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Summary 

This work aimed to study two distinct autotransporter proteins encoded on the she 

pathogenicity island in S. flexneri 2a, designated SigA and Sap respectively. The first 

aim was to investigate the structure-function relationship of SigA, an autotransporter 

protease capable of degrading casein and α-fodrin, and which is cytotoxic to HEp-2 

epithelial cells (Al-Hasani et al., 2000; Al-Hasani et al., 2009). Bioinformatic analysis 

suggested that the secreted α domain of SigA may be further derived into two 

subdomains, termed α1 and α2. It was hypothesised that the α1-subdomain is a 

proteolytic domain as it contains a putative serine protease motif (G
256

DSGSGS) (Al-

Hasani et al., 2000). The hypothetical α2-subdomain, in contrast, shares low but 

significant sequence similarity to pertactin, suggesting that it may act as a cell-binding 

domain that targets SigA to the epithelial cell surface. Consistent with these hypotheses, 

we have successfully demonstrated that α1, when isolated from α2, was capable of 

degrading casein and that α2 protein bound specifically to HEp-2 epithelial cells, 

showing that SigA consists of two functionally distinct domains specifying cytotoxic 

protease (α1) and epithelial cell binding (α2) activities. 

 

The second aim of this study was to characterise the functional properties of Sap, which 

displays a high level of sequence similarity and identity to the Ag43 autotransporter of 

E. coli K12 and a family of sequence variants found in both commensal and pathogenic 

strains of E. coli. Members of the Ag43 family variously mediate biofilm formation, 

bacterial autoaggregation and bacterial adherence to epithelial cells. Like Ag43, Sap 

mediates biofilm formation in S. flexneri, but no other functions have been attributed to 

it. Experiments were therefore performed to investigate the ability of Sap to mediate 

bacterial autoaggregation and adherence to colonic epithelial cells. However, unlike 

Ag43, Sap fails to induce bacterial autoaggregation and does not mediate bacterial 



 

adherence to a colonic epithelial cell line. Therefore, it is unlikely that Sap contributes 

to colonisation of the intestine. However, these experiments suggested that an 

unrecognised adherence factor potentially exists downstream of the sap gene.  

 

The lack of autoaggregation activity in Sap suggested that there may be a negative 

selection for this trait in S. flexneri. It was hypothesised that autoaggregation may 

interfere with actin-based motility, which is essential for inter-epithelial transmission of 

S. flexneri, and that the autoaggregation-negative phenotype of Sap may be a 

pathoadaption that prevents interference with this system. To test this hypothesis, Ag43 

from E. coli was expressed in S. flexneri with the aim of constructing an 

autoaggregative strain. Expression of Ag43, however, did not inhibit inter-epithelial 

transmission and surprisingly, Ag43-mediated autoaggregation was inhibited by the 

long chain lipopolysaccharide of S. flexneri. It was therefore concluded that the non-

aggregative phenotype of Sap probably arose via random genetic drift rather than a 

pathoadaptive, negative selection. 

 

Last but not least, the mechanism by which Sap expression is regulated was 

investigated. It was found that Sap is expressed in a phase-variable manner. Analysis of 

the sequence upstream of sap revealed a potential OxyR binding site containing three 

recognition sequences for Dam methylase, suggesting that phase-variation is controlled 

by the competing activities of OxyR and Dam. Subsequent mutation and 

complementation experiments confirmed the roles of OxyR and Dam in phase-variable 

expression of Sap, via a mechanism which is similar to that which controls the 

expression of Ag43 in E. coli. In the course of these experiments, an unusual inhibitory 

effect on the expression of OxyR was encountered. The effect was consistent with a 



 

negative, cis-acting element, although a more precise understanding of this phenomenon 

requires further investigation. 
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 1 

Chapter 1 - Introduction 

1.1 Introduction to Shigella spp.  

Shigellae are non-motile, non-sporulating, non-encapsulated, Gram-negative facultative 

anaerobes belonging to the family Enterobacteriaceae. The genus Shigella comprises 

four different species, S. dysenteriae, S. flexneri, S. boydii and S. sonnei. The former 

three species are further subdivided into multiple serotypes based on the O-antigen of 

their lipopolysaccharide (Niyogi, 2005). 

 

Shigellae are highly adapted human pathogens which cause acute bacillary dysentery. 

This is due to the destruction of the colonic mucosal layer upon infection by Shigella, 

resulting in clinical symptoms of watery or bloody mucoid diarrhoea accompanied with 

severe abdominal pain and cramping. Other clinical presentations may include tenesmus 

(a painfully urgent but ineffectual attempt to urinate or defaecate), fever, dehydration 

and anorexia (World Health Organization, 2005). In the absence of effective treatment, 

severe complications such as haemolytic-uraemic syndrome, rectal prolapse, intestinal 

perforation, toxic megacolon and septicaemia may develop (World Health Organization, 

2005). 

 

The genus Shigella is highly contagious, requiring as few as 10 to 100 viable organisms 

to establish an enteric infection (DuPont et al., 1989). The bacteria are transmitted via 

the faecal-oral route, which includes direct contact with an infected person, or by 

consumption of contaminated food or water. Attributed to a lack of clean water supply, 

poor sanitary system, malnutrition and increasing cost of antibiotic treatment, 

shigellosis is endemic in most developing countries and is predominantly caused by S. 

flexneri (Bennish & Wojtyniak, 1991). A surveillance study conducted between 1999 

and 2000 in Indonesia revealed that S. flexneri was the most prevalent pathogen isolated 
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in eight hospitals throughout the Indonesian archipelago (Oyofo et al., 2002). It is 

estimated that Shigella causes at least 164.7 million cases of bloody diarrhoea per year, 

of which 1.1 million cases result in death. Approximately 70 percent of the cases and 60 

percent of deaths occur among children under the age of five (Kotloff et al., 1999). 

 

1.2 Pathogenesis of Shigella 

The intestinal mucosal epithelial layer acts as a first line protective barrier against the 

invasion of enteric pathogens. It comes with four major defensive elements to prevent 

this entry (Sansonetti, 2004). The mucus layer that coats the epithelial cells, is capable 

of entrapping foreign microorganisms and therefore acts as the first physical barrier. 

The second physical protection is provided by the integrity of the epithelial cells. A 

variety of antimicrobial peptides such as lysozyme, defensins and cathelicidins are 

produced and secreted by the epithelium into the mucosal lumen to directly eliminate 

any invading pathogens (Jones & Bevins, 1992; Jones & Bevins, 1993; Lehrer & Ganz, 

2002; Muller et al., 2005; O'Neil et al., 1999). Lastly, non-pathogenic microorganisms 

tend to colonise the surface of the mucosal epithelial layer. These normal flora usually 

outcompete pathogens for adherence sites on the epithelial cell surface and for 

necessary nutrients. Despite the defensive mechanisms of the intestinal mucosal 

epithelium, human-adapted Shigella species are able to colonise the intestinal 

epithelium by exploiting epithelial-cell functions and circumventing the host innate 

immune response. 

 

Shigella infection is only possible when orally-ingested Shigella survives the acidic 

environment of the stomach and subsequently enters the intestine. Although Shigella is 

not capable of invading via the apical surface of the colonic epithelium, it can traverse 

the mucosal layer by exploiting the microfold epithelial cells (M cells) found in the 
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Peyer’s patches in the colon. Shigella is endocytosed by the M cell and is subsequently 

delivered to underlying macrophages for phagocytosis. Infected macrophages, however, 

are rapidly killed by Shigella via the induction of apoptosis and the bacteria are released 

on the basolateral side of the colonic epithelial layer, which is vulnerable to Shigella 

invasion. Following invasion, Shigella replicates within, and disseminates between, the 

mucosal epithelial cells. Infection of the epithelial cells and apoptosis of the 

macrophages trigger the secretion of pro-inflammatory cytokines, resulting in massive 

influx of polymorphonuclear cells into the submucosal and luminal regions. This intense 

inflammatory response in the colon causes destabilisation and destruction of the colonic 

mucosa, thus leading to the clinical symptoms of shigellosis. 

 

1.2.1 Survival in the acidic environment of the stomach 

Shigella species must survive the acidic environment of the stomach before they enter 

the host intestinal tract to establish an enteric infection. To date two acid-resistance 

systems have been reported in S. flexneri; a well-studied glutamate-dependant acid-

resistance pathway and an acid-induced, glucose-repressed oxidative pathway which is 

yet to be fully characterised (Lin et al., 1995). 

 

The glutamate-dependant pathway is a glutamate decarboxylase system which involves 

two decarboxylase enzyme isoforms, encoded by gadA and gadB, and an antiporter 

which is encoded by gadC (Lin et al., 1995; Waterman & Small, 1996). The isoenzymes 

are capable of converting intracellular glutamate to gamma-aminobutyric acid (GABA) 

by consuming one cytoplasmic proton during the process. GABA is then exchanged for 

extracellular glutamate by the antiporter (Richard & Foster, 2004). The consumption of 

intracellular protons maintains the pH homeostasis of the cytoplasm, thereby allowing 

S. flexneri to survive under the acidic conditions of the stomach. 
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The mechanism and major components of the Shigella oxidative pathway still remain 

unclear. S. flexneri strain 3136, contains similar elements of the oxidative pathway 

found in Escherichia coli, including the alternative sigma factor RpoS and the cyclic 

AMP (adenosine monophosphate), both of which are important regulators in this 

pathway (Castanie-Cornet et al., 1999; Waterman & Small, 1996). However a recent 

study using S. flexneri 2a strain 2457T showed that the strain was able to survive when 

grown overnight under anaerobic conditions and acid-challenged in minimal media in 

the absence of glutamate. This demonstrates that its oxidative acid-resistance pathway 

may be operating in a non-glucose-repressible manner or there could be a novel 

resistance pathway present in S. flexneri 2457T (Jennison & Verma, 2007). 

 

1.2.2 M cell exploitation 

M cells are characterised by their poorly organised brush border, high endocytic activity 

and their association with an intraepithelial pocket filled with lymphocytes and 

macrophages (Neutra et al., 1996). M cells lack a mucus or glycocalyx layer, allowing 

them to sample luminal contents and to then transcytose the luminal antigens to the 

underlying mucosal-associated lymphoid tissue (MALT). Thus M cells play a crucial 

role in the initiation of the mucosal immune response (Neutra et al., 1996). As Shigella 

is unable to invade via the apical region of the colonic epithelial cells, it utilises the 

highly endocytic nature of M cells to traverse the otherwise impermeable epithelial 

lining of the colon (Wassef et al., 1989). 

 

After being taken up by the M cell, Shigella is presented to and subsequently 

phagocytosed by the underlying residential macrophages. Following its internalisation 

by macrophages, Shigella disrupts the membrane of the phagosome and induces the 

macrophage to undergo apoptosis by secreting IpaB, a virulence factor released via a 
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type III secretion system (T3SS) (Chen et al., 1996; High et al., 1992). The virulence 

plasmid-borne T3SS, assembled and regulated by Mxi and Spa proteins, is essential for 

the delivery of a subset of effectors which are required to trigger entry into epithelial 

cells and apoptosis in macrophages (Blocker et al., 1999; Buchrieser et al., 2000; 

Hromockyj & Maurelli, 1989; Venkatesan et al., 1992). 

 

IpaB binds and activates caspase-1 (a member of the pro-apoptotic cysteine proteases 

formerly called ICE for interleukin-1 converting enzyme) in the macrophage cytosol, 

triggering an apoptosis cascade in macrophages (Chen et al., 1996; Hilbi et al., 1998). 

Activated caspase-1 also cleaves and activates the pro-inflammatory cytokines 

interleukin-1β (IL-1β) and interleukin-18 (IL-18), which are released into the 

submucosa together with Shigella upon macrophage apoptosis (Dinarello, 1998; 

Zychlinsky et al., 1996). 

 

1.2.3 Attachment and entry into epithelial cells 

Once released from the dying macrophages, Shigella is able to invade intestinal 

epithelial cells from the basolateral side. When Shigella comes into contact with the 

epithelial cell, it translocates a subset of virulence factors via the T3SS both around the 

bacterial surface and directly into the host cell to promote bacterial entry. These effector 

proteins include IpaA-D invasins, IpgB1, IpgB2, IpgD and VirA. Before entry, Shigella 

adheres to host cells by binding to hyaluronan receptor CD44 and α1β5 integrin 

receptor present on the epithelial cell surface (Skoudy et al., 2000; Watarai et al., 1996). 

Binding to CD44 receptor is mediated by IpaB, while the α1β5 integrin receptor is 

bound by an IpaBCD complex (Skoudy et al., 2000; Watarai et al., 1996). Receptor 

binding triggers early actin cytoskeletal rearrangements to stimulate bacterial entry into 

epithelial cell (Skoudy et al., 2000; Watarai et al., 1996). 
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Once attached to the host epithelial cell, IpaB and IpaC are released to form a complex 

through the binding of the amino-terminus of IpaC to IpaB (Harrington et al., 2003). 

The hydrophobic IpaBC complex then inserts into host cell membrane to form a pore 

which allows direct translocation of other type III effector molecules into the host cell 

cytoplasm (Blocker et al., 1999). The carboxyl-terminal domain of IpaC subsequently 

activates host cell Rho GTPase Cdc42, which in turn activates another Rho GTPase 

Rac1, both of which are required to recruit the actin-nucleating complex Arp2/Arp3 

(Tran Van Nhieu et al., 1999). This results in actin polymerization and the formation of 

filopodial and lamellipodial extensions in the vicinity of the bacterium (Tran Van Nhieu 

et al., 1999). 

 

IpgB1 is capable of mimicking the function of the active GTPase RhoG to activate both 

Rac1 and Cdc42 and therefore trigger membrane ruffling through the ELMO-Dock180 

pathway (Handa et al., 2007; Ohya et al., 2005). IpgB2, an IpgB1 homologue, is able to 

mimic the activity of the GTP-bound form of RhoA, thus inducing the formation of 

stress fibres as well as membrane ruffling (Alto et al., 2006). In contrast it was reported 

that IpgD is implicated in the formation of an entry focus (Niebuhr et al., 2000). It is 

capable of converting phosphatidylinositol-4,5-biphosphate into phosphatidylinositol-5-

phosphate, thus leading to dissociation of the actin cytoskeleton from the plasma 

membrane and therefore the formation of membrane extensions (Niebuhr et al., 2002). 

 

IpaA, when translocated into host epithelial cell cytoplasm, binds the cytoskeleton-

associated vinculin, via its carboxyl-terminal domain, causing the unfolding of vinculin 

to expose its F-actin-binding domain (Bourdet-Sicard et al., 1999; Ramarao et al., 

2007). The IpaA-vinculin complex subsequently interacts with F-actin, resulting in actin 

depolymerization to form an entry point around the bacterium (Bourdet-Sicard et al., 
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1999). IpaA also targets β1 integrin and elevates the activity of RhoA GTPase, thereby 

inducing the loss of actin stress that promotes the reorganisation of actin at the site of 

entry (Demali et al., 2006). Last but not least, VirA is secreted into the host cell 

cytoplasm to destabilise microtubules near the site of bacterial entry. It is also suggested 

that the microtubule degradation activates Rac1 Rho GTPase, leading to localised 

membrane ruffling (Yoshida et al., 2002). The cytoskeletal rearrangements induced by 

the Shigella type III virulence factors result in internalisation of Shigella by the host 

epithelial cell within a macropinocytic vacuole. 

 

1.2.4 Intracellular and intercellular dissemination 

The macropinocytic vacuole is rapidly disrupted via the IpaB invasin, thereby releasing 

Shigella into the host cell cytoplasm (High et al., 1992). Shigella then exploits the host 

cell actin assembly machinery for intracellular motility and intercellular dissemination. 

This process is mediated by the Shigella outer membrane autotransporter protein IcsA, 

which is also known as VirG (Bernardini et al., 1989; Lett et al., 1989; Suzuki et al., 

1995). IcsA is localised to the old pole of the bacterium by the actions of the outer 

membrane protease IcsP (SopA) (Steinhauer et al., 1999). In a previous study it was 

discovered that the periplasmic serine protease DegP, facilitates the surface expression 

of the outer membrane protein IcsA, and is required for efficient intercellular spreading 

(Purdy et al., 2002). It was proposed that the serine protease DegP may act as a 

chaperone which promotes the proper folding of IcsA in the periplasm or to facilitate 

the rapid transit of IcsA to the bacterial cell surface (Purdy et al., 2002). 

 

Surface-bound IcsA interacts with the neural Wiskott-Aldrich syndrome protein (N-

WASP) in the host cell cytoplasm, which subsequently activates the Arp2/Arp3 

complex to initiate F-actin polymerisation at the old pole of the bacterium (Egile et al., 
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1999; Goldberg et al., 1993; Suzuki et al., 1998; Suzuki & Sasakawa, 1998). The 

formation of an F-actin tail creates propulsive force that drives the bacterium through 

the host cell cytoplasm until it contacts the host cell membrane, forming a protrusion 

into the neighbouring epithelial cell (Monack & Theriot, 2001). The formation of the 

bacterium-containing protrusion occurs in a myosin light chain kinase dependant 

manner, which requires the expression of cadherin (Rathman et al., 2000; Sansonetti et 

al., 1994). Shigella enters the new epithelial cell cytoplasm by secreting IpaB and IpaC 

invasins to disrupt the double-membrane endocytic vacuole (Page et al., 1999). 

 

In a previous study it was discovered that a protein designated VacJ, is essential for the 

intercellular spreading of Shigella, as the ability to traverse from protrusion into 

neighbouring cell cytoplasm was significantly reduced in a vacJ mutant (Suzuki et al., 

1994). Besides VacJ, another type III effector protein termed IcsB was reported to play 

an essential role in the lysis of the double membranes that surround Shigella (Allaoui et 

al., 1992). After the lysis of the protrusion, Shigella can initiate a new cycle of 

replication and cell-to-cell spreading. A diagram depicting the interaction of Shigella 

with host cell is on pg. 11 (Fig. 1.1). 

 

1.3 The host innate immune response to Shigella 

The IL-18 released by apoptotic macrophages can target and induce both T lymphocytes 

and natural killer cells to secrete interferon-γ (Biet et al., 2002). The interferon-γ 

subsequently activates macrophages and fibroblasts, which interfere with Shigella 

intracellular replication and intercellular dissemination (Way et al., 1998). In contrast, 

the IL-1β released upon macrophage cell death is chemotactic for polymorphonuclear 

cells, triggering a massive influx of neutrophils into the infected submucosal region 

(Sansonetti et al., 1995). On the other hand, the infection of epithelial cells by Shigella 
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triggers the secretion of interleukin-8 (IL-8) in a lipopolysaccharide-dependant manner, 

thereby recruiting neutrophils to the site of infection (Kohler et al., 2002). The integrity 

of the colonic epithelial barrier is subsequently disrupted as the neutrophils transmigrate 

through the epithelial lining to reach the submucosal bacteria. This results in severe 

inflammation of the colon, while allowing lumenal bacteria to enter directly into the 

submucosa without relying on M cells (Perdomo et al., 1994a; Perdomo et al., 1994b). 

  

Despite the massive tissue destruction, Shigella is entrapped within the phagocytotic 

vacuole of the neutrophil and is subsequently killed (Mandic-Mulec et al., 1997). This is 

due to the expression of a key host defence protein called neutrophil elastase, which is 

capable of inactivating Shigella virulence factors within 10 minutes after phagocytosis 

(Weinrauch et al., 2002). Ultimately Shigella infection is confined to the mucosa and is 

eventually resolved by neutrophils, thus preventing deeper tissue invasion and systemic 

spread which could otherwise lead to septicaemia (Sansonetti et al., 1999). 

 

1.4 Importance of lipopolysaccharide in Shigella flexneri virulence  

Lipopolysaccharide (LPS), an essential virulence factor in S. flexneri required for serum 

resistance and intercellular spreading, comprises the basal region composed of lipid A 

and core polysaccharide, and the O-antigen (Simmons & Romanowska, 1987). The O-

antigen consists of two regions, the primary unbranched polysaccharide (also known as 

serotype Y) formed by repeating units of the tetrasaccharide N-acetylglucosamine-

rhamnose-rhamnose-rhamnose, and the secondary side chains which confer serotype 

specificity via the addition of α-D-glucosyl and O-acetyl residues to different sugars in 

the tetrasaccharide unit (Simmons & Romanowska, 1987). There are 13 different 

serotypes in S. flexneri. All except serotype 6, share the common polysaccharide 

backbone of the multiple tetrasaccharide units (Simmons, 1966). As the host humoral 
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immune response is directed against the surface O-antigen component, serotype 

conversion enhances the survival of S. flexneri as the host has to develop a specific 

immune response against each different serotype due to antigenic variation (Allison & 

Verma, 2000). 

 

During the infection of intestinal epithelial cells by Shigella, the LPS present on the 

bacterial outer membrane is recognised primarily by the Toll-like receptors (TLR) 

expressed on the epithelial cell surface, especially TLR-4 (Cario et al., 2000). Upon 

activation, TLR-4 induces the expression of NF-κB which in turn upregulates the 

transcription and secretion of IL-8 by infected epithelial cells, resulting in a massive 

influx of neutrophils and therefore the destruction of intestinal mucosal layer (Aderem 

& Ulevitch, 2000; Philpott et al., 2000). Also, the interaction of Shigella flexneri LPS 

with the basolateral membrane of the intestinal epithelium is capable of activating the 

mitogen-activated protein kinase (MAPK) extracellular regulated kinase (ERK) 

pathway, which leads to transepithelial migration of polymorphonuclear leukocytes  

(Kohler et al., 2002). 

 

Last but not least, previous studies have shown that mutations that abolish O-antigen 

and change O-antigen chain length distribution, cause loss of IcsA function in S. 

flexneri, thus incapacitating its actin-based motility and therefore cell-to-cell spreading 

ability (Sandlin et al., 1995; Van den Bosch et al., 1997; Van den Bosch & Morona, 

2003). It has also been demonstrated in S. flexneri that short O-antigen chains are 

necessary to prevent steric hindrance of IcsA’s active sites by very long O-antigen 

chains. This study implies that S. flexneri has evolved to express two O-antigen chain 

lengths, the short chains which maintain IcsA’s function, and the long chains which 

confer serum resistance (Morona et al., 2003). 
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1. Lumenal bacteria invade the colonic epithelial layer by three known mechanisms. S. flexneri can manipulate the tight 

junction proteins expressed by epithelial cells, allowing paracellular movement of bacteria into the sub-mucosa. 2. PMN 

cells recruited by IL-8 and IL-1β produced in response to S. flexneri invasion create gaps between epithelial cells, through 

which S. flexneri can transmigrate into the sub-mucosa. 3. Endocytic M cells transcytose bacteria, releasing them into an 

intraepithelial pocket filled with B and T lymphocytes and macrophages. 4. Macrophages phagocytose the bacteria. S. 

flexneri escapes the phagosome and induces the macrophage to undergo apoptosis. The apoptotic macrophage releases IL-1 

β. 5. Submucosal S. flexneri contact the basolateral membrane of epithelial cells, activating secretion of proteins through 

their type-III secretion system. Proteins chaperoned in the cytosol of S. flexneri are secreted into the epithelial cell’s 

cytoplasm through a pore formed by IpaB and IpaC. IpaC polymerises actin, IpgD dissociates the plasma membrane from 

the actin cytoskeleton, VirA destabilises microtubules and IpaA forms a complex with vinculin, depolymerising actin. This 

creates cell surface extensions which form around the bacterium, driving the epithelial cell to take up S. flexneri into a 

vacuole. 6. IpaB and IpaC lyse the vacuole, releasing S. flexneri into the epithelial cell’s cytoplasm. The S. flexneri protein, 

IcsA is displayed on only one pole of the bacterium, creating a polymerised actin tail behind the bacterium. This propels S. 

flexneri through the cytoplasm until it contacts the plasma membrane, the force of the contact creates a protrusion into the 

neighbouring epithelial cell. Both membranes are lysed by IpaB and IpaC, releasing S. flexneri into the neighbouring 

epithelial cell. 7. Intracellular S. flexneri induces the epithelial cell to release IL-8. IL-8 and the IL-1β released from 

apoptotic macrophages are chemotactic to PMN cells (represented by dotted arrows), attracting and inducing them to 

migrate through the epithelial layer to the lumen. This epithelial disruption amplifies S. flexneri invasion of the epithelial 

layer. 

Figure 1.1 Pathogenesis of Shigella infection (taken from Jennison & Verma, 2004). 
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1.5 The S. flexneri virulence plasmid 

The essential components of the molecular machinery required for bacterial invasion 

and intracellular survival are encoded on the large S. flexneri virulence plasmid 

(Sansonetti et al., 1983; Sansonetti et al., 1982). Sequencing of virulence plasmids from 

different S. flexneri strains has revealed that these plasmids of approximately 210 to 220 

kb in size significantly resemble each other, suggesting a high level of structural and 

functional conservation between the strains (Jin et al., 2002; Nie et al., 2006; 

Venkatesan et al., 2001; Wei et al., 2003). The virulence plasmid is composed of 

segments of virulence-associated genes which account for 30 to 35% of the plasmid, O-

antigen gene clusters, and numerous open reading frames (orfs) of which approximately 

50% are related to identified and putative insertion sequence (IS) elements (Jin et al., 

2002; Nie et al., 2006; Venkatesan et al., 2001; Wei et al., 2003).  It has also been 

discovered that a number of putative genes carried on the virulence plasmid display a 

low guanine and cytosine (G+C) content of less than 40% (Venkatesan et al., 2001). 

The findings of the low G+C content in certain putative genes and the remarkably high 

number of IS elements, suggest an extraordinary history of IS-mediated recombination 

and acquisition of DNA across a range of bacterial species via lateral gene transfer. 

 

The essential genes required for S. flexneri epithelial invasion and intracellular survival 

are located in a conserved 31 kb key region comprised of uninterrupted orfs in the 

virulence plasmid, which is also described as the entry region (Sasakawa et al., 1988). 

These virulence-associated genes are organised into two clusters transcribed in opposite 

directions as shown in Figure 1.1. The entry region encodes four different groups of 

functional proteins. The first group comprises the mxi and spa genes, which encode the 

elements needed for the assembly of T3SS (Hromockyj & Maurelli, 1989; Venkatesan 

et al., 1992). The components encoded by the mxi-spa locus, coupled with IpaB, IpaC, 
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and IpaD invasins, form a functional T3SS that allows the direct translocation of 

Shigella effector proteins from the bacterial cytoplasm into host cell (Blocker et al., 

1999). The second group are effector proteins including IpaA-D, IpgB1, IpgD and IcsB 

which are crucial for host cell invasion and intracellular survival (Allaoui et al., 1993; 

Allaoui et al., 1992; Buysse et al., 1987; Ohya et al., 2005). 

 

 

Figure 1.2 Map of the 31 kb entry region on the S. flexneri virulence plasmid pWR100 

(Schroeder & Hilbi, 2008). 

 

The third group includes the transcriptional activators VirB and MxiE, which regulate 

T3SS-associated genes located in the virulence plasmid (Adler et al., 1989; Kane et al., 

2002). Finally, four genes (ipgA, ipgC, ipgE and spa15), representing group four, 

encode the chaperones which are required for the stabilisation and secretion of effector 

proteins (Mavris et al., 2002; Niebuhr et al., 2000; Ogawa et al., 2003; Page et al., 

1999; Page et al., 2002). It was also shown that both IpgC and Spa15 are capable of 

regulating the transcription of T3SS-associated effector genes which are located outside 

the entry region (Mavris et al., 2002; Parsot et al., 2005). 

 

Beyond the entry region, the virulence plasmid harbours the genes which encode 

additional substrates of the T3SS e.g. the outer Shigella protein (Osp) family and the 
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multigene IpaH family (Buchrieser et al., 2000; Hartman et al., 1990). The members of 

the Osp family are capable of modulating the host cell immune response induced by S. 

flexneri upon invasion of the epithelium (Kim et al., 2005; Zurawski et al., 2006; 

Zurawski et al., 2009). A member of the IpaH family, IpaH9.8, modulates the host 

inflammatory response (Okuda et al., 2005). In contrast, IpaH7.8, another member of 

the IpaH family, plays an essential role in intracellular survival by facilitating the escape 

of S. flexneri from the phagocytic vacuole of macrophages (Fernandez-Prada et al., 

2000). 

  

Scattered throughout the remainder of the virulence plasmid are other virulence factors 

such as IcsA, VirA, VirK, Shigella enterotoxin 2 (ShET2) and SepA. As 

aforementioned, IcsA is responsible for actin filament tail formation whilst VirA 

triggers membrane ruffling via degradation of microtubules which lie beneath the host 

epithelial cell membrane. VirK is an essential factor required for the expression of IcsA 

which acts at the post-transcriptional stage (Nakata et al., 1992). ShET2 is encoded by 

the sen gene and is suggested to be a holotoxin (Nataro et al., 1995). A previous study 

using the rabbit ileal loop model has demonstrated that ShET2 is able to trigger fluid 

accumulation by altering the transportation of both electrolytes and water (Fasano et al., 

1995). This suggests that ShET2 may be responsible for the watery diarrhoea phase 

during Shigella infection. Last but not least, SepA is a serine protease autotransporter, 

which appears to facilitate epithelial cell invasion by causing mucosal destruction 

(Benjelloun-Touimi et al., 1995; Benjelloun-Touimi et al., 1998). It was shown in a 

previous study that the ability of sepA mutant to induce mucosal atrophy and tissue 

inflammation is significantly reduced in the rabbit ileal loop model (Benjelloun-Touimi 

et al., 1995). 
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1.6 Pathogenicity islands 

The term pathogenicity island (PAI) was first used to describe large, mobile, virulence-

associated, chromosomal cassettes in uropathogenic Escherichia coli (Blum et al., 

1994). Since then the definition has been extended to include chromosomal regions 

which (i) are foreign to the host bacterium; (ii) carry one or multiple virulence genes; 

(iii) are present in the genomes of pathogenic strain but absent from the genomes of 

non-pathogenic strains of the identical species; (iv) display a different G+C content 

from host bacterial DNA; (v) are relatively unstable and delete with distinct frequencies; 

(vi) contain mobile genetic components including integrases, IS elements and 

transposons; (vii) are frequently associated with tRNA genes; and (vii) often have 

mosaic-like genetic structures  (Schmidt & Hensel, 2004). 

 

To date PAIs have been identified in numerous bacterial species, including 

uropathogenic E. coli, enteropathogenic E. coli, Salmonella spp., Yersinia spp., Vibrio 

cholerae, Pseudomonas aeruginosa, Helicobacter pylori, Listeria monocytogenes, and 

Staphylococcus aureus (Schmidt & Hensel, 2004). In S. flexneri, four PAIs have been 

identified, which include the Shigella PAI O (SHI-O), SHI-1 or she PAI, SHI-2 PAI, 

and the Shigella resistance locus (SRL) PAI (Luck et al., 2001; Nie et al., 2006; 

Rajakumar et al., 1997b; Vokes et al., 1999). 

 

1.6.1 SHI-O 

SHI-O harbours three genes termed gtrA, gtrB and gtr (a serotype-specific 

glucosyltransferase), which encode the putative proteins involved in glucosylation 

reactions required for serotype conversion (Huan et al., 1997). Serotype conversion is 

an essential survival mechanism in S. flexneri since the immune response to Shigella 

spp. is O-antigen specific. It was discovered that the products of gtrA, gtrB, and gtr, 
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display high sequence identity to the O-antigen modification enzymes encoded 

predominantly by serotype-converting bacteriophages, suggesting that S. flexneri may 

have acquired the O-antigen alteration genes via lysogeny caused by bacteriophages 

(Guan et al., 1999; Huan et al., 1997; Mavris et al., 1997). 

 

Both gtrA and gtrB are highly conserved and interchangeable among serotypes, while 

gtr appears to be unique to each bacteriophage. For example in S. flexneri strain 301, its 

gtr gene acquired from bacteriophage SfII encodes the type II glucosylation factor, thus 

resulting in conversion of serotype Y to serotype 2 (Mavris et al., 1997). In contrast, in 

S. flexneri strain 8401, SHI-O encodes the type V glucosyltransferase, which comes 

from SfV bacteriophage, thereby allowing the strain to be converted into serotype 5 

(Huan et al., 1997). 

 

1.6.2 SHI-1 or she PAI 

The she PAI is a 46-kb unstable chromosomal locus found only in S. flexneri, 

predominantly serotype 2a (Al-Hasani et al., 2001). As shown in Figure 1.2, the she 

PAI has a chromosomal insertion site in a tRNA gene termed pheV. The PAI contains a 

bacteriophage P4-like integrase gene termed int located adjacent to the pheV-proximal 

boundary of the PAI, IS elements, and orfs which exhibit high sequence similarity to 

those encoded on the locus of enterocyte effacement (LEE) PAI of enterohaemorrhagic 

E. coli (EHEC) and the SHI-2 PAI of S. flexneri (Al-Hasani et al., 2001). These features 

suggest that the acquisition of she PAI has occurred via lateral gene transfer. 

 

The she PAI encodes a number of genes with established or putative roles in bacterial 

virulence. Shigella enterotoxin 1 (ShET1), present primarily in S. flexneri 2a and rarely 

in other serotypes, is encoded by the pic/set chromosomal locus located on the she PAI 
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(Fasano et al., 1995). The pic/set locus, on one strand, encodes the tandem 

chromosomal genes set1A and set1B genes, both of which are required for the 

expression of ShET1. Whilst on the opposite strand in an overlapping fashion, an 

additional virulence factor termed Pic is encoded, which will be discussed later in this 

review (Behrens et al., 2002). 

 

 

Figure 1.3 Genetic organisation of the she PAI (Al-Hasani et al., 2001). 

 

ShET1 is thought to be an AB5 holotoxin comprising a 20-kDa enzymatic A-subunit 

(encoded by the setA gene) and five 7-kDa B-subunits (encoded by the setB gene) 

(Fasano et al., 1995). Previous studies showed that ShET1 triggers fluid accumulation 

in the rabbit ileal loops, implicating it in the development of watery diarrhoea during an 

infection caused by S. flexneri 2a (Fasano et al., 1997; Fasano et al., 1995). Pic, on the 

other hand, is a serine protease autotransporter which is also found secreted by 

enteroaggregative E. coli (EAEC) (Henderson et al., 1999a). Pic is capable of gelatin 
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degradation (Henderson et al., 1999a). Functional analysis also revealed that Pic can 

catalyse mucin degradation and haemagglutination, and is able to confer serum 

resistance by inactivating the classical complement pathway (Henderson et al., 1999a). 

