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Abstract

In this thesis, experiments are described designed to improve our 

understanding of the type II secretion system of Pseudomonas 

aeruginosa. P. aeruginosa is a Gram-negative bacterium, which implicates 

that its cell envelope consists of two membranes, the inner- and the 

outer membrane. In between these two membranes is a peptidoglycan 

layer. Despite of the complex structure of the cell envelope, these 

bacteria are capable of secreting proteins into the extracellular milieu. 

To facilitate this, the bacteria have evolved several diverse apparatuses, 

including type II secretion systems. This introductory chapter is meant 

to provide background information for the study described in this thesis. 

It begins with a short introduction into P. aeruginosa, carries on with 

the structure of the Gram-negative cell envelope, and continues with a 

short description of the protein transportation systems identified so far. 

A more in-depth report is given of the current knowledge of the type II 

secretion system of P. aeruginosa. In the last section of the introduction, 

the research objectives are presented. 
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1 Pseudomonas aeruginosa and protein secretion

Most bacteria are able to secrete proteins into the extracellular medium. This characteristic makes 

them on the one hand very useful as protein factories, but on the other hand it is often also a 

major factor in bacterial pathogenicity. Understanding bacterial protein secretion is thus both 

interesting from an industrial point of view and also from the perspective of common welfare, as 

it may lead to more insight in how to handle, control or prevent certain bacterial diseases. 

Pseudomonas aeruginosa is one of the most actively and diversely secreting Gram-negative 

bacterial species (Filloux et al, 2004) and is therefore a good model to study protein secretion. 

It contains five of the six types of secretion systems identified thus far and often has multiple 

copies of each of them. The main type II secretion system (T2SS) is used for the secretion of most 

proteins in P. aeruginosa. Consequently, this system is an interesting candidate for (optimisation 

of ) the secretion of economically interesting enzymes, such as lipases and proteases. To exploit 

T2SSs to their full potential, it is of importance to understand the mechanical functioning and the 

molecular structure of these apparatuses. 

Besides being an interesting study object, P. aeruginosa is also an opportunistic pathogen. This 

bacterium is the main cause of acute human respiratory diseases in immuno-comprised patients, 

and it is largely responsible for chronic respiratory infections in patients suffering from cystic 

fibrosis (Chastre & Trouillet, 2000) and infections of burn wounds (Gould & Wise, 1985). In addition, 

many eye infections (Gould & Wise, 1985), hospital-acquired infections, as well as a range of other, 

more unusual infections are caused by P. aeruginosa (Molina et al, 1991). Importantly, besides the 

high incidence and severity of infections, increased resistance of P. aeruginosa to conventional 

antibiotics forms a challenge (Obritsch et al, 2004). 

Several virulence factors are involved in the bacterium’s pathogenicity, including its ability to 

adhere to host cells, to form biofilms, and to secrete many disease-related proteins, including 

elastase, alkaline protease and exotoxin A (Kipnis et al, 2006). The majority of these proteins 

is secreted by the main T2SS, named the Xcp (for extracellular protein-deficient) system. As 

such, the Xcp system is a very interesting model to study the role of this type of machines in 

pathogenesis, but also to search for methods to control, prevent or reduce the severity of several 

bacterial infections. 
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2 The bacterial cell envelope

Based on a staining method for microscopical examination, bacteria can be subdivided into 

two main groups, the Gram-negative and the Gram-positive bacteria. An important difference 

between these two groups is the number of membranes that separate the cytoplasm from 

the exterior, namely one for Gram-positives and two for Gram-negatives. Thus, whilst secreted 

proteins in Gram-positive bacteria only have to pass one membrane, they have to be transported 

over two membranes in Gram-negative bacteria. The two membranes of Gram-negative bacteria 

are called the inner or cytoplasmic membrane and the outer membrane, and they are separated 

by the peptidoglycan–containing periplasm (Fig. 1). The inner membrane is a phospholipid 

bilayer, which is, because of its hydrophobic nature, impermeable for hydrophilic compounds. 

Also protons are unable to migrate freely over this membrane. This is an essential prerequisite 

Figure 1: Schematic representation of the cell envelope of Gram-negative bacteria.

The inner membrane is a symmetrical bilayer composed of phospholipids (PL). The outer membrane is an 
asymmetrical bilayer, of which the inner leaflet is composed of PL and the outer leaflet of lipopolysaccharide 
(LPS). The inner and outer membranes are separated by the periplasm. Lipoproteins (LPP) are attached to 
both the inner and the outer membrane. The peptidoglycan layer (PG) is located in the periplasm and is 
covalently attached to the outer membrane via LPP. Both integral and peripherally associated inner membrane 
proteins (IMPs) are shown, as well as a model for the insertion of outer membrane proteins (OMPs) into the 
outer membrane via the Sec and Omp85 route. ATP hydrolysis by the Sec translocon is indicated with NTP. 
(Adapted from Arts, 2007). 
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for the maintenance of the membrane potential, which is generated during respiration. Integral 

inner membrane proteins span the phospholipid bilayer via their hydrophobic α-helical segments. 

Other proteins can be peripherally associated with the membrane by means of hydrophobic 

and/or electrostatic interactions.

The outer membrane is an asymmetrical bilayer composed of phospholipids in the inner leaflet 

and lipopolysaccharides (LPS) in the outer leaflet (Fig. 1). The LPS layer renders the outer membrane 

relatively resistant to detergents. In contrast to the inner membrane, the outer membrane is semi-

permeable due to the presence of channels formed by proteins, generically called “porins”. These 

channels allow for the passive diffusion of small hydrophilic molecules into the periplasm. Porins 

and other integral outer membrane proteins share one common theme; they are composed 

of anti-parallel β-strands, which form a barrel-like structure. These barrels have a hydrophobic 

surface facing the lipids in the membrane, whereas the interior of the barrel is hydrophilic. The 

outer membrane also contains lipoproteins, which are anchored to the outer membrane via 

their lipid moiety. The space in between the two membranes, the periplasm, is a hydrophilic 

environment containing a peptidoglycan layer (Fig. 1). This is a rigid structure consisting of linear 

polymeric sugar chains that are covalently linked via short oligopeptides. The peptidoglycan layer 

is important for the cell’s shape and rigidity. Apart from the peptidoglycan layer, the periplasm 

also harbours chaperones, degradative enzymes, proteins involved in nutrient acquisition, and 

proteins involved in peptidoglycan synthesis.

3 Protein translocation and secretion pathways

After their production in the cytoplasm, proteins can either remain there or be translocated to 

the cell envelope or the exterior milieu. To transport proteins, bacteria have developed several 

mechanisms. Some systems transport proteins across the inner membrane or insert them into this 

lipid bilayer, whereas others insert proteins into or translocate them over the outer membrane. 

Even other machines move proteins over both the inner and the outer membrane in a single 

step, or inject proteins directly from the bacterial cytoplasm into eukaryotic cells. These systems 

will be discussed below, and some are schematically represented in Fig. 1 and 2.

3.1 Protein translocation across and insertion into the inner 
membrane

Up to date, two systems for the transport of proteins over the inner membrane into the periplasm 

have been identified, namely the Sec (secretion) system (for a review, see de Keyzer et al, 2003) 
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and the TAT (twin-arginine translocation) system (for a review, see Lee et al, 2006). The Sec system 

is predominantly used. It transports proteins to the periplasm in an unfolded conformation, but 

it can also integrate proteins into the inner membrane. The core of the Sec apparatus consists of 

the heterotrimeric SecYEG complex, which forms the translocation channel, and the peripherally 

associated ATPase SecA (Fig. 1). Another integral membrane protein complex, SecDFYajC, has 

been implicated in the functioning of the system (de Keyzer et al, 2003). Substrates of the Sec 

system are synthesised with an N-terminal signal sequence that targets them to this machinery. 

A typical Sec signal sequence has the following characteristics: a positively charged N-terminal 

domain (n-region), which is followed by a stretch of 10-15 hydrophobic residues (h-region) and a 

more polar C-terminal part (c-region) containing the signal peptidase cleavage site (von Heijne, 

1983). Two different pathways are employed for targeting of proteins to the Sec apparatus: one 

Figure 2: Schematic representation of several protein secretion pathways in Gram-negative 

bacteria.

Targeting of substrates, either directly or via the Sec pathway, is indicated by arrows. The involvement of 
ATP hydrolysis to energise the systems is indicated by NTP. The type I secretion system is exemplified by the 
haemolysin (Hly) system of E. coli, the type III secretion apparatus by the Ysc system of Yersinia enterocolitica, 
the type IV secretion system by the Vir system of Agrobacterium tumefaciens, and the autotransporter 
mechanism, a subtype of type V secretion, by NalP of N. meningitidis. Type II secretion is illustrated in Figure 
3. The recently recognised type VI secretion system is also not illustrated here, as very little information is 
available as yet. (Adapted from Arts, 2007). 
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employs the chaperone SecB for post-translational targeting, and the other utilises the signal-

recognition particle (SRP) for co-translational targeting (Müller et al, 2001). Inner membrane 

proteins depend on the SRP pathway, whereas most periplasmic and outer membrane proteins 

use the SecB pathway (de Gier et al, 1997). 

Associated with the Sec complex is the integral membrane protein YidC, which seems to 

assist the Sec-dependent insertion of membrane proteins. Moreover, YidC also mediates Sec-

independent insertion of certain proteins, such as M13 procoat (Samuelson et al, 2001), Pf3 coat 

(Chen et al, 2002), and certain components of the two major energy-transducing membrane 

complexes cytochrome o oxidase and F
1
F

0
 ATP synthase (van der Laan et al, 2003), into the inner 

membrane.

The TAT pathway differs from the Sec pathway in many respects. First of all, it translocates 

folded and often co-factor bound, rather than unfolded, proteins over the inner membrane. 

Secondly, whereas the Sec machinery uses both ATP hydrolysis and the proton-motive force 

to transport proteins, the TAT system solely uses the proton-motive force as energy source. In 

addition, it recognises a slightly different signal sequence to identify its substrates, of which the 

most important characteristic is the twin-arginine motif that is situated in the positively charged 

n-region and lends its name to the system. Besides, TAT signal sequences contain a weakly 

hydrophobic h-region and a positively charged Sec-avoidance signal in the c-region (Bogsch et 

al, 1997; Cristóbal et al, 1999). Up to now, in Gram-negative bacteria three genes were identified 

to encode indispensable components of the TAT translocation apparatus, namely tatA, tatB and 

tatC (Müller, 2005), but most Gram-positive bacteria seem to lack the tatB gene (Jongbloed et al, 

2004). 

3.2 Protein transport to and insertion into the outer membrane 

The outer membrane contains two types of proteins, which are, as mentioned before, integral 

outer membrane proteins and lipoproteins. Lipoproteins are anchored to the outer membrane via 

an N-terminal lipid moiety consisting of N-acyl-diacyl-glycerylcysteine. This lipid moiety enables 

lipoproteins to attach to either the inner or the outer membrane. In Escherichia coli, sorting to the 

proper membrane mainly depends on the residue directly C-terminal to the lipidated cysteine (+2 

position). Simplified, an aspartate at this position retains the lipoprotein in the inner membrane, 

whereas the absence of this inner membrane-retention signal results in transport to the outer 

membrane via the Lol pathway (for a review, see Tokuda & Matsuyama, 2004). However, novel 

results suggest that sorting does not occur according to these rules in P. aeruginosa, where the 
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+3 and +4 positions were identified as sorting residues. A lysine and serine residue at +3 and 

+4, respectively, retained the protein in the inner membrane, whereas a leucine and isoleucine 

resulted in translocation to the outer membrane (Narita & Tokuda, 2007; Tanaka et al, 2007).

The Lol pathway basically works as follows: LolCDE, an ATP-binding cassette (ABC) transporter, 

releases outer membrane-destined lipoproteins from the inner membrane, causing the formation 

of a complex between the released lipoproteins and the periplasmic chaperone LolA. When this 

complex interacts with the outer membrane receptor LolB, the lipoprotein is transferred from 

LolA to LolB and then localised to the outer membrane (Tokuda & Matsuyama, 2004).

Targeting and insertion of integral outer membrane proteins is far less well understood. Voulhoux 

et al (2003) identified an essential key component, Omp85, of the outer membrane protein 

insertion machinery in Neisseria meningitidis (Fig. 1). Omp85 is highly conserved in Gram-negative 

bacteria, and, in addition, homologues are present in mitochondria and chloroplasts (Paschen et 

al, 2003; Tu et al, 2004). Moreover, the mitochondrial homologues were shown to have a similar 

function as the bacterial Omp85 proteins (Gentle et al, 2004). The E. coli Omp85 homologue YaeT 

was demonstrated to form a homomeric tetramer that interacts with unfolded outer membrane 

proteins and recognises them by virtue of a C-terminal signature sequence (Robert et al, 2006). 

In addition, it is part of a complex with several lipoproteins (Ruiz et al, 2005; Wu et al, 2005). The 

specific role of the individual components in this complex and its exact mode of action remain 

to be established.  

3.3 Protein secretion systems

Gram-negative bacteria have evolved several systems to secrete proteins into the extracellular 

milieu. These systems have been named type I to type VI secretion systems (examples of type 

I, III, IV and V secretion systems are depicted in Fig.2 and a T2SS is schematically represented in 

Fig. 3). The type II and type V secretion systems transport proteins over the outer membrane (for 

reviews, see Desvaux et al, 2004; Filloux et al, 1990; Henderson et al, 2004). Thus, these secretion 

pathways depend on the Sec and TAT systems for transportation of their substrates over the 

inner membrane. The secretion substrates are therefore synthesised with signal peptides that 

are recognised by either of these inner membrane translocation systems. The type I and III (for 

reviews, see Holland et al, 2005; Plano et al, 2001), and, presumably, the relatively uncharacterised 

type VI secretion systems (Pukatzki et al, 2006) are single-step mechanisms that translocate 

proteins across the entire cell envelope. The type IV secretion system either directly transports 

the secreted proteins over two membranes or uses the Sec translocon for transport over the 
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inner membrane (Christie, 2001). Type III and IV secretion systems, and possibly also the type 

VI secretion system (Pukatzki et al, 2007), are capable of directly injecting their substrates into 

eukaryotic cells, whereby these substrates traverse three membranes in one step. The complexity 

of the different secretion systems varies greatly; some systems, like the autotransporter system, 

a subsystem of the type V secretion pathway, consist of only a single polypeptide (Fig. 2), which 

encompasses both the translocator and the secreted protein, whereas other systems consist of 

multiple components. Examples of the latter are the type II (Fig. 3), III and IV secretion systems 

(Fig. 2). In the following sections the major type II secretion system of P. aeruginosa, the Xcp 

system, will be highlighted.

 

Figure 3: Schematic model of the Xcp secretion apparatus of P. aeruginosa. 

The Xcp-dependent exoproteins, shown by a black oval, are initially exported across the inner membrane via 
the Sec or TAT machinery. Folded exoproteins, depicted as grey circles, are recognised by the Xcp machinery 
and transported over the outer membrane via the secretin XcpQ (Q). XcpY (Y) and XcpZ (Z) are bitopic 
inner membrane proteins, which form a stable complex. XcpY anchors the traffic ATPase XcpR (R) to the 
inner membrane. The XcpRYZ complex interacts with the multispanning transmembrane protein XcpS (S) 
and with the bitopic XcpP (P) component, which is thought to traverse the complete periplasm to interact 
with the periplasmically located N terminus of XcpQ. The pseudopilus, consisting of XcpT (T), XcpU (U), 
XcpV (V), XcpW (W) and XcpX (X), is represented by a cylinder. The prepilin peptidase/N-methyl transferase 
XcpA (A) processes and methylates the pseudopilins prior to assembly into the pseudopilin structure. The 
peptidoglycan layer has been omitted from this picture for simplicity. (Adapted from Arts, 2007). 
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4  The Xcp system 

Like the other secretion systems, T2SSs are generally considered important for pathogenesis of 

various Gram-negative bacteria, including P. aeruginosa, Erwinia chrysanthemi and Vibrio cholerae. 

However, even though T2SSs are common in pathogens, they are also found in commensals 

and symbionts and even in environmental microbes (Cianciotto, 2005). These systems secrete 

various toxins and hydrolytic enzymes in a folded conformation over the outer membrane into 

the environment (for a review, see Sandkvist, 2001). Secretion via the type II secretion pathway 

occurs in a two-step process: substrates are first translocated over the inner membrane via the 

Sec or TAT translocon and the periplasmic intermediate is then, in a separate step, transported 

over the outer membrane by the T2SS (Fig. 3). Besides the signal sequence required for targeting 

to the Sec or TAT translocon, T2SS substrates do not possess a recognizable linear secretion 

signal for targeting to the T2SS. It is therefore thought that the secretion signal for the second 

translocation step resides in the folded structure of the very diverse exoproteins (Filloux, 2004). 

After translocation by the T2SS, the substrates are released into the environment or, as in the 

case of certain lipoproteins such as pullulanase of Klebsiella oxytoca (Pugsley et al, 1986), remain 

attached to the cell surface.

T2SSs contain 12 to 16 different components (Fig. 3) (Johnson et al, 2006) and consist of three 

easily recognizable subcomplexes, namely the secretin in the outer membrane, the pseudopilus 

and the inner membrane platform. T2SSs have different names in different organisms, but the 

components are also generically called Gsp, followed by a fourth letter, which is the same in 

most systems (e.g., compare Gsp and Pul nomenclature in Table 1). However, in some systems, 

including the Xcp system of P. aeruginosa, also the fourth letter of the component names deviates 

(see Table 1). 

P. aeruginosa is one of the most actively secreting species amongst Gram-negative bacteria 

and has been shown to have all the secretion systems described above, except for the type 

IV machinery (Filloux et al, 2004; Mougous et al, 2006). Interestingly, P. aeruginosa has two 

T2SSs, which are named the Xcp system (Wretlind & Pavlovskis, 1984) and the Hxc system (for 

homologous to Xcp) (Ball et al, 2002). Substrates secreted via the Xcp secretion system include 

elastase, exotoxin A, staphylolytic protease, chitin-binding protein D, lipases, phospholipase 

C, and alkaline phosphatase (Filloux et al, 1998). It has been estimated that, under laboratory 

conditions, between 50 and 100 Xcp secretion systems are present in each cell (Brok et al, 1999). 

The high secretion capacity of this system and the versatility of its substrates, make it a very good 

candidate for (optimisation of ) secretion of industrially interesting compounds. The Hxc system 
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is only expressed under phosphate limitation and secretes at least one low-molecular-weight 

alkaline phosphatase (Ball et al, 2002).

The Xcp system consists of 12 proteins which are all essential for the secretion process, as disruption 

of any of the twelve xcp genes leads to accumulation of the substrates in the periplasm (Hamood 

et al, 1992; Wretlind & Pavlovskis, 1984). The genes encoding these proteins are located in two loci; 

one locus contains the xcpA gene, which is also known as pilD, and a number of genes required 

for type IV pilus biogenesis (Fig. 4). The second locus contains all other xcp genes and comprises 

two divergently oriented operons, one encoding XcpP and XcpQ, and the other encoding XcpR 

to XcpZ (Fig. 4). Both operons have promoters that are regulated by quorum sensing, a small 

signalling-molecule-based method of communication within bacterial communities (for a review, 

see Hodgkinson et al, 2007). Expression from xcpPQ starts at the early stationary phase, whereas 

expression of xcpR-Z begins prior, namely in the late-log phase (Chapon-Hervé et al, 1997). 

Figure 4: Organisation of the xcp genes of P. aeruginosa.

The shown pil loci contain in one cluster the type IV pilin genes pilA (A), pilB (B), pilC (C) and the xcpA/pilD 
(D) gene and in another locus the pilM, pilN, pilO, pilP and pilQ gene, of which only the pilQ gene (Q) is 
shown. The xcp locus consists of two operons, namely the xcpPQ genes and the xcpR-Z genes. Homologous 
genes between the pil and xcp loci have been given identical shades. For all loci, the position in the genome 
sequence has been indicated (http://www.pseudomonas.com).
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The following sections describe the individual components of the T2SS in detail. The putative 

structure of the complete system is schematically depicted in Figure 3 and as many protein-

protein interactions will be discussed, a schematic overview of all these interactions is provided 

in Figure 5. 

4.1 The pseudopilins and prepilin peptidase  

The Xcp system contains five proteins with sequence similarity to the subunits of type IV pili, 

which are therefore called pseudopilins, namely XcpT, XcpU, XcpV, XcpW, and XcpX (Bally et al, 

1992; Bleves et al, 1998; Nunn & Lory, 1993). The homology between the pseudopilins and the 

pilins is restricted to the N-terminal parts, while the C-terminal domains of pseudopilins and pilins 

QPC D

ZM

SF

RE

YL

TG

VI

X

UH

WJ

K

Figure 5: Diagram visualising all postulated interactions between T2SS components.

The interactions may be either permanent or transient, and might occur during an assembly step of the 
system, or might be present in the functional state of the machinery. In the diagram a differentiation is made 
between interactions that were demonstrated to occur in P. aeruginosa (black lines) and interactions that 
were only demonstrated in homologous T2SSs (grey lines). Explanation of the used abbreviations taking S

F
 

as an example: S indicates XcpS, 
F
 indicates of the GspF family. Inner membrane platform components have 

been grouped to the bottom left-side of the picture, whereas pseudopilins are at the bottom right-side. 
Secretin and bridging protein are at the top middle. 



GENERAL INTRODUCTION

21

are, on the primary-structure level, quite different. Pseudopilins are processed by the prepilin 

peptidase encoded by the xcpA/pilD
 
gene, which removes a 6 to 8 amino acids long N-terminal 

leader peptide upon translocation over the inner membrane and also methylates the new N 

terminus (Bally et al, 1992; Nunn & Lory, 1992; Nunn & Lory, 1993). In P. aeruginosa, this same 

peptidase is also used for the processing of the type IV pilins and of the pseudopilins of the 

second T2SS, the Hxc system (Ball et al, 2002; Nunn & Lory, 1991; Nunn & Lory, 1992).

Until recently, it had not been clarified how the pseudopilins actually pass the inner membrane. 

Two different options were generally mentioned, namely either transport via the Sec system or 

transport via a channel in the inner membrane formed by other components of the T2SS. It was 

suggested that the inner membrane protein XcpS would form this pore, whilst the ATPase XcpR 

would provide the energy required for the pseudopilins’ translocation. Recent information shows 

that the pseudopilins are actually transported over the inner membrane via the Sec pathway in 

an SRP-dependent manner (Arts et al, 2007b; Francetic et al, 2007). The cleavable leader peptide 

of the pseudopilins is followed by a 20 amino acid long hydrophobic stretch, which may serve 

as a transmembrane segment before assembly of the subunits into the pilus-like structure. This 

idea was strengthened by the observation that pseudopilins fractionate with the membranes 

(Nunn & Lory, 1993; Pugsley & Possot, 1993). So, after translocation over the inner membrane the 

pseudopilins remain attached to this membrane via this hydrophobic tail. It is thought that upon 

interaction with another, yet unidentified, component of the T2SS, the pseudopilins are forced 

out of the membrane and associate into a helical structure, with their hydrophobic tails pointing 

towards the centre of this pseudopilus (Köhler et al, 2004). However, the formation of pseudopili 

is only visible in cells after overproduction of the complete system or the major pseudopilin alone 

(Durand et al, 2003; Sauvonnet et al, 2000; Vignon et al, 2003), indicating that the pseudopilus is 

normally a short periplasmic structure that does not protrude from the cell surface. 

The major subunit of the pseudopilus is XcpT, which is 16 times more abundant than XcpU and 

XcpV and four times more abundant than XcpW (Nunn & Lory, 1993). Upon deletion of either 

xcpU or xcpW, pseudopili can still be formed, but secretion cannot take place (Table 1) (Durand et 

al, 2005), perhaps suggesting a role for these components in substrate recognition, rather than 

in the formation of pseudopili. On the other hand, XcpV
 
was found to be absolutely required 

for pseudopilus formation (Kuo et al, 2005; Vignon et al, 2003). XcpX
 
was found to be involved in 

length control of the pseudopilus by destabilising XcpT
 
(Durand et al, 2005). 

Pseudopilins can homo-multimerise (Douet et al, 2004; Durand et al, 2003), but also interact with 

other pseudopilins (Durand et al, 2005; Lu et al, 1997) (Fig. 5). Based on affinity purification studies 
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performed in several pseudopilin mutants of Xanthomonas campestris, it is proposed that the 

pseudopilins are compartmentalised in the pseudopilus, with GspG (XcpT) at the base of the 

pseudopilus (closest to the inner membrane) and GspJ (XcpW) at the top of the pseudopilus 

(nearest to the outer membrane) (Kuo et al, 2005). In between these are GspH (XcpU) and GspI 

(XcpV), where GspI interacts with GspG and GspH with GspJ (Kuo et al, 2005).  

4.2 The secretin XcpQ

XcpQ is the only component of the Xcp T2SS that localises in the outer membrane. The XcpQ/

GspD protein family is very large, and proteins belonging to this family are referred to as secretins. 

Secretins function not only in type II secretion, but also in type III secretion, type IV piliation and 

filamentous phage assembly (Bitter, 2003; Genin & Boucher, 1994). Secretins form very stable 

multimers (Bitter et al, 1998; Kazmierczak et al, 1994; Koster et al, 1997) and multimeric XcpQ and 

PilQ, the type IV piliation secretin of P. aeruginosa (see Table 1), and the T2SS secretin PulD of K. 

oxytoca were shown to have a doughnut-like shape with an apparent cavity of 95 Å, which is 

thought to provide the exit channel for the exoproteins (Bitter et al, 1998; Nouwen et al, 1999). 

The maximum diameter of elastase, the main substrate of the Xcp system, is 60 Å (Thayer et al, 

1991), suggesting that folded exoproteins can pass through the XcpQ channel (Bitter et al, 1998). 

Purified XcpQ and PulD were shown to have pore activity (Brok et al, 1999; Nouwen et al, 1999). 

As a pore of this size in the outer membrane would cause leakage of periplasmic proteins, it is 

believed that the pore is gated. Recent structural analysis of PulD indicates that it forms a pore 

that is closed with a plug (Chami et al, 2005). The structure of this pore complex is about 12 nm 

high. As the thickness of the outer membrane is only 4 nm, the secretin either protrudes quite far 

from the cell surface, or it extends inward into the peptidoglycan layer, or, as a matter of course, 

any combination of these two.

Proteins of the secretin family show high sequence homology in their C-terminal domains 

(except for the last 60 amino acids) and less in their N-terminal domains. The C-terminal domains 

are thought to form a β-barrel that, in a multimeric state, makes the actual channel in the 

outer membrane, whereas the periplasmic N-terminal domains have been implicated in either 

interacting with other T2SS components, or interacting with secretion substrates, or both. Indeed, 

the XcpQ homologue OutD of E. chrysanthemi has been found to interact with substrates of the 

T2SS (Shevchik et al, 1997). The variable N-terminal domain, as well as the small linker domain 

between the N- and the C-terminal domain, were found to be determinants of the secretion 

specificity displayed by T2SSs (Bouley et al, 2001).
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Many secretins rely on a chaperone, often referred to as a pilotin, for the correct insertion of 

the complex into the outer membrane and for protection against proteolytic degradation. It 

has been shown that PulD without the chaperone PulS (GspS) inserts into the inner membrane 

(Guilvout et al, 2006). The last 60 amino acid residues of PulD, as well as of OutD, the secretin 

of E. chyrsanthemi, are important for interaction with the pilotin (Hardie et al, 1996a; Hardie et 

al, 1996b; Shevchik & Condemine, 1998). Interestingly, no chaperone has been identified in the 

T2SSs of P. aeruginosa. However, upon production of the complete (known) Xcp system in E. coli, 

the system was not functional and XcpQ was found to localise in the inner membrane (Arts, 

2007), indicating that also in this system, a chaperone, which remains to be identified, is necessary 

for correct localisation. Pilotins are usually small, outer membrane-localised lipoproteins (GspS). 

However ExeD, the XcpQ homologue of Aeromonas hydrophila, requires the inner membrane 

complex ExeAB (GspAB) for assembly and outer membrane localisation (Ast et al, 2002). GspA 

is a membrane protein with an ATP-binding site, but also contains a putative peptidoglycan-

binding site (Howard et al, 2006). Therefore, several functions have been proposed for the GspAB 

complex, including energy transduction, stabilisation of the T2SS, and piloting the secretin to 

the outer membrane by providing a passage through the rigid peptidoglycan layer. However, no 

homologues of gspAB or pulS, are present in the genome of P. aeruginosa.

XcpQ was found to be dispensable for pseudopilus formation upon overproduction of XcpT ; in 

the absence of XcpQ, pseudopili were still formed, which then used the pores formed by other 

secretins, namely HxcQ
 
and PilQ, to pass the outer membrane

 
(Durand et al, 2003). In a yeast 

two-hybrid screen, the secretin OutD was shown to interact with the pseudopilin OutJ (XcpW) 

of E. chrysanthemi (Douet et al, 2004) (Fig. 5), while chemical cross-linking showed an interaction 

between the secretin and the major pseudopilin of the T2SS of X. campestris (Lee et al, 2005). 

These data provide evidence for a link between the pseudopilus and the secretin. 

4.3 XcpP

XcpP is a bitopic inner membrane protein with a small cytoplasmic N-terminal domain and a 

large periplasmic domain separated by an α-helical membrane-spanning segment (Bleves et al, 

1996). It is one of the least conserved of all the T2SS proteins (Gérard-Vincent et al, 2002). XcpP 

is produced from two start codons, resulting in two XcpP proteins, one of which has a 17 amino 

acid long extension at its N terminus. Both proteins are functional and the exact meaning of these 

two forms is not yet clear (Bleves et al, 1999). The periplasmic domain of XcpP contains a coiled-

coil domain (Bleves et al, 1999). Such domains are implicated in protein-protein interactions 
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(Burkhard et al, 2001), and it has been suggested that the coiled-coil domain of XcpP is involved 

in homo-multimerisation (Gérard-Vincent et al, 2002). 

Many homologues of XcpP
 
do not contain this coiled-coil domain, but have instead a PDZ domain. 

PDZ domains are also involved in protein-protein interactions (Pallen & Ponting, 1997); however, 

as for the coiled-coil domain, heteromeric interactions via this domain have not been established 

for any XcpP homologue. Deletion of the PDZ domain of OutC (XcpP) of E. chyrsanthemi results 

in a partially functional protein (Bouley et al, 2001), indicating that this domain is not essential for 

the protein’s function. Indeed some XcpP homologues, including XcpP of Pseudomonas putida, 

are much shorter and do neither contain a coiled-coil nor a PDZ domain (de Groot et al, 1996). The 

PDZ domain deletion mutants of OutC did secrete a smaller variety of substrates than the wild-

type strain, suggesting that at least some substrates are recognised via an interaction with this 

domain (Bouley et al, 2001). Recent data concerning the homo-dimeric state of OutC imply that 

the complete periplasmic domain of OutC, including its PDZ domain, is dispensable for homo-

dimerisation and indicate that this process instead occurs via the transmembrane segment 

(Login & Shevchik, 2006). Controversially, Gérard-Vincent et al (2002) demonstrated that the PDZ 

domain of OutC could replace the coiled-coil domain of XcpP, and that both these domains were 

involved in multimerisation of XcpP. Hence, it appears that different XcpP homologues may have 

discrete mechanisms of oligomerisation.  

The α-helical transmembrane segment of XcpP seems to
 
function not only as a membrane 

anchor, but has also been implicated in the functioning of the protein, since it could not be 

deleted or replaced by a transmembrane domain of the unrelated TetA protein, a tetracycline 

efflux pump (Bleves et al, 1999). However, the N terminus including the transmembrane segment 

could be replaced with the corresponding domain of the OutC homologue without a total loss 

of function (Gérard-Vincent et al, 2002). Consequently, although the transmembrane segment 

of XcpP is more than a simple anchor, it does not confer a strict specificity. However, studies 

with the XcpP homologue of K. oxytoca, PulC, demonstrated that the membrane anchor of this 

protein could be replaced with a lipid anchor, changing PulC into a lipoprotein, without a loss of 

functionality (Possot et al, 1999). Thus, the exact function and necessity of the membrane domain 

remains under debate and may differ between bacterial backgrounds.

An interaction between XcpQ and XcpP was primarily established by the observation that XcpQ 

stabilises XcpP (Bleves et al, 1999) (Fig. 5). The C-terminal domain of XcpP has been implicated in 

this interaction and is thought to be involved in regulating the opening of the secretion channel 

(Robert et al, 2005a). However, mutants of XcpP lacking either the extreme C-terminal domain or 
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both the coiled-coil domain and this C terminus, do still fully complement the secretion defect of 

an xcpP deletion strain, or secrete even better than when this strain is complemented with wild-

type XcpP (Bleves et al, 1999), suggesting that an interaction between the C-terminal domain 

of XcpP and the secretin is not very important for secretion. Interestingly, the XcpP and XcpQ 

proteins from Pseudomonas alcaligenes can together functionally replace the corresponding 

proteins of P. aeruginosa. However, when they were replaced one at a time, protein secretion 

no longer occurred (de Groot et al, 2001). This suggests that the two proteins together form a 

functional unit. Indeed, the two genes encoding these proteins are also grouped together in a 

separate operon (Fig. 4). Interestingly, on a different position in the P. aeruginosa genome, another 

gene pair with homology to xcpP and xcpQ is found, the products of which are named XphA 

and XqhA (for XcpP homologue A and XcpQ homologue A, respectively). These proteins were 

shown to be able to partially take over the function of XcpPQ (Michel et al, 2007). Even though 

the substrate specificity of this second system was slightly different, it thus seems that these 

proteins together with XcpR-Z, can form a functional hybrid T2SS. As production of the XphA/

XqhA proteins occurs in an earlier growth phase than that of XcpPQ (Michel et al, 2007), it appears 

that the hybrid T2SS is involved in a secretion process at a different growth stage. 

Besides with the secretin, XcpP may also interact with the major pseudopilin as suggested in 

a co-purification study in X. campestris, which showed an association between the pseudopilin 

XpsG (XcpT) and the XcpP homologue of the Xps system (Lee et al, 2005).

4.4 The inner membrane platform: XcpR, XcpS, XcpY and XcpZ

The inner membrane platform consists of the proteins XcpR, XcpS, XcpY and XcpZ and is 

suggested to anchor the pseudopilus to the inner membrane and provide a stable platform 

on which the pseudopilus is assembled. Moreover, the inner membrane platform is thought to 

generate and transmit the energy that is necessary for protein secretion. 

