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Abstract 

 
The opportunistic pathogen Psedomonas aeruginosa causes severe disease 
mainly in immunocompromised people, including patients suffering from 
burn wounds, cancer and cystic fibrosis (CF). In addition, the bacterium can 
cause urinary tract infections and severe eye disease in association with the 
use of contact lenses. A P. aeruginosa infection is difficult to treat 
successfully due to the high intrinsic resistance to antibiotics. P. aeruginosa 
possesses several virulence factors which enhance the ability to infect and 
survive in different hosts and environments. For example, P. aeruginosa 
encodes a type IV pili, a type III secretion system, a neuroaminidase 
enhancing the adherence, a mucoid layer formed by alginate, LPS, a 
flagellum, a capacity to form biofilms and different cytotoxins such as 
ExotoxinA (ETA), ExoenzymeS (ExoS) and ExoenzymeT (ExoT).  

An important virulence factor for P. aeruginosa is the type III 
secretion system (TTSS) that allows the pathogen to inject toxins directly 
into eukaryotic cells. In various infection models the TTSS has been shown 
to be important for the ability to establish an infection. To date, four effector 
molecules, ExoT, ExoS, ExoU and ExoY, have been shown to be 
translocated via the TTSS of P. aeruginosa into the host cells. In this thesis 
the TTSS has been studied in greater detail. Findings are presented that the 
TTS process was contact dependent and polarised, and that the secreted 
translocator proteins PopB, PopD and PcrV were absolutely required for 
translocation. Additionally, the PcrG, PcrV and PopN were found to be 
essential for the polarity of translocation preocess. PcrG and PcrV as well as 
PopN were also observed to be involved in negative regulation of the type 
III secretion genes. While, a popN mutant was derepressed for ExoS 
expression, pcrG and pcrV mutants were able to up-regulate expression of 
ExoS in response to environmental changes (depletion of calcium or host 
cell contact). Notably, popB and popD mutants were up-regulated for ExoS 
expression under inducing conditions even though they were unable to 
translocate effectors, and a popN mutant, although constitutive for ExoS 
expression, still regulated secretion and translocation in response to 
environmental conditions. This indicates that the translocation process 
occurs in discrete steps where regulation and secretion/translocation are 
triggered by different signals. Finally, the effector exoenzymes were studied 
and ExoT was similar to ExoS shown to be bifunctional, possessing a GAP-
activity on RhoA and an ADP-ribosylating activity, both of which are 
contributory for pathogenicity and virulence of P. aeruginosa.  
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Introduction 

 
Pseudomonas aeruginosa   

The Gram-negative bacterium P. aeruginosa is commonly found in the 
environment but is also an opportunistic pathogen, which causes infections 
in immunocompromised individuals, such as cancer and AIDS patients 
(Mandell et al., 1995). Additionally, P. aeruginosa can cause life 
threatening infections in patients suffering from cystic fibrosis (CF) and 
patients with serious burn wounds. The bacterium is also a common cause 
of urinary tract infections, nosocomial pneumonia and severe eye disease in 
association to the use of contact lenses. P. aeruginosa has a well developed 
ability to survive in many different milieus including soil and water, and to 
utilise many different environmental compounds as energy sources (Lyczak 
et al., 2000). Moreover, P. aeruginosa is often found in hospital 
environments and can lead to serious infection in patients often in 
conjunction with colonisation of respiratory tubes and intravascular 
catheters (Pollack, 1995).  

Many healthy people carry P. aeruginosa in their normal bacterial 
flora, without any clinical symptoms. However, once an infection with  
P. aeruginosa has been established, it is hard to treat since the bacterium has 
a high intrinsic resistance to different antibiotics, including β-lactams, 
chloramphenicol and quinolones. Additionally, P. aeruginosa has a high 
capacity to acquire new resistances. The high antibiotic resistance is a result 
of low penetration of drugs across the outer membrane, together with the 
presence of β-lactamases and multi-drug efflux pumps (Lambert, 2002; 
Rocchetta et al., 1999). For example, the outer membrane of P. aeruginosa 
is highly charged, which hinders passage of hydrophobic antibiotics. In 
addition, the uptake of small hydrophilic antibiotics, such as β-lactams, 
which normally occurs through porins, is less effective in P. aeruginosa 
since these porins have only 1-5% permeability compared to the porins of 
E.coli (Rocchetta et al., 1999). P. aeruginosa infections are not restricted to 
humans. In several studies P. aeruginosa has been shown to infect plants, 
mice, insects, nematodes and amoebas (D'Argenio et al., 2001; Mahajan-
Miklos et al., 1999; Pukatzki et al., 2002; Rahme et al., 1995).  

Some characteristic features of P. aeruginosa are the sweet grapelike 
smell and the blue-green colour (pyocyanin), which is produced by many  
P. aeruginosa strains and has previously been used as a diagnostic tool. In 
the year of 2000 the complete sequence of the P. aeruginosa genome was 
published (Stover et al., 2000). It revealed the largest bacterial genome 
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sequenced so far, 6.3 Mb, with 5 570 predicted open reading frames. 
Moreover, the G+C contents of the genome was found to be high, 66.6%, 
and it contained an extremely high number of regulatory genes and genes 
involved in catabolism, transport, efflux of organic compounds and different 
secretion and motility systems. These findings reflect the ability for  
P. aeruginosa to adapt and survive in many different environments and to 
resist the effect of several antimicrobial mechanisms.   

 

Human infections caused by P. aeruginosa 

Normally, P. aeruginosa is quite harmless to healthy individuals, but 
damage to the skin caused by burns, scars or surgery, or impaired immune 
defence, can provide an opportunity for a P. aeruginosa infection to become 
established. In most cases these deficiencies in the host could promote 
several bacterial infections; however, P. aeruginosa is often found to be the 
dominating bacteria in a poly microbial infection.  

 

Cystic fibrosis  

Patients suffering from the genetic disease cystic fibrosis (CF) are 
particularly sensitive to infections with P. aeruginosa. These infections 
often become chronic and are the most common cause of death in CF-
patients. CF is an autosomal recessive disorder due to a mutation in the gene 
encoding CFTR (cystic fibrosis transmembrane conductance regulator) 
(Riordan et al., 1989). Over 1000 different mutation throughout the CFTR 
gene can give rise to different symptoms, from completely normal function 
of the airways and gut to severe CF, affecting the functions of many organs. 
The most common clinical symptoms for these patients are chronic 
respiratory infection and gastrointestinal abnormalities leading to 
malabsorption and nutritional deficits. CFTR is a member of the ABC-
family of transporters and consists of a tandem repeat of the ABC-motif 
(ATP binding cassette), which are separated by a regulatory domain (R). 
Each motif involves six transmembrane regions followed by a nucleotide 
binding domain (NBD). The NBD-domains can hydrolyse ATP to regulate 
chloride channel function, one by opening the channel and the other by 
closing it. Phosphorylation of serine residues in the R-domain is also 
involved in regulation of the chloride channel. Previously, it has been shown 
that CFTR is involved in transport of other ions, such as potassium and 
sodium, by directly or indirectly regulating the function of their secretion 
channels (Lyczak et al., 2002).  
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In healthy individuals chloride ions are secreted by the sweat glands in an 
isotonic concentration, and the ions are reabsorbed from the sweat in a 
CFTR-dependent manner before the sweat reaches the skin surface. In CF 
patients with a CFTR defect, the sweat has a higher level of chloride ions, 
which is a clinical sign that can be used to diagnose CF. The defect in 
epithelial ion transport results in abnormal fluid secretion and underlies 
many of the clinical symptoms of CF. For example, abnormal fluid secretion 
in the lungs contributes to the critical respiratory characteristics of CF 
patients. Normally, airway epithelium is covered with a biphasic mucus 
layer composed of an upper viscous layer and a lower more fluid layer. This 
mucus layer is necessary for clearance of microorganisms and particles from 
the respiratory tract through motion of the epithelial cell cilia. However, in 
CF patients the mucus layers are uniform and more viscous, leading to 
impaired mucocilliary escalator activity, and decreased microbial clearance. 

 In healthy individuals, the lower respiratory tract is normally sterile 
or uncolonised by bacteria. Early in life, children with CF are often 
colonised with Staphylococcus aureus in the lower respiratory tract. The 
presence of S. aureus, has not been associated with any severe problems for 
the CF patients, since the aggressive use of anti-staphylococcal antibiotics 
prevents progress to infection. No positive outcome effect of this treatment 
has been documented, despite the clearance of the S. aureus from the lower 
airways. On the contrary, anti-staphylococcal therapy enhances the 
susceptibility for infections by other pathogens like P. aeruginosa, which 
can lead to severe problems for the patient (Ratjen et al., 2001). 

 

Inflammation in CF lungs caused by a P. aeruginosa infection 

Chronic infection with P. aeruginosa and the accompanying host 
inflammatory response are the major clinical problems for CF patients and 
the main cause of death. Even though antibiotic treatments have reduced 
morbidity and early mortality, the intrinsic ability of P. aeruginosa to 
develop resistance to the commonly used antibiotics makes it difficult to 
eradicate the bacteria from the lungs of the CF patients. An infection with  
P. aeruginosa causes massive inflammation and eventually loss of lung 
function due to destruction of the lung tissue. Approximately 6-20% of the 
CF patients carry P. aeruginosa in their gastrointestinal tract without any 
clinical symptoms. By their teens, 70-80% of the CF patients have acquired 
P. aeruginosa infections in their lungs (Burns et al., 2001; Speert et al., 
1993). When the infection becomes chronic, antibiotic therapy is 
implemented, but will usually not clear the infection. Many theories have 
been proposed to explain why the innate immunity cannot clear a  
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P. aeruginosa infection in the CF patients. The alteration in ionic strength of 
mucus in CF lungs may affect the function of macrophages, neutrophiles 
and antibacterial peptides (Tager et al., 1998). However, these findings are 
not easy to interpret. The most effective innate defence in the airway is the 
mucociliary function of the epithelium. As mentioned above, CF patients 
have a uniform and viscous mucos layer in their lungs which inhibits the 
mucosal transport, and the bacteria then become persistent in the airway. 
However, this defect should predispose to infection of bacteria other than  
P. aeruginosa, which indicate that there are additional mechanisms that 
promote the prevalence of P. aeruginosa in CF lungs.  

