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Abstract

Pseudomonas aeruginosa is an opportunistic pathogen that is a major cause 

of morbidity and mortality in infected individuals. Major virulence determinants of 

P. aeruginosa are type IV pili, which are polar, filamentous, surface appendages. 

The ability to bind and move across surfaces through pilus-mediated twitching 

motility facilitates biofilm formation, which is also dependent on exogenous DNA. 

Biofilms can form on abiotic surfaces and biotic surfaces such as the lungs of 

cystic fibrosis patients.

It was determined that the type IV pili from P. aeruginosa are able to bind 

directly to DNA. Pilus-mediated DNA binding is dependent on the intact pilus 

structure and involves backbone interactions with preferential binding to 

pyrimidine residues even though there is no evidence of sequence specific 

binding. Pilus-mediated DNA binding has important implications for biofilm 

formation as DNA increases P. aeruginosa colonization to stainless steel and 

decreases colonization of epithelial cells.

Pilus-mediated DNA binding is inhibited by a monoclonal antibody (MAb) 

PKL1. Even though MAb PKL1 recognizes a 3-dimensional epitope that is not 

present in the C-terminal receptor binding domain (RBD), MAb PKL1 can inhibit 

cellular binding by 80%, which has implications for vaccine designs. 

Characterization of MAb PKL1 suggested that there are multiple conformations of 

the C-terminal RBD in the intact pilus, which may effect binding mediated 

functions. In addition, it was determined that the C-terminal RBD is exposed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



along the length of the pilus, which supports a 3-start left-handed helix model for 

the intact P. aeruginosa type IV pili.

Quorum sensing autoinducers are released from P. aeruginosa and are 

candidates to mediate changes in the binding affinity of the type IV pilus. In 

addition to altering genetic control in P. aeruginosa the homoserine lactone 

autoinducers also modulate type IV pilus binding functions. Moreover, the 

modulation by autoinducers is partially dependent on functional twitching motility 

ATPases. I propose that the quorum sensing autoinducers modulate pilus 

mediated binding through an allosteric mechanism.

The structural and biochemical analysis of the type IV pili from P. aeruginosa 

has therefore identified new ligands and a novel mechanism to control pilus- 

mediated binding functions.
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1. General Introduction

1.1. Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Y-proteobacterium that is a member of the 

Pseudomonadaceae family of gram-negative bacteria, which also includes other 

opportunistic pathogens such as Burkholderia spp. and Stenotrophomonas spp. 

(Sedlak-Weinstein et al., 2005). P. aeruginosa is a ubiquitous, non-fermenting, 

aerobic rod, that is found in diverse environments including soil and water, with 

the unique ability to infect many species of plants and animals (D'Argenio et al., 

2001; Green et al., 1974; Pellett et al., 1983; Plotnikova et al., 2000). Although 

P. aeruginosa is strictly an aerobic bacterium, reports of growth under anaerobic 

conditions, particularly during biofilm growth in which nitrate, nitrite, or nitrous 

oxide substitute as the terminal electron acceptors have been reported (Davies et 

al., 1989; Yoon et al., 2002). P. aerugionsa is highly motile, and this motility is 

conferred by flagella and type IV pili, which are located at a single pole (Boone et 

al., 2001; Bradley, 1980). Type IV pili are very important surface associated 

dynamic protein structures that are involved in a number of processes, including 

the establishment of an infection by P. aeruginonsa (Figure 1-1). The first 

scientific study published in 1882 on P. aeruginosa infections described the 

characteristic coloration of bandages, which was later discovered to be due to 

the production of blue-green secondary metabolites (Gessard, 1882; Grossowicz 

eta!., 1957).
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Figure 1-1. Transmission electron micrograph of P. aeruginosa strain K. 
Electron microscopy (EM) of PAK after staining with 1 % aqueous molybate pH 
7.0 using a Hitachi H-700i EM operating at an accelerating voltage of 75 kV. The 
arrow illustrates the polar location of the type IV pili on the surface of the P. 
aeruginosa bacterium. This figure was produced by Randy Irvin.
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1 .2 .P. aeruginosa infections

Today P. aeruginosa infections are a major concern in hospital environments 

as this bacterium is a common colonizer of hospitals and has even been isolated 

from cleaning solutions and tap water in association with outbreaks (Engelhart et 

al., 2002; Ferroni et al., 1998). As P. aeruginosa is an opportunistic pathogen 

that persists in hospital environments, this microbe is a major cause of hospital 

acquired infections including ventilator-associated pneumonia, urinary tract 

infections and bacteremia (Bagshaw and Laupland, 2006; Chastre and Fagon, 

2002; Rossolini and Mantengoli, 2005; Shaw, 2005). The above mentioned 

infections also occur in immunocompromised individuals including HIV and 

neutropenic cancer pateints (Lau et al., 2005; Manfredi et al., 2000). 

Furthermore, the ability of P. aeruginosa to colonize abiotic surfaces including 

stainless steel is a major problem in hospital burn units, as bacterial wound 

infections resulting in sepsis are the major cause of death in this population 

(Giltner et al., 2006; Pruitt et al., 1998). P. aeruginosa infections do not always 

occur in hospital environments, as mild, self-limiting infections can occur in 

healthy individuals. Colonization of other abiotic surfaces such as extended wear 

contact lenses often results in infection of the cornea, which can cause vision 

loss (Fleiszig and Evans, 2002). In addition, mild skin infections can occur after 

swimming or showering in contaminated water (Gustafson et al., 1983). 

Therefore, P. aeruginosa is able to cause a number of infections in many 

different organs in the human host. The major problem with P. aeruginosa 

infections is the high innate and acquired antibiotic resistance of this organism,

4
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due in part to a large number of genetically encoded efflux pumps and the 

reduced permeability of the outer membrane (Hancock, 1997; Obritsch et al., 

2005; Poole, 2001; Stover et al., 2000). These characteristics make treatment of 

diverse P. aeruginosa infections extremely difficult. Consequently, P. aeruginosa 

infections often result in high patient morbidity and mortality.

1. 3. P. aeruginosa chronic lung infections in cystic fibrosis patients

The most common chronic infection of P. aeruginosa occurs in the lungs of 

individuals suffering from the genetic disorder cystic fibrosis (CF) (Sadikot et al., 

2005). P. aeruginosa is the most prevalent bacteria isolated from the CF lung 

associated with chronic infection, and P. aeruginosa infections are responsible 

for most of the morbidity and mortality of CF patients (Hoiby et al., 2005). Cystic 

fibrosis is an autosomal recessive disorder that is prevalent in Caucasian 

populations resulting from mutations in the CF transmembrane conductance 

regulator (CFTR) (Cutting, 2005). CFTR is a multi-domain protein found in the 

apical membrane that functions as a chloride channel and is expressed in many 

cell types, where mutations result in abnormal secretion in the lungs, intestine, 

and pancreas (Hanrahan and Wioland, 2004). There are a large number of 

mutations in the CFTR that result in CF, to date there are more than 1000 

characterized mutations, although the most widely distributed mutation is AF508 

(Rowntree and Harris, 2003). All CFTR mutations lead to an absence of 

functional protein in the apical membrane through transcriptional termination or 

misfolding of the mature protein (Boucher, 2004).

5
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There are several potential reasons for why CF patients are more susceptible 

to lung infections with P. aeruginosa and other microbes. Increased viscosity 

and abnormal composition of airway secretions, results in poor clearance of 

invading microbes, in addition to decreased function of anti-bacterial peptides 

(Davies, 2002). Another potential reason for the augmented colonization of CF 

lungs is an increased amount of asialo-GM-i on the surface of epithelial cells, 

which is a specific cellular receptor for P. aeruginosa (Bryan et al., 1998; Lee et 

al., 1994; Saiman and Prince, 1993). The increased number of surface receptors 

may facilitate initial colonization, however, later during chronic infections P. 

aeruginosa is not actually attached to the airway epithelium (Prince, 2002; 

Schroeder et al., 2001; Singh et al., 2000). It has also been suggested that 

CFTR itself functions in an innate immune response, through uptake and removal 

of invading P. aeruginosa (Pier et al., 1996). Therefore, mutations that result in 

non-functional CFTR would prevent this innate bacterial clearance mechanism 

(Pier et al., 1996).

New research suggests that individuals are colonized with P. aeruginosa as 

early as 3 years of age (Burns et al., 2001). Early colonization is normally 

followed by periods of eradication due to intensive antimicrobial treatment, but 

eventually the individual develops a chronic P. aeruginosa pulmonary infection 

(Hoiby et al., 2005). Chronic infections are associated with specific changes in 

P. aeruginosa. During the establishment of a chronic infection, P. aeruginosa 

changes from a planktonic, motile, non-mucoid organism into a sessile, non- 

motile, mucoid organism (Sadikot etal., 2005).

6
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The mucoid phenotype is due to the production of alginate, an extracellular 

capsule like polysaccharide composed of D-mannuronic acid and L-guluronic acid 

(Linker and Jones, 1966). Interestingly, environmental isolates of P. aeruginosa 

do not overproduce alginate and conversion to this phenotype is associated with 

mutations in the muc loci (Govan and Deretic, 1996). Mutations in mucA or 

mucB lead to a deregulation of AlgT, an alternative sigma factor that controls 

production of the mucoid phenotype (Martin et al., 1993a; Martin et al., 1993b; 

Xie et al., 1996). In this regard, a large number of clinical P. aeruginosa strains 

isolated from chronic CF infections are considered hypermutable, which may 

contribute to their persistence (Oliver et al., 2000). The production of alginate is 

associated with biofilm formation, which is another important characteristic of 

chronic P. aeruginosa infections (Hoiby et al., 2001; Singh et al., 2000). 

Formation of biofilms and alginate production by P. aeruginosa result in high 

resistance to host responses and antibiotic treatments (Govan and Deretic, 

1996). Although alginate and biofilm formation are hallmarks of chronic CF 

infections, other virulence factors are probably involved in the initial colonization 

by P. aeruginosa. The initial colonization of the CF lung by P. aeruginosa may 

resemble the sequence of events that occurs during acute P. aeruginosa 

pulmonary infections.

1. 4. P. aeruginosa virulence factors

The ability of P. aeruginosa to cause a number of different infections results 

from the large genome encoding a variety of diverse virulence factors (Stover et

1
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al., 2000). Interestingly, new high throughput methods have established that 

environmental and infectious strains of P. aeruginosa are remarkably similar, 

suggesting that all strains possess the genes necessary for survival in diverse 

environments (Goodman and Lory, 2004). Sequencing of the P. aeruginosa 

genome revealed a remarkably high number of putative transcriptional regulators 

representing -9%  of the genome (Stover et al., 2000). This suggests that 

transcriptional control plays a major role in persistence, and ultimately the 

virulence of P. aeruginosa (Goodman and Lory, 2004). Consequently, the 

virulence factors will be described followed by an analysis of coordinate 

expression by transcriptional regulators.

The first step in the establishment of any infection is colonization, which 

requires adherence to host tissues (Beachey, 1981). Attachment to epithelial 

cells by P. aeruginosa is mediated by several adhesins including type IV pili, 

which account for most cellular binding (Doig et al., 1988; Farinha et al., 1994; 

Woods et al., 1980), alginate (Doig et al., 1987; Mai et al., 1993), LPS (Gupta et 

al., 1994; Zaidi et al., 1996), Exoenzyme S (Baker et al., 1991), Exotoxin A 

(Moller et al., 1994), outer membrane protein F (Azghani et al., 2002) and flagella 

(Feldman et al., 1998). After colonization P. aeruginosa produces a multitude of 

virulence factors that alter host cells and aid in dissemination.

P. aeruginosa produces a number of extracellular products including toxins 

and hydrolytic enzymes, which act on host cells and other components in the 

extracellular matrix. The secreted proteases, including elastase and alkaline 

protease, contribute to the virulence of P. aeruginosa by tissue destruction and

8
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therefore dissemination (Pavlovskis and Wretlind, 1979; Tang et al., 1996; 

Twining et al., 1993). Elastase, which is capable of degrading several host 

proteins including collagen and laminin, breaks down the extracellular matrix and 

allows for dissemination (Bejarano et al., 1989; Heck et al., 1986a; Heck et al., 

1986b). In addition, elastase degrades immunity proteins such as IgA, 

surfactants, and complement, which allows P. aerugionsa to persist during an 

immune response (Alcorn and Wright, 2004; Mariencheck et al., 2003; Wretlind 

and Pavlovskis, 1983). The actions of elastase are mirrored by alkaline protease 

on fibrin and components of the immune system to produce similar results 

(Sadikot et al., 2005). P. aeruginosa produce another secreted enzyme exotoxin 

A, however, this enzyme acts inside a host cell after induction of receptor 

mediated endocytosis (Fitzgerald et al., 1980; Kounnas et al., 1992). Once 

inside host cells exotoxin A ADP-ribosylates elongation factor-2 leading to an 

inhibition of protein synthesis and eventually cell death (Jorgensen et al., 2005). 

Another secreted product, which lacks enzymatic activity, is pyocyanin a blue- 

green cytotoxic pigment that often discolors bandages from infected wounds (Lau 

et al., 2004). Pyocyanin causes a number of effects, including inhibition of ciliary 

function (Sorensen and Klinger, 1987), alteration of calcium homeostasis 

(Denning eta!., 1998a), and immune modulation (Denning etal., 1998b; Denning 

et al., 2003). Furthermore, there are other secreted enzymes and metabolites 

that produce similar results to those described above and therefore will not be 

discussed.

In addition to the many extra-cellular products that contribute to the

9
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pathogenesis of this microbe, P. aeruginosa also produces a type III secretion 

system, which injects enzymatic proteins directly into host cells that effect their 

physiology (Mota et al., 2005). The P. aeruginosa type III secretion apparatus is 

a multiple protein complex that acts like a needle to deliver four effector 

molecules into host cells ExoS, ExoT, Exoll, and ExoY (Frank, 1997; Lyczak et 

al., 2000a). The type III secretion system mediates killing of polymorphonuclear 

phagocytes, marcrophages, and epithelial cells (Dacheux et al., 1999; Hauser 

and Engel, 1999). Type IV pili are also involved in this process as cellular 

binding is essential, and retraction may precede type III secretion (Comolli et al., 

1999a; Comolli et al., 1999b; Sundin et al., 2002). Production of these effector 

proteins is dependent on host cell contact and other environmental conditions 

(Hornef et al., 2000; Vallis et al., 1999). ExoS and ExoT are homologous 

proteins with two functions: a carboxy-terminal ADP-ribosylation, and amino- 

terminal GAP activity (Barbieri, 2000; Garrity-Ryan et al., 2000; Goehring et al., 

1999; Krall et al., 2000). These enzymatic activities result in cytoskeletal 

rearrangements and inhibit phagocytosis (Barbieri, 2000; Sun and Barbieri, 

2003). Exoll is a cytotoxic phospholipase (Sato and Frank, 2004) and ExoY is 

an adenylate cyclase (Yahr et al., 1998). These effector proteins modulate host 

cell functions resulting in tissue damage.

Therefore, after colonization P. aeruginosa releases a number of proteins that 

aid in dissemination, including proteins that are directly injected into host cells to 

modulate their functions. All of these virulence activities are coordinately 

regulated by several transcriptional activators.

10
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1. 5. Global regulation of virulence

Although there are many levels to the genetic regulation of P. aeruginosa 

virulence factors, the focus of the following discussion will be on global 

regulation. Therefore, quorum-sensing will be discussed in detail, including 

regulation of quorum-sensing by other global regulation systems. Quorum- 

sensing is a cell density dependent mechanism that was first described in Vibrio 

fischeri in the 1970s and controls autoinduction of luminescence (Nealson et al., 

1970). The system works by sensing the concentration of a synthesized cell 

permeable autoinducer produced by V. fischeri (Kaplan and Greenberg, 1985). 

At high cell densities the autoinducer is produced at sufficient concentrations to 

activate the lux genes (Fuqua et al., 1994). All quorum-sensing systems require 

two components: a Luxl like protein, which is the cytoplasmic enzyme 

responsible for synthesis of an acylated homoserine lactone and a LuxR like 

protein, which interacts with the acylated homoserine lactone to activate 

promoters of genes regulated by quorum-sensing (Venturi, 2006b). P. 

aeruginosa has several quorum-sensing systems, all of which are involved in the 

regulation of virulence (de Kievit and Iglewski, 2000). Quroum-sensing mutants 

of P. aeruginosa are attenuated for virulence in both the burnt and acute 

pneumonia mouse models of infection (Pearson et al., 2000; Rumbaugh et al.,

1999), indicating that this type of genetic regulation is important for pathogenesis.

There are two closely linked acylhomoserine lactone quorum-sensing 

systems in P. aeruginosa involved in the regulation of virulence factors, the las 

and rhl systems (Gambello and Iglewski, 1991a; Ochsner et al., 1994). These
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two systems control many extracellular virulence determinants involved in host 

tissue damage and cellular modulation, which are not produced until a sufficient 

population of P. aeruginosa is present at the site of infection (Smith and Iglewski, 

2003). LasR interacts with A/-(3-oxododecanoyl)-L-homoserine lactone, 

produced by Lasl, to alter genetic regulation of genes, including those that 

produce elastase and exotoxin A (Figure 1-2-A) (Gambeilo and Iglewski, 1991a; 

Toder et al., 1991). Interaction with A/-(3-oxododecanoyl)-L-homoserine lactone 

causes multimerization of LasR, which is required for transcriptional activation 

(Kiratisin et al., 2002). The las system can also regulate the rhl system, where 

RhIR interacts with A/-butanoyl-L-homoserine lactone produced by Rhll to 

regulate production of gene products, including pyocyanin and siderophores 

(Figure 1-2-B) (Latifi et al., 1995a; Latifi et al., 1996; Winson et al., 1995b). RhIR 

is found as a homodimer in the absence of /V-butanoyl-L-homoserine lactone, 

and A/-(3-oxododecanoyl)-L-homoserine lactone causes dissociation of these 

dimers (Ventre et al., 2003). Furthermore, a previous report demonstrated that 

/V-(3-oxododecanoyl)-L-homoserine lactone prevents the interaction of RhIR with 

/V-butanoyl-L-homoserine lactone, which stops the transcriptional activation of 

RhIR controlled genes (Pesci et al., 1997). This demonstrates another point of 

interplay between these systems at the post-translational level. A third quorum- 

sensing like system, pqs, requires an intercellular signaling molecule 2-heptyl-3- 

hydroxy-4-quinolone (PQS) (Figure 1-2-C) (Pesci et al., 1999). Production of 

PQS is regulated by LasR, and controls the expression of some RhIR regulated 

genes, which provides a link between the las and rhl systems (Deziel et al., 2004;

12
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Figure 1-2. The structure of the quorum sensing autoinducers expressed by P. 
aeruginosa. (A) The structure of A/-(3-oxododecanoyl)-L-homoserine lactone (3- 
oxo-C12-HSL), which is synthesized by Lasl and interacts with LasR. (B) The 
structure of A/-butanoyl-L-homoserine lactone (C4-HSL), which is synthesized by 
Rhll and interacts with RhIR. (C) The structure of 2-heptyl-3-hydroxy-4-quinolone 
(PQS), which is synthesized by two gene operons phnAB and pqsABCDE and 
has no known cognate transcriptional response regulator. This figure was 
adapted from a review article (Juhnas et al., 2005).
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Diggle et al., 2003; McKnight et al., 2000). Consequently, mutations in the pqs 

system result in a decrease in virulence of P. aeruginosa (Cao et al., 2001). 

Furthermore, there is a LuxR homologue QscR with no cognate acylhomoserine 

lactone synthase that is involved in the quorum-sensing response and virulence 

(Chugani et al., 2001). Mutations of qscR result in a hypervirulent phenotype, 

and recent studies indicate that QscR delays expression of some genes that are 

regulated by LasR and RhIR (Chugani et al., 2001). This may be a result of the 

ability of QscR to form heterodimers with LasR or RhIR (Ledgham et al., 2003). 

Furthermore, QscR also interacts with A/-(3-oxododecanoyl)-L-homoserine 

lactone to regulate genes outside of the quorum sensing regulon, which are not 

regulated by either LasR or RhIR (Lee et al., 2006; Lequette et al., 2006).

Together these intimately linked systems control a large percentage of the 

genome, including many genes that are not involved in pathogenesis (Schuster 

et al., 2003; Wagner et al., 2003; Whiteley et al., 1999). Quorum-sensing is 

regulated by several other global regulators in addition to being cell density 

dependent (Figure 1-3). The realization that quorum-sensing is not an

independent system came from the observation that addition of acylhomoserine 

lactones to P. aeruginosa cells does not produce an effect until stationary phase 

is reached (Diggle et al., 2002; Whiteley et al., 1999; Winzer et al., 2000). 

Interestingly, there is evidence that RpoS, the stationary phase sigma factor, may 

directly repress the transcription of rhll, which provides a partial explanation for 

the delayed response to exogenous acylhomoserine lactones (Whiteley et al.,

2000). However, there is also evidence that RpoS directly activates and

14
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Figure 1-3. A simplified schematic diagram representing the global control of the 
quorum sensing regulon. The quorum sensing cell density regulatory pathways 
are Las, Rhl, and PQS. All of the other regulatory factors belong to global 
regulation pathways. Refer to section 1-5 for an in depth explanation of the 
intercommunication between regulatory pathways. The arrows represent positive 
control and the boxes represent negative control. This figure was reproduced 
and adapted from a review article (Schuster and Greenberg, 2006).
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represses quorum-sensing genes (Schuster et al., 2004).

Other global regulators also participate in the quorum-sensing response, such 

as Vfr, a homologue of the E. coli catabolite repressor CRP, which responds to 

cAMP, and directly induces lasR transcription (Albus et al., 1997). In addition, 

Vfr is also involved in general virulence regulation of the type III secretion 

system, type IV pilus production, and twitching motility (Beatson et al., 2002a; 

Wolfgang et al., 2003). Over-expression of the stringent response protein RelA, 

which synthesizes ppGpp under starvation conditions, and ppGpp leads to early 

induction of some quorum-sensing regulated genes (van Delden et al., 2001). 

The classic two component regulatory system GacA/GacS, and the 

transcriptional regulators VqsR and MvfR, are also involved in quorum-sensing 

control (Deziel et al., 2005; Reimmann et al., 1997; Wagner et al., 2003). 

Therefore, control of virulence by quorum-sensing is very complex and utilizes 

multiple levels of control to globally regulate the cell density dependent 

pathways.

Another important genetic control system is required to control the switch 

from acute to chronic infection (Goodman et al., 2004). Acute infection requires 

the expression of various virulence factors associated with cytotoxic effects such 

as the type III secretion system (Sawa et al., 1999). However, these genes are 

not required for chronic infection and are suppressed, while genes required for 

production of the exopolysaccharide biofilm matrix such as psl and pel gene 

clusters are activated (Friedman and Kolter, 2004a, b; Matsukawa and 

Greenberg, 2004a). This switch is controlled in part by RetS and LadS, which
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are both hybrid sensor kinase response regulators that act in response to 

environmental signals (Figure 1-4) (Goodman et al., 2004; Ventre et al., 2006). 

RetS activates genes involved in acute infections, whereas LadS activates genes 

involved in chronic infections (Goodman et al., 2004; Ventre et al., 2006). Both 

of these systems act upstream of GacA/S, and therefore add another level of 

complexity to the genetic control of virulence in P. aeruginosa (Goodman et al., 

2004; Ventre et al., 2006). Future research is needed to expand the picture on 

global regulatory networks that control virulence in both acute and chronic 

infections.

1. 6. Type IV pili

Type IV pili are polar, filamentous protein structures, which are produced on 

both pathogenic and environmental species of gram-negative bacteria, and 

mediate a number of important microbial processes (Figure 1-1). Many well 

characterized human pathogens produce type IV pili including enteropathogenic 

Escherichia coli (EPEC) (Giron et al., 1991), pathogenic Neisseria spp. 

(Swanson, 1973), Vibrio cholerae (Taylor et al., 1987), and the opportunistic 

pathogen Pseudomonas aeruginosa (Weiss, 1971). In addition, type IV pili are 

produced by animal pathogens such as Dichelobacter nodosus (Elleman, 1988) 

and Moraxella bovis (Jayappa and Lehr, 1986), the plant pathogen Xylella 

fastidiosa (Meng et al., 2005), and pathogens capable of infecting both humans 

and animals, for example Francisella tularensis (Gil et al., 2004). This indicates 

that type IV pili are major virulence factors for a diverse group of bacteria.
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Acute Infection Chronic Infection

\ __________  J
Figure 1-4. A simplified schematic diagram depicting the switch between acute 
and chronic infection. Both RetS and LadS act upstream of GacA to mediate the 
switch between chronic and acute infection. See section 1-5 for for an in depth 
explanation. This figure was reproduced and adapted from Ventre etal. (2006).
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Mutations that prevent the production of pili in any of the above pathogens cause 

significant reductions in virulence (Bieber et al., 1998; Forslund et al., 2006; 

Herrington et al., 1988; Kennan et al., 2001b; Meng et al., 2005; Ruehl et al., 

1988; Sato etal., 1988; Swanson etal., 1987; Tang etal., 1995).

However, the type IV pili of some bacteria do not contribute to virulence and 

are probably required for persistence in the natural environment. For example, 

Legionella pneumophila produces type IV pili that adhere to human epithelial 

cells, macrophages, and the protozoan Acanthamoeba polyphaga (Stone and 

Abu Kwaik, 1998). Although L. pneumophila type IV pili are adherence factors, 

pilus-deficient mutants are not impaired in their ability to colonize mouse lungs 

(Rossier et al., 2004).

Binding to host cells is a common function of type IV pili and is intimately 

linked to the pathogenesis of many microbes. The bundle forming pili of 

enteropathogenic E. coli mediate adherence to the intestinal epithelium and 

microcolony formation (Donnenberg et al., 1992). Similar results have been 

obtained by studying the toxin co-regulated pilus of V. cholerae, although recent 

data suggests that epithelial cell binding and microcolony functions of the pilus 

are located on independent domains of the intact fibers (Kirn et al., 2000). P. 

aeruginosa pili can bind to both Buccal epithelial and tracheal epithelial cells 

(Doig et al., 1988; Woods et al., 1980). Furthermore, P. aeruginosa type IV pili 

are involved in formation of microcolonies in vitro (Klausen et al., 2003b; O'Toole 

and Kolter, 1998), which may be important for biofilm formation during chronic 

infections (Singh et al., 2000). N. gonorrhoeae type IV pili adhere to the
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epithelium of the urogenitial tract through two different pilus receptor binding 

domains (Rudel et al., 1992). Salmonella enterica serovar Typhi produce type IV 

pili that mediate adherence and uptake by the intestinal epithelium, although the 

contributions to pathogenesis are currently unknown (Zhang et al., 2000). 

Therefore, the type IV pili from all the above pathogens mediate adherence to a 

variety of host epithelial cells, which results in a diverse number of infections in 

different locations within the human host.

Production of type IV pili by the environmental microbe Myxococcus xanthus 

results in adherence to abiotic substrates and a unique form of community 

movement termed social motility (Wu and Kaiser, 1995). Social motility is 

equivalent to twitching motility, which is a common function of type IV pili that 

requires repeating cycles of pilus extension and retraction (Mattick, 2002). The 

cyanobacterium Synechocystis sp. PCC6803 produces type IV pili and is capable 

of twitching motility (Bhaya et al., 2000). Therefore adherence in general is a 

common function of type IV pili, which enables some bacteria to travel across 

surfaces by twitching motility.

Another mode of adherence is required for bacterial conjugation, which is the 

ability to transfer plasmid from donor to recipient cells and is a unique bacterial 

process (Llosa et al., 2002). Interestingly, the conjugative plasmid R64 from the 

incompatibility group 11 produces type IV pili that are required for mating in 

liquids (Kim and Komano, 1997). These conjugative pili adhere to LPS in the 

donor cell (Ishiwa and Komano, 2000), providing another example of an 

adherence function for type IV pili. Although R64 produces type IV pili
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conjugation occurs using a type IV secretion system that encodes an alternative 

class of pili, which are thicker and more rigid (Bradley, 1983; Lawley et al., 2003). 

Once cell to cell contact is made, the conjugation pilus retracts to bring the cells 

in close contact, which is necessary for plasmid transfer through the mating 

channel (Christie, 2001). Type IV secretion systems are able to transport both 

DNA and/or proteins and span the bacterial cell envelop (Lawley et al., 2003). 

Therefore, type IV secretion system can mediate effector translocation, DNA 

uptake and release, and conjugative transfer (Kostakioti et al., 2005). These 

systems are made up of transfer genes and membrane complex genes. Type IV 

secretion systems can be cell-contact dependent or cell-contact independent 

processes (Kostakioti etal., 2005). Therefore, type IV secretion can be similar to 

type III serection and mediate the transfer of proteins or DNA from the donor 

directly into the cytoplasm of the recipient. Type II, III, IV secretion systems 

require common ancestrally conserved ATPases that are required to produce the 

energy that support these processes (Kostakioti et al., 2005).

Type IV pili can also be receptors for bacteriophage, which are bacteria 

specific viruses. There are several type IV pilus specific phages of P. aeruginosa 

including P04, which is an icosahedral RNA phage with a long non-contractile 

tail (Bradley, 1973). Interestingly, infection with P04 requires functional type IV 

pili, as retraction deficient mutants are resistant to phage infection (Bradley, 

1974). The ability of type IV pili to act as receptors for bacteriophage also 

contributes to the pathogenicity of some species. In fact, acquisition of the genes 

required for cholera toxin production in V. cholerae resulted from infection with

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the pilus specific CTX bacteriophage (Waldor and Mekalanos, 1996).

Therefore, type IV pili are produced by a diverse number of gram-negative 

bacteria that colonize a number of different environments and perform specific 

related functions necessary for survival. In addition, acquisition of novel genetic 

determinants can occur by production of functional type IV pili through horizontal 

or lateral gene transfer mediated by conjugation or bacteriophage infection.

1. 7. Structure of type IV pilins

All type IV pili examined to date are composed of 500 to 1000 copies of the 

major pilus subunit termed pilin, which are assembled to form surface associated 

fibers (Craig et al., 2004; Strom and Lory, 1993). Several pilin structures have 

been solved by either X-ray crystallography or NMR. Type IV pilins are classified 

into two subgroups, type IVa and type IVb, based on differences in the length of 

the leader peptide and the size of the mature protein (Craig et al., 2004). 

Structural studies on type IV pilin from both groups reveal similarities and 

differences between the major pilin subunits (Figure 1-5 and 1-6).

Members of the type IVa group include pilA from P. aeruginosa (Koga et al., 

1993) and pilE from N. gonnorhoeae (Perry et al., 1987). The type IVa pilins 

have an average length of 150 amino acids and have highly conserved N- 

terminal hydrophobic sequences (Craig et al., 2004; Hazes et al., 2000). 

Sequence conservation in the rest of the pilin is marginal at best, even between 

strains of the same species, such as P. aeruginosa strains, which share very low 

sequence identity (Audette etal., 2004a). The hydrophobic N-terminal sequence
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Figure 1-5. The structures of the type IVa N-terminal truncated pilins. The 
structural diagrams were created using Molscript. The red diagram is the P. 
aeruginosa PAK pilin structure (Hazes et al., 2000). The orange diagram is the 
N. gonorrhoeae MS11 pilin structure (Parge et al., 1995). The blue diagram is 
the P. aeruginosa K122-4 pilin structure (Audette et al., 2004a). Arrow number 
one shows the N-terminal truncated a-helix domain. Arrow number two shows 
the C-terminal disulfide bonded loop, the RBD, or the D region. Arrow number 
three shows the 4-stranded anti-parallel P-sheet domain.
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V
Figure 1-6. The structures of the type IVb N-terminal truncated pilins. The 
structural diagrams were created using Molscript. The green diagram is the V. 
cholerae TcpA pilin structure (Craig et al., 2003). The cyan diagram is the EPEC 
BfpA pilin structure (Ramboarina et al., 2006). The purple diagram is the 
Salmonella enterica serovar Typhi PilS structure (Xu et al., 2004). Arrow number 
one shows the N-terminal truncated a-helix domain. Arrow number two shows 
the anti-parallel 3-sheet domain with a variable number of 3-strands. The D- 
region is not pointed out for the type IVb structures as this region is much larger.
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forms a long a-helix (Craig et al., 2003; Parge et al., 1995). The rest of the pilin 

forms a globular head domain composed primarily of a 4-stranded anti-parallel (3- 

sheet that lies on top of the a-helix (Audette et al., 2004a; Hazes et al., 2000; 

Parge et al., 1995). A variable structure connects the a-helix to the (3-sheet 

termed the a(3 loop. For the P. aeruginosa PAK pilin, a small (3-sheet connects 

these two structures (Craig et al., 2003; Hazes et al., 2000), whereas, for P. 

aeruginosa K122-4 pilin (Audette et al., 2004a; Keizer et al., 2001) this structure 

is a loop, and for N. gonorrhoeae MS11 pilin this variable region is a single 

helical turn (Parge et al., 1995). A fourth structurally conserved portion of the 

pilins is the C-terminal disulfide bonded loop, or D region, although there is minor 

sequence conservation in this region (Hazes et al., 2000). Even though the 12- 

29 residue loop between the two disulfides is highly variable, this region forms a 

(3-hairpin structure connected to a loop (Parge et al., 1995) or (3-turns connected 

to each other (Audette et al., 2004a; Craig et al., 2003; Hazes et al., 2000). 

Some of the type IVa pilins can be post-translationally modified by glycosylation 

and/or phosphorylation. Many of the P. aeruginosa type IVa pilins are 

glycosylated (Kus et al., 2004), including the 1244 pilin at the C-terminal serine 

residue (Castric et al., 2001; Comer et al., 2002). Neisseria spp. pilins can also 

be glycosylated at Ser63 and/or are phosphorylated at Ser68 (Parge et al., 1995; 

Stimson et al., 1995).

Members of the type IVb group include bfpA from enteropathogenic E. coli 

(Donnenberg et al., 1992), pilS from Salmonella enterica serovar Typhi (Zhang et 

al., 2000), and tcpA from V. cholerae (Taylor et al., 1987). The type IVb pilins
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have less sequence conservation in their N-terminal sequences than the type IVa 

pilins, although the N-terminus still forms an extended a-helix (Craig et al., 2004). 

As the type IVb pilins are larger than the type IVa pilins with an average length of 

190 amino acids, the type IVb pilins have extra structural features (Craig et al., 

2004). The globular region of TcpA is composed of a 5-stranded (3-sheet with 

extra structural elements in the connecting loops, including two extra a-helices 

(Craig et al., 2003). Intriguingly, the globular region of PilS is composed of a 7- 

stranded (3-sheet, although the structural topology is similar to TcpA (Xu et al., 

2004). In contrast, the globular domain of BfpA has a 7-stranded (3-sheet, and 

the structural topology is distinct (Ramboarina et al., 2005). Furthermore, the D 

regions of the type IVb pilins are very different from the type IVa pilins. The D 

region of TcpA is very large and connects a segment consisting of 65 residues 

(Craig et al., 2003); this domain in PilS is only 36 residues (Xu et al., 2004) and 

49 residues for BfpA (Ramboarina et al., 2005). Although the D regions of the 

type IVb pilins vary in length, there are some conserved structural features 

similar to the D region of the type IVa pilins. In addition, superimposition of the D 

regions from the three type IVb pilins reveal that several hydrophibic positions 

are conserved (Ramboarina etal., 2005).

Although there are striking structural differences between the type IV pilins of 

different species, the pilin monomers are assembled by complex protein 

machinery resembling the type II secretion system consisting of over 40 gene 

products (Jacobs et al., 2003; Peabody et al., 2003). The resulting pilus fibers 

can be up to several micrometers long, are flexible and thin (50-80A) (Craig et
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al., 2003; Folkhard et al., 1981). In addition, these fibers are very strong and can 

withstand stress forces of approximately 100 pN (Maier et al., 2002; Merz et al., 

2000; Touhami et al., 2006). Even though type IV pilus fibers are easily 

visualized using electron microscopy, determination of the exact assembly 

parameters has proven difficult. Consequently, there are several different 

models for the architecture of the assembled pilus fibers.

Early diffraction data with P. aeruginosa pilus fibers suggested there were five 

subunits per turn, a ~40A pitch, a 62A outer diameter, and the a-helices ran 

parallel with the fiber axis (Folkhard et al., 1981; Watts et al., 1983a). The first 

proposed model for type IVa pili using the solved structure of a pilin subunit was 

for N. gonorrhoeae pili, which was a right-handed 1-start helix model with five 

subunits per turn, a pitch of 41A, and a diameter of ~60A (Parge et al., 1995). In 

this model the (3-sheets make up the exterior of the pilus, while the a-helices 

oligomerize to form a coiled-coil bundle in the pilus core (Parge et al., 1995). 

There are several studies using type IVa pili, which indicate that the N-terminal a- 

helices are required for oligomerization. Substitution of a lysine for the glutamate 

at position 5 of the mature pilin abolishes formation of pili, unless a wild type pilin 

is expressed in trans, which results in the formation of heterogeneous pili with an 

uncharacteristic morphology (Pasloske et al., 1989). This suggests that 

mutations in the conserved N-terminal a-helix abolish pili formation. The 

requirement of detergent to disassociate pili also suggests that the hydrobobic 

helices are important for oligomerization (Parge et al., 1995; Watts et al., 1982). 

The most compelling data suggesting that the N-terminal a-helices are required
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for pilus assembly, is that removal of this domain results in the formation of 

soluble pilin monomers (Audette et al., 2004a; Hazes et al., 2000; Keizer et al., 

2001). In addition, a recent study determined that addition of a hydrophobe to 

soluble K122-4 monomers causes oligomerization into a structure that highly 

resembles type IV pili (Audette et al., 2004b).

A similar model for the assembled pilus was proposed using the structure of 

the truncated PAK pilin monomer, taking into consideration the biological function 

of P. aeruginosa pili (Hazes et al., 2000). This model is based on the same 

assembly parameters used by Parge and colleagues (1995), and as such was a 

1-start right-handed helix with five subunits per turn (Hazes et al., 2000). 

However, this model proposed an inverted polarity of the pilus, where the a- 

helices would be exposed at the tip of the pilus as opposed to being buried in the 

bacterial membrane (Hazes et al., 2000; Parge et al., 1995). This polarity would 

occlude the C-terminal receptor binding domain along the length of the pilus to 

only expose this domain at the tip of the pilus in agreement with previous studies 

(Hazes et al., 2000; Lee et al., 1994). However, the C-terminal disulfide bonded 

loop would be exposed along the length of the pilus in the proposed model for N. 

gonorrhoeae pili with the a-helices buried in the membrane (Parge et al., 1995). 

The polarity and surface exposure agrees with antibody data that suggest 

residues 140-159 of the C-terminal disulfide bonded loop are exposed on the 

surface of the N. gonorrhoeae pilus (Forest et al., 1996). Although the above 

models for P. aeruginosa and N. gonorrhoeae pili are nearly identical, new 

differences in the fiber diffraction patterns suggest that there are some variations
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in the assembly of PAK and MS11 pili (Marvin et al., 2003). A slightly different 

model was then proposed taking into account the structural information obtained 

using x-ray crystallography, NMR, and electrostatic surface complementarities 

between the pilin monomers (Keizer et al., 2001). Using the truncated K122-4 

pilin NMR solved structure, a 1-start left-handed model with five subunits per 

turn, an outer diameter of ~52A, and a pitch of 41A was proposed (Keizer et al.,

2001). Other variations of type IVa models have also been proposed including a 

right-handed 1-start helix with four subunits per turn and a left-handed 3-start 

helix with four subunits per turn for P. aeruginosa pili, where interactions between 

PAK pilin subunits occur in the a[3-loop of one subunit and the D-region of the 

neighbouring subunit (Craig et al., 2004) (Figure 1-7).