4.4.1 The ATPase XcpR

XcpR is a member of the family of traffic ATPases, which includes proteins involved in the transport 

of macromolecules or macromolecular complexes through the cell envelope of Gram-negative 

as well as Gram-positive bacteria (reviewed in Planet et al, 2001). Homologues of XcpR have been 

shown to possess ATPase activity and are thought to function in energy generation for assembly 

and/or disassembly of the type IV pilus, the pseudopilus of T2SSs, and other structures (Camberg 

& Sandkvist, 2005; Crowther et al, 2005; Shiue et al, 2006). Consistent with such a function, XcpR 

contains a Walker A box, which is a conserved sequence motif generally found in nucleotide-
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binding proteins (Ball et al, 1999). Thus, XcpR is probably involved in generating the energy 

required for type II secretion. 

XcpR homologues very often contain a tetracysteine motif, which is reminiscent of a zinc-binding 

domain. In PulE, the XcpR homologue of K. oxytoca, this tetracysteine motif is essential for the 

protein’s functioning (Possot & Pugsley, 1997). XcpR/GspE family proteins have been characterised 

as hexameric (Robien et al, 2003; Shiue et al, 2006; Yamagata & Tainer, 2007), and the enzymatic 

activity of the oligomer of EpsE, the XcpR homologue of V. cholerae, was found to be 100 times 

higher than that of the monomeric form (Camberg & Sandkvist, 2005). ATP binding, rather than 

hydrolysis, is sufficient to drive the oligomerisation of the XpsE (XcpR) protein of X. campestris 

(Shiue et al, 2006). 

The N-terminal one third of XcpR seems to be involved in species-specific interactions with other 

components of the T2SS, as this part of P. aeruginosa’s XcpR could not be replaced by P. putida’s 

XcpR without loss of function, whereas the other two thirds of the protein could be exchanged 

(de Groot et al, 1996). Interestingly, a mutation in the major pseudopilin XcpT was found to be 

suppressed by an additional mutation in the N-terminal domain of XcpR (Kagami et al, 1998), 

which suggests an interaction between the periplasmically located XcpT and the cytoplasmically 

located XcpR (Fig. 5). This observation was the first indication for a direct link between the 

pseudopilus and the inner membrane platform. 

4.4.2  XcpY

XcpY is a bitopic inner membrane protein with a single transmembrane segment and a 

cytoplasmic N terminus. The N-terminal cytoplasmic domain is comparatively long and has 

much higher sequence conservation than the smaller C-terminal periplasmic part (Abendroth et 

al, 2004a; Bleves et al, 1996). Furthermore, although no data concerning the multimeric state of 

XcpY in vivo are available, the cytoplasmic domain of EpsL, the V. cholerae homologue of XcpY, has 

been crystallised in a dimeric form (Abendroth et al, 2004a).

The cytoplasmic domain of XcpY binds to and localises the cytoplasmic XcpR to the inner 

membrane (Ball et al, 1999). The stoichiometry between XcpR and XcpY is very important for the 

functioning of the system (Ball et al, 1999). Interestingly, the XcpR homologue XpsE of X. campestris 

was shown to bind to the XcpY homologue XpsL only when oligomerised, and the interaction 

between XpsE and XpsL was found to be a prerequisite for ATP hydrolysis (Shiue et al, 2006). 

Furthermore, XcpR was found to be unstable in the absence of XcpY, which might be due to an 

altered conformation in the absence of this protein, resulting in susceptibility for proteases (Ball 
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et al, 1999). Using yeast two-hybrid approaches, the pseudopilin OutJ (XcpW) of E. chrysanthemi 

was found to interact with OutL (XcpY) (Douet et al, 2004), providing further evidence for an 

interaction between components of the inner membrane platform and the pseudopilus (Fig. 5).

4.4.3 XcpZ

Also XcpZ is a bitopic inner membrane protein with one transmembrane segment. However, 

the cytoplasmically located N-terminal domain is comparatively short, whereas the periplasmic 

C-terminal part is longer (Bleves et al, 1996). The periplasmic domain of EpsM, the V. cholerae 

homologue of XcpZ, was crystallised, but could only be modelled partially, resulting in a structure 

missing the first one-third of the periplasmic domain. This partial periplasmic domain of the XcpZ 

homologue was found as a dimer in the crystal (Abendroth et al, 2004b). In this dimer, a deep 

cleft with a polar rim and a hydrophobic bottom, made by conserved residues, was located 

between the two monomers. The cleft contains an extra electron density (Abendroth et al, 2004b) 

suggesting that this region might serve as a binding site for an unknown ligand or protein partner; 

however, the cleft might also normally be filled by the segment of the periplasmic domain that 

is missing from the structure.

XcpY and XcpZ interact and this interaction mutually stabilises the proteins (Michel et al, 1998). 

XcpZ interacts with the periplasmic domain of XcpY (Michel et al, 1998; Sandkvist et al, 2000). 

The XcpZ-dependent stability of XcpY is modulated by XcpP, suggesting an interaction between 

XcpP and the inner membrane platform (Robert et al, 2002) The transmembrane segment and 

the periplasmic domain of XcpP have also been implicated in this interaction (Gérard-Vincent et 

al, 2002). 

4.4.4 The multispanning inner membrane component XcpS

XcpS is a polytopic inner membrane protein with a long cytoplasmic N-terminal domain, a short 

periplasmic loop, a long cytoplasmic loop and a very short periplasmic C-terminal part, each 

separated by an α-helical transmembrane segment (Fig. 6). This topology has been confirmed for 

XcpS of P. aeruginosa (Arts et al, 2007a) and for its homologue OutF of Erwinia carotovora (Thomas 

et al, 1997) using reporter gene fusions. XcpS of P. aeruginosa could be exchanged by XcpS of P. 

alcaligenes (de Groot et al, 2001), but not with that of P. putida (Arts et al, 2007a), demonstrating 

species-specific functioning and indicating specific interactions with other Xcp components. 

Using XcpS hybrids of P. aeruginosa and P. putida, Arts et al (2007a) showed that the specificity is 

determined by the cytoplasmic N-terminal domain, as well as by both the cytoplasmic and the 

periplasmic loops, which supports the notion of multiple interaction domains. XcpS was found 
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Figure 6: Topology prediction of XcpS of P. aeruginosa.

The N terminus (N) is located in the cytoplasm, whereas the C terminus (C) is located in the periplasm. Three 
transmembrane segments span the inner membrane and separate the long N-terminal fragment from the 
small periplasmic loop and the long cytoplasmic loop from the very short C-terminal tail. This picture was 
made using the TOPO2 program (http://www.sacs.ucsf.edu/TOPO-run/wtopo.pl) and Adobe Illustrator.  
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unstable in the absence of other Xcp components, but could be stabilised by the co-production 

of XcpRY (Arts et al, 2007a). Using the XcpS hybrids, the long cytoplasmic loop was determined to 

be involved in stabilisation of XcpS by XcpRY (Arts et al, 2007a). 

XcpS appears to interact with other component of the inner membrane platform. Using histidine-

tagged XcpZ as bait, Robert et al (2005b) co-purified XcpR, XcpS and XcpY
 
after chemical cross-

linking, indicating that these components together form an inner membrane complex. Similarly, 

in E. chrysanthemi, the homologues of XcpR, S, and Y, i.e. OutE, F and L, respectively, were found 

to form a stable complex in vivo. Interestingly, OutL was required for formation of an OutEF 

sub-complex, whereas OutF was not required for the formation of an OutEL complex (Py et al, 

2001). Thus, it seems as if the GspE (XcpR)- and GspL (XcpY)-family proteins might first complex 

together and then associate with the GspF (XcpS)-family member. Furthermore, the N-terminal 

cytoplasmic domain of XpsF, the XcpS homologue of X. campestris has been shown to interact 

with XpsE (XcpR) using a yeast two-hybrid approach (Shiue et al, 2006), and in a similar approach, 

Py et al (2001) demonstrated that the cytoplasmic N-terminal domain of OutF interacts with OutE 

and OutL. 

Gene clusters required for the formation of Flp pili, a subclass of type IV pili only distantly related 

to T2SSs and found both in bacteria and in archaea, contain two adjacent gene paralogues 

encoding members of the XcpS/GspF protein family, named tadB and tadC (Tomich et al, 2007). 

This observation suggests that XcpS and its homologues may form homo-oligomeric structures, 

while TadB and TadC form hetero-oligomers. Recently, an electron microscopic structure of PilG, 

an XcpS homologue of N. meningitidis involved in type IVa pili assembly, became available (Collins 

et al, 2007). Unlike XcpS and OutF, PilG was predicted to contain four transmembrane segments. 

Purified PilG was found to form tetramers. The presented structure of these tetramers somewhat 

resembles a bullet with a cone and fins (Fig. 7). The cone extends for approximately 50 Å into the 

cytoplasm, whereas the fins extend 30 Å into the periplasm. The upper appearance of the fins is 

more or less square-like and contains a cavity of approximately 20 Å deep and the total structure 

is approximately 80 Å wide (Collins et al, 2007). 

One of the proteins involved in the formation of bundle forming pili, BfpE, an XcpS homologue in 

enteropathogenic E. coli, has been studied in more detail. As predicted for PilG of N. meningitidis 

and different from XcpS and OutF, this protein has been shown to have four transmembrane 

segments with the N and C termini located in the cytoplasm (Blank & Donnenberg, 2001). It 

is noteworthy that bundle-forming pilus genes are only distantly related to pilus genes of P. 

aeruginosa and even less related to T2SS genes (Russel, 1998), which might explain the difference 
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in protein topology. Using a yeast two-hybrid screen, it was found that BfpE interacts with itself, 

as well as with the traffic ATPases BfpD and BfpF, which are homologues of the P. aeruginosa 

ATPases PilB and PilT, respectively, and with BfpC (which might have a function similar to XcpY) 

(Crowther et al, 2004). In addition, BfpC, D and E were shown to form a stable complex and the 

overexpression of the cytoplasmic N-terminal domain of BfpE was found to exert a dominant-

negative effect on bundle-forming pilus biogenesis (but not on retraction), confirming that it 

engages in interactions with other Bfp components (Crowther et al, 2004).

The N-terminal part of BfpE contains two segments to which the ATPase BfpD binds, namely 

amino acids 39 to 75 and amino acids 77 to 114. It was demonstrated that hexameric ADP-bound 

BfpD binds six synthetic peptides corresponding to the first segment of BfpE, whereas hexameric 

ATP-bound BfpD binds three BfpE peptides corresponding to the second segment. Binding of 

each of the two peptides caused a conformational change in BfpD, but these changes were not 

identical: Only the allosteric interaction between BfpC, BfpD and the BfpE peptide of the 77 to 

114 region, dramatically increased the ATPase activity of BfpD (Crowther et al, 2005). 

Figure 7: Structure of the purified PilG tetramer.

(A) A composite figure of a PilG reconstruction, demonstrating the bullet-like structure with cones and 
fins.  The cone extends for approximately 5 nm into the cytoplasm, whereas the fins extend 3 nm into the 
periplasm. The total structure is approximately 8 nm wide. (B) Slabs taken through the reconstruction from 
panel A. The upper appearance of the fins is more or less square-like and contains a cavity of approximately 
2 nm deep. (Adapted from Collins et al, 2007).
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The following model of BfpC/BfpD/BfpE functioning was therefore proposed: Hexameric ATP-

bound BfpD binds to the N terminus of BfpC and to the segment of residues 77-114 of BfpE. This 

binding greatly increases the ATPase activity of BfpD and the resulting ADP-bound BfpD releases 

the bound segment of BfpE and instead binds to the segment encompassing residues 39-75 of 

BfpE. This movement drives the segment containing residues 77-114 through the membrane and 

causes BfpE to act as a piston, thereby recruiting and assembling bundle-forming pilus subunits. 

When the ADP bound to BfpD is replaced by ATP, BfpE relaxes and the segment encompassing 

residues 77-114 will shift back to its original position in the cytoplasm (Crowther et al, 2005).

4.5 Homology to type IV pili and a mechanistic model for type II 
secretion 

The XcpT-XcpX pseudopilins show, in their N termini, homology to the pilin subunit of the 

retractile type IV pili (Bleves et al, 1998; Nunn, 1999; Nunn & Lory, 1992). Also four other classes 

of proteins implicated in type II secretion and type IV pili are homologous, namely the prepilin 

peptidase/N-methyl transferase XcpA/PilD (which is actually one protein shared by both systems), 

the ATPases XcpR/PilB, the secretins XcpQ/PilQ and the multispanning transmembrane proteins 

XcpS/PilC (Table 1 and Fig. 4). Because of the homology between components required for the 

assembly of type IV pili and components of the T2SS, these systems were proposed to function 

similarly (Fig. 8) (Koster et al, 2000). The pseudopilins also have functional similarity to the pilins, 

as upon overproduction of the system or the major pseudopilin alone, constructions are formed 

that are highly reminiscent of pili, the so-called pseudopili (Durand et al, 2003; Sauvonnet et al, 

2000; Vignon et al, 2003). It is expected that at normal production levels of XcpT, a relatively short 

pseudopilus is formed, which does not extent above the outer membrane. Although all of the 

Xcp proteins are essential for secretion, not all of them are necessary for pseudopilus formation 

(see Table 1). The proteins that are dismissible for the formation of these structures are the minor 

pseudopilins XcpU, XcpW and XcpX. Likewise, the minor pseudopilin PulI, the XcpV homologue of 

K. oxytoca, is together with the major pseudopilin the only pseudopilin required for pseudopilus 

formation by the Pul secretion system (Sauvonnet et al, 2000).

The analogies between the T2SS and the assembly of retractile type IV pili suggest a mechanism 

for type II secretion, in which a pilus-like structure, presumably composed of XcpT-X, facilitates 

the transport of exoproteins through the channel formed by the secretin XcpQ. The ATPase XcpR 

may provide energy such that lengthening of the pseudopilus will push the exoproteins through 

the outer membrane (Fig. 3). This is analogous to the type IV pilus system in which the ATPase PilB 

provides energy for lengthening of the pilus (Mattick, 2002). It is hypothesised that proteins of 
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the XcpR/GspE/PilB and XcpS/GspF/PilC families catalyse filament polymerisation (Mattick, 2002). 

In the type IV pilus system, two additional ATPases, PilT and PilU have been identified, which 

function in the retraction of the pilus (Whitchurch et al, 1991; Whitchurch & Mattick, 1994). These 

additional ATPases have, however, not been identified in any T2SS, suggesting that after substrate 

release into the extracellular environment, the pseudopilus will be degraded, rather than being 

retracted. Indeed, XcpX seems to destabilise XcpT (Durand et al, 2005).

Table 1: Components of the Xcp system of P. aeruginosa (with characteristics), the Pul system of 

K. oxytoca, the general secretory pathway (GSP) and the homologues in the P. aeruginosa 

type IV piliation system (Pil)

Essentiality in 
Xcp system for
secretion

Molecular weight 
(kDa) in Xcp 
systemXcp

T2SS
Gsp Pul Pil

Major pseudopilin XcpT GspG PulG Yes 15 PilA

Minor XcpU GspH PulH Yes 19 PilEc

pseudopilins XcpV GspI PulI Yes 14 FimTc

XcpW GspJ PulJ Yes 27 PilWa

XcpX GspK PulK Yes 37 PilXb

- - - - - FimUc

- - - - - PilVc

Prepilin peptidase/N-
methylase

XcpA GspO PulO Yes 32 PilD

ATPase XcpR GspE PulE Yes 55 PilB

- GspA - - - -

Secretin XcpQ GspD PulD Yes 70 PilQ

Transmembrane protein XcpS GspF PulF Yes 44 PilC

Pilotin - GspS PulS - - -

Bridging  protein XcpP GspC PulC Yes 27 -

Other proteins XcpY GspL PulL Yes 41 -

XcpZ GspM PulM Yes 19 -

- GspN - - - -

- GspB - - - -
aSimilarity based on the substantially longer length of both XcpW and PilW as compared to the 
(pseudo)pilins.
bSimilarity based on the absence of the in other (pseudo)pilins conserved glutamate at position +5 in both 
XcpX and PilX.
cOther minor prepilins of the Pil system are placed in random order and their placement does not designate 
similarity to particular minor prepilins of the T2SSs. 
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4.6 Homology to competence systems of Gram-positive bacteria, Tad 
machineries and to archaeal sugar uptake systems and flagella 

Several Gram-positive bacteria, including Bacillus subtilis and Streptococcus pneumoniae, have 

special structures with which they can acquire DNA from the environment, the so-called 

competence systems. These structures are basically believed to consist of an inner membrane 

platform on which a pseudopilus is built that fishes for DNA in the environment, and a second 

membrane structure that enables transport of the obtained DNA into the cytoplasm. Likewise, 

Figure 8: Schematic representation of the conservation of components of T2SSs, type IV pili, the 

competence systems of Gram-positive bacteria and the archaeal flagellum.

Outer membrane (OM), inner membrane (IM), and S-layer are indicated. All components of the Xcp system 
have been depicted, whereas only the conserved components have been shown for the other systems. The 
proteins with sequence homology are indicated in dark grey. The pilins, pseudopilins and flagellins, which 
have only N-terminal homology, are indicated in middle grey and the functional homologue of the prepilin 
peptidases, involved in the processing of pre-flagellins, has been given a light grey shade. 
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type IV piliation systems of Gram-negative bacteria are also often involved in DNA acquisition. 

Even though Gram-positive bacteria have only one membrane, the subunits of the competence 

system have both structural and functional homology to components of the T2SSs and the 

type IV piliation systems (Fig. 8). For example, the subunits of the putative pseudopilus of these 

competence systems have, in their N termini, homology to the (pseudo)pilins of Gram-negative 

bacteria and in addition, they are processed in a similar manner as the (pseudo)pilins by an 

enzyme that is homologous to XcpA/PilD. Furthermore, two of the core components located 

in the inner membrane have homology to XcpR/PilB and XcpS/PilC (Chen & Dubnau, 2004). Of 

course, the competence systems of Gram-positive bacteria do not contain a homologue of the 

secretin. 

In archaea, three different systems with homology to T2SSs have been recognised: i) the Tad 

system (tight adherence macromolecular transport system), which is also present in many 

bacterial species, and which presumably represents an ancient subtype of type IV pili. The tad 

genes encode the machinery that is required for the assembly of adhesive Flp (fimbrial low-

molecular-weight protein) pili (Tomich et al, 2007); ii) the sugar-uptake systems, which are 

tentatively called bindosomes, and contain homologues of the ATPase XcpR and the multspanning 

inner membrane protein XcpS. Bindosomes are believed to form pilus-like structures that extend 

above a proteinaceous surface layer, known as S-layer (Fig. 8), in archaea and possibly scavenge 

sugar molecules from the medium (Albers et al, 2006). The subunits of the pilus-like structure 

of the bindosome do have N-terminal homology to (pseudo)pilins and are also processed by a 

functional homologue of XcpA/PilD (Szabo et al, 2007); iii) the archaeal flagellum. Homologues 

of XcpR and XcpS have also been identified in archaeal flagella, namely FlaI and FlaJ, respectively 

(reviewed in Peabody et al, 2003). Sequence comparisons have shown that XcpS homologues 

of T2SSs and type IV pili generally contain three transmembrane segments. In contrast, XcpS 

homologues of the archaeal flagellum system generally contain nine membrane-spanning 

domains, and are also twice the size of their bacterial counterparts, suggesting that these 

proteins arose by a gene duplication event (Peabody et al, 2003). In addition, the (pseudo)pilins 

of T2SSs and type IV pili share homology in their N termini with the flagellins of the archaeal 

flagellum. Like the (pseudo)pilins, these flagellins are processed at their N termini by a specific 

enzyme. Although this enzyme (FlaK) shows no sequence homology to XcpA, the two enzymes 

have the same function and are therefore considered functional homologues (Fig. 8) (Szabo et 

al, 2007). The observation that several components of T2SSs and archaeal flagella are conserved 

(Fig. 8) indicates that the archetypal core structure of the T2SS had already developed before the 

evolutionary deviation between what are now the domains of archaea and bacteria and shows 

that the origins of this system are extremely old. Thus, components that are shared between 
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archaeal and bacterial systems are the most elementary building blocks of the structure and 

should therefore perform the basic functions. 

 

4.7 Localisation of T2SSs 

In P. aeruginosa type IV pili have been shown to locate unipolarly at the old pole of the cell, although 

some components, such as the ATPases PilB and PilU, localise bipolarly (Chiang et al, 2005). On the 

other hand, another ATPase involved in Type IV piliation, PilT, shows a unipolar localisation (Chiang 

et al, 2005). Because of its similarity to the type IV piliation system, one might expect that the Xcp 

system localises similarly, even though the physiological relevance of such a localisation would 

not immediately be clear. The T2SS of V. cholerae, the Eps system, has been shown to locate and 

secrete proteins at the old pole of the cell (Scott et al, 2001). However, how the polar localisation 

of the Eps components is accomplished is not known. Not every Eps protein appears to carry 

a targeting signal. For example, EpsM, the XcpZ homologue, was shown to contain a targeting 

signal, as it still localised to the pole in the absence of all other Eps proteins, whereas EpsL (XcpY) 

aberrantly localised uniformly throughout the cell under the same conditions, indicating that it 

does not contain targeting information (Scott et al, 2001). In contrast to the Eps system, the K. 

oxytoca T2SS appears to be localised uniformly over the cell surface (Buddelmeijer et al, 2006). 

The localisation studies of the T2SSs of V. cholerae and K. oxytoca indicate that there is no universal 

distribution for these systems within bacteria. As yet, it remains therefore to be elucidated where 

and how the Xcp system is localised in the cell.

5 Scope of this thesis

Although XcpS and its homologues are clearly important constituents of T2SSs (§4.4.4), their role 

in the secretion process has not yet been clarified. The goal of this work was therefore to deepen 

our understanding of XcpS and its function in type II secretion.

Several observations indicated that XcpS might form oligomeric structures (see §4.4.4). In Chapter 

2, we investigated this possibility by using in vivo cross-linking experiments, which were also used 

to identify novel interactions with other Xcp components. To study the protein in vitro, XcpS, 

with an engineered polyhistidine-tag at the N terminus, was purified by affinity chromatography. 

Electron microscopical examination of the purified protein revealed ring-shaped structures 

with a central cavity, which could represent a pore. The pore-forming capacity of XcpS, in the 

presence or absence of other interacting Xcp components, was subsequently investigated after 

reconstitution of the protein in planar lipid bilayers.
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We noticed that the His-tagged version of the protein that was used for purification had an 

aberrant electrophoretic mobility. In Chapter 3, we investigated this phenomenon and found 

that the wild-type XcpS is normally proteolytically processed in vivo. The role of this N-terminal 

processing for the correct functioning of the XcpS protein was subsequently investigated. 

In Chapter 4, a site-directed mutagenesis approach was applied to identify amino acids that are 

important for XcpS functioning. Several functionally important residues were identified, and one 

of the obtained mutant proteins, which caused a severe growth defect when expressed in the 

absence of other Xcp proteins, was studied in detail. The in vivo data obtained underscored the 

in vitro data concerning the pore-forming capacity of XcpS and provided further evidence for the 

regulation of these channels by other Xcp components. 

As previous studies had shown that type IV pili are polarly located in P. aeruginosa (see §4.7), the 

question had risen whether the homologous Xcp system is located likewise. This question had 

been addressed before for the T2SSs in two other bacterial species, but different localisations 

were obtained. In Chapter 5, we therefore investigated the localisation of the Xcp system in P. 

aeruginosa using a novel fluorescence label to mark the Xcp proteins. 

Finally, in Chapter 6, the results are summarised and discussed.
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Abstract

Type II secretion systems of Gram-negative bacteria are complex 

machines for the extrusion of proteins into the extracellular medium. 

They are related to type IV pili assembly systems. In this study, the 

conserved integral inner membrane protein XcpS (GspF) of the type II 

secretion system of Pseudomonas aeruginosa was found to form trimers 

as well as larger oligomers in vivo. Electron microscopy revealed that 

purified XcpS forms ring-like structures with a diameter of 10.2 nm and 

an apparent cavity in the centre. Reconstituted in lipid bilayers, purified 

XcpS formed channels, but only in the presence of the major pilin-like 

component of the system, XcpT (GspG). The interaction between XcpS 

and XcpT was also confirmed by chemical cross-linking. We therefore 

propose that XcpS forms a pore in the inner membrane on, or in, which a 

pilus-like structure is assembled and that facilitates interactions between 

the type II secretion subunits at the periplasmic and cytoplasmic sides 

of the membrane.
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Introduction

Type II secretion systems (T2SSs) of Gram-negative bacteria are required for the transport of 

various toxins and hydrolytic enzymes in a folded conformation over the outer membrane into 

the extracellular environment (Filloux, 2004). These systems are considered to be important for 

the pathogenesis of several of these bacteria. T2SSs consist of 12 to 16 components, which are 

generically named Gsp (general secretory pathway) and Xcp in the case of the major T2SS of 

Pseudomonas aeruginosa. Many T2SS components show considerable sequence similarity with 

components of type IV pili, DNA competence systems of Gram-positive bacteria and the archaeal 

flagella, indicating an ancient evolutionary origin. Among these conserved components are five 

so-called pseudopilins, which resemble the type IV pili and flagellar subunits, particularly with 

respect to a typical N-terminal leader peptide, and a prepilin peptidase, important for maturation 

of these proteins. Other conserved components are a cytoplasmic ATPase, which is thought to 

generate the energy required for the assembly and/or disassembly of the pilin-like subunits and 

a multispanning inner membrane protein of the GspF superfamily. Although the importance of 

the latter core component is well established, its precise function is still unknown. 

The GspF protein of the T2SS of P. aeruginosa, XcpS, is part of an inner membrane protein complex 

composed of the membrane-associated ATPase XcpR (GspE) and the integral inner membrane 

proteins XcpY (GspL) and XcpZ (GspM) (Robert et al, 2005b). The XcpP (GspC) protein is also 

associated with this complex (Robert et al, 2005b) and additionally, it interacts with the outer 

part of the machinery (Robert et al, 2005a). This outer part is formed by XcpQ (GspD), which 

belongs to the secretin family. Secretins form large oligomeric ring-like structures (Bitter et al, 

1998) that facilitate the transport of macromolecules across the outer membrane. The third part 

of the machinery is composed of the pseudopilins. Pseudopilins are relatively small proteins 

of approximately 15 kDa, which consist of a short membrane anchor and a larger hydrophilic 

domain and are produced with a leader peptide at their N termini. They have recently been 

shown to be transported across the inner membrane via the Sec/SRP pathway (Arts et al, 2007b; 

Francetic et al, 2007). After transport and processing by the prepilin peptidase XcpA (GspO) (Bally 

et al, 1992; Nunn & Lory, 1992), they are assembled into a pilus-like structure by the rest of the 

machinery (Durand et al, 2003; Sauvonnet et al, 2000), in which their small membrane-anchor 

is pointing towards the centre of this pseudopilus, whereas their hydrophilic heads are facing 

the periplasm (Köhler et al, 2004). The pseudopilus has been proposed to act as a piston that 

provides the mechanical energy for the secretion process. However, how the energy generated 

by ATP hydrolysis in the cytoplasm is linked to the assembly of the pseudopilin subunits at the 

periplasmic side of the membrane is unknown for T2SSs and related systems. Although the 
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members of the conserved GspF protein family are potential candidates to form this connection, 

an interaction between this component and a (pseudo)pilin has not been reported. 

XcpS is predicted to be an integral inner membrane protein with three transmembrane segments 

that separate a long cytoplasmic N-terminal domain, a short periplasmic loop, a long cytoplasmic 

segment and a very short C-terminal tail. This topology was confirmed using XcpS-Alkaline 

phosphatase fusions (Arts et al, 2007a). A similar membrane topology was experimentally found 

for the XcpS homologue OutF of Erwinia chrysanthemi (Thomas et al, 1997). In contrast, four 

transmembrane segments were identified in BfpE (Blank & Donnenberg, 2001), a homologue 

involved in type IVb pilus biogenesis. The long cytoplasmic N-terminal domain of this protein 

was shown by yeast two-hybrid analysis to interact with itself (Crowther et al, 2004). Interestingly, 

gene clusters required for the formation of Flp pili, a subclass of IVb pili, contain two adjacent 

paralogues encoding XcpS/GspF protein family members (Tomich et al, 2007). Also in archaea, 

putative secretion loci have been identified harbouring two xcpS homologues. Moreover, in the 

gene clusters encoding archaeal flagella also other homologues have been recognised that have 

twice the size of the xcpS gene (Peabody et al, 2003). All these observations indicate that XcpS 

and its homologues have an oligomeric structure. In this report, we describe a structural analysis 

of XcpS, in which we address its oligomeric state in vivo and in vitro. In addition, we investigated 

its pore-forming capacity and its interaction with pseudopilins. The results of our studies provide 

further insight in the substructures within T2SSs and the assembly of these secretion complexes.

Results

XcpS forms trimers in vivo
To determine whether XcpS forms oligomers in vivo, chemical cross-linking experiments with 

the membrane-permeable cross-linker dithiobis(succinimidylpropionate) (DSP) were performed 

using Escherichia coli DH5α producing XcpS from the high copy-number plasmid pMPM-T4S1. 

Cross-linked products were analysed by electrophoresis in the absence of a reducing agent, 

followed by immunoblotting with antibodies against XcpS. The specificity of the cross-linked 

products detected was substantiated by analysing DH5α carrying the empty vector pMPM-T4Ω 

in parallel. In addition to monomeric XcpS, cross-linked protein complexes of approximately 70 

and 105 kDa were identified with anti-XcpS (Fig. 1A, lanes 6-8), which probably correspond to 

dimers and trimers, respectively. Since the protein complex of 105 kDa is the most abundant 

form, the main oligomeric state of XcpS appears to be a trimer rather than a dimer. Low amounts 

of cross-linking products larger than 105 kDa were detected with anti-XcpS (Fig. 1A, lanes 6-

8), suggesting that XcpS forms also higher oligomers. None of the cross-linked products was 
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detected when the reducing agent dithiotreitol (DTT) was added to the sample buffer (data not 

shown). Similar experiments were performed with the cross-linking reagent 3,3’-dithiobis(sulfo-

succinimidylpropionate) (DTSSP). Since DTSSP is not membrane permeable, a final concentration 

of 1 mM of ethylenediamine tetraacetic acid (EDTA) was added to permeabilise the outer 

membrane (Leive, 1968). In this experiment no oligomeric forms of XcpS were detected (results 

not shown), suggesting that cross-linking of XcpS with DSP occurs at the cytoplasmic side of the 

membrane.

Cross-linking experiments are not suitable to detect homo-oligomers of XcpS in P. aeruginosa, 

since XcpS is part of a large multi-protein complex. To investigate whether XcpS forms homo-

oligomers in P. aeruginosa, we made use of an XcpS variant carrying a C-terminal Lumio tag 

(XcpSLum), which does not interfere with its functioning (Chapter 5). As the Lumio tag contains 

four cysteine residues and is located in the periplasm, intermolecular disulphide bridges may 

Figure 1: XcpS forms trimers in vivo. 

A) E. coli DH5α carrying plasmid pMPM-T4S1 or pMPM-T4Ω was grown in the presence of L-arabinose. DSP 
was added to the cells in the indicated concentrations. Cells were harvested and boiled for 10 min in non-
reducing SDS-PAGE sample buffer. Proteins were separated by SDS-PAGE, blotted and the blot was probed 
with anti-XcpS antiserum. (B) Whole cell preparations of  P. aeruginosa PAO1ΔS carrying the empty vector 
pYRC or producing XcpSLum from plasmid pYRC-SLum. Cells were harvested and aliquoted into batches. 
Each batch was resuspended in SDS-PAGE sample buffer with DTT in concentrations ranging from 0 to 1 % 
and boiled for 10 min. The samples were analysed on an SDS-PAGE gradient gel (3-20 %) followed by blotting 
and probing with anti-XcpS antiserum. In both panels: M, monomeric XcpS; D, dimeric XcpS; T, trimeric XcpS. 
Positions of the molecular mass marker proteins are shown on the left.
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Figure 2: Production and purification of His
10

-XcpS.

(A) E. coli DH5α carrying plasmid pT7Pol23 together with either pET16-S or the empty vector pET16b was 
grown at 30 ˚C or 37 ˚C as indicated. Total cell proteins were separated by SDS-PAGE and the gel was 
stained with Coomassie brilliant blue. < indicates the position of His

10
-XcpS. (B) The membrane fraction of 

His
10

-XcpS producing cells was isolated and extracted with 8 M urea. Extracted (U) and unextractable (M) 
proteins were separated by SDS-PAGE and the gel was stained with Coomassie brilliant blue. < indicates the 
position of His

10
-XcpS. (C) CD spectrum of purified His

10
-XcpS. 
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be formed between two tags, if in close enough proximity. Protein extracts of cells of the xcpS 

mutant strain PAO1ΔS expressing the xcpSLum gene from plasmid pYRC-SLum were analysed by 

SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblotting with anti-XcpS antibodies, 

using various concentrations of DTT in the sample buffer to dissociate possible disulphide bonds. 

As expected, monomeric XcpSLum (~35 kDa) was found at high concentrations of DTT (> 0.01 %) 

(Fig. 1B, lanes 1-5), whereas also dimeric and trimeric forms were found with lower concentrations 

of DTT in the sample buffer (Fig. 1B, lanes 6-8). These results show that XcpS forms homo-trimers 

both in E. coli and in P. aeruginosa.

 

Purification of XcpS from E. coli
To obtain sufficient quantities of XcpS for structural analysis, a construct, named pET16-S, was 

generated carrying a gene encoding XcpS with an N-terminal polyhistidine-tag, behind the T7 

promoter. Introduction of this construct into E. coli DH5α with, on a separate plasmid, the gene 

for a temperature-regulated T7 polymerase (pT7Pol23) (Mertens et al, 1995), resulted at 37 °C in 

high production levels of the protein, named His
10

-XcpS (Fig. 2A, lane 4). The protein was present 

in the membrane fraction and could not be extracted with 8 M urea (Fig. 2B), indicating that it is 

properly inserted into the membrane. 

His
10

-XcpS was solubilised from the membrane fractions with the detergent 3-(N,N-

dimethyldodecylammonia)-propanesulphate (SB-12) and purified using affinity purification with 

Co2+-NTA, thereby replacing at the same time SB-12 by the detergent β-D-dodecyl maltoside 

(DDM). This purification procedure yielded a protein with the expected electrophoretic mobility 

in SDS-PAGE, which was identified as His
10

-XcpS on immunoblots with antibodies directed against 

the polyhistidine-tag and against XcpS (data not shown).

The secondary structure of the purified protein was analysed using Circular Dichroism (CD) 

spectroscopy. The CD spectrum obtained (Fig. 2C) indicates that purified His
10

-XcpS had mainly 

an α-helical conformation. This result is consistent with secondary structure predictions carried 

out with the PSIPRED program (http://bioinf.cs.ucl.ac.uk/psipred/psiform.html), which predict 

72 % α-helical structure, 5 % β-sheet and 20 % turns. These data therefore confirmed that His
10

-

XcpS remains in a structured state after purification. 