Since the cause of CF is a defect in the CFTR, it has been suggested 
that the malfunction of this receptor is a key factor for P. aeruginosa 
infections in the lungs. It has previously been shown that binding of  
P. aeruginosa to normal CFTR on epithelial cells causes internalisation and 
clearance of the bacteria as the infected cells undergo apoptosis and are 
removed from the airway via the mucociliary escalators (Pier et al., 1996; 
Pier et al., 1997). The interaction to CFTR is mediated by LPS on the 
bacterial surface. Addition of purified LPS with the bacteria in the infection 
step can prevent binding of bacteria and reduce bacterial uptake which leads 
to an increased number of bacteria in the airways of infected mice (Pier et 
al., 1996). However, other studies have questioned the direct involvement of 
CFTR in the binding and clearance of P. aeruginosa (Chroneos et al., 2000; 
Plotkowski et al., 1999). Numerous studies have shown increased levels of 
the glycolipid asialoGM1 on the surface of CF cells, which is correlated with 
increased P. aeruginosa binding to these cells (Bryan et al., 1998; de 
Bentzmann et al., 1996; Imundo et al., 1995; Saiman and Prince, 1993). 
Furthermore, the polarity of the eukaryotic cells may also contribute to the 
different adherence patterns demonstrated in different studies (Plotkowski et 
al., 1999). It is also likely that multiple virulence factors may be important 
in the process leading to infection. 

 

P. aeruginosa infections in burn wounds 

Normally, the skin protects us from infections. Burn wounds, severe injuries 
or surgery destroy this protective layer and a P. aeruginosa infection can be 
established (Lyczak et al., 2000). Damage to the skin barrier should 
predispose to infection of various bacteria species, but cultivation of 
bacteria from infected burn injuries has shown the presence of only a few 
bacterial species, among those P. aeruginosa. It has been reported that there 
is a local deficiency of antibody-mediated immunity and a decreased level 
of complement factors in burn wounds (Deitch et al., 1985; Jeyapaul et al., 
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1984). P. aeruginosa appears to be able to take advantage of this deficiency 
to outcompete other bacterial species by producing a variety of important 
virulence factors. 

 

P. aeruginosa as a cause of severe eye infections in healthy 
individuals 

P. aeruginosa can cause severe eye infections even in healthy people. It was 
thought previously to be only associated with injury to the cornea, but has 
recently been found in association with the use of contact lenses (Willcox et 
al., 2001). The disease, ulcerative keratitis (UK), is a severe inflammatory 
response to bacterial infection of the cornea (Lyczak et al., 2000). It is not 
understood why P. aeruginosa is the dominant bacteria in this infection, but 
P. aeruginosa possesses many different virulence factors that contribute to 
the development of corneal infection, such as endotoxins, exotoxins, 
proteases, alginate, flagella and pili. In contrast to lung infection, CFTR is 
thought to function as a receptor promoting infection of corneal cells (Zaidi 
et al., 1999). It has been proposed that the altered function of this receptor in 
different tissue is due to differences in the tissue structures. In the airways, 
CFTR is expressed on the epithelial cell layer, which is only one cell layer 
thick. Binding of P. aeruginosa to these cells, via the CFTR, results in 
internalisation of the bacteria followed by clearance of the infected cells. In 
the cornea, however, the epithelial cells are arranged in multiple layers, 
where only the basal cells express the CFTR. An injury to the apical 
epithelial cells would allow access for the bacteria to the basal cells 
expressing CFTR. Therefore, instead of clearing the bacteria when they are 
internalised, the infected epithelial cell functions as a reservoir of 
intracellular P. aeruginosa, which are able to replicate within the host cells 
(Fleiszig et al., 1995). Transgenic mice mutated in the murine cftr gene have 
been shown to be resistant to P. aeruginosa UK (Zaidi et al., 1999). 
However, other studies have suggested an involvement of the glycolipid 
asialoGM1 also in adherence of P. aeruginosa to corneal cells (Gupta et al., 
1994). AsialoGM1 is not found in the outermost layer of epithelial cells; 
therefore, an injury of the eye is needed to enhance P. aeruginosa binding 
via asialoGM1.  

 

Virulence mechanisms of P. aeruginosa  

P. aeruginosa produces many different virulence factors that are involved in 
different steps of the infection process, as well as for survival within 
different hosts and in the environment. It possesses a polar localised 
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flagellum that is necessary for motility in liquid medium and different 
adhesion molecules for example LPS, the major epithelial adhesion 
molecule, type IV pili, and the recently discovered CupA. Other virulence 
factors include the ability of the bacterium to produce a protective mucoid 
layer formed by alginate and to grow in a biofilm, which shields the bacteria 
from environmental stress. Furthermore, P. aeruginosa possesses different 
secretion systems for toxins which impair and paralyse the host cells. This 
involves the secretion of Exotoxin A (ETA) via the type II secretion system. 
ETA promotes its own uptake via LDL-receptor mediated endocytosis into 
eukaryotic cells, where it blocks protein synthesis by ADP-ribosylation of 
elongation factor 2 (EF-2) (Iglewski and Kabat, 1975; Iglewski et al., 1977; 
Kounnas et al., 1992). To enhance invasion, penetration and release of 
nutrients, P. aeruginosa secretes different proteases, such as elastase and 
alkaline protease (Azghani et al., 1992; Galloway, 1991; Heck et al., 1990; 
Kharazmi et al., 1984; Morihara et al., 1979). 

 

Formation of biofilm  

One important characteristic in the development of an infection by  
P. aeruginosa is the ability of the bacterium to grow as a biofilm. This 
capacity increases bacterial resistance to both phagocytosis and to antibiotic 
killing (Brooun et al., 2000; Meluleni et al., 1995; Xu et al., 2000). A 
biofilm is a microbial community, with bacteria attached to a surface and to 
each other and embedded in a matrix of extracellular polymeric substances 
(Shirtliff et al., 2002). The bacteria in the community exhibit a different 
phenotype, with the respect to growth, gene expression and protein 
production, compared to free living bacteria. Living in a biofilm offers 
many advantages compared to the plantonic life form. For example, the 
polymeric matrix captures and concentrates several environmental nutrients, 
such as carbon, nitrogen and phosphate. Growth in a biofilm also protects 
the bacteria from extracellular stress such as antibacterial agents, shear 
stress, host phagocytic clearance, oxygen radical and protease defences 
(Mah and O'Toole, 2001). The thickness of a biofilm can vary from a single 
cell layer to a thick community within an exstensive polymeric matrix. The 
architecture of the biofilm can be pillar- or mushroom-shaped structures 
with a complicated network of channels providing nutrients through the 
community. Additionally, resistance to antibacterial factors can be enhanced 
by a very low metabolic activity and down regulated cell division rate; the 
same features that characterise a stationary phase P. aeruginosa (Lambert, 
2002). Another factor that might be of importance for the increased 
resistance to antibiotics is the diffusion barrier action of the biofilm, to slow 
down the penetration of antibacterial agents. On tissues and implanted 
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devices, P. aeruginosa can form a biofilm which enhances the prevalence of 
severe infections.  

The formation of a maturated biofilm is dependent of the actions of 
functional flagella and type IV pili (O'Toole and Kolter, 1998). Flagella are 
necessary to mediate the initial adherence of the bacteria to the surface, 
resulting in the formation of a single cell-layer. Individual cells in this 
monolayer organise themselves into microcolonies due to polymerisation 
and depolymerisation of the type IV pili, in a process referred to as 
twithching motility. A previous study has shown that the involvement of 
flagella and type IV pili are carbon source and surface dependent. In 
formation of a flat biofilm on a glass surface, the initial binding is flagella 
and type IV pili independent, even though they are both involved in later 
stages of the biofilm maturation (Klausen et al., 2003). When the biofilm 
develops further, a detachment process occurs, and large aggregates of cells 
diffuse away and reattach to a new surface. This enables the biofilm to 
spread and to cover larger surfaces. 

 

Bacterial communication 

Quorum sensing is a process for bacteria to communicate within a group to 
co-ordinate their behaviour and to function as a multicellular organism. The 
bacteria are using secreted molecules, called autoinducers for this 
communication. When the autoinducers reach a threshold level related to a 
critical population density, different responses are stimulated and the 
bacteria coordinate their gene expression to function as a group. For Gram-
negative bacteria, the signalling molecule is a derivate of an N-acetylated 
homoserine lactone (HSL), which is secreted and accumulates in the 
extracellular milieu. As the extracellular level of HSL rises, the intracellular 
concentration of HSL increases as well since the small HSL diffuses freely 
across bacterial membranes. The intracellular HSL then binds to 
autoinducer-responding elements, which can activate appropriate genes.  