Electron micrographs of the TCP pilus of the type IVb group suggest the pilus 

is a 3-start helical assembly with a 45 A pitch and an approximate diameter of 80 

A (Craig et al., 2003). A model was then constructed using both the EM fiber 

data, and the solved structure of the truncated TcpA pilin, corresponding to a left- 

handed 3-start helix with six subunits per turn (Craig et al., 2003). The surface of 

the fiber is composed of the a(3-loop, the 3-sheet, and the D-region (Craig et al.,

2003), and interactions between neighbouring TcpA pilin subunits occur between 

the a(3-loop and the D-region (Craig et al., 2004). This model has also been 

proposed based on the NMR solved truncated PilS structure, with slightly 

different interactions between the a(3-loop and D-region between subunits likely 

due to additional structural elements in the a|3-loop, and therefore this model has 

a pitch of ~30 A and outer diameter of -100 A (Xu et al., 2004). Electron
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D-region

Figure 1-7. The 3-start left-handed hypothetical PAK pilus model with four 
subunits per turn proposed by Craig et al. (2004). The red regions represent the 
D-region or RBD that mediates binding to cellular receptors. The P-sheet 
domains form the exterior of the pilus and are solvent exposed along the length 
of the pilus. The N-terminal hydrophobic a-helices form the central core of the 
pilus and are hypothesized to act as an oligomerization domain. Adapted from a 
review (Burrows, 2005).
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microscopy of the bundle forming pili of EPEC suggest a helical assembly with a 

diameter of -75 A and pitch of -44 A (Ramboarina et al., 2005). The model 

proposed based on the EM and solved NMR structure of the truncated BfpA is a 

3-start left-handed helix with six subunits per turn and similar interactions 

between the aP-loop and the D-region to the above mentioned proposed 

structures for PilS and TCP (Craig et al., 2003; Ramboarina et al., 2005; Xu et 

al., 2004). The new structural information on the type IVb pilins suggests a 

common architecture of a 3-stranded left handed helical assembly for all type IV 

pili where interactions occur through the a(3-loop and the D-region, but differ in 

the diameter, pitch, and number of subunits per turn. However, further research 

is required to fully elucidate the structure and assembly of the intact type IV pili 

from different species.

1. 8. Assembly of type IV pili

The above structural data has provided valuable insight into the functionality 

of type IV pili, although the biological assembly or biogenesis of type IV pili 

remains almost entirely a mystery. Even though the structural studies suggest 

there might be different assemblies of type IV pilus fibers, the complex protein 

machinery used for assembly is fairly conserved. This conservation is 

demonstrated by the ability to form functional pili after transfer of pilins from one 

species into another (Beard et al., 1990; Elleman and Peterson, 1987; Mattick et 

al., 1987; Watson etal., 1996). The type IV pilin genes are normally found on the 

bacterial chromosome, with some exceptions such as bfpA, which is encoded on
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the 92 kb virulence associated plasmid (Giron et al., 1991, 1993). In addition, the 

genes for type IV pili expression can be found on large pathogenicity islands in 

some bacterial species (Brown and Taylor, 1995; Pickard et al., 2003). The pilin 

genes are clustered with some pilus biogenesis genes, but are often found in 

close proximity to genes that are not involved in pilus assembly (Strom and Lory,

1993). The only protein with a well defined, required function, for type IV pili 

biogenesis is PilD from P. aeruginosa and homologues from other species 

(Johnston etal., 1995; Nunn and Lory, 1991; Tonjum etal., 1995).

The type IV pilins are synthesized as pre-pilins that must be post- 

translationally modified before assembly into pilus fibers (Mattick, 2002). PilD is 

the bifunctional enzyme that performs the post-translational modifications to 

produce mature pilins (Nunn and Lory, 1991; Strom et al., 1993). Firstly, PilD is 

the endopeptidase responsible for cleavage of the N-terminal leader peptide 

sequence, which is normally 6-8 amino acid residues long in type IVa pilins and 

15-30 amino acid residues long in type IVb pilins with a net basic charge and a 

conserved glycine residue at position -1 relative to the cleavage site (Craig et al., 

2004; Nunn and Lory, 1991; Strom and Lory, 1992). Secondly, PilD is 

responsible for methylation of the new N-terminal amino acid, which is always a 

phenylalanine in the type IVa pilins, but which varies in the type IVb pilins (Craig 

et al., 2004; Strom et al., 1993). PilD homologues are necessary for pilus 

biogenesis and can complement pilD mutations in P. aeruginosa (de Groot et al., 

1994; Pepe et al., 1996; Zhang et al., 1994). Furthermore, PilD and its 

homologues are involved in the general secretion of proteins in many gram-
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negative bacteria via the type II secretion system; PilD was independently 

discovered and named XcpA (Bally et al., 1991; Pugsley and Reyss, 1990).

Studies on type II secretion have focused on the pullulanase secretion by 

Klebsiella spp., which is well characterized, and has provided insight into the 

biogenesis of type IV pili (Pugsley et al., 1997). As such, the biogenesis of type 

IV pili occurs through a type II secretion system, where PilD is responsible for the 

first processing step after Sec dependent secretion into the periplasm (Kostakioti 

et al., 2005). Components of the type IV pili biogenesis system also have 

homologues to proteins involved in archaeal flagella biogenesis, and natural 

transformation systems of gram-positive bacteria, such as Bacillus subtilis 

(Dubnau, 1999; Hobbs and Mattick, 1993; Peabody et al., 2003). All of these 

systems require several pre-pilin like proteins, a leader peptidase, nucleotide 

binding proteins, inner membrane proteins, and outer membrane proteins in the 

gram-negative bacteria (Hobbs and Mattick, 1993; Peabody etal., 2003).

The steps after maturation of the pilins are poorly characterized, although the 

location and functions of some pilus biogenesis proteins have been described. 

Proteins that are involved in type IV pilus biogenesis in P. aeruginosa, N. 

gonorrhoeae, EPEC, and V. cholerae TCP are listed in table 1-1. Once the pre- 

pilin is processed, it must interact with the pilus assembly complex in the inner 

membrane, and therefore must be recruited to this protein machinery. Mutations 

in the cytoplasmic protein pilB or the integral inner membrane protein pilC of P. 

aeruginosa results in a bald or non-piliated phenotype (Koga et al., 1993; Nunn 

et al., 1990). PilB has a conserved ATP binding domain termed a Walker box
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Table 1-1. Proteins required for type IV pilus biogenesis in several gram-negative 
bacterial species. This table was produced using information from (Russel,

Pilin P ilA PilE BfpA TcpA
Secretin PilQ PilQ BfpB TcpC
ATP M otif PilB PilF BfjpD TcpT

PilT PilT BfpF
PilU PilU

Pre-pilin peptidase PilD PilD BfpP TcpJ
Sensor kinase PilS
Reponse regulator PilR
Pre-pilin cleavage PilE Bfpl TcpB
site

P ilV
PilW
P ilX
FimT
FimU

BfpJ
BfpK

Pilin glycosylase PilO
CheY PilG

| PilH |
CheW P ill
CheR PilK

1
Unknown function PilO

PilC PilG BfpE TcpE
PilP PilP
PilM PilM
PilN PilN

Pilus stabilization PilF PilW
Tip adhesion+ P ilY l P ilC l
Pilus stabilization PilY2 PilC2

PilZ
BfpC
BfpG
BfpH
BfpL
BfpU

*Proteins in adjacent columns represent homologues 
+These functions have only been demonstrated in Neisseria spp.
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and mutations in this domain result in a non-piliated phenotype (Turner et al.,

1993). P. aeruginosa has two other cytoplasmic proteins, PilT and PilU that also 

contain Walker box motifs (Whitchurch et al., 1991; Whitchurch and Mattick,

1994). Interestingly, mutations in either of these cytoplasmic proteins result in 

non-retractile pili and therefore a hyper-piliated phenotype (Whitchurch et al., 

1991; Whitchurch and Mattick, 1994).

Recent studies in EPEC have determined interactions between integral inner 

membrane proteins and cytoplasmic proteins that are involved in type IV pilus 

biogenesis (Crowther et al., 2004). Interactions of BfpD with BfpE and BfpE with 

BfpF were demonstrated (Crowther et al., 2004). In addition, all of the proteins 

self-associated indicating that these proteins function as multimers (Crowther et 

al., 2004). BfpD forms homohexamers, potentially in a ring-like structure with a 

central pore, which is consistent with the structures of other members of this ATP 

binding family, including TrbB that functions during conjugation and is part of the 

type IV secretion apparatus from the RP4 conjugative plasmid (Krause et al.,

2000). Furthermore, it was demonstrated that BfpD interacts with two different 

sites on BfpE depending on whether BfpD has ATP or ADP bound (Crowther et 

al., 2005). Interestingly, production of the cytoplasmic loop of BfpE in EPEC 

interacts with BfpF and prevents type IV pilus retraction, thereby producing a 

dominant negative effect (Crowther et al., 2004). This data strongly suggest that 

BfpE, and its homologous integral membrane proteins sequester the ATP binding 

proteins BfpD and BfpF to transmit energy across the inner membrane to 

mediate pilus biogenesis (oligomerization), or pilus retraction (disassembly)
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(Crowther et al., 2004; Crowther et al., 2005).

Studies on biogenesis of type IV pili in N. gonorrhoeae suggest that the pilus 

is formed in the periplasm before extrusion across the outer membrane 

(Wolfgang et al., 2000). Mutations that prevent pilus retraction (p/'/T) and 

extrusion across the outer membrane (p//Q) result in the formation of pilus fibers 

that are sheathed in outer membrane, and cause reduced viability and growth 

rates (Wolfgang et al., 2000). The actual components that mediate the 

oligomerization of pilins in the periplasm remain unknown.

The final component of this biogenesis system is the integral outer membrane 

protein termed a secretin, which is hypothesized to form a gated outer membrane 

channel (Bitter, 2003). Mutations in the pilus specific secretins of P. aeruginosa, 

N. gonorrhoeae, N. meningitidis, and EPEC result in a non-piliated phenotype 

(Drake and Koomey, 1995; Martin et al., 1993c; Schmidt et al., 2001; Tonjum et 

al., 1998). Structural studies with the N. meningitidis PilQ complex have 

suggested that the secretin is a homododecameric structure composed of 12 

PilQ proteins organized into a tetramer of trimers (Collins et al., 2004). 

Furthermore, it was established that the secretin is a gated channel and that the 

pore is large enough to accommodate an assembled pilus (Collins et al., 2004). 

Interestingly, purified type IV pili can interact with the secretin complex and 

structural changes occur in the secretin upon this interaction, suggesting that this 

interaction is dynamic (Collins et al., 2005). Other pilus assembly components 

that are found in the outer membrane include PilC and PilW (Carbonnelle et al., 

2005; Rahman et al., 1997). Neisseria spp. require an extra pilus component
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PilC, which is localized at the pilus tip and is involved in stabilization of the fibers 

and cellular adherence (Rudel et al., 1995b; Wolfgang et al., 1998b). PilW has a 

similar function and is required for fiber stabilization, cellular adherence, and 

stabilizes PilQ multimers (Carbonnelle et al., 2005). It remains to be determined 

which proteins, if any, are required for fiber stabilization and functionality in other 

organisms that produce type IV pili.

Taken together these data suggest that there are several steps to pilus 

biogenesis including translocation of pre-pilin across the inner membrane by the 

Sec system, processing of pre-pilin, assembly of pili in the periplasm, and 

extrusion through the outer membrane. Further research is required to 

determine the exact identity and function of all the proteins involved in this 

extremely complex process (Figure 1-8).

1. 9. Functions of type IV pili

As type IV pili are produced by such a wide variety of bacteria and are 

produced by complex conserved protein machinery, it is not surprising that type 

IV pili are involved in a number of important bacterial processes. These 

processes including colonization, twitching motility, natural transformation, and 

biofilm formation will be discussed in further detail below. Although there are 

many species of bacteria that utilize all of these pilus functions, the focus of the 

following section will be on the type IV pili from P. aeruginosa.
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J
Outer
membrane

Inner
membrane

G Mature PilA 

^  Pre-pilin

Figure 1-8. A simplified schematic of pilus assembly based on the results 
presented by Nunn and Lory (1991), Crowther and colleagues (2004), and 
Wolfgang et al. (2000). The proteins are named using P. aeruginosa 
nomenclature. The steps that occur after cleavage of the pre-pilin by PilD are 
unknown and the components that interact with the mature PilA in the periplasm 
must still be identified. The results presented by Crowther and colleagues (2004) 
indicate that PilC may transmit the energy generated by the ATPases PilB and • 
PilT to mediate pilus extension and retraction.
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1. 9.1. Colonization

Type IV pili from a variety of bacterial species are involved in colonization of 

both biotic and abiotic surfaces. Adherence to epithelial cells is mediated by the 

type IV pili of P. aeruginosa (Woods et al., 1980), N. gonnorhoeae (Swanson, 

1973), EPEC (Donnenberg et al., 1992), V. cholerae, and Salmonella enterica 

serovar Typhi (Tsui et al., 2003). Although the type IV pilins from these species 

are structurally alike and assemble into similar fibers, their binding specificities 

for host cell ligands differ.

Recent studies suggest that the Bfp of EPEC bind to LacNAc-like receptors 

on host cells as N-acetyllactosamine glycosides inhibit cellular adherence and 

bind to Bfp (Hyland et al., 2006). Further research is necessary to determine if 

the major pilin BfpA mediates this interaction, or if an unknown minor pilin is 

responsible for cellular adherence. N. gonorrhoeae has a pilus tip protein, PilC, 

which mediates adherence to epithelial and endothelial cells (Nassif et al., 1994; 

Rudel et al., 1992; Rudel et al., 1995b; Scheuerpflug et al., 1999). This 

interaction is mediated by a complex motif composed of several linear amino acid 

sequences in the N-terminus of PilC (Morand et al., 2001). The major subunit of 

the pilus, PilE, is also involved in adherence as variations in PilE mediate tissue 

tropism and p/'/C deficient pili hemagglutinate human erythrocytes (Rudel et al., 

1992; Scheuerpflug et al., 1999). Previous studies suggested that CD46 was the 

specific PilC receptor on host cells (Kallstrom et al., 1997). However, recent 

studies have demonstrated that CD46 is not the specific receptor, rather the 

specific receptor is a protein, and carbohydrates are not involved in this

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



interaction (Kirchner and Meyer, 2005). The type IVb pili of Salmonella enterica 

serovar Typhi also bind to a protein or more specifically CFTR, although this 

interaction is mediated by the major pilin subunit PilS (Tsui et al., 2003).

The type IV pili of P. aeruginosa specifically bind to asialo-GMi and GM2 

moieties on host cell membranes and there is no known tip-associated minor pilin 

(Lee et al., 1994). Binding is mediated through interactions of the pilus with the 

carbohydrate sequence p-GalNAc(1-4)(3-Gal found in these glycosphingolipids 

(Sheth et al., 1994). Adherence of P. aeruginosa to host cells through the type 

IV pilus is a tip-associated event that is mediated by the C-terminal region, or D 

region of the pilin structural subunit (Irvin et al., 1989; Lee et al., 1994). 

Structural features in this domain important for binding are the disulfide bonded 

loop and the 0-turns (Irvin et al., 1989; Wong et al., 1995). Immunization with 

purified peptides of the D region confers protection against subsequent challenge 

with homologous P. aeruginosa strains (Sheth et al., 1995). Passive 

immunization with antibodies to the C-terminal disulfide bonded peptide of V. 

cholerae likewise confers protection against subsequent challenge (Sun et al., 

1997). In addition, it was demonstrated that this domain of TcpA is involved in 

cell to cell aggregation and colonization by V. cholerae (Kirn et al., 2000).

Consequently, adherence of type IV pili to epithelial cells can occur through 

the major or minor pilin subunits to either carbohydrate or protein moieties on the 

surface of host cells. There are several host cell events that are initiated by 

adherence of type IV pili to their surfaces. Binding to host cells by the type IV pili 

of P. aeruginosa, N. gonorrhoeae, and Salmonella enterica serovar Typhi is the
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first step in the process of bacterial internalization (Chi et al., 1991; Comolli et al., 

1999b; McLeod Griffiss et al., 1999; Plotkowski et al., 1994; Zhang et al., 2000). 

It is not clear why P. aeruginosa and N. gonorrhoeae are internalized as these 

bacteria are not intracellular pathogens. Once in intimate contact with the host 

cell Salmonella enterica serovar Typhi express a type III secretion system 

required to inject effectors into the host cytoplasm that mediate bacterial 

internalization (Schlumberger and Hardt, 2005). In addition, type IV pili binding 

by the above species can initiate host responses such as, secretion of cytokines, 

mobilization of Ca2+, and apoptosis (DiMango et al., 1995; Jendrossek et al., 

2003; Kallstrom et al., 1998; Kube et al., 2001; Plant and Jonsson, 2006; Wang 

et al., 2005). Therefore, once specifically bound to host cells type IV pili can elicit 

a number of physiological effects.

1. 9.2. Natural transformation

Natural transformation is a bacterial process that involves the uptake of DNA 

from the environment, and results in lateral acquisition of novel genetic elements 

in a hereditable form (Dubnau, 1999). This process is utilized by both gram- 

negative and gram-positive bacteria and is hypothesized to have evolved from a 

mechanism to use DNA as a carbon source, or to repair damaged DNA (Dubnau, 

1999; Finkel and Kolter, 2001; Solomon and Grossman, 1996). It was originally 

demonstrated that type IV pili are required for natural transformation in N. 

gonorrhoeae (Rudel et al., 1995a; Seifert et al., 1990; Sparling, 1966). It was 

later demonstrated that type IV pili are also required for natural transformation in
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several other gram-negative bacteria including D. nodosus (Kennan et al., 

2001a), L. pneumophila (Stone and Kwaik, 1999b), the cyanobacterium 

Synechocystis sp. PCC6803 (Yoshihara et al., 2001), the extremely thermophilic 

bacterium Thermus thermophilus strain HB27 (Friedrich et al., 2002a) and P. 

stutzeri (Graupner et al., 2000b). It is not surprising that type IV pili are involved 

in natural transformation, as natural transformation in gram-positive bacteria uses 

a system that is similar to a type II secretion system (Dubnau, 1999). The exact 

role type IV pili play during natural transformation is unknown, however, it has 

been suggested that the pili bind DNA in the environment and retract to bring 

DNA to the cell surface to interact with other components in the system (Hobbs 

and Mattick, 1993). Indeed, there is some evidence in support of the above 

hypothesis, as non-specific DNA binding is associated with the production of type 

IV pili in N. gonorrhoeae (Aas et al., 2002), and type IV pilus retraction deficient 

strains of N. gonorrhoeae (Wolfgang et al., 1998a) and P. stutzeri lose the ability 

to perform natural transformation (Graupner et al., 2001). Further research is 

required to determine the exact crucial function that type IV pili play during 

natural transformation.

1. 9. 3. Twitching motility

Twitching motility is a pilus dependent, flagella independent form of bacterial 

movement that occurs over damp surfaces by extension, binding, and then 

retraction of the type IV pili (Bradley, 1980; Mattick, 2002). Twitching motility can 

occur on a number of different surfaces including epithelial cells, metal, plastics,
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and glass, and therefore plays an important function during colonization of 

diverse substrates (Mattick, 2002). Recently, it was demonstrated that 

adherence of P. aeruginosa to inorganic substrates such as stainless steel and 

polyvinylchloride is also mediated by the C-terminal receptor binding domain of 

the PilA subunit, which is required for adherence to epithelial cells (Giltner et al., 

2006; Irvin et al., 1989). Twitching motility is an important function of type IV pili 

and is involved in other bacterial processes such as colonization during infection 

(Bieber et al., 1998; Comolli et al., 1999a), natural transformation (Graupner et 

al., 2001; Wolfgang et al., 1998a), and biofilm formation (Chiang and Burrows, 

2003a; O'Toole and Kolter, 1998). Twitching and social gliding motility have 

been studied extensively in several species including N. gonorhoeae, P. 

aeruginosa, and M. xanthus.

The original studies on twitching motility by Bradley (1972) demonstrated that 

the type IV pili of P. aeruginosa retracted into the cell and that adsorption of 

bacteriophages prevented this action. Real time pilus extension and retraction 

has been observed for P. aeruginosa at rates of -0.5 pm s-1 (Skerker and Berg,

2001). In addition, studies using laser tweezers and N. gonorrhoeae 

demonstrated that pilus retraction can exceed forces of 80 pN (Merz et al., 2000). 

Pilus retraction is mediated by the PilT and PilU proteins of P. aeruginosa and 

the PilT protein of N. gonorrhoeae (Whitchurch et al., 1991; Whitchurch and 

Mattick, 1994; Wolfgang etal., 1998a).

The systems involved in the control of twitching motility are complex, involving 

all genes necessary for pilus biogenesis, plus additional genes, many only
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partially described. Chemosensory phosphotransfer signal transduction systems, 

similar to those that control flagella rotation, direct twitching motility in P. 

aeruginosa (Whitchurch et al., 2004) and social gliding in M. xanthus (Sun et al., 

2000). The classic flagellum systems have methyl-accepting chemotaxis 

proteins (MCPs) in the inner membrane, which respond to environmental signals 

(Bren and Eisenbach, 2000). The MCPs induce autophosphorylation of a 

histidine kinase (CheA), which then phosphorylates a response regulator (CheY), 

which changes the rotation of the flagella (Bren and Eisenbach, 2000). 

Therefore, in the P. aeruginosa twitching motility system the CheY like response 

regulator would interact with the pilus ATPases PilB, PilT, and PilU to cause 

extension or retraction of the pili (Whitchurch et al., 2004). In M. xanthus the Frz 

system controls cell reversal frequencies where the type IV pili are disassembled 

at one pole and reassembled at the opposite pole, which results in directed 

motility (Mignot et al., 2005). Therefore, the chemosensory systems modulate 

pilus retraction and directional movement through disassembly of the pili at one 

pole and reassembly at the other pole (Mignot et al., 2005; Whitchurch et al.,

2004). Consequently, twitching motility is a complex process that is highly 

regulated and involved in the colonization of a number of surfaces in many gram- 

negative bacteria.

1. 9.4. Biofilm formation

Biofilms can be defined as a single species or a mixed species community of 

bacteria that are encased in an extracellular polymeric substance matrix and
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attached to abiotic or biotic surfaces (O'Toole et al., 2000). Bacteria found in 

biofilms differ drastically from their counterparts living freely in the planktonic 

form and therefore, the development of biofilms is a genetically regulated 

process (Costerton et al., 1995b; Lazazzera, 2005). Biofilms have been 

extensively studied in several species of gram-negative and gram-positive 

bacteria, including P. aeruginosa, V. cholerae, E. coli, and Staphylococcus spp. 

(O'Toole et al., 2000). One of the hallmarks of bacterial biofilms is high 

resistance to antimicrobials, which makes treatment of biofilm associated 

infections on implanted devices, or in chronic CF lung infections, extremely 

difficult (Costerton et al., 1999; Stewart, 2002). Biofilm formation can be 

separated into several distinct steps starting with attachment to a surface, 

followed by microcolony formation through cell to cell interactions, maturation to 

produce highly structured bacterial pillars or mushrooms flanked by water 

channels, and then dispersal to colonize new environments (Figure 1-9) (O'Toole 

et al., 2000; Sauer et al., 2002a).

Initial attachment can be mediated by a number of bacterial adherence 

factors, but often is associated with the ability to produce type IV pili in gram- 

negative bacteria. The type IV pili of P. aeruginosa mediate binding to a number 

of abiotic surfaces in a specific manner (Giltner et al., 2006). Although the TCP 

of V. cholerae are required for colonization of the intestine, the production of a 

second type IV pilus, the mannose-sensitive haemagglutinin (MSFIA) mediates 

binding to some abiotic surfaces (Watnick et al., 1999). Recently, it was 

determined that the Bfp from EPEC are also involved in biofilm formation on
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Biofilm Development

* Type IV pili are potentially involved at these developmental stages

Figure 1-9. A schematic diagram of the separate stages that occur during biofilm 
formation. 1. Initial reversible attachment to a surface. 2. Irreversable attachment 
and development of distinct microcolonies. 3. Activation of quorum sensing and 
production of EPS. 4. Biofilm maturation to produce the characteristic mushroom 
or pillar like structures. 5. Dispersal from the mature biofilm to colonize new 
surfaces and establish a new biofilm. The bottom micrographs of P. aeruginosa 
depict each separate stage and * indicate potential stages where type IV pili are 
involved or required. Adapted from a review (Stoodley et al., 2002).
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abiotic substrates (Moreira et al., 2006). However, binding to abiotic surfaces 

may occur through alternative adhesins, as type IV pili are not necessarily 

required for the initial attachment during biofilm formation (Klausen et al., 2003a; 

Klausen etal., 2003b; O'Toole and Kolter, 1998; Watnick and Kolter, 1999).

Even though type IV pili may not be required for the initial attachment to 

surfaces during biofilm formation, twitching motility plays an important role during 

biofilm development by P. aeruginosa. It was originally demonstrated that P. 

aeruginosa type IV pili mutants could not progress to the microcolony stage of 

development (O'Toole and Kolter, 1998). In addition, it was demonstrated that 

wild type P. aeruginosa cells move across the surface to form cell-cell 

aggregates (O'Toole and Kolter, 1998). It was later demonstrated that 

microcolonies develop initially through clonal growth (Klausen et al., 2003a; 

Klausen et al., 2003b). Twitching motility is then required for colonization of the 

entire surface, and formation of the mushroom cap structures on top of the 

mushroom stalks formed by non-motile P. aeruginosa (Klausen et al., 2003a; 

Klausen et al., 2003b). Twitching motility may also play a role in biofilm dispersal 

as P. aeruginosa twitching motility mutants form exaggerated pillar structures 

(Chiang and Burrows, 2003a).

Once microcolonies are formed, the genetic determinants of biofilm 

maturation are turned on, which is partially dependent on quorum-sensing in P. 

aeruginosa (Davies et al., 1998). Protein profiles determined that the Las 

quorum sensing system is turned on after microcolonies are visible (Sauer et al., 

2002a). In contrast, the Rhl quorum sensing system is not activated until
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microcolonies are thicker than 10 pm and colonization of the entire surface had 

occurred (Sauer et al., 2002a). However, microarray profiles demonstrated that 

there were relatively few differences between planktonic and mature biofilm P. 

aeruginosa, including no difference in expression of quorum sensing genes 

(Whiteley et al., 2001). Other data indicate that quorum sensing is maximally 

expressed by P. aeruginosa close to the substratum, and before the mature 

biofilm stage (De Kievit et al., 2001). Interestingly, GacA is involved in P. 

aeruginosa biofilm development, which also feeds into the quorum sensing 

regulon (Parkins et al., 2001). Therefore, many of the genes required for acute 

infection and virulence control, are also required for biofilm formation and chronic 

infection by P. aeruginosa. This is somewhat perplexing as these phenotypes 

are regulated in an opposite fashion (Section 1. 5. and Figure 1-4). Therefore, 

further research in this area is required to sort out these discrepancies. 

Interestingly, in V. cholerae virulence expression and biofilm formation are 

repressed by quorum sensing (Hammer and Bassler, 2003).

Maturation is associated with the production of the extracellular polymeric 

substance that is made up of a complex mixture of polysaccharides, nucleic 

acids, and proteins (Sutherland, 2001). DNA is an important component of P. 

aeruginosa biofilms and is required for biofilm development (Whitchurch et al.,

2002). Although the origin of the DNA in P. aeruginosa biofilms is unknown it 

could arise from the release of extracellular vesicles filled with DNA, a widely 

observed phenomenon in many bacterial species, including P. aeruginosa 

(Kadurugamuwa and Beveridge, 1995). Recently, it was demonstrated that DNA
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is released by P. aeruginosa in a quorum sensing dependent manner (Allesen- 

Holm et al., 2006). Furthermore, DNA is found predominantly in the stalks and 

interface between the stalk and cap area of the mushroom shaped multicellular 

P. aeruginosa biofilm structures (Allesen-Holm et al., 2006).

Therefore, type IV pili play an important role in biofilm formation in a number 

of gram-negative species. In addition, a growing number of reports indicate that 

DNA and quorum sensing are important factors during the development of 

mature biofilms by P. aeruginosa.

1.10. Objectives

The aim of this thesis is to evaluate novel binding specificities of P. 

aeruginosa type IV pili and to re-evaluate what properties of the C-terminal 

receptor binding domain are important for these binding activities. The original 

hypothesis was that type IV pili bind to DNA, as data suggested there is a band 

of positive charge displayed in a helical manner along the length of the 

assembled pilus (Keizer et al., 2001). In addition, DNA was found to be a major 

component of the biofilm matrix of P. aeruginosa, and type IV pili are required for 

biofilm formation (O'Toole and Kolter, 1998; Whitchurch et al., 2002). The 

hypothesized pilus-mediated DNA binding would be sequence independent and 

therefore it was necessary to develop a novel DNA binding assay. Once this 

assay was developed, the ability of the type IV pilus from P. aeruginosa to 

mediate DNA binding could be tested. In addition, the properties of the pilus that 

might contribute to DNA binding could be tested using pilus specific monoclonal
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antibodies and engineered monomeric pilin subunits (Doig et al., 1990; Hazes et 

al., 2000; Yu et al., 1994). As the ability to bind DNA has biological implications 

for biofilm formation on abiotic and biotic surfaces, the effects of exogenous DNA 

on P. aeruginosa colonization could also be tested. Studies with monoclonal 

antibodies MAb PKL1 and MAb PK99H suggested that the C-terminal receptor 

binding domain is flexible, and binding activities could potentially be regulated by 

an allosteric mechanism (Lee et al., 1994; Yu et al., 1994). Candidates for such 

regulation include the released P. aeruginosa quorum-sensing acyl-homoserine 

lactones. Therefore, the ability of these molecules to increase or decrease the 

binding properties of purified P. aeruginosa pili could be tested. This work 

describes novel functions and regulation of P. aeruginosa type IV pili that will 

help define the mechanisms associated with biofilm formation and establishment 

of chronic CF pulmonary infections.
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Chapter 2

DNA Binding: a Novel Function of Pseudomonas 

aeruginosa Type IV Pili

A version of this chapter has been published, van Schaik, E.J., Giltner, C.L., 

Audette, G.F., Keizer, D.W., Bautista, D.L., Slupsky, C.M., Sykes, B.D., and Irvin, 

R.T., Journal of Bacteriology, volume 187, p. 1455-2464, 2005. Copyright 2005. 

American Society for Microbiology.

C.L. Giltner, G.F. Audette, and D.W. Keizer helped with revision of this 

manuscript. C.M. Slupsky, G.F. Audette, and B.D. Sykes designed and 

produced Figure 1. C.M. Slupsky also produced the CATH data. D.W. Bautista 

constructed the truncated His-tagged PAK and K122-4 pilins used in this study.
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2.1. Introduction

Pseudomonas aeruginosa is a gram-negative opportunistic pathogen that is a 

major cause of nosocomial infections and a leading cause of hospital-acquired 

pneumonia (Cunha, 2001). P. aeruginosa is also a major cause of severe 

infections in immunocompromised individuals including HIV (Manfredi et al.,

2000) and neutropenic cancer patients (Maschmeyer and Braveny, 2000). 

Furthermore, P. aeruginosa can cause bacteremia in burn victims (Pruitt et al., 

1998) and ulcerative keratitis of the cornea in users of extended-wear soft 

contact lenses (Fleiszig and Evans, 2002). Individuals suffering from cystic 

fibrosis (CF) are normally colonized with P. aeruginosa by adolescence, which 

causes a severe persistent respiratory infection that results in extensive lung 

damage (Brennan and Geddes, 2002). Treatment of P. aeruginosa infections 

requires antimicrobial therapy, which is challenging due in part to a high intrinsic 

resistance to many antibiotics and disinfectants (Normark and Normark, 2002). 

Therefore, P. aeruginosa infections result in considerable morbidity and mortality 

of immunocompromised individuals.

After aspiration or inhalation, the initial step in the establishment of a P. 

aeruginosa infection is the adherence to susceptible host cells via type IV pili 

(Woods et al., 1980). P. aeruginosa type IV pili are assembled from 15 kDa pilin 

monomers, and adherence of P. aeruginosa to host cells through the type IV 

pilus is a tip-associated event that is mediated by the C-terminal region of the 

pilin structural subunit (Lee et al., 1994). Type IV pili are also important 

colonization factors for several other gram-negative human pathogens including
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Neisseria gonorrhoeae, N. menigiditis (Merz and So, 2000), enteropathogenic 

Escherichia coli (Giron et al., 1991), enterotoxigenic E. coli (Giron et al., 1994), 

Vibrio cholerae (Taylor et al., 1987) and Legionella pneumophila (Stone and Abu 

Kwaik, 1998). Although type IV pili have a central role during infection, these 

fibrous structures are multifunctional and therefore involved in other bacterial 

processes. In addition to their role as colonization factors, the type IV pili of many 

species also play a role in twitching motility (Mattick, 2002), biofilm formation 

(O'Toole and Kolter, 1998), natural transformation (Dubnau, 1999) and 

bacteriophage infection (Bradley, 1974; Bradley and Pitt, 1974).

Natural transformation is a process unique to bacteria and involves active 

DNA uptake from the environment that can result in the lateral (horizontal) 

acquisition of new genetic information into a heritable form (Lorenz and 

Wackernagel, 1994). The involvement of type IV pili in natural transformation 

has been noted for several gram-negative bacteria including Thermus 

thermophilus (Friedrich et al., 2002b), L. pneumophila (Stone and Kwaik, 1999a), 

N. gonorrhoeae (Seifert et al., 1990), and P. stutzeri (Graupner et al., 2000a). 

Although P. aeruginosa produce type IV pili no evidence of natural transformation 

has been observed to date (Carlson et al., 1983). However, the pilA gene of P. 

aeruginosa can restore natural transformation in a P. stutzeri pilA mutant 

(Graupner et al., 2001) and complement a pilE mutant in N. gonorrhoeae (Aas et 

al., 2002). Therefore, while P. aeruginosa itself is not transformation competent, 

the type IV pili from P. aeruginosa can function during the process of DNA 

uptake. Intriguingly, there is a link between the expression of type IV pili and the

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ability to bind DNA to the bacterial surface. Mutations that affect the expression 

of type IV pili in N. gonorrhoeae reduce the amount of non-specific DNA binding 

at the cell surface (Aas et al., 2002). Furthermore, pilus-retraction deficient 

mutants of P. stutzeri bind more DNA than wild type bacteria, although the ability 

to uptake DNA is greatly reduced (Graupner et al., 2001).

The above observations combined with the surface electrostatic profiles and 

structural data of the type IV pili from P. aeruginosa (Figure 2-1) led to the 

hypothesis that type IV pili may bind DNA non-specifically. Although this 

phenomenon may not be important for productive natural transformation, it may 

facilitate other pilus associated functions. We have thus investigated the ability 

of the type IV pili from P. aeruginosa to bind DNA. We demonstrate that PAK, 

K122-4, and KB-7 pili bind to DNA obtained from several sources and that DNA 

binding is specific, concentration dependent, and saturable. Binding is 

dependent on the intact pilus structure and is also a tip-associated event that 

occurs through dominant interactions with the backbone with a preference for 

pyrimidine bases.

2. 2. Material and Methods 

2. 2.1. Bacterial strains, DNA sources, and antibodies

PAK pili were produced from Pseudomonas aeruginosa strain PAK/2Pfs, 

a multi-piliated mutant of P. aeruginosa PAK (Bradley, 1974). K122-4 and KB-7 

pili were expressed and purified from P. aeruginosa strain DB2, a pilus-deficient
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Figure 2-1. Amino acid sequence and structural aspects of P. aeruginosa type 
IV pilins. (A). Electrostatic surface representation generated using Delphi in 
Insightll of modeled pilins assembled into a pilus fiber (as described in reference 
27) from P. aeruginosa strains K122-4, PAK and KB7. Blue represents positive, 
red negative, and white neutral charge. (B). Multiple sequence alignment of 
type IV pilins. * Indicated a strictly conserved residue, : indicates a highly 
conserved residue, and . indicates a moderately conserved residue and 
conserved secondary structural elements, based on an average of solved pilin 
structures, are indicated below each sequence block. The N-terminal a-helix is 
illustrated as a cylinder, and (3-sheets are indicated with arrows. Production of 
soluble pilin monomers for structural studies is achieved by truncation of the 28 
N-terminal residues, indicated by a vertical arrow (Hazes et al., 2000). The 
disulfide-bound receptor binding loop is enclosed by a box. The listed 
sequences are from N. gonorrhoeae strain MS11 (gi|3212472), N. meningitidis 
strain FAM18 (gi|2228578), and P. aeruginosa strains K122-4 (gi|77636), PAK 
(gi| 120438), PAO (gi|120440), KB7 (gi|3219798) and 1244 (gi|77632). The 
alignment was prepared with CLUSTALW with minor manual editing.
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and retraction defective strain (Saiman et al., 1990). P. aeruginosa cells were 

cultured in Luria-Bertani broth (L-B) or Tryptic Soy broth (TSB, Difco) at 37°C. 

Escherichia coli DH5a cells were used as the host cells for the purification of 

pUCP19 (Schweizer, 1991). E. coli DH5a harboring pUCP19 were cultured in L- 

B supplemented with 100 pg/mL carbenicillin (Sigma) and pUCP19 was purified 

using the QIAfilter™ Giga Kit (Qiagen). Lyophilized salmon sperm DNA (Roche), 

poly-phosphate (Sigma), and pyrophosphate (Fisher) solutions were prepared in 

0.01 M phosphate buffer (PB) pH 7.4. Generation of the antibodies used in this 

study has been described previously: polyclonal PAK (Sastry et al., 1985b), MAb 

PK3B, and MAb PK99H (Doig etal., 1990).

2. 2. 2. Pili purification, biotinylation, and confirmation of activity

Purification of PAK pili, K122-4 pili, and KB-7 pili proceeded as described 

previously by Paranchych et al. (1979). Purification of pili was confirmed by 

analysis on 15% (w/v) SDS-PAGE according to standard procedures (Sambrook 

et al., 1989), and electron microscopy (EM) after staining with 1% aqueous 

molybate pH 7.0 using a Hitachi H-700i EM operating at an accelerating voltage 

of 75 kV (Figure 2-2). His-K122-4 pilin and His-PAK pilin were constructed by 

inserting a His (5X) on the N-terminus of A(1-28) truncated pilins expressed off a 

PET expression vector in E. coli BL21. His-tagged pilins were purified from E. coli 

BL21 after induction with IPTG as follows. Cells were harvested by 

centrifugation and lysed by French press. Filtered lysate was applied to 

HiTrap™ Chelating HP (Amersham) Nickel column and imidazole eluted fraction

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



B

a
5s£<a

m
206,000 03

124,000 Oa

83.000 Oa

42,300 Da

32,200 Oa

7,000 Oa

Figure 2-2. Purification of type IV pili from P. aeruginosa DB2 expressing 
KB7 pili, DB2 expressing K122-4 pili, and PAK2Pfs. (A). Purified KB7, K122-4, 
and PAK pili were analyzed on 15% (w/v) SDS-PAGE by standard procedures 
and then stained with coomassie blue. The pilus subunits are ~15kDa and all 
pilin subunits KB7, K122-4, and PAK were ~15kDa as expected (B). Electron 
microscopy (EM) of PAK pili after staining with 1% aqueous molybate pH 7.0 
using a Hitachi H-700i EM operating at an accelerating voltage of 75 kV.
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was then applied to a SP10/16 ion exchange column (Amersham) using an 

AKTA explorer HPLC (Amersham) with Unicorn version 3.00 software 

(Amersham).

The authenticity of the His-tagged truncated pilins was confirmed by N- 

terminal protein sequencing, mass spectroscopy, SDS-PAGE and by western 

blotting with appropriate antibodies. The procedure used for the biotinylation of 

the purified pili has been previously described (Yu et al., 1996). The ability of the 

biotinylated pili to bind to asialo-GMi and GMi was determined to confirm the 

functional binding activity of the pili as previously described (Lee et a i, 1994).

2. 2. 3. Direct DNA binding assays

Poly-L-lysine (Sigma) was used to coat polystyrene microtitre plates (Corning) 

at a concentration of 20 pg/mL in 0.01 M sodium carbonate buffer pH 9.5 (100 pL 

per well) overnight at 4°C, followed by washing three times with phosphate 

buffered saline (0.01 M phosphate, 0.15 M NaCI (PBS) pH 7.4) containing 0.05% 

(w/v) bovine serum albumin (BSA) (Buffer A). The wells were then blocked with 

5% (w/v) BSA in PBS, pH 7.4 overnight at 4°C and washed 3 times with buffer A. 

Salmon sperm DNA or pUCP19 was bound to the microtitre plates at a 

concentration of 60 pg/mL in 0.01 M phosphate buffer (PB) pH 7.4 (100 pL per 

well) overnight at 4°C and washed 3 times with buffer A. Biotinylated pili or His- 

tagged pilin were diluted in PB pH 7.4 containing 5 mM MgCI2 and aliquoted 100 

pL per well into the micotitre plates. The microtitre plates were then incubated 

for 1.5 hours at room temperature (RT) and washed 5 times with Buffer A.
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Streptavidin(SA)-peroxidase (Sigma) or poly-His antibody (Sigma) were diluted 

1:30,000 or 1:4000, respectively, into Buffer A and 100 pL per well was added to 

the plates. The plates were incubated for 1.5 hours at RT and then washed 5 

times with Buffer A. Secondary rabbit anti-mouse-HRP (BioRad) diluted 1:3000 

was added to plates containing His-tagged pilin and incubated for 1.5 hours and 

washed 5 times with Buffer A. Substrate buffer (0.01 M sodium citrate buffer pH 

4.2 containing 1 mM 2,2’-Azino-di-[3-ethylbenzthiazoline-6-sulfonic] acid 

diammonium salt (ABTS) and 0.03% (v/v) hydrogen peroxide) was added 125 pL 

per well to each plate. The microtitre plates were incubated at RT for 10-45 

minutes with shaking at 150 rpm. The absorbance was determined at 405 nm 

using a Multiskan Plus version 2.01 plate reader.