Purified XcpS forms trimers and oligomers 
Dynamic Light Scattering (DLS) was used to investigate the homogeneity of the preparation and 

to obtain an indication of the particle size. Using a preparation with a protein concentration 

of 0.75 mg/ml, the particles were estimated to have a diameter of 8.80 ± 1.36 nm (Fig. 3A), 
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Figure 3: Estimation of His
10

-XcpS-particle size by DLS and size exclusion chromatography.

(A) DLS histogram with on the X-axis the radius of the measured particles and on the Y-axis the incidence rate 
of the purified His

10
-XcpS particles. (B) Size exclusion chromatogram of purified His

10
-XcpS. Arrows indicate 

elution volumes of the molecular weight standard proteins thyroglobuline (669 kDa), aldolase (158 kDa) and 
ovalbumin (67 kDa), as well as the void volume. (C) Proteins in the elution fractions obtained in (B) were 
precipitated with TCA, resuspended in sample buffer, and separated by SDS-PAGE. The gel was blotted to 
nitrocellulose and the blot was probed with anti-XcpS antiserum. 



PSEUDOPILIN-INDUCED PORE FORMATION BY XCPS

45

indicating a mass of 163 kDa. Subtraction of the mass of the DDM micelle (Bhairi, 1997) results 

in an estimated protein mass of 103 kDa, suggesting a dimeric or trimeric state. Samples with 

a high protein concentration (2 mg/ml) revealed 15-nm diameter particles (data not shown) 

suggesting a mass of approximately 770 kDa. These data hint at larger oligomers of XcpS at 

higher protein concentrations. On the other hand, less concentrated samples did not give any 

scattering, suggesting that the oligomers dissociated into smaller subunits, which gave too little 

scattering to be measurable. The data obtained with DLS do therefore indicate that the particle 

size of His
10

-XcpS is protein-concentration dependent. 

The mass of the particles formed by His
10

-XcpS was further estimated with size exclusion 

chromatography (Fig. 3B). Proteins from each elution fraction were precipitated with 

trichloroacetic acid (TCA) and resuspended in SDS-PAGE sample buffer. Analysis of the total 

samples by immunoblotting with an antiserum directed against XcpS confirmed that peaks A, B 

and C contained XcpS (Fig. 3C). Since the contribution of the detergent to the mass is not exactly 

known, precise estimation of the protein size is not possible. Nevertheless, the particles of peak C 

have an apparent mass of 110 kDa, which could correspond to a monomeric or dimeric form of 

His
10

-XcpS. Peak B, of approximately 210 kDa, is compatible with a His
10

-XcpS trimer. Peak A was 

estimated to contain particles of approximately 850 kDa, suggesting the presence of very large 

His
10

-XcpS oligomers in the protein preparation. This peak elutes after the void volume and is not 

very wide, suggesting that it does not contain heterogeneous aggregates, but rather a specific 

oligomeric form of XcpS. Thus, the results obtained with DLS and size-exclusion chromatography 

suggest that purified XcpS is not only present in a trimeric form, but also as large oligomers, and 

that the exact composition depends on the protein concentration.

His10-XcpS forms ring-shaped oligomers
The oligomeric state of His

10
-XcpS raised the possibility to visualize the purified His

10
-XcpS 

particles with negative-stain electron microscopy. Ring-shaped protein complexes were observed 

(Fig. 4A), but the preparations were too heterogeneous for mass measurements with scanning 

transmission electron microscopy or for single-particle averaging. However, visual inspection of 

the ring-shaped particles revealed that many of them had a diameter of approximately 10.2 nm, 

with a stained central inner region of approximately 3 nm (Fig. 4B). Moreover, they seem to have 

hexameric symmetry (Fig. 4B). As the presence of a heavily stained inner region in the structures 

suggested that XcpS might form pores, His
10

-XcpS was introduced into planar lipid bilayers. 

However, no conductance was measured upon application of a transmembrane potential (data 

not shown).
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XcpS interacts with the major pseudopilin XcpT
We hypothesised that opening of the putative channel formed by XcpS may require an interaction 

with another Xcp component. Likely candidates to open this channel are the pseudopilins, 

although a direct interaction between XcpS and either one of the pseudopilins has, to our 

knowledge, not been reported. Therefore, several experiments were performed to investigate 

whether XcpS does indeed interact with the major pseudopilin XcpT. Previously, XcpS was shown 

to be stabilised in E. coli by co-expression of XcpRY (Arts et al, 2007a), indicating that it interacts 

with this subcomplex. Thus, a similar experiment was performed to study whether the major 

pseudopilin XcpT also stabilises XcpS. Thereto, xcpS was expressed in E. coli under the control of 

an arabinose-inducible promoter on the high copy-number plasmid pMPM-K4S1 in combination 

with a second plasmid encoding XcpT. Under low expression conditions, that is in the absence 

of arabinose, XcpS was barely detectable in this strain (Fig. 5A, lane 2). However, co-production 

of XcpT from plasmid pYRC-T considerably increased the quantity of XcpS
 
(Fig. 5A, lane 3). XcpT 

appeared to stabilise XcpS to a similar extent as did XcpRYZ (Arts et al, 2007a; Fig. 5A, lane 4). Since 

XcpT can stabilise XcpS, the two proteins seem to interact in the cell.

To study the XcpS-XcpT interaction further, in vivo cross-linking studies with DSP were performed 

in E. coli DH5α carrying pMPM-K4S1 encoding XcpS and either the empty vector pYRC or pYRC-

T encoding XcpT. Cross-linked products were analysed by electrophoresis on a 7 % acrylamide 

gel (in order to obtain good separation in the high molecular-weight range) in the absence of 

A B

Figure 4: Electron microscopic images of negatively stained purified His
10

-XcpS.

(A) Purified His
10

-XcpS samples were applied to a grid, negatively stained with 2 % uranyl acetate and 
visualised by electron microscopy. Scale bar represents 50 nm. (B) Enlarged images of individual His

10
-XcpS 

particles. Scale bar represents 10 nm.
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Figure 5: Interaction between XcpS and XcpT. 

A) E. coli DH5α carrying the empty vector pMPM-K4Ω (Ω) or the XcpS-encoding plasmid pMPM-K4S1 (S) 
together with either the empty vector pYRC (-), or pYRC-T encoding XcpT (T) or pYRC-RYZ encoding XcpRYZ 
(RYZ) was grown in the presence of IPTG, harvested and boiled for 10 min in SDS-PAGE sample buffer. Total 
cell proteins were separated by SDS-PAGE. The gel was blotted to nitrocellulose and the blot was probed 
with anti-XcpS antiserum. Lane 5 shows a sample of whole cells of P. aeruginosa strain PAO1. < indicates 
the position of XcpS. The increased amounts of XcpS in lanes 3 and 4 compared to that in lane 2 indicate 
stabilisation of XcpS by interaction with XcpT and XcpRYZ, respectively. (B) E. coli DH5α carrying the XcpS-
encoding-plasmid pMPM-K4S1 in combination with either the empty vector pYRC (-) or the XcpT-encoding 
plasmid pYRC-T (T) was grown in the presence of IPTG and L-arabinose. 1 mM DSP was added to the cells. 
Cells were boiled for 10 min in SDS-PAGE sample buffer without reducing agents. The samples were analysed 
in duplicate by SDS-PAGE on a gel containing 7 % acrylamide and blotted to a nitrocellulose membrane, 
which was cut into two pieces. One piece was probed with anti-XcpS antiserum (anti-S) and the other with 
anti-XcpT (anti-T) antiserum. The positions of trimeric XcpS (< XcpS trimer) and a cross-linked product of 
XcpS and XcpT (< XcpST complex) are indicated. Positions of the molecular mass marker proteins are shown 
on the left.

a reducing agent, followed by immunoblotting with antibodies against XcpS and XcpT. In such 

gels, monomeric forms of XcpS and XcpT migrate in the front. Apart from the 105-kDa cross-

linked product representing trimeric XcpS, which was detected when XcpS was produced alone 

(Fig. 5B, lane 1), a cross-linked protein complex of approximately 150 kDa was identified with 

anti-XcpS when XcpT was co-produced (Fig. 5B, lane 2). A product with the same electrophoretic 

mobility was also detected with the anti-XcpT antiserum (Fig. 5B, lane 4), showing that this band 

represents a complex of XcpS and XcpT. The bands were not detected when the cross-linked 

products were dissociated by the addition of DTT to the sample buffer (data not shown). These 

results show that XcpT and XcpS together form a high molecular-weight complex.  
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XcpS forms channels upon interaction with XcpT
Next, we wished to determine whether an interaction with XcpT could induce pore formation 

in XcpS. Unfortunately, we failed to purify sufficient quantities of full-length XcpT. However, 

we could produce large amounts of the hydrophilic domain of XcpT lacking the N-terminal 

membrane anchor. As reported above, no pores were observed with XcpS alone in planar lipid 

bilayer experiments. However, when both purified XcpS and the periplasmic domain of XcpT 

were added to the artificial membrane the opening and closing of pores was observed (Fig. 6A). 

No conductance was measured with XcpT alone or with denatured XcpS and XcpT (data not 

shown), clearly suggesting that a specific interaction between XcpS and XcpT was required to 

induce the opening of pores.
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Figure 6: Pore-forming activity of His
10

-XcpS.

(A) XcpS was reconstituted in planar lipid bilayers in the presence of XcpT. Two independent recordings at an 
applied potential of –100 mV are shown. (B) Histogram of conductance states after analysing 478 individual 
current steps from three independent experiments. (C) Voltage dependence of the probability for the XcpS 
channel to be in its open state.
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The majority of the conductance steps was of ~1.5 nS (Fig. 6A and B), which indicates the presence 

of channels of approximately 2.2 nm. However, subconductance states of 0.5 and 0.2 nS were also 

seen (Fig. 6A and B). In addition, transient steps of 4.5 nS were measured often after the initial 

insertion into the bilayer (Fig. 6A), which indicates that occasionally pores with a larger diameter 

are formed. The variation in conductance steps may be caused by differences in the oligomeric 

state or by conformational mobile elements in the channel of the XcpS particles. 

The probability of the XcpS channels to be open at different membrane potentials was 

determined by applying voltage ramps. The channels remained open at all applied potentials 

(data not shown) and displayed a symmetrical (at positive and negative potential) Ohmic 

behaviour, suggesting that at continuously changing potentials the channels remain in an open 

conformation. However, after allowing the channels to adapt to various membrane potentials for 

two minutes, the channels showed a very symmetrical behaviour and an open state between –80 

and 80 mV of applied membrane potential, whereas the number of closed channels increased 

linearly between 80 and 170 mV and –80 and –170 mV (Fig. 6C). These data indicate that the 

channels are voltage gated at positive and negative membrane potentials, but that this happens 

with an equilibrium rate that is too slow to be detected in ramp measurements. 

Discussion

The XcpS/GspF proteins are among the most conserved components of T2SSs, and homologues 

are found also in type IV piliation systems as well as in the DNA competence systems of Gram-

positive bacteria and in the archaeal flagellum. The result that the N terminus of the type IVb 

pili protein BfpE interacted with itself in a yeast two-hybrid study (Crowther et al, 2004), the 

identification of two xcpS homologues in the Flp-pili gene clusters, and the observation that 

some archaeal homologues are twice as large as XcpS (Peabody et al, 2003), prompted the 

investigation into the oligomeric state of this protein. Chemical cross-linking in vivo revealed that 

XcpS produced in E. coli oligomerises with a trimer being the most abundant form. By studying 

disulphide bridge formation of a functional XcpS variant with a C-terminal cysteine-containing 

tag (Lumio tag) in P. aeruginosa, we could demonstrate that XcpS, produced in the presence of 

a functional Xcp apparatus, also exists in a trimeric form. In contrast, Collins et al (2007) showed 

that purified polyhistidine-tagged PilG of Neisseria meningitidis, an XcpS homologue involved in 

type IV pili assembly, forms tetramers. However, PilG belongs to an unusual subclass of the GspF 

family, containing proteins that appear to hold four, rather than three, transmembrane domains 

(Blank & Donnenberg, 2001). This distinct membrane topology may account for differences in 

oligomerisation patterns. On the other hand, peptides of BfpE, a closely related homologue of 
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PilG belonging to the same subclass and involved in the formation of bundle-forming pili of 

enteropathogenic E. coli (Blank & Donnenberg, 2001), were found to bind the cognate hexameric 

ATPase BfpD in vitro in a ratio of 3:1 in the presence of ATP and 6:1 when ADP was present. These 

data indicate that also BfpE forms trimeric subunits. Collectively these results imply that the 

trimeric form of XcpS is likely biologically relevant. 

Trimers appear to be subcomplexes of larger homo-oligomeric assemblies of XcpS based on the 

following observations: (i) Low amounts of higher oligomeric forms were observed after in vivo 

cross-linking; (ii) DLS and gel filtration showed that purified XcpS can exist as high-molecular-

weight complexes; (iii) Electron microscopy revealed the presence of ring-shaped particles with 

a diameter of approximately 10 nm, which is too large to represent an XcpS trimer. The mass of 

this oligomeric form is at this stage very difficult to deduce, since the contribution of the shape 

of the molecules and the detergent are unknown. Moreover, the particle size of purified XcpS 

appeared to depend on the protein concentration. Possibly, the oligomeric form is stabilised in 

Table 1: Plasmids used 

Plasmid Relevant characteristicsa Source or Reference

pAX24 pLAFR3; xcpP to xcpZ gene cluster Filloux et al (1989)

pCRII-TOPO ApR; KmR; TOPO TA cloning vector Invitrogen

pCR-S pCRII-TOPO; xcpS This study

pET16b ApR ; expression vector; P
T7

Novagen

pET16-S pET16b; his
10

-xcpS This study

pT7Pol23 KmR; thermo-inducible gene for T7 RNA polymerase Mertens et al (1995)

pYRC GmR; pBBR1-MCS5; lacI; P
lac

Arts et al (2007a)

pCR-T pCRII-TOPO; xcpT This study

pCR-SLum pCRII-TOPO; xcpSLum encoding XcpS with a C-terminal 
tetracysteine motif (Lumio tag)

This study

pYRC-SLum pYRC; xcpSLum This study

pYRC-T pYRC; xcpT This study

pET-Tp
25-148NH

ApR; pET22b containing a BamHI/HindIII 500-bp DNA 
fragment coding for the hydrophilic domain of XcpT with an 
N-terminal His tag, fused to the PelB signal sequence

Durand et al (2005)

pMPM-T4Ω TetR ; cloning vector; P
araBAD

Mayer (1995)

pMPM-T4S1 pMPM-T4Ω; xcpS Arts et al (2007a)

pMPM-K4Ω KmR;  cloning vector; P
araBAD

Mayer (1995)

pMPM-K4S1 pMPM-K4Ω; xcpS Arts et al (2007a)
aAp, ampicillin; Km, kanamycin; Tet, tetracycline; Gm, gentamicin.
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the cell by interactions with other Xcp components. The variation of the XcpS particle size made 

attempts to determine the mass by scanning transmission electron microscopy and analytical 

ultracentrifugation unsuccessful. Although the size of the complex is thus unknown, the electron 

micrographs of negatively stained XcpS showed ring-like structures with a tendency of a 6-fold 

symmetry, indicating that they represent hexamers or multimers thereof. 

Even though the conservation of XcpS/GspF-family proteins suggests that they play a central role 

in the assembly of the prepilin subunits into a pilus(-like) structure, an interaction between the 

members of the XcpS/GspF family and the major pseudopilin has, to our knowledge, not been 

described. Here, we show that XcpS does indeed interact with the major pseudopilin XcpT. Co-

production of XcpT increased the yield of XcpS produced in E. coli, and the two proteins form a 

complex with an apparent molecular weight of 150 kDa that could be observed after chemical 

cross-linking. The precise stoichiometry of the components within this complex is not known. 

However, considering the 105-kDa apparent-molecular weight of the XcpS trimer and the 15-kDa 

mass of monomeric XcpT, the complex is probably formed by a trimer of XcpS and a trimer of 

XcpT. 

Interestingly, purified XcpS particles, when combined with the soluble domain of the major 

pseudopilin XcpT, displayed channel formation in artificial membranes. No conductance was 

measured when the two proteins were added separately to the bilayers. Although we cannot 

formerly exclude the possibility that XcpT forms these channels, we consider this highly unlikely, 

since the periplasmic domain of XcpT has no affinity for membranes. Furthermore, the dimensions 

previously determined for the internal channel of the (pseudo)pilus (0.5-1 nm) (Craig et al, 2006; 

Köhler et al, 2004), are too small to explain the measured conductancies. We therefore propose 

that XcpS inserts into the membrane and upon interaction with XcpT undergoes a conformational 

change, resulting in the opening of a pore. Most openings corresponded to a conductance of 

1.5 nS, suggesting the presence of a channel of approximately 2.2 nm wide, which is in reasonable 

agreement with the 3-nm apparent cavity seen in the XcpS particles with electron microscopy. A 

channel of this size in the inner membrane needs to be tightly gated to preserve the membrane 

potential. Indeed, the majority of channels was in a non-open conformation at physiological 

membrane potentials (approximately 170 mV), indicating that the XcpS channel has the ability 

to close. Additionally, in the cell, the opening of the channel may be partially obstructed by 

the hydrophobic segments of the pseudopilins, or alternatively the ATPase XcpR may close the 

channel from the cytoplasmic side.
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Crowther et al (2005) have shown that the N-terminal cytoplasmic part of the XcpS homologue 

BfpE interacts with the hexameric ATPase via two different binding sites. The phosphorylation 

degree of the nucleotide bound to the ATPase determines which site is used. They proposed a 

model in which the switch in binding site pushes the N terminus of BfpE through the membrane, 

in this way converting ATP hydrolysis into mechanical energy. Our findings suggest that XcpT-

induced channel formation by XcpS facilitates the N terminus of XcpS to act as a piston to force 

the hydrophobic segments of the pseudopilins out of the membrane. Alternatively or additionally, 

the channel may even facilitate a direct interaction between the pseudopilins and the ATPase. 

Interestingly, it has been described that a mutation in XcpT could be suppressed by a second 

mutation in XcpR (Kagami et al, 1998), indicating that XcpR and XcpT indeed interact. 

In conclusion, our data support a model in which XcpS forms an oligomeric structure in the 

inner membrane, which interacts with the major pseudopilin XcpT. Upon this interaction, XcpS 

undergoes a conformational change that results in the formation of a channel. The presence of 

this channel facilitates the transfer of the energy derived from ATP hydrolysis in the cytoplasm, to 

the assembly of the pseudopilins into a pilus-like structure at the opposite side of the membrane. 

Because of the high level of conservation, this model may be relevant to the entire XcpS/GspF 

family.

Materials and methods

Bacterial strains and growth conditions.
E. coli strains DH5α (Hanahan, 1983) and BL21 (Invitrogen) were used for general cloning and 

protein production purposes. The P. aeruginosa xcpS deletion mutant PAO1ΔS was described 

previously (Arts et al, 2007a). The strains were grown at 37 °C in a modified Luria-Bertani (LB) broth 

(Tommassen et al, 1983). For plasmid maintenance the following antibiotics were used: for E. coli, 

50 µg/ml ampicillin, 50 µg/ml kanamycin, 10 µg/ml gentamicin and 10 µg/ml tetracycline, and 

for P. aeruginosa, 40 µg/ml gentamicin. Depending on the plasmid, gene expression was induced, 

when indicated, with 1 mM IPTG, 1 % L-arabinose or a temperature shift from 30 to 37 °C.

Plasmids and DNA manipulations.
Plasmids used in this study are listed in Table 1. Recombinant DNA methods were performed 

essentially as described previously (Sambrook et al, 1989). Plasmids were introduced by the CaCl
2
 

procedure into E. coli (Sambrook et al, 1989) or by electroporation into P. aeruginosa (Enderle & 

Farwell, 1998). PCRs were performed with the proofreading enzyme Pwo DNA polymerase (Roche), 

and PCR products were cloned into the pCRII-TOPO vector according to the manufacturer’s protocol 
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(Invitrogen). The xcpS gene was PCR amplified from the cosmid pAX24. For the construction of 

pET16-S the following oligonucleotides were used: XcpS FW: CATATGGCCGCCTTCGAATAC (with 

a NdeI restriction site underlined) and XcpS Rev: GGATCCTTACCCCACGAGTTG (with a BamHI site 

underlined). The PCR product was cloned into the pCRII-TOPO vector, which resulted in construct 

pCR-S and, subsequently, the NdeI-BamHI fragment of pCR-S was introduced in the pET16b 

vector, resulting in pET16-S. For the construction of pYRC-SLum the following oligonucleotides 

were used: XcpS Lumio FW: GTCACCACGGTCGAGGAAGT and XcpS Lumio Rev: TTAGCAGCAGC

CCGGGCAGCACCCCACCAGTTGGTTGAGAG (underlined nucleotides encode the Lumio tag). The 

PCR product was cloned into the pCRII-TOPO vector, which gave pCR-SLum. Plasmid pYRC-SLum 

was constructed by introduction of the HindIII-XbaI fragment of pCR-SLum into HindIII-XbaI-

digested pYRC. The xcpT gene was PCR amplified using cosmid pAX24 as a template with the 

primers XcpT1: CCGGCCAAGCTTAATCAGAGCCGCCAATTG (underlined is a HindIII site) and XcpT2: 

CGGGGATCCTCAGTTGTCCCAGTTGC (underlined a BamHI site). The PCR product was cloned into 

pCRII-TOPO, resulting in construct pCR-T. Plasmid pYRC-T was constructed by introduction of the 

HindIII-BamHI fragment of pCR-T into HindIII-BamHI-digested pYRC. 

SDS-PAGE and immunoblot analysis.
Bacterial cells or proteins were suspended in SDS-PAGE sample buffer (2 % SDS, 5 % DTT, 10 % 

glycerol, 0.02 % bromophenol blue, 0.1 M Tris-HCl pH 6.8) unless otherwise stated. Samples were 

heated for 10 min at 95 °C and separated on SDS-PAGE gels (Burghout et al, 2004) containing 

11 % acrylamide unless otherwise notified. Proteins were stained with Coomassie brilliant blue 

or transferred to nitrocellulose membranes by Western blotting for immunodetection. The 

primary antisera used were anti-XcpS (Arts et al, 2007a), anti-XcpT (Arts et al, 2007b) and Penta-His 

antibody (Qiagen) all at 1:1,000 dilution. Either alkaline phosphatase- or peroxidase-conjugated 

goat anti-rabbit or goat anti-mouse immunoglobulin G antibodies (Biosource International) were 

used as secondary antibodies. Peroxidase activity was detected with chemiluminescence (Pierce 

and Amersham). 

Membrane isolation and urea extraction.
To isolate the membrane fraction, cells were suspended in ice-cold 10 mM Tris-HCl pH 8.5 and 

disrupted with ultrasonication (3 x 5 min at level 8, 40 % output, Branson sonifier 450; Branson 

Ultrasonics Corporation) and centrifuged (10 min, 2,000 g) to remove unbroken cells. Membranes 

were collected from the supernatant by ultracentrifugation (1 h, 100,000 g, 4 °C). The pelleted 

membranes were extracted with 8 M urea containing 100 mM glycine and 20 mM Tris-HCl pH 

8.0 for 3 h at room temperature. The non-extracted fraction was pelletted by ultracentrifugation 

(1 h, 100,000 g, 4 °C).
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Cross-linking with DSP and DTSSP.
Cells were washed twice with phosphate-buffered saline (PBS) and then resuspended to an 

optical density at 600 nm (OD
600

) of 1 in PBS. DSP and DTSSP were added to the cells in various 

concentrations. EDTA, at a final concentration of 1 mM, was included for the DTSSP cross-linking 

reaction to permeabilise the outer membrane (Leive, 1968). Cells were rotated for 30 min at room 

temperature. The cross-linking reaction was quenched by the addition of Tris-HCl pH 8.3 at a final 

concentration of 0.1 M. Cells were resuspended in SDS-PAGE sample buffer without reducing 

agents. 

Purification of His10-XcpS.
Precultures were grown in LB supplemented with 0.2 % glucose and antibiotics at 30 °C. Cells 

were diluted in fresh medium to an OD
600

 of 0.01 and grown overnight at 37 °C. Cells were washed 

once with 0.9 % NaCl and resuspended in ice-cold buffer A, consisting of 300 mM NaCl, 50 mM 

phosphate buffer pH 8, 10 mM imidazole, and protease inhibitor cocktail “Complete, EDTA free” 

(Roche), to an OD
600

 of 4. Cells were frozen for minimally 30 min at -20°C, thawn rapidly at 37 °C 

and broken by ultrasonic disintegration. Unbroken cells were removed by centrifugation (15 min, 

4,000 g, 4 °C), and cell envelopes were collected by ultracentrifugation (1 h, 100,000 g, 4°C). 

Cell envelopes were resuspended in ice-cold buffer B [buffer A supplemented with 2 % SB-12 

(Fluka)] to a concentration corresponding to an OD
600

 of 10 of bacterial cells, and the mixture was 

left rotating for 3 h at 4 °C to solubilise the membranes. The mixture was ultracentrifuged (1 h, 

100,000 g, 4 °C) to remove unsolubilised fragments. To 100 ml of the supernatant, 1 ml of 50 % 

slurry of Co2+-NTA was added, which was prepared by incubating 5 mg/ml CoCl
2
 with chelating 

sepharose fast flow (Amersham), after which the resulting Co2+-NTA was washed several times 

with buffer A. The Co2+-NTA was left rotating overnight at 4 °C to bind to XcpS. It was noted that 

the Co2+-NTA aggregated in those tubes that contained His
10

-XcpS, whereas it remained powder-

like in tubes without His
10

-XcpS. After incubation the Co2+-NTA was pelleted by centrifuging at 

10,000 g for 1 min. The supernatant was removed and the Co2+-NTA was washed first several 

times with buffer B and then with buffer C [buffer A with 0.05 % DDM (Sigma)]. The Co2+-NTA 

beads were then washed with buffer C with increasing concentrations of imidazole, up to a 

concentration of 300 mM. His
10

-XcpS typically began to elute with imidazole concentrations of 

100 mM. Eluted fractions were stored at –20 °C and analysed later. If necessary, the protein was 

concentrated using Microsep centrifugal devices with an omega membrane and 30-kDa cut off 

(Pall Corporation). The protein concentration was determined after isolation or concentration by 

absorbance measurements [Absorbance at 280 nm of 0.1 % (=1 g/l) His
10

-XcpS = 0.547 (http://

www.expasy.ch/cgi-bin/protparam)].
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Purification of the periplasmic domain of XcpT.
Precultures of E. coli BL21 carrying plasmid pET-Tp

25-148NH
 were grown overnight in LB 

supplemented with antibiotics at 37 °C. Cells were diluted in 500  ml fresh medium to an 

OD
600

 of 0.1, grown until OD
600

 of 0.5 and then induced with 50 μM IPTG for 4 h. The amount of 

bacteria obtained (OD
600 

units) was estimated by multiplying the final OD
600

 by the total volume. 

Bacterial cells were then pelleted and their periplasmic fraction was collected by osmotic shock. 

Briefly, bacteria were resuspended in 6.7 μl of ice-cold TES buffer (200 mM Tris-HCl pH 8; 0.5 mM 

EDTA; 500 mM sucrose) per OD
600 

unit of bacterial cells. Then, 7 μg of lysozyme (Euromedex at 

27100 unit/mg) was added per OD
600 

unit of bacterial cells and gently mixed. Subsequently, 

24 µl of 50 % TES (diluted in water) supplemented with protease inhibitor cocktail “Complete, 

EDTA free” was added per OD
600 

unit of bacterial cells, and the solution was gently mixed and 

incubated at 4 °C for 1 h (time required to make 100 % spheroplasts). Spheroplast formation was 

verified under the microscope.

The periplasmic fraction containing the soluble recombinant protein was collected in the 

supernatant after centrifugation and then dialysed overnight at 4 °C against 50 mM sodium 

phosphate buffer pH 8 supplemented with 1 μM phenylmethanesulphonyl fluoride. Dialysed 

periplasmic fractions were applied on a 1 ml Hi-Trap chelating column (Amersham Biosciences), 

loaded with nickel, operated by an AKTA Prime liquid chromatography system (Amersham 

Biosciences). After equilibration of the column with buffer D (50 mM sodium phosphate pH 8, 

500 mM NaCl, 10 mM imidazole), the periplasmic fractions were applied to the column. After 

several washing steps with buffer D, histidine-tagged proteins were eluted with buffer D 

gradually supplemented with 10–500 mM imidazole. XcpTp
NH

 protein-containing fractions were 

pooled and applied on a HiLoad 16/60 Superdex 75 column (GE Healthcare) equilibrated with 

50 mM sodium phosphate buffer pH 8, 150 mM NaCl for gel filtration chromatography. XcpTp
NH

 

protein-containing eluted fractions were pooled and concentrated with Amicon Ultra devices 

(5-kDa cut-off ). Purity and protein concentration were checked by analysis on 15 % SDS-PAGE 

and Coomassie blue staining.

CD spectroscopy.
Purified His

10
-XcpS in buffer C was dialysed against 50 mM sodium phosphate buffer pH 7 

containing 2 % SB12. CD spectra were recorded of samples containing a concentration of 

0.75 mg/ml of His
10

-XcpS at 25 °C on a Jasco J-600 spectropolarimeter (Jasco, Tokyo, Japan), 

between 190 and 250 nm using quartz cells with a path length of 0.2 cm. The bandwidth was 

1 nm, and measurements were taken each nanometre with an averaging time of 5 s. Seven 

spectra were recorded and averaged and the contribution of the buffer subtracted.
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DLS.
DLS analyses were performed using a Laser-Spectroscatter 201 (RiNA netzwerk RNA technologien) 

at 532 nm with a scattering angle of 90°. 30 μl of 0.75 mg/ml purified protein in buffer E (buffer C 

with 150 mM imidazole) was used. Prior to analysis, purified protein in buffer E was centrifuged at 

20,000 g for 1 h to remove aggregates. Ten data sets were recorded and the size distribution was 

analysed using the software CONTIN. 

Electron microscopy.
Purified His

10
-XcpS in buffer E at a 0.1 mg/ml initial concentration was diluted to a concentration 

of 5 μg/ml in buffer E and, after 1 h incubation, 10-µl drops were applied to fresh glow-discharged 

carbon-coated grids and incubated for 2 min at room temperature. The samples were then fixed 

briefly in a 2 % paraformaldehyde/ 0.2 % glutaraldehyde solution. The grid was quickly washed 

over two drops of distilled water and excess liquid was removed. The complexes were stained 

for 1 min with 1 % uranyl acetate and air dried. The preparations were examined at 120 kV on a 

Tecnai10 transmission electron microscope (FEI Electron Optics, Philips). 

Size exclusion chromatography.
250 μl of purified protein at a concentration of 0.1 mg/ml in buffer E was loaded onto an analytical 

superose 6 column (GE Healthcare) equilibrated with buffer E. Proteins were precipitated from the 

obtained 1 ml fractions with TCA, resuspended in SDS-PAGE sample buffer and the total samples 

were analysed by SDS-PAGE and immunoblotting. Thyroglobuline (Sigma), aldolase (Fluka) and 

bovine serum albumin (Sigma) were used to calibrate the column.

Planar lipid bilayer experiments.
Planar lipid bilayers were produced as described previously (Van Gelder et al, 2000). In brief, lipid 

membranes were formed from 1 % (w/v) L-α-lecithin (Sigma) in hexane at room temperature 

across a circular aperture (100–150-μm diameter) in a Teflon septum, separating two electrolyte 

[1 M KCl, 5 mM CaCl
2
, 10 mM Tris-HCl (pH 7.4)]-containing chambers of 2.5 ml each. Purified XcpS, 

XcpT or a mixture of both  was added to the aqueous subphase, and insertions were monitored 

after applying a transmembrane potential of –100 mV. The channel conductance of the pores was 

determined from the stepwise conductance increments. Steady-state (I/V) curves were recorded 

with a BLM-120 Bilayer Membrane Amplifier (Bio-Logic) and digitalised through a Powerlab/4SP 

(ADInstruments). Voltage-ramp experiments were performed by applying an increasing potential 

from 0 to +200 or −200 mV over a time span of 200 s. To determine the voltage dependence of 

the probability of the channels being in an open state (P open), voltages were applied for 2 min 

to approach the equilibrium of channel gating, and only the current recordings of the last minute 
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were used to calculate P open. The channel diameter was calculated using the correction for bulk 

conductance effects as described by Smart et al (1997).
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Abstract

The inner membrane protein XcpS (GspF) is an essential component of 

the Pseudomonas aeruginosa type II protein secretion system. Proteins 

with sequence similarity to XcpS have been identified not only in other 

type II secretion systems, but also in type IV piliation machineries, DNA 

uptake systems and the archaeal flagellum. We observed that XcpS with 

an N-terminal His-tag had a considerably lower electrophoretic mobility 

in SDS-polyacrylamide gels than wild-type XcpS, a difference that could 

not be accounted for by the mass of the tag. The higher electrophoretic 

mobility of wild-type XcpS was shown to originate from a post-

translational processing event, which was apparently blocked by the 

His-tag and which occurred independently of the presence of other Xcp 

proteins. By using site-directed mutagenesis, we identified a segment of 

the protein comprising amino acid residues 73 to 78, which is important 

for processing. Non-processable mutants of XcpS were not functional 

and exerted a dominant-negative effect on secretion when produced 

in the wild-type P. aeruginosa strain, demonstrating that processing is 

essential for function. The identified segment important for processing 

is highly conserved among XcpS/GspF family members involved in type 

II secretion, suggesting that processing is a general property for this 

group of proteins. 
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Introduction

The type II secretion pathway allows Gram-negative bacteria to secrete proteins in two steps 

across the bacterial cell envelope into the extracellular milieu. The substrates are first translocated 

over the inner membrane via either the Sec or the TAT system and are then transported over the 

outer membrane by a type II secretion system (T2SS) (Filloux, 2004). These systems are composed 

of at least twelve proteins, which are generically named Gsp. T2SSs are evolutionary related 

to type IV piliation machines, which are involved in adherence, competence and twitching 

motility (Mattick, 2002), and also to the DNA uptake machines of Gram-positive bacteria and 

to the archaeal flagellum (Peabody et al, 2003). These systems share the ability to assemble and 

sometimes disassemble filaments, which are probably short in the case of the pseudopili of T2SSs, 

but can also be long, as in the case of type IV pili.