Recently, it was demonstrated that Pic from both S. flexneri and EAEC induces the 

hypersecretion of intestinal mucous (Navarro-Garcia et al., 2010), promotes the growth 

of EAEC in the presence of mucin and promotes colonisation of the mouse intestine 

(Harrington et al., 2009). 

 

Besides ShET1 and Pic, the she PAI also encodes for SigA and Sap proteins (Al-Hasani 

et al., 2001). The secreted form of SigA, another serine protease autotransporter in S. 

flexneri, has a molecular mass of 103-kDa (Al-Hasani et al., 2000). It has been 

demonstrated that SigA has proteolytic activity against casein and it exhibits cytopathic 

effects on HEp-2 cells (Al-Hasani et al., 2000). A recent study revealed that SigA is 

capable of binding to HEp-2 cells to induce fodrin degradation which is probably 

related to its cytopathic effects on HEp-2 cells (Al-Hasani et al., 2009). When using the 

rabbit ligated ileal loop as an infection model, it was found that sigA mutants exhibit 

30% less fluid accumulation, suggesting that SigA plays a role in S. flexneri 

pathogenesis (Al-Hasani et al., 2000). Last but not least, Sap is an autotransporter 

protein encoded by the sap gene on the she PAI. The sap displays 88% sequence 

identity to the flu gene encoding antigen 43 (Ag43), an autotransported surface protein 

of E. coli (Henderson et al., 1997a). To date, there is no publication regarding the 

functional role of Sap in S. flexneri. 

 

1.6.3 SHI-2 

The SHI-2 PAI of S. flexneri is a 23.8-kb chromosomal region located downstream of 

the selC tRNA locus, harbouring genes encoding the aerobactin iron acquisition 
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siderophore system, colicin V immunity, a host immune response modulator, and 

several novel proteins without established functions (Ingersoll et al., 2003; Moss et al., 

1999; Vokes et al., 1999). Aerobactin is implicated in increased virulence in Shigella as 

the inactivation of aerobactin attenuates S. flexneri infection in the rabbit ileal loop 

model (Lawlor et al., 1987; Nassif et al., 1987). Colicin V, on the other hand, is a type 

of bacteriocin produced by certain enteric bacteria. Immunity to Colicin V may enhance 

the survival of SHI-2-harbouring S. flexneri strains in environments where they compete 

with other bacteria. Lastly, the gene product of shiA, subverts host inflammatory 

response as a shiA deletion mutant causes significantly increased levels of inflammation 

in a rabbit ileal loop infection model when compared to its isogenic parental strain 

(Ingersoll et al., 2003). 

 

1.6.4 SRL PAI 

The SRL PAI was first identified in S. flexneri 2a YSH6000 following the spontaneous 

deletion of a 99 kb chromosomal region designated the multiple-antibiotic resistance 

deletable element (MRDE) (Turner et al., 2001). Within this element, is harboured the 

67 kb SRL PAI. The SRL PAI in turn contains a 16 kb genetic element termed SRL, 

which confers resistance to multiple antibiotics including ampicillin, tetracycline, 

streptomycin and chloramphenicol (Turner et al., 2001). The SRL PAI is integrated 

downstream of the serX tRNA gene, and situated adjacent to serX is a P4-like int gene 

that mediates precise excision of the PAI (Luck et al., 2004; Turner et al., 2001). The 

SRL PAI also encodes a functional ferric citrate uptake system (Luck et al., 2001). 

 

1.7 Protein secretion systems in Gram-negative bacteria 

Virulence factors, in the form of adhesins, toxins, catalytic enzymes, and mediators of 

motility, are often secreted to or beyond the bacterial cell surface. Gram-negative 
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bacteria produce dual-layer membranes; a cytoplasmic membrane, also called the inner 

membrane and an outer membrane which sandwich the peptidoglycan and periplasmic 

space. Secretion of the cytoplasmic proteins across the inner membrane is usually 

mediated by the general secretory pathway involving six Sec proteins, although 

alternative routes have been identified e.g. the signal-recognition particle (SRP) and 

twin-arginine translocation (Tat) pathways (Berks et al., 2005; Herskovits et al., 2000; 

Pugsley, 1993). Translocation across the cytoplasmic membrane results in the release of 

proteins into the periplasmic region. To deliver proteins, including virulence 

determinants, to the bacterial cell surface or into the extracellular milieu, Gram-negative 

bacteria have evolved five major types of protein secretion systems, designated type I to 

type V (Henderson et al., 2004). All except type V secretion system, are composed of 

proteins that are located in the cytoplasmic membrane, periplasm and outer membrane, 

to allow the secretion of proteins from the cytoplasm to or beyond the bacterial cell 

surface (Henderson et al., 2004). 

 

The type V secretion system is however the simplest form of exoprotein delivery system 

in Gram-negative bacteria. Type V secretion systems include the autotransporter 

proteins, the oligomeric coiled coil adhesin (Oca) family, a subfamily of the 

autotransporters and the two-partner secretion systems (Henderson et al., 2004). 

Autotransporter proteins are capable of self-transfer from the periplasm to the bacterial 

cell surface or the extracellular environment unassisted by any periplasmic or outer 

membrane proteins and depend upon a self-encoded transmembrane β-barrel structure 

(Henderson et al., 2004). The autotransporter secretion pathway will be further 

elucidated as the main focus of this study is to characterise the functional roles of 

autotransporter proteins encoded on the she PAI. 
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1.7.1 Autotransporters 

The IgA1 proteases of Neisseria and Haemophilus were the first autotransporter 

proteins identified (Pohlner et al., 1987; Poulsen et al., 1989). The autotransporter 

proteins generally consist of three distinct domains; an N-terminal signal sequence, a 

passenger domain (exoprotein) harbouring an autochaperone region, and lastly a C-

terminal translocation unit composed of a linker region and a β-barrel structural domain 

(Fig. 1.4) (Henderson et al., 2004). The N-terminal signal sequence allows targeting of 

the autotransporter protein to the cytoplasmic membrane to be translocated into the 

periplasm via the Sec-dependant pathway (Henderson et al., 2004). 

 

H2N COOH

Signal sequence

Passenger domain

Linker region

-strand

Inner membrane

Sec complex

Outer membrane

Periplasm

 

Figure 1.4 Schematic overview of the autotransporter system. 

 

On transport of an autotransporter protein across the inner membrane, the signal 

sequence is cleaved thereby releasing the remaining portion of the molecule into the 

periplasm. The C-terminal β-domain is then inserted spontaneously into the outer 

membrane in a biophysically favoured β-barrel structure to form a transmembrane pore 

in the outer membrane (Henderson et al., 2004). The β-barrel is composed of multiple 
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antiparallel amphipathic β-strands, of which the first and last β-strands form hydrogen 

bonds in an antiparallel mode to close the ring structure, thus forming a pore 

(Henderson et al., 1998). Leading by the autochaperone domain, the passenger domain 

subsequently transits through the transmembrane channel that has already been formed. 

The autochaperone domain is thought to initiate the correct folding of the passenger 

domain, as demonstrated in a previous study involving the BrkA autotransporter 

secreted by Bordetella pertussis (Oliver et al., 2003b). 

 

Once at the bacterial cell surface, the passenger domain is cleaved from the 

translocation unit either well upstream or within the linker region, as in BrkA (Oliver et 

al., 2003a). Once cleaved, the passenger domain is either released from the cell, like 

SigA, Sep and Pic, or it can remain in contact with the bacterial surface via non-

covalent interactions with the β-domain for examples Ag43 from E. coli and pertactins 

from B. pertussis (Al-Hasani et al., 2000; Benjelloun-Touimi et al., 1998; Charles et al., 

1989; Henderson et al., 1999a; Li et al., 1992; Li et al., 1991; Owen et al., 1996). 

Alternatively, the passenger may not be cleaved but may remain intact as a large protein 

with a membrane-bound C-terminal domain and an N-terminal domain extending into 

the extracellular environment, like the autotransporter Hia from Haemophilus influenzae 

(St Geme & Cutter, 2000). Cleavage of the passenger domain from the translocation 

unit may be an autoproteolytic event or the action of a membrane-bound protease 

(Serruto et al., 2003; Steinhauer et al., 1999). 

 

1.7.2 Serine protease autotransporter of the Enterobacteriaceae (SPATE) 

Members of the SPATE family are proteins found in the Enterobacteriaceae, including 

E. coli and Shigella species, which possess a characteristic GDSGS serine protease 

motif (Henderson et al., 1998). Although SPATEs possess a consensus serine protease 
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motif like the IgA1 protease, none of the other members cleave IgA1. They are also 

highly immunogenic proteins identified solely in pathogenic strains and display distinct 

substrate specificities despite their high levels of sequence similarity (Dutta et al., 2002; 

Henderson et al., 2004). The first SPATE protein that was reported is Tsh, a 

temperature-sensitive haemagglutinating factor in avian pathogenic E. coli (APEC) 

(Provence & Curtiss, 1994). Additional SPATE members discovered in E. coli include 

EspC from enteropathogenic E. coli (EPEC), EatA from enterotoxigenic E. coli 

(ETEC), plasmid-encoded toxin (Pet) and Pic from enteroaggregative E. coli (EAEC), 

EspP from enterohaemorrhagic E. coli (EHEC), and Sat from uropathogenic E. coli 

(UPEC) (Brunder et al., 1997; Eslava et al., 1998; Guyer et al., 2000; Henderson et al., 

1999a; Patel et al., 2004; Stein et al., 1996). In Shigella, the she PAI-encoded SigA and 

Pic, and the virulence plasmid-encoded SepA, belong to the SPATE family (Al-Hasani 

et al., 2000; Benjelloun-Touimi et al., 1998; Henderson et al., 1999a). As the SPATEs 

share high levels of sequence similarity, they may exhibit similar biological effects on 

eukaryotic cells. This was demonstrated in SigA and Pet, both of which are cytopathic 

and enterotoxic proteins (Al-Hasani et al., 2000; Henderson et al., 1999b). 

 

1.7.3 Roles of autotransporter proteins in bacterial virulence 

Virulence determinants secreted via the type V autotransporter pathway represent the 

entire spectrum of bacterial virulence factors, from adhesins to toxins to host cell 

defence modulators, as well as mediators of intracellular motility and biofilm formation. 

Adherence is an essential step in bacterial pathogenesis, required for colonising a new 

host. Hap, an adhesin secreted by H. influenzae, has been found to mediate adherence to 

cultured A549 pneumocytes and to promote both bacterial aggregation and microcolony 

formation, implicating it in bacterial colonisation of the host (Hendrixson & St Geme, 

1998; St Geme et al., 1994). Other autotransporters with established roles in eukaryotic 
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cell attachment include Hia from H. influenzae, pertactins from B. pertussis, AIDA-1 

and TibA from E. coli and BabA from Helicobacter pylori (Bai et al., 2003; Barenkamp 

& St Geme, 1996; Benz & Schmidt, 1989; Leininger et al., 1991; Lindenthal & 

Elsinghorst, 2001). 

 

Multiple autotransporter toxins have been characterised to date. VacA, secreted by H. 

pylori, and Sat, an autotransported toxin of UPEC, are vacuolating toxins that cause 

substantial damage to the host epithelium during infections (Guyer et al., 2002; Phadnis 

et al., 1994; Smoot et al., 1996). In contrast, members of the SPATE family like Pet, 

EspC, SigA and EatA, produce enterotoxic effects. The former three proteins have also 

been found to exhibit cytopathic or cytotoxic effect on cultured epithelial cells (Al-

Hasani et al., 2000; Eslava et al., 1998; Henderson et al., 1999b; Navarro-Garcia et al., 

2004; Patel et al., 2004). The findings above suggest that the autotransporter toxins 

contribute to bacterial virulence. 

 

In order to promote bacterial survival in the host environment, modulators of host cell 

defence systems are secreted by bacterial pathogens. Under the autotransporter 

category, three proteins (BrkA, Pic and EspP) can confer serum resistance to bacteria 

via inactivation of the classical complement pathway (Barnes & Weiss, 2001; 

Henderson et al., 1999a; Orth et al., 2010). A single autotransporter protein, IcsA found 

in Shigella spp., is known to mediate intracellular motility. IcsA facilitates the 

intracellular movement and intercellular dissemination via F-actin tail polymerisation 

(Bernardini et al., 1989). Last but not least, the Ag43 and TibA autotransporters of E. 

coli mediate bacterial autoaggregation and promote biofilm growth of E. coli on abiotic 

surfaces (Danese et al., 2000; Sherlock et al., 2005) and may also enhance colonisation 

of the mammalian intestine. Functional analysis of two Ag43 variants (Ag43a and 
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Ag43b) in UPEC CFT073 revealed that Ag43a, which produced a strong aggregation 

phenotype and promoted significant biofilm formation, is required for long term 

persistence in the urinary tract (Ulett et al., 2007). 

 

1.8 Study aims 

The aims of this research project were to characterise two autotransporter proteins, SigA 

and Sap, which are encoded on the she pathogenicity island of S. flexneri. Sequence 

analysis suggests that the α domain of SigA consists of two subdomains, termed α1 and 

α2. It was hypothesised that the α1-subdomain is a proteolytic domain as it contains a 

putative serine protease motif (G
256

DSGSGS) (Al-Hasani et al., 2000). The hypothetical 

α2-subdomain, in contrast, shares low but significant sequence similarity to pertactin, 

suggesting that it may act as a cell-binding domain that targets SigA to the epithelial 

cell surface. Thus one aim of this study was to test these hypotheses by isolating the α1 

domain from the α2 domain and then testing their proteolytic and cell binding activities, 

respectively. The second aim of this study was to characterise the functional properties 

of Sap. Sap displays a high level of sequence similarity and sequence identity to Ag43 

of E. coli K12. Experiments were therefore performed to determine whether Sap 

mediates bacterial cell autoaggregation and attachment to colonic epithelial cells. 

Lastly, the mechanism by which Sap expression is regulated was investigated. 
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Chapter 2 – Materials 

2.1 Chemicals and reagents 

All chemicals and reagents used in this study are listed in Table 2.1 below. 

 

Table 2.1 Chemicals and reagents used in this study 

Item Vendor/Brand 

2-Mercaptoethanol, for electrophoresis, ≥98% Sigma-Aldrich 

Acrylamide/bisacrylamide (40% solution; 37.5:1) Bio-Rad 

AL lysis buffer Qiagen 

Ammonium acetate Merck 

Ammonium chloride  Ajax Finechem 

Ammonium persulphate, for electrophoresis, ≥98% Sigma-Aldrich 

Ampicillin Roche Applied Science 

Amylose resin New England Biolabs 

Antibiotic-antimycotic (100X), liquid Invitrogen 

Bacto
TM

 Agar Becton Dickinson 

Bacto
TM

 Tryptone Becton Dickinson 

BamHI restriction endonuclease New England Biolabs 

BBL
TM

 Yeast extract  Becton Dickinson 

BigDye
®
 Terminator v3.1 Cycle sequencing reagent Applied Biosystems 

Bio-Rad protein assay dye reagent Bio-Rad 

Boric acid BDH 

Brilliant blue R Sigma-Aldrich 

Bromophenol blue Sigma-Aldrich 

Calcium chloride, dihydrate Merck 

Chloramphenicol Fluka 
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Deoxynucleotide solution mix New England Biolabs 

D-glucose anhydrous Ajax Finechem 

Dimethyl sulfoxide Sigma-Aldrich 

Diploma skim milk powder Bonland Dairies Pty Ltd 

Di-sodium hydrogen phosphate  Merck 

DMEM (1x), liquid (high glucose) Invitrogen 

DNA grade agarose Quantum Scientific 

DpnI restriction endonuclease New England Biolabs 

ECL
TM

 detection reagents Amersham 

EcoRI restriction endonuclease New England Biolabs 

Ethanol absolute, analytical reagent grade Merck 

Ethylenediaminetetra-acetic acid di-sodium salt Ajax Finechem 

Fluorescein thiocarbamoyl-casein (FTC-casein) Pierce 

Formaldehyde solution (35-40%), analytical reagent Lab-Scan 

Full-range Rainbow
TM

 molecular weight markers Amersham 

Gentamicin sulfate Agri-Bio 

Glacial acetic acid, ReagentPlus
®
, ≥99% Sigma-Aldrich 

Glutaraldehyde 25% solution BDH 

Glutathione reduced BDH 

Glutathione-agarose Sigma-Aldrich 

Glycerol extra pure Merck 

Glycine Ajax Finechem 

HindIII restriction endonuclease New England Biolabs 

Hydrochloric acid, reagent grade, 37% Sigma-Aldrich 

Hydrogen peroxide 30% Ajax Finechem 

Immuno™ normal sheep serum (lyophilised) Australian Biosearch 
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IPTG (Isopropyl-β-D-thiogalactoside, dioxane free) Ambion 

Kanamycin sulfate Invitrogen 

L-(+)-Arabinose Sigma-Aldrich 

Lambda DNA New England Biolabs 

L-Asparagine, ≥98% Sigma-Aldrich 

L-glutamine-200mM (100X), liquid Invitrogen 

L-Leucine, reagent grade, ≥98% Sigma-Aldrich 

Lysozyme from chicken egg white Sigma-Aldrich 

Magnesium chloride  Ajax Finechem 

Magnesium sulphate, hydrated  Ajax Finechem 

Maltose Ajax Finechem 

Manganese (II) chloride  Merck 

Methanol Merck 

MOPS, minimum 99.5% titration Sigma-Aldrich 

N,N,N’,N’-Tetramethylethylenediamine Bio-Rad 

NCBS (Newborn calf serum, heat inactivated) Invitrogen 

NEBuffer 2, 10x concentrate New England Biolabs 

NEBuffer 3, 10x concentrate New England Biolabs 

NEBuffer 4, 10x concentrate New England Biolabs 

Neutral red solution 0.33% Sigma-Aldrich 

Nicotinic acid MERCK 

Phenol:Chloroform:Isoamyl alcohol 25:24:1 Fluka 

Phusion HF buffer (5x) Finnzymes 

Phusion
Tm

 high fidelity DNA polymerase Finnzymes 

Porcine trypsin SAFC Biosciences 

Potassium acetate Ajax Finechem 
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Potassium chloride Ajax Finechem 

Potassium dihydrogen orthophosphate  Ajax Finechem 

Probumin™ reagent grade Millipore 

Propan-2-ol (Isopropanol) Ajax Finechem 

Protease inhibitor cocktail Sigma-Aldrich 

Purified BSA 100x (10mg/ml) New England Biolabs 

Ribonuclease A  Sigma-Aldrich 

Rubidium chloride  Sigma-Aldrich 

SalI restriction endonuclease New England Biolabs 

Sheep anti-rabbit IgG (H & L) Horseradish Peroxidase 

(HRP)-conjugated affinity purified antibody 

Millipore 

Sodium acetate anhydrous BDH 

Sodium azide  Sigma-Aldrich 

Sodium chloride, minimum 99.5% Sigma-Aldrich 

Sodium hydroxide pellets Ajax Finechem 

Sucrose Ajax Finechem 

SYBR
®
 Safe DNA gel stain (10,000 concentrate) Invitrogen 

T4 DNA ligase New England Biolabs 

T4 DNA ligase reaction buffer (10x) New England Biolabs 

Taq DNA polymerase New England Biolabs 

Tetracycline hydrochloride Fluka 

ThermoPol reaction buffer (10x) New England Biolabs 

Thiamine hydrochloride, reagent grade, ≥99% Sigma-Aldrich 

Triton
®
 X-100 Ajax Finechem 

Trizma
®
 hydrochloride, minimum 99% titration Sigma-Aldrich 

Trypan blue solution 0.4% Sigma-Aldrich 
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Trypsin-EDTA solution (10x) Sigma-Aldrich 

Tween
®
 20, for electrophoresis Sigma-Aldrich 

UltraPure™ sodium dodecyl sulphate  Invitrogen 

UltraPure™ Tris Invitrogen 

XbaI restriction endonuclease New England Biolabs 

X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactoside) Invitrogen 

XhoI restriction endonuclease New England Biolabs 
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2.2 Buffers and solutions 

Unless otherwise stated, all buffers and solutions prepared were either autoclaved at 

121°C for 15 minutes or filter-sterilised with a 0.2μm pore size membrane filter 

(Millipore).  

 

2.2.1 Bacterial culture media 

LBB        per litre dH2O 

BBL
TM

 Yeast extract     5 g 

Bacto
TM

 Tryptone     10 g 

NaCl       10 g 

 

The medium was autoclaved and subsequently stored at RT. 

 

LBA        per litre dH2O 

BBL
TM

 Yeast extract     5 g 

Bacto
TM

 Tryptone     10 g 

NaCl       10 g 

Bacto
TM

 Agar      15 g 

 

The medium was autoclaved. The LBA plates were allowed to set and dry in a 

biological safety cabinet after pouring and subsequently stored at 4°C in a sealed bag. 

 

LBA with X-gal and IPTG 

When screening transformants for insertional inactivation of lacZ’, a mixture of 1μl of 

1M IPTG and 100μl of 20mg/ml X-gal solution was spread evenly over a solidified 
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LBA plate. The agar plate was allowed to dry for 30 minutes prior to plating 

transformation mixes. 

  

10x minimal salts solution    per litre dH2O 

NaCl       5 g 

NH4Cl       10 g 

KH2PO4       30 g   

Na2HPO4      151 g 

 

The solution was autoclaved and subsequently stored at RT. 

 

1x M9 media      per 100 ml dH2O 

10x minimal salts solution     10 ml 

1M MgSO4      200 µl 

0.1M CaCl2      100 µl 

20% glucose      1 ml 

 

Additional supplements for Shigella and E. coli 

For Shigella strains: 

10mg/ml asparagine     200 µl 

0.2mg/ml nicotinic acid    1 ml 

 

For E. coli strains: 

1mg/ml thiamine     1 ml 

1mg/ml leucine     1 ml 

 



 33 

All supplements were prepared in dH2O. Amino acids, glucose solution and vitamins 

were filter-sterilised and subsequently stored at 4°C. Both MgSO4 and CaCl2 solutions 

on the other hand were autoclaved and subsequently stored at RT. 

 

2.2.2 Bacterial storage media 

Glycerol broth 

A 20% (v/v) glycerol solution was prepared in LBB, autoclaved and subsequently 

stored at RT. 

 

80% (v/v) glycerol solution 

An 80% (v/v) glycerol solution was prepared in dH2O, autoclaved and subsequently 

stored at RT. 

 

2.2.3 General buffers and solutions 

PBS       per litre dH2O 

KCl       0.2 g 

NaCl       8 g 

Na2HPO4      1.44 g 

KH2PO4       0.24 g 

 

The solution was adjusted to pH 7.4 with concentrated HCl, autoclaved and 

subsequently stored at RT. 

 

X-gal solution 

200mg of X-gal was dissolved in 10ml of DMSO to achieve a final concentration of 

20mg/ml. The solution was protected from light and subsequently stored at -20°C. 
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10x TBS       per litre dH2O 

Tris base      24.2 g 

NaCl       87.7 g 

 

The solution was adjusted to pH 7.5 with concentrated HCl, autoclaved and 

subsequently stored at RT.  

 

0.5M EDTA solution 

The solution was prepared in dH2O and followed by pH adjustment to pH 8.0 with 2M 

NaOH to fully dissolve the EDTA. The solution was autoclaved and subsequently 

stored at RT. 

 

1M IPTG solution  

2.38g of IPTG powder was dissolved in 10ml of dH2O, filter-sterilised and subsequently 

stored as 1ml aliquots at -20°C. 

 

2M NaOH solution 

The solution was made up in dH2O, autoclaved and subsequently stored at RT. 

 

2.2.4 Agarose gel electrophoresis 

6x loading dye  

Bromophenol blue    25 mg 

Sucrose      4 g 

 

The solution was made up to 10ml with dH2O and adjusted to pH 7.8 with concentrated 

HCl. It was autoclaved and subsequently stored at RT. 
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50x TAE buffer       per litre dH2O 

Tris base      242 g 

Glacial acetic acid     57.1 ml 

EDTA (0.5M, pH 8.0)     100 ml 

 

The solution was stored at RT.  

 

0.8% (w/v) agarose gel  

DNA grade agarose     0.4 g 

1x TAE buffer      50 ml 

 

HindIII digested bacteriophage λ DNA 

Lambda DNA (500 μg/ml)    240 μ1 

HindIII (20U/μl)      24 μl  

10x NEBuffer 2      100 μl 

Sterile dH2O      636 μl 

 

Following an overnight digestion of lambda DNA at 37°C, 200μl of 6x loading dye was 

added. The solution was stored as 100μl aliquots at -20°C. 

 

2.2.5 Competent cell preparation and transformation 

10% (v/v) glycerol 

The solution was prepared in dH2O, autoclaved and subsequently stored at 4°C. 

 

RF1 solution 

RbCl       100 mM 
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MnCl2       50 mM 

Potassium acetate     30 mM 

CaCl2       10 mM 

Glycerol       15 % (v/v) 

 

The solution was prepared on the day of use in dH2O and adjusted to pH 5.8 with 

concentrated HCl. It was subsequently filter-sterilised and chilled on ice prior to use. 

 

RF2 solution 

RbCl       10 mM 

CaCl2       75 mM 

MOPS       10 mM 

Glycerol       15 % (v/v) 

 

The solution was prepared on the day of use in dH2O and adjusted to pH 6.8 with 2M 

NaOH. It was subsequently filter-sterilised and chilled on ice prior to use. 

 

SOB medium 

KCl       2.5 mM 

NaCl       10 mM 

MgCl2       10 mM 

MgSO4       10 mM 

Bacto
TM

 Tryptone     2 % (w/v) 

BBL
TM

 Yeast extract     0.5 % (w/v) 

 

The media was prepared in dH2O, autoclaved and subsequently stored at RT. 
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SOC medium 

SOC medium was prepared by adding to SOB medium, filter-sterilised glucose to a 

final concentration of 20mM. 

 

2.2.6 Fluorogenic protease assay 

FTC-casein stock solution 

2.5mg of FTC-casein was dissolved in 500μl of sterile dH2O to achieve a final 

concentration of 5mg/ml. The stock solution was stored as 5μl aliquots at -20°C. 

 

FTC-casein working reagent 

An aliquot of FTC-casein stock solution was thawed on ice and subsequently diluted 

1/500 in 1x TBS for immediate use. 

 

2.2.7 Plasmid DNA extraction 

Alkaline SDS 

10% (w/v) SDS      0.5 ml 

2M NaOH      0.5 ml 

Sterile dH2O      4 ml 

 

The solution was prepared for immediate use. 

 

GET buffer 

A solution made up of 10mM EDTA, 25mM Tris base, 50mM glucose and dH2O. It 

was adjusted to pH 8.0 with concentrated HCl, filter-sterilised and subsequently stored 

at RT. 
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2.2.8 Purification of antisera 

TNTB 

A solution made up of 10mM Tris-HCl (pH 8.0), 150mM NaCl, 3% (w/v) BSA and 

0.05% (v/v) Tween
®
 20. The solution was filter-sterilised and subsequently stored at 

4°C. 

 

2.2.9 SDS-PAGE 

5x Laemmli sample buffer      

SDS       1.5 g 

50mM Tris-HCl solution, pH 6.8    42.5 ml 

Bromophenol blue     10 mg 

Glycerol       5 ml 

2-Mercaptoethanol     2.5 ml 

 

The solution was stored as 1ml aliquots at -20°C. 

 

10% (w/v) APS   

A small volume of 10% (w/v) APS solution was prepared in dH2O for immediate use. 

 

Resolving gel buffer     per 200 ml dH2O 

SDS       4 g 

Tris base      36.4 g 

 

The solution was adjusted to pH 8.8 with concentrated HCl and subsequently stored at 

RT. 
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Stacking gel buffer      per 200 ml dH2O 

SDS       0.8 g 

Tris base      12 g 

 

The solution was adjusted to pH 6.8 with concentrated HCl, made up to 200ml with 

dH2O and subsequently stored at RT. 

 

10x SDS-PAGE running buffer     per litre dH2O 

Tris base      30.3 g 

Glycine       144 g 

SDS       10 g 

 

The solution was stored at RT. 

 

Resolving gel mix 

 Resolving gel concentration 

 8% 10% 12% 15% 

dH2O (ml) 8.7 7.89 7.1 5.9 

Resolving gel buffer (ml) 4 4 4 4 

40% acrylamide/bis solution (ml) 3.2 4 4.8 6 

10% (w/v) APS (μl) 100 100 100 100 

TEMED (μl) 10 10 10 10 

Total volume 16 16 16 16 

 

4% stacking gel mix  

dH2O       3.22 ml 
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Stacking gel buffer     1.25 ml 

40% acrylamide/bis solution    0.5 ml 

10% (w/v) APS      25 μl 

TEMED       5 μl 

 

2.2.10 SDS-PAGE gel staining 

Coomassie blue R-250 solution  

Brilliant blue R      0.18 % (w/v)  

Glacial acetic acid     10 % (v/v)  

Methanol      25 % (v/v)  

 

The remainder of the solution consisted of dH2O and subsequently stored at RT. 

  

Destaining solution 

Glacial acetic acid     10 % (v/v) 

Methanol      40 % (v/v)  

 

The remaining solution was made up with dH2O and subsequently stored at RT. 

 

2.2.11 Immunoblotting 

10x immunoblot transfer buffer     per litre dH2O 

Tris base      58 g 

Glycine       29.2 g 

 

The solution was stored at RT. A 1x buffer solution containing 20% (v/v) methanol was 

used for immunoblot transfer. 
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Immunoblot washing buffer 

A solution made up of 1x TBS containing 0.1% (v/v) Tween
®
 20.  

 

Immunoblot blocking buffer 

A solution made up of immunoblot washing buffer containing 5% (w/v) skim milk 

powder. 

 

2.2.12 Amylose resin column chromatography 

0.1% SDS  

A 0.1% (w/v) SDS solution was prepared in dH2O, autoclaved and subsequently stored 

at RT. 

 

Column buffer 

A solution made up of 20mM Tris-HCl, 200mM NaCl and 1mM EDTA in dH2O. The 

solution was adjusted to pH 7.4 with 2M NaOH, autoclaved and subsequently stored at 

4°C before use. 

 

Elution buffer 

A solution made up of column buffer containing 10mM maltose. The buffer was filter-

sterilised and subsequently stored at 4°C before use. 

 

2.2.13 Glutathione-agarose resin column chromatography 

Cleansing buffer 1 

A solution made up of 0.1M boric acid and 0.5M NaCl in dH2O. The solution was 

adjusted to pH 8.5 with 2M NaOH, autoclaved and subsequently stored at RT. 
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Cleansing buffer 2 

A solution made up of 0.1M sodium acetate and 0.5M NaCl in dH2O. The solution was 

adjusted to pH 4.5 with acetic acid, autoclaved and subsequently stored at RT. 

 

Elution buffer 

A solution made up of PBS containing 10mM reduced glutathione. The solution was 

filter-sterilised and subsequently stored at 4°C before use. 

 

Storage buffer 

A solution made up 2M NaCl and 1mM NaN3 in dH2O. The solution was autoclaved 

and subsequently stored at RT. 

 

Washing buffer 

A solution made up of sterile PBS containing 1% (v/v) Tween
®

 20. The solution was 

stored at RT. 

 

2.2.14 Tissue culture 

Basal DMEM 

An incomplete growth medium for tissue culture consisted of DMEM containing 2mM 

of L-glutamine and was stored at 4°C. 

 

Complete DMEM 

A complete growth medium for tissue culture consisted of basal DMEM containing 

10% (v/v) heat-inactivated NBCS and 1x antibiotic-antimycotic solution. The medium 

was stored at 4°C. 
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2.3 Antibiotics 

Antibiotics used in this study are listed in Table 2.2 below. All antibiotic solutions were filter-sterilised before use. 

 

Table 2.2 Antibiotics used in this study 

Antibiotic Working concentration (µg/ml) Stock concentration (mg/ml) Solvent Storage temperature 

Ampicillin 100 100 dH2O 4°C 

Chloramphenicol 50 50 70% (v/v) ethanol 4°C 

Gentamicin Varied 100 dH2O 4°C 

Kanamycin 50 50 dH2O 4°C 

Tetracycline 20 5 Ethanol -20°C 
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2.4 Bacterial strains and plasmids 

All bacterial strains and plasmids used are described in Table 2.3 below. 

