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ABSTRACT 

One of the main determinants enabling Salmonella enterica serovar Typhimurium to 

replicate inside host cells is a type III secretion system (T3SS; an injectisome) encoded by 

Salmonella pathogenicity island 2 (SPI-2). This multi-protein structure assembles upon 

acidification of a Salmonella-containing vacuole (SCV) that surrounds Salmonella following 

host cell entry. It functions as a conduit that connects the bacterium to the host cytosol and 

translocates so called “SPI-2 effector” proteins that manipulate the host to support bacterial 

growth. The delivery of these proteins is spatiotemporally controlled by a gatekeeper 

complex composed of SsaL/SsaM/SpiC proteins (Yu et al., 2010). The gatekeeper prevents 

effector protein translocation, but is required for the export of translocon proteins that 

enable effectors to cross the vacuolar membrane into the cell. The SPI-2 effector proteins 

are translocated to the host cell only when the gatekeeper dissociates away from the 

injectisome, a process initiated by sensing a low-to-neutral pH shift (Yu et al., 2010). The 

functions of the SPI-2 injectisome and gatekeeper can be studied by growth of Salmonella 

at low pH medium followed by a shift to pH 7.2 (Beuzón et al., 1999; Yu et al., 2010). In a 

detailed alanine scanning mutagenesis of SsaL it was demonstrated that several amino 

acid positions, mainly located at the C-terminal domain of SsaL, are critical for the 

gatekeeper function when tested in an in vitro secretion assay. One mode of action of the 

gatekeeper could rely on a specific interaction with the translocon proteins that enables 

their subsequent secretion.  Interactions between SsaL and the translocon proteins SseB 

and SseC were detected, however their exact manner requires further investigation.  

In a second part of this work, I focused on biochemical analysis of SpvD, an anti-

inflammatory effector protein of unknown function encoded by the spv operon within pSLT 

virulence plasmid (Rolhion et al., in preparation). During this study it was determined that 

SpvD acts in vitro as a protease and that this activity depends on cysteine C73. A crystal 

structure determined as a result of collaboration with Dr Stephen Hare clearly shows that 

SpvD adopts a papain-like fold with a C73/H162/D182 catalytic triad, a characteristic 

feature and key element required for the enzymatic activities of this superfamily of proteins. 

A detailed analysis of the protein structure revealed a putative inhibitory arginine R161 that 

might obstruct the activity of SpvD. A subsequent BLAST search of SpvD amino acid 

sequences demonstrated serovar-specific differences at position 161. Mutations of the 

Typhimurium SpvD variant that mimicked SpvD from other serovars increased the 

proteolytic activity in an in vitro cleavage assay. Whether this polymorphism reflects host 

adaptation or partial loss of activity requires further investigation, as does identification of 

the physiological substrate(s) of SpvD.  
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CHAPTER 1 – INTRODUCTION 

1.1 Salmonella pathogenesis  

1.1.1 Taxonomy and evolution of Salmonella  

Salmonella is a genus of motile, facultative anaerobic, Gram-negative, and rod-shaped 

bacteria belonging to the Enterobacteriaceae family. These bacteria were first isolated 

and cultivated by Georg Gaffkey in 1884 and named after Daniel Salmon. Initial 

Salmonella classification scheme was based on somatic lipopolysaccharide (O) and 

flagellar (H) antigens serotyping where each serotype was considered a separate 

species. Implementation of multi-locus sequence typing, (DNA)-DNA hybridisation, and 

recently increasing whole genome sequencing techniques enabled more accurate and 

universal classification of this genus (Crosa et al., 1973; Desai et al., 2013; Okoro et 

al., 2012). Nowadays the Salmonella genus is classified into two species: Salmonella 

bongori and Salmonella enterica. Species S. enterica is additionally composed of six 

subspecies, arizonae (IIIa), diarizonae (IIIb), houtenae (IV), salamae (II), indica (VI) 

and enterica (I) (Grimont and Weill, 2007) (Fig. 1.1 A and B). In the past serotyping-

based analysis classified S. bongori as a S. enterica subspecies (V), however 

subsequent multilocus enzyme electrophoresis studies re-classified it as a separate 

species (Reeves et al., 1989) (Fig. 1.1). The vast majority (1,500 out of nearly 2,600) of 

all the Salmonella serovars described belongs to enterica (I) subspecies which 

contributes to most Salmonella infections of warm-blooded animals (Brenner et al., 

2000). Based on multi-locus sequence analysis and single nucleotide polymorphism 

data, subspecies enterica (I) has been additionally classified into three clades, A, 

Typhi, and B. However some studies consider Typhi as part of clade A (Fig. 1.1 B; den 

Bakker et al., 2011; Desai et al., 2013). Interestingly, a global survey performed in 59 

countries revealed that Salmonella enterica ssp. enterica serovars Enteritidis, 

Typhimurium, and Typhi accounted for 76.1% of all strains isolated from human 

samples in 1995 (Herikstad et al., 2002).  

Linking ecological events known to occur at specific geological time to differences in 

16S ribosomal RNA genes of eubacteria allowed researchers to estimate that 

Salmonella and Escherichia genera diverged approximately 120-160 million years ago 

(Fig. 1.1 A; Ochman and Wilson, 1987). Since then, Salmonella has acquired a range 

of virulence determinants that allowed it to become a facultative intracellular pathogen 

capable of invading the host intestinal epithelium. Amongst the most important were 

adhesins encoded by lpf, fem, fim operons responsible for attachment to epithelial cells  
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Figure 1.1 Evolution of Salmonella 
A. Condensed and linearized cladogram  with  predicted  diversion  time  (brown  X-axis) 

symbolised by nodes. Approximate time of acquisition of SPI-1 and SPI-2 pathogenicity 
islands are depicted by green arrows. Serotype-based classification is shown in brackets. 
Asterisks points to past classification where S. bongori was considered a S. enterica 
subspecies. Modified from Desai et al., 2013 and based on Cotter and DiRita, 2000 and 
Ochman and Wilson, 1987.  

B. Maximum likelihood cladogram of Salmonella species and subspecies based on ~2.6 Mbp 
core sequence conserved across genomes (with total of 737,062 single nucleotide 
polymorphisms). Modified from Desai et al., 2013.  

Red dashed line points to Salmonella strains adapted to infecting warm-blooded hosts.  
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and villous intestine (Bäumler et al., 1996a, 1996b, 1996c), and Salmonella 

pathogenicity island 1 (SPI-1), a 40.2 kbp chromosomal region encoding type three 

secretion system (T3SS) components and T3SS-secreted proteins shown to be 

essential for the invasion process (Galán and Curtiss, 1989; Mills et al., 1995). The 

ability to cross the host cell membrane and resulting exposure to the cell cytosol 

opened a new nutrient-rich ecological niche with no gut commensal bacteria to 

compete with on one hand, and a new eukaryotic environment with multi-level bacterial 

defence mechanisms on the other hand (Bäumler, 1997).  

Subsequent acquisition of another pathogenicity island, SPI-2, enabled intracellular 

replication of Salmonella and contributed to its ability to spread to other tissues 

resulting in systemic infection (Hensel et al., 1995; Ochman et al., 1996; Shea et al., 

1996). All Salmonellae possess SPI-1 and SPI-2 islands except S. bongori species 

which lacks SPI-2 (Ochman and Groisman, 1996). The absence of SPI-2 and the 

inability of S. bongori to establish a systematic disease suggest that SPI-2 was 

acquired after SPI-1 and that S. bongori represents an early ancestor stage of 

Salmonellae (Fig. 1.1). 

Salmonella enterica ssp. enterica (from now on referred as Salmonella or S. enterica) 

can infect a variety of host species, but host-restricted serovars also exist. For 

example, Enteritidis and Typhimurium serovars can infect a wide range of hosts such 

as humans, mice, pigs, cattle and fowl, but Gallinarum or Typhi infect only domestic 

fowl and higher primates, respectively (Table 1.1). Interestingly, in the case of serovars 

that infect multiple species, a type of disease caused is host species-dependent, 

suggesting an important role of specific host-pathogen interactions in the disease 

outcome (Table 1.1).  

1.1.2 Human diseases caused by Salmonella 

Approximately 50 out of nearly 2,600 Salmonella serovars described are responsible 

for 99% of Salmonella-associated diseases in humans and all belong to subspecies 

enterica (I) (Aleksic et al., 1996). In the USA, ten most common Salmonella serovars 

contribute to approximately 70% of all the isolates (Centers for Disease Control and 

Prevention Salmonella Surveillance: Annual Summary, 2006). The three most common 

diseases caused by Salmonella infection in humans are: gastroenteritis, invasive 

bacteraemia, and typhoid (or enteric) fever.  
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Table 1.1 Salmonella, its hosts, and caused diseases 
 

 

 

 

 

 

 

 

1.1.2.1 Gastroenteritis 

With estimated annual 93.8 million reported cases and approximate 150,000 deaths, 

Salmonella remains one of the top causative agents of gastroenteritis worldwide 

(Majowicz et al., 2010). Mainly caused by non-typhoidal Salmonella (NTS) serovars 

Enteritidis and Typhimurium, gastroenteritis is usually a non-systemic and self-

resolving disease limited mainly to the small intestine (Santos et al., 2009). 

Approximately 12-72 hours after consumption of contaminated food (mainly meat, 

eggs, and dairy products from infected animals) or water, the disease symptoms start 

to develop. Major clinical manifestations include nausea, fever, vomiting, inflammatory 

diarrhoea, and abdominal cramps. In most untreated cases the diseases self-resolves 

within 3 to 7 days, however more severe cases lasting up to 2-3 weeks have also been 

reported (Ina et al., 2003). In immunocompromised patients the disease may develop 

into more serious and life-threatening bacteraemia (salmonellosis) and systemic 

infection (Mastroeni, 2002). 

1.1.2.2 Invasive non-typhoidal salmonellosis 

A small fraction (~5%) of patients with gastroenteritis caused by NTS serovars 

develops non-typhoidal invasive bacteraemia (salmonellosis) that is no longer limited to 

the small intestine and spreads to systemic sites resulting in potential septic shock, 

septic arthritis and meningitis (Hohmann, 2001). The highest frequency of invasive 

non-typhoidal salmonellosis (iNTS) is reported in regions of sub-Saharan Africa with 

more than 100 cases per 100,000 people reported annually (Reddy et al., 2010). 

Malnutrition, HIV infection, and childhood malarial anaemia are known risk factors 
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involved in iNTS disease, spread and mortality, reaching 20-25% in children and up to 

50% in HIV-infected adults (Feasey et al., 2012; Gordon, 2008; Gordon et al., 2002).  

The clinical presentation of iNTS is variable and enteric fever symptoms, such as fever 

and hepatosplenomegaly, with diarrhoea often absent have been reported (Feasey et 

al., 2012).  Multidrug-resistant Typhimurium and Enteritidis NTS strains are now 

widespread and represent a serious problem (Gordon, 2008).  

1.1.2.3 Typhoid fever 

Salmonella serovars Typhi and Paratyphi are the causative agents of human typhoid 

and paratyphoid fevers, respectively. Typhoid (or enteric) fever burden is the highest in 

Southeast Asia with over 100 cases per 100,000 people annually (Crump et al., 2004; 

Deen et al., 2012). Globally, there are an estimated 21 million cases of S. Typhi-related 

infections with 200-400,000 deaths occurring every year (Crump et al., 2004, 2008) 

Serovars Paratyphi A, B, and C contribute to an additional 5 million Salmonella 

infections  (Gilchrist et al., 2015). 

The severity and type of symptoms of typhoid fever depend on the population studied. 

Typically towards the end of first week following Salmonella infection patients show 

initial disease symptoms and these are fever, influenza-like symptoms with chills, 

nausea, and abdominal discomfort. In second week patients develop secondary 

symptoms in the form of high (39-40 °C) fever, low-grade bacteraemia and hypertrophy 

of organs of reticulo-endothelial system (RES) (Ohl and Miller, 2001; Parry et al., 

2002). The infectious dose of S. Typhi based on a number of human volunteers was 

shown to vary between 103 and 106 bacteria (Hornick et al., 1970). 

Following oral ingestion of water and food contaminated with human faeces, a small 

fraction S. Typhi passes the stomach acid barrier. It is thought that one of the main 

roles of stomach gastric acid is to protect pathogenic microorganisms from reaching 

the small intestine (Howden and Hunt, 1987). Importantly, it has been shown that 

disturbance of gastric acid production due to ageing, previous gastrectomy, 

achlorhydria or Helicobacter pylori infection results in increased susceptibility to typhoid 

fever (Bhan et al., 2002). Upon reaching the small intestine’s terminal ileum, 

Salmonella is thought to cross the epithelial layer and access the underlying 

immunological tissue mainly via microfold M cells of Peyer’s patches. Peyer’s patches, 

or PP, are localised lymphoid tissue aggregates that are normally found in the lower 

part of the small intestine, the ileum (Merga et al., 2014). Studies performed using a 

murine model of typhoid fever demonstrated that Salmonella can transverse the 
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intestinal epithelium in three independent ways: (i) invasion of microfold M cells within 

PP (Clark et al., 1996; Jones et al., 1994); (ii) invasion of enterocytes (Jones et al., 

1994); (iii) phagocytosis by CD18+ cells (Vazquez-Torres et al., 1999). Mainly through 

gut-associated migratory dendritic cells bacteria subsequently reach mesenteric lymph 

nodes (MLN) where bacterial replication and colonisation take place (Voedisch et al., 

2009). Following blood- or lymph-mediated spread, S. Typhi establishes systemic 

infection in liver, spleen (resulting in hepatosplenomegaly), and bone marrow (Fig. 1.2 

B and C). Salmonella also disseminates to the gallbladder in which it replicates both 

intra- and extracellularly, additionally forming biofilms on gallstones (Crawford et al., 

2010; Menendez et al., 2009; Prouty et al., 2002). The colonised gallbladder is believed 

to serve as a Salmonella reservoir, from which some bacteria re-enter the 

gastrointestinal system, re-infecting the intestine and being shed with faeces, enabling 

further human to human spread (Fig. 1.2; Gonzalez-Escobedo et al., 2011; Lai et al., 

1992; Sinnott and Teall, 1987). The secondary invasion of intestine can result in severe 

complications as haemorrhage, necrosis, ulceration and intestinal perforation, which 

can be fatal (Everest et al., 2001). Some infected patients (1-5%) can become chronic 

Salmonella carriers constantly shedding bacteria even after all the typhoid symptoms 

are resolved. Majority (75%) can get re-infected and develop typhoid fever again, 

however 25% remain symptomless even though they still shed bacteria through urine 

and faeces (Bhan et al., 2005; Gonzalez-Escobedo et al., 2011). 

Rapidly increasing multi-drug resistance of Typhi and Paratyphi serovars diminishes 

the efficiency of traditionally used first-line drugs such as fluoroquinolones and 

ciprofloxacin. Currently, there is a shift in typhoid-combating drugs towards third 

generation cephalosporins such as ceftriaxone. However, the previously observed 

adaptation of Salmonella to antibiotics suggests that appearance of resistant strains is 

only a matter of time (Crump and Mintz, 2010).   
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Figure 1.2 Salmonella Typhi life cycle  

A. After oral ingestion Salmonella enters gastrointestinal (GI) tract and colonises Peyer’s 
patches within the small intestine.  

B. Salmonella invades intestinal mucosa potentially through M cells and subsequently spreads 
to local dendritic cells and macrophages (Dougan and Baker, 2014).                                                   
SCV – Salmonella-containing vacuole.  

C. Via blood circulation, bacteria are transported and establish a systemic infection within liver, 
spleen, and bone marrow. Following replication within these organs S. Typhi re-enters the 
gastrointestinal tract through gallbladder, resulting in secondary intestinal colonisation and 
bacterial shedding (Gonzalez-Escobedo and Gunn, 2013).  
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1.1.3 Experimental models of Salmonella infection 

Both in vitro cell culture and animal models of Salmonella infection have proven to be 

powerful tools in analysis of pathogenesis and immune mechanisms, systemic 

dissemination, and tissue colonisation. 

1.1.3.1 Murine typhoid fever model 

The disease model of typhoid fever was difficult to establish because of host restriction 

of S. Typhi. A limited amount of typhoid fever research was done using a chimpanzee 

infection model, demonstrating that S. Typhi also infects primates and causes typhoid 

fever symptoms and typical typhoid tissue pathology patterns, however not as severe 

as in the case of human infection (Edsall et al., 1960; Metchnikoff and Besredka, 1911; 

Tully et al., 1962). 

The main organism used over the last 30 years to date that has proven the most useful 

for studying typhoid fever is the mouse. Susceptible mice that are infected with known 

natural pathogens of rodents, S. Typhimurium and S. Enteritidis, develop systemic 

symptoms closely resembling those of human typhoid fever disease (Carter and 

Collins, 1974; Orskov and Moltke, 1929). Furthermore, the mouse is a cost-effective 

organism with a short generation time and for which a range of techniques enabling 

genetic manipulation exist. 

Wild-type mouse strains, when infected with Enteritidis or Typhimurium, develop a 

chronic systemic disease but are able to contain bacterial loads to systemic sites and 

do not develop the acute form of typhoid (Caron et al., 2002; Monack et al., 2004). 

Studies on host genes responsible for resistance to intracellular bacterial infections 

revealed that a gene encoding a natural resistance-associated macrophage protein-1 

(nramp-1, also known as solute carrier 11a1 [slc11a1]) is essential for this (Lissner et 

al., 1983; Vidal et al., 1995a, 1995b, 1993). Nramp-1 is a divalent metal transporter 

expressed in phagocytic cells that participates in iron efflux from bacteria-containing 

phagosomes. Functional Nramp-1 was shown to limit intracellular replication of S. 

Typhimurium in macrophages (Nairz et al., 2009). A naturally occurring G169D 

polymorphism of this protein, Nramp-1G169D, leads to protein misfolding and loss of 

stability resulting in lack of functional Nramp (Vidal et al., 1996). As a consequence, 

mice with nramp-1 knock out and nramp-1G169D variants are much more prone to S. 

Typhimurium and Enteritidis infections and oral administrations of as little as 104-105 

colony forming units (CFUs) can be fatal  (Scherer and Miller, 2001). Therefore BALB/c 

and C57BL/6 mice lacking functional Nramp-1 (nramp-1 -/-) are used as models for 
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acute phase typhoid fever, whereas 129sv mice with functional Nramp-1 are used to 

study chronic typhoid disease. 

Mice can be infected orally or by intravenous, intraperitoneal, and subcutaneous 

injections, omitting the gastrointestinal tract and mimicking the systemic stage of the 

disease. When bacteria are administered via the oral route, the vast majority (>99%) is 

killed by the acidic environment of murine stomach. However, a small fraction of 

bacteria reaches small intestine and colonises PP (Carter and Collins, 1974). 

Importantly, the pathology of murine intestine resembles that of human with enlarged 

Peyer’s patches, thickened mucosa of ileum, haemorrhage, ulcerations and 

mononuclear leukocyte infiltrate (Santos et al., 2001). Subsequent colonisation and 

spread to MLNs, liver and spleen (hepatosplenomegaly) also resembles the human 

course of typhoid infection (Carter and Collins, 1974). Salmonella was shown to 

replicate mainly within specialised Kupffer macrophages in liver and macrophages from 

the red pulp and marginal zone in spleen (Richter-Dahlfors et al., 1997; Salcedo et al., 

2001). The above mentioned events were linked to the local inflammation and bacterial 

shedding (Menendez et al., 2009). Naturally susceptible mice die during disease 

progression due to increasing bacterial loads in these organs resulting in a 

lipopolysaccharide (LPS)-mediated septic shock (Khan et al., 1998). 

Although the murine model of typhoid fever proved to be valuable in the study of this 

disease, it has some limitations. An obvious difference is that S. Typhimurium causes 

typhoid fever in mice, but in humans the infection results in mostly self-resolving 

gastroenteritis which clearly highlights the importance of host factors in response to 

specific pathogen. Additionally, the Typhimurium and Typhi serovars differ in their 

virulence determinants (see Fig. 1.3 and sections 1.1.4.5 and 1.1.4.6 below). A 

polysaccharide capsule (so-called Vi antigen) in S. Typhi that was shown to be 

involved in host immune system evasion is not present in Typhimurium serovars 

(Raffatellu et al., 2007). Another example is the pSLT virulence plasmid that is present 

in Typhimurium serovar, but not in Typhi (Parkhill et al., 2001).  

Two research groups have developed partially humanised mouse models in which S. 

Typhi, a human restricted pathogen, was able to replicate. Non-obese diabetic mice 

lacking gamma chain of the IL-2 receptor subsequently engrafted with human  

hematopoietic stem cells were shown to be prone to lethal injections of S. Typhi with 

infection pathology resembling human typhoid (Libby et al., 2010). Another group used 

immunocompromised  Rag2-/-γc-/- mice engrafted with human hematopoietic stem cells 

and showed that administered S. Typhi was capable of causing persistent infection 
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lacking systemic pathology characteristic of typhoid (Song et al., 2010). The humanised 

mouse models of S. Typhi infection are unlikely to be used in routine laboratory 

studies, mainly due to their high labour and cost requirements, but may be useful in 

pre-clinical vaccine studies. 

1.1.3.2 Gastroenteritis model 

Mice infected with S. Typhimurium or Enteritidis do not develop diarrhoea hence the 

murine typhoid fever disease model is not relevant for studying gastroenteritis. It was 

observed that natural or experimental infections of calves with S. Typhimurium strains 

result in enteritis that closely resembles the human condition (Santos et al., 2001). The 

calf infection model helped to understand early Salmonella intestinal pathology and 

contribution of different virulence determinants to the development of inflammatory 

diarrhoea (Tsolis et al., 1999a). For over 20 years now, a bovine ligated intestinal loop 

model has proven useful for studying the contribution of particular SPI-1 components to 

enteritis (Layton and Galyov, 2007). However, the high cost, out-bred nature and 

technically challenging nature of bovine model triggered a search for a more robust 

model organism. For over 60 years it has been known that antibiotic pre-treated mice 

are more prone to Salmonella infection (Bohnhoff et al., 1954). Treatment with 

antibiotics clears the murine intestine from gut microflora composed mainly of 

commensal bacteria, thus providing space for efficient intestine colonisation by 

Salmonella. Streptomycin-pretreated mice upon subsequent S. Typhimurium infection 

were shown to develop conditions closely resembling human gastroenteritis with 

common symptoms, e.g. gut inflammation, epithelial ulceration, edema, and infiltration 

of PMN/CD18+ cells (Barthel et al., 2003). In sensitive mice (Nramp-1D169) pretreated 

with streptomycin, gastroenteritis develops in parallel with typhoid disease, limiting the 

time window when mice can be studied. When antibiotic-pretreated resistant 129sv 

mice (Nramp-1G169) were infected with S. Typhimurium, the infection and resulting 

gastroenteritis could be followed up even to as long as 6 weeks, suggesting that the 

combination of animal and antibiotic treatment serves well as a chronic model of 

enteritis (Stecher et al., 2004). 

1.1.3.3 In vitro infection models 

Salmonella can invade and replicate within several types of host cells, including 

epithelial cells and macrophages (Figueira and Holden, 2012). Since studying the 

molecular mechanisms of pathogenesis at the host organism level is technically 

challenging, a simplified model where in vitro grown disease-relevant cell types are 

infected with Salmonella is an attractive alternative. Research done using tissue culture 
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models of Salmonella infection have contributed greatly to our knowledge about his 

pathogen. For example, this approach enabled better understanding of: Salmonella 

invasion of epithelial cells (Galán and Curtiss, 1989; Ginocchio et al., 1992), replication 

dynamics of Salmonella within macrophages (Helaine et al., 2010), maturation of 

Salmonella-containing vacuole (SCV) (Méresse et al., 1999; Steele-Mortimer et al., 

1999), and Salmonella-mediated cytotoxicity (Chen et al., 1996; Hersh et al., 1999).  

Depending on the aspect of infection that is to be studied, different cell lines are used. 

Carcinoma-derived mouse macrophage-like cell lines, like RAW 264.7 or J774, 

together with primary cells such as mouse bone marrow-derived macrophages 

(BMDM), are widely used for studying intracellular killing and replication of Salmonella. 

On the other hand, carcinoma-derived epithelial cell lines such as HeLa, Caco2, Henle-

407 are used to study the invasion process (Zhou and Galán, 2001) as well as the 

interplay between Salmonella and host intracellular trafficking systems (McGourty et 

al., 2012; Mota et al., 2009).  

1.1.4 Salmonella virulence determinants 

Factors involved in establishing and maintaining an intracellular niche for Salmonella 

are key factors in its pathogenesis. A simplified representation of major virulence 

determinants of Salmonella is shown in figure 1.3. 

1.1.4.1 Salmonella pathogenicity islands 

There are groups of virulence-associated genes that Salmonella shares with other 

commensal Gram-negative bacteria that live in our gut. Most of them confer bacterial 

resistance to nutrient limiting conditions, low pH, high osmolarity, DNA damage, and 

bactericidal compounds. However, a major evolutionary change that took place in case 

of Salmonella that contributed to pathogenic nature of this bacterium and divergence 

from commensal species, was the acquisition of pathogenicity islands (PAIs) named 

Salmonella-pathogenicity islands (SPIs) (Groisman and Ochman, 1997). This process 

is thought to have occurred through horizontal gene transfer as the composition of DNA 

fragments constituting SPIs differs from the rest of bacterial chromosomal DNA in its 

G+C content (in case of SPI-1 it is 42% v. 52%, respectively) (Groisman and Ochman, 

1997). There is a total 21 SPIs identified in the Salmonella genus thus far, however, 

their distribution varies depending on serovar, most likely reflecting host adaptation. 

For example Typhi and Typhimurium serovars only share a total of 11 SPIs but their 

compositions also vary (Sabbagh et al., 2010). Within the last 20-30 years, the most 

intensively studied were SPI-1 and SPI-2 pathogenicity islands, proven to be central  
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Figure 1.3 Salmonella virulence determinants 
Main virulence features include: flagella; fimbriae; non-fimbrial adhesins; chromosomal 
Salmonella pathogenicity islands 1 and 2 (SPI-1 and SPI-2) and their encoded type three 
secretion systems (yellow and green); chromosomal two component systems PhoP/PhoQ and 
EnvZ/OmpR; pSLT virulence plasmid with spv operon; and capsule (Vi polysaccharide antigen; 
blue).  
* - not present in Typhi serovars; ** - present only in Typhi serovars 
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elements for Salmonella pathogenicity. Each of these islands encodes a unique T3SS, 

capable of translocating effector proteins into host cell membranes and cytosol. The 

size, order, and orientation of the SPI-1 and SPI-2 T3SS structural genes is similar to 

those found in other pathogens suggesting that it could be a transmissible element 

(Groisman and Ochman, 1997). The main function of SPI-1 is to enable Salmonella to 

invade non-phagocytic cells (Zhou and Galán, 2001), whereas SPI-2 contributes to 

replication inside epithelial cells and macrophages (Helaine et al., 2010). Both SPI-1 

and SPI-2 T3SSs are involved in the onset of gut inflammation which was shown to 

promote Salmonella fitness in a competition against murine microbiota (Hapfelmeier et 

al., 2005; Winter et al., 2010). 

1.1.4.2 Fimbriae and adhesins 

Adhesion to the host intestine is one of the crucial steps during colonisation by 

Salmonella. This process is believed to be mediated by fimbriae and non-fimbrial 

adhesins.  

Fimbriae are appendages on the surface of bacteria with sizes varying between 0.5-10 

µm in length and 2-8 nm in width. They consist of helically arranged repeating proteins 

called fimbrins. There are almost 20 fimbrial operons in the Salmonella genus but the 

number of operons is serovar-dependent and most likely is a result of host-adaptation 

(van Asten and van Dijk, 2005). For example, the presence of pef (plasmid-encoded 

fimbriae) fimbriae was demonstrated to support S. Typhimurium adhesion and as a 

result of that, subsequent colonisation of murine small intestine (Bäumler et al., 1996a). 

Moreover, the lpf operon was shown to be involved in Salmonella targeting of Peyer’s 

patches, as lpf mutants were unable to colonise these regions of intestine, indicating 

involvement of fimbriae not only in host but also in tissue specificity (Bäumler et al., 

1996b). 

There are two types of non-fimbrial adhesins that have been described: BapA and SiiE 

adhesins are secreted through type 1 secretion system (T1SS), and ShdA, MisL 

adhesins are autotransported (Wiedemann et al., 2014). Most adhesins are encoded 

by pathogenicity islands and some of them have been shown to be involved in 

Salmonella intestinal persistence and shedding (Kingsley et al., 2000). Both ShdA and 

MisL were shown to bind fibronectin, a major glycoprotein component of the 

extracellular matrix that is also expressed on surface of intestinal epithelium (Dorsey et 

al., 2005; Kingsley et al., 2002). With its 595 kDa molecular mass and its 53 repetitive 

bacterial immunoglobulin (BIg) domains, a giant non-fimbrial adhesin SiiE is the largest 

Salmonella protein (Barlag and Hensel, 2015). siiE, a major component of the SPI-4 
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pathogenicity island, was demonstrated to bind to apical host cell membrane in a lectin-

like manner targeting specific surface glycostructures (Wagner et al., 2014). SiiE was 

also shown to facilitate SPI-1 T3SS-mediated invasion of a polarised epithelial cell line 

suggesting that both SPI-1 and SPI-4 pathogenicity islands could act in unison for 

efficient colonisation of the host gut (Gerlach et al., 2008; Wagner et al., 2014).  BapA, 

second largest protein in Salmonella proteome (386 kDa), has been implicated in 

biofilm formation and murine intestine colonisation (Latasa et al., 2005). 

1.1.4.3 Flagellum 

The flagellum is a long, up to 20 µm, complex structure conferring motility and 

chemotaxis to many bacterial species. Typically, Salmonellae possess around 5-10 

flagella. Its major component, flagellin (also known as H antigen) is composed either of 

FliC or FljB proteins and it was shown that Salmonella can swap FliC with FljB (or FljB 

with FliC) in a process called phase variation (Pearce and Stocker, 1967). The role of 

the flagellum in pathogenesis of Salmonella is not fully understood. Although no 

virulence attenuation was observed in several flagellum mutants used in murine 

typhoid model of Salmonella infections, a significant virulence defect was observed in 

flagellar mutants used in calf ligated-loop and in streptomycin-pretreated mouse 

models of gastroenteritis (Schmitt et al., 2001; Stecher et al., 2004). Flagellin was 

demonstrated to bind to toll-like receptor 5 (TLR5) and cause NF-κB-mediated 

inflammation (Gewirtz et al., 2001; Hayashi et al., 2001). Furthermore, in macrophages 

infected by Salmonella, flagellin was shown to be secreted intracellularly via SPI-1 

T3SS leading to subsequent activation of caspase-1, secretion of IL-1β, and early cell 

death (Franchi et al., 2006; Miao et al., 2006; Sun et al., 2007). In an artificial setting 

where flagellin was expressed in Salmonella containing plasmid with a sseJ (SPI-2 

induced) promoter, it was shown that Salmonella triggers flagellin activated NLRC4 

response which was dependent on a functional SPI-2 T3SS, suggesting that flagellin 

could also be translocated by SPI-2 T3SS (Miao et al., 2010).  

1.1.4.4 Two-component systems 

Two-component systems are essential for bacterial responses and adaptation to the 

surrounding environment. As the name suggests, the core of these systems is 

composed of two major elements: a membrane-bound sensory histidine kinase 

responding to a given environmental stimulus (pH, ion concentration, oxygen 

concentration etc.); and a corresponding cytosolic regulatory factor that mediates 

cellular response, mostly by activation of expression of a set of genes, to the often 

rapidly changing habitat of bacteria (Mascher et al., 2006). 
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The PhoQ/PhoP system is a major virulence regulator of S. enterica and other Gram-

negative bacteria (Groisman et al., 1989; Miller et al., 1989). This system is activated 

by low extracellular cation concentrations, low pH conditions, and small antimicrobial 

peptides where, upon stimulation by dimeric PhoQ kinase, a response regulator PhoP 

affects expression of approximately 3% of S. enterica genome (Alpuche Aranda et al., 

1992; Bader et al., 2005; García Véscovi et al., 1996; Kato and Groisman, 2008). 

Within genes affected by PhoQ/PhoP, only a subset is involved in virulence and since 

this system is shared with other non-pathogenic bacteria, it suggests that pathogenic 

bacteria adapted this ancient pro-survival system over time (~120-160 million years) to 

modulate their virulence (Garcia Véscovi et al. 1994; Monsieurs et al., 2005). Upon 

uptake by macrophages, Salmonella resides within a specialised Salmonella-

containing vacuole (SCV), whose lumen is characterised by low pH and low 

magnesium concentration that were shown to trigger PhoP/PhoQ activation (Sciara et 

al., 2008). Genes up-regulated by PhoP are designated pags (for PhoP-activated 

genes) and are involved in magnesium uptake, resistance to bacteriocidal peptides, 

and LPS remodelling (Bader et al., 2005; Chamnongpol and Groisman, 2002; Ernst et 

al., 2001; Soncini and Vescovi, 1996). Down-regulated genes, or prgs (for PhoP-

repressed genes), are involved in SPI-1-mediated invasion and adhesion (Adams et 

al., 2001; Behlau and Miller, 1993; García-Calderón et al., 2007). The second major 

two-component system involved in Salmonella virulence, EnvZ/OmpR, is activated in 

response to osmotic and pH stress (Bang et al., 2000; Slauch et al., 1988). Recently, 

using DNA-based FRET biosensors, it was reported that the cytosol of Salmonella can 

undergo acidification in acidic environment or after uptake by macrophages and that 

this process is EnvZ- and OmpR-dependent (Chakraborty et al., 2015). Both 

EnvZ/OmpR and PhoP/Q systems were shown to activate SPI-2 expression through 

up-regulation of the SsrA/SsrB system (Bijlsma and Groisman, 2005; Garmendia et al., 

2003). Just as in the case of PhoP/PhoQ, mutating the EnvZ/OmpR system results in 

substantial virulence attenuation in mice (Dorman et al., 1989). 

1.1.4.5 Capsule 

The mechanism of pathogenesis of S. Typhi is unique as its distinguishing virulence 

determinant, a SPI-7-encoded polysaccharide Vi antigen, is not found any other 

Salmonella serovars (Raffatellu et al., 2006). Multiple studies demonstrated that the Vi 

antigen is involved in: prevention of phagocytosis, reduction of TNFα and IL-8 secretion 

by infected macrophages, and increased serum resistance (Hashimoto et al., 1993; 

Hirose et al., 1997; Looney and Steigbigel, 1986; Raffatellu et al., 2005). In a 4-year 

study on typhoid fever patients, over 99.95% of 2,222 S. Typhi strains isolated were 
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capsule positive, proving how remarkably conserved this virulence feature is (Wain et 

al., 2005). More recent in vitro studies suggest that the capsule is involved in evasion 

of microbe-guided neutrophil chemotaxis as neutrophils could protrude chemotactic 

pseudopodia towards E. coli, S. Typhimurium and capsule deprived S. Typhi, but not 

towards wild-type S. Typhi (Wangdi et al., 2014). 