Pseudomonas aeruginosa secretes a large variety of proteins, including elastase and exotoxin A, 

via the Xcp system. This T2SS consists of twelve proteins, named XcpA and XcpP to Z. Although 

the Xcp machinery is involved in the transport of proteins over the outer membrane, almost 

all the constituents are associated with the inner membrane. The exception is the secretin 

XcpQ (GspD), which forms an oligomeric structure in the outer membrane (Bitter et al, 1998). 

The five components XcpT (GspG), XcpU (GspH), XcpV (GspI), XcpW (GspJ) and XcpX (GspK) 

share N-terminal homology to the subunits of type IV pili, and  are thought to assemble into 

a pseudopilus important for pushing the substrates through the outer membrane channel 

formed by XcpQ. When pilus length control is disturbed, either by overproduction of the major 

pseudopilin (Durand et al, 2003; Vignon et al, 2003) or by deletion of the xcpX gene (Durand et 

al, 2005), abnormally long pseudopili are produced. Pseudopilins are made as precursors, which 

are post-translationally cleaved by the prepilin peptidase XcpA (GspO), thereby removing a short 

leader peptide (Bally et al, 1992; Nunn & Lory, 1992; Nunn & Lory, 1993; Bleves et al, 1998). XcpA 

of P. aeruginosa also processes the pre-pilins of the type IV piliation system (Nunn & Lory, 1991) 

and the pre-pseudopilins of a second T2SS, known as the Hxc system (Ball et al, 2002). Assembly 

of the pseudopilus is dependent on an inner membrane platform that consists of the integral 

membrane proteins XcpS (GspF), XcpY (GspL) and XcpZ (GspM) and the membrane-associated 

ATPase XcpR (GspE) (Robert et al, 2005b). XcpY and XcpZ mutually stabilise each other (Michel 

et al, 1998) and XcpY is important for the association of XcpR to the inner membrane (Ball et 

al, 1999). Homologues of XcpR have been shown to have ATPase activity and are thought to 

function in energising the assembly or disassembly of the subunits into filaments (Robien et al, 

2003; Camberg & Sandkvist, 2005; Crowther et al, 2005; Shiue et al, 2006; Yamagata & Tainer, 2007). 

The inner membrane protein XcpP (GspC) is believed to form a link between the inner membrane 
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platform and the secretin in the outer membrane (Bleves et al, 1999; Gérard-Vincent et al, 2002; 

Robert et al, 2005a).

The multispanning inner membrane platform protein XcpS belongs to a large superfamily of 

proteins, whose members are essential components of T2SSs, type IV pili, competence systems, 

and archaeal flagella. Despite this conservation, the precise role of XcpS and its homologues is 

unknown. XcpS has three membrane-spanning segments, which separate a long cytoplasmic 

N-terminal domain, a short periplasmic segment, a long cytoplasmic loop and a very short 

periplasmic tail (Arts et al, 2007). XcpS was previously shown to be unstable in the absence of 

other Xcp proteins, and the protein could be stabilised by the XcpRY complex (Arts et al, 2007). 

The cytoplasmic loop of XcpS, between the second and third membrane-spanning segment, was 

identified as being important for this stabilisation (Arts et al, 2007), suggesting that either XcpR or 

XcpY or both interact with XcpS via this loop. Using a yeast two-hybrid approach, also the XcpS 

homologue of the Erwinia chrysanthemi T2SS, OutF, was shown to bind to the XcpY and XcpR 

homologues, but via its N-terminal cytoplasmic domain (Py et al, 2001). This suggests that either 

XcpS interacts via multiple domains with other components of the inner membrane platform or 

the interactions are dynamic and change during assembly of the system. Moreover, our recent 

data showed that XcpS forms oligomers and that it interacts with the major pseudopilin XcpT 

(Chapter 2). When reconstituted in artificial lipid bilayers, purified XcpS formed channels, but 

only in the presence of XcpT (Chapter 2). These data indicate that XcpS oligomers may form 

XcpT-induced channels in the inner membrane. In this study we show that XcpS is N-terminally 

processed and identify amino acid residues of XcpS that are important for this process. In addition, 

the functional relevance of this processing event is explored.

Results

An N-terminal His tag affects the functionality and electrophoretic 
mobility of XcpS
The XcpS protein is an essential component of the Xcp machinery, but its precise function 

is unknown. For protein purification purposes, two XcpS variants were constructed with a 

polyhistidine tag fused either to the N terminus (His
6
-XcpS) or the C terminus (XcpS-His

6
) of 

the protein. The recombinant genes were expressed from plasmids in the P. aeruginosa xcpS 

mutant strain PAO1ΔS by induction overnight with isopropyl β-D-1-thiogalactopyranoside 

(IPTG). Although XcpS-His
6
 and His

6
-XcpS have exactly the same predicted molecular weight, 

the electrophoretic mobility of His
6
-XcpS on SDS-polyacrylamide gels was considerably lower 

than those of XcpS-His
6
 and of wild-type XcpS (Fig. 1A). Although only the His

6
-XcpS protein 
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was detected on blot with an antibody directed against the polyhistidine tag, both recombinant 

proteins could be purified using affinity chromatography on a Co2+-NTA column (data not 

shown), demonstrating that the His tags are present in both proteins. Based on their mobility, the 

difference in apparent mass between His
6
-XcpS and XcpS-His

6
 was estimated to be 7 kDa. This 

difference was also observed on a urea-containing gel (data not shown), which eliminates local 

differences in secondary structure as an explanation for the observation (Nouwen et al, 1996). In 

addition, a similar difference in mobility was observed between XcpS proteins tagged with an 

N- or C-terminal tetracysteine motif (Lumio tag) (chapter 5). 

Production of XcpS-His
6
, but not that of His

6
-XcpS complemented the secretion defect of the 

xcpS mutant, as determined by the analysis of the extracellular protein profiles (Fig. 1B). Moreover, 

synthesis of His
6
-XcpS in a wild-type background severely affected protein secretion (Fig. 1B), even 

at very low expression levels (data not shown). These results show that XcpS
 
with a C-terminal His 

tag is a functional protein, but that introduction of the N-terminal His tag renders the protein non-

functional. Similar results were obtained when Lumio tags were used (Chapter 5), suggesting that 

it is not a specific characteristic of the tag that affects functionality, but rather the mere extension 

of the N terminus of the protein.
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Figure 1: Electrophoretic mobility in SDS-PAGE and functionality of XcpS, His
6
-XcpS and XcpS-

His
6
. 

(A) Whole cells of PAO1ΔS (ΔS) and D40QZ (ΔQZ) with the empty vector pYRC (-), plasmid pYRC-SHis 
(XcpSHis) encoding XcpS-His

6
 or pYRC-HisS (HisXcpS) encoding His

6
-XcpS were grown overnight in the 

presence of IPTG and analysed on immunoblot using anti-XcpS antiserum. For reference, cells of the wild-
type strain PAO1 (WT) are loaded in the first lane. The positions of His

6
-XcpS, XcpS-His

6
 and wild-type XcpS 

are indicated. (B) Extracellular proteins of strain PAO1 (WT) and PAO1ΔS (ΔS) with the empty vector pYRC 
(-), pYRC-SHis (XcpSHis) and pYRC-HisS (HisXcpS) were precipitated with TCA and analysed by SDS-PAGE 
followed by staining with Coomassie brilliant blue. Cells were grown overnight in the presence of IPTG. The 
position of elastase is indicated. In both panels, the positions of the molecular weight marker proteins are 
indicated on the left.
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Figure 2: Multiple sequence alignment of the N-terminal 181 amino acid residues of XcpS and 

the corresponding fragment of several homologues. 

A progressively assembled alignment using local similarities was made of P. aeruginosa XcpS (accession 
number CAA44534), HxcS (NP_249378) and PilC (NP_253217), Vibrio cholerae EpsF (AAA58787), Aeromonas 
hydrophila ExeF (CAA47127), E. chrysanthemi OutF (P31704), Klebsiella oxytoca PulF (AAA25128), Xanthomonas 
campestris XpsF (AAC27376) and Neisseria meningitidis PilG (AAA85695) using Clone Manager Suite 7.  
Indicated are the positions of the annotated start codon (sc1) and a putative alternative start codon of xcpS 
(sc2), and the positions of the conserved amino acids that were substituted by site-directed mutagenesis. 
Amino acid residues identical to the residue in XcpS in at least four of the other eight proteins are shown 
in grey boxes.  Black lines below the sequence alignment indicate the BfpE domains interacting with the 
traffic ATPase BfpD (Crowther et al, 2005) and grey lines above the alignment indicate putative interacting 
domains identified in XcpS with the RBDFinder program. Black boxes in the alignment indicate areas of the 
putative binding domains identified in XcpS that were also identified in the homologues proteins. Amino 
acid numbers are indicated at the right of the protein names. 
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His6-XcpS and XcpS-His6 are not produced from different start 
codons
The data presented above suggested that the size of His

6
-XcpS is considerably larger than those 

of the native protein and of XcpS-His
6
. One possible explanation for this difference is that His

6
-

XcpS is produced from a start codon different from that used for the synthesis of wild-type XcpS 

and XcpS-His
6
, which would imply that the start codon of XcpS is incorrectly assigned and is 

actually located more downstream in the gene. 

To investigate this hypothesis, the first 100 codons of the xcpS gene were analysed for the 

presence of alternative start codons using the algorithm developed by Kolaskar and Reddy 

(1985). A putative TTG start codon was predicted at the triplet encoding the leucine at amino 

acid position 37 (indicated as sc2 in Fig. 2). To determine whether this alternative start codon or 

the originally assigned start codon is used for the translation of XcpS, the following mutations 

were introduced: a) the assigned start codon ATG was replaced by ACC; b) the alternative start 

codon TTG at position 37 was replaced by CTG, thereby creating a silent mutation if the TTG 

is not used as the start codon; c) replacement of this same codon by ACC, thereby creating a 

missense mutation (resulting in a L37T substitution) if the TTG is not used as the start codon; 

and d) deletion of the upstream region and first 36 codons of the xcpS gene, and replacement of 

the 37th codon with an ATG, thereby creating a new start codon at the position of the putative 

alternative start codon. 

These plasmids were introduced in the xcpS mutant PAO1ΔS, and the presence of elastase in the 

culture supernatant of the resulting strains was examined using elastin/Congo red as a substrate 

for the enzyme. The construct pYRC-S
sc1

, containing xcpS with a mutation in the originally assigned 

start codon, did not complement the chromosomal mutation (Fig. 3A) and immunoblot analysis 

showed that XcpS was not produced from this construct (Fig. 3C). On the other hand, pYRC-S
sc2

, 

containing xcpS with the substitution of the alternative TTG start codon by CTG, did complement 

the secretion defect of the xcpS mutant (Fig. 3A). Furthermore, production of the gene product 

was clearly detected on Western blot (Fig. 3C), and its electrophoretic mobility was identical to 

that of the wild-type XcpS. These results show that the original assignment of the start codon of 

xcpS was correct and that the difference in electrophoretic mobility of His
6
-XcpS compared to 

wild-type XcpS and XcpS-His
6
 is not due to the use of different start codons.

Interestingly, the XcpS derivative with the L37T substitution (encoded by plasmid pYRC-S
L37T

) was 

not functional (Fig. 3A). This protein, XcpS
L37T

, was hardly detectable (Fig. 3C), indicating that this 

leucine residue at position 37, which is rather well conserved among XcpS homologues (Fig. 2), 
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is important for the stability of the protein. Production of the recombinant protein lacking amino 

acids 2 to 37 from plasmid pYRC-S
ΔN

 in the xcpS mutant did not result in full complementation 

of the secretion defect, although the elastin/Congo red assay suggested that the protein may be 

partially functional (Fig. 3A). However, synthesis of XcpS
ΔN2-37 

in the P. aeruginosa wild-type strain 

PAO1 resulted in a strong inhibition of secretion (Fig. 3B). This result clearly demonstrates the 

importance of the N-terminal domain of XcpS for the functionality of the protein. Interestingly, 

production of this XcpS derivative was not detected in the xcpS deletion mutant harbouring 

plasmid pYRC-S
ΔN

 (Fig. 3C), whereas an additional protein, which was recognized by the anti-

XcpS antiserum, was identified in the wild-type strain carrying this plasmid (Fig. 3C). This plasmid-

encoded protein had a higher apparent molecular weight than that of endogenous XcpS 

produced from the chromosome, but lower than that of N-terminally His-tagged XcpS. Thus, it 

seems that the presence of chromosomally encoded XcpS stabilised this XcpS derivative. 
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Figure 3: Identification of the start codon in xcpS.

Cells of the wild-type strain PAO1 and the xcpS mutant strain PAOΔS carrying the empty vector pYRC (-), 
pYRC-S with xcpS (XcpS), pYRC-S

sc1
 with xcpS

sc1
 (XcpS

sc1
), pYRC-S

sc2
 with xcpS

sc2
, (XcpS

sc2
) pYRC-S

L37T
 with 

xcpS
L37T

 (XcpS
L37T

) or pYRC-S
ΔN

 with xcpS
ΔN2-37

 (XcpS
ΔN

)
 
were grown overnight in the presence of IPTG. (A-B) 

Extracellular elastase activity was quantitatively determined with the elastin/Congo red assay. Bars represent 
the mean of three independent experiments and standard deviations are indicated. Elastase activity is 
presented as percentage of the activity measured in PAO1ΔS carrying pYRC-S (A), or in PAO1 containing 
the empty vector pYRC (B). (C) Whole cell preparations were analysed by immunoblotting with anti-XcpS 
antiserum. Position of wild-type XcpS is indicated; * indicates the high-molecular-weight form of XcpS that 
was occasionally observed; # indicates the position of XcpS

ΔN2-37
. Positions of the molecular weight marker 

proteins are indicated on the left. 
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Processing of XcpS 
An alternative explanation for the aberrant electrophoretic mobility of His

6
-XcpS is that native 

XcpS and XcpS-His
6
 undergo N-terminal post-translational cleavage and that this process is 

blocked in His
6
-XcpS by the presence of the N-terminal His tag. This possibility was explored by 

performing pulse-chase experiments. The wild-type strain PAO1, carrying on one plasmid the 

gene for the T7 polymerase under control of the λP
L
 promoter and the λcI

857
 gene encoding a 

temperature-sensitive λ repressor (pJRDpol7) and on another plasmid the xcpS, xcpT and xcpU 

genes under control of the T7 promoter (pJX3), was used for this experiment. Cells were shifted to 

42 °C for 40 min to induce the expression of the T7 polymerase before pulse labelling. After 30 min 

at 42 °C, rifampicin was added to diminish transcription of other genes via the endogenous RNA 

polymerase. The cells were then left for 10 more minutes at 42 ˚C and subsequently shifted to 

either 37 ˚C or room temperature. The cells were left at these temperatures for 30 min, after which 

they were labelled with [35S]-methionine for 3 min. 

When the pulse and the chase were performed at 37 °C, all the radioactively labelled XcpS 

detected had the same electrophoretic mobility as that of steady state XcpS detected on a 

Western blot (data not shown). However, when the pulse and the chase were performed at room 

temperature, an additional, slower migrating form of XcpS was visible after a chase period of 3 min 

(Fig. 4A), which disappeared almost completely after two hours of chase, whereas the lower form 

increased slightly in intensity  (Fig. 4A). These results thus suggested that XcpS is indeed post-

translationally cleaved. 

Occasionally, the unprocessed XcpS form was detected on Western blots in steady-state cells 

(Fig. 3C), especially upon overproduction of XcpS (Fig. 4B). In addition, a smaller protein with an 

apparent molecular weight of approximately 8 kDa was sometimes detected with the anti-XcpS 

antiserum (Fig. 4B). This protein might represent the N-terminal fragment of XcpS that is cleaved 

off during processing. 

When XcpS-His
6
 and His

6
-XcpS were produced in a strain lacking the entire xcpP-Z gene 

cluster (strain D40QZ), XcpS-His
6
 was normally processed (Fig. 1A). In addition, wild-type XcpS 

was processed in the xcpA mutant strain KS904 as well as in Escherichia coli (data not shown), 

demonstrating that cleavage is not dependent on any of the other Xcp proteins and also occurs 

in a heterologous host.
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A conserved region between amino acid residues 73-78 is important 
for processing
To determine the processing site in XcpS, XcpS-His

6
 was partially purified from P. aeruginosa 

using affinity chromatography and the resulting protein band was N-terminally sequenced using 

the Edman degradation procedure. In spite of several attempts, no sequence was obtained 

suggesting that the N terminus of the processed XcpS-His
6
 is blocked.

As an alternative approach to obtain information about the domain important for processing, 

the sequence of the N-terminal part of XcpS was aligned with those of various homologues 

in the expectation that amino acid residues around the processing site might be conserved. 

Since XcpS
ΔN2-37

, the XcpS truncate lacking the N-terminal 37 amino acids, has a higher apparent 

molecular weight than wild-type XcpS (Fig. 3C), we expected processing to occur C-terminally of 

the leucine residue at position 37. The alignment identified a highly conserved region between 
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Figure 4: Detection of unprocessed XcpS in pulse-chase experiments and upon 

overexpression.

(A) Cells of P. aeruginosa PAO1 carrying plasmid pJRDpol7 with the heat-inducible T7 RNA polymerase gene 
in combination with the empty vector pJRD253 or pJX3 carrying the xcpS, xcpT and xcpU genes behind the 
T7 promoter were grown in SV medium. After thermal induction and inhibition of the endogenous RNA 
polymerase with rifampicin, cells were pulse labelled at room temperature with [35S]-methionine. Samples 
were taken after the chase periods indicated, precipitated with TCA and analysed by SDS-PAGE followed 
by autoradiography. Positions of non-processed XcpS (pre-XcpS) and mature XcpS (mXcpS) are indicated. 
* indicates a background band labelled also in cells containing the empty vector pJRD253. (B) Whole cell 
preparations of PAO1 carrying pAX24 [PAO1(XcpPZ)] or PAO1ΔS (ΔS) were analysed on a 15 % SDS-PAGE gel, 
followed by immunoblotting with anti-XcpS antiserum. Unprocessed XcpS (pre-XcpS), mature XcpS (mXcpS) 
and the putative N-terminal cleavage product (*) are indicated. Positions of the molecular weight marker 
proteins are indicated on the left.
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amino acid residues 67 and 88 (Fig. 2), and we replaced the conserved residues at the positions 67, 

73, 74, 75, 76, 78, 84 and 88 with a different amino acid by applying site-directed mutagenesis. 

 

The production of the recombinant proteins with amino acid substitutions R73E, Q74A, L75A, 

A76R or L78A in the xcpS mutant PAO1ΔS did not result in the secretion of elastase as determined 

with the elastin/Congo Red assay on culture supernatants (Fig. 5A). They also exerted a dominant-

negative effect on elastase secretion when produced in the wild-type strain PAO1 (Fig. 5B). 

Interestingly, immunoblot analysis showed that all these proteins were predominantly present in 

the unprocessed form (Fig. 5C). In addition, many degradation products were observed, including 

one seemingly corresponding in size to the processed wild-type XcpS. The mutant proteins with 

the D67A, P84A and A88R substitutions were functional (Fig. 5A). All these variants were cleaved, 

although some accumulation of the precursor form of the XcpS
P84A

 and XcpS
A88R

 proteins was 

observed (Fig. 5C). These results show that the highly conserved region between amino acid 

residues 73 and 78 is essential for (efficient) processing and for functionality of XcpS. 

el
as

ta
se

 a
ct

iv
ity

 (
%

)

PAO1�S
A

0

20

40

60

80

100

120

- S 67 73 74 75 76 78 84 88

el
as

ta
se

 a
ct

iv
ity

 (
%

)

PAO1
B

0

20

40

60

80

100

120

- S 67 73 74 75 76 78 84 88

C PAO1 PAO1�S

37

50

25

75
kDa

<pre-XcpS
<mXcpS

S- - 67 73 74 75 76 78 84 88

Figure 5: Identification of a region in XcpS important for processing.

Cells of the wild-type P. aeruginosa strain (PAO1) and PAOΔS producing wild-type XcpS (S) or the XcpS with 
amino acid substitutions D67A (67), R73E (73), Q74A (74), L75A (75), A76R (76), L78A (78), P84A (84), or A88R 
(88) or containing the empty vector (-) were grown overnight in the presence of IPTG. (A-B) Extracellular 
elastase activity was determined with the elastin/Congo red assay. Bars represent the mean of three 
independent experiments and standard deviations are indicated. Elastase activity is presented as percentage 
of the activity measured in PAO1ΔS carrying pYRC-S (A), or in PAO1 containing the empty vector pYRC (B). 
(C) Whole cell preparations were analysed by immunoblotting with anti-XcpS antiserum. The mature form of 
XcpS (mXcpS) and the unprocessed form (pre-XcpS) are indicated. Positions of the molecular weight marker 
proteins are indicated on the left. 
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Discussion

In this paper, we demonstrate that the integral inner membrane component XcpS of the 

T2SS of P. aeruginosa is processed in the N-terminal cytoplasmic domain and that processing 

is essential for function. Pulse-chase experiments suggested that processing is very rapid at 

37 ºC, as the unprocessed protein was only detected when the experiment was performed at 

room temperature. XcpS cleavage occurred independently of the other Xcp proteins, since XcpS 

produced in a strain lacking the entire xcpP-Z cluster or in an xcpA mutant, migrated at the position 

of the mature protein. Moreover, previous studies have shown that XcpS of P. aeruginosa produced 

in E. coli also has the same apparent molecular weight as the mature protein in Pseudomonas (Arts 

et al, 2007), showing that processing even occurs within this heterologous host and is thus either 

autocatalytic or mediated by a protease conserved among Gram-negative bacteria. 

The observation that upon (high) XcpS overproduction, the precursor accumulates both in E. coli 

(data not shown) and P. aeruginosa suggests the involvement of a protease, which can become 

limiting. On the other hand, it is also possible that overproduction of XcpS results in incorrect 

folding of a proportion of the polypeptides produced, which would hamper autocatalytic cleavage. 

Querying the peptidase database MEROPS (Rawlings et al, 2002) with the identified region TRQ(L/

M)A(T/S)(L/M) and several limited consensus sequences thereof, such as RQ, failed to identify a 

protease candidate. Furthermore, the observation that an N-terminal tag, as well as a deletion of 

amino acids 2 to 37, inhibits processing, indicates that proper folding of the N-terminal region 

of XcpS is very important for cleavage, which supports the notion of an autocatalytic reaction. 

Moreover, the importance for processing of a motif of at least six adjacent residues, which could 

be identified only in proteins functioning in type II secretion and type IV piliation, argues against 

the involvement of an a general protease and supports the idea of an autocatalytic process.

Since N-terminal sequencing of the purified XcpS-His
6
 protein by Edman degradation failed, XcpS 

is not only cleaved but the new N terminus is probably also modified. Although the exact cleavage 

site therefore remains to be determined, the difference in electrophoretic mobility between the 

processed and non-processed forms of XcpS is approximately 7 kDa, which is in agreement 

with the size of the 8-kDa XcpS-derived peptide that was occasionally observed. These results 

indicate that ~70 amino acids are removed from the N terminus, making it very likely that the 

motif between amino acid residues 73 to 78 that is important for processing, is also the site 

where cleavage takes place. This motif is highly conserved between the XcpS homologues of 

T2SSs and is, in addition, found also in homologues involved in type IVa pili assembly, such as 

PilC and PilG of P. aeruginosa and Neisseria meningitidis, respectively (Fig. 2). Analysis of literature 
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data revealed that all XcpS homologues involved in type II secretion or type IVa pilus assembly, 

for which a size estimation could be made on the basis of the presented immunoblots, have an 

aberrant electrophoretic mobility. Moreover, the differences between the predicted and apparent 

molecular masses are consistent with proteolytic processing at the location of the conserved 

motif (Table 1). In contrast, a similar motif could not easily be recognized in XcpS homologues 

involved in type IVb pili biogenesis, such as TcpE of Vibrio cholerae and BfpE of enteropathogenic 

E. coli. In addition, the calculated and the estimated mass of TcpE are quite similar (Kaufman et 

al, 1993), suggesting that this protein is not processed. Processing therefore appears to be a 

characteristic of certain subgroups of the GspF family. 

What could be the function of the proteolytic cleavage of XcpS? All the non-processable XcpS 

variants were non-functional and interfered with secretion when produced in the wild-type 

strain, showing that processing is required to obtain a functional secretion system. Interestingly, 

these variants were detectable in much higher amounts than wild-type XcpS suggesting that 

the N-terminal domain improves the stability of the protein, although this observation may also 

be explained by a loss of epitopes due to the processing event. However, a protein lacking the 

first 37 amino acids was also very unstable in the absence of chromosomally encoded XcpS, 

consistent with a stabilising role of the N-terminal domain. Thus, a role for the N-terminal domain 

could be to stabilise the protein until its incorporation into a functional Xcp machinery, after 

which processing could take place. However, pulse-chase experiments revealed that processing 

is very rapid at 37 °C even when most of the other Xcp proteins were not produced. Therefore, it 

is likely that the N-terminal domain of XcpS has another or an additional role.

Table 1: Comparison of the calculated and estimated molecular weights of different GspF family 

proteins

Strain Protein
Calculated 
mass (kDa)a

Estimated 
mass (kDa)b

Difference in 
mass (kDa)c

Number of 
amino acidsd Reference

P. aeruginosa XcpS 44.2 36 8.2 73 This study

P. aeruginosa PilC 40.9 37 3.9 36 Nunn et al (1990)

N. meningitidis PilG 47.6 40 7.6 77 Collins et al (2007)

A. hydrophila ExeF 43.5 35 8.5 55 Howard et al (1993)
a Calculated using http://www.expasy.ch/tools/protparam.html
b Estimated from immunoblots in the references indicated
c Subtraction of the calculated and estimated mass
 d Number of amino acids between the annotated start codon and the R in the conserved TRQ motif. 
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A possibility is that the N-terminal domain of XcpS is important for the assembly of XcpS in 

the secretion system, either by facilitating oligomerisation of XcpS or alternatively by acting as 

a scaffold for other Xcp components. Interestingly, using a hydrophobicity distribution-based 

method for predicting stretches of residues involved in protein-protein interactions (Gallet et al, 

2000), we identified an interaction site in between amino acid residues 15 to 38 within the N-

terminal domain that is removed after processing. This site is predicted for all XcpS homologues 

depicted in Fig. 2 that are involved in type II secretion, but not for those involved in type IV pilus 

assembly, suggesting that this putative interaction domain may be involved in the binding of 

a component specific for T2SSs, such as XcpY (GspL) or XcpZ (GspM). Such an interaction may 

stabilise XcpS, thereby facilitating its assembly into the machinery. Moreover, the dominant-

negative phenotype caused by the production of non-processable XcpS derivatives shows that 

the subsequent removal of the N terminus is necessary to obtain a functional secretion system. 

Two other interaction sites are predicted for the N-terminal cytoplasmic domain of XcpS, one 

between residues 84 to 114 and a second one between residues 148 to 168 (Fig. 2). The first 

of these two domains is predicted in only four out of the seven XcpS homologues involved in 

type II secretion and not in those involved in type IV pilus biogenesis, whereas the last domain is 

predicted in all GspF family members depicted in Fig. 2, except for PulF and XpsF. Interestingly, in 

the N-terminal cytoplasmic domain of BfpE, two regions, corresponding to amino acid residues 

87 to 123 and 124 to 164 of XcpS (Fig. 2), were previously identified as being responsible for 

interaction with the traffic ATPase BfpD (Crowther et al, 2005). Thus, the last two identified putative 

interaction domains in XcpS could correspond to XcpR-binding sites. 

In conclusion, we have shown that XcpS is N-terminally processed and that processing is necessary 

for the function of the protein. A motif between amino acid residues 73 to 78 of XcpS is required 

for processing and is conserved in all the T2SS members of the GspF family. Future experiments 

will be directed at resolving the catalytic mechanism and the determination of the function of 

this unusual processing event.  

Materials and methods 

Bacterial strains and growth conditions.
The P. aeruginosa and E. coli strains used in this study are listed in Table 2. The bacteria were grown 

at 37 °C in a modified Luria-Bertani (LB) broth (Tommassen et al, 1983). For plasmid maintenance, 

the following antibiotics were used: for E. coli, 50 µg/ml ampicillin and 20 µg/ml gentamicin, and 

for P. aeruginosa, 40 µg/ml gentamicin, 50 μg/ml streptomycin and 10 µg/ml tetracycline. Gene 

expression was induced with 1 mM IPTG.
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Plasmids and DNA manipulations. 
Plasmids used in this study are listed in Table 3. Recombinant DNA methods were performed 

essentially as described previously (Sambrook et al, 1989), using E. coli strain Top10F’ for routine 

cloning. Plasmids were introduced by the CaCl
2
 procedure into E. coli or by tri-parental mating  into 

P. aeruginosa using E. coli EC1064 carrying pRK2013, encoding the required mobility and transfer 

proteins. PCRs were performed with the proofreading enzyme Pwo DNA polymerase (Roche), and 

PCR products were cloned into the pCRII-TOPO vector according to the manufacturer’s protocol 

and verified by nucleotide sequencing. Ligations were carried out with T4 DNA ligase (Fermentas) 

overnight at 16 °C. The oligonucleotides used are listed in Table 4. 

To introduce His-tags at the C and the N terminus of XcpS, the xcpS gene was PCR amplified with 

pAX24 as the template, and with primer couples XcpS HisC F and XcpS HisC R and Oligo 1 and 

XcpS HisN R, respectively. The PCR products were cloned into the pCRII-TOPO vector and the 

inserts were excised with HindIII and XhoI, purified from gel (QIAquick gel extraction kit, Qiagen) 

and ligated into pYRC digested with the appropriate enzymes, resulting in pYRC-SHis and pYRC-

HisS. 

To clone the wild-type xcpS gene, to substitute the assigned ATG start codon with ACC, and to 

substitute the alternative start codon TTG at position 37 with ATG and at the same time remove 

codons 1 to 36 and the DNA upstream of the initiation codon, xcpS was amplified with PCR from 

pAX24 with primer couples M1M FW and XcpS Rev; M1T FW and XcpS Rev and L37M FW and 

XcpS Rev, respectively. The PCR products were cloned into the pCRII-TOPO vector. The inserts, 

Table 2: Strains used

Strain Relevant characteristicsa Source or reference

E. coli

Top10F’ F´[lacIq, Tn10(TetR)] mcrA ∆(mrr-hsdRMS-mcrBC) 
Φ80lacZ∆M15 ∆lacX74 recA1 araD139 ∆(ara-
leu)7697 galU galK rpsL (StrR) endA1 nupG

Invitrogen

EC1064 argE his leu ∆gpt-proA thr thi galK xyl ara mtl tsx 
rpsL uvrA6 supE λ-

NCCB, The Netherlands

P. aeruginosa

PAO1 wild-type Holloway et al (1955) 

PAO1ΔS PAO1 ΔxcpS Arts et al (2007)

D40QZ PAO1 ∆xcpP-Z Ball et al (1999)

KS904 ilv-226 his-4 lysA12 met-28 trp-6 proA82  xcpA Wretlind & Pavlovskis (1984)
a Str, streptomycin; Tet, tetracycline
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Table 3: Plasmids used

Plasmid Relevant characteristicsa Source or reference

pCRII-TOPO ApR KmR; TOPO TA cloning vector Invitrogen

pAX24 TetR, pLAFR3; xcpP to xcpZ gene cluster Filloux et al (1989)

pRK2013 KmR; ori ColE1, Tra+ Mob+ Figurski & Helinski (1979)

pYRC GmR, pBBR1-MCS5; lacI; P
lac

Arts et al (2007)

pYRC-S pYRC; xcpS This study

pYRC-SHis pYRC encoding XcpS-His
6
  This study

pYRC-HisS pYRC encoding His
6
-XcpS This study

pYRC-S
sc1

pYRC; xcpS with an ATG→ACC change at the annotated 
start codon 

This study

pYRC-S
sc2

pYRC; xcpS with a TTG→CTG change at the second 
predicted start codon

This study

pYRC-S
L37T

pYRC encoding XcpS with L37T substitution This study

pYRC-S
ΔN

pYRC encoding an XcpS variant in which the alternative 
start codon TTG at position 37 has been substituted 
with ATG and codons 1 to 36 and the DNA upstream of 
the initiation codon have been removed

This study

pYRC-S
D67A

pYRC encoding XcpS with D67A substitution This study

pYRC-S
R73E

pYRC encoding XcpS with R73E substitution This study

pYRC-S
Q74A

pYRC encoding XcpS with Q74A substitution This study

pYRC-S
L75A

pYRC encoding XcpS with L75A substitution This study

pYRC-S
A76R

pYRC encoding XcpS with A76R substitution This study

pYRC-S
L78A

pYRC encoding XcpS with L78A substitution This study

pYRC-S
P84A

pYRC encoding XcpS with P84A substitution This study

pYRC-S
A88R

pYRC encoding XcpS with A88R substitution This study

pJRD253 StrR , T7Φ10 promoter Davison et al (1989)

pJX3 pJRD253; xcpS, xcpT, xcpU Bally et al (1992)

pJRDpol7 TetR, KmR, RK290 replicon, T7pol, λP
L
 promoter, λcI

857
 

(repressor gene)
Davison et al (1989)

aAp, ampicillin; Gm, gentamicin; Km, kanamycin; Str, streptomycin; Tet, tetracycline.

which were present in the SP6 promoter orientation, were subcloned into pYRC using KpnI and 

XhoI, resulting in plasmids pYRC-S, pYRC-S
sc1

 and pYRC-S
ΔN

. 

All other mutant alleles were constructed using the mega-primer technique (Barik & Galinski, 

1991; Barik, 1996). To substitute the alternative TTG start codon with another Leu (CTG) or a Thr 

(ACC) codon, megaprimers were generated by performing PCRs on pAX24 with primer M1M FW 
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and the reverse primers L37L Rev or L37T Rev, respectively. The PCR products were purified from 

gel and then used as megaprimers for a second PCR reaction with pAX24 as template and XcpS 

Rev as reverse primer. The PCR products were cloned into pCRII-TOPO. The inserts, which were in 

the T7 promoter orientation, were excised from the resulting plasmids with XbaI and SacI, purified 

from gel and ligated to equally digested pYRC resulting in plasmids pYRC-S
sc2

 and pYRC-S
L37T

. 