 

Table 2.3 Bacterial strains and plasmids used in this study 

Bacterial strain or plasmid  Description  Reference or source 

Bacterial strains     

E. coli     

BL21  E. coli B F- dcm ompT hsdS(rB- mB-) gal [malB
+
]K-12(λ

S
)   (Studier & Moffatt, 1986) 

DH5α  F
-
 endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG Φ80dlacZΔM15 

Δ(lacZYA-argF)U169, hsdR17(rK
-
 mK

+
), λ

–
 

 (Hanahan, 1983) 

DH5α F’ lacI
q
  F’[lacI

q
] endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG Φ80dlacZΔM15 

Δ(lacZYA-argF)U169, hsdR17(rK
-
 mK

+
), λ

–
 

 New England Biolabs 

JM110  rpsL thr leu thi lacY galK galT ara tonA tsx dam dcm glnV44 Δ(lac-proAB) [F' 

traD36 proAB
+
 lacI

q
 lacZΔM15] hsdR17(rK

-
mK

+
)  

 (Yanisch-Perron et al., 1985) 

MG1655  E. coli K12 substrain  (Blomfield et al., 1991) 
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S. flexneri 2a     

SBA1341  Spontaneous she PAI deletion variant of YSH6000T pic::tetAR(B)  (Rajakumar et al., 1997a) 

SBA1414  Rif
r
 spontaneous SRL PAI excisant of YSH6000. Deletion abolishes Sm Ap 

Cm Tc antibiotic resistances, spontaneous loss of 230kb virulence plasmid 

 Sally A. Turner, Monash 

University, unpublished data 

YSH6000T  MRDE (multiple-antibiotic resistance deletable element) deletion variant of 

wild type S. flexneri 2a YSH6000 

 (Rajakumar et al., 1996) 

2457T  Wild type S. flexneri 2a, natural sap mutant  Dr Renato Morona, University 

of Adelaide 

RMA723  2457T rmlD::kan  (Van den Bosch et al., 1997) 

RMA982  2457T wzzSF : :kan/pHS-2 wzzpHS2: :mini-Tn5-cat  (Morona et al., 2003) 

SBA1414 sap::pJP5603-sap’  Insertional mutagenesis of the sap gene in S. flexneri SBA1414, by single-

crossover homologous recombination with the suicide plasmid pJP5603-sap’ 

 Laboratory strain, constructed 

by Natalie Clemesha, UWA 

SBA1414Δdam::kan  Inactivation of the dam gene in S. flexneri SBA1414 via double-crossover 

homologous recombination with a kanamycin resistance gene amplified by 

PCR from pKD4 with the primers HSP133 and HSP134 

 This study 
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SBA1414ΔoxyR::kan  Inactivation of the oxyR gene in S. flexneri SBA1414 via double-crossover 

homologous recombination with a kanamycin resistance gene amplified by 

PCR from pKD4 with the primers HSP131 and HSP132 

 This study 

     

Plasmids     

pGEX-2T  4948bp, high-copy-number cloning vector with Ptac promoter for the inducible 

expression of genes as GST fusion proteins containing a thrombin cleavage 

site, Ap
r
 

 (Smith & Johnson, 1988) 

pMal-p2X  6700bp, high-copy-number cloning vector with Ptac promoter for the inducible 

expression of genes as MBP fusion proteins containing a Factor Xa cleavage 

site, Ap
r
 

 New England Biolabs 

pBAD30  4919bp, pACYC184-based low-copy-number expression vector with 

arabinose-inducible Para promoter, Ap
r
 

 (Guzman et al., 1995) 

pHMG63  5.3kb, a 1.1kb EcoRI fragment of lacI
q
 cloned into the EcoRI site of low-

copy-number vector pACYC184, Tc
r
 

 (Lindberg et al., 2008) 
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pHSG576  3475bp, pSC101-based low-copy-number expression vector with Plac 

promoter, Cm
r
 

 (Takeshita et al., 1987) 

pSBA479  A 5.4kb insert containing sigA gene cloned into SalI/HindIII sites of high-

copy-number vector pPBA1100, Km
r
 

 (Al-Hasani et al., 2000) 

pTrc99A  4176bp, pBR322-based high-copy-number expression vector with Ptrc 

promoter, Ap
r
 

 (Amann et al., 1988) 

pWSK29  5434bp, pSC101-based low-copy-number expression vector with Plac 

promoter, Ap
r
 

 (Wang & Kushner, 1991) 

pBAD30-dam  837bp dam gene amplified by PCR from S. flexneri SBA1414 with the primers 

HSP121 and HSP122 and cloned into XbaI/SalI sites of pBAD30, Ap
r
 

 This study 

pBAD30-oxyR  918bp oxyR gene amplified by PCR from S. flexneri SBA1414 with the 

primers HSP123 and HSP124 and cloned into XbaI/SalI sites of pBAD30, Ap
r
 

 This study 

pHSG576-oxyR  918bp oxyR gene along with its 96bp upstream oxyR-oxyS intergenic sequence 

amplified by PCR from S. flexneri SBA1414 with the primers HSP182 and 

HSP187 and cloned into EcoRI/HindIII sites of pHSG576, Cm
r
 

 This study 



 48 

pHSG576-oxyRS  PCR product containing oxyR and oxyS genes from S. flexneri SBA1414 

generated with the primers HSP182 and HSP183 and cloned into 

EcoRI/HindIII sites of pHSG576, Cm
r
 

 This study 

pTrc99A-flu  3.12kb Ag43-encoding flu gene amplified by PCR from E. coli K12 substrain 

MG1655 with the primers HSP135 and HSP136 and cloned into XbaI/HindIII 

sites of pTrc99A, Ap
r
 

 This study 

pTrc99A-sap  3.12kb sap gene cloned into pTrc99A, Ap
r
  Constructed by Dr Harry 

Sakellaris, UWA 

pTrc99A-sigAΔα1  4.6kb PCR product containing truncated sigA gene minus the α1 coding region 

cloned into SalI/HindIII sites of pTrc99A, Ap
r
 

 This study 

pWSK29-sap  3.12kb sap gene amplified by PCR with the primers HSP161 and HSP162 and 

cloned into BamHI/EcoRI sites of pWSK29, Ap
r
 

 This study 

pWSK29-sap-orf31  11.6kb DNA fragment including sap gene and orfs 21-31 of the she PAI 

amplified by PCR with the primers HSP188 and HSP189 and cloned into 

XbaI/XhoI sites of pWSK29, Ap
r
 

 This study 
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pGEX-2T-α2  sigA α2 coding region cloned into pGEX-2T, Ap
r
  Constructed by Mohammad 

Zayd Azmi, UWA 

pMal-p2X-α1  1kb sigA α1 coding region amplified by PCR from pSBA479 with the primers 

HSP207 and HSP208 and cloned into XbaI/HindIII sites of pMal-p2X, Ap
r
 

 This study 

pMal-p2X-α2  2kb sigA α2 coding region amplified by PCR with the primers HSP32 and 

HSP58 and cloned into BamHI/HindIII sites of pMal-p2X, Ap
r
 

 This study 
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2.5 Oliogonucleotide primers 

All primers used in this study are described in Table 2.4 below. 

 

Table 2.4 Oligonucleotide primers used in this study 

Designation Sequence 5’ – 3’ Description Source 

DAP381 GAG CGG ATA ACA ATT TCA CAC 

AGG 

Forward primer used in conjunction with DAP382 to amplify inserts 

in pTrc99A vector. It anneals adjacent to EcoRI restriction site. 

Dr Charlene Kahler, 

UWA 

DAP382 CGT GCA CCC AAC TGA TCT TCA 

GC 

Reverse primer used in conjunction with DAP381 to amplify inserts 

in pTrc99A vector. It anneals 618bp downstream of HindIII 

restriction site.  

Dr Charlene Kahler, 

UWA 

HSP32 AA GGA TCC AAG CAG GAT ACC 

GAT CTT GG 

Forward primer used in conjunction with HSP58 to amplify the α2 

coding sequence of sigA gene from the she PAI for cloning into 

pMal-p2X. It contains 2 terminal A residues plus a BamHI restriction 

endonuclease site at 5’ end for cloning.  

This study 

HSP58 AAA AAA AAG CTT GTT GAC TTC Reverse primer used in conjunction with HSP32 to amplify the α2 This study 
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TGT CAG GAA GG coding sequence of sigA gene from the she PAI for cloning into 

pMal-p2X. It contains 6 terminal A residues plus a HindIII 

restriction endonuclease site at 5’ end for cloning. 

HSP115 TCT CCA TAC CCG TTT TTT TGG Forward primer used in conjunction with HSP116 to amplify inserts 

in pBAD30 vector. It anneals adjacent to EcoRI restriction site. 

This study 

HSP116 CTC ATC CGC CAA AAC AGC C Reverse primer used in conjunction with HSP115 to amplify inserts 

in pBAD30 vector. It anneals adjacent to HindIII restriction site. 

This study 

HSP121 AAAAA TCT AGA GCC GGA GAA 

GGT GTA ATT AG 

Forward primer used in conjunction with HSP122 for amplification 

of 837bp dam gene in S. flexneri YSH6000T. It anneals 29bp 

upstream of dam start codon and contains 5 terminal A residues plus 

a XbaI restriction endonuclease site at 5’ end for cloning.  

This study 

HSP122 AAAAA GTC GAC ACT GTT TCA 

TCC GCT TCT CC 

Reverse primer used in conjunction with HSP121 for amplification 

of 837bp dam gene in S. flexneri YSH6000T. It anneals 7bp 

downstream of dam stop codon and contains 5 terminal A residues 

plus a SalI restriction endonuclease site at 5’ end for cloning.   

This study 
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HSP123 AAAAA TCT AGA CGT GGC GAT 

GGA GGA TGG 

Forward primer used in conjunction with HSP124 for amplification 

of 918bp oxyR gene in S. flexneri YSH6000T. It anneals 21bp 

upstream of oxyR start codon and contains 5 terminal A residues plus 

a XbaI restriction endonuclease site at 5’ end for cloning. 

This study 

HSP124 AAAAA GTC GAC CGT TAA ACG 

GTT TAA ACC GCC 

Reverse primer used in conjunction with HSP123 for amplification 

of 918bp oxyR gene in S. flexneri YSH6000T. It anneals 20bp 

downstream of oxyR stop codon and contains 5 terminal A residues 

plus a SalI restriction endonuclease site at 5’ end for cloning.  

This study 

HSP131 GTG GCG ATG GAG GAT GGA TAA 

TGA ATA TTC GTG ATC TTG ATG 

TGT AGG CTG GAG CTG CTT 

Mutagenic upstream primer used in conjunction with HSP132 to 

amplify kanamycin resistance gene cassette from pKD4. Its 5’ end 

included a 40-nucleotide sequence identical to a sequence starting 

20bp upstream of oxyR start codon. 

This study 

HSP132 GGG TAG CTG CGT TAA ACG GTT 

TAA ACC GCC TGT TTT AAC ACA 

TAT GAA TAT CCT CCT TAG 

Mutagenic downstream primer used in conjunction with HSP131 to 

amplify kanamycin resistance gene cassette from pKD4. Its 3’ end 

included a 40-nucleotide sequence identical to a sequence starting 

This study 
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20bp downstream of oxyR stop codon. 

HSP133 GGT GTA ATT AGT TAA TCG GCA 

TGA AGA AAA ATC GCG CTT TTG 

TGT AGG CTG GAG CTG CTT 

Mutagenic upstream primer used in conjunction with HSP134 to 

amplify kanamycin resistance gene cassette from pKD4. Its 5’ end 

included a 40-nucleotide sequence identical to a sequence starting 

20bp upstream of dam start codon. 

This study 

HSP134 CAT CCG CTT CTC CTT GAG AAT 

TAT TTT TTC GCG GGT GAA ACA 

TAT GAA TAT CCT CCT TAG 

Mutagenic downstream primer used in conjunction with HSP133 to 

amplify kanamycin resistance gene cassette from pKD4. Its 3’ end 

included a 40-nucleotide sequence identical to a sequence starting 

20bp downstream of dam stop codon. 

This study 

HSP135 AAAAAA TCT AGA CCC TCA ATC 

TAA GGA AAA GCT 

Forward primer used in conjunction with HSP136 for amplification 

of 3120bp flu gene in E. coli K12 substrain MG1655. It anneals 22bp 

upstream of flu start codon and contains 6 terminal A residues plus a 

XbaI restriction endonuclease site at 5’ end for cloning. 

This study 

HSP136 AAAAAA AAG CTT GAG GCG ATG 

GTT CTG TCA G 

Reverse primer used in conjunction with HSP135 for amplification 

of 3120bp flu gene in E. coli K12 substrain MG1655. It anneals 15bp 

This study 
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downstream of flu stop codon and contains 6 terminal A residues 

plus a HindIII restriction endonuclease site at 5’ end for cloning. 

HSP161 AAA GGA TCC CAC CCT CAC TCT 

GAT TAA GG 

Forward primer used in conjunction with HSP162 for amplification 

of 3123bp sap gene in she PAI. It anneals 28bp upstream of sap start 

codon and contains 3 terminal A residues plus a BamHI restriction 

endonuclease site at 5’ end for cloning. 

This study 

HSP162 AAA GAA TTC GAC CAC AGA GAG 

GCA ATG C 

Reverse primer used in conjunction with HSP161 for amplification 

of 3123bp sap gene in she PAI. It anneals 15bp downstream of sap 

stop codon and contains 3 terminal A residues plus an EcoRI 

restriction endonuclease site at 5’ end for cloning. 

This study 

HSP169 GAC CTG TCT GTC TCA GGA G Forward primer used in conjunction with HSP179 to amplify the 

entire pSBA479 minus the sigA α1 coding region. It anneals 985bp 

downstream of sigA start codon. 

This study 

HSP179 CAT TGC TGC AAA TGC TGT TTC Reverse primer used in conjunction with HSP169 to amplify the 

entire pSBA479 minus the sigA α1 coding region. It anneals 164bp 

This study 
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downstream of sigA start codon.  

HSP182 AAAAA AAG CTT GGG TAG CTG 

CGT TAA ACG G 

Used in conjunction with HSP183 for amplification of both oxyR and 

oxyS genes in S. flexneri YSH6000T. It anneals 20bp downstream of 

oxyR stop codon and contains 5 terminal A residues plus a HindIII 

restriction endonuclease site at 5’ end for cloning. Also used in 

conjunction with HSP187 to generate oxyR clone. 

This study 

HSP183 AAAAA GAA TTC GGC CTG TAG 

AAT AAA AAA AAG C 

Used in conjunction with HSP182 for amplification of both oxyR and 

oxyS genes in S. flexneri YSH6000T. It anneals 20bp downstream of 

oxyS stop codon and contains 5 terminal A residues plus an EcoRI 

restriction endonuclease site at 5’ end for cloning.  

This study 

HSP187 AAAAA GAA TTC CTG TGA GCA 

ATT ATC AGT CAG 

Used in conjunction with HSP182 for amplification of oxyR gene in 

S. flexneri YSH6000T. It anneals 96bp upstream of oxyR start codon 

and contains 5 terminal A residues plus an EcoRI restriction 

endonuclease site at 5’ end for cloning. 

This study 

HSP188 AAAAA TCT AGA CAC CCT CAC Forward primer used in conjunction with HSP189 to amplify the This study 
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TCT GAT TAA GG genes from sap to orf31 in she PAI (11647bp). It anneals 28bp 

upstream of sap start codon and contains 5 terminal A residues plus a 

XbaI restriction endonuclease site at 5’ end for cloning. 

HSP189 AAAAA CTC GAG GAA AGG GAA 

TCA CTC TCG G 

Reverse primer used in conjunction with HSP188 to amplify the 

genes from sap to orf31 in she PAI (11647bp). It anneals 21bp 

downstream of orf31 stop codon and contains 5 terminal A residues 

plus a XhoI restriction endonuclease site at 5’ end for cloning. 

This study 

HSP190 GGA TAA CAA TTT CAC ACA GG Forward primer used in conjunction with HSP191 to amplify inserts 

in pTrc99A vector. It anneals adjacent to EcoRI restriction site. 

This study 

HSP191 GCT GAA AAT CTT CTC TCA TCC Reverse primer used in conjunction with HSP190 to amplify inserts 

in pTrc99A vector. It anneals adjacent to HindIII restriction site. 

This study 

HSP207 AAAAAA TCT AGA GCA ATG CTG 

GAT ATA AAT AAT ATA TGG 

Forward primer used in conjunction with HSP208 to amplify sigA α1 

region from pSBA479 for cloning into pMal-p2X. It contains 6 

terminal A residues plus a XbaI restriction endonuclease site at 5’ 

end for cloning. 

This study 
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HSP208 AAAAAA AAG CTT CTA TAT TTT 

ATG CAG ATT ATC TCC GG 

Reverse primer used in conjunction with HSP207 to amplify sigA α1 

region from pSBA479 for cloning into pMal-p2X. It contains 6 

terminal A residues plus a HindIII restriction endonuclease site at 5’ 

end for cloning. 

This study 

UP GTT TTC CCA GTC ACG AC Used in conjunction with RP to amplify inserts in the multiple 

cloning sites relative to the lacZ’ gene which is present in vectors 

such as pHSG576 and pWSK29. 

This study 

RP AGC GGA TAA CAA TTT CAC ACA 

GGA 

Used in conjunction with UP to amplify inserts in the multiple 

cloning sites relative to the lacZ’ gene which is present in vectors 

such as pHSG576 and pWSK29. 

This study 
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2.6 Primary antibodies used for immunoblotting 

All primary antibodies used for immunoblot detection in this study are listed in Table 2.4 below. 

 

Table 2.5 Primary antisera used for immunoblot detection 

Primary antibody Recommended dilution Source 

Rabbit anti-Ag43 1/5000 Dr Ian Henderson, University of Birmingham 

Rabbit anti-GST-StpA 1/5000 Dr Harry Sakellaris, UWA 

Rabbit anti-MBP 1/10000 New England Biolabs 

Rabbit anti-Sap 1/1000 This study 

Rabbit anti-SigA 1/10000 Dr Harry Sakellaris, UWA 

 

 

 

 



 59 

Chapter 3 - Methods 

3.1 Bacterial growth and storage conditions 

3.1.1 Bacterial culture  

Unless stated otherwise, bacterial strains were either grown overnight on Luria-Bertani 

agar plates at 37°C, or cultured in Luria-Bertani broth at 37°C with aeration. Where 

appropriate, cultures were supplemented with suitable antibiotics. 

 

3.1.2 Bacterial culture storage 

Glycerol stocks were made for every bacterial strain constructed in this study and kept 

at -80°C for long term storage. 

 

3.1.2.1 Preparation of glycerol stock from agar plate culture 

A sterile loop was used to collect and transfer bacterial colonies from the agar plate into 

a glycerol stock tube containing 1ml 20% glycerol broth. Bacteria was resuspended by 

vortexing and then stored at -80°C. 

 

3.1.2.2 Preparation of glycerol stock from broth culture 

750µl overnight broth culture was transferred into a glycerol stock tube containing 

250µl 80% glycerol solution. It was then mixed by vortexing and stored at -80°C. 

 

3.2 Bacterial cell autoaggregation assay 

This method was modified from Rahman et al. (2008). Specifically, 100µl of 10ml 

overnight bacterial broth culture was taken and diluted with 900µl of LBB to measure 

its initial OD600 reading. The undiluted culture was allowed to stand at RT for 4 hours. 

Thereafter 100µl of the upper suspension was taken to measure the absorbance after 
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dilution with 900µl of LBB. An index of cellular autoaggregation was expressed as 

percentage autoaggregation and calculated using: 

 

% Autoaggregation = [(OD600 initial - OD600 final)/ OD600 initial] x 100% 

 

3.3 Competent cell preparation and transformation 

3.3.1 E. coli competent cell preparation and transformation 

This method was modified from Hanahan (1983). All solutions used in this protocol are 

described in Materials, section 2.2.5. E. coli strain was grown overnight in 5ml of SOB 

medium to provide an inoculum for a larger culture. 100ml of fresh SOB in a 2L 

Erlenmeyer flask was inoculated with cells to a final inoculum dilution of 1/100 and 

then incubated at 37ºC with aeration to an OD600 of approximately 0.3. Both RF1 and 

RF2 solutions were made up and chilled on ice while incubating the culture. The culture 

was collected into 50ml Falcon™ centrifuge tubes and chilled on ice for 15 minutes. 

The cells were harvested by centrifugation at 2,060 x g in a clinical centrifuge for 15 

minutes at 4ºC. The cell pellet was resuspended by moderate vortexing in a volume of 

RF1 solution that was 1/3 of the original culture volume (i.e. 33ml). The cells were 

incubated on ice for 1 hour. Centrifugation was repeated and the solution was discarded. 

The cells were resuspended in an RF2 solution of 1/12.5 of the original volume (i.e. 

7ml) and then incubated on ice for 15 minutes. The cells were aliquoted into 1.5ml 

microfuge tubes and flash-frozen in a dry ice added ethanol bath or in liquid nitrogen. 

The cells were stored at -80ºC until use. 

 

For transformation, a tube was removed from the freezer and thawed on ice. DNA 

solution was added in a volume of less than 20μl. The tube was swirled to mix the DNA 

evenly with the cells before putting the tube on ice for 1 hour. The cells were heat-
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shocked by placing the tube in 42ºC water bath for exactly 90 seconds and then chilled 

by returning the tube immediately to ice. 200-800μl of SOC medium was added to the 

cells followed by incubation at 37ºC with aeration for 2 hours. LBA plates with 

appropriate antibiotic selection were inoculated with 100μl of transformation mix at a 

variety of dilutions. A flame-sterilised glass rod was used to spread the inoculum evenly 

on the plates. The plates were incubated at 37°C unless stated for overnight or until 

colonies were seen. 

 

3.3.2 Electrocompetent cell preparation and electroporation 

An electroporation method was used to transform S. flexneri strains with foreign DNAs 

in this study. A 1L flask containing 80ml of LBB, containing appropriate antibiotics, 

was inoculated with an overnight culture to a final inoculum dilution of 1/100. Unless 

stated otherwise, the cells were grown aerated at 37ºC to an OD600 of 0.3. The cells were 

transferred into 50ml Falcon™ centrifuge tubes and then pelleted by centrifugation at 

2,060 x g, 4ºC for 15 minutes. The supernatants were discarded and each cell pellet was 

resuspended in 40ml of ice-cold 10% (v/v) glycerol then again centrifuged at 2,060 x g, 

4ºC for 15 minutes. The supernatant was discarded the cell pellets were washed with 

ice-cold 10% (v/v) glycerol twice. After the final wash, each cell pellet was resuspended 

in 40µl of ice-cold 10% (v/v) glycerol. The cell suspensions were transferred into 

individual sterile 1.5ml microfuge tube then kept on ice for immediate use. 

Alternatively the cells were snap-frozen in a dry ice added ethanol bath or in liquid 

nitrogen. The cells were stored at -80ºC and could be thawed on ice for use if needed. 

 

Prior to electroporation, 10µl of DNA solution and 40µl of electrocompetent cells were 

transferred to a Gene Pulser
®
 cuvette with 0.2cm electrode gap (Bio-Rad). To perform 

the electroporation, the Bio-Rad Gene Pulser
®
 II electroporation system was used. The 
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conditions for transformation were 25µF capacitance, 200Ω resistance and 2.5kV. 

Immediately after electroporation, 1ml of LBB was added to the cuvette and the cell 

suspension was transferred into a 20ml universal bottle, and incubated at 37°C with 

aeration for 1 hour. The time constant for each electroporation was recorded and was 

optimally at least 4 milliseconds. After incubation, 100µl of undiluted and 1/10 

dilutions of the bacterial culture were plated onto LBA plates containing appropriate 

antibiotics to select for transformants. The remaining undiluted cells were also plated 

out after concentration by centrifugation and resuspension in 100µl of LBB. The plates 

were incubated at 37°C unless stated for overnight or until colonies were seen. 

 

3.4 DNA analysis 

3.4.1 Agarose gel electrophoresis  

0.8% agarose gel containing 5μl of SYBR
®
 Safe DNA gel stain (10,000x concentrate) 

was made up with 1x TAE buffer. Unless stated otherwise, 5μl of DNA sample added 

with 1μl of 6x loading dye was loaded onto the agarose gel, along with 5μl of 100ng/μl 

λ HindIII ladder. The gel was subjected to electrophoresis in 1x TAE buffer at 100V for 

30 minutes. DNA was visualised by using the Fujifilm LAS-3000 imaging system. 

Once detected, the size and concentration of DNA fragment were estimated by 

comparison to the λ HindIII ladder. 

 

3.5 DNA extraction 

3.5.1 Genomic DNA extraction 

5ml overnight bacterial culture was prepared. The cells were harvested by 

centrifugation, resuspended in 1ml PBS and then transferred into a sterile 1.5ml 

microfuge tube. The cells were centrifuged at 14,100 x g for 1 minute and the 

supernatant was discarded. The cell pellet was again washed with 1ml of PBS before 
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adding 480µl of AL lysis buffer, 48µl of 10% (w/v) SDS and 480µl of 

phenol:chloroform:IAA. The mixture was vortexed vigorously for 15 seconds then 

centrifuged at 16,100 x g for 5 minutes. The aqueous phase was transferred into a fresh 

1.5ml microfuge tube (not more than 400µl) then added with 1/10 volume of 3M 

sodium acetate and 2.5 volumes of cold 100% (v/v) ethanol. The solution was vortexed 

and stored at -20°C for 10 minutes prior to centrifugation at 14,100 x g for 10 minutes 

at 4°C. The supernatant was removed and 3 washes using 0.5ml of cold 70% (v/v) 

ethanol were performed without disturbing the DNA pellet. After aspirating the last 

wash the tube was desiccated for 2 minutes. The DNA pellet was then dissolved in 

100µl of sterile distilled water and stored at -20°C until use. 

 

3.5.2 Plasmid DNA extraction 

3.5.2.1 Miniprep plasmid isolation 

All solutions used in this protocol are described in Materials, section 2.2.7. This 

protocol was modified from Birnboim & Doly (1979). Specifically, 10ml of overnight 

bacterial broth culture was grown with appropriate antibiotic selection. Bacterial cells 

were then harvested by centrifugation and the supernatant was aspirated. The bacterial 

cell pellet was resuspended in 200μl of GET buffer supplemented with 2μl of 10mg/ml 

RNase, then transferred into a sterile 1.5ml microfuge tube and incubated at RT for 5 

minutes. 400μl of freshly prepared alkaline SDS solution was subsequently added and 

the tube was inverted 3 to 6 times to homogenise the mixture, resulting in a clear, 

viscous solution. The solution was incubated on ice for 5 minutes before 300μl of 7.5M 

ammonium acetate was added to it. The tube was again inverted 3 to 6 times then 

chilled on ice for 10 minutes. This was followed by centrifugation at 14,100 x g for 5 

minutes at RT and the clear supernatant was then transferred into a sterile microfuge 

tube. 500μl of isopropanol was added and the solution was centrifuged at 14,100 x g for 
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15 minutes at RT. The supernatant was discarded and the resulting DNA pellet was 

washed 3 times (5 minute wash each time) with cold 70% ethanol. The pellet was 

allowed to dry and then dissolved in 100μl of sterile distilled water. Agarose gel 

electrophoresis was performed to determine the concentration of extracted plasmid 

DNA. Plasmid DNA was stored at -20°C when not in use. 

 

3.5.2.2 Plasmid isolation using a kit 

Plasmid DNA was extracted by using High Pure plasmid isolation kit (Roche Applied 

Science). The instructions were followed as provided by the manufacturer. 

 

3.6 DNA purification 

The High Pure PCR product purification kit (Roche Applied Science) was used to 

purify PCR products from amplification reactions, as well as to purify nucleic acids 

from other modification reactions such as restriction-endonuclease digestion, alkaline 

phosphatase treatment and polynucleotide kinase reaction. The instructions were 

followed as provided by the manufacturer. 

 

3.7 DNA cloning 

3.7.1 DNA preparation  

To begin with, oligonucleotide primers, flanked by unique restriction endonuclease 

sites, were designed to PCR amplify the gene of interest. Both restriction sites were 

found in the multiple cloning site of vector chosen for cloning. PCR products were 

purified to prevent any interference with enzymatic digestion later. Vector DNA used 

for the cloning was isolated as well with either a commercial kit or a large scale plasmid 

isolation method as described in section 3.5.2.1. 
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3.7.2 Restriction digestion 

All restriction enzymes used in this study were manufactured by New England Biolabs. 

Simultaneous restriction digestions were set up for both vector DNAs and purified PCR 

products according to the manufacturer’s instructions. Following digestion, products 

were resolved by 0.8% (w/v) agarose gel electrophoresis alongside untreated DNAs to 

ensure complete digestion and to determine if the DNA fragments generated were of the 

correct sizes. 

 

3.7.3 Ligation 

Prior to performing a ligation, restriction enzymes were heat-inactivated by incubating 

at 72°C for 30 minutes. DNA from each reaction was purified which would also remove 

the small DNA fragment released from the multiple cloning site on double digestion of 

the vector. This would help to prevent self-ligation of the vector and therefore increased 

the overall efficiency of cloning. T4 DNA ligase was used for DNA ligation according 

to the manufacturer’s instructions. It was important to ensure that the digested inserts 

were added in a 3 molar in excess to the cut vector DNA in a ligation reaction. The 

ligation reaction was incubated overnight at 16°C. 

 

3.7.4 Transformation of E. coli host strain 

Transformation of the E. coli host strain with the ligation products was performed 

according to the procedures as described in section 3.3.1. 

 

3.7.5 Isolation of transformants 

Transformants were transferred patch-inoculated onto LBA plates containing 

appropriate antibiotic and incubated overnight at 37ºC unless stated. This was to avoid 
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satellite colonies when selecting with antibiotic and also to provide more bacterial cells 

to work with. 

 

3.7.6 Blue white screening 

Blue-white screening was used to detect insertional inactivation of vector-borne lacZα 

genes carrying multiple cloning sites when transformed into an E. coli strain that 

contained the lacI
q
ZΔM15 gene. To detect transformants carrying cloned inserts that 

disrupted lacZα, the transformants were patch-inoculated onto LBA which was pre-

inoculated with a mixture of 1μl of 1M IPTG and 100μl of 20mg/ml X-gal solution and 

incubated at 37ºC for at least for 18 hours to allow colour development. 

 

3.7.7 Further screening of transformants 

To confirm that the bacterial transformants obtained during a cloning experiment 

carried the correct plasmid construct, further screening by colony PCR, restriction 

digestion, SDS-PAGE or immunoblotting of cell-free extracts were performed. 

 

3.8 Fluorogenic protease assay 

A 100μl test sample (or 10ng/µl porcine trypsin solution) was added in triplicate to the 

wells of a Costar
®
 solid white 96-well polystyrene plate (Corning). Subsequently 100μl 

of fluorescein thiocarbamoyl-casein working reagent, as described in Materials, section 

2.2.6, was added and the reaction was incubated for 2 hours at RT. The fluorescence 

was measured in fluorescence resonance energy transfer (FRET) mode in a Polarstar 

Optima microplate reader with standard fluorescein excitation/emission filters (485/538 

nm). 

 

 



 67 

3.9 Assay for binding of SigA to HEp-2 cells  

3.9.1 Seeding HEp-2 cells 

Once the HEp-2 cells in an 80cm
2
 tissue culture flask were confluent, the cells were 

trypsinised and then resuspended in 40ml of complete DMEM cell culture medium. 

500μl of cell suspension was subsequently transferred into each well of a Nunclon™ Δ 

surface 24-well polystyrene plate (Nunc) and the cells were incubated for 1-2 days at 

37ºC in a humidified air atmosphere containing 5% (v/v) CO2 to achieve a confluent 

cell monolayer. 

 

3.9.2 Preparation of SigA, SigA Δα1 and GST proteins 

All protein samples were prepared on the same day as the HEp-2 cells were seeded. 

GST protein was purified from 50ml cultures of E. coli pGEX-2T by the procedures 

described in sections 3.20.1 and 3.20.2. 

 

To acquire SigA and SigA Δα1 proteins, 0.5ml of each overnight culture of E. coli 

BL21/pHMG63/pSBA479 and E. coli DH5α F’ lacI
q
/pTrc99A-sigA Δα1 was inoculated 

respectively into a 500ml Erlenmeyer flask containing 50ml LBB and appropriate 

antibiotics. The cells were grown at 37ºC, with aeration, to an OD600 of approximately 

0.6, and then induced with IPTG at final concentrations of 5mM or 0.3mM for 3 hours. 

Bacterial supernatants were collected after centrifugation at 2,060 x g, 4ºC for 15 

minutes. One ml of protease inhibitor cocktail was added to each supernatant and 

subsequently concentrated by centrifugation in an Amicon
®
 Ultra-15 centrifugal filter 

unit as described in section 3.16. SDS-PAGE was then performed to confirm the 

presence of both SigA and SigA Δα1 proteins, as well as to determine each protein 

concentration by comparing against BSA standards. The protein samples were stored at 

-20ºC until use. 
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3.9.3 Binding assay 

The binding assay was performed once the HEp-2 cells were confluent. All protein 

samples were allowed to thaw on ice. Growth medium was removed from each well and 

the wells were washed once in 1ml of washing buffer (TBS containing 0.5% (v/v) 

Tween
®
 20, please refer to Materials, section 2.2.3, for TBS’s recipe). The use of a high 

ionic strength buffer (150mM NaCl) coupled with non-ionic detergent (Tween
®
 20) in 

the washing buffer neutralise low-affinity ionic and hydrophobic interactions that are 

responsible for non-specific binding of proteins to HEp-2 cells. 

 

The cells were then fixed at RT with 0.5ml of methanol added to each well for 1 minute. 

Methanol was discarded and the plate was washed 3 times. Each well was then blocked 

with 0.5ml of blocking buffer (washing buffer containing 5% (v/v) sheep serum), at RT 

for 30 minutes. Blocking buffer was removed and the plate was again washed 3 times 

with washing buffer. The wells were then treated respectively with equimolar 

concentrations of each protein sample in blocking buffer at a final volume of 0.2ml. 

 

The plate was incubated at RT for 2 hours. The supernatants were then discarded and 

the wells were washed 3 times. 0.2ml of 1x Laemmli sample buffer, as described in 

Materials, section 2.2.9, was added to each well and the tissue culture plate was covered 

with a layer of parafilm before putting it into a 100ºC water bath for 10 minutes to lyse 

the cells and dissolve proteins in the sample buffer prior to SDS PAGE. The boiled 

samples were transferred into 1.5ml microfuge tubes for storage. SDS-PAGE of 20μl 

samples was followed by immunoblotting with either rabbit anti-GST primary 

antiserum or rabbit anti-SigA primary antiserum to detect the binding of GST and SigA 

to HEp-2 cells respectively. 
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3.10 HT-29 cell internalisation and adherence assays 

3.10.1 Seeding HT-29 cells 

Once the HT-29 cells in an 80cm
2
 tissue culture flask were confluent, the cells were 

trypsinised and then resuspended in 20ml of complete DMEM culture medium. 500μl of 

cell suspension was subsequently transferred into each well of a Nunclon™ Δ surface 

24-well polystyrene plate (Nunc) and the cells were incubated for at 37ºC in a 

humidified air atmosphere containing 5% (v/v) CO2 until confluent. The number of cells 

per well when confluent was approximately 6 x 10
5
. 

 

3.10.2 Cell internalisation and adherence assays 

Non-invasive S. flexneri bacteria grown in LBB with appropriate antibiotic selection to 

an OD600 of approximately 0.6 (1.5 x 10
8
 cfu/ml), were harvested by centrifugation at 

14,100 x g for 1 minute, and then resuspended in a volume of basal DMEM to achieve a 

bacterial count of 10
8
 cfu/ml. Old growth medium was removed from each well and the 

wells were washed 3 times with 0.5ml of PBS each time. 0.3ml of bacterial suspension 

was then added to the cells in 6 replicates (3 each to assess both pinocytosis and cell 

attachment) at a multiplicity of infection of 50. The infection was carried out for 90 

minutes at 37ºC. 

