on scpA to mutate residue Leu174 to Ala. 

Unexpectedly, when the ScpAB L174A construct was expressed, there was no apparent 

accumulation of proScpA. Instead, a more prominent 22 and 20 kDa polypeptide and a 

less prominent 17 kDa and 19 kDa polypeptides were expressed compared to expression 

patterns for recombinant ScpA. At 18 hours of growth, the expression patterns of the 

ScpAB L174A mutant were similar to that of the ScpAB L174A mutant strain grown for 6 

hours with the exception of a slight increase in the intensity of bands present at about 17-

19 kDa (Figure 6).  
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Table 4. Mass values for N-terminal propeptide of ScpA 

Mass Area N-terminal propeptide of ScpA 

 (RN6390 Pspac::sspABC; 6 hr) Theoretical Observed Absolute
a
 Relative 

 m/Z  

33AKDKK//LKTPRLE176 16572.97 Da 16573.3 Da 4284078 100 

33AKDKK//KHKAKLV171 15976.61 Da 15977.14 Da 1052951 25 

26ESNSN// LKTPRLE176 17345.99 Da 17346.64 Da 263782 6 

 
a
Absolute area is the total intensity (counts/s) integrated over the m/Z range of the ions 

contributing to the mass information for each isoform collected over 3 minutes. 



Figure 5. Schematic diagram of proScpA activation.

The signal peptide is shaded in gray, the N-terminal propeptide is 

shaded in a gray gradient and the mature protease is represented by 

the crosshatched pattern. The experimentally  determined initial 

processing is indicated by !176DKKLK. The !26ESNSN segment 

indicates the N-terminus of the propeptide and the !210SNNYT 

segment indicates the N-terminus of mature ScpA. Additional details 

are provided under “Results” and “Discussion”.

MKRNFPKLIALSLIFSLSVTPIANA26!ESNSNIKA33!AKDKKHV

LK171!TPRLE176!DKKLKKTESIPTGNNVTQLKQKASVT202!MPTSQFK209!SNNYT214!YN217!EQYINK

Propeptide

Signal Peptide

Mature Protease

60



Figure 6. SDS-PAGE analysis of ScpA L174A mutant.

Site-directed mutagenesis was performed on recombinant ScpA to 

confirm that the initial processing site occurred at LE!176DKKLK. Lane 

1, RN6390; lanes 2 and 5, ScpAB L174A mutant; lane 3 and 6, 

recombinant ScpA; lanes 4 and 7, ScpAB C238A mutant. Cultures were 

grown for 6 and 18 hours, and supernatants (1.0 OD units) of respective 

strains were subjected to SDS-PAGE analysis.
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It is possible that the substitution did not fully inhibit processing at LE#176DKKLK but 

instead, may have slowed down the processing and diverted the mechanism to process 

alternative sites of preference such as VT#203MPTSQ and of FK#210SNNYT resulting in a 

similar expression pattern compared to recombinant ScpA. Furthermore, this would lead 

to propeptides of various masses depending on the number of alternative sites in the 

mechanism. To investigate this, the 6 hour culture supernatant of the Leu174!Ala mutant 

was subjected to cation exchange chromatography. As a result, a number of polypeptides 

of different masses presumed to be the propeptide were eluted over a linear gradient and 

resolved using SDS-PAGE alongside the propeptide purified from recombinant ScpA 

expressed in S. aureus RN6390 Pspac::sspABC. The SDS-PAGE gel showed that the 

propeptides purified from the ScpAB L174A mutant culture supernatant differed slightly 

in masses compared to the propeptide from recombinant ScpA (Figure 7). This suggested 

that the Leu174!Ala mutation might not have been completely effective in inhibiting 

initiation at that particular site. As a result, the activation mechanism appeared to be 

slower and diverted to other sites of preference. 



Figure 7. Propeptides purified from S. aureus RN6390 

Pspac::sspABC ScpA L174A using cation exchange chromatography.