1.1.4.6 pSLT virulence plasmid and spv operon 

The majority of Salmonella serovars do not carry any plasmids. However, strains 

frequently isolated from animal and human infected hosts like Enteritidis, Typhimurium, 

Gallinarum, Dublin, or Choleraesuis carry serovar-specific pSLT plasmids of 

approximately 50-100 kbp (Montenegro et al., 1991). Importantly, the pSLT plasmid is 

not found in Typhi, Paratyphi A, and Paratyphi B serovars (McClelland et al., 2001). 

There are three regions contributing to most of Salmonella plasmid stability and 

replication, namely IncFIIA, IncFIB, and parAB. IncFIIA and IncFIB contain sequences 

allowing independent replication when fused to an antibiotic resistance cassette, 

whereas parAB was shown to be involved in plasmid segregation (Fig. 1.4 A; Tinge 

and Curtiss, 1990). 

There are several virulence factors that are encoded by the pSLT plasmid, however 

their conservation is serovar-dependent (Fig. 1.4 B). These are encoded by: 

Salmonella plasmid virulence operon (spv), a protein conferring resistance to 

complement killing (rck), plasmid encoded fimbriae (pef; mentioned before), and 

macrophage inducible gene 5 (mig5).  

The spv region consists of five genes arranged in two transcription units, spvR and 

spvABCD, which were identified soon after linking virulence of non-typhoidal 

Salmonella serovars with the presence of a pSLT plasmid (Jones et al., 1982; Norel et 

al., 1989). SpvR is a positive transcriptional regulator, activating the expression of its 

own spvR gene and of the spvABCD operon. Other factors such as histone-like protein 

(H-NS), the stationary sigma factor (RpoS), the leucine-responsive regulatory protein 

(Lrp), integration factor (IHF), and cyclic AMP receptor protein (CRP), were also shown 

to be involved in regulation of spv expression (Fig. 1.4 C; Kowarz et al., 1994; Krause 

et al., 1995; Marshall et al., 1999; O’Byrne and Dorman, 1994a, 1994b; Robbe-Saule et 

al., 1997). The role of other transcription factors of PhoP/PhoQ, EnvZ/OmpR, or 

SsrA/SsrB two-component systems remains to be determined. Environmental factors 

like starvation, uptake by macrophages, invasion of epithelial and hepatoma cells, and 

low pH and magnesium concentration are also known stimulants of spv expression 

(Clements et al., 2001; Krause et al., 1995; Rhen et al., 1993). 
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Figure 1.4 Evolution of Salmonella pSLT virulence plasmids, conservation of pSLT-

encoded virulence factors, and organisation of the spv operon  
A. Model of pSLT plasmid evolution within Salmonella serovars.  
B. Conservation of different virulence factors amongst Typhimurium (STM), Enteritidis (SE), 

Choleraesuis (SCS), Gallinarum (SG), and Dublin (SD) serovars. spv – Salmonella plasmid 
virulence operon; rck – resistance to complement killing gene; pef – plasmid-encoded 
fimbriae gene; srgA - SdiA-regulated gene; mig-5 – macrophage inducible gene. Modified 
from Rychlik et al., 2007.  

C. spvR promoter is positively controlled of RpoS and IHP and its own gene product SpvR (blue 
dashed arrow) and negatively controlled by H-NS and CRP factors (red dashed line). 
spvABCD transcriptional unit is positively regulated by SpvR (blue dashed arrow) and 
negatively regulated by Lrp (red dashed line). The promoter sequences are shown as green 
framed boxes.    
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SpvA is a 28 kDa protein of unknown function. On the other hand, SpvB (65 kDa) was 

shown to be secreted by Salmonella during infection and to ADP-ribosylate actin. 

SpvB-mediated actin ribosylation results in destabilisation of host cytoskeleton and 

cytotoxicity in macrophages (Lesnick et al., 2001; Libby et al., 2000; Tezcan-Merdol et 

al., 2001). Additionally, SpvB was shown to be involved in efficient bacterial spread 

from dendritic cells in SPI-1 T3SS-lacking Salmonella infection model of murine 

enterocolitis (Käppeli et al., 2011). Another protein encoded by spvABCD operon, 

SpvC (27 kDa), is a phosphothreonine lyase. This activity permanently removes the 

phosphate moiety from activated MAPK (p38 [MAPK11], JNK, p42 [ERK2], and p44 

[ERK1]) proteins in a process of β elimination (Li et al., 2007; Mazurkiewicz et al., 

2008; Zhu et al., 2007). Secreted by both SPI-1 and SPI-2 T3SS, SpvC possesses a 

MAPK-dependent anti-inflammatory activity leading to a decrease of pro-inflammatory 

cytokine secretion (Haneda et al., 2012; Mazurkiewicz et al., 2008). A S. Typhimurium 

spvC mutant is attenuated for virulence in murine models of both typhoid fever and 

enterocolitis diseases (Mazurkiewicz et al., 2008; Haneda et al., 2012). It was claimed 

that functional SpvB and SpvC account for the virulence properties of the spv operon 

as complementation of a pSLT-negative S. Typhimurium strain with a plasmid 

expressing only functional SpvB and SpvC restored virulence to wild-type levels as 

measured by spleen CFU counts after subcutaneous, but not after oral, inoculation 

(Matsui et al., 2001). However, this systemic disease model bypasses the natural, oral 

route of Salmonella infection and ignores any additional contributions of spv operon 

(SpvA and SpvD) and/or other virulence determinants encoded on the pSLT plasmid 

which might be important during early stages of Salmonella pathogenesis. Although the 

function of SpvD (25 kDa), the last protein product of spv operon, remains unknown, it 

was demonstrated that SpvD is secreted by both SPI-1 and SPI-2 T3SS and that it 

contributes to virulence in intraperitoneally injected 129/sv mice (Niemann et al., 2011). 

The Salmonella virulence plasmid also encodes a 17 kDa outer membrane protein 

(Rck) that, when introduced to serum sensitive E. coli K12 or plasmid-free S. 

Typhimurium strains, confers resistance to serum (Hackett et al., 1987). This 

phenomenon is thought to occur via inhibition of complement mediated killing. Recent 

studies revealed that Rck protein binds to factor H (fH) and C4b-binding protein (C4BP) 

complement proteins which are known inhibitors of alternative, classical, and lectin 

activation pathways of complement (Ho et al., 2010, 2011). Inhibition of these 

pathways results in pathogen protection from complement-mediated opsonisation, lysis 

through membrane attack complex (MAC) as well as from complement-mediated onset 

of inflammation. Rck also confers invasiveness to non-invasive bacteria and Rck-
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coated beads and is involved in the Salmonella zipper-like invasion (Heffernan et al., 

1994; Rosselin et al., 2010). Recently, it was shown that the Rck-mediated zipper-like 

Salmonella invasion involves host c-Src tyrosine kinase that becomes activated upon 

exposure to Rck (Wiedemann et al., 2012). 

Macrophage-inducible gene 5 (Mig5) was shown to be highly up-regulated upon 

macrophage uptake (Valdivia and Falkow, 1997). The Mig5 protein is a predicted 

carbonic anhydrase, catalysing hydratation of carbon dioxide and carbonate formation, 

however the exact role of this reaction during Salmonella pathogenesis remains to be 

investigated. The expression of mig-5 was shown to be under the control of 

PhoP/PhoQ two component system and mig-5 S. Typhimurium mutants were 

significantly attenuated in the murine infection model (Valdivia and Falkow, 1997).   

Recently it was discovered that a PSLT046(mig5)-PSLT047 intergenic sequence 

encodes for IesR-1 (intracellular-expressed-sRNA-1),  a small regulatory RNA (sRNA) 

that is induced ~200-300 fold upon fibroblast entry (Gonzalo-Asensio et al., 2013). 

IesR-1 was shown to act as an antisense RNA to the pSLT047 transcript, negatively 

regulating the pSLT047 protein levels and IesR-1 mutant showed a virulence defect in 

mouse infections (Gonzalo-Asensio et al., 2013). 

Taken together, the evidence shows that the virulence plasmid provides Salmonella 

with a sizeable range of virulence determinants that support intestinal invasion, 

bacterial spread through macrophage cytotoxicity, survival in blood serum and down-

regulation of inflammatory processes. 

1.1.4.7 Type three secretion systems 

T3SSs enable Salmonella to deliver a vast repertoire of effector proteins into the host 

cytosol and membranes. S. enterica species possesses two distinct T3SSs encoded by 

SPI-1 (T3SS1) and SPI-2 (T3SS2) pathogenicity islands that have unique functions 

during pathogenesis (Galán and Curtiss, 1989; Hensel et al., 1998). Importantly, there 

are numerous SPI-1 and SPI-2 effector proteins whose functions, although sometimes 

controversial, have been determined. However, due to limited space, the reader is 

referred to some of the latest comprehensive reviews of Salmonella effector proteins 

(Figueira and Holden, 2012; van der Heijden and Finlay, 2012; LaRock et al., 2015). 

The architecture, assembly, and spatiotemporal control of T3SS will be discussed in 

more detail later in this chapter.  
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1.1.5 T3SS1 activities 

1.1.5.1 Invasion 

T3SS1-mediated invasion is the main way through which Salmonella accesses non-

phagocytic cells, although SPI-1-independent invasion can also occur (Malik-Kale et 

al., 2011). One of the initial steps preceding effector T3SS1-mediated protein delivery 

to host cytosol is a formation of stable, physical contact between Salmonella and the 

host cell (Zierler and Galán, 1995). This process is facilitated by fimbriae-mediated 

reversible adhesion (van der Velden et al., 1998). Following adhesion, an irreversible 

T3SS1-dependent docking (or intimate attachment) takes place (Misselwitz et al., 

2011). Translocon proteins (or translocases) SipB, SipC, and SipD have been reported 

to act cooperatively in establishing the intimate attachment between Salmonella and 

the host cell which is believed to be required for T3SS effector protein delivery (Collazo 

and Galán, 1997; Lara-Tejero and Galán, 2009). Upon initial attachment and cell 

recognition, T3SS1 translocates over 15, mainly SPI-1-encoded, effector proteins into 

the host (Fig. 1.5). The initial consequence of SPI-1 action can be seen in a form of 

extensive membrane ruffling on the surface of the host cell. This process is mediated 

through several SPI-1 translocon and effector proteins, namely SipA, SipC, SopB, 

SopE, and SopE2, that together trigger extensive local actin remodelling (Fig. 1.5). 

While SipA and SipC have been shown to directly bind actin, SopB, SopE and SopE2 

affect local actin polymerisation indirectly, through activation of Rho GTPases (Malik-

Kale et al., 2011). Apart from actin binding, SipA stabilises actin polymerisation through 

recruitment and activation of T-plastin that promotes actin bundling (Zhou et al., 1999a, 

1999b). Moreover, SipA also actively inhibits cofilin-mediated depolymerisation of actin 

as well as gelsolin-dependent severing of actin filaments (McGhie et al., 2004; Fig. 

1.5). Translocon protein SipC was demonstrated to possess actin nucleation and 

bundling activities thus promoting local actin polymerisation (Hayward and Koronakis, 

1999). 

Rho GTPases and phosphoinositides are essential during actin remodelling processes 

in eukaryotic cells. SopB is an effector protein with phosphatase activity towards 

phosphoinositides (Norris et al., 1998; Fig. 1.5). Also, SopB was shown to stimulate 

SH3-containing guanine nucleotide exchange factor (SGEF) that triggers exchange of 

GDP to GTP nucleotides on the GTPase RhoG resulting in its activation (Patel and 

Galán, 2006). On the other hand, SopE and SopE2 mimic eukaryotic Rho guanine 

nucleotide exchange factors (RhoGEFs) specific for Cdc42 and Rac1 GTPases. SopE2 

acts exclusively on Cdc42, whereas highly conserved (70% sequence identity), SopE,  
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Figure 1.5 Salmonella-induced membrane ruffling 
Upon irreversible Salmonella contact with host cell, T3SS1-mediated translocation of bacterial 
effector proteins occurs. SopE and SopE2 function as GEFs for Rac1 and Cdc42, whereas 
SopB activates SH3-cotaining GEF of RhoG. GTP-bound Rho GTPases then activate WASP 
family of proteins such as WAVE2. This results in Arp2/3-dependent actin filament formation. 
SipA and SipC bind to actin and inhibit its depolymerisation. SopB also is known to 
dephosphorylate phosphoinositols. Upon completion of entry, SptP acts as a Rho GTPase 
activating protein (GAP) reverting initial effects mediated through SopE/E2. 
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which is not present in every Salmonella strain, activates Rac1 (Bakshi et al., 2000; 

Friebel et al., 2001; Hardt et al., 1998; Patel and Galán, 2006). All three: SopB, SopE, 

and SopE2 were shown to act cooperatively to activate Rho GTPases resulting in 

stimulation of downstream cellular proteins such as members of Wiscott-Aldrich 

Syndrome protein family as N-WASP and WAVE2 which trigger Arp2/3-mediated actin 

polymerisation (Criss and Casanova, 2003; Fig. 1.5). Additionally, IQGAP1 has been 

linked to Salmonella invasion and actin-mediated regulation of Cdc42 and Rac1 activity 

(Fig. 1.5). Knockdown and overexpression of IQGAP1 were shown to decrease and 

increase the ability of Salmonella to enter the host cell, respectively (Brown et al., 

2007). Recently a myosin II-mediated contractility mechanism was proposed as an 

alternative and Arp2/3-independent pathway involved during Salmonella invasion 

(Hänisch et al., 2011). 

Following Salmonella internalisation, the host actin cytoskeleton returns to its 

“preinvasion” state through action of SptP that was shown to act as GTPase-activating 

protein (GAP) for Cdc42 and Rac1 reversing the initial GEF activity of SopE/E2 (Fu and 

Galán, 1999). 

1.1.5.2 SCV biogenesis 

Following membrane ruffling, Salmonella becomes progressively surrounded by host 

cell membrane leading to membrane fission and sealing of the SCV (Patel and Galán, 

2005). 

One of the main factors enabling host membrane fission is a reduction in concentration 

of the phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) responsible for the rigidity of 

the host membranes. This drop is attributed to the phosphatase activity of SopB that 

was also shown to induce plasma membrane invagination and fission events 

(Terebiznik et al., 2002). Another effector, SopD, was shown to be recruited to the 

Salmonella invasion sites in a SopB-dependent manner. Both SopB and SopD proteins 

were shown to be essential for Salmonella uptake and host membrane fission resulting 

in SCV generation (Bakowski et al., 2007). 

SopB is also crucial for early SCV generation and thus in establishing a Salmonella 

intracellular replication niche (Hernandez et al., 2004). SopB-dependent incorporation 

of PI(3)P to the SCV membrane results in subsequent recruitment of LAMP1, Vamp8, 

and EEA1 proteins (Steele-Mortimer, 2008). This effect is also dependent on SopD, 

supporting the cooperative mode of action of these two proteins. Moreover, SopB was 

shown to be involved in reduction of surface charge of the SCV through depletion of 
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PI(4,5)P2 and phosphatidylserine (PS). Interestingly, this charge reduction is thought to 

prevent the fusion of the SCV with lysosomes (Bakowski et al., 2010). 

Early biogenesis of a functional SCV was also shown to be dependent on SptP. Its 

tyrosine phosphatase activity on the AAA+ ATPase valosin-containing protein (VCP), 

which is involved in membrane fusion and protein degradation, was involved in efficient 

Salmonella replication within SCVs (Humphreys et al., 2009). 

1.1.5.3 Inflammation 

Apart from manipulation of host membrane and actin dynamics, the T3SS1 and its 

effector proteins are also involved in inflammation. The T3SS1 was known to activate 

caspase 1-mediated IL-1β secretion and pyroptotic cell death through secretion of 

flagellin (Franchi et al., 2006; Miao et al., 2006). Additionally, SopE triggered activation 

of the caspase 1 pathway in epithelial and macrophage cell lines (Müller et al., 2009). 

SopE also contributed to IL-1β secretion and cell death induction in RAW264.7 

macrophages. In a streptomycin-treated murine model of enteritis SopE was shown to 

be required for efficient onset of mucosal inflammation (Hapfelmeier et al., 2004). 

Another T3SS1 delivered protein, SipA, was shown to activate NOD1/NOD2 pathway 

resulting in NF-κB inflammatory response (Keestra et al., 2011). Apparently, the ability 

of SipA to induce inflammation is independent of its actin-modulating activity (Li et al., 

2013). 

The T3SS1 and its effector proteins SipA, SopE, and SopE2 effector proteins have 

been demonstrated to contribute independently to inflammation in streptomycin-

pretreated mice infection model (Hapfelmeier et al., 2004). In line with this, the same 

set of proteins was shown to be involved in MAPK- and NF-κB-mediated inflammation 

during Salmonella infection of an epithelial cell line (Bruno et al., 2009). 

Two T3SS1 effector proteins, SipA and SopA, were shown to possess pro-

inflammatory activities as indicated by induction of neutrophil transmigration (Lee et al., 

2000; Wood et al., 2000). Interestingly, these SipA and SopA phenotypes were fully 

dependent on specific caspase 3 cleavage of SipA and SopA, elegantly illustrating how 

a pathogen can use host enzymes for post-translational activation of its effector 

proteins (Srikanth et al., 2010). 
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1.1.6 T3SS2 activities 

Whereas T3SS1 acts extracellularly upon cell contact and translocates effector 

proteins through the host cell plasma membrane, T3SS2 assembles in the SCV and 

translocates effector proteins through the vacuolar membrane, interfering with host cell 

processes and promoting bacterial growth (Haraga et al., 2008). SPI-2 was identified 

as 40 kbp region through signature-tagged mutagenesis (STM) screen for S. 

Typhimurium genes required for systemic disease in a mouse disease model (Hensel 

et al., 1995; Shea et al., 1996). Since that time, multiple studies have confirmed that 

T3SS2 functions by translocating effector proteins from Salmonella across the SCV 

membrane to host membranes and cytosol. 

1.1.6.1 SCV maturation 

The proteins acquired initially during SCV biogenesis (early stage), such as transferrin 

receptor and EEA1, are subsequently lost (Steele-Mortimer et al., 1999). Later (30 

minutes to 3 hours post internalisation) the interaction between the SCV and host 

endosomal compartments results in the acquisition of additional proteins, such as 

lysosomal glycoprotein LAMP1, Rab7, and vacuolar ATPase (vATPase). The 

lysosomal proteins within the SCV membrane are thought to be acquired in a Rab7-

dependent manner without direct contact with lysosomes (Méresse et al., 1999). Just 

as in the case of late endosomes, through the action of vATPase, a gradual pH drop 

(acidification) takes place in the SCV lumen. The SCV protein composition is unique as 

it does not have as many lysosomal hydrolases (like cathepsin B) distinguishing it from 

phagolysosomes (Garcia-del Portillo and Finlay, 1995; Hang et al., 2006). Low pH and 

concentration of magnesium and phosphate ions that characterise the SCV 

environment were shown to be the main stimuli for expression and assembly of the 

T3SS2 as well as secretion of some T3SS2 substrates (Beuzón et al., 1999; Deiwick et 

al., 1999; Rappl et al., 2003). Within 3-4 hours post internalisation in epithelial cells, 

through the action of T3SS2 secreted bacterial effector proteins, a late stage SCV is 

formed resulting in additional recruitment of lysosomal glycoproteins and formation of 

tubular structures called Salmonella-induced filaments, or Sifs (Garcia-del Portillo et al., 

1993; Méresse et al., 1999). 

Moreover, in human-adapted Salmonella serovars like Typhi and Paratyphi, the SCV 

membrane formed during infection of HeLa cells was shown to contain a GTPase 

Rab29 that was shown to be essential for secretion of Salmonella toxin from the host 

cell (Spanò et al., 2011). Rab29 is absent from the SCV of the wide host range 

Salmonella serovars Typhimurium, Enteritidis, and Dublin showing a serovar-specific 
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SCV composition (Spanò et al., 2011). The absence of Rab29 in broad host range 

serovars is due to the presence of cysteine protease GtgE, a T3SS1 effector protein 

specifically cleaving Rab29 (Spanò et al., 2011; Fig. 1.6). 

1.1.6.2 SCV positioning  

After internalisation of Salmonella by epithelial cells, the maturing SCV progressively 

migrates along microtubules towards the centrosome (microtubule-organising centre; 

MTOC) within a juxtanuclear location in the vicinity of the Golgi apparatus. The 

migration towards the MTOC is possible due to recruitment of dynein via Rab7-RILP 

complex present on the SCV (Guignot, 2004; Harrison et al., 2004). The proximity of 

the SCV to the Golgi apparatus and MOTC is important for bacterial growth, most likely 

providing Salmonella with nutrients and/or a source of membrane (Mota et al., 2009; 

Ramsden et al., 2007; Salcedo and Holden, 2003). Subsequent bacterial proliferation 

results in the formation of a so-called microcolony that maintains its juxtanuclear 

position. The SCV positioning depends on the action of three T3SS2 effector proteins, 

SifA, SseF and SseG (Boucrot et al., 2005; Deiwick et al., 2006; Salcedo and Holden, 

2003). Epithelial cells infected by Salmonella strains lacking any of these proteins 

result in a “scattered distribution phenotype” of SCVs, although initial perinuclear 

localisation does take place (Salcedo and Holden 2003; Deiwick et al., 2006). 

Salmonella mutants in sseF or sseG display similar growth defects in macrophages 

and virulence attenuation in the mouse infection model (Hensel et al., 1998; Kuhle and 

Hensel, 2002). The double sseF/sseG mutant is not attenuated in virulence to a greater 

extent than single sseF or sseG mutants are, suggesting that both proteins are 

involved in the same process (Deiwick et al., 2006). In fact, SseF and SseG interact, 

strengthening this possibility (Deiwick et al., 2006). Recently another effector protein, 

SteA, was shown to be involved in the SCV dynamics and scattered distribution 

phenotype. It has been shown that sseF/steA and sseG/steA double, and 

sseF/sseG/steA triple mutants are less scattered during infection than single sseF, 

sseG, or sseF/sseG mutants (Domingues et al., 2014). A single steA mutant displays a 

more compact, clustered SCV phenotype with fewer Sifs formed, linking this effector 

protein to SCV membrane dynamics (Domingues et al., 2014).  

In the case of the sifA mutant, the scattered distribution is most likely a result of 

kinesin-1 accumulation on the SCV surface, which is not found on the wild-type SCV 

(Boucrot et al., 2005).  
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1.1.6.3 SCV membrane dynamics 

Upon establishment of the microcolony, Salmonella starts to generate membranous 

filaments (Sif) that protrude centrifugally from the SCV along microtubules in a T3SS2-

dependent manner (Garcia-del Portillo et al., 1993; Fig. 1.6). The formation of Sifs is 

strictly dependent on SifA, which is translocated by T3SS2 and localises to the SCV 

and Sif membranes  (Beuzón et al., 2000; Brumell et al., 2002; Stein et al., 1996). 

Additionally, a mutant sifA strain loses the SCV membrane over time, resulting in 

bacterial release into the host cytosol (Beuzón et al., 2000). Upon release to the 

cytosol, the sifA mutant was shown to proliferate in a HeLa cell line, but was cleared in 

macrophages (Beuzón et al., 2002). The instability of the SCV and resulting killing of 

Salmonella by macrophages are possible reasons why the sifA mutant is severely 

attenuated in mouse infection model (Bezuón et al., 2000). SifA interacts with host 

protein SKIP and was shown to prevent the accumulation of kinesin-1 on the SCV 

(Boucrot et al., 2005). Depletion of SKIP has a similar outcome to sifA mutation and 

results in initial kinesin-1 accumulation on the SCV and a subsequent bacterial release 

to the cytosol due to instability of the SCV (Boucrot et al., 2005).  

Importantly, an S. Typhimurium ssaV mutant strain, which does not translocate any 

T3SS2 effector proteins, maintains the integrity of the SCV, implying that other effector 

proteins are also involved in SCV membrane stability (Beuzón et al., 2000). In fact, at 

least three other proteins were shown to function in this process (Figueira and Holden, 

2012). The accumulation of kinesin-1 on the SCV in the sifA mutant is a result of the 

action of another Salmonella effector protein, PipB2, which was shown to bind the light 

chain of kinesin-1, a protein driving plus-end-directed transport along microtubules 

(Henry et al., 2006). Consistent with the function of its interaction partner, 

overexpression of PipB2 leads to a change in localisation of late endosomal 

compartments towards the cell periphery (Knodler and Steele-Mortimer, 2005). 

Interestingly, a double sifA/pipB2 mutant also loses its SCV membrane over time, even 

though there is no accumulation of kinesin-1 on the SCV (Henry et al., 2006). In 

contrast to this observation, inhibition of the kinesin-1 led to maintained SCV integrity in 

a sifA mutant strain (Guignot, 2004). The precise mechanism of SCV membrane 

instability resulting in rupture remains unclear, although it is possible that only trace 

amounts of kinesin-1 bound to the SCV are enough cause its degradation in a 

sifA/pipB2 mutant (Figueira and Holden, 2012). 

Recently an additional effector protein, SopD2, was shown to contribute to the stability 

of the SCV. In contrast to a single sifA mutant, the sifA/sopD2 double mutant was 
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shown to reside in a stable SCV (Schroeder et al., 2010). Deletion of sopD2 resulted in 

an SCV forming reduced amount of Sifs, but increased the number in pseudo-Sifs 

(putative Sif precursors) (Jiang et al., 2004). In a similar fashion to SopD2, a double 

sseJ/sifA mutant shows significantly less destabilisation of the SCV when compared to 

a single sifA mutant indicating that SseJ has a destabilising activity on the SCV in a 

sifA mutant (Ruiz-Albert et al., 2002; Schroeder et al., 2010). SseJ also contributes to 

S. Typhimurium virulence in mouse infection model (Ruiz-Albert et al., 2002). In cells 

infected with sseJ mutant, there were more Sifs generated than in the case of wild-type 

Salmonella (Birmingham et al., 2005). The absence of SseJ and SopD2 in S. Typhi 

suggests potential involvement in serovar-specific processes (Parkhill et al., 2001). 

SseJ was shown to have multiple enzymatic activities including phospholipase A1 (but 

not lysophospholipase), deacylase and glycerophospholipid:cholesterol acyltransferase 

(GCAT) activity (Kolodziejek and Miller, 2015). The catalytic activities of SseJ are 

stimulated by a RhoA GTPase which was shown to be recruited to the surface of the 

SCV in an SseJ-dependent manner (Christen et al., 2009). Interestingly, cells infected 

with wild-type S. Typhimurium contain higher amounts of lipid droplets when compared 

to non-infected or sseJ mutant infected cells (Nawabi et al., 2008). SseJ modifies 

phospholipids and cholesterol which suggests that membrane rigidity and specific 

membrane-associated protein interactions within the SCV might be strongly dependent 

on its presence (Lossi et al., 2008). Interestingly, SifA and SseJ interact with GDP and 

GTP bound forms of RhoA, respectively (Christen et al., 2009; Ohlson et al., 2008). 

This common RhoA element might be a linkage between the two effector proteins, 

SKIP, and potentially other effector proteins like PipB2 and SopD2, together regulating 

SCV and Sif dynamics (Fig. 1.6; Figueira and Holden, 2012).  

1.1.6.4 Host cytoskeleton 

Initial actin rearrangements upon T3SS1-mediated invasion are extensive but shortly 

after internalisation they revert to their original state. Several hours later, upon 

activation of T3SS2 and effector secretion initiation, another type of actin 

rearrangement takes place. One of them is a formation of a dense meshwork of 

polymerised F-actin that is formed in the vicinity of the SCV of several cell lines 

including epithelial cells and macrophages (Méresse et al., 2001). The effector protein 

responsible for that particular actin rearrangement was shown to be SteC, a 

serine/threonine kinase targeting serine 200 (S200) of a MAP kinase kinase 

(MAPKK/MEK) (Fig. 1.6; Odendall et al., 2012; Poh et al., 2008). Interestingly, bacterial 

replication of null or kinase-deficient steC mutants inside HeLa cells was higher than 

that of the wild-type strain, suggesting that SteC might be involved in controlling the  
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Figure 1.6 The role of T3SS2-secreted effector proteins during Salmonella infection 
Most Salmonella effectors (cyan) are involved in SCV positioning, stability, and composition 
(SseF, SseG, SseJ, SteA, PipB2, SopD2, GtgE), while others affect actin cytoskeleton (SteC, 
SpvB, and SseI), and immune responses (SspH1, SpvC). The asterisk points to two possible 
outcomes of SseI activity, depending on naturally occurring SseI polymorphism. Effector 
proteins with unknown function are coloured in grey. Host target proteins are coloured in pink.  
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replication of Salmonella in the cell (Odendall et al., 2012). In agreement with that, a 

mouse infection model revealed that the steC mutant is also hyper-virulent when 

compared to the wild-type (Odendall et al., 2012). 

SspH2 and SseI are two T3SS2-translocated effector proteins that also localise to the 

actin meshwork surrounding the SCV (Fig. 1.6; Miao et al., 2003). In yeast two-hybrid 

assay both proteins were shown to interact with filamin, a host actin crosslinking 

protein, through their conserved N-terminal domains (Miao et al., 2003). SspH2 was 

additionally found to interact with profilin through its C-terminal domain (Miao et al., 

2003). SspH2 has an inhibitory function on actin polymerisation in vitro suggesting a 

potential SteC-counteracting activity (Miao et al., 2003). Interestingly, SseI was shown 

to interact with TRIP6, a zyxin family member that regulates cell motility (Worley et al., 

2006). Consistent with this, SseI was shown to promote cellular motility, accelerating 

bacterial spread and the onset of systemic infection (Worley et al., 2006). This is in 

contrast with findings where SseI was shown to inhibit the migration of macrophage 

and dendritic cells (McLaughlin et al., 2009). In this study the inhibitory effect on 

migration required interaction of SseI with IQGAP1 migration factor that was localised 

at the cell periphery. SseIC178A point mutant eliminated the SseI-related phenotype in 

vitro and in vivo, despite maintaining the interaction with IQGAP1 (McLaughlin et al., 

2009). This discrepancy in SseI activities on cell migration was recently resolved. A 

naturally occurring polymorphism of SseI within Typhimurium strain, G103D, was 

shown to be crucial for the outcome of SseI activity (Thornbrough and Worley, 2012). 

An SseIG103 variant of S. Typhimurium 12023 was shown to bind TRIP6 in yeast two-

hybrid assay and promote bacterial spread during infection, but SseID103 found in S. 

Typhimurium SL1344 did not bind TRIP6 and did not contribute substantially to the 

infection spread in mouse infection model (Thornbrough and Worley, 2012). This 

elegant case illustrates the complexity of host-pathogen interactions where even as 

little as one amino acid difference within effector protein can result in a different 

infection outcome. A recent structure determination of SseI revealed its papain-like 

cysteine protease fold with a catalytic triad composed of cysteine 178 (C178), histidine 

(H216), and aspartic acid (D231) (Bhaskaran and Stebbins, 2012). The precise type of 

reaction performed by this enzyme is yet unknown and requires further studies 

including target protein identification (Bhaskaran and Stebbins, 2012). 

SpvB is an additional protein that modifies the actin cytoskeleton. Its ADP-ribosylation 

activity on monomeric G-actin leading to actin depolymerisation was mentioned before 

in this chapter (“pSLT virulence plasmid and spv operon” section). An spvB mutant is 

characterised by an increased actin meshwork surrounding the SCV which suggests 
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that SpvB and its actin depolymerising activity is counteracting the SteC function (Miao 

et al., 2003). SpvB activity seems to be important for Salmonella pathogenesis as 

catalytic or null spvB mutants are severely attenuated for virulence in a mouse infection 

model (Lesnick et al., 2001). 

1.1.6.5 Ubiquitin system 

Ubiquitination is one of the most common post-translational modifications (PTM) 

occurring in eukaryotic cells, controlling a plethora of processes. Ubiquitination is a 

process of ubiquitin (Ub) attachment to the lysine side chain of a target protein. There 

are different types of ubiquitination depending on number of ubiquitin copies attached, 

specifically mono- or poly-ubiquitination. Moreover, ubiquitin can form eight distinct 

types of chains based on which of the lysines (K6, K11, K27, K29, K33, K48, and K63) 

or a start methionine (M1) are attached to the C-terminus of a neighbouring ubiquitin. 

Depending on type (mono/poly or different combinations of poly-Ub chains) 

ubiquitination can have dramatically different effects on the modified target protein. For 

example K48-linked Ub chains target proteins to proteasomal degradation, whereas 

K63-linked Ub chains affect multiple protein aspects such as activity, localisation, 

stability, etc. This modification can be reversed through the action of a set of enzymes 

known as deubiquitinases (DUBs). Being involved in processes like protein 

degradation, cell cycle progression, transcriptional regulation, cell signalling, it is of no 

surprise that Salmonella, a specialised intracellular pathogen, has developed a set of 

effector proteins altering host ubiquitination pathways.  

The SlrP, SspH1, and SspH2 T3SS2 effector proteins were shown to possess E3 

ligase activity, meaning that they are capable of attaching ubiquitin protein onto the 

lysine side chain of target proteins (Narayanan and Edelmann, 2014). Differential 

localisation patterns of these proteins (SlrP – cytosol, SspH1 – nucleus, SspH2 – cell 

periphery) suggest that they manipulate the host ubiquitin system in different ways 

(Figueira and Holden, 2012). Through yeast two-hybrid and affinity chromatography 

techniques, SlrP was shown to bind thioredoxin, a small protein involved in cell survival 

(Bernal-Bayard and Ramos-Morales, 2009). Cells infected with Salmonella showed 

decreased thioredoxin levels which correlated with increased cell death, however a slrP 

mutant infection control was not included in this experiment. Nevertheless, HeLa cells 

stably expressing SlrP had a lower thioredoxin activity and more cell death occurred in 

comparison to cells expressing a catalytic cysteine mutant SlrPC546A (Bernal-Bayard 

and Ramos-Morales, 2009). Mutation in slrP results in attenuation of Salmonella 

virulence in mouse infection model (Tsolis et al., 1999b). Another effector protein, 
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SspH1, was shown to inhibit the NF-κB inflammatory pathway (Haraga and Miller, 

2003). A yeast two-hybrid approach identified a serine/threonine-protein kinase N1 

(PKN1) as a potential interaction partner which was subsequently confirmed in context 

of HeLa infection and crucial for SspH1 anti-inflammatory activity (Haraga and Miller, 

2006). Another effector, SspH2, when expressed in cells or delivered through T3SS2 

upon infection, induced IL-8 secretion (Bhavsar et al., 2013). This effect was 

dependent on the catalytic Ub ligase activity of SspH2 which resulted in mono-

ubiquitinated NOD1 (Bhavsar et al., 2013). In contrast to these observations, instead of 

mono-ubiquinating SspH2 was shown to form K48-linked Ub chains in vitro suggesting 

that its mechanism of action is to target proteins to degradation (Levin et al., 2010). A 

double sspH1/sspH2 mutant was not able to cause lethal infection in calves confirming 

the importance of the encoded proteins in pathogenesis (Miao et al., 1999). 

Apart from ubiquitin conjugation, Salmonella was also shown to deliver effector 

proteins involved in ubiquitin deconjugating properties. AvrA is very interesting as it has 

been shown to possess both DUB and acetyltransferase activities (Narayanan and 

Edelman, 2014). Initially thought to be translocated only by T3SS1, it was recently 

shown that AvrA is also translocated by T3SS2 (Geddes et al., 2005; Giacomodonato 

et al., 2014). It was shown in infection of epithelial cells that AvrA deubiquitinates an 

inhibitor of the NF-κB pathway, IκBα, which in turn prevents its degradation resulting in 

down-regulation of this pro-inflammatory pathway (Ye et al., 2007). 