2. 2. 4. Competitive DNA binding assays

The microtitre plates were prepared as described above. A fixed 

concentration of biotinylated PAK (0.3 pg/mL), K122-4 (1.4 pg/mL), or KB-7 (3.5 

pg/mL) pili were mixed with varying concentrations of pUCP19, salmon sperm 

DNA, poly-phosphate, or pyrophosphate. The reaction mixtures were incubated 

at RT for 30 minutes. Each reaction was aliquoted 100 pL per well into micotitre 

plates containing immobilized pUCP19 or salmon sperm DNA. The incubation 

times, wash procedures, and development of the plates were identical to those 

used in the direct DNA binding assays.

2. 2. 5. Direct and competitive oligonucleotide binding assays
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The oligonucleotides used in this study are listed in Table 1. Double-stranded 

oligonucleotides were prepared by heating to 65°C and cooling to room 

temperature. PAK, K122-4, and KB-7 pili were used to coat polystyrene 

microtitre plates (Corning) at a concentration of 100 pg/mL in 0.01 M sodium 

carbonate buffer pH 9.5 (100 pL per well) overnight at 4°C, followed by washing 3 

times with Buffer A. The wells were then blocked with 5% (w/v) BSA in PBS, pH 

7.4 overnight at 4°C, followed by washing three times with Buffer A. The ds- 

biotinylated-oligonucleotide or mixtures of ss-biotinylated-oligonucleotide and ss- 

unlabeled-oligonucleotide were diluted into PB pH 7.4 containing 5 mM MgCl2 

and 100 pL aliquots were added to the wells of the microtitre plates and 

incubated at room temperature for 1.5 hours. The incubation times, wash 

procedures, and development of the plates were identical to those used in the 

direct DNA binding assays.

2. 2. 6. Antibody inhibition assays

Microtitre plates were prepared as described above. Biotinylated PAK pili 

were incubated with saturating amounts of antibody (MAb PK3B, MAb PK99H, or 

polyclonal PAK) for 30 minutes at RT. The reaction mixtures were then aliquoted 

100 pL per well into the microtitre plates. The incubation times, wash 

procedures, and development of the plates were identical to those used in the 

direct DNA binding assays. Enzyme-linked immunosorbent assays (ELISA) were 

performed by coating microtitre plates with biotinylated or unlabeled PAK pili (100 

pL per well) at 10 pg/mL in 0.01 M sodium carbonate buffer pH 9.5 overnight at
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4°C. The plates were then washed 3 times with buffer A and blocked overnight 

with 5% (w/v) BSA in PBS, pH 7.4. Antibodies and SA-HRP were diluted in 

Buffer A and 100 pL aliquots per well were incubated in the microtitre plates for 1 

hour at 37°C. Plates were washed 3 times with Buffer A and the secondary 

antibodies added. Either goat anti-rabbit-HRP or rabbit anti-mouse-HRP 

(BioRad) were used and incubated for 1 hour at 37°C. Plates were washed 3 

times with Buffer A and 125 pL per well of substrate buffer was added followed 

by development and determination of the absorbance at 405 nm using a 

Multiskan Plus version 2.01 plate reader.

2. 3. Results 

2. 3. 1. Pilin electrostatics and structural based hypothesis for a pilus- 

associated DNA binding function

An analysis of the pilus surface electrostatics of the left-handed modeled 

K122-4 pilus revealed a definite helical band of positive charge along the length 

of the fiber (Keizer et a i, 2001). Electrostatic surface analysis of right-handed pili 

modeled from the structure of PAK pilin (Hazes et al., 2000) and the predicted 

structure of KB-7 pilin indicates that while the pilus surface electrostatics vary 

substantially among strains, a subtle helical pattern of solvent exposed positive 

charge is a feature of all three pili (Figure 2-1-A). Although these models are 

speculative, the electrostatic surface charges remain similar in other models of 

PAK pili (Craig et a i, 2004) and K122-4 pili (Audette et a i, 2004a; Audette et a i,
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2004c; Keizer et a i, 2001). The pattern of positive charge along the length of the 

pilus is a conserved feature of the intact pilus that is evident even in the absence 

of sequence conservation among the various pilins (Figure 2-1-B). K122-4 pili 

have a more pronounced band of solvent exposed positive charge; this band is 

less distinct on the surface of PAK and KB-7 pili. Based on the electrostatics 

alone, K122-4 pili should have the highest affinity for DNA as K122-4 pili have 

the largest band of positive charge. PAK and KB-7 should have lower, but 

similar affinities for DNA as both pili have similar bands of positive charge.

Prediction of DNA binding through electrostatics is justified, since in general 

DNA-binding sites of proteins contain patches with large positive electrostatic 

scores (Jones et a i, 2003). Furthermore, examination of the (3-sheet structure, 

which would produce the helical band of positive charge in the assembled pilus in 

the structures of the solved P. aeruginosa pilin monomers PAK (Hazes et al.,

2000) and K122-4 (Audette et a i, 2004a; Audette et a i, 2004c; Keizer et a i,

2001) reveals that this domain is dominated by solvent exposed Thr residues 

(Figure 2-1-B), which contribute to DNA binding in other proteins through 

interactions with the DNA backbone (Luscombe et a i, 2001). Therefore, we 

hypothesized that type IV pili of P. aeruginosa could mediate DNA binding 

through interactions with the DNA backbone and such binding should not display 

sequence specificity.

2. 3. 2. Pilus mediated DNA binding
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Pili were purified as previously described (Paranchych et a i, 1979) from P. 

aeruginosa strain PAK/2Pfs, and from P. aeruginosa DB2 harboring K122-4 or 

KB-7 pilin expressed from the full length pilA from the respective strains cloned 

into pUCP19, and the purity of these pili was confirmed by SDS-PAGE and EM 

(Figure 2-2). Purified pili were biotinylated as previously described in order to 

probe pilus-DNA interactions (Yu et a i, 1996). As P. aeruginosa pili bind 

specifically to asialo-GMi (Lee et a i, 1994), binding of the biotinylated pili to 

asialo-GM-i and GMi was examined to confirm that the biotinylated pili were 

functional (Figure 2-3). A novel assay was used to quantify DNA binding, as 

methods used to assay specific DNA binding like electrophoretic mobility shift 

assays (EMSA) would not be appropriate for the hypothesized non-specific DNA 

binding activity of P. aeruginosa pili. Therefore, pUCP19 or salmon sperm DNA 

was immobilized into the wells of microtitre plates through electrostatic 

interactions with immobilized poly-L-lysine.

Pili from all three strains of P. aeruginosa examined bound to immobilized 

DNA in a concentration dependent and saturable manner, albeit with different 

apparent affinities (Figure 2-4). As purified pili are variable in length it is not 

possible to calculate molarity. However, estimates of the binding affinity based 

on binding isotherms can be calculated. PAK exhibited the highest apparent 

affinity for DNA with a Kd of -0.5 pg/mL followed by -1.3 pg/mL for K122-4 and 

KB-7 had the lowest affinity at -4.5 pg/mL (Figure 2-4). This corresponds to a 

2.6-fold difference in apparent affinity between PAK and K122-4, a 9-fold 

difference between PAK and KB-7, and a 3.4-fold difference between K122-4
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Figure 2-3. Direct binding of purified biotinylated PAK pili to asialo-GMi. 
Asialo-GMi or GMi were immobilized into the wells of microtitre plates at a 
concentration of 0.5pg/mL in methanol by overnight evaporation at 4°C. The 
plates were then blocked with 3% BSA overnight. Biotinylated PAK pili were 
added to the plates at varying concentrations and incubated at 37°C for 1 hour. 
Binding was quantified spectrophotometrically using streptavidin-HRP. Binding 
to GMi is non-specific and was used as background for each representative 
biotinylated PAK concentration. The results presented are the means and 
standard deviations of at least 3 replicates from 2 independent experiments.
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Figure 2-4. Concentration dependence of DNA binding by purified biotinylated 
pili from P. aeruginosa strains PAK, K122-4, and KB7. (A) pUCP19 plasmid (solid 
symbols) or (B) Salmon sperm DNA (open symbols) was immobilized into the 
wells of microtitre plates using poly-L-lysine. Varying concentrations of 
biotinylated PAK (■), K122-4 (•), KB7 (T ) pili or His-tagged PAK (♦) or K122-4 
(A)  pilin were added to the plates and incubated for 1.5 hours at room 
temperature. Binding was quantified spectrophotometrically using streptavidin- 
HRP or primary mouse His antibodies and secondary HRP conjugate. The 
results presented are means and standard deviations of at least 3 replicates from 
2 independent experiments. (C). ELISA assay of His-tagged PAK (♦) or K122-4 
(A)  monomers. His-tagged monomers were immobilized into the wells of 
microtitre plates at 10 pg/mL. Antibody dilutions were added to the wells 
containing the immobilized His-tagged monomers in the presence of 5mM MgCI2 
and incubated for 1 hour at 37°C. Binding was quantified spectrophotometrically 
using anti-mouse-HRP and the results represent the means and standard 
deviations of 3 replicates.
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and KB-7. Due to a low binding affinity, KB-7 binding to immobilized DNA did not 

saturate under the experimental conditions described, but saturation of KB-7 

binding to DNA was observed when considerably higher KB-7 pili concentrations 

were employed (data not shown). These results were in opposition to the original 

hypothesis based solely on electrostatics that K122-4 should have the highest 

apparent affinity for DNA (Figure 2-1-A). Furthermore, as pili bound to both 

pUCP19 plasmid (Figure 2-4-A) and salmon sperm DNA (Figure 2-4-B), pili can 

bind both eukaryotic and prokaryotic DNA. Again it is not possible to determine if 

major differences exist between affinities for each type of DNA as the amount of 

DNA immobilized onto the plate can not be calculated, in addition to the inability 

to calculate the molarity of pili. The binding isotherm for K122-4 pili is distinctly 

sigmoidal in nature and may indicate cooperative binding. His-tagged monomers 

from K122-4 and PAK were used to evaluate whether binding is a function of the 

intact pilus. An ELISA assay determined that the poly-His antibody recognized 

our constructs (Figure 2-4-C) under conditions used in the binding assays. 

Monomers from PAK and K122-4 lacked the ability to bind DNA from both 

sources (Figure 2-4-A and 2-4-B) indicating that DNA binding is a function of the 

intact pilus.

2. 3. 3. Pilus mediated DNA binding is a specific event that involves 

interactions with the DNA backbone

To demonstrate that poly-L-lysine and biotinylation were not interfering with 

the pilus-mediated DNA binding, competitive binding assays were performed.
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First, to demonstrate that poly-L-lysine has no effect on the ability of pili to bind 

DNA, purified biotinylated pili from the three strains were pre-incubated with 

either salmon sperm DNA or pUCP19 and then added to microtitre plates 

containing immobilized salmon sperm or pUCP19 DNA. Exogenous DNA from 

both sources reduced binding to immobilized DNA on the plate by more than 

50% and in the case PAK pili over 90% inhibition was observed with both forms 

of DNA (Figure 2-5). The apparent affinity of both eukaryotic and prokaryotic 

DNA for pili is high, as the apparent Ki is < 5 nM (Figure 2-5). These 

observations suggest that DNA binding is specific, that both prokaryotic and 

eukaryotic DNA is recognized, and that the use of poly-L-lysine to immobilize 

DNA to the microtitre plates did not compromise the assay or generate a high 

degree of non-specific binding.

Unlabeled pili were able to inhibit DNA binding by biotinylated pili, indicating 

that biotinylation does not affect the ability of pili to bind to DNA (Figure 2-6). 

The structure-based hypothesis that DNA binding would be mediated by residues 

on the pilin exposed in the (3-sheet with the phosphate backbone of the DNA was 

tested by employing poly-phosphate and pyrophosphate as competitors in 

binding assays with immobilized pUCP19 and salmon sperm DNA. Poly

phosphate but not pyrophosphate was able to inhibit binding to immobilized DNA 

by more than 50% and in the case of KB-7 pili by more than 90% (Figure 2-7-A 

and 2-7-B). These data suggest that the interaction between KB-7 pili and DNA 

is almost completely dependent on electrostatics. However, there is also a 

hydrophobic component to binding as increasing the salt concentration increases
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Figure 2-5. Exogenous DNA inhibits binding of biotinylated pili to immobilized 
DNA. pUCP19 plasmid (A), (closed symbols) or salmon sperm DNA (B). (open 
symbols) was immobilized into the wells of microtitre plates using poly-L-lysine. 
Biotinylated PAK (■), K122-4 (•), or KB7 (▼) pili were pre-incubated with varying 
amounts of exogenous DNA for 30 minutes. The reactions were then added to 
microtitre plates containing immobilized DNA and incubated for 1.5 hours at room 
temperature. Binding was quantified spectrophotometrically using streptavidin- 
HRP. The results presented are the means and standard deviations of at least 3 
replicates from 2 independent experiments.
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Figure 2-6. Unlabeled PAK pili inhibit binding of biotinylated PAK pili to 
immobilized DNA. Varying concentrations of unlabeled PAK pili were added to 
biotinylated PAK pili at a set concentration of 0.3 pg/mL. The reactions were 
then added to microtitre plates containing immobilized DNA and incubated for 1.5 
hours at room temperature. Binding was quantified spectrophotometrically using 
streptavidin-HRP. The results presented are the means and standard deviations 
of at least 3 replicates from 2 independent experiments.
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Figure 2-7. Polyphosphate and not pyrophosphate inhibits binding of biotinylated 
pili to immobilized DNA. pUCP19 plasmid (closed symbols) or salmon sperm 
DNA (open symbols) was immobilized into the wells of microtitre plates using 
poly-L-lysine. Biotinylated PAK (■), K122-4 (•) or KB7 ( T )  pili were pre-incubated 
with varying concentrations of polyphosphate (A), or pyrophosphate (B). for 30 
minutes. Reactions were then added to microtitre plates containing immobilized 
DNA and incubated for 1.5 hours at room temperature. Binding was quantified 
spectrophotometrically using streptavidin-HRP. The results presented are the 
means and standard deviations of at least 3 replicates from 2 independent 
experiments. (C). Salt dependence of pilus-mediated DNA binding. Biotinylated 
K122-4 (open bars) or KB-7 pili (black bars) were added to microtitre plates 
containing immobilized pUCP19 at 0.5 pg/mL in 0.01 M PB pH 7.4 containing 
varying amounts of NaCI and incubated for 1.5 hours at RT. Binding was 
quantified spectrophotometrically using streptavidin-HRP. The results presented 
are the means and standard deviations of 3 replicates.
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the binding to immobilized DNA (Figure 2-7-C). K122-4 and PAK pili showed 

similar binding patterns in the presence of different salt concentrations (Figure 2-

7-C and data not shown). These observations support the hypothesis that 

interactions with the DNA backbone are important for DNA binding by type IV pili, 

but suggest that there is also a specific component to DNA binding.

2. 3. 4. Pilus mediated DNA binding is not sequence specific although 

binding to pyrimidine bases is preferred

To evaluate the potential that DNA binding is also partially dependent on 

nucleotide sequence or base composition, short oligonucleotides were employed. 

A preferred DNA binding sequence was unknown, however it has been 

demonstrated that pilA effectively complemented a pilE mutant in N. gonorrhoeae 

(Aas et al., 2002) and as the pUCP19 plasmid contains the sequence 

GCGGTGTGAA (which is almost identical to the Neisseria gonorrhoeae uptake 

sequence), a biotinylated-synthetic oligonucleotide containing the N. 

gonorrhoeae 10bp uptake sequence was employed.

The following complementary oligonucleotides were used to investigate this 

possibility; (the 10bp uptake sequence from N. gonorrhoeae is underlined): 

BIOTIN-ACTCGCCGTCTGAACCTA and TAGGTTCAGACGGCGAGT (Table 2- 

1). Purified PAK, K122-4, and KB7 pili were immobilized into the wells of 

microtitre plates and double-stranded biotinylated oligonucleotide was added at 

various concentrations. Binding to the ds-oligonucleotide was concentration 

dependent for PAK and K122-4, but no appreciable binding was observed for
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Table 2-1. Oligonucleotides used for direct and competitive inhibition assays.

Oligonucleotide Name Sequence

ss-NG *ACT CGCCGT CT G AACCT A

ds-NG *ACT CGCCGT CT G AACCT A
TGAGCGGCAGACTTGGAT

BLAD T GAGT ATT CAACATTT CCGTGT CG

Poly-A AAAAAAAAAAAAAAAAAA

Poly-T TTTTTTTTTTTTTTTTTT

Poly-G GGGGGGGGGGGGGGGGGG

Poly-C CCCCCCCCCCCCCCCCCC

* Indicates location of biotinylation
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KB7 pili (Figure 2-8-A). PAK and K122-4 pili bound the ds-oligonucleotide with 

roughly equivalent affinities, displaying Kds/apparent Kas of 57 nM / 1.8x107 M'1 

and 50 nM / 2x107 M"1, respectively (Fig. 2-8-A). All three types of pili were also 

able to bind to a ss-oligonucleotide containing the N. gonorroheae uptake 

sequence with slightly, but not significantly higher affinities compared to the ds- 

oligonucleotide (data not shown).

Competitive binding assays using immobilized PAK pili were then performed 

to determine if binding to the N. gonorrhoeae uptake sequence was specific. An 

unrelated ss-oligonucleotide of approximately the same length (BLAD; see Table 

2-1) was used to inhibit binding of the ss-NG-oligonucleotide to the immobilized 

pili (Figure 2-8-B). The ability of this oligonucleotide to inhibit binding indicates 

that the pilus-mediated DNA binding is not specific for the N. gonorrhoeae uptake 

sequence. Again, binding of the ss-oligonucleotides to immobilized PAK pili is 

not influenced by the biotin-tag as S1 nuclease treated ss-biotin-oligonucleotide 

was unable to bind (Figure 2-8-C). To evaluate the possibility that base 

composition influenced oligonucleotide binding, I employed unlabeled single 

stranded poly A, T, G, and C oligonucleotides (Table 2-1) as solution phase 

competitors in binding assays with the single stranded biotinylated-A/. 

gonorrhoeae uptake sequence. Poly-C and poly-T oligonucleotides were able to 

inhibit binding of the PAK pili to the N. gonorrhoeae uptake sequence (Figure 2-

8-B). However, poly-A and poly-G oligonucleotides were unable to inhibit binding 

of the PAK pili to the N. gonorrhoeae uptake sequence (Figure 2-8-B). 

Therefore, pyrimidine base interactions may be favored over purine base
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Figure 2-8. Direct and competitive binding assays using biotinylated 
oligonuceotides to immobilized P. aeruginosa pili purified from strains PAK, 
K122-4, and KB7. (A). Concentration dependence of binding a biotinylated 
double-stranded oligonucleotide containing the N. gonorrheae uptake 
sequence (Table 1) to immobilized PAK (■), K122-4 (•), or KB7 pili (T). 
Varying concentrations of the ds-NG-oligonucleotide were added to the plates 
containing the immobilized pili and incubated for 1.5 hours at room
temperature. Binding was quantified spectrophotometrically using 
streptavidin-HRP. The results presented are the means and standard
deviations of at least 3 replicates from 2 independent experiments. (B). Direct 
competitive binding assay using single-stranded oligonucleotides (Table 1) 
against biotinylated ss-NG-oligonucleotide to immobilized PAK pili. 15nM of 
biotinylated ss-NG-oligonucleotide was mixed with varying concentration of 
unlabeled NG (A), BLAD (X), poly-C (o), poly-A (□), poly-T (0), or poly-G (*) 
added to the microtitre plates containing immobilized PAK pili and incubated 
for 1.5 hours. Binding was quantified spectrophotometrically using
streptavidin-HRP. The results presented are the means and standard
deviations of at least 3 replicates from 2 independent experiments. (C). Direct 
binding of S1 nuclease treated ss-NG (A) or untreated ss-NG (A)  to 
immobilized PAK pili.
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interactions during pilus-mediated DNA binding in the absence of apparent 

sequence specificity.

2. 3. 5. DNA binding is a tip-associated event that is dependent on the 

quaternary structure of the pilus

In order to determine which attributes of the intact pilus are involved in 

mediating DNA binding a series of antibody inhibition assays were performed. 

As I had established that DNA binding is dependent on the intact pilus structure 

as pilin monomers were unable to bind DNA (Fig. 2-4-A and 2-4-B), the relative 

importance of the pilus base and tip in DNA binding were examined. 

Monoclonal antibodies including MAb PK3B and MAb PK99H, which are specific 

for the base of the pilus and the C-terminal receptor binding domain involved in 

adherence to asialo-GMi (Doig et at., 1990), respectively, and polyclonal PAK 

antibodies (Sastry et a i, 1985b) were employed in this study. PAK pili were pre- 

incubated with saturating amounts of antibodies and then added to microtitre 

plates containing immobilized pUCP19 plasmid. Pre-incubation with MAb PK3B 

produced only marginal inhibition compared to PAK pili probably through steric 

interference (Figure 2-9-A). Pre-incubation with both MAb PK99H and polyclonal 

PAK antibodies caused a large reduction in binding to the immobilized pUCP19 

(Figure 2-9-A). These data indicate that DNA binding is a tip-associated event 

that requires other attributes of the intact pilus, since polyclonal PAK pili 

antibodies caused further reduction in binding compared to MAb PK99H. 

Biotinylation of PAK pili has no effect on antibody recognition nor does
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Figure 2-9. Antibody inhibition of binding biotinylated PAK pili to immobilized 
pUCP19. pUCP19 was immobilized into the wells of microtitre plates using poly- 
L-lysine. (A). Biotinylated PAK pili was either untreated (■) or pre-incubated with 
PK99H (*), PK3B (A), or polyclonal PAK (o) antibodies for 45 minutes at room 
temperature. Reactions were then added to microtitre plates containing 
immobilized pUCP19 plasmid and incubated for 1.5 hours at room temperature. 
Binding was quantified spectrophotometrically using streptavidin-HRP. The 
results presented are the means and standard deviations of at least 3 replicates 
from 2 independent experiments. (B). ELISA using immobilized unlabeled (black 
bars) or biotinylated (white bars) PAK pili and streptavidin-HRP, PK99H, PK3B, 
and polyclonal PAK. Results presented are the means and standard deviation of 
3 replicate wells.
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streptavidin recognize unlabeled PAK pili (Figure 2-9-B). Since DNA binding was 

a tip-associated event but involved the intact pilus structure, the relative 

contribution of the C-terminal receptor binding domain to DNA binding was 

determined. A direct competition of biotinylated PAK pili and PAK(128-144)ox 

peptide (Lee et a i, 1994) was performed. The PAK(128-144)ox peptide, which is 

an analog of the C-terminal receptor binding domain (Lee et al., 1994) was 

unable to inhibit pilus-mediated DNA binding even at concentrations 1000 fold 

higher than the biotinylated PAK pili (Figure 2-10). These observations again 

support the hypothesis that the intact pilus structure is required for DNA binding 

and although DNA binding is tip-associated the binding domain does not appear 

to overlap with the C-terminal binding domain involved in adherence to asialo- 

GMi.

2. 4. Discussion

Electrostatic modeling of the solvent exposed surface of K122-4, PAK, and 

KB-7 modeled pili suggests that a band of positive charge may be a common 

feature of type IV pili (Fig. 2-1-A). This band is present in a groove formed by the 

P-sheet domain found in the pilin monomers (Audette et a i, 2004a; Hazes et a i, 

2000; Paranchych et a i, 1979). Examination of this domain in PAK (Hazes et a i, 

2000) and K122-4 (Audette et a i, 2004a) reveals that there are a large number 

of solvent exposed Thr residues in the region (Fig. 2-1-B), a residue that has
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Figure 2-10. The synthetic peptide PAK(128-144)ox representing the C-terminal 
receptor binding domain does not inhibit binding of biotinylated PAK pili to 
immobilized DNA. Varying concentrations of PAK(128-144)ox were added to 
biotinylated PAK pili at a set concentration of 0.3 pg/mL. The reactions were 
then added to microtitre plates containing immobilized DNA and incubated for 1.5 
hours at room temperature. Binding was quantified spectrophotometrically using 
streptavidin-HRP. The results presented are the means and standard deviations 
of at least 3 replicates from 2 independent experiments.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

78



been found to mediate DNA backbone interactions in other DNA-binding proteins 

(Luscombe et a i, 2001). Furthermore, a number of solvent exposed Lys, Asn, 

and Gly residues were found in this area (Figure 2-1-B), and these side chains 

have also been previously ascribed roles in DNA binding events (Luscombe et 

al., 2001). The CATH protein structural classification database (Orengo et a i, 

1997) indicates that the pilin structure may be classified as a 2-layer sandwich of 

the a-(B folding class. The closest structural match to pilin that contains only this 

architecture appears to be the major coat proteins of icosahedral RNA phage 

belonging to the Leviviridae family, which include bacteriophages MS2, Ga, Q- 

beta and PP7. These are simple viruses containing a single stranded positive- 

sense RNA molecule, a maturation protein, and 180 identical coat protein 

molecules that form the shell of the virus and bind the phage RNA forming an 

icosahedral lattice with a triangulation number of 3 (Golmohammadi et a i, 1993). 

MS2 coat protein dimers bind RNA through direct interaction of solvent exposed 

side chains of P-sheet residues, and where Ser and Thr side chains contribute 

directly to a purine binding specificity (Helgstrand et a i, 2002). Interestingly, 

there is a solvent exposed Thr residue at position 98 in the K122-4 structure, 

which is conserved in the p-sheet structure of all type IV pili sequences examined 

to date (Figure 2-1-B) (Audette et a i, 2004a). This domain has additional solvent 

exposed Thr residues (Figure 2-1-B) and these additional Thr residues may 

contribute to a pyrimidine binding preference. Thr98 may be conserved to 

facilitate DNA binding, as all variants of pili tested in this study maintain the ability 

to bind DNA even though the surface electrostatics vary.
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I have shown that PAK, K122-4, and KB-7 pili were all able to bind directly to 

bacterial plasmid (Figure 2-4-A) and salmon sperm DNA (Figure 2-4-B) in a 

concentration dependent fashion. This suggests that the polymorphism in the 

pilin proteins (Hahn, 1997) does not affect the ability of the assembled pilus to 

bind to DNA. However, polymorphism in the pilin proteins does affect the affinity 

of the intact pilus for DNA as PAK had the highest apparent affinity followed by 

K122-4 and KB-7 pili respectively. In addition, DNA binding is a function of the 

intact pilus structure as pilin monomers are unable to bind to DNA from either 

source (Figure 2-4-A and 2-4-B). These observations indicate that the DNA 

binding site spans at least two pilin monomers or that the assembled monomer 

conformation in the pilus differs from the conformation of an unassembled 

monomer. Interestingly, Audette et at. (2004c) recently proposed that the K122-4 

monomeric pilin may have a conformation in solution that differs from the pilin 

structure solved by X-ray crystallography (Audette et a i, 2004a). Although pilus- 

mediated DNA binding has been examined in N. gonorrhoeae and the conclusion 

drawn that pili do not bind DNA (Dorward and Garon, 1989; Mathis and Scocca,

1984), those studies were performed under conditions that would disassemble 

the pilus structure into monomeric units, and I have demonstrated that pilin 

monomers are unable to bind DNA (Figure 2-4-A and 2-4-B).

Non-specific DNA binding has previously been correlated to the expression of 

type IV pili composed of P. aeruginosa PAK pilin in N. gonorrhoeae (Aas et al., 

2002), and in multi-piliated retraction deficient mutants of P. stutzeri (Graupner et 

a i, 2001). Although this non-specific binding activity of the type IV pili may not
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be important for natural transformation, pilus-deficient strains of naturally 

transformable species have reduced DNA uptake potential (Friedrich et at., 

2002b; Graupner et a i, 2000a; Stone and Kwaik, 1999a). Furthermore, although 

P. aeruginosa is not naturally transformable, the type IV pili from this species can 

complement pilus mutants in natural transformation competent species (Aas et 

a i, 2002; Graupner et a i, 2000a), indicating that type IV pili have a conserved 

role during the process of natural transformation. Therefore, the non-specific 

DNA binding activity of type IV pili may increase the DNA uptake in naturally 

transformable species, potentially through retraction of the pilus to bring the DNA 

in contact with specific receptors on the cell surface (Fussenegger et a i, 1997). 

As functional type IV pili are not necessarily required for natural transformation 

(Graupner et a i, 2001; Long et a i, 2003), the non-specific DNA binding activity 

of the pili would only increase the amount of DNA available for uptake and 

therefore increase uptake frequency. In this regard, it is interesting to note that 

P. aeruginosa has homologues to several of the proteins required for DNA 

uptake in N. gonorrhoeae including ComE, ComA, and ComL (Stover et a i, 

2000).

The different pili types displayed different apparent affinities for DNA. The 

results from both direct and competitive binding assays suggest that PAK pili 

have the highest apparent affinity for DNA followed by K122-4 and KB-7, 

respectively (Figures 2-4-A, 2-4-B, and 2-5). Pilus-DNA backbone interactions 

contribute significantly to pilus-mediated DNA binding as poly-phosphate is able 

to reduce the binding of K122-4 and PAK pili to both bacterial plasmid and
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salmon sperm DNA by more than 50% (Figure 2-7-A). Electrostatics and 

backbone interactions are dominant features of KB-7 pilus-mediated DNA 

binding as poly-phosphate could inhibit binding by more than 90% (Figure 2-7-A). 

The type IV pili of P. aeruginosa may potentially facilitate poly-phosphate uptake, 

as the results of this study indicate that pili can bind directly to poly-phosphate 

(Figure 2-7-A) and poly-phosphate active transport in P. aeruginosa is well 

documented (Poole and Hancock, 1984). After binding, pilus retraction could 

bring the poly-phosphate through the outer membrane to receptors on the inner 

membrane. Interestingly, poly-phosphate kinase and/or polyphosphate appear to 

be required for twitching motility (Rashid and Kornberg, 2000) and biofilm 

formation (Rashid et ai., 2000) in P. aeruginosa, two functions that also require 

type IV pili.

Although pilus-mediated DNA binding is dominated by electrostatics as DNA 

binding can be inhibited by poly-phosphate (Figure 2-7-A), other features of the 

DNA structure must also play a role in binding as the K122-4 pilus, which has the 

most positive p-sheet region (Figure 2-1-A) did not have the highest affinity for 

DNA, and binding studies performed in the presence of varying salt 

concentrations indicate that there is a specific component to DNA binding (Figure 

2-7-C). Also, PAK and K122-4 pili, but not KB-7 pili were able to bind a ds- 

oligonucleotide with approximately the same apparent affinities (Figure 2-8-A). 

Therefore, short sequences of DNA are bound by PAK and K122-4 pili with 

similar energetics. Since KB-7 had a higher Kd for DNA (Figure 2-4) and 

because electrostatics dominate the interaction as poly-phosphate could inhibit
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DNA binding by more than 90% (Figure 2-7-A) it is not surprising that a short 

oligonucleotide was unable to bind (Figure 2-8-A). In addition, it can be 

concluded that DNA binding is not dependent on a specific sequence as several 

oligonucleotides are able to bind PAK pili with similar apparent affinities (Figure

2-8-B). However, single stranded oligonucleotides containing only pyrimidine 

bases were able to inhibit binding of single stranded N. gonorrhoeae 

oligonucleotide indicating that pilus-mediated DNA binding displays base 

specificity or preference in the absence of sequence specificity (Figure 2-8-B). 

This apparent base composition preference may reflect either specificity of the 

DNA binding site on the pilus or specific physicochemical features of the single 

stranded oligonucleotides (i.e., the secondary structure of purine versus 

pryrimidine oligonucleotides) could influence binding.

DNA binding is a tip-associated event, but not a base-associated event with 

PAK pili as antibodies to the tip, but not the base of the pilus inhibited DNA 

binding (Figure 2-9-A). Additional features present in the quaternary structure of 

the pilus are also involved in DNA binding, as polyclonal PAK antibodies inhibited 

binding to a greater degree than the tip specific antibodies (Figure 2-9-A). This 

suggests that binding occurs both at or near the pilus tip and along the pilus 

filament. Furthermore, an analog of the C-terminal receptor binding domain of 

PAK pili (a synthetic peptide PAK(128-144)ox) and monomeric pilins are unable 

to inhibit pilus-mediated DNA binding (Figure 2-10) providing further support for 

the hypothesis that DNA binding is a function of the intact pilus.
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Pilus-mediated DNA binding likely plays a role during biofilm formation as 

both extracellular DNA and type IV pili are required for P. aeruginosa biofilm 

formation (O'Toole and Kolter, 1998; Whitchurch et al., 2002). DNA increases P. 

aeruginosa and type IV pilus binding to stainless steel which strongly suggests 

that the pilus DNA binding function plays a role in biofilm formation (van Schaik 

et al., in preparation). DNA may aid in the formation of microcolonies as type IV 

pili are involved in the formation of cell clusters that require both cell-cell and cell- 

surface interactions (O'Toole and Kolter, 1998). Since pilus-mediated DNA 

binding is likely a multivalent interaction, aggregates of cells and DNA that are 

attached to a surface could potentially form. Interestingly, there is a high 

concentration of DNA in the lungs of patients with CF as a result of neutrophil 

necrosis (Tomkiewicz et al., 1993) or specific secretion of DNA (Brinkmann et al., 

2004). This DNA may assist in the formation of a P. aeruginosa biofilm, and thus 

contribute to persistent colonization. Biofilm formation is involved in chronic 

colonization, as P. aeruginosa isolates from the lungs of CF patients have a 

mucoid phenotype characterized by the production of alginate, an 

exopolysaccharide produced during biofilm formation (Govan and Deretic, 1996). 

P. aeruginosa found in sputum obtained from CF patients are organized into 

clusters reminiscent of biofilms, produce quorum sensing agents required for 

biofilm formation, and are not associated with the mucosal epithelial surface 

(Singh et al., 2000).

I have demonstrated that the type IV pili from three strains of P. aeruginosa 

can bind directly to multiple forms of DNA. This is a function of the intact pilus

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and potentially a tip-associated event involving other aspects of the quaternary 

structure. This binding event is dominated through interactions to the DNA 

backbone; however there is an apparent preferential interaction with the 

pyrimidine bases. The ability of the type IV pilus of P. aeruginosa to bind DNA 

could be involved in biofilm formation in the course of infection or during 

colonization of abiotic surfaces.
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Chapter 3

Multiple Epitopes are Associated with the C-Terminal 

Receptor Binding Domain of Pseudomonas aeruginosa Type

IV Pilus

A version of this chapter is in preparation for submission to the Journal of 

Bacteriology, van Schaik, E.J., Giltner, C.L., Hodges, R.S., and Irvin, R.T.

C.L. Giltner helped with revision of the manuscript. R.S. Hodges synthesized 

and conjugated the PAK pilin peptides used in this study.
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3.1. Introduction

Pseudomonas aeruginosa is an opportunistic pathogen that is a leading 

cause of gram-negative nosocomial infections, which are difficult to treat because 

of a high resistance to antimicrobials (Obritsch et al., 2005). P. aeruginosa, like 

most other gram-negative bacteria produce filamentous surface appendages 

termed pili or fimbriae. Type IV pili are one class of fimbriae that are associated 

with the ability to colonize the host, and in fact, pilus deficient strains of Neisseria 

gonnorhoeae (Swanson et al., 1987), Vibrio cholerae (Herrington et al., 1988), 

enteropathogenic Escherichia coli (Bieber et al., 1998), and P. aeruginosa (Sato 

et al., 1988; Tang et al., 1995) are severely attenuated in their ability to cause 

infections. Although type IV pili play a central role during infection, these are 

multifunctional structures and are involved in several bacterial processes. The 

type IV pili of many species are also necessary for twitching motility (Mattick,

2002), biofilm formation (O'Toole et al., 2000), natural transformation (Dubnau, 

1999) and act as receptors for bacteriophage infection (Bradley, 1974).

The structural subunit of the type IV pilus is termed the pilin, of which there 

are two families, the type IVa and the type IVb (Craig et al., 2004). The 

structures of several type IVa pilins from different species have been solved by 

X-ray crystallography (Audette et al., 2004a; Hazes et al., 2000; Parge et al., 

1995). These studies revealed a common structural architecture for type IVa 

pilins consisting of a long N-terminal a-helix packed onto a 4-stranded anti

parallel [3-sheet (Craig et al., 2004). In addition to the type IVa pilins, several of 

the type IVb pilin structures have been solved by X-ray crystallography (Craig et
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al., 2003) and NMR (Ramboarina et al., 2005; Xu et al., 2004). The type IVb 

pilins are larger and have extra structural features, although the basic topology is 

similar to the type IVa pilins (Craig et al., 2004). Both pilin types are assembled 

by a complex protein machine resembling the type II secretion system in gram- 

negative bacteria (Peabody et al., 2003). The products of assembly are polar 

surface fibers that are approximately 6 nm wide and up to several micrometers 

long (Folkhard et al., 1981).

Although the solved structures of several type IVa and type IVb pilins are 

available, the actual assembly and quaternary structure of the intact pilus 

remains a mystery. The current hypothetical models of the pilus have all been 

created assuming that the N-terminal a-helices form the central core of the pilus 

structure functioning as oligomerization domains. Therefore, in the intact pilus 

structure the N-terminal a-helices from each pilin subunit are found in coil-coiled 

bundles all the way through the interior of the pilus (Craig et al., 2004). Most of 

the hypothetical type IVa pilus models are 1-start helix models that differ in the 

handedness and also the number of subunits per turn (Craig et al., 2004; Hazes 

et al., 2000; Keizer et al., 2001; Parge et al., 1995). In contrast, all the theoretical 

type IVb pilus models are 3-start left-handed helix models (Craig et al., 2003; 

Ramboarina et al., 2005; Xu et al., 2004). Interestingly, a 3-start left-handed 

helix model has been proposed for PAK, a member of the type IVa pilus family 

(Craig et al., 2004).

Additional information on the quaternary pilus structures has come from 

antibody studies, which have determined the surface exposed amino acid
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residues, and defined the binding domains. Polyclonal anti-pilus sera, for 

example has been used to identify surface exposed and immuno-dominant 

epitopes for P. aeruginosa strains PAK, PAO, and N. gonorrhoeae (Forest et al., 

1996; Sastry et al., 1985b; Smart et al., 1993). Although these studies have 

discovered similar surface exposed regions and differences in immuno-dominant 

epitopes, all agree that the C-terminal hypervariable disulfide bonded loop of 

both P. aeruginosa (Lee et al., 1989a) and N. gonorrhoeae are immuno-dominant 

(Forest et al., 1996). Further investigation demonstrated that this epitope is 

exposed both at the tip and along the length of the pilus from N. gonorrhoeae 

(Forest et al., 1996), but evidence for the exposure of the C-terminal disulfide 

bonded loop in P. aeruginosa is contradictory. Lee et al. (1994) demonstrated 

that this domain is only exposed at the tip of the P. aeruginosa type IV pilus. 

Recent indirect evidence suggests that the C-terminal disulfide bonded loop is 

exposed along the entire length of P. aeruginosa pili (Smedley et al., 2005). This 

latter study on the 1244 glycosylated pili revealed that the glycan attached to the 

C-terminal amino acid residue is exposed along the length of the pilus (Smedley 

et al., 2005).

Antibody studies with P. aeruginosa have also demonstrated that the C- 

terminal disulfide bonded loop of the pilin is involved in cellular adherence (Doig 

et al., 1990; Lee et al., 1994). These studies were performed with two well 

characterized monoclonal antibodies (MAb) specific to the C-terminal receptor 

binding domain (RBD) of P. aeruginosa pili. The murine MAb PK99H recognizes 

amino acid residues 134-140 of the PAK pilin monomer (Wong et al., 1992),
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inhibits binding to Buccal epithelial cells (Doig et al., 1990), and is protective by 

passive immunization (Sheth et al., 1995). The murine MAb PAK-13, however, is 

cross-reactive and recognizes the C-terminal RBD of several P. aeruginosa 

strains (Campbell et al., 1997). In addition, passive administration of MAb PAK- 

13 provides protection against challenge with several P. aeruginosa strains 

(Sheth et al., 1995). Both these monoclonal antibodies have been invaluable in 

determining the function of the C-terminal RBD, and in development of a 

synthetic peptide vaccine against P. aeruginosa infection (Cachia and Hodges,

2003). Another partially characterized murine MAb exists, MAb PKL1, 

recognizes the C-terminal RBD in direct ELISAs (Yu et al., 1994) and confers 

protection against PAK P. aeruginosa challenge by passive immunization. The 

current study was undertaken to further characterize MAb PKL1 and explore the 

structure-function relationship of the C-terminal RBD in the native P. aeruginosa 

PAK pili.