In P. aeruginosa two distinct quorum-sensing systems, LasR/I and 
RhlR/I, have been identified, where the Las system regulates the expression 
of the Rhl system (de Kievit et al., 2002). In the Las system, LasI is 
involved in the synthesis of the extracellular autoinducer N-3-
oxododecanoyl homoserine lactone (3-oxo-C12-HSL). The 3-oxo-C12-HSL 
acts together with LasR in a complex to upregulate the expression of 
numerous genes, including those required for the type II secretion system, 
elastase and exotoxin A production (Pearson et al., 1997; Shirtliff et al., 
2002). In the second system, the RhlR/I-system, RhlI is involved in 
production of the autoinducer of this system, N-butanoyl-L-homoserine 
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lactone (C4-HSL) (Pearson et al., 1997). This autoinducer acts together with 
RhlR to regulate different genes. P. aeruginosa also produces a third 
signalling molecule, the Pseudomonas quinolone signal (PQS), 2-heptyl-3-
hydroxy-4(1H)-quinolone (McKnight et al., 2000). 

 

Regulation in response to environmental changes  

P. aeruginosa rapidly adapts to changes in the environment to survive. For 
this adaptation the bacteria mainly uses various two-component regulatory 
systems. These systems are typically composed of a sensor kinase (histidine 
kinase) and a response regulator. Stimulation of the sensor kinase by one or 
several environmental stimuli results in auto-phosphorylation. The signal is 
transmitted to the response regulator, which becomes phosphorylated. This 
phosphorylation activates the response regulator, which can activate the 
expression of genes necessary for appropriate physiological response 
(Rodrigue et al., 2000).  More than 60 potential two-component systems are 
found in the P. aeruginosa genome. This is by far the largest number of 
genes encoding two-component regulatory systems identified in a bacterial 
genome and points to a highly regulated genome of P. aeruginosa. 

 

Surface structures promoting adherence and motility of  
P. aeruginosa  

The outer membrane of P. aeruginosa is composed of phospholipids, LPS 
and different protein structures, some of which are only expressed during 
certain environmental conditions. 

 

Flagellum 

P. aeruginosa possesses a single polar flagellum that is important for 
motility in fluids. The flagellum is composed of more than 20 proteins, and 
the complex regulation and assembly requires another 30 proteins. Briefly, 
the flagellum is a rotary structure driven by a motor at the base, with the 
filament acting as a propeller (Bardy et al., 2003). The flagellum is built up 
by three major structures: the filament, the hook and the basal body. The 
basal structure, which is needed for flagellar assembly involves the 
flagellum-specific apparatus. The filament is built from flagellin (FliC) 
monomers that are transported through the structure and added at the distal 
tip of the filament with the help of the capping protein (FliD). Interestingly, 
many proteins involved in the secretion and assembly of the flagellum are 



 11

homologous to proteins in the type III secretion apparatus (Aldridge and 
Hughes, 2002). 

 

Type IV pili (Tfp) 

The type IV pilus is the major adhesion molecule of P. aeruginosa to 
epithelial cells (Hahn, 1997). The biogenesis of the pilus is complex and 
involves many genes. These genes can be divided into four groups: 
transcriptional regulators (pilR, S, fimS, AlgR and rpoN), chemotactic-like 
genes (pilG-L, chpA, B), biogenesis genes (pilA-F, M-Q, V-Z, fimT, U) and 
genes required for function of the pilus (pilT and U). A polymer of one 
major pilin subunit, PilA, builds up the pilus, although minor subunits might 
also be present (PilV-X, PilE and FimU) (Fig. 1). PilA proteins from 
different P. aeruginosa strains are highly conserved at the N-terminal, 
which is very hydrophobic and is thought to be located inside the pilus 
structure. A bifunctional enzyme, PilD (XcpA), shared between the type II 
export apparatus and the type IV pilus-biogenesis, is responsible for 
cleavage of prepilin to pilin and N-methylation of the pilins. Another 
protein involved in pilus assembly is PilB, which has a nucleotide binding 
motif that probably is providing energy for the assembly process. PilC is an 
integral cytoplasmic membrane protein and is thought to interact with PilB. 
Both pilB and pilC mutants lack pilus but express a fully processed form of 
PilA, suggesting that the defect in these mutants is at level of assembly 
(Mattick, 2002).  

 

Figure 1. Schematic figure of the type IV pilus of P. aeruginosa. The pilin (PilA) proteins 
are cleaved by PilD and assembled into a pilus structure in a process that involves PilC and 
PilB. The pilus protrudes through the PilQ secretin and forms filaments on the bacterial 
surface. Minor pilin subunits such as PilV-X, PilE and FimU might also be involved in the 
structure.  

Outer membrane PilQ

PilA  

PilV-X, PilE and FimU   

PilT 
PilC 

PilB PilD 
Inner membrane  
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A pilT mutant, unlike most of the other Tfp mutants, is hyperpilated due to a 
defect in depolymerisation during pilus retraction. PilQ is the only protein in 
the system located in the outer membrane and it belongs to the protein 
family of secretins (Mattick, 2002).  

The Tfp are 6-7 nm wide flexible rod-like fibers of different lengths 
which are located at the poles of the P. aeruginosa bacterium. Functional 
Tfp are required for a form of non-flagellar surface movement called 
twitching motility, which presumably involves polymerisation and 
depolymerisation of the pili. The receptor for the Tfp on the eukaryotic cell 
surface has been suggested to be the carbohydrate moiety of the 
glycosphingolipids asialoGM1 and asialoGM2 (Bryan et al., 1998; de 
Bentzmann et al., 1996; Imundo et al., 1995; Saiman and Prince, 1993). 

 

CupA 

An adherence molecule, CupA, which belongs to the chaperon-usher family, 
was recently identified in P. aeruginosa (Vallet et al., 2001). Characteristic 
for the chaperon usher family of adhesins is that they have three main 
components: a chaperon which is a periplasmic protein that recognises and 
is involved in assembly of pilin subunits on the bacterial surface and an 
usher protein that forms a channel in the outer membrane through which the 
third component, the pilin subunits, are secreted and assembled. Two major 
classes of chaperon-usher adhesion molecules have been identified in Gram-
negative bacteria: the thick and rigid pilus (7nm), such as the P or type I 
pilus of E.coli, and the thin and flexible pilus (2-5nm), such as the F17 pilus 
of E.coli (Soto and Hultgren, 1999). Additionally, a third group of very thin 
afimbrial adhesins, also called atypical structures, are assembled via the 
chaperon-usher pathway. This structure is not well characterised but it is 
most likely composed of monomers or simple oligomers of the afimbrial 
subunit assembled at the bacterial surface, like the pH6 antigen of Yersinia 
(Lindler and Tall, 1993).  

Mutation of the CupA operon in a non-pilated (pilA) mutant of  
P. aeruginosa has decreased adherence to glass and plastic surfaces 
compared to a non-piliated strain expressing the CupA operon (Vallet et al., 
2001). This indicates an involvement of CupA in binding to abiotic surfaces 
at some conditions. Additionally, a CupA deficient strain has been shown to 
have impaired biofilm formation (Vallet et al., 2001). 
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LPS (lipopolysaccharid) 

LPS molecules are located in the outer membrane of Gram-negative bacteria 
and play an important structural role by mediating interaction with the 
environment. The LPS molecule can be divided into three parts: a 
hydrophobic lipid A region, which is integrated among the phospholipids in 
the outer membrane, a central core oligosaccharide region, and a repeating 
polysaccharide structure referred to as the O-antigen (Rocchetta et al., 
1999). Two phenotypes of LPS have been found, the “smooth” phenotype, 
which has the O-antigen attached to the core-lipid A structure, and the 
“rough” phenotype lacking the O-antigen. Previously, it has been shown 
that the “smooth” phenotype was more virulent than the isogenic “rough” 
mutant (Cryz et al., 1984). Furthermore, the “rough” strains of  
P. aeruginosa are sensitive to serum killing, while wild-type strains with 
“smooth” LPS are serum resistant (Dasgupta et al., 1994; Hancock et al., 
1983). Additionally, P. aeruginosa produces two forms of the O-antigen, 
the A band and the B band, which differs in the composition of their 
polysaccharide repeats.  

One current theory is that the outer core region of LPS functions as a 
ligand for association and entry of P. aeruginosa into corneal cells, which 
initiate the development of severe eye infections (Zaidi et al., 1996). 
Additionally, the outer core region is also believed to be a ligand for  
P. aeruginosa to CFTR, which is thought to be a crucial step in clearing  
P. aeruginosa from a healthy lung (Pier et al., 1996). 

The lipid A region of LPS (also called endotoxin) is responsible for 
most of the extensive response of the immune system, activating and 
recruiting immune cells which can result in sepsis syndrome shock, and in 
the worse cases death of the host. Additionally, the O-antigen is highly 
immunogenic and elicits a strong antibody response from the host. In a CF 
lung, when the infecting P. aeruginosa bacterium changes from a non-
mucoid to a mucoid form, the LPS composition on the cell surface changes 
as well. It has been shown that chronic P. aeruginosa isolates from CF 
patients have reduced amounts or even completely lack expression of the  
B-band of the O-antigen (Hancock et al., 1983).  

 

Mucoid phenotype 

One very important clinical character of P. aeruginosa is the ability of the 
bacterium to change to a mucoid phenotype, which probably is the first step 
towards a chronic infection of CF lungs (Govan and Deretic, 1996). CF 
patients that carry mucoid P. aeruginosa strains have a worse prognosis 
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than patients colonised with only non-mucoid strains. As a response to 
certain environmental factors the algD promoter in P. aeruginosa is 
activated, which results in production of the polysaccharide, alginate. 
Alginate forms a “capsule” that protects P. aeruginosa from the immune 
defence and can be involved in bacterial adherence. However, in 80% of the 
mucoid CF isolates, alginate is overproduced due to a mutation in the gene 
encoding for the anti sigma factor MucA. Mutation of mucA will result in 
activation of the sigma factor AlgU(T), which leads to constitutive 
production of alginate (Boucher et al., 1997; Gacesa, 1998). Conversion to a 
mucoid phenotype can also be achieved through an additional pathway 
depending of the alternative sigma factor 54 (RpoN) (Boucher et al., 2000). 
The structure of alginate is acetylated random copolymer of mannuronic 
acid and guluronic acid, where the degree of acetylation varies between 
different P. aeruginosa isolates (Sherbrock-Cox et al., 1984). The mucoid 
phenotype is unstable and many isolates revert to a non-mucoid phenotype 
when grown in vitro.  