Another effector protein with DUB activity is SseL. Purified SseL has deubiquitinating 

activity on poly-ubiquitin chains with preference towards K63 over K48 Ub chains, 

suggesting that its function is not related to protein degradation (Rytkönen et al., 2007). 

SseL was linked to increased macrophage cytotoxicity during Salmonella infection, 

however the exact mechanism of this phenotype requires further investigation 

(Rytkönen et al., 2007). Recently it was shown that SseL is involved in removing 

ubiquitin aggregates in proximity of microcolony. Upon infection, SseL also decreased 

the autophagic flux and favoured Salmonella replication (Mesquita et al., 2012). 

Moreover, SseL specifically interacted with oxysterol-binding protein (OSBP), a protein 

involved in cholesterol trafficking and regulation of lipid metabolism (Auweter et al., 

2011).  

1.1.6.6 Immune signalling and other effector proteins   

Three previously mentioned effectors, SpvC and SspH1/AvrA, were shown to down-

regulate MAPK and NF-kB pro-inflammatory pathways, respectively (Fig. 1.6; Haraga 

and Miller, 2003; Ye et al., 2007; Mazurkiewicz et al., 2008). However, there are still 
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many effector proteins that could potentially either down-regulate the inflammation or 

MHCII-mediated antigen presentation, which was shown to be affected in a T3SS2-

dependent manner (Lapaque et al., 2009). Among T3SS2-secreted effectors with 

unknown functions are: SifB, PipB, GogB, SseK1, SseK2, SseK3, SpvA, SpvD, SteB, 

SteD, SteE, and CigR (Figueira and Holden, 2012). 

1.2. Structure, assembly, function and regulation of T3SS 

The structural components of T3SSs are generally encoded by a mobile genetic 

element (a plasmid or a pathogenicity island). In a comprehensive bioinformatics 

analysis it was demonstrated that T3SS is common among many Proteobacteria and 

Chlamydiae (Pallen et al., 2005a). As mentioned before, Salmonella enterica has two 

unique T3SSs, encoded by SPI-1 and SPI-2 pathogenicity islands.  

Composed of over 20 different oligomerising proteins, T3SS with its multi-mega Dalton 

molecular mass are amongst the most complex protein machineries known 

(Burkinshaw and Strynadka, 2014). An “injectisome”, a “molecular syringe”, and a “non-

flagellar (NF) T3SS” are alternative names used for this apparatus. Here, only the 

T3SS and injectisome names will be used.  

1.2.1 General architecture of injectisome  

The core of the T3SS consists of an inner membrane (IM) and outer membrane (OM) 

spanning ring-shaped basal body (i), an outside-protruding needle thought to be 

continuous with pore-forming translocases (ii), an export apparatus associated with the 

IM (iii), an IM-associated cytoplasmic compartment called the C-ring (iv), and additional 

IM-associated gatekeeper complex (v) (Fig. 1.7). The length of a needle is injectisome-

specific and has been shown to be genetically controlled, adjusting to the length of 

other structures present at the surface of bacterium (Journet et al., 2003; Mota et al., 

2005). The translocation of effector proteins to the host cytosol requires formation of a 

pore within a host membrane, known as a “translocon”, which is formed by 

translocator/translocon proteins (Blocker et al., 1999). The presence of translocon 

proteins strongly suggests that the main role of needle is to serve as a conduit for 

substrate delivery.  

The comparable architecture of the basal body, high similarity between multiple protein 

components, and similar functional regulation all strongly suggest that injectisomes 

share a common evolutionary origin with the flagellum (Fig. 1.8; Troisfontaines and 

Cornelis, 2005). In fact, it is acknowledged that the flagellum is a specific type of T3SS 

(Pallen et al., 2005b).  
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Figure 1.7 General architecture of the injectisome 
Major structures are highlighted. Group of structures like basal body (OM secretin + IM-rings) 
and needle complex (basal body + needle) are also shown. IM – inner membrane; OM – outer 
membrane. The labelling code was used in agreement with the unified nomenclature according 
to the “Sct” system, for example Q stands for SctQ (Hueck, 1998). Dashed black line represents 
hollow channel within the T3SS. 
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Figure 1.8 Structures of the injectisome and the flagellum 

High similarity structures in injectisome and flagellum structures are highlighted with identical 
colour. Average dimensions of needle, hook, and filament structures are shown. Green 
hydrogen cations represent proton motive force (PMF), a predicted energy source for T3S 
secretion. Dashed black line represents a hollow secretion channel within T3SS. 
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The high degree of similarity between these systems is probably why flagellum can 

also serve as a secretion apparatus for non-flagellar virulence proteins (Konkel et al., 

2004; Young and Young, 2002). A reversed scenario with flagellar substrate secreted 

by injectisome was also reported (Ince et al., 2015; Sun et al., 2007). The flagellum is 

considered an older system to the injectisome since a need to move towards nutrient 

rich environments appeared much earlier than eukaryotes as a niche for bacterial 

pathogens (Troisfontaines and Cornelis, 2005). These suggestion were confirmed by 

phylogenomic and comparative analyses of more than 1,000 genomes showing that 

injectisomes arose as an exaptation of the flagellum (Abby and Rocha, 2012). Species-

specific injectisomes have evolved over time most likely in a process of host 

adaptation. Phylogenetic analyses based on the similarity of amino acid sequences of 

multiple injectisome components revealed seven distinct families. An identical gene 

order of injectisome components within a given injectisome family additionally confirms 

the similarity-based classification (Troisfontaines and Cornelis, 2005). These 

phylogeny-based studies classified injectisomes into: Ysc, Inv/Mxi/Spa (or SPI-1), 

Esc/Ssa (or SPI-2), Hrp1, Hrp2, Rhizobiales, and Chlamydiales families. Strikingly, the 

classification of injectisomes does not reflect the bacterial evolutionary tree based on 

16S rRNA, implying that the acquisitions of injectisomes occurred as a result of 

horizontal transfers. Some bacteria contain more than one injectisome. The Salmonella 

genus is a good example of independent acquisition events. The evolutionary older 

species S. bongori contains only one T3SS1 injectisome, whereas S. enterica has an 

additional T3SS2 injectisome. Interestingly, the two apparatuses belong to distinct 

families, indicating that they were acquired independently.  

A range of elegant structural studies using high-resolution three-dimensional 

reconstructions based on cryo-electron microscopy (Cryo-EM) images and docking of 

atomic structures of each injectisome component have shed light into the detailed 

organisation of T3SSs (Fig. 1.9; Büttner, 2012). Here, I will briefly discuss the general 

architecture, assembly and function of injectisome including several most studied 

injectisomes including  the  S. Typhimurium T3SS2  which  is  studied  by our research 

group. Table 1.2 contains a summary of protein homologues from different injectisome 

and flagellar systems that will be included in this part. Previously proposed unified Sct 

(secretion and cellular translocation) nomenclature is also included and will be used 

here for general architecture description (Hueck, 1998). 
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Table 1.2 Nomenclature of components in different injectisomes and flagellum         
Single asterisk stands for a secretion and cellular translocation (Sct) nomenclature proposed by 
Hueck in 1998. Double asterisk points to flagellar hook protein, a potential functional homologue 
of a needle.  
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1.2.2 Basal Body 

A great deal of information was provided through electron microscopy studies of 

purified needle complexes (NCs), composed of basal body and needle, which are the 

main part of injectisome serving as a conduit for secreted protein substrates (Fig. 1.7 

and 1.9; Cornelis, 2006). Consisting of two sets of rings spanning both IM and OM 

joined  

by a central rod or a neck, the basal body encloses a central channel with a diameter of 

approximately 2-3 nm (Fig. 1.9; Büttner, 2012). The ring in the outer membrane is 

composed of SctC, a secretin (Heinz, 2013). Several fold symmetries in range of 13-15 

have been reported for OM ring, meaning that 13-15 identical SctC subunits are 

forming this structure. However, despite high quality EM models of Yersinia and 

Salmonella SPI-1 injectisomes, the exact fold symmetry of this structure remains 

ambiguous and was suggested to be species-specific (Abrusci et al., 2014).  

The IM ring consists of two proteins, SctD and SctJ. Multiple detailed EM analyses of 

this IM structures revealed the presence of two, inner and outer, concentric rings, both 

having 24-fold symmetry, implying that each ring is composed of 24 protein subunits. 

Molecular docking of atomic structures of SctD and SctJ, mutation of interaction sites, 

and crosslinking experiments all confirmed the presence of 24 subunits of lipidated 

SctJ in the inner IM ring and same number of SctD proteins in the outer IM ring 

(Abrusci et al., 2014). The proximal end of basal body is connected to the export 

apparatus, C-ring, ATPase, and gatekeeper complex, whereas the distal end connects 

via an inner rod protein to the needle structure (Cornelis, 2006). 

1.2.3 The C-ring  

The cytoplasmic ring (C-ring), mainly composed of a SctQ protein, is a major 

component of a sorting platform that recruits needle, translocon, and effector proteins 

for secretion (Lara-Tejero et al., 2011). Although the C-ring has not been visualised in 

injectisomes yet, protein pulldown experiments have shown specific interactions 

between SctD and SctQ proteins, linking the basal body and the C-ring structures 

(Barison et al., 2012; Morita-Ishihara et al., 2006). Interestingly it was found that 

expression of sctQ gene results in two protein variants through a tandem translation 

process, where a smaller protein SctQS was proposed to serve as a chaperone for 

SctQL (Yu et al., 2011). Since the flagellar C-ring is composed of larger FliM and 

smaller FliN proteins, it was suggested that a smaller tandem translation product, 

SctQS, could mimic the smaller FliN component in injectisome. In fact, a crystal  
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Figure 1.9 Basal body 

A. Surface view of EM generated structure of injectisome from S. Typhimurium with docked 
atomic models of SctC (only portion of the whole protein) and SctD. Modified from Abrusci et 
al., 2014.  

B. Class average of non-tilted cryo-EM images of S. Typhimurium wild-type and sctC mutant 
strains. Black bar is equal to 10 nm. Modified from Schraidt et al., 2010.  
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structure of homodimeric SctQS revealed an intertwined assembly comparable to that 

of FliN (Bzymek et al., 2012). SctQS was demonstrated to interact with SctQL with 2:1 

stoichiometry and this heterotrimeric complex was proposed to serve as a building 

block for the C-ring structure (Bzymek et al., 2012).  

In Yersinia and Shigella injectisomes, SctQ was shown to form a complex with SctK 

and SctL together with an ATPase SctN (Jackson and Plano, 2000; Johnson and 

Blocker, 2008). Moreover, in the Salmonella SPI-1 injectisome, a complex of SctQ,  

SctK, and SctL was shown to control sequential recruitment of needle, translocon and 

effector proteins and was designated as the sorting platform (SP) (Lara-Tejero et al., 

2011). In agreement with this, mutating sctQ led to abrogation of injectisome substrate 

secretion (Morita-Ishihara et al., 2006; Yu et al., 2011). 

1.2.4 Export apparatus 

The export apparatus (EA) is an essential part of injectisome and flagellum and is 

located mainly in the centre of a patch formed by inner membrane rings of the basal 

body (Wagner et al., 2010). Each EA composes of five integral inner-membrane 

proteins, SctR, SctS, SctT, SctU, and SctV (Galán et al., 2014). SctR, SctS, SctT are 

10-30 kDa proteins also called minor EA proteins (Abrusci et al., 2014). The larger 

SctU and SctV proteins (apart from their inner membrane portion) each have a sizeable 

globular domain facing bacterial cytosol (SctUCyt and SctVCyt). The cytosolic portion of 

the SctU is well studied and was shown to be mainly involved in substrate specificity 

control in conjunction with SctP, a putative molecular ruler. The SctU family was 

additionally shown to possess auto-proteolytic activity on its cytosolic NTPH amino acid 

sequence which was shown to be a critical component of the secretion-competent state 

of injectisome (Minamino and Macnab, 2000; Zarivach et al., 2008). An interaction 

between SctU and components of SP was also demonstrated, which implies a possible 

interplay between these structures during needle protein secretion, however the exact 

role in the secretion process remains to be confirmed experimentally (Botteaux et al., 

2010; Riordan and Schneewind, 2008). The cytosolic structure of the SctV (SctVCyt) 

protein is well conserved within the flagellum and different injectisomes. Recently, it 

was shown that Shigella SctVCyt forms a homo-nonameric ring-like structure (Abrusci et 

al., 2013). In this study mutations affecting the SctVCyt ring formation or the ring inner 

surface were shown to abrogate the function of injectisome, highlighting the importance 

of oligomerisation and a defined inner surface for the secretion process. The SctVCyt 

and SctUCyt domains were shown to interact (Botteaux et al., 2010). 
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1.2.5 ATPase and proton motive force – energisers of the T3SS 

Prior to secretion some of the substrates targeted for secretion by T3SS reside as 

complexes with their cognate chaperone proteins (Dai and Zhou, 2004; Lokareddy et 

al., 2010; Zurawski and Stein, 2004). Ten years ago it was shown that a hexameric 

SctN ATPase of the Salmonella SPI-1 injectisome is involved in dissociating these 

complexes and partial unfolding of T3SS cargoes in an ATP-dependent manner (Akeda 

and Galán, 2005). The SctN ATPase was also suggested to serve as an energy source 

for the secretion process (Galán and Wolf-Watz, 2006). Based on homology to other 

unfoldases, it was proposed that secreted protein could be funnelled through the 

central cavity of the SctN ATPase and subsequently pushed through the injectisome, 

thus driving the secretion (Galán and Wolf-Watz, 2006). 

Detailed structural analysis of flagellar ATPase revealed its similarity to α and β 

subunits of F0F1 ATP synthase showing an evolutionary relation between these 

machineries (Imada et al., 2007). More recent structure of another flagellar SctO (FliJ) 

protein revealed its similarity to the γ subunit of F1-ATPase (Ibuki et al., 2011). 

Moreover, SctO was shown to trigger hexamerisation and to stabilise the hexameric 

state of SctN. Additionally, SctO was shown to interact with hexameric SctN complex 

through its coiled-coil domain that protrudes into the central cavity of the hexameric 

SctN (Kishikawa et al., 2013). 

Injectisome and flagellum secretion is dependent on a functional ATPase and proton 

motive force (PMF). However, recent studies suggest a dispensability of the ATPase as 

mutations increasing the PMF and T3SS substrate concentration could restore 

flagellum formation and secretion in Salmonella SPI-1 injectisome in an ATPase-

deficient bacteria (Erhardt et al., 2014). Interestingly, the SctO protein was shown to 

bind the linker sequence of SctV between its cytosolic and transmembrane domains. 

This interaction was demonstrated to be essential for full activation of the PMF-driven 

protein secretion in flagellum (Minamino et al., 2011). Despite the high probability of 

SctV being a proton channel supporting the secretion process, direct evidence for this 

function is still lacking. How exactly SctO modulates the PMF-driven secretion is also 

unclear, however some models speculate that SctO could activate the proton flow 

transforming SctV from a low- into a high-efficiency proton-protein antiporter (Lee and 

Rietsch, 2015). According to that model, an alternative “export gate-activator switch” 

name for SctO protein was proposed (Minamino et al., 2011). Importantly, the exact 

mechanism of PMF-driven protein translocation remains obscure and requires further 

investigation. 
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1.2.6 Injectisome appendages 

The extracellular appendages of injectisome have variable structure and length, 

depending on type of injectisome and bacterial species. The Yersinia needle with ~60 

nm length, enteropathogenic E. coli (EPEC) filament with a length of up to 600 nm, or 

Pseudomonas pilus with a length of up to several µm illustrate how size-variable these 

structures can be (Cornelis, 2006). Although the size of SctF is much smaller than that 

of the flagellar hook or filament proteins (~9 v. 45 kDa), the helical parameters, like 5.6 

units per turn or helical pitch of 24 Å are very similar (Cornelis, 2006). 

The needle size is different for each species but is well controlled for each injectisome: 

Salmonella SPI-1 ~55 nm, Shigella ~50 nm, Yersinia ~60 nm (Deane et al., 2010). Its 

2-3 nm diameter is thought to allow the transport of unfolded or partially unfolded 

substrates (Cornelis, 2010). The proximal end of the needle is attached to the basal 

body through the interaction with an inner rod SctI in a socket-like structure (Galán and 

Wolf-Watz, 2006). At its distal end, the needle contacts either the needle tip or a sheath 

protein (depending on the injectisome type) which mediate the interaction with a pore-

forming translocon structure composed of two main hydrophobic proteins (Table 1.2; 

Fig. 1.7; Cornelis, 2006). 

Contact with host cell plasma or vacuolar membrane initiates secretion of translocon 

proteins that leads to formation of a pore that allows translocation of injectisome 

substrates (effectors) into the host cytosol (Blocker et al., 1999; Schoehn et al., 2003). 

The translocon structure is composed of three different proteins: a hydrophilic 

translocon (or a needle tip), a minor hydrophobic translocon protein (with one putative 

membrane-associated region), and a major hydrophobic protein (with two potential 

transmembrane regions). For example in Salmonella SPI-2 injectisome, these three 

proteins are SseB, SseC, and SseD, and all of them are required for translocation of 

effector proteins into the host cytosol (Nikolaus et al., 2001). The inner diameter of the 

pore formed in the host cell by Salmonella SPI-1 translocon was estimated to be 3.6 

nm, which is comparable to the 2-3 nm diameter of needle (Miki et al., 2004). So far, 

most of translocon proteins have been recalcitrant to structure determination studies, 

most likely due to their high flexibility required for multiple different types of interactions 

formed and their hydrophobic regions. 

1.2.7 The assembly of injectisome 

Upon specific environmental stimulation resulting in expression of the injectisome-

encoding genes, a spatiotemporal assembly process takes place that can be divided 
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into four main stages: assembly of the basal body and EA (i), assemble of inner rod 

and needle (ii), assembly of the tip/sheath and the translocon (iii), and translocation of 

effector protein (iv) (Burkinshaw and Strynadka, 2014). The exact mode of assembly is 

still being studied, however some aspects of the assembly seem to be species-specific.  

For example, two distinct inside-out and outside-in assembly models are proposed for 

Salmonella SPI-1 and Yersinia Ysc injectisomes, respectively. 

In Salmonella SPI-1 the inside-out assembly starts with the SctR and SctT EA proteins 

that insert into the IM and trigger recruitment of remaining SctS and SctU EA 

components. The SctD and SctJ inner membrane part of the basal body assembles at 

the EA site and is followed by SctC attachment. Prior to this, SctC is transported to the 

periplasm through a Sec-dependent pathway and with the support of a pilotin protein 

gets inserted into the OM where it oligomerises (Table 1.2). This model is supported by 

the observations of EA assembly in the absence of the NC, and the formation of the IM 

ring can form in the absence of SctC (Fig. 1.9 B; Schraidt et al., 2010; Wagner et al., 

2010). In agreement with this, EA components failed to insert properly into premade 

basal bodies (Wagner et al., 2010). In the Yersinia outside-in model, the assembly 

initiates with  insertion of SctC into OM, followed by recruitment of IM SctD. Further 

attachment of IM SctJ, EA components, C-ring, and ATPase complex complete the 

assembly process (Diepold et al., 2010). 

Following completion of basal body-EA complex, the inner rod (a putative channel 

within basal body) and needle structures start to form. The ATPase requirement for the 

assembly of these structures implies that a functional EA must be formed prior to this 

process (Sukhan et al., 2001). The precise needle length in different injectisomes 

suggested existence of a mechanism involved in its control. The needle length was 

proposed to be controlled by the SctP “molecular ruler” protein (Journet et al., 2003). 

This switch protein has a C-terminal region conserved across different injectisomes 

and has been shown to interact with autoprotease SctU in EPEC and Shigella species 

(Agrain et al., 2005; Botteaux et al., 2008; Monjarás Feria et al., 2012). The “molecular 

ruler” name for SctP was proposed after observations that deletions and insertions 

within a specific region of the gene encoding SctP resulted in shorter or longer needles, 

respectively (Journet et al., 2003). Interference with the helical content of SctP was 

also shown to affect the needle length of the injectisome (Wagner et al., 2009). 

Increased needle length was also observed for species lacking the SctP ruler 

(Monjarás Feria et al., 2012; Tamano et al., 2002). Moreover, sctP mutant bacteria not 

only produce longer needles, but also secrete higher amounts of the inner rod protein 

(Woods et al., 2008; Dr Xiu-Jun Yu personal communication). Interestingly, despite low 
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sequence identity (15%), SctP was shown to be interchangeable between Shigella and 

Salmonella SPI-1 injectisomes (Tamano et al., 2002).  

Mutations in sctP were also shown to prevent or substantially decrease translocon 

protein secretion, suggesting that SctP in involved in the needle-to-translocon first 

substrate specificity switch that takes place during T3S (Monjarás Feria et al., 2012; Dr 

Xiu-Jun Yu personal communication). The exact mechanism on how the length of the 

needle is controlled is not known, however several models suggest that fully extended 

SctP protein performs the ‘measuring’ by interacting with the top part of the needle and 

SctU cytoplasmic portion of the EA. The previously mentioned increase and decrease 

of needle length upon insertions and deletions within SctP support this general 

mechanism (Journet et al., 2003). An alternative SctP-independent model was 

proposed, where the needle length is controlled by the assembly of the inner rod which, 

upon completion, triggers the substrate switch (Marlovits et al., 2006).  

The secretion of effector proteins is under the control of the SctW gatekeeper complex 

that shows significant variability within different injectisomes. In some species the 

gatekeeping function is performed by a single protein but in others the gatekeeper can 

be composed of up to four different proteins (Abrusci et al., 2014). The “gatekeeper” 

name originated from the observations that mutating these proteins led to decreased or 

complete abrogation of secretion of translocon proteins, but led to hypersecretion of 

effector proteins (Kubori and Galan, 2002; Martinez-Argudo and Blocker, 2010; Yu et 

al., 2004, 2010). In some systems it was shown that gatekeeper is transiently 

associated with the injectisome and subsequent dissociation is required for the final 

switch to effector protein translocation (Yu et al., 2010). The species-specific 

mechanisms of the gatekeeper function will be discussed in chapter 6. 

1.2.8 Chaperone proteins 

Within the bacterial cytoplasm there are several types of specialised chaperone 

proteins that target T3SS substrates to the corresponding ATPase. The chaperone 

proteins are believed to be recycled back to the cytoplasm upon dissociation with 

binding partner (Akeda and Galán, 2005). Additionally, T3SS chaperones prevent 

premature oligomerisation and degradation of the T3SS substrates in bacterial cytosol 

(Ruiz-Albert et al., 2003). There is a growing evidence for the involvement of 

chaperone proteins in hierarchy of the secretion process (Thomas et al., 2012). 

Depending on the type of cargo, the chaperone proteins are divided into four groups: IA 

(uni-effector) – binding only one specific effector protein; IB (multicargo) – binding 

several effector proteins; II – chaperones binding to translocon proteins; III – 
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chaperones of needle proteins. Despite the existence of many types of chaperones, 

most of them are small, acidic proteins that act either as homo- or heterodimers 

(Burkinshaw and Strynadka, 2014). 

1.2.9 T3SS2 translocon-to-effector protein substrate switch 

Ever since the discovery of T3SS2 in Salmonella 20 years ago, one of our group’s 

main interests has been the mechanism of action and regulation of this intracellularly-

activated T3SS (Hensel et al., 1995; Shea et al., 1996). The expression and assembly 

of T3SS2 is known to occur in vivo after acidification of the SCV and in vitro conditions 

that mimic the SCV lumen (low pH, magnesium, and phosphate concentration) 

(Chakravortty et al., 2005; Deiwick et al., 1999; Rappl et al., 2003). Under these in vitro 

conditions secretion of translocon proteins (SseB, SseC, and SseD) also occurs and 

was shown to require functional T3SS2 (Beuzón et al., 1999). 

Two proteins, SsaM and SpiC, were shown to be responsible for translocon protein 

secretion at low ambient pH (Yu et al., 2004). Mutants in ssaM or spiC were unable to 

secrete translocon proteins in T3SS2-stimulating conditions, however they secreted 

effector proteins to a much greater extent than wild-type Salmonella. Despite increased 

effector secretion in SCV mimicking conditions, the spiC and ssaM mutants were 

unable to deliver them into the host cell cytosol upon infection, most likely due to the 

absence of the translocon (Yu et al., 2004). Both SsaM and SpiC were shown to 

interact and the interaction required 18 C-terminal amino acids of SsaM (Yu et al., 

2004). Further investigation of this T3SS2 regulatory mechanism revealed the 

existence of a third protein, SsaL, whose mutation led to the loss of translocon 

secretion as in case of SsaM and SpiC (Coombes et al., 2004). In this study the 

secretion of effectors under the SCV-mimicking conditions was not affected when 

compared to the wild-type strain, however in another study carried out by our group 

with an alternative extraction protocol for secreted proteins, it was shown that SsaL, 

like SsaM and SpiC, secreted substantially higher amounts of the effector proteins (Yu 

et al., 2010). The three proteins, SsaL, SsaM, and SpiC were shown to interact. This 

tertiary complex formation required 18 C-terminal amino acids of SsaM, and an intact 

predicted chaperone binding domain of SsaL (Yu et al., 2010).  

Upon establishment of an acidified SCV, the completion of T3SS2 translocon structure 

links the SCV lumen with the host cytosol. These environments differ in pH 

substantially, with SCV lumen pH ~5.0 and host cytosol pH ~7.2 (Drecktrah et al., 

2007). It was found that when bacteria are grown in the SCV-mimicking conditions (pH 

5.0) and then exposed to neutral pH mimicking the pH of host cytosol (pH 7.2), effector 



59 
 

protein secretion increases by an order of magnitude (Yu et al., 2010). During infection, 

lowering the host cytosol pH resulted in significant and reversible drop of effector 

translocation, confirming the role of neutral pH in activation of effector protein 

translocation (Yu et al., 2010). Interestingly, the SsaL/SsaM/SpiC complex was shown 

to dissociate from membrane fraction within 1 hour upon switch of pH from 5.0 to 7.2 

(Fig. 1.10; Yu et al., 2010). This observation suggests that the gatekeeper loses its 

association with the injectisome upon acidic to neutral pH change (Yu et al., 2010). The 

gatekeeper complex was shown to be targeted to degradation upon pH switch in both 

in vitro and infection contexts, confirming its important role as a negative regulator of 

effector translocation. Therefore, the main role of the gatekeeper is to permit translocon 

secretion and supress effector translocation. This gatekeeper properties ensure 

formation of a functional injectisome and prevent unnecessary energy losses due to 

premature effector protein secretion (Fig. 1.10). The exact mechanism of action of the 

gatekeeper, its crucial functional function regions, and location within the injectisome, 

all require further study. 
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Figure 1.10 T3SS2 substrate specificity control model 
1. Acidified lumen of the SCV triggers initial assembly of the T3SS2 (export apparatus, basal 

body, C-ring, ATPase, and most likely, the gatekeeper);  
2. Secretion competent T3SS2 initiates needle protein (blue) secretion, while preventing 

secretion of translocon (yellow) and effector (red) protein, probably due to activity of the 
SsaP and SsaU (not shown; presumption made based on other injectisomes);  

3. After reaching the needle length optimal for SsaP-SsaU interaction, a first secretion specificity 
switch takes place. The SsaL/SsaM/SpiC gatekeeper promotes translocon protein secretion, 
while preventing secretion of the effector proteins;  

4. The translocon structure starts to form;  
5. Completion of the translocon leads to a T3SS2 sensing of neutral pH of the host cytosol 

resulting in a T3SS2 conformational change (asterisk) triggering dissociation of the 
SsaL/SsaM/SpiC complex. Lack of the gatekeeper initiates effector protein delivery to the 
host cytosol.  
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1.3. Aims of the project 

1.3.1 T3SS2 gatekeeper complex 

The SsaL/SsaM/SpiC complex was shown be essential for translocon protein secretion 

and preventing premature effector protein translocation. How transolocon proteins are 

secreted selectively in contrast to effector proteins is still unknown. The injectisome 

components that are involved in the recruitment of the gatekeeper are also unknown. 

The initial goal of this study was to determine the regions critical for the function of the 

largest component of the gatekeeper, SsaL. I also attempted to reconstitute the 

gatekeeper complex in E. coli to test the binding stoichiometry of SsaL/SsaM/SpiC 

complex and to carry out binary protein-protein interactions with some T3SS proteins 

that might occur during T3SS2 gatekeeping action. 

1.3.2 SpvD effector protein  

The spv operon of the S. Typhimurium pSLT virulence plasmid encodes four proteins: 

SpvA, SpvB, SpvC, and SpvD. Two of these, SpvB and SpvC, have been 

characterised as enzymes and shown to be important for virulence. The role of SpvD 

was unknown, however it was shown to be secreted by both injectisomes of 

Salmonella. In our group, Dr Nathalie Rolhion discovered that SpvD has anti-

inflammatory properties, however   the mechanism of action of this protein has not 

been determined. I carried out detailed biochemical characterisation of this protein in 

an attempt to try to understand its mode of action.  
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CHAPTER 2 – MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Bacterial strains used 

Salmonella enterica serovar Typhimurium strains used in this study are derivatives of a 

12023 (NTCC) wild-type strain. DNA manipulation was done using E. coli DH5α strain. 

E. coli BL21(DE3) strain was used for expression of proteins of interest. All the 

bacterial strains are listed in table 2.1. 

 
Table 2.1 List of bacterial strains used in this work 

 

Strain Description Source 
E. coli BL21(DE3) Protein expression strain New England Biolabs 

E. coli DH5α Cloning procedures Thermo Scientific 

12023 S. enterica serovar 
Typhimurium sseJ-2xHA 

Wild-type Salmonella with 
chromosomal 2xHA-tagged 

sseJ 
Dr Xiu-Jun Yu 

12023 sseJ-2xHA, ΔssaV, 
ΔssaL 

12023 lacking ssaV and ssaL 
genes, chromosomal 2xHA-

tagged sseJ 
Dr Xiu-Jun Yu 

12023 sseJ-2xHA, ΔssaV 
12023 lacking ssaV gene, 

chromosomal 2xHA-tagged 
sseJ 

Dr Xiu-Jun Yu 

12023 sseJ-2xHA, ΔssaL 
12023 lacking  ssaL gene, 
chromosomal 2xHA-tagged 

sseJ 
Dr Xiu-Jun Yu 

 

2.1.2 Plasmids and primers 

All the plasmids and primers used in this work are listed in the appendix. 

2.1.3 Antibodies 

Primary antibodies used are listed in the table 2.2. Appropriate goat α-mouse and goat 

α-rabbit secondary antibodies conjugated to HRP were used in the western blot 

analysis at 1:5,000 concentration (DAKO). 

 
Table 2.2 List of primary antibodies used 

 
Antibody Species Dilution Source 

α-SseC Rabbit 1:10,000 Holden Lab 
α-SseB Rabbit 1:10,000 Holden Lab 
α-SpiC Rabbit 1:10,000 Holden Lab 
α-FLAG Mouse 1:1,000 Sigma 

α-HA Mouse 1:1,000 Covenace 
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2.1.4 Bacterial growth conditions 

Auto-induction medium was used for recombinant protein expression in E. coli 

BL21(DE3) (Studier, 2005). The medium contained 1 mM MgSO4, 25 mM (NH4)2SO4, 

50 mM Na2HPO4, 50 mM KH2PO4, 0.5% (w/v) yeast extract, 0.5% (v/v) glycerol, 0.05% 

(w/v) glucose, 0.2% (w/v) lactose, 1% (w/v) tryptone, and trace metals (50 µM FeCl3, 

20 µM CaCl2, 10 µM MnCl2, 10 µM ZnSO4, 2 µM CoCl2, 2 µM CuCl2, 2 µM NiCl2, 2 µM 

Na2MoO4, 2 µM Na2SeO3, 2 µM H3BO3 all in 60 mM HCl). 

For Salmonella SPI-2 gene induction and protein secretion, bacteria were grown in 

MgM-MES medium containing 170 mM 2-[N-morpholino] ethane-sulphonic acid at pH 

5.0, 5 mM KCl, 7.5 mM (NH4)2SO4, 0.5 mM K2SO4,1 mM  KH2PO4, 8 mM MgCl2, 38 mM 

glycerol and 0.1% (w/v) casamino acids (Beuzón et al., 1999). 

E. coli or S. Typhimurium were also grown routinely in lysogeny broth (LB) (Bertani, 

1951). SOC medium (2% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl, 10 

mM MgCl2, and 20 mM glucose) was used for bacterial recovery during DNA 

transformation. 

When appropriate, antibiotics were added to the growth media at concentrations: 100 

µg/ml (Carbenicillin) and 50 µg/ml (Kanamycin).   

2.2 Methods 

2.2.1 Extraction of plasmid DNA 

Extraction of plasmid DNA from overnight cultures of E. coli or S. Typhimurium grown 

in LB broth was done using the GenEluteTM Plasmid Miniprep kit (Sigma), according to 

the manufacturer’s instructions, and eluted in 30-50 μl of pre-warmed sterile water. 

2.2.2 Construction of bacterial expression vectors 

Construction of most vectors was performed using a standard restriction enzyme 

technique. In case of a multicistronic vector (pQLink-SsaL-SsaM-SpiC) a ligation 

independent cloning technique was applied as described previously (Scheich et al., 

2007). Amplification of DNA fragments for vector construction or mutagenesis was 

done using the Expand High Fidelity PCR System (Roche), according to the 

manufacturer’s instructions. Restriction enzymes were obtained from New England 

Biolabs and used with the corresponding buffers, as recommended by the 

manufacturer. Vector pWSK29 and appropriate inserts were digested using BamHI and 

XbaI restriction enzymes, whereas pQlink with BamHI and NotI. When appropriate, 
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digestion products were recovered by electrophoresis through 1% agarose 1x TAE 

gels, depending on DNA fragment size, and purified by gel excision using the QIAquick 

Gel Extraction kit (Qiagen). Ligation of DNA fragments to linearised vectors was 

performed with 0.5 μl Quick‐Stick Ligase kit (Bioline) in the corresponding buffer in a 

total volume of 20 μl and incubated overnight at 20 °C for 45 minutes.  

Accuracy of DNA sequence was confirmed in all relevant cases. 

2.2.3 Salmonella in vitro T3SS2 secretion assay 

Salmonella was grown overnight in LB broth at 37 °C. Aliquots of 200 µl were then 

centrifuged at 16,000 x g for 2 minutes. The obtained supernatant was discarded and 

the remaining bacterial pellet was washed by resuspending it in 0.5 ml of MgM-MES 

pH 5.0 and centrifuging at 16,000 x g for 2 minutes. Following an additional wash step, 

the bacteria were then resuspended in 6 ml of MgM-MES pH 5.0 and transferred to a 

30 ml universal polystyrene tube for 6 hours at 37 °C. Then an OD600 was measured for 

each sample. The secreted protein fraction from the plastic wall of the vessel was 

obtained by discarding the medium and performing a double wash step with 8 ml of 

0.01 M phosphate buffered saline (NaCl 138 mM, KCl 2.7 mM, pH 7.4) (PBS) solution. 

After a short centrifugation step at 100 x g for 1 minute and removal of any liquid 

remnants, the protein sample buffer (0.25 mM Tris-Cl pH 6.8, 10% sodium dodecyl 

sulphate (SDS), 50% (v/v) glycerol, 5% (v/v) β‐mercaptoethanol) was added for 1 hour 

at 37 °C. To ensure a comparison of secreted protein amounts between equal bacterial 

numbers from different samples, the amount of sample buffer added to the polystyrene 

tube was adjusted such that 100 µl of a protein sample buffer was added to the culture 

with OD600= 0.4. 