MAb PKL1 bound with minimal affinity to the C-terminal peptides from PAK 

pilin with an endpoint titre of 10-4 corresponding to an antibody concentration of

2.3 pg/mL versus endpoint titres of 10'7 corresponding to an antibody 

concentration of 0.23 ng/ml_ for the intact PAK pilus and monomeric PAK pilin 

subunit. As MAb PKL1 has minimal affinity for the linear peptides of PAK pilin 

(including the C-terminal RBD) therefore MAb PKL1 must recognizes a 3- 

dimensional epitope present in the PAK pilin. In addition, the MAb PKL1 epitope 

does not overlap with the MAb PK99H antigenic epitope. I propose that the MAb 

PKL1 epitope is associated with the loop and the connecting (3-strands adjacent

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to the C-terminal RBD. Interestingly, MAb PKL1 is significantly more effective 

than MAb PK99H at inhibiting epithelial cell binding. Furthermore, it was 

demonstrated that the C-terminal RBD is exposed along the length of the PAK 

pilus, which supports the 3-start left-handed helix model of the intact pilus 

described by Craig et al. (2004). These results have important implications for 

the binding functions of the C-terminal RBD of the type IV pilus from P. 

aeruginosa.

3. 2. Material and Methods 

3. 2.1. Bacterial strains

P. aeruginosa strain K (Bradley and Pitt, 1974) and mutants of this parental 

strain including APil, a strain constructed by deleting a region encoding most of 

the pilA and pilB genes (kindly provided by J. Boyd), and 2Pfs, a multi-piliated 

mutant (Bradley, 1974), were used in this study. P. aeruginosa strains were 

routinely grown in Luria-Bertani or tryptic soy broth at 37°C. PAK pili were 

purified from PAK 2Pfs as previously described (Paranchych et al., 1979). The 

purity and structural integrity of the pili were confirmed by 15 % SDS-PAGE using 

standard methods (Sambrook et al., 1989) and by electron microscopy using a 

Hitachi H-800i electron microscope operating at an accelerating voltage of 75 kV 

following staining with 1% aqueous molybate (pH 7.0). PAK pilin was purified 

using the previously constructed A(1-28) truncated PAK pilin expressed in 

Escherichia coli BL21, as described elsewhere (Hazes et al., 2000). Purified

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PAK pili and PAK bacteria were biotinylated using previously described protocols 

(Yu et al., 1996). The protein concentrations of purified PAK pili, PAK pilin, MAb 

PK99H, and MAb PKL1 were determined using a BCA assay (Pierce). The 

functionality of the biotinylated PAK pili was determined by assessing the 

adherence to asialo-GM-i and GMi as described previously (Lee et al., 1994). 

The viability of the PAK wild type and mutant bacteria were determined following 

biotinylation using viable counts after serial dilution in phosphate buffered saline 

pH 7.4 (0.01 M phosphate pH 7.4, 0.15 M NaCI) (PBS).

3. 2.2. Peptide synthesis and conjugation to protein carriers

The peptides used in this study were synthesized using the Merrifield solid- 

phase synthesis procedure (Gisin, 1973) on a peptide synthesizer (model 990 

Beckman Instruments). The addition of protected amino acids and cleavage of 

the peptides from the resins has been described previously (Parker and Hodges,

1985). The cleaved peptides were then purified using HPLC on a SynChropak 

C18 column (Synchrom) by a previously described protocol (Lee et al., 1989b). 

Where necessary, the intrachain disulfide bridges in the peptides were formed by 

air oxidation (Hodges et al., 1988). The formation of the disulfide bridges was 

monitored using circular dichroism as previously described (Matsoukas et al., 

1984). The peptides were either used directly or conjugated to keyhole limpet 

hemocyanin (KLH) or bovine serum albumin (BSA) via a photoactivated cross

linker, which was added during synthesis, while the peptides were still on the 

solid matrix (Parker and Hodges, 1985). The covalent attachment of the peptide
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carrier was performed by a previously described protocol (Lee et al., 1989b). 

See Table 3-1 for the list of peptides used in this study and their amino acid 

sequences.

3. 2. 3. Enzyme linked immunoassays

ELISAs were performed by coating PAK pili or PAK peptide-BSA conjugates, 

at concentrations of 10 pg/mL and 5 pg/mL respectively in 0.01 M sodium 

carbonate buffer pH 9.5, into 96 well polystyrene plates (Corning) using standard 

procedures (Engvall, 1980). The plates were then blocked with 5 % (w/v) BSA in 

PBS, pH 7.4 overnight at 4°C. The plates were washed 3 times with 0.05 % (w/v) 

BSA in PBS, pH7.4 (buffer A) and antibody dilutions were added to the plates in 

buffer A. The monoclonal antibodies (MAb PK99H and MAb PKL1) used in this 

study have previously been fully (Doig et al., 1990; Wong et al., 1992) or in part 

characterized (Yu et al., 1994) respectively. The polyclonal anti-PAK(128-144)ox 

serum used in this study as a positive control has been described previously (Lee 

et al., 1989b). Competitive ELISAs were performed by pre-incubation of the 

antibodies with peptides, PAK pili, or PAK pilin for 30 minutes at 37°C.

Sandwich ELISAs were performed by coating 5 pg/mL or 10 pg/mL of MAb 

PKL1 and MAb PK99H respectively in 0.01 M sodium carbonate buffer, pH 9.5 

into 96 well polystyrene plates (Corning). The plates were washed three times 

with buffer A and then blocked with 5% (w/v) BSA in PBS, pH 7.4 overnight at 

4°C. Biotinylated PAK pili at a concentration of 2.5 pg/mL were pre-incubated 

with 10'2 to 10‘6 dilutions of MAb PKL1 or MAb PK99H for 30 minutes at room
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Table 3-1. The synthetic PAK pilin peptides of the C-terminal RBD used either 
un-conjugated or conjugated to KLH or BSA.

Peptide
PAK(128-144)ox 
PAK(128-144)red

PAK(116-144)ox

PAK(116-144)red

PAK(134-140) 
PAK(117-125) 
PAK(137-144)

Sequence
Ac-KCTSDQDEQFIPKGCSK-OH
Ac-KCTSDQDEQFIPKGCSK-OH

Ac-ITLTRTAADGLWKCTSDQDEQFIPKGCSK-OH

Ac-ITLTRTAADGLWKCTSDQDEQFIPKGCSK-OH

Ac-DEQFIPK-amide
Ac-TLTRTAADG-OH
Ac-FIPKGCSK-OH

These peptides were synthesized by solid phase and are N-a-acetylated with 
a free carboxyl with the exception of PAK(134-140), which was synthesized 
as the N-a-acetylated amide peptide because of its short length. The 
peptides that had a formed disulfide bridge between cysteines 129 and 142 
are labeled ox, while the un-oxidized forms are labeled red. The PAK(128- 
144)ox represents the native form of the peptide in the C-terminal RBD or the 
pilin.
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temperature (RT) before being applied to the plates containing immobilized 

antibodies. Whole cell ELISAs were performed by coating P. aeruginosa at an 

OD600 at 1-0 diluted from an overnight culture in 0.01 M sodium carbonate buffer 

pH 9.5 into 96 well polystyrene plates (Corning). The plates were washed three 

times with buffer A and then blocked with 5% (w/v) BSA in PBS, pH 7.4 overnight 

at 4°C. The antibodies and biotinylated PAK cells or pili were detected by 

incubating mouse or rabbit 2nd antibody conjugates (Jackson Laboratories, Inc.) 

or streptavidin conjugated to horseradish-peroxidase (Sigma) for one hour at 

37°C. The plates were then washed three times with buffer A followed by 

development by adding substrate buffer (0.01 M sodium citrate buffer pH 4.2 

containing 1 mM 2,2’-Azino-di-[3-ethylbenzthiazoline-6-sulfonic] acid 

diammonium salt (ABTS) and 0.03% (v/v) hydrogen peroxide) for five to 20 

minutes. The absorbance readings were measured at 405 nm using a Multiskan 

Plus version 2.01 plate reader.

3. 2. 4. Transmission immuno-electron microscopy

Purified PAK pili at a concentration of 1 pg/mL in PBS, pH 7.4 were applied to 

formvar-coated copper grids for ten minutes at RT. The grids were then blocked 

with 1% (w/v) skim milk (Fisher) and 0.1% (v/v) Tween 20 (Fisher) in PBS, pH 

7.4. The grids were then washed two times with 0.1 % (v/v) Tween 20 in PBS, pH

7.4 for three minutes. The rabbit polyclonal anti-PAK pili sera (Sastry et al., 

1985b) or the rabbit polyclonal anti-PAK(128-144)ox sera (Lee et al., 1989b) 

were added to the grid at a 1:1000 dilution and incubated for one hour at RT.
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The grids were washed three times with 0.1% (v/v) Tween 20 in PBS, pH 7.4 for 

three minutes. 20 nm Colloidal gold particles conjugated to goat anti-rabbit sera 

(E Y Laboratories) were added to the grids at a 1:100 dilution and incubated for 

one hour at RT. The grids were washed three times with 0.1% (v/v) Tween 20 in 

PBS, pH 7.4 for three minutes and two times in 0.22 pm filtered H20. The grids 

were then stained briefly with 1% phosphotungstic acid, pH 6 and the excess 

stain was removed with filter paper. Images were taken using a Hitachi H-700i 

electron microscope operating at an accelerating voltage of 75 kV.

3. 2. 5. Direct binding assays

The methods for assessing direct binding to asialo-GMi by purified PAK pili or 

P. aeruginosa cells have been described previously (Lee et al., 1994). Briefly, 

glycosphingolipids in methanol were coated into 96 well polystyrene plates by 

evaporation overnight at 4°C. The plates were blocked with 3% (w/v) BSA at 

37°C for one hour followed by three washes with buffer A. Direct binding to 

Buccal epithelial cells (BECs) was performed using a previously described 

protocol with some modifications (Sexton and Reen, 1992). 24 Well tissue 

culture plates (Corning) were coated with poly-L-lysine at a concentration of 50 

pg/mL at 37°C for two hours followed by two washes with PBS, pH 6.8. BECs 

were collected from healthy volunteers using wooden applicator sticks into PBS, 

pH 6.8, and filtered through 70 pm nylon mesh. BECs were added to the plates 

at a concentration of 1 x 105 cells/mL as determined by direct counts using a 

hemacytometer and incubated at 37°C for 45 minutes. The plates were then
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centrifuged at 1000 x g for 10 minutes at 22°C. The unbound BECs were 

removed by aspiration and the plates were incubated overnight at 4°C with PBS, 

pH 6.8. The BEC plates were blocked with 2 mg/mL gelatin in PBS, pH 6.8 for 

two hours at RT and then washed three times with PBS, pH 6.8. The direct DNA 

binding assays were performed by a previously described protocol (van Schaik et 

al., 2005). The above prepared plates were used for direct binding assays with 

biotinylated or unlabeled PAK pili or P. aeruginosa bacteria after a 30 minute pre

incubation with saturating concentrations of MAb PK99H or MAb PKL1. The 

plates were developed using the same method described above for ELISA 

assays.

3. 3. Results 

3. 3.1. Antibody titres to PAK pili and PAK pilin

The murine monoclonal antibody MAb PKL1 subtype lgG3(K) has not been 

extensively characterized, but based on direct ELISAs using the synthetic 

peptide PAK(128-144)ox, appeared to have the same specificity as the murine 

monoclonal antibody MAb PK99H subtype lgG1(K) (Doig et al., 1990; Wong et 

al., 1992; Yu et al., 1994). The monoclonal antibody MAb PK99H recognizes an 

epitope comprising amino acids 134-140 of PAK pilin and is able to inhibit pilus 

mediated binding to host cell receptors (Doig et al., 1990; Wong et al., 1992). 

However, recent studies suggested that MAb PKL1 was not equivalent to MAb 

PK99H and thus I decided to further characterize MAb PKL1. Whole cell ELISAs
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determined that both MAb PKL1 and MAb PK99H recognized epitopes that were 

displayed on the exterior of P. aeruginosa PAK cells (Figure 3-1-A). Neither MAb 

PK99H nor MAb PKL1 had affinity for PAKAPil (an isogenic derivative of the PAK 

wild type strain that does not produce pili) indicating that these antibodies do not 

recognize any non-specific epitopes displayed on PAK cells (Figure 3-1-A). In 

addition, both monoclonal antibodies were specific for PAK, which agrees with 

previous results (data not shown) (Doig et al., 1990; Yu et al., 1994).

The MAb PK99H and MAb PKL1 antibodies were titred against both PAK pili 

and the monomeric PAK pilin (A1-28), missing the first 28 residues and therefore 

the hydrophobic N-terminal a-helix (Figure 3-1-B) (Hazes et al., 2000). MAb 

PKL1 and MAb PK99H had equivalent titres for PAK pili and monomeric PAK 

pilin (Figure 3-1-B). Even though the pilus is made up of approximately 1000 

PAK pilin subunits, the ELISAs used equivalent protein concentrations. 

Therefore, although the PAK pilin subunits are present as a quaternary structure 

in the pilus, a similar number of PAK pilin subunits should be present under both 

conditions. Figure 3-1-B indicates that the epitope of the monoclonal antibody 

MAb PKL1 is not a quaternary epitope present only in the intact PAK pilus fiber, 

as the titres for the intact pilus and pilin subunit were similar. To obtain 

equivalent endpoint titres of 10'7, protein concentrations of 0.23 ng/mL for MAb 

PKL1 and 0.4 ng/mL for MAb PK99H were required (Figure 3-1-B). All 

subsequent experiments were performed using concentrations of MAb PK99H 

and MAb PKL1 that result in equal titres for PAK pili. Interestingly, MAb PK99H 

had the same titre for both PAK pili and PAK pilin (Figure 3-1-B). This was
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Figure 3-1. (A) Whole cell ELISA using P. aeruginosa strains PAK, a wild type 
strain, PAKAPil, a pilus-deficient strain, and PAK2Pfs, a hyperpiliated strain. P. 
aeruginosa were coated into 96 well polystyrene plates at an OD6oo of 1 • The P. 
aeruginosa cells were detected using monoclonal antibodies PKL1 and PK99H. 
Development used rabbit anti-mouse 2° antibodies conjugated to horseradish 
peroxidase and ABTS. The absorbance readings were taken at 405nm. The 
results represent data from two independent experiments done in triplicate and 
error bars depict SEM. (B) Direct ELISA using purified PAK pili and monomeric 
PAK pilin (A1-28) missing the first 28 residues (Hazes et al., 2000). Purified 
proteins were coated into 96 well polystyrene plates at a concentration of 5 
pg/mL. Purified proteins were detected using PKL1 and PK99H. The 
development used rabbit anti-mouse 2° antibodies conjugated to horseradish 
peroxidase and ABTS. The absorbance readings were taken at 405nm. The 
results represent data from two independent experiments done in triplicate and 
error bars depict SEM.
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unexpected as previous results suggest the MAb PK99H epitope is only 

displayed at the tip of the pilus (Lee et al., 1994), in which case, it was expected 

that MAb PK99H would have a much high affinity for the PAK pilin. However, it is 

worth noting that the previous immuno-cytochemical studies used purified MAb 

PK99H IgG and indirect localization by colloidal gold-protein A. Potentially using 

this lower affinity probe to detect MAb PK99H was perhaps only effective at 

identifying clustered antibody binding sites (Lee et al., 1994).

3. 3.2. Antibody titres to PAK pilin peptides

PAK pilin peptides were used to determine the regions of the PAK pilin that 

each monoclonal antibody recognized and to determine if MAb PKL1 recognized 

a linear epitope present in the PAK pilin. As expected the monoclonal antibody 

MAb PK99H had affinity for peptides containing residues 134-140 or a 

combination of these residues from PAK pilin (data not shown) (Wong et al., 

1992). The endpoint titres of MAb PK99H for the synthetic peptide PAK(128- 

144)ox were the same as for the intact PAK pilus and the PAK pilin monomer 

(compare Figures 3-1-B and 3-2-B). Interestingly, MAb PKL1 had only marginal 

affinity for peptides containing the C-terminal RBD or amino acid residues 128- 

144 of the PAK pilin (Figure 3-2-A). Although both antibodies bound to C- 

terminal peptides containing amino acid residues 128-144, the affinities for these 

peptides were exceptionally different. MAb PK99H had an approximately 1000 

fold higher titre for PAK(128-144)ox when compared directly to MAb PKL1 

(Figure 3-2-B). The MAb PKL1 endpoint titre for the PAK(128-144)ox peptide
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Figure 3-2. (A) Direct ELISA using PAK pilin peptides from the C-terminal 
receptor binding domain conjugated to BSA. PAK pilin peptides were coated into 
96 well polystyrene plates at a concentration of 5 pg/mL. PAK pilin peptides 
were detected using PKL1. The development used rabbit anti-mouse 2° 
antibodies conjugated to horseradish peroxidase and ABTS. The absorbance 
readings were taken at 405nm. The results represent data from 3 independent 
experiments done in duplicate and error bars represent SEM. (B) Direct ELISA 
using PAK(128-144)ox conjugated to BSA. PAK(128-144)ox was coated into 96 
well polystyrene plates at a concentration of 5 pg/mL. The PAK(128-144)ox BSA 
conjugated peptide was detected using PKL1 and PK99H. The development 
used rabbit anti-mouse 2° antibodies conjugated to horseradish peroxidase and 
ABTS. The absorbance readings were taken at 405nm. The results represent 
data from 2 independent experiments done in triplicate and error bars represent 
SEM. (C) Competitive ELISA assay using purified protein and PAK pilin 
peptides. Purified PAK pili were coated into 96 well polystyrene plates at a 
concentration of 5 pg/mL. PKL1 and PK99H were pre-incubated with 5 pg/mL 
PAK pilin, PAK pili or 25 pg/mL PAK 128-144ox, PAK 117-125, or PAK 137-144 
for 30 minutes. Monoclonal antibody mixtures were added to the PAK pili coated 
plates. The development used rabbit anti-mouse 2° antibodies conjugated to 
horseradish peroxidase and ABTS. The absorbance readings were taken at 
405nm. The results represent the data from 3 independent experiments 
performed in triplicate and error bars represent SEM.
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was also approximately 1000 fold lower than the endpoint titres observed for 

PAK pili and PAK pilin monomer (compare Figure 3-1-B and 3-2-B). Neither 

antibody bound to any of the other peptides present in the PAK pilin (data not 

shown). As both monoclonal antibodies had affinities for the C-terminal peptides 

competitive ELISAs with PAK pili, PAK pilin, PAK(128-144)ox, PAK(117-125), 

and PAK(137-144) against immobilized PAK pili were performed to determine if 

these interactions were specific and physiologically relevant (Figure 3-2-C). The 

C-terminal peptides PAK(128-144)ox and PAK(137-144) were able to inhibit the 

binding of MAb PK99H to PAK pili as expected, confirming the specificity of this 

interaction (Figure 3-2-C). Also, in agreement with the data presented in Figure

3-1-B, both PAK pili and PAK pilin were able to inhibit MAb PK99H binding to 

PAK pili. None of the peptides tested had any effect on the binding of MAb PKL1 

to PAK pili (Figure 3-1-B). Therefore, as MAb PKL1 has a low affinity for C- 

terminal peptides and a very high affinity for the monomeric pilin, the MAb PKL1 

epitope must be a non-linear epitope involving a 3-dimensional structure near the 

C-terminal receptor binding domain of PAK pilin.

3. 3. 3. MAb PKL1 Inhibits MAb PK99H epitope recognition

The monoclonal antibodies MAb PK99H and MAb PKL1 do not have the 

same epitope specificity, even though MAb PKL1 has some affinity for the linear 

sequences in the C-terminal RBD (Figure 3-2-A) (Yu et al., 1994). As the MAb 

PKL1 titre for the intact PAK pilus was three orders of magnitude higher than the 

titre for the PAK(128-144)ox peptide, the MAb PKL1 should bind to a non-linear
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epitope present in the PAK pilin subunit (Figures 3-1-B and 3-2-B). However, it is 

possible that both monoclonal antibodies bind to epitopes that are present at the 

tip of the PAK pilus. Sandwich ELISAs were used to determine if MAb PKL1 

could inhibit MAb PK99H epitope recognition of PAK pili or vice versa. Both MAb 

PKL1 and MAb PK99H were able to inhibit epitope recognition by homologous 

monoclonal antibodies (Figure 3-3). However, only MAb PKL1 could inhibit 

epitope recognition by MAb PK99H (Figure 3-3). Therefore, the inhibition 

observed cannot be due to steric interference as in this case, MAb PK99H would 

have also prevented MAb PKL1 binding. This suggests that either MAb PKL1 

binds to more sites on the pilus than MAb PK99H or binding of MAb PKL1 to the 

pilus alters the MAb PK99H epitope.

3. 3. 4. MAb PKL1 binds close to or at the pilus tip and inhibits binding to 

several substrates

To determine if MAb PKL1 is able to bind to the tip of the pilus, cellular 

inhibition assays were used. MAb PKL1 was able to inhibit binding of PAK pili to 

both BECs (Figure 3-4-A) and to asialo-GMi (Figure 3-4-B). The polyclonal anti- 

PAK(128-144)ox rabbit sera was used as a positive control and as expected was 

able to inhibit binding to both BECs (Figure 3-4-A) and asialo-GMi (Figure 3-4-B). 

Interestingly, MAb PK99H did not produce significant inhibition of PAK pilus- 

mediated binding to either BECs (Figure 3-4-A) or asialo-GMi (Figure 3-4-B) at 

the antibody concentrations used. Therefore, MAb PKL1 is a much better 

inhibitor of PAK pilus-mediated cellular binding than MAb PK99H, which requires
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Figure 3-3. Indirect competitive ELISA assay using PKL1 and PK99H. 
Monoclonal antibodies PKL1 and PK99H were coated into 96 well polystyrene 
plates at concentrations of 5 pg/mL and 10 pg/mL respectively. Biotinylated 
purified PAK pili at 2.5 pg/mL were pre-incubated with 10'2 to 10'5 titers of PKL1 
or PK99H for 30 minutes. Monoclonal antibody and PAK pili reaction mixtures 
were added to the PKL1 and PK99H plates. Biotinylated PAK pili were detected 
using streptavidin conjugated to horseradish peroxidase and ABTS. The 
absorbance readings were taken at 405nm. The results represent data collected 
from 2 independent experiments performed in triplicate and error bars represent 
SEM.
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Figure 3-4. Inhibition of pilus-mediated cellular binding by monoclonal antibodies 
PKL1 and PK99H, or PAK(128-144)ox peptide. (A) PKL1, PK99H, or polyclonal 
anti-PAK(128-144)ox sera raised against the C-terminal RBD peptide (labeled 
PAK sera) were incubated with biotinylated purified PAK pili for 30 minutes at 
room temperature. Biotinylated PAK pili were then added to a BEC plate and 
incubated for 1 hour at 37°C. Plates were washed 3 times with buffer A and 
bound pili were detected using streptavidin conjugated horseradish peroxidase 
and ABTS. The absorbance readings were taken at 405nm. The results 
represent data collected from 3 independent experiments performed in triplicate 
and error bars represent SEM. (B) PK99H, PKL1, or polyclonal anti-PAK(128- 
144)ox sera were incubated with biotinylated purified PAK pili for 30 minutes at 
room temperature. Biotinylated PAK pili were then added to 96 well polystyrene 
plates containing immobilized asialo-GM! for 1 hour at 37°C. The plates were 
developed as described above. The absorbance readings were taken at 405nm. 
The results represent data collected from 3 independent experiments performed 
in triplicate and error bars represent SEM. (C) Inhibition of pilus-mediated 
binding to asialo-GMi using PK99H and PKL1 performed as described (Lee et 
al., 1994). The results represent data from 2 independent experiments 
performed in triplicate and error bars represent SEM. (D) PAK(128-144)ox at 
various concentration was incubated with biotinylated PAK pili at a concentration 
of 0.1 pg/mL for 30 minutes and then added to a BEC plate for 1 hour at 37°C. 
The plates were developed as described above. The results represent data 
collected from 2 independent experiments performed in triplicate and error bars 
represent SEM.
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very high antibody concentrations to cause significant inhibition (Doig et al., 

1990; Lee et al., 1994). As the antibodies were titreed against PAK pili, MAb 

PKL1 and MAb PK99H are directly comparable in all assays used (Figure 3-1-B). 

Although these assay used whole IgG molecules, previous reports have 

determined that Fab fragments of both MAb PK99H and MAb PKL1 are still able 

to inhibit cellular binding (Doig et al., 1990; Yu et al., 1994).

It is interesting that even though MAb PK99H has a higher titre for amino acid 

residues 134-140 (and therefore the C-terminal RBD) this antibody was not able 

to inhibit cellular adherence by more than approximately 20% (Figures 3-4-A and 

3-4-B). In contrast, MAb PKL1 at the same titre was able to inhibit cellular 

adherence by approximately 80% (Figures 3-4-A and 3-4-B). This assay was 

repeated using a different protocol with similar results (Figure 3-4-C) (Lee et al., 

1994). Potential concerns that MAb PK99H did not inhibit pilus-mediated cellular 

binding were addressed by performing a peptide inhibition assay using PAK(128- 

144)ox. In agreement with previous results this peptide was able to inhibit 

cellular adherence (Figure 3-4-D) (Irvin etal., 1989). Therefore, MAb PKL1 likely 

binds at the pilus tip or close enough to the pilus tip to cause steric inhibition of 

cellular adherence.

To further examine binding activities of these monoclonal antibodies, the 

ability to inhibit DNA binding was tested. Our current hypothesis is that DNA 

binding involves amino acid residues displayed at the tip of the pilus and also 

along the solvent exposed length of the pilus (van Schaik et al., 2005). In 

agreement with previous results MAb PK99H was able to inhibit pilus-mediated
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Figure 3-5. Inhibition of pilus-mediated DNA binding by monoclonal antibodies 
PKL1 and PK99H. PKL1, PK99H, or polyclonal anti-PAK(128-144)ox rabbit sera 
(labeled polyclonal PAK sera) raised against the C-terminal RBD peptide were 
pre-incubated with biotinylated PAK pili for 30 minutes at room temperature. 
Biotinylated PAK pili were then added to 96 well polystyrene plates containing 
immobilized pUCP19 plasmid DNA for 1.5 hour at room temperature. Plates 
were washed 3 times with buffer A and bound pili were detected using 
streptavidin conjugated horseradish peroxidase. The absorbance readings were 
taken at 405nm. The results represent two independent experiments performed 
in triplicate and error bars represent SEM.
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DNA binding (Figure 3-5) (van Schaik et al., 2005). In addition, MAb PKL1 

monoclonal antibodies were also able to inhibit DNA binding at similar levels 

(Figure 3-5). This suggests that both MAb PKL1 and MAb PK99H can bind 

epitopes that are exposed at sites other than the tip, as pilus-mediated DNA 

binding is a multi-valent interaction (van Schaik et a/., 2005).

3. 3. 5. The C-terminal RBD is exposed at the tip and along the length of the 

PAK type IV pilus

Results from the current study and another recent study suggest that the C- 

terminal RBD is exposed along the length of the pilus, not just at the tip (Figure 

3-5) (Smedley et al., 2005). This is more consistent with evidence that suggests 

this domain is exposed along the length of the closely related N. gonorrhoeae 

pilus (Forest et al., 1996). In addition, the results from the present study suggest 

that the MAb PK99H epitope is present at sites other than the tip of the pilus 

(Figure 3-1-B). Colloidal gold and electron microscopy were used to determine if 

this domain is in fact exposed along the length of the pilus. The majority of the 

antibodies from anti-PAK pili rabbit sera react with the 4-stranded anti-parallel 13- 

sheet domain of the PAK pilin subunit exposed along the length of the pilus 

(Craig et al., 2004; Hazes et al., 2000; Sastry et al., 1985b). In contrast, the 

majority of the antibodies from the anti-PAK(128-144)ox rabbit sera react with the 

C-terminal RBD of the PAK pilin subunit (Lee et al., 1989b). To confirm these 

results a competitive ELISA was used to compete the PAK(128-144)ox peptide 

with immobilized PAK pili. This peptide was only able to inhibit the binding of the

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



anti-PAK(128-144)ox sera to PAK pili (Figure 3-6-A). The PAK(128-144)ox 

peptide had no effect on the binding of the anti-PAK pili sera to PAK pili (Figure 

3-6-A). Purified PAK pili were examined by transmission electron microscopy 

after treatment with anti-PAK pili rabbit sera or anti-PAK(128-144)ox rabbit sera 

followed by a gold-labeled secondary antibody. Figure 3-6-B confirmed that the 

3-sheet domain was exposed along the length of the pilus (Craig et al., 2004; 

Hazes et al., 2000). Interestingly, the anti-PAK(128-144)ox rabbit sera also 

bound along the length of the pilus, indicating that this domain is not only 

exposed at the tip of the pilus (Figure 3-6-C) (Lee et al., 1994). This suggests 

that it is possible for MAb PK99H to bind sites exposed along the length of the 

pilus in addition to the pilus tip.

3. 3. 6. Antibodies specific for the C-terminal RBD can detect PAK pili 

bound to cellular receptors

The colloidal gold electron microscopy results demonstrate that the C- 

terminal RBD was exposed along the length of the PAK pilus (Figure 3-6-C). 

This indicates that MAb PK99H may bind to other sites in addition to the epitope 

exposed at the tip of the pilus. This was also indicated by the MAb PK99H titre 

against PAK pili and PAK pilin (Figure 3-1-B). The DNA inhibition results further 

supported the hypothesis that the MAb PK99H epitope is present at sites other 

than the tip of the pilus (Figure 3-5). To determine if MAb PK99H can bind to 

sites other than the pilus tip, and to determine if the MAb PKL1 epitope was 

present at other sites than the pilus tip cellular adherence assays were
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Figure 3-6. The C-terminal RBD is exposed along the length of the PAK pilus not 
just at the tip. (A) Competitive ELISA assay using PAK(128-144)ox peptide. 
Purified PAK pili were coated into 96 well polystyrene plates at a concentration of 
5 pg/mL. Polyclonal anti-PAK(128-144)ox or polyclonal anti-PAK pili rabbit sera 
was pre-incubated with varying concentrations of PAK(128-144)ox for 30 
minutes. The antibody-peptide mixtures were added to the PAK pili coated 
plates. The development used goat anti-rabbit 2° antibodies conjugated to 
horseradish peroxidase and ABTS. The absorbance readings were taken at 
405nm. The results represent the data from 2 independent experiments 
performed in triplicate and error bars represent SEM. (B) Transmission electron 
micrograph of purified PAK pili probed with polyclonal anti-PAK pili rabbit sera 
and 20 nm gold-labeled 2° antibody. (C) Transmission electron micrograph of 
purified PAK pili probed with polyclonal anti-PAK(128-144)ox rabbit sera and 20 
nm gold-labeled 2° antibody.
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performed. As cellular adherence occurs at the tip of the pilus (Lee et al., 1994), 

if the MAb PK99H or MAb PKL1 epitopes are exposed at other sites on the pilus, 

PAK pili bound to cellular receptors can be detected using MAb PK99H, MAb 

PKL1 or the polyclonal anti-PAK(128-144)ox rabbit sera. Alternatively, if the MAb 

PK99H or MAb PKL1 epitopes are only exposed at the tip of the pilus then these 

monoclonal antibodies would not be able to detect PAK pili bound to cellular 

receptors. This is possible since previous results have demonstrated that the 

base of the pilus is structurally different from the tip, and that the C-terminal RBD 

is probably not displayed at the base of the pilus (Lee et al., 1994).

Purified PAK pili were allowed to bind to asialo-GMi (Figure 3-7-A) or BECs 

(Figure 3-7-B) followed by detection of the bound PAK pili with MAb PK99H, MAb 

PKL1, and polyclonal anti-PAK(128-144)ox sera. All of the antibodies tested 

were able to detect bound PAK pili on both asialo-GMi (Figure 3-7-A) and BECs 

(Figure 3-7-B). MAb PKL1 and the polyclonal anti-PAK(128-144)ox sera were 

able to detect similar amounts of bound PAK pili, while MAb PK99H detected 

smaller amounts of bound PAK pili (Figure 3-7-A and 3-7-B). In addition, the 

ability to detect viable P. aeruginosa PAK bacteria was tested after adherence to 

BECs. This should ensure that the C-terminal RBD was not just exposed at the 

base of the purified pili and account for any structural damage that may have 

occurred due to the purification process. In agreement with the data obtained 

with purified PAK pili, all antibodies were able to detect PAK cells bound to BECs 

(Figure 3-7-C). Again, MAb PKL1 and the polyclonal anti-PAK(128-144)ox sera 

were able to detect similar amounts of bound pili, whereas MAb PK99H detected
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Figure 3-7. Detection of PAK pili bound to cellular receptors using monoclonal 
antibodies specific for the C-terminal RBD. (A) Purified PAK pili were incubated 
in 96 well polystyrene plates containing immobilized asialo-GMi for 1 hour at 
37°C. The bound PAK pili were detected using PKL1, PK99H, or polyclonal anti- 
PAK(128-144)ox rabbit sera (labeled PAK sera). Antibodies were detected using 
either rabbit anti-mouse 2 or goat anti-rabbit 2nd antibodies conjugated to 
horseradish peroxidase. The absorbance readings were taken at 405nm. The 
results represent data collected from 2 independent experiments performed in 
triplicate and error bars represent SEM. (B) Purified PAK pili were incubated in 
plates containing immobilized BECs for 1 hour at 37°C. The bound PAK pili were 
detected using PKL1, PK99H, or polyclonal anti-PAK(128-144)ox rabbit sera as 
described above. The absorbance readings were taken at 405nm. Results 
represent data collected from 2 independent experiments performed in triplicate 
and error bars represent SEM. (C) PAK wildtype or PAKApil a pilus deficient 
strain were added to plates containing immobilized BECs and developed as 
described above. The results represent the data from 1 experiment performed in 
triplicate. As there was such a difference in the number of CFU/mL between 
independent experiments the results could not be combined. However, similar 
results were observed in 3 independent experiments.
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smaller amounts of bound pili (Figure 3-7-C). These results confirm that the C- 

terminal RBD (including residues 134-140) must be exposed at sites other than 

the pilus tip. In addition, the MAb PKL1 non-linear epitope is displayed at or 

close to the PAK pilus tip and at other sites along the solvent exposed surface of 

the pilus.

3. 4. Discussion

3. 4.1. MAb PKL1 epitope specificity

Antibody epitopes can either be continuous linear peptides or discontinuous, 

where several discontinuous linear sequences from the primary structure interact 

to a form a 3-dimensional site (Berzofsky, 1985; Sela, 1969). This study further 

characterized the specificity of the monoclonal antibody MAb PKL1 originally 

constructed by Yu et al. (1994). As MAb PKL1 had the same affinity for both 

PAK pili and PAK pilin, the MAb PKL1 epitope is not a quaternary epitope 

present only in the intact pilus structure (Figure 3-1-B). Consequently, the MAb 

PKL1 epitope must be present in the PAK pilin monomer either as a linear 

epitope or as a discontinuous epitope. MAb PKL1 has some affinity for the linear 

PAK pilin peptides containing the C-terminal RBD, suggesting that the MAb PKL1 

epitope could be a linear epitope (Figure 3-2-A). Flowever, competitive ELISAs 

determined that this interaction was non-specific as the PAK C-terminal RBD 

peptides were unable to compete with PAK pili (Figure 3-2-C). In contrast, MAb 

PK99H bound to any peptide containing amino acid residues 134-140 and was
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inhibited by similar peptides in agreement with previous results (Figures 3-2-B 

and 3-2-C) (Wong et al., 1992). Therefore, MAb PKL1 and MAb PK99H do not 

have the same specificity, and the MAb PKL1 epitope must be a 3-dimensional 

epitope.

An explanation for the ability of MAb PKL1 to bind the C-terminal RBD 

peptides is that a region of the linear sequence from this domain may represent 

the immuno-dominant peptide from the discontinuous epitope in which case, 

MAb PKL1 would interact with this peptide in direct ELISAs (Gao and Esnouf, 

1996). However, this conclusion does not agree with the ability of MAb PKL1 to 

inhibit the binding of MAb PK99H to PAK pili and the inability of MAb PK99H to 

inhibit binding of MAb PKL1 to PAK pili (Figure 3-3). If a linear sequence from 

the C-terminal RBD was part of the MAb PKL1 epitope then MAb PK99H should 

have inhibited the binding of MAb PKL1 to PAK pili. I propose that the MAb 

PKL1 epitope consists of a region of the 4 stranded (3-sheet and the loop 

connecting (3-strands two and three (Figure 3-8). This secondary structure is 

disrupted by cleavage of the PAK pilin with trypsin and would not be present in 

the linear peptides (Sastry et al., 1985b; Watts et al., 1983b). This agrees with 

previous results demonstrating that the (3-sheet structure is immuno-dominant in 

the intact pilus (Sastry et al., 1985b; Watts et al., 1983b). The binding of MAb 

PKL1 to the loop adjacent to the C-terminal RBD may alter the structure of the 

RBD, which would inhibit the ability of MAb PK99H to bind. NMR studies have 

determined that both loops are flexible in the K122-4 pilin subunit (Suh et al.,

2001). Therefore, the possibility exists that binding of MAb PKL1 to the adjacent
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Figure 3-8. Structure of PAK monomeric pilin (A1-28) (Hazes et al., 2000). This 
model of the truncated PAK pilin was designed using Molscript. The C-terminal 
disulfide bonded loop or the RBD is shown in red and a region of this loop, amino 
acid residues 134-140, is the specific linear epitope of PK99H (Wong et al., 
1992). The last two (3-strands from the 4-stranded anti-parallel |3-sheet, strands 
three and four are shown in green and a region of these strands is potentially 
part of the PKL1 3-dimensional epitope. The other structural aspect of the PAK 
pilin that creates a region of the 3-dimensional PKL1 epitope is probably the 
flexible loop connecting 3-strands two and three shown in purple. The major 
antigenic determinants of the intact pilus structure are the 4-stranded 3-sheet 
structure (Sastry etal., 1985) and the C-terminal RBD (Lee eta!., 1989).
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loop causes a structural change in the C-terminal RBD, which would prevent 

MAb PK99H epitope recognition. The potential ability of MAb PKL1 to change 

the conformation of the C-terminal RBD should be explored further to gain new 

insight into the binding mechanism of type IV pili.

Even though the MAb PKL1 epitope is not within the C-terminal RBD, this 

monoclonal antibody is still able to inhibit cellular binding (Figure 3-4). The 

prediction that the MAb PKL1 epitope lies within the adjacent loop and sections 

of the p-strands (Figure 3-8), may explain the observed inhibition of cellular 

binding through steric interference. Alternatively, binding of PKL1 may alter the 

C-terminal RBD so that the pilus is no longer capable of cellular adherence. 

Suprisingly, MAb PKL1 is a much better inhibitor of pilus-mediated cellular 

binding than MAb PK99H, which suggests that the MAb PKL1 epitope may be an 

excellent potential vaccine or therapeutic target (Figure 3-4). A method that 

could be used to determine the specific binding site of MAb PKL1 is to 

proteolytically cleave the PAK pilin after binding to MAb PKL1, followed by 

matrix-assisted laser desorption mass spectrometry (Parker et al., 1996).

3. 4. 2. Implications for the structure and binding functions of the PAK type 

IV pilus

The colloidal gold transmission immuno-electron microscopy results 

demonstrate that the C-terminal RBD was displayed at sites other than the tip of 

the pilus (Figure 3-6-C). Therefore, analogous to the type IV pilus of N. 

gonorrhoeae, the C-terminal disulfide bonded loop of the P. aeruginosa pilin is
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displayed along the shaft of the pilus (Forest et al., 1996). Indirect evidence to 

support the conclusion that the C-terminal RBD is exposed along the length of 

the pilus has also been presented in this study. The monoclonal antibody MAb 

PK99H was able to detect PAK pili or P. aeruginsa cells that were attached to 

BECs or asialo-GM-i (Figure 3-7). Although it could be argued that detection of 

pili on whole P. aeruginosa cells may represent detection of unbound pili, the 

ELISA and detection results with purified PAK pili support the conclusion that the 

C-terminal RBD is displayed at sites other than the tip of the pilus.

Although this C-terminal RBD is solvent exposed along the shaft of the pilus, 

there is considerable evidence that pilus-mediated binding to epithelial cells is a 

tip specific event. Binding to asialo-GMi occurs at the tip of the pilus (Lee et al., 

1994), P. aeruginosa bind end on to epithelial cells, and free pili do not 

agglutinate BECs (R.T. Irvin unpublished results). In addition, synthetic C- 

terminal RBD peptides are able to inhibit pilus-mediated binding to BECs (Figure

3-4-D) (Irvin et al., 1989), which would not be possible if the receptor interaction 

occurred along the length of the pilus due to avidity issues.