 

Other adhesion molecules of P. aeruginosa 

Additional adhesion molecules, besides Tfp, CupA, LPS and alginate, may 
also be involved in adherence of P. aeruginosa to different cell types and 
surfaces. For example, it has been shown that the outer membrane porin F 
(OprF) can function as an adhesion molecule to lung epithelial cells 
(Azghani et al., 2002). The wide diversity of P. aeruginosa isolates makes it 
difficult to identify the most important adhesin. For instance, it has been 
shown that Tfp is important in the development and cause of acute 
pulmonary infection in infant BALB/cByJ mice. Piliated strains caused 
more cases of pneumonia, bacteraemia and mortality than their isogenic 
non-piliated variant (Tang et al., 1995). However, the different isolates 
showed variation in virulence, indicating that Tfp was important, but not 
essential for establishing acute pulmonary infection. Additionally, 
expression of other virulence factors influenced the importance of Tfp for 
the different P. aeruginosa strains (Tang et al., 1995). 

 

The different secretion systems in Gram-negative bacteria 

Secretion of proteins from Gram-negative bacteria requires transport across 
several structures including the cytoplasmatic (inner) membrane, the 
periplasmatic compartment containing the peptidoglycan layer and finally 
the outer membrane. Several highly specialised systems have been 
developed for this transport (Schesser et al., 2000) (Fig. 2). Two different 
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systems have so far been identified for transport of proteins across the 
cytoplasmic membrane to the periplasmic space: the Sec-dependent system 
and the TAT-pathway. The proteins transported via the Sec-dependent 
system have a 16-26 amino acids long signal peptide in their N-terminal 
part. This signal peptide consists of a basic N-terminal domain, a 
hydrophobic central region and a cleavage site where the proteins are 
cleaved during transport across the cytosolic membrane. The basic and the 
hydrophobic regions are essential for the recognition of the proteins by the 
secretion complex. This transport of unfolded proteins requires energy 
which is provided by the ATPase (SecA). Additionally, a number of inner 
membrane proteins (SecD to F and SecY), a chaperone (SecB) and several 
accessory proteins are needed for normal function (Economou, 2000; 
Hueck, 1998). 

Recently, another system has been identified for transport of folded 
proteins across the cytoplasmic membrane, the twin arginine translocation 
(TAT) system. Transportation via the TAT-system requires a signal peptide 
which resembles the signal peptide required for secretion via the Sec-
dependent system. An N-terminal twin arginine motif is essential for 
transportation by the TAT-pathway. Furthermore, function of the TAT-
system is independent of ATP hydrolysis, and instead it is driven by a pH-
gradient (Robinson and Bolhuis, 2001; Voulhoux et al., 2001). The proteins 
transported via the Sec-dependent system or the TAT-pathway can remain 
in the periplasm, be integrated into the outer membrane or be transported 
across the outer membrane via, for example, the type II secretion system 
(general secretion system) or the type V secretion system (autotransporter 
pathway).  

The type II secretion system is believed to be a functional complex, 
which involves at least twelve proteins. This pathway transports a wide 
range of apparently unrelated proteins, in their folded state, to the extra 
cellular environment (Sandkvist, 2001). Many extracellular degradative 
enzymes and toxins, such as elastase, exotoxin A and phospholipase C of  
P. aeruginosa, utilize the type II secretion system (Hueck, 1998). 
Interestingly, several of the proteins involved in type II secretion have high 
sequence similarity with proteins involved in type IV pili biogenesis. It 
involves the pilin molecule itself (called the pseudopilins in the type II 
secretion system) and the prepilin peptidase, the enzyme that cleaves of the 
signal peptide and N-methylates the pilin precursors. The pseudopilins are 
thought to assemble into a pseudopilus structure, which pushes the secreted 
proteins into the secretin channels in the outer membrane, leading to release 
of the proteins into the medium followed by pilus retraction (Hobbs and 
Mattick, 1993; Sauvonnet et al., 2000). Supporting this theory is a previous 
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finding that over expression of the major psudopilin (PulG) of Klebsiella 
oxytoca in E.coli resulted in a pseudopilus extending from the bacterial 
surface. Notably, this over expression did not completely block secretion 
(Sauvonnet et al., 2000). The effect is not specific for the PulG protein. 
Homologous proteins in type II secretion system of other bacteria, including 
XcpG(T) of P. aeruginosa can also form a pilus structure when 
overexpressed (Durand et al., 2003; Vignon et al., 2003). 

 

 

 
Figure 2. Schematic figure of the different secretion system found in Gram-negative 
bacteria. 

 

 

The transport of proteins via the type V pathway does not require any 
additional proteins since the effector proteins mediate their own transport 
across the outer membrane (autotransport). The C-terminal of the secreted 
protein is inserted into the outer membrane, forming a pore, through which 
the N-terminal part of the protein is secreted. The N-terminal part is then 
released into the environment by proteolytic cleavage (Schesser et al., 
2000). 

In other secretion systems, such as the type III secretion system and 
the type I secretion (ABC-transport) system, the secretion of proteins occurs 
directly from the cytoplasm into the environment and there is no proteolytic 
cleavage of a signal peptide. These processes are Sec-independent even 

ATP
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though some of the proteins in the secretion apparatus might need the Sec-
dependent pathway to enter the periplasmic compartment. The type I 
secretion system involves three secretory proteins: an inner membrane 
transport ATPase (ABC-protein for ATP-binding cassette), which provides 
energy to the process; an outer membrane protein; and a membrane fusion 
protein, which spans the periplasmic space and is anchored in the inner 
membrane. The secretion signal is located in the C-terminal and appears to 
be specific for each subfamily of this secretion system (Wandersman, 1998; 
Hueck, 1998). In P. aeruginosa the secretion of the alkaline protease, AprA, 
is accomplished by the type I secretion system (Guzzo et al., 1991).  

The secretion via the type III secretion system (TTSS) is complex 
and involves many proteins. The secretion apparatus is composed of at least 
20 proteins, most of which are located in the inner membrane. The energy 
for the secretion process is provided by an ATPase (PscN) located in the 
cytoplasm, which is probably associated with the membrane. Notably, the 
proteins in the inner membrane are homologous to the proteins involved in 
the secretion and biogenesis of the flagellum. However, the outer membrane 
protein (PscC), which is thought to form a pore, is homologous to the outer 
membrane secretin of the type II secretion apparatus. Although no 
periplasmic intermediate of the secreted proteins have been detected during 
type III secretion, the transport across the inner and outer membranes is 
genetically separated in plant pathogens (Charkowski et al., 1997). No 
common motif has been identified in the proteins secreted via the TTSS. 
However, in Yersinia, it has been shown that the first 15-17 amphiphatic 
amino acids are essential for secretion of the effector protein YopE (Lloyd 
et al., 2001; Lloyd et al., 2002). It has also been proposed that the mRNA 
structure may be involved in the regulation of effector protein secretion 
(Anderson and Schneewind, 1997; Anderson et al., 1999; Cambronne and 
Schneewind, 2002). 

The type IV secretion system is specialised for cell to cell transport 
of different molecules, such as protein-DNA complexes during conjugation 
or into eukaryotic cells. Additionally, secretion of toxins such as the 
pertussis toxin of B. pertussis is mediated by the type IV secretion system. 
This system is thought to involve proteins that form a pore, which spans the 
bacterial inner- and outer-membranes (Schesser et al., 2000).  

 

The type III secretion/translocation system (TTSS) 

Many Gram-negative bacteria possess a type III secretion system for 
delivery of effector molecules into either animal or plant cells (Hueck, 
1998; Schesser et al., 2000). For many bacteria such as Shigella, 
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Salmonella, E.coli, Yersinia and P. aeruginosa, the TTSS is an important 
virulence mechanism (Dacheux et al., 1999; Sawa et al., 1999). Notably, it 
has been demonstrated that non-pathogenic bacteria that infect plant cells 
also use the TTSS. For example, the nitrogen-fixing plant symbiont 
Rhizobium uses the TTSS to secrete proteins necessary for nitrogen fixation 
into the plant cells. There are high similarities in the various TTSS 
concerning both gene organisation and individual genes. The genes 
encoding for the type III secretion apparatus are found in clusters with a 
conserved gene order and are often found on potentially mobilisable 
plasmids or flanked by insertion elements. These discoveries indicate that 
the genes coding for the TTSS have been spread by horizontal gene transfer. 
Finally, different selection pressures have modified the systems in different 
bacteria to fit each specific need.  