Obtained secreted fraction samples were then incubated at 80 °C for 10 minutes and 

used immediately.  

2.2.4 Western blot analysis 

The protein samples were separated using 10 or 12% SDS-polyacrylamide gel 

electrophoresis (PAGE) performed in the running buffer (25 mM Tris, 250 mM glycine, 

0.1% SDS) at 100 V voltage for approximately 2 hours. Proteins were transferred to the 

polyvinyldene (PVDF) membranes at constant voltage of 15 V for 45 minutes using a 

semi-dry Trans-Blot Turbo Transfer System (BioRad). Following transfer, the 

membranes were then blocked in PBS solution containing 0.1% (v/v) Tween 20 

(Sigma) and 5% (w/v) skimmed milk powder for 1 hour. Then, membranes were 

incubated overnight at 4 °C with a solution of primary antibody diluted in PBS, 0.1% 
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Tween 20, and 5% (w/v) skimmed milk. The next day the membranes were washed a 

minimum of 4 times for 5 minutes with 15 ml of PBS and 0.1% (v/v) Tween 20. 

Membranes were then incubated with a solution containing secondary antibody diluted 

in PBS, 0.1% (v/v) Tween 20, and 5% (w/v) skimmed milk for 2 hours at room 

temperature. After 5 subsequent 15 ml PBS, 0.1% (v/v) Tween 20 wash steps, the 

proteins were detected using chemiluminescent ECL detection reagent (GE 

Healthcare). 

2.2.5 Salmonella SsaL-FLAG co-immunoprecipitation 

For FLAG co-immunoprecipitation S. Typhimurium was grown overnight in LB broth at 

37 °C. The next day the culture was centrifuged at 4,000 x g for 10 minutes, 

supernatant was discarded, and the bacterial pellet was resuspended in MgM-MES pH 

5.0 and incubated at 37 °C for 6 hours. After centrifugation at 4,000 x g for 10 minutes, 

the bacteria were resuspended in lysis buffer (50 mM Tris-Cl pH 7.0, 150 mM NaCl, 

0.1% (v/v) Triton X-100, 5% (v/v) glycerol, 1 mg/ml lysozyme (Sigma), protease 

inhibitors (Roche)). Following resuspension the bacteria were sonicated 3 times (with 1 

minute cycle and a minimum of 1 minute pause) using a Bandelin Sonoplus sonicator. 

The lysate was then centrifuged at 38,000 x g for 45 minutes to remove cell debris. 

During this time, the appropriate amount of α-FLAG M2 affinity gel (Sigma) was 

equilibrated with wash buffer [50 mM Tris-Cl pH 7.0, 150 mM NaCl, 0.1% (v/v) Triton X-

100, 5% (v/v) glycerol]. After centrifugation, 5% (v/v) of the supernatant volume was 

collected and served as “input” for subsequent western blot analysis. The remaining 

supernatant was incubated with 20 µl of α-FLAG M2 affinity gel for 2 hours at 4 °C. In 

the next step resin was collected by 1 minute centrifugation at 1,000 x g and the 

supernatant was discarded. In order to fully remove unbound proteins, the resin was 

then washed three times with 1 ml of wash buffer followed by 1 minute centrifugation at 

1,000 x g and supernatant removal. FLAG-tagged protein was eluted from the resin by 

two 30 minute incubations with a solution containing 200 ng/ml of 3xFLAG peptide 

(Sigma) performed at room temperature. The two elution solutions were then combined 

and any trace resin was removed through short centrifugation at 1,000 x g. The elution 

and input solutions were then mixed 5:1 with a 6x concentrated sample buffer followed 

by a 10 minute boiling step at 80 °C. Obtained samples were then subjected to SDS-

PAGE and western blot analysis.   

2.2.6 Mass spectrometry protein identification 

Slices of protein stained SDS-PAGE gel or elution solutions were sent for a standard 

qualitative mass spectrometry (MS) analysis to Institute of Biochemistry and Biophysics 
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at Polish Academy of Sciences in Warsaw, Poland. Briefly, each analysis consisted of: 

reduction and alkylation of protein disulfide bonds, followed by trypsin digest (i), liquid 

chromatography sample separation followed by MS measurement of peptides and their 

fragmentation spectra (Tandem MS) (ii); a bioinformatics search of acquired spectra 

against a protein sequence NCBI database with a subsequent result validation. 

2.2.7 Polycistronic protein expression 

The co-expression of multiple proteins was done using pQlink method as previously 

described (Scheich et al., 2007). Each of the protein-coding DNA sequences was 

ligated using restriction enzyme ligation into either pQlinkN or pQlinH vectors for 

expression of untagged or N-terminal 7xHis-cleavable tagged proteins, respectively. 

The plasmids were then combined using a ligation-independent cloning. 

2.2.8 E. coli protein purification protocol 

Protein expression vectors used in this work contained T5 or T7 lac promoters. The 

auto-induction medium was used to grow E. coli BL21(DE3) strain carrying the protein 

expression plasmid carrying which also encoded antibiotic (ampicillin or kanamycin) 

resistance. A total of 4 L of autoinduction medium was inoculated 1:100 with an LB 

broth overnight bacterial culture. The growth was initially for 6 hours with shaking at 37 

°C, followed by 18 hour incubation with shaking at 22 °C. The cells were then 

harvested and resuspended in 100-150 ml of lysis buffer [50 mM Tris-Cl pH 8.0; 150 

mM NaCl; 1 mM phenylmethylsulfonyl fluoride (PMSF); 1 mg/ml lysozyme]. The lysis 

was performed using three 1 minute-lasting sonication steps with a break of minimum 1 

minute using Bandelin Sonoplus sonicator. Unbroken cells and cell debris were 

removed by centrifugation at 38,000 x g for 45 minutes. Then, depending on whether 

the protein had a GST- or a His-tag, a 0.5-1 ml of glutathione sepharose (GE 

Healthcare) or Ni-NTA (Thermo Scientific) resin was added to the solution, 

respectively. In case of purification of His-tagged proteins, an additional 20 mM 

imidazole pH 8.0 was added to the solution. The resin was then drained and washed 

with a 50 ml of wash buffer (50 mM Tris-Cl pH 8.0, 150 mM NaCl). The His- or GST-

tagged proteins were eluted from the resin with a buffer (50 mM Tris-Cl pH 8.0, 150 

mM NaCl, 1mM DTT) containing 500 mM imidazole or 10 mM glutathione, respectively. 

This was followed with an overnight dialysis in 2 L of dialysis buffer (20 mM Tris-Cl pH 

8.0, 150 mM NaCl, 1 mM DTT). The purification process was tested using SDS-PAGE 

followed by staining with Coomassie Brilliant Blue R-250 (Bio-Rad). 
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2.2.9 TEV cleavage 

The removal of TEV-cleavable His-tags from purified protein fusions was done using 

purified 6xHis-TEV protease. The protein fusion was incubated overnight with a 6xHis-

TEV protease at a 50:1 protein concentration ratio in a dialysis buffer. Then, both the 

His-tag and 6xHis-TEV protease were removed by Ni-NTA affinity purification step as 

described above. For every cleavage, the efficiency and purity was assessed by SDS-

PAGE stained with Coomassie. 

2.2.10 Protein concentration and storage 

The protein concentration was estimated based on the absorbance at 280 nm (A280) of 

a 1 µl protein solution measured using NanoDrop Lite spectrophotometer (Thermo 

Scientific). The extinction coefficient was calculated on the ProtParam server 

(http://web.expasy.org/protparam/; Gasteiger et al., 2005). The protein concentration 

was determined according to the Beer-Lambert’s law with a light path length of 1 cm. 

Purified protein samples whose concentration was determined were snap frozen in a 

liquid nitrogen vessel and stored at -80 °C in buffers containing 5% (v/v) glycerol. 

2.2.11 Circular dichroism 

Circular dichroism (CD) was used to determine secondary structure composition of the 

SsaL/SsaM/SpiC gatekeeper complex. CD spectra of SsaL/SsaM/SpiC at 0.5 mg/ml in 

20 mM Tris-Cl pH 8.0, 100 mM NaF, 1 mM DTT were recorded using Chirascan 

spectrometer (Applied PhotoPhysics; 1 mm quartz cuvette; 20 °C). Duplicate scans 

were performed over the range of 185-260 nm, averaged, and corrected by subtraction 

of the buffer spectra. The spectrum was analysed using CSTTR programme available 

at DichroWeb server (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml; Compton and 

Johnson, 1986; Whitmore and Wallace, 2004). 

2.2.12 Size exclusion and anion exchange chromatography 

Size exclusion and anion exchange protein chromatography was done using AKTA 

purifier 10 UPC (GE Healthcare). For both separation methods, a protein concentration 

was monitored with A280 detector. Elution peaks (high A280) were collected and tested 

for protein composition using SDS-PAGE followed by Coomassie stain. During size 

exclusion chromatography, a Superdex 200 HiLoad 16/60 column, a flow rate of 1 

ml/min, and buffer consisting of 20 mM Tris-Cl pH 8.0, 150 mM NaCl, and 1 mM DTT, 

were typically used. Prior to the anion exchange chromatography, the protein to be 

analysed was dialysed against 2 L of buffer A (20 mM Tris-Cl pH 8.0, 50 mM NaCl, and 
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1 mM DTT). For the anion chromatography a 1 ml RESOURCE Q column (GE 

Healthcare) was used. After equilibration with buffer A, the protein was loaded onto the 

column followed by elution step using gradient of buffer B (20 mM Tris-Cl pH 8.0, 1000 

mM NaCl, and 1 mM DTT).  

2.2.13 SEC-MALS 

Molecular mass of SsaL/SsaM/SpiC was calculated using size exclusion 

chromatography coupled with multiangle light scattering (SEC-MALS) by a Wyatt 

miniDAWN and Optilab T-rEX detector connected to a 1260 Infinity HPLC system 

(Agilent Technologies). A 100 µl sample of 1 mg/ml SsaL/SsaM/SpiC was loaded onto 

the Superdex 200 10/300 GL column (GE Healthcare) and ran with sample buffer (20 

mM Tris-Cl, 150 mM NaCl, 1 mM DTT) at room temperature with 0.5 ml/min flow rate. 

The result was analysed with a ASTRA V software (Wyatt Technology). 

2.2.14 High-throughput crystallisation 

Purified SsaV327-681 and SpvD-6xHis proteins were send for a high-throughput 

crystallization screening (Hauptman-Woodward Institute, USA). Briefly, a  microbatch-

under-oil crystallization screen with 1,536 conditions was performed where each well 

was imaged 1 day, 1 week, 2 weeks, 3 weeks, 4 weeks, and 6 weeks after adding 

protein sample. The proteinaceous composition of putative protein crystals was 

checked using ultraviolet two-photon excited fluorescence. Protein crystal-yielding 

conditions were copied in place during manual crystallisation using hanging-drop 

technique in order to reconstitute crystal formation. Conditions yielding crystals were 

further optimised using additive screen (Hampton Research). 

2.2.15 His and GST protein pull-down 

Protein pull-down experiments were done in binding buffer (in 1 ml of 50 mM HEPES, 

150 mM NaCl, 1 mM MgCl2, 0.1% (v/v) Triton X-100, and 1 mM PMSF) using 

approximately 10 µg of a purified His- or GST-tagged protein, 10 µg of a non-tagged 

interaction candidate protein, and 20 µl of Ni-NTA or glutathione sepharose, 

respectively. After 2 hours of incubation at 4 °C, the resin was centrifuged at 1,000 x g 

for 1 minute and supernatant was discarded. The resin was then washed three times 

with 1 ml of a binding buffer, each time following 1 minute 1,000 x g centrifugation step 

where the supernatant was discarded. In the final step, a sample buffer was added to 

the resin and the mixture was boiled at 80 °C for 10 minutes. Additionally, identical 

protein amounts from the start of experiment were mixed together in a sample buffer 
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and served as “input” sample. The efficiency of each pull-down was assessed using 

SDS-PAGE and Coomassie stain.  

2.2.16 DUB GLO RLRGG-AML and Ub-AML assays 

The DUB GLO RLRGG-AML assay was done according to manufacturer’s intructions 

(Promega). Prior to the assay, studied proteins were resuspended in 20 mM HEPES 

pH 7.4, 50 mM NaCl, 5 mM MgSO4 and 10 mM DTT at concentration of 1.5, 2, 10, 15, 

or 50 µM. The substrate was prepared by 1:100 dilution of a 4 mM RLRGG peptide C-

terminally modified with aminoluciferin (AML) in a manufacturer’s buffer containing 

Ultra-GloTM luciferase reporter enzyme. Then the substrate  was mixed in a volume 

ratio of 1:1 with studied proteins in a total reaction volume of 100-150 µl. Luminescence 

was measured either 1 hour after the start of the reaction or monitored every 15 

minutes using Tecan plate reader for a maximum of 5 hours.  

Identical handling and buffer composition were done for Ub-AML assays where 40 µM 

RLRGG-AML peptide was replaced with 1 µM of Ub-AML (VIVA Bioscience). 

2.2.17 AMC release assays 

In this assay 1-2.5 µM of Ubiquitin-, SUMO1-, SUMO2-, NEDD8-, and ISG15-AMC (7-

Amino-4-methylcoumarin) substrates were incubated with 1 µM of SseL, SpvC, SpvD, 

or 100 nM of an appropriate positive control (Isopeptidase T for Ub- and ISG15-AMC; 

Nedp1 for NEDD8-AMC; SENP2 for SUMO1- and SUMO2-AMC). The substrate and 

tested proteins were incubated in 50 µl of reaction buffer (50 mM HEPES, pH 8.0, and 

1 mM DTT; Rytkönen et al., 2007). The release of AMC was monitored by measuring 

the fluorescence signal at 460 nm after excitation at 380 nm using a Tecan plate 

reader. The assay was done at room temperature and the signal was measured 5, 60, 

120, and 180 minutes after reaction start.  

2.2.18 Diubiquitin in vitro cleavage assay 

For the diubiquitin cleavage assay a complete panel of all eight possible (K6, K11, K27, 

K29, K33, K48, K63, and linear) di-ubiquitin molecules was tested (LifeSensors). 2 µg 

of each ubiquitin dimer was incubated with 5 µM of either SseL or SpvD for 0, 30, and 

60 minutes at 37 °C. The samples were then boiled with sample buffer, separated on 4-

12% SDS-PAGE gel, and visualised by Coomassie staining. 
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2.2.19 TAMRA- based cleavage and binding assays 

Fluorescence polarisation assays monitoring cleavage of the substrates were done 

using 150 nM 5-carboxytetramethylrhodamine (TAMRA)-labelled KG dipeptide 

covalently linked via its lysine side chain to ubiquitin, SUMO1, NEDD8, and ISG15. The 

TAMRA cleavage assay was done by incubating substrate with 1, 5, 10, or 25 µM of 

SpvD and the fluorescence polarisation was measured over time for 90 minutes. For 

the TAMRA binding assay, a range (0.005, 0.025, 0.05, 0.25, 1, 2.5, 5, 12.5, 25, 37.5, 

50, and 70 µM) of SpvDC73A concentrations was incubated with above mentioned 

TAMRA substrates. A PHERAstar FS (BMG Lab Tech) reader equipped with a 550 nm 

excitation filter and two 590 nm emission filters was used to measure fluorescence 

polarisation. Fluorescence intensities were measured in the S (parallel) and P 

(perpendicular) direction. The assays were done at room temperature in a buffer 

containing 20 mM Tris-Cl, pH 8.0, 150 mM NaCl, 5 mM DTT, and 100 µg/mL bovine 

serum albumin. Each well had a volume of 20 µL.  

2.2.20 NMR 

The NMR experiment was performed with an assistance of Dr Jonathan Pruneda. The 
1H15N HSQC NMR spectra of 80 µM 15N-labelled ubiquitin with or without 100 µM SpvD 

were recorded at 298K on Bruker Avance III 600 MHz spectrometer at Laboratory of 

Molecular Biology (Cambridge, UK). Data processing and analysis were performed in 

Topspin. 

2.2.21 Alignments, software, and bioinformatic predictions  

COILS (http://www.ch.embnet.org/software/COILS_form.html) and MARCOIL 

(http://toolkit.tuebingen.mpg.de/marcoil) programmes was used for prediction of coiled-

coil regions of SsaL (Lupas et al., 1991; Delorenzi and Speed, 2002). 

The prediction of SsaL phosphorylation and interaction site was done using 

PredictProtein service (https://www.predictprotein.org/).  

The helical wheel representation of SsaL C-terminal part was generated using 

HelicalWheel programme (http://www.camp.bicnirrh.res.in/helicalWheel/) and 

graphically refined with Adobe Illustrator.  

The prediction of transmembrane helices in SsaV was done using TMHMM software 

(http://www.cbs.dtu.dk/services/TMHMM/). 
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The amino acid logo representation of the superfamily of OTU proteases was acquired 

from PROSITE collection of motifs (http://prosite.expasy.org/cgi-

bin/prosite/prosite_browse.cgi?order=hits%20desc&type=all).  

Amino acid sequence alignments were prepared using BioEdit programme 

(http://www.mbio.ncsu.edu/bioedit/bioedit.html) and refined in Adobe Illustrator.  

PyMOL software (https://www.pymol.org/) was used for graphical presentation of 

protein structures. 

The protein function prediction of SpvD amino acid sequence was done using PFP 

software (http://kiharalab.org/web/pfp.php).   

Structure predictions of SsaL and SscA proteins was performed using Phyre2 software 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index; Kelley et al., 2015). 

Matthews coefficient for SsaV327-681 crystal was calculated using a  MATTPROB 

software (http://www.ruppweb.org/mattprob/default.html; Kantardjieff and Rupp, 2003; 

Matthews, 1968) 
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CHAPTER 3 - SUBSTRATE SPECIFICITY CONTROL IN S. TYPHIMURIUM  

T3SS2 

3.1 Introduction 

Salmonella enterica serovar Typhimurium translocates effector proteins across 

eukaryotic cell membranes using two distinct type three secretion systems (T3SS). In 

response to specific environmental signals, both assembly of the T3SS and types of 

substrates that are translocated are spatiotemporally controlled. Low pH was 

demonstrated to stimulate expression of T3SS2 components and secreted substrates 

(i), assembly of the T3SS2 (ii), and secretion of the early substrates (iii), such as SseB, 

SseC, and SseD translocon proteins that are predicted components of a putative pore 

in the Salmonella-containing vacuole (SCV) membrane (Beuzón et al., 1999; Yu et al., 

2004). In bacterial cells, the translocon proteins SseB and SseD bind to chaperone 

protein SseA, whereas transolocon protein SseC binds to chaperone protein SscA 

(Ruiz-Albert et al., 2003; Cooper et al., 2013). Chaperone proteins SseA and SscA 

were shown to stabilise transolocon proteins and facilitate their secretion (Ruiz-Albert 

et al., 2003; Cooper et al., 2013). 

Interestingly, it has been shown for in vitro grown bacteria and during infection of host 

cells that a switch from acidic (5.0) to neutral (7.2) ambient pH substantially decreases 

translocon protein secretion and triggers effector secretion, which under acidic pH 

remains negligible. Proteins SsaL, SsaM, and SpiC were identified as components of a 

‘gatekeeper’ complex that is assembled under low ambient pH. These proteins are 

essential for translocon protein secretion while preventing premature effector secretion 

(Yu et al., 2010). Importantly, gatekeeper components were also shown to dissociate 

from the T3SS and to degrade soon after acidic to neutral pH shift resulting in release 

of effector protein secretion (Yu et al., 2010). The pH sensing component of the T3SS2 

and its interaction interface with the gatekeeper remain to be determined. 

This study was aimed at further understanding of the largest gatekeeper component, 

SsaL, and identification of novel protein interactions of the SsaL/SsaM/SpiC complex.              

I attempted to characterise an E. coli-purified gatekeeper complex and its interactions 

with several T3SS2 related proteins. In addition, initial recombinant protein analysis 

and protein structure determination of the largest component of T3SS2, SsaV, were 

also attempted. 
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3.2 Results 

3.2.1 SsaL has four predicted coiled-coil regions 

The largest component of the gatekeeper, SsaL, is composed of 338 amino acids. Its 

low predicted isoelectric point (pI) of 4.78 is characteristic of the majority of SPI-2 

proteins (The corresponding protein of the T3SS1, InvE, has a predicted pI of 5.92). 

Initial analysis of the amino acid sequence using MARCOIL and COILS programmes 

revealed four potential coiled-coil (CC) regions. MARCOIL software predicted two 

regions with a high (>25%) probability at positions ~76-110 and ~135-151, and two 

regions with low (<25%) probability at ~227-242 and ~292-333 (Fig. 3.1 A). COILS 

software predicted four significant (>25%) CC regions when a 14 residue scanning 

window search was performed and only one major CC region for 21 and 28 residue 

scanning windows (Fig. 3.1 B). In the case of the 14 residue scanning window search, 

the four CC regions were predicted for positions ~75-99, ~133-152, ~227-240, and 

~316-334. The only predicted CC regions for the 21 and 28 residue scanning windows 

were predicted for positions ~74-102 and ~74-104, respectively. 

Taking together the CC predictions of the two programmes, the highest probability of a 

coiled-coil is predicted for region ~75-100 (CC1). Most likely it is also the largest CC in 

SsaL since COILS medium (21) and large (28) residue scanning windows also 

detected this CC region. The two smaller confidence CC regions are calculated for 

regions ~135-150 (CC2), and ~316-333 (CC3). The fourth CC region 227-240 (CC?) 

had the lowest confidence level in both COILS and MARCOIL, making this prediction 

the most questionable. A summary of both CC predictions for SsaL is shown in 

proportion to the whole SsaL protein sequence (Fig. 3.1 C).   

3.2.2 Complementation of ΔssaL S. Typhimurium strain with various 

truncations of SsaL 

To determine which part of SsaL is crucial for its stability and gatekeeping function, 

several SsaL constructs were made in fusion with a C-terminal FLAG tag and were 

used to complement ΔssaL S. Typhimurium strain with chromosomally encoded double 

hemagglutinin (2xHA)–tagged T3SS2 effector SseJ (Fig. 3.2 A). Previously, it was 

shown that three independent 10 amino acid deletions (Δ27-37, Δ40-50, Δ60-69) within 

the predicted SsaM- and SpiC-binding region of SsaL abrogated gatekeeper complex 

formation and function (Yu et al., 2010).  

S. Typhimurium strains were grown in vitro in MgM-MES medium pH 5.0 for 6 hours  
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Figure 3.1 Putative coiled-coil regions of SsaL 
A. MARCOIL coiled-coil region prediction for SsaL.  
B. COILS coiled-coil region prediction for SsaL. Three separate scanning window frames of 14, 

21, and 28 are shown and coloured in blue, red, and green, respectively. X axes represent 
position in SsaL amino acid sequence. Y axes represent probability of a coiled-coil formation 
in %.  
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and the secreted protein fraction was collected. Additionally, the whole bacterial 

fraction was collected to test for the expression and the stability of SsaL-FLAG 

constructs. As expected, under SPI-2 inducing conditions the wild-type strain secreted 

the translocon proteins, SseB and SseC. No secretion of the effector fusion SseJ-2xHA 

was observed. As previously published, a bacterial strain lacking SsaL (ΔssaL) did not 

secrete SseB or SseC whereas SseJ-2xHA secretion increased substantially (Fig. 3.2 

B). Complementation of the ΔssaL mutant with wild-type SsaL restored secretion of 

SseB and SseC to wild-type levels while secretion of SseJ-2xHA was negligible (Fig. 

3.2 B). Complementation of the ΔssaL strain with a plasmid encoding C-terminally 

FLAG-tagged SsaL prevented effector secretion but the secreted levels of SseB and 

SseC translocon proteins were lower than those of wild-type or complemented ΔssaL 

strains. This lowered translocon protein secretion was not reproducible and in ~50% of 

cases the translocon protein secretion was fully restored to the same level as wild-type 

level (data not shown). Trace amounts of SseB were detected in the secreted fraction 

of a double ΔssaL, ΔssaV mutant complemented with SsaL-FLAG. This is most likely 

due to a low frequency of bacterial lysis as loss of SsaV, is known to completely 

abrogate the function of T3SS2 (Beuzón et al., 1999; Yu et al., 2010). When the ΔssaL 

strain was complemented with SsaL1-315-FLAG, translocon protein secretion was 

abolished and comparable to the ΔssaL mutant while secretion of effector protein was 

negligible (Fig. 3.2 B). Importantly, removal of the CC3 region in SsaL1-315-FLAG strain 

did not affect the stability of SsaL as the FLAG signal had a comparable intensity to the 

wild-type SsaL-FLAG construct. Truncation of the 70 N-terminal residues of SsaL 

(SsaL71-338-FLAG) failed to complement the ΔssaL mutant, as no substantial translocon 

protein secretion was detected and SseJ-2xHA secretion increased to a level 

comparable to that of the ΔssaL strain (Fig. 3.2 B). The FLAG signal intensity of 

SsaL71-338-FLAG was similar to that of full-length SsaL-FLAG, suggesting that the 

stability of the protein was not affected. No FLAG signal was detected in ΔssaL strain 

complemented with SsaL100-338-FLAG, implying that CC1 region is crucial for the 

stability of SsaL. Figure 3.2 B shows a representative example of three independent 

experiments. 

3.2.3 Alanine scanning mutagenesis of SsaL predicted coiled-coil regions  

To test the importance of the regions predicted to form coiled-coils in gatekeeper 

function, detailed alanine scanning mutagenesis was done. Alanine mutants of SsaL 

were then used to complement the ΔssaL strain to test their ability to restore a wild-

type secretion profile of translocon and effector proteins in the MgM-MES pH 5.0 in 

vitro secretion  assay.  The  predicted  coiled-coil  regions  with  the  highest  probability   



76 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.2 SsaL FLAG truncations and their ability to complement  
ΔssaL mutant in secretion assay 

A. Constructs used in complementation of the ΔssaL, and ΔssaL, ΔssaV strains. FLAG tags 
were drawn not in scale.  

B. Western blotting analysis of secreted (top three blots) and expressed (bottom blot) proteins. 
Numbers on the left represent protein molecular mass ladder in kDa. Numbers on the top 
represent strains used in the assay described in detail below the blots.  
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were tested in detail. In the case of the lowest probability coiled-coil region (CC?) only 

238-39 region was tested. Additionally, the residues predicted by PredictProtein 

(www.predictprotein.org) software to be a putative phosphorylation and protein 

interaction sites were also mutated. The in vitro secretion assay for mutated SsaL 

variants was repeated a minimum of three times for each position. Alanine substitutions 

within regions 75-82 and 92-99 of predicted CC1 region did not result in loss-of-

function of SsaL. Regions 83-86 and 88-91, when mutated, did not complement the 

ΔssaL mutant, however single alanine substitutions within these regions did not 

abrogate the function of SsaL, suggesting that only significant distortion of 3-4 amino 

acids results in gatekeeper malfunction (Fig. 3.3 A). Mutations within the predicted CC2 

region (135-152) resulted in a reproducible loss-of-function phenotype only in the case 

of the 135-8 quadruple mutant. Single alanine substitutions within this region were 

insufficient to cause a loss-of-function ΔssaL phenotype (Fig. 3.3 B). None of alanine 

substitutions of the predicted protein phosphorylation and interaction sites resulted in a 

loss-of-function of SsaL (Fig. 3.3 C). Interestingly, the two-residue substitution (238-39) 

within the lowest probability coiled-coil (CC?) region reproducibly abrogated translocon 

protein secretion while increasing SseJ-2xHA effector protein secretion. However, this 

increased effector protein secretion was not to the same level as in case of the ΔssaL 

mutant. The same phenotype was observed for the single R238A substitution, 

suggesting that R238 has an important role in gatekeeping function of SsaL (Fig. 3.3 

C). 

Alanine substitutions within regions 318-19, 322, 326-27, and 329-338 of predicted 

CC3 region did not affect the function of SsaL, since the ΔssaL mutant was 

complemented with these variants (Fig. 3.3 D). Mutation of 320-21 region resulted in 

inability of that SsaL variant to complement the ΔssaL strain since no secretion of 

translocon proteins and a slight increase in effector protein secretion were observed 

(Fig. 3.3 D). Single substitution of Q320A resulted in a lack of secretion of both 

translocon and effector proteins. Substitution and complementation of the ΔssaL strain 

with R321A resulted in abrogation of translocon protein secretion and increased levels 

of secreted effector protein, mimicking that of the ΔssaL mutant (Fig. 3.3 D). Mutation 

of Q323 caused a small decrease in translocon protein and an increase in SseJ-2xHA 

effector protein secretion. Mutagenesis of I324 and L325 led to a ΔssaL secretion 

profile, although the secretion profile of L325A was not always reproducible. 

Substitution of L328A resulted in similar secretion profiles as R321A, I324A and L325A 

in the complemented ΔssaL mutant (Fig. 3.3. D). A short C-terminal truncation of eight 

amino acids, where valine 331 was replaced with a stop codon, was also tested. The  
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Figure 3.3 In vitro pH 5.0 secretion assay of the ΔssaL mutant  
complemented with a range of SsaL alanine mutants 

Western blotting results of secreted fraction after incubation in SPI-2 inducing medium probed 
for effector protein using HA (SseJ-2xHA; yellow), and SseB (green) and SseC (orange) 
translocon proteins. Secretion results from mutagenesis results of predicted coiled-coil region 1 
(CC1), 2 (CC2), and 3 (CC3) are shown on panels A, B, and D, respectively. Additionally, 
secretion profiles resulting from mutating lowest probability coiled-coil (CC?), putative predicted 
phosphorylation, and protein interaction positions are shown on panel C. Numbers on the left 
represent protein molecular mass ladder in kDa. Numbers on the top represent amino acid 
positions in SsaL replaced by alanines.  
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Figure 3.4 Summary alanine substitutions of SsaL and their effect on gatekeeper function 
A. Amino acid sequence of SsaL. Chaperone binding domain (CBD) is marked with yellow box. 

Predicted coiled-coil (CC1, CC2, CC?, and CC3) regions are marked with grey boxes. Three 
deletions within CBD previously known to abrogate gatekeeper function are shown in red 
(Δ1-3).  

B. Helical wheel projection of the coiled-coil CC3 region. Based and modified from: 
http://www.camp.bicnirrh.res.in/helicalWheel/.  

Substitutions fully and partially abrogating gatekeeper function are coloured in red and green, 
respectively. Mutants fully complementing ΔssaL strain are coloured in blue.  
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secretion profile looked similar to that of SsaL1-315-FLAG construct (Fig. 3.2 B) where 

no secretion of translocon and effector proteins was observed (Fig. 3.3 D), suggesting 

an important role of C-terminal part of SsaL in translocon protein secretion. A summary 

of SsaL alanine substitutions and their impact on ability to complement the ΔssaL 

mutant in an in vitro MgM-MES pH 5.0 secretion assay is presented in figure 3.4 A. 

Interestingly, the CC3 mutations resulting in a reproducible secretion profile that was 

characteristic of the ΔssaL mutant are oriented in the same direction in a helical wheel 

projection scheme (HelicalWheel), suggesting that this region of SsaL could be a 

crucial intra- or intermolecular protein interaction interface (Fig. 3.4 B).   

3.2.4 SsaL interacts with translocon proteins 

An interaction between gatekeeper and translocon proteins could explain the role of 

SsaL in T3SS secretion as a platform specifically binding substrates that are 

subsequently passed to the T3SS apparatus for secretion. To test if SsaL interacts with 

the translocon proteins SseB or SseC, a ΔssaL mutant complemented with a C-

terminally FLAG-tagged SsaL was used for FLAG co-immunoprecipitation experiments 

after growth in SPI-2 inducing conditions. Additionally, previously obtained loss-of-

function SsaLI324A mutant was also C-terminally FLAG-tagged and used in the 

experiment. No interaction between SsaL and the translocon proteins was detected in 

buffers that did not contain glycerol (data not shown). However, a specific interaction 

between SsaL-FLAG and SseB and SseC was detected when lysis, binding and elution 

buffers contained 5% glycerol (Fig. 3.5). Mutation in SsaL in position I324A did not 

affect the stability of SsaL as both wild-type and I324A variants had comparable FLAG 

intensities in both input and output samples in the co-immunoprecipitation experiments 

(Fig. 3.5). Both SsaL and SsaLI324A proteins are likely to form dimers since a specific 

FLAG band of ~75 kDa was detected in the FLAG output samples. No interaction with 

the chaperone protein SpiC and translocon proteins SseB and SseC was observed in 

FLAG co-immunoprecipitation in ΔssaL strain complemented with non-tagged SsaL 

protein (Fig. 3.5). As expected, both SsaL-FLAG and SsaLI324A-FLAG specifically 

interacted with SpiC. Surprisingly, both SsaL-FLAG and loss-of-function SsaLI324A-

FLAG interacted with SseB and SseC. A small difference in the SseB signal in the 

outputs between SsaL-FLAG and SsaLI324A-FLAG was not reproducible and 

occasionally the opposite was observed. SseC was also specifically detected in FLAG 

co-immunoprecipitation of another loss-of-function mutant, SsaLR238A-FLAG (data not 

shown). No interaction was observed in FLAG co-immunoprecipitations between SseC 

and C-terminally FLAG-tagged SseK1 and SseL effector proteins under same 

conditions (data not shown). 
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Figure 3.5 SsaL-FLAG interacts with translocon proteins 
FLAG co-immunoprecipitation was performed in ΔssaL strains complemented with SsaL (1), 
SsaL-FLAG (2), and SsaLI324A-FLAG (3) grown in vitro in SPI-2 inducing conditions. Input (left) 
and output (right) were probed for FLAG, SseC, SseB, and SpiC. Predicted molecular mass of 
SsaL-FLAG is ~40 kDa. Blue and orange asterisks point to putative dimers and N-terminal 
degradation products of SsaL, respectively. Numbers on the left correspond to protein molecular 
mass ladder in kDa.     
 