The alleles encoding XcpS proteins with single amino acid substitutions in the conserved box 

of XcpS were made by first performing a PCR on pAX24 with primer M1M FW 2 and the reverse 

primers D67A, R73E, Q74A, L75A, A76R, L78A, P84A or A88R. The PCR products were purified 

from gel and then used as a megaprimer for a second PCR reaction with pAX24 as template and 

XcpS Rev 2 as reverse primer. The PCR products were cloned into pCRII-TOPO and the inserts 

Table 4: Oligonucleotides used

Primer Sequence (5’→3’)a Restriction site

M1M FW GACCCGGGAAGAATAATGGCCGCCTTCGAATAC

XcpS Rev GCCCGACTGTTGGCGACGCTGCAATCGGCGGC

M1T FW GACCCGGGAAGAATAACCGCCGCCTTCGAATAC

L37L Rev CACGTCGAGCGGCGCCAGTTGGCGCTCGCGCAG

L37M FW CTGCGCGAGCGCCAAATGGCGCCGCTCGACGTG

L37T Rev CACGTCGAGCGGCGCGGTTTGGCGCTCGCGCAG

XcpS HisC F GTGACCACGGTCGAGGAAGT

XcpS HisC R TTAGTGGTGGTGGTGGTGGTGCCCCACGAGTTGGTTGAGAG

Oligo 1 GCGTGACCGGCAAGAATAATGCACCACCACCACCACCACGCCGCCTTCGAAT

XcpS HisN R CTGTTGGCGACGCTGCAATG

D67A GGTCACCAATGCCAGTGCGCGCGCGGACAGTCC

R73E CAGGGTCGCCAGTTGTTCGGTCACCAATGCCAG

Q74A GACCAGGGTCGCCAGGGCCCGGGTCACCAATGC

L75A CTGGACCAGGGTCGCCGCTTGCCGGGTCACCAA

A76R GGCCTGGACCAGGGTCCGCAGTTGCCGGGTCAC

L78A CAACGCGGCCTGGACCGCGGTCGCCAGTTGCCG

P84A CAGCGCCTCCTCGATGGCCAACGCGGCCTGGAC

A88R CGCGGCGGCGCGCAGGCGCTCCTCGATCGGCAA

M1M FW 2 CTCGAGGACCCGGGAAGAATAATGGCCGCCTTCGAATAC XhoI

XcpS Rev 2 TCTAGAGCCCGACTGTTGGCGACGCTGCAATCGGCGGC XbaI
a Restriction sites are underlined. Changed codons are shown in italics. Introduced codons to encode the 
polyhistidine tag are in bold. 
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were excised from the resulting plasmids with XbaI and XhoI, purified from gel and ligated into 

XbaI/XhoI-digested pYRC, resulting in pYRC-S
D67A

, pYRC-S
R73E

, pYRC-S
Q74A

, pYRC-S
L75A

, pYRC-S
A76R

, 

pYRC-S
L78A

, pYRC-S
P84A

 and pYRC-S
A88R

, respectively. 

SDS-PAGE and immunoblot analysis.
Bacterial cells were suspended in SDS-PAGE sample buffer (2 % SDS, 5 % dithiotreitol, 10 % glycerol, 

0.02 % bromophenol blue, 0.1 M Tris-HCl pH 6.8). Extracellular proteins were precipitated from 

culture supernatants using 5 % trichloroacetic acid (TCA), washed with acetone and resuspended 

in sample buffer. The amounts of proteins loaded were equivalent to the quantity of protein 

present in the supernatant of 1 ml of bacterial cells at an optical density at 600 nm wavelength 

(OD
600

) of 0.1. All samples were heated for 10 min at 95 °C and analysed on 11 % SDS-PAGE gels 

(Laemmli, 1970), with 0.2 % SDS in the running gel, unless otherwise stated. Where indicated, 

water in SDS-PAGE gels was replaced by 8 M of urea. Proteins were stained with Coomassie brilliant 

blue or transferred to nitrocellulose membranes by Western blotting for immunodetection or 

to a PVDF membrane for Edman degradation. The primary antisera used were anti-XcpS, raised 

against the N-terminal 168 amino acids of XcpS, at 1:1,000 (Arts et al, 2007) and PentaHis antibody 

(Qiagen) at 1:3,000. Either alkaline phosphatase- or peroxidase-conjugated goat anti-rabbit or 

goat anti-mouse immunoglobulin G antibodies (Biosource International) were used as secondary 

antibodies. Peroxidase activity was detected with chemiluminescence (Pierce and Amersham). In 

the case of pulse-labelled samples, SDS-PAGE gels were incubated in Amplify (Amersham) after 

electrophoresis, vacuum dried, and exposed to X-ray films (Kodak) at –80 °C.

Elastin/Congo red assay.
For quantitative determination of elastase activity in culture supernatants, the colorimetric 

elastin/Congo red assay was used (Naughton & Sanger, 1961). Briefly, P. aeruginosa strains were 

grown overnight in LB medium supplemented with IPTG. 250 µl of clean culture supernatant 

were incubated for 2 h at 37 °C with 500 µl of 10-mg/ml elastin/Congo Red (Sigma) dissolved in 

assay buffer (45 mM Tris-HCl, 1.5 mM CaCl
2
 pH 7.2). The reaction was stopped by the addition of 

500 µl 0.7 M NaH
2
PO

4
 pH 6.0. After removal of elastin/Congo red by centrifugation, absorbance 

was measured at 495 nm. 

Pulse-labelling experiments.
Use was made of the Pseudomonas T7 polymerase system (Davison et al, 1989). P. aeruginosa 

PAO1 cells carrying plasmid pJRDpol7 in combination with either pJRD253 or pJX3 were grown 

overnight at 30 °C in LB medium supplemented with 0.4 % glucose. Overnight cultures, which 

typically reached an OD
600

 of 1, were diluted 1 : 4 in the same medium and grown to an OD
600
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of 0.5. Cells were harvested, washed and resuspended in SV medium (Lugtenberg et al, 1976) 

supplemented with 1 μM magnesium sulphate and 0.4 % glucose. The cells were grown for 1 h 

at 30 °C and then shifted to 42 °C to induce the synthesis of T7 RNA polymerase. After 30 min 

at 42 °C, 200 μg/ml rifampicin was added and the cells were incubated for 10 more minutes at 

42 °C. Cells were then shifted to either 37 °C or room temperature for 30 min and kept at this 

temperature during the rest of the procedure. Cells were pulse-labelled for 3 min with 3 µCi/ml of 

Redivue L-[35S]-methionine (Amersham). Incorporation of label was stopped by the addition of an 

excess of methionine and 1-ml samples were taken at various time points. Processing of protein 

was stopped by placing the samples on ice and by rapidly adding one volume of 10 % TCA.

Purification and N-terminal sequencing of XcpS-His6.
P. aeruginosa PAO1ΔS with plasmid pYRC-SHis was grown overnight in LB supplemented with 

gentamicin and 1 mM IPTG. Cells were harvested by centrifugation for 10 min at 4000 g at 4 °C, 

washed once with 0.9 % NaCl and resuspended in 1 % SDS, 50 mM Tris-HCl pH 8 to an OD
600

 of 

100. The suspension was then immediately placed in boiling water for 15–30 min until its viscosity 

decreased. The mixture was diluted 10-fold in urea buffer (8 M urea, 0.1 M NaH
2
PO

4
, 0.01 M Tris-

HCl pH 8). To 100 ml of this mixture, 0.5 ml of a slurry containing 50 % Co2+-NTA was added, which 

was prepared by incubating 5 mg/ml CoCl
2
 with chelating sepharose fast flow (Amersham), after 

which the resulting Co2+-NTA was washed three times with urea buffer. The suspension was left 

rotating for 16 h at 4 °C. The pellet was washed 5 times with urea buffer at pH 6.3 supplemented 

with 0.05 % SDS, and the protein was eluted with the same buffer at pH 4.5. The elution fractions 

were concentrated using Microsep centrifugal devices with an omega membrane and 30-kDa cut 

off (Pall Corporation). Concentrated samples were separated on SDS-PAGE gels, Western blotted 

to PVDF membranes and stained with Coomassie brilliant blue R250. The band corresponding to 

XcpS was excised. Blot fragments were sent to Alphalyse for Edman degradation.

Computational analysis.
Protein sequences were aligned with Clone Manager Suite 7 (Sci Ed Central) software, using 

the assembled alignment setting. Putative interacting domains in the cytoplasmic N-terminal 

domain of XcpS and homologues were identified using a hydrophobicity distribution-based 

method for predicting stretches of residues involved in protein-protein interactions (Gallet et al, 

2000) applying the program RBDFinder (http://nbc3.biologie.uni-kl.de/framed/left/menu/auto/

right/rbdfinder/), with a window width N=5 and a δ angle of 100 °, corresponding to a mainly 

α-helical structure. 



CHAPTER 3

78

Acknowledgements

This work was supported by the Research Council for Earth and Life Sciences (ALW) with financial aid from 

the Netherlands Organisation for Scientific Research (NWO) (grant ALW 813-05-003). 



4Evidence for pore formation in vivo by 
the inner membrane component XcpS 
of the type II protein secretion system 
of Pseudomonas aeruginosa

Freya Senf, Jan Tommassen and Margot Koster

Department of Molecular Microbiology and Institute of Biomembranes, Utrecht 
University, Padualaan 8’ 3584 CH Utrecht, The Netherlands



CHAPTER 4

80

Abstract

Conserved residues of the inner membrane component XcpS (GspF) 

of the type II secretion system (T2SS) of Pseudomonas aeruginosa 

were substituted through site-directed mutagenesis to evaluate 

their importance for functionality. Ten out of the fourteen mutant 

proteins examined were not functional. Production of one of these, 

carrying a substitution of an alanine for the phenylalanine at position 

200 (XcpS
F200A

), impaired growth, particularly in the absence of other 

Xcp components in P. aeruginosa or in Escherichia coli. Reduced 

growth in E. coli was accompanied with an induction of the Phage-

shock-protein (Psp) stress response, indicating that production 

of XcpS
F200A

 resulted in the dissipation of the proton-motive force. 

Synthesis of wild-type XcpS in E. coli also affected growth and 

induced the Psp response, but only when produced together with 

the major pseudopilin component of the T2SS XcpT. These results 

indicate that XcpT causes the opening of an XcpS channel in vivo, 

consistent with previously reported in vitro data (Chapter 2). Earlier 

studies have shown that, XcpS forms a complex with XcpR, XcpY 

and XcpZ. Interestingly, co-production of XcpRYZ reduced the 

growth defect and Psp response caused by XcpS
F200A

, suggesting 

that the XcpRYZ complex is capable of blocking the constitutively 

open pore formed by XcpS
F200A

. 
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Introduction

The Gram-negative bacterium Pseudomonas aeruginosa is an opportunistic human pathogen 

that is responsible for many infections in immuno-compromised patients and causes chronic 

and lethal infections in the lungs of people suffering from cystic fibrosis. An important virulence 

factor of P. aeruginosa is its capacity to secrete exotoxins (Montanaro et al, 2006), the release of 

which is mediated by different dedicated secretion machines. One of these systems is a type II 

secretion system (T2SS), named Xcp (Lindgren & Wretlind, 1987), which is responsible for the 

secretion of various proteins, including elastase and exotoxin A. T2SSs are present in many other 

Gram-negative bacteria, including Klebsiella oxytoca (D’Enfert & Pugsley, 1989), Vibrio cholerae 

(Sandkvist et al, 1997) and Erwinia carotovora (Reeves et al, 1993), and mediate the transport of 

folded translocation intermediates from the periplasm across the outer membrane.

The Xcp system is composed of twelve components, named XcpA and XcpP-Z, corresponding 

to GspO and GspC-M in the standardized nomenclature. The basic structure of T2SSs resembles 

that of type IV pili. Five proteins, namely XcpT, XcpU, XcpV, XcpW and XcpX, have N-terminal 

homology with the subunits of type IV pili and are therefore named pseudopilins (Bally et al, 

1992; Bleves et al, 1998; Nunn & Lory, 1993). Of these, XcpT is the most abundant (Nunn & Lory, 

1993) and its overproduction leads to the formation of extracellular appendages very similar to 

pili. The prepilin peptidase XcpA of P. aeruginosa cleaves the precursors of both pseudopilins and 

pilins, thereby removing a short leader peptide (Bally et al, 1992; Nunn and Lory, 1992). Other T2SS 

components that have homology to type IV pili assembly proteins are XcpR (GspE), belonging 

to the family of traffic ATPases, the multispanning inner membrane protein XcpS (GspF) and the 

secretin XcpQ (GspD) (Peabody et al, 2003). Secretins are outer membrane proteins that form 

large oligomeric structures and participate in the transport of macromolecules (Bitter, 2003).  

The XcpS protein belongs to a large superfamily of proteins, whose members are not only found 

in T2SSs and type IV pili, but also in DNA competence systems of Gram-positive bacteria and 

in the archaeal flagellum (Peabody et al, 2003). XcpS forms an inner membrane complex with 

XcpR, XcpY (GspL) and XcpZ (GspM) (Robert et al, 2005). It is a 405-amino acid polytopic inner 

membrane protein with a long cytoplasmic N-terminal domain, a short periplasmic loop, a 

long cytoplasmic loop and a small periplasmic C-terminal part, each separated by an α-helical 

transmembrane segment (Fig. 1A). XcpS is unstable in the absence of other Xcp components 

(Arts et al, 2007a), and the co-production of either XcpRY (Arts et al, 2007a) or XcpT stabilises it 

(Chapter 2), indicating that these components interact with XcpS. The long cytoplasmic loop 

between the second and third transmembrane segment is important for the stabilisation by 
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XcpRY (Arts et al, 2007a), while the interaction between XcpT and XcpS appears to occur at 

the periplasmic side of the membrane (Chapter 2). A yeast two-hybrid approach with Erwinia 

chrysanthemi T2SS components also demonstrated connections between the homologues of 

XcpR and XcpY with XcpS (Py et al, 2001). However, in this study the N-terminal cytoplasmic 

domain of the XcpS homologue was implicated in the interactions. Taken together, XcpS appears 

to interact via different domains with various Xcp proteins at both sides of the membrane. The 

precise function of XcpS in the T2SS is still unknown. Recently however, we have shown that XcpS 

forms oligomers and that purified XcpS oligomers can form channels when reconstituted in lipid 

bilayers, but only in the presence of the pseudopilin XcpT (Chapter 2). XcpS may therefore facilitate 

interactions between the cytoplasmic and periplasmic parts of the machinery by forming a pore 

in the inner membrane.   

In this study, we applied site-directed mutagenesis to substitute conserved amino acid residues 

of XcpS in order to study structure-function relationships of the protein. Evidence was obtained 

for the pore-forming capacity of XcpS in vivo.

 

Results 

Single amino acid substitutions of conserved residues of XcpS
The amino acid sequences of P. aeruginosa XcpS and its T2SS homologues P. aeruginosa HxcS, 

V. cholerae EpsF, Aeromonas hydrophila ExeF, E. chrysanthemi OutF, K. oxytoca PulF, Xanthomonas 

campestris XpsF and the more distantly related P. aeruginosa PilC and Neisseria meningitidis PilG 

proteins involved in type IV piliation, were aligned to identify amino acid residues that are highly 

Figure 1: Schematic representation of XcpS and sequence alignment.

(A) Schematic representation of XcpS. Indicated are the N terminus (N), C terminus (C), the cytoplasmic 
domains (grey), the periplasmic parts (light grey), and the transmembrane segments (black). The numbers 
below the bar indicate the amino acid positions in XcpS. The engineered substitutions and their positions 
are indicated above the bar. (B) Multiple-sequence alignment of P. aeruginosa XcpS (accession number 
CAA44534), HxcS (NP_249378) and PilC (NP_253217), V. cholerae EpsF (AAA58787), A. hydrophila ExeF 
(CAA47127), E. chrysanthemi OutF (P31704), K. oxytoca PulF (AAA25128), X. campestris XpsF (AAC27376) and 
N. meningitidis PilG (AAA85695), using Clone Manager Suite 7. Amino acid residues identical to the residue in 
XcpS in at least five of the other eight proteins are shown in grey boxes. Indicated above the sequence are 
the positions of the conserved amino acids that were substituted in XcpS by site-directed mutagenesis. Black 
lines indicate the predicted membrane-spanning segments of XcpS. Indicated right of the protein names 
are amino acid numbers. 
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conserved among these proteins (Fig. 1B). Site-directed mutagenesis was applied to substitute 

a selection of the conserved residues by, when applicable, amino acids with an opposite charge 

or by alanines (Fig. 1A). Some of the selected residues are conserved in all the GspF proteins, 

whereas others are slightly less conserved and, for example, not present in XpsF, PilC and PilG 

(Fig. 1B). The specific mutations are summarized in Fig. 1A. The mutant xcpS alleles were cloned 

in a medium-copy vector (pYRC) and introduced in the P. aeruginosa xcpS mutant strain PAO1∆S. 

Expression was induced overnight with 1 μM of IPTG, which resulted in the case of wild-type 

XcpS expressed from pYRC-S in production levels similar to that of chromosomally encoded XcpS 

in PAO1 (Fig. 2A). 

Immunoblotting showed that the quantities of the different XcpS derivates varied considerably 

(Fig. 2A). The mutant proteins with R109E, F129A, F200A, E343R, M351A, R354E or E375R 

substitutions were produced to similar or even higher levels than that of the wild-type XcpS. 

The XcpS
L32A

 and XcpS
Q95A

 proteins were produced in reduced amounts, but still clearly 

detectable. Interestingly, the XcpS
L32A

 protein had an increased electrophoretic mobility. Even 

when the expression was induced with 1 mM of IPTG (Fig. 2B) only this fast migrating form was 

detectable.

The mutant proteins with R26E, R29E, R273E, T277A or N301A substitutions were not detectable 

after induction of gene expression with 1 μM IPTG. However, when expression was induced with 

1 mM of IPTG, the production levels of the XcpS
R26E

 and XcpS
N301A

 proteins were increased to clearly 

detectable amounts (Fig. 2B). In contrast, the XcpS
R29E

 protein was only poorly detected under 

those conditions and seemed instable, since also a breakdown product was visible. The XcpS
R273E

 

and XcpS
T277A

 proteins were still not detectable even at this high IPTG concentration, indicating 

that these amino acid substitutions have a strong impact on the stability of the protein.

Functionality of the XcpS variants
The functionality of the different XcpS derivatives was determined by assessing their ability to 

restore the secretion of elastase in the xcpS mutant strain PAO1ΔS and to affect secretion in the 

wild-type strain PAO1. Elastase secretion was qualitatively assessed by studying the formation 

of haloes around colonies on elastin-containing plates (data not shown) and quantitatively by 

determining the extracellular elastase activity using the colorimetric elastin/Congo red assay. The 

two methods resulted in similar outcomes. For the quantitative assay with the xcpS mutant strain, 

expression of the various xcpS alleles was induced with 1 μM IPTG (Fig. 2C), but similar results 

were obtained when 1 mM IPTG was used (data not shown). In the wild-type strain, expression 

was induced with 1 mM IPTG (Fig. 2D). 
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Production of the XcpS variants with the R109E, N301A, E343R or M351A substitutions in the 

xcpS mutant resulted in the secretion of elastase (Fig. 2C). Surprisingly, the production of the 

XcpS
R109E

 protein had a dominant-negative effect on elastase secretion in the wild-type strain 

(Fig. 2D). The xcpS mutant producing either of the variants with the R26E, R29E, L32A, Q95A, 

F129A, F200A, R273E, T277A, R354E or E375R substitutions did not secrete elastase (Fig. 2C). The 

production of two of these variants, i.e. XcpS
Q95A

 and XcpS
R354E

, conferred a significant dominant-

negative effect on secretion in the wild-type strain (Fig. 2D), indicating that these mutant 

proteins can still interact with other Xcp components and prevent their functional incorporation 

into the machinery. The lack of complementation of the secretion defect in the xcpS mutant 

upon induction of the expression of the mutant alleles encoding the proteins with the R29E, 

R273E and T277E substitutions may relate to the instability of these proteins, which were hardly 

or not detectable in the cells even when expression was induced with 1 mM of IPTG (Fig. 2B). 

However, the mutant proteins with substitutions of the amino acid residues at positions 26, 32, 

95, 129, 200, 354 and 375 could be produced at approximately normal levels. Therefore, the lack 

of functionality of these proteins indicates that the amino acids substituted are very important 

for the function of the XcpS protein. 

Production of F200A affects growth and induces the Psp stress 
response
All derivatives of strain PAO1∆S producing the various non-functional XcpS mutant proteins 

showed similar growth characteristics, except for the strain producing XcpS
F200A

. This strain 

slightly lagged behind in growth, although it did eventually reach similar optical densities as 

the other strains (Fig. 3A). Interestingly, when the growth of derivatives of strain D40QZ, which 

lacks the entire xcpP-Z gene cluster, was determined, the strain producing XcpS
F200A 

was seriously 

impaired and it never reached the same optical density as the strain with the empty vector or 

that expressing wild-type xcpS (Fig. 3B). Not any of the other mutant xcpS alleles caused a similar 

growth defect in strain D40QZ (shown only for the XcpS
Q95A

 protein in Fig. 3B). The notion that 

the XcpS
F200A

 protein has a toxic effect on D40QZ cells was further supported by a low efficiency 

of conjugational transfer of the encoding plasmid pYRC-S
F200A

 into P. aeruginosa D40QZ and the 

smaller colony size of the transconjugants compared to those carrying plasmids with any of the 

other mutant xcpS alleles. 

To study the deleterious properties of the XcpS
F200A

 protein further, the high copy-number 

plasmid pMPM-S
F200A

, which carries the gene encoding the XcpS
F200A

 protein behind the 

arabinose promoter, was introduced into Escherichia coli strain DH5α. Indeed, the growth of the 

resulting strain in the presence of arabinose was reduced compared to that of the same strain 
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with the empty vector, or with a plasmid encoding either wild-type XcpS or XcpS
Q95A 

(Fig. 4A). A 

similar growth defect did also occur when cells harbouring plasmid pMPM-S
F200A

 were grown in 

the absence of arabinose (data not shown; see also Fig. 5E). This result was not unexpected as 

expression of xcpS occurs from pMPM-K4Ω backbone vectors in the absence of arabinose (data 

not shown; see also Arts et al, 2007a). 

As XcpS was previously shown to form channels in artificial lipid bilayers when incubated with 

the hydrophilic part of the pseudopilin XcpT (Chapter 2), we hypothesized that the deleterious 
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Figure 3: Growth defects caused by the production of the XcpS
F200A

 protein in P. aeruginosa. 

Growth curves were determined of the xcpS mutant PAO1∆S (A) and the xcpP-Z mutant D40QZ (B) each 
containing either the empty vector pYRC (-), pYRC-S encoding wild-type XcpS (S), pYRS-S

Q95A
 encoding 

XcpS
Q95A

 or pYRC-S
F200A

 encoding XcpS
F200A

. The experiments were carried out in triplicate and representative 
growth curves are shown. Cells were inoculated at an OD

600
 of 0.05 and growth in the presence of 1 mM IPTG 

was monitored for 10 h.
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effect of XcpS
F200A

 production on growth may be due to the formation of uncontrolled channels 

in the inner membrane. To investigate this possibility, we determined the induction of the Phage-

shock-protein (Psp) response, which is known to be generated by different stress conditions 

that disturb the integrity of the inner membrane (reviewed in Darwin, 2005) and result in the 

dissipation of the proton-motive force (Kleerebezem et al, 1996). Immunoblot analysis of whole 

cell preparations with anti-PspA antiserum showed that synthesis of the XcpS
F200A

 protein indeed 

resulted in increased production of PspA, which was not observed in cells producing wild-type 

XcpS or any of the other XcpS derivatives tested (Fig. 4B). Immunoblot analysis of the same 

protein preparations with anti-XcpS antiserum showed that the induction of the stress response 

could not be due to higher production levels of the XcpS
F200A

 derivative (examples are shown in 
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Figure 4: Production of XcpS
F200A

 in E. coli reduces growth and induces the Psp response. 

(A) Growth curve of E. coli DH5α with the empty vector pMPM-K4Ω (Ω), or producing wild-type XcpS from 
plasmid pMPM-K4S1 (S), XcpS

Q95A
 from pMPM-S

Q95A
 or XcpS

F200A
 from pMPM-S

F200A
. Cells were inoculated at 

an OD
600

 of 0.05 and grown in the presence of 0.5 % L-arabinose for 10 h. The experiment was performed 
in triplicate and representative growth curves are shown. (B-C) Whole cell preparations of E. coli DH5α with 
pMPM-K4Ω (Ω), or pMPM-K4S1 (S) or producing mutant XcpS proteins (number indicates the position of the 
replaced amino acid residue) were analysed by Western blotting using anti-PspA antiserum (B) or anti-XcpS 
antiserum (C). Cells were grown as described for (A) and harvested after 10 h. The positions of PspA and XcpS 
and, on the left, of the molecular weight standard proteins are indicated. 
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Fig. 4C). These results indicate that the replacement of the conserved phenylalanine at position 

200 of XcpS, which is located within the small periplasmic loop of the protein, affects the gating 

of the channel formed by XcpS.

XcpT and XcpRYZ modulate the XcpS-induced Psp response
Since the formation of XcpS channels in vitro was observed only in the presence of XcpT (Chapter 

2), we considered the possibility that the co-production of XcpT with wild-type XcpS would result 

in the formation of channels in vivo, which we expected to be reflected in growth retardation and 

in induction of the Psp response. To study this possibility, growth of E. coli with xcpS on pMPM-S
F200A

 

and xcpT behind the lac promoter on the medium copy-number plasmid pYRC-T was monitored 

for 10 h. Since the experiment described above showed that xcpS expression from the high copy-

number plasmid pMPM-S
F200A

 already occured in the absence of arabinose, the cells were grown 

without arabinose, but in the presence of 1 mM IPTG to induce the production of XcpT. After 10 h 

the cells were harvested and analysed by immunoblotting with anti-PspA antiserum. 

Production of the two proteins together reduced the growth rate (Fig. 5C) and induced the Psp 

response (Fig. 5A, lane 5); such phenotypes were not observed in cells producing either of the 

two proteins alone (Fig. 5A, lanes 2 and 4; Fig. 5B, C). Similar experiments were performed with 

cells expressing the non-functional XcpS
Q95A

 protein. Interestingly, cells synthesising this protein 

did neither show the Psp response (Fig. 5A, lane 8) nor a reduced growth rate (Fig. 5D) upon co-

production of XcpT, indicating that XcpT is incapable of inducing the opening of a channel in this 

mutant protein.

Like XcpT, the XcpRYZ protein complex, is known to interact with and stabilise XcpS (Arts et al, 

2007a). However, co-expression of xcpRYZ along with wild-type XcpS did not result in a growth 

defect (Fig. 5C) nor in PspA production (Fig. 5A, lane 6). These results indicate that specifically XcpT 

triggers the formation of pores by XcpS in vivo. The reduction in growth rate of cells co-expressing 

wild-type xcpS and xcpT was very similar to that of the strain producing the XcpS
F200A

 protein 

alone. Simultaneous production of XcpT with XcpS
F200A

 did neither result in a further reduction in 

growth rate (Fig. 5E) nor in a further increase in PspA production (Fig. 5A, lane 11). The amount 

of PspA was even slightly decreased in the presence of XcpT. Interestingly, the Psp response was 

almost completely absent when XcpS
F200A

 was produced together with XcpRYZ (Fig. 5A, lane 12). 

Moreover, growth of E. coli producing the XcpS
F200A

 protein was strongly improved when XcpRYZ 

were co-produced (Fig. 5E). Western blotting showed that the co-production of XcpRYZ did not 

negatively affect the production level of XcpS
F200A

 (results not shown). These results show that the 

XcpRYZ complex abolishes the toxicity of the XcpS
F200A

 protein.
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Figure 5: Co-production of XcpT and XcpRYZ with XcpS variants in E. coli affects growth and 

modulates the Psp response.

E. coli DH5α with the empty vector pMPM-K4Ω (Ω), pMPM-K4S1 encoding wild-type XcpS (S), pMPM-S
Q95A

 
encoding XcpS

Q95A
 or pMPM-S

F200A
 encoding XcpS

F200A
 in combination with either the empty vector pYRC (-), 

pYRC-T with xcpT (T) or pYRC-RYZ with xcpRYZ (RYZ) were inoculated at an OD
600

 of 0.05 and grown in the 
presence of 1 mM IPTG, but in the absence of arabinose for 10 h. (A) Cells were collected after 10 h of growth 
and analysed by immunoblotting with anti-PspA antiserum. The position of PspA is indicated at the right 
and the positions of the marker proteins on the left. (B-E) The experiments were performed in triplicate and 
representative growth curves are shown. 
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Discussion

In this study, amino acid substitutions were introduced in the XcpS component of the T2SS of 

P. aeruginosa in order to identify residues important for function. Several residues were selected 

that are highly conserved among members of the GspF family. Different classes of mutant XcpS 

proteins could be discriminated. The four proteins with the R109E, N301A, E343R or M351A 

substitutions complemented the xcpS mutant PAO1ΔS for elastase secretion, showing that the 

substituted residues are not essential for the function of the protein. Surprisingly, production of 

the functional XcpS
R109E

 conferred a dominant-negative effect on secretion in the wild-type strain 

PAO1. The reason for this effect is unclear and remains to be elucidated.

Ten mutant forms of XcpS were completely unable to restore secretion in PAO1ΔS. Several of 

these mutant proteins, namely those with the R26E, R29E, R273E or T277A substitutions, appeared 

to be highly unstable, since they were not or hardly detectable in cells, even upon induction 

with 1 mM IPTG. The arginines at amino acid positions 26 and 29 are located in the N-terminal 

part of XcpS, which, as we recently demonstrated, is post-translationally removed by proteolytic 

cleavage (Chapter 3). In that same study, XcpS mutant proteins lacking 36 amino acid residues at 

the N terminus or carrying a L37T substitution were shown to be unstable as well. The instability 

of XcpS
R26E

 and XcpS
R29E

 therefore underscores the role of this N-terminal part in stabilisation 

of the protein, which can be either direct or indirect by facilitating an interaction with another 

component of the machinery. Interestingly, the non-functional XcpS
L32A

 protein had, besides 

a slightly decreased stability, a smaller apparent molecular weight, indicating that processing 

might not occur at the right position in this protein. XcpS
R273E

 and XcpS
T277A

, with mutations in 

the large cytoplasmic loop of XcpS, were also very unstable. This loop was previously implicated 

in the stabilisation of XcpS by XcpRYZ (Arts et al, 2007a). These mutations may directly interfere 

with the interaction of XcpS with these components or, alternatively, influence the folding of this 

domain thereby indirectly affecting the interaction. 

The XcpS derivatives with the Q95A, F129A, F200A, R354E or E375R substitutions were all clearly 

detectable, but unable to restore secretion in strain PAO1ΔS, showing that the replaced amino 

acid residues are important for functionality. Apart from being not functional, the XcpS
Q95A

 and 

XcpS
R354E

 proteins also caused a dominant-negative effect on secretion in the wild-type strain 

PAO1. Apparently, these proteins can still interact with other components of the system. The 

arginine at position 354 is in some homologues replaced by another amino acid with a basic side-

chain (lysine) (Fig. 1B), indicating that this is a functionally important characteristic of residues at 

this position. As the glutamine at amino acid position 95 is not conserved in the type IV piliation 
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homologues PilC and PilG, and is not replaced in homologues by an amino acid with similar 

characteristics (Fig. 1B), it may be involved in interactions with components specific for the 

T2SSs, i.e. XcpP, XcpY or XcpZ. On the other hand, the observation that this amino acid is also not 

conserved in the T2SS homologue XpsF of X. campestris  (Fig. 1B) argues against this suggestion. 

Interestingly, production of one of the mutant proteins, namely that with the F200A substitution, 

resulted in a growth phenotype. The phenylalanine at this position is highly conserved and only 

replaced in some homologues by tyrosine (Fig. 1B), which is also an aromatic amino acid. When 

synthesized in a P. aeruginosa strain lacking the other Xcp proteins, XcpS
F200A

 severely impaired 

growth. Growth was also affected when the protein was produced in the heterologous host E. coli, 

where a concomitant induction of the Psp stress response was observed. Interestingly, a growth 

defect and an associated Psp response were also observed in E. coli producing wild-type XcpS 

in concert with the major pseudopilin XcpT. These results are consistent with and underscore 

recent in vitro data demonstrating that the soluble domain of XcpT triggers the opening of XcpS 

channels, formed by XcpS oligomers, in artificial lipid bilayers (Chapter 2). Importantly, the data 

presented here show that intact XcpT can stimulate the opening of channels in wild-type XcpS 

in vivo, emphasising that the previous in vitro data are biologically relevant. We postulate that 

the in vivo induced pores dissipate the proton-motive force, leading to an induction of the Psp 

response. The reduced growth rate and pspA induction found in cells producing XcpS
F200A

 in the 

absence of XcpT suggest that, unlike wild-type XcpS, this mutant protein forms a pore that is in a 

constitutively open state. The phenylalanine at position 200 is located within the small periplasmic 

loop, which could conceivably interact with the hydrophilic domain of XcpT. The F200A mutation 

may therefore mimic the conformational change that is normally induced by the binding of the 

pseudopilin and results in the opening of a pore in XcpS. Synthesis in E. coli of XcpS
Q95A

, which 

has an amino acid substitution in the N-terminal cytoplasmic domain, did not induce a Psp stress 

response when co-synthesized with XcpT, indicating that this protein is unable to form a pore.

The co-production of XcpT with XcpS
F200A

 in E. coli did not lead to a further increase in the amount 

of PspA, but even resulted in a slight decrease of the Psp response. Moreover, growth of this 

strain was also slightly improved as compared to a strain producing XcpS
F200A 

alone. This result 

suggests that XcpT may not only trigger the opening of the XcpS channel, but may also partially 

fill the XcpS pore, most likely with its membrane anchor. Interestingly, the co-production of the 

XcpRYZ complex with XcpS
F200A

 resulted in normal growth and no Psp response. These results 

confirm that XcpRYZ interacts with XcpS and imply that XcpRYZ is capable of preventing the 

extracytoplasmic stress caused by the open channel state of the XcpS
F200A

 oligomer; apparently, 

the XcpRYZ complex blocks the XcpS channel, either by filling or covering the pore. Also, the 
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observation that production of XcpS
F200A

 strongly impairs growth in a strain lacking the entire 

xcp cluster, but much less so in the xcpS mutant PAO1ΔS, is consistent with the idea that other 

components of the T2SS block the channel formed by XcpS.  

In conclusion, the results described strongly indicate that XcpS forms channels in the inner 

membrane upon interaction with XcpT, consistent with our previous in vitro data. Moreover, we 

show that the substitution of the phenylalanine at position 200 results in the constitutive opening 

of the channel, which can be closed by the XcpRYZ complex. 

Materials and methods 

Bacterial strains and growth conditions. 
The E. coli and P. aeruginosa strains used in this study are listed in Table 1. They were grown at 37 °C 

in a modified Luria-Bertani (LB) broth (Tommassen et al, 1983). For growth curves, cultures grown 

overnight without inducer were diluted in fresh medium to an optical density at 600 nm (OD
600

)
 

of 0.05. Gene expression was induced with IPTG or 0.5 % L-arabinose. For plasmid maintenance, 

the following antibiotics were used: for E. coli, 50 µg/ml ampicillin, 50 µg/ml kanamycin, 10 µg/ml 

tetracycline and 20 µg/ml gentamicin, and for P. aeruginosa, 40 µg/ml gentamicin.