Culture supernatants were subject  to ammonium sulfate precipitation, 

dialysed and subsequently purified in 50 mM sodium phosphate, pH 7.4 

over an increasing NaCl gradient using cation exchange 

chromatography. Purified propeptides of various masses were eluted 

(Lanes 1-5).  Lane 6 is the propeptide purified from the culture 

supernatant of S. aureus RN6390 Pspac::sspABC ScpA. 
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VI. ScpA is Sensitive to Autodegradation 

As suggested in the 18 hour culture supernatant of S. aureus RN6390 

Pspac::sspABC expressing recombinant ScpA, ScpA may be sensitive to degradation 

over time. To confirm this finding, purified mature ScpA and SspB were incubated at 37 

°C for 6 and 18 hours. After 6 and 18 hours of incubation, ScpA appears highly sensitive 

to autodegradation since in samples with added cysteine protease inhibitor, E64, there 

was no evidence of autodegradation. SspB remained stable throughout the incubation. 

Therefore, this showed that ScpA was sensitive to autocatalytic degradation while SspB 

was stable under the same conditions (Figure 8).  

 

VII. proScpA Differs in Stability and Susceptibility to Intermolecular Processing 

Similarly, an attempt to purify 6His_proScpAB C238A demonstrated a significant 

difference in purification and stability between ScpA and SspB. When expressed as an N-

terminal 6xHis-tagged protein in the cytoplasm of E.coli without its cognate inhibitor, the 

40 kDa 6His_proScpAB C238A recovered in poor yield in the soluble fraction of the cell 

lysate after metal affinity chromatography. In addition, 6His_proScpAB C238A co-

purified with 60- and 20-kDa polypeptides, which were later identified by trypsin 

digestion and mass spectrometry as GroE chaperone and the N-terminal propeptide of 

6His_proScpAB C238A, respectively. Upon size exclusion chromatography, the 

6His_proScpAB C238A eluted in complex with the heptameric GroE in the void volume 

followed by some monomeric 6His_proScpAB C238A and the N-terminal propeptide  



Figure 8. ScpA is sensitive to autodegradation over time. 

2 µg of ScpA and SspB were incubated for 6 or 18 hours as indicated at 

37°C. ScpA was substantially degraded after 18 hours while the sample 

with a cysteine protease inhibitor, E64, remained intact.
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(Figure 9). The propeptide with the N-terminal 6xHis-tag appeared to have been 

processed from the mature protease by cytoplasmic proteases of E.coli, which may  

include ATP dependent GroE chaperone. In contrast, purifying 6His_proSspB using 

metal affinity chromatography resulted in a good and pure yield of stable 6His_proSspB. 

Therefore, although proScpA and proSspB are structurally similar, they differ in stability 

and susceptibility to intermolecular processing by other proteases.  

 

VIII. Staphostatin A (ScpB) Captures ScpA During Autoactivation in E.coli  

Cytoplasm 

Since ScpA is capable of autocatalytic activation, it may be possible that ScpA is 

rapidly auto-activated in the cytoplasm of E.coli. Therefore, it may be necessary for 

Staphostatin A (ScpB) to capture and complex with ScpA in order to prevent premature 

activation and guard cytoplasmic proteins of S. aureus from degradation. By resolving 

the complex, one can determine the N-terminal sequence for an earlier intermediate of 

ScpA at the point at which it becomes activated and is subsequently complexed with 

ScpB. Therefore, scpAB with a 6xHis-tag constructed at the C-terminus of scpB was 

expressed in E.coli using an arabinose-inducible promoter. The cell lysate was subjected 

to metal affinity chromatography and the protein samples were resolved with SDS-

PAGE. From the lysate, although the 40kDa proScpA was not evident, ScpB-6His 

staphostatin co-eluted with a protein that was slightly larger than mature ScpA. This 

protein was subsequently identified to be an earlier intermediate of ScpA with an N-

terminal sequence of LK#197QKASV. Therefore, proScpA underwent autocatalytic  



Figure 9. proScpA differs in stability and susceptibility to 

intermolecular processing.

E.coli strains of expressing 6His_proSspB (uninduced lane 1, induced lane 

2) and 6His proScpA (uninduced, lane 4, induced lane 5) were purified using 

metal affinity chromatography. An abundant and pure yield of 6His_proSspB 

was purified (lane 3) while a much less stable 6His_proScpAB C238A  was 

co-eluted with GroE (60 kDa) and N-terminal propeptide of ScpA (20 kDa) 

(lane 6). Upon size exclusion chromatography, the 6His_proScpAB C238A  

eluted in complex with GroE (lane 7) followed by  monomeric 

6His_proScpAB C238A  (lane 8) and the N-terminal propeptide (lane 9).
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activation in the cytoplasm of E.coli yielding an earlier activation intermediate, which 

was subsequently captured by ScpB-6His. This confirms a possible role for ScpB in 

protecting S. aureus by capturing ScpA. Furthermore, the processing site may serve as 

one of the alternative sites of preference for the activation of ScpA (Figure 10).  