 

A major portion of the elution fraction of the FLAG co-immunoprecipitation sample was 

subjected to LC-MS/MS tandem spectrometry protein identification to test the 

composition of the FLAG elution solutions from ΔssaL strain complemented with wild 

type SsaL-FLAG, SsaLI324A-FLAG, and non-tagged SsaL (This analysis was carried out 

by Dr Janusz Dębski, at the Institute of Biochemistry and Biophysics, Poland). Specific 

T3SS2 components and substrates detected in SsaL-FLAG and SsaLI324A-FLAG 

samples and not in non-tagged SsaL are shown in table 3.1. The T3SS2 protein 

composition with peptide scores above 100 was almost identical for both SsaL-FLAG 

and SsaLI324A-FLAG with exceptions for SifB, SopD2, and SifA effector proteins which 

were detected in SsaLI324A-FLAG sample (Table 3.1; orange colour). Nine T3SS2 
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components were specifically detected with comparable peptide scores in case of both 

samples with SsaL as the most abundant protein with peptide scores above 5,000 

verifying the efficiency of co-immunoprecipitation (Table 3.1; grey colour). Two 

translocon proteins, SseC and SseD, were detected in both SsaL-FLAG and SsaLI324A-

FLAG (Table 3.1; yellow colour). The presence of SseC is in agreement with previously 

obtained Western blotting experiment. Despite the fact that the SseC secretion was 

attenuated in an in vitro secretion assay in ssaL mutant complemented with SsaLI324A 

(Fig. 3.3 D), SseC protein was one of the most abundant identified proteins in both 

SsaL-FLAG and SsaLI324A-FLAG (Tab. 3.1). Moreover, there was also a comparable 

amount of known transolocon chaperone proteins (SseA, SscA, and SsaE) for each 

wild-type and mutant SsaLI324A sample (Tab. 3.1, green colour). Known SsaL 

interaction partners, SpiC and SsaM, were also specifically detected in the mass 

spectrometry samples (Table 3.1; grey colour).The presence of effector proteins was 

surprising, especially since SsaL was shown to be involved in blocking effector protein 

secretion (Yu et al., 2010). This could be explained by a pH change from 5 to 7.4, a 

known trigger for effector protein secretion, performed during lysis and FLAG co-

immunoprecipitation in order to allow optimal binding of the α-FLAG antibodies. 

Importantly, these mass spectrometry data should be interpreted with caution since 

only a single experiment was analysed in this way. 
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Table 3.1 T3SS2 proteins and T3SS2 substrates identified by mass spectrometry 
SsaL-FLAG (A) and SsaLI324A-FLAG (B) FLAG co-immunoprecipitation eluates were subjected 
to LC-MS/MS analysis. Mascot score (MS score) and a number of unique specific peptides 
detected (brackets) are shown for each protein. Grey, orange, yellow, green, and blue highlight 
T3SS2 components, effector proteins, translocon proteins, chaperones of translocon proteins, 
and a predicted ruler protein, respectively. Proteins that were not detected with a MS score of at 
least 100 in both samples are shown in italics. This is a mass spectrometry summary of a single 
experiment. 
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3.2.5 SsaL-FLAG truncations and interaction with translocon proteins 

Having detected an interaction between SsaL and SseB/SseC translocon proteins, an 

attempt was made to determine the part of SsaL required for this specific interaction. A 

range of C-terminally FLAG-tagged SsaL truncations was cloned and used for ΔssaL 

complementation and FLAG co-immunoprecipitation from Salmonella under SPI-2 

inducing conditions (Fig. 3.6 A). Several C-terminal truncations (1-226, 1-184, 1-169, 1-

153, 1-132) and one N-terminal truncation (100-338) affected the stability of SsaL as 

relatively smaller FLAG signals were observed in comparison to wild-type or other 

FLAG-tagged truncations in the input samples. In the case of the shortest 1-132 

truncate, a FLAG signal could be seen only in the output sample (Fig. 3.6 B, sample 

10). The negative effect on SsaL stability of a 100-338 truncation was observed 

previously (Fig. 3.2 B).  

Protein dimers were again observed for SsaL-FLAG and in the case of most SsaL 

truncations. SseB and SseC were detected in FLAG co-immunoprecipitations for all 

SsaL-FLAG truncates but not in the wild-type non-tagged SsaL or 100-338 N-terminal 

truncation. The intensity of the translocon proteins correlated with the stability of SsaL 

constructs. For SseC, in some samples an additional protein band of molecular mass 

greater than SseC was observed, which could represent a translocon-chaperone 

(SseC-SscA) complex that did not fully dissociate during protein sample preparation 

and subsequent SDS-PAGE (Fig. 3.6 B). None of the truncations fully abrogated SsaL 

interaction with SseB/SseC. This suggests that either within SsaL there are multiple 

SseB/SseC binding sites or that one site of SsaL is responsible for binding to the 

translocon proteins and another for binding to the injectisome. In the second scenario, 

translocon proteins could be pulled down indirectly through other components of the 

injectisome that interact with SsaL. These possibilities make investigation of SsaL-

translocon protein interaction technically challenging. This suggested that it might be 

more straightforward and feasible to test for interactions in an in vitro assay using 

purified proteins, in the absence of other injectisome components.  
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Figure 3.6 SsaL-FLAG variants and FLAG co-immunoprecipitation 
A. List of SsaL FLAG truncations used in FLAG co-immunoprecipitation. Predicted molecular 

mass in kDa of each construct is shown on the right.  
B. FLAG co-immunoprecipitation of SsaL variants. Membranes were probed for FLAG (input 

and output), SseB (output), and SseC (output). Blue and brown dashed lines point to 
putative dimers and expected size monomers of SsaL-FLAG variants, respectively. Protein 
molecular mass ladder in kDa is shown on the left. NS – non-specific bands. 
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3.2.6 Purification of SsaL/SsaM/SpiC gatekeeper complex 

Initial purification of SsaL in E. coli BL21 (DE3) (a protein expression strain) was 

unsuccessful and despite good expression, the protein remained in the insoluble 

fraction, most likely within inclusion bodies (data not shown). Co-expression of SsaL 

with SsaM and SpiC from two separate complementary DUET plasmids (Novagen) 

also did not produce soluble SsaL (data not shown). However, ligating genes encoding 

all three proteins in a single co-expression pQlink plasmid under a hybrid tac promoter 

(Scheich et al., 2007) resulted in sufficient soluble SsaL/SsaM/SpiC quantities. In this 

construct SsaM and SpiC were N-terminally 7xHis-tagged followed by a TEV protease 

cleavage site. SsaL was pulled down together with SsaM and SpiC via their 7x-His tags 

during Ni-NTA affinity purification (Fig. 3.7 A, lanes E1 and E2). After addition of a His-

tagged TEV protease and an overnight incubation, 7xHis tags were removed from most 

of SsaM and SpiC proteins. This was visualised by the appearance of two additional 

smaller size bands (Fig. 3.7 A, lane T2). A secondary Ni-NTA affinity purification cycle 

allowed removal of His-tagged TEV protease, the majority of non-His-cleaved SsaM 

and SpiC proteins and SsaL bound to them, and the 7xHis tag with residual TEV 

cleavage site (Fig. 3.7. A, lanes FLOW’ and E). Importantly, immediately after Ni-NTA 

purification, the SsaL/SsaM/SpiC complex was kept in a buffer containing reducing 

agent (1 mM DTT) which stabilised the complex, preventing it from precipitation. The 

remaining non-cleaved 7xHis-SsaM/SpiC proteins were cleaned up by an additional 

TEV protease cycle (data not shown). Importantly, since SsaM and SpiC have 

predicted molecular masses of 14.3 and 14.7 kDa, it was technically challenging to 

separate these proteins on SDS-PAGE gels. The presence of both SsaM and SpiC in 

the protein migrating at ~11 kDa was confirmed by LC-MS/MS. Additionally, the protein 

band migrating at ~35 kDa was also verified as SsaL (Fig. 3.7 B). Importantly, the 

ability of SsaM and SpiC to pull down SsaL from an Escherichia coli lysate confirmed 

previously published data on SsaL/SsaM/SpiC complex formation (Yu et al., 2010). 

At this point the SsaL/SsaM/SpiC protein solution still had several impurities with 

molecular masses of ~63 kDa. Moreover, since the affinity purification was biased for 

SsaM and SpiC (SsaL did not have a His tag), the sample most likely was composed of 

a mix of two SsaM/SpiC and SsaL/SsaM/SpiC complexes. In order to separate this 

heterogeneous sample, a secondary purification method, involving an anion exchange 

(Resource Q column, GE) chromatography was used. The SsaL/SsaM/SpiC ternary 

complex was isolated during elution with a gradient of sodium chloride (Fig. 3.8, red 

dashed  line  box).  The  protein  complex  was  then  snap frozen in liquid nitrogen and  
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Figure 3.7 Purification of SsaL/SsaM/SpiC complex and MS identification 
A. Protein Ni-NTA affinity purification, TEV protease cleavage and secondary Ni-NTA 

purification were performed. WB – whole bacteria fraction; SP – soluble protein fraction; 
FLOW – Ni-NTA unbound fraction; E1/E2 – Ni-NTA elution fractions; T1 and T2 – protein 
composition after addition of TEV protease for 5 minutes and 20 hours, respectively; FLOW’ 
– protein fraction unbound to Ni-NTA after TEV cleavage; E – Ni-NTA elution fraction after 
TEV cleavage. NS – non-specific bands. Protein molecular mass ladder in kDa is shown on 
the left. Red dashed squares represent bands that were sent for mass spectrometry 
analysis.  

B. Top five proteins identified with tandem LC-MS/MS analysis of the two ~11 and ~35 kDa 
SDS-PAGE bands. Description – name of the protein identified within E. coli and S. enterica 
serovar Typhimurium (yellow colour) proteomes detected; Score – mass spectrometry score 
obtained through MASCOT software analysis; Mass – predicted protein molecular mass; 
Peptides detected – number of unique peptides identified in LC-MS/MS MASCOT analysis; 
Coverage – percent of amino acid sequence detected.   
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Figure 3.8 Anion exchange chromatography purification of SsaL/SsaM/SpiC 
A. Ultraviolet absorbance (wavelength 280 nm) and conductivity (mS/cm) chromatograms 

obtained from Resource Q anion exchange column using AKTA protein purification system.  
B. SDS-PAGE analysis of fractions obtained during anion exchange chromatography. Protein 

molecular mass ladder in kDa is shown on the left. Red dashed line box represents 
SsaL/SsaM/SpiC fraction pulled for snap freezing and storage until future use. 
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stored at -80 °C for future use. 

3.2.7 Circular dichroism and SEC-MALS analysis of SsaL/SsaM/SpiC 

With a purified ternary gatekeeper complex in hand, it was then subjected to further 

characterisation. One of the techniques used was circular dichroism (CD), that 

measures differential absorption (or ellipticity) of left- and right-handed light over a 

wavelength range. This technique provides a fast and convenient way to obtain 

information on secondary structure composition of a tested protein or protein complex. 

The gatekeeper complex was tested in 50 mM Tris pH 7.4, 150 mM NaCl, and 1 mM 

DTT buffer. The CD spectrum obtained for SsaL/SsaM/SpiC complex was 

characteristic of that of mainly α-helical proteins, in which ellipticity values are negative 

at wavelengths of 222 nm and 208 nm and positive at 193 nm (Holzwarth and Doty, 

1965). Moreover, it could be concluded that the complex was folded, since disordered 

proteins are characterised by a very low ellipticity above 210 nm and negative bands 

near 195 nm wavelengths (Venyaminov et al., 1993). Based on the analysis of CD data 

performed with DichroWeb software, the gatekeeper complex was predicted to 

comprise 84% of α-helices, 6% of β-strands, 2% of turns, and the remaining 8% of the 

protein was predicted to be unordered (Sreerama and Woody, 2000; Fig. 3.9 B). This 

prediction is strengthened by the published structure of a similar protein complex with 

gatekeeping function in the Yersinia pestis T3SS, namely YopN/YscB/SycN and 

YopN/TyeA complexes, where YopN and TyeA are composed entirely of α-helices, and 

the two small chaperones, YscB and SycN, each have an antiparallel β-sheet engulfed 

by 3 helices, making these complexes mainly α-helical (Schubot et al., 2005).  

Size-exclusion chromatography coupled with multi-angle light scattering (SEC MALS) 

was applied to determine the molecular mass and stoichiometry of the gatekeeper 

complex. Assuming the stoichiometry of the SsaL:SsaM:SpiC complex to be 1:1:1, then 

the predicted molecular mass of a single SsaL/SsaM/SpiC  complex would sum up to 

approximately 67,800 Da (SsaL 38,900 Da+ SsaM 14,300 Da+ SpiC 14,600 Da). SEC 

MALS analysis of purified SsaL/SsaM/SpiC estimated molecular mass to be 63,600 

±1,200 Da, most likely suggesting stoichiometry of the SsaL/SsaM/SpiC gatekeeper 

complex to be 1:1:1 (Fig. 3.10). This predicted stoichiometry is in agreement with the 

published crystal structure of YopN/YscB/SycN (Schubot et al., 2005). 

 

 



90 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.9 Circular dichroism of SsaL/SsaM/SpiC 
A. Circular dichroism of purified SsaL/SsaM/SpiC complex X-axis represents wavelength in nm.        

Y axis shows a difference in absorption between left- and right-handed circularly polarised 
light. Blue and red graphs show two runs of the same complex.  

B. Pie chart representation of secondary structure elements of SsaL/SsaM/SpiC complex based 
on circular dichroism analysis. Based on DichroWeb software 
(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml). 
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Figure 3.10 SEC MALS analysis of SsaL/SsaM/SpiC 

Size-exclusion chromatography multi-angle light scattering of SsaL/SsaM/SpiC. Differential 
refractive index is shown on Y axis and represented in function of elution volume as blue line. 
Molecular mass estimate is shown on secondary Y axis and represented for SsaL/SsaM/SpiC 
peak in red line. Elution volume in millilitres is shown on X axis. 
 

3.2.8 Purification of other S. Typhimurium T3SS2 proteins in E. coli  

3.2.8.1 T3SS2 apparatus components (SsaQ and SsaV) 

Amongst multiple T3SS apparatus components there are two high probability 

candidates that could interact with the gatekeeper complex, based on their exposure to 

the cytosol. First, SsaQ, is a predicted component of cytosolic platform connected to 

the base of secretion system, also known as C-ring. Interestingly, ssaQ was shown to 

produce two proteins with size of 36 kDa (SsaQL) and 11.6 kDa (SsaQS) as a result of 

a tandem translation process (Yu et al., 2011). Both proteins, especially SsaQL were 

shown to be crucial for T3SS secretion; the smaller SsaQS variant was shown to 

stabilise the larger SsaQL (Yu et al., 2011). Many attempts to purify SsaQ in E. coli 

protein expression strain, either with N- or C-terminal 6xHis tag orientations, or GST 

fusions, or co-expression of SsaQL with SsaQS turned out unsuccessful and did not 

result in protein expression, at least visible by Coomassie stain (data not shown). 

The second candidate protein, SsaV, is the largest component of the export apparatus 

of flagellar and T3SSs and is a member of FlhA superfamily of proteins. Its predicted 
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seven to eight (depending on the prediction software used) transmembrane regions are 

followed by a large >300 amino acid cytosolic domain (Fig. 3.10 A). Its deletion, just as 

for the putative C-ring component SsaQ, abrogates the function of T3SS machinery, 

stopping secretion of both translocon and effector proteins. FlhA protein superfamily 

members have been shown to interact with export apparatus proteins and to be 

involved in secretion, forming a putative secretion platform facilitated by ATPase and 

other export apparatus components (Zhu et al., 2002; McMurry et al., 2004; Abrusci et 

al., 2012). In agreement with this, FLAG co-immunoprecipitation of chromosomally 

tagged SsaV-3xFLAG protein under SPI-2 inducing conditions resulted in specific co-

purification of multiple T3SS2 components and substrates (Table 3.2). A 7 amino acid 

C-terminal truncation within the cytosolic portion of SsaV results in secretion profile 

previously observed in SsaL mutagenesis, suggesting potential interplay between 

these two proteins (Dr Xiu-Jun Yu personal communication). 

 
 
 
 

Table 3.2 Specific T3SS2 components and substrates identified in FLAG                                            
co-immunoprecipitation eluate of SsaV-3xFLAG by LC-MS/MS 

Only SPI-2-encoded components and known T3SS2 secreted substrates are shown. Mascot 
score (MS score) and a number of unique peptides (brackets) are shown. Proteins with MS 
score below 100 are shown in italics. Grey, orange, blue, and yellow depict T3SS2 components, 
secreted effector proteins, predicted needle protein, and translocon proteins, respectively. This 
is a summary of a single experiment. 
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Apart from testing the direct interaction with the gatekeeper, high amount of pure 

recombinant SsaV could be subsequently used for structure determination, potentially 

revealing some of the unique T3SS2 features not present in homologous proteins of 

other systems. In order to facilitate protein expression and handling, only constructs 

containing predicted cytosolic region of SsaV were designed and ligated into the 

pQlinkH vector containing N-terminal 7xHis tag followed by a TEV cleavage site. Out of 

the three (SsaV327-681, SsaV440-681, and SsaV485-681; Fig. 3.11 B) constructs tested for 

protein expression in E. coli BL21 (DE3), the only one resulting in significant protein 

expression upon IPTG induction was the SsaV327-681 (Fig. 3.11 C). Based on the 

expression tests, construct SsaV327-681 was chosen for protein purification. Using auto-

induction medium and overnight incubation at 25 °C with rotation 200 rpm, a sizeable 

bacterial pellet was obtained and subjected to lysis followed by Ni-NTA affinity 

chromatography purification. The protein amount obtained was significant with an 

approximate yield of >40 mg/L. The SsaV327-681 elution fraction had few impurities, 

which were further removed by TEV protease cleavage of 7xHis tag followed by 

secondary Ni-NTA purification step, where only the flow fraction containing non-tagged 

SsaV327-681 was collected (Fig. 3.12 A). The protein was very stable and even storage 

of over 1 year at 4 °C did not result in any protein precipitation or in protein 

degradation, as detected by Coomassie staining (data not shown). Since the cytosolic 

portion of a homologous to SsaV protein, Shigella flexneri MxiA, was demonstrated to 

oligomerise in a concentration-dependent manner (Abrusci et al., 2012), it was also 

tested if SsaV behaves in a similar way. Increasing concentrations of SsaV327-681 (2, 4, 

8, and 12 mg/ml) resulted in decreasing elution volumes (76.1, 75.2, 74.2, and 73.5 ml) 

during Superdex200 size exclusion chromatography, confirming increasing molecular 

mass of the SsaV sample (Fig. 3.12 B).  Both SsaV327-681 and 7xHis-SsaV327-681 protein 

variants were snap frozen in liquid nitrogen and saved for future use in -80 °C. 

3.2.8.2 Translocon (SseB, SseC267-484) and effector (SseL, SpvC) proteins  

Two translocon proteins SseB (21.4 kDa) and SseC (52.7 kDa) that specifically 

interacted with SsaL-FLAG in Salmonella were ligated and expressed in E. coli protein 

expression strain to test if they interact directly with purified gatekeeper complex. For 

SseB, good expression and solubility levels were obtained for N-terminal His-GST 

variant (data not shown). The second translocon protein, SseC, predicted to be more 

hydrophobic than SseB, expressed at much lower level. However, its predicted 

cytosolic part (residues 267-484) readily expressed and was obtained as an N-terminal 

His-GST variant. Both proteins were subjected to Ni-NTA affinity purification followed 

by anion exchange chromatography (Resource Q, GE). Additionally, two effector  
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Figure 3.11 Prediction of transmembrane helices in SsaV, 
design of truncations and testing their expression 

A. TMHMM prediction of transmembrane helices. Red lines represent predicted 
transmembrane helices, blue and pink represent regions facing membrane opposing sites. 
Source http://www.cbs.dtu.dk/services/TMHMM-2.0/  

B. Design of cytosolic truncations of SsaV and their predicted molecular mass.  
C. Test of expression of different truncations of SsaV in E. coli BL21 (DE3) expression strain 

upon addition of 1 mM IPTG. Protein molecular mass ladder in kDa is shown on the left.  
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Figure 3.12 Ni-NTA purification and concentration-dependent 
oligomerisation of SsaV327-681 

A. SDS-PAGE Coomassie stain of Ni-NTA purification of SsaV327-681. WB – whole bacteria 
fraction; SP – soluble protein fraction; FL – Ni-NTA unbound fraction; W – wash fraction; 
ELU – Ni-NTA elution fraction; FLOW’ – Ni-NTA unbound fraction after TEV cleavage of 
7xHis-TEV-SsaV327-681. Protein molecular mass ladder in kDa is shown on the left.  

B. Superdex 200 size exclusion chromatography of four different concentrations (2, 4, 8, and 16 
mg/ml shown in orange, red, blue, and violet, respectively) of SsaV327-681. Y axis represents 
absorption at 280 nm and X axis elution volume in ml. Rhombus markers depict maximal 
absorption for each chromatogram with elution volume shown above.  
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Figure 3.13 Proteins obtained in E. coli via Ni-NTA or GST purification 
Protein purifications of SsaV327-681, SsaL/SsaM/SpiC, SsaM/SpiC, SseC267-484, SseB, SseL, and 
SpvC are shown for comparison. Protein molecular mass ladder in kDa is shown on the left. 
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proteins known to be secreted by the T3SS2, SseL and SpvC, were also purified with 

substantial yield and high purity as N-terminal GST or C-terminal 6xHis tag fusions, 

respectively. Final purifications of GST-SseL, SpvC-His, His-GST-SseB, and His-GST-

SseC267-484 are shown in comparison to SsaV327-681, and SsaL/SsaM/SpiC in Figure 

3.13. 

3.2.9 Testing for direct interactions between the gatekeeper complex, 

SsaV327-681, translocon and effector proteins 

Recombinant E. coli-purified proteins were used in His- or GST-pulldowns to test if co-

immunoprecipitation results with Salmonella could be verified in a direct binary 

interaction test. 

In experiments using His-tagged SseB and SseC267-484 both proteins were pulled down 

efficiently with Ni-NTA resin, however no specific interaction with SsaL/SsaM/SpiC, 

SsaM/SpiC, and SsaV327-681 was observed as none of these proteins co-eluted with 

His-tagged translocon proteins during pull-down experiments (Fig. 3.14 A and B).  

For the effector proteins, an efficient capture of GST-SseL was achieved but no 

specific interaction was observed with the gatekeeper complex, or SsaV327-681 (Fig. 3.14 

C). Similarly, when SpvC-His was pulled down, no interaction was detected as 

SsaL/SsaM/SpiC, SsaM/SpiC and SsaV327-681 did not specifically co-elute with tagged 

SpvC (Fig 3.14 D).  

Lack of a stable interaction between the gatekeeper and SpvC and SseL effector 

proteins was expected as one of the functions of gatekeeper is to prevent effector 

secretion by T3SS. However, the lack of specific interaction between purified 

gatekeeper and translocon proteins could suggest that the interactions observed in 

lysates from Salmonella SsaL-FLAG co-immunoprecipitations occur indirectly, most 

likely through a translocon chaperone proteins SseA or SscA.  

The possibility that the gatekeeper interacts with the SsaV327-681 component of T3SS2 

was also tested. When His-tagged SsaV327-681 was used in a His pull-down experiment, 

no co-elution with SsaL/SsaM/SpiC or SsaM/SpiC was observed, suggesting no direct 

interaction between the two proteins or lack of appropriate environmental condition, 

such as pH for example (Fig. 3.14 E). Importantly, in these experiments SsaV lacked 

its N-terminal transmembrane segment, which could be involved in interaction with the 

gatekeeper. 
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Figure 3.14 Protein His and GST pulldowns  
A. His pulldown of His-GST-SseB with SsaL/SsaM/SpiC (lanes 1-2), SsaM/SpiC (lanes 3-4), 

SsaV327-681 (lanes 5-6), and GST (lanes 7-8).  
B. His pulldown of His-GST-SseC267-484 with SsaL/SsaM/SpiC (lanes 1-2), SsaM/SpiC (lanes 3-

4), SsaV327-681 (lanes 5-6), and GST (lanes 7-8).  
C. GST pulldown of GST-SseL with SsaL/SsaM/SpiC (lanes 1-2), SsaM/SpiC (lanes 3-4), 

SsaV327-681 (lanes 5-6), and SpvC (lanes 7-8).  
D. His pulldown of SpvC-His with SsaL/SsaM/SpiC (lanes 1-2), SsaM/SpiC (lanes 3-4),                

SsaV327-681 (lanes 5-6), and GST (lanes 7-8).  
E. His pulldown of His-SsaV327-681 with SsaL/SsaM/SpiC (lanes 1-2), SsaM/SpiC (lanes 3-4), 

and GST (lanes 5-6). INP – Input; OUT – Output. Protein molecular mass ladder in kDa is 
shown on the left. 
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3.2.10 SsaL/SsaM/SpiC does not form a protein complex with SsaV327-681 

Recently, it was shown that cytosol of Salmonella can undergo acidification when 

bacteria are exposed to low ambient pH (Chakraborty et al., 2015). The gatekeeper 

dissociates from T3SS2 upon pH change from 5.0 to 7.2 (Yu et al., 2010). It is possible 

that some specific gatekeeper interactions with the T3SS only occur at pH lower than 

7.2. Since SsaM and SpiC contain total of eleven histidines, residues which are known 

to change their protonation state within physiological pH fluctuations, it is conceivable 

that an SsaV327-681-gatekeeper interaction might depend on some positively charged 

histidines of SsaM and SpiC. One of the reasons why no interaction of the gatekeeper 

with SsaV327-681 was observed could be that the pulldown of His-SsaV was done at 

near-neutral pH (pH 7.4). To address this issue, an overnight dialysis of SsaV327-681, 

SsaL/SsaM/SpiC, and SsaV327-681 mixed with SsaL/SsaM/SpiC was done in HEPES 

buffer at pH 6.0, followed by size exclusion chromatography to test for SsaV327-681-

gatekeeper complex formation.  

Formation of a complex in size exclusion is characterised by two or more components 

of complex co-eluting at the same elution volume, and since the complex formed has a 

higher molecular mass than separate components tested, it often elutes at a lower 

elution volume during size exclusion chromatography. After overnight dialysis of    

SsaV327-681 with SsaL/SsaM/SpiC a small degree of protein precipitation was observed, 

however the majority of protein remained soluble (as compared by absorbances at 

λ=280 nm). No co-elution of SsaV327-681 with SsaL/SsaM/SpiC proteins was observed in 

sample where SsaV327-681 was mixed with SsaL/SsaM/SpiC (Fig. 3.15 B).  Also, there 

was no decrease in elution volumes of each of the component, suggesting that 

SsaL/SsaM/SpiC gatekeeper does not form a stable complex with SsaV327-681 (Fig. 3.15 

A). 

 

 

 

 

 

 



102 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 Superdex 200 size exclusion chromatography of gatekeeper and SsaV327-681 
A. Superdex 200 size exclusion chromatograms of SsaV327-681 (“V”, blue line), gatekeeper 

(“LMC”, red line), and SsaV327-681 and gatekeeper mixed together (“V+LMC”, green line).  
B. Fractions from SsaV327-681 mixed with gatekeeper chromatogram (“V+LMC”, elution volume 

68-82) were tested for their protein composition revealing separate SsaV327-681 and 
gatekeeper elution volumes. Protein molecular mass ladder in kDa is shown on the left. 
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3.2.11 Crystallisation of SsaV327-681
 

Several structures of homologous to SsaV components have been determined. SsaV 

does not share a high sequence identity with equivalent components in other T3SSs 

and additionally possesses a unique C-terminal tail containing 8 negatively charged 

amino acids shown to be important for T3SS function (Dr Xiu-Jun Yu personal 

communication). These observations suggest that SsaV could have some features 

unique to T3SS2. Having obtained large amounts of high purity SsaV327-681, an attempt 

was made to crystallise this major component of T3SS2.   

Purified protein at a concentration of 4 mg/ml was initially sent to the Hauptman-

Woodward Institute (Buffalo, USA) for a high-throughput crystallisation screen done in 

the form of a microbatch-under-oil crystallisation screen with 1,536 unique well 

conditions. Every week an automated robot took images of each well for up to 6 weeks. 

After four weeks, proteinaceous crystals (confirmed by images taken with an Ultraviolet 

Two-Photon Excited Fluorescence camera) were formed in six distinct wells whose 

composition is summarised in figure 3.16. The condition of well 791 was successfully 

reconstituted in the lab using the hanging drop crystallisation technique in a 24-well 

format. Interestingly, the crystal appearance was completely dependent on the 

presence of reducing agent (β-mercaptoethanol or dithiothreitol) in the buffer and 

without it the drop accumulated protein precipitate and no crystals formed. This 

suggests that the three cysteines within SsaV327-681 might have had to be in their 

sulfhydryl reduced state in order to facilitate crystal formation. The crystallisation 

process at 14-15% concentration of polyethylene glycol (PEG) 20,000, was extremely 

fast and formation of small crystals could be seen as fast as 30 minutes after the tray 

was set. After 4-7 days, the most sizeable SsaV327-681 crystals formed in 0.1M CAPS, 

0.1M (NH4)2HPO4, 10-12% PEG 20,000, pH 10 and 10.5 were fished out of the drop 

with a 1 µm metal loop, transferred into 5-10% glycerol containing crystallisation buffer 

followed by liquid nitrogen snap freezing step. Complete data sets of crystal diffraction 

with a maximum resolution of 4.5 Å were collected at Diamond Light Source (Oxford, 

UK).  

At this point, an additive screen was implemented in order to improve protein crystal 

diffraction properties. The 0.1M CAPS, 0.1M (NH4)2HPO4, 10-12% PEG 20,000 pH 10 

crystallisation condition was mixed in a volume ratio of 9:1 with 96 unique additives that 

were shown in the past to enhance different protein crystal diffraction properties 

(Additive screen; Hampton Research). Figure 3.17 summarises four additives that 

resulted in a better quality looking crystals that were tested for diffraction at Diamond 
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Light Centre. This time the diffraction resolution was improved to 3.5 Å. Table 3.3 

summarises parameters of the SsaV327-681 crystal. The Matthews coefficient and 

solvent content calculated from the unit cell and molecular weight of the SsaV327-681 

predict the number of molecules in an assymetric unit to be 4-5 (Matthews, 1968; 

Kantardjieff and Rupp, 2003). In order to solve a phase problem, a molecular 

replacement using InvA diffraction data was attempted, without success. This is most 

likely due to a relatively low (22%) sequence identity between the two proteins and a 

high (4-5) number of molecules in an assymettric unit.  

An alternative method of solving the phase problem using Seleno-methionine (SeMet) 

containing SsaV327-681 crystals was applied. However, the diffraction data obtained by 

SeMet crystals were not of sufficient quality to solve the phase problem.  

 

 

 

 

Table 3.3 Parameters of the SsaV327-681 crystal 

 

 

 

 

 

 

 

 

 

 

 

α, β, γ (°) 90, 106.7, 90
Resolution (Å) 3.5

Space group C2

Data collection parameters of the SsaV327-681 crystal

Cell dimensions
104.24, 190.08, 95.44a, b, c (Å)
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Figure 3.16 Conditions resulting in SsaV327-681 crystal formation 
Wells from a high-throughput crystallisation screening yielding protein crystals are shown in 
bright field images. Proteinaceous composition of the crystal was confirmed by images take by 
Ultraviolet Two-Photon Excited Fluorescence camera. Exact well compositions of conditions 
yielding crystals are summarised in a table below.  
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Figure 3.17 Crystals formed in original and additive optimisation screen conditions  

Original condition yielding crystals that were tested for their diffraction at Diamond Light Source 
in June 2013 are showed on the left. Additive screen yielding better quality crystals that were 
tested in September 2013 is shown on the right. 
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4. BIOCHEMICAL ANALYSIS OF SPVD, A SALMONELLA EFFECTOR 

PROTEIN OF UNKNOWN FUNCTION 

4.1. Introduction 

Invasion and replication inside host cells by Salmonella enterica is facilitated by 

translocation of virulence or “effector” proteins to the host cell via two distinct type three 

secretion systems, T3SS1 and T3SS2, encoded by the SPI-1 and SPI-2 pathogenicity 

islands, respectively. In T3SS2 the translocation of effector proteins is initiated upon 

dissociation of the SsaL/SsaM/SpiC (Yu et al., 2010). Apart from studying this 

substrate specificity control switch mechanism, I was also interested in studying 

functions of yet uncharacterised effector proteins as many of them were shown to be 

potent modifiers of cellular signalling pathways. Most of these effector proteins act as 

enzymes. Apart from virulence proteins encoded within the Salmonella enterica 

chromosome, many serovars such as Enteritidis, Typhimurium, Dublin, Choleraesuis, 

Gallinarum, and Pullorum harbour virulence plasmids that vary in size from 50 to 100 

kbp. These encode additional virulence proteins, that can be translocated either by one 

or both T3SSs (Niemann et al., 2011; Rychlik et al., 2006). In the case of the serovar 

Typhimurium, the presence of athe pSLT virulence plasmid was shown to be required 

for establishing systematic disease in mice; however strains that were cured of this  

plasmid did not lose the ability to invade epithelial cell lines (Gulig and Curtiss, 1987; 

Rhen et al., 1989). The main spvABCD operon is responsible for virulence in mice and 

was shown to be under the control of a positive transcription regulator, SpvR. Low pH, 

growth phase, SPI-2 inducing conditions, starvation and growth in a macrophage cell 

line were shown to stimulate expression of spv operon (Eriksson et al., 2003; Guiney et 

al., 1995; Rhen et al., 1993; see section 1.1.4.6). Two proteins encoded by the 

spvABCD operon, namely SpvB and SpvC, have been identified as enzymes. SpvB is 

an ADP-ribosyl transferase inhibiting actin polymerisation and causing macrophage 

cytotoxicity (Lesnick et al., 2001; Libby et al., 2000; Tezcan-Merdol et al., 2001). SpvC 

is a phosphothreonine lyase, permanently removing phosphate from phospho-

threonines of MAP kinase proteins (p38, JNK, Erk), thus inhibiting the MAPK pro-

inflammatory pathway in macrophages and epithelial cells (Zhu et al., 2007; 

Mazurkiewicz et al., 2008).  

Little is known about the two remaining proteins: SpvA and SpvD. Recently a study 

using a fluorescence dilution technique demonstrated that a spvD mutant had a 

replication defect in mouse bone marrow-derived macrophages (Figueira et al., 2013). 
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Interestingly, SpvC and SpvD have been shown to be secreted by both SPI-1 and SPI-

2 T3SSs (Mazurkiewicz et al., 2008, Niemann et al., 2011). 

The goal of this study was to determine if SpvD is an enzyme and if so, what type of 

reaction it catalyses.   

4.2. Results 

4.2.1. Purification of SpvD from E. coli  

To begin biochemical analysis of SpvD, an attempt was made to purify the protein in E. 

coli using pET-based expression vectors. The spvD gene was ligated into pET22b 

plasmid and the protein was expressed in BL21(DE3) E. coli strain grown in auto-

induction medium. Using an optimised Ni-NTA purification protocol, a clean SpvD-

6xHis band of expected mass (~26.5 kDa) was readily obtained. The purification yield 

was approximately 10 mg of SpvD per 2 litres of culture with high degree of purity 

(Figure 4.1 E).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Ni-NTA purification of SpvD-6xHis 
Coomassie stained SDS-PAGE gel illustrating purification of the SpvD. SpvD-6xHis was purified 
using Ni-NTA resin. Four fractions were collected during purification process for SDS-PAGE 
analysis: WB – whole bacteria, SP – soluble protein, Flow – Ni-NTA unbound proteins, E – 
elution fraction. Numbers on the left represent protein ladder pattern in kilodaltons. 
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4.2.2. Bioinformatic analysis of SpvD  

To obtain more information on potential function of SpvD, a basic local alignment 

search (BLAST) was done using the predicted amino acid sequence of SpvD. No 

significant similarities were found apart from SpvD homologues present in bacteria 

other than Salmonella species such as Vibrio parahaemolyticus (100% sequence 

identity in SpvD34-194 region), Providencia burhodogranariea (59% sequence identity in 

SpvD21-213 region) and Pseudomonas sp. CF149 (44% sequence identity in SpvD1-211 

region).  