 

To assess internalisation of bacteria by HT-29 cells, bacterial suspensions were removed 

from HT-29 monolayers and 0.5ml of basal DMEM containing 250μg gentamicin was 

added to the infected cells to kill extracellular bacteria. The plate was then incubated at 

37ºC for 90 minutes and washed 3 times with PBS to remove extracellular bacteria. To 

assess cell adherence, the cell monolayer was washed 3 times with PBS after 90 minutes 

infection without any gentamicin treatment. 
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The infected HT-29 cells were trypsinised in 0.2ml of 1x trypsin-EDTA solution at 

37ºC until the cells had lifted off the plate surface, then added to 0.8ml of cold 1% (v/v) 

Triton-X solution for 5-10 minutes to lyse the cells. The lysates were collected and 

serially diluted (5-fold dilutions) in sterile distilled water. Bacterial viable count was 

enumerated. Specifically, 3 x 20μl volumes of each dilution were transferred to an LBA 

plate. The plates were incubated at 37ºC for 12-18 hours and the subsequent colonies 

were counted. The degree of bacterial adherence to the surface of HT-29 cells was 

expressed as a percentage of the total number of bacteria used to infect the HT-29 cells, 

as described by the formula below: 

 

  

 

3.11 Plaque assay 

The plaque assay was performed using HT-29 cell monolayers according to Oaks et al. 

(1985) and Gore & Payne (2010), with a few modifications. In brief, 0.2ml of bacterial 

suspension in DMEM containing 1 x 10
5
 bacterial cells was added in triplicate to 

confluent monolayers of HT-29 cells cultured in 6-well polystyrene plates (Nunc). 

Before bacteria were added, the monolayers were washed twice with DMEM. The 

incubation was carried out for 90 minutes at 37°C. During this adsorption phase, the 

plates were rocked every 30 minutes to assure uniform distribution of the inoculated 

bacteria. 

 

Next, an agarose overlay (3ml) consisting of DMEM, 5% NBCS, 0.5% agarose and 

40μg/ml gentamicin was added to each well. The plates were incubated at 37°C in a 

humidified 5% CO2 air atmosphere up to 48 hours. The plaques were observed under 

phase contrast microscopy at 100x magnification and 15 randomly selected microscopic 

(no. of bacteria associated with HT-29 cells – no. of internalised bacteria) 

                  no. of bacteria used for infection 
X 100% 
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fields were photographed from each well. The total number of plaques in each well was 

counted and the areas of plaques were measured by using the ImageJ program (Collins, 

2007; Girish & Vijayalakshmi, 2004). 

 

3.12 Hydrogen peroxide sensitivity assay 

Overnight bacterial culture was prepared. A sterile swab was used to inoculate and 

spread bacterial cells onto a LBA plate with appropriate antibiotic selection. A filter 

paper disc (Whatman Aa disc, 6mm) was transferred aseptically onto the middle of the 

plate. 10μl of 1M hydrogen peroxide solution was then added to the paper disc before 

incubating the plate overnight at 37°C. The diameter of the zone of inhibition was 

measured and recorded. 

 

3.13 Inactivation of chromosomal genes using pKD46 system 

3.13.1 Gene disruption 

This method was modified from Datsenko & Wanner (2000). A kanamycin resistance 

gene was PCR-amplified with a pair of 60-nucleotide-long primers that included 40-

nucleotide extensions that were identical to regions adjacent to the gene to be disrupted 

and 20-nucleotides identical to sequences encompassing the kanamycin resistance gene 

of pKD4, which served as the DNA template. The 1.6kb PCR products were purified 

and then treated with DpnI restriction endonuclease to remove the original methylated 

DNA template, leaving only the unmethylated PCR product. 

 

The temperature sensitive plasmid, pKD46, which expresses the λ Red recombinase 

system and therefore increases the frequency of homologous recombination, was first 

introduced into S. flexneri strain of which carried the gene to be inactivated. The S. 

flexneri strain carrying pKD46 was grown in 80ml of LBB with ampicillin at 30ºC to an 
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OD600 of 0.3 and then induced by the addition of L-arabinose to a final concentration of 

10mM for 1 hour. The cells were made electrocompetent and then transformed by 

electroporation with the DpnI-treated PCR products as described in section 3.3.2. 1ml of 

LBB was added to the cells immediately after electroporation, incubated 2 hours at 

30ºC, and plated onto LBA plates containing kanamycin and ampicillin to select for 

transformants. The plates were incubated at 30°C until colonies were seen. 

 

3.13.2 Curing pKD46 plasmid 

Mutant strains carrying pKD46 were grown overnight in LBB with kanamycin at 37ºC, 

at the non-permissive temperature for plasmid replication. The cells were plated onto 

LBA plates containing kanamycin and incubated overnight at 37ºC. Bacterial colonies 

were each transferred to a grid on a LBA plate containing ampicillin to test for loss of 

pKD46 plasmid. If it was not lost, then colonies were purified, cultured at 43ºC and 

tested again for loss of ampicillin resistance. 

 

3.14 Measurement of protein concentration 

3.14.1 Bradford protein assay 

Standard concentrations of BSA (between 0.5-25μg/ml) were prepared in distilled 

water. 800μl each of the above was added to individual 1.5ml spectrophotometer 

cuvette and subsequently 200μl of Bio-Rad protein assay dye reagent was added to each 

cuvette. A blank control containing 800μl of distilled water and 200μl of Bio-Rad 

protein assay dye reagent was also prepared. Each cuvette was capped and inverted 

several times to homogenise the solution. The absorbance reading of each standard at 

595nm wavelength was recorded and the readings were then used to generate a BSA 

standard curve. To measure the concentration of a protein sample, Bradford protein 

assay was performed and the OD595 reading obtained was compared against the BSA 
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standard curve to determine the sample’s protein concentration. Dilutions of the sample 

protein were required if the readings obtained were out of the linear range of the BSA 

standard curve. 

 

3.14.2 Protein concentration estimation via SDS-PAGE 

SDS-PAGE was performed with 20µl each of test protein sample and BSA protein 

standards (between 1-50μg/ml). Prior to loading onto the SDS polyacrylamide gel, all 

protein samples including BSA protein standards were mixed 4:1 with 5x Laemmli 

sample buffer, vortexed for 10 seconds and subsequently boiled for 10 minutes. 

Following SDS-PAGE, densitometry was performed by using the ImageJ program to 

measure the band intensity of all BSA protein standards to generate a BSA standard 

curve, which was then used to quantify the concentration of test protein sample. 

 

3.15 Polymerase chain reaction (PCR) 

3.15.1 Preparation of boiled lysates as DNA template for PCR reaction 

A sterile toothpick was used to collect a small amount of bacterial growth from a plate 

culture and then mixed with 50μl of sterile distilled water in a 1.5ml microfuge tube. 

The bacterial suspension was boiled for 5 minutes in a 100ºC heating block, centrifuged 

at 14,100 x g for 1 minute, and the supernatant, which represented the DNA solution, 

was transferred into a sterile microfuge tube. 

 

3.15.2 PCR using Taq DNA polymerase 

Taq DNA polymerase was used for general PCR screening or to generate PCR products 

for use in mutagenesis where in both cases high fidelity amplification was not required. 

The components of the PCR reaction mix and the amplification cycle used in this study 

are described respectively in Tables 3.1 and 3.2 as follow. 
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Table 3.1 PCR reaction mix with Taq DNA polymerase 

Reaction component Volume (μl) Final concentration 

10x ThermoPol buffer 2.5 1x 

Forward primer (10μM) 0.5 0.2μM 

Reverse primer (10μM) 0.5 0.2μM 

dNTPs (10mM) 0.25 100μM 

Sterile distilled water 19.125  

Taq DNA polymerase (5U/μl) 0.125 0.025U/μl 

Boil-prep DNA template* 2  

Total volume 25  

 *In any PCR reaction which required purified chromosomal or plasmid DNA as 

template, 1ng of DNA was used. 

 

Table 3.2 Taq DNA polymerase PCR amplification cycle  

Step Temperature (ºC) Time No. of cycle 

Denaturation 94 5 minutes 1 

Denaturation 

Annealing 

Extension 

94 

55 

72 

30 seconds 

30 seconds 

1 minute per kb 

 

30 

Hold 4 or 20 for overnight reaction Infinite 1 

 

3.15.3 PCR using Phusion DNA polymerase 

Phusion DNA polymerase was used to amplify genes when high fidelity was required 

e.g. when genes were to be inserted into a plasmid for expression. The components of 

the PCR reaction mix and the amplification cycle used in this study are described 

respectively in Tables 3.3 and 3.4 as below.    
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Table 3.3 PCR reaction mix with Phusion DNA polymerase 

Reaction component Volume (μl) Final concentration 

5x Phusion HF buffer 5 1x 

Forward primer (10μM) 2.5 0.5μM 

Reverse primer (10μM) 2.5 0.5μM 

dNTPs (10mM) 1 200μM 

Sterile distilled water 36.5  

Phusion DNA polymerase (2U/μl) 0.5 0.02U/μl 

Boil-prep DNA template* 2  

Total volume 50  

* In any PCR reaction which required purified chromosomal or plasmid DNA as 

template, 1ng of DNA was used.  

 

Table 3.4 Phusion DNA polymerase PCR amplification cycle  

Step Temperature (ºC) Time No. of cycle 

Denaturation 98 30 seconds 1 

Denaturation 

Annealing 

Extension 

98 

63 

72 

10 seconds 

30 seconds 

30 seconds per kb 

 

35 

Extension 72 7 minutes 1 

Hold 4 or 20 for overnight reaction Infinite 1 

 

3.15.4 Gradient PCR 

In circumstances where no PCR product was seen or when non-specific PCR products 

were obtained, gradient PCR was performed to determine which annealing temperature 

generated the correct size fragment. To do this, multiple tubes containing the same 
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reaction mix were each run at different annealing temperature in a gradient 

thermocycler. 

  

3.15.5 DNA sequencing 

BigDye
® 

Terminator v3.1 Cycle sequencing reagent was used for DNA sequencing. The 

components of the sequencing reaction and the amplification cycle are shown in Table 

3.5 and Table 3.6 as below. 

 

Table 3.5 Big Dye sequencing reaction 

Reaction component Amount Final concentration 

BigDye
®
 Terminator v3.1 Cycle 

sequencing reagent 

1μl  

10x ThermoPol buffer 2μl 1x 

Primer (10μM) 0.3μl 450nM 

Plasmid DNA 200ng 200μM 

Sterile double distilled water Made up to 20μl final volume  

 

Table 3.6 PCR profile for DNA sequencing  

Step Temperature (ºC) Time No. of cycle 

Denaturation 96 1 minute 1 

Denaturation 

Annealing 

Extension 

96 

50 

60 

10 seconds 

5 seconds 

4 minutes 

 

25 

Hold 4 or 20 for overnight reaction Infinite 1 
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The reaction products were purified according to the following procedures before 

electrophoresis at Lotterywest State Biomedical Facility Genomics. To begin with, the 

reaction product was first transferred into a sterile 1.5ml microfuge tube. ¼ volume of 

125mM EDTA solution was then added followed by 3 volumes of 100% (v/v) ethanol. 

The solution was allowed to stand at RT for 15 minutes after 15 seconds of vortexing. 

This was followed by centrifugation at 400 x g for 30 minutes and the supernatant was 

subsequently removed. 70μl of 70% (v/v) ethanol was added and the tube was again 

centrifuged as described above. The wash with 70% (v/v) ethanol was repeated once. 

After decanting the supernatant, the product was allowed to dry at RT in a biological 

safety cabinet for 30 minutes or in a dessicator for 15 minutes. 

 

3.16 Preparation of concentrated protein sample 

15ml of protein sample was added to an Amicon
®
 Ultra-15 centrifugal filter unit with 

Ultracel-10 membrane (Millipore). Centrifugation was performed in a clinical 

centrifuge at 4°C, 3,220 x g for 20 minutes to concentrate the protein sample up to 20 

fold. The filter unit could be reused to concentrate more protein sample if required. 

 

3.17 Production and purification of rabbit anti-Sap antiserum 

3.17.1 Preparation of Sap proteins for polyclonal antiserum production 

The least amount of Sap protein required for polyclonal antibody production in rabbit 

was 2mg. Antiserum was raised at the Monoclonal Antibody Facility of Western 

Australian Institute for Medical Research (WAIMR). To begin with, 2ml of overnight 

E. coli JM110/pTrc99A-sap culture was inoculated into a 1L flask containing 200ml of 

LBB with ampicillin. The cells were grown at 37ºC with aeration to an OD600 of 

approximately 0.6 and then IPTG was added to a final concentration of 0.3mM. After an 

additional 3 hours of incubation, the cells were harvested by centrifugation at 2,060 x g, 
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at RT for 15 minutes in several 50ml Falcon™ tubes. Bacterial supernatant was 

discarded and each cell pellet was resuspended in a volume of sterile TBS that was 1/10 

of the initial culture volume. The cells were heat-treated in a 55ºC water bath for 10 

minutes to allow Sap proteins to be released from the bacterial cells surface into the 

supernatant. The supernatant was then collected after centrifugation at 2,060 x g at 4ºC 

for 15 minutes. This was followed by concentrating the sample in an Amicon
®
 Ultra-15 

centrifugal filter unit with Ultracel-10 membrane, as described above in section 3.16. 

SDS-PAGE was performed by running the concentrated protein sample together with 

BSA standards to estimate the total amount of Sap proteins being collected. The 2mg of 

Sap was then loaded onto several SDS polyacrylamide gels for electrophoresis. The gels 

were stained overnight with 0.1% (w/v) KCl solution at 4ºC, allowing proteins to appear 

as white bands the next day. The Sap protein band was then sliced out of each gel, 

transferred into a 50ml Falcon™ tube, kept on ice, and lastly sent off to WAIMR’s 

Monoclonal Antibody Facility for polyclonal antiserum production. 

 

3.17.2 Purification of rabbit anti-Sap antiserum 

3.17.2.1 Whole-cell adsorption of antiserum 

15ml of overnight E. coli JM110/pTrc99A culture was inoculated into a 3L flask 

containing 1.5L of LBB supplemented with 20mM glucose and ampicillin. The cells 

were grown overnight at 37ºC with aeration. This was followed by centrifugation at 

8,000 x g at RT for 10 minutes and the cells were resuspended in 20ml of 0.9% (w/v) 

NaCl solution containing 0.1% (w/v) NaN3. The cells were then heat-killed at 65ºC for 

1 hour prior to centrifugation at 2,060 x g at RT for 15 minutes. The cell-free extract 

was removed and kept on ice for use later to neutralise antiserum. The volume of cell 

pellet obtained was measured before resuspending it in a small volume of 0.9% (w/v) 

NaCl solution containing 0.1% (w/v) NaN3. This would help to determine how much 
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volume was equivalent to 0.5ml of packed, wet cells. The cells were then centrifuged in 

aliquots that would give 0.5ml of packed, wet cells in 1.5ml microfuge tubes. The 

centrifugation was performed at 14,100 x g for 5 minutes. Antiserum adsorption was 

achieved by mixing 0.5ml of antiserum and 0.5ml of packed cells and additional mixing 

by constant rotation at RT for 1 hour. The cells were harvested by centrifugation at 

14,100 x g for 5 minutes. The supernatant was collected and the adsorption process was 

repeated 3 to 5 times. The last supernatant collected was added with NaN3 to 0.1% 

(w/v) and the antiserum was stored at 4ºC. 

 

3.17.2.2 Neutralisation of antiserum with E. coli cell-free extract 

0.5ml of whole-cell adsorbed antiserum was mixed with 0.5ml of E. coli cell-free 

extract collected previously and 4ml of TNTB solution as described in Materials, 

section 2.2.8. This would give a 1/10 diluted antiserum. The mixture was incubated at 

RT for 4 hours or overnight at 4ºC.     

 

3.18 Protein detection techniques 

3.18.1 Preparation of whole cell-free protein extracts 

Bacterial cells from an overnight culture were standardised to OD600 of 10 in a final 

volume of 100µl in a 1.5ml microfuge tube. The cell pellet was harvested by 

centrifugation at 14,100 x g for 1 minute and then resuspended in 100µl of 1x Laemmli 

sample buffer. Cell debris was removed by centrifugation after boiling the cell 

suspension for 10 minutes.  

 

3.18.2 SDS-PAGE 

All buffers and solutions used in SDS-PAGE are described in Materials, section 2.2.9. 

To begin with, the gel casting mould of the OmniPAGE VS10 (Cleaver Scientific) was 
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set up according to the manufacturer’s instructions. 10% resolving gel mix solution was 

first prepared and added to the gel casting mould to approximately 5mm below the 

bottom edge of the comb before leaving it for approximately 30 minutes to polymerise. 

Once the resolving gel had polymerised, a 4% stacking gel mix solution was prepared 

and then layered over the top of resolving gel. The sample comb was placed in between 

the glass plates and more stacking gel solution was added if necessary to ensure that the 

sides of the well were complete. The comb was carefully removed after the stacking gel 

had polymerised. The apparatus was transferred to an electrophoresis tank. The inner 

tank was then filled up completely with 1x SDS-PAGE running buffer to cover the 

shorter glass plate and also to remove bubbles from the wells. Running buffer was also 

added to the outer tank to cover bottom edge of glass plates by approximately 50mm. 

Unless stated otherwise, 10µl of sample was added to the well, with 5μl of full-range 

Rainbow
TM

 molecular weight markers loaded either side of the gel. The gel was run at 

160V until the loading dye had reached the bottom of the gel. 

 

3.18.3 Coomassie brilliant blue R-250 protein detection 

To stain the resolved proteins, the gel was incubated overnight at RT with moderate 

agitation in Coomassie brilliant blue R-250 solution as described (Materials, section 

2.2.10). The stain was then removed and the gel was immersed in destaining solution 

for a minimum of 2 hours at 37°C with moderate agitation and frequently changed until 

resolved proteins were easily identified. 

 

3.18.4 Silver staining 

Under circumstances in which protein samples could not be detected efficiently by 

Coomassie brilliant blue R-250, silver staining was performed. The Bio-Rad silver stain 

kit was used by following the instructions as provided by the manufacturer. 
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3.18.5 Immunoblot transfer 

All buffers and solutions used in immunoblot transfer and immunoblotting are described 

in Materials, section 2.2.11. Whole cell-free protein extracts were separated by SDS-

PAGE and transferred by electrophoresis onto Immobilon™-P polyvinylidene 

difluoride (PVDF) membrane (Millipore) using the OmniPAGE VS10 electroblotting 

module (Cleaver Scientific). The blotting pack was assembled under 1x immunoblot 

transfer buffer with 20% (v/v) methanol in the following order: 

 

1. Black plastic face of gel holder cassette 

2. Scotchbrite pad 

3. 3MM Whatman filter paper (10cm x 8 cm) 

4. Gel 

5. Methanol pre-wetted PVDF membrane (10cm x 8cm) 

6. 3MM Whatman filter paper (10cm x 8cm) 

7. Scotchbrite pad 

8. Red plastic face of gel holder cassette 

 

The blotting pack was placed into the electroblotting module with the black panel of 

each cassette facing the black electrode (cathode) panel. The tank was filled up with 1x 

immunoblot transfer buffer containing 20% (v/v) methanol to fully cover the blotting 

pack. Proteins were transferred according to the conditions described in Table 3.7. 

 

Table 3.7 Immunoblot transfer conditions 

Transfer time Overnight 5 hours 1 hour 

Voltage 30V 60V 100V 

Cooling block Not required Optional Required 
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3.18.6 Immunoblotting 

Immunoblotting was performed according to the procedures outlined below. All 

incubations were carried out at 37°C with moderate agitation on a rocking platform. 

After immunoblot transfer, the membrane was blocked for 1 hour in 30ml of 

immunoblot blocking buffer. This was discarded and the membrane was then washed 3 

times (1 x 15 minutes wash, 2 x 5 minutes wash) with immunoblot washing buffer. 

Fresh buffer was used for each wash. Thereafter the membrane was incubated in 30ml 

of blocking buffer containing primary antibodies for 3 hours (refer to Table 2.5. for 

recommended dilutions of different antibodies).  

 

The washing steps were repeated before incubating the membrane in 30ml of blocking 

buffer containing sheep anti-rabbit IgG (H & L) HRP-conjugated affinity purified 

antibody at a dilution of 1/3000 for 1 hour. The membrane was again washed 3 times 

and then developed with ECL
TM

 immunoblotting detection reagents according to the 

manufacturer’s instruction. Chemiluminescence was detected by using Fujifilm LAS-

3000 imaging system. 

 

3.19 Protein over-expression with IPTG or L-arabinose induction 

3.19.1 IPTG induction 

IPTG was added to appropriate bacterial cultures to derepress the lac promoter which 

initiated transcription of cloned genes in specific cloning vectors. Unless stated 

otherwise, a final concentration of 0.3mM of IPTG was used to induce the expression of 

genes that had been cloned into plasmids such as pWSK29 and pHSG576 which carry 

the lac promoter. IPTG was only added when cultures grown at 37ºC with aeration were 

in mid-logarithmic phase (OD600 of approximately 0.6). After the addition of IPTG, 

cultures were incubated for an additional 3 hours. 
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3.19.2 L-arabinose induction 

L-arabinose was required to induce the expression of genes cloned into pBAD30 which 

carries the Para promoter and araC regulator gene. Unless stated otherwise, a final 

concentration of 0.2% (w/v) L-arabinose was added when the broth cultures had grown 

to an OD600 of approximately 0.6 at 37ºC with aeration. The cells were subsequently 

incubated for an additional of 3 hours. Meanwhile, LBA plates supplemented with 0.2% 

(w/v) L-arabinose were also used to induce expression in bacterial strains carrying 

pBAD30 recombinant plasmids. 

 

3.20 Purification of glutathione-S-transferase (GST) and maltose-binding-

protein (MBP) fusion proteins 

3.20.1 Preparation of cell-free extract protein sample 

2ml of an overnight culture of cells containing the fusion plasmid were inoculated into 

200ml of LBB with 100μg/ml ampicillin and 0.2% (w/v) glucose (for MBP fusion 

plasmid only) in a 1L flask. The cells were grown at 37ºC with aeration to an OD600 of 

approximately 0.6 before IPTG was added to a final concentration of 0.3mM. After an 

additional 2 hours of incubation, the cells were harvested by centrifugation at 3,220 x g, 

at 4°C for 15 minutes. The bacterial supernatant was discarded and the cell pellet was 

resuspended in 10ml of cold column buffer as described in Materials, section 2.2.13 (for 

cells holding MBP fusion plasmid) or cold PBS (for cells holding GST fusion plasmid). 

The cell suspension was kept overnight at -20°C and then thawed in cold water on the 

next day. 

 

EDTA solution and lysozyme were each added to the suspension to final concentrations 

of 10mM and 20μg/ml, respectively. The suspension was incubated on ice for 1 hour 

and then placed in an ice water bath and sonicated with a Misonix sonicator at 



 84 

maximum frequency (10) for a total of 5 minutes processing time (1 minute pulse, 30 

seconds rest). The bacterial cell sonicate was transferred to a 50ml polypropylene 

centrifuge tube and centrifuged at 4°C, 27,216 x g for 30 minutes, in a JA-20 rotor and 

by using J2-21 centrifuge. The supernatant was then transferred into a sterile 50ml 

Falcon™ tube and kept on ice for subsequent affinity purification of protein. 

 

3.20.2 Glutathione-agarose resin column chromatography 

All buffers and solutions used in this assay are described in Materials, section 2.2.13. 

Glutathione-agarose was used for purification of glutathione binding enzymes such as 

GST. A glutathione-agarose resin column was set up according to manufacturer’s 

instructions. Prior to loading clarified supernatant containing GST fusion proteins, the 

resin was equilibrated with 8 column volumes of cold PBS. After the cell-free extract 

was run through the column twice, the resin was washed 4 times with cold glutathione-

agarose resin wash buffer to remove any unbound proteins. GST fusion protein was then 

eluted with 10ml of cold elution buffer. 

 

To determine the concentration of the 10ml eluate, a Bradford protein assay was 

performed and its reading was compared against a BSA standard curve. Further 

analyses including SDS-PAGE analysis and/or immunoblotting were conducted to 

confirm the presence of GST fusion protein in the purified protein sample. The resin 

column could be regenerated for further use with the following sequence of washes: 5 

column volumes of cleansing buffer 1, 5 column volumes of distilled water, 5 column 

volumes of cleansing buffer 2 and 5 column volumes of distilled water. The resin was 

equilibrated each time before use. For long term storage the resin was immersed in 

storage buffer. 
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3.20.3 Amylose resin column chromatography 

All buffers and solutions used in this assay are described in Materials, section 2.2.12. 

Amylose resin was highly selective for MBP. An amylose resin column was set up 

according to the manufacturer’s instructions. Prior to loading clarified supernatant 

containing MBP fusion proteins, the resin was equilibrated with 8 column volumes of 

ice-cold column buffer. After the cell-free extract was run through the column twice, the 

resin was washed with 12 column volumes of ice-cold column buffer to remove any 

unbound proteins. MBP fusion protein was then eluted with 10ml of ice-cold elution 

buffer. 

 

To determine the concentration of the 10ml fraction collected, the Bradford protein 

assay was performed and readings were compared against a BSA standard curve. 

Further analyses including SDS-PAGE analysis and/or immunoblotting were conducted 

to confirm the presence of MBP fusion protein in the purified protein sample. The 

column could be reused 3 to 5 times when regenerated with the following sequence of 

washes: 3 column volumes of distilled water, 3 column volumes of 0.1% (w/v) SDS 

solution, 1 column volume of distilled water and 3 column volume of column buffer. 

 

3.21 Tissue culture techniques 

3.21.1 Growth and maintenance of cell monolayers 

Two cell lines were used in this study, HEp-2 cervical epithelial cells (ATCC
®
 no.: 

CCL-23) and HT-29 colonic epithelial cells (ATCC
®
 no.: HTB-38). The cells were 

cultured in 80cm
2
 tissue culture flasks (Nunc) each containing 20ml of complete 

DMEM. Cells were incubated at 37°C in a humidified air atmosphere containing 5% 

(v/v) CO2. Approximately every 2-3 days, old medium was aspirated and replaced with 

fresh medium. 



 86 

3.21.2 Splitting cells 

The cells were ready to be passaged when the cell monolayer was confluent. This was 

done by aspirating the old medium, then washing the cells gently with 10ml of pre-

warmed PBS. The cell monolayer was then treated with 3ml of pre-warmed 1x trypsin-

EDTA solution at 37°C in a humidified air atmosphere containing 5% (v/v) CO2 for 

approximately 5 minutes. During this period the cells were observed under an inverted 

light microscope to check if the cells had rounded and lifted off the flask surface. If not, 

a couple of sharp taps at the sides of the flask helped to dislodge the cells. When all 

cells had detached from the flask surface, 7ml of complete medium was added to 

inactivate the trypsin. The cells were centrifuged at 40 x g for 3 minutes and the 

supernatant was discarded. The cells were then resuspended in 10ml of complete 

DMEM. HEp-2 cells were diluted into fresh medium at 1:10 ratio. Therefore 2ml of 

HEp-2 cell suspension were added to 18ml of fresh complete DMEM in a tissue culture 

flask. The flask was then swirled gently to homogenise the cells before incubating at 

37°C with 5% (v/v) CO2. As for HT-29 cell line, the splitting ratio was 1:4 to offset its 

slower growth rate.  

 

3.21.3 Cell counting 

Prior to performing a cell count on a haemocytometer, 10μl of 0.04% (v/v) trypan blue 

solution was added to 10μl of cell suspension. A coverslip was placed over the counting 

surface and 10μl of the cell suspension was then introduced into the counting area by 

capillary action. Viable cells (round, colourless) in the 4 large corner squares were 

differentiated from dead cells (blue) and counted under an inverted light microscope. 

The cell concentration (number of cells/ml) in the original cell suspension was 

determined according to the formula below: 
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No. of cells/ml = (Total no. of viable cells / 4) x Reciprocal of the dilution factor x 10
4
 

 

3.21.4 Cryopreservation of cells 

Confluent cell monolayers were trypsinised and complete DMEM was then added to 

inactivate the trypsin as described above in section 3.21.2. 10μl of cell suspension were 

used to perform a cell count and the cells were subsequently centrifuged at 40 x g for 3 

minutes to remove traces of trypsin. Cell pellets were resuspended in an appropriate 

volume of complete DMEM containing 10% DMSO to give a final cell concentration of 

2 x 10
6
 cells/ml. The cells were immediately transferred into 2ml polypropylene 

microtubes (Sarstedt) in 1ml aliquots. The vials were then placed into a Nalgene™ Cryo 

1°C freezing container to achieve a -1°C/minute rate of cooling when kept at -80°C for 

24 hours. After 24 hours, the cells were transferred into a liquid nitrogen freezer for 

long term storage. 

 

3.21.5 Recovery of cryopreserved cells 

A vial of frozen cells was thawed in a 37°C water bath and the cells were quickly 

transferred into a sterile 50ml Falcon™ tube containing 10ml of complete DMEM. The 

cells were centrifuged at 40 x g for 5 minutes at RT. The supernatant was aspirated and 

the cells were resuspended in 20ml of complete DMEM. The cell suspension was 

transferred into an 80cm
2
 tissue culture flask and then incubated at 37°C in a humidified 

air atmosphere containing 5% (v/v) CO2. 

 

3.22 Statistical analysis 

All data obtained from experiments were expressed as mean ± standard deviation. 

Statistical significance of the readings was tested using a two-tailed Student’s t-test. 
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Chapter 4 - Analysis of the domain structure and function of the proteolytic, 

cytotoxic, enterotoxin, SigA 

4.1 Abstract 

The sigA gene, which resides on the she pathogenicity island of S. flexneri 2a, encodes a 

serine protease autotransporter capable of degrading casein and α-fodrin (Al-Hasani et 

al., 2000; Al-Hasani et al., 2009). SigA also binds to, and is cytotoxic for HEp-2 

epithelial cells and mediates intestinal fluid accumulation in rabbit ileal loops (Al-

Hasani et al., 2000). Thus, SigA is a proteolytic cytotoxin with enterotoxic activity. In 

addition, the cytotoxic effect of SigA is dependent on its proteolytic activity (Al-Hasani 

et al., 2000). In the course of this study, sequence analysis revealed that the SigA α-

domain may comprise two distinct functional subdomains which in this study have been 

termed α1 and α2. Within α1, conserved histidine, aspartic acid and serine residues 

(H
126

, D
154

 and S
258 

respectively) were predicted to comprise a catalytic triad, typical of 

enzymes belonging to the chymotrypsin clan of proteases. This suggests that α1 is a 

proteolytic domain. In contrast, α2 possesses sequence similarity to pertactin, an 

autotransporter that mediates the attachment of B. pertussis to epithelial cells. This 

suggests that the α2 domain may have a role in binding to epithelial cells and therefore 

targeting SigA to the epithelial cell surface. Consistent with these hypotheses, work 

described in this study has demonstrated that α1, when isolated from the α2, was 

capable of degrading casein and that purified α2 protein bound specifically to HEp-2 

epithelial cells. In conclusion, this work confirms the hypothesis that SigA consists of 

two functionally distinct domains specifying cytotoxic protease (α1) and epithelial cell 

binding (α2) activities. In this respect SigA has a structural organisation that has some 

similarity to that of a number of AB-toxins.  
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4.2 Introduction 

The sigA gene, which is carried on the she pathogenicity island of S. flexneri 2a, 

encodes a 139.6 kDa autotransporter protein which is proteolytically cleaved and 

secreted as a mature 103 kDa form (Al-Hasani et al., 2000). This protein displays the 

three conventional domains of the autotransporter proteins, which were first described 

for the IgA protease of N. gonorrhoeae (Al-Hasani et al., 2000; Pohlner et al., 1987). 

These include an N-terminal signal peptide, a functionally divergent α-domain, and a 

conserved C-terminal translocator or -domain (Henderson et al., 2004). SigA contains 

a characteristic serine protease motif (G
256

DSGSGS, where S is the active-site serine), 

and belongs to a family of proteases referred to as the serine protease autotransporters of 

Enterobacteriaceae, otherwise known as the SPATE family. This family includes 

numerous members, including EspP, Pet, Pic, SepA, Sat and Tsh, from a variety of 

bacterial pathogens (Al-Hasani et al., 2000; Benjelloun-Touimi et al., 1998; Brunder et 

al., 1997; Guyer et al., 2000; Henderson et al., 1999a; Navarro-Garcia et al., 1999; 

Provence & Curtiss, 1994).  

 

The proteolytic activity of SigA was first demonstrated by its ability to degrade casein 

(Al-Hasani et al., 2000). Its role in virulence was implied by its cytotoxic activity 

towards HEp-2 epithelial cells, which was characterised by a rounding up and 

detachment of cultured cells. These morphological changes were similar to, but less 

pronounced than, those induced by Pet, an autotransporter of enteroaggregative E. coli 

(EAEC) which shares 72% sequence similarity and 59% sequence identity with SigA 

(Al-Hasani et al., 2000). In a recent study it was revealed that SigA binds specifically to 

HEp-2 cells and is capable of degrading -fodrin, leading to disruption of the 

cytoskeleton (Al-Hasani et al., 2009). In addition, SigA contributes to intestinal fluid 

accumulation in a rabbit ileal loop model of infection (Al-Hasani et al., 2000) 
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suggesting that it contributes to the symptoms of diarrhoea experienced by infected 

humans. The basis of this activity has not been investigated but is assumed to be due to 

cytoskeletal disruption in intestinal epithelial cells and a subsequent loss of epithelial 

integrity. 

 

The aims of the present study were to investigate structure-function relationships in 

SigA. This work was initiated with a bioinformatic analysis, which suggested that the 

SigA α-domain might represent two distinct subdomains, which were termed, α1 and α2 

(Fig. 4.1). The putative α1 domain corresponded to the amino-terminal moiety of SigA 

(residues 55 to 329) and contained conserved histidine and aspartic acid residues (H
126 

and D
154

, respectively) which, together with the conserved serine residue (S
258

) of the 

consensus serine protease motif, were presumed to form a catalytic triad reminiscent of 

the chymotrypsin clan of serine proteases (Polgar, 2005).  This analysis therefore 

suggested that the α1 domain is the proteolytic moiety of SigA. 