 

Regulation of the TTSS  

More than 25 proteins are needed for functional type III secretion. However, 
two distinct steps occur in the regulatory process, expression of genes 
required for assembly of the secretion apparatus and expression of genes 
encoding for the effector proteins (Francis et al., 2002). Different bacterial 
species have developed various regulatory systems to sense when the 
environmental conditions are right for expressing the TTSS. Many bacteria 
use phosphorylation mechanisms leading to activation of an AraC-like 
transcriptional activator which initiates a cascade of type III gene activation. 
The role for this activator family was first discovered in Yersinia 
(LcrF/VirF), but a homologous activator has also been identified in  
P. aeruginosa (ExsA) (Cornelis et al., 1989; Frank and Iglewski, 1991). 
Plant pathogens, such as Pseudomonas syringae, Erwinia amylovora and 
Ralstonia solanacearum, utilise related AraC-like regulators, though, 
activation of the TTSS in these bacteria also involves an alternative sigma 
factor belonging to the extra cytoplasmic factor (ECF) family which 
requires expression of RpoN and enhancer-binding proteins that function as 
response regulators (Francis et al., 2002). Additionally, temperature has 
been shown to induce the TTSS in many animal pathogens. In Shigella, the 
major nucleid protein H-NS negatively regulates the TTSS genes by binding 
and repressing the promoter region of the activator virF at temperatures 
lower than 32°C. When the temperature is elevated, the conformation of the 
DNA changes and H-NS can no longer bind to and inhibits transcription 
from the virF promoter. Similar regulatory mechanisms for TTSS have also 
been found in Yersinia, EPEC and EHEC (Falconi et al., 1998). Some 
bacteria use divalent cations as signalling molecules to regulate the TTSS. 
For example, Salmonella that have two differently regulated TTSSs, SPI-1 
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needed for initiation of invasion and SPI-2 necessary for intracellular 
survival and replication. Salmonella utilises Mg2+ concentration to sense its 
location and to express these systems effectively. Prior to invasion the 
bacteria are exposed to high Mg2+ levels which activates the SPI-1 encoded 
system. When localised inside the cell where the Mg2+ level is low, the  
SPI-1 system will become down-regulated and now the SPI-2 secretion 
system is activated (Garcia Vescovi et al., 1996). Other factors such as pH 
and Quorum sensing may also affect the expression of the TTSS.  

In some animal pathogens, such as Yersinia and P. aeruginosa, the 
TTSS is activated upon contact with the eukaryotic cell, which is followed 
by delivery of anti-host effector proteins into the host cell (Hornef et al., 
2000; Pettersson et al., 1996). This mechanism has recently been identified 
also in the plant pathogen R. solanacearum. The signal for cell contact is 
thought to be a non-diffusible macromolecule. In R. solanacearum 
transcription of the activator for TTSS (HrpB) is upregulated upon cell 
contact and the signal is transmitted across the bacterial envelop via the 
proteins PrhA, PrhI and PrhR. PrhA is thought to interact with the plant cell 
and transmit the signal across the outer membrane to the PrhR protein. This 
protein mediates the signal across the inner membrane where it can activate 
the alternative sigma factor PrhI (belongs to the ECF family). The PrhI is 
then released from the inner membrane and initiates transcription of 
regulatory genes necessary for expression of TTSS genes (Aldon et al., 
2000).  

 

The type III secretion apparatus 

The basal part of the type III secretion (TTS) apparatus is built from two 
sets of rings, with high homology to the basal body of the flagellar system. 
The type III export machinery associated in the cytoplasm with these ring 
structures. A channel is thought to span the periplasmic space with an 
additional ring structure located in the outer membrane. These structures 
have been nicely visualised in Salmonella (Kubori et al., 1998; Kubori et 
al., 2000). The initial structures of the TTSS apparatus are thought to be 
transported across the inner membrane via the Sec-dependent pathway. 
However, the final part of the apparatus, the “needle” (pscF), is thought to 
be transported through the basal structure and protrudes from the ring 
(PscC) in the outer membrane. After completion of the needle structure, a 
switch signal may initiate secretion of the translocator (PcrV, PopB and 
PopD) and the effector proteins (exoenzymes) instead of structural proteins 
through the apparatus. This would be analogous to the switch in flagellar 
biosynthesis, when switching from hook to filamentous biosyntesis. 
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Induction of the TTSS via cell contact requires a functional needle complex, 
as expression of TTSS effector proteins in an assembly defective mutant is 
repressed (Hornef et al., 2000; Pettersson et al., 1996). 

 

Effector proteins transported via the TTSS of P. aeruginosa  

So far, four effector proteins (ExoS, T, U and Y) have been identified as 
being translocated by the TTSS of P. aeruginosa. These proteins, called 
exoenzymes, have different effects on the host cells. The best characterised 
effector is the bifunctional protein ExoS, which shows GAP-activity in vitro 
on the Rho-family of proteins (Goehring et al., 1999). In addition, the  
C-terminal domain of ExoS displays ADP-ribosylating activity that results 
in modification of members of the Ras family of GTP binding proteins in 
vivo (Ganesan et al., 1998; Henriksson et al., 2000a; Liu et al., 1996; 
Pederson and Barbieri, 1998; Vincent et al., 1999). Intracellular delivery of 
ExoS results in an impaired phagocytic function of infected macrophages 
and in a morphological change of the infected cells due to the disruption of 
the actin microfilaments (Frithz-Lindsten et al., 1997). In other cell types, 
the enzymatic activity of ExoS has been shown to induce death by apoptosis 
(Kaufman et al., 2000). ExoT, similar to ExoS, displays GAP-activity on the 
RhoA GTPase in vitro. In contrast to ExoS, ExoT does not ADP-ribosylate 
Ras. Notably, ExoT(R149K) which is negative for GAP-activity still causes 
a morphological change on infected HeLa cells, and recently it was shown 
that ExoT can ADP-ribosylate CrkI and II in vitro (Sun and Barbieri, 2003; 
Sundin et al., 2001). ExoS and ExoT show 75% identity at the amino acid 
level and are antigenically related (Liu et al., 1997; Yahr et al., 1996). The 
eukaryotic protein FAS (factor for activating ExoS), is identified as a 
member of the 14-3-3 family and is necessary for the ADP-ribosylating 
activity of both ExoT and ExoS (Fu et al., 1993; Henriksson et al., 2002). 
The binding site for 14-3-3 is situated in the C-terminal (last 27 amino 
acids) of ExoS, and deletion of this binding site in ExoS results in an ExoS 
molecule that is unable to efficiently inactivate Ras, with reduced lethal 
activity (Henriksson et al., 2000b). ExoY is an adenylate cyclase, which 
increases the level of cAMP inside the host cells. The effect of ExoY can be 
seen as a morphological change of the infected cells (Yahr et al., 1998). The 
ExoU protein induces rapid killing of the host cells. It was recently shown 
that ExoU acts as a phospholipase A and degrades the phospholipids in the 
eukaryotic membrane, which results in necrosis of the cells (Sato et al., 
2003). 
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Clinical importance of the TTSS of P. aeruginosa  

It has been shown that CF patients suffering from P. aeruginosa infections 
have antibodies directed against the TTSS, which indicates that the system 
is expressed in the CF-lungs (Banwart et al., 2002; Moss et al., 2001). 
Additionally, active secretion of type III proteins by clinical isolates is 
associated with poor clinical outcomes in patients suffering from pneumonia 
caused by P. aeruginosa (Hauser et al., 2002). However, the TTSS system 
is not uniquely found in P. aeruginosa isolated from humans; environmental 
isolates also harbour the genes involved in the TTSS (Feltman et al., 2001). 
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Aims 

  
The aim of this thesis has been to increase the knowledge of the type III 
secretion system of P. aeruginosa and its potential role in virulence. My 
studies were designed to identify and study the function of the proteins 
required for the translocation process as well as the factors involved in the 
regulation of both secretion and translocation. Another aim of my studies 
was to investigate the effect on host cells induced by the translocated 
effector proteins.  
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Results and Discussion 

  
The type III secretion system of P. aeruginosa 

The type III secretion system (TTSS) of the opportunistic pathogen  
P. aeruginosa (Fig. 3) shows high sequence and functional homology to the 
type III secretion system of pathogenic Yersinia species, including Y. pestis, 
the causative agent of plague. The secretion apparatus is built up by more 
than 20 Psc-proteins, which all are required for secretion. P. aeruginosa 
strains mutated in pscC, pscD or pscN are down-regulated for effector 
protein expression under inducing conditions (depletion of calcium or cell 
contact) (Hornef et al., 2000; Vallis et al., 1999). This indicates that a 
functional secretion system is necessary for activation of the genes encoding 
the TTSS. 

 

 
Figure 3. The type III secretion system of P. aeruginosa. The Exoenzymes are transported 
across the bacterial membranes via the Psc-apparatus and the translocation across the 
eukaryotic membrane is dependent of the translocators PcrV, PopB and PopD. 
Additionally, PcrG, PcrV and PopN are important for the polarity of the process. 
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Once P. aeruginosa enters a host where the temperature is 37°C, the genes 
encoding the type III secretion system are induced (Hornef et al., 2000). 
However, an additional signal is needed for stimulation of secretion and 
translocation. When a wild-type strain of P. aeruginosa infects epithelial 
cells, such as HeLa cells, the effector molecules (exoenzymes) are thought 
to be transported across the bacterial membranes through the Psc-apparatus. 
Then the exoenzymes are transported across the eukaryotic cell membrane 
in to the cytoplasm where they cause different cellular responses. ExoT and 
ExoS induce a cytotoxic response which can be observed as a rounding of 
the infected cells. The induced morphological changes on the host cells can 
be used to measure the translocation efficiency of different type III secretion 
(TTS) mutants compared to wild-type (Paper I, Fig. 1). The transport across 
the eukaryotic cell membrane is dependent of the type III secreted 
translocator proteins, PcrV, PopB and PopD (Paper I, Fig. 1 and 6).  

Throughout my studies, the function of the type III secretion process 
was analysed in vitro by growing the bacteria under different growth 
conditions, and in vivo by cultivating the bacteria in the presence of 
eukaryotic cells (Fig. 4).  