The amino acid sequence of SpvD was subjected to protein function prediction 

software analysis (PFP; Kihara Lab; www.kiharalab.org/web/pfp.php), which utilises a 

modified algorithm based on PSI-BLAST and gene ontology prediction using distantly 

related sequences. The output file suggested with high degree of confidence that SpvD 

could possess a hydrolytic activity either acting on acid anhydrides, on phosphorus 

containing anhydrides, or hydrolysing different types of bonds, e.g. C-O, C-C, C-N  

(GO:0016817, GO:0016818, GO:0016787; Figure 4.2). It also raised a possibility of 

SpvD being an enzyme with a cysteine-type peptidase activity (GO:0008234); however 

the confidence level for this activity was low (~35%). Additionally, the software 

suggested that SpvD might be involved in binding to or hydrolysing nucleotides such as 

ATP (GO:0005524, GO:0016887). However, it has to be stressed that analyses of this 

type harbour a significant risk of generating false functions, especially when an input 

sequence has no obvious high degree of sequence identity to other proteins having 

known functions and when the potential function predictions differ significantly. 
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Figure 4.2 Protein function prediction using PTP software from Kihara Lab 
Probability, gene ontology annotation codes, and putative function are listed in columns in first, 
second and third column, respectively (http://kiharalab.org/web/pfp.php). 
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4.2.3 SpvD has a GNC signature motif that can be found in ovarian tumour 

(OTU) cysteine proteases 

Automated search engines (InterPro, MotifFinder, or Conserved Domains and Protein 

Classification software) for any signature motifs or conserved domains consistently 

yielded an empty output field suggesting no relationship to known and well-

characterised enzymes. However, it was observed that SpvD had a glycine-

asparagine-cysteine (GNC) tripeptide motif that is present in the ovarian tumor domain 

(OTU) cysteine protease family present in eukaryotic, prokaryotic and viral proteomes 

(Dr Jonathan Pruneda, personal communication). Many of the OTU proteins have been 

shown to be ubiquitin proteases (ScanProsite; Fig. 4.3). The cysteine of the GNC motif 

is a core catalytic cysteine in the OTU family. It is a component of a catalytic triad 

responsible for the hydrolytic action of OTUs. A secondary motif with the remaining two 

components of the triad consists of histidine and asparagine, aspartic acid, or serine 

separated by tyrosine or a phenylalanine (H-Y/F-N/D/S). Interestingly, SpvD also has 

two HYN and HYS motifs in its amino acid sequence (Fig. 4.3 B). In a typical OTU, the 

HYN/HYS motif is normally separated from GNC motif by over 100 amino acids as 

shown in a logo representation of OTU family (Fig. 4.3 A; dashed line); however it is 

structurally possible that one of the HYN/HYS motifs of SpvD could provide the 

remaining two components of the triad, despite their close proximity in the amino acid 

sequence (Fig. 4.3 B). 
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Figure 4.3 SpvD has a GNC and HYN/HYS motifs in its primary structure that are 
characteristic for OTU proteases 

A. Representation of OTU family of cysteine proteases with GNC and H-Y/F-D/N/S motifs 
highlighted by violet and orange lines, respectively. Red stars point to components of the 
catalytic triad. A 100 amino acids gap within OTU logo sequence in depicted with dashed 
line. Modified from: http://prosite.expasy.org/cgi-bin/prosite/sequence_logo.cgi?ac=PS50802 

B.  Amino  acid  sequence of SpvD. Single GNC and two HYS and HYN motifs meeting the 
OTU criteria are coloured in violet and orange, respectively.    
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4.2.4 SpvD has a proteolytic activity in DUB GLO assay 

Since the OTU family of proteases was demonstrated in many cases to have ubiquitin 

deconjugation activity (Mevissen et al., 2013), it was of interest to test if SpvD also had 

it, given the presence of the key GNC and HYN/HYS motifs that form the catalytic triad 

in OTUs. The first assay that was implemented to test this hypothesis was a DUB-

Glo™ Protease Assay (Promega), a luminescence assay that uses the C-terminal tail 

of ubiquitin (RLRGG) C-terminally linked to aminoluciferin (AML). Upon substrate 

cleavage and release of luciferin, a stable luminescence signal is generated within a 

30-180 minute time period that can be measured using a plate reader. Two Salmonella 

effector proteins, the phosphothreonine lyase SpvC and a known deubiquitinase, SseL, 

were purified from E. coli to serve as negative and positive controls, respectively.  

Interestingly, SpvD produced a concentration-dependent and specific signal in a similar 

fashion to SseL, whereas SpvC produced signals with intensities similar to those where 

only buffer was tested (Figure 4.4 A and B). These data suggest that SpvD is a 

protease with potential deubiquitinating activity. It is noteworthy that the DUB GLO 

assay was reported to have different signal to background ratios depending on the 

deubiquitinase used, for example UCH-L3 and UCH-L1 ubiquitin proteases were 

detected with 300:1 and 2:1 signal to background ratios, respectively (Baez-Santos et 

al., 2009).  

Importantly, the DUB GLO assay not only detects deubiquitinases, but it can also 

detect SUMO1/2/3, NEDD8, ISG15 proteases (Baez-Santos et al., 2009). This is due to 

the fact that these ubiquitin-like (Ubl) ligands share the C-terminal “GG” motif. I 

confirmed the promiscuity and differential sensitivity of the assay by including in the 

assay purified Ulp1, a Yeast Smt3 (SUMO1 homologue) protease. Ulp1 generated a 

much higher signal in the assay when compared to SseL or SpvD and the Ulp1 signal 

was linear with respect to the concentrations of Ulp1 used (a 10 fold increase in 

concentration of Ulp1 generated a 10 fold increase in DUB GLO signal; Figure 4.4 B). 

Signals generated in the DUB GLO were stable within a 30-180 min time window, after 

which a slow decline in luminescence was observed (data not shown). 
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Figure 4.4 DUB GLO assay of SpvC, SpvD, SseL, and Ulp1 
A. A representative result of DUB GLO assay using SpvC, SseL, and SpvD.  
B. The same assay including Ulp1 protease. The Y axis was adjusted to logarithmic scale for 

clarity.  
Standard deviations of three technical repeats are represented for each sample by vertical bar. 
Bright and dark orange represent two protein concentrations (0.75 µM and 7.5 µM) used. Y axis 
shows luminescence represented in relative luminescence units (RLUs). The luminescence 
signal was measured 2 hours after the start of the experiment.             
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4.2.5 Proteolytic activity of SpvD is cysteine-dependent  

Having obtained an evidence of enzymatic action in the DUB GLO assay, I then 

determined what residue(s) are required for the cleavage of the substrate. Since the 

GNC motif is present in both SpvD and OTU family of cysteine proteases, a mutation of 

the cysteine 73 (C73) to alanine was a first obvious choice. Additionally, cysteine 79 

(C79) was chosen as an alternative putative catalytic cysteine and histidine 81 (H81) 

as component of the HYN motif also present in OTU proteases (Fig. 4.5 A, red 

residues). A double C73A and C79A mutant was also made to serve as control. Using 

an overlap PCR technique, mutants C73A, C79A, H81A, and C73A+C79A (CCAA) 

were made and expressed in the same way as the wild type SpvD protein. These 

substitutions did not affect the stability of the protein since all protein variants were 

purified with very similar efficiency and almost complete purity from same volume of E. 

coli cultures (Fig. 4.5 B). 

SpvD and SseL again produced a stable and concentration-dependent signal in the 

DUB GLO assay, while SpvC produced a signal with background (buffer only) intensity 

(Fig. 4.6 A). Interestingly, an almost complete loss of signal was observed for C73A 

and CCAA SpvD variants, demonstrating that C73 is a key residue required for the 

DUB GLO signal and most likely is the catalytic cysteine of SpvD. Mutations of C79A 

and H81A reduced the signal to some degree but the reduction was not as great as 

variants with mutated C73 (Fig. 4.6 A). Notably, there was slightly less C79A and H81A 

protein used in the assay when compared to SpvD, SpvD C73A, or SpvD CCAA which 

would suggest that mutations in C79A and H81A are even less detrimental to the 

proteolytic function of SpvD (Fig. 4.6 B). Importantly, the high concentrations (>10 µM) 

of SpvD and SseL required for specific DUB GLO signal might indicate that both 

proteases require a larger substrate recognition interface for optimal enzymatic activity. 

On the other hand, Ulp1 produced an almost three orders of magnitude higher signal, 

compared to SpvD and SseL, which could imply that recognition and cleavage of the 

GG motif by Ulp1 occurs at higher affinity and efficiency (Fig. 4.4 A).  

Due to the promiscuity of the DUB GLO substrate it was not possible to conclude that 

SpvD is an ubiquitin- or ubiquitin-like protease. At least 10 ubiquitin-like proteins are 

known to exist. Most of them share significant degrees of identity to ubiquitin in amino 

acid sequence. One or more of those might therefore be potential substrates for SpvD 

(Table 4.1). Of those, only ubiquitin, NEDD8, SUMO1/2/3, and ISG15 are available 

commercially as readily assayable substrates with a C-terminally linked fluorophore, 7- 

Amino-4-methylcoumarin (AMC), whose release after cleavage by a protease can be  
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Figure 4.5 Purification of SpvD mutants 
A. Amino acid sequence of SpvD. Red coloured residues point to positions that were mutated to 

alanine.  
B. Elution solutions from Ni-NTA affinity chromatography of E. coli expressing His-tagged SpvC 

(~29 kDa) and SpvD (~26.5 kDa) mutants. CCAA stands for C73A, C79A double SpvD 
mutant. Numbers on the left represent protein ladder pattern in kDa. 
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Figure 4.6 DUB GLO assay of SpvD variants 
A. A representative result of DUB GLO assay using SpvC, SseL, and different SpvD mutants 

tested at various concentrations. Light, medium, and dark green colours represent 1, 5, and 
25 µM concentrations used. Vertical lines on the bars represent luminescence standard 
deviations of three technical repeats. Y axis shows luminescence represented in relative 
luminescence units (RLUs).  

B. Loading control from 5 µM concentrations that were used for the assay. Numbers on the left 
represent molecular mass standards (in kDa) from protein ladder.  
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Table 4.1 Summary of ubiquitin (Ub) and ubiquitin-like (Ubl) proteins 
Table summarising ubiquitin (Ub) and ubiquitin-like (Ubl) proteins. Domain architecture 
additionally shows five C-terminal residues or each Ub and Ubl. Ub/Ubl-AMC (7-Amino-4-
methylcoumarin) derivatives availability and sequence identity to ubiquitin are listed. A short 
description of each Ub and Ubl is also provided.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

measured by means of fluorescence (Table 4.1). 

4.2.6 SpvD does not cleave AMC derivatives of ubiquitin, NEDD8, SUMO1, 

SUMO2, and ISG15  

To attempt to determine the substrate specificity of SpvD more percisely, its further 

examination was continued using ubiquitin (Ub) and ubiquitin-like (Ubl) substrates C-

terminally conjugated to AMC that were available commercially. In this assay, free 

AMC release (cleavage product) is measured by means of fluorescence. For each Ub 

and Ubl protein, an appropriate positive control known to cleave the substrate (e.g. 

Isopeptidase T for Ub-AMC substrate) was included in the assay. 

No significant AMC release was detected in samples containing SpvD, suggesting that 

E. coli-purified SpvD does not cleave Ub, NEDD8, SUMO1, SUMO2, ISG15 substrates 

(Fig. 4.7). On the other hand, SseL cleaved off all AMC from Ub-AMC within the one 

hour incubation period, confirming previously published results that SseL is a  
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Figure 4.7 Fluorescence Ub/Ubl-AMC cleavage assays  
SseL, SpvD, SpvC, positive control, and buffer only were incubated for 5, 60, 120, and 180 
minutes with Ub-AMC (A), NEDD8-AMC (B), SUMO1-AMC (C), SUMO2-AMC (D), ISG15-AMC 
(E) and AMC fluorescence (380/460 nm) was measured. Isopeptidase T was used as positive 
control for Ubiquitin-AMC and ISG15-AMC, Nedp1 was used as positive control for NEDD8-
AMC, Senp2 was used as positive control for SUMO1-AMC and SUMO2-AMC. Vertical lines on 
the bars represent signal standard deviation. 
 

 

deubiquitinase (Rytkönen et al., 2007; Fig. 4.7 A). SpvC, as for SpvD, did not produce 

any AMC signal higher than that of the sample containing only buffer (Fig. 4.7). 

4.2.7 Testing SpvD using TAMRA fluorescence polarisation probes 

The results obtained from AMC experiments suggested that purified SpvD is not 

involved in cleavage of ubiquitin, NEDD8, SUMO1, SUMO2, and ISG15 in vitro. 

However, there are multiple examples of OTU proteases that do not cleave AMC 

derivatives of ubiquitin (Dr Jonathan Pruneda, personal communication). It could be 

caused by lack of a native isopeptide bond and full interface required for the 

recognition and cleavage of ubiquitin. Another reason could be that AMC obstructs 

access to the catalytic triad. A new generation of substrates, utilise lysine-glycine (KG) 

dipeptides linked to a fluorophore called TAMRA (tetramethylrhodamine). Additionally, 

the lysine side chain is ubiquitinated, SUMOylated, NEDD8ylated, or ISG15-ylated. 

Upon cleavage of Ub/SUMO/NEDD8/ISG15, the probe reduces its mass decreasing 
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the fluorescence polarisation of TAMRA, and this can be detected using a fluorescence 

polarimeter. Importantly, this class of reagents has the naturally occurring isopeptide 

bond, making them more sensitive in detecting potential Ub/Ubl deconjugation 

enzymes. 

Purified SpvD was tested against range of Ub-, NEDD8-, SUMO1-, ISG15-TAMRA 

reagents to see if more sensitive reagents and the presence of isopeptide bond might 

result in a positive and specific signal. SpvD did not cleave SUMO1-, NEDD8-, or 

ISG15-TAMRA reagents, as no difference in fluorescence polarisation was observed 

over time (Fig. 4.8 C-H). No significant fluorescence polarisation drop was observed for 

ubiquitin-TAMRA substrate, although a small (7% for 25 µM SpvD and 2.5% for sample 

with buffer only) concentration-dependent drop was observed (Fig. 4.8 B).  
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Figure 4.8 Ub-, SUMO1-, NEDD8-, and ISG15-TAMRA fluorescence polarisation assays  
TAMRA-conjugated ubiquitin (A-B), SUMO1 (C-D), NEDD8 (E-F), and ISG15 (G-H) substrates 
were tested with increasing (1, 5, 10, 25 µM) concentrations of SpvD. Blank (red line) and 
Positive (blue line) represent no or complete cleavage, respectively. 
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4.2.8 SpvDC73A does not bind specifically to Ub/SUMO1/NEDD8/ISG15-

TAMRA probes 

Mutation of the catalytic site in proteases and subsequent lack of proteolytic activity 

can result in an enrichment of the bound enzyme-substrate complex, potentially 

increasing the chance of detecting the interaction between the two proteins. To test 

whether SpvD preferentially binds any TAMRA derivatives of Ub or Ubls, a putative 

C73A catalytic mutant was used. Over the concentration range 0-140 µM, a 

concentration-dependent increase in fluorescence polarisation was observed for all 

substrates used, suggesting non-specific interactions between SpvDC73A and the 

substrates and lack of any SpvDC73A preference for a given type of substrate (Fig. 4.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.9 Fluorescence polarisation binding assay 

Increasing concentration of SpvDC73A (X-axis) were used to test for specific binding to ubiquitin , 
SUMO1, NEDD8, or ISG15. 
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4.2.9 SpvD cleaves Ub-AML in a modified version of DUB GLO assay 

The small cleavage of Ub-TAMRA that was observed with SpvD prompted a 

modification of DUB GLO assay, in which the RLRGG-AML peptide was replaced with 

Ub-AML. In this assay 1 µM ubiquitin-AML instead of 40 µM RLRGG-AML substrate 

was used, with all the remaining components of the DUB GLO assay unchanged. The 

positive control (SseL) produced a high signal within minutes of substrate addition, 

however the signal did not remain stable as in case of RLRGG-AML variant of DUB 

GLO and decayed rapidly over time (Fig. 4.10 A and B). This might have been caused 

by the potent deubiquitinase activity of SseL, resulting in a rapid substrate depletion 

preventing the luminescence signal to remain stable over time. Additionally, the 

concentration of Ub-AML used was 40 fold lower than that of RLRGG-AML used 

previously, suggesting that substrate depletion is more likely for Ub-AML. 

Interestingly, SpvD produced a concentration-dependent signal that remained stable 

over time. As for the RLRGG-AML assay, the signal produced was C73 dependent 

(Fig. 4.10 A and B). SpvC produced a signal intensity that was similar to the SpvDC73A 

mutant and buffer alone samples. 
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Figure 4.10 Ub-AML modification of DUB GLO 
A. 15 min measurement of luminescence with increasing protein concentrations - 1, 5, 25 µM 

concentrations were represented as light yellow, yellow, and dark yellow. Standard 
deviations are represented by black lines. Grey dashed line represents negative signal 
intensity as dictated by highest DUB GLO signal produced by SpvC negative control.  

B. Change of luminescence over time of experiment. For clarity, only 25 µM concentrations are 
showed. SseL, SpvD, SpvDC73A, SpvC, and buffer only are represented by red, orange, grey, 
purple, and black lines, respectively. Y axis shows luminescence represented in relative 
luminescence units (RLUs).  
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4.2.10 SpvD does not cleave diubiquitin chains 

Having observed small but specific cleavage of ubiquitin substrate in both 

luminescence- and fluorescence polarisation-based assays, I then tested if SpvD was 

capable of cleaving diubiquitin chains in vitro, a characteristic of most deubiquitinating 

enzymes (DUBs) (Mevissen et al., 2013). Ubiquitin contains seven lysines that provide 

differential linkages and distinct patterns of polyubiquitination and subsequent signaling 

(e.g. K48 polyubiquitination targets proteins for proteasomal degradation, whereas 

K63-based ubiquitination has been shown to be involved in endocytic trafficking, 

inflammation, translation, and DNA repair). Additionally, a methionine (M1)-linked linear 

ubiquitin chains also exist and have been shown to be involved in signaling pathways, 

for example NF-κB signalling (Iwai et al., 2014). All possible diubiquitin combinations 

were used to test if E. coli-purified SpvD is able to cleave any of them. SseL cleaved 

K48-, K63-, K11-linked diubiquitin chains (Fig. 4.11 B). K27-linked diubiquitin was also 

cleaved but to a lesser degree. Only trace amounts of cleavage could be seen for K29- 

and K6-linked diubiquitin chains. There was no evidence of cleavage of K33-linked and 

linear diubiquitin chains. SpvD on the other hand was unable to cleave any diubiquitin 

chain tested within the one hour assay (Fig. 4.11). This result might be explained by 

the potential requirement of a host ligand or an adapter protein for optimal SpvD 

activity. 
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Figure 4.11 Coomassie stain of in vitro deubiquitinase assay after SDS-PAGE 

K6-, K11-, K27-, K29-, K33-, K48-, K63-, and linear diubiquitin chains were incubated with 5 µM 
of SpvD (A) or SseL (B) for 0, 30, and 60 minutes followed by SDS-PAGE analysis. Arrows 
point to diubiquitin chains (diUb), mono ubiquitin cleavage product (Ub), and proteins tested 
(SpvD, SseL). 
 

4.2.11 SpvD does not affect HSQC NMR spectrum of 15N-labelled Ub  

Since the observed cleavage of ubiquitin by SpvD was not efficient and requiring high 

SpvD concentrations, the relevance of this cleavage required additional confirmation by 

a more sensitive technique. HSQC NMR is a technique that through detection of small 

changes in the neighbourhood of peptide bonds of a studied protein is capable of 

detecting protein-protein interactions that occur even at low micromolar affinity range.  

15N-labelled ubiquitin was used to test if addition of SpvD causes any shift in two-

dimentional NMR spectrum peaks, where each peak represents a particular ubiquitin 

peptide bond. Any alteration in intensity, size or position of a given peak suggests that 

the local protein environment in vicinity of a particular peptide bond is affected as a 

result of protein binding. Previously, a 1H,15N-HSQC spectrum of 15N ubiquitin with all 
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amino acids was assigned and an effect on Ub spectrum in the presence of a 

deubiquitinase SseL was detected (Fig. 4.12 A and C; Dr Jonathan Prunenda). 

Addition of SseL resulted in a significant decrease or disappearance of multiple Ub 

spectrum peaks suggesting that SseL and ubiquitin interact (Fig. 4.12 C). No changes 

in the 1H,15N-HSQC spectrum of 15N-labelled ubiquitin were detected upon addition of 

SpvD, suggesting that SpvD does not interact with ubiquitin (Fig. 4.12 B).  
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Figure 4.12 HSQC spectra of 15N-labelled ubiquitin  
A. Assignment of 80 µM 15N-labelled ubiquitin.  
B. Spectrum of 80 µM ubiquitin in presence of 100 µM SpvD (red) overlaid on that of ubiquitin 

only (black).  
C. Spectrum of 80 µM ubiquitin in the presence of 100 µM SseL (red) overlaid on that of 

ubiquitin only (black).  
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5. FURTHER CHARACTERISATION OF SPVD  

5.1 Introduction 

I have previously shown that SpvD is a proteolytic enzyme capable of cleaving 

aminoluciferin (AML) from short RLRGG peptides and ubiquitin substrates. This 

phenomenon was fully dependent on cysteine C73, a predicted catalytic cysteine 

based on its presence in a “GNC” motif, a characteristic sequence of OTU cysteine 

proteases. Since most cysteine proteases possess a catalytic triad composed of three 

amino acids, it was interesting to determine which other two amino acids would 

contribute to the SpvD catalytic triad. To ascertain this, and to try to obtain more 

information on its possible function, several crystallisation strategies were applied in 

order to determine the structure of SpvD. Dr Stephen Hare and Ms Yue Zhang 

(Department of Life Sciences, Imperial College London) managed to obtain a crystal 

structure of SpvD, which provided some interesting insights.  

Based on structural information from SpvD, a polymorphism search of the SpvD protein 

was done with all SpvD amino acid sequences available. It revealed Salmonella 

serovar-specific amino acid variations, with position 161 amongst the most variable and 

potentially involved in enzymatic activity. Several SpvD variants were then ligated into 

E. coli expression strains, purified, and their activity in in vitro RLRGG-AML and Ub-

AML cleavage assays was tested.  
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5.2 Results 

5.2.1 Strategies for crystallisation and structure determination of SpvD 

In order to obtain crystals of SpvD that could result in good diffraction and possible 

structure determination, three independent SpvD constructs were tested in 

crystallisation trials. I tried C-terminally His-tagged SpvD with the microbatch-under-oil 

crystallisation screen that was also used with SsaV327-681 (Chapter 3). Purified SpvD (4 

mg/ml) was sent to Hauptman-Woodward Institute HTSlab (Buffalo, USA) and tested 

for crystal formation in 1,536 unique conditions in a microbatch-under-oil high 

throughput test. This approach did not result in any crystal formation. An alternative 

approach was made by Dr Yi Yang under the guidance of Prof Steve Matthews (MRC 

CMBI Protein Production Facility), in which four predicted surface cysteines, C37, 

C122, C160, and C170 were mutated to serines in an attempt to prevent 

oligomerisation of the protein (which for some proteins was found to hinder crystal 

formation, [Prof Steve Matthews, personal communication]). Purified C-terminally His-

tagged SpvDC37S/C122S/C160S/C170S was tested by a hanging drop technique using several 

crystallisation screens (Hampton). No crystal formation was observed using this 

approach. In a final approach Ms Yue Zhang (supervised by Dr Stephen Hare, 

Department of Life Sciences, Imperial College London) constructed an N-terminal 

cleavable His-tagged variant of SpvDC37S/C122S/C160S/C170S. Purified SpvD (after His-tag 

removal) was tested in hanging drop crystallisation technique using range of 

crystallisation screens (Hampton, Rigaku, Molecular Dimensions). This approach 

resulted in crystals grown against a reservoir containing 22% PEG 3,350, 0.1 M Tris-Cl 

pH 7.5, 0.2 M NaCl. In order to solve the “phase problem” enabling electron density 

map generation, crystals were soaked with gold chloride salt. Both the non-soaked and 

soaked crystal forms were exposed to an X-ray beam to collect diffraction data at the 

Diamond Light Source (Harwell Science and Innovation Campus in Oxfordshire). A 

summary of diffraction and refinement data of a SpvD crystal and structure 

determination is shown in Table 5.1 (provided by Dr Stephen Hare). 

5.2.2 Structure of SpvD 

The overall crystal structure of SpvD has an α/β fold with a total of 7 α-helices and 6 β-

strands. Its central part is composed of β-sheet formed by four antiparallel β-strands 

(β3-6) surrounded by five α-helices (α3-7). Additionally, there is a smaller β-sheet (β1-

2) on the other side of the protein surrounded by α-helices 1-5 (Figure 5.1 A and B). 

Notably, three internal regions within SpvD, S40-I44, T65-S70, and N95-V101, are 

disordered and thus not observed in the structure (Fig. 5.1 B, dashed lines). The role of 
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these unstructured regions is currently unknown, however they could be involved in 

interaction with a target host protein. 

After a closer inspection of helix α4, strand β4, and a loop region following β5 strand, a 

catalytic triad composed of cysteine (C73), histidine (H162), and aspartic acid (D182) is 

evident (communicated by Dr Stephen Hare). The presence of the catalytic triad is 

characteristic of enzymatic proteins with hydrolytic properties, amongst which cysteine 

proteases are an abundant family (http://merops.sanger.ac.uk/cgi-

bin/family_index?type=P#C). Mutations within the catalytic triad region abrogate 

enzymatic function. Importantly, the position of C73 in the SpvD catalytic triad is 

completely consistent with results obtained in the DUB GLO enzymatic assay, where 

C73 was shown to be critical for maintaining proteolytic activity of SpvD (Fig. 4.6 A).  

 

Table 5.1. Summary of data collection and refinement statistics of SpvD crystal 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data collection
Space group P21

Cell dimensions:
a, b, c (Å) 43.71, 51.82, 47.26
α, β, γ (°) 90, 107.4, 90

Resolution (Å) 1.5
I/δI 12.6
Completeness (%) 98.9
Redundancy 5.4
Anomalous completeness (%) 96.8
Anomalous multiplicity 2.8
Refinement
Resolution (Å) 1.5
No. reflections 27,330

Rwork/Rfree 0.17/0.20

B-factor (overall) 22.485
R.m.s. Deviations:
Bond lengths (Å) 0.019
Bond angles (°) 1.944

95/4.44/0.56
Ramachandran values                            
(% preferred/allowed/outliers)

Data collection and refinement statistics for 
crystal structure of SpvD
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Figure 5.1 Crystal structure of SpvD 
A. Carton representation of SpvD. α-helices and β-strands are coloured in cyan and magenta, 

respectively. N- and C-termini are shown with “N” and “C” letters, respectively. Image was 
generated in PyMOL software. Catalytic triad (C73, H162, D182) is shown as stick 
representation. Modified from Dr Stephen Hare SpvD.pdb file.  

B. Secondary structure elements mapped on amino acid sequence of SpvD. Disordered regions 
are represented in dashed lines. Catalytic triad components are coloured in red. Importantly, 
predicted surface cysteines C37,C122, C160, and C170 were substituted to serines.  
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5.2.3 The SpvD fold is characteristic of the papain-like superfamily of 

proteases 

The structure of SpvD was subjected to a structural similarity search using DALI search 

software (http://ekhidna.biocenter.helsinki.fi/dali_server/) comparing atomic coordinates 

of a submitted structure against all (~90,000) protein structures available in the protein 

data bank (www.pdb.org).  Proteins with the highest similarity to SpvD structure were 

OspI, a Shigella flexneri T3SS effector, a deamidase that targets human Ubc13 (i), 

staphopain B (SspB), a cysteine protease from Staphylococcus aureus known to 

cleave elastin, fibrogen, fibronectin and kininogen (ii), papain plant protease from 

Carica papaya (iii) and AvrPphB, a T3SS effector protease of Pseudomonas syringae 

known to cleave PBS1, a plant protein (iv) (Massimi et al., 2002; Pickersgill et al., 1992; 

Sanada et al., 2012; Zhu et al., 2004). Despite no obvious amino acid sequence 

similarities between any of these proteins, they all share a central β-sheet and core α-

helix containing a catalytic cysteine, a hallmark of the papain-like superfamily of 

proteases (Fig. 5.2 A). The catalytic triads responsible for enzymatic action of all these 

proteins could be superimposed easily based on their Cα positions, showing minimal 

alterations in position of the triad components (Fig. 5.2 B).  

More detailed analysis of the vicinity of SpvD catalytic triad revealed the presence of a 

tryptophan (W184) whose indole ring faces the imidazole ring of the catalytic histidine 

H162 (Fig. 5.3 A). Interestingly, the amino acid position of this tryptophan is conserved 

in primary structure of papain and other papain-like protease such as staphopain B and 

cathepsin B (Fig. 5.3 B). The proximity of the tryptophan to the catalytic triad suggests 

its involvement in catalysis. It has been shown for cathepsin S that mutation of the 

corresponding tryptophan (W177, papain numbering) dramatically decreased the 

proteolytic activity of the enzyme. It was suggested that the tryptophan might serve as 

a solvent shielding residue protecting a hydrogen bond formed by the catalytic histidine 

and aspartic acid (Brömme et al., 1996). The shielding tryptophan is absent in AvrPphB 

or UCH-L3, suggesting that not every protease requires its presence for function (Fig. 

5.3 B). The position of the corresponding SpvD tryptophan in relation to the catalytic 

triad varies slightly from the shielding tryptophans in other proteases, however the 

distance from the catalytic histidine remains in a similar range, suggesting that it could 

still carry out a solvent protection function, stabilising the hydrogen bond between H162 

and D182 (Fig. 5.3 C). 
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Figure 5.2 Comparison of SpvD and similar protein structures 
A. Structures were superimposed based on the active site residue Cα atoms of their catalytic 

triads. Purple and green colours point to the structurally conserved α-helix and central β-
sheet, respectively.  

B. Alignment of catalytic triads of SpvD, OspI, UCH-L3, Staphopain B, Papain, and AvrPphB. In 
case of OspI, a C62A mutant was used for alignment. Figure was generated using PyMOL 
software. PDB ID codes: OspI - 3B21, UCH-L3 - 1XD3, Staphopain B – 1Y4H, Papain – 
1PPN, AvrPphB – 1UKF.  
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Figure 5.3 Presence of a shielding tryptophan in papain-like proteins 
A. Zoom on SpvD surface representation with catalytic triad (pink) and a shielding tryptophan 

(W184; cyan). Additionally, triad (H162, D182, C73) and tryptophan are shown in stick 
representation.  

B. Sequence alignment of amino acid sequence containing catalytic aspartic acid/asparagine 
(black box) of AvrPphB, UCH-L3, OspI, SpvD, cathepsin B, papain, and staphopain B (SspB) 
and a conserved solvent shielding tryptophan (blue box).  

C. Catalytic triads with shielding tryptophan of SpvD (red), SspB (yellow), papain (green), and 
cathepsin B (violet) were superimposed based on the active site residue Cα atoms and 
represented in stick form. Figures were prepared using PyMOL software.   
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5.2.4 SpvD does not affect in vitro self-ubiquitination of TRAF6  

The DALI comparison software revealed that the structure of Shigella flexneri OspI was 

the most similar that of SpvD. OspI is an anti-inflammatory T3SS effector protein 

encoded by a virulence plasmid that was shown to be a Ubc13 deamidase (Sanada et 

al., 2012). The anti-inflammatory function of OspI is achieved by targeting a component 

of E2 ubiquitin ligase Ubc13 and deamidating its glutamine Q100 to glutamic acid, 

resulting in abrogation of self poly-ubiquitination of TRAF6 E3 ligase required for NF-kB 

pro-inflammatory signalling. It was shown that addition of recombinant OspI in in vitro 

TRAF6 self-ubiquitination assay prevents self-ubiquitination of TRAF6 (Sanada et al., 

2012). 

I have used the same protein components of the in vitro TRAF6 self-ubiquitination 

assay including E1 activating enzyme (Uba1a), two alternative E2 ubiquitin-conjugating 

enzymes (UbcH5 and Ubc13/Uev1a), E3 ubiquitin ligase (TRAF6) and ubiquitin as a 

substrate. Two independent TRAF6 self-ubiquitination reactions with different E2 

ubiquitin-conjugating enzymes (UbcH5 or Ubc13/Uev1a) were done with or without 

addition of purified SpvD (Typhimurium variant). Poly-ubiquitinated TRAF6 was 

observed on stained SDS-PAGE gel within 10 minutes after reaction initiation in all 

conditions, independent of the E2 ubiquitin-conjugating enzyme used (Fig. 5.4 A and 

B). SpvD addition did not affect TRAF6 self-ubiquitination suggesting that despite 

structural similarity to OspI protein, SpvD is not an Ubc13 deamidase (Fig. 5.4 A). Self-

ubiquitination of TRAF6 was also not affected by SpvD when an alternative E2 

ubiquitin-conjugating enzyme, UbcH5, was used (Fig. 5.4 B). Interestingly, a most likely 

mono-ubiquitinated SpvD (~34 kDa) form was observed in the assay with UbcH5 E2 

ubiquitin-conjugating enzyme (Fig. 5.4, blue asterisks). For TRAF6 self-ubiquitination 

with the UbcH5 E2 ubiquitin-conjugating enzyme, a TRAF6 self-ubiquitination seemed 

to be more efficient than that with Ubc13/Uev1a E2 enzyme, which could be seen by a 

decrease in TRAF6 band intensity already 10 minutes since the reaction initiation (Fig. 

5.4 A and B). 
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Figure 5.4 In vitro TRAF6 self-ubiquitination assays 
Two in vitro TRAF6 self-ubiquitination assays were performed using two UbcH5 (A) and 
Ubc13/Uev1a (B) E2 ubiquitin-conjugating enzymes with (right) or without (left) SpvD. Poly-
ubiquitinated TRAF6 are pointed with red line. Blue asterisk point to ubiquitinated form of SpvD. 
Numbers on the left show molecular mass protein ladder.  
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5.2.5 SpvD shares similarity to UCH-L3 ubiquitin protease and has a 

putative inhibitory amino acid 

One of the limitations of the DALI search software is the order of secondary structure 

elements in amino acid sequence. To overcome this limitation, guided by DUB GLO 

results linking SpvD to ubiquitin protease family, a structural similarity search on a 

subset of ubiquitin proteases was carried out. Out of several ubiquitin proteases 

screened, SpvD shared the highest structural similarity to UCH-L3 in terms of active 

site organisation (information provided by Dr Stephen Hare). Interestingly, the structure 

of UCH-L3 was linked previously to a papain-like superfamily of proteases with the 

biggest difference being the 20 residue loop positioned over the catalytic triad 

(Johnston et al., 1997). Despite no significant amino acid sequence similarity and 

differential order of secondary structure elements, both UCH-L3 and SpvD share a 

central β-sheet with a neighbouring central α-helix containing the catalytic cysteine 

(Fig. 5.2 A and 5.5). The structural alignment of the catalytic triads reveals almost 

identical positioning of key cysteine, histidine and aspartic acid residues (Fig. 5.2 B and 

5.5). Moreover, the UCH-L3 structure was co-crystallised with its ubiquitin substrate 

covalently attached to the UCH-L3 catalytic cysteine, which after catalytic triad 

alignment of UCH-L3 and SpvD enabled in silico visualisation of where the C-terminal 

RLRGG tail of ubiquitin would potentially fit on the surface of SpvD, thereby explaining 

its proteolytic activity in the RLRGG-AML assay. Figure 5.6 illustrates the orientation of 

RLRGG (the five C-terminal peptides of ubiquitin) in UCH-L3-ubiquitin structure, and 

compared to a modelled position in SpvD (Fig. 5.6 A and B).  