 

SigA

MNKIYSLKYSHITGGLVAVSELTRKVSVGTSRKKVILGIILSSIYGSYGETAFAAMLDINNIWTRDYLDLAQNRG

EFRPGATNVQLMMKDGKIFHFPELPVPDFSAVSNKGATTSIGGAYSVTATHNGTQHHAITTQSWDQTAYKASNRV

SSGDFSVHRLNKFVVETTGVTESADFSLSPEDAMKRYGVNYNGKEQIIGFRAGAGTTSTILNGKQYLFGQNYNPD

LLSASLFNLDWKNKSYIYTNRTPFKNSPIFGDSGSGSYLYDKEQQKWVFHGVTSTVGFISSTNIAWTNYSLFNNI

LVNNLKKNFTNTMQLDGKKQELSSIIKDKDLSVSGGGVLTLKQDTDLGIGGLIFDKNQTYKVYGKDKSYKGAGID

IDNNTTVEWNVKGVAGDNLHKIGSGTLDVKIAQGNNLKIGNGTVILSAEKAFNKIYMAGGKGTVKINAKDALSES

GNGEIYFTRNGGTLDLNGYDQSFQKIAATDAGTTVTNSNVKQSTLSLTNTDAYMYHGNVSGNISINHIINTTQQH

NNNANLIFDGSVDIKNDISVRNAQLTLQGHATEHAIFKEGNNNCPIPFLCQKDYSAAIKDQESTVNKRYNTEYKS

NNQIASFSQPDWESRKFNFRKLNLENATLSIGRDANVKGHIEAKNSQIVLGNKTAYIDMFSGRNITGEGFGFRQQ

LRSGDSAGESSFNGSLSAQNSKITVGDKSTVTMTGALSLINTDLIINKGATVTAQGKMYVDKAIELAGTLTLTGT

PTENNKYSPAIYMSDGYNMTEDGATLKAQNYAWVNGNIKSDKKASILFGVDQYKEDNLDKTTHTPLATGLLGGFD

TSYTGGIDAPAASASMYNTLWRVNGQSALQSLKTRDSLLLFSNIENSGFHTVTVNTLDATNTAVIMRADLSQSVN

QSDKLIVKNQLTGSNNSLSVDIQKVGNNNSGLNVDLITAPKGSNKEIFKASTQAIGFSNISPVISTKEDQEHTTW

TLTGYKVAENTASSGAAKSYMSGNYKAFLTEVNNLNKRMGDLRDTNGEAGAWARIMSGAGSASGGYSDNYTHVQI

GVDKKHELDGLDLFTGLTMTYTDSHASSNAFSGKTKSVGAGLYASAIFDSGAYIDLISKYVHHDNEYSATFAGLG

TKDYSSHSLYVGAEAGYRYHVTEDSWIEPQAELVYGAVSGKRFDWQDRGMSVTMKDKDFNPLIGRTGVDVGKSFS

GKDWKVTARAGLGYQFDLFANGETVLRDASGEKRIKGEKDGRILMNVGLNAEIRDNLRFGLEFEKSAFGKYNVDN

AINANFRYSF

Legend

■ Signal sequence

■ Linker region

■ α1-domain

■ α2-domain

■ β-domain

■ Potential catalytic triad

 

Figure 4.1 Predicted SigA autotransporter domain architecture. 
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In contrast, the α2 domain, corresponding to the carboxyl-terminal moiety of SigA 

(residues 427 to 1008), shares low but significant sequence similarity with P.69 

pertactin (Fig. 4.2), a B. pertussis autotransporter that mediates bacterial adherence to 

epithelial cells (Everest et al., 1996). It was therefore hypothesised that the α2 domain 

targets SigA to epithelial cells by binding specifically to the epithelial cell surface. It 

was predicted that binding of the protein to the epithelial cell surface is a prerequisite 

for its internalisation, where its ability to cleave α-fodrin would lead to the cytoskeletal 

disruption responsible for its cytotoxic activity. In agreement with these hypotheses, this 

study confirms the existence of two functionally distinct SigA domains mediating 

proteolysis and epithelial cell binding in a manner that is analogous to the AB-toxin 

paradigm. 
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P.69               1 DWNNQSIVKTGERQHGIHIQGSDPGGVRTASGT-TIKVSGRQAQGILLEN     49 

                                            ...:..|.|. |:|::.:.|   |.|: 

α2                 1 -----------------------FNKIYMAGGKGTVKINAKDA---LSES     24 

 

P.69              50 PAAELQF-RNGSVTSSGQLSDDGI-RRFLGTVTVKAGKLVADHATLANVG     97 

                     ...|:.| |||     |.|..:|. :.|.......||..|    |.:||  

α2                25 GNGEIYFTRNG-----GTLDLNGYDQSFQKIAATDAGTTV----TNSNV-     64 

 

P.69              98 DTWDDDGIALYVAGEQAQASIADSTL-----QGAGGVQIERGANVTVQR-    141 

                                   :|:..|:.::..     ..:|.:.|....|.|.|.  

α2                65 --------------KQSTLSLTNTDAYMYHGNVSGNISINHIINTTQQHN    100 

 

P.69             142 ---SAIVDGGLHI-------GALQSLQPEDLPPSRVVLRD-TNVTAVPAS    180 

                        :.|.||.:.|       .|..:||..  .....:.:: .|...:|.. 

α2               101 NNANLIFDGSVDIKNDISVRNAQLTLQGH--ATEHAIFKEGNNNCPIPFL    148 

 

P.69             181 GAPAAVSVLGASELTLDGGHITGGRAAGVAA-----------MQGAVVHL    219 

                     ......:.:...|.|::..:.|..::....|           .....::| 

α2               149 CQKDYSAAIKDQESTVNKRYNTEYKSNNQIASFSQPDWESRKFNFRKLNL    198 

 

P.69             220 QRATIRRG-DALAGGAVPGGAVPGGAVPGGFGPGGFGPVLDGWYGVDVSG    268 

                     :.||:..| ||...|.:.       |.......|.....:|.:.|.:::| 

α2               199 ENATLSIGRDANVKGHIE-------AKNSQIVLGNKTAYIDMFSGRNITG    241 

 

P.69             269 SSVELAQSIVEAPELGAAIRVGRGARVTVPGGSLSAPHGNVIETGGARRF    318 

                     ......|.          :|.|..|..:...|||||.:..:  |.|.:.. 

α2               242 EGFGFRQQ----------LRSGDSAGESSFNGSLSAQNSKI--TVGDKST    279 

 

P.69             319 APQAAPLS-----ITLQAGA--HAQGKALLYRVLPEPVKLTLTG------    355 

                     ......||     :.:..||  .||||..:.:.:.....|||||       

α2               280 VTMTGALSLINTDLIINKGATVTAQGKMYVDKAIELAGTLTLTGTPTENN    329 

 

P.69             356 -----------------GAD--------AQGDIVATELPSI---------    371 

                                      ||.        ..|:|.:.:..||          

α2               330 KYSPAIYMSDGYNMTEDGATLKAQNYAWVNGNIKSDKKASILFGVDQYKE    379 

 

P.69             372 ---PGTSIGPLDVALAS--QARWTGATRA-VDSLSIDNATWVMTDNSNVG    415 

                        ..|:..||...|..  ...:||...| ..|.|:.|..|.:...|.:. 

α2               380 DNLDKTTHTPLATGLLGGFDTSYTGGIDAPAASASMYNTLWRVNGQSALQ    429 

 

P.69             416 ALRLASDGSVDFQQPAEAGRFKVLTVNTLAGSG---LFRMNVFADLGLSD    462 

                     :|: ..|..:.|.....:| |..:|||||..:.   :.|.::...:..|| 

α2               430 SLK-TRDSLLLFSNIENSG-FHTVTVNTLDATNTAVIMRADLSQSVNQSD    477 

 

P.69             463 KLVVMQDASGQHR---LWVRNSGSEPASANTLLLVQTPLGSAATFTLANK    509 

                     ||:|....:|.:.   :.::..|:..:..| :.|:..|.||       || 

α2               478 KLIVKNQLTGSNNSLSVDIQKVGNNNSGLN-VDLITAPKGS-------NK    519 

 

P.69             510 d---------GKVDIGTYRYRLAANGNGQWSLVGAKAPP-----------    539 

                     :         |..:|...........:..|:|.|.|...            

α2               520 EIFKASTQAIGFSNISPVISTKEDQEHTTWTLTGYKVAENTASSGAAKSY    569 

 

P.69             539 -------------    539 

                                   

α2               570 MSGNYKAFLTEVN    582 

 

Figure 4.2 Sequence alignment of the putative SigA α2 domain with P.69 pertactin. 

Alignment results revealed 19.2% sequence identity and 31.7% sequence similarity. 

 

 

 



 93 

4.3 Results 

4.3.1 Generation of MBP-α1 fusion protein 

To test whether the putative α1 domain represented a distinct proteolytic domain of 

SigA, an MBP-α1 fusion construct was generated to separate α1 from α2 and to 

facilitate purification of the fusion protein by amylose affinity chromatography. Once 

the MBP-α1 protein was purified, its ability to cleave casein could be assayed to test the 

hypothesis that α1 specifies proteolytic activity. An MBP-α1 construct was generated by 

cloning the α1-nucleotide sequence into the MBP fusion vector pMal-p2X. To generate 

E. coli DH5α F’ lacI
q
/pMal-p2X-α1, the nucleotide sequence corresponding to SigA 

residues 163 to 1191 (coding sequence for the SigA α1 domain with a predicted 

molecular mass of 37.9 kDa) was PCR-amplified from pSBA479, a high-copy plasmid 

carrying the sigA gene (Table 2.3). The α1 sequence was amplified with primers 

HSP207 and HSP208, which were engineered to contain XbaI and HindIII restriction 

sites at the 5’ ends. The resulting PCR fragment was digested with XbaI and HindIII and 

subsequently ligated into XbaI-HindIII-digested pMal-p2X to generate a translational 

fusion construct comprising MBP (42.5 kDa) and the α1 protein.  

 

MBP fusion proteins were purified from cell-free extracts of the negative-control strain 

E. coli DH5α/pMal-p2X, which expresses MBP-LacZα and from DH5α F’ lacI
q
/pMal-

p2X-α1 which expresses MBP-α1. SDS-PAGE analysis of column-purified protein from 

DH5α/pMal-p2X confirmed the purification of an approximately 51 kDa protein, which 

is consistent with predicted molecular mass of MBP-LacZα (Fig. 4.3, lane 2). In 

contrast, the protein purified from extracts of DH5α F’ lacI
q
/pMal-p2X-α1 was 

approximately 80 kDa (Fig. 4.3, lane 3), which is consistent with the predicted 

molecular mass of MBP-α1. 
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31 2

225 kDa

76 kDa

52 kDa

38 kDa

31 kDa

24 kDa

102 kDa

150 kDa

17 kDa

12 kDa

A

B A: MBP-LacZα

B: MBP-α1

 

Figure 4.3 SDS-PAGE analysis of purified MBP-α1. 

Lane 1, Rainbow™ full-range molecular weight markers; Lane 2, MBP-LacZα purified 

from E. coli DH5α/pMal-p2X; Lane 3, MBP-α1 purified from E. coli DH5α F’ 

lacI
q
/pMal-p2X-α1. 

 

4.3.2 Proteolytic activity of SigA α1 

To determine whether the α1 domain was a proteolytic domain, purified MBP-α1, the 

negative control protein, MBP-LacZα and porcine trypsin, which served as a positive 

control, were tested for their ability to degrade a casein-based fluorogenic substrate 

(QuantiCleave™ fluorescent protease assay kit) as described in Methods, section 3.8. 

Each protein was incubated with the substrate and fluorescence was measured at 0 hour 

and 2 hours. Trypsin degraded the substrate as expected (Fig 4.4, compare 0h and 2h 

readings). However, there was no statistically significant difference between the 0h and 

2h reading for the negative control protein (p=0.17, 2-tailed student’s t-test). In contrast, 

MBP-α1 was clearly proteolytic (p<0.001, 2-tailed student’s t-test). These results 
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confirmed that the casein-specific proteolytic activity of SigA is attributable to the α1 

domain. 
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Figure 4.4 Protease activity of the SigA α1 domain. 

Trypsin, which served as a positive control, MBP-LacZα which served as a negative 

control and the test protein, MBP-α1 were incubated for 2 hours with a fluorogenic 

substrate. Fluorescence was measured at 0hr and 2hr. 

 

4.3.3 Generation of GST-α2 fusion protein 

To test the hypothesis that the SigA α2 protein is responsible for binding to HEp-2 

epithelial cells, the nucleotide sequence encoding α2 was first cloned by Zayd Azmi 

Mohammad (2005) into the vector pGEX-2T. This was predicted to create a 

translational fusion of the 27 kDa GST to the 72 kDa α2 protein, to obtain a GST-α2 

fusion protein with a predicted molecular mass of 99 kDa. Cell-free protein extracts 

from E. coli JM109 λ pir/pGEX-2T-α2, and the control strains JM109 λ pir and JM109 

λ pir/pGEX-2T (vector only), were analysed by both SDS-PAGE and immunoblotting 
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using rabbit antiserum raised against SigA to confirm the expression GST-α2 fusion 

proteins. SDS-PAGE analysis indicated the expression of an extra protein of 

approximately 27 kDa in JM109 λ pir/pGEX-2T, consistent with the known molecular 

mass for GST (Fig 4.5, lanes 4 and 5), which was absent in the negative control strain, 

JM109 λ pir (Fig 4.5, lanes 2 and 3). As expected, JM109 λ pir/pGEX-2T-α2 expressed 

a protein of approximately 99 kDa, the predicted molecular mass of GST-α2 (Fig 4.5, 

lanes 6 and 7), that was absent in JM109 λ pir/pGEX-2T. However, a significant 

amount of the 27 kDa protein was also seen in extracts of JM109 λ pir/pGEX-2T-α2, 

suggesting that GST-α2 may have undergone some degradation. 

 

GST-α2 (~98 kDa) 

GST (26 kDa)

220 kDa

97.4 kDa

30 kDa

21.5 kDa

66 kDa

46 kDa

14.3 kDa

1 2 3 4 5 6 7

 

Figure 4.5 SDS-PAGE analysis of the expression of GST-α2 in E. coli carrying the 

fusion vector. 

Lane 1, Rainbow™ high-range molecular weight markers; Lane 2 and 3, JM109 λ pir 

protein extracts; Lanes 4 and 5, JM109 λ pir/pGEX-2T protein extracts; Lanes 6 and 7, 

JM109 λ pir/pGEX-2T-α2 protein extracts. The arrows indicate the GST and GST-α2 

proteins respectively. 
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As expected, the anti-SigA antiserum failed to react with proteins from the negative 

control strains JM109 λ pir and JM109 λ pir/pGEX-2T (Fig 4.6, lanes 1 and 2), and 

reaction of the 99 kDa protein with anti-SigA antiserum confirmed the identity of the 

protein as GST-α2 (Fig 4.6, lane 3). However it was evident that there was significant 

degradation of GST-α2, as demonstrated by the reaction of multiple proteins of less than 

99 kDa with the rabbit anti-SigA antiserum (Fig. 4.6, lane 3). As the anti-SigA antibody 

does not react with GST, degradation products containing only fragments of GST were 

not detected. The results of the immunoblot analysis indicated that GST-α2 is highly 

unstable. 

 

220 kDa

97.4 kDa

30 kDa

21.5 kDa

66 kDa

46 kDa

14.3 kDa

1 2 3

GST-α2

 

Figure 4.6 Immunoblot analysis of GST-α2 expression in recombinant E. coli with 

rabbit anti-SigA primary antiserum. 

Lane 1, JM109 λ pir protein extract; Lane 2, JM109 λ pir/pGEX-2T protein extract; 

Lane 3, JM109 λ pir/pGEX-2T-α2 protein extract. The arrow indicates the GST-α2 

fusion protein. 
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In our attempts to purify GST-α2 fusion protein by affinity to glutathione, we were 

unsuccessful at recovering intact GST-α2. Instead, a protein of only 27 kDa, consistent 

with GST, was purified (Fig. 4.7). Alternative strategies were employed to improve the 

stability of GST-α2 including the incorporation of a protease inhibitor cocktail in 

bacterial suspensions prior to sonication and the incubation of bacterial cultures at 28°C 

to reduce the potential for protein degradation. Nevertheless GST-α2 remained unstable 

and intact fusion protein could not be purified (data not shown). 

 

220 kDa

97.4 kDa

66 kDa

46 kDa

30 kDa

21.5 kDa

14.3 kDa

1 2 3 4 5 6 7 8 9 10 11 12

GST

 

Figure 4.7 SDS-PAGE analysis of GST-α2 purification from JM109 λ pir/pGEX-2T-α2 

extracts. 

Lane 1, Rainbow™ high-range molecular weight markers; Lanes 2 to 12, protein 

fractions eluted from glutathione agarose column. Arrow indicates the position of GST, 

while the 97.8 kDa GST-α2 could not be detected. 

 

4.3.4 Generation of MBP-α2 fusion protein 

To overcome the problem of GST-α2 instability, a new construct was generated to 

produce α2 protein with an alternative fusion partner. An MBP-α2 fusion protein 
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(predicted molecular mass of 114.3 kDa) was constructed to replace GST-α2 for use in 

HEp-2 cell-binding assays. To construct MBP-α2, DNA sequence corresponding to 

SigA residues 1024 to 3004 (coding sequence for SigA α2) was cloned into pMal-p2X 

plasmid following PCR amplification with oligonucleotide primers HSP32 and HSP58. 

Immunoblot analysis of the protein extract from DH5α/pMal-p2X-α2 fusion vector 

using rabbit anti-SigA antiserum indicated the presence of a protein of approximately 

110 kDa (Fig. 4.8, lane 3), which is consistent with the predicted molecular mass of 

MBP-α2. Despite significant proteolysis of MBP-α2, some intact MBP-α2 fusion 

protein was visible by Coomassie blue staining (Fig. 4.9, lane A), suggesting that MBP-

α2 is more stable than GST-α2. However, the majority of the protein in the sample was 

much lower in mass and probably represented degradation products. 
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Figure 4.8 Immunoblot analysis of MBP-α2 expression in recombinant E. coli with 

rabbit anti-SigA primary antiserum. 

Lane 1, DH5α/pMal-p2X whole-cell protein extract; Lane 2, S. flexneri YSH6000T 

concentrated supernatant (SigA positive control); Lane 3, DH5α/pMal-p2X-α2 whole-

cell protein extract.  
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Figure 4.9 SDS-PAGE analysis of purified MBP-α2. 

Lane A, purified MBP-α2 from E. coli DH5α/pMal-p2X-α2; Lane B, purified MBP-

LacZα from E. coli DH5α/pMal-p2X. 

 

4.3.5 Binding of MBP-α2 to HEp-2 cells 

Despite the contamination with degradation products and low yield of intact MBP-α2 

recovered from the purification, the protein sample was assayed for binding to HEp-2 

cells. MBP-LacZα and MBP-α2 were standardised for protein concentration with 

respect to the full length MBP-α2 (3.14.2), incubated with HEp-2 cells and washed to 

remove unbound proteins, as previously described (Methods, section 3.9.3). Bound 

proteins were recovered by boiling the HEp-2 cells with protein sample buffer and 

assayed by immunoblot analysis with anti-MBP antibody. As expected, immunoblot 

analysis of HEp-2 cells that had not been reacted with either control or test proteins 

showed no bands of interaction with anti-MBP antibody (Fig. 4.10, lane 9). In contrast, 

multiple reaction bands were observed in HEp-2 cells incubated with MBP-α2, 

demonstrating that MBP-α2 and its larger degradation products bind to HEp-2 cells 
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(Fig. 4.10, lanes 5 to 8). The negative control protein, MBP-LacZα also bound to HEp-

2 cells (Fig. 4.10, lanes 1 to 4). This was unexpected, but as MBP-LacZα is a maltose-

binding protein, it may have recognised sugars on the surface of the epithelial cells and 

was therefore an inappropriate choice for a negative control in cell-binding assays. 

Although binding of MBP-α2 was at least 2-fold greater than that of MBP-LacZα(Fig. 

4.10, lane 5 versus lane 1), this result was considered to be inconclusive and therefore 

an alternative approach was employed to test the role of α2 in binding of SigA to HEp-2 

cells. 
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Figure 4.10 Immunoblot analysis of MBP-α2 binding and MBP-LacZ binding to 

HEp-2 cells detected with anti-MBP antibody. 

Lanes 1 to 4, HEp-2 cells incubated with 27.5μg, 13.75μg, 6.89μg and 3.44μg of MBP-

LacZα, respectively; Lanes 5 to 8, HEp-2 cells incubated with 55μg, 27.5μg, 13.75μg 

and 6.89μg of MBP-α2, respectively; Lane 9, untreated HEp-2 cell negative control. 

Arrow indicates the position of MBP-α2. 
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4.3.6 Generation of an α1-deleted variant of SigA 

To overcome the problems experienced with degradation and low yield of MBP-α2, it 

was decided to isolate the α2 domain, by constructing a sigA variant with an in-frame 

deletion of α1-coding sequence which left the signal peptide, α2-domain and β-domain 

intact. This construct was predicted to express an autotransporter that secreted only the 

α2-domain. Using pSBA479 as the template DNA, outward PCR amplification with 

primers HSP169 and HSP179 was performed to remove the α1 coding region (residues 

169 to 987 of 3858) from the sigA gene in the 5.4kb insert of pSBA479. The resultant 

4.6 kb sigA fragment, with the α1 sequence deleted, was subsequently PCR-amplified 

with primers UP and RP, digested with SalI and HindIII and inserted into another high-

copy expression vector termed pTrc99A which allows IPTG-inducible expression of 

cloned genes. The resulting plasmid, designated pTrc99A-sigAΔα1, was subsequently 

transformed into E. coli strain DH5α F’ lacI
q
.  

 

Bacterial culture supernatants, following induction with IPTG at different 

concentrations, were assayed by SDS-PAGE to ascertain whether SigAα1 was 

expressed and correctly processed by cleavage of the protein to release the secreted 

form, α2, into the extracellular medium. Coomassie blue staining followed by silver 

staining indicated that DH5α F’ lacI
q
/pTrc99A-sigAΔα1 expressed and secreted a 

protein of approximately 72.5 kDa, while no such protein was secreted from cells 

carrying  pTrc99A (Fig. 4.11). The molecular mass of the protein was consistent with 

that of the α2 protein deduced from the sigA nucleotide sequence lacking the coding 

region for α1, the N-terminal signal peptide and the C-terminal β-domain. Immunoblot 

analysis with anti-SigA antiserum further confirmed that the protein was α2, when an 

intense reaction band with identical molecular mass was detected in the same culture 

supernatants (Fig. 4.12).  



 103 

1 2 3 4

225 kDa

76 kDa

52 kDa

38 kDa

31 kDa

24 kDa

102 kDa

150 kDa

17 kDa
12 kDa

5 6

 

Figure 4.11 SDS-PAGE followed by silver staining of culture supernatants from E. coli 

carrying the α1-deleted sigA gene following IPTG induction at various concentrations. 

Lane 1, Rainbow™ full-range molecular weight markers; Lane 2, supernatant of DH5α 

F’ lacI
q
 /pTrc99A (vector only) with 10mM IPTG induction; Lanes 3 to 6, supernatants 

of DH5α F’ lacI
q
 /pTrc99A-sigAΔα1 induced with IPTG at final concentrations of 

0.3mM, 1mM, 5mM and 10mM, respectively. Arrow indicates the position of the 72.5 

kDa secreted α2 protein. 
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Figure 4.12 Immunoblot analysis of culture supernatants from E. coli carrying the α1-

deleted sigA1 gene following IPTG induction at various concentrations. Anti-SigA 

antiserum was used in the detection. 

Panel A: Lane 1, Supernatant of DH5α F’ lacI
q
 /pTrc99A (vector only) with 10mM 

IPTG induction; Lanes 2 to 5, supernatants of DH5α F’ lacI
q
/pTrc99A-sigAΔα1 induced 

with IPTG at final concentrations of 0.3mM, 1mM, 5mM and 10mM, respectively. 

Panel B: concentrated supernatant of BL21/pHMG63/pSBA479. Arrow indicates a 72.5 

kDa immunoreactive protein, which is consistent with the predicted molecular mass of 

the secreted α2 protein. Concentrated supernatant of BL21/pHMG63/pSBA479 which 

expresses full length secreted SigA served as a positive control for the anti-SigA 

primary antibody. 

 

4.3.7 The α2 domain of SigA promotes binding to HEp-2 cells 

Prior to testing whether α2 promotes adherence to HEp-2 epithelial cells, concentrated 

culture supernatants from E. coli DH5α F’ lacI
q
/pTrc99A-sigAΔα1 and 

BL21/pHMG63/pSBA479, which express SigAα1 and SigA, respectively (Fig. 4.13, 
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lanes 9 and 10), were prepared in the presence of protease inhibitor cocktail to enhance 

the stability of secreted proteins. HEp-2 cells were subsequently incubated in the 

presence or absence of α2, secreted SigA which served as a positive control for HEp-2 

cell binding or purified GST protein, which served as a negative control, for HEp-2 cell 

binding, at equimolar concentrations.  
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Figure 4.13 Estimating protein concentrations of secreted SigA and α2. 

Lane 1, Rainbow™ full-range molecular weight markers; Lane 2, 400ng BSA; Lane 3, 

200ng BSA; Lane 4, 100ng BSA; Lane 5, 50ng BSA; Lane 6, 25ng BSA; Lane 7, 

purified GST protein; Lane 8, 10-fold concentrated supernatant from E. coli DH5α F’ 

lacI
q
 /pTrc99A (vector only); Lane 9, 10-fold concentrated supernatant from of E. coli 

DH5α F’ lacI
q
 /pTrc99A-sigAΔα1; Lane 10, 10-fold concentrated supernatant from of 

E. coli BL21/pHMG63/pSBA479. The estimated concentrations of SigA and α2 

proteins, respectively, were 8ng/μl and 10ng/μl. 
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HEp-2 cells were first reacted with the secreted form of SigA as a control experiment to 

confirm the specific binding of SigA to HEp-2 cells. As previously described (Methods, 

section 3.10.3), SigA was incubated with HEp-2 cells and the cell monolayer was then 

washed to remove unbound SigA. Bound SigA was recovered by adding protein sample 

buffer to tissue culture wells, which were then heated to 100
°
C and the resultant protein 

samples were then analysed by immunoblotting with a specific anti-SigA antiserum 

(Fig. 4.14).  The immunoblot included a number of controls, including various amounts 

of secreted SigA, which were loaded directly onto the SDS-PAGE gel (Fig. 4.14, lanes 

1 to 3) to serve as positive controls for the anti-SigA antiserum.  To test for non-specific 

binding of SigA to the tissue culture plate, empty wells were incubated in the absence or 

presence of SigA (Fig. 4.14, lanes 7 and 8, respectively). The test demonstrated that 

there was no non-specific binding of SigA to the tissue culture plate. However, SigA 

bound in a well in which contained HEp-2 cells (Fig. 4.14, lane 6). A 24 kDa protein 

was present in wells containing HEp-2 cells, regardless of the addition of SigA to the 

well (Fig. 4.14, lanes 5 and 6, respectively), indicating an antibody cross-reaction with 

the epithelial cells.   

 

α2 protein was then incubated in either the presence or absence of HEp-2 cells to test 

for its binding activity in the absence of the proteolytic α1 domain. The test 

demonstrated that α2 bound to the well containing HEp-2 cells but did not bind to the 

well that contained no HEp-2 cells (Fig. 4.15, lanes 6 and 9, respectively). When empty 

wells were incubated in the absence or presence of α2 (Fig. 4.15, lanes 8 and 9, 

respectively), no trace of α2 binding was detected, showing that there was no specific 

binding of α2 to the tissue culture plate. As indicated in previous binding assay, a 24 

kDa cross-reactive band was detected in all wells containing HEp-2 cells (Fig. 4.15, 

lanes 5 and 6). 
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To test the specificity of α2 binding, HEp-2 cells were incubated with purified GST 

which served as a control for non-specific binding of proteins to HEp-2 cells (Fig. 4.16). 

Importantly, GST was chosen as a negative control protein for the binding assay 

because it has no known binding activity for sugars. Varying amounts of GST were 

loaded directly onto the SDS-PAGE gel as controls for an anti-GST antiserum used in 

the immunoblot assay for GST-binding to HEp-2 cells. GST was clearly detectable by 

anti-GST antiserum in the immunoblot assay (Fig. 4.16, lanes 1 to 3). The anti-GST 

antibody was very specific, as there were no cross-reactive bands in wells containing 

HEp-2 cells (Fig. 4.16, lanes 5 and 6). Finally, GST failed to bind regardless of the 

presence or absence of HEp-2 cells (Fig. 4.16, lanes 6 and 9). Taken together, the 

experiments described above confirmed that the SigA α2 domain binds to HEp-2 cells; 

the binding is specific; and the binding is independent of the proteolytic α1 domain. 
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Figure 4.14 Immunoblot detection of SigA binding to HEp-2 cells using rabbit anti-

SigA antiserum. 

Lanes 1-3, contain 100ng, 10ng and  1ng of secreted SigA, respectively, which served 

as positive controls for anti-SigA antiserum; Lane 4, no sample; Lane 5, untreated HEp-

2 cells which served as a control for cross-reaction of anti-SigA antiserum with HEp-2 

cell proteins; Lane 6, HEp-2 cells incubated with 1.44μg of SigA; Lane 7, untreated 

tissue culture well in the absence of HEp-2 cells; Lane 8, tissue culture well incubated 

with 1.44μg of SigA in the absence of HEp-2 cells. Lanes 7 and 8 served as controls for 

non-specific binding of SigA to the wells of the tissue culture plate. SigA bound to 

HEp-2 cells is indicated with an arrow. 
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Figure 4.15 Immunoblot detection of α2 binding to HEp-2 cells using rabbit anti-SigA 

antiserum. 

Lanes 1-3, contain 100ng, 10ng and 1ng of α2 protein which served as positive controls 

for anti-SigA antiserum; Lanes 4 and 7, contain no samples; Lane 5, untreated HEp-2 

cells which served as a control for HEp-2 proteins that cross-react with anti-SigA 

antiserum; Lane 6, HEp-2 cells incubated with 1.01μg of α protein; Lane 8, untreated 

tissue culture well in the absence of HEp-2 cells; Lane 9, tissue culture well incubated 

with 1.01μg of α2 protein in the absence of HEp-2 cells. Lanes 8 and 9 served as 

controls for non-specific binding of 2 protein to the tissue culture wells. α2 protein 

bound to HEp-2 cells is indicated with an arrow. 
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Figure 4.16 Immunoblot detection of GST binding to HEp-2 using rabbit anti-GST 

antiserum. 

Lanes 1-3, contain 100ng, 10ng and 1ng of purified GST; Lanes 4 and 7, contain no 

samples; Lane 5, untreated HEp-2 cells; Lane 6, HEp-2 cells incubated with 0.36μg of 

purified GST; Lane 8, untreated tissue culture well in the absence of HEp-2 cells; Lane 

9, tissue culture well incubated with 0.36μg of purified GST in the absence of HEp-2 

cells. 
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4.4 Discussion 

In a recent study it was demonstrated that the 103 kDa processed form of SigA is a 

bifunctional molecule with distinct cell-binding and cytotoxic properties and that the 

enzymatic activity of SigA is not essential for cell adherence (Al-Hasani et al., 2009). 

Similarly, the existence of both adhesive and proteolytic activities in the same 

polypeptide has also been noted in two additional autotransporters of the SPATE 

family; the plasmid-encoded toxin (Pet) from enteroaggregative E. coli and Tsh from 

avian-pathogenic E. coli (Dutta et al., 2003; Kostakioti & Stathopoulos, 2004). A 

bioinformatic analysis of the SigA sequence indicated the potential presence of two 

distinct structural moieties within the SigA α domain.  

 

4.4.1 Proteolytic α1 domain 

The amino-terminal region, namely the α1 domain, was proven to be a protease domain 

as casein-specific proteolytic activity was by an MBP-α1 fusion protein but not the 

negative control protein MBP-LacZα Therefore the carboxyl-terminal moiety of 

secreted SigA is not essential for enzymatic cleavage of casein. These findings are 

consistent with the presence, within the α domain, of a serine protease motif 

(G
256

DSGSGS), in which the conserved serine residue (S
258

), may be part of a catalytic 

triad including H
126

 and
 
D

154
 typical of chymotrypsin clan of serine peptidases. The 

predicted active site serine residue is likely to be an indispensable element for 

enzymatic activity as PMSF treatment of the protein abolishes both its proteolytic and 

toxic activities and site-directed mutagenesis of the equivalent serine residues of the 

related autotransporters, EatA, Pet, Pic, Sat and Tsh, abolishes both their proteolytic and 

toxic activities (Al-Hasani et al., 2000; Bachovchin et al., 1990; Henderson et al., 

1999a; Maroncle et al., 2006; Navarro-Garcia et al., 1999; Patel et al., 2004). This lays 

the basis for future work to determine if site-directed substitution of the predicted serine 
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catalytic residue, and the histidine and aspartate residues of the proposed catalytic triad 

in SigA α1 domain, would affect the proteolytic and toxic properties of SigA. 

 

4.4.2 Instability of GST-α2 fusion protein 

In the process of testing the cell-binding role of the SigA α2 domain, which has 

sequence similarity to the B. pertussis P.69 adhesin, three different constructs were 

generated. The initial construct involved the cloning of α2 coding sequence into pGEX-

2T to allow the expression of α2 as a GST fusion protein. Unfortunately, GST-α2 was 

found to be highly unstable, making it impossible to purify for tests of cell binding 

activity. Different strategies were implemented to improve the stability of GST-α2. One 

strategy involved the inclusion of a protease inhibitor cocktail in the steps prior to 

protein purification. However this was unsuccessful, suggesting that the fusion protein 

was being degraded in the intracellular compartment, prior to sonication. Another 

approach, which involved growing the bacterial culture at 28ºC, was predicated on the 

fact that high levels of recombinant protein expression can often lead to protein 

misfolding and subsequent activation of intracellular proteases that recognise and 

degrade such proteins. Low growth temperatures can reduce the level of recombinant 

protein expression, probably via reduced rates of transcription and translation, allowing 

sufficient time for the correct folding of proteins which are stable in the cytoplasm 

(Baneyx & Mujacic, 2004). Unfortunately, in the case of GST-α2, growing the bacterial 

cells at 28ºC was not successful in stabilising the protein. 