 

IX. ScpA Binds Heparin-Sepharose Column 

The interaction of heparan sulfate and heparin with proteins regulates a wide 

range of biological processes (7). In particular, a study with Trypanosoma cruzi cruzipain 

has shown that heparan sulfate, a heparin-like glycosaminoglycan, was able to modulate 

kinin release through the activity of cruizpain (123). Since a study by Imamura et al. 

(100) has shown that ScpA, augmented by SspB, acts directly on kininogen to release 

bradykinin, it was hypothesized that heparin and other sulfated glycoasminoglycans such 

as heparan sulfate could also interact with ScpA to modulate its activity on kininogen. To 

determine whether ScpA had any affinity for heparin, the culture supernatant of RN6390 

Pspac::sspABC expressing recombinant ScpA was subject to heparin-Sepharose 

chromatography. ScpA was eluted from the heparin-Sepharose column at 1.0M NaCl 

suggesting that ScpA is able to bind to heparin and that the binding is mediated mainly by 

electrostatic interactions.  

 

X. Specificity of ScpA for Protein Substrates 

An overview of the maturation mechanism confirms that ScpA has a broader 

substrate specificity compared to SspB. ScpA has been shown to hydrolyze cysteine  



Figure 10. ScpB captures ScpA during autoactivation in E.coli  

cytoplasm.

A ScpA intermediate was co-purified with ScpB_6His using metal affinity 

chromatography  (lane 1) with a linear gradient of 2M  imidazole. A mature 

ScpA standard (1 µg) was loaded in lane 2. N-terminal sequencing 

identified the ScpA intermediate as being processed at LK!197QKASV.
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protease inhibitors cystatins C and D and targeting kininogens to release bradykinin, but 

despite its activity on these substrates and limited activity on synthetic substrate Z-Phe-

Leu-Glu-pNA, further investigation into the substrate preferences is needed to gain a 

deeper understanding of its target protein substrates. Since the use of synthetic substrate 

Z-Phe-Leu-Glu-pNA was only effective to a limited extent, we tested ScpA with another 

synthetic substrate with properties Ac-Arg-Ser-Leu-Lys-AMC but the activity of ScpA 

was minimal and less efficient (data not shown).  

 

XI. ScpA Exhibits a Limited Capacity to Degrade Fibrinogen 

Since the orthologue of ScpA in S. epidermidis as well as SspB from S. aureus 

have exhibited effective fibrinolytic activity, ScpA was also tested against fibrinogen 

using a fibrin plate. 0.05 nmol of protease was dispensed into small wells of the plate and 

incubated overnight at 37°C. Although not as efficient as the plasmin control, ScpA 

demonstrated slight activity on fibrinogen suggesting that ScpA may have a limited 

capacity to act as an anticoagulant and interfere with fibrin clots (data not shown).  

 

XII. ScpA can Effectively Degrade Elastin 

Studies of Ecp in S. epidermidis also demonstrate effective elastinolytic activity 

(172). To determine whether ScpA in S. aureus can degrade elastin, S. aureus RN6390 

Pspac::sspABC expressing recombinant ScpA was grown on elastin agar. After 4 days of 

incubation in 37°C, RN6390 Pspac::sspABC expressing recombinant ScpA effectively 
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cleared the elastin fibres, but cells expressing ScpAB C238A could not, confirming that 

ScpA has elastinolytic activity (Figure 11A). Furthermore, this activity was unique to 

ScpA as the growth of RN6390 and RN6390 expressing recombinant ScpA showed that 

RN6390 alone could not degrade elastin. Furthermore, the results indicated that ScpA 

does not synergistically degrade elastin more rapidly with proteases from the ssp operon 

(Figure 11B).  