Interestingly, another report used MAb PK99H to detect the binding of the C- 

terminal RBD peptide to BECs (Irvin et al., 1989), which indicates that the 

attributes recognized by MAb PK99H are not directly involved in the binding to 

BECs. Therefore, it was not unexpected that MAb PK99H was such a poor 

inhibitor of cellular binding (Figure 3-4), considering the MAb PK99H epitope may 

not be essential for binding. Even though MAb PK99H did not inhibit cellular 

binding, the synthetic peptide of the C-terminal RBD was still able to inhibit pilus-
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mediated cellular adherence (Figure 3-4-D). This suggests that the mechanism 

of type IV pilus-mediated binding by the C-terminal RBD remains elusive.

The ability of MAb PK99H and MAb PKL1 to inhibit another pilus-mediated 

interaction, DNA binding was also examined. Pilus-mediated DNA binding is a 

multivalent interaction as pilin subunits are unable to bind DNA, and the synthetic 

C-terminal RBD peptide was unable to inhibit DNA binding (van Schaik et al., 

2005). However, previous results also suggested that the C-terminal RBD is 

important for pilus-mediated DNA binding (van Schaik et al., 2005). Both MAb 

PKL1 and MAb PK99H antibodies were able to inhibit pilus-mediated DNA 

binding by approximately 50%, indicating that other structural aspects of the 

intact pilus structure must be involved (Figure 3-5). As MAb PKL1 and MAb 

PK99H do not have the same specificity, the only explanation for the ability of 

these two antibodies to cause the same amount of inhibition is through steric 

interference. Therefore, I propose that the C-terminal RBD is not intimately 

involved in pilus-mediated DNA binding. Therefore, DNA binding is potentially 

mediated by the most immunodominant region of the pilus, the 4-stranded anti

parallel 3-sheet that forms a groove lined with residues that are able to mediate 

interactions to the DNA backbone (van Schaik et al., 2005).

The evidence provided in the current study that the C-terminal RBD is 

exposed along the length of the PAK pilus supports the 3-start left-handed helix 

model proposed by Craig et al. (2004) (Figure 3-9). In this model the C-terminal 

RBD is exposed along the length of the pilus and at the tip but not the base of the 

pilus (Figure 3-9). The discrepancies between the current results and the
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Figure 3-9. The 3-start left-handed helix model proposed by Craig et al. (2004). 
This model has been created with Web Viewer Pro using the full length PAK pilin 
monomer. The surface electrostatics are shown, blue represents positive, red 
negaitve, and white neutral charge. The N-terminal a-helices are shown in 
yellow and form the interior of the pilus. This model has been created with the 
hypothesis that the N-terminal a-helices are displayed at the tip of the pilus 
(Hazes et al., 2000). In addition, the C-terminal RBD in green is displayed along 
the solvent exposed length of the pilus and multiple sites are present at the tip, 
but not the base of the pilus.
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previous conclusion that the C-terminal RBD is only exposed at the tip of the 

pilus (Lee et al., 1994) may reflect a clustering of RBDs at the pilus tip as 

opposed to actual surface exposure. This would also supports the 3-start left- 

handed helix model for the intact pilus (Figure 3-9) (Craig et al., 2004).
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Chapter 4

Quorum Sensing Autoinducers are Allosteric Regulators of 

Pseudomonas aeruginosa Type IV Pili, Which has Implications

for Biofilm Formation

A version of this chapter is in preparation for submission to Molecular 

Microbiology, van Schaik, E.J., Giltner, C.L., Hassett, D.J., and Irvin, R.T.

C.L. Giltner performed many of the stainless steel assays and helped with 

revision of the manuscript. D.J. Hassett provided the synthetic autoinducers 

used in the above study.
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4.1. Introduction

Pseudomonas aeruginosa is a gram-negative opportunistic pathogen, which 

can cause serious infections in cystic fibrosis, intensive care, burn, and immuno

compromised patients (Bodey et al., 1983; Costerton, 2001; Pier, 1985; Speert, 

2002). Initiation of an infection occurs after P. aeruginosa binds to host cells 

through several adhesins including type IV pili (Lyczak et al., 2000b). Type IV pili 

are polar, filamentous protein structures made up of a single protein subunit PilA 

(Sastry et al., 1985a). A complex type II secretion-like system that requires over 

40 gene products is required for assembly of functional pili (Jacobs et al., 2003; 

Peabody et al., 2003; Wolfgang et al., 2000). P. aeruginosa is able to bind to 

both biotic and abiotic surfaces through type IV pili (Craig et al., 2004; Giltner et 

al., 2006; Woods et al., 1980). Interestingly, binding to a variety of substrates is 

mediated by the C-terminal receptor binding domain, or amino acid residues 128- 

144 of the PilA subunit (Giltner et al., 2006; Irvin et al., 1989; van Schaik et al., 

2005). Models of intact pili from several of the solved pilin structures all display 

the C-terminal receptor binding domain at the tip of the pilus where binding 

occurs (Audette et al., 2004a; Craig et al., 2004; Hazes et al., 2000; Lee et al., 

1994; Parge e ta l,  1995).

Attachment to surfaces by the tip of the type IV pilus allows for a flagella 

independent motility that requires extension and retraction of the pilus (Mattick,

2002). This motility, known as twitching motility, is dependent on several 

ATPases, including PilT, Pill), and PilB, which most likely generate the force
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required for assembly and retraction of the pilus (Kaiser, 2000; Merz et al., 2000; 

Skerkerand Berg, 2001).

The ability of type IV pili to mediate bacterial adherence and twitching motility 

permits the formation of biofilms (Klausen et al., 2003a; Klausen et al., 2003b; 

O'Toole and Kolter, 1998). Biofilms are complex surface associated structured 

bacterial communities (Costerton et al., 1995a). P. aeruginosa produce many 

exopolymers, including exopolysaccharides, proteins, and DNA, that make up the 

extracellular polymeric substance matrix for the production of a structured biofilm 

(Friedman and Kolter, 2004b; Matsukawa and Greenberg, 2004b; Nemoto et al., 

2003; Whitchurch et al., 2002). Biofilm formation occurs in response to quorum- 

sensing and is therefore dependent on P. aeruginosa population density (Davies 

et al., 1998; Sauer et al., 2002b).

Quorum sensing in P. aeruginosa is governed mainly by two intimately 

linked systems las and rhl. Each system is comprised of a transcriptional 

activator LasR or RhIR and an acyl-homoserine synthase Lasl or Rhll, which 

synthesize the homoserine lactone signaling molecule needed for signal 

transduction (de Kievit and Iglewski, 2000; Pearson et al., 1997; Venturi, 2006a). 

Lasl is responsible for the synthesis of A/-(3-oxododecanoyl)-L-homoserine 

lactone, or P. aeruginosa autoinducer-1 (PAI-1), while Rhll directs the production 

of A/-butyryl-L-homoserine lactone, or P. aeruginosa autoinducer-2 (PAI-2) 

(Gambello and Iglewski, 1991b; Latifi et al., 1995b; Winson et al., 1995a). The 

autoinducers are released from P. aeruginosa; PAI-2 diffuses through the 

membrane, whereas PAI-1 is actively pumped out of the cell through multi-drug
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efflux pumps (Pearson et al., 1999). When an appropriate cell density is reached 

these autoinducers enter P. aeruginosa at sufficient concentrations to regulate 

the expression of target genes.

This study describes a novel function of P. aeruginosa autoinducers (PAIs), 

the ability to modulate pilus-mediated binding mechanisms. Both PAI-1 and PAI- 

2 directly enhance the binding of P. aeruginosa type IV pili to stainless steel, 

DNA, and Buccal epithelial cells (BECs). The PAIs retain the ability to modulate 

pilus binding functions of cell surface associated pili on viable P. aeruignosa. 

However, the PAIs ability to modulate the adherence of P. aeruginosa cells is 

also dependent on the presence of functional PilT and PilU, which are ATPases 

involved in twitching motility. In addition, I investigated the effects of PAIs and 

DNA during the initial P. aeruginosa colonization of stainless steel as a model for 

biofilm formation. The presence of exogenous DNA can significantly increase 

the colonization of stainless steel in a type IV pilus dependent manner. The PAIs 

are also able to increase colonization in a pilus dependent manner, but in 

addition accelerate microcolony formation. In contrast, DNA can inhibit pilus- 

mediated binding to epithelial cells. Our results suggest that the DNA-pilus 

interaction is similar to an antibody-antigen interaction, where the ability to 

enhance or inhibit colonization depends on the number of P. aeruginosa cells 

and the concentration of DNA. I propose a novel function for the PAIs as 

allosteric regulators of P. aeruginosa type IV pili in addition to their role as 

ligands for quorum sensing transcriptional regulators during the quorum sensing 

response.
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4. 2. Material and Methods

4. 2.1. Bacterial strains, DNA, and PAIs

The P. aeruginosa strains used in this study were PAK a wild type strain, PAK 

2Pfs a hyperpiliated PAK mutant (Bradley, 1974), PAK NP a pilus-deficient PAK 

mutant (Saiman et al., 1990), PAKS34 a PAK twitching motility mutant 

(Whitchurch and Mattick, 1994) and PAKR364 another PAK twitching motility 

mutant (Whitchurch etal., 1991). P. aeruginosa strains K122-4, PAO, and 1244, 

a strain that produces glycosylated type IV pili were also used in this study. P. 

aeruginosa were routinely grown at 37°C in Luria-Bertani (L-B) broth or LB 

supplemented with 150 pg/mL tetracycline (Sigma). PAK pili were purified from 

PAK 2Pfs as described (Paranchych et al., 1979). The purity and integrity of the 

pili were assessed by 15% (w/v) SDS-PAGE and electron microscopy (Giltner et 

al., 2006). Escherichia coli DH5a cells were used as the host cells for the 

purification of pUCP19 (Schweizer, 1991). E. coli DH5a harboring pUCP19 were 

cultured in LB supplemented with 100 pg/mL carbenicillin (Sigma), and pUCP19 

was purified using the QIAfilter™ Giga Kit (Qiagen). In some instances, salmon 

sperm DNA was used as the eukaryotic DNA source (Roche). DNase I 

(Invitrogen) was used in direct binding assays or to degrade the salmon sperm 

DNA. The synthesis, purification and characterization of PAI-1 and PAI-2 have 

been reported elsewhere (Passador et al., 1996). The Cn-SH hydrophobe 

(Sigma) was dissolved in 1-propanol and then diluted with methanol. Polyclonal 

rabbit anti-PAK pili sera used in this study has been reported previously (Sastry
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et al., 1985b). Paired T-tests were used to compare differences between binding 

using the Prism 4 graphpad.

4. 2.2. Biotinylation of P. aeruginosa cells and purified pili

Biotinylation of P. aeruginosa was preformed as described by Yu et al. 

(1996) with the following modifications. Harvested cells were suspended in 5 ml_ 

of phosphate buffered saline (0.01 M phosphate, 0.15 M NaCI) (PBS) pH 6.8 at 

an O D 6oo of 7.5 and incubated with 75 pi of 20 mg/ml_ biotinamidocaproate N- 

hydroxysuccinimidyl ester dissolved in dimethylsulfoxide at 22°C at 200 rpm in a 

water bath shaker for 55 minutes. The P. aeruginosa cells were washed four 

times by centrifugation at 10,000 x g for 10 minutes at 4°C before resuspension 

in PBS, pH 6.8 at an ODeoo of 5.0. Viable counts were performed after 

biotinylation by serial dilution into PBS, pH 7.4 and plating 100 pL aliquots onto 

L-B agar. The procedure used for the biotinylation of the purified pili has been 

described previously (Yu et al., 1996). The ability of the biotinylated pili to bind to 

asialo-GMi and GM1 was determined as described by Lee et al. (1994) to confirm 

that the pili retained their functionality.

4. 2. 3. Stainless steel binding assays

Grade 304 stainless steel plates 1 mm thick and 7.6 by 11.5 cm were washed 

in 95% ethanol for 10 minutes, and rinsed with distilled water. Immediately 

before the binding studies, plates were washed with 20 mL of acetone for one 

minute with gentle agitation and rinsed with dH20. Plates were assembled into a
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Schleicher and Schuell Manifold™ System (Mandel Scientific). Biotinylated or 

unbiotinylated P. aeruginosa cells or purified, biotinylated PAK pili with or without 

a 45 minute pre-incubation with DNA, DNase I, or PAIs were added to the 

stainless steel manifold and incubated at 37°C for one hour. Alternatively, 

biotinylated P. aeruginosa cells were added to the stainless steel manifold and 

incubated for 30 minutes at 37°C. Varying concentrations of PAIs or the same 

volume of PBS, pH 7.4 were subsequently added to the P. aeruginosa cells and 

the manifolds were further incubated at 37°C for one hour. The manifold was 

subsequently washed five times with PBS, pH 7.4 containing 0.05 % (w/v) bovine 

serum albumin (BSA) (buffer A). Binding was quantified using streptavidin-HRP 

(Sigma) or polyclonal anti-PAK pili sera followed by secondary goat anti-rabbit 

HRP conjugate. All incubation times were one hour at 37°C followed by five 

washes with buffer A. Substrate buffer (0.01 M sodium citrate buffer pH 4.2 

containing 1 mM 2,2’-Azino-bis-[3-ethylbenzthiazoline-6-sulfonic acid] 

diammonium salt (ABTS) (Sigma) and 0.03% (v/v) hydrogen peroxide) was 

added to the manifolds and then incubated at room temperature (RT) for 10 

minutes at 150 rpm. The absorbance was determined at 405 nm using a 

Multiskan Plus version 2.01 plate reader. Alternatively, after adherence of the P. 

aeruginosa cells, the steel plates were removed from the manifolds and stained 

with acridine orange 100 mg/ml_ for one minute and then washed twice for 10 

minutes in dH20 (Lauer et al., 1981). The acridine orange stained steel plates 

were visualized using a Leitz K microscope equipped with epifluorescence and
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illumination using a 40x Neofluour lens. Micrographs were recorded using Kodak 

Colormax 35mm film in a MSP4 camera.

4. 2.4. Cellular binding assays

Asialo-GMi and GMi immobilized receptor plates were prepared as described 

(Lee et al., 1994). BEC plates were prepared by a described protocol with some 

minor modifications (Sexton and Reen, 1992). Tissue culture plates were 

incubated with 50 pg/mL poly-L-lysine in 0.01 M carbonate buffer pH 9.6 for two 

hours at 37°C and then washed twice with PBS, pH 6.8. The BECs were 

collected from healthy volunteers using wooden applicator sticks and were 

passed through 70 pm nylon mesh. BECs were adjusted to a concentration of 1 

x 105 cells/mL determined by direct counts using a hemacytometer. The BECs 

were added to the 24 well tissue culture plates (Corning) (500 pL per well) and 

incubated for 45 minutes at 37°C. The BEC plates were centrifuged at 1000 x g 

for 10 minutes at RT and the unbound BECs were removed by aspiration. The 

BEC plates were then incubated with PBS, pH 6.8 over night at 4°C. The BEC 

plates were then blocked with 2 mg/mL gelatin in PBS, pH 6.8 for two hours at 

RT and then washed three times with PBS, pH 6.8. Biotinylated PAK pili were 

pre-incubated with varying concentrations PAI-1 and PAI-2, DNase I, or DNA for 

45 minutes at RT before addition to the BEC or glycosphingolipid plates and 

further incubated at 37°C for one hour. Quantification of binding was performed 

as described in the stainless steel binding assay. DNA plates were prepared as 

described previously (van Schaik et al., 2005). Biotinylated PAK pili were pre-
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incubated with PAI-1 and PAI-2 for 45 minutes at RT before addition to the DNA 

coated plates and then further incubated for 1.5 hours at RT. Quantification of 

binding was performed as described in the stainless steel assay. The direct 

binding to DNase I was performed by coating DNase I into 96 well polystyrene 

plates (Corning) at a concentration of 100 pg/mL in 0.01 M sodium carbonate 

buffer pH 9.5 over night at 4°C. The plates were washed three times with buffer 

A and then blocked with 5% (w/v) BSA overnight at 4°C. Biotinylated PAK cells 

were then added to the DNase I coated plates for one hour at 37°C. 

Quantification of binding was performed as described for the stainless steel 

assays.

4. 3. Results

4. 3. 1. P. aeruginosa autoinducers modulate cellular binding mediated by 

type IV pili

The quorum sensing PAIs from P. aeruginosa are involved in the regulation of 

many genes including a multitude of virulence genes (Brint and Ohman, 1995; 

Latifi et al., 1995b). Previously, a novel function of the PAIs was proposed for P. 

aeruginosa: the control of twitching motility mediated by the type IV pili, as 

quorum sensing mutants were unable to twitch and had a reduction in number of 

surface assemblied pili (Glessner et al., 1999). Although it was later determined 

that the PAIs do not control twitching motility as that the original mutants used for 

the above study had secondary mutations in algR and vfr, which affected
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twitching motility (Beatson et al., 2002b). However, I decided to revisit the 

possibility that quorum sensing PAIs modulate type IV pilus functions 

independent of genetic regulation, as the PAIs did partially restore twitching 

motility in the quorum sensing mutants (Glessner et al., 1999). Cellular binding 

by P. aeruginosa type IV pili is mediated by the C-terminal receptor binding 

domain present at the tip of the pilus (Lee et al., 1994). Purified type IV pili were 

used to prevent ambiguous results due to genetic regulation or indirect 

modulation of cellular physiology.

The affects of PAI-1 and PAI-2 on the binding of type IV pili to BECs and 

the specific pilus receptor asialo-GMi were investigated. Both PAI-1 and PAI-2 

increased the amount of binding to BECs when pre-incubated with purified type 

IV pili relative to binding in the absence of PAIs (Figure 4-1-A). The increase in 

type IV pili binding was concentration dependent and increased after a threshold 

PAI concentration of 6 pM was reached (Figure 4-1-A). These results are likely 

to be physiologically relevant, as physiological concentrations of PAIs produced 

by P. aeruginosa are >5 pM in stationary phase (Pearson et al., 1995).

Interestingly, in contrast to the results obtained by pre-incubation of type IV 

pili with PAIs prior to BEC binding, only PAI-2 increased pilus-mediated binding 

to asialo-GM-i (Figure 4-1-B). Similarly, the modulation of binding occurred more 

significantly after the threshold PAI-2 concentration of 6 pM was reached; 

however, the increase in binding to asialo-GM-i was not strongly concentration 

dependent (Figure 4-1-B). Therefore, PAIs are able to directly increase the 

binding of P. aeruginosa pili to cellular receptors.
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Figure 4-1. Exogenous synthetic PAIs increase pilus-mediated binding to BECs 
and asialo-GMi in a concentration dependent manner. (A) Biotinylated PAK pili at 
a concentration of 0.05 pg/mL were incubated with various concentrations of PAI- 
1 and PAI-2 for 45 minutes. The reactions were then added to BEC plates and 
incubated for one hour at 37°C. The plates were developed using SA-HRP and 
ABTS. The data represent four independent trials done in triplicate and the error 
bars represent SEM. (B) Biotinylated PAK pili at a concentration of 0.3 pg/mL 
were incubated with various concentrations of PAI-1 and PAI-2 for 45 minutes. 
The reactions were then added to asialo-GMi plates and incubated for one hour 
at 37°C. The plates were developed using SA-HRP and ABTS. The data 
represent two independent experiments performed in triplicate and the error bars 
represent SEM.
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4. 3. 2. P. aeruginosa autoinducers modulate the binding of type IV pili to a 

variety of acellular substrates

The type IV pili of P. aeruginosa are able to mediate binding to substrates 

such as stainless steel, polyvinylchloride (Giltner et al., 2006), and DNA (van 

Schaik et al., 2005). Pilus-mediated binding to several of these substrates is 

mediated in part by the C-terminal receptor binding domain that is only available 

for binding at the tip of the pilus (Giltner et al., 2006; Lee et al., 1994). As PAI-1 

and PAI-2 were both found to increase the binding of type IV pili to cellular 

receptors, the affects of the PAIs on binding to stainless steel and DNA were also 

investigated.

Both PAI-1 and PAI-2 enhanced the adherence of PAK cells (Figures 4-2-A,

4-2-C, and 4-2-E), but did not affect the adherence of PAK NP to stainless steel 

(a pilus-deficient isogenic mutant of PAK) (Figures 4-2-B, 4-2-D, and 4-2-F). This 

suggests that the increase is mediated by cell associated type IV pili. In addition, 

both PAIs significantly increased the binding of PAK cells (Figure 4-3-A) and 

specifically PAK pili (Figure 4-3-B) to stainless steel in a concentration dependent 

manner. This indicates that the increase in binding observed for purified pili is 

also apparent when using piliated wild type P. aeruginosa cells. An added effect 

due to pre-incubation of the PAK wild type cells with PAIs was the ability to 

accelerate microcolony formation (Figures 4-2-C and 4-2-E). The ability of a Cn- 

SH hydrophobe to modulate pilus-mediated binding to stainless steel was also 

tested as a control. This hydrophobe is a similar length to the acylated tail found 

on PAI-1. This hydrophobe caused a slight inhibition in the binding of both PAK
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Figure 4-2. The effects of exogenous synthetic PAIs on the colonization of P. 
aeruginosa strains PAK and PAK NP to stainless steel. P. aeruginosa bacteria at 
a density of 1.1 x 1016 CFU/mL were pre-incubated with PBS pH 7.4 or PAIs at a 
concentration of 10 pM for 45 minutes. The reactions were then added to 
stainless steel manifolds and further incubated at 37°C for one hour. The plates 
were washed and stained with 100 mg/mL acridine orange. The acridine orange 
stained steel plates were visualized using a Leitz K microscope equipped with 
epifluorescence. Micrographs were recorded using Kodak Colormax 35mm film 
in a MSP4 camera. The P. aeruginosa cells appear orange and the green areas 
are non-specfic background staining. The m stands for microcolony.
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Figure 4-3. Exogenous synthetic PAIs increase the binding of P. aeruginosa 
PAK cells and purified pili to stainless steel in a concentration dependent 
manner. (A) Biotinylated P. aeruginosa PAK bacteria at a density of 1 x 108 
CFU/mL were incubated with various concentrations of PAI-1 and PAI-2 for 45 
minutes. The reactions were then added to stainless steel manifolds for one 
hour at 37°C. The plates were developed using SA-HRP and ABTS. The data 
represent two independent experiments performed in triplicate and the error bars 
represent SEM. (B) Biotinylated PAK pili at a concentration of 0.75 pg/mL were 
incubated with various concentration of PAI-1 and PAI-2 for 45 minutes. The 
reactions were then added to stainless steel manifolds for one hour at 37°C. The 
plates were developed using SA-HRP and ABTS. The data represent two 
independent experiments performed in triplicate and the error bars represent 
SEM.
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Figure 4-4. The effects of an exogenous hydrophobe on the binding of P. 
aeruginosa PAK cells or purified PAK pili to stainless steel. (A) P. aeruginosa 
PAK bacteria at a density of 2.3 x 108 CFU/mL were incubated with various 
concentrations of Cn-SH for 45 minutes. The reactions were then added to 
stainless steel manifolds and incubated at 37°C for one hour. The plates were 
developed using polyclonal anti-PAK pili rabbit sera and 2° HRP conjugated 
antibodies. The results represent two independent experiments performed in 
triplicate and the error bars represent SEM. (B) Biotinylated PAK pili at a 
concentration of 0.75 pg/mL were incubated with various concentrations of Cn- 
SH for 45 minutes. The reactions were then added to stainless steel manifolds 
for one hour at 37°C. The plates were developed using SA-HRP and ABTS. The 
data represent two independent experiments performed in triplicate and the error 
bars represent SEM.
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cells (Figure 4-4-A) and PAK pili (Figure 4-4-B) to stainless steel, indicating that 

the observed PAI mediated increase is specific. Furthermore, the addition of 

similar amounts of methanol or ethanol to the binding reactions caused no 

difference in the binding of PAK pili to stainless steel (data not shown).

The effect of PAI-1 and PAI-2 on PAK pilus-mediated DNA binding was also 

investigated. PAI-1 and PAI-2 significantly enhanced the binding of biotinylated 

PAK pili to DNA in a concentration dependent manner that again occurred after a 

threshold concentration of 5 pM was reached (Figure 4-5). This is consistent 

with the results obtained for cellular binding (Figure 4-1). Therefore, in addition 

to increasing the adherence to cellular receptors, PAIs also increase pilus- 

mediated binding to acellular surfaces such as stainless steel and DNA.

4. 3. 3. The P. aeruginosa autoinducers do not modulate pilus-mediated 

binding of hyperpiliated twitching motility mutants

Twitching motility is a pilus dependent form of movement that involves cycles 

of extension and retraction of the type IV pili (Mattick, 2002). The extension and 

retraction of the pilus is mediated by several proteins that belong to a conserved 

family of ATPases (Patel and Latterich, 1998). Pilus extension is mediated by 

PilB, whereas pilus retraction is mediated by PilT and PilU (Lauer et al., 1993; 

Nunn et al., 1990; Whitchurch eta!., 1991; Whitchurch and Mattick, 1994). PAK 

R364 is a hyperpiliated, non-twitching strain of PAK created by insertion of Tn5- 

B21 into the p ilT gene (Whitchurch et al., 1991). PAK S34 is also a hyperpiliated, 

non-twitching strain of PAK with a Tn5-B21 insertion into the pilU gene
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Figure 4-5. Exogenous PAIs increase pilus-mediated binding to immobilized 
DNA in a concentration dependent manner. Biotinylated PAK pili were incubated 
with various concentrations of PAI-1 and PAI-2 for 45 minutes. The reactions 
were then added to plates containing immobilized pUCP19 plasmid DNA and 
incubated at RT for 1.5 hours. The plates were developed using SA-HRP and 
ABTS. The data represent two independent experiments performed in triplicate 
and the error bars represent SEM.
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(Whitchurch and Mattick, 1994). The ability of PAIs to alter the type IV pilus- 

mediated binding of these twitching motility mutants was examined.

Both R364 pilT and S34 pilU PAK mutants adhere to stainless steel in a 

concentration dependent manner similar to wild type PAK strain (data not shown) 

(Giltner et al., 2006). Pre-incubation with PAI-1 or PAI-2 does not affect the 

adherence of R364 pilT and S34 pilU mutants to stainless steel, in contrast to 

wild type PAK where adherence is increased (compare Figures 4-6-A and 4-6-B 

with 4-3-A). Therefore, the responsiveness of the type IV pili from these 

twitching motility mutants to PAIs is altered.

The concentration of PAIs required for pilus modulation is only produced by 

P. aeruginosa at a “quorum” population, such as that formed by surface 

associated microcolonies during biofilm formation (Sauer et al., 2002b). 

Consequently, I also investigated the affects of adding PAIs after P. aeruginosa 

had colonized the stainless steel surface. Wild type PAK cells detached from the 

stainless steel surface in the presence of physiological PAI concentrations by 

approximately 75% (Figure 4-7-A). However, R364 pilT mutants were unable to 

dissociate from the stainless steel surface after the addition of physiological 

concentrations of PAIs (Figure 4-7-B). Unexpectedly, there was an increase in 

the adherence of the S34 pilU mutant after colonization of the steel surface 

caused by the addition of physiological concentrations of PAIs (Figure 4-7-C). 

Therefore, the twitching motility ATPases seem to be partially required for the 

modulation of pilus functions by PAIs in intact P. aeruginosa cells.
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Figure 4-6. The effects of exogenous synthetic PAIs on the adherence of P. 
aeruginosa strains PAK R364 (Tn5-B21 into the pilT gene) or PAK S34 (Tn5-B21 
insertion into the pilU gene) to stainless steel. (A) PAK R364 bacteria at a density 
of 2.4 x 106 CFU/mL were incubated with PAI-1 and PAI-2 for 45 minutes. The 
reactions were then added to stainless steel manifold and incubated at 37°C for 
one hour. The plates were developed using polyclonal anti-PAK pili rabbit sera 
and 2° HRP conjugated antibodies. The results represent two independent 
experiments performed in triplicate and the error bars represent SEM. (B) PAK 
S34 bacteria at a density of 2.1 x 106 CFU/mL were incubated with PAI-1 and 
PAI-2 for 45 minutes. The reactions were then added to stainless steel manifolds 
and incubated at 37°C for one hour. The plates were developed using polyclonal 
anti-PAK pili rabbit sera and 2° HRP conjugated antibodies. The results 
represent two independent experiments performed in triplicate and the error bars 
represent SEM.
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Figure 4-7. The effects of exogenous synthetic PAIs on P. aeruginosa PAK cells 
and isogenic mutants after colonization of stainless steel. (A) P. aeruginosa PAK 
bacteria at a density of 5.3 x 106 CFU/mL were added to the stainless steel 
manifolds and incubated for 30 minutes at 37°C. Varying concentrations of the 
PAIs or the same volume of PBS pH 7.4 were then added to the P. aeruginosa 
PAK cells and the manifolds were further incubated at 37°C for one hour. The 
plates were developed using polyclonal anti-PAK pili rabbit sera and 2° HRP 
conjugated antibodies. The results represent two independent experiments 
performed in triplicate and the error bars represent SEM. (B) PAK R364 bacteria 
at a density of 2.7 x 106 CFU/mL were added to stainless steel manifolds and 
developed as described above. (C) PAK S34 bacteria at a density of 2.3 x 106 
CFU/mL were added to the stainless steel manifolds and developed as described 
above.
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4. 3. 4. DNA affects the initial colonization of stainless steel and Buccal 

epithelial cells mediated by P. aeruginosa type IV pili

Several reports indicate that extracellular DNA is an important component of 

P. aeruginosa biofilms as DNases can disassociate young biofilms (Nemoto et 

al., 2003; Whitchurch et al., 2002). Although it is well established that DNA is 

involved in biofilm formation by P. aeruginosa it is not known whether DNA 

contributes to the initial colonization of surfaces or what role DNA plays during 

biofilm formation. As it was previously observed that sequence-independent 

DNA binding is mediated by the P. aeruginosa type IV pilus (van Schaik et al.,

2005), the effect of adding DNA during the colonization of stainless steel was 

examined. Exogenous DNA increased the colonization of PAK cells (Figures 4- 

8-A and 4-8-C), but did not enhance the ability of PAK NP (Figures 4-8-B and 4- 

8-D) to colonize stainless steel. This suggested that pilus-mediated DNA binding 

caused an increase in the colonization of P. aeruginosa to stainless steel (van 

Schaik et al., 2005). The addition of exogenous DNA also increased the 

adherence of P. aeruginosa K122-4 and 1244 (Figure 4-9-A) to stainless steel in 

a concentration-dependent manner, indicating that the increased adherence is 

not specific for PAK cells or dependent on the formation of non-glycosylated pili. 

However, this increase was dependent on the number of P. aeruginosa cells and 

the concentration of DNA. Although the visual aggregation and increase in 

colonization of stainless steel was always observed, certain combinations of P. 

aeruginosa cells and DNA produced no quantitative change or an inhibition in 

colonization (data not shown). In addition, there was no apparent increase in
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Figure 4-8. The effects of exogenous DNA on the colonization of P. aeruginosa 
strains PAK and PAK NP to stainless steel. P. aeruginosa bacteria at a density 
of 9.5 x 1016 CFU/mL were pre-incubated with PBS pH 7.4 or DNA at a 
concentration of 15 mg/mL for 45 minutes. The reactions were then added to 
stainless steel manifolds and further incubated at 37°C for one hour. The plates 
were washed and stained with 100 mg/mL acridine orange. The acridine orange 
stained steel plates were visualized using a Leitz K microscope equipped with 
epifluorescence. Micrographs were recorded using Kodak Colormax 35mm film 
in a MSP4 camera. The P. aeruginosa cells appear orange and the green areas 
are non-specfic background staining. The m stands for microcolony.
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Figure 4-9. Exogenous DNA increases the P. aeruginosa colonization of 
stainless steel. (A) Biotinylated P. aeruginosa K122-4 or 1244 bacteria at cellular 
densities of 5.8 x 106 CFU/mL and 6.7 x 106 CFU/mL respectively were 
incubated with various concentrations of DNA for 45 minutes. The reactions were 
then added to stainless steel manifolds for one hour at 37°C. The plates were 
developed using SA-HRP and ABTS. The data represent two independent 
experiments performed in triplicate and the error bars represent SEM. (B) 
Biotinylated P. aeruginosa PAK bacteria were added to the stainless steel 
manifolds in the presence of absence of 76 units of DNase I. The plates were 
developed as described above. (C) DNase I or BSA were immobilized into 
microtiter plates at a concentration of 100 pg/mL. Biotinylated P. aeruginosa 
PAK cells were added to the plates and incubated for one hour at 37°C. The 
plates were developed using SA-HRP and ABTS. The data represent two 
independent experiments performed in triplicate and the error bars represent 
SEM.
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binding using purified PAK pili and exogenous DNA (data not shown). However, 

as the affinity of the type IV pilus for stainless steel is very high (Giltner et al.,

2006), this was not unexpected as very high concentrations of DNA may be 

required to cause an increase.

To confirm that the pilus-DNA interactions were responsible for the increase 

in colonization of stainless steel, an additional set of experiments were carried 

out. Purified pili were allowed to bind to the stainless steel, followed by the 

addition of exogenous DNA and finally PAK cells. Increased adherence of PAK 

cells (Figure 4-8-E), but not PAK NP cells to the stainless steel was observed 

(Figure 4-8-F). The reciprocal study, where DNA was first incubated with the 

steel followed by the addition of PAK pili and then the addition of PAK cells, 

virtually abolished the binding to stainless steel (Figure 4-8-G).

DNase I has been shown to prevent biofilm formation; this effect may in part 

be due to a decrease in the initial colonization of the surface (Nemoto et al., 

2003; Whitchurch et al., 2002). Therefore, the effect of DNase I treatment on the 

adherence of P. aeruginosa PAK to stainless steel was investigated. The 

addition of DNase I caused a reduction in the binding of P. aeruginosa PAK to 

stainless steel (Figure 4-9-B), suggesting that exogenous DNA or P. aeruginosa 

released DNA (Allesen-Holm et al., 2006; Kadurugamuwa and Beveridge, 1995) 

can increase the colonization to stainless steel. The absence of an interaction 

between P. aeruginosa PAK cells and DNase I provides evidence against this 

effect being caused by steric interference (Figure 4-9-C).
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The effect of exogenous DNA on the colonization of BECs by P. aeruginosa 

was examined. Exogenous DNA at certain concentrations caused an inhibition in 

the ability of P. aeruginosa cells to adhere to BECs (Figure 4-10-A). Again, as 

with the colonization of stainless steel, the reduced adherence of P. aeruginosa 

cells to BECs was dependent on both the bacterial cell density and the 

concentration of DNA. The ability of DNA to increase or decrease pilus mediated 

binding to asialo-GMi was also investigated. Pre-incubation with exogenous 

DNA inhibited the specific interaction of PAK type IV pili with asialo-GMi by up to 

75%, which is higher than the inhibition observed for P. aeruginosa cells (Figure

4-10-B). The ability of DNase I to inhibit pilus-mediated binding to BECs was 

also tested. DNase I was able to inhibit pilus mediated binding to BECs by 

-25%, which was less than the inhibition observed for stainless steel (compare 

Figures 4-9-B and 4-10-C). To confirm that the DNA is mediating the observed 

inhibition, the DNA was treated with DNase I prior to the experiment. The DNase 

I treated DNA inhibited pilus-mediated binding by -10% (Figure 4-10-C). 

However, the extent of DNA degradation was not quantified and therefore I can 

conclude that DNA specifically caused an inhibition of pilus-mediated binding to 

both BECs and asialo-GM-i. This suggests that the ability of DNA to aggregate 

P. aeruginosa cells (Allesen-Holm et al., 2006) inhibits the colonization of BECs 

and increases the colonization of stainless steel. However, the ability of DNase I 

to inhibit binding to both BECs and stainless steel suggests that there are 

concentrations of DNA that will increase the colonization of P. aeruginosa for 

different substrates.
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Figure 4-10. Exogenous DNA decreases the colonization of P. aeruginosa to 
BECs. (A) Biotinylated P. aeruginosa PAO or K122-4 bacteria at cellular 
densities of 9.7 x 106 CFU/mL and 5.9 x 106 CFU/mL respectively were 
incubated with various concentrations of DNA for 45 minutes. The reactions were 
then added to BEC plates and incubated for an hour at 37°C. The plates were 
developed using SA-HRP and ABTS. The data represent two independent 
experiments performed in triplicate and the error bars represent SEM. (B) 
Biotinylated PAK pili at a concentration of 0.3 pg/mL with various concentrations 
of DNA for 45 minutes. The reactions were then added to asialo-GMi plates and 
incubated for an hour at 37°C. The plates were developed using SA-HRP and 
ABTS. The data represent two independent experiments performed in triplicate 
and the error bars represent SEM. (C) Biotinylated PAK pili at a concentration of 
0.05 pg/mL with 0.5 mg/mL DNA or DNase I treated DNA for 45 minutes. 
Alternatively, the biotinylated PAK pili were incubated with 56 units of DNase I for 
45 minutes. The reactions were then added to BEC plates and incubated for an 
hour at 37°C. The plates were developed using SA-HRP and ABTS. The data 
represent two independent experiments performed in triplicate and the error bars 
represent SEM.
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4. 4. Discussion

Biofilm formation by P. aeruginosa is of medical importance as biofilms form 

on a number of surfaces including the lungs of cystic fibrosis patients and 

indwelled catheters (Nickel et al., 1989; Singh et al., 2000). Initiation of biofilm 

formation by P. aeruginosa requires type IV pili and quorum-sensing (Davies et 

al., 1998; O'Toole and Kolter, 1998). This report describes a novel function of P. 

aeruginosa quorum-sensing PAIs, the ability to modulate pilus-mediated binding 

to abiotic and biotic substrates. Both PAI-1 and PAI-2 produced by the Las and 

Rhl quorum-sensing systems respectively increase the binding of purified type IV 

pili to BECs (Figure 4-1-A). Although other cell adhesins have been identified in 

P. aeruginosa including alginate (Doig et al., 1987; Mai et al., 1993), LPS (Gupta 

et al., 1994; Zaidi et al., 1996), and flagella (Feldman et al., 1998) mutations in 

the type IV pili cause the most drastic effect on adherence and account for 

approximately 90% of all host cell binding (Farinha et al., 1994). It is therefore of 

significant interest that quorum-sensing PAIs increase the adherence of P. 

aeruginosa to host cells and may play a role during acute infections. However, 

as high cell densities are required to produce physiologically relevant PAI 

concentrations, it appears unlikely that PAIs would modulate the adherence of P. 

aeruginosa during the initial colonization preceeding infection (Davies et al., 

1998; Pearson et al., 1995).

Exogenous synthetic PAI-1 and PAI-2 at physiological concentrations 

increased the adherence of wild type P. aeruginosa PAK cells expressing pili 

(Figures 4-2-A, 4-2-C, and 4-2-E), but not an isogenic PAK pilus-deficient mutant
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(PAK NP) to stainless steel (Figures 4-2-B, 4-2-D, and 4-2-F). This increase in 

binding was concentration dependent for both PAK cells (Figure 4-3-A) and 

purified PAK pili (Figure 4-3-B). This suggests that the ability of PAIs to increase 

the binding of pili to BECs (Figure 4-1-A), stainless steel (Figure 4-3-B), and DNA 

(Figure 4-5) is not an artifact of pilus purification.

There are several possible explanations for the increase in pilus-mediated 

binding, the PAIs may (i) bind to the surface and facilitate colonization, (ii) cause 

aggregation of the pili, or (iii) bind to the pilus and increase the binding capacity. 

It is unlikely that both PAI-1 and PAI-2 would be able to bind to all of the 

substrates used (epithelial cells, stainless steel, and DNA) as the properties of 

these surfaces differ dramatically. In addition, the ability of the PAIs to increase 

pilus-mediated binding only above a threshold concentration of 6 pM is reached 

suggests an interaction of moderate affinity, whereas the pilus-steel interaction is 

of very high affinity and concentration dependent (Figure 4-1, 4-5). The ability of 

PAIs to alter the adherence of purified pili to the specific glycosphingolipid 

receptor asialo-GMi was also examined (Figure 4-1B). In agreement with the 

data obtained with BECs, PAI-2 was able to increase the binding of pili to asialo- 

GMi (Figure 4-1). In contrast, PAI-1 had no effect on the binding of pili to asialo- 

GMi despite increasing the binding of pili to BECs (Figure 4-1). These 

observations suggest: (i) There must be other pilus receptors present on the 

surface of BECs as determined previously (Doig et al., 1989; Wu et al., 1995), 

and PAI-1 is able to alter the affinity of the pilus for a subset of these receptors, 

and (ii) The increase in binding is not due to aggregation of the pili or PAI-1
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would have also increased the binding of purified pili for asialo-GMi (Figure 4-1- 

B).