 

Sequence analysis revealed the presence of two cysteine residues, C
569

 and C
575

, located 

within the predicted SigA α2 domain. It is possible that these residues form a disulphide 

bridge which is required for the proper folding and stability of SigA. In Gram-negative 

bacteria the formation of disulphide bonds is an oxidative process catalysed by the 
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DsbA-DsbB system in the periplasmic compartment (Bader et al., 1998; Bardwell et al., 

1993; Kishigami et al., 1995). Mutations in dsb genes affect the conformation and 

stability of numerous secreted proteins, resulting in partial or complete attenuation of 

pathogenic strains due to improper folding of virulence proteins (Lasica & Jagusztyn-

Krynicka, 2007). As pGEX-2T does not encode an amino-terminal signal peptide for 

GST, the recombinant protein expressed would remain in the bacterial cytoplasm rather 

than be directed to the periplasm. Due to the reducing environment of the bacterial 

cytoplasm, disulphide bonds do not form readily. Thus, GST-α2 fusion protein may 

have misfolded in the cytoplasm and therefore adopted an aberrant structural 

conformation. Improper protein folding leads to the formation of insoluble aggregates, 

which are eventually degraded to avoid accumulation and to allow recycling of amino 

acid residues (Missiakas et al., 1996). Considering the important role of disulphide bond 

formation in protein folding and stability, it is possible that the instability of GST-α2 

may have been caused by the inability of a disulphide bond in α2 to form in the 

reducing environment of the cytoplasm. 

 

4.4.3 Cell-binding assay with MBP-α2 fusion protein 

To overcome the problem of GST-α2 instability, two alternative strategies were 

employed simultaneously to purify stable α2 protein. In the first strategy, the GST 

fusion partner was replaced with MBP. A signal sequence is included at the 5’ end of 

the MBP-encoding malE gene in the pMal-p2X vector. This sequence facilitates the 

transit of cytoplasmic recombinant proteins into the periplasm, which is an oxidising 

environment conducive to disulphide bond formation. As with GST-α2, significant 

proteolysis was observed in MBP-α2. Nevertheless a small amount of intact 

recombinant protein was generated for studies of binding to HEp-2 cells. The 

observation that MBP-α2 was more stable than GST-α2 is consistent with the 
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assumption that the formation of a disulphide bridge may contribute to the proper 

folding and stability of α2. However, other factors are involved in α2 protein stability 

since the majority of protein purified by amylose affinity chromatography had a 

molecular mass of approximately 50 kDa.  Given that this protein bound to amylose, it 

was presumed to consist mainly of the MBP protein, which has a molecular mass of 

42.5 kDa.   

 

After partial purification of MBP-α2, the protein was investigated for cell interaction 

with HEp-2 cells. It was found however, that both the MBP-α2 fusion protein and the 

MBP-LacZα control protein attach to HEp-2 cells. Although MBP-α2 bound to a greater 

extent than MBP-LacZα, a definitive conclusion about the binding of α2 could not be 

made. The results suggest that MBP is able to bind HEp-2 cells, perhaps due to an 

ability to bind maltose or sugars of similar structure which may be represented in 

glycoconjugates at the HEp-2 cell surface. Consistent with this hypothesis, is the 

finding that MBP substrate binding is not monospecific, as it is capable of binding to 

glucosides in both the α and β anomeric forms (Miller et al., 1983).  It is less likely that 

the LacZα portion of the molecule is involved in binding to HEp-2 cells, as the sugar 

binding site in LacZ is found in the C-terminal, Ω fragment of the enzyme (Juers et al., 

2001). 

 

4.4.4 Cell-binding assay with stable, secreted α2 protein 

In the second alternative strategy for the purification of stable α2 protein, the sigA gene 

lacking its α1 coding sequence was cloned into a high copy vector in an endeavour to 

express a secreted form of the α2 protein in the absence of the functional protease 

domain. Whether the α2 protein would be secreted from the cell in such a construct was 

unknown as it was not clear that the protein would be released from the bacterial surface 
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in the absence of the proteolytic α1 domain. It still remains controversial over how the 

passenger domain is cleaved from the β-barrel moiety for numerous autotransporters, 

especially whether the cleavage is facilitated by a membrane-bound protease or whether 

it occurs via autoproteolysis. The secretion of the passenger domain of some 

autotransporter proteins, notably IgA1 protease from N. gonorrhoeae and Hap from 

Haemophilus inluenzae, was shown to be the result of autoproteolysis involving the 

serine protease catalytic site (Hendrixson et al., 1997; Pohlner et al., 1987). In contrast, 

it has been shown that the IcsA autotransporter protein of S. flexneri depends on a 

membrane-associated protease termed IcsP or SopA, to dissociate from the bacterial 

surface (Steinhauer et al., 1999). In this study we clearly show that the α1-domain 

serine protease activity is not required for the secretion of SigA, as α2 release was 

detected in the culture supernatant from E. coli host strain expressing the α1-truncated 

sigA gene. This was also observed for EatA, EspC, Pet, Pic, SepA, Tsh and Sat 

(Benjelloun-Touimi et al., 1995; Henderson et al., 1999a; Kostakioti & Stathopoulos, 

2004; Maroncle et al., 2006; Navarro-Garcia et al., 1999; Patel et al., 2004; Stein et al., 

1996). 

 

A recent study of the EspP autotransporter of E. coli O157:H7 has revealed a novel 

autoproteolytic mechanism involved in the secretion of the passenger domain. Two 

conserved residues, an aspartate within the β-domain and an asparagine within the 

linker region between the β-domain and the passenger domain, are presumed to form an 

unusual catalytic dyad that mediates self-cleavage through the cyclisation of the 

asparagine (Dautin et al., 2007). A similar self-cleavage process mediated by 

nucleophilic attack involving the conserved asparagine residue has also been 

demonstrated in the Hbp autotransporter from pathogenic E. coli (Tajima et al., 2010). 

In light of these studies above, it is likely that the release of functional SigA is either 
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mediated by a membrane-associated protease, or is facilitated via a self-cleavage 

mechanism similar to that of EspP with which SigA exhibits a high level of sequence 

similarity. 

 

The HEp-2 cell binding assay was again performed using concentrated culture 

supernatant containing the secreted α2 protein. Our data confirmed that the α2 protein, 

in the absence of its proteolytic partner domain, binds to HEp-2 cells specifically, thus 

proving the hypothesis that the SigA α2 sequence represents a distinct functional 

domain that is responsible for targeting the toxin to its target cell. 

 

4.4.5 SigA and AB toxin 

It has now been demonstrated that the proteolytic and adhesive activities of SigA are 

carried out by distinct domains that can function independently of each other when they 

are not linked in the same polypeptide, implying that SigA could be an AB toxin. Many 

bacterial toxins exploit the eukaryotic cell secretory machinery to enter the host cell 

cytoplasm in which intracellular substrates are modified thereby disrupting essential 

cellular processes. Most of these toxins have a so-called “AB” structure that consists of 

an catalytic A subunit, which modifies a host molecule within the target cell, and a 

receptor-binding B subunit. The simplest type of AB toxin is synthesised as a single 

polypeptide chain, while a more complex type of AB toxin consists of a multimeric 

assembly comprising a single catalytic A-subunit and multiple receptor-binding B-

subunits. Receptor-bound AB toxins usually gain entry into host cell cytosol in one of 

two ways. The first mechanism involves the direct release of the catalytic A component 

into the cytoplasm from an acidified endosomal compartment, while the second requires 

retrogade trafficking to the endoplasmic reticulum where the enzymatic A component 
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enters the cytosol. In both instances A and B fragment dissociation precedes or occurs 

concomitantly with A subunit passage into the cytosol (Murphy & Harrison, 2006).  

 

One of the best-characterised AB toxins is diphtheria toxin which is produced by 

Corynebacterium diphtheriae (Choe et al., 1992). The toxin is translated as a single 

polypeptide consisting of A and B chains that are joined by both a peptide bond and a 

disulphide bond (El Hage et al., 2008). After the toxin has bound to the host cell 

receptor, via the B chain, the toxin is endocytosed and proteolytically cleaved to 

produce an A chain and a B chain that remain joined by the disulphide bond. The toxin 

subsequently undergoes an acid-dependent conformational change which is required for 

pore generation in the endosomal membrane and reduction of the disulphide bond that 

links the A and B chain in the cytoplasm, thus releasing the ADP-ribosylating A chain 

into the host cell cytosol (Murphy & Harrison, 2006). Other examples of well-studied 

AB toxins include the cholera toxin from Vibrio cholerae, the closely related heat-labile 

enterotoxins (LT) produced by enterotoxigenic E. coli, Shiga toxin produced by S. 

dysenteriae and Shiga-toxigenic E. coli, and pertussis toxin from B. pertussis. It is 

worth mentioning that these toxins are of the AB5 toxin family as they comprise a 

catalytic A-subunit which is responsible for disruption of essential host cellular 

functions, and a pentameric structure consisting of B-subunits that binds to specific 

glycan receptors on the target cell surface. Once internalised, these toxins are trafficked 

to the Golgi apparatus and then to the endoplasmic reticulum in which the A-subunit is 

dissociated from the B-pentamer and exported into the cell cytosol to attack its 

molecular target (Beddoe et al., 2010). 

 

It has been demonstrated that the cytotoxic and enterotoxic Pet autotransporter is 

internalised upon binding to epithelial cells and interestingly it is translocated into the 
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host cell cytosol via the retrogade trafficking pathway. However it has been concluded 

that Pet is not a classical AB toxin as there is no apparent cleavage of Pet in the 

cytoplasmic fraction of Pet-treated cells (Navarro-Garcia et al., 2007; Navarro-Garcia et 

al., 2001). Further studies of SigA function should aim at identifying its receptor, 

determining whether SigA is internalised upon binding to target epithelial cells and to 

determine the route of entry being utilised. If endocytosis occurs, it would be of interest 

to determine whether the proteolytic α1-subdomain disengages from the cell-binding 

α2-subdomain prior to entering the host cell cytoplasm. Due to the sequence similarity 

shared by SigA and Pet, it seems unlikely that SigA is cleaved into two distinct 

subunits. The findings to the questions above will answer whether SigA is an AB toxin. 

If this is true, SigA will be the first autotransporter which follows the AB toxin 

paradigm. In conclusion, this study has demonstrated the structure-function relationship 

in the SigA autotransporter protein. Future research will reveal more aspects of its 

mechanism of action and its role in the pathogenesis of S. flexneri infections. 
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Chapter 5 - Characterisation of Sap 

5.1 Abstract 

In this study, the function of Sap, an autotransporter protein of S. flexneri, was 

investigated. Sap shares significant sequence identity with Ag43, an outer membrane 

autotransporter protein that mediates autoaggregation, adherence to epithelial cells and 

biofilm formation in both commensal and pathogenic strains of E. coli. In the current 

study, the ability of Sap to mediate adherence to epithelial cells and bacterial 

autoaggregation was investigated. Mutation and complementation experiments showed 

that Sap does not mediate bacterial adherence to HT29 colonic epithelial cells and 

therefore there is no evidence that it contributes to colonisation of the intestine. 

However, these experiments suggested the existence of a previously unrecognised 

adherence gene or genes downstream of sap. It was found that, unlike many Ag43 

variants, Sap does not mediate bacterial autoaggregation. Because autoaggregation has 

been shown to interfere with flagellar motility, it was hypothesised that it may also 

interfere with actin-based motility which is central in the pathogenesis of Shigella 

infections. Therefore, it was hypothesised that Sap may be a pathoadaptive, 

autoaggregation-negative variant of Ag43, that does not interfere with actin-based 

motility. The results of this study show, however, that the lipopolysaccharide of S. 

flexneri inhibits Ag43-mediated autoaggregation. Therefore, it was concluded that the 

autoaggregation-negative phenotype of Sap is probably a consequence of random 

genetic drift rather than a pathoadaptive negative selection. 
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5.2 Introduction 

The 3.12 kb sap gene resides on the she pathogenicity island in S. flexneri 2a and shares 

a high level of sequence identity with flu in E. coli K12 substrain MG1655 (89.9% 

conservation at the nucleotide sequence level and 88% identity at the amino acid level). 

The flu gene, also called agn43, encodes a phase-variable outer membrane, 

autotransporter protein termed Ag43. Ag43 mediates a number of functions in both 

commensal and pathogenic strains of E. coli, including autoaggregation, adherence to 

epithelial cells and biofilm formation. Autoaggregation occurs via self-recognition and 

binding between Ag43 molecules on different bacterial cells (Henderson et al., 1997a), 

and enhances biofilm formation when Ag 43 is expressed heterologously in bacteria 

(Danese et al., 2000; Kjaergaard et al., 2000). However, autoaggregation is not essential 

for biofilm formation as biofilms are still induced by the expression of autoaggregation-

negative variants of Ag43 (Reidl et al., 2009). 

 

Certain Ag43 variants also promote adherence of E. coli to a variety of mammalian 

epithelial cells in vitro (Reidl et al., 2009; Sherlock et al., 2006), suggesting that they 

play a role in colonisation of the host. This activity is distinct from both biofilm 

formation and autoaggregation as natural Ag43 variants and artificial variants, 

generated by mutagenesis or glycosylation, show different patterns of biofilm-

promotion, epithelial attachment and autoaggregation (Klemm et al., 2004; Reidl et al., 

2009). Although the in vitro properties of Ag43 suggest potential roles in virulence, a 

strong link between Ag43 and disease has only been demonstrated in experimental 

cystitis in mice. In the mouse model of cystitis, an Ag43 mutant of uropathogenic E. 

coli (UPEC), was significantly less persistent in the urinary tract (Ulett et al., 2007). 

Also, persistent UPEC were shown to exist inside bladder cells in “biofilm-like-pods” 
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where expression of biofilm promoting factors including Ag43 was detected (Anderson 

et al., 2003). 

 

To date, the biological significance of Sap has yet to be fully elucidated. However, the 

high degree of sequence identity shared by Sap and Ag43 suggested that Sap may have 

similar functions as those of Ag43. Like Ag43, Sap mediates biofilm formation in S. 

flexneri (H. Sakellaris, unpublished data), prompting a further investigation of Sap 

functions in this study. Specifically, the ability of Sap to mediate binding to intestinal 

epithelial cells and to cause autoaggregation was tested. The hypothesis that Sap was a 

pathoadaptive variant of Ag43, more suited to the intracellular lifestyle of S. flexneri, 

was also tested. 
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5.3 Results 

5.3.1 Sap does not mediate adherence to intestinal epithelial cells 

As a variety of autotransporters related to Ag43 mediate bacterial adherence to 

epithelial cells, they are likely to be involved in bacterial colonisation of host tissues. 

Therefore it was hypothesised that Sap may contribute to colonisation of the intestine by 

S. flexneri. To test whether Sap mediates adherence of S. flexneri to intestinal epithelial 

cells, the sap gene in S. flexneri SBA1414 was insertionally inactivated by a single-

crossover homologous recombination with the suicide plasmid pJP5603-sap’. This 

mutant strain, which was named SBA1414 sap::pJP5603-sap’, had been previously 

constructed by Natalie Clemesha (UWA). To test that the mutant was unable to express 

Sap, an immunoblot analysis of the mutant was performed with an antiserum raised to 

the α subunit of Sap (see sections 3.17 and 6.3.1).  

 

In an immunoblot, the positive-control, parent strain S. flexneri SBA1414, carrying 

pTrc99A, expressed a 60 kDa protein that reacted with the anti-Sap antiserum (Fig. 5.1, 

lane 3). In contrast neither the negative control strain SBA1341, which is a spontaneous 

she PAI excisant that therefore lacks the sap gene, nor SBA1414 sap::pJP5603-

sap’/pTrc99A (Fig. 5.1, lanes 1 and 2, respectively) expressed a 60 kDa protein that 

reacted with the antiserum. However, in a sap mutant complemented with pTrc99A-sap 

(Table 2.4), the 60 kDa protein plus a protein with an estimated mass of 115 kDa, 

reacted with the anti-Sap antiserum (Fig. 5.1, lane 4). A protein of approximately 40 

kDa produced a minor cross-reaction in both Sap
+
 and Sap

-
 strains, indicating that it is 

not a product of Sap expression.  

 

The proteolytic separation of the α (passenger) domain from the β (transporter) domain 

is a common feature in the autotransporter family. Based on the significant sequence 
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similarity shared by Sap and Ag43 and the known proteolytic processing sites for Ag43, 

the 60 kDa antiserum-reactive band is consistent with the α subunit of Sap, which has 

been proteolytically separated from the β subunit. The estimated 115 kDa, antiserum-

reactive protein produced by SBA1414 sap::pJP5603-sap’/pTrc99A-sap is consistent 

with the unprocessed form of Sap. Although the predicted mass of the unprocessed 

protein is 107 kDa, the discrepancy with the estimated mass of 115 kDa is not unusual, 

especially in the high-mass range where the resolution of polyacrylamide gels is low.  
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Figure 5.1 Immunoblot analysis of S. flexneri SBA1414 sap mutant complemented with 

pTrc99A-sap using rabbit anti-Sap primary antiserum. 

Lane 1, S. flexneri SBA1341 (she PAI
-
); Lane 2, S. flexneri SBA1414 sap::pJP5603-

sap’/pTrc99A (Sap
-
); Lane 3, S. flexneri SBA1414/pTrc99A; Lane 4, S. flexneri 

SBA1414 sap::pJP5603-sap’/pTrc99A-sap (Sap
+
). Arrow indicates the position of the 

60 kDa processed Sap protein. S. flexneri SBA1341 which lacks the she pathogenicity 

island and therefore does not express Sap, was included as a negative control. 

SBA1414/pTrc99A, which expresses Sap, served as a positive control. 
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The high-mass form of Sap appears to be processed inefficiently when expressed at high 

levels from the expression vector pTrc99A-sap. This may occur if the rate of Sap 

biosynthesis from pTrc99A-sap exceeds the natural rate of proteolytic processing. 

Alternatively, the accumulation of the high mass form of the protein may be due to the 

formation of inclusion bodies that makes the protein unavailable for processing. 

Notably, the unprocessed form of Sap was often not seen in older cultures (data not 

shown). The results of the immunoblot experiment, however, confirmed that SBA1414 

sap::pJP5603-sap’ was unable to express Sap protein and that Sap expression could be 

restored by complementing with pTrc99A-sap.  

 

The sap mutant was then tested for its ability to adhere to cultured HT-29 colonic 

epithelial cells and compared with its isogenic parent strain. Bacterial adherence was 

determined and expressed as a percentage of the total number of bacteria present at the 

end of the co-incubation of epithelial and bacterial cells (Methods, section 3.11). It was 

demonstrated that the cell-binding activity of the sap mutant was significantly lower 

than the wild type (p<0.05, 2-tailed student’s t-test). There was an approximately 5-fold 

reduction in the attachment of the sap mutant to HT-29 cells, compared to the parent 

strain (Fig. 5.2, column A versus column B). Unexpectedly, the cell-binding activity of 

SBA1414 sap mutant was not restored by complementation with pTrc99A-sap (Fig. 5.2, 

column C). No significant difference was detected in the relative number of bacteria 

associated with HT-29 cells, suggesting that Sap does not play a role in the attachment 

of S. flexneri to cultured epithelial cells. Two potential explanations for the lack of 

complementation were considered. The first was that mutagenesis of the sap gene in the 

chromosome caused a polar mutation that abolished the expression of a potential 

adhesin gene located downstream of sap. The second was that overexpression of Sap 
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from the high-copy expression vector, pTrc99A, may have caused protein misfolding 

which may, in turn, have inactivated the Sap protein. 
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Figure 5.2 HT-29 cell adherence assay testing the sap mutant strain derived from S. 

flexneri SBA1414. 

Column A, SBA1414/pTrc99A (Sap
+
); Column B, SBA1414 sap::pJP5603-

sap’/pTrc99A (Sap
-
); Column C, SBA1414 sap::pJP5603-sap’/pTrc99A-sap (Sap

+
). 

 

To investigate the failure of SBA1414 sap::pJP5603-sap’/pTrc99A-sap to adhere to 

HT-29 cells to the parental level, two recombinant plasmids were constructed and 

reintroduced into SBA1414 sap::pJP5603-sap’. An 11.6 kb DNA fragment, comprising 

sap and the downstream orfs21-31 of the she pathogenicity island, was amplified by 

PCR with the primers HSP188 and HSP189, digested with XbaI and XhoI and cloned 

into the corresponding restriction sites in the low-copy vector pWSK29, under the 
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control of the lac promoter (Plac). Similarly the 3.12 kb sap gene was PCR-amplified 

with primers HSP161 and HSP162, digested with BamHI and EcoRI and cloned into the 

same restriction sites in pWSK29. The low copy plasmid pWSK129 was chosen as a 

cloning vector to avoid overexpression of the cloned genes. The clones were confirmed 

by restriction analysis and the insert of pWSK129-sap was confirmed by sequencing 

before the plasmids were introduced into SBA1414 sap::pJP5603-sap’. 

 

Immunoblot analysis was performed with rabbit anti-Sap antiserum to confirm Sap 

expression. As expected, the 60 kDa Sap α subunit was absent in both the negative 

control strain, SBA1341, and the mutant strain, SBA1414 sap::pJP5603-sap’/pWSK29 

(Fig. 5.3, lanes 1 and 2, respectively). However, the 60 kDa Sap α subunit was detected 

in the parent strain (SBA1414/pWSK29), which served as a positive control, in the 

complemented mutant strains SBA1414 sap::pJP5603-sap’/pWSK29-sap and in 

SBA1414 sap::pJP5603-sap’/pWSK29-sap-orf31 (Fig. 5.3, lanes 3-5, respectively). 

Notably, the unprocessed form of Sap was not detected in the complemented mutants 

and expression levels were similar to that of the parent strain. 

 

Attachment of each of the strains to HT-29 epithelial cells was assayed as previously 

described. SBA1414 sap::pJP5603-sap’/pWSK29 displayed a more than 5-fold 

reduction (p>0.05, 2-tailed student’s t-test) in attachment compared to the parent strain 

SBA1414/pWSK29 (Fig. 5.4, column A versus column B). Similarly, bacterial 

adherence to HT-29 cells remained low in SBA1414 sap::pJP5603-sap’/pWSK29-sap 

and SBA1414 sap::pJP5603-sap’/pWSK29-sap-orf31 (Fig. 5.4, columns C and D, 

respectively). These data confirm that Sap does not mediate adherence to HT-29 

epithelial cells. However, as the 11.6 kb insert of pWSK29-sap-orf31 was not 
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sequenced, a definitive conclusion about the role of the orfs downstream of Sap could 

not be made. 
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Figure 5.3 Immunoblot analysis of S. flexneri SBA1414 sap complemented with sap or 

sap-orf31 cloned into pWSK29, using rabbit anti-Sap primary antiserum. 

Lane 1, S. flexneri SBA1341 (she PAI
-
); Lane 2, S. flexneri SBA1414 sap::pJP5603-

sap’/pWSK29 (Sap
-
); Lane 3, S. flexneri SBA1414/pWSK29 (Sap

+
); Lane 4, S. flexneri 

SBA1414 sap::pJP5603-sap’/pWSK29-sap (Sap
+
); Lane 5, S. flexneri SBA1414 

sap::pJP5603-sap’/pWSK29-sap-orf31 (Sap
+
). Arrow indicates the position of the 60 

kDa processed Sap protein. S. flexneri SBA1341 which lacks the she pathogenicity 

island and therefore does not express Sap, was included as a negative control. 

SBA1414/pTrc99A, which expresses Sap, served as a positive control. 
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Figure 5.4 HT-29 cell adherence assay testing SBA1414 sap mutant strain 

complemented with sap or sap-orf31 cloned into pWSK29. 

Column A, SBA1414/pWSK29; Column B, SBA1414 sap::pJP5603-sap’/pWSK29; 

Column C, SBA1414 sap::pJP5603-sap’/pWSK29-sap; Column D, SBA1414 

sap::pJP5603-sap’/pWSK29-sap-orf31. 

 

5.3.2 Sap does not mediate bacterial cell autoaggregation 

One of the often reported properties of Ag43 and a number of Ag43 homologues is the 

ability to mediate autoaggregation. Autoaggregation is due to the self-recognising 

properties of the protein, which involve ionic interactions between Ag43 molecules 

from different cells (Klemm et al., 2004). The amino acid residues involved in Ag43-

Ag43 interactions are located within the N-terminal third of the molecule (Klemm et al., 

2004). The biological significance of autoaggregation is not entirely clear.  However, 
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autoaggregation contributes to, but is not necessary for biofilm formation (Reidl et al., 

2009).  

 

To test whether Sap mediates autoaggregation, pTrc99A-sap was introduced into 

JM110, an E. coli strain that does not express Ag43 (Henderson et al., 1997b). Sap 

expression in E. coli JM110/pTrc99A-sap had been confirmed by immunoblotting in a 

previous study and in this study (Fig. 6.5, lane 2). To provide a positive control strain 

for autoaggregation assays, E. coli JM110/Trc99A-flu was constructed. The flu gene of 

E. coli K12 substrain MG1655 which encodes Ag43, was amplified by PCR with the 

primers HSP135 and HSP136, digested with XbaI and HindIII and cloned into the 

corresponding restriction sites in the expression vector pTrc99A.  

 

When tested, E. coli JM110/pTrc99A-flu (Fig. 5.5, column D), showed more than 10-

fold greater autoaggregation (p>0.05, 2-tailed student’s t-test) than either of the negative 

control strains, JM110 or JM110/pTrc99A (Fig. 5.5, columns A an B) However, 

JM110/pTrc99A-sap, showed no significantly greater autoaggregation than the negative 

control strains (Fig. 5.5, column C). It was possible that heterologous expression of Sap 

in E. coli may not account for host-specific protein modifications e.g. glycosylation, that 

might affect the activity of Sap. Therefore, autoaggregation was also tested in S. 

flexneri. However, compared to the parent S. flexneri strain, SBA1414, neither a sap 

mutant nor a complemented sap mutant showed any significant differences in 

autoaggregation (Fig. 5.5, columns E, F and G, respectively). Therefore, unlike Ag43, 

Sap does not mediate autoaggregation. 
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Figure 5.5 Assays of autoaggregative activity of Sap. 

Column A, E. coli JM110; Column B, E. coli JM110/pTrc99A; Column C, E. coli 

JM110/pTrc99A-sap; Column D, E. coli JM110/pTrc99A-flu, Column E, S. flexneri 

SBA1414; Column F, S. flexneri SBA1414 sap::pJP5603-sap’; Column G, S. flexneri 

SBA1414 sap::pJP5603-sap’/pTrc99A-sap. 

 

5.3.3 Investigating whether the loss of autoaggregative activity in Sap is a 

pathoadaptive mutation 

Invasion of intestinal epithelial cells is a central feature of the pathogenesis of Shigella 

infections. Once inside the epithelial cell, the bacterium employs an unusual form of 

motility involving the polymerisation of F-actin at one of its poles, which propels the 

bacterium through the cytoplasm. This actin-based motility is also essential for 

intercellular transmission as it is required to propel the bacterium through the epithelial 

cell membrane into adjoining epithelial cells ((Bernardini et al., 1989; Goldberg et al., 

1993). Therefore actin-based motility allows S. flexneri to bypass microbial competition 

by allowing it to colonise a niche, the intracellular compartment of epithelial cells, 
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which is not available to the normal intestinal flora. Other benefits of spreading 

throughout and multiplying within epithelial cells include evasion of complement, 

antibodies and phagocytes. It was hypothesised that autoaggregation might be 

incompatible with actin-based motility. The rationale for the hypothesis is that, to 

maintain movement in one direction, F-actin polymerisation must only occur at one pole 

of the bacterial cell. However, a clump of bacterial cells arrayed in a variety of spatial 

orientations will present many sites at which actin may polymerise. One would 

therefore predict that intracellular motility would be impaired due to the opposing forces 

initiated at a multitude of polymerisation sites in the bacterial aggregate. Therefore, loss 

of autoaggregation may be an adaption to the specific mode of motility used by S. 

flexneri inside the epithelial cell. 

 

The finding that Sap does not mediate autoaggregation prompted us to investigate 

whether lack of autoaggregative activity represents a pathoadaptive mutation that 

prevents Shigella from clumping intracellularly and which therefore facilitates intra- 

and intercellular dissemination. To test this pathoadaption hypothesis, a wild type S. 

flexneri 2a strain, 2457T, which is Sap
-
, was transformed with pTrc99A-flu to generate 

an autoaggregating S. flexneri strain. This strain would then be tested for its ability to 

form plaques on cultured HT-29 colonic epithelial cells. Plaque formation has been used 

to quantify intercellular transmission, which is dependent on actin-based motility (Oaks 

et al., 1985). It was predicted that if autoaggregation interferes with actin-based 

motility, the organism would be less capable of intercellular transmission and therefore 

produce smaller plaques. This would support the pathoadaption hypothesis. 

 

Immunoblot analysis using rabbit antiserum raised specifically against Ag43 confirmed 

the expression of Ag43 in S. flexneri 2457T/pTrc99A-flu (Fig. 5.6). Although cross-
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reactive proteins were found in the negative control strain, 2457T/pTrc99A (Fig. 5.6, 

lane 1), two additional intense immunoreactive proteins were detected in 

2457T/pTrc99A-flu (Fig. 5.6, lane 2). The estimated 125 kDa immunoreactive protein 

was consistent with the unprocessed form of Ag43 protein, whilst the approximately 60 

kDa immunoreactive protein was consistent with the α domain that has been 

proteolytically separated from the β domain. 
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Figure 5.6 Immunoblot analysis of Ag43 expression in recombinant S. flexneri 2457T 

with rabbit anti-Ag43 primary antiserum. 

Lane 1, 2457T/pTrc99A whole cell-free extract; Lane 2, 2457T/pTrc99A-flu whole cell-

free extract. Arrow indicates the position of the 60 kDa processed Ag43 autotransporter 

protein. 

 

5.3.3.1 Expression of Ag43 does not affect the ability S. flexneri to form plaques in 

vitro 

To determine whether the expression of Ag43 has any effect in the intercellular 

transmission of S. flexneri, HT-29 intestinal cell monolayers were infected with S. 
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flexneri strains 2457T, 2457T/pTrc99A and 2457T/pTrc99A-flu, as described in 

Methods, section 3.11. Comparisons of triplicate assays measuring plaque number and 

size (Table 5.1) showed that there were no significant differences between any of the 

strains tested (p>0.05, 2-tailed student’s t-test). 

 

Table 5.1 Plaque formation assay in HT-29 cell monolayers. 

 

 

Although the expression of Ag43 had been confirmed in S. flexneri 2457T/pTrc99A-flu, 

autoaggregation had not been tested. Surprisingly, strain 2457T/pTrc99A-flu showed no 

significantly greater autoaggregation than either of the negative control strains, 

2457T/pTrc99A or JM110/pTrc99A (Fig. 5.7, columns A, C and D) (p>0.05, 2-tailed 

student’s t-test). In contrast JM110/pTrc99A-flu showed greater than 14-fold greater 

autoaggregation than 2457T/pTrc99A-flu. The functionality of the plasmid in 

2457T/pTrc99A-flu was confirmed by extracting the plasmid and introducing it into 

JM110 by transformation. The transformant JM110/pTrc99A-flu was found to be 

autoaggregative (data not shown). Therefore, loss of autoaggregation was a function of 

the host rather than the plasmid. To determine if the inability to express an 

autoaggregation phenotype is specific to the strain in which flu is expressed, pTrc99A-

flu was transformed into S. flexneri 2a strain YSH6000T. This strain carries sap in the 

chromosome but, as sap does not confer an autoaggregative phenotype, it was not 

expected to interfere with a test of autoaggregation mediated by Ag43. A repeat of the 
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autoaggregation assay performed with this strain, however, showed that pTc99A-flu did 

not confer autoaggregation on YSH6000T (data not shown). 
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Figure 5.7 Autoaggregation assay testing S. flexneri carrying pTrc99A-flu. 

Column A, E. coli JM110/pTrc99A; Column B, E. coli JM110/pTrc99A-flu; Column C, 

S. flexneri 2457T/pTrc99A; Column D, S. flexneri 2457T/pTrc99A-flu. 

 

5.3.3.2 Ag43 is surface-expressed in S. flexneri 2457T/pTrc99A-flu 

S. flexneri 2457T/pTrc99A-flu could not autoaggregate despite expressing Ag43, a 

protein that we and others have confirmed is responsible for autoaggregation in E. coli. 

It was possible that the failure of cloned flu to confer autoaggregation in S. flexneri 

2457T/pTrc99A-flu was caused by mislocalisation of Ag43 in S. flexneri. If so, the 

protein may not be properly transported to the bacterial surface. To determine whether 

Ag43 is expressed on the bacterial surface, we took advantage of the well-known 

characteristics of Ag43 processing and surface display. It has been demonstrated that 

after transport of the α domain to the E. coli cell surface by the β domain, the two 
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domains are proteolytically cleaved. However, the α subunit remains associated with the 

cell surface via ionic interactions with the β subunit in the outer membrane (Klemm et 

al., 2004). The ionic interactions between the α and β subunits are readily disrupted by a 

brief heat treatment of the bacterial cell, leading to selective release of the α subunit into 

the supernatant (Caffrey & Owen, 1989). Therefore, if Ag43 was transported to the cell 

surface of S. flexneri 2457T/pTrc99A-flu, heat treatment of the cells should selectively 

release the α subunit into the supernatant.  

 

To test for selective heat release of Ag43, S. flexneri 2457T/pTrc99A-flu, liquid cultures 

standardised to an OD600 of 10, were either heat-treated at 55ºC for 10 minutes or left 

untreated. Protein extracts were prepared from whole-cells and serially diluted, as were 

supernatants from untreated or heat-treated cultures, prior to SDS PAGE and 

immunoblotting. An immunoblot of whole-cell protein extracts and supernatants 

showed that the Ag43 α subunit was released into the culture supernatant of heat treated 

S. flexneri 2457T/pTrc99A-flu (Fig. 5.8, lanes 7-9) but not from an untreated culture of 

the same strain (Fig 5.8, lanes 3-6). Comparison of the whole cell extracts with 

undiluted supernatant from heat-treated culture (Fig 5.8, lanes 2 and 7, respectively), 

showed that α subunit release was quantitative. 