 When RN6390 Pspac::sspABC expressing ScpAB L174A was grown on the elastin 

agar, more extensive clearing of the elastin fibres were observed compared to RN6390 

Pspac::sspABC expressing recombinant ScpA. Therefore by creating ScpAB L174A, 

which may have led to slower processing and diversion of maturation mechanism to other 

sites of preference, this allowed ScpA to be more stable thereby allowing for more 

effective elastinolytic activity (Figure 11C). Therefore, these results provides some 

evidence that ScpA possesses elastinolytic activity and may play a role in host tissue 

invasion and destruction. 

 

XIII. Prevalence of ScpA in CC30 strains 

Degradation of elastin by ScpA may be implicated in staphylococcal infection of the 

lungs as well as staphylococcal pneumonia. Therefore, to investigate the elastinolytic 

activity of S. aureus clinical isolates, we assayed clinical isolates of diverse genetic 

backgrounds for clearing of elastin agar and found that this activity was uniquely 

associated with strains belonging to clonal complex CC30. In particular, WBG10049, a 

community-acquired MRSA in the CC30 clonal complex had potent elastinolytic activity.  



Figure 11. ScpA can Effectively Degrade Elastin.

Strains were grown for 2 hours to approximately 1.0 OD units and was dispensed 

onto the elastin agar and incubated for 4 days at 37 °C. Radial clearing zones were 

used to determine elastinolytic activity.

A. RN6390 Pspac::sspABC expressing recombinant ScpA effectively cleared the 

elastin fibres (Left), but cells expressing ScpA C238A could not (Right).

B. Elastinolytic activity of RN6390 expressing recombinant  ScpA (Left) did not 

differ significantly  compared to RN6390 Pspac::sspABC expressing recombinant 

ScpA (Right).

C. Elastin fibres were cleared more rapidly  by RN6390 Pspac::sspABC expressing 

ScpA L174A (Right) compared to RN6390 Pspac::sspABC expressing recombinant 

ScpA (Left).

ScpA ScpAB C238A

RN6390 RN6390 Pspac::sspABC

+ ScpA-pRN5548

+ ScpAB C238A

Host strain:

Expression construct:

A.

B.

ScpAB L174A ScpA

C.
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Strains BK14038, ATCC25923 and L528, all of which are CC30, also demonstrated very 

effective clearing of elastin (Figure 12). When the protein profile from several CC30 

isolates was assessed by SDS-PAGE, all the strains tested expressed a cluster of 

polypeptides that resembled the expression and maturation patterns of ScpA (Figure 13). 

Mass spectrometry analysis on the 17 kDa polypeptide of two of the strains confirmed 

that the expression patterns were in fact that of ScpA. These results are further supported 

by previous findings from our lab that showed the secretome analysis on L516, which 

belongs to the CC30 clonal complex, also identified expression of ScpA in the culture 

supernatant. Therefore, among clinical isolates, ScpA is a distinct trait of CC30 strains.  



CC30 ISOLATES

CODE STRAIN

A WBG10049

B BK12003

C BK5969

D M1015

E BK9950

F M809/BK22029

G SEATTLE 1945 (ATCC25923)

H L516

I MN-8 (BK21203)

J L528

K BK21339

L BK13271

M BK14038

N ATCC49775

O PM7/MRSA252

Figure 12. Elastinolytic activity is uniquely associated with the CC30 

clonal complex. 

CC30 strains were grown for 2 hours to approximately 1.0 OD units and 

was dispensed onto the elastin agar and incubated for 4 days at 37 °C. 

Radial clearing zones were used to determine elastinolytic activity. 
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Figure 13. Expression of ScpA is uniquely associated with the CC30 

lineage of S. aureus. 

CC30 strains were grown for 6 and the supernatants (3.0 OD units) were 

TCA precipitated and analyzed using SDS-PAGE. The three polypeptides 

bracketed indicate the pattern of polypeptides expressed by recombinant 

ScpA. 
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PART IV: DISCUSSION 

 

I. ScpA Undergoes a Stepwise Autocatalytic Activation 

ScpA is one of two known cysteine proteases secreted by S. aureus. While it has 

been suggested that ScpA may not be involved in the SPC pathway for activation (217), 

the exact activation mechanism had not yet been elucidated. To determine the activation 

mechanism for ScpA, we created an active site mutant by substituting the active site 

cysteine for alanine. Expression of this active site mutant led to the accumulation of 

proScpA indicating that ScpA undergoes autocatalytic activation. This further confirmed 

that ScpA maturation occurs independent of the SPC pathway which involves the other 

major proteases secreted by S. aureus, Aur, SspA and SspB. Autocatalytic activation is 

commonly observed in similar cysteine proteases including SpeB from S. pyogenes (57), 

RgpB from P. gingivalis (144), and Interpain A (InpA) from Prevotella intermedia (129). 