Plasmids and DNA manipulations.
Plasmids used in this study are listed in Table 2. Recombinant DNA methods were performed 

essentially as described (Sambrook et al, 1989), using E. coli strain Top10F’ for routine cloning. 

Table 1: Strains used 

Strain Relevant characteristicsa Source or reference

E. coli

Top10F’ F´[lacIq, Tn10(TetR)] mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara-leu)7697 
galU galK rpsL (StrR) endA1 nupG

Invitrogen

EC1064 argE his leu ∆(gpt-proA) thr thi galK xyl ara mtl tsx rpsL 
uvrA6 supE λ-

NCCB, The Netherlands

DH5α thi-1 hsdR17 gyrA96 recA1 endA1 glnV44 relA1 
Φ80lacZΔM15 phoA8 λ-

Hanahan (1983)

P. aeruginosa

PAO1 wild-type Holloway (1955)

PAO1ΔS PAO1ΔxcpS Arts et al (2007a)

D40QZ PAO1∆xcpP-Z Ball et al (1999)
a Str, streptomycin; Tet, tetracycline.
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Table 2: Plasmids used 

Plasmid Relevant characteristicsa Source or reference

pCRII-TOPO ApR KmR; TOPO TA cloning vector Invitrogen

pAX24 TetR; pLAFR3; xcpP to xcpZ gene cluster Filloux et al (1989)

pRK2013  KmR; ori ColE1, Tra+ Mob+ Figurski & Helinski (1979)

pYRC GmR, pBBR1-MCS5; lacI; P
lac

Arts et al (2007b)

pYRC-S pYRC; xcpS Chapter 3 

pYRC-S
R26E

pYRC encoding XcpS
R26E

This study

pYRC-S
R29E

pYRC encoding XcpS
R29E

This study

pYRC-S
L32A

pYRC encoding XcpS
L32A

This study

pYRC-S
Q95A

pYRC encoding XcpS
Q95A

This study

pYRC-S
R109E

pYRC encoding XcpS
R109E

This study 

pYRC-S
F129A

pYRC encoding XcpS
F129A

This study

pYRC-S
F200A

pYRC encoding XcpS
F200A

This study

pYRC-S
R273E

pYRC encoding XcpS
R273E

This study

pYRC-S
T277A

pYRC encoding XcpS
T277A

This study

pYRC-S
N301A

pYRC encoding XcpS
N301A

This study

pYRC-S
E343R

pYRC encoding XcpS
E343R

This study

pYRC-S
M351A

pYRC encoding XcpS
M351A

This study

pYRC-S
R354E

pYRC encoding XcpS
R354E

This study

pYRC-S
E375R

pYRC encoding XcpS
E375R

This study

pYRC-T pYRC; xcpT Chapter 2

pYRC-RYZ pYRC; xcpR, xcpY and xcpZ Arts et al (2007a)

pMPM-K4Ω KmR; cloning vector; P
araBAD

Mayer (1995)

pMPM-K4S1 pMPM-K4Ω; xcpS Arts et al (2007a)

pMPM-S
R29E

pMPM- K4Ω encoding XcpS
R29E

This study

pMPM-S
Q95A

pMPM- K4Ω encoding XcpS
Q95A

This study

pMPM-S
F129A

pMPM- K4Ω encoding XcpS
F129A

 This study

pMPM-S
F200A

pMPM- K4Ω encoding XcpS
F200A

 This study

pMPM-S
T277A

pMPM- K4Ω encoding XcpS
T277A

 This study

pMPM-S
R354E

pMPM- K4Ω encoding XcpS
R354E

This study

pMPM-S
E375R

pMPM- K4Ω encoding XcpS
E375R

 This study
a Ap, ampicillin; Gm, gentamicin; Km, kanamycin; Tet, tetracycline.
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Plasmids were introduced by the CaCl
2
 procedure into E. coli or by tri-parental conjugation into 

P. aeruginosa using E. coli strain EC1064 carrying plasmid pRK2013. PCRs were performed with 

the proofreading DNA polymerase Pwo (Roche), and PCR products were cloned into the pCRII-

TOPO vector according to the manufacturer’s protocol and verified by nucleotide sequencing. 

Oligonucleotides used are listed in Table 3. 

The mutant xcpS alleles were generated by PCR using the megaprimer approach (Barik & Galinski, 

1991; Barik, 1996). Briefly, the megaprimers for introducing substitutions at positions 26, 29, 32, 

95, 109, 129 and 200 in XcpS were obtained by performing PCRs on the template pAX24 with 

primer M1M FW and the corresponding reverse primers. The PCR products were purified from 

gel (QIAquick gel extraction kit, Qiagen) and then used as megaprimers for a second PCR with 

pAX24 as the template and XcpS Rev as the reverse primer. To introduce substitutions at positions 

273, 277, 301, 343, 351, 354 and 375, megaprimers were similarly made with the corresponding 

forward primers and primer XcpS Rev. The megaprimers obtained were used in a second PCR with 

pAX24 as the template and M1M FW as the forward primer. All the PCR products were cloned into 

the pCRII-TOPO vector. The resulting plasmids were digested with XbaI and SacI or XhoI and KpnI, 

Table 3: Oligonucleotides used

Primer Sequence (5’→3’)a

M1M FW TCTAGAGACCCGGGAAGAATAATGGCCGCCTTCGAATAC

XcpS Rev CTCGAGGCCCGACTGTTGGCGACGCTGCAATGGGCGGC

R26E Rev CAACTGGCGGACCTGCTCCGCGCTGTCCGCCTC

R29E Rev CTCGCGCAGCAACTGCTCGACCTGGCGCGCGCT

L32A Rev CAATTGGCGCTCGCGAGCCAACTGGCGGACCTG

Q95A Rev GCGCTGCGAGGTGGAAGCCGCCGCGGCGGCGCG

R109E Rev TTCGAGGACCTTGGCCTCCACCGCGAGAAGCAT

F129A Rev CCGGTACAGCTCGGGAGCGGCGGTGGGAAACTC

F200A Rev CTGCCCGCTGTCGATAGCCACCCGGACCACGTC

R273E FW TCCACCGACACCGCGGAGTTCGCCTCGACCCTG

T277A FW GCGCGCTTCGCCTCGGCTCTGGCGATCCTCACC

N301A FW GCCGAGGTGATCGCCGCTCGGATCATCCGCAAC

E343R FW ATGATCGCCAGCGGCCGCCGCTCCGGCGAGCTG

M351A FW GGCGAGCTGGACCAGGCTCTGGCGCGCACCGCG

R354E FW GACCAGATGCTGGCGGAGACCGCGCGCAACCAG

E375R FW ATGGTCGGCCTGTTCCGCCCGTTCATGCTGATA
a Changed codons are shown in italics.



CHAPTER 4

96

depending on the orientation of the inserted gene (as determined by nucleotide sequencing), 

and the appropriate fragments were purified from gel and ligated into pYRC digested with the 

corresponding enzymes. High copy-number plasmids containing xcpS alleles were obtained by 

digestion of the corresponding pYRC derivatives with XbaI and XhoI and introducing the released 

fragment in XbaI-XhoI-digested pMPM-K4Ω by ligation with T4 DNA ligase.

SDS-PAGE and immunoblot analysis. 
Bacterial cells were suspended in SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer 

(2 % SDS, 5 % dithiotreitol, 10 % glycerol, 0.02 % bromophenol blue, 0.1 M Tris-HCl pH 6.8). 

Extracellular proteins were precipitated from culture supernatants using 5 % trichloroacetic 

acid and washed with acetone. The amount of protein loaded was equivalent to the quantity of 

protein present in 1 ml of a bacterial culture at an OD
600

 of 0.1. Samples were heated for 10 min 

at 95 °C and separated on SDS-PAGE gels (Laemmli, 1970) containing 11 % acrylamide with 

0.2 % SDS in the running gel. Proteins were stained with Coomassie brilliant blue or transferred 

to nitrocellulose membranes by Western blotting for immunodetection. The primary antisera 

used were directed against XcpS (Arts et al, 2007a) or PspA (Kleerebezem & Tommassen, 1993), 

both at a 1:1,000 dilution. Peroxidase-conjugated goat anti-rabbit immunoglobulin G antibodies 

(Biosource International) were used as secondary antibodies. Peroxidase activity was detected 

with chemiluminescence (Amersham).

Elastase activity assays. 
For qualitative analysis of elastase secretion, bacteria were streaked on LB agar plates containing 

0.5 % elastin (Sigma) and 1 μM IPTG (strain PAO1ΔS) or 1 mM IPTG (strain PAO1). The plates were 

incubated for 2 days at 37 °C, after which they were examined for the presence of clear haloes 

around the streaks. For quantitative analysis of elastase secretion, the colorimetric elastin/Congo 

red assay (Naughton & Sanger, 1961) was used. Briefly, P. aeruginosa was grown overnight in LB 

medium supplemented with IPTG. Cells were removed by centrifugation and 250 µl of the culture 

supernatant were incubated for 2 h at 37 °C with 500 µl of 10-mg/ml elastin/Congo Red (Sigma) 

dissolved in assay buffer (45 mM Tris-HCl, 1.5 mM CaCl
2
 pH 7.2). The reaction was stopped by the 

addition of 500 µl of 0.7 M NaH
2
PO

4
 pH 6.0. After removal of non-degraded elastin/Congo red by 

centrifugation (3 min, 14000 g), absorbance was measured at 495 nm. 
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Abstract

The subcellular localisation of the major type II secretion system of 

Pseudomonas aeruginosa, the Xcp system, was studied microscopically 

by using a biarsenical ligand that becomes fluorescent upon binding 

of a tetracysteine motif (Lumio tag), which was fused to several Xcp 

components. Fusion of the Lumio tag to the C termini of the XcpR 

and XcpS proteins did not affect the functionality of these proteins. 

Fluorescence microscopy showed that they were localised to the 

poles of P. aeruginosa cells, when produced at levels comparable 

to chromosomally encoded XcpR and XcpS. In most labelled cells, 

the proteins were localised to one of the poles, although bipolar 

localisation was also observed. When produced in the absence of other 

Xcp components, labelled XcpS was still found to locate at the poles, 

whereas XcpR was evenly distributed in the cell. These data suggest that 

XcpS, but not XcpR, contains information required for polar localisation. 

Two non-functional, N-terminally Lumio-tagged Xcp proteins, namely 

XcpS and XcpP, exhibited uniform non-polar fluorescence, underscoring 

the importance of using functional proteins for localisation studies. 

The polar location of the Xcp machinery was further confirmed by the 

visualisation of protease secretion with an intramolecularly quenched 

casein conjugate. 
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Introduction

Gram-negative bacteria have evolved several pathways for the secretion of proteins, one of them 

being the type II secretion pathway, also known as the general secretory pathway (GSP) (Filloux, 

2004). Type II secretion is a two-step process. The substrates, which include a large variety of 

toxins and enzymes, are first translocated over the inner membrane via either the Sec or the 

TAT system. In the periplasm, the folded proteins are recognised by the type II secretion system 

(T2SS) and secreted into the extracellular environment. T2SSs are complex machines consisting 

of 12 to 16 components, which are generically named Gsp, and Xcp in the case of the main T2SS 

in Pseudomonas aeruginosa. Many components of T2SSs share considerable sequence similarity 

with proteins of type IV pili and their assembly apparatus, the competence systems of Gram-

positive bacteria, and components of the archaeal flagellum (Peabody et al, 2003), indicating an 

ancient evolutionary origin.

The Xcp system of P. aeruginosa is important for the secretion of many different proteins, including 

elastase, lipase, phospholipases, chitin-binding protein, and exotoxin A. The system is encoded by 

twelve xcp genes (Filloux et al, 1998; Koster et al, 2000). Production of the system is regulated by 

quorum sensing (Chapon-Hervé et al, 1997; De Kievit & Iglewski, 1999), and it has been estimated 

that 50 to 100 Xcp complexes are present in the cell at high cell densities (Brok et al, 1999). The 

secretion channel in the outer membrane is though to be formed by the secretin XcpQ (GspD). 

The five components XcpT (GspG), XcpU (GspH), XcpV (GspI), XcpW (GspJ) and XcpX (GspK) 

share homology in their N termini to the subunits of type IV pili, and putatively assemble into a 

pseudopilus important for pushing the substrates through the secretion pore. These pseudopilins 

are produced with a leader peptide, which is cleaved off by the prepilin peptidase XcpA (GspO) 

(Bally et al, 1992; Bleves et al, 1998; Nunn & Lory, 1992). The energy, which is required for assembly 

of the pseudopilus and the extrusion of substrates, is in all probability generated in the cytoplasm 

by the ATPase XcpR (GspE) (Camberg & Sandkvist, 2005; Robien et al, 2003), which is part of the 

inner membrane platform further consisting of the integral inner membrane proteins XcpY 

(GspL), XcpZ (GspM) and XcpS (GspF) (Py et al, 2001; Robert et al, 2005b). XcpP (GspC) is thought 

to form a bridge between the secretin and the inner membrane platform (Bleves et al, 1999; 

Gérard-Vincent et al, 2002; Robert et al, 2005a).

Besides the Xcp system, there is another T2SS in P. aeruginosa, named Hxc, which is functional 

under phosphate limitation and involved in the secretion of the low-molecular-weight alkaline 

phosphatase LapA (Ball et al, 2002). In addition, P. aeruginosa produces type IV pili, which are 

important for adhesion to various materials and for twitching motility caused by alternating 
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extensions and retractions of the pilus (Mattick, 2002). The three systems depend on the same 

prepilin peptidase (XcpA/PilD) for processing of their prepilin subunits (Ball et al, 2002; Bally et 

al, 1992; Nunn & Lory, 1991; Nunn & Lory, 1992). The type IV pili are located at the old pole of 

the cell (Weiss, 1971) and the ATPases important for retraction and extension of the pilus have 

been shown to localise to the cell poles by using fluorescent fusion proteins (Chiang et al, 2005). 

Since type IV pili and their assembly apparatus are located at the poles and show high sequence 

similarity to the components of T2SSs, one could expect also the T2SSs to be localised at the 

poles. The localisation of the Xcp system has not been investigated so far, but the T2SS of Vibrio 

cholerae was indeed found to be located at the old pole of the cell using real-time monitoring 

of green fluorescent protein (GFP) fusions and visualisation of active protease secretion in single 

cells (Scott et al, 2001). In contrast, the T2SS of Klebsiella oxytoca was shown, using a similar 

approach with GFP as a reporter, to be evenly distributed over the cell surface (Buddelmeijer et al, 

2006). These different findings make it of interest to study the location of T2SSs in other bacteria. 

In this study, we determined the location of the Xcp machinery of P. aeruginosa by fluorescent 

microscopy using Xcp proteins tagged with a tetracysteine motif (Lumio tag), as well as by 

visualising protease secretion using an intramolecularly quenched casein conjugate.

Results

Instability of GFP fusions
To determine the cellular localisation of the Xcp machinery, we initially fused GFP to the N 

terminus of XcpS and to the C terminus of XcpR. The functionality of the fusion proteins was 

assessed by introducing plasmids encoding the chimeric proteins into the xcpS mutant PAO1ΔS 

and the xcpR mutant PAN11, respectively. The secretion of elastase, the major substrate of the 

Xcp system, was evaluated after growth of the bacteria on elastin-containing LB plates and by 

analysis of extracellular protein profiles on SDS-PAGE gels after growth in liquid medium. Both 

plasmids complemented the corresponding mutations as evidenced by the formation of haloes 

around the colonies on the elastin plates (data not shown), but they did not detectably restore 

the secretion of elastase in cells grown in liquid medium (Fig. 1A). 

Immunoblotting showed that the culture conditions, on plate or in liquid medium, did not affect 

the production levels of the fusion proteins (Fig. 1B-E). In addition to the intact XcpR-GFP fusion, 

a breakdown product with an M
r
 of 25 kDa was detected with anti-GFP antiserum (Fig. 1C), which 

corresponds in size to the wild-type GFP protein. No degradation product corresponding in size 

to wild-type XcpR was detected with anti-XcpR antiserum (Fig. 1B). However, the expression 

level of chromosomal xcpR in the wild-type strain was also too low to be detected on this 
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Figure 1: Functionality and production of XcpR-GFP and GFP-XcpS chimeras. 

Shown are extracellular protein profiles (A) and immunoblots of whole cell lysates (B-E) of the wild-type 
strain PAO1 (WT), the xcpR mutant PAN11 (ΔR) with either the empty vector (-) or pYRC-RGFP encoding 
XcpR with a C-terminal GFP fusion (XcpR-GFP) and xcpS mutant PAO1ΔS with either the empty vector (-) 
or pYRC-GFPS encoding XcpS with an N-terminal GFP fusion (GFP-XcpS). (A) Extracellular proteins of cells 
grown in LB were precipitated with TCA, analysed by SDS-PAGE and stained with Coomassie brilliant blue. 
The position of the major Xcp substrate, elastase, is indicated. (B-E) Whole cell preparations of bacteria grown 
on plate (P) or in liquid medium (L) were subjected to SDS-PAGE followed by transfer to nitrocellulose and 
immunodetection with the antisera indicated. Asterisks indicate degradation products and the positions of 
the molecular weight marker proteins are indicated at the left. Expression of the GFP fusions was induced 
with 1 mM IPTG.
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immunoblot (Fig. 1B), which is likely caused by the short  film exposure time of the blot due to the 

high production of the XcpR-GFP chimera. Also the GFP-XcpS fusion was subject to proteolytic 

degradation and breakdown products were detected with the anti-XcpS antibodies (Fig. 1D), but 

not with anti-GFP (Fig. 1E). The instability of the chimeras was similar in cells grown on plate and 

in liquid medium. It is possible that the breakdown products, rather than the full-length fusion 

proteins, were responsible for the complementation of the xcpR and xcpS mutations observed for 

the strains grown on plates. 

Construction and characterisation of Lumio-tagged Xcp proteins
Since the GFP fusions were both unstable and only partially functional, these chimeras were 

unsuitable for localisation studies. Another labelling technique was therefore employed, which 

is based on the detection of proteins carrying a tetracysteine motif, named Lumio tag, with a 

biarsenical fluorophore. This ligand only becomes fluorescent upon covalent binding to the 

tetracysteine tag. The advantage over GFP fusions is that the small Lumio tag (six amino acids) is 

less likely to interfere with the functionality and the stability of the target proteins. Four different 

Lumio-tagged Xcp proteins were engineered, namely XcpP with an N-terminal Lumio tag 

(LumXcpP), XcpR with a C-terminal Lumio tag (XcpRLum) and XcpS with either an N-terminal 

(LumXcpS) or a C-terminal Lumio tag (XcpSLum). 

Production of C-terminally tagged XcpR and XcpS in the xcpR and xcpS mutant strains PAN11 and 

PAO1∆S, respectively, restored the secretion of elastase, as appeared from the extracellular protein 

profiles (Fig. 2A) and from the formation of haloes around the colonies on elastin-containing plates 

(data not shown), showing that these tagged proteins are functional. In contrast, production of 

N-terminally tagged XcpP and XcpS in the xcpP and xcpS mutant strains PAO1∆P and PAO1∆S, 

respectively, did not complement the secretion defect in either assay (shown for the extracellular 

protein profile in Fig. 2A). Moreover, the latter two proteins showed a strong dominant-negative 

effect in the wild-type strain PAO1, where their production interfered with elastase secretion in 

both assays (shown for the extracellular protein profile in Fig. 2B).

For subcellular localisation studies, it is important that the tagged proteins are produced at 

similar levels as the chromosomally encoded proteins in the wild-type strain in order to maintain 

the correct stoichiometry of the various components of the Xcp machinery. Induction of gene 

expression with 1 μM IPTG resulted in the production of the recombinant C-terminally tagged 

XcpR (Fig. 2D) and XcpS (Fig. 2E) at levels comparable to those found for the chromosomally 

encoded XcpR and XcpS, respectively, in the wild-type strain PAO1. Under these conditions 

the production level of N-terminally tagged XcpP was slightly elevated compared to that of 
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chromosomally encoded XcpP in PAO1 (Fig. 2C), whereas the amount of N-terminally tagged 

XcpS was lower than that of XcpS in the wild-type strain (Fig. 2E). N-terminally tagged XcpS 

displayed an aberrant electrophoretic mobility as compared to wild-type XcpS (Fig. 2E). A similar 

decrease in mobility was observed when a polyhistidine tag was engineered to the N terminus 

of XcpS (Chapter 3). 
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Figure 2: Functionality and production of Lumio-tagged proteins.

Shown are extracellular protein profiles (A-B) and immunoblots of whole cell lysates (C-E) of the wild-type 
strain PAO1 (WT) with the empty vector pYRC (-), pYRC-LumP encoding N-terminally Lumio-tagged XcpP 
(LumXcpP), pYRC-RLum encoding C-terminally Lumio-tagged XcpR (XcpRLum), pYRC-LumS encoding N-
terminally Lumio-tagged XcpS (LumXcpS) or pYRC-SLum encoding XcpS with a C-terminal Lumio tag 
(XcpSLum), the xcpP mutant PAO1ΔP with the empty vector or pYRC-LumP, the xcpR mutant PAN11 (ΔR) with 
the empty vector or pYRC-RLum and the xcpS mutant PAO1ΔS with the empty vector, pYRC-LumS or pYRC-
SLum. (A-B) Extracellular protein profile of cells grown in LB were precipitated with TCA, analysed by SDS-
PAGE and stained with Coomassie brilliant blue. The position of the major Xcp substrate, elastase, is indicated. 
(C-E) Whole cell preparations of bacteria were subjected to SDS-PAGE followed by transfer to nitrocellulose 
and immunodetection with the antisera indicated. The positions of the molecular weight marker proteins are 
indicated on the left. Only the relevant parts of the gels are shown.



CHAPTER 5

104

Figure 3: Localisation of Lumio-tagged proteins.

(A and H) xcpS mutant (ΔS) producing C-terminally Lumio-tagged XcpS (XcpSLum) from plasmid pYRC-
SLum. (B) ΔxcpP-Z mutant (ΔQZ) harbouring plasmid pYRC-SLum. (C) xcpR mutant PAN11 (ΔR) producing 
C-terminally Lumio-tagged XcpR (XcpRLum) from plasmid pYRC-RLum. (D) ΔQZ harbouring the plasmid 
pYRC-RLum. (E) xcpP mutant (ΔP) producing N-terminally Lumio-tagged XcpP (LumXcpP) from plasmid 
pYRC-LumP. (F) ΔS producing N-terminally Lumio-tagged XcpS (LumXcpS) from plasmid pYRC-LumS. (G) 
ΔQZ producing N-terminally polyhistine-tagged and C-terminally Lumio-tagged PilB from plasmid pYRC-
HisPilBLum (PilB).  For all panels: Cells were overnight grown on an LB plate containing 1 μM IPTG. Cells 
scraped from plate were suspended in Hepes buffer with (A-G) or without (H) the biarsenical ReAsH-reagent 
and incubated for 3 h. Fluorescent images (TRITC filter) are on the right, corresponding bright field images 
on the left. Fluorescent poles are indicated with arrowheads. Scale bar represent 5 μm.
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Localisation of Lumio-tagged proteins
The functional recombinant proteins XcpRLum and XcpSLum were used to determine the 

localisation of the Xcp system in P. aeruginosa. XcpSLum produced in the xcpS mutant PAO1ΔS 

localised at the cell poles (Fig. 3A). Depending on the experiment, between 50 and 80 % of the 

cells were fluorescent and both unipolar and bipolar labelling was observed, although unipolar 

labelling was predominant: ~80 % of the labelled cells displayed unipolar fluorescence. Similarly, 
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the xcpR mutant PAN11 producing XcpRLum showed mainly unipolar fluorescence (Fig. 3C). As 

a positive control, a PilB derivative (His
6
PilBLum) was constructed containing a C-terminal Lumio 

tag as well as an N-terminal His tag (to enable immunodetection on Western blots). PilB is a 

homologue of XcpR involved in type IV pili biogenesis in P. aeruginosa, and its localisation to 

both cell poles has been described (Chiang et al, 2005). Cells producing His
6
PilBLum showed 

a very similar fluorescence pattern (Fig. 3G) as described previously for cells producing yellow-

fluorescent protein fused to the PilB N terminus  (Chiang et al, 2005), namely bipolar fluorescence 

in approximately 80 % of the labelled cells. When any of the strains described above was incubated 

without the biarsenical reagent ReAsH, no fluorescence was detectable, as shown for the cells 

producing C-terminally tagged XcpS in Fig. 3H. This demonstrates that the fluorescence observed 

after incubation with ReAsH is generated by a specific interaction between the tetracysteine 

motif and the ligand.

  

When C-terminally tagged XcpS and XcpR were produced in the wild-type strain PAO1, the 

fluorescent signal was very diffuse and no clear polar patches were visible (data not shown), 

which may be caused by competition between the recombinant proteins and the chromosomally 

encoded XcpS and XcpR for association with the machinery. Indeed, when C-terminally tagged 

XcpR or XcpS were overproduced in their respective mutant strains PAN11 and PAO1∆S by 

induction with 1 mM IPTG, fluorescent foci were still visible at the poles albeit much less clearly 

than under low induction conditions and the remainder of the cell also became more fluorescent 

(data not shown), indicating that excess XcpR and XcpS also occupies other cellular positions. 

Production of the recombinant XcpR protein in strain D40QZ, which is deleted for the entire xcp 

locus, resulted in uniform fluorescence (Fig. 3D). In contrast, C-terminally tagged XcpS was still 

mainly found at the cell poles in this strain (Fig. 3B). The overall fluorescence caused by this XcpS 

derivative was however strongly reduced when produced in D40QZ compared to that in the wild-

type strain, which is consistent with previous observations that XcpS is unstable in the absence 

of the other Xcp proteins (Arts et al, 2007). These results show that XcpR requires the presence of 

other Xcp components for polar localisation, while XcpS is confined to the poles in the absence 

of the rest of the machinery, suggesting that it has targeting information on its own. 

Fluorescence microscopy showed that the non-functional N-terminally tagged recombinant XcpS 

protein did not localise to the poles in PAO1ΔS, but was distributed uniformly throughout the cell 

(Fig. 3F). This result suggests that the N-terminally located Lumio tag interferes with targeting of 

the protein to the pole. Interestingly, also the non-functional N-terminally tagged XcpP showed 

non-polar localisation in the xcpP deletion strain PAO1ΔP (Fig. 3E), indicating that also this protein 

does not co-localise with the rest of the machinery.  
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Elastase secretion at the poles
To visualise the site of type II secretion, an intramolecularly quenched casein derivative was 

used, which upon proteolysis releases highly fluorescent peptides. This method allows for the 

detection of extracellular protease activity of single cells, as was previously demonstrated for 

the release of T2SS-dependent proteases by V. cholerae (Scott et al, 2001). In this experiment, 

we used cells of the aprE mutant strain PAO25ME3, which is defective in the secretion of the 

type I secretion system substrate alkaline protease. The cells were grown overnight and then 

washed to remove extracellular elastase. Since both the Xcp machinery and its substrates are 

regulated by quorum sensing (Chapon-Hervé et al, 1997; De Kievit & Iglewski, 1999), the cells 

were mixed with spent medium of an aprE lasB xcpQ triple mutant (PAN9), which should contain 

autoinducers but neither alkaline protease nor elastase or any other protease secreted via the 

Xcp machinery. After addition of the casein conjugate, the mixture was embedded in agarose 

to immobilise the cells. After 30 min of incubation, the bacteria were examined by fluorescence 

microscopy. Fluorescence was observed for approximately 10 % of the cells and occurred only 

at a single pole (Fig. 4A). When cells of an xcpQ mutant (PAN1) were used, no fluorescent spots 

were detected (Fig. 4B). Thus, the observed fluorescence requires a functional Xcp system. From 

these experiments, we conclude that active secretion by the Xcp machinery is restricted to the 

poles of the cell.

Discussion

In this study, specific labelling of tetracysteine-tagged Xcp components with biarsenical ligands 

was employed to determine the localisation of the main T2SS in P. aeruginosa. Since these 

fluorophores are membrane permeable, this technique can be utilised to locate proteins in viable 

cells. Additionally, the Lumio tag can be introduced in both cytoplasmic as well as periplasmic 

domains of a protein. Most importantly, this approach has the advantage that the tagging of a 

protein with a peptide of only six amino acid residues (CCPGCC) is less likely to interfere with 

function than its fusion to a fluorescent reporter protein such as GFP. Indeed, when the tag was 

fused to the C terminus of XcpR, the resulting protein was fully functional, while GFP fused at the 

same position to XcpR affected the functionality. Both the XcpR-GFP and the GFP-XcpS fusion 

proteins were unstable. Since the degradation products formed may influence localisation and 

functionality studies, these chimeras were not further employed.

The functional C-terminally Lumio tagged XcpR and XcpS proteins were found at the poles of the 

cell, which is similar to the reported localisation of T2SS (Eps) components of V. cholerae (Scott 

et al, 2001) but dissimilar to that of components of the Pul system of K. oxytoca (Buddelmeijer 
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et al, 2006). The latter study showed that polar fluorescence can be an artefact caused by 

overproduction of the fluorescent protein. However, since the production levels of our tagged 

proteins were similar to that of chromosomally encoded XcpS and XcpR, the polar fluorescence 

in this study is unlikely to represent such an artefact. Moreover, we also showed that secretion 

occurs at the poles by direct visualisation of Xcp-mediated protease secretion. In this experiment, 
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Figure 4: Polar secretion of proteases by the Xcp system.

Cells of the aprE mutant PAO25ME3 (+Xcp) (A) or the xcpQ mutant PAN1 (-Xcp) (B) were resuspended in spent 
medium of the aprE lasB xcpQ triple mutant PAN9 as a source of autoinducers and embedded in agarose 
containing Bodipy FL casein. After 30 min incubation, proteolysis of the substrate was evaluated. Arrowheads 
indicate fluorescence at the pole. Fluorescence images (FITC filter) are shown in the middle panels. The 
corresponding bright field images are presented in the panels at the left. The overlays of these images, 
created in Photoshop, are shown on the right. Scale bar represent 5 μm. 
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all the labelled cells exhibited unipolar secretion. The localisation of C-terminally tagged XcpR 

and XcpS was predominantly unipolar, although bipolar fluorescence was observed as well. The 

Eps system of V. cholerae has been found to locate at the old cell pole, although upon maturation 

of the cells, a shift to a bipolar distribution was observed to take place (Scott et al, 2001). Such 

redistribution may occur also in P. aeruginosa.

An XcpS derivative with an N-terminal Lumio tag was not functional and exerted a dominant-

negative effect on secretion in the wild-type strain. This derivative was also characterised by an 

aberrant electrophoretic mobility. The lack of functionality of this recombinant protein indicates 

that the partial functionality of the GFP-XcpS chimera observed in cells grown on plate was 

caused by the degradation products formed and not by the intact fusion protein. Interestingly, 

fluorescence microscopy showed that the non-functional N-terminally Lumio-tagged XcpS 

protein was not located to the cell poles, showing that the tag affected the subcellular localisation. 

Thus, the dominant-negative phenotype caused by the production of this derivative is perhaps 

caused by its ability to titrate other components thereby preventing their incorporation into 

the machinery. Also production of XcpP with an N-terminal Lumio tag did not restore elastase 

secretion in the xcpP mutant strain and inhibited secretion in the wild-type strain. XcpP is a 

bitopical inner membrane protein, with a short cytoplasmic N terminus and a long periplasmic 

C-terminal region (Bleves et al, 1996). The protein is thought to interact with the outer membrane 

secretin as well as with the inner membrane platform formed by XcpR, XcpS, XcpY and XcpZ 

(Bleves et al, 1999; Gérard-Vincent et al, 2002; Robert et al, 2005b). 

The finding that N-terminally Lumio-tagged XcpP was not functional was unexpected, since a 

truncated XcpP derivative lacking the N-terminal 17 amino acids residues has previously been 

shown to be functional (Bleves et al, 1999). It is therefore not clear why the presence of the tag 

blocks the function of XcpP, but it is possible that the tag, in spite of its small size, causes steric 

hindrance thereby preventing interactions with other Xcp components. Production of N-terminally 

tagged XcpP caused an evenly distributed fluorescence in the cell, suggesting that the protein, 

like N-terminally tagged XcpS, is not assembled correctly in the machinery, although it can still 

interact with some components. Perhaps the tag prevents the association of XcpP with the inner 

membrane platform, while it can still interact with the secretin in the outer membrane.

XcpS with a C-terminal Lumio tag localised to the pole in the absence of all other Xcp components, 

which indicates that XcpS itself carries the information required to reach its destination. Lumio-

tagged XcpR, on the other hand, did not show polar localisation in the absence of other Xcp 

proteins, suggesting that it is recruited to the pole by another protein. Which Xcp component 
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is required for polarity of XcpR could not be determined with an available set of strains carrying 

mutations in individual xcp genes, since tagged XcpR did not localise correctly in the presence of 

chromosomally encoded XcpR. Therefore, double mutants, each lacking xcpR and one other xcp 

gene, will have to be constructed to address this question. Interestingly, PilB, the XcpR homologue 

of the type IV pilus-assembly apparatus of P. aeruginosa, has been shown to depend on the XcpS 

homologue PilC for targeting to the pole (Chiang et al, 2005). Since XcpS interacts with XcpR and 

XcpY (Robert et al, 2005b), XcpS may also be important to retain XcpR to the pole. However, the 

instability of XcpS in the absence of other Xcp components (Arts et al, 2007) makes it unlikely 

that XcpS acts as a polar nucleation factor for the other Xcp components, even though it does 

contain polar targeting information. The GFP-EpsM protein, an XcpZ homologue of V. cholera, 

was shown to localise to the poles in the absence of the other components, while GFP-EpsL, 

the XcpY homologue, required EpsM for polar localisation (Scott et al, 2001). The combined data 

suggest that several Xcp components may contain information required for polar assembly, while 

others are associated to the poles by binding to their interaction partners. A similar situation has 

been described for the VirB proteins of the type IV secretion system of Agrobacterium tumefaciens, 

where some components are independently targeted to the cell pole, whereas other components 

depend on other VirB proteins for polar localisation (Judd et al, 2005).

Our results show that not only the biogenesis of type IV pili, but also the assembly of the main T2SS 

occurs at the cell poles of P. aeruginosa. The advantage of a polar localisation of the T2SS is at this 

stage unknown. However, the restricted localisation may facilitate the efficient assembly of these 

complex cell-envelope-spanning machines. This restricted localisation does also raise many new 

questions. How do the components without localisation signals reach their interaction partners? 