 

To determine whether the release of Ag43 was due to non-specific bacterial cell lysis or 

to specific dissociation of the α subunit from the bacterial outer membrane, SDS-PAGE 

was performed on the same samples as described above (Fig. 5.9). Although a few 

proteins were released from the cell by heat treatment, the intensity of the bands in the 

undiluted, heat-treated supernatant suggested that these proteins represented only 

between 1% and 10% of the total cell proteins (Fig 5.9, compare lane 7 with lanes 2 and 

3). Since the α subunit was released quantitatively by heat treatment and general cell 
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lysis was responsible for less than 10% of protein release, it was concluded that Ag43 

release into the supernatant was not due to general cell lysis. These results are consistent 

with normal transport of Ag43 to the cell surface, from which it can be selectively 

released by heat. This suggested that an unknown factor on the bacterial cell surface 

may be capable of blocking of the self-recognising sites in Ag43.  
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Figure 5.8 Immunoblot analysis of bacterial supernatant from heat-treated S. flexneri 

2457T/pTrc99A-flu using rabbit anti-Ag43 primary antiserum. 

Lane 1, 2457T/pTrc99A (Ag43
-
) whole-cell protein extract; Lane 2, 2457T/pTrc99A-flu 

(Ag43
+
) whole-cell protein extract; Lanes 3 to 6, bacterial supernatant of untreated 

2457T/pTrc99A-flu (Ag43
+
) at dilutions of 1, 1/5, 1/10 and 1/20, respectively; Lanes 7 

to 10, bacterial supernatant of heat-treated 2457T/pTrc99A-flu at dilutions of 1, 1/5, 

1/10 and 1/20 dilutions respectively. The arrows indicate the position of the 60 kDa  

subunit of Ag43. 
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Figure 5.9 SDS-PAGE analysis of bacterial supernatant from heat-treated S. flexneri 

2457T/pTrc99A-flu. 

Lanes 1 to 3, 2457T/pTrc99A-flu (Ag43
+
) whole-cell protein extract at dilutions of 1, 

1/10 and 1/100, respectively; Lanes 4 to 6, bacterial supernatant of untreated 

2457T/pTrc99A-flu (Ag43
+
) culture at dilutions of 1, 1/10 and 1/100, respectively; 

Lanes 7 to 9, bacterial supernatant of heat-treated 2457T/pTrc99A-flu at dilutions of 1, 

1/10 and 1/100, respectively. 

 

5.3.3.3 Ag43-mediated autoaggregation is inhibited by LPS 

Lipopolysaccharide (LPS) is an essential component of the outer membrane that often 

interacts with outer membrane proteins. Given that Ag43 is transported to the cell 

surface yet fails to mediate autoaggregation in S. flexneri, we hypothesised that S. 

flexneri serotype 2a LPS may interfere with the autoaggregative function of Ag43.  To 

test this hypothesis, two LPS mutants derived from S. flexneri 2457T, were transformed 

with pTrc99A-flu and tested for autoaggregation. RMA723 is an rmlD (rfbD) mutant 

that is unable to synthesise O-antigen and therefore produces “rough” LPS (Van den 

Bosch et al., 1997). RMA982 is a 2457T mutant that has LPS with random length O-
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antigen chains, with the majority of chains being less than 30 repeat units in length 

(Morona et al., 2003). This mutant differs from the wild-type, which has two O-antigen 

modal chain lengths (11-17 repeat units and >90 repeat units). Both mutants were 

kindly provided by Dr Renato Morona (University of Adelaide). Both strains were 

transformed with pTrc99A-flu and expression of the 60 kDa Ag43 α subunit was 

confirmed in both RMA723/pTrc99A-flu and RMA982/pTrc99A-flu by immunoblot 

analysis (Fig. 5.10, lanes 4 and 6 respectively). Minor cross-reactive proteins were 

detected in the LPS mutants carrying the negative control vector, pTrc99A, which are 

unrelated to Ag43 expression.  
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Figure 5.10 Immunoblot analysis of S. flexneri LPS mutants expressing Ag43 using 

rabbit anti-Sap antiserum. 

Lane 1, E. coli JM110/pTrc99A whole cell-free extract; Lane 2, E. coli 

JM110/pTrc99A-flu whole cell-free extract; Lane 3, S. flexneri RMA723/pTrc99A 

whole cell-free extract; Lane 4, S. flexneri RMA723/pTrc99A-flu whole cell-free 

extract; Lane 5, S. flexneri RMA982/pTrc99A whole cell-free extract; Lane 6, S. 

flexneri RMA982/pTrc99A-flu whole cell-free extract. Arrow indicates the position of 

the 60 kDa processed Ag43 α subunit. 
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After Ag43 expression was confirmed, RMA723/pTrc99A-flu and RMA982/pTrc99A-

flu were tested for autoaggregation. The autoaggregation test revealed that strain 

RMA723/pTrc99A-flu autoaggregates as well as the positive control strain, 

JM110/pTrc99A-flu (Fig. 5.11, columns D and B, respectively). However, RMA982 

pTrc99A-flu did not autoaggregate (Fig. 5.11, column F).  
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Figure 5.11 Autoaggregation assay testing S. flexneri LPS mutant strains carrying 

pTrc99A-flu. 

Column A, E. coli JM110/pTrc99A; Column B, E. coli JM110/pTrc99A-flu; Column C, 

S. flexneri RMA723/pTrc99A; Column D, S. flexneri RMA723/pTrc99A-flu; Column E, 

S. flexneri RMA982/pTrc99A; Column F, S. flexneri RMA982/pTrc99A-flu. 

 

These findings indicate that LPS with chain lengths of up to 30 O-antigen repeat units, 

interfere with Ag43-mediated autoaggregation. Conversely, Ag43-mediated 
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autoaggregation occurs freely in the absence of O-antigen in S. flexneri. The simplest 

explanation of these results is that long LPS molecules physically mask the interaction 

sites that are responsible for Ag43-Ag43 interactions. Therefore, the hypothesis that Sap 

is a pathoadaptive variant of an autoaggregation-positive ancestor is inconsistent with 

our understanding of the function of LPS in S. flexneri. Expressed another way, the 

requirement for actin-based motility could not exert a selective pressure for 

aggregation-negative autotransporter variants because the LPS of S. flexneri already 

inhibits autoaggregation. 
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5.4 Discussion 

5.4.1 Role of Sap in adherence to epithelial cells 

Sap is a biofilm-promoting, surface protein of S. flexneri with significant sequence 

similarity to Ag43 from commensal and pathogenic strains of E. coli. This study sought 

to further characterise the properties of Sap based on our understanding of Ag43 

functions reported in other bacteria. Of particular interest is the ability of Ag43 to 

mediate adherence of E. coli to epithelial cells, which is likely to be significant in terms 

of allowing bacteria to colonise host tissues. The primary sites of S. flexneri infection 

are the colon and rectum. Therefore HT-29, a colorectal epithelial cell line, was chosen 

to test the role of Sap in bacterial attachment. Although the mutation of sap coincided 

with a significant loss of S. flexneri attachment, the mutation could not be 

complemented by a cloned sap gene supplied in trans. It could therefore be concluded 

that Sap does not mediate adherence to HT-29 epithelial cells.  

 

As HT-29 cells are immortalised cells, it is possible that they have undergone genetic 

changes that alter expression of receptors for various ligands. Thus, further studies in 

this area would require testing with primary explants or employing an animal infection 

model. Alternatively, it is possible that the only role of Sap is in biofilm development. 

The biological significance of biofilm development by S. flexneri is still not clear. 

Several intestinal pathogens produce biofilms in vitro (Dykes et al., 2003; Kim et al., 

2008; Ledeboer & Jones, 2005; Moreira et al., 2006; Sherlock et al., 2005; Wai et al., 

1998; Wells et al., 2008), but with the exception of enteroaggregative E. coli (Ravi et 

al., 2007; Tzipori et al., 1992), there is no direct evidence that they exist as biofilms in 

the intestine. However, there is a single report of a Shigella sp. isolated from biofilms 

on the equipment in a food processing plant (Gunduz & Tuncel, 2006). Therefore it 

appears possible that Sap may play a role in the colonisation of non-host surfaces. 
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In the course of analysing the role of Sap in adherence to epithelial cells, evidence of 

another adherence factor may have been revealed. An insertion into the sap gene caused 

a more than 5-fold decrease in bacterial adherence to HT-29 cells. One explanation of 

this result is that the insertion caused a polar mutation on genes downstream of sap. The 

she PAI carries 11 orfs (orfs21-31) downstream of sap. All of these orfs are in the same 

orientation as sap and therefore a polar mutation affecting these genes is a possibility. 

One gene, orf24, has sequence similarity to a family of anti-restriction proteins, while 

orfs27 and 28 have sequence similarity with novel toxin-antitoxin genes found on the 

chromosome of E. coli K12 (Brown & Shaw, 2003). The biological significance of the 

toxin-antitoxin system is untested in E. coli and in S. flexneri. However, toxin-antitoxin 

systems are often associated with plasmids and ensure their stable inheritance (Masuda 

et al., 1993). Therefore these systems are consistent with the functions and 

characteristics of a laterally acquired genetic element.  

 

However, bioinformatic analysis of the other orfs has revealed no clues regarding their 

functions. That a polar mutation is responsible for the reduction in bacterial adherence, 

however, has not yet been proven as the sap mutation could not be complemented with 

a plasmid carrying sap-orf31 in trans. The large cloned fragment carrying sap-orf31 has 

not been sequenced. Therefore, in spite of the fact that a high-fidelity DNA polymerase 

was used for PCR amplification, it cannot not been ruled out that the insert carries 

mutations due to PCR-misincorporation of nucleotides. Thus before a conclusion can be 

made about the cause of the change in adherence phenotype, additional experiments 

have to be performed. These would involve making another, independent sap mutation 

to ensure that the original loss of attachment phenotype is caused by the sap mutation 

rather than a fortuitous, spontaneous mutation at a different site in the chromosome. If 

the phenotype is reproduced in an independent sap mutant, transcript levels downstream 
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of sap could be measured to determine whether the mutation is polar. To investigate 

whether the lack of complementation by the sap-orf31 clone was due to PCR-induced 

mutations, the 11.6 kb cloned sap-orf31 insert could be sequenced and if indicated, the 

sap-orf31 genes could be cloned by traditional techniques for further complementation 

tests. 

 

5.4.2 Autoaggregation 

The role of Ag43 in bacterial aggregation has been well-documented (Klemm et al., 

2006). However, despite the sequence similarity between Ag43 and Sap, the latter does 

not confer on bacteria the ability to autoaggregate. Sap has retained the ability to 

promote biofilm formation emphasising that autoaggregation is not a requirement for 

biofilm formation. The region spanning the N-terminal 160 amino acid residues of the 

Ag43 α domain has been implicated in Ag43-Ag43 self recognition, and the segment 

encompassing the first 47 amino acid residues seems to be especially important in this 

respect (Klemm et al., 2004). Sequence analysis of Sap, residues 1 to 160, has detected 

55 non-identical substitutions when compared to Ag43. Therefore it is likely that the 

sequence variation in this region is responsible for the autoaggregation-negative 

phenotype.  

 

The fact that Sap does not mediate autoaggregation, suggested that this divergence in 

function may be due to pathoadaption, driven by the functional constraints imposed by 

actin-based motility within the epithelial cell. Previous studies have demonstrated that 

strong autoaggregation activity mediated by Ag43 and the Ag43 homologues, TibA and 

AIDA-I can also inhibit flagellar-based motility in E. coli (Ulett et al., 2006). It was 

reasoned that if Sap was a pathoadapted variant of Ag43, then an autoaggregative S. 

flexneri strain would be poorly motile within epithelial cells and therefore produce 
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smaller plaques in cultured epithelial cell monolayers. However, plaque formation was 

not affected by the expression of Ag43 and surprisingly, Ag43 did not induce 

autoaggregation in S. flexneri. This was true in spite of the fact that Ag43 was expressed 

and transported to the bacterial cell surface, as it is in E. coli. Further investigation of 

this phenomenon revealed that Ag43-mediated autoaggregation occurs in the absence of 

O-antigen but is inhibited by long O-antigen chains on the surface of the S. flexneri cell. 

The simplest explanation of these results is that long LPS chains physically mask the 

region of the Ag43 molecule that is required for Ag43-Ag43 interactions.  

 

It is interesting to note that, although Ag43-mediated autoaggregation is inhibited by 

LPS in both S. flexneri 2457T and YHS6000T, Sap-mediated biofilm formation is not 

inhibited in YSH6000T. How can this be explained, given that Ag43 and Sap are almost 

the same size and share a high level of sequence similarity? One possibility is that LPS 

only partially covers Sap and Ag43 and that LPS selectively masks the interaction sites 

determining Ag43-mediated autoaggregation, but not the sites on Sap that determine 

biofilm formation. Support for this hypothesis comes from a study showing that specific 

LPS structures can mask the actin polymerisation domain of the S. flexneri 

autotransporter, IcsA, without preventing the access of antibodies to IcsA (Morona & 

Van Den Bosch, 2003). 

 

From the results of the autoaggregation study, it can be concluded that, as LPS inhibits 

Ag43-mediated autoaggregation, there could not have been a selective pressure against 

autoaggregation mediated by an ancestor of Sap in S. flexneri. Therefore, it appears 

likely that the non-aggregative characteristic of Sap probably arose via random genetic 

drift rather than a negative selective pressure. 
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Chapter 6 - The regulatory mechanism of the phase-variable Sap autotransporter 

6.1 Abstract 

In this study we investigated the regulatory factors controlling the expression of Sap, an 

autotransporter protein, encoded on the she pathogenicity island in Shigella flexneri 2a, 

which mediates biofilm formation. Immunoblot analysis of Sap expression in cultures 

derived from randomly chosen isolated colonies showed that Sap is expressed in a 

phase-variable manner. Analysis of the sequence upstream of sap revealed a potential 

OxyR binding site containing three recognition sequences for Dam methylase, 

suggesting that Sap phase-variation may be determined by the opposing activities of 

OxyR and Dam, via a mechanism which is similar to that which controls the expression 

of Ag43 in E. coli. Thus to determine if Sap phase-variation is controlled by these two 

proteins, dam and oxyR were insertionally inactivated in S. flexneri and the effects of 

each mutation on Sap expression were determined by immunoblot analysis. It was 

found that mutation of the dam gene in S. flexneri caused a permanent Sap
-
 phenotype 

(phase-locked-OFF). A cloned dam gene under the control of the arabinose-inducible 

Para promoter reversed the defect in Sap expression but did not restore phase variation; 

the complemented mutant had a phase-locked-ON phenotype. In contrast, insertional 

inactivation of the oxyR gene caused a phase-locked-ON phenotype. Surprisingly, a 

cloned oxyR insert containing 21 bp of the 5’ untranslated region (5’UTR), including the 

Shine-Dalgarno sequence, could neither repress Sap expression, nor restore phase-

variable expression. Phase-variable expression was only restored by an oxyR clone 

containing the naturally occurring 96bp upstream of oxyR. It was hypothesised that this 

sequence contains a cis-acting element that prevents the formation of a secondary 

structure in the oxyR mRNA which inhibits expression. Analysis of predicted mRNA 

secondary structures supports the hypothesis that mRNA transcribed from the oxyR 

clone carrying only 21 nucleotides of the oxyR 5’UTR, folds in such a way as to occlude 
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the Shine-Dalgarno sequence. This may therefore inhibit translation of sap mRNA. An 

identical analysis of oxyR containing the longer 5’UTR, predicted an mRNA fold that 

does not occlude the Shine-Dalgarno sequence. This study confirms the roles of OxyR 

and Dam in controlling phase-variation of Sap. 
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6.2 Introduction 

Phase-variation refers to a type of gene regulation that is governed by a number of 

mechanisms controlling the expression of genes, including virulence genes, in a 

heritable yet reversible fashion. Often, but not exclusively, the expression of outer 

membrane proteins, including adhesins, is under the control of phase-variation. Thus, a 

cell can be either expressing (phase-ON) or not expressing the phase-variable protein 

(phase-OFF), thereby resulting in a heterogeneous bacterial population. We have 

identified that Sap, a biofilm-inducing autotransporter encoded by a gene on the she 

pathogenicity island in S. flexneri 2a, is expressed in a phase-variable manner. 

 

The variety of regulatory mechanisms which control phase-variation in bacteria include 

changes in the DNA sequence due to homologous recombination, site-specific DNA 

inversion, slipped-strand mispairing or insertional inactivation mediated by insertion 

sequences  (Henderson et al., 1999c). However, the phase-variation of an E. coli outer 

membrane protein termed Ag43 (antigen 43), encoded by the flu gene, which shares a 

high degree of sequence similarity with Sap, is not accompanied by any changes in 

DNA sequence. Rather, it depends on the opposing activities of a transcriptional 

regulator termed OxyR and DNA methylation catalysed by a deoxyadenosyl 

methyltransferase termed Dam (Henderson & Owen, 1999).  

 

Dam methylates the adenine residue within the Dam recognition sequence GATC and 

this is essential for regulating numerous physiological processes in bacteria, including 

the initiation of chromosomal replication, DNA mismatch repair, DNA segregation, 

transposition and transcriptional regulation (Heusipp et al., 2007). OxyR, in contrast, is 

a key regulator that mediates protection against oxidative stress. Upon oxidative 

challenge, several OxyR-regulated genes are upregulated, including those which encode 
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hydrogen peroxidase I (katG), glutaredoxin I (grxA), alkyl peroxide reductases (ahpCF), 

thioredoxin II (trxC) and a non-specific stress response DNA binding protein (dps) 

(Zheng et al., 2001). 

 

In the current model for Ag43 phase-variation, OxyR acts as a repressor by binding to a 

regulatory region upstream of flu, which overlaps the −10 region of the flu promoter 

sequence (Fig. 6.1), thus inhibiting flu transcription and resulting in the OFF phase (van 

der Woude & Henderson, 2008). However, within the OxyR binding site there are three 

GATC sequences (Fig. 6.1), which are recognised by and methylated at the A residue 

by Dam methylase. Binding of OxyR to its recognition site only takes place when the 

GATC sequences are unmethylated. Furthermore, when OxyR is bound, it prevents 

Dam from interacting with and thereby methylating these three specific GATC 

sequences (Correnti et al., 2002). Methylation of these Dam target sequences abrogates 

the binding of OxyR repressor to the regulatory region, thus permitting transcription of 

flu and switching Ag43 expression to the ON phase (Waldron et al., 2002; Wallecha et 

al., 2002). The opportunity to switch between the ON and OFF phases occurs during 

DNA replication. Passage of a DNA replication fork through the regulatory region 

displaces OxyR from its binding site, providing the opportunity for Dam to alter the 

methylation status of the site (van der Woude & Henderson, 2008). The epigenetic 

regulation of flu involving OxyR as a transcriptional repressor and Dam as an indirect 

inhibitor of OxyR-mediated repression is consistent with the results of an 

immunofluorescence study conducted previously by Henderson & Owen (1999). In the 

study by Henderson & Owen, the expression of Ag43 was phase-locked-OFF in a dam 

mutant and phase-locked-ON in an oxyR mutant.  
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Figure 6.1 Outline of the mechanism for Ag43 phase-variation. 
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The upstream regulatory region of the flu gene depicted above, includes the -35 and -10 

hexamers of the flu promoter and three GATC recognition sequences for the 

deoxyadenosyl methyltransferase, Dam. Dam-methylation (M) of at least two of the 

three GATC sequences, blocks the binding of OxyR repressor (orange oval) to the 

regulatory sequence, thereby allowing RNA polymerase (blue oval) to bind the 

promoter and initiate transcription at the G residue of the first GATC sequence. This 

defines the phase-ON state for Ag43 expression. DNA replication of the region 

transiently produces hemi-methylated DNA, which may quickly be methylated by Dam 

to produce bi-methylated DNA, in which case the phase-ON state is inherited by the 

daughter cell. Alternatively, OxyR may bind its hemi-methylated binding site at low-

affinity to establish the phase-OFF state by blocking the interaction of RNA polymerase 

with the -10 hexamer of the flu promoter. Due to its lower affinity for the hemi-

methylated binding site, OxyR will occupy this site less frequently than an 

unmethylated binding site, to which it binds with higher affinity. The failure of OxyR to 

bind to, or the spontaneous dissociation of OxyR from the hemi-methylated binding 

site, may allow transition from the phase-OFF state to the phase-ON state by revealing 

GATC sequences, which may subsequently be methylated by Dam. The passage of a 

DNA replication fork through the hemi-methylated DNA displaces OxyR. After this 

occurs the phase of the daughter cells will depend on the outcome of a competition 

between OxyR and Dam to bind to and modify their recognition sequences, 

respectively. The production of an unmethylated duplex and the avid binding of OxyR 

will confer the phase-OFF state to the daughter cell as will the production of hemi-

methylated DNA. However, the latter form is more likely than the former, to lead to a 

transition to the ON phase. Figure adapted from van der Woude & Henderson (2008). 
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Initial evidence of the potential roles of OxyR and Dam in Sap phase variation came 

from an analysis of the sequence upstream of sap. OxyR binding sequences vary 

markedly. For example, one experimental study aimed at identifying an OxyR-binding 

consensus sequence identified only 5 bp that were conserved in five distinct, 45 bp 

OxyR-binding sequences defined by DNase I protection assays (Tartaglia et al., 1992). 

Thus, in the absence of experimental data, the identification of OxyR binding sequences 

by traditional sequence alignment and presentation methods has been difficult. A more 

successful approach for the identification of divergent OxyR binding sequences has 

involved the generation of sequence logos using information theory (Schneider, 1996). 

A comparison of the 5’UTR of sap with a sequence logo generated from 14 naturally 

occurring OxyR binding sequences (Schneider, 1996), indicated that it was very likely 

to contain an OxyR binding site (Fig 6.2). In addition, Dam methylation sequences 

within the proposed OxyR binding site were consistent with the existence of a phase-

variation mechanism similar to that described for Ag43. To determine the significance 

of OxyR and Dam in Sap expression, dam and oxyR were insertionally inactivated, the 

mutants were trans-complemented with intact genes and the effects on Sap expression 

and phase-variation were determined. 
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Figure 6.2 Comparison of the 5’ untranslated sequence of the sap gene with a  sequence 

logo based on 14 wild-type OxyR binding sites (Schneider, 1996). The height of each 

nucleotide is proportional to the relative frequency with which they are present at 

specific positions in the sequence. The sequence below the logo is that of the region 

upstream of sap. Nucleotides matching the most frequent bases in the sequence logo are 

capitalised. Dam-recognition sequences (GATC) are underlined. 
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6.3 Results 

6.3.1 Production of rabbit anti-Sap antiserum 

A small amount of anti-Ag43 antiserum was kindly provided by Dr. Ian Henderson 

(University of Birmingham) for use in this study. The anti-Ag43 antiserum was found to 

cross-react with Sap and was initially used to detect Sap expression until an anti-Sap 

antiserum could be developed. To develop such an antiserum, Sap was first purified by 

heat-extraction from the bacterial cell surface. Supernatant from an IPTG-induced 

culture of E. coli JM110/pTrc99A-sap was collected following heat treatment of the 

cells and then concentrated (Methods, section 3.17.1). SDS-PAGE analysis 

demonstrated that JM110/pTrc99A-sap, upon heat treatment, selectively released a 

protein of approximately 60 kDa into the extracellular medium (Fig. 6.3, lane 9), while 

in the absence of heat treatment, no such protein was recovered (Fig. 6.4, lane 9). 

Supernatants of JM110/pTrc99A cultures that were either heated-treated or untreated 

respectively were included as negative controls. In neither case was a 60 kDa protein 

visible on SDS-PAGE gels (Fig. 6.3, lane 7; Fig. 6.4, lane 7), indicating that the 60 kDa 

protein was Sap. Furthermore, the size of the protein was consistent with the predicted 

molecular mass of the secreted product deduced from the sap gene sequence, assuming 

cleavage of the 52-amino-acid signal peptide and the C-terminal β-barrel domain.  

 

Polyacrylamide gel slices containing the 60 kDa protein were used to generate 

polyclonal rabbit antibodies specific against Sap. The specificity of the antiserum was 

increased by adsorption with E. coli JM110 whole cells followed by neutralisation with 

E. coli JM110 cell-free protein extracts. Immunoblotting was subsequently performed to 

evaluate the sensitivity and specificity of the antiserum at a 1/1000 dilution factor. As 

shown in Fig. 6.5, the 60 kDa Sap protein was successfully detected by anti-Sap 

primary antibody in E. coli JM110/pTrc99A-sap but not in the negative control strain E. 
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coli JM110/pTrc99A (lanes 2 and 1 respectively). In addition to the 60 kDa processed 

Sap protein, a protein with an estimated molecular mass of 115 kDa was also detected in 

E. coli JM110/pTrc99A-sap (Fig. 6.5, lane 2). This band was consistent with the 

unprocessed form of Sap, which has a predicted molecular mass of 107 kDa. This 

unprocessed form of Sap, however, was not found in S. flexneri SBA1414 where sap 

was transcribed from its natural promoter on the chromosome (Fig 6.5, lane 5). 
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Figure 6.3 SDS-PAGE analysis of concentrated supernatant from a heat-treated culture 

of E. coli carrying the sap gene. 

Lane 1, Rainbow™ full-range molecular weight markers; Lane 2, 20ng/μl BSA; Lane 3, 

10ng/μl BSA; Lane 4, 5ng/μl BSA; Lane 5, 2.5ng/μl BSA; Lane 6, 1ng/μl BSA; Lane 7, 

JM110/pTrc99A (empty vector) concentrated supernatant; Lane 8, 20-fold diluted 

JM110/pTrc99A (empty vector) concentrated supernatant; Lane 9, JM110/pTrc99A-sap 

concentrated supernatant; Lane 10, 20-fold diluted JM110/pTrc99A-sap concentrated 

supernatant. A distinct band of approximately 60 kDa was detected in the supernatant of 

E. coli JM110/pTrc99A-sap strain, indicating that Sap is selectively released from 

bacterial surface upon heat shock. 
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Figure 6.4 SDS-PAGE analysis of concentrated culture supernatant of E. coli carrying 

the sap gene. 

Lane 1, Rainbow™ full-range molecular weight markers; Lane 2, 20ng/μl BSA; Lane 3, 

10ng/μl BSA; Lane 4, 5ng/μl BSA; Lane 5, 2.5ng/μl BSA; Lane 6, 1ng/μl BSA; Lane 7, 

JM110/pTrc99A (empty vector) concentrated supernatant; Lane 8, 20-fold diluted 

JM110/pTrc99A (empty vector) concentrated supernatant; Lane 9, JM110/pTrc99A-sap 

concentrated supernatant; Lane 10, 20-fold diluted JM110/pTrc99A-sap concentrated 

supernatant. No visible band was detected in the concentrated supernatant of E. coli 

JM110/pTrc99A-sap strain when the cells were not heat-treated. 
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Figure 6.5 Immunoblot detection of Sap using anti-Sap antiserum. 

Lane 1, E. coli JM110/pTrc99A; Lane 2 E. coli JM110/pTrc99A-sap (Sap
+
); Lane 3, S. 

flexneri SBA1341 (Sap
-
); Lane 4, S. flexneri SBA1414 sap::pJP5603-sap’ (Sap

-
); Lane 

5, S. flexneri SBA1414. Arrow indicates the position of Sap. E. coli JM110/pTrc99A, 

and S. flexneri SBA1341 which lacks the she pathogenicity island and therefore does 

not express Sap, were included as negative controls in this assay. 

 

6.3.2 Phase-variation of Sap 

Randomly chosen bacterial colonies of S. flexneri strain SBA1414 were tested for Sap 

phase-variation via immunoblotting with rabbit anti-Ag43 antiserum. As demonstrated 

in Fig. 6.6, an immunoreactive band of approximately 60 kDa, which is in agreement 

with the predicted molecular mass of the processed, secreted form of Sap, was detected 

in 5 out of 8 bacterial colonies of S. flexneri SBA1414. In this assay, E. coli 

JM110/pTrc99A-sap served as a positive control, while E. coli JM110/pTrc99A and S. 

flexneri SBA1341, which lacks the she pathogenicty island and therefore does not 

express Sap, were both included as negative controls. One “phase-ON” and one “phase-



 157 

OFF” bacterial colony were each taken and subcultured, and again individual colonies 

were selected and tested for Sap expression.  
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Figure 6.6 Sap expression in wild type strain S. flexneri SBA1414. Whole-cell protein 

extracts were subjected to SDS PAGE and immunoblot analysis with rabbit anti-Ag43 

antiserum. 

Lane 1, S. flexneri SBA1341 (Sap
-
); Lane 2, E. coli JM110/pTrc99A (Sap

-
); Lane 3, E. 

coli JM110/pTrc99A-sap (Sap
+
); Lanes 4-11, randomly chosen isolated colonies of  S. 

flexneri SBA1414. Arrow indicates the position of Sap. Phase-variation of Sap was 

detected in the population of S. flexneri wild type strain SBA1414.  E. coli 

JM110/pTrc99A, and S. flexneri SBA1341 which lacks the she pathogenicity island and 

therefore does not express Sap, were included as negative controls in this assay. 

 

Immunoblot detection of subsequent bacterial growth from a former “phase-ON” 

SBA1414 colony revealed that only 3 out of 8 colonies were still expressing Sap while 

the remaining 5 colonies did not express Sap (Fig. 6.7). In contrast, 2 out of 8 colonies 

of the previously isolated phase-OFF colony tested positive for Sap expression (Fig. 
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6.8). Isolated colonies from these subcultures were again subcultured and tested for Sap 

expression. As before, phase-ON colonies gave rise to mixtures of both phase-ON and 

phase-OFF colonies and phase-OFF colonies also gave rise to both phase-ON and 

phase-OFF colonies (data not shown). These data indicate that the expression of Sap is 

phase-variable and reversible. The frequency of Sap phase-variation appears to lie 

within the range of 10
-1

-10
0
. 
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Figure 6.7 Immunoblot analysis of Sap expression in isolated colonies derived from a 

phase-ON isolate of S. flexneri SBA1414, using rabbit anti-Ag43 antiserum. 

Lane 1, S. flexneri SBA1341 (Sap
-
); Lane 2, E. coli JM110/pTrc99A (Sap

-
); Lane 3, E. 

coli JM110/pTrc99A-sap (Sap
+
); Lanes 4-11, randomly chosen colonies of S. flexneri 

SBA1414 originally identified as phase-ON for Sap expression. Arrow indicates the 

position of Sap. Phase-OFF colonies were detected when immunoblotting was 

conducted with an isolate of wild type strain SBA1414, originally identified as phase-

ON for Sap expression. E. coli JM110/pTrc99A, and S. flexneri SBA1341 which lacks 

the she pathogenicity island and therefore does not express Sap, were included as 

negative controls in this assay. 
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Figure 6.8 Immunoblot analysis of Sap expression in isolated colonies derived from a 

phase-OFF isolate of S. flexneri SBA1414, using rabbit anti-Ag43 antiserum. 

Lane 1, S. flexneri SBA1341 (Sap
-
); Lane 2, E. coli JM110/pTrc99A (Sap

-
); Lane 3, E. 

coli JM110/pTrc99A-sap (Sap
+
); Lanes 4-11, randomly chosen colonies of S. flexneri 

SBA1414 originally identified as phase-OFF for Sap expression. Arrow indicates the 

position of Sap. Phase-ON colonies were detected when immunoblotting was conducted 

with an isolate of wild type strain SBA1414, originally identified as phase-OFF for Sap 

expression. E. coli JM110/pTrc99A, and S. flexneri SBA1341 which lacks the she 

pathogenicity island and therefore does not express Sap, were included as negative 

controls in this assay. 

 

6.3.3 Regulation of Sap phase-variation by Dam 

To examine the role of Dam methylase in the expression of Sap, a dam mutant strain 

derived from S. flexneri SBA1414 was constructed by replacing the dam gene with a 

kanamycin resistance gene cassette using the mutagenesis system described in Methods, 

section 3.13 and in Fig. 6.9. Specifically, a PCR fragment comprising the kanamycin 
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resistance gene (kan) from pKD4 and 40-nucleotide extensions identical to the 

sequences adjacent to each end of the dam gene, was generated by PCR. The PCR 

product was amplified from pKD4 template DNA with the primers HSP133 and 

HSP134, which anneal to the kan gene and have 5’ extensions to provide sequence 

identity with the target locus to facilitate homologous recombination. The PCR product 

was introduced by electroporation into S. flexneri SBA1414/pKD46. Plasmid pKD46, in 

turn carries the λ Red recombinase genes under the control of an arabinose-inducible 

promoter. λ Red-mediated recombination of the kan gene into the dam locus was 

selected by plating transformants onto LB agar containing kanamycin. The insertion of 

the kan gene into the dam locus was confirmed by colony PCR with primers HSP121 

and HSP122. The relative positions of all priming sites used in this experiment are 

illustrated in Fig. 6.9.  
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Figure 6.9 Outline of the strategy for insertional mutagenesis of dam with the 

kanamycin resistance gene (kan) from pKD4. 
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An approximately 0.8kb fragment was amplified in the parent strain, SBA1414 (Fig. 

6.10), which carries an intact dam gene and therefore served as a positive control for the 

PCR reaction. This was consistent with the 837bp fragment predicted to be amplified, 

based on the known sequence of the dam locus. A 1.6kb PCR product was detected in 

multiple transformants, which was consistent with the replacement of dam by the kan 

gene (Fig. 6.10). In five Km
r
 transformants a 0.8kb PCR fragment was amplified 

indicating that the dam locus was intact. The Km
r
 phenotype of these transformants may 

have been due to ectopic insertion of the kan gene or to the selection of spontaneous 

Km
r
 mutants. The dam mutants were cured of pKD46 by selection at the non-permissive 

temperature for plasmid replication, as described in Methods, section 3.13.2. These dam 

mutants were named SBA1414dam::kan. 
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Figure 6.10 PCR screening for S. flexneri SBA1414dam::kan/pKD46 dam mutants 

using primers HSP121 and HSP122. Amplification of a 1.6kb PCR fragment was 

consistent with replacement of dam by the kanamycin resistance gene from pKD4. The 

parental strain SBA1414 served as a positive control in the PCR screening, in which the 

837bp dam gene was amplified. 
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For the purpose of complementing the dam mutation, the dam gene was cloned into the 

low-copy-number plasmid, pBAD30, under the transcriptional control of the arabinose-

inducible Para promoter. This was achieved by PCR-amplifying the gene with the 

primers HSP121 and HSP122, digesting with XbaI and SalI and cloning the fragment 

into the corresponding restriction sites in pBAD30. The recombinant vector was then 

introduced into SBA1414dam::kan by electroporation.  