However, unlike propapain (247), proSpeB (57) and procathepsin B (197), proScpA 

could only be processed intramolecularly as treatment of inactive mutant proScpA with 

mature ScpA did not yield similar maturation intermediates as observed in the culture 

supernatant of RN6390 Pspac::sspABC expressing ScpA. In contrast to the maturation of 

papain, a temporal analysis of ScpA showed that the autocatalytic maturation of proScpA 

occurred through several intermediates. It has been shown that the maturation of SpeB 

also proceeds through a multi-step process during maturation (57). Furthermore, there 

was no accumulation of  proScpA observed after 18 hours of growth suggesting that if 

proScpA is not activated immediately, it will be degraded. This behaviour is similar to 
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autocatalytically activated proAureolysin, whereby after renaturation, the unprocessed 

proAureolysin is not accumulated and is degraded (159).  

A modeling of proScpA on the PHYRE demonstrated that Leu174 was optimally 

positioned toward the active site of ScpA. We confirmed this prediction using mass 

analysis to determine the C-terminal sequence of the cleaved propeptide which allowed 

us to deduce the initial processing site. To further show that this was the initial processing 

site, we substituted the P2 residue Leu174 with Ala in attempt to prevent the first step in 

the activation mechanism. Instead of observing an accumulation of the proScpA, 

polypeptides similar to but not exactly the same as the wild type expression of ScpA were 

detected in the culture supernatant. This indicated that the substitution did not completely 

inhibit processing at the initial site but rather, had slowed down and diverted the 

processing to other sites of preference. This was supported by the varied sizes of 

propeptides that were purified from the L174A mutant demonstrating that as a result of the 

mutation, initiation of the activation mechanism had occurred in other sites. We conclude 

that although L174A mutant was capable of initiating processing, it was much less 

efficient and occurred in more than one site. However, the LE175# cleavage site proved to 

be critical for efficient maturation and the C-terminal sequences of the propeptide of 

wildtype ScpA showed that it was strongly preferred as the first step in autocatalytic 

activation.  
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II. Staphostatin A (ScpB) Captures ScpA During Autoactivation in E.coli  

Cytoplasm 

To determine the point at which ScpA becomes activated and subsequently 

complexed with ScpB, we expressed scpA and cognate inhibitor scpB using an arabinose-

inducible promoter. A 6xHis-tag was constructed on the C-terminal end of scpB to 

perform pull down assays. From the E. coli cell lysate, it appeared that ScpB co-eluted 

with an earlier intermediate of ScpA. This demonstrated that proScpA underwent 

autocatalytic activation in the cytoplasm of E.coli but was quickly captured by ScpB. The 

captured ScpA intermediate could likely represent an earlier intermediate in the 

activation process. Since ScpA exhibits broad substrate specificity, this data is in 

agreement with the concept that broad specificity proteases may require an inhibitor to 

protect the cells that produce them from premature activation. An inhibitor would serve 

to prevent detrimental effects such as proteolysis of cytoplasmic proteins in the cells 

(114). Evidence of this was noted in Wladyka et al. where they showed that ScpA was 

toxic for E. coli when expressed without its cognate inhibitor. Furthermore, they found 

that production of ScpA and ScpB was abrogated when there was a mutation in the 

reactive center of ScpB (254).  

Likewise, Shaw et al. has shown that an isogenic sspC mutant of S. aureus 8325-4 

exhibited significant changes in phenotype as a result of the mutation. Defective growth, 

a less structured peptidoglycan layer within the cell envelope, and complete lack of 

exoproteins secreted into the growth media were some of many changes observed in the 

mutant phenotype (218). However, experiments conducted by Nickerson (158) using 
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sspC mutant constructs in RN6390 (similar strain to 8325-4) did not result in the same 

phenotype suggesting that SspC was not essential for cell viability. Although the reason 

for this discrepancy is not obvious, it is clear that the role of staphostatins SspC and ScpB 

do differ in terms of its importance in protease activation. It is possible that this may be 

due to the different activation mechanisms of each protease. We can conclude that our 

results show that ScpA interacts with ScpB forming a possible enzyme-inhibitor complex 

suggesting that ScpB may serve to guard ScpA from non-specific degradation by 

prematurely activated ScpA. Understanding the staphopain A-staphostatin A interactions 

provides further insight into regulation of virulence and survival of S. aureus.  