 

 

 
Figure 4. Delivery of ExoS and ExoT via the type III secretion system of P. aeruginosa 
causes a cytotoxic response of the infected cells, which can be seen as a rounding of the 
cells. (A) Uninfected HeLa cells, (B) HeLa cells infected with the wild-type strain PAK and 
(C) HeLa cells infected with a type III translocation mutant PAKpopB. 

 

Contact dependent translocation of exoenzymes via the TTSS of  
P. aeruginosa   

The type IV pilus (Tfp) is an important virulence determinant and the most 
important P. aeruginosa adhesin mediating binding to epithelial cells (Hahn, 
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1997). Mutation of the genes necessary for a functional Tfp, including the 
genes encoding the major pilin subunit PilA or the assembly protein PilB, 
dramatically decreased adherence to epithelial cells (Paper I, Fig. 4). 
Surprisingly, a mutation in the gene encoding PilT, which is important for 
twitching motility and pilus retraction, also resulted in low binding capacity 
even though this mutant is hyperpilated. All the Tfp mutants showed only  
2-4% adherence to HeLa cells compared to the wild-type strain PAK (Paper 
I, Fig. 4). Additionally, these mutants caused a delayed cytotoxic response, 
indicating that binding via Tfp enhanced translocation of ExoS and ExoT 
into host cells (Paper I, Fig. 1). Notably, the Tfp mutants showed wild-type 
levels of expression and secretion of ExoS in vitro (Paper I, Fig. 3). Tfp has 
previously been implicated as necessary for delivery of exoenzymes via the 
TTSS (Comolli et al., 1999a). However, after prolonged infection with the 
Tfp mutants (pilA, pilB and pilT), an effect on cell morphology and Ras 
modification could be observed in the host cells, showing that the Tfp is not 
absolutely required for translocation via the TTSS (Paper I, Fig. 1 and 6). 
Furthermore, when the pH6 antigen of Yersinia (Lindler and Tall, 1993) was 
expressed in a pilA mutant the binding as well as effector translocation via 
the TTSS was enhanced (Paper I, Fig. 4, 5 and 6). In contrast, centrifugation 
of bacteria to increase cell contact to HeLa cells did not increase 
translocation of effector molecules by the pilA mutant. This indicates that a 
specific interaction between the bacterium and the eukaryotic cell is needed 
for efficient translocation. A flagellar mutant is also somewhat impaired for 
translocation, however, when centrifugation was used to increase contact 
between the flagellar mutant and the host cell, the cytotoxic response was 
restored to wild-type levels (Sundin C., unpublished). This indicates a role 
for flagellar motility in the type III translocation process.  

The number of P. aeruginosa adhering to the eukaryotic cells 
correlated well with the translocated amount of ExoS, demonstrating that 
the TTS process is contact dependent. However, there was no absolute 
requirement for the major epithelial cell adhesion molecule the Tfp, since 
the pH6 antigen could replace the Tfp and restore binding and translocation. 
Furthermore, the lower but still significant translocation seen for the Tfp 
mutants indicates that other adhesins can mediate cell contact and promote 
translocation of effector molecules in the absence of Tfp. 

 

Induction of the type III secretion system 

In vitro, the TTSS of P. aeruginosa can be activated by depleting calcium 
from the growth medium (Yahr et al., 1995). In addition, fetal calf serum 
has been shown to induce expression and secretion of ExoS, when measured 
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as enzymatic activity of ExoS (Vallis et al., 1999). In contrast, when ExoS 
expression was measured by Western blot using anti-ExoS antibodies, 
serum did not affect the ExoS levels (Paper II, Fig. 2). However, an 
enhanced secretion was observed by all strains under inducing conditions 
(low calcium) in growth medium containing serum (Paper II, Fig. 2). Since 
ExoS has a tendency to aggregate, the presence of serum might affect the 
measured activity of ExoS by preventing aggregation and thereby be 
misleading concerning the expression of ExoS. 

The expression of ExoS increased in the presence of eukaryotic cells 
(Hornef et al., 2000; Paper II, Fig. 5). However, no receptors on the 
eukaryotic or the bacterial cell surfaces have been identified that appear to 
be responsible for promoting this signal. Eukaryotic cell membranes contain 
small domains that are enriched with shingolipids and cholesterol. These 
domains are denoted lipid-rafts and are separated from the phospholipids. 
They appear in small islands floating in the membrane. Upon stimulation of 
cells through receptor molecules such as CD95 and CD40, the ceramide 
content of the rafts is increased and the lipid-rafts are fused into larger 
membrane platforms that cluster receptor molecules and initiate receptor 
signalling. It has been shown that a P. aeruginosa infection stimulates the 
formation of these ceramide-enriched membrane platforms, which are 
required for cellular and tissue responses to P. aeruginosa infections 
(Grassme et al., 2003). Additionally, the type III secreted translocators 
PopB and PopD are able to interact and form ring structures in cholesterol 
and shingomyeline rich liposomes, which eventually will disrupt the 
artificial membranes (Schoehn et al., 2003). In another study increased 
amounts of the glycolipid asialoGM1, which also can be found in the lipid-
rafts, was integrated on the surface of epithelial cells. This treatment of the 
host cells increased the translocation of effector molecules via TTSS 
(Comolli et al., 1999b). The results could be explained by an increased 
adherence of bacteria to these cells, since glycolipids, mainly asialoGM1, 
have been shown to be the receptor on the eukaryotic cell for the type IV 
pili of P. aeruginosa. However, these findings prompted me to investigate 
the influence of asialoGM1 on expression of the type III secretion system. 
Increased expression but no secretion of ExoS and ExoT could be observed 
when purified asialoGM1 was added to exponentially growing bacteria in 
calcium containing medium (Fig. 5). The effect of asialoGM1 was also seen 
in a pilA mutant revealing that the signal to increase ExoS expression was 
not mediated by the Tfp (data not shown). Instead, this suggests that 
asialoGM1 somehow interacts with components of the TTSS to induce 
expression of effector molecules. The inability of asialoGM1 to induce 
secretion also supports the idea that secretion and expression are induced by 
discrete mechanisms.  
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Figure 5. Addition of the glycolipid asialoGM1 increases the expression of ExoS in vitro. An 
ON culture of wt P. aeruginosa strain PAK was diluted to OD600=0.1 and grown for 3h in 
RPMI (control), RPMI supplemented with 5mM EGTA and 20mM MgCL2 (-Ca2+) or 
different concentration of asialoGM1. 

 

An association between bacterial growth phase and ExoS expression has 
also been found. ExoS was expressed and translocated into host cells more 
efficiently when exponentially growing bacteria were used in the cell 
infections compared to bacteria grown to stationary phase. Consequently, 
stationary phase bacteria did not translocate sufficient amount of ExoS and 
ExoT into the host cell to prevent internalisation, and were taken up by the 
host cells (Ha and Jin, 2001). 

 

PcrG, PcrV and PopN are involved in regulation of ExoS 
expression in P. aeruginosa 

The ExsA protein, which belongs to the AraC family of regulators, has been 
shown to be a positive regulator for genes encoding proteins required for 
secretion and translocation via TTSS. Additionally, ExsA positively up-
regulates expression of the exoenzymes (Hovey and Frank, 1995; Yahr et 
al., 1995).  Mutation of genes encoding the structural proteins of the type III 
secretion apparatus, such as pscC, pscD and pscN, resulted in lowered 
expression of ExoS. These strains expressed low levels of ExoS even under 
inducing conditions and were also negative for type III secretion in vitro as 
well as for exoenzyme translocation in vivo (Hornef et al., 2000; Vallis et 
al., 1999). This indicates the presence of a negative feed-back regulatory 
loop for TTS. In a recent study, the ExsD protein was shown to be a 
negative regulator for the genes encoding the type III secretory, regulatory 
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and effector proteins (McCaw et al., 2002). The function of ExsD is thought 
to be mediated via ExsA, since ExsD can bind to ExsA in vitro and was 
therefore thought to act as an anti-activator of ExsA (McCaw et al., 2002). 
In contrast, the secreted translocator proteins (PopB, PopD) did not function 
as regulators of the TTSS. Mutation of popB or popD affected neither 
expression nor secretion of ExoS in vivo or in vitro (Paper I, Fig. 3; Paper II, 
Fig. 7).  

When the gene encoding PcrV was deleted, expression of ExoS 
increased, particularly in the presence of eukaryotic cells (Paper II, Fig. 5). 
However, in vitro the effect on ExoS expression and secretion was less 
pronounced (Paper II, Fig. 1). In addition, lack of PcrV did not affect the 
response to calcium; the pcrV mutant still regulated ExoS expression and 
secretion in response to different calcium levels (Paper II, Fig. 1). When the 
pcrG gene was mutated, which is encoded by the same operon as the 
translocators, a similar effect on ExoS expression and secretion as with pcrV 
was seen. However, in the pcrG mutant, a significant increase in ExoS 
expression and secretion was observed also under in vitro conditions (Paper 
II, Fig. 1 and 5). The similar phenotypes of the pcrG and the pcrV mutants 
and the previous finding that these proteins interact, supports the notion that 
PcrG and PcrV act together to regulate ExoS expression (Allmond et al., 
2003). In contrast, depletion of the gene encoding PopN resulted in 
constitutive expression of ExoS, which indicates a loss of negative 
regulatory control of the TTSS (Paper II, Fig. 1 and 5). However, only low 
levels of ExoS secretion were seen in the popN mutant under non-inducing 
conditions (presence of calcium), which shows that secretion was still 
regulated in response to environmental changes. ExoS secretion levels were 
much higher during inducing (low calcium) compared to non-inducing 
conditions. Thus, PopN of P. aeruginosa, in contrast to what has been 
suggested for the homologous protein YopN of Yersinia, is not acting as a 
“gate-keeper” that prevents secretion under non-inducing conditions 
(Boland et al., 1996; Day et al., 2003; Forsberg et al., 1991). PopN appears 
to be involved in negative regulation of ExoS expression by somehow 
sensing changes in environmental conditions. 