Importantly, after comparison of SpvD structure to other deubiquitinases it was 

suggested by Dr David Komander, MRC Laboratory of Molecular Biology, Cambridge 

(personal communication) that the side chain of arginine R161 might be inhibitory to 

the proteolytic function of SpvD (Fig. 5.6 C and D). After modelling of the RLRGG 

peptide on to SpvD, a potential steric clash with the R161 side chain could be deduced, 

suggesting an inhibitory role for this amino acid (Fig. 5.6 E).  
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Figure 5.5 Secondary structure elements order and catalytic triads                                                 
of SpvD (A) and UCH-L3 (B) 

Structures were superimposed based on the active site residue Cα atoms of their catalytic triads 
(stick representation coloured in green, additionally sulphur, oxygen and nitrogen atoms within 
the triad were coloured in yellow, red and blue, respectively). α-helices and β-strands are 
coloured in cyan and purple, respectively. For clarity only α-helices are labelled, according to 
order in the amino acid sequence. Figure was generated using PyMOL software. UCH-L3 PDB 
ID code: 1XD3 
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Figure 5.6 RLRGG peptide mapping on SpvD 
A. Structure of UCH-L3 (cartoon coloured in teal) in complex with five C-terminal ubiquitin 

aminoacids (RLRGG; coloured in orange). Catalytic triad is shown as pink sticks.  
B. Mapping of RLRGG (orange) from complex with UCH-L3 on SpvD structure (cartoon 

coloured in grey) after SpvD and UCH-L3 catalytic triad (sticks coloured in pink) alignment.  
C. Cartoon representation of SpvD with catalytic triad and arginine R161 shown in pink and blue 

stick representation, respectively.  
D. Same as in C but in surface representation.  
E. View of surface representation of SpvD with mapped RLRGG peptide taken from UCH-L3. 

Catalytic triad and R161 are coloured in pink and blue, respectively. Images were generated 
using PyMOL software. UCH-L3 PDB ID code: 1XD3 
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5.2.6 Polymorphisms of SpvD within Salmonella serovars 

Bauerfeind and colleagues reported naturally occurring SpvD polymorphisms in 

Salmonella strains varying with respect to the host animal they were isolated from, O 

and H antigen patterns, geographic location and year of isolation (Bauerfeind et al., 

2001). Out of 20 SpvD sequences analysed, eight distinct SpvD protein sequences 

were detected with amino acid differences ranging from 2 to 4 across the entire protein. 

Interestingly, a clear distinction between Typhimurium and Enteritidis serovars was 

detected. Enteritidis serovars had a glycine instead of an arginine at position 161 

(R161G) and a valine instead of an alanine at position 154 (A154V). I searched for 

protein sequence polymorphisms of SpvD from a laboratory reference strain S. 

Typhimurium (12023/14028s) using UniProt blast function (http://www.uniprot.org/). In 

agreement with Bauerfeind’s findings, a total of 9 unique SpvD sequences were 

detected with arginine R161 conserved in all Salmonella serovars except Enteritidis 

and Abortus-equi, which had a glycine at this position (Fig. 5.7 A). Most (~97%) of 

Enteritidis serovars had R161G and A154V polymorphisms, however and 

“intermediate” SpvD sequences with V154/R161 or A154/G161 were also observed for 

Paratyphi C and Abortus-equi/Enteritidis serovars, respectively (Fig. 5.7 A and B). 

Interestingly, in species other than Salmonella with proteins homologous to SpvD, 

I154/G161 and L154/A161 variants were found in Pseudomonas and Providencia, 

respectively (Fig. 5.7 B). Having observed naturally occurring SpvD R161 

polymorphisms I then revisited the RLRGG-AML DUB GLO assay to test if R161G 

(SID) or A154V/R161G (SED) amino acid substitutions within the S. Typhimurium 

SpvD variant affect its proteolytic activity. The above mentioned protein constructs 

were designed with C-terminal His-tags, together with additional active site (C73A) 

mutations, and generated using mutagenesis based on the PCR overlap technique 

using S. Typhimurium spvD gene as DNA template. Plasmids were then used to 

transform BL21(DE3) E. coli, and the new SpvD variants were successfully purified 

using Ni-NTA affinity chromatography, as in the case of the Typhimurium variant 

described in chapter 4. 
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Figure 5.7 SpvD sequence alignments 

A. Amino acid sequences of SpvD variants occurring in Salmonella serovars. ST – Salmonella 
enterica serovar Typhimurium; SE - Salmonella enterica serovar Enteritidis; Sequence 
polymorphisms are highlighted in yellow.  

B. Alignment of 151-165 region between Salmonella serovars, Typhimurium, Paratyphi C, and 
Enteritidis. Additionally, the two homologous to SpvD sequences found in other than 
Salmonella genus (Pseudomonas and Providencia) are included. Polymorphisms at 154 and 
161 positions are highlighted in red box. Polymorphisms outside of 154 and 161 region and 
unique to non-Salmonella proteins with similarity to SpvD are coloured in grey. 

 

 

5.2.7 Activities of SpvDR161G and SpvDR161G/A154V variants in DUB GLO 

assays  

Three SpvD variants representing Salmonella serovars Typhimurium (STD, 

A154/R161), Enteritidis (SED, V154/G161), and a “Typhimurium-to-Enteritidis 

intermediate variant” (SID, A154/G161) present in one Enteritidis and Abortus-equi 

serovars were purified from E. coli to test for any potential difference in their proteolytic 

activity. For each variant, a catalytic cysteine mutant, C73A, was also tested. The 

phosphothreonine lyase SpvC and deubiquitinase SseL were included as negative and 

positive controls, respectively.  

Interestingly, in the DUB GLO RLRGG-AML assay both SED and SID SpvD variants 

with arginine R161 replaced by glycine showed much higher activity than the STD 

variant (Typhimurium serovar) (Fig. 5.8 A and B).  

According to technical support at the DUB GLO manufacturer (Promega), a 

luminescence signal produced by released AML luciferin should initially increase, but 

after a period of 30 minutes is expected to remain stable for the next 2.5 hours. This 

trend was observed for SseL and SpvD proteins, but in case of SpvD, only for the STD 

Typhimurium variant (Fig. 5.8 A). Both SID and SED SpvD variants with G161 were 

more active than STD within the first half an hour, however after that period the signal 
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did not stabilise and the signal difference increased as time passed, reaching their 

maximum at approximately 4 hours, after which a small decline was observed (Fig. 5.8 

A). This type of signal dynamics was only observed previously with luciferase inhibitors 

(Dr Martha O’Brien, Promega, personal communication). The phenomenon observed 

for SED and SID variants could be caused by a non-specific luciferase reporter enzyme 

degradation, potentially suggesting that the more active SpvD variants could non-

specifically cleave the luciferase reporter enzyme, thus postponing the steady-state of 

luciferase, resulting in later signal stabilisation. At its peak maximal signal, 4 hours after 

the start of the experiment, 5 µM of SED and SID produced luminescence signals 

equal to 25 µM of STD, confirming the higher activity of these variants and an inhibitory 

role of R161 in cleavage of RLRGG-AML substrate and potentially a non-specific 

cleavage activity (Fig. 5.8 B). Both SID and SED variants produced comparable 

luminescence signals at 1 and 5 µM concentrations, however at the highest 25 µM 

concentration the SID variant (A154/G161) produced approximately 2 fold higher signal 

at its peak (4 hours). The maximum luminescence signal was observed for both SID 

and SED variants at the same time (4 hours) suggesting that the alanine/valine 

variations at position 154 do not affect the potential non-specific cleavage of luciferase 

reporter enzyme. In all SpvD variants used in the RLRGG-AML DUB GLO assay the 

signal produced was cysteine C73-dependent (Fig. 5.8 A and B). 

Having observed striking differences between variants of SpvD in the DUB GLO 

RLRGG-AML assay, I then proceeded to the modified version of the DUB GLO assay, 

in which the RLRGG-AML peptide was replaced with the ubiquitin-AML substrate to 

test if the differences observed with RLRGG-AML were the same or even more 

pronounced with the full length ubiquitin-AML substrate. No obvious differences 

between SED and SID variants were observed (Fig. 5.8 D). Interestingly, the SED and 

SID SpvD variants with arginine R161 substituted to glycine did not produce any 

specific luminescence signals that were higher than the background levels (Fig. 5.8 C 

and D). A rapid decline in signal over time for SseL and a stable signal for STD were 

observed before (chapter 4).  

At this stage the role of R161 in function of SpvD remains ambiguous. Importantly, the 

two polymorphisms that exist between Typhimurium and Enteritidis SpvD, are both 

located close to the catalytic triad (Fig. 5.9). It is possible to speculate if mutating 

Typhimurium A154 and R161 to Enteritidis V154 and G161 would change the putative 

RLRGG docking interface. Using the structure of Typhimurium SpvD, it was possible to 

make a putative Enteritidis variant of SpvD using PyMOL mutagenesis software. The 

five C-terminal residues of ubiquitin (RLRGG) were mapped onto the SpvD surface 
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from the UCH-L3-ubiquitin complex after the alignment of SpvD and UCH-L3 catalytic 

triads (Fig. 5.9 A and B). In contrast to the Typhimurium variant of SpvD, no steric 

clash between SpvD and RLRGG could be seen in Enteritidis variant (Fig. 5.9 A and B; 

blue). This could explain why Enteritidis SpvD is more active in the RLRGG-AML DUB 

GLO assay than Typhimurium SpvD. However such in silico modelling is highly 

speculative and could be compared only by a crystal structure of SpvD bound to the 

RLRGG peptide. The slightly higher RLRGG-AML DUB GLO activity of SID (A154, 

G161) over SED (V154, G161) could be explained by a small change in SpvD surface 

resulting from the A154V polymophism that could affect cleavage efficiency (Fig. 5.9 A 

and B; green).  
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Figure 5.8 DUB GLO assays of SpvD variants 
A. RLRGG-AML DUB GLO signal produced over time by STD (pink), STD C73A (light pink), 

SED (brown), SED C73A (yellow), SID (dark blue), SID C73A (light blue) SpvD variants, 
SpvC (green), and SseL (black). For clarity, only 25 µM protein concentration tested is 
shown. Black dashed line points to the maximum signal intensities.  

B. RLRGG-AML signal intensities measured 4 hours from start of the experiment. Three 1, 5, 
and 25 µM protein concentrations are shown.  

C. Ub-AML DUB GLO signal produced over time after in the assay by SpvD variants, SpvC, and 
SseL. Colour code is the same as in A.  

D. Ub-AML DUB GLO signal produced 15 minutes from the start of experiment. Three 1, 5, and 
25 µM protein concentrations are shown. Grey dashed line points to the SpvC background 
signal.  

E. Protein loading control of 5 µM sample. Numbers on the left represent protein molecular 
mass ladder. 
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Figure 5.9 Typhimurium and Entiritidis SpvD variants with mapped RLRGG peptide  

Crystal structure of Typhimurium SpvD (A) was used to mimic R161G/A154V Enteritidis variant 
(B) with PyMOL mutagenesis tool. Both forms were used for mapping of the Ub C-terminal 
RLRGG tail (orange stick representation) from UCH-L3-Ub structure. Catalytic triads are shown 
in pink; Positions 154 and 161 are coloured in green and blue, respectively. UCH-L3 PDB ID 
code: 1XD3. Images generated using PyMOL software. 
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CHAPTER 6 – DISCUSSION 

6.1 The gatekeeper 

Type three secretion systems (T3SSs) associated with virulence (injectisomes) are 

highly complex structures composed of over 20 different proteins that enable protein 

delivery to the host cell. The exact spatiotemporal regulation of the injection process is 

of key importance for the system. Upon activation, the system is likely to adopt three 

distinct conformations that allow secretion of (i) needle and inner rod proteins, (ii) 

translocon proteins, and (iii) effector proteins. In order to allow for conformational 

change between these secretion states, the T3SS undergoes two secretion specificity 

switches. The first, involving SctU, an inner membrane component of the export 

apparatus and SctP, a molecular ruler, allows the switch in secretion from needle and 

inner rod to translocon proteins (Monjarás Feria et al., 2012). The second, involving the 

SctW gatekeeper, is responsible for the translocon to effector protein switch (Büttner, 

2012). 

The gatekeeper of S. enterica SPI-2 injectisome is composed of the large SsaL and 

smaller SsaM and SpiC putative chaperone proteins that are bound to SsaL through its 

N-terminal domain (Yu et al., 2010). The main function of the gatekeeper is to prevent 

effector protein secretion while enabling the export of translocon proteins (Yu et al., 

2010). None of the gatekeeper components appear to be secreted, although SpiC is 

somewhat controversial.  In the past, there were reports of SpiC being translocated and 

altering the host cytoskeleton, however the secretion of SpiC was not reproduced by 

other groups  (Freeman et al., 2002; Lee et al., 2002; Shotland et al., 2003; Uchiya et 

al., 1999; Yu et al., 2002, 2004). Proteins with primary structure showing significant 

similarity to SsaL exist in other injectisomes, for example: InvE of the Salmonella  

T3SS1 (25% sequence identity), MxiC of Shigella flexneri (23% sequence identity), 

YopN/TyeA of Yersinia pestis (18% and 19% sequence identity to the respective parts 

of SsaL), SepL of EPEC and EHEC (25% sequence identity), and CopN of Chlamydia 

pneumoniae (21% sequence identity) (Pallen et al., 2005).  

Apart from SsaL, Salmonella enterica has an additional gatekeeper, InvE, that 

regulates the secretion of the SPI-1 injectisome in a similar manner to SsaL (Kubori 

and Galan, 2002). Interestingly, InvE is likely to perform the gatekeeping function by 

itself, since no proteins similar to SsaM and SpiC were reported for SPI-1 injectisome. 

Recently it was found that the C-terminal portion of InvE is involved in translocon 

protein secretion as removal of 50 C-terminal amino acids of InvE suppressed the 
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secretion of SipB and SipC translocon proteins (Kim et al., 2013). Abrogation of 

gatekeeper function was also obtained when the 30 N-terminal amino acids of InvE 

were deleted. Interestingly, when the N-terminally truncated InvE was fused to the 

known N-terminal secretion sequences of SipB or SptP effector proteins, the secretion 

of translocon proteins was restored (Kim et al., 2013). This suggested that the N-

terminal portion of InvE serves as an injectisome targeting sequence that could be 

replaced with other type of T3SS homing sequences like known secretion sequences 

of T3SS substrates (Kim et al., 2013).  

Shigella flexneri is another bacterial pathogen equipped with a T3SS, in which the 

gatekeeper function is performed by MxiC, a protein similar to SsaL. There are no 

reports of proteins similar to SsaM or SpiC in Shigella. Mutation of mxiC leads to an 

increase in effector protein secretion and a drop in secretion of translocon proteins 

(Martinez-Argudo and Blocker, 2010). In contrast to SsaL, MxiC is secreted by the 

injectisome and its secretion is required for the T3SS to be functional (Botteaux et al., 

2009; Buchrieser et al., 2000). 

In the case of pathogenic Yersinia (Y. enterocolitica, Y. pestis, and Y. 

pseusotuberculosis), the gatekeeper is composed of YopN and TyeA, two proteins 

which together share weak amino acid sequence similarity to SsaL and other 

gatekeepers (Pallen et al., 2005). Interestingly, a naturally occurring YopN-TyeA hybrid 

protein does not affect the functionality of the Yersinia injectisome (Amer et al., 2013; 

Ferracci et al., 2004). Apart from TyeA, YopN was shown to bind SycN and YscB, 

small chaperone proteins with similarity to SsaM and SpiC, respectively. This binding 

occurs via an N-terminal horseshoe-like domain of YopN, whereas TyeA binds to the 

C-terminal portion of YopN (Schubot et al., 2005). It was proposed that upon activation 

of the injectisome TyeA dissociates from YopN resulting in YopN secretion which in 

turn leads to effector secretion (Cheng et al., 2001). This mode of gatekeeper 

deactivation seems unique for pathogenic Yersinia as in other injectisomes the 

gatekeeper is composed of a single polypeptide chain. Importantly, mutating any of the 

YscB-SycN-YopN-TyeA components results in increased secretion of both effector and 

translocon proteins (Ferracci et al., 2005; Iriarte et al., 1998; Sundberg and Forsberg, 

2003). This mode of function differs from MxiC, InvE, SsaL and SepL gatekeepers in 

which mutations abrogate or reduce the secretion of translocon proteins. 

In addition to the YopN complex, another protein, LcrG, is involved in the regulation of 

Yersinia T3SS secretion. The exact inhibitory mechanism of LcrG on effector secretion 

is unknown, although it likely occurs via its direct interaction with the injectisome  
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(Plano and Schesser, 2013). A model was proposed where the inhibitory action of LcrG 

would depend on the relative protein levels of the needle tip protein, LcrV. Under 

secretion-permisive conditions resulting in an increase of cytosolic LcrV concentration, 

LcrG is supposedly titrated away from the injectisome by forming a 1:1 complex with 

LcrV (Nilles et al., 1997). In agreement with this model, a mutation in LcrG abrogating 

the interaction with LcrV resulted in a permanent blockage of the secretion process 

(Matson and Nilles, 2001). A potential interplay between the YopN and LcrG regulatory 

mechanisms is thought to occur. For example, the negative role of YopN on LcrV 

secretion could effectively increase cytosolic concentration of LcrV resulting in 

subsequent LcrG binding dissociating it from the T3SS (Hamad and Nilles, 2007).  

In EPEC/EHEC, the gatekeeping activity is performed by membrane-localised SepL 

and SepD proteins that interact (Deng et al., 2004, 2005). Deletion of either sepL or 

sepD results in a similar phenotype to that of ssaL mutant: increased effector protein 

secretion and decreased translocon secretion (Deng et al., 2005). SepL was shown to 

bind a chaperone protein CesL (Younis et al., 2010). Together with SepD and CesL 

(proteins with amino acid sequence identities of 20.6% to SpiC and 14% to SsaM, 

respectively) SepL was shown to form a ternary complex in both EPEC and BL21(DE3) 

E. coli (Younis et al., 2010). Deletion of 61 C-terminal amino acids of SepL abrogated 

translocon secretion in EPEC (Wang et al., 2008). On the other hand, the 11 C-terminal 

residues of SepL were demonstrated to bind to the Tir effector protein (Wang et al., 

2008). Deletion of this region led to increased secretion of Tir, whereas it seemed to be 

dispensable for the control of translocon protein secretion (Wang et al., 2008). Since 

Tir is the first effector protein secreted upon T3SS activation, it might be that the SepL 

takes part in hierarchal secretion of effector proteins, denying access of other effector 

proteins to the injectisome (Büttner, 2012). 

The gatekeeper in Chlamydia, the putative CopN gatekeeper might perform dual 

functions. In addition to potentially regulating secretion by the injectisome, CopN also 

seems to act as a secreted effector protein, abrogating host microtubule assembly 

(Nawrotek et al., 2014). When expressed ectopically in yeast and mammalian cells, 

CopN led to a cell cycle arrest (Huang et al., 2008). The N-terminal domain of CopN 

was shown to bind Scc1 and Scc4 putative chaperone proteins, resembling the SsaM-

SpiC-SsaL, YscB-SycN-YopN, and SepD-CesL-SepL gatekeeper complexes in other 

injectisomes (Silva-Herzog et al., 2011). The CopN C-terminus on the other hand was 

shown to interact with Scc3, a translocon chaperone (Silva-Herzog et al., 2011). 

The substrate specificity control of gatekeepers in T3SSs has stimulated efforts to  
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Figure 6.1 Gatekeeper structures and model of SsaL75-338 
A-D. Structures of gatekeepers from Yersinia pestis, Chlamydia pneumoniae, and Shigella 

flexneri are shown. Additionally, a corresponding amino acid region of SsaL was modelled 
with Phyre2 software. Helices are gradient-coloured, beginning with blue N-terminus and 
ending with red C-terminus. The three domains within gatekeeper cores are shown. Each N 
and C termini are represented by N/N’ and C/C’ letters, respectively.  

E.   A combined full length YopN model composed of two YopN structures including the YopN76-

293-TyeA complex from A and an additional YopN32-277 structure in complex with SycN and 
YscB chaperones.  

Figure prepared using PyMOL software. PDB codes used: 1XL3, 4NRH, 2VJ4, and 1XKP.  
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determine their atomic structure in order to better understand their mechanism of 

action. As a result, several structures of gatekeepers from different injectisomes are 

now available, including: (i) MxiC, (ii) YopN in complex either with YscB and SycN, or 

(iii) with TyeA, and (iv) CopN (Fig. 6.1; Deane et al., 2008; Nawrotek et al., 2014; 

Schubot et al., 2005). Importantly, CopN and MxiC structures are missing their 

respective 84 and 73 N-terminal amino acids, which in case of YopN, are involved in 

binding to SycN and YscB chaperones (Schubot et al., 2005). Similarly to YopN, three 

other gatekeepers: CopN, SsaL and SepL were also shown to interact with two 

chaperones via their N-terminal domains. This suggests that chaperones specific for 

MxiC might also exist, although no such proteins were yet reported. The Yersinia, 

Shigella, and Chlamydia gatekeepers adopt mainly an α-helical fold with no obvious 

coiled-coil structures, despite their high confidence level in coiled-coil predictions using 

COILS and MARCOIL programmes (data not shown). Instead, these proteins are 

composed of three separate domains, each adopting a four-helix X-bundle fold (Fig. 

6.1; Deane et al., 2008; Harris et al., 1994). Apart from that, there is an additional bent 

helix connecting domains 2 and 3 (Fig. 6.1). In the case of SsaL, despite the lack of 

high degree of amino acid sequence similarity between other gatekeeper proteins, a 

Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index; Kelley et al., 2015) 

modelling software predicted a fold that closely matches the structures of other 

gatekeeper proteins (Fig. 6.1 D). The model could explain the results obtained in the 

SsaL deletion mutagenesis where lack of predicted CC1 region destabilised the SsaL 

protein (Fig. 3.2). According to the generated model this would result in a lack of helix 1 

from the X-bundle domain 1 which could result in exposure of its hydrophobic core 

resulting in overall protein destabilisation. This also suggests that the alanine scanning 

mutagenesis described in Chapter 3 that was aimed at predicted coiled-coil regions 

CC1, CC2, CC?, and CC3, rather targeted the helices 1 and 4 of the X-bundle domain 

1, the bent helix connecting X-bundle domains 2 and 3, and the final helix of the X-

bundle domain 3, respectively. However, the presented structures and model show 

only a monomeric form of the gatekeeper and it might be the case that some helices 

form a coiled-coil structure with helices of neighbouring gatekeeper molecules or with 

injectisome components. The possible position and effects of SsaL loss-of-function 

mutations are discussed further below. 

The alanine scanning mutagenesis of predicted coiled-coil regions of SsaL revealed 

four positions, R238, R321, I324, and L328, that when substituted, abrogate the 

function of the gatekeeper. Two of these mutations, R238A and I324A, were tested in a 

C-terminally FLAG-tagged variant and showed that the stability of SsaL was 
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unaffected, suggesting that the mutations might disturb some of the SsaL intra-

molecular (within the predicted helix bundle domain 3) or protein-protein interactions 

that are involved in the gatekeeping function.  

It was shown that the C-terminal part of SepL gatekeeper is responsible for secretion of 

the translocon proteins (Wang et al., 2008). The previously reported interaction 

between the C-terminal part of CopN gatekeeper and the translocon chaperone, Scc3, 

could explain how the gatekeeper obtains its specificity, since translocon proteins are 

known to reside in the bacterial cytosol in complex with translocon chaperones (Ruiz-

Albert et al., 2003; Silva-Herzog et al., 2011). In another study, a structure of a CopN-

Scc3 complex revealed that these proteins interact via two (S1 and S2) binding sites 

(Archuleta and Spiller, 2014; Fig. 6.2 C). Based on detailed analysis of the CopN-Scc3 

interface, the crucial CopN amino acids required for binding to Scc3 are arginine R365, 

a key element of the S2 site, and two arginines (R268 and R357) that contribute to the 

S1 site (Archuleta and Spiller, 2014; Fig. 6.1 C). Interestingly, CopN R365 and R268 

are conserved in the SsaL amino acid sequence (R238 and R321), and when singly 

substituted by alanine mutagenesis, led to the loss-of-function phenotype (Fig. 6.2 A 

and Fig. 3.3). CopN R365 is a surface-exposed amino acid that is conserved in other 

gatekeepers, apart from InvE. Together with the loss-of-function phenotype observed 

for SsaL R321A, this suggests that this amino acid is crucial for mediating translocon 

secretion (Fig. 6.2 A and Fig. 3.3). Moreover, substitutions corresponding to CopN 

R365 and two neighbouring amino acids were shown in Shigella MxiC to abrogate its 

gatekeeper function (Archuleta and Spiller, 2014). In a Phyre2-generated and CopN-

Scc3 superimposed model of SsaL and SscA (Scc3 homologue), the SsaL arginines 

R238 and R321 are also surface exposed and could potentially contribute to the 

putative SsaL-SscA interface (Fig. 6.2 D), however this is highly speculative and would 

require additional experimentation.  

As for the remaining SsaL amino acids that when mutated result in a loss-of-function 

phenotype (I324 and L328), the alanine substitution results in shorter hydrophobic side 

chains at these positions and could cause loss of some intra-molecular hydrophobic 

interactions required for stabilisation of the helix bundle domain 3 (TyeA like domain) 

(Fig. 6.1 D and 6.2 D). The YopN/TyeA and CopN amino acids corresponding to SsaL 

I324 and L328 are also hydrophobic and face the hydrophobic interior of the domain 3 

(Fig. 6.2 A, B, and C). The disturbance of this intra-molecular interface could lead 

either to weakened interaction with a translocon chaperone (e.g. SscA in Salmonella) 

or other yet-to-be-discovered protein-protein interaction(s) specific to this gatekeeper 

region. Alternatively, the mutations might simply disturb subsequent events following  
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Figure 6.2 Conservation, corresponding positions in other gatekeeper structures, and 
modelling of SsaL alanine loss-of-function amino acids 

A. Conserved amino acids in SsaL. The amino acids crucial for the SsaL function are shown in 
black boxes. Red and blue letters represent acidic and basic amino acids, respectively. 
Yellow highlight points to conserved hydrophobic positions. 

B. Mapping of R238, R321, I324, and L328 onto the YopN/TyeA structure. 
C. Mapping of R238, R321, I324, and L328 onto the CopN/Scc3 structure. Scc3 is show as 

yellow surface. For clarity, the CopN R357 mentioned in the text is not shown. 
D. A Phyre2 model of SsaL and SscA superimposed on CopN and Scc3, respectively. 
Surface exposed SsaL R238 and R321 and their conserved positions are shown as pink stick 
representation. Buried hydrophobic SsaL I324 and L328 and corresponding positions in other 
gatekeepers are shown as cyan stick representation. Figures B,C, and E were prepared using 
PyMOL software. PDB codes: 4RNH and 1XL3. 
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translocon binding that are required for secretion.  

In most systems the gatekeeper ensures efficient translocon secretion while preventing 

or lowering effector protein secretion. An exception here is Yersinia pestis YopN-TyeA 

which, when mutated, does not result in suppression of translocon protein secretion 

(Sundberg and Forsberg, 2003; Iriarte et al., 1998). In agreement with this, albeit with 

reduced efficacy, Yersinia yopN mutants are still capable of delivering effector proteins 

to the cell, which is known to require a functional translocon pore (Boland et al., 1996; 

Cornelis and Wolf-Watz, 1997). However, in other systems the gatekeeper was shown 

to be required for both translocon secretion and suppression of effector protein 

secretion (Kim et al., 2013; Kresse et al., 2000; Nadler et al., 2006; Yu et al., 2004). 

Investigation of the CopN gatekeeper led to the first detailed description of an 

interaction between the C-terminal portion of the gatekeeper and an N-terminal region 

of the Scc3 translocon chaperone (Silva-Herzog et al., 2011; Archuleta and Spiller, 

2014). Moreover, this gatekeeper-translocon chaperone complex was shown to bind a 

region of CopB translocon in vitro, forming a ternary complex, stable even during size 

exclusion chromatography (Archuleta and Spiller, 2014). This shows that the 

gatekeeper-binding site of the Ssc3 translocon chaperone does not overlap with its 

second translocon binding site. According to this   observation, it could be that 

injectisome-bound gatekeeper could recognise cytosolic translocon chaperone-

translocon complexes and specifically target them for subsequent secretion (Fig. 6.3). 

Whether this is the case for gatekeeper proteins of other injectisome types remains to 

be determined but it seems likely, since the translocon chaperones from other 

injectisomes share a conserved N-terminal gatekeeper-binding region (Archuleta and 

Spiller, 2014). Importantly, Scc3 represents only one of the two types of translocon 

chaperones. Does the gatekeeper bind the second type of translocon chaperone 

protein in the same manner or is it capable of binding both of them simultaneously? 

These questions remain to be addressed.  

According to the model above, the interaction between the gatekeeper SsaL and SseB 

and SseC (CopB homologue) translocon proteins that was observed in the Salmonella 

SsaL-FLAG co-immuniprecipitation experiment could be mediated through SseA and 

SscA translocon chaperones. Negative interaction results between purified 

SsaL/SsaM/SpiC gatekeeper and SseB or SseC (Fig. 3. 14 A and B) further suggest 

that this might be the case. SseA and SscA chaperones bind to and are responsible for 

secretion of SseB/SseD and SseC, respectively (Cooper et al., 2013; Ruiz-Albert et al., 

2003). These two types of translocon chaperones were observed specifically during 

mass spectrometry analysis of SsaL-FLAG elution from Salmonella FLAG co-
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immunoprecipitation experiments (data not shown), however this interaction requires 

an alternative technique to confirm this putative interaction. Since purifications of both 

SseA and SscA proved challenging, an alternative approach including bacterial two-

hybrid technique might be useful. The specific detection of SseC in every SsaL-FLAG 

truncate tested during FLAG co-immunoprecipitation suggests that the SsaL-SseC 

interaction might occur through multiple binding sites or indirectly, through translocon 

chaperone or other components of injectisome (Fig. 3.6).  

It is not known yet which part of the SsaL/SsaM/SpiC gatekeeper is responsible for its 

association with T3SS2. The SsaL-FLAG truncates in combination with bacterial 

membrane fractionation experiments could be used to address this question. Moreover, 

which of the T3SS components is involved in gatekeeper docking is also unknown. 

Preliminary mass spectrometry results (data not shown) suggest that the inner 

membrane components of the basal body, ATPase and an ATPase chaperone are 

likely candidates, but as in the case of the interaction with the translocon chaperones, 

this would require further analysis by other techniques. The ATPase of T3SS1 was 

demonstrated to bind and dissociate T3SS substrates in complex with their chaperones 

in an ATP-dependent manner (Akeda and Galán, 2005). In the same study, the 

ATPase was shown to contribute to partial unfolding of a T3SS substrate which is 

believed to be required for the secretion of the substrate through the 2 nm-wide needle. 

It is conceivable that the SsaL/SsaM/SpiC gatekeeper could serve as a specific 

platform allowing translocon-chaperone complexes to associate with ATPase resulting 

in translocon protein secretion (Fig. 6.3). 

Apart from SsaL/SsaM/SpiC, mutation of another T3SS2 component, SsaV, also 

results in an abnormal protein secretion pattern in T3SS2-inducing pH 5.0 in vitro 

assay with reduced level of translocon and increased amounts of effector proteins (Dr 

Xiu-Jun Yu personal communication). This suggests that there is a potential interplay 

between the gatekeeper and SsaV. Recently, it was shown that Salmonella cytosol can 

undergo acidification when grown at ambient pH 5.0 (Chakraborty et al., 2015). Since 

the gatekeeper interaction with the T3SS2 is pH dependent, it was conceivable that 

some of gatekeeper-SsaV interactions may occur only at low pH. However, no stable 

interaction between SsaL/SsaM/SpiC complex and the cytosolic portion of SsaV could 

be detected at pH 7.4 or pH 6.0, so far (Fig. 3.14 and 3.15). 

It is not known if the gatekeeper is associated with the injectisome during the initial 

needle secretion stage. Utilising mutants of predicted molecular ruler (SsaP) or 

autoprotease (SsaU) proteins might reveal early localisation of the SsaL/SsaM/SpiC 



164 
 

complex. Additionally, fusion of SsaL with fluorescence probes combined with 

subsequent high resolution microscopy analysis could represent a feasible approach to 

address this question. There is also a need for a good antibody against needle and 

inner rod proteins that could be used to test if secretion of these early substrates is 

affected in a ΔssaL mutant strain.  

Is the C-terminal domain 3 of SsaL mainly involved in binding to the putative translocon 

chaperone-translocon complex to bring it to the proximity of the ATPase for secretion? 

It would be interesting to test if secretion of SseC or SseB could be restored by fusion 

of SsaL deprived of domain 3 with respective SscA or SseA translocon chaperone 

proteins. 

Studying T3SS2 interactions is technically demanding. Since low pH is required for the 

T3SS2 assembly, this suggests that some of the interactions within the injectisome 

might be pH-dependent (Beuzón et al., 1999). In fact, one pH-sensitive interaction 

within T3SS2 has already been described: the SsaL/SsaM/SpiC gatekeeper 

dissociates from the injectisome upon acidic to neutral pH shift (Yu et al., 2010). 

Whether this pH-sensitive interaction is within the gatekeeper itself, the injectisome 

components interacting with the gatekeeper, or injectisome components not interacting 

with the gatekeeper but affecting the overall T3SS2 architecture triggering dissociation 

of the gatekeeper, remains to be addressed.  

An approach using a genetic screen or selection techniques might be more feasible in 

investigating the exact mode of action of the gatekeeper. For example, the SsaL loss-

of-function point mutations transferred to bacterial chromosome could be used to 

screen a mutant library of SPI-2 containing plasmids for mutations that suppress the 

loss-of-function phenotype. Identification of suppressor mutations is now routine 

through the use of the whole genome sequencing techniques. This would lead to 

identification of proteins that interact with SsaL to ensure translocon secretion. 
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Figure 6.3 Hypothetical mode of action of the SsaL/SsaM/SpiC gatekeeper 
1. SsaL (L) specifically binds cytosolic translocon(yellow)-chaperone(brown) complexes and 

forwards them to the ATPase (blue) for a subsequent secretion. Effector proteins (orange) in 
complex with their respective chaperones (green) lack gatekeeper binding region/specificity 
sequence which prevents their translocation.   

2. SsaN ATPase dissociates translocon-chaperone complexes and contributes to partial 
translocon unfolding allowing its secretion. Chaperones dissociate back to the cytosol. 

3.  The cycle repeats starting with another round of translocon-chaperone docking. 
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6.2 SpvD 

The injectisome allows bacteria to translocate a range of effector proteins that 

manipulate host cell processes. Many of the injected bacterial proteins possess 

enzymatic activity (Ashida et al., 2015; LaRock et al., 2015). Among bacterial enzymes 

secreted in a T3SS-dependent manner, an increasing number of proteins belonging to 

the cysteine peptidase family have been identified. Within this family there are groups 

of effector proteins that represent, depending on the sequence order of the catalytic 

triad elements, CE and CA clans of cysteine proteases (http://merops.sanger.ac.uk/). 