Therefore, the most likely basis for the increase in pilus-mediated binding to 

abiotic and biotic substrates is through direct binding of PAI-1 and PAI-2 to the 

pilus. Binding of either PAI-1 or PAI-2 likely induces a conformational change in 

the pilus that alters the C-terminal receptor binding domain structure. NMR 

studies using synthetic peptides of the C-terminal receptor binding domain or 

residues 128-144 have demonstrated that these peptides are found in multiple 

conformations (Campbell et al., 1997; Mclnnes et al., 1994; Wong et al., 1995). 

This C-terminal receptor binding domain in the K122-4 pilin monomer has also 

been found to be very flexible in molecular dynamic studies (Suh et al., 2001). 

Furthermore, comparisons of the solved truncated K122-4 structure by NMR 

(Keizer et al., 2001) and X-ray crystallography (Audette et al., 2004a) indicate 

that there may be multiple pilin conformations. Interestingly, exposure to a 

hydrophobe causes a conformational change in the truncated K122-4 pilin 

monomer that leads to spontaneous self-assembly into a protein nanotube 

(Audette et al., 2004c). Therefore, the pilus structural subunit is capable of 

considerable flexibility.

The observation that PAIs modulate type IV pilus binding functions was not 

anticipated since the only well established function of these molecules is as 

ligands for the transcriptional regulators LasR and RhIR (Brint and Ohman, 1995; 

de Kievit and Iglewski, 2000; Ochsner and Reiser, 1995; Passador et al., 1993; 

Pearson et al., 1994). Ligands often act as “molecular switches” to cause an
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allosteric change in transcriptional factors to regulate gene expression (Buskirk 

and Liu, 2005). Therefore, I propose that in addition to their role in regulation of 

the transcriptional factors LasR and RhIR, the PAIs are also allosteric regulators 

of the binding functions mediated by the type IV pilus.

Nevertheless, the results using the twitching motility mutants suggested an 

additional level of control. Pre-incubation of PAI-1 and PAI-2 with R364 pilT or 

S34 pilU mutants did not cause an increase in adherence for stainless steel in 

contrast to the results obtained with PAK wild type cells (compare Figures 4-3-A 

with 4-6). This indicates a possible link between the potential conformational 

change induced in the pilus by the PAIs and the ATPases involved in twitching 

motility (Burrows, 2005). However, the ability of the PAIs to modulate or induce a 

conformational change in the purified pili is not compromised, as both PAI-1 and 

PAI-2 increase binding to several substrates (Figures 4-1-A, 4-3-B, and 4-5). 

This is interesting as the PAK pili were purified from the twitching motility mutant, 

PAK 2Pfs (Bradley, 1974; Paranchych et al., 1979) indicating that the ability of 

the pili from the twitching motility mutants to respond to PAIs is not compromised. 

Purified pili have no base structure as they are sheared off of the P. aeruginosa 

cells (Paranchych et al., 1979). Therefore, the pili displayed on the surface of P. 

aeruginosa have additional requirements to stabilize the conformational change 

induced by the PAIs. The base of the pilus is anchored to the inner membrane 

and potentially in transient contact with both PilT and PilU through a complex 

spanning the inner membrane (Burrows, 2005; Darzins and Russell, 1997). 

Therefore, it is possible that the ATPases act as secondary messengers to
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recognize and stabilize the conformational change induced by the PAIs. There is 

a conserved sequence (AIRNLIRE) in PilT may respond to pilus-mediated 

surface binding to signal retraction as mutations do not affect ATPase activity, 

but prevent twitching (Aukema et al., 2005). The conformational change in the 

pilin subunits of the pilus (due to interaction with the PAIs) may relay a signal to 

PilT (possibly through the AIRNLIRE motif) to stabilize the conformational 

change (Aukema et al., 2005). The conclusion is not that quorum-sensing 

modulates twitching motility but rather suggest that PAIs modulate pilus-functions 

independent of genetic control and that functional ATPases are required for pilus 

modulation in vivo.

Interestingly, when PAIs were added to PAK wild type cells attached to 

stainless steel, the result was a concentration dependent detachment (Figure 4-

5-A). Therefore, if the P. aeruginosa cells are not attached to a surface, the PAIs 

modulate the pilus to increase the binding capacity with the intracellular ATPases 

acting as secondary messengers to stabilize the conformation change. 

Alternatively, if P. aeruginosa cells are bound to a surface the PAIs modulate the 

pilus to decrease the adherent capacity again through a conformational change 

induced by the PAIs and stabilized by the ATPases. The inability of PAK R364 

pilT to respond to PAIs and detach from stainless steel suggests a reason for the 

observed inability of R364 to disperse from maturing biofilms (Figure 4-7-B) 

(Chiang and Burrows, 2003b). However, type IV pili are not necessarily 

required for dispersal from biofilms as dispersal is still induced in a pilus-deficient 

P. aeruginosa strain by nutrient conditions (Sauer et al., 2004). Furthermore,
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nutrient mediated dispersal was associated with an increase in fliC transcription 

and a decrease in pilus expression, suggesting that flagella are important for 

dispersal (Sauer et al., 2004). Therefore, the results of the present study may 

have more relevance during the formation and maturation of a biofilm than for 

dispersal in mature biofilms. There is no explanation for the increase in 

attachment of PAK S34 pilU mutants after the addition of PAIs post colonization 

(Figure 4-7-C). Although both PilT and PilU are required for twitching motility 

these proteins cannot substitute for each other and are functionally distinct 

(Burrows, 2005). Furthermore, PAK R364 pilT mutants are pilus-phage resistant, 

whereas, PAK S34 pilU mutants are pilus-pha'ge sensitive, indicating that these 

proteins are not redundant (Whitchurch et al., 1991; Whitchurch and Mattick, 

1994). In addition, it has been reported that PilT localizes to both P. aeruginosa 

cell poles, whereas, PilU is only located at the piliated P. aeruginosa pole 

(Chiang et al., 2005). The observed differential responsiveness of these two 

twitching motility deficient PAK strains is therefore not unprecedented.

Therefore, the PAIs at physiological concentrations may directly modulate the 

pilus structure, through a conformational change to increase or decrease the 

affinity of the pilus-tip for a variety of substrates. In addition to their ability to 

modulate pilus functions, pre-incubation of P. aeruginosa cells with PAIs 

accelerated microcolony formation (Figures 4-2-C and 4-2-E). Normally 

microcolonies develop at 5 to 7.5 hours after inoculation (OToole and Kolter, 

1998) and are visually apparent after 24 hours (Singh et al., 2000). In this report 

pre-incubation of huge densities of P. aeruginosa with PAIs causes the formation
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of distinct microcolonies after 1 hour (Figures 4-2-C and 4-2-E). Pre-incubation 

with PAIs causes a visual jump from single P. aeruginosa cell attachment to 

biofilm maturation stage-1, defined by a cell cluster thicker than 10 pm (Sauers et 

al., 2002). Although PAIs increase the binding of pili to surfaces, PAIs do not 

cause pilus aggregation, suggesting that the ability to induce microcolony 

formation occurs by genetic regulation. However, no specific quorum sensing 

controlled genetic targets have currently been identified as relevant to the 

formation of biofilms (Reisner et al., 2005). A recent study determined that DNA 

was released from P. aeruginosa cells through a quorum-sensing dependent 

mechanism and that microcolonies contain large amounts of extracellular DNA 

(Allesen-Holm et al., 2006). This may explain the accelerated microcolony 

formation observed on addition of exogenous PAIs to high P. aeruginosa cell 

densities (Figure 4-2-C and 4-2-D). However, the results obtained by the 

addition of exogenous DNA did not result in the same acceleration of 

microcolony formation as addition of PAIs (Figure 4-8-C and 4-8-E). This 

suggests that although DNA causes aggregation of P. aeruginosa cells and is 

released in response to PAIs (Allesen-Holm et al., 2006), there are still other 

factors involved in the accelerated microcolony formation observed due to the 

addition of exogenous PAIs.

Investigation into the effects of DNA on the initial colonization provide some 

explanation for the importance of DNA during initial biofilm formation (Whitchurch 

et al., 2002). P. aeruginosa pili have recently been demonstrated to bind DNA 

from a variety of sources in a sequence independent manner (van Schaik et al.,
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2005). Exogenous DNA increases the colonization of P. aeruginosa cells to 

stainless steel (Figure 4-8-C and 4-9-A) and inhibits the colonization to BECs 

(Figure 4-10-A) at certain concentrations. The ability to increase the colonization 

of P. aeruginosa to stainless steel by exogenous DNA is dependent on the type 

IV pili (Figures 4-8-C, 4-8-D, and 4-8-E). Pilus-mediated DNA binding is a 

multivalent interaction that potentially involved a groove formed by the |3-sheet 

domain (van Schaik et al., 2005). In contrast pilus-mediated binding to BECs 

and stainless steel is dependent on the C-terminal RBD (Giltner et al., 2006; Irvin 

et al., 1989). As the aspects of the pilus that are required for binding to stainless 

steel and DNA are distinct cellular aggregation is possible (Figure 4-8-E) and this 

provides an explanation for why DNA causes aggregation of P. aeruginosa cells 

(Allesen-Holm et al., 2006).

I propose that the interaction between P. aeruginosa cells and DNA is similar 

to an antibody-antigen interaction. Therefore, an excess of P. aeruginosa cells 

and a small amount of DNA will produce no effect. Equivalent concentrations of 

P. aeruginosa and DNA will increase colonization due to aggregation of the P. 

aeruginosa by DNA. In contrast, an excessive concentration of DNA will inhibit 

the colonization P. aeruginosa cells. The results with DNase I also support this 

conclusion as the level of DNA present in the environment contributes to the 

colonization of P. aeruginosa cells to stainless steel (Figure 4-9-B) and BECs 

(Figure 4-10-C). This indicates that DNA may also be important for initial 

colonization of surfaces in addition to the requirement for DNA during biofilm 

development (Whitchurch et al., 2002) and as a component of the EPS in mature
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biofilms (Matsukawa and Greenberg, 2004b). Consequently, the release of DNA 

through membrane blebs (Kadurugamuwa and Beveridge, 1995; Renelli et al., 

2004) or through the quorum-sensing dependent mechanism (Allesen-Holm et 

al., 2006) may aid both the initial colonization of surfaces and completion of 

biofilm formation by P. aeruginosa (Whitchurch et al., 2002).

Although an increase in P. aeruginosa cellular adherence mediated by the 

PAIs has implications for some types of acute infections, the ability of PAIs to 

increase pilus-mediated binding to DNA is probably more relevant to chronic CF 

lung infections. It has been established that P. aeruginosa forms biofilms in the 

CF lung that are not directly associated with the airway epithelium (Singh et al., 

2000). Furthermore, there is a very high concentration of DNA in the lungs of CF 

patients due to neutrophil necrosis (Lethem et al., 1990; Sheils et al., 1996). 

Recently, it was demonstrated that P. aeruginosa biofilm formation in the 

presence of neutrophils is enhanced due to actin and DNA polymers (Walker et 

al., 2005), and several reports have demonstrated the importance of DNA in the 

initial stages of P. aeruginosa biofilm formation (Nemoto et al., 2003; Whitchurch 

et al., 2002). PAI concentrations associated with biofilms were observed to 

significantly enhance pilus-mediated binding to DNA (Figure 4-5) and Allesen- 

Holms (2006) recently demonstrated that DNA causes aggregation of P. 

aeruginosa cells. In addition, the results obtained with the addition of exogenous 

DNA during pilus-mediated binding to BECs (Figure 4-10-C) and asialo-GIVh 

(Figure 4-10-B) indicate that the amount of DNA found in the CF lung would 

inhibit cellular binding. Therefore, it appears likely that the in situ PAI
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concentrations in the CF lung facilitate the saturation of DNA binding sites on the 

pilus, which may promote the formation of biofilms that are not directly 

associated with the airway epithelium.

Therefore, PAIs modulate the pilus directly by a proposed allosteric 

mechanism to increase binding and cause microcolony formation in a pilus- 

independent manner. In addition, DNA causes aggregation of P. aeruginosa 

cells (Allesen-Holm et al., 2006) in a pilus-dependent manner, which either 

increases or inhibits colonization of P. aeruginosa cells depending in part on the 

affinity of the pilus for the surface. Therefore, the ability of PAIs to modulate 

binding to both surfaces and DNA, as well as the ability of DNA to aggregate P. 

aeruginosa cells, has major implications for biofilm formation and infection.
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5. General Discussion

5.1. Pilus-mediated DNA binding and biofilm formation

This thesis has demonstrated that the type IV pili from several strains of P. 

aeruginosa could bind directly to DNA in a sequence independent manner 

(Figures 2-4, 2-5, and 2-7) (van Schaik et al., 2005). The ability to bind DNA was 

a function of an intact pilus and was a multivalent interaction that can cause 

aggregation of P. aeruginosa cells (Figures 2-4, 2-10, and 4-8-E) (Allesen-Holm 

et al., 2006; van Schaik et al., 2005). Antibody inhibition assays using MAb 

PK99H and MAb PKL1 suggested that the C-terminal RBD is not directly 

involved in DNA binding (Figure 3-5). However, the ability of the PAIs to 

modulate the C-terminal RBD, potentially through a conformational change, 

increase the affinity of P. aeruginosa type IV pili for DNA (Figure 4-5). I propose 

that the pilus-DNA interaction is mediated by the 4-stranded anti-parallel P-sheet 

domain of the pilin that forms a groove along the length of the pilus and contains 

a conserved threonine residue (Thr98) (Figure 2-1). Therefore, the modulation of 

pilus-mediated DNA binding by the PAIs potentially occurs through stabilization 

of the connecting loop adjacent to the C-terminal RBD and the C-terminal RBD in 

a conformation away from the 4-stranded anti-parallel P-sheet domain of the pilin 

(Figure 3-8). The ability to move these loops away from the groove along the 

length of the pilus would remove potential steric interference and facilitate an 

increased affinity for DNA.
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The ability of the type IV pilus to bind DNA has major implications for biofilm 

formation as P. aeruginosa biofilm formation is dependent on exogenous DNA 

and DNA is a major component of the biofilm EPS (Matsukawa and Greenberg, 

2004a; Nemoto et al., 2003; Whitchurch et al., 2002). Evidence presented in this 

thesis has determined that DNA caused aggregation of P. aeruginosa cells in a 

pilus-dependent manner that either increased or decreased colonization of 

stainless steel and BECs (Figures 4-8-C, 4-8-E, 4-9, and 4-10). Therefore, the 

ability of P. aeruginosa to release exogenous DNA may facilitate colonization of 

surfaces and biofilm formation (Allesen-Holm et al., 2006; Kadurugamuwa and 

Beveridge, 1995). As the interaction between DNA and P. aeruginosa is 

hypothesized to mirror an antibody-antigen interaction, the release of DNA at 

concentrations that cause aggregation of P. aeruginosa would facilitate 

colonization of a surface and also accelerate biofilm formation. In addition, the 

large concentrations of DNA in the lungs of CF patients may accelerate biofilm 

formation independent of cellular adherence (Brinkmann et al., 2004; Lethem et 

al., 1990; Sheils et al., 1996; Singh et al., 2000; Tomkiewicz et al., 1993). 

Concentrations of DNA that are found in the lungs of CF patients were 

demonstrated to inhibit cellular adherence by P. aeruginosa (Figure 4-10). This 

data suggests an additional reason for the increased susceptibility of people 

suffering from CF to chronic P. aeruginosa infections. The amount of DNA found 

in the CF lung would aggregate P. aeruginosa and inhibit cellular adherence as 

the affinity for DNA is much higher than for epithelial cells (Irvin et al., 1989; van 

Schaik et al., 2005). A form of recombinant DNase I called Pulmozyme (Roche
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Pharmaceuticals) is used to as a treatment by approximately 40% of CF patients. 

Treatment with Pulmozyme results in decreased sputum viscosity and improved 

lung function (Geddes and Shah, 1999) and may also prevent the formation of P. 

aeruginosa biofilms (Whitchurch et al., 2002).

Therefore, the ability of the type IV pili from P. aeruginosa to mediate DNA 

binding can facilitate biofilm formation and colonization of a variety of surfaces 

(van Schaik et al., 2005; Whitchurch et al., 2002).

5. 2. Cis/trans isomerization of a conserved proline may mediate the 

allosteric regulation of the P. aeruginsoa type IV pili

Evidence was presented in this thesis suggesting there is a conformational 

change that can be induced in the P. aeruginosa type IV pilus, which modulates 

that affinity of the pilus for several substrates. The data presented on the 

characterization of MAb PKL1 suggests that binding of this monoclonal antibody 

altered the structure of the C-terminal RBD so that MAb PK99H could no longer 

recognize its epitope (Figure 3-3). In addition, the ability of the quorum sensing 

PAIs to alter the affinity of the type IV pilus for several different substrates also 

indicates that the PAIs could cause a conformational change in the C-terminal 

RBD (Figures 4-1, 4-3, and 4-5). One of the major functions of type IV pili is to 

facilitate twitching motiliy (Mattick, 2002). Interestingly, a recent study 

demonstrated that the C-terminal RBD specifically mediates binding to a variety 

of abiotic surfaces (Giltner et al., 2006). Therefore, the structure of C-terminal 

RBD may have evolved to retain the ability to bind all the surfaces colonized by
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P. aeruginosa. Alteration of the C-terminal RBD to mediate detachment from 

surfaces has major implications for twitching motility (Figure 4-7-A). Modulating 

the release of the pilus tip during twitching motility rather than breaking off the 

pilus and loss of pilin subunits, would be more efficient and would allow all pilin 

subunits to be recycled into new pili on the bacterial surface (Touhami et al.,

2006).

The hypothesized conformational change evolved from the observation that 

there is a conserved proline residue within the C-terminal disulfide bonded loop 

of various type IVa pilins from different species (Hahn, 1997; Hazes et al., 2000). 

Studies using synthetic C-terminal RBD peptides provides insight into the 

proposed cis/trans isomerization around the imide bond between Ile138 and 

Pro139 of PAK (Campbell et al., 1997; Mclnnes et al., 1994; Wong et al., 1995). 

The C-terminal RBD forms two (3-turns, a type I (3-turn (residues 134-137) 

followed by a type II (3-turn (residues 139-142) (Campbell et al., 1997). The 

PAK(128-144)ox peptide is found in both trans and cis forms in a ratio of 3:1 

(Mclnnes et al., 1994). Interestingly, substitution of Pro139 in the type II (3-turn 

with an alanine decreases the peptide’s affinity for epithelial cells, while also 

causing the disappearance of the cis form of the peptide (Wong et al., 1995). 

This suggests that the cis form of the peptide is more important for cellular 

adherence. Several of the residues that are important for cellular adherence 

show large chemical shifts between the cis and trans peptide conformations 

including Gln136, Ile138, and Gly141 (Wong et al., 1995). Even though all of the 

pilin structures solved to date (Audette et al., 2004a; Craig et al., 2003; Hazes et
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al., 2000; Parge et al., 1995) are in the trans conformation, this could be due to 

the crystallization conditions, while the pilin structures may adopt a cis 

conformation under different crystallization conditions (Andreotti, 2003). 

Particularly as the above data using synthetic peptides suggest that the cis 

conformation is more important for cellular binding (Campbell et al., 1997; Wong 

et al., 1995).

Cis/trans proline isomerization occurs in several folded proteins and has 

important implications for signaling control. A proline switch, present in the SH2 

domain of interleukin-2 tyrosine kinase, modulates ligand recognition (Mallis et 

al., 2002). The location of this proline within a loop minimizes steric constraints 

and is probably a favorable feature for a proline switch (Mallis et al., 2002), which 

is similar to the position of Pro139 within the C-terminal RBD. The most similar 

structures to type IVa pilins are the major coat proteins of icosahedral RNA 

phages including MS2 (van Schaik et al., 2005). A lateral gene transfer event 

may have occurred to produce the pilin structural subunit. Cis/trans proline 

isomerization occurs within the coat protein of the MS2 bacteriophage 

(Golmohammadi et al., 1993). However, the cis/trans isomerization in MS2 does 

not occur in the same loop as in the P. aeruginosa pilin. The MS2 cis/trans 

isomerization would occur in the loop adjacent to the C-terminal RBD in the pilin 

structure (Golmohammadi et al., 1993; Hazes et al., 2000). However, the proline 

isomerization in the MS2 coat protein causes changes in the adjacent loop, 

which would correspond to the C-terminal RBD of P. aeruginosa pilin 

(Golmohammadi et al., 1993; Hazes et al., 2000). Therefore, the PAIs and MAb
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PKL1 potentially bind and alter the structure of this adjacent loop, which causes 

the cis/trans Pro139 isomerization in the C-terminal RBD to increase or decrease 

binding. This increase in binding may result from the disappearance of the type I 

P-turn from the C-terminal RBD in the cis conformation, and other structural 

changes involving important residues for binding, such as Gln136, Ile138, and 

Gly141 (Campbell et al., 1997; Mclnnes et al., 1994; Wong et al., 1995). 

Interestingly, NMR data colleted with K122-4 pilin was unable to determine the 

structure of the second P-turn or residues 139-142 as there was spectral overlap 

between Pro 139, Lys 140, and Thr141 (Keizer et al., 2001), supporting the 

possibility of a conformational change in the native pilin. In addition, a NMR 

backbone dynamic study demonstrated that there may be isomerization of the 

disulfide bond between C129 and C142 (Suh et al., 2001), which could result 

from cis/trans isomerization of lle138-Pro139 imide bond. The trans to cis 

interconversion requires 0.61 kcal/mol in the oxidized PAK peptide (Mclnnes et 

al., 1994), which is less than the 14-24 kcal/mol required for conversion in an 

unfolded protein (Andreotti, 2003). Therefore, it is reasonable that binding of the 

PAIs or MAb PKL1 to the loop adjacent to the C-terminal RBD may create new 

hydrophobic or hydrogen bond interactions that could provide the interconversion 

activation energy necessary for a proline switch. Consequently, the PAIs and 

MAb PKL1 would act similar to a cis/trans isomerase to stabilize the transition 

state between the cis and trans conformers (Andreotti, 2003).

Therefore, I propose that a cis/trans isomerization of the Ne138-Pro139 imide 

bond modulates that affinity of the P. aeruginosa type IV pilus. This
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conformational change is potentially important for twitching motility and 

maturation of biofilms.

5. 3. Future directions

As pilus-mediated DNA binding is important for biofilm formation on abiotic 

surfaces and potentially for biofilm formation in the CF lungs, it will be important 

to determine what structural aspects of the pilus mediate this interaction. I 

imagine that the conserved Thr98 present in the p-sheet structure of many type 

IV pili is required for DNA binding. Interestingly, in the closely related MS2 coat 

protein structure dimers bind RNA through direct interaction of the P-sheet 

residues, and where Ser and Thr side chains contribute directly to RNA binding 

(Helgstrand et al., 2002). Creation of a point mutation Thr98 to Ala in the cloned 

full length K122-4 pilin structure would allow expression in a non-piliated strain of 

P. aeruginosa to determine if DNA still increases colonization or causes 

aggregation of the cells. This would determine if the conserved threonine is 

required for DNA binding and suggest that DNA binding is a conserved function 

of type IV pili in many bacterial species.

The ability of P. aeruginosa type IV pili to bind directly to DNA has major 

implications for chronic CF lung infections. Evidence presented in this thesis 

suggests that the high concentration of DNA in the lungs of CF patients may 

cause accelerated biofilm formation in a type IV pilus-dependent manner (Figure 

4-10). Animal model studies could be performed to determine if the colonization 

of P. aeruginosa in the presence of high concentrations of DNA leads to a
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chronic rather than acute infection. Evidence presented in this thesis suggests 

that the high concentration of DNA in the lungs of CF patients may cause 

accelerated biofilm formation in a type IV pilus-dependent manner (Figure 4-10). 

The rat model for P. aeruginosa pneumonia could be used to determine if DNA 

can cause the switch to chronic colonization (Vanderzwan et al., 1998).

It was demonstrated that pilus-mediated binding functions are altered by PAIs 

and have suggested that this occur by a proline switch in the C-terminal RBD 

(Figures 4-1, 4-3, and 4-5). The identification of cis/trans proline isomerization in 

folded protein is difficult as most biochemical methodologies are unable to detect 

this change (Andreotti, 2003). However, as NMR is capable of detecting a 

proline switch, NMR studies will be carried out with PAK pilin and PAK pilin after 

binding by MAb PKL1 antibodies. Alternatively, NMR studies will be performed 

with PAK pilin and PAK pilin in the presence of PAIs. In addition, to determine if 

the cis conformation of the C-terminal RBD mediated the binding functions of the 

pilus site-directed mutagenesis of Pro139, which causes the disappearance of 

the cis conformer in the PAK(128-144)ox peptide (Wong et al., 1995) could be 

performed in the cloned full length PAK pilin and then expressed in a non-piliated 

strain of P. aeruginosa. A difference in the ability to bind to BECs compared to a 

non-piliated strain expressing the wild type full length PAK pilin will determine if 

the cis form of the C-terminal RBD mediate the binding functions of the type IV 

pilus.
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These studies will help to further elucidate the structure-function relationship 

of the P. aeruginosa type IV pili and may provide general information on the 

function of type IV pili.

166

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 6 

Bibliography

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bibliography

Aas, F.E., Wolfgang, M., Frye, S., Dunham, S., Lovold, C., and Koomey, M.

(2002) Competence for natural transformation in Neisseria gonorrhoeae: 

components of DNA binding and uptake linked to type IV pilus 

expression. Mol Microbiol 46: 749-760.

Albus, A.M., Pesci, E.C., Runyen-Janecky, L.J., West, S.E., and Iglewski, B.H.

(1997) Vfr controls quorum sensing in Pseudomonas aeruginosa. J 

Bacteriol 179: 3928-3935.

Alcorn, J.F., and Wright, J.R. (2004) Degradation of Pulmonary Surfactant 

Protein D by Pseudomonas aeruginosa Elastase Abrogates Innate 

Immune Function. J Biol Chem 279: 30871-30879.

Allesen-Holm, M., Barken, K.B., Yang, L., Klausen, M., Webb, J.S., Kjelleberg,

S., Molin, S., Givskov, M., and Tolker-Nielsen, T. (2006) A 

characterization of DNA release in Pseudomonas aeruginosa cultures 

and biofilms. Mol Microbiol 59: 1114-1128.

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller, W., and 

Lipman, D.J. (1997) Gapped BLAST and PSI-BLAST: a new generation 

of protein database search programs. Nucleic Acids Res 25: 3389-3402.

Andreotti, A.H. (2003) Native state proline isomerization: an intrinsic molecular 

switch. Biochemistry 42: 9515-9524.

Audette, G.F., Irvin, R.T., and Hazes, B. (2004a) Crystallographic analysis of the 

Pseudomonas aeruginosa strain K122-4 monomeric pilin reveals a 

conserved receptor-binding architecture. Biochemistry 43: 11427-11435.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Audette, G.F., van Schaik, E.J., Hazes, B., and Irvin, R.T. (2004b) DNA-Binding 

Protein Nanotubes: Learning from Nature's Nanotech Examples. Nano 

Letters 4: 1897-1902.

Aukema, K.G., Kron, E.M., Herdendorf, T.J., and Forest, K.T. (2005) Functional 

dissection of a conserved motif within the pilus retraction protein PilT. J 

Bacteriol 187: 611-618.

Azghani, A.O., Idell, S., Bains, M., and Hancock, R.E. (2002) Pseudomonas

aeruginosa outer membrane protein F is an adhesin in bacterial binding 

to lung epithelial cells in culture. Microb Pathog 33: 109-114.

Bagshaw, S.M., and Laupland, K.B. (2006) Epidemiology of intensive care unit- 

acquired urinary tract infections. Curr Opin Infect Dis 19: 67-71.

Baker, N.R., Minor, V., Deal, C., Shahrabadi, M.S., Simpson, D.A., and Woods, 

D.E. (1991) Pseudomonas aeruginosa exoenzyme S is an adhesion. 

Infect Immun 59: 2859-2863.

Bally, M., Ball, G., Badere, A., and Lazdunski, A. (1991) Protein secretion in 

Pseudomonas aeruginosa: the xcpA gene encodes an integral inner 

membrane protein homologous to Klebsiella pneumoniae secretion 

function protein PulO. J Bacteriol 173: 479-486.

Barbieri, J.T. (2000) Pseudomonas aeruginosa exoenzyme S, a bifunctional 

type-ill secreted cytotoxin. Int J Med Microbiol 290: 381-387.

Beachey, E.H. (1981) Bacterial adherence: adhesin-receptor interactions

mediating the attachment of bacteria to mucosal surface. J Infect Dis 

143: 325-345.

169

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Beard, M.K., Mattick, J.S., Moore, L.J., Mott, M.R., Marrs, C.F., and Egerton, J.R. 

(1990) Morphogenetic expression of Moraxella bovis fimbriae (pili) in 

Pseudomonas aeruginosa. J Bacteriol 172: 2601-2607.

Beatson, S.A., Whitchurch, C.B., Sargent, J.L., Levesque, R.C., and Mattick, J.S.

(2002) Differential regulation of twitching motility and elastase production 

by Vfr in Pseudomonas aeruginosa. J Bacteriol 184: 3605-3613.

Bejarano, P.A., Langeveld, J.P., Hudson, B.G., and Noelken, M.E. (1989)

Degradation of basement membranes by Pseudomonas aeruginosa 

elastase. Infect Immun 57: 3783-3787.

Berzofsky, J.A. (1985) Intrinsic and extrinsic factors in protein antigenic structure. 

Science 229: 932-940.

Bhaya, D., Bianco, N.R., Bryant, D., and Grossman, A. (2000) Type IV pilus 

biogenesis and motility in the cyanobacterium Synechocystis sp. 

PCC6803. Mol Microbiol 37: 941-951.

Bieber, D., Ramer, S.W., Wu, C.Y., Murray, W.J., Tobe, T., Fernandez, R., and 

Schoolnik, G.K. (1998) Type IV pili, transient bacterial aggregates, and 

virulence of enteropathogenic Escherichia coli. Science 280: 2114-2118.

Bitter, W. (2003) Secretins of Pseudomonas aeruginosa: large holes in the outer 

membrane. Arch Microbiol 179: 307-314.

Bodey, G.P., Bolivar, R., Fainstein, V., and Jadeja, L. (1983) Infections caused 

by Pseudomonas aeruginosa. Rev Infect Dis 5: 279-313.

Boone, D.R., Castenholz, R.W., and Garrity, G.M. (2001) Bergey's manual of 

systematic bacteriology. New York: Springer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Boucher, R.C. (2004) New concepts of the pathogenesis of cystic fibrosis lung 

disease. EurRespirJ 23: 146-158.

Bradley, D.E. (1972) Shortening of Pseudomonas aeruginosa pili after RNA- 

phage adsorption. J Gen Microbiol 72: 303-319.

Bradley, D.E. (1973) A pilus-dependent Pseudomonas aeruginosa bacteriophage 

with a long noncontractile tail. Virology 51: 489-492.

Bradley, D.E. (1974) The adsorption of Pseudomonas aeruginosa pilus- 

dependent bacteriophages to a host mutant with nonretractile pili. 

Virology 58: 149-163.

Bradley, D.E. (1980) A function of Pseudomonas aeruginosa PAO polar pili: 

twitching motility. Can J Microbiol 26: 146-154.

Bradley, D.E. (1983) Derepressed plasmids of incompatibility group 11 determine 

two different morphological forms of pilus. Plasmid 9: 331-334.

Bradley, D.E., and Pitt, T.L. (1974) Pilus-dependence of four Pseudomonas 

aeruginosa bacteriophages with non-contractile tails. J Gen Virol 24: 1- 

15.

Bren, A., and Eisenbach, M. (2000) How Signals Are Heard during Bacterial

Chemotaxis: Protein-Protein Interactions in Sensory Signal Propagation. 

J Bacteriol 182: 6865-6873.

Brennan, A.L., and Geddes, D.M. (2002) Cystic fibrosis. Curr Opin Infect Dis 15: 

175-182.

171

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, 

D.S., Weinrauch, Y., and Zychlinsky, A. (2004) Neutrophil extracellular 

traps kill bacteria. Science 303: 1532-1535.

Brint, J.M., and Ohman, D.E. (1995) Synthesis of multiple exoproducts in 

Pseudomonas aeruginosa is under the control of RhIR-Rhll, another set 

of regulators in strain PA01 with homology to the autoinducer- 

responsive LuxR-LuxI family. J Bacteriol 177: 7155-7163.

Brown, R.C., and Taylor, R.K. (1995) Organization of tcp, acf, and toxT genes 

within a ToxT-dependent operon. Mol Microbiol 16: 425-439.

Bryan, R., Kube, D., Perez, A., Davis, P., and Prince, A. (1998) Overproduction 

of the CFTR R Domain Leads to Increased Levels of AsialoGMI and 

Increased Pseudomonas aeruginosa Binding by Epithelial Cells. Am J 

Respir Cell Mol Biol 19: 269-277.

Burns, J.L., Gibson, R.L., McNamara, S., Yim, D., Emerson, J., Rosenfeld, M., 

Hiatt, P., McCoy, K., Castile, R., Smith, A.L., and Ramsey, B.W. (2001) 

Longitudinal assessment of Pseudomonas aeruginosa in young children 

with cystic fibrosis. J Infect Dis 183: 444-452.

Burrows, L.L. (2005) Weapons of mass retraction. Mol Microbiol 57: 878-888.

Buskirk, A.R., and Liu, D.R. (2005) Creating Small-Molecule-Dependent 

Switches to Modulate Biological Functions. Chemistry & Biology 12: 151- 

161.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cachia, P.J., and Hodges, R.S. (2003) Synthetic peptide vaccine and antibody 

therapeutic development: prevention and treatment of Pseudomonas 

aeruginosa. Biopolymers 71: 141-168.

Campbell, A.P., Wong, W.Y., Houston, M., Jr., Schweizer, F., Cachia, P.J., Irvin, 

R.T., Hindsgaul, O., Hodges, R.S., and Sykes, B.D. (1997) Interaction of 

the receptor binding domains of Pseudomonas aeruginosa pili strains 

PAK, PAO, KB7 and P1 to a cross-reactive antibody and receptor 

analog: implications for synthetic vaccine design. J Mol Biol 267: 382- 

402.

Cao, H., Krishnan, G., Goumnerov, B., Tsongalis, J., Tompkins, R., and Rahme, 

L.G. (2001) A quorum sensing-associated virulence gene of 

Pseudomonas aeruginosa encodes a LysR-like transcription regulator 

with a unique self-regulatory mechanism. Proc Natl Acad Sci U S A  98: 

14613-14618.

Carbonnelle, E., Helaine, S., Prouvensier, L., Nassif, X., and Pelicic, V. (2005) 

Type IV pilus biogenesis in Neisseria meningitidis: PilW is involved in a 

step occurring after pilus assembly, essential for fibre stability and 

function. Mol Microbiol 55: 54-64.

Carlson, C.A., Pierson, L.S., Rosen, J.J., and Ingraham, J.L. (1983) 

Pseudomonas stutzeri and related species undergo natural 

transformation. J Bacteriol 153: 93-99.

173

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Castric, P., Cassels, F.J., and Carlson, R.W. (2001) Structural characterization of 

the Pseudomonas aeruginosa 1244 pilin glycan. J Biol Chem 276: 

26479-26485.

Chastre, J., and Fagon, J.Y. (2002) Ventilator-associated pneumonia. Am J 

Respir Crit Care Med 165: 867-903.

Chi, E., Mehl, T., Nunn, D., and Lory, S. (1991) Interaction of Pseudomonas 

aeruginosa with A549 pneumocyte cells. Infect Immun 59: 822-828.

Chiang, P., and Burrows, L.L. (2003) Biofilm Formation by Hyperpiliated Mutants 

of Pseudomonas aeruginosa. J Bacteriol 185: 2374-2378.

Chiang, P., Habash, M., and Burrows, L.L. (2005) Disparate subcellular 

localization patterns of Pseudomonas aeruginosa Type IV pilus ATPases 

involved in twitching motility. J Bacteriol 187: 829-839.

Chugani, S.A., Whiteley, M., Lee, K.M., D'Argenio, D., Manoil, C., and

Greenberg, E.P. (2001) QscR, a modulator of quorum-sensing signal 

synthesis and virulence in Pseudomonas aeruginosa. Proc Natl Acad Sci 

U S A  98: 2752-2757.

Collins, R.F., Frye, S.A., Kitmitto, A., Ford, R.C., Tonjum, T., and Derrick, J.P.

(2004) Structure of the Neisseria meningitidis Outer Membrane PilQ 

Secretin Complex at 12 A Resolution. J Biol Chem 279: 39750-39756.

Collins, R.F., Frye, S.A., Balasingham, S., Ford, R.C., Tonjum, T., and Derrick, 

J.P. (2005) Interaction with Type IV Pili Induces Structural Changes in 

the Bacterial Outer Membrane Secretin PilQ. J Biol Chem 280: 18923- 

18930.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Comer, J.E., Marshall, M.A., Blanch, V.J., Deal, C.D., and Castric, P. (2002) 

Identification of the Pseudomonas aeruginosa 1244 pilin glycosylation 

site. Infect Immun 70: 2837-2845.

Comolli, J.C., Hauser, A.R., Waite, L., Whitchurch, C.B., Mattick, J.S., and Engel, 

J.N. (1999a) Pseudomonas aeruginosa gene products PilT and PilU are 

required for cytotoxicity in vitro and virulence in a mouse model of acute 

pneumonia. Infect Immun 67: 3625-3630.

Comolli, J.C., Waite, L.L., Mostov, K.E., and Engel, J.N. (1999b) Pili binding to 

asialo-GM1 on epithelial cells can mediate cytotoxicity or bacterial 

internalization by Pseudomonas aeruginosa. Infect Immun 67: 3207- 

3214.

Costerton, J.W. (2001) Cystic fibrosis pathogenesis and the role of biofilms in 

persistent infection. Trends Microbiol 9: 50-52.

Costerton, J.W., Lewandowski, Z., Caldwell, D.E., Korber, D.R., and Lappin- 

Scott, H.M. (1995) Microbial Biofilms. Ann Rev Microbiol 49: 711-745.

Costerton, J.W., Stewart, P.S., and Greenberg, E.P. (1999) Bacterial Biofilms: A 

Common Cause of Persistent Infections. Science 284: 1318-1322.

Craig, L., Taylor, R.K., Pique, M.E., Adair, B.D., Arvai, A.S., Singh, M., Lloyd,

S.J., Shin, D.S., Getzoff, E.D., Yeager, M., Forest, K.T., and Tainer, J.A.

(2003) Type IV pilin structure and assembly: X-ray and EM analyses of 

Vibrio cholerae toxin-coregulated pilus and Pseudomonas aeruginosa 

PAK pilin. Mol Cell 11:1139-1150.

175

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Craig, L., Pique, M.E., and Tainer, J.A. (2004) Type IV pilus structure and 

bacterial pathogenicity. Nat Rev Microbiol 2: 363-378.

Christie, P.J. (2001) Type IV secretion: intercellular transfer of macromolecules 

by systems ancestrally related to conjugation machines. Mol Microbiol 

40: 294-305.

Crowther, L.J., Anantha, R.P., and Donnenberg, M.S. (2004) The inner

membrane subassembly of the enteropathogenic Escherichia coli 

bundle-forming pilus machine. Mol Microbiol 52: 67-79.

Crowther, L.J., Yamagata, A., Craig, L., Tainer, J.A., and Donnenberg, M.S.

(2005) The ATPase activity of BfpD is greatly enhanced by zinc and 

allosteric interactions with other Bfp proteins. J Biol Chem 280: 24839- 

24848.

Cunha, B.A. (2001) Nosocomial pneumonia. Diagnostic and therapeutic 

considerations. Med Clin North Am 85: 79-114.

Cutting, G.R. (2005) Modifier genetics: cystic fibrosis. Annu Rev Genomics Hum 

Genet 6: 237-260.

D'Argenio, D.A., Gallagher, L.A., Berg, C.A., and Manoil, C. (2001) Drosophila as 

a model host for Pseudomonas aeruginosa infection. J Bacteriol 183: 

1466-1471.

Dacheux, D., Attree, I., Schneider, C., and Toussaint, B. (1999) Cell death of 

human polymorphonuclear neutrophils induced by a Pseudomonas 

aeruginosa cystic fibrosis isolate requires a functional type III secretion 

system. Infect Immun 67: 6164-6167.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Davies, D.G., Parsek, M.R., Pearson, J.P., Iglewski, B.H., Costerton, J.W., and 

Greenberg, E.P. (1998) The involvement of cell-to-cell signals in the 

development of a bacterial biofilm. Science 280: 295-298.

Davies, J.C. (2002) Pseudomonas aeruginosa in cystic fibrosis: pathogenesis 

and persistence. Paediatr Respir Rev 3: 128-134.

Davies, K.J., Lloyd, D., and Boddy, L. (1989) The effect of oxygen on

denitrification in Paracoccus denitrificans and Pseudomonas aeruginosa. 