In view of the above evidence, activation of the TTSS depends on a 
functional Psc-apparatus (Hornef et al., 2000; Vallis et al., 1999). PcrG, 
PcrV and PopN all appear to be involved in negative regulation of the 
TTSS, and PopN might also function as an environmental sensor for ExoS 
expression (Paper II, Fig. 1 and 5). However, secretion of ExoS by pcrG, 
pcrV and popN mutants was still regulated. Thus, despite the high levels of 
homology between the proteins involved in the TTSS of P. aeruginosa and 
Yersinia, and the fact that both systems respond to calcium, the regulation of 
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expression and secretion of effector molecules differs between the two 
pathogens. In Yersinia, both lcrG and yopN mutants are constitutive for 
expression and secretion, and are suggested to function as “gate-keepers” to 
hinder secretion prior cell contact (Boland et al., 1996; Day et al., 2003; 
Forsberg et al., 1991; Matson and Nilles, 2001; Nilles et al., 1998). In 
Yersinia, the YopD protein in addition to its role in translocation also 
functions as a negative regulator of the TTSS (Francis and Wolf-Watz, 
1998; Williams and Straley, 1998). When the homologous PopD protein 
was expressed in a yopD mutant, the regulatory defect could not be restored 
(Broms et al., 2003). This indicates a functional difference at molecular 
level between YopD and PopD. In contrast, expression of PcrV in an lcrV 
mutant complemented the regulatory defect of the mutant. This is 
remarkable as an lcrV mutant of Yersinia has an opposite phenotype 
compared to the pcrV mutant in P. aeruginosa, that is, a lcrV mutant is 
down-regulated for effector protein expression (Paper II, Fig. 1 and 5; 
Pettersson et al., 1999). 

 

PcrV, PopB and PopD are absolutely required for translocation of 
exoenzymes across the eukaryotic membrane 

The type III secretion apparatus of P. aeruginosa consists of more than 20 
Psc-proteins. Mutation of the genes encoding PscC, PscN or PscJ results in 
inhibited secretion and decreased expression of ExoS in vitro (Hornef et al., 
2000; Vallis et al., 1999). In contrast, mutation of genes encoding the 
translocator proteins, PcrV, PopB and PopD, resulted in strains that 
expressed and secreted effector molecules at levels similar to the wild-type 
PAK (Paper I, Fig. 3). However, these mutants were unable to translocate 
the effector molecules into the eukaryotic cells (Paper I, Fig. 1 and 6). Thus, 
the PcrV, the PopB and the PopD proteins are required for the translocation 
of exoenzymes via the TTSS of P. aeruginosa. Mutation in the genes 
encoding PcrG or PopN affected the expression of ExoS in vitro (Paper II, 
Fig. 1). However, these mutants were fully translocation competent, which 
indicates that PcrG and PopN are not required in the translocation process 
(Paper II, Fig. 4).  

 

PcrV is not involved in substrate recognition during type III 
translocation 

A previous study has revealed a difference in translocation efficiency 
between a Yersinia strain expressing endogenous LcrV or PcrV of  
P. aeruginosa (Holmstrom et al., 2001). When PcrV was expressed in an 
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lcrV mutant of Yersinia, functional complementation was achieved with 
respect to effector protein synthesis and secretion (Pettersson et al., 1999). 
However, the effector proteins were poorly translocated, which was 
associated with the formation of smaller pores in the membranes of infected 
erythrocytes by the PcrV complemented strain (Paper III, Fig. 2 and 3). In 
contrast, in a another study it was shown that infection of erythrocytes with 
a wild-type P. aeruginosa strain induced pores of similar size as those 
induced by Yersinia expressing endogenous LcrV (Dacheux et al., 2001). 
These findings indicated that the observed difference in translocation was 
not due to differences in the apparent sizes of pores induced by PcrV and 
LcrV, but could rather reflect preference for translocation endogenous 
effector proteins. 

The effector exoenzyme of P. aeruginosa, ExoS, was expressed in a 
Yersinia strain mutated for lcrV and complemented with either expression of 
LcrV or PcrV in trans. No alteration in translocation efficiency was seen 
when PcrV was expressed with its native substrate ExoS in Yersinia when 
compared to the native substrate YopE. The LcrV-containing translocation 
machinery still induced a faster cytotoxic response, i.e. higher translocation 
efficiency of both substrates (Paper III, Fig. 3 and 4). This shows that PcrV 
and LcrV are not involved in substrate recognition; that is, ExoS was not 
translocated more efficiently than YopE with PcrV present. In order to 
further characterise the apperent difference between the P. aeruginosa and 
the Yersinia translocation machineries, the whole lcrGVHyopBD operon 
was deleted in Yersinia and complemented with a plasmid expressing the 
entire pcrGVHpopBD operon. Kinetics of cytotoxicity induced on infected 
host cells and pore formation in infected erythrocytes were similar 
irrespective of which translocation operon that was expressed in Yersinia 
(Paper III, Fig. 2 and 6).  This strongly argues that PcrV needs its native 
translocater partners to function optimally in effector translocation. 

 

The type III translocation process of exoenzymes by P. aeruginosa 
is polarised 

In Yersinia the type III translocation process is thought to be polarised. The 
effector proteins are translocated directly from the bacteria into the 
eukaryotic cell without significant secretion of effectors into the growth 
medium (Rosqvist et al., 1994). Infection of HeLa cells with a wild-type  
P. aeruginosa strain induced a morphological change of the infected cells, 
indicating translocation of ExoS (Paper II, Fig. 4). Additionally, ExoS 
expression was increased in the presence of eukaryotic cells, as verified by 
analyses of total samples using Western blot and anti-ExoS antibodies 
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(Paper II, Fig. 5). However, the growth medium did not contain detectable 
levels of ExoS, indicating that ExoS is indeed translocated by a polarised 
mechanism (Paper II, Fig. 6). Mutation of the genes encoding PcrV, PcrG or 
PopN proteins resulted in secretion of ExoS into the tissue culture medium 
(Paper II, Fig. 6). In contrast, popB and popD mutants did not secrete or 
translocate ExoS under inducing conditions even though ExoS expression 
was induced (Paper II, Fig. 7). From these results it can be concluded that 
the type III translocation process of P. aeruginosa is polarised and that this 
process is dependent on PcrG, PcrV and PopN. Furthermore, expression and 
translocation of effector proteins are most likely two separate steps, since 
the translocation negative mutants, popB and popD, can induce expression 
of ExoS in response to cell contact, even though they are unable to 
translocate ExoS into the host cells.  

 

Stability of a putative type III translocation complex 

The TTSS is thought to be an organelle composed of a large number of 
different proteins.  In vitro, depletion of calcium from the growth medium 
will open the system and allow secretion of effector molecules (Yahr et al., 
1995). It is possible that the increased expression of effector proteins under 
calcium depleted conditions is due to relief of a feedback inhibition 
mechanism when the “gates” open. With non-inducing conditions, the 
feedback mechanism down-regulates expression of type III genes. However, 
the regulation might also involve signalling by bacterial molecules on the 
surface.  

In a previous study it was shown that fetal calf serum (FCS) could 
induce expression and secretion of ExoS in vitro (Vallis et al., 1999). 
However, when the amount of ExoS expression and secretion was analyed 
by Western blot using anti-ExoS antibodies, no effect on ExoS expression 
of FCS was observed (Paper II, Fig. 2). To analyse the stability of a putative 
type III translocation complex on the bacterial surface, the expression and 
secretion of ExoS was measured in the translocator mutants, popB, popD 
and pcrV, and the regulatory mutants pcrG and popN, in vitro. All strains 
showed increased secretion of ExoS when the bacteria were grown in the 
presence of serum, in calcium depleted medium (inducing conditions) 
(Paper II, Fig. 2). Notably, pcrG, pcrV, popB, popD and popN mutant 
strains secreted ExoS even under non-inducing conditions (presence of 
calcium) in serum containing medium, while the isogenic wild type strain 
PAK did not. PcrV, PopB, PopD and PopN are all extracellular during 
inducing conditions (Yahr et al., 1997). Therefore, it is possible that these 
proteins form a translocation complex on the bacterial surface which could 
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be rendered unstable in the absence of one of its components. Serum 
potentially could release these complexes and more ExoS could thereby be 
recovered in the medium also during non-inducing conditions. The PcrG 
homologue of Yersinia LcrG is thought to be intracellularily located 
(DeBord et al., 2001), and therefore it is unlikely that PcrG is a structural 
component of the surface located complex. However, PcrG could influence 
the formation of a surface complex. Under inducing conditions, serum 
increased secretion of ExoS by all strains including the wild-type (Paper II, 
Fig. 2). Serum might prevent aggregation of the secreted ExoS on the 
bacterial surface or affect the stability of the type III secretion complex.  