How do the substrates find the secretion system, if the Sec and the TAT systems that transport 

them across the inner membrane are not localised to the poles? What is the signature in the 

proteins that restricts their localisation to the pole and what are the cellular factors responsible for 

the recognition of this signal? Future research will focus on answering these questions.

Materials and methods

Bacterial strains and growth conditions. 
The Escherichia coli and P. aeruginosa strains used in this study are listed in Table 1. E. coli Top10F’ 

was used for general cloning purposes. The bacteria were grown at 37 ºC in a modified Luria-

Bertani (LB) broth (Tommassen et al, 1983) solidified with 1.5 % agar for plating. For the detection 

of elastase secretion on plate, bacteria were streaked on LB plates containing 0.5 % (w/v) elastin 

(Sigma). After 2 days of incubation at 37 ºC, the plates were evaluated for the presence of haloes 
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Table 1: E. coli and P. aeruginosa strains

Strain Relevant characteristicsA Source or reference

E. coli

Top10F’ F´[lacIq, Tn10(TetR)] mcrA ∆(mrr-hsdRMS-mcrBC) 
Φ80lacZ∆M15 ∆lacX74 recA1 araD139 ∆(ara-leu)7697 
galU galK rpsL (StrR) endA1 nupG

Invitrogen

P. aeruginosa

PAO1 Wild-type Ball et al (1999)

PAO1ΔP PAO1ΔxcpP Bleves et al (1999)

PAN1 PAO25 xcpQ::GmR Bitter et al (1998)

PAN11 PAO25 lasB::KmR xcpR54 Braun et al (1998)

PAO1ΔS PAO1ΔxcpS Arts et al (2007)

D40QZ PAO1ΔxcpP to Z Ball et al (1999)

PAO25ME3 PAO25 aprE::ΩHg Duong et al (1994)

PAN9 PAO25ME3 lasB::KmR xcpQ::GmR Braun et al (1998)
aGm, gentamicin; Km, kanamycin; Str, streptomycin; Tet, tetracycline.

Table 2: Oligonucleotides used

Primer Sequence (5’→3’)a Restriction site

GFP (N-term) FW AAGCTTATGCGTAAAGGAGAAGA HindIII

GFP (N-term) Rev GAATTCTTTGTATAGTTCATCC EcoRI

XcpS (GFP) FW GAATTCATGGCCGCCTTCGAATACC EcoRI

XcpS (GFP) Rev TCTAGATTACCCCACGAGTTGG XbaI

GFP (C-term) FW GAATTCATGCGTAAAGGAGAAGA EcoRI

GFP (C-term) Rev TCTAGATTATTTGTATAGTTC XbaI

XcpR (GFP) FW AAGCTTATGATGACAGCCCCAAT HindIII

XcpR (GFP) Rev GAATTCTTCTTCCCGGGACCGA EcoRI

Lumio XcpP FW GGCAACGAACTGCTATGTGCTGCCCGGGCTGCTGCATCCCTCGGCGA

Lumio XcpP Rev 2 GCGCGGAGCAAAGGCTGGGACATCGGC

XcpR Lumio FW 2 GGTTACCGCTATAAGGCATCCATGATG

XcpR Lumio Rev GGCGGCCATTAGCAGCAGCCCGGGCAGCATTCTTCCCGG

Lumio XcpS FW GCGTGACCCGGGAAGAATAATGTGCTGCCCGGGCTGCTGCGCCGCCTTCGAAT

Lumio XcpS Rev 2 TTCACGCGATTACCCCACGAGTTG

PilB FW ATGCACCACCATCACCACCATAACGACAGCATCCAA

PilB Rev TTAACAACATCCCGGGCAGCAATCCTTGGTCACGCG
aNucleotides introduced to encode the Lumio tag are underlined, and those introduced to encode the 
polyhistidine tag are in bold. Introduced restriction sites are in italics.
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around the colonies. For plasmid maintenance the following antibiotics were used: for E. coli, 

50 µg/ml ampicillin, 10 µg/ml gentamicin, and 10 µg/ml tetracycline, and for P. aeruginosa, 40  

µg/ml gentamicin. Gene expression was induced with IPTG.

Plasmids and DNA manipulations. 
Plasmids used in this study are listed in Table 2. Recombinant DNA methods were performed 

essentially as described previously (Sambrook et al, 1989). Plasmids were introduced by the CaCl
2
 

procedure into E. coli (Sambrook et al, 1989) or by electroporation into P. aeruginosa (Enderle & 

Farwell, 1998). PCRs were performed with the proofreading enzyme Pwo DNA polymerase (Roche), 

and the primers used are listed in Table 3. The PCR products were cloned into the pCRII-TOPO 

vector according to the manufacturer’s protocol (Invitrogen). All PCR products were sequenced. 

To obtain the gfp-xcpS fusion, encoding GFP fused to the N terminus of XcpS, the following 

strategy was used: a PCR was performed with oligonucleotides GFP (N-term) FW and GFP (N-term) 

Rev using pGFPmut3.1 as the template to obtain the gfp gene, and one with the oligonucleotides 

XcpS (GFP) FW and XcpS (GFP) Rev on pAX24 as the template to obtain the xcpS gene. Both PCR 

Table 3: Oligonucleotides used

Primer Sequence (5’→3’)a Restriction 
site

GFP (N-term) FW AAGCTTATGCGTAAAGGAGAAGA HindIII

GFP (N-term) Rev GAATTCTTTGTATAGTTCATCC EcoRI

XcpS (GFP) FW GAATTCATGGCCGCCTTCGAATACC EcoRI

XcpS (GFP) Rev TCTAGATTACCCCACGAGTTGG XbaI

GFP (C-term) FW GAATTCATGCGTAAAGGAGAAGA EcoRI

GFP (C-term) Rev TCTAGATTATTTGTATAGTTC XbaI

XcpR (GFP) FW AAGCTTATGATGACAGCCCCAAT HindIII

XcpR (GFP) Rev GAATTCTTCTTCCCGGGACCGA EcoRI

Lumio XcpP FW GGCAACGAACTGCTATGTGCTGCCCGGGCTGCTGCATCCCTCGGCGA

Lumio XcpP Rev 2 GCGCGGAGCAAAGGCTGGGACATCGGC

XcpR Lumio FW 2 GGTTACCGCTATAAGGCATCCATGATG

XcpR Lumio Rev GGCGGCCATTAGCAGCAGCCCGGGCAGCATTCTTCCCGG

Lumio XcpS FW GCGTGACCCGGGAAGAATAATGTGCTGCCCGGGCTGCTGCGCCGCCTTCGAAT

Lumio XcpS Rev 2 TTCACGCGATTACCCCACGAGTTG

PilB FW ATGCACCACCATCACCACCATAACGACAGCATCCAA

PilB Rev TTAACAACATCCCGGGCAGCAATCCTTGGTCACGCG
aNucleotides introduced to encode the Lumio tag are underlined, and those introduced to encode the 
polyhistidine tag are in bold. Introduced restriction sites are in italics.
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products were cloned into the pCRII-TOPO vector and subsequently excised from the resulting 

plasmids with the restriction enzymes indicated in Table 3. The DNA fragments were then triple-

ligated into HindIII-XbaI-digested pYRC using T4 DNA ligase (Fermentas), resulting in pYRC-GFPS. 

A similar procedure was followed to obtain the chimeric gene encoding XcpR with GFP at the 

C terminus. The oligonucleotides GFP (C-term) FW and GFP (C-term) Rev were used to amplify 

gfp, and XcpR (GFP) FW and XcpR (GFP) Rev were used to obtain xcpR. The DNA fragments were 

cloned via pCRII-TOPO into HindIII-XbaI-digested pYRC, resulting in pYRC-RGFP. 

To create the genes encoding the different Lumio-tagged Xcp components, PCRs were performed 

with the following oligonucleotides; for the gene encoding N-terminally Lumio-tagged XcpP, 

Lumio XcpP FW and Lumio XcpP Rev 2; for the gene encoding C-terminally Lumio-tagged XcpR, 

XcpR Lumio FW 2 and XcpR Lumio Rev; and for the gene encoding N-terminally Lumio-tagged 

XcpS, Lumio XcpS FW and Lumio XcpS Rev 2. In all these PCRs plasmid pAX24 served as the 

template. The pilB gene was amplified using chromosomal DNA, released from cells of PAO1 by 

10 min incubation at 94 ºC in water, as the template and primers PilB FW and PilB Rev, introducing 

in the resulting gene product an N-terminal polyhistidine tag and a C-terminal Lumio tag. The 

PCR products were cloned into the pCRII-TOPO vector and the xcp or pilB genes were excised 

from the resulting constructs with HindIII and XbaI and ligated into the HindIII-XbaI-digested 

pYRC, rendering the pYRC plasmid derivatives listed in Table 2.

SDS-PAGE and immunoblot analysis. 
Bacterial cells were scraped from plates and suspended in PBS. The optical density of these 

suspensions at 600 nm (OD
600

) was measured and, from different cultures, similar amounts of 

cells were resuspended in SDS-PAGE sample buffer (2 % SDS, 5 % DTT, 10 % glycerol, 0.02 % 

bromophenol blue, 0.1 M Tris-HCl pH 6.8). Extracellular proteins were precipitated from culture 

supernatants using 5 % TCA, washed with acetone and resuspended in sample buffer. The amount 

of proteins loaded to the gels was equivalent to the quantity of protein present in the supernatant 

of 1 ml of a culture with an OD
600 

of 0.1. Samples were heated for 10 min at 95 °C and separated 

on SDS-PAGE gels (Laemmli, 1970) with 0.2 % SDS in the running gel. Proteins were stained 

with Coomassie brilliant blue or transferred to nitrocellulose membranes by Western blotting 

for immunodetection. The primary antisera used were anti-XcpP (Bleves et al, 1999), anti-XcpR 

(see below), anti-XcpS (Arts et al, 2007), anti-GFP (Santa Cruz Biotechnology) and the monoclonal 

PentaHis antibody (Qiagen) all at 1:1,000. Peroxidase-conjugated goat anti-rabbit or anti-mouse 

IgG antibodies (Biosource International) were used as secondary antibodies. Peroxidase activity 

was detected with chemiluminescence (Amersham). 
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Anti-XcpR antiserum was raised in a rabbit immunised with a mixture of two synthetic peptides 

of XcpR (Sigma Genosys), namely [C]RKLMDETVRKPHGI and [C]PSIRDDGRRKVLE. These peptides 

were N-terminally coupled to Keyhole limpet haemocyanin. The rabbit was immunised at Sigma 

Genosys on day 0 with the conjugate containing 200 µg of each of these peptides, and on days 

14, 28, 42, 56, 70 and 84 with 100 µg each. The antiserum was collected 14 days after the final 

boost. 

Fluorescence microscopy. 
For localisation of Lumio-tagged proteins, cells were grown overnight at 37 ºC on LB plates 

containing 1 μM IPTG. The cells were scraped from the plates and washed with 50 mM Hepes 

pH 8. Both FlAsH (Lumio Green, Invitrogen) (Griffin et al, 1998) and ReAsH (Lumio Red, Invitrogen) 

(Gaietta et al, 2002) ligands were tested. As the two labels revealed similar fluorescence patterns, 

but ReAsH showed brighter fluorescence than FlAsH, ReAsH was further used throughout this 

study. 100-μl samples of cells at an OD
600

 of 0.1 in Hepes+ buffer [50 mM Hepes pH 8, containing 

4 μM Lumio Red In-Cell Labelling Reagent (Invitrogen) and 200 μM 1,2-ethanedithiol (Sigma-

Aldrich)] were incubated for 3 h at 37 ºC in the dark. Ethanedithiol was added to diminish  

unspecific binding of the Lumio reagents (Adams et al, 2002). The cells were then washed twice 

with 50 mM Hepes pH 8, and 10-μl samples of the cells were placed on a glass slide and mounted 

by covering with a polylysine-coated coverslip. These coverslips were made in advance by 

dipping glass coverslips in a polylysine solution (Sigma), and drying them at room temperature. 

The polylysine fixated the cells to such an extent that microscopy was enabled without further 

need for fixation. The slides were used immediately. 

For protease secretion studies on single cells, cultures were grown in LB to an OD
600

 of at least 4. 

The bacteria were harvested by centrifugation and washed twice with 0.9 % NaCl. The cells were 

resuspended in spent culture medium of strain PAN9 as a source of autoinducers to an OD
600

 of 4. 

A solution of 1 % low-melting point agarose in 50 mM Hepes pH 8 was cooled to 37 ºC. Bodipy FL 

Casein from the EnzChek Protease assay kit (Molecular Probes) was dissolved to a concentration 

of 20 µg/ml in 50 mM Hepes-buffer pH 8. A 2.5-μl sample of this stock was added to 5 μl of 

20x Digestion buffer (Component B of the EnzChek Protease assay kit), 82.5 μl of the agarose 

solution and 10 μl of cell suspension. After quick mixing, 50 μl of the suspension were placed on a 

slide and promptly topped with a coverslip. The slide was incubated for 30 min at 37 ºC, after which 

it was immediately examined under the microscope. Using bright field or fluorescent illumination, 

slides were viewed at a x1000 magnification on an Axioskop microscope (Zeiss) fitted with a 

DFC420C camera (Leica). Leica Application Suite version 2.5.0 R1 software was used to collect the 

fluorescent and bright field images. Images were processed with PhotoShop 7 (Adobe).
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Abstract

Type II secretion systems (T2SSs) translocate various toxins and hydrolytic 

enzymes in a folded state over the outer membrane of Gram-negative 

bacteria (reviewed in Sandkvist, 2001). Although they are also found 

in commensal, symbiotic and environmental bacteria, the systems are 

often related to bacterial pathogenicity (Cianciotto, 2005). Therefore, 

they are attractive targets for the development of novel anti-microbial 

therapies (Kipnis et al, 2006). Additionally, T2SSs have the capacity to 

secrete high amounts of folded proteins, which makes them appealing 

for the optimised production of industrially important proteins, such as 

lipases and proteases. T2SSs are complex machines that span the entire 

cell envelope and are composed of at least twelve different proteins. Our 

knowledge of this complex system has increased considerably during 

the last years by studies on the structure, function and interactions of the 

different components. Nevertheless, relatively little was known about 

the multispanning inner membrane component of the system, i.e. a 

protein of the GspF family. These proteins are highly conserved among 

T2SSs as well as among evolutionary related systems, such as the type 

IV pili and the archaeal flagellum. The goal of the research described 

in this thesis was to obtain structural and functional information on 

this protein, using the XcpS protein of Pseudomonas aeruginosa as a 

model. This discussion will provide a synopsis of the results presented 

in Chapters 2 to 5, discusses the implications of these findings and ends 

with an adapted model for the assembly and functional mechanism of 

the T2SS.



DISCUSSION

117

1 Conclusions

The research described in Chapters 2 to 5 of this thesis, led to the following important results and 

conclusions: 

Chapter 2:  In vivo, XcpS trimerises and interacts with the major pseudopilin XcpT. Purified XcpS 

was found also in a larger oligomeric form. This form had a ring-like appearance that 

seemed to display 6-fold symmetry. Purified XcpS formed ion-conductive channels 

in lipid bilayers but only upon interaction with XcpT. 

Chapter 3: XcpS is N-terminally processed, presumably in an autocatalytic process. A highly 

conserved region around amino acid position 75 is important for this cleavage. N-

terminal processing is essential for the correct functioning of XcpS.

Chapter 4:  Co-production of XcpS and XcpT in E. coli induced a growth defect and a Psp 

stress response, which is indicative of the dissipation of the proton-motive force, 

suggesting that XcpS forms channels in vivo. A mutant form of XcpS with an F200A 

substitution in the periplasmic loop of the protein displayed these deleterious effects 

independently of the co-production of XcpT. Co-production of the XcpRYZ complex 

with the XcpS mutant protein prevented the growth defect and the Psp response, 

suggesting that XcpRYZ blocks the XcpS channels.

Chapter 5:  XcpS and XcpR are located at one pole of the cell. Consistently, type II secretion also 

occurred unipolarly. 

2 Summarising discussion of the obtained results

2.1 The oligomeric structure of XcpS 

XcpS contains three transmembrane segments, which separate a long cytoplasmic N-terminal 

domain, a short periplasmic segment, a long cytoplasmic loop and a very short C-terminal tail 

(Arts et al, 2007a; Chapter 1, Fig. 6). Several observations suggested that XcpS might form homo-

oligomers, namely (i) the N-terminal domain of BfpE, an XcpS homologue of enteropathogenic 

Escherichia coli involved in bundle-forming pilus biogenesis (a subclass of type IVb pili), was shown 

to interact with itself in a yeast two-hybrid analysis (Crowther et al, 2004); (ii) in many bacteria, as 

well as in archaea, putative tad loci, involved in tight adherence to surfaces, have been identified 

harbouring two xcpS homologues, suggesting that the encoded proteins function as hetero-

oligomers. The tad genes encode the machinery that is required for the assembly of adhesive 
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Flp (fimbrial low-molecular-weight protein) pili, a subtype of type IV pili (reviewed in Tomich et 

al, 2007); (iii) in the gene clusters encoding archaeal flagella, homologues have been recognised 

that have twice the size of the xcpS gene (Peabody et al, 2003). Because of these indications, we 

decided to study the oligomeric state of XcpS in vivo and in vitro.

Chemical cross-linking studies with XcpS produced in E. coli showed that it forms mainly trimers, 

although indications for higher oligomeric forms were also obtained (Chapter 2). Similarly, a 

functional XcpS variant with a C-terminal tag containing four cysteine residues, produced in 

the presence of the rest of the machinery, was found in a trimeric form, when analysed under 

non-reducing conditions (Chapter 2). These results demonstrated that both in E. coli and in P. 

aeruginosa XcpS forms trimeric complexes. In contrast, Collins et al (2007) reported that purified 

polyhistidine-tagged PilG of Neisseria meningitidis, an XcpS homologue involved in type IVa pili 

assembly, forms tetramers. PilG was stated to belong to a different subclass of the GspF family 

than XcpS (Collins et al, 2007), containing proteins with four, rather than three, transmembrane 

segments. Such distinct membrane topology could account for the observed differences in 

oligomerisation. However, the prediction that PilG contains four rather than three transmembrane 

segments is not convincing and requires experimental verification. Firstly, the additionally 

predicted membrane-spanning segment contains four charged residues, which is a very unlikely 

trait for a transmembrane segment. Secondly, the homology to XcpS and OutF is very high in 

this putative extra transmembrane segment. Thus, if PilG contains four membrane-spanning 

segments, so should OutF and XcpS. However, the latter two proteins have experimentally been 

shown to contain only three of such segments (Arts et al, 2007a; Thomas et al, 1997). 

Alternatively, the observed tetramers of PilG may not represent the physiologically relevant form 

of the protein, since they were detected in the case of a purified polyhistidine-tagged derivative 

of PilG. Unfortunately, proteins with polyhistidine tags are prone to artificial dimerisation and 

further two-fold oligomerisation (Amor-Mahjoub et al, 2006; Wu & Filutowicz, 1999). Studies with 

BfpE support the trimeric concept (Crowther et al, 2005). Of note, topology predictions clearly 

indicated that BfpE does contain a fourth transmembrane segment, and this has also been 

confirmed experimentally (Blank & Donnenberg, 2001). In contrast to the additional segment 

predicted in PilG, this extra membrane-spanning segment of BfpE has a clear hydrophobic nature 

and does not contain any charged residues (Blank & Donnenberg, 2001). Crowther et al (2005) 

showed that BfpE peptides bind to the cognate hexameric ATPase in a ratio of 3:1 in the presence 

of ATP and 6:1 when ADP is present. The trimeric form of XcpS is therefore likely to be biologically 

relevant. 
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The cross-linking experiments suggested that wild-type XcpS formed also larger oligomeric 

complexes in vivo. Accordingly, Dynamic Light Scattering and gel filtration of His
10

-XcpS 

preparations indicated that, in addition to trimers, also larger particles were formed, although 

their presence was dependent on the protein concentration (Chapter 2). The existence of larger 

oligomeric forms was further confirmed upon electron microscopical examination of negatively 

stained particles (Chapter 2). These particles, with a diameter of approximately 10.2 nm, are 

too large to represent trimers of XcpS. Unfortunately, using these techniques, the exact mass 

of the oligomeric form was impossible to deduce, since both the contribution of the shape of 

the molecules and that of the detergent are unknown. The dissociation of the oligomers at low 

protein concentrations and the tendency of the protein to aggregate at high concentrations 

made attempts to determine the mass by scanning transmission electron microscopy and 

analytical ultracentrifugation unsuccessful. Possibly, the oligomeric state of XcpS is stabilised in 

the cell by interactions with other Xcp components, although it is equally well possible that it is 

dynamic in vivo too. Although the number of subunits remained unclear, the electron micrographs 

of negatively stained ring-like XcpS particles indicated 6-fold symmetry, suggesting that the 

oligomer represents hexamers of XcpS or multimers thereof. The apparent mass of the oligomer, 

estimated at 770 or 850 kDa depending on the method used (Chapter 2), suggests that XcpS 

oligomerises into very large homomeric complexes. As trimers were determined to represent 

a biologically relevant form (Chapter 2), six XcpS trimers, thus 18 subunits, may constitute one 

oligomer.

2.2 Interaction of XcpS with XcpT and channel formation 

The generally accepted model for type II secretion entails that energy generated in the cytoplasm 

by the ATPase XcpR/GspE must be converted to mechanical energy, which is required for the 

assembly of pseudopilins into a pilus-like structure. How this energy conversion occurs is 

unknown. The membrane topology of XcpS, with both periplasmic and cytoplasmic loops (Arts 

et al, 2007a), suggested that this protein might play an important role in the energy transfer by 

interacting with components at both sides of the membrane. Indeed, XcpS had been shown 

to complex with XcpRYZ (Robert et al, 2005b) and to be stabilised by co-production of the 

XcpRY components (Arts et al, 2007a). Since the cytoplasmic loop of XcpS was essential for this 

stabilisation (Arts et al, 2007a), XcpS does indeed interact with proteins located at the cytoplasmic 

side of the inner membrane. However, interactions occurring at the periplasmic side of the 

membrane had not yet been demonstrated (Chapter 1, Fig. 5). We suspected that XcpS might 

interact with the pseudopilins. We found that XcpS was stabilised by co-production of XcpT in E. 

coli to a similar extent as through co-production of XcpRYZ (Chapter 2). Furthermore, XcpS and 
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XcpT were demonstrated by chemical cross-linking to interact in E. coli (Chapter 2), presumably 

forming heteromeric hexamers consisting of an XcpS and an XcpT trimer. These results show that 

XcpS and XcpT do indeed interact (Fig. 1). Moreover, the result that cross-linking of XcpS to XcpT 

also occurred when DTSSP, which is not membrane permeable, was used on cells of which only 

the outer membrane had been permeabilised (data not shown), indicate that the cross-linking 

reactions took place at the periplasmic side of the membrane. 
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Figure 1: Diagram visualising all postulated interactions between T2SS components (thin lines), 

and the newly identified interactions described in Chapter 2 (thick lines).

The interactions may be either permanent or transient, and might occur during an assembly step of the 
system, or might be present in the functional state of the machinery. In the diagram a further differentiation 
is made between interactions that were demonstrated to occur in P. aeruginosa (black lines) and interactions 
that were only demonstrated in homologous T2SSs (grey lines). Explanation of the used abbreviations taking 
S

F
 as an example: S indicates XcpS, 

F
 indicates of the GspF family. Inner membrane platform components 

have been grouped to the bottom left side of the picture, whereas pseudopilins are at the bottom right side. 
Secretin and bridging protein are at the top middle.
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Strong evidence for an interaction between XcpS and XcpT was obtained also in planar lipid 

bilayer experiments. Despite the apparent cavity observed in the XcpS particles by electron 

microscopy, purified XcpS did not form ion-conductive channels in artificial lipid bilayers. However, 

the addition of the purified hydrophilic segment of XcpT together with XcpS to these bilayers 

did result in conductivity (Chapter 2), indicating that XcpS oligomers inserted into the artificial 

membrane and underwent a conformational change upon interaction with XcpT, resulting in the 

opening of a pore. These pores had an estimated diameter of approximately 2.2 nm, which nicely 

coincides with the measured diameter of the cavity in the negatively stained particles (3 nm).

The His-tagged XcpS that was used in the planar lipid bilayer experiments appeared later on to 

be a non-functional form, since the N-terminal His tag inhibited the processing and thereby the 

function of the protein (Chapter 3). In addition, only the soluble part of XcpT was used in these 

bilayer experiments. Thus, the question rose whether the native proteins would actually induce 

channels in vivo. Fortunately, the site-directed mutagenesis experiments described in Chapter 4 

led to the identification of a non-functional mutant form of XcpS, XcpS
F200A

, which caused a growth 

defect when produced in the absence of the other Xcp components, both in a P. aeruginosa xcpP-

Z deletion mutant and in the heterologous host E. coli. In E. coli, the production of this variant 

concomitantly induced the Phage-shock protein (Psp) response, indicating dissipation of the 

proton-motive force (Kleerebezem et al, 1996). Similarly, a growth defect and induction of the 

Psp response were observed when the wild-type forms of XcpS and XcpT were simultaneously 

produced in E. coli, but not when they were produced separately. These results suggest that XcpT 

is also in vivo capable of opening an XcpS channel and strongly support our in vitro data. 

2.3 Interaction of XcpS with other Xcp components

The observation that production of XcpS
F200A

 was less detrimental in the xcpS mutant PAO1∆S 

than in a strain lacking the complete xcpP-Z gene cluster (Chapter 4) suggested that other Xcp 

components might counter the toxicity of the open XcpS channels. Indeed, co-production 

of XcpRYZ with XcpS
F200A

 in E. coli restored growth and diminished the Psp stress response 

(Chapter 4). Thus, in the wild-type strain, the XcpRYZ complex might close the XcpT-induced 

XcpS channels from the inside, thereby preventing the dissipation of the proton-motive force via 

these channels.

The observed diameters of the negatively-stained XcpS oligomers (~10.2 nm) are very similar 

to those of hexamers of ATPases of the XcpR family (Crowther et al, 2005; Krause et al, 2000; 

Yamagata & Tainer, 2007), suggesting that the XcpS and XcpR oligomers may stack as two discs 
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on top of each other, each displaying 6-fold symmetry (Fig. 2). The XcpR protein consists of two 

large domains, of which the N-terminal one is believed to face the inner membrane (Robien et al, 

2003) and would therefore be in contact with the XcpS oligomer. Indeed, the N terminus of XcpR 

determines the species-specificity of the protein’s functioning, demonstrating that this domain 

interacts with other Xcp components (de Groot et al, 1996). XcpS could interact with XcpR via 

either one or both of its cytoplasmic domains (Arts et al, 2007a; Py et al, 2001; Shiue et al, 2006).

The N1 domain of the XcpR homologue EpsE of Vibrio cholerae, comprising the first 90 amino 

acids, has been implicated in interactions with the XcpY homologue EpsL (Sandkvist et al, 2000). 

In the crystal structure of the XcpR homologue afGspE of Archaeoglobus fulgidus, this domain is 

located at the top of the hexameric ring (which is oriented towards the inner membrane) and is 

extruding outward from the structure facing the exterior (Yamagata & Tainer, 2007). Thus, while 

the XcpS and XcpR oligomers stack, XcpY proteins could dock to the outside of the XcpR disc 

(Abendroth et al, 2005; Yamagata and Tainer, 2007) and attach with their cytoplasmic domain to 

both the N1 domain of XcpR (Abendroth et al, 2005) and to one or both cytoplasmic domains 

of XcpS (Arts et al, 2007a; Py et al, 2001; Shiue et al, 2006). Indeed, in the crystal structure of the 

complex formed by the cytoplasmic domain of EpsL (XcpY) and the N1 domain of EpsE (XcpR) of 

V. cholerae, there is a groove in EpsL that is only partially filled by EpsE and that might represent 

the possible binding site for EpsF (XcpS) (Abendroth et al, 2005). The XcpZ protein, which interacts 

with XcpY (Michel et al, 1998), could form a consecutive ring around the XcpY band (Fig. 2). 

The hexameric ATPase afGspE of Archaeoglobus fulgidus was shown to occur in two different 

conformations, i.e. an inactive open state that transits into a catalytically active closed 

conformation upon binding of ATP and Mg2+ (Yamagata & Tainer, 2007). The N1 domain of 

the ATPase appears to undergo a large piston-like shift upon the transition from the open to 

the closed state. Studies on the BfpD ATPase indicate that this movement of the N terminus is 

accompanied with a change in binding site on the XcpS homologue BfpE (Crowther et al, 2005). 

BfpE was shown to possess two binding sites in its N-terminal domain for the hexameric form of 

BfpD (Crowther et al, 2005; Chapter 3, Fig. 2). Hexameric ADP-bound BfpD attached to six copies 

of a BfpE peptide corresponding to the most N-terminal binding site, whereas the ATP-bound 

hexameric form could bind three copies of a peptide corresponding to the second binding site. 

Binding of this latter peptide together with the N-terminal domain of BfpC, which is suggested 

to have a function similar to XcpY (Crowther et al, 2004), resulted in a 1200-fold increase in the 

ATP-hydrolysing activity of BfpD. Collectively, these results suggest the following sequel of events: 

the XcpR hexamer, in its open state, binds to six XcpS proteins, one of every trimeric subunit of 

the XcpS 18-mer, using the first (most N-terminal) binding site (see Chapter 3, Fig. 2). Binding of 



DISCUSSION

123

ATP and Mg2+ induces a conformational change in the XcpR hexamer, leading to the transition 

from the open to the closed form. During this transition, the XcpR hexamer shifts to the second 

binding site on three XcpS proteins of the XcpS 18-mer. After ATP hydrolysis, the XcpR hexamer 

goes back into the open state and binds again to six XcpS proteins.

2.4 Role of XcpS in pseudopilus formation

Interestingly, the co-production of XcpT with XcpS
F200A

 decreased the level of Psp response 

and seemed to result in a slightly better growth as compared to cells only producing XcpS
F200A

 

(Chapter 4). These results suggest that the membrane anchor of the XcpT pseudopilin partially fills 

the XcpS pore, indicating that the pseudopilus is assembled within the XcpS oligomer. Moreover, 

since the pseudopilins are transported across the inner membrane via the Sec/SRP pathway (Arts 

et al, 2007b; Francetic et al, 2007), this implies that they have to enter the XcpS pore laterally, 

which suggests that the XcpS oligomer is a dynamic structure. Thus, the observed instability 

of the purified XcpS oligomers (Chapter 2) may represent an intrinsic quality that ensures their 

functionally essential flexibility. 
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Figure 2: Schematic representation of a model for the inner membrane platform (XcpRSYZ), 

showing a side, top and bottom view.

XcpR (R
E
) forms hexamers. XcpS (S

F
) forms an oligomer  composed of six trimers. XcpR interacts with the 

cytoplasmic domains of XcpS, resulting in two rings lying on top of each other. The pore formed by XcpS 
is shown in an open conformation, but the putative extrusion of the extreme N-terminal (N1) domain 
of XcpR through this pore has not been depicted. XcpY (Y

L
) and XcpZ (Z

M
) interact via their periplasmic 

domains. The cytoplasmic domain of XcpY interacts with either or both cytoplasmic domains of XcpS and 
with the N1 domain of XcpR. Multiple XcpYZ complexes are docked around the XcpRS oligomer, forming 
two consecutive rings around this structure. The XcpY, XcpZ and XcpS rings are however not rigid or not 
completely closed, allowing for the lateral entrance of XcpT molecules into the XcpS 18-mer. This picture has 
not been drawn to scale. 
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Hypothetically, only one of the subunits in the XcpS trimer is oriented towards the channel formed 

by the XcpS 18-mer, whereas two subunits are facing outward towards the lipids (Fig. 3). Thus, 

two XcpS proteins of each trimer in the 18-mer could capture XcpT proteins from the membrane. 

Binding of the XcpT proteins induces a conformational change in XcpS, leading to the formation 

of a central channel. XcpT molecules are transported to this channel, perhaps via a rotational 

mechanism (Fig. 3). 

Subsequently, the XcpT proteins have to be assembled into a pilus-like structure. A conformational 

change in the XcpR hexamer upon ATP binding and a shift in binding site to the N-terminal 

part of XcpS, as found for BfpE, may provide the mechanical force necessary for this process. 

Interestingly, the cryo-electron microscopic structure of the type IV pilus of N. meningitidis 

revealed that the addition of each pilin subunit to the assembling pilus required a 10.5-Å shift 

upward (Craig et al, 2006), which nicely coincides with the 10-Å movement that was found for the 

N1 domain of the archaeal XcpR homologue afGspE between the open and closed conformation 

(Yamagata & Tainer, 2007). Thus, movement of the N1 domain might bring about the shift in the 

XcpS trimer

centre-facing
XcpS monomer

lipid facing
XcpS monomer

pore

A B
XcpT XcpT XcpT

XcpT

Figure 3: Schematic representation of XcpT-induced channel formation and the hypothetical 

rotation of subunits of the XcpS oligomer.

A) The XcpS 18-mer consists of six XcpS trimers. Two subunits of each trimer face the lipids, whereas one 
faces the centre of the XcpS oligomer. XcpT proteins will bind to the lipid-facing XcpS subunits. B) Binding 
of XcpT induces a conformational change in XcpS leading to pore formation. A rotational movement of the 
XcpS trimer transports the XcpT protein to the central pore of the XcpS oligomer. For clarity only the binding 
of XcpT to one of the XcpS trimers is shown. This picture has not been drawn to scale.
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pseudopilus required for the addition of new subunits. If the pseudopilin is, in analogy to the type 

IV pili, a three-stranded helix (Craig et al, 2006), three consecutive ATP binding events might be 

necessary to extend each strand of the pseudopilus with one subunit. Alternatively, concerted 

ATP hydrolysis and binding by the XcpR hexamer may result in the simultaneous incorporation 

of three pseudopilins.

One possibility is that the shift of XcpR in binding site on XcpS results in an upwards movement 

of the N-terminal domain of XcpS through the channel, which then acts as a piston pushing the 

pseudopilins upwards. Alternatively, the pore present in XcpS may facilitate a direct interaction 

between the N1 domain of the ATPase and the pseudopilins. In support of this hypothesis, 

Kagami et al (1998) showed that a specific mutation in the xcpT gene causing a secretion defect 

could be suppressed by a secondary mutation in xcpR. The mutations resulted in the substitution 

of the serine at position 121 (in the mature protein) by a leucine in the globular head of mature 

XcpT and the replacement of a serine with a phenylalanine at position 84 in the XcpR N1 domain. 