 

To confirm the dam mutation phenotypically, genomic DNA was extracted from 

SBA1414 (Dam
+
), SBA1414dam::kan (Dam

-
) and the dam-complemented strain 

SBA1414dam::kan/pBAD30-dam (Dam
+
), and was then digested with the restriction 

endonuclease DpnI. The rationale for this confirmatory test is based on the substrate 

specificity of DpnI, which cleaves Dam-methylated DNA but fails to cleave 

unmethylated DNA.  

 

As expected, genomic DNA extracted from SBA1414dam::kan could not be cleaved 

by DpnI (Fig. 6.11, lane 6), confirming the expected Dam
-
 phenotype of the mutant. In 

contrast, complete genomic DNA digestion was observed in both the parental strain 

SBA1414 (Fig. 6.11, lane 5), and SBA1414dam::kan/pBAD30-dam (Fig. 6.11, lane 

7). Furthermore, it was demonstrated that the BamHI restriction enzyme, which cleaves 

both Dam-methylated and unmethylated DNA, was capable of digesting DNA extracted 

from SBA1414dam::kan (Fig. 6.11, lane 9). This result supported the conclusion that 

the inability of DpnI to cleave SBA1414dam::kan genomic DNA was due to the lack 

of Dam methylation rather than the presence of impurities in the DNA preparation that 

may have inhibited restriction endonuclease digestion. 
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Figure 6.11 Confirmation of the dam deletion mutation in SBA1414dam::kan by 

restriction analysis with DpnI. 

Lane: 1, λ-HindIII marker; Lanes 2-4, untreated genomic DNAs from SBA1414, 

SBA1414dam::kan and SBA1414dam::kan/pBAD30-dam, respectively; Lanes 5-7, 

DpnI digested genomic DNAs from SBA1414, SBA1414dam::kan and 

SBA1414dam::kan/pBAD30-dam, respectively; Lanes 8-10, BamHI digested genomic 

DNAs from SBA1414, SBA1414dam::kan and SBA1414dam::kan/pBAD30-dam, 

respectively. Genomic DNA extracted from SBA1414dam::kan could not be digested 

by DpnI restriction endonuclease which cleaves only Dam-methylated DNA. 

 

To determine the effect of the dam mutation on Sap phase-variation, randomly chosen 

colonies of SBA1414dam::kan were tested for Sap expression by immunoblot analysis 

of protein extracts. As illustrated in Fig. 6.12 (lanes 4 to 11), immunoblotting revealed 

that Sap expression was phase-locked in SBA1414dam::kan, such that Sap was not 

expressed in any of the isolates that were tested (phase-locked-OFF). In 

SBA1414dam::kan/pBAD30-dam, Sap expression was restored (Fig. 6.14, lanes 4 to 
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11). SBA1414dam::kan/pBAD30 was included as a negative control to demonstrate 

that the pBAD30 did not play a role in the restoration of Sap expression (Fig. 6.13).  
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Figure 6.12 Immunoblot for testing the role of Dam in phase-variable expression of Sap 

in S. flexneri. Sap expression was tested with rabbit anti-Ag43 antiserum. 

Lane 1, S. flexneri SBA1341 (Sap
-
); Lane 2, E. coli JM110/pTrc99A (Sap

-
); Lane 3, E. 

coli JM110/pTrc99A-sap (Sap
+
), Lanes 4-11, randomly chosen isolated colonies of  S. 

flexneri SBA1414dam::kan. Arrow indicates the position of Sap. Sap expression was 

phase-OFF in all isolates of SBA1414dam::kan as seen in lanes 4–11. E. coli 

JM110/pTrc99A and S. flexneri SBA1341, which lacks the she pathogenicity island and 

therefore does not express Sap, were included as negative controls in this assay. 
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Figure 6.13 Immunoblot of SBA1414dam::kan/pBAD30 isolates using rabbit anti-

Ag43 antiserum. 

Lane 1, S. flexneri SBA1341 (Sap
-
); Lane 2, E. coli JM110/pTrc99A (Sap

-
), Lane 3, E. 

coli JM110/pTrc99A-sap (Sap
+
), Lanes 4-11, randomly chosen isolated colonies of S. 

flexneri SBA1414dam::kan/pBAD30. Arrow indicates the position of Sap. Sap 

expression was phase-OFF in all isolates of SBA1414dam/pBAD30 as seen in lanes 4-

11. E. coli JM110/pTrc99A and S. flexneri SBA1341, which lacks the she pathogenicity 

island and therefore does not express Sap, were included as negative controls in this 

assay. 
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Figure 6.14 Immunoblot of S. flexneri SBA1414dam::kan/pBAD30-dam isolates 

using rabbit anti-Ag43 antiserum. 

Lane 1, S. flexneri SBA1341 (Sap
-
); Lane 2, E. coli JM110/pTrc99A (Sap

-
): Lane 3, E. 

coli JM110/pTrc99A-sap (Sap
+
); Lanes 4-11, randomly chosen isolated colonies of S. 

flexneri SBA1414dam::kan/pBAD30-dam. Arrow indicates the position of Sap. Sap 

expression was restored in SBA1414dam::kan/pBAD30-dam as seen in lanes 4 to11. 

E. coli JM110/pTrc99A, and S. flexneri SBA1341 which lacks the she pathogenicity 

island and therefore does not express Sap, were included as negative controls in this 

assay. 

 

However, Sap expression in SBA1414dam::kan/pBAD30-dam was not phase-variable 

as it was in SBA1414, even when transcription of the cloned dam gene was modulated 

from the Para promoter in pBAD30-dam. Incorporating L-arabinose into media at 

concentrations ranging from 0% (uninduced) to 0.2% w/v (fully induced) had no effect. 

This result demonstrated that the expression of Dam is essential for Sap expression but 
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suggested that even very low level transcription from the repressed Para promoter, which 

is known to occur (Guzman et al., 1995), affects the ability of Sap expression to switch 

phases. 

 

6.3.4 Regulation of Sap phase-variation by OxyR 

To investigate the role of OxyR in Sap phase-variation, an oxyR mutant derived from S. 

flexneri SBA1414 was generated with a similar approach that had been used to create 

the Dam methylase mutant. The PCR products used for mutagenesis were generated by 

using primers HSP131 and HSP132, which included 40-nucleotide 5’ extensions that 

were identical to sequences flanking oxyR and 20-nucleotide 3’ sequences that were 

identical to sequences flanking the kan gene in pKD4. The kan gene was PCR-amplified 

from pKD4 template DNA and transferred to SBA1414/pKD46 by electroporation.  

Km
r
 transformants were screened, by colony PCR, using primers HSP123 and HSP124, 

for replacement of oxyR with kan. As shown in Fig. 6.15, the 918bp oxyR gene was 

replaced with the 1.6kb kanamycin resistance gene in 20 of the 22 transformants that 

were tested.  

 

To confirm the oxyR mutation phenotypically, the oxyR mutant was tested for 

susceptibility to hydrogen peroxide. It is known that the expression of katG, an 

oxidative stress response gene which encodes intracellular hydrogen peroxidase, is 

activated by OxyR during oxidative challenge, and hence the loss of functional OxyR 

would render the cells susceptible to hydrogen peroxide. As shown in Fig. 6.16, the 

mutant strain, SBA1414oxyR::kan/pBAD30, showed significantly increased 

sensitivity to hydrogen peroxide when compared to its isogenic parental strain, 

SBA1414/pBAD30 (p<0.001, 2-tailed student’s t-test).  
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To complement the mutation in SBA1414oxyR::kan, the oxyR gene was amplified by 

PCR with the primers HSP123 and HSP124, digested with XbaI and SalI and cloned 

into the corresponding restriction sites in pBAD30. This clone did not include the oxyR 

promoter sequence but contained DNA coding for 21 bp of the 5’ untranslated region 

(5’ UTR), including the predicted ribosome binding sequence for oxyR. This would 

allow for arabinose-inducible transcription of the gene from the Para promoter in 

pBAD30. However, hydrogen peroxide resistance was only partially restored in the 

complemented mutant, SBA1414oxyR::kan/pBAD30-oxyR, even under maximal 

induction with L-arabinose (0.2% w/v of L-arabinose). 
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Figure 6.15 PCR screening for S. flexneri SBA1414oxyR::kan/pKD46 mutants using 

primers HSP123 and HSP124. Amplification of a 1.6kb PCR fragment in 20 of 22 

isolates confirmed the replacement of the 918bp oxyR gene with the kanamycin 

resistance gene from pKD4. The parental strain SBA1414 served as a positive control in 

the PCR screening, in which the 918bp oxyR gene was amplified. 
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Figure 6.16 Hydrogen peroxide susceptibility assays with S. flexneri 

SBA1414oxyR::kan mutant strains carrying pBAD30 and pBAD30-oxyR respectively. 

Representative images of the hydrogen peroxide sensitivity assays are presented at the 

top of the figure. The zones of inhibition for triplicate assays are represented in the table 

below the images. In the absence of functional OxyR, SBA1414oxyR::kan/pBAD30 

(OxyR
-
) was susceptible to hydrogen peroxide when compared to SBA1414/pBAD30 

(OxyR
+
). However, resistance to hydrogen peroxide was only partially restored in the 

complemented mutant strain, SBA1414oxyR::kan/pBAD30-oxyR. 

 

In contradistinction to the dam mutant, the expression of Sap was phase-locked-ON in 

SBA1414oxyR::kan (Fig. 6.17, lanes 1 to 8) and the control strain 

SBA1414oxyR::kan/pBAD30 (Fig. 6.18, lanes 4 to 11). Complementation of the 

mutation in SBA1414oxyR::kan/pBAD30-oxyR also did not reverse the phase-locked-

ON expression of Sap (Fig. 6.19, lanes 1 to 8), suggesting that the function of OxyR 

was not fully restored. This was consistent with the only partial restoration of hydrogen 

peroxide resistance observed earlier. It was possible that during the PCR amplification 
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of oxyR for cloning into pBAD30, a point mutation may have been introduced despite 

the use of the high-fidelity DNA polymerase, Phusion (New England Biolabs). 

Sequencing analysis however revealed no PCR-induced mutations in the oxyR gene that 

was cloned into pBAD30. An alternative explanation of the results was that the 

mutagenesis of oxyR might have disrupted the expression of a neigbouring gene which 

encodes a protein that acts co-operatively with OxyR. 

 

225 kDa

76 kDa

52 kDa

38 kDa

31 kDa

1 2 3 4 5 6 7 8 9 10 11

102 kDa

150 kDa

24 kDa

 

Figure 6.17 Immunoblot of S. flexneri SBA1414oxyR::kan isolates using rabbit anti-

Ag43 antiserum. 

Lanes: 1-8, randomly chosen isolated colonies of S. flexneri SBA1414oxyR::kan; Lane 

9, S. flexneri SBA1341 (Sap
-
); Lane 10, E. coli JM110/pTrc99A (Sap

-
); Lane 11, E. coli 

JM110/pTrc99A-sap (Sap
+
). Arrow indicates the position of Sap. Sap expression was 

phase-locked-ON in SBA1414oxyR::kan as seen in lanes 1 to 8. E. coli 

JM110/pTrc99A, and S. flexneri SBA1341 which lacks the she pathogenicity island and 

therefore does not express Sap, were included as negative controls in this assay. 
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Figure 6.18 Immunoblot of S. flexneri SBA1414oxyR::kan/pBAD30 isolates using 

rabbit anti-Ag43 antiserum. 

Lane 1, S. flexneri SBA1341 (Sap
-
); Lane 2, E. coli JM110/pTrc99A (Sap

-
), Lane 3, E. 

coli JM110/pTrc99A-sap (Sap
+
), Lanes 4-11, randomly chosen isolated colonies of S. 

flexneri SBA1414oxyR::kan/pBAD30. Arrow indicates the position of Sap. Sap 

expression was phase-locked-ON in SBA1414oxyR::kan/pBAD30 as seen in lanes 4 to 

11. E. coli JM110/pTrc99A, and S. flexneri SBA1341 which lacks the she pathogenicity 

island and therefore does not express Sap, were included as negative controls in this 

assay. 
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Figure 6.19 Immunoblot of S. flexneri SBA1414oxyR::kan/pBAD30-oxyR isolates 

using rabbit anti-Ag43 antiserum. 

Lanes 1-8, randomly chosen isolated colonies of S. flexneri 

SBA1414oxyR::kan/pBAD30-oxyR; Lane 9, S. flexneri SBA1341 (Sap
-
); Lane 10, E. 

coli JM110/pTrc99A (Sap
-
); Lane 11, E. coli JM110/pTrc99A-sap (Sap

+
). Arrow 

indicates the position of Sap. Phase-variable phenotype of Sap was not restored in 

SBA1414oxyR::kan/pBAD30-oxyR, as seen in lanes 1 to 8. E. coli JM110/pTrc99A, 

and S. flexneri SBA1341 which lacks the she pathogenicity island and therefore does 

not express Sap, were included as negative controls in this assay. 

 

Two genes adjacent to oxyR, termed udhA and oxyS, were identified from the genome 

sequence of S. flexneri strain 2457T. The former gene encodes pyridine nucleotide 

transhydrogenase whilst the latter encodes a small non-coding regulatory RNA. As 

shown in Fig. 6.20, oxyR is flanked by udhA and oxyS. However, both genes are located 

on the complementary strand and are therefore orientated in an opposite direction to the 

oxyR gene. It was not clear how the mutagenesis of oxyR could have affected the 
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expression of either of these genes and there is no evidence that udh plays a role in 

hydrogen peroxide resistance in E. coli or S. flexneri. The transcription of oxyS on the 

other hand is activated by OxyR upon exposure to hydrogen peroxide and in turn 

regulates the expression of up to 40 genes in E. coli. However, in E. coli, oxyS does not 

confer protection against hydrogen peroxide (Altuvia et al., 1997). Instead, it protects 

the cell from oxidative stress-induced mutation. Nevertheless to determine whether oxyS 

plays a role in hydrogen peroxide resistance and phase-variable expression of Sap in S. 

flexneri, both oxyS and oxyR were PCR-amplified, cloned and reintroduced into strain 

SBA1414oxyR::kan on plasmid pHSG576.  
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Figure 6.20 Genomic organisation of udhA, oxyR and oxyS, and the position of binding 

sites for primers designed for complementation studies. 

 

The relative positions of the PCR priming sites used in this experiment are illustrated in 

Fig. 6.20. A PCR product comprising oxyR and oxyS was generated with primers 
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HSP182 and HSP183, digested with HindIII and EcoRI and cloned into the 

corresponding restriction sites of pHSG576. This recombinant plasmid was designated 

pHSG576-oxyRS. A control plasmid containing both the 96 bp oxyR-oxyS intergenic 

sequence and oxyR was constructed by amplifying the fragment with primers HSP187 

and HSP182, digesting with HindIII and EcoRI and cloning into the corresponding 

restriction sites in pHSG576. SBA1414oxyR::kan was transformed with the constructs 

and tested for restoration of the hydrogen peroxide resistance phenotype. It was found 

that pHSG576-oxyRS restored hydrogen peroxide resistance to the wild-type level (Fig. 

6.21). Surprisingly, pHSH576-oxyR also restored hydrogen peroxide resistance to the 

wild-type level (Fig. 6.22). 
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Figure 6.21 Hydrogen peroxide susceptibility assays involving S. flexneri 

SBA1414oxyR mutant strains complemented with pHSG576-oxyRS. Resistance to 

hydrogen peroxide was fully restored when the mutant strain was complemented. 
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Figure 6.22 Hydrogen peroxide susceptibility assays involving S. flexneri 

SBA1414oxyR::kan mutant strain complemented with a DNA fragment containing the 

oxyR gene and the 96bp oxyR-oxyS intergenic sequence. Resistance to hydrogen 

peroxide was fully restored when the mutant strain was complemented. 

 

To test whether pHSG576-oxyRS and pHSH576-oxyR could also restore the phase-

variable expression of Sap in the S. flexneri oxyR mutant, immunoblotting for Sap 

expression was performed on cultures derived from randomly chosen isolated colonies.  

Both plasmid constructs were found to restore the phase-variable expression of Sap in 

SBA1414oxyR::kan (Fig. 6.24, lanes 4 to 11 and Fig. 6.25, lanes 4 to 11). As 

expected, complementing SBA1414oxyR::kan with the empty vector, pHSG576, had 

no effect on the mutant phenotype ((Fig. 6.23, lanes 4 to 11). In light of the data 

presented above, it appears that the 96bp sequence upstream of oxyR gene, rather than 

oxyS, is essential for adequate expression of OxyR to restore both Sap phase-variation 

and hydrogen peroxide resistance in SBA1414oxyR::kan. In conclusion, the results of 
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the oxyR mutagenesis and complementation experiments confirm that OxyR is a 

repressor of Sap expression and plays an essential role in determining Sap phase 

variation. 
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Figure 6.23 Immunoblot of S. flexneri SBA1414oxyR::kan/pHSG576 isolates using 

rabbit anti-Ag43 antiserum. 

Lane 1, S. flexneri SBA1341 (Sap
-
); Lane 2, E. coli JM110/pTrc99A (Sap

-
); Lane 3, E. 

coli JM110/pTrc99A-sap (Sap
+
); Lanes 4-11, randomly chosen isolated colonies of S. 

flexneri SBA1414oxyR::kan/pHSG576. Arrow indicates the position of Sap. Sap 

expression was phase-locked-ON in SBA1414oxyR::kan/pHSG576 as seen in lanes 4 

to 11. E. coli JM110/pTrc99A, and S. flexneri SBA1341 which lacks the she 

pathogenicity island and therefore does not express Sap, were included as negative 

controls in this assay. 
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Figure 6.24 Immunoblot of S. flexneri SBA1414oxyR::kan/pHSG576-oxyRS strain 

using rabbit anti-Ag43 antiserum. 

Lane 1, S. flexneri SBA1341 (Sap
-
); Lane 2, E. coli JM110/pTrc99A (Sap

-
); Lane 3, E. 

coli JM110/pTrc99A-sap (Sap
+
); Lanes 4-11, randomly chosen isolated colonies of S. 

flexneri SBA1414oxyR::kan/pHSG576-oxyRS. Arrow indicates the position of Sap. 

Sap phase-variation was restored in SBA1414ΔoxyR::kan strain when complemented 

with pHSG576-oxyRS as seen in lanes 4 to 11. E. coli JM110/pTrc99A, and S. flexneri 

SBA1341 which lacks the she pathogenicity island and therefore does not express Sap, 

were included as negative controls in this assay. 
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Figure 6.25 Immunoblot of S. flexneri SBA1414ΔoxyR::kan/pHSG576-oxyR strain 

using rabbit anti-Sap antiserum. 

Lane 1, E. coli JM110/pTrc99A-sap (Sap
+
); Lane 2, S. flexneri SBA1341 (Sap

-
); Lanes 

3-10, randomly chosen isolated colonies of S. flexneri SBA1414ΔoxyR::kan/pHSG576-

oxyR. Arrow indicates the position of Sap. When SBA1414ΔoxyR::kan strain was 

complemented with the oxyR gene in tandem with the 96bp oxyS-oxyR intergenic 

region, transformants displayed a restored phase-variable phenotype in which both Sap
+
 

and Sap
-
 variants could be detected as shown in lanes 3 to 10. S. flexneri strain 

SBA1341, which lacks the she pathogenicity island and therefore does not express Sap, 

was included as negative controls in this assay. 

 

The unusual results showing that shortening the oxyR 5’ UTR results in inhibition of 

OxyR expression may be explained by two hypotheses. The simplest hypothesis was 

that the natural oxyR promoter, found within the 96 bp region upstream of oxyR, is a 

significantly stronger promoter than the fully induced Para promoter. A second 

hypothesis was that the oxyR mRNA contains an oxyR-proximal, cis-acting, negative 
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regulator that is neutralised by a sequence in the oxyR-distal portion of the 5’-

untranslated oxyR transcript. The transcriptional activities of each promoter were not 

compared in this study. Nevertheless, the pBAD30-oxyR insert was cloned into the 

high-copy expression plasmid pTrc99A, under the control of the IPTG-inducible Ptrc 

promoter. Ptrc is an optimal 

dependent promoter for E. coli and is expected to 

produce very high levels of expression in S. flexneri, a close relative of E. coli.  

 

However, pTrc99A-oxyR failed to restore hydrogen peroxide resistance to the wild-type 

level (p<0.05, 2-tailed student’s t-test) when a range of IPTG concentrations including, 

0, 0.3, 1 and 5 mM (maximal induction of Ptrc) were used to modulate the transcription 

of oxyR (Fig. 6.26). These results suggest that the inability of pBAD30-oxyR to 

complement the mutation was not due to inadequate transcription of the gene. Instead, 

the results are consistent with the hypothesis that a cis-acting, upstream element inhibits 

oxyR expression from pBAD30-oxyR, which includes 21 bp of the 5’ UTR, but not from 

pHSG576-oxyR which includes 96 bp upstream of the start codon. 
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Figure 6.26 Hydrogen peroxide susceptibility assays involving S. flexneri 

SBA1414oxyR::kan mutant strains carrying pTrc99A and pTrc99A-oxyR respectively 

with 5mM IPTG induction. In the absence of functional OxyR, 

SBA1414oxyR::kan/pTrc99A (OxyR
-
) was susceptible to hydrogen peroxide when 

compared to SBA1414/pTrc99A (OxyR
+
). However, resistance to hydrogen peroxide 

was only partially restored in the complemented mutant strain, 

SBA1414oxyR::kan/pTrc99A-oxyR. 
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6.4 Discussion 

6.4.1  Development of an anti-Sap antiserum 

In the early stages of this study, immunoblot analyses of Sap expression were performed 

with an antiserum raised against the α subunit of Ag43. Not surprisingly, due to the 

significant sequence similarity between Sap and Ag43, the anti-Ag43 antiserum 

recognised Sap in immunoblots. Immunoblots in which either anti-Ag43 or anti-Sap 

were used as primary antisera, showed that, as for Ag43, Sap is naturally cleaved to 

release the α subunit from the β subunit. The 60 kDa α subunit was detectable in S. 

flexneri, while in E. coli JM110/pTrc99A-sap, the antiserum detected both the free α 

subunit (60kDa) and the uncleaved form of Sap (107 kDa), consisting of both the α and 

β subunits (Fig. 6.5 and Fig. 6.6). The accumulation of unprocessed Sap in 

JM110/pTrc99A-sap may have been due to the overexpression of Sap from the high-

copy plasmid expression plasmid pTrc99A, which has an optimal 70-dependent 

promoter for E. coli. Under the high level of expression expected from pTrc99A-sap, it 

is possible that Sap may have misfolded to form inclusion bodies which are unavailable 

to processing enzymes. Alternatively, the high intracellular concentration of Sap may 

simply have saturated the natural processing enzymes responsible for cleavage of the α 

subunit from theβ subunit.  

 

Both Sap and Ag43 are cleaved to release the α subunit from the β subunit. However, in 

both cases, the α subunit remains attached to the cell surface via non-covalent 

interactions. The evidence for this lies in the fact that a brief heat treatment releases the 

α subunit from the cell surface (Fig 6.3). In the case of Ag43, it is known that the α 

subunit is anchored to the cell-surface via non-covalent interactions with the membrane-

bound  subunit (Caffrey & Owen, 1989). This is likely to be the case with Sap also. 

The natural cleavage of Sap and the easy, selective release of the α subunit from the cell 
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surface was very useful in its purification and the generation of specific antiserum for 

further use in this study. The mechanism by which the cleavage occurs is not known. 

Proteolytic cleavage of Ag43 from E. coli W3110 occurs between residues D
547

 and P
548

 

(Henderson & Owen, 1999), residues that are also conserved in Sap. In the absence of 

proteolytic activity within the passenger domain of Ag43, it is predicted that this protein 

and by analogy, Sap, is processed either by a membrane-bound protease or by a novel 

intrabarrel cleavage mechanism which was recently discovered in the autotransporter 

EspP from Shiga-toxigenic E. coli (Barnard et al., 2007; Dautin et al., 2007). In S. 

flexneri, the outer membrane protease, IcsP, is responsible for cleavage and release from 

the cell surface of the autotransporter IcsA (Steinhauer et al., 1999), but its role in the 

release of Sap from the surface of S. flexneri has not been tested. 

 

6.4.2  The roles of Dam and OxyR in Sap phase-variation 

The main objective of this study was to establish the factors controlling the phase-

variable expression of Sap. Based on the identification of a potential OxyR binding 

sequence in the non-coding sequence upstream of sap and the presence of GATC 

sequences that would be recognised by Dam, it was hypothesised that OxyR and Dam 

played competing roles for the establishment of the phase-OFF and phase-ON 

expression of sap, respectively. To test their roles, mutations were made in oxyR and 

dam in S. flexneri. 

 

It is evident that Dam plays a critical role in Sap phase-variation since the dam mutant 

strain of S. flexneri constructed in this study resulted in a complete loss of Sap 

expression; no phase-variation was observed (phase-locked-OFF). This was consistent 

with the hypothesis that Dam is responsible for establishing the ON phase of Sap 

expression. It was expected that complementation of the dam mutation would restore 
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phase-variable expression of Sap. However, all isolates of S. flexneri 

SBA1414dam::kan/pBAD30-dam were Sap
+
 (Fig. 6.14). The phase-locked-ON 

phenotype was observed in SBA1414dam::kan/pBAD30-dam even in the absence of 

arabinose induction of transcription from the Para promoter of pBAD30. The simplest 

explanation of this result is that a low level of dam transcription, representing a higher 

level of expression than is natural in S. flexneri, restored Sap expression but biased 

phase-switching towards the ON phase. This would suggest that natural expression of 

Dam is very low, as the Para promoter in pBAD30 is very tightly repressed by AraC, 

which is encoded by pBAD30 (Guzman et al., 1995). The validity of this explanation 

could be tested by reducing the expression of Dam in SBA1414dam::kan/pBAD30-

dam even further by growing the complemented mutants in the presence of glucose, 

which would have a negative effect on transcription from Para via catabolite repression 

(Guzman et al., 1995). 

 

Insertional inactivation of oxyR increased the sensitivity of the mutant to hydrogen 

peroxide, as expected if the protein was an activator of the oxidative stress response in 

S. flexneri. In addition, the mutation of oxyR locked Sap expression in the ON phase, 

which was consistent with the role of a negative regulator directing the phase-OFF state 

of Sap expression. However, initial attempts to complement the mutation with a 

pBAD30 plasmid carrying oxyR plus 21 bp of non-coding sequence upstream of the 

gene, did not restore hydrogen peroxide resistance to the wild-type level. In addition, 

this plasmid failed to restore the expression of Sap. Expression of Sap, in a phase-

variable manner, was restored only in oxyR mutants complemented with pHSG576 

plasmids carrying oxyR plus the 96bp sequence upstream of the start codon, which 

harbours the native oxyR promoter (−41 to −70bp with respect to the oxyR start codon).  
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6.4.3  Inhibition of OxyR expression in recombinant constructs 

The simplest interpretation of the results described above, is that the transcriptional 

activity of the oxyR promoter is much greater than that of Para, even when growing the 

bacteria in L-arabinose concentrations that allow full induction of transcription in 

pBAD30-oxyR. However, even when the insert containing oxyR plus the 21 bp 5’ UTR 

was maximally transcribed from pTrc99A-oxyR, Sap expression was not restored. This 

was surprising because pTrc99A is a high-copy-number, high-level expression vector 

from which cloned genes are transcribed by the consensus 
70

-dependent promoter. In 

contrast, the plasmids that did restore the oxyR defect carried an oxyR promoter identical 

to the oxyR promoter of E. coli (Christman et al., 1989), which deviates from the 
70

-

dependent, consensus promoter sequence and is therefore expected to be a weaker 

promoter than Ptrc. Thus the hypothesis that insufficient transcription is responsible for 

the lack of expression in pBAD30-oxyR is unlikely.  

 

An alternative hypothesis is that the sequence upstream of oxyR contains a positive, cis-

acting element that counteracts a cis-acting inhibitory element further downstream. To 

investigate this possibility, it would be necessary to first define the elements affecting 

expression more precisely. This could be achieved by engineering an in frame fusion 

between a promoterless reporter gene and oxyR, before generating constructs with 

5’UTRs of varying lengths to examine their effects on expression of the reporter. In this 

study, although it was shown that the regulatory mechanism controlling Sap phase 

variation is identical to that of Ag43 in E. coli, which is not surprising as they are 

closely related to each other, we have discovered an unsual inhibitory effect on the 

expression of OxyR. This has not been previously reported in E. coli, and is worth 

further investigation. 
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Conclusions 

SigA structure and function 

The work described in this study has contributed to our understanding of two of the 

autotransporters which are encoded on the she PAI of S. flexneri. SigA is an established 

virulence factor; it is cytotoxic and acts to induce fluid loss in the rabbit intestine and 

therefore probably contributes to the watery phase of Shigellosis in humans. It was only 

recently demonstrated that SigA degrades α-fodrin in vitro, and causes fodrin 

redistribution within cultured epithelial cells (Al-Hasani et al., 2009). These effects 

suggest that SigA enters the cell where its proteolytic activity degrades fodrin, 

disrupting the cytoskeletal which, in turn, causes deformation of the cell. This was the 

original characteristic that defined the cytotoxic activity of SigA (Al-Hasani et al., 

2000). The demonstration in the current study that the SigA passenger domain is in fact 

a composite of two domains with distinct functions adds to the conceptual model of 

how the toxin acts. This study has shown that the α2 domain targets SigA to the 

epithelial cell while α1 is the proteolytic moiety that most probably degrades fodrin 

inside the cell. Some major gaps in our understanding of the mechanism of toxin action 

remain e.g. what is the receptor that the α2 domain binds? Does the toxin enter the cell 

as expected? If so, what pathway does it follow? Does the toxin remain intact or is it 

cleaved, like some AB toxins, to release the 1 subunit into the cytoplasm? These are 

basic questions that need to be investigated for a deeper understanding of action of 

SigA. 

 

Functions of Sap 

The role of Sap in pathogenesis is less clear than that of SigA. In the current study, Sap 

did not mediate adherence to epithelial cells, a property that would suggest a role in 

bacterial colonisation of host tissues. However, the mutation generated in sap coincided 
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with a significant loss in adherence to epithelial cells. The fact that the mutation could 

not be complemented with sap, suggested the possibility of a polar mutation on the 

genes downstream of sap. This is a possibility that needs to be investigated further as it 

might lead to the fortuitous discovery of a novel adhesin. Although Sap did not mediate 

adherence to HEp-2 cells, it should be made clear that only one cell line was used in 

bacterial attachment assays and other intestinal cell lines may provide different results. 

Ultimately, however, animal models that use the same routes of infection and reproduce 

the symptoms of human infections are the best systems for studying bacterial 

pathogenesis. The best animal model available for Shigella involves intragastric 

inoculation of streptomycin-treated mice (Martino et al., 2005). The bacteria reach the 

colon, their natural target tissue, but the epithelium is not destroyed as it is in humans 

and mice fail to develop a characteristic polymorphonuclear leukocyte infiltrate. 

However, it may be a useful model for testing bacterial colonisation of the intestine. The 

other major infection model is less suitable as it depends on rectal inoculation of guinea 

pigs and so bypasses the rest of the alimentary tract (Shim et al., 2007).  

 

In addition, Sap appears to be an autoaggregation-negative variant of Ag43 as it did not 

mediate autoaggregation either in S. flexneri or in E. coli. Unexpectedly, heterologous 

expression of Ag43 in S. flexneri, did not lead to autoaggregation as it does in E. coli 

and in an O-antigen negative mutant of S. flexneri, indicating that the long LPS of wild-

type S. flexneri inhibits autoaggregation. It is hypothesised that this occurs by physical 

masking of the Ag43-Ag43 interaction sites. This appears to be a selective interaction, 

however, because the biofilm-promoting activity of Sap, which has a very similar size 

and sequence to Ag43, is not inhibited by S. flexneri LPS.  
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To date, biofilm formation is the only known function for Sap. The significance of this 

property is not known. It is possible that it plays a role in virulence but confirmation of 

this will rely on experiments in animals. Alternatively, Sap may be important for the 

colonisation of non-host environments. In one report, Shigella was found in bacterial 

biofilms on equipment in an ice-cream plant, thus posing a public health risk (Gunduz 

& Tuncel, 2006). The report raises the question of whether Shigella initiated the 

formation of the biofilm or whether it was simply trapped in a mixed species biofilm. It 

would be interesting to determine whether S. flexneri can grow as a biofilm in 

conditions simulating those in the ice-cream plant and whether Sap is essential for 

biofilm development under these conditions.  

 

Regulation of Sap expression 

It was found that Sap, like a considerable number of bacterial surface proteins, is phase-

variable. The regulation of Sap expression was clearly dependant on OxyR and Dam, 

which control its phase-variable expression. This was first suggested by bioinformatic 

analysis of the sequence upstream of sap and confirmed by mutation and 

complementation of the dam and oxyR genes. The work in the current study shows that 

Sap phase variation is consistent with the established model for Ag43 phase-variation in 

E. coli. An unexpected outcome of this work was the identification of what appeared to 

be a cis-acting, element that inhibited the expression of OxyR, which has not previously 

been documented in E. coli. Questions remain about the basis of the phenomenon. 

Although it is unlikely to be explained by the proposal that the oxyR promoter is 

transcriptionally more active than the optimal 
70

-dependent Ptrc promoter, this has not 

been shown experimentally and could be performed by measuring transcript levels 

using quantitative RT PCR. If the phenomenon cannot be explained by a difference 
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transcriptional activity, the possibility of a cis-acting element could be initiated by first 

defining the precise position and sequence of the element. 
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