The CE clan members have a histidine-aspartic acid/glutamic acid-cysteine (H-D/E-C) 

catalytic triad composition and were mostly shown to possess ubiquitin and ubiquitin-

like protease activities. Strikingly, in some cases an additional acetyl transferase 

activity was reported (Mukherjee et al., 2006). The CA clan includes members with 

their structures similar to that of papain protease with the same cysteine-histidine-

aspartic acid (CHD) catalytic triad composition. Interestingly, there are emerging 

examples of effector proteins adopting the papain-like fold with the same CHD or 

similar CHQ catalytic triads that, instead of proteolysis, perform glutamine deamidation, 

or acetyl transfer reactions (Sinclair et al., 2000; Washington et al., 2013). 

A member of CE clan, XopD, from a plant pathogen Xanthomonas campestris was 

shown to specifically cleave SUMO1 and SUMO2 conjugates in Arabidopsis thaliana, 

altering host transcription and promoting bacterial replication in plants (Hotson et al., 

2003; Kim et al., 2008). Salmonella enterica SseL and EPEC ElaD, also CE clan 

members, were shown to possess deubiquitinating activity in vitro (Catic et al., 2007; 

Rytkönen et al., 2007). A very interesting group of effectors is represented by Yersinia 

YopJ/P and S. enterica AvrA. Both effectors are involved in inhibition of pro-

inflammatory pathways and were initially classified as ubiquitin or SUMO proteases 

with limited sequence similarity to known ubiquitin-like proteases (Orth et al., 2000; 

Shan et al., 2007). Surprisingly, subsequent findings have shown that the anti-

inflammatory activity of YopJ relies on its ability to acetylate serine and threonine 

residues within the activation loops of MAPK kinases and IKK kinase, thereby 

preventing their activation by phosphorylation, and as a result blocking pro-

inflammatory MAPK and NF-kB pathways (Mittal et al., 2006; Mukherjee et al., 2006). 

Moreover, YopJ and AvrA are specifically activated in the eukaryotic cytoplasm by 

inositol hexakisphosphate (IP6) which results in a change of their conformational state 

(Mittal et al., 2010). 
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A Yersinia effector protein YopT with its CHD (C139, H258, and D274) catalytic triad 

defines a YopT family of cysteine proteases belonging to the CA clan and consists of 

19 members (Shao et al., 2002). YopT was shown to specifically cleave C-terminal 

portion of RhoA/Rac/Cdc42 GTPases depriving them of their prenyl group (Shao et al., 

2002). A Pseudomonas syringae T3SS-secreted protein belonging to YopT group of 

effector proteases, AvrPphB, was shown to cleave plant PBS1 kinase required for plant 

defense (Shao et al., 2003). A crystal structure was determined subsequently and 

showed a CHD catalytic triad composed of C98, H212, and D227, classifying it to the 

CA clan of cysteine proteases with a papain-like fold (Zhu et al., 2004). Another 

member of this clan secreted by S. Typhimurium in a T3SS-dependent manner, GtgE, 

was demonstrated to proteolytically target the related GTPases Rab28, Rab32, and 

Rab38 (Spanò and Galán, 2012). Interestingly, when introduced into human-restricted 

S. Typhi, GtgE allowed intracellular survival in normally non-permisive cells (Spanò and 

Galán, 2012). A partial structure of GtgE combined with mutagenesis and modelling 

based on similar protein structures confirmed the catalytic triad to be composed of 

CHD amino acids (Kohler et al., 2014). 

A recently characterised anti-inflammatory Shigella flexneri T3SS effector, OspI, was 

demonstrated to specifically deamidate Ubc13 glutamine Q100, thus impeding TRAF6-

mediated pro-inflammatory NF-κB signalling (Sanada et al., 2012). The atomic 

structure of OspI with its CHD catalytic triad and overall fold resembles papain 

proteases (Sanada et al., 2012). The subsequent structural determination of an OspI 

C62A catalytic mutant in complex with Ubc13 revealed significant rearrangements of 

the OspI active site when compared to the structure of unbound OspI, implying that 

substrate recognition has an important role in catalysis (Fu et al., 2013). OspI is not the 

only example of a deamidase with a papain-like fold. The Cif group of T3SS effectors 

present in EPEC (Cif) and Burkholderia pseudomallei (CHBP) deamidate glutamine 

Q40 of ubiquitin and NEDD8 proteins which in turn leads to blockage of the cell cycle at 

the G2/M transition (Cui et al., 2010; Marchès et al., 2003). Both deamidases, Cif and 

CHBP, adopt a papain-like fold with a CHQ catalytic triad and structures of inactive 

forms of Cif and CHBP complexed with NEDD8 have been determined (Crow et al., 

2012; Yao et al., 2012).  

In this work, I characterised S. Typhimurium SpvD that showed proteolytic activity in a 

cysteine C73-dependent manner in in vitro assays. A crystal structure was obtained in 

collaboration with Dr Stephen Hare. This revealed that SpvD has a papain-like fold with 

the C73-H162-D182 catalytic triad, characteristic of CA clan of cysteine proteases. In-

depth structure analysis performed with assistance of Dr David Komander pointed to a 
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potentially inhibitory arginine (R161) positioned in the vicinity of the catalytic triad. A 

polymorphism search of SpvD revealed a naturally occurring R161G substitution in S. 

Enteritidis serovars suggesting that these SpvD variants might be more active in the in 

vitro proteolytic assay. Indeed, the S. Enteritidis R161G SpvD was substantially more 

active in the DUB GLO RLRGG-AML cleavage assay, but less active in the Ub-AML 

assay. Whether this polymorphism represents a specific pathogen-host adaptation or a 

major loss in its activity in Typhimurium serovars requires identification of a 

physiological substrate of SpvD. Since the DUB GLO assay suggested that SpvD might 

be a ubiquitin or ubiquitin-like protease, I tested a range of ubiquitin and ubiquitin-like 

substrates that were available commercially. SpvD did not cleave any of the ubiquitin, 

SUMO1/2/3, NEDD8, and ISG15 substrates, suggesting that either (i) the target 

substrate is other ubiquitin-like protein (e.g. FUBI, FAT10, Urm1, Ufm1), (ii) that SpvD 

requires a specific host protein adapter or a small ligand for its proper function, or (iii) 

that SpvD acts as protease on a protein substrate that is not related to ubiquitin. 

The S. Typhimurium spvD mutant is attenuated in virulence in a mouse model of 

infection (Niemann et al., 2011; Dr Nathalie Rolhion personal communication). Is this 

virulence attenuation dependent on the functional active site of SpvD? This question 

could be addressed by carrying out a mixed infection of the spv mutant strain 

complemented either with wild-type or C73A mutant of SpvD. It would also be 

interesting to see whether spvD mutant complemented with a more active Enteritdis 

SpvD outcompetes the spvD mutant complemented with Typhimurium SpvD variant. 

There is an example of a single amino acid polymorphism of other T3SS effector 

protein that was shown to contribute to the Salmonella virulence in mouse. G103, but 

not D103, variant of effector protein SseI was shown to facilitate bacterial spread to the 

bloodstream in the infected mouse (Thornbrough and Worley, 2012). 

SpvD has an anti-inflammatory activity through inhibition of the NF-κB pathway and 

was shown in our laboratory to specifically interact with exportin 2 (Dr Nathalie Rolhion, 

unpublished results). Exportin 2 is required for recycling importin-α from the nucleus to 

cytoplasm, where it binds p65 to mediate nuclear import of this transcription factor. 

However, until now, no stable interaction between E. coli-purified SpvD and exportin 2, 

nor signs of SpvD-dependent exportin 2 cleavage were detected (data not shown). This 

suggests that either the SpvD-exportin 2 interaction occurs indirectly through another 

host target protein, or that there is a eukaryotic ligand facilitating the interaction. 

Eukaryotic proteins or ligands were shown in the past to be required for activities of 

some bacterial effector proteins such as SseJ or YopJ (Lossi et al., 2008; Mittal et al., 

2010; Pruneda et al., 2014).  
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Mutating the catalytic cysteine to an inactive alanine variant was shown to increase the 

affinity of OspI deamidase to the target Ubc13 protein (Nishide et al., 2013). 

Catalytically dead proteases or deamidases form stable complexes with their 

physiological substrates that can be purified with use of size exclusion chromatography 

for subsequent crystallisation and structure determination (Chou et al., 2014; Crow et 

al., 2012; Nishide et al., 2013; Sato et al., 2015). This suggests that SpvD C73A 

mutants might serve as a good tool for physiological substrate identification. In fact an 

“inactive catalytic domain capture”, or ICDC, is a known protease substrate 

identification strategy where a protease with the active site mutated is unable of 

cleaving its substrate remains in a substrate bound form (Doucet et al., 2008). This 

approach was proven successful in identification of substrates of MMP-2 and MT1-

MMP proteases using yeast two-hybrid technique (Overall et al., 2004)  

In search for a substrate of SpvD, I have stably transduced a macrophage cell line with 

plasmids encoding either GFP-SpvD C73A Typhimurium or Enteritidis variants that 

were subsequently used for GFP co-immunoprecipitation in order to try to identify a 

specific interaction partner through mass spectrometry. However until now, no specific 

host protein associated with SpvD was identified (data not shown). This could be a 

result of GFP obstructing the SpvD binding interface. In the future, another approach 

involving recombinant His-tagged, catalytically dead, SpvD variants might be used to 

pull the specific interaction partner from host lysate. Alternatively, the inactive C73A 

SpvD constructs could be used in a yeast two-hybrid technique or in protein microarray 

(ProtoArray with over 9,000 full-length proteins)  in search for a physiological substrate. 

Another approach includes wild-type Enteritidis or Typhimurium SpvD variants that 

could be utilised in an mRNA display technique adjusted for protease substrate 

profiling (Cotton et al., 2011). 

At this moment, it cannot be excluded that SpvD has activities other than proteolysis. 

Substrate or host-specific ligand binding might contribute to potential active site 

rearrangements resulting in catalysis of another type of reaction that papain-like folds 

are known to perform, such as deamidation or acetyl transfer (Sanada et al., 2012; 

Sinclair et al., 2000). Identification of a physiological substrate that specifically interacts 

with SpvD during Salmonella infection will definitely contribute to understanding the 

function of this effector.  
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APPENDIX 

Table 2.3 List of primers used in this study 

Mutagenesis of ssaL 
Name 5’ -> 3’ sequence 

F75-D77 3xA For GCGCGAAAATTATAAAGCAGCAGCAGCTGAGAAACTGGAGCG 

F75-D77 3xA Rev CGCTCCAGTTTCTCAGCTGCTGCTGCTTTATAATTTTCGCGC 

E79-E82 4xA For TAAATTCACTGATGCTGCAGCAGCAGCACGCAGACAGCAGGCTT 

E79-E82 4xA Rev AAGCCTGCTGTCTGCGTGCTGCTGCTGCAGCATCAGTGAATTTA 

R83-Q86 4xA For GCTGAGAAACTGGAGGCAGCAGCAGCAGCTTTGCTGCGTTTG 

R83-Q86 4xA Rev CAAACGCAGCAAAGCTGCTGCTGCTGCCTCCAGTTTCTCAGC 

R83A For CTGATGCTGAGAAACTGGAGGCAAGACAGCAGGCTTTGCTGCG 

R83A Rev CGCAGCAAAGCCTGCTGTCTTGCCTCCAGTTTCTCAGCATCAG 

R84A For GATGCTGAGAAACTGGAGCGCGCACAGCAGGCTTTGCTGCGTTTG 

R84A Rev CAAACGCAGCAAAGCCTGCTGTGCGCGCTCCAGTTTCTCAGCATC 

Q85A For CTGAGAAACTGGAGCGCAGAGCACAGGCTTTGCTGCGTTTGAT 

Q85A Rev ATCAAACGCAGCAAAGCCTGTGCTCTGCGCTCCAGTTTCTCAG 

Q86A For GAAACTGGAGCGCAGACAGGCAGCTTTGCTGCGTTTGATAA 

Q86A Rev TTATCAAACGCAGCAAAGCTGCCTGTCTGCGCTCCAGTTTC 

L88-L91 4xA For GCGCAGACAGCAGGCTGCAGCAGCAGCAATAAAACAAATACAGG 

L88-L91 4xA Rev CCTGTATTTGTTTTATTGCTGCTGCTGCAGCCTGCTGTCTGCGC 

L88A For GGAGCGCAGACAGCAGGCTGCACTGCGTTTGATAAAACAAA 

L88A Rev TTTGTTTTATCAAACGCAGTGCAGCCTGCTGTCTGCGCTCC 

L89A For GCGCAGACAGCAGGCTTTGGCACGTTTGATAAAACAAATAC 

L89A Rev GTATTTGTTTTATCAAACGTGCCAAAGCCTGCTGTCTGCGC 

R90A For CAGACAGCAGGCTTTGCTGGCATTGATAAAACAAATACAGG 

R90A Rev CCTGTATTTGTTTTATCAATGCCAGCAAAGCCTGCTGTCTG 

L91A For CAGCAGGCTTTGCTGCGTGCAATAAAACAAATACAGGAGG 

L91A Rev CCTCCTGTATTTGTTTTATTGCACGCAGCAAAGCCTGCTG 

I92 For CAGGCTTTGCTGCGTTTGGCAAAACAAATACAGGAGGAT 

I92 Rev ATCCTCCTGTATTTGTTTTGCCAAACGCAGCAAAGCCTG 

K93 For CTTTGCTGCGTTTGATAGCACAAATACAGGAGGATAA 

K93 Rev TTATCCTCCTGTATTTGTGCTATCAAACGCAGCAAAG 

Q94 For TGCTGCGTTTGATAAAAGCAATACAGGAGGATAATGG 

Q94 Rev CCATTATCCTCCTGTATTGCTTTTATCAAACGCAGCA 

I95 For TGCGTTTGATAAAACAAGCACAGGAGGATAATGGGGC 

I95 Rev GCCCCATTATCCTCCTGTGCTTGTTTTATCAAACGCA 

Q96-N99 4xA For GTTTGATAAAACAAATAGCAGCAGCAGCAGGGGCAACGTTGCGTC 

Q96-N99 4xA Rev GACGCAACGTTGCCCCTGCTGCTGCTGCTATTTGTTTTATCAAAC 

E109A For GTTGCGTCCGCTTACCGAAGCAAATAGTGATCCTGATTTAC 

E109A Rev GTAAATCAGGATCACTATTTGCTTCGGTAAGCGGACGCAAC 

K135-K138 4xA For GCCGGCGGGTTGTCAGCAGCAGCAGCACGCGATTTGCAATCGCA 

K135-K138 4xA Rev TGCGATTGCAAATCGCGTGCTGCTGCTGCTGACAACCCGCCGGC 
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K135A For TACTGCCGGCGGGTTGTCAGCAAAGAAAAAACGCGATTTGC 

K135A Rev GCAAATCGCGTTTTTTCTTTGCTGACAACCCGCCGGCAGTA 

K136A For CCGGCGGGTTGTCAAAAGCAAAAAAACGCGATTTGCA 

K136A Rev TGCAAATCGCGTTTTTTTGCTTTTGACAACCCGCCGG 

K137A For CGGCGGGTTGTCAAAAAAGGCAAAACGCGATTTGCAATCGC 

K137A Rev GCGATTGCAAATCGCGTTTTGCCTTTTTTGACAACCCGCCG 

K138A For GGGTTGTCAAAAAAGAAAGCACGCGATTTGCAATCGCAA 

K138A Rev TTGCGATTGCAAATCGCGTGCTTTCTTTTTTGACAACCC 

R139-Q142 4xA For GTCAAAAAAGAAAAAAGCAGCAGCAGCATCGCAACTGGATACGC 

R139-Q142 4xA Rev GCGTATCCAGTTGCGATGCTGCTGCTGCTTTTTTCTTTTTTGAC 

I95 For AAAACGCGATTTGCAAGCAGCAGCAGCAACGCTTACAGCGGAGG 

I95 Rev CCTCCGCTGTAAGCGTTGCTGCTGCTGCTTGCAAATCGCGTTTT 

T147-T149 3xA For TTGCAATCGCAACTGGATGCAGCAGCAGCGGAGGAGGGATGGGA 

T147-T149 3xA Rev TCCCATCCCTCCTCCGCTGCTGCTGCATCCAGTTGCGATTGCAA 

E151-E152 2xA For TGGATACGCTTACAGCGGCAGCAGGATGGGAACTTGCCGT 

E151-E152 2xA Rev ACGGCAAGTTCCCATCCTGCTGCCGCTGTAAGCGTATCCA 

S191A For CAACGATGAAATGCCCTTAGCACAGTGGTTCAGACGCGTG 

S191A Rev CACGCGTCTGAACCACTGTGCTAAGGGCATTTCATCGTTG 

R196A For TTATCGCAGTGGTTCAGAGCAGTGGCAGACTGGCCGGAT 

R196A Rev ATCCGGCCAGTCTGCCACTGCTCTGAACCACTGCGATAA 

R206A For TGGCCGGATCGCTGTGAAGCAGTCCGTATTTTGCTAAGA 

R206A Rev TCTTAGCAAAATACGGACTGCTTCACAGCGATCCGGCCA 

R238-R239 For CAGCATTAGTACGTTTGGCAGCATTGCTGTTATTCCTTGG 

R238-R239 Rev CCAAGGAATAACAGCAATGCTGCCAAACGTACTAATGCTG 

R238 For CAGCATTAGTACGTTTGGCACGTTTGCTGTTATTCCTTGG 

R238 Rev CCAAGGAATAACAGCAAACGTGCCAAACGTACTAATGCTG 

R298A For CATCGAAGATGTTCAATGCATTACTCCAACAACTTGA 

R298A Rev TCAAGTTGTTGGAGTAATGCATTGAACATCTTCGATG 

E318-D319 2xA For GATAACTGTTTTAACGACGCAGCACAACGTGAACAAATTCTC 

E318-D319 2xA Rev GAGAATTTGTTCACGTTGTGCTGCGTCGTTAAAACAGTTATC 

Q320-R321 2xA For GTTTTAACGACGAAGATGCAGCAGAACAAATTCTCGAAAC 

Q320-R321 2xA Rev GTTTCGAGAATTTGTTCTGCTGCATCTTCGTCGTTAAAAC 

Q320A For GTTTTAACGACGAAGATGCACGTGAACAAATTCTCGA 

Q320A Rev TCGAGAATTTGTTCACGTGCATCTTCGTCGTTAAAAC 

R321A For TTAACGACGAAGATCAAGCAGAACAAATTCTCGAAAC 

R321A Rev GTTTCGAGAATTTGTTCTGCTTGATCTTCGTCGTTAA 

E322-L325 4xA For GACGAAGATCAACGTGCAGCAGCAGCAGAAACGCTTCGTGAAG 

E322-L325 4xA Rev CTTCACGAAGCGTTTCTGCTGCTGCTGCACGTTGATCTTCGTC 

E322A For AACGACGAAGATCAACGTGCACAAATTCTCGAAACGCTT 

E322A Rev AAGCGTTTCGAGAATTTGTGCACGTTGATCTTCGTCGTT 

Q323A For GACGAAGATCAACGTGAAGCAATTCTCGAAACGCTTCGT 

Q323A Rev ACGAAGCGTTTCGAGAATTGCTTCACGTTGATCTTCGTC 

I324A For GAAGATCAACGTGAACAAGCACTCGAAACGCTTCGTGAA 
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I324A Rev TTCACGAAGCGTTTCGAGTGCTTGTTCACGTTGATCTTC 

L325A For GATCAACGTGAACAAATTGCAGAAACGCTTCGTGAAGTA 

L325A Rev TACTTCACGAAGCGTTTCTGCAATTTGTTCACGTTGATC 

E326A For CAACGTGAACAAATTCTCGCAACGCTTCGTGAAGTAAAG 

E326A Rev CTTTACTTCACGAAGCGTTGCGAGAATTTGTTCACGTTG 

T327A For CGTGAACAAATTCTCGAAGCACTTCGTGAAGTAAAGATAAA 

T327A Rev TTTATCTTTACTTCACGAAGTGCTTCGAGAATTTGTTCACG 

L328A For GAACAAATTCTCGAAACGGCACGTGAAGTAAAGATAAATC 

L328A Rev GATTTATCTTTACTTCACGTGCCGTTTCGAGAATTTGTTC 

R329A For CAAATTCTCGAAACGCTTGCAGAAGTAAAGATAAATCAG 

R329A Rev CTGATTTATCTTTACTTCTGCAAGCGTTTCGAGAATTTG 

E330A For ATTCTCGAAACGCTTCGTGCAGTAAAGATAAATCAGGTT 

E330A Rev AACCTGATTTATCTTTACTGCACGAAGCGTTTCGAGAAT 

V331A For CTCGAAACGCTTCGTGAAGCAAAGATAAATCAGGTTTTA 

V331A Rev TAAAACCTGATTTATCTTTGCTTCACGAAGCGTTTCGAG 

K332A For GAAACGCTTCGTGAAGTAGCAATAAATCAGGTTTTATTC 

K332A Rev GAATAAAACCTGATTTATTGCTACTTCACGAAGCGTTTC 

I333-Q335 3xA For ACGCTTCGTGAAGTAAAGGCAGCAGCAGTTTTATTCTGATCTAGA 

I333-Q335 3xA Rev TCTAGATCAGAATAAAACTGCTGCTGCCTTTACTTCACGAAGCGT 

V336-L337 2xA For GAAGTAAAGATAAATCAGGCAGCATTCTGATCTAGAGCGGCC 

V336-L337 2xA Rev GGCCGCTCTAGATCAGAATGCTGCCTGATTTATCTTTACTTC 

F338A For AAGATAAATCAGGTTTTAGCATGATCTAGAGCGGCCGCC 

F338A Rev GGCGGCCGCTCTAGATCATGCTAAAACCTGATTTATCTT 

Salmonella ssaL truncations 
Name 5’ -> 3’ sequence 

SsaL for ATGCGGATCCATGGTGAAGATAAAAGAGGTAGCGATG 

SsaL-FLAG rev 
ATGCTCTAGATCACTTGTCATCGTCATCCTTGTAATCGAATAAAAC

CTGATTTATCTTTACTTCACGAAG 

SsaL315-FLAG rev 
GCATTCTAGATTACTTGTCATCGTCGTCCTTGTAATCTCCTCCAAAA

CAGTTATCGGGTATCAG 

SsaL290-FLAG rev 
GCATTCTAGATTACTTGTCATCGTCGTCCTTGTAATCTCCTCCAACT

ATAGCGGTAAGTCTATCAAG 

SsaL259-FLAG rev 
GCATTCTAGATTACTTGTCATCGTCGTCCTTGTAATCTCCTCCCAA

CTGGCAAATCCACTCCTCAC 

SsaL226-FLAG rev 
GCATTCTAGATTACTTGTCATCGTCGTCCTTGTAATCTCCTCCCTC

CGAGGGTTCGATGCATATGC 

SsaL184-FLAG rev 
GCATTCTAGATTACTTGTCATCGTCGTCCTTGTAATCTCCTCCGTC

TATCGCCTGTTGCATAAAAC 

SsaL169-FLAG rev 
GCATTCTAGATTACTTGTCATCGTCGTCCTTGTAATCTCCTCCGGT

ATCCACTTCGCCAAGTTCC 

SsaL153-FLAG rev 
GCATTCTAGATTACTTGTCATCGTCGTCCTTGTAATCTCCTCCTCC

CTCCTCCGCTGTAAGCGTATC 

SsaL132-FLAG rev 
GCATTCTAGATTACTTGTCATCGTCGTCCTTGTAATCTCCTCCCCC

GCCGGCAGTAAGCGCCATTG 
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SsaL71 for ATGCGGATCCATGGAAAATTATAAATTCACTGATG 

SsaL100 for ATGCGGATCCATGGGGGCAACGTTGCGTCCGCTTAC 

E. coli protein expression 
Name 5’ -> 3’ sequence 
SsaM for TATCGGATCCATGGATTGGGATCTCATTACTG 

SsaM rev AATCGCGGCCGCTCACTAACCATGAACGCATTGCGAC 

SpiC for TATCGGATCCATGTCTGAGGAGGGATTCATG 

SpiC rev AATCGCGGCCGCTCATTATACCCCACCCGAATAAAG 

SsaL for TATCGGATCCATGGTGAAGATAAAAGAGGTAG 

SsaL rev AATCGCGGCCGCTCATCAGAATAAAACCTGATTTATC 

SsaV rev AATCGCGGCCGCTCATTCTTCATTGTCCGCCAAC 

SsaV327 for TATCGGATCCCGCCGCAAAAAGTCTGTGGTTTC 

SsaV440 for TATCGGATCCATGGGGCAGATCTGTTGGCTTAC 

SsaV485 for TATCGGATCCGGTGTTCAGGAAACGCGTTATC 

SseB for TATCGGATCCATGTCTTCAGGAAACATCTTATG 

SseB rev AGCGCTCGAGTCATGAGTACGTTTTCTGCGCTATC 

SseC267 for TATCGGATCCGGGCGAGGAAGTGGTTGAGCGTATG 

SseC rev AGCGCTCGAGAGCGCGATAGCCAGCTATTCTCG 

SpvD for CCGGCCGAATTCATGAGAGTTTCTGGTAGTGCG 

SpvD rev 
GCGTGCTCGAGGCTGCCGCGCGGCACCAGATCGTGTTTTTCATCA

TAAGCCCT 

SpvD C73A for CATTACTCTGGGAACGCCGTTTTATTATCAGCG 

SpvD C73A rev CGCTGATAATAAAACGGCGTTCCCAGAGTAATG 

SpvD C79A for GTTTTATTATCAGCGGCTTTACATTATAACATAC 

SpvD C79A rev GTATGTTATAATGTAAAGCCGCTGATAATAAAAC 

SpvD CCAA for 
CATTACTCTGGGAACGCCGTTTTATTATCAGCGGCTTTACATTATA

ACAT 

SpvD CCAA rev 
ATGTTATAATGTAAAGCCGCTGATAATAAAACGGCGTTCCCAGAGT

AATG 

SpvD H81A for CAGCGTGTTTAGCTTATAACATACA 

SpvD H81A rev TGTATGTTATAAGCTAAACACGCTG 

SpvD A154V for AGCGCAGAGAACTACATAGTTCCAATAATTGGCGAATGT 

SpvD A154V rev ACATTCGCCAATTATTGGAACTATGTAGTTCTCTGCGCT 

SpvD R161G for CCAATAATTGGCGAATGTGGACATGATTTCAACGCTGTG 

SpvD R161G rev CACAGCGTTGAAATCATGTCCACATTCGCCAATTATTGG 
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Table 2.4 List of plasmids used in this work 

Plasmids used in E. coli 
Name Description Source 
pET22b Protein expression Novagen 

pET22b-SpvC Expression of SpvC-6xHis 
Mazurkiewicz et al., 

2008 

pET22b-SpvD Expression of SpvD-6xHis Dr Nathalie Rolhion 

pET22b-SpvD-C73A Expression of SpvD C73A-6xHis This study 

pET22b-SpvD-C79A Expression of SpvD C79A-6xHis This study 

pET22b-SpvD-C73A/C79A Expression of SpvD C73A,C79A-6xHis This study 

pET22b-SpvD-H81A Expression of SpvD H81A-6xHis This study 

pET22b-SpvD-R161G Expression of SpvD R161G-6xHis This study 

pET22b-SpvD-C73A/R161G Expression of SpvD C73A,R161G-6xHis This study 

pET22b-SpvD-A154V/R161G Expression of SpvD A154V,R161G-6xHis This study 

pET22b-SpvD-

A154V/R161G/C73A 
Expression of SpvD A154V,R161G,C73A-6xHis This study 

pGEX-4T-SseL Expression of GST fused to SseL Rytkönen et al., 2007 

pMBP-tev-6xHis-TEV Expression of 6xHis-TEV protease Addgene 

pUlp1 Expression of 6xHis-Ulp1 Smt3 protease Dr Andrew Ulijasz 

pH3GT1 Protein expression Prof. Shohei Koide 

pH3GT1-SseC267-484 Expression of 10xHis-GST fused to SseC267-484 This study 

pH3GT1-SseB Expression of 10xHis-GST fused to SseB This study 

pGST Expression of GST Dr Charlotte Durkin 

pQlinkH 
Vector for polycistronic 7xHis-tagged celavable 

protein expression 

Addgene (Scheich et 

al., 2007) 

pQlinkN Vector for polycistronic protein expression 
Addgene (Scheich et 

al., 2007) 

pQlinkH-SsaM 
Plasmid encoding 7xHis-SsaM used for fusion 

with pQlinkH-SpiC 
This study 

pQlinkH-SpiC Plasmid encoding 7xHis-SpiC This study 

pQlinkH-SpiC/SsaM 
Plasmid encoding SpiC/SsaM used for fusion with 

pQLinkN-SsaL 
This study 

pQlinkN-SsaL 
Plasmid encoding SsaL used for fusion with 

pQlinkH-SsaM/SpiC 
This study 

pQlink-SsaL/SpiC/SsaM Expression of SsaL/SsaM/SpiC proteins This study 

pQlinkH-SsaV327-681 Expression of SsaV327-681 This study 

pQlinkH-SsaV485-681 Expression of SsaV440-681 This study 

pQlinkH-SsaV440-681 Expression of SsaV485-681 This study 

Plasmids used in S. Typhimurium 
Name Description Source 

pWSK29PssaG 

small (6-8 per cell) copy number plasmid (Wang 

and Kushner, 1991) used for complementation of 

Salmonella mutant strains with ssaG needle 

protein promoter sequence 

Dr Xiu-Jun Yu 
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pWSK29PssaG-ssaL wild-type SsaL protein This study 

pWSK29PssaG-ssaL-FLAG SsaL tagged with FLAG This study 

pWSK29PssaG-ssaL1-315-

FLAG SsaL1-315-FLAG 
This study 

pWSK29PssaG-ssaL71-338-

FLAG SsaL71-338-FLAG 
This study 

pWSK29PssaG-ssaL100-338-

FLAG  SsaL100-338-FLAG 
This study 

pWSK29PssaG-ssaL75-77-

3xA SsaL with 75-77 region substituted with alanines 
This study 

pWSK29PssaG-ssaL79-82-

4xA SsaL with 79-82 region substituted with alanines 
This study 

pWSK29PssaG-ssaL83-86-

4xA SsaL with 83-86 region substituted with alanines 
This study 

pWSK29PssaG-ssaL-R83A SsaL with R83A substitution This study 

pWSK29PssaG-ssaL-R84A SsaL with R84A substitution This study 

pWSK29PssaG-ssaL-Q85A SsaL with Q85A substitution This study 

pWSK29PssaG-ssaL-Q86A SsaL with Q86A substitution This study 

pWSK29PssaG-ssaL88-91-

4xA SsaL with 88-91 region substituted with alanines 
This study 

pWSK29PssaG-ssaL-L88A SsaL with L88A substitution This study 

pWSK29PssaG-ssaL-L89A SsaL with L89A substitution This study 

pWSK29PssaG-ssaL-R90A SsaL with R90A substitution This study 

pWSK29PssaG-ssaL-L91A SsaL with L91A substitution This study 

pWSK29PssaG-ssaL-I92A SsaL with I92A substitution This study 

pWSK29PssaG-ssaL-K93A SsaL with K93A substitution This study 

pWSK29PssaG-ssaL-Q94A SsaL with Q94A substitution This study 

pWSK29PssaG-ssaL-I95A SsaL with I95A substitution This study 

pWSK29PssaG-ssaL96-99-

4xA SsaL with 96-99 region substituted with alanines 
This study 

pWSK29PssaG-ssaL-E109A SsaL with E109A substitution This study 

pWSK29PssaG-ssaL135-38-

4xA SsaL with 135-38 region substituted with alanines 
This study 

pWSK29PssaG-ssaL-K135A SsaL with K135A substitution This study 

pWSK29PssaG-ssaL-K136A SsaL with K136A substitution This study 

pWSK29PssaG-ssaL-K137A SsaL with K137A substitution This study 

pWSK29PssaG-ssaL-K138A SsaL with K138A substitution This study 

pWSK29PssaG-ssaL139-42-

4xA SsaL with 139-42 region substituted with alanines 
This study 

pWSK29PssaG-ssaL143-46-

4xA SsaL with 143-46 region substituted with alanines 
This study 

pWSK29PssaG-ssaL147-49-

3xA SsaL with 147-49 region substituted with alanines 
This study 
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pWSK29PssaG-ssaL151-52-

2xA SsaL with 151-52 region substituted with alanines 
This study 

pWSK29PssaG-ssaL-S191A SsaL with S191A substitution This study 

pWSK29PssaG-ssaL-R196A SsaL with R196A substitution This study 

pWSK29PssaG-ssaL-R206A SsaL with R206A substitution This study 

pWSK29PssaG-ssaL238-39-

2xA SsaL with 238-39 region substituted with alanines 
This study 

pWSK29PssaG-ssaL-R238A SsaL with R238A substitution This study 

pWSK29PssaG-ssaL-S279A SsaL with S279A substitution This study 

pWSK29PssaG-ssaL-S293A SsaL with S293A substitution This study 

pWSK29PssaG-ssaL-R296A SsaL with R296A substitution This study 

pWSK29PssaG-ssaL318-19-

2xA SsaL with 318-19 region substituted with alanines 
This study 

pWSK29PssaG-ssaL320-21-

2xA SsaL with 320-21 region substituted with alanines 
This study 

pWSK29PssaG-ssaL322-25-

4xA SsaL with 322-25 region substituted with alanines 
This study 

pWSK29PssaG-ssaL-Q320A SsaL with Q320A substitution This study 

pWSK29PssaG-ssaL-R321A SsaL with R321A substitution This study 

pWSK29PssaG-ssaL-E322A SsaL with E322A substitution This study 

pWSK29PssaG-ssaL-Q323A SsaL with Q323A substitution This study 

pWSK29PssaG-ssaL-I324A SsaL with I324A substitution This study 

pWSK29PssaG-ssaL-I324A-

FLAG SsaL-FLAG with I324A substitution 
This study 

pWSK29PssaG-ssaL-L325A SsaL with L325A substitution This study 

pWSK29PssaG-ssaL-E326A SsaL with E326A substitution This study 

pWSK29PssaG-ssaL-T327A SsaL with T327A substitution This study 

pWSK29PssaG-ssaL-L328A SsaL with L328A substitution This study 

pWSK29PssaG-ssaL-R329A SsaL with R329A substitution This study 

pWSK29PssaG-ssaL-E330A SsaL with E330A substitution This study 

pWSK29PssaG-ssaL-V331A SsaL with V331A substitution This study 

pWSK29PssaG-ssaL-

V331STOP SsaL with V331STOP substitution 
This study 

pWSK29PssaG-ssaL-K332A SsaL with K332A substitution This study 

pWSK29PssaG-ssaL333-35-

3xA SsaL with 333-35 region substituted with alanines 
This study 

pWSK29PssaG-ssaL336-37-

2xA SsaL with 336-37 region substituted with alanines 
This study 

pWSK29PssaG-ssaL-F338A SsaL with F338A substitution This study 
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