 

III. ScpA Binds Heparin-Sepharose Column 

To determine the affinity of ScpA for heparin, ScpA was purified using a heparin-

Sepharose column and eluted in a linear NaCl gradient. Binding of cysteine proteases 

with basement membranes have been demonstrated in papain and cathepsin B which are 

able to bind to laminin of the basement membrane (51) suggesting a role in degradation 

of extracellular matrix constituents. Several reports (7, 122, 123, 155) have also shown 

that cysteine proteases can interact with another membrane component called 

glycosaminoglycans. Among the glycosaminoglycans are heparin and heparin-like 

glycosaminoglycans, which are mostly present at the cell surface or extracellular matrix 

(258). The interaction of glycosaminoglycans with cysteine proteases can regulate a 

variety of biological processes including hemostasis, inflammation, angiogenesis, cell 

adhesion and others (7). Lysosomal cysteine protease, Cathepsin B, has been implicated 

in several diseases involving tissue remodelling, including degradation of extracellular 
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matrix proteins and inflammation. A study has shown that heparin and heparan sulfate are 

able to bind to cathepsin B suggesting that heparan sulfate may serve as an important 

binding site for cysteine proteases at the basement membrane (6). Furthermore, it has 

previously been noted that heparan sulfate is a critical molecule for the initial binding of 

Trypanosoma cruzi to host cell surfaces (91). Therefore, the ability of ScpA to bind to the 

heparin-Sepharose column are preliminary results suggesting that ScpA may be capable 

of binding to heparin in the extracellular matrix of host cell surfaces. 

A study with Trypanosoma cruzi cysteine protease cruzipain has shown that 

heparan sulfate was able to modulate kinin release through the activity of cruizpain (123). 

The plasma kallikrein-kinin system plays an important role in inflammation. Vasoactive 

peptides referred to as kinins are excised and released from kininogens. Once liberated, 

these peptides can contribute to edema formation, vasodilation, and pain (54). In human 

plasma, S. aureus has been shown to trigger the release of bradykinin (132), which 

induces vascular leakage leading to hypotension (203). A study by Imamura et al. (100) 

has shown that ScpA, augmented by SspB, acts directly on kininogen to release 

bradykinin. Since heparan sulfate was able to modulate kinin release through cruzipain, it 

is plausible that heparin and heparan sulfate may also interact with ScpA to modulate its 

activity on kininogen and therefore promote the dissemination of infection.  

 

IV. ScpA Exhibits a Limited Capacity to Degrade Fibrinogen 

ScpA was tested against fibrinogen using a fibrin plate. Although not as efficient 

as the plasmin control, ScpA demonstrated slight activity on fibrinogen suggesting that 

ScpA has a limited capacity to act as an anticoagulant and interfere with fibrin clots. 
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Degradation of fibrinogen is also observed in several cysteine proteases including SspB 

from S. aureus (130), EcpA from S. epidermidis (172) and SpeB from S. pyogenes (131). 

Fibrinogen is a key factor in blood clotting whereby fibrinogen is converted to fibrin by 

thrombin to prevent blood loss during an injury. Furthermore, fibrin/fibrinogen can serve 

as a substrate for microbial adhesion in sites of vascular injury (180). Therefore, ScpA 

may be involved in wound infections and may be involved in compromising the 

structural integrity of fibrin clots. This may contribute to further bacterial dissemination 

by S. aureus. In particular, it may play a role in causing infective endocarditis which can 

be further developed by the effective interaction of S. aureus to platelet-fibrin aggregates 

present on the surface of the heart valves (236).  