J Gen Microbiol 135: 2445-2451.

Darzins, A., and Russell, M.A. (1997) Molecular genetic analysis of type-4 pilus 

biogenesis and twitching motility using Pseudomonas aeruginosa as a 

model system-a review. Gene 192: 109-115. 

de Groot, A., Heijnen, I., de Cock, H., Filloux, A., and Tommassen, J. (1994) 

Characterization of type IV pilus genes in plant growth-promoting 

Pseudomonas putida WCS358. J Bacteriol 176: 642-650. 

de Kievit, T.R., and Iglewski, B.H. (2000) Bacterial quorum sensing in pathogenic 

relationships. Infect Immun 68: 4839-4849. 

de Kievit, T.R., Gillis, R., Marx, S., Brown, C., and Iglewski, B.H. (2001) Quorum- 

Sensing Genes in Pseudomonas aeruginosa Biofilms: Their Role and 

Expression Patterns. Appl Environ Microbiol 67: 1865-1873.

Denning, G.M., Railsback, M.A., Rasmussen, G.T., Cox, C.D., and Britigan, B.E. 

(1998a) Pseudomonas pyocyanine alters calcium signaling in human 

airway epithelial cells. Am J Physiol 274: L893-L900.

177

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Denning, G.M., Wollenweber, L.A., Railsback, M.A., Cox, C.D., Stoll, L.L., and 

Britigan, B.E. (1998b) Pseudomonas pyocyanin increases interleukin-8 

expression by human airway epithelial cells. Infect Immun 66: 5777- 

5784.

Denning, G.M., Iyer, S.S., Reszka, K.J., O'Malley, Y., Rasmussen, G.T., and 

Britigan, B.E. (2003) Phenazine-1-carboxylic acid, a secondary 

metabolite of Pseudomonas aeruginosa, alters expression of 

immunomodulatory proteins by human airway epithelial cells. Am J 

Physiol-Lung C 285: L584-L592.

Deziel, E., Lepine, F., Milot, S., He, J., Mindrinos, M.N., Tompkins, R.G., and

Rahme, L.G. (2004) Analysis of Pseudomonas aeruginosa 4-hydroxy-2- 

alkylquinolines (HAQs) reveals a role for 4-hydroxy-2-heptylquinoline in 

cell-to-cell communication. Proc Natl Acad Sci U S A 101: 1339-1344.

Deziel, E., Gopalan, S., Tampakaki, A.P., Lepine, F., Padfield, K.E., Saucier, M., 

Xiao, G., and Rahme, L.G. (2005) The contribution of MvfR to 

Pseudomonas aeruginosa pathogenesis and quorum sensing circuitry 

regulation: multiple quorum sensing-regulated genes are modulated 

without affecting lasRI, rhIRI or the production of N-acyl-L-homoserine 

lactones. Mol Microbiol 55: 998-1014.

Diggle, S.P., Winzer, K., Lazdunski, A., Williams, P., and Camara, M. (2002) 

Advancing the quorum in Pseudomonas aeruginosa: MvaT and the 

regulation of N-acylhomoserine lactone production and virulence gene 

expression. J Bacteriol 184: 2576-2586.

178

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Diggle, S.P., Winzer, K., Chhabra, S.R., Worrall, K.E., Camara, M., and Williams, 

P. (2003) The Pseudomonas aeruginosa quinolone signal molecule 

overcomes the cell density-dependency of the quorum sensing 

hierarchy, regulates rhl-dependent genes at the onset of stationary 

phase and can be produced in the absence of LasR. Mol Microbiol 50: 

29-43.

DiMango, E., Zar, H.J., Bryan, R., and Prince, A. (1995) Diverse Pseudomonas 

aeruginosa gene products stimulate respiratory epithelial cells to 

produce interleukin-8. J Clin Invest 96: 2204-2210.

Doig, P., Paranchych, W., Sastry, P.A., and Irvin, R.T. (1989) Human buccal 

epithelial cell receptors of Pseudomonas aeruginosa: identification of 

glycoproteins with pilus binding activity. Can J Microbiol 35: 1141-1145.

Doig, P., Smith, N.R., Todd, T., and Irvin, R.T. (1987) Characterization of the 

binding of Pseudomonas aeruginosa alginate to human epithelial cells. 

Infect Immun 55: 1517-1522.

Doig, P., Todd, T., Sastry, P.A., Lee, K.K., Hodges, R.S., Paranchych, W., and 

Irvin, R.T. (1988) Role of pili in adhesion of Pseudomonas aeruginosa to 

human respiratory epithelial cells. Infect Immun 56: 1641-1646.

Doig, P., Sastry, P.A., Hodges, R.S., Lee, K.K., Paranchych, W., and Irvin, R.T. 

(1990) Inhibition of pilus-mediated adhesion of Pseudomonas 

aeruginosa to human buccal epithelial cells by monoclonal antibodies 

directed against pili. Infect Immun 58: 124-130.

179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Donnenberg, M.S., Giron, J.A., Nataro, J.P., and Kaper, J.B. (1992) A plasmid- 

encoded type IV fimbrial gene of enteropathogenic Escherichia coli 

associated with localized adherence. Mol Microbiol 6: 3427-3437.

Dorward, D.W., and Garon, C.F. (1989) DNA-binding proteins in cells and 

membrane blebs of Neisseria gonorrhoeae. J Bacteriol 171: 4196-4201.

Drake, S.L., and Koomey, M. (1995) The product of the pilQ gene is essential for 

the biogenesis of type IV pili in Neisseria gonorrhoeae. Mol Microbiol 18: 

975-986.

Dubnau, D. (1999) DNA uptake in bacteria. Annu Rev Microbiol 53: 217-244.

Elleman, T.C., and Peterson, J.E. (1987) Expression of multiple types of N-

methyl Phe pili in Pseudomonas aeruginosa. Mol Microbiol 1: 377-380.

Elleman, T.C. (1988) Pilins of Bacteroides nodosus: molecular basis of serotypic 

variation and relationships to other bacterial pilins. Microbiol Rev 52: 

233-247.

Engelhart, S., Krizek, L., Glasmacher, A., Fischnaller, E., Marklein, G., and

Exner, M. (2002) Pseudomonas aeruginosa outbreak in a haematology- 

oncology unit associated with contaminated surface cleaning equipment. 

J Hosp Infect 52: 93-98.

Engvall, E. (1980) Enzyme immunoassay ELISA and EMIT. Methods Enzymol 

70:419-439.

Farinha, M.A., Conway, B.D., Glasier, L.M., Ellert, N.W., Irvin, R.T., Sherburne,

R., and Paranchych, W. (1994) Alteration of the pilin adhesin of 

Pseudomonas aeruginosa PAO results in normal pilus biogenesis but a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



loss of adherence to human pneumocyte cells and decreased virulence 

in mice. Infect Immun 62: 4118-4123.

Feldman, M., Bryan, R., Rajan, S., Scheffler, L., Brunnert, S., Tang, H., and 

Prince, A. (1998) Role of flagella in pathogenesis of Pseudomonas 

aeruginosa pulmonary infection. Infect Immun 66: 43-51.

Ferroni, A., Nguyen, L., Pron, B., Quesne, G., Brusset, M.C., and Berche, P.

(1998) Outbreak of nosocomial urinary tract infections due to 

Pseudomonas aeruginosa in a paediatric surgical unit associated with 

tap-water contamination. J Hosp Infect 39: 301-307.

Finkel, S.E., and Kolter, R. (2001) DNA as a nutrient: novel role for bacterial 

competence gene homologs. J Bacteriol 183: 6288-6293.

Fitzgerald, D., Morris, R.E., and Saelinger, C.B. (1980) Receptor-mediated

internalization of pseudomonas toxin by mouse fibroblasts. Ce//21: 867- 

873.

Fleiszig, S.M., and Evans, D.J. (2002) The pathogenesis of bacterial keratitis: 

studies with Pseudomonas aeruginosa. Clin Exp Optom 85: 271-278.

Folkhard, W., Marvin, D.A., Watts, T.H., and Paranchych, W. (1981) Structure of 

polar pili from Pseudomonas aeruginosa strains K and O. J Mol Biol 149: 

79-93.

Forest, K.T., Bernstein, S.L., Getzoff, E.D., So, M., Tribbick, G., Geysen, H.M., 

Deal, C.D., and Tainer, J.A. (1996) Assembly and antigenicity of the 

Neisseria gonorrhoeae pilus mapped with antibodies. Infect Immun 64: 

644-652.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Forslund, A.L., Kuoppa, K., Svensson, K., Salomonsson, E., Johansson, A.,

Bystrom, M., Oyston, P.C., Michell, S.L., Titball, R.W., Noppa, L., Frithz- 

Lindsten, E., Forsman, M., and Forsberg, A. (2006) Direct repeat- 

mediated deletion of a type IV pilin gene results in major virulence 

attenuation of Francisella tularensis. Mol Microbiol 59: 1818-1830.

Frank, D.W. (1997) The exoenzyme S regulon of Pseudomonas aeruginosa. Mol 

Microbiol 26: 621-629.

Friedman, L., and Kolter, R. (2004a) Two Genetic Loci Produce Distinct 

Carbohydrate-Rich Structural Components of the Pseudomonas 

aeruginosa Biofilm Matrix. J Bacteriol 186: 4457-4465.

Friedman, L., and Kolter, R. (2004b) Genes involved in matrix formation in

Pseudomonas aeruginosa PA14 biofilms. Mol Microbiol S']: 675-690.

Friedrich, A., Prust, C., Hartsch, T., Henne, A., and Averhoff, B. (2002) Molecular 

Analyses of the Natural Transformation Machinery and Identification of 

Pilus Structures in the Extremely Thermophilic Bacterium Thermus 

thermophilus Strain FIB27. Appl Environ Microbiol 68: 745-755.

Fuqua, W.C., Winans, S.C., and Greenberg, E.P. (1994) Quorum sensing in

bacteria: the LuxR-LuxI family of cell density-responsive transcriptional 

regulators. J Bacteriol 176: 269-275.

Fussenegger, M., Rudel, T., Barten, R., Ryll, R., and Meyer, T.F. (1997) 

Transformation competence and type-4 pilus biogenesis in Neisseria 

gonorrhoeae--a review. Gene 192: 125-134.

182

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Gao, B., and Esnouf, M.P. (1996) Multiple interactive residues of recognition: 

elucidation of discontinuous epitopes with linear peptides. J Immunol 

157: 183-188.

Gambello, M.J., and Iglewski, B.H. (1991) Cloning and characterization of the 

Pseudomonas aeruginosa lasR gene, a transcriptional activator of 

elastase expression. J Bacteriol 173: 3000-3009.

Garrity-Ryan, L., Kazmierczak, B., Kowal, R., Comolli, J., Hauser, A., and Engel, 

J.N. (2000) The Arginine Finger Domain of ExoT Contributes to Actin 

Cytoskeleton Disruption and Inhibition of Internalization of Pseudomonas 

aeruginosa by Epithelial Cells and Macrophages. Infect Immun 68: 7100- 

7113.

Geddes, D.M., and Shah, P.L. (1999) Where we are now with rhDNase. Lancet 

353: 1727.

Gessard, C. (1882) Sur les colorations bleue et verte des lignes a pansements. C 

R Acad Sci Serie D 94: 536-538.

Gil, H., Benach, J.L., and Thanassi, D.G. (2004) Presence of pili on the surface 

of Francisella tularensis. Infect Immun 72: 3042-3047.

Giltner, C.L., van Schaik, E.J., Audette, G.F., Kao, D., Hodges, R.S., Hassett, 

D.J., and Irvin, R.T. (2006) The Pseudomonas aeruginosa type IV pilin 

receptor binding domain functions as an adhesin for both biotic and 

abiotic surfaces. Mol Microbiol 59: 1083-1096.

Giron, J.A., Ho, A.S., and Schoolnik, G.K. (1991) An inducible bundle-forming 

pilus of enteropathogenic Escherichia coli. Science 254: 710-713.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Giron, J.A., Ho, A.S., and Schoolnik, G.K. (1993) Characterization of fimbriae 

produced by enteropathogenic Escherichia coli. J Bacteriol 175: 7391- 

7403.

Gisin, B.F. (1973) The preparation of Merrifield resins through total esterification 

with cesium salts. Helv Chim Acta 56 :1476-1482.

Glessner, A., Smith, R.S., Iglewski, B.H., and Robinson, J.B. (1999) Roles of 

Pseudomonas aeruginosa las and rhl quorum-sensing systems in control 

of twitching motility. J Bacteriol 181: 1623-1629.

Goehring, U.-M., Schmidt, G., Pederson, K.J., Aktories, K., and Barbieri, J.T.

(1999) The N-terminal Domain of Pseudomonas aeruginosa Exoenzyme 

S Is a GTPase-activating Protein for Rho GTPases. J. Biol. Chem. 274: 

36369-36372.

Golmohammadi, R., Valegard, K., Fridborg, K., and Liljas, L. (1993) The refined 

structure of bacteriophage MS2 at 2.8 A resolution. J Mol Biol 234: 620- 

639.

Goodman, A.L., Kulasekara, B., Rietsch, A., Boyd, D., Smith, R.S., and Lory, S.

(2004) A Signaling Network Reciprocally Regulates Genes Associated 

with Acute Infection and Chronic Persistence in Pseudomonas 

aeruginosa. Dev Cell 7: 745-754.

Goodman, A.L., and Lory, S. (2004) Analysis of regulatory networks in

Pseudomonas aeruginosa by genomewide transcriptional profiling. Curr 

Opin Microbiol 7: 39-44.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Govan, J.R., and Deretic, V. (1996) Microbial pathogenesis in cystic fibrosis:

mucoid Pseudomonas aeruginosa and Burkholderia cepacia. Microbiol 

Rev 60: 539-574.

Graupner, S., Frey, V., Hashemi, R., Lorenz, M.G., Brandes, G., and 

Wackernagel, W. (2000) Type IV Pilus Genes pilA and pilC of 

Pseudomonas stutzeri Are Required for Natural Genetic Transformation, 

and pilA Can Be Replaced by Corresponding Genes from 

Nontransformable Species. J Bacteriol 182: 2184-2190.

Graupner, S., Weger, N., Sohni, M., and Wackernagel, W. (2001) Requirement of 

novel competence genes pilT and pilU of Pseudomonas stutzeri for 

natural transformation and suppression of pilT deficiency by a 

hexahistidine tag on the type IV pilus protein PilAI. J Bacteriol 183: 4694- 

4701.

Green, S.K., Schroth, M.N., Cho, J.J., Kominos, S.K., and Vitanza-jack, V.B. 

(1974) Agricultural plants and soil as a reservoir for Pseudomonas 

aeruginosa. Appl Microbiol 28: 987-991.

Grossowicz, N., Hayat, P., and Halpern, Y.S. (1957) Pyocyanine biosynthesis by 

Pseudomonas aeruginosa. J Gen Microbiol 16: 576-583.

Gupta, S.K., Berk, R.S., Masinick, S., and Hazlett, L.D. (1994) Pili and

lipopolysaccharide of Pseudomonas aeruginosa bind to the glycolipid 

asialo GM1. Infect Immun 62: 4572-4579.

Gustafson, T.L., Band, J.D., Hutcheson, R.H., Jr., and Schaffner, W. (1983)

Pseudomonas folliculitis: an outbreak and review. Rev Infect Dis 5: 1-8.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hahn, H.P. (1997) The type-4 pilus is the major virulence-associated adhesin of 

Pseudomonas aeruginosa--a review. Gene 192: 99-108.

Hammer, B.K., and Bassler, B.L. (2003) Quorum sensing controls biofilm 

formation in Vibrio cholerae. Mol Microbiol 50: 101-104.

Hancock, R.E. (1997) The bacterial outer membrane as a drug barrier. Trends 

Microbiol 5: 37-42.

Hanrahan, J.W., and Wioland, M.A. (2004) Revisiting cystic fibrosis

transmembrane conductance regulator structure and function. ProcAm 

Thorac Soc 1: 17-21.

Hauser, A.R., and Engel, J.N. (1999) Pseudomonas aeruginosa induces type-lll- 

secretion-mediated apoptosis of macrophages and epithelial cells. Infect 

Immun 67: 5530-5537.

Hazes, B., Sastry, P.A., Hayakawa, K., Read, R.J., and Irvin, R.T. (2000) Crystal 

structure of Pseudomonas aeruginosa PAK pilin suggests a main-chain- 

dominated mode of receptor binding. J Mol Biol 299: 1005-1017.

Heck, L.W., Morihara, K., and Abrahamson, D.R. (1986a) Degradation of soluble 

laminin and depletion of tissue-associated basement membrane laminin 

by Pseudomonas aeruginosa elastase and alkaline protease. Infect 

Immun 54: 149-153.

Heck, L.W., Morihara, K., McRae, W.B., and Miller, E.J. (1986b) Specific 

cleavage of human type III and IV collagens by Pseudomonas 

aeruginosa elastase. Infect Immun 51: 115-118.

186

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Helgstrand, C., Grahn, E., Moss, T., Stonehouse, N.J., Tars, K., Stockley, P.G., 

and Liljas, L. (2002) Investigating the structural basis of purine specificity 

in the structures of MS2 coat protein RNA translational operator hairpins. 

Nucleic Acids Res 30: 2678-2685.

Herrington, D.A., Hall, R.H., Losonsky, G., Mekalanos, J.J., Taylor, R.K., and 

Levine, M.M. (1988) Toxin, toxin-coregulated pili, and the toxR regulon 

are essential for Vibrio cholerae pathogenesis in humans. J Exp Med 

168: 1487-1492.

Hobbs, M., and Mattick, J.S. (1993) Common components in the assembly of 

type 4 fimbriae, DNA transfer systems, filamentous phage and protein- 

secretion apparatus: a general system for the formation of surface- 

associated protein complexes. Mol Microbiol 10: 233-243.

Hodges, R.S., Saund, A.K., Chong, P.C.S., St.-Pierre, S.A., and Reid, R.E. 

(1988) Synthetic model for two-stranded a-helical coiled-coils. J Biol 

Chem 256: 1214-1224.

Hoiby, N., Krogh Johansen, H., Moser, C., Song, Z., Ciofu, O., and Kharazmi, A. 

(2001) Pseudomonas aeruginosa and the in vitro and in vivo biofilm 

mode of growth. Microbes Infect 3: 23-35.

Hoiby, N., Frederiksen, B., and Pressler, T. (2005) Eradication of early

Pseudomonas aeruginosa infection. J Cyst Fibros 4 Suppl 2: 49-54.

Hornef, M.W., Roggenkamp, A., Geiger, A.M., Hogardt, M., Jacobi, C.A., and 

Heesemann, J. (2000) Triggering the ExoS regulon of Pseudomonas

187

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



aeruginosa: A GFP-reporter analysis of exoenzyme (Exo) S, ExoT and 

ExoU synthesis. Microb Pathogenesis 29: 329-343.

Hyland, R.M., Griener, T.P., Mulvey, G.L., Kitov, P.I., Srivastava, O.P., Marcato, 

P., and Armstrong, G.D. (2006) Basis for N-acetyllactosamine-mediated 

inhibition of enteropathogenic Escherichia coli localized adherence. J 

Med Microbiol 55: 669-675.

Irvin, R.T., Doig, P., Lee, K.K., Sastry, P.A., Paranchych, W., Todd, T., and

Hodges, R.S. (1989) Characterization of the Pseudomonas aeruginosa 

pilus adhesin: confirmation that the pilin structural protein subunit 

contains a human epithelial cell-binding domain. Infect Immun 57: 3720- 

3726.

Ishiwa, A., and Komano, T. (2000) The lipopolysaccharide of recipient cells is a 

specific receptor for PilV proteins, selected by shufflon DNA 

rearrangement, in liquid matings with donors bearing the R64 plasmid. 

Mol Gen Genet 263: 159-164.

Jacobs, M.A., Alwood, A., Thaipisuttikul, I., Spencer, D., Haugen, E., Ernst, S.,

Will, O., Kaul, R., Raymond, C., Levy, R., Chun-Rong, L., Guenthner, D., 

Bovee, D., Olson, M.V., and Manoil, C. (2003) Comprehensive 

transposon mutant library of Pseudomonas aeruginosa. Proc Natl Acad 

Sci U S A 100: 14339-14344.

Jayappa, H.G., and Lehr, C. (1986) Pathogenicity and immunogenicity of piliated 

and nonpiliated phases of Moraxella bovis in calves. Am J Vet Res 47: 

2217-2221.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Jendrossek, V., Fillon, S., Belka, C., Muller, I., Puttkammer, B., and Lang, F.

(2003) Apoptotic response of Chang cells to infection with Pseudomonas 

aeruginosa strains PAK and PAO-I: molecular ordering of the apoptosis 

signaling cascade and role of type IV pili. Infect Immun 71: 2665-2673.

Johnston, J.L., Billington, S.J., Haring, V., and Rood, J.I. (1995) Identification of 

fimbrial assembly genes from Dichelobacter nodosus: evidence that fimP 

encodes the type-IV prepilin peptidase. Gene 161: 21-26.

Jones, S., Shanahan, H.P., Berman, H.M., and Thornton, J.M. (2003) Using 

electrostatic potentials to predict DNA-binding sites on DNA-binding 

proteins. Nucleic Acids Res 31: 7189-7198.

Jorgensen, R., Merrill, A.R., Yates, S.P., Marquez, V.E., Schwan, A.L., Boesen, 

T., and Andersen, G.R. (2005) Exotoxin A-eEF2 complex structure 

indicates ADP ribosylation by ribosome mimicry. Nature 436: 979-984.

Juhnas, M., Ebert, L., and Tummler, B. (2005) Quorum sensing the power of

cooperation in the world of Pseudomonas. Environ Microbiol 7: 459-471.

Kadurugamuwa, J.L., and Beveridge, T.J. (1995) Virulence factors are released 

from Pseudomonas aeruginosa in association with membrane vesicles 

during normal growth and exposure to gentamicin: a novel mechanism of 

enzyme secretion. J Bacteriol 177: 3998-4008.

Kaiser, D. (2000) Bacterial motility: how do pili pull? CurrBiol 10: R777-780.

Kallstrom, H., Liszewski, M.K., Atkinson, J.P., and Jonsson, A.-B. (1997)

Membrane cofactor protein (MCP or CD46) is a cellular pilus receptor for 

pathogenic Neisseria. Mol Microbiol 25: 639-647.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Kallstrom, H., Islam, M.S., Berggren, P.O., and Jonsson, A.B. (1998) Cell

signaling by the type IV pili of pathogenic Neisseria. J Biol Chem 273: 

21777-21782.

Kaplan, H.B., and Greenberg, E.P. (1985) Diffusion of autoinducer is involved in 

regulation of the Vibrio fischeri luminescence system. J Bacteriol 163: 

1210-1214.

Keizer, D.W., Slupsky, C.M., Kalisiak, M., Campbell, A.P., Crump, M.P., Sastry, 

P.A., Hazes, B., Irvin, R.T., and Sykes, B.D. (2001) Structure of a pilin 

monomer from Pseudomonas aeruginosa: implications for the assembly 

of pili. J Biol Chem 276: 24186-24193.

Kennan, R.M., Dhungyel, O.P., Whittington, R.J., Egerton, J.R., and Rood, J.l. 

(2001) The Type IV Fimbrial Subunit Gene (fimA) of Dichelobacter 

nodosus Is Essential for Virulence, Protease Secretion, and Natural 

Competence. J Bacteriol 183: 4451-4458.

Kim, S.R., and Komano, T. (1997) The plasmid R64 thin pilus identified as a type 

IV pilus. J Bacteriol 179: 3594-3603.

Kiratisin, P., Tucker, K.D., and Passador, L. (2002) LasR, a transcriptional

activator of Pseudomonas aeruginosa virulence genes, functions as a 

multimer. J Bacteriol 184: 4912-4919.

Kirchner, M., and Meyer, T.F. (2005) The PilC adhesin of the Neisseria type IV 

pilus - binding specificities and new insights into the nature of the host 

cell receptor. Mol Microbiol 56: 945-957.

190

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Kirn, T.J., Lafferty, M.J., Sandoe, C.M., and Taylor, R.K. (2000) Delineation of 

pilin domains required for bacterial association into microcolonies and 

intestinal colonization by Vibrio cholerae. Mol Microbiol 35: 896-910.

Klausen, M., Aaes-Jorgensen, A., Molin, S., and Tolker-Nielsen, T. (2003a) 

Involvement of bacterial migration in the development of complex 

multicellular structures in Pseudomonas aeruginosa biofilms. Mol 

Microbiol 50: 61-68.

Klausen, M., Heydorn, A., Ragas, P., Lambertsen, L., Aaes-Jorgensen, A., Molin,

S., and Tolker-Nielsen, T. (2003b) Biofilm formation by Pseudomonas 

aeruginosa wild type, flagella and type IV pili mutants. Mol Microbiol 48: 

1511-1524.

Koga, T., Ishimoto, K., and Lory, S. (1993) Genetic and functional

characterization of the gene cluster specifying expression of 

Pseudomonas aeruginosa pili. Infect Immun 61: 1371-1377.

Kostakioti, M., Newman, C.L., Thanassi, D.G., and Stathopoulos, C. (2005)

Mechanisms of protein export across the bacterial outer membrane. J 

Bacteriol 187: 4306-4314.

Kounnas, M.Z., Morris, R.E., Thompson, M.R., FitzGerald, D.J., Strickland, D.K., 

and Saelinger, C.B. (1992) The alpha 2-macroglobulin receptor/low 

density lipoprotein receptor- related protein binds and internalizes 

Pseudomonas exotoxin A. J Biol Chem 267: 12420-12423.

191

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Krall, R., Schmidt, G., Aktories, K., and Barbieri, J.T. (2000) Pseudomonas

aeruginosa ExoT Is a Rho GTPase-Activating Protein. Infect Immun 68: 

6066-6068.

Krause, S., Barcena, M., Pansegrau, W., Lurz, R., Carazo, J.M., and Lanka, E.

(2000) Sequence-related protein export NTPases encoded by the 

conjugative transfer region of RP4 and by the cag pathogenicity island of 

Helicobacter pylori share similar hexameric ring structures. Proc Natl 

Acad Sci U S A  97: 3067-3072.

Kube, D., Sontich, U., Fletcher, D., and Davis, P.B. (2001) Proinflammatory

cytokine responses to P. aeruginosa infection in human airway epithelial 

cell lines. Am J Physiol Lung Cell Mol Physiol 280: L493-502.

Kus, J.V., Tullis, E., Cvitkovitch, D.G., and Burrows, L.L. (2004) Significant 

differences in type IV pilin allele distribution among Pseudomonas 

aeruginosa isolates from cystic fibrosis (CF) versus non-CF patients. 

Microbiol 150: 1315-1326.

Latifi, A., Winson, M.K., Foglino, M., Bycroft, B.W., Stewart, G.S., Lazdunski, A., 

and Williams, P. (1995) Multiple homologues of LuxR and Luxl control 

expression of virulence determinants and secondary metabolites through 

quorum sensing in Pseudomonas aeruginosa PA01. Mol Microbiol 17: 

333-343.

Latifi, A., Foglino, M., Tanaka, K., Williams, P., and Lazdunski, A. (1996) A

hierarchical quorum-sensing cascade in Pseudomonas aeruginosa links

192

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the transcriptional activators LasR and RhIR (VsmR) to expression of the 

stationary-phase sigma factor RpoS. Mol Microbiol 21:1137-1146.

Lau, G.W., Hassett, D.J., Ran, H., and Kong, F. (2004) The role of pyocyanin in 

Pseudomonas aeruginosa infection. Trends in Mol Med 10: 599-606.

Lau, G.W., Hassett, D.J., and Britigan, B.E. (2005) Modulation of lung epithelial 

functions by Pseudomonas aeruginosa. Trends Microbiol 13: 389-397.

Lauer, B.A., Reller, L.B., and Mirrett, S. (1981) Comparison of acridine orange 

and Gram stains for detection of microorganisms in cerebrospinal fluid 

and other clinical specimens. J Clin Microbiol 14: 201-205.

Lauer, P., Albertson, N.H., and Koomey, M. (1993) Conservation of genes 

encoding components of a type IV pilus assembly/two-step protein 

export pathway in Neisseria gonorrhoeae. Mol Microbiol 8: 357-368.

Lawley, T.D., Klimke, W.A., Gubbins, M.J., and Frost, L.S. (2003) F factor 

conjugation is a true type IV secretion system. FEMS Micobiol Lett 224: 

1-15.

Lazazzera, B.A. (2005) Lessons from DNA microarray analysis: the gene 

expression profile of biofilms. Curr Opin Microbiol 8: 222-227.

Ledgham, F., Ventre, I., Soscia, C., Foglino, M., Sturgis, J.N., and Lazdunski, A.

(2003) Interactions of the quorum sensing regulator QscR: interaction 

with itself and the other regulators of Pseudomonas aeruginosa LasR 

and RhIR. Mol Microbiol 48: 199-210.

Lee, K.K., Doig, P., Irvin, R.T., Paranchych, W., and Hodges, R.S. (1989a) 

Mapping the surface regions of Pseudomonas aeruginosa PAK pilin: the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



importance of the C-terminal region for adherence to human buccal 

epithelial cells. Mol Microbiol 3: 1493-1499.

Lee, J.-H., Lequette, Y., and Greenberg, E.P. (2006) Activity of purified QscR, a 

Pseudomonas aeruginosa orphan quorum-sensing transcription factor. 

Mol Microbiol 59: 602-609.

Lee, K.K., Sastry, P.A., Paranchych, W., and Hodges, R.S. (1989b) 

Immunological studies of the disulfide bridge region of Pseudomonas 

aeruginosa PAK and PAO pilins, using anti-PAK pilus and antipeptide 

antibodies. Infect Immun 57: 520-526.

Lee, K.K., Sheth, H.B., Wong, W.Y., Sherburne, R., Paranchych, W., Hodges, 

R.S., Lingwood, C.A., Krivan, H., and Irvin, R.T. (1994) The binding of 

Pseudomonas aeruginosa pili to glycosphingolipids is a tip-associated 

event involving the C-terminal region of the structural pilin subunit. Mol 

Microbiol 11: 705-713.

Lethem, M.I., James, S.L., Marriott, C., and Burke, J.F. (1990) The origin of DNA 

associated with mucus glycoproteins in cystic fibrosis sputum. Eur 

RespirJ3: 19-23.

Lequette, Y., Lee, J.-H., Ledgham, F., Lazdunski, A., and Greenberg, E.P. (2006) 

A Distinct QscR Regulon in the Pseudomonas aeruginosa Quorum- 

Sensing Circuit. J Bacteriol 188: 3365-3370.

Linker, A., and Jones, R.S. (1966) A New Polysaccharide Resembling Alginic 

Acid Isolated from Pseudomonads. J Bio Chem 241: 3845-&.

194

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Llosa, M., Gomis-Ruth, F.X., Coll, M., and de la Cruz Fd, F. (2002) Bacterial

conjugation: a two-step mechanism for DNA transport. Mol Microbiol 45: 

1- 8 .

Long, C.D., Tobiason, D.M., Lazio, M.P., Kline, K.A., and Seifert, H.S. (2003) 

Low-level pilin expression allows for substantial DNA transformation 

competence in Neisseria gonorrhoeae. Infect Immun 71: 6279-6291.

Lorenz, M.G., and Wackernagel, W. (1994) Bacterial gene transfer by natural 

genetic transformation in the environment. Microbiol Rev 58: 563-602.

Luscombe, N.M., Laskowski, R.A., and Thornton, J.M. (2001) Amino acid-base 

interactions: a three-dimensional analysis of protein-DNA interactions at 

an atomic level. Nucleic Acids Res 29: 2860-2874.

Lyczak, J.B., Cannon, C.L., and Pier, G.B. (2000) Establishment of

Pseudomonas aeruginosa infection: lessons from a versatile opportunist. 

Microbes Infect 2: 1051 -1060.

Mai, G.T., McCormack, J.G., Seow, W.K., Pier, G.B., Jackson, L.A., and Thong, 

Y.H. (1993) Inhibition of adherence of mucoid Pseudomonas aeruginosa 

by alginase, specific monoclonal antibodies, and antibiotics. Infect 

Immun 61: 4338-4343.

Maier, B., Potter, L., So, M., Long, C.D., Seifert, H.S., and Sheetz, M.P. (2002) 

Single pilus motor forces exceed 100 pN. Proc Natl Acad Sci U S A 99: 

16012-16017.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Mallis, R.J., Brazin, K.N., Fulton, D.B., and Andreotti, A.H. (2002) Structural 

characterization of a proline-driven conformational switch within the Itk 

SH2 domain. Nat Struct Biol 9: 900-905.

Manfredi, R., Nanetti, A., Ferri, M., and Chiodo, F. (2000) Pseudomonas spp. 

complications in patients with HIV disease: an eight-year clinical and 

microbiological survey. Eur J Epidemiol 16: 111-118.

Mariencheck, W.I., Alcorn, J.F., Palmer, S.M., and Wright, J.R. (2003)

Pseudomonas aeruginosa Elastase Degrades Surfactant Proteins A and

D. Am. J. Respir. Cell Mol Biol 28: 528-537.

Martin, D.W., Schurr, M.J., Mudd, M.H., and Deretic, V. (1993a) Differentiation of 

Pseudomonas aeruginosa into the alginate-producing form: inactivation 

of mucB causes conversion to mucoidy. Mol Microbiol 9: 497-506.

Martin, D.W., Schurr, M.J., Mudd, M.FI., Govan, J.R.W., Flolloway, B.W., and 

Deretic, V. (1993b) Mechanism of Conversion to Mucoidy in 

Pseudomonas aeruginosa Infecting Cystic Fibrosis Patients. Proc Natl 

Acad Sci U S A  90: 8377-8381.

Martin, P.R., Hobbs, M., Free, P.D., Jeske, Y., and Mattick, J.S. (1993c)

Characterization of pilQ, a new gene required for the biogenesis of type 

4 fimbriae in Pseudomonas aeruginosa. Mol Microbiol 9: 857-868.

Marvin, D.A., Nadassy, K., Welsh, L.C., and Forest, K.T. (2003) Type-4 bacterial 

pili: molecular models and their simulated diffraction patterns. Fibre 

Diffraction Rev 11: 87-94.

196

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Maschmeyer, G., and Braveny, I. (2000) Review of the incidence and prognosis 

of Pseudomonas aeruginosa infections in cancer patients in the 1990s. 

EurJ Clin Microbiol Infect Dis 19: 915-925.

Mathis, L.S., and Scocca, J.J. (1984) On the role of pili in transformation of 

Neisseria gonorrhoeae. J Gen Microbiol WO: 3165-3173.

Matsoukas, J.M., Scanlon, M.N., and Moore, G.J. (1984) A cyclic angiotensin 

antagonist: [1,8-cysteine]angiotensin II. J Med Chem 27: 404-406.

Matsukawa, M., and Greenberg, E.P. (2004) Putative Exopolysaccharide 

Synthesis Genes Influence Pseudomonas aeruginosa Biofilm 

Development. J Bacteriol 186: 4449-4456.

Mattick, J.S., Bills, M.M., Anderson, B.J., Dalrymple, B., Mott, M.R., and Egerton, 

J.R. (1987) Morphogenetic expression of Bacteroides nodosus fimbriae 

in Pseudomonas aeruginosa. J Bacteriol 169: 33-41.

Mattick, J.S. (2002) Type IV pili and twitching motility. Annu Rev Microbiol 56: 

289-314.

Mclnnes, C., Kay, C.M., Hodges, R.S., and Sykes, B.D. (1994) Conformational 

differences between cis and trans proline isomers of a peptide antigen 

representing the receptor binding domain of Pseudomonas aeruginosa 

as studied by 1H-NMR. Biopolymers 34: 1221-1230.

McKnight, S.L., Iglewski, B.H., and Pesci, E.C. (2000) The Pseudomonas 

Quinolone Signal Regulates rhl Quorum Sensing in Pseudomonas 

aeruginosa. J Bacteriol 182: 2702-2708.

197

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



McLeod Griffiss, J., Lammel, C.J., Wang, J., Dekker, N.P., and Brooks, G.F.

(1999) Neisseria gonorrhoeae Coordinately Uses Pili and Opa To 

Activate HEC-1-B Cell Microvilli, Which Causes Engulfment of the 

Gonococci. Infect Immun 67: 3469-3480.

Meng, Y., Li, Y., Galvani, C.D., Hao, G., Turner, J.N., Burr, T.J., and Hoch, H.C. 

(2005) Upstream migration of Xylella fastidiosa via pilus-driven twitching 

motility. J Bacteriol 187: 5560-5567.

Merz, A.J., and So, M. (2000) Interactions of pathogenic neisseriae with epithelial 

cell membranes. Annu Rev Cell Dev Biol 16: 423-457.

Merz, A.J., So, M., and Sheetz, M.P. (2000) Pilus retraction powers bacterial 

twitching motility. Nature 407: 98-102.

Mignot, T., Merlie, J.P., Jr., and Zusman, D.R. (2005) Regulated Pole-to-Pole

Oscillations of a Bacterial Gliding Motility Protein. Science 310: 855-857.

Moller, P.C., Evans, M.J., Fader, R.C., Henson, L.C., Rogers, B., and Heggers, 

J.P. (1994) The effect of anti-exotoxin A on the adherence of 

Pseudomonas aeruginosa to hamster tracheal epithelial cells in vitro. 

Tissue Cell 26: 181-188.

Morand, P.C., Tattevin, P., Eugene, E., Beretti, J.-L., and Nassif, X. (2001) The 

adhesive property of the type IV pilus-associated component PilC1 of 

pathogenic Neisseria is supported by the conformational structure of the 

N-terminal part of the molecule. Mol Microbiol 40: 846-856.

Moreira, C.G., Palmer, K., Whiteley, M., Sircili, M.P., Trabulsi, L.R., Castro,

A.F.P., and Sperandio, V. (2006) Bundle-Forming Pili and EspA Are

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Involved in Biofilm Formation by Enteropathogenic Escherichia coli. J 

Bacteriol 188: 3952-3961.

Mota, L.J., Sorg, I., and Cornelis, G.R. (2005) Type III secretion: The bacteria- 

eukaryotic cell express. FEMS Microbiol Lett 252: 1-10.

Nassif, X., Beretti, J., Lowy, J., Stenberg, P., O’Gaora, P., Pfeifer, J., Normark,

S., and So, M. (1994) Roles of Pilin and PilC in Adhesion of Neisseria 

meningitidis to Human Epithelial and Endothelial Cells. Proc Natl Acad 

Sci U S  A 91: 3769-3773.

Nealson, K.H., Platt, T., and Hastings, J.W. (1970) Cellular control of the

synthesis and activity of the bacterial luminescent system. J Bacteriol 

104: 313-322.

Nemoto, K., Hirota, K., Murakami, K., Taniguti, K., Murata, H., Viducic, D., and 

Miyake, Y. (2003) Effect of Varidase (streptodornase) on biofilm formed 

by Pseudomonas aeruginosa. Chemotherapy 49: 121-125.

Nickel, J.C., Downey, J.A., and Costerton, J.W. (1989) Ultrastructural study of 

microbiologic colonization of urinary catheters. Urology 34: 284-291.

Normark, B.H., and Normark, S. (2002) Evolution and spread of antibiotic 

resistance. J Intern Med 252: 91-106.

Nunn, D., Bergman, S., and Lory, S. (1990) Products of three accessory genes, 

pilB, pilC, and pilD, are required for biogenesis of Pseudomonas 

aeruginosa pili. J Bacteriol 172: 2911-2919.

199

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Nunn, D.N., and Lory, S. (1991) Product of the Pseudomonas aeruginosa gene 

pilD is a prepilin leader peptidase. Proc Natl Acad Sci U S A 88: 3281- 

3285.

O'Toole, G., Kaplan, H.B., and Kolter, R. (2000) Biofilm formation as microbial 

development. Annu Rev Microbiol 54: 49-79.

O'Toole, G.A., and Kolter, R. (1998) Flagellar and twitching motility are

necessary for Pseudomonas aeruginosa biofilm development. Mol 

Microbiol 30: 295-304.

Obritsch, M.D., Fish, D.N., MacLaren, R., and Jung, R. (2005) Nosocomial 

infections due to multidrug-resistant Pseudomonas aeruginosa: 

epidemiology and treatment options. Pharmacotherapy 25: 1353-1364.

Ochsner, U.A., Koch, A.K., Fiechter, A., and Reiser, J. (1994) Isolation and

characterization of a regulatory gene affecting rhamnolipid biosurfactant 

synthesis in Pseudomonas aeruginosa. J Bacteriol 176: 2044-2054.

Oliver, A., Cant, oacute, n, R., Campo, P., Baquero, F., Bl, aacute, zquez, J., and 

uacute (2000) High Frequency of Hypermutable Pseudomonas 

aeruginosa in Cystic Fibrosis Lung Infection. Science 288: 1251-1253.