These data suggest that the hydrophilic domain of XcpT associates with the N1 domain of XcpR, 

which implies that the N1 domain interacts with both XcpT and XcpY, but these interactions may 

be temporally separated.

2.5 Role of the pro-peptide of XcpS 
 

Tagging the N terminus with a polyhistidine tail resulted in an XcpS variant with an aberrant 

electrophoretic mobility on SDS-PAGE gels, which was estimated to represent a 7-kDa mass 

increase (Chapter 3). Introduction of an N-terminal Lumio tag resulted in a similar change in 

electrophoretic mobility (Chapter 5). These results suggested that XcpS might be processed 

at the N terminus and that the N-terminal tags might inhibit this process. Indeed, pulse-chase 

experiments in P. aeruginosa demonstrated that the wild-type XcpS protein is initially produced 

as a precursor, which is processed to the mature form. Sequence alignment of several XcpS 

homologues revealed a highly conserved box around the amino acid at position 75. Single 

amino acid substitutions showed that this region is indeed very important for processing and 

functionality of XcpS (Chapter 3). The high conservation of this box within type II secretion 

homologues suggests that processing might be common to this type of XcpS/GspF family 

members.

Processing occurred in P. aeruginosa also in the absence of other Xcp components, as well as in 

the heterologous host E. coli. This observation and the length of the motif essential for cleavage, 

which excludes the involvement of a general protease, suggest that processing is an autocatalytic 
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process. The process appears to be rapid. When the cells were grown at 37 ºC, the precursor could 

not be detected after pulse labelling; only at lower temperatures it could be seen. Overproduction 

of XcpS in P. aeruginosa and in E. coli resulted in incomplete processing, allowing for the detection 

of the precursor on blots. In addition, a small peptide was detected with the anti-XcpS antiserum, 

which probably represents the fragment cleaved off from the precursor. Overproduction of XcpS 

may result in incorrect folding or, alternatively, in premature oligomerisation and thereby hamper 

the enzymatic reaction. After cleavage, the new N terminus appears to be modified, since it could 

not be sequenced by Edman degradation (Chapter 3). 

A mutant XcpS protein with a deletion of the 37 N-terminal amino acids (Chapter 3) and 

derivatives with amino acids substitutions at residues 26, 29, 32 and 37 (Chapter 3 and 4) were 

very unstable. This result suggests that the pro-peptide is important for stabilisation of XcpS, 

likely by promoting the assembly into the machinery. An attractive hypothesis is that monomeric 

XcpS is unstable and that the propeptide is important for oligomerisation. The propeptide 

could be required for the initial interaction with other XcpS molecules. The propeptide of one 

XcpS molecule might, for example, interact with a region around amino acid 275 in the long 

cytoplasmic loop of another XcpS molecule. This model would explain why variants XcpS
R273E

 

and XcpS
T277A

 are unstable, since they cannot oligomerise. Moreover, it explains why variant 

XcpS
∆2-37

 is stabilised in the presence of wild-type XcpS: a wild-type protein would be able to 

interact via its propeptide with the mutant protein by binding the cytoplasmic loop around 

amino acid 275; in the resulting hetero-oligomer, the mutant protein would be stable. After 

oligomerisation, autocatalytic processing may occur, either intramolecularly or intermolecularly. 

An alternative possibility is that the propeptide stabilises XcpS by binding to other components 

of the machinery, such as XcpY and XcpR, and promotes the incorporation of the XcpS oligomer 

into the machinery. In this case processing would occur after the formation of the inner membrane 

platform. Still another possibility is that the propeptide prevents premature interactions between 

XcpS and other components. Combinations of the proposed functions are also possible.

A computational analysis of the cytoplasmic N-terminal segment revealed three putative 

interacting domains (see Chapter 3, Fig. 2). Two of them overlap with the putative XcpR-binding 

domains (Crowther et al, 2005; Chapter 3) and are located in the mature part of the XcpS protein. 

The third one, between amino acid residues 15 and 38, is located in the propeptide and may be 

involved in other protein-protein interactions. This area contains some conserved residues that 

are mainly found within T2SS homologues and less within type IV pili homologues (see Chapter 3, 

Fig. 2), suggesting an interaction specific for T2SSs. The XcpY protein is a good candidate as an 

interaction partner for a heteromeric interaction, since it has no homologues in the type IV 
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piliation systems and has been shown, in a yeast two-hybrid study with the Erwinia chrysanthemi 

homologues (Douet et al, 2004), to interact with the N terminus of XcpS. However, this region 

could also be involved in a homomeric interaction, and the differences between XcpS and PilC 

that are found in this segment may therefore prevent the incorporation of PilC into the XcpS 

oligomer and vice versa. 

Removal of the propeptide is essential for the functionality of XcpS, and production of non-

processable XcpS variants interfered with secretion in the wild-type strain. Since unprocessed 

XcpS can still oligomerise, these variants may titrate out wild-type XcpS. However, the dominant-

negative effect on secretion was already observed at low production levels of non-processable 

XcpS, suggesting that also other Xcp components bind to these unprocessed forms. Removal 

of the propeptide appears to be important also for correct localisation, since functional XcpS 

was localised to the cell poles, whereas the non-functional variant with the Lumio tag at the N 

terminus localised uniformly in the cell. Interestingly, XcpS was demonstrated to contain its own 

targeting information, since the functional XcpSLum protein localised correctly to the pole in a 

strain not producing other Xcp components (Chapter 5). Thus, the pro-peptide may somehow 

mask the targeting signal, which may prevent premature polar targeting of XcpS to the pole. In 

this case, XcpS may first have to oligomerise or to sequester other Xcp components, for example 

those that do not contain targeting signals, such as XcpR (Chapter 5), before targeting occurs.

3 Model for assembly of the T2SS and for secretion

After their synthesis, the components of the Xcp system are targeted to the pole. Some components 

contain intrinsic targeting information, such as XcpS, whereas others, like XcpR, depend on 

interactions with other proteins to guide them (Chapter 5). Since oligomerisation of XcpS is fast 

and does not require other Xcp components, XcpS likely oligomerises before its incorporation 

in the inner membrane platform. Driven by the binding of ATP, the XcpR also oligomerises into 

hexamers (Shiue et al, 2006). The precise order in which the components of the inner membrane 

platform subsequently assemble is unknown. However, the XcpS homologue of E. chrysanthemi 

was found to be dispensable for complex formation between the XcpR and XcpY homologues in 

co-immuno precipitation assays. On the other hand, the XcpY homologue was found essential for 

complex formation between the XcpS and XcpR homologue in the same assay, although direct 

interactions in the absence of the XcpY homologue were also reported when the yeast two-

hybrid system was used (Py et al, 2001). Moreover, XcpY is required for membrane association 

and stabilisation of XcpR. In the absence of XcpY, XcpZ cannot be detected, while in an xcpZ 

mutant the XcpY levels are reduced (Michel et al, 1998). Also the stability of XcpS is increased 
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by co-production of XcpRY, but not by the production of these proteins alone. Together, these 

findings suggest that XcpY and XcpZ first form a complex, to which XcpR docks by binding to the 

cytoplasmic domain of XcpY. Docking of XcpR to XcpY leads to conformational changes in both 

proteins (Py et al, 1999). The XcpS oligomer interacts with the XcpRYZ complex.  Processing of 

XcpS is a prerequisite for correct functioning of the T2SS. It is however unclear when processing 

takes place. It may occur after oligomer formation or after a later step in the assembly. Processing 

probably occurs autocatalytically. When the inner membrane complex is completed, it consists 

of two stacked discs of hexameric XcpR and 18-meric XcpS that are presumably surrounded by a 

framework of XcpY and XcpZ (Fig. 2).

The pseudopilins are transported over the inner membrane via the Sec/SRP pathway (Arts 

et al, 2007b; Francetic et al, 2007) and remain attached to the inner membrane with their N-

terminal hydrophobic tails (Nunn & Lory, 1993). XcpT will bind to the XcpS subunits that face 

the outside of the oligomeric structure, resulting in a conformational change in XcpS leading 

to the formation of a central channel. XcpT molecules are transported to the centre of the XcpS 

oligomer, hypothetically through a rotational movement of the XcpS trimer (Fig. 3). This model 

implies that XcpS, as well as XcpY and XcpZ do not form closed rings, but structures that are 

open or are sufficiently flexible to allow the passage of pseudopilins. At the moment, it remains 

unsolved whether only the major pseudopilin XcpT or also the minor pseudopilins can interact 

with XcpS. However, it is very likely that other pseudopilins are assembled via the XcpS oligomer. 

No significant sequence similarity can be found between the different pseudopili other than in 

their N-terminal hydrophobic domain. Therefore, it is possible that all the pseudopilins interact 

with XcpS via their hydrophobic segments, but that only XcpT binds to the periplasmic domain 

of XcpS and induces pore formation.

Another part of the secretion system, formed by the secretin XcpQ, is located in the outer 

membrane. The secretin interacts with XcpP (Bleves et al, 1999), which itself interacts with the 

inner membrane complex (Gérard-Vincent et al, 2002; Robert et al, 2005a; Robert et al, 2005b). 

XcpP and XcpQ seem important for substrate recognition (Lindeberg et al, 1996; Michel et al, 

2007). Hypothetically, when a substrate binds to the XcpPQ complex, a signal is transmitted 

through XcpP to the inner membrane complex. In response to this signal, the inner membrane 

platform elongates the pseudopilus, for which the following succession of events can be 

envisioned. The XcpR hexamer is in the open conformation and binds six XcpS molecules, one 

from every trimeric subunit of the oligomer. Every XcpS protein binds XcpT. Upon binding of 

ATP, the XcpR hexamer undergoes a transition to the closed state and shifts to another binding 

site on the N-terminal domain of three XcpS proteins. As a consequence, either the N-terminal 
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parts of XcpS or the N1 domains of XcpR act as pistons to push out the hydrophobic segments of 

possibly three pseudopilins, located in the centre of the channel. After hydrolysis of ATP, the XcpR 

hexamer changes into the more open conformation and binds to six novel XcpS subunits of the 

XcpS oligomer, i.e. one of each trimer. This causes a rotation of the XcpS trimeric subunits, transp

orting novel XcpT proteins to the centre of the oligomer (Fig. 3).

After lengthening of the pseudopilus, the tip of the pseudopilus pushes against the periplasmic 

domain of the secretin. Indeed, interactions between homologues of XcpW and XcpQ (Douet 

et al, 2004), as well as between homologues of XcpT and XcpQ (Lee et al, 2005), have been 

demonstrated (Fig. 1). Such an interaction will open a secretion pore formed by oligomeric 

XcpQ in the outer membrane. The substrate is pushed through the pore and released into the 

extracellular milieu. Finally, the pseudopilus is (partially) degraded (Durand et al, 2005).

Although the research described in this thesis has provided new insights into the function of 

the XcpS protein and the mechanism of type II secretion in general, it also raised many new 

questions. What is the precise structure and function of the XcpS oligomer in the T2SS? What 

is the role of the propeptide of XcpS and why is processing necessary? How are XcpS and the 

other components targeted to the pole? What is the timing of the various events? Addressing 

these questions will certainly have significant impact on our understanding of these complex 

molecular machines. 
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Inleiding

Het onderzoek beschreven in dit proefschrift heeft betrekking op een bacterie genaamd 

Pseudomonas aeruginosa. Waar mensen een heel lichaam bestaande uit miljarden cellen hebben, 

bestaan bacteriën slechts uit één cel. In deze ene cel vinden alle zaken plaats die nodig zijn voor 

de bacterie om te overleven. In een bacteriële cel zitten daarom allerlei minuscule apparaten die 

een keur aan taken uitvoeren. Deze apparaten bestaan uit één component of zijn opgebouwd uit 

meerdere componenten. Al deze componenten behoren tot een groep van chemische stoffen 

die eiwitten worden genoemd. Dit zijn stoffen die taken kunnen uitvoeren in en soms buiten de 

bacterie. Sommige van deze taken resulteren in voor ons nadelige effecten: Dat is wat sommige 

bacteriën ziekteverwekkend maakt. Andere taken hebben geen invloed op ons, en weer andere 

zijn zelfs in ons voordeel. Het moge duidelijk zijn, dat er veel verschillende soorten eiwitten, met 

heel diverse functies zijn. Het bestuderen van eiwitten en de taken van die eiwitten geeft ons 

inzicht in hoe de bacteriële cel functioneert. Het in dit proefschrift beschreven onderzoek richt 

zich in het bijzonder op een specifiek apparaat dat eiwitten transporteert van binnen de cel naar 

buiten de cel. Dit proces noemen we secretie, en de apparaten die dit proces verzorgen zijn 

secretiesystemen of secretieapparaten. Deze apparaten bestaan dus zelf ook uit eiwitten.

De afscheiding tussen de inhoud (het interne milieu, ofwel cytoplasma) van de cel en het externe 

milieu buiten de cel wordt gevormd door een membraan. Dit is een vettig vlies om de cel. In 

veel gevallen is dit slechts een enkel vlies. P. aeruginosa is echter een Gram-negatieve bacterie. Bij 

dit type bacteriën bestaat de afscheiding tussen het cytoplasma en het externe milieu uit twee 

membranen, te weten de binnen- en de buitenmembraan. Deze twee membranen zijn van elkaar 

gescheiden door een vloeibare tussenlaag: het periplasma (voor een schematische weergave van 

deze structuren, zie Hoofdstuk 1, Fig. 1). Alle eiwitten worden geproduceerd in het cytoplasma 

binnenin de cel. Wanneer eiwitten gesecreteerd worden naar het externe milieu dienen deze 

dus vanuit het cytoplasma beide membranen te passeren. Om dit te bewerkstelligen bezitten 

Gram-negatieve bacteriën een heel scala aan secretieapparaten (voor schematische voorbeelden 

hiervan, zie Hoofdstuk 1, Fig. 2). Eén zo’n apparaat is het type II secretie systeem (T2SS). Dit systeem 

is alleen betrokken bij het transport over de buitenmembraan. Eiwitten worden dus eerst via een 

ander systeem over de binnenmembraan getransporteerd. Pas wanneer ze in het periplasma 

aangekomen zijn, zorgt het T2SS, in een volgende stap, voor transport over de buitenmembraan 

naar het externe milieu. 
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Het Xcp type II secretiesysteem

Hoewel P. aeruginosa meer dan één type T2SS heeft, is er één apparaat dat momenteel het 

belangrijkst lijkt. Dit apparaat wordt het Xcp systeem genoemd. Het in dit proefschrift beschreven 

onderzoek is uitgevoerd aan dit specifieke systeem. Het Xcp systeem is, zoals alle T2SS, een 

behoorlijk complex apparaat. Tot nu toe zijn 12 verschillende onderdelen geïdentificeerd, te 

weten XcpA en XcpP tot en met XcpZ. Bij deze naamgeving geeft Xcp aan dat het eiwit onderdeel 

uitmaakt van het Xcp systeem, terwijl de daarna komende hoofdletter (bijvoorbeeld “A”) gebruikt 

wordt om een specifiek eiwit aan te duiden. Elk onderdeel is een ander eiwit met een specifieke 

functie en al deze onderdelen zijn nodig om een functionerend systeem te maken. Van veel 

van deze onderdelen is meer dan één kopie nodig. Dit is vergelijkbaar met elke willekeurige 

machine die je kunt bedenken. Neem bijvoorbeeld een auto. Wanneer je één onderdeel van de 

auto weghaalt (bijvoorbeeld de wielen), kan de auto niet meer functioneren: De auto kan dan 

namelijk niet meer rijden. Daarnaast heb je meerdere wielen, dus meerdere kopieën van één 

en hetzelfde onderdeel, nodig om een auto goed te laten rijden. Aan het begin van het in dit 

proefschrift beschreven onderzoek was er al best veel bekend over het Xcp systeem en over T2SS 

in het algemeen. Er was echter één component waar nog haast niets over bekend was. Dit was 

dan ook het onderwerp van het uitgevoerde onderzoek: het eiwit XcpS. 

Resumerend: U weet nu dus dat bacteriën secretieapparaten hebben om eiwitten naar buiten 

hun cel te kunnen transporteren. Een voorbeeld van een algemeen type van zo’n secretieapparaat 

is het type 2 secretiesysteem (T2SS). Het specifieke T2SS waar hier naar gekeken is, is het Xcp-

systeem. Het onderzoek heeft zich in het bijzonder toegespitst op een belangrijk eiwit in dat 

systeem, genaamd XcpS. Met deze algemene informatie op uw netvlies bent u klaar om wat 

meer in de details te duiken. 

Onderdelen van het Xcp systeem

De onderdelen waaruit T2SS bestaan worden onderverdeeld in drie subcomplexen. Een 

schematische weergave van hoe gedacht wordt dat het systeem eruit ziet is weergegeven in 

Hoofdstuk 1, Fig. 3. Daarnaast laat Fig. 5 in Hoofdstuk 6 zien welke eiwitten er direct met elkaar een 

interactie aangaan, dat wil zeggen: met elkaar in contact staan. Terugkerend naar het voorbeeld 

van de auto: het stuurwiel staat in direct contact met de stuurkolom, maar niet met de wielen: 

daar zitten nog een heleboel onderdelen tussen. Daarnaast zou je de carrosserie en de motor als 

subcomplexen van de auto kunnen zien.
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Het eerste subcomplex van het Xcp secretiesysteem is de secretine XcpQ. XcpQ is het enige 

onderdeel van het T2SS dat zich in de buitenmembraan bevindt en het vormt een grote oligomeer 

(een samenwerkende groep van eiwitten) bestaande uit 12 tot 14 XcpQ eiwitten. Van deze grote 

structuur wordt gedacht dat het de porie (dat wil zeggen, een gat) in de buitenmembraan vormt 

waardoor eiwitten daadwerkelijk naar buiten worden gesecreteerd. 

Het tweede subcomplex van het T2SS is het binnenmembraanplatvorm. Dit is een complex dat 

bestaat uit vier verschillende eiwitten: XcpR, XcpS, XcpY en XcpZ. XcpR is de component waarvan 

aangenomen wordt dat het een motorfunctie vervult. Het genereert de energie die nodig is om 

eiwitten te secreteren. De eiwitten XcpY en XcpZ zitten beide verankert aan de binnenmembraan 

en stabiliseren elkaar. XcpY zorgt er voor dat XcpR aan de binnenmembraan gebonden wordt. 

Van het gehele binnenmembraan platform wordt gedacht dat het een podium vormt waarop 

het derde subcomplex van het T2SS geassembleerd (dat wil zeggen “opgebouwd”) wordt. 

Dit derde subcomplex wordt een pseudopilus genoemd. Er wordt gedacht dat de pseudopilus, 

een soort spriet die uit de binnenmembraan omhoog steekt, een structuur is die verlengd wordt 

doordat er extra componenten worden toegevoegd aan de onderkant (aan de kant van het 

binnenmembraanplatvorm). De eiwitten XcpT, XcpU, XcpV, XcpW en XcpX zijn waarschijnlijk 

allemaal betrokken bij de vorming, of afbraak, van deze pseudopilus. Het idee is dat voor verlenging 

van de pseudopilus energie nodig is die op enigerlei wijze door het binnenmembraanplatvorm 

wordt opgewekt. Verlenging van de pseudopilus zou dan de eiwitten die gesecreteerd moeten 

worden, door de porie, bestaande uit de secretine in de buitenmembraan, duwen. Een laatste 

component, XcpP, vormt een brug tussen de secretine en het binnenmembraanplatvorm.

Verantwoording voor onderzoek aan T2SS

Ondertussen begint u zich natuurlijk af te vragen wat we precies aan het eiwit XcpS onderzocht 

hebben, maar meer nog waarom men het Xcp systeem of überhaupt een T2SS zou willen 

bestuderen. Dat men onderzoek doet aan bacteriën, daar kan iedereen wel inkomen, want 

bacteriën worden gezien als potentieel gevaarlijk. Dat is dan ook meteen één van de redenen 

waarom er onderzoek wordt gedaan naar T2SS. Deze apparaten secreteren namelijk vaak giftige 

stoffen en zijn daarom een virulentie factor ofwel, in het Nederlands, een eigenschap van de 

bacterie die haar ziekteverwekkend maakt. T2SS komen dan ook voor in veel ziekteverwekkende 

bacteriën, waaronder Vibrio cholerae, veroorzaker van de cholera, en Klebsiella pneumoniae, 

veroorzaker van longontstekingen. In V. cholerae secreteert het T2SS bijvoorbeeld het welbekende 

cholera toxine. Er zijn nog vele andere ziekteverwekkende eiwitten die door T2SS worden 
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getransporteerd in evenzoveel soorten bacteriën. Wanneer we dus begrijpen hoe deze systemen 

werken, kunnen er wellicht medicijnen ontwikkelt worden die specifiek aangrijpen op het T2SS 

waardoor de bacteriën geen schadelijke stoffen meer kunnen uitscheiden. 

Ten tweede zijn T2SS ook voor de industrie interessante apparaten. Bacteriën worden vaak gebruikt 

om bepaalde eiwitten, die een voor ons gunstige chemische werking hebben, te produceren. 

Een voorbeeld hiervan zijn enzymen die worden toegevoegd aan wasmiddelen en die vetten 

kunnen afbreken. Deze eiwitten verwijderen dus de vlekken uit de kleding wanneer u die wast. 

T2SS zijn in het productie proces van dit soort toepasbare eiwitten bijzonder interessant, want 

deze apparaten hebben als eigenschap dat ze niet alleen grote hoeveelheden en diverse eiwitten 

kunnen uitscheiden, ze behouden de eiwitten ook in een actieve vorm. Het is daardoor relatief 

eenvoudig om de industrieel interessante eiwitten in handen te krijgen. T2SS zijn dus zowel vanuit 

een industrieel als uit een gezondheidstechnisch oogpunt interessante onderzoeksobjecten.

Afin, zo is het wel duidelijk waarom een T2SS in het geheel interessant is om te bestuderen, 

maar wat is er dan interessant aan één component, zoals XcpS, van zo’n systeem? Ook hier kan 

weer gebruik gemaakt worden van de vergelijking met een auto. Stel, u zou vanuit het stenen 

tijdperk ineens in onze huidige maatschappij terecht komen. Een auto zag u dan voor het eerst. 

U had werkelijk geen idee waar de auto voor diende, nog hoe de auto functioneerde. U zou zich 

afvragen waarom er ronde, draaiende objecten aan de onderkant van die rare machine zaten en 

niet aan de bovenkant. U zou zich verwonderen over het feit dat er rook uit de achterkant kwam. 

U zou zich geïntrigeerd afvragen waarom het object af en toe op een slurf werd aangesloten 

en waar die vies ruikende vloeistof die uit de slurf komt voor dient. U zou zich afvragen waarom 

er doorzichtige vlakken in de auto zitten en er een spriet uit het dak steekt. Sterker nog, u 

zou verbijsterd zijn dat het object als vanuit zichzelf bewoog. En, u zou pas tot de ontdekking 

komen dat er nog veel meer componenten in zaten dan u oorspronkelijk dacht, wanneer u had 

uitgevonden hoe u de motorkap open moest maken. Hoewel u de auto op dat moment dan in 

zijn geheel nog niet begrijpt, zou u, als u van één van de componenten erachter zou komen waar 

het voor diende of hoe het zou werken, de werking en de functie van de auto in zijn totaliteit al 

iets beter begrijpen. 

Begreep u bijvoorbeeld dat de auto niet meer kon bewegen als de vies ruikende vloeistof op 

is, maar wel weer kan bewegen als de vloeistof wordt aangevuld uit die rare slurf, dan kon u 

daaruit afleiden dat de auto “voedsel” nodig heeft. Hoewel een secretieapparaat miljoenen keren 

kleiner is dan een auto, is het bij het T2SS eigenlijk precies zo: We “zien” wel heel veel verschillende 

componenten, maar wellicht ook nog een aantal niet, die zitten als het ware nog verstopt onder 
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de motorkap. En van een aantal componenten weten we de waarschijnlijke functie, maar van 

een heel aantal ook niet. Van XcpS bijvoorbeeld weten we dat het er is, maar we weten niet wat 

het doet, nog hoe het er precies uitziet. Gelukkig zijn er wel wat houvasten: Er zijn technieken 

waarmee bepaalde zaken uit te zoeken zijn, en er zijn soortgelijke systemen waarvan bepaalde 

dingen al wel bekend zijn. Die gegevens kunnen dan als leidraad genomen worden voor het 

eigen onderzoek. Zo zijn er bij een eiwit waarover nog niets bekend is altijd een paar vragen die 

meteen de kop op steken. Voorbeelden hiervan zijn:

• Wat is de functie van het eiwit?

• Hoe werkt het eiwit?

• Vormt het eiwit complexen (dat wil zeggen, gaat het eiwit interacties aan)?

• Zo ja, zijn dit dan complexen met zichzelf of met andere eiwitten?

• Waar in de cel zit het eiwit?

Vanzelfsprekend hebben we dan ook getracht een antwoord te vinden op deze vragen en dat is 

wat er in de hoofdstukken 2 tot en met 5 beschreven staat. Van XcpS was al bekend dat het zich 

in de binnenmembraan bevindt en dat het zich daar doorheen vlecht, zodat bepaalde delen van 

het eiwit zich in het cytoplasma bevinden, terwijl andere delen in het periplasma zitten (voor een 

schematische weergave hiervan, zie Hoofdstuk 1, Fig. 6). 

Resultaten

In hoofdstuk 2 laten we zien dat XcpS complexen vormt met zichzelf. Het lijkt erop dat drie XcpS 

eiwitten met elkaar een verbinding aangaan en dat deze “trimeren” ook weer grotere structuren 

vormen (Hoofdstuk 2, Fig. 1). Wanneer we deze grotere complexen vanuit de cel isoleren, dat 

wil zeggen los in handen krijgen, zien we onder de elektronen microscoop dat ze ringvormige 

structuren vormen. In het midden van deze ringetjes lijkt een gat te zitten (Hoofdstuk 2, Fig. 4). 

Dat wijst er op dat de XcpS complexen poriën in de binnenmembraan zouden kunnen vormen. 

Wanneer we dit echter experimenteel testen door de gezuiverde complexen in te brengen in 

een kunstmatige membraan (zonder verdere openingen), die twee bakken met elektrolytische 

vloeistof van elkaar scheidt, vinden we daarvoor geen bewijs. Namelijk, wanneer er een porie 

aanwezig zou zijn, dan zou er een elektrisch stroompje gemeten moeten worden op het 

moment dat er een spanningsverschil over de membraan geplaatst wordt. Er gaat immers altijd 

een elektrische stroom lopen tussen twee spanningsbronnen als je ze maar met elkaar verbindt. 

Dit gebeurde echter niet. Dit betekent dat er geen gaten in het artificiële membraan gevormd 

zijn en onze ringstructuren dus dicht zijn. 
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In hetzelfde hoofdstuk laten we echter ook zien dat XcpS ook interacties aangaat met XcpT, de 

meest voorkomende bouwsteen van de pseudopilus (Hoofdstuk 2, Fig. 5). Interessant genoeg, 

wanneer we gezuiverd XcpT aan onze XcpS-bevattende kunstmatige membranen toevoegen, 

gaat er ineens wel een stroom lopen (Hoofdstuk 2, Fig. 6). Hieruit hebben wij afgeleid dat XcpS 

toch wel poriën in de binnenmembraan vormt. Deze zijn echter normaliter in een gesloten 

conformatie (dat wil zeggen, vorm), maar kunnen door XcpT geopend worden. 

Dat iets in kunstmatige membranen plaats vindt is echter nog geen bewijs dat het proces ook in 

de cel een rol speelt. In hoofdstuk 4 hebben we additioneel bewijs gepresenteerd waaruit blijkt 

dat ook in de cel XcpT de XcpS-porie kan openen. Namelijk, in hoofdstuk 4 hebben we studies 

beschreven naar varianten van het XcpS eiwit. In deze varianten hebben we elke keer één van 

de bouwstenen (aminozuren) van het XcpS eiwit verandert en gekeken of het eiwit daarna nog 

wel, of juist niet meer, zijn functie kon uitoefenen. Dit kun je waarnemen door te kijken of er wel 

of geen secretie meer plaatsvindt. Het is alsof je bij het autowiel bijvoorbeeld de velg verwijdert 

of het ventiel opent, en dan kijkt of de auto nog kan rijden. We vonden verscheidene eiwitten die 

niet meer functioneel waren: Waarbij dus geen secretie meer plaatsvond.

Eén variant van het XcpS eiwit (XcpS
F200A

) liet echter een heel bijzonder effect zien: Wanneer dit 

eiwit geproduceerd werd wilden de cellen veel minder goed groeien. Interessant genoeg was 

het effect alleen zichtbaar in Pseudomonas cellen die geen andere Xcp eiwitten maakten dan 

XcpS (Hoofdstuk 4, Fig. 3). Dit effect was namelijk ook aanwezig wanneer het experiment gedaan 

werd in een andere bacterie (te weten Escherichia coli) (Hoofdstuk 4, Fig. 4A). Zo’n negatief 

effect op de groei is een indicator van stress. De cel heeft het dan moeilijk om te overleven. 

We onderzochten dan ook of er ook andere stress responsen in deze cellen te vinden waren 

en vonden een verhoogde productie van het Phage-shock eiwit A (PspA) (Hoofdstuk 4, Fig. 4B). 

Zo’n respons wijst erop dat de binnenmembraan niet meer geheel intact is. Productie van het 

eiwit XcpS
F200A

 verstoort dus de gesloten vorm van de binnenmembraan, waarschijnlijk doordat 

er een porie gevormd wordt die altijd open staat. Er zit dan een soort lek in de membraan. Dit 

experiment liet zien dat aan de hand van groei-effecten en de Psp stress respons in E. coli, XcpT-

geïnduceerde porievorming van XcpS aangetoond zou moeten kunnen worden.

Inderdaad leidde co-expressie (het in de bacterie tegelijkertijd produceren) van XcpS en XcpT in 

E. coli tot verminderde groei en inductie van de Psp response (Hoofdstuk 4, Fig. 6), waarmee was 

aangetoond dat XcpS ook in vivo (in het levende wezen zelf ) door XcpT-geïnduceerde poriën kan 

vormen. Uit deze experimenten kwam echter ook een ander interessant gegeven naar voren: 

productie van XcpS
F200A

 resulteerde in P. aeruginosa alleen in groeiproblemen voor die stam die 
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geen andere Xcp eiwitten tot expressie bracht (Hoofdstuk 4, Fig. 3). Dit wees erop dat in vivo de 

XcpT-geïnduceerde XcpS porie afgedicht wordt door een ander eiwit. Eerder was al aangetoond 

dat de eiwitten XcpRYZ tezamen het eiwit XcpS stabieler maken, wat aantoont dat deze eiwitten 

met elkaar een interactie aan gaan. Co-expressie van XcpRYZ met XcpS
F200A

 leidde tot goede groei 

en resulteerde niet in een Psp stress response (Hoofdstuk 4, Fig. 6). Hiermee was aangetoond 

dat het XcpRYZ complex de XcpS porie afdicht. Dus, hoewel XcpT de XcpS porie opent vanaf 

de periplasmatische zijde van de membraan, leidt dit niet tot stress aangezien de porie aan de 

andere kant van de membraan is afgedicht door het XcpRYZ complex. De XcpS porie kan zo 

echter wel interacties tussen componenten van het Xcp systeem, die zich respectievelijk aan 

de cytoplasmatische en aan de periplasmatische zijde van de membraan bevinden, mogelijk 

maken. Wij denken dat er via de porie de door XcpR gegenereerde energie wordt doorgegeven 

aan de pseudopilus. Dit zou dan leiden tot groei van de pseudopilus. De groeiende pseudopilus 

kan dan het te secreteren eiwit naar buiten duwen.

Tijdens deze studies viel ons ook iets anders interessants op aan XcpS: Het eiwit gedroeg zich 

qua grootte afwijkend ten opzichte van de voorspellingen over het eiwit. Het eiwit leek een 

stuk kleiner dan voorspeld (Hoofdstuk 3). Uit ons onderzoek bleek dat het eiwit vlak nadat het 

geproduceerd is wel haar verwachtte grootte heeft, maar dat er vervolgens een klein stukje 

vanaf wordt geknipt (Hoofdstuk 3, Fig. 4). Het bleek essentieel dat dit afknippen daadwerkelijk 

gebeurt, aangezien het T2SS niet kon functioneren wanneer wij het afknippen verhinderden 

(Hoofdstuk 3, Fig. 1 en 5). We identificeerden een kleine regio (een aantal naast elkaar liggende 

bouwstenen) in het eiwit XcpS dat betrokken lijkt bij het knippen (Hoofdstuk 3, Fig. 5). Hoewel 

we de functie van het afknippen, als mede van het stukje dat verwijdert wordt, nog niet hebben 

kunnen bepalen, wijzen verschillende data erop dat het knippen niet alleen bij XcpS gebeurt, 

maar ook bij soortgelijke eiwitten uit andere T2SS (Hoofdstuk 3, Fig. 2 en Tabel 1). Dit betekent dat 

het afknippen daadwerkelijk een zeer belangrijk proces is. Het knippen lijkt dus noodzakelijk om 

alle verschillende T2SS te laten functioneren.

In hoofdstuk 5 beschrijven we onze studies naar de lokalisatie van het Xcp systeem in P. aeruginosa, 

dat wil zeggen dat we hebben uitgezocht waar het apparaat zich in de cel bevindt. De bacterie 

P. aeruginosa heeft een min of meer ovale vorm en de uiteinden van deze ovalen noemen we 

polen. Uit eerder onderzoek is gebleken dat bepaalde processen of systemen zich alleen op 

specifieke plaatsen in de bacterie afspelen, dan wel ophouden. Om de lokalisatie van het Xcp 

systeem te kunnen bepalen, hebben we in eerste instantie de gangbare techniek gebruikt om 

een fluorescerende (lichtgevende) groep aminozuren aan het eiwit, waarvan men de plaats in de 

bacterie wil bepalen, te hangen. De bacterie maakt dan een fluorescerende vorm van, in dit geval, 
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het eiwit XcpS en van het eiwit XcpR. Wanneer je de bacterie vervolgens onder een microscoop 

bekijkt en met licht van de juiste golflengte beschijnt, zie je op bepaalde plaatsen fluorescerende 

vlekken. Helaas werkte deze techniek niet afdoende (Hoofdstuk 5, Fig. 1). 

We hebben daarom een vrij nieuwe techniek toegepast waarbij er een chemisch stofje aan 

de bacterie werd toegevoegd dat ging fluoresceren wanneer het met bepaalde varianten van 

de Xcp eiwitten in aanraking kwam. Ook dit resulteert in fluorescerende vlekken wanneer de 

bacterie door een microscoop bekeken wordt en met de juiste golflengte licht beschenen wordt. 

Op deze manier hebben we kunnen vaststellen dat het Xcp systeem zich