When grown under non-inducing conditions in presence of 1% 
Triton X100, the pcrV mutant secreted ExoS into the growth medium. The 
effect was less pronounced in popN, popD and pcrG mutants, while no 
leakage was observed from the wild-type strain PAK and popB mutant 
(Paper II, Fig. 3). One interpretation of these results is that the effect of 
serum might partly be detergent-like. A clear difference was observed 
between the wild-type strain and the mutants with respect to “secretion” into 
the growth medium under non-inducing conditions in the presence of serum 
or Triton. This indicates various roles for the different proteins in stabilising 
the type III complexes. The PcrV protein seems to have a critical role, since 
the putative complex in the pcrV mutant was more sensitive to both serum 
and Triton. Neither serum nor Triton however affected the expression of 
ExoS (Paper II, Fig. 2). The increased secretion in the presence of serum 
might be due to serum acting to rupture the complexes on the bacterial 
surface or simply release surface located ExoS. Notably, even though a 
popN mutant showed equal expression levels of ExoS independently of 
growth conditions, the secretion in the presence of serum was still calcium 
regulated. This indicates that ExoS is more protected in a popN mutant 
under non-inducing conditions than under inducing conditions. It is possible 
that ExoS is mainly intracellular under non-inducing conditions, as 
degradation of ExoS was observed under these conditions (Paper II, Fig. 1). 

 

Effects on host cells induced by ExoS and ExoT 

ExoT is a bifunctional protein 

Previous studies have shown a high degree of conservation between the 
TTSSs of P. aeruginosa and Yersinia (Frithz-Lindsten et al., 1998). 
Furthermore, the effector molecules ExoS and ExoT can be translocated via 
the TTSS of Yersinia into host cells (Frithz-Lindsten et al., 1997; Paper IV, 
Fig. 2). The advantage of using an effector deficient Yersinia strain for 
delivery of exoenzymes is that the exoenzymes can be investigated 
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independently without interference of additional type III effectors expressed 
by P. aeruginosa. When introduced into the cytosol of the host cells, ExoT 
mediated disruption the actin microfilaments, which resulted in a rounded 
morphology of the infected cells (Paper IV, Fig. 2 and 3). Further studies 
showed that this effect was due to a GAP-activity on RhoA caused by ExoT 
(Paper IV, Fig. 6). The GAP-activity was abolished by mutation of the 
arginine at position 149, ExoT(R149K) (Paper IV, Fig. 6). However, when 
HeLa cells were infected with this GAP-mutant, a morphological change of 
the host cells could still be observed, although it was different from that 
induced by wild-type ExoT. The GAP-independent activity of ExoT caused 
the host cells to round in a scattered pattern, which after prolonged infection 
progressed to a completely rounded morphology (Paper IV Fig. 7). This 
indicated that an additional GAP-independent activity is present in the ExoT 
protein. ExoS has previously been shown to have an ADP-ribosylating 
activity in vitro on SBTI (soybean trypsin inhibitor). However, the activity 
of ExoT on SBTI is only 0,2-1% of ExoS (Liu et al., 1996; Yahr et al., 
1996). Therefore it was suggested that ExoT was defective for ADP-
ribosylating activity compared to ExoS. In vivo, ExoS has been shown to 
ADP-ribosylate and inactivate Ras, which affected survival of the infected 
cells (Ganesan et al., 1998; Henriksson et al., 2000a; Pederson and Barbieri, 
1998; Vincent et al., 1999). However, infection of HeLa cells with the 
Yersinia strain expressing ExoT revealed no modification of Ras and no 
effects of the Ras signalling pathways (Paper IV, Fig. 5). Furthermore, 
ExoT did not affect host cell viability even after 5 hours of infection (Paper 
IV, Fig. 4).  

Mutation of glutamic acid E385A (the putative active site for the 
ADP-ribosylation activity of ExoT) revealed that ExoT possesses two 
independent activities. ExoT expressing either GAP-activity, ADP-
ribosyltransferase activity or both caused morphological changes and 
disrupted actin microfilament of the infected host cell. In contrast, the 
inactive double mutant, ExoT(R149K/E385A) was unable to induce any 
detectable effect on cell morphology as well as on actin microfilament 
integrety (Paper V, Fig. 1 and 2). Notably, the effect induced by the ADP-
ribosylating mutant, ExoT(E385A), was reversible, and the disrupted actin 
microfilaments recovered when the bacteria were killed and the cells were 
incubated for an additional 20 hours (Paper V, Fig. 1 and 2). In contrast, the 
effect caused by the wild-type and the GAP-mutant, ExoT(R149K), was 
irreversible; the cells were unable to recover from the rounded phenotype 
after the bacteria were killed. These findings show that ExoT possesses an 
ADP-ribosylating activity of significance for virulence. A similar effect on 
the actin microfilament was caused by ExoS. The ADP-mutant (ExoS∆98-
232) induced a reversible effect on cell morphology and actin 
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microfilaments, while the effects caused by wild-type ExoS and the GAP-
mutant, ExoS(R146K) were irreversible (Paper VI, Fig. 4). 

 

ADP-riboslylation of the superfamily of Ras small GTPases 

The super family of small GTP-binding proteins can be divided into five 
subfamilies: Ras, Rho, ADP-ribosylating factor (ARF), Rab and Ran. The 
Ras subfamily is involved in cell proliferation, differentiation and survival 
(Reuther and Der, 2000; Zwartkruis and Bos, 1999). The Rho family, which 
involves the subfamilies Rho, Rac and Cdc42, is involved in control and 
reorganisation of the cytoskeleton as well as transcriptional regulation 
(Ridley, 2001a, b). The ARF GTPase family is important for vesicle 
trafficking pathways (Chavrier and Goud, 1999). The Rab family is 
involved in secretory and endocytic pathways, while the Ran family plays a 
role in nuclear trafficking (Chavrier and Goud, 1999; Moore, 1998). In 
vitro, ExoS was found to be a highly active but non-specific enzyme that 
ADP-ribosylated several members of the family of small GTPases (Paper 
VI, Fig. 1). However, in vivo when bacteria expressing ExoS were allowed 
to infect eukaryotic cells, fewer targets for ADP-ribosylation were found for 
ExoS (Paper VI, Fig. 2 and 3). Furthermore, the ADP-ribosylating activity 
of ExoS inhibited the activity of several proteins, such as Ras, Ral, Rap1, 
Rap2 in vivo (Paper VI, Fig. 5-7). In contrast, ExoT did not modify any of 
the small GTPases in vivo (Paper VI, Fig. 2 and 3). However, in a recent 
study it was shown that ExoT can ADP-ribosylate CrkI and II in vitro (Sun 
and Barbieri, 2003). These proteins are involved in phagocytosis, focal 
adhesion and cell migration (Buday, 1999). The irreversible effect caused 
by the ADP-ribosylating activity of ExoT on infected host cells in vivo 
might therefore be due to inactivation of CrkI and CrkII (Paper IV, Fig. 1 
and 2). 

 

Implications and future perspectives 

Many different studies have shown that the TTSS is integrally involved in 
the pathogenesis of P. aeruginosa (Sawa et al., 1999). Further research is 
needed to discover a way to inhibit translocation and thereby prevent the 
development of a P. aeruginosa infection. My studies have indicated that a 
type III translocation complex might be present on the bacterial surface 
prior to cell contact. Blocking the function of this complex could be a 
successful strategy to prevent induction as well as function of the TTSS. A 
previous study has revealed that PcrV can promote passive as well as active 
protection of P. aeruginosa infection in immunised mice. PcrV is required 
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for the translocation process but presumable is not part of the translocation 
pore (Sawa et al., 1999; Schoehn et al., 2003). It might be required for 
insertion or function of PopB and PopD in the eukaryotic membrane. In 
contrast, immunisation with PopD did not protect the mice from  
P. aeruginosa infections. My results indicate that a glycolipid on the 
eukaryotic cell surface could be a key molecule involved in induction of the 
TTSS. A logical next step based on the work presented here would be to test 
this hypothesis and to identify the receptor molecule on the bacterial surface 
that interacts with the glycolipid. Further studies are needed to investigate 
the mechanism by which this interaction induces the system. Presumably, 
this protein could actually be part of the putative translocation complex or 
the Psc needle-complex. It would be of value to try to isolate the complex 
from the bacterial surface and identify its components. The isolated complex 
should have the same conformation as the structure presented by the 
pathogen to host cell during infection, and could potentially be used to 
develop a highly protective multi-component vaccine. 
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 Conclusions 

 
 The type III secretion system is up-regulated upon contact with 

eukaryotic cells. 
- ExoS expression increases in the presence of HeLa cells. 

 The type IV pili are not required for type III translocation of 
effector molecules. 
- The tfp can be exchanged for the pH6 antigen and binding and  
   translocation is restored. 

 PopB, PopD and PcrV are required for translocation. 
- popB, popD and pcrV mutants are negative for ExoS translocation. 

 PcrV is dependent on the translocators PopB and PopD to 
promote efficient translocation.  
- Decreased translocation of effector proteins (ExoS or YopE) is  
   seen when PcrV is expressed in Yersinia together with YopB and  
   YopD. 

 The type III translocation process in P. aeruginosa is polarised. 
- No secretion of ExoS into the culture medium by the wild-type  
   strain occurs during host cell infection. 

 PcrG and PcrV are involved in negative regulation of the TTSS. 
- pcrV and pcrG mutants are up-regulated for ExoS expression and  
   secretion. 

 PopN regulates expression of TTSS in response to environmental 
changes. 
- A popN mutant is constitutive in ExoS expression. 

 ExoT acts as a GAP-protein on RhoA, in vitro. 

 ExoT induces disruption of actin microfilaments. 

 ExoT does not ADP-ribosylate members of the Ras family in 
vivo. 

 ExoT possesses a GAP-independent activity on HeLa cells, which 
results in irreversible disruption of actin microfilaments. 
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 ExoS irreversibly ADP-ribosylates and inactivates several 
important signal pathways in the infected host cells. 
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