Orengo, C.A., Michie, A.D., Jones, S., Jones, D.T., Swindells, M.B., and 

Thornton, J.M. (1997) CATH-a hierarchic classification of protein 

domain structures. Structure 5: 1093-1108.

Paranchych, W., Sastry, P.A., Frost, L.S., Carpenter, M., Armstrong, G.D., and 

Watts, T.H. (1979) Biochemical studies on pili isolated from 

Pseudomonas aeruginosa strain PAO. Can J Microbiol 25: 1175-1181.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Parge, H.E., Forest, K.T., Hickey, M.J., Christensen, D.A., Getzoff, E.D., and 

Tainer, J.A. (1995) Structure of the fibre-forming protein pilin at 2.6 A 

resolution. Nature 378: 32-38.

Parker, C.E., Papac, D.I., Trojak, S.K., and Tomer, K.B. (1996) Epitope mapping 

by mass spectrometry: determination of an epitope on HIV-1 NIB p26 

recognized by a monoclonal antibody. J Immunol 157: 198-206.

Parker, J.M., and Hodges, R.S. (1985) Photoaffinity probes provide a general 

method to prepare synthetic peptide conjugates. J Protein Chem 3: 465- 

478.

Parkins, M.D., Ceri, H., and Storey, D.G. (2001) Pseudomonas aeruginosa 

GacA, a factor in multihost virulence, is also essential for biofilm 

formation. Mol Microbiol 40: 1215-1226.

Pasloske, B.L., Scraba, D.G., and Paranchych, W. (1989) Assembly of mutant 

pilins in Pseudomonas aeruginosa: formation of pili composed of 

heterologous subunits. J Bacteriol 171: 2142-2147.

Passador, L., Cook, J.M., Gambello, M.J., Rust, L., and Igiewski, B.H. (1993) 

Expression of Pseudomonas aeruginosa virulence genes requires cell- 

to-cell communication, (virus), (virus) v260: p1127(1124).

Passador, L., Tucker, K.D., Guertin, K.R., Journet, M.P., Kende, A.S., and 

Igiewski, B.H. (1996) Functional analysis of the Pseudomonas 

aeruginosa autoinducer PAI. J Bacteriol 178: 5995-6000.

Patel, S., and Latterich, M. (1998) The AAA team: related ATPases with diverse 

functions. Trends Cell Biol 8: 65-71.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pavlovskis, O.R., and Wretlind, B. (1979) Assessment of protease (elastase) as 

a Pseudomonas aeruginosa virulence factor in experimental mouse burn 

infection. Infect Immun 24: 181-187.

Peabody, C.R., Chung, Y.J., Yen, M.R., Vidal-lngigliardi, D., Pugsley, A.P., and 

Saier, M.H., Jr. (2003) Type II protein secretion and its relationship to 

bacterial type IV pili and archaeal flagella. Microbiol 149: 3051-3072.

Pearson, J.P., Feldman, M., Igiewski, B.H., and Prince, A. (2000) Pseudomonas 

aeruginosa cell-to-cell signaling is required for virulence in a model of 

acute pulmonary infection. Infect Immun 68: 4331-4334.

Pearson, J.P., Gray, K.M., Passador, L., Tucker, K.D., Eberhard, A., Igiewski,

B.H., and Greenberg, E.P. (1994) Structure of the Autoinducer Required 

for Expression of Pseudomonas aeruginosa Virulence Genes. Proc Natl 

Acad Sci U S A 91: 197-201.

Pearson, J.P., Passador, L., Igiewski, B.H., and Greenberg, E.P. (1995) A 

second N-acylhomoserine lactone signal produced by Pseudomonas 

aeruginosa. Proc Natl Acad Sci U S A  92: 1490-1494.

Pearson, J.P., Pesci, E.C., and Igiewski, B.H. (1997) Roles of Pseudomonas 

aeruginosa las and rhl quorum-sensing systems in control of elastase 

and rhamnolipid biosynthesis genes. J Bacteriol 179: 5756-5767.

Pearson, J.P., Van Delden, C., and Igiewski, B.H. (1999) Active efflux and 

diffusion are involved in transport of Pseudomonas aeruginosa cell-to- 

cell signals. J Bacteriol 181: 1203-1210.

202

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pellett, S., Bigley, D.V., and Grimes, D.J. (1983) Distribution of Pseudomonas

aeruginosa in a riverine ecosystem. Appl Environ Microbiol 45: 328-332.

Pepe, C.M., Eklund, M.W., and Strom, M.S. (1996) Cloning of an Aeromonas 

hydrophila type IV pilus biogenesis gene cluster: complementation of 

pilus assembly functions and characterization of a type IV leader 

peptidase/N-methyltransferase required for extracellular protein 

secretion. Mol Microbiol 19: 857-869.

Perry, A.C., Nicolson, I.J., and Saunders, J.R. (1987) Structural analysis of the 

pilE region of Neisseria gonorrhoeae P9. Gene 60: 85-92.

Pesci, E.C., Pearson, J.P., Seed, P.C., and Igiewski, B.H. (1997) Regulation of 

las and rhl quorum sensing in Pseudomonas aeruginosa. J Bacteriol 

179: 3127-3132.

Pesci, E.C., Milbank, J.B., Pearson, J.P., McKnight, S., Kende, A.S., Greenberg,

E.P., and Igiewski, B.H. (1999) Quinolone signaling in the cell-to-cell 

communication system of Pseudomonas aeruginosa. Proc Natl Acad Sci 

U S A 9 6 :  11229-11234.

Pickard, D., Wain, J., Baker, S., Line, A., Chohan, S., Fookes, M., Barron, A., 

Gaora, P.O., Chabalgoity, J.A., and Thanky et, a. (2003) Composition, 

acquisition, and distribution of the Vi exopolysaccharide-encoding 

Salmonella enterica pathogenicity island SPI-7. J Bacteriol 185: 5055- 

5065.

203

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pier, G.B. (1985) Pulmonary disease associated with Pseudomonas aeruginosa 

in cystic fibrosis: current status of the host-bacterium interaction. J Infect 

Dis 151: 575-580.

Pier, G.B., Grout, M., Zaidi, T.S., Olsen, J.C., Johnson, L.G., Yankaskas, J.R.,

and Goldberg, J.B. (1996) Role of mutant CFTR in hypersusceptibility of 

cystic fibrosis patients to lung infections. Science 271: 64-67.

Plant, L.J., and Jonsson, A.-B. (2006) Type IV Pili of Neisseria gonorrhoeae

Influence the Activation of Human CD4+ T Cells. Infect Immun 74: 442- 

448.

Plotkowski, M.C., Saliba, A.M., Pereira, S.H., Cervante, M.P., and Bajolet-

Laudinat, O. (1994) Pseudomonas aeruginosa selective adherence to 

and entry into human endothelial cells. Infect Immun 62: 5456-5463.

Plotnikova, J.M., Rahme, L.G., and Ausubel, F.M. (2000) Pathogenesis of the 

human opportunistic pathogen Pseudomonas aeruginosa PA14 in 

Arabidopsis. Plant Physiol 124: 1766-1774.

Poole, K. (2001) Multidrug efflux pumps and antimicrobial resistance in

Pseudomonas aeruginosa and related organisms. J Mol Microbiol 

Biotechnol 3: 255-264.

Poole, K., and Hancock, R.E. (1984) Phosphate transport in Pseudomonas 

aeruginosa. Involvement of a periplasmic phosphate-binding protein. Eur 

J Biochem 144: 607-612.

Prince, A.S. (2002) Biofilms, antimicrobial resistance, and airway infection. N 

Engl J Med 347: 1110-1111.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pruitt, B.A., Jr., McManus, A.T., Kim, S.H., and Goodwin, C.W. (1998) Burn 

wound infections: current status. World J Surg 22: 135-145.

Pugsley, A.P., and Reyss, I. (1990) Five genes at the 3' end of the Klebsiella 

pneumoniae pulC operon are required for pullulanase secretion. Mol 

Microbiol 4: 365-379.

Pugsley, A.P., Francetic, O., Hardie, K., Possot, O.M., Sauvonnet, N., and

Seydel, A. (1997) Pullulanase: model protein substrate for the general 

secretory pathway of gram-negative bacteria. Folia Microbiol (Praha) 42: 

184-192.

Rahman, M., Kallstrom, H., Normark, S., and Jonsson, A.B. (1997) PilC of

pathogenic Neisseria is associated with the bacterial cell surface. Mol 

Microbiol 25: 11 -25.

Ramboarina, S., Fernandes, P.J., Daniell, S., Islam, S., Simpson, P., Frankel, G., 

Booy, F., Donnenberg, M.S., and Matthews, S. (2005) Structure of the 

bundle-forming pilus from enteropathogenic Escherichia coli. J Biol 

Chem 280: 40252-40260.

Rashid, M.H., and Kornberg, A. (2000) Inorganic polyphosphate is needed for 

swimming, swarming, and twitching motilities of Pseudomonas 

aeruginosa. Proc Natl Acad Sci U S A  97: 4885-4890.

Rashid, M.H., Rumbaugh, K., Passador, L., Davies, D.G., Hamood, A.N., 

Igiewski, B.H., and Kornberg, A. (2000) Polyphosphate kinase is 

essential for biofilm development, quorum sensing, and virulence of 

Pseudomonas aeruginosa. Proc Natl Acad Sci U S A  97: 9636-9641.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reimmann, C., Beyeler, M., Latifi, A., Winteler, H., Foglino, M., Lazdunski, A., 

and Haas, D. (1997) The global activator GacA of Pseudomonas 

aeruginosa PAO positively controls the production of the autoinducer N- 

butyryl-homoserine lactone and the formation of the virulence factors 

pyocyanin, cyanide, and lipase. Mol Microbiol 24: 309-319.

Reisner, A., Hoiby, N., Tolker-Nielsen, T., and Molin, S. (2005) Microbial 

pathogenesis and biofilm development. Contrib Microbiol 12: 114-131.

Renelli, M., Matias, V., Lo, R.Y., and Beveridge, T.J. (2004) DNA-containing 

membrane vesicles of Pseudomonas aeruginosa PA01 and their genetic 

transformation potential. Microbiol 150: 2161-2169.

Rossier, O., Starkenburg, S.R., and Cianciotto, N.P. (2004) Legionella

pneumophila type II protein secretion promotes virulence in the A/J 

mouse model of Legionnaires' disease pneumonia. Infect Immun 72: 

310-321.

Rossolini, G.M., and Mantengoli, E. (2005) Treatment and control of severe 

infections caused by multiresistant Pseudomonas aeruginosa. Clin 

Microbiol Infect I 1] Suppl 4: 17-32.

Rowntree, R.K., and Harris, A. (2003) The phenotypic consequences of CFTR 

mutations. Ann Hum Genet 67: 471-485.

Rudel, T., van Putten, J.P., Gibbs, C.P., Haas, R., and Meyer, T.F. (1992)

Interaction of two variable proteins (PilE and PilC) required for pilus- 

mediated adherence of Neisseria gonorrhoeae to human epithelial cells. 

Mol Microbiol 6: 3439-3450.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Rudel, T., Facius, D., Barten, R., Scheuerpflug, I., Nonnemacher, E., and Meyer, 

T.F. (1995a) Role of Pili and the Phase-Variable PilC Protein in Natural 

Competence for Transformation of Neisseria gonorrhoeae. Proc Natl 

Acad Sci US A 9 2 :  7986-7990.

Rudel, T., Scheuerpflug, I., and Meyer, T.F. (1995b) Neisseria PilC protein 

identified as type-4 pilus tip-located adhesin. Nature 373: 357-359.

Ruehl, W.W., Marrs, C.F., Fernandez, R., Falkow, S., and Schoolnik, G.K. (1988) 

Purification, characterization, and pathogenicity of Moraxella bovis pili. J 

Exp Med 168: 983-1002.

Rumbaugh, K.P., Griswold, J.A., Igiewski, B.H., and Flamood, A.N. (1999) 

Contribution of quorum sensing to the virulence of Pseudomonas 

aeruginosa in burn wound infections. Infect Immun 67: 5854-5862.

Russel, M. (1998) Macromolecular assembly and secretion across the bacterial 

cell envelope: type II protein secretion systems. J Mol Biol 279: 485-499.

Sadikot, R.T., Blackwell, T.S., Christman, J.W., and Prince, A.S. (2005)

Pathogen-host interactions in Pseudomonas aeruginosa pneumonia. Am 

J Respir Crit Care Med 171: 1209-1223.

Saiman, L., Ishimoto, K., Lory, S., and Prince, A. (1990) The effect of piliation 

and exoproduct expression on the adherence of Pseudomonas 

aeruginosa to respiratory epithelial monolayers. J Infect Dis 161: 541- 

548.

207

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Saiman, L., and Prince, A. (1993) Pseudomonas aeruginosa pili bind to

asialoGMI which is increased on the surface of cystic fibrosis epithelial 

cells. J Clin Invest 92: 1875-1880.

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989) Molecular cloning: a 

laboratory manual. Cold Springs Flabor: Cold Springs Flabor Laboratory.

Sastry, P.A., Finlay, B.B., Pasloske, B.L., Paranchych, W., Pearlstone, J.R., and 

Smillie, L.B. (1985a) Comparative studies of the amino acid and 

nucleotide sequences of pilin derived from Pseudomonas aeruginosa 

PAK and PAO. J Bacteriol 164: 571-577.

Sastry, P.A., Pearlstone, J.R., Smillie, L.B., and Paranchych, W. (1985b) Studies 

on the primary structure and antigenic determinants of pilin isolated from 

Pseudomonas aeruginosa K. Can J Biochem Cell Biol 63: 284-291.

Sato, H., Okinaga, K., and Saito, H. (1988) Role of pili in the pathogenesis of 

Pseudomonas aeruginosa burn infection. Microbiol Immunol 32: 1 SI- 

139.

Sato, H., and Frank, D.W. (2004) ExoU is a potent intracellular phospholipase. 

Mol Microbiol 53: 1279-1290.

Sauer, K., Camper, A.K., Ehrlich, G.D., Costerton, J.W., and Davies, D.G. (2002) 

Pseudomonas aeruginosa displays multiple phenotypes during 

development as a biofilm. J Bacteriol 184: 1140-1154.

Sauer, K., Cullen, M.C., Rickard, A.H., Zeef, L.A., Davies, D.G., and Gilbert, P.

(2004) Characterization of nutrient-induced dispersion in Pseudomonas 

aeruginosa PA01 biofilm. J Bacteriol 186: 7312-7326.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sawa, T., Yahr, T.L., Ohara, M., Kurahashi, K., Gropper, M.A., Wiener-Kronish, 

J.P., and Frank, D.W. (1999) Active and passive immunization with the 

Pseudomonas V antigen protects against type III intoxication and lung 

injury. Nat Med 5: 392-398.

Scheuerpflug, I., Rudel, T., Ryll, R., Pandit, J., and Meyer, T.F. (1999) Roles of 

PilC and PilE Proteins in Pilus-Mediated Adherence of Neisseria 

gonorrhoeae and Neisseria meningitidis to Human Erythrocytes and 

Endothelial and Epithelial Cells. Infect Immun 67: 834-843.

Schlumberger, M.C., and Hardt, W.D. (2005) Triggered phagocytosis by 

Salmonella: bacterial molecular mimicry of RhoGTPase 

activation/deactivation. Curr Top Microbiol Immunol 291: 29-42.

Schmidt, S.A., Bieber, D., Ramer, S.W., Hwang, J., Wu, C.-Y., and Schoolnik, G. 

(2001) Structure-Function Analysis of BfpB, a Secretin-Like Protein 

Encoded by the Bundle-Forming-Pilus Operon of Enteropathogenic 

Escherichia coli. J Bacteriol 183: 4848-4859.

Schroeder, T.H., Zaidi, T., and Pier, G.B. (2001) Lack of Adherence of Clinical 

Isolates of Pseudomonas aeruginosa to Asialo-GM1 on Epithelial Cells. 

Infect Immun 69: 719-729.

Schuster, M., and Greenberg, E.P. (2006) A network or networks: Quorum- 

sensing gene regulation in Pseudomonas aeruginosa. Int J Med 

Microbiol 296: 73-81.

Schuster, M., Lostroh, C.P., Ogi, T., and Greenberg, E.P. (2003) Identification, 

Timing, and Signal Specificity of Pseudomonas aeruginosa Quorum-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Controlled Genes: a Transcriptome Analysis. J Bacteriol 185: 2066- 

2079.

Schuster, M., Hawkins, A.C., Harwood, C.S., and Greenberg, E.P. (2004) The 

Pseudomonas aeruginosa RpoS regulon and its relationship to quorum 

sensing. Mol Microbiol 51: 973-985.

Schweizer, H.P. (1991) Escherichia-Pseudomonas shuttle vectors derived from 

pUC18/19. Gene 97: 109-121.

Sedlak-Weinstein, E., Cripps, A.W., Kyd, J.M., and Foxwell, A.R. (2005)

Pseudomonas aeruginosa: the potential to immunise against infection. 

Expert Opin Biol Ther 5: 967-982.

Seifert, H.S., Ajioka, R.S., Paruchuri, D., Heffron, F., and So, M. (1990) Shuttle 

mutagenesis of Neisseria gonorrhoeae: pilin null mutations lower DNA 

transformation competence. J Bacteriol 172: 40-46.

Sela, M. (1969) Antigenicity: some molecular aspects. Science 166: 1365-1374.

Sexton, M., and Reen, D.J. (1992) Characterization of antibody-mediated 

inhibition of Pseudomonas aeruginosa adhesion to epithelial cells. Infect 

Immun 60: 3332-3338.

Shaw, M.J. (2005) Ventilator-associated pneumonia. Curr Opin Pulm Med 11: 

236-241.

Seifert, H.S., Ajioka, R.S., Paruchuri, D., Heffron, F., and So, M. (1990) Shuttle 

mutagenesis of Neisseria gonorrhoeae: pilin null mutations lower DNA 

transformation competence. J Bacteriol 172: 40-46.

210

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sheils, C.A., Kas, J., Travassos, W., Allen, P.G., Janmey, P.A., Wohl, M.E., and 

Stossel, T.P. (1996) Actin filaments mediate DNA fiber formation in 

chronic inflammatory airway disease. Am J Pathol 148: 919-927.

Sheth, H.B., Lee, K.K., Wong, W.Y., Srivastava, G., Hindsgaul, O., Hodges, R.S., 

Paranchych, W., and Irvin, R.T. (1994) The pili of Pseudomonas 

aeruginosa strains PAK and PAO bind specifically to the carbohydrate 

sequence beta GalNAc(1-4)beta Gal found in glycosphingolipids asialo- 

GM1 and asialo-GM2. Mol Microbiol 11: 715-723.

Sheth, H.B., Glasier, L.M., Ellert, N.W., Cachia, P., Kohn, W „ Lee, K.K.,

Paranchych, W., Hodges, R.S., and Irvin, R.T. (1995) Development of an 

anti-adhesive vaccine for Pseudomonas aeruginosa targeting the C- 

terminal region of the pilin structural protein. Biomed Pept Proteins 

Nucleic Acids 1: 141-148.

Singh, P.K., Schaefer, A.L., Parsek, M.R., Moninger, T.O., Welsh, M.J., and 

Greenberg, E.P. (2000) Quorum-sensing signals indicate that cystic 

fibrosis lungs are infected with bacterial biofilms. Nature 407: 762-764.

Skerker, J.M., and Berg, H.C. (2001) Direct observation of extension and 

retraction of type IV pili. Proc Natl Acad Sci U S A 98: 6901-6904.

Smart, W., Sastry, P.A., Paranchych, W., and Singh, B. (1993) Immune 

recognition of polar pili from Pseudomonas aeruginosa O. Infect Immun 

61: 3527-3529.

Smedley, J.G., 3rd, Jewell, E., Roguskie, J., Horzempa, J., Syboldt, A., Stolz, 

D.B., and Castric, P. (2005) Influence of pilin glycosylation on

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pseudomonas aeruginosa 1244 pilus function. Infect Immun 73: 7922- 

7931.

Smith, R.S., and Iglewski, B.H. (2003) P. aeruginosa quorum-sensing systems 

and virulence. Curr Opin Microbiol 6: 56-60.

Solomon, J.M., and Grossman, A.D. (1996) Who's competent and when:

regulation of natural genetic competence in bacteria. Trends Genet 12: 

150-155.

Sorensen, R.U., and Klinger, J.D. (1987) Biological effects of Pseudomonas 

aeruginosa phenazine pigments. Antibiot Chemother 39: 113-124.

Sparling, P.F. (1966) Genetic transformation of Neisseria gonorrhoeae to 

streptomycin resistance. J Bacteriol 92: 1364-1371.

Speert, D.P. (2002) Molecular epidemiology of Pseudomonas aeruginosa. Front 

Biosci7\ e354-361.

Stewart, P.S. (2002) Mechanisms of antibiotic resistance in bacterial biofilms. Int 

J Med Microbiol 292: 107-113.

Stimson, E., Virji, M., Makepeace, K., Dell, A., Morris, H.R., Payne, G.,

Saunders, J.R., Jennings, M.P., Barker, S., Panico, M., and et al. (1995) 

Meningococcal pilin: a glycoprotein substituted with digalactosyl 2,4- 

diacetamido-2,4,6-trideoxyhexose. Mol Microbiol17: 1201-1214.

Stoodley, P., Sauer, K., Davies, D.G., and Costerton, J.W. (2002) Biofilms as 

complex differentiated communities. Annu Rev Microbiol 56: 187-209.

Stone, B.J., and Abu Kwaik, Y. (1998) Expression of multiple pili by Legionella 

pneumophila: identification and characterization of a type IV pilin gene

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and its role in adherence to mammalian and protozoan cells. Infect 

Immun 66: 1768-1775.

Stone, B.J., and Kwaik, Y.A. (1999) Natural Competence for DNA Transformation 

by Legionella pneumophila and Its Association with Expression of Type 

IV Pili. J Bacteriol 181: 1395-1402.

Stover, C.K., Pham, X.Q., Erwin, A.L., Mizoguchi, S.D., Warrener, P., Hickey,

M.J., Brinkman, F.S., Hufnagle, W.O., Kowalik, D.J., Lagrou, M., Garber, 

R.L., Goltry, L., Tolentino, E., Westbrock-Wadman, S., Yuan, Y., Brody, 

L.L., Coulter, S.N., Folger, K.R., Kas, A., Larbig, K., Lim, R., Smith, K., 

Spencer, D., Wong, G.K., Wu, Z., Paulsen, I.T., Reizer, J., Saier, M.H., 

Hancock, R.E., Lory, S., and Olson, M.V. (2000) Complete genome 

sequence of Pseudomonas aeruginosa PA01, an opportunistic 

pathogen. Nature 406: 959-964.

Strom, M.S., and Lory, S. (1992) Kinetics and sequence specificity of processing 

of prepilin by PilD, the type IV leader peptidase of Pseudomonas 

aeruginosa. J Bacteriol 174: 7345-7351.

Strom, M.S., and Lory, S. (1993) Structure-function and biogenesis of the type IV 

pili. Annu Rev Microbiol 47: 565-596.

Strom, M.S., Nunn, D.N., and Lory, S. (1993) A single bifunctional enzyme, PilD, 

catalyzes cleavage and N-methylation of proteins belonging to the type 

IV pilin family. Proc Natl Acad Sci U S A 90: 2404-2408.

213

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Suh, J.Y., Spyracopoulos, L., Keizer, D.W., Irvin, R.T., and Sykes, B.D. (2001) 

Backbone dynamics of receptor binding and antigenic regions of a 

Pseudomonas aeruginosa pilin monomer. Biochemistry AO: 3985-3995.

Sun, D., Lafferty, M.J., Peek, J.A., and Taylor, R.K. (1997) Domains within the 

Vibrio cholerae toxin coregulated pilin subunit that mediate bacterial 

colonization. Gene 192: 79-85.

Sun, H., Zusman, D.R., and Shi, W. (2000) Type IV pilus of Myxococcus xanthus 

is a motility apparatus controlled by the frz chemosensory system. Curr 

Biology 10: 1143-1146.

Sun, J., and Barbieri, J.T. (2003) Pseudomonas aeruginosa ExoT ADP-

ribosylates CT10 Regulator of Kinase (Crk) Proteins. J Biol Chem 278: 

32794-32800.

Sundin, C., Wolfgang, M.C., Lory, S., Forsberg, A., and Frithz-Lindsten, E. (2002) 

Type IV pili are not specifically required for contact dependent 

translocation of exoenzymes by Pseudomonas aeruginosa. Microb 

Pathog 33: 265-277.

Sutherland, I.W. (2001) The biofilm matrix--an immobilized but dynamic microbial 

environment. Trends Microbiol 9: 222-227.

Swanson, J. (1973) Studies on gonococcus infection. IV. Pili: their role in

attachment of gonococci to tissue culture cells. J Exp Med 137: 571-589.

Swanson, J., Robbins, K., Barrera, O., Corwin, D., Boslego, J., Ciak, J., Blake,

M., and Koomey, J.M. (1987) Gonococcal pilin variants in experimental 

gonorrhea. J Exp Med 165: 1344-1357.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Tang, H., Kays, M., and Prince, A. (1995) Role of Pseudomonas aeruginosa pili 

in acute pulmonary infection. Infect Immun 63: 1278-1285.

Tang, H.B., DiMango, E., Bryan, R., Gambello, M., Iglewski, B.H., Goldberg, J.B., 

and Prince, A. (1996) Contribution of specific Pseudomonas aeruginosa 

virulence factors to pathogenesis of pneumonia in a neonatal mouse 

model of infection. Infect Immun 64: 37-43.

Taylor, R.K., Miller, V.L., Furlong, D.B., and Mekalanos, J.J. (1987) Use of phoA 

gene fusions to identify a pilus colonization factor coordinately regulated 

with cholera toxin. Proc Natl Acad Sci U S A 84: 2833-2837.

Toder, D.S., Gambello, M.J., and Iglewski, B.H. (1991) Pseudomonas

aeruginosa LasA: a second elastase under the transcriptional control of 

lasR. Mol Microbiol 5: 2003-2010.

Tomkiewicz, R.P., App, E.M., Zayas, J.G., Ramirez, O., Church, N., Boucher, 

R.C., Knowles, M.R., and King, M. (1993) Amiloride inhalation therapy in 

cystic fibrosis. Influence on ion content, hydration, and rheology of 

sputum. Am Rev RespirDis 148: 1002-1007.

Tonjum, T., Freitag, N.E., Namork, E., and Koomey, M. (1995) Identification and 

characterization of pilG, a highly conserved pilus-assembly gene in 

pathogenic Neisseria. Mol Microbiol 16: 451-464.

Tonjum, T., Caugant, D.A., Dunham, S.A., and Koomey, M. (1998) Structure and 

function of repetitive sequence elements associated with a highly 

polymorphic domain of the Neisseria meningitidis PilQ protein. Mol 

Microbiol 29: 111 -124.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Touhami, A., Jericho, M.H., Boyd, J.M., and Beveridge, T.J. (2006) Nanoscale 

characterization and determination of adhesion forces of Pseudomonas 

aeruginosa pili by using atomic force microscopy. J Bacteriol 188: 370- 

377.

Tsui, I.S.M., Yip, C.M.C., Hackett, J., and Morris, C. (2003) The Type IVB Pili of 

Salmonella enterica Serovar Typhi Bind to the Cystic Fibrosis 

Transmembrane Conductance Regulator. Infect Immun 71: 6049-6050.

Turner, L.R., Lara, J.C., Nunn, D.N., and Lory, S. (1993) Mutations in the

consensus ATP-binding sites of XcpR and PilB eliminate extracellular 

protein secretion and pilus biogenesis in Pseudomonas aeruginosa. J 

Bacteriol 175: 4962-4969.

Twining, S.S., Kirschner, S.E., Mahnke, L.A., and Frank, D.W. (1993) Effect of 

Pseudomonas aeruginosa elastase, alkaline protease, and exotoxin A 

on corneal proteinases and proteins. Invest Ophthalmol Vis Sci 34: 

2699-2712.

Vallis, A.J., Yahr, T.L., Barbieri, J.T., and Frank, D.W. (1999) Regulation of ExoS 

production and secretion by Pseudomonas aeruginosa in response to 

tissue culture conditions. Infect Immun 67: 914-920.

van Delden, C., Comte, R., and Bally, A.M. (2001) Stringent response activates 

quorum sensing and modulates cell density-dependent gene expression 

in Pseudomonas aeruginosa. J Bacteriol 183: 5376-5384.

Vanderzwan, J., McCaig, L., Mehta, S., Joseph, M., Whitsett, J., McCormack, 

D.G., and Lewis, J.F. (1998) Characterizing alterations in the pulmonary

216

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



surfactant system in a rat model of Pseudomonas aeruginosa 

pneumonia. EurRespirJ 12:1388-1396.

van Schaik, E.J., Giltner, C.L., Audette, G.F., Keizer, D.W., Bautista, D.L., 

Slupsky, C.M., Sykes, B.D., and Irvin, R.T. (2005) DNA binding: a novel 

function of Pseudomonas aeruginosa type IV pili. J Bacteriol 187: 1455- 

1464.

Ventre, I., Ledgham, F., Prima, V., Lazdunski, A., Foglino, M., and Sturgis, J.N.

(2003) Dimerization of the quorum sensing regulator RhIR: development 

of a method using EGFP fluorescence anisotropy. Mol Microbiol 48:187- 

198.

Ventre, I., Goodman, A.L., Vallet-Gely, I., Vasseur, P., Soscia, C., Molin, S., 

Bleves, S., Lazdunski, A., Lory, S., and Filloux, A. (2006) Multiple 

sensors control reciprocal expression of Pseudomonas aeruginosa 

regulatory RNA and virulence genes. Proc Natl Acad Sci U S A  103: 

171-176.

Venturi, V. (2006) Regulation of quorum sensing in Pseudomonas. FEMS 

Microbiol Rev 30: 274-291.

Wagner, V.E., Bushnell, D., Passador, L., Brooks, A.I., and Iglewski, B.H. (2003) 

Microarray Analysis of Pseudomonas aeruginosa Quorum-Sensing 

Regulons: Effects of Growth Phase and Environment. J Bacteriol 185: 

2080-2095.

Waldor, M.K., and Mekalanos, J.J. (1996) Lysogenic conversion by a filamentous 

phage encoding cholera toxin. Science 272: 1910-1914.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Walker, T.S., Tomlin, K.L., Worthen, G.S., Poch, K.R., Lieber, J.G., Saavedra, 

M.T., Fessler, M.B., Malcolm, K.C., Vasil, M.L., and Nick, J.A. (2005) 

Enhanced Pseudomonas aeruginosa biofilm development mediated by 

human neutrophils. Infect Immun 73: 3693-3701.

Wang, F., Zhang, X.L., Zhou, Y., Ye, L., Qi, Z., and Wu, J. (2005) Type IVB 

piliated Salmonella typhi enhance IL-6 and NF-kappaB production in 

human monocytic THP-1 cells through activation of protein kinase C. 

Immunobiology 210: 283-293.

Watnick, P.I., Fullner, K.J., and Kolter, R. (1999) A Role for the Mannose-

Sensitive Hemagglutinin in Biofilm Formation by Vibrio cholerae El Tor. J 

Bacteriol 181: 3606-3609.

Watnick, P.I., and Kolter, R. (1999) Steps in the development of a Vibrio cholerae 

El Tor biofilm. Mol Microbiol 34: 586-595.

Watson, A.A., Mattick, J.S., and Aim, R.A. (1996) Functional expression of

heterologous type 4 fimbriae in Pseudomonas aeruginosa. Gene 175: 

143-150.

Watts, T.H., Kay, C.M., and Paranchych, W. (1982) Dissociation and

characterization of pilin isolated from Pseudomonas aeruginosa strains 

PAK and PAO. Can J Biochem 60: 867-872.

Watts, T.H., Kay, C.M., and Paranchych, W. (1983a) Spectral properties of three 

quaternary arrangements of Pseudomonas pilin. Biochemistry 22: 3640- 

3646.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Watts, T.H., Sastry, P.A., Hodges, R.S., and Paranchych, W. (1983b) Mapping of 

the antigenic determinants of Pseudomonas aeruginosa PAK polar pili. 

Infect Immun 42: 113-121.

Weiss, R.L. (1971) The structure and occurrence of pili (fimbriae) on 

Pseudomonas aeruginosa. J Gen Microbiol 67: 135-143.

Whitchurch, C.B., Hobbs, M., Livingston, S.P., Krishnapillai, V., and Mattick, J.S. 

(1991) Characterisation of a Pseudomonas aeruginosa twitching motility 

gene and evidence for a specialised protein export system widespread in 

eubacteria. Gene 101: 33-44.

Whitchurch, C.B., and Mattick, J.S. (1994) Characterization of a gene, pilU,

required for twitching motility but not phage sensitivity in Pseudomonas 

aeruginosa. Mol Microbiol 13: 1079-1091.

Whitchurch, C.B., Tolker-Nielsen, T., Ragas, P.C., and Mattick, J.S. (2002)

Extracellular DNA required for bacterial biofilm formation. Science 295: 

1487.

Whitchurch, C.B., Leech, A.J., Young, M.D., Kennedy, D., Sargent, J.L.,

Bertrand, J.J., Semmler, A.B.T., Mellick, A.S., Martin, P.R., Aim, R.A., 

Hobbs, M., Beatson, S.A., Huang, B., Nguyen, L., Commolli, J.C., Engel, 

J.N., Darzins, A., and Mattick, J.S. (2004) Characterization of a complex 

chemosensory signal transduction system which controls twitching 

motility in Pseudomonas aeruginosa. Mol Microbiol 52: 873-893.

219

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Whiteley, M., Lee, K.M., and Greenberg, E.P. (1999) Identification of genes

controlled by quorum sensing in Pseudomonas aeruginosa. Proc Natl 

Acad Sci U S A 96: 13904-13909.

Whiteley, M., Parsek, M.R., and Greenberg, E.P. (2000) Regulation of quorum 

sensing by RpoS in Pseudomonas aeruginosa. Journal Of Bacteriology 

182: 4356-4360.

Whiteley, M., Bangera, M.G., Bumgarner, R.E., Parsek, M.R., Teitzel, G.M., Lory,

S., and Greenberg, E.P. (2001) Gene expression in Pseudomonas 

aeruginosa biofilms. Nature 413: 860-864.

Winson, M.K., Camara, M., Latifi, A., Foglino, M., Chhabra, S.R., Daykin, M.,

Bally, M., Chapon, V., Salmond, G.P., and Bycroft et, a. (1995) Multiple 

N-acyl-L-homoserine lactone signal molecules regulate production of 

virulence determinants and secondary metabolites in Pseudomonas 

aeruginosa. Proc Natl Acad Sci U S A  92: 9427-9431.

Winzer, K., Falconer, C., Garber, N.C., Diggle, S.P., Camara, M., and Williams,

P. (2000) The Pseudomonas aeruginosa lectins PA-IL and PA-IIL are 

controlled by quorum sensing and by RpoS. J Bacteriol 182: 6401-6411.

Wolfgang, M., Lauer, P., Park, H.-S., Brossay, L., Hebert, J., and Koomey, M.

(1998a) PilT mutations lead to simultaneous defects in competence for 

natural transformation and twitching motility in piliated Neisseria 

gonorrhoeae. Mol Microbiol 29: 321-330.

Wolfgang, M., Park, H.-S., Hayes, S.F., van Putten, J.P.M., and Koomey, M.

(1998b) Suppression of an absolute defect in Type IV pilus biogenesis

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



by loss-of-function mutations in pilT, a twitching motility gene in 

Neisseria gonorrhoeae. Proc Natl Acad Sci U S A 95: 14973-14978.

Wolfgang, M., van Putten, J.P., Hayes, S.F., Dorward, D., and Koomey, M.

(2000) Components and dynamics of fiber formation define a ubiquitous 

biogenesis pathway for bacterial pili. Embo J 19: 6408-6418.

Wolfgang, M.C., Lee, V.T., Gilmore, M.E., and Lory, S. (2003) Coordinate

Regulation of Bacterial Virulence Genes by a Novel Adenylate Cyclase- 

Dependent Signaling Pathway. Dev Cell 4: 253-263.

Wong, W.Y., Campbell, A.P., Mclnnes, C., Sykes, B.D., Paranchych, W., Irvin, 

R.T., and Hodges, R.S. (1995) Structure-function analysis of the 

adherence-binding domain on the pilin of Pseudomonas aeruginosa 

strains PAK and KB7. Biochemistry 34: 12963-12972.

Wong, W.Y., Irvin, R.T., Paranchych, W., and Hodges, R.S. (1992) Antigen- 

antibody interactions: elucidation of the epitope and strain-specificity of a 

monoclonal antibody directed against the pilin protein adherence binding 

domain of Pseudomonas aeruginosa strain K. Protein Sci 1: 1308-1318.

Woods, D.E., Straus, D.C., Johanson, W.G., Jr., Berry, V.K., and Bass, J.A. 

(1980) Role of pili in adherence of Pseudomonas aeruginosa to 

mammalian buccal epithelial cells. Infect Immun 29: 1146-1151.

Wretlind, B., and Pavlovskis, O.R. (1983) Pseudomonas aeruginosa elastase 

and its role in pseudomonas infections. Rev Infect Dis 5 Suppl 5: S998- 

1004.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Wu, S.S., and Kaiser, D. (1995) Genetic and functional evidence that Type IV pili 

are required for social gliding motility in Myxococcus xanthus. Mol 

Microbiol 18: 547-558.

Xie, Z.D., Hershberger, C.D., Shankar, S., Ye, R.W., and Chakrabarty, A.M.

(1996) Sigma factor-anti-sigma factor interaction in alginate synthesis: 

inhibition of AlgT by MucA. J Bacteriol 178: 4990-4996.

Xu, X.F., Tan, Y.W., Lam, L., Hackett, J., Zhang, M„ and Mok, Y.K. (2004) NMR 

structure of a type IVb pilin from Salmonella typhi and its assembly into 

pilus. J Biol Chem 279: 31599-31605.

Yahr, T.L., Vallis, A.J., Hancock, M.K., Barbieri, J.T., and Frank, D.W. (1998) 

ExoY, an adenylate cyclase secreted by the Pseudomonas aeruginosa 

type III system. Proc Natl Acad Sci U SA  95: 13899-13904.

Yoon, S.S., Hennigan, R.F., Hilliard, G.M., Ochsner, U.A., Parvatiyar, K.,

Kamani, M.C., Allen, H.L., DeKievit, T.R., Gardner, P.R., Schwab, U., 

Rowe, J.J., Iglewski, B.H., McDermott, T.R., Mason, R.P., Wozniak, D.J., 

Hancock, R.E., Parsek, M.R., Noah, T.L., Boucher, R.C., and Hassett, 

D.J. (2002) Pseudomonas aeruginosa anaerobic respiration in biofilms: 

relationships to cystic fibrosis pathogenesis. Dev Cell 3: 593-603.

Yoshihara, S., Geng, X.X., Okamoto, S., Yura, K., Murata, T., Go, M., Ohmori,

M., and Ikeuchi, M. (2001) Mutational Analysis of Genes Involved in 

Pilus Structure, Motility and Transformation Competency in the 

Unicellular Motile CyanobacteriumSynechocystis sp. PCC 6803. Plant 

Cell Physiol 42: 63-73.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Yu, L., Lee, K.K., Hodges, R.S., Paranchych, W., and Irvin, R.T. (1994)

Adherence of Pseudomonas aeruginosa and Candida albicans to 

glycosphingolipid (Asialo-GM1) receptors is achieved by a conserved 

receptor-binding domain present on their adhesins. Infect Immun 62: 

5213-5219.

Yu, L., Lee, K.K., Paranchych, W., Hodges, R.S., and Irvin, R.T. (1996) Use of 

synthetic peptides to confirm that the Pseudomonas aeruginosa PAK 

pilus adhesin and the Candida albicans fimbrial adhesin possess a 

homologous receptor-binding domain. Mol Microbiol 19: 1107-1116.

Zaidi, T.S., Fleiszig, S.M., Preston, M.J., Goldberg, J.B., and Pier, G.B. (1996) 

Lipopolysaccharide outer core is a ligand for corneal cell binding and 

ingestion of Pseudomonas aeruginosa. Invest Ophthalmol Vis Sci 37: 

976-986.

Zhang, H.Z., Lory, S., and Donnenberg, M.S. (1994) A plasmid-encoded prepilin 

peptidase gene from enteropathogenic Escherichia coli. J Bacteriol 176: 

6885-6891.

Zhang, X.L., Tsui, I.S., Yip, C.M., Fung, A.W., Wong, D.K., Dai, X., Yang, Y.,

Hackett, J., and Morris, C. (2000) Salmonella enterica serovartyphi uses 

type IVB pili to enter human intestinal epithelial cells. Infect Immun 68: 

3067-3073

223

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