 

V. ScpA can Effectively Degrade Elastin 

Results from S. aureus RN6390 Pspac::sspABC expressing recombinant ScpA 

grown on elastin agar plates demonstrated that ScpA was capable of degrading elastin. A 

study by Potempa et al. (188) had previously suggested that a cysteine protease of S. 

aureus exhibited elastinolytic activity. However, the molecular weight of the cysteine 

protease that was identified and purified in this study was well below the actual 

molecular weight of ScpA (19 kDa). It is possible that the cysteine protease isolated from 

the V-8 strain may correspond to ScpA, however, this study did not provide definitive 

evidence that this was the case. By comparing the elastinolytic activity of ScpA and an 

inactive ScpA mutant, our results showed that ScpA can effectively degrade elastin. 
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Therefore, this finding is unique and meaningful towards further characterization of this 

cysteine protease, ScpA.   

Degradation of elastin, a major structural component of the extracellular matrix in 

tissues, occurs in several other bacteria including Pseudomonas aeruginosa (151) and 

Flavobacterium menningosepticum (83). From these bacteria, it has been shown that the 

bacterial pathogenicity is directly linked to the production of elastase. Elastin is also 

abundantly present in the lungs, skin, and major blood vessels. Therefore, since S. aureus 

commonly infects tissues that are abundant in elastin, the production of ScpA by S. 

aureus may serve to be an important component for the success of an infection by 

degrading surrounding tissues. In particular, the elastinolytic activity of P. aeruginosa 

has been shown to contribute to the destruction of lung connective tissue in cystic fibrosis 

(30). It would be interesting to investigate whether elastinolytic activity of S. aureus, 

particularly by the activity of ScpA, would play a similar role in the destruction of 

connective tissues in cystic fibrosis.   

Elastinolytic activity has been previously identified in several different cysteine 

proteases including papain (46) and cathepsins L (116), K (198), S (219), V (260) and 

Ecp of S. epidermidis (172). Interestingly, a gingipain complex consisting of 

lipopolysaccharide, Rgp and Kgp present in P. gingivalis significantly degraded elastin. 

Monomeric Rgp and Kgp indicated lower levels of elastinolytic activity compared to the 

complex form, therefore, demonstrating a way for proteases of P. gingivalis to work 

together in complex to effectively degrade elastin (240). In S. aureus, such a synergistic 

effect for rapidly degrading elastin was not observed amongst the staphylococcal 

proteases. Therefore, the comparison of elastinolytic activity in RN6390 expressing the 
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recombinant ScpA with RN6390 Pspac::sspABC expressing the same construct indicated 

that proteases in the ssp operon were not involved with ScpA in elastin degradation and 

that this activity was unique to ScpA. When RN6390 Pspac::sspABC expressing ScpAB 

L174A was grown on the elastin agar, the elastin fibres were cleared more rapidly than 

RN6390 Pspac::sspABC expressing recombinant ScpA. Genetic analysis of SspB showed 

that the site equivalent to Leu174 is not processed in SspB during maturation. Since SspB 

is a much more stable protease than ScpA, this may account for the enhanced stability 

and therefore more extensive clearing of the elastin agar observed in the ScpA 

(Leu174!Ala) mutant.  

 

VI. Prevalence of ScpA in CC30 Clinical Isolates 

Several clinical isolates of diverse genetic backgrounds were assayed for 

elastinolytic activity. Of these genetic backgrounds, only strains belonging to CC30 

demonstrated the ability to degrade elastin. S. aureus strains belong to clonal complexes, 

which are groups of sequence types (ST). For these STs to be part of a clonal complex, 

they must share at least five of seven identical alleles with at least one other ST within 

the group. Major disease causing strains (69) and MRSA (66) belong to several clonal 

complexes, including CC30 which consists of STs such as ST30 and ST36. Studies in 

different countries and continents have indicated that strains belonging to the CC30 

complex are the most prevalent strains in nasal carriages (4, 69, 75, 117). Furthermore, 

CC30 strains have been associated with increased infection severity and frequent 

hematogenous complications (66). In addition, a great percentage of persistent 

bacteremia, which is common in patients with endovascular infection (76), was 
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frequently associated with CC30 isolates (255). Without a doubt, CC30 strains can cause 

serious staphylococcal infections. Therefore, its ability to degrade elastin may have a 

contributing role in the invasiveness and dissemination of S. aureus strains belonging to 

the CC30 complex.  

In addition to identifying elastinolytic activity in CC30 strains, a secretome 

analysis on L516, a CC30 strain involved in complicated nosocomial bacteremia, 

identified expression of ScpA in the culture supernatant. We examined other strains in the 

CC30 genetic background and found that of the strains tested, all expressed a cluster of 

polypeptides that resembled the expression and maturation patterns of ScpA. Mass 

spectrometry of two of the strains confirmed that the patterns did in fact correspond to 

ScpA. Therefore, this correlation between ScpA and CC30 may suggest a pathogenic role 

in the degradation of elastin in host tissues.    

Interestingly, it has been noted that the transition from a particular historic ST30 

strain to contemporary ST30 clinical isolates has been associated with expression of 

ScpA, loss of expression of the ssp operon, and co-acquisition of TSST and Orf011. Our 

findings support this noted transition, as some of the strains that we tested are 

contemporary ST30 strains that demonstrate elastinolytic activity suggesting the 

expression of ScpA.  

 

PART V: CONCLUSION AND FUTURE DIRECTIONS 

 

Our studies have found that ScpA undergoes a rapid activation mechanism 

distinct from the well-characterized SPC pathway. An active site mutation resulted in the 
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accumulation of the ScpA precursor in the culture supernatant proving that ScpA is 

activated autocatalytically. The intramolecular autocatalytic maturation of precursor 

ScpA proceeded through several intermediates, most of which were characterized using 

using N-terminal sequencing and mass spectrometry. Comparable to the papain family of 

proteases, ScpA demonstrated a strong preference for hydrophobic amino acids at the P2 

site. As with many papain-like proteases, the specificity for the P1 site is often less 

defined. Our results show that ScpA exhibits a broad specificity by recognizing substrates 

with a polar amino acid at the P1 site. Consistent with a broad substrate specificity and in 

contrast to SspB, ScpA was sensitive to autodegradation when incubated over a period of 

time. Furthermore, in agreement with the concept that broad specificity proteases may 

require an inhibitor to protect the cells that produce them, pull down assays indicated that 

ScpA becomes complexed with its cognate inhibitor, ScpB, within the cytoplasm of E. 

coli. ScpA demonstrated an affinity for heparin and also the ability to degrade fibrinogen 

and elastin, all of which are components of the ECM. In addition, analysis of clinical 

isolates showed that elastinolytic activity and the expression of ScpA was uniquely 

associated with CC30 strains suggesting a role in the destruction of host tissues. In 

conclusion, the results from this work provide us with new insight into the activation 

mechanism and further characterization of ScpA. These characteristics of ScpA differ 

significantly from that of SspB indicating that the presence of two cysteine proteases in S. 

aureus both uniquely contribute to the pathogenesis of S. aureus. Our findings on ScpA 

will allow us to better understand the specific role and function of ScpA in the virulence 

strategy of S. aureus.  
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Since ScpA is rapidly activated, all the maturation intermediates may not have 

been visually identified in the SDS-PAGE of the culture supernatant. Therefore, it would 

be worthwhile to produce ScpA antibodies and use Western blotting to detect the 

intermediates involved in the activation mechanism. These antibodies would allow us to 

affirmatively identify the number of intermediates required for full activity as well as 

characterize the cleavage sites. An alternative to producing antibodies would be to 

synthesize DCG-04, which is a labeling probe based on E-64, to identify papain family of 

cysteine proteases.  

Our results and interpretations suggest that LE#176DKKLK is the initial 

processing site for ScpA activation, however, further experiments are needed to confirm 

this hypothesis. Since, the alanine in the Leu174>Ala change did not appear to be an 

effective substitution, using another non-hydrophobic amino acid could potentially inhibit 

activation. As the mass analysis to determine the C-terminus of the ScpA propeptide 

eluded to initial processing occurring mostly at LE#176DKKLK and maybe 

LK#171TPRLE, it is possible that ScpA activation may be initiated earlier. Therefore, 

another site to investigate would be that of LK#171TPRLE.  

Preliminary results showing that ScpA can interact with heparin opens up many 

opportunities to explore the impact of this interaction. Further studies would include 

investigating whether heparan sulfate proteoglycans would be able to regulate ScpA 

activity. As such, it would be interesting to examine the potential for heparan sulfate to 

modulate kinin release by ScpA and other ScpA functions.  
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Lastly, to gain insight into the in vivo effects of ScpA, creating deletion mutants 

of ScpA in various CC30 strains would allow us to observe any changes in the virulence 

of these strains in murine models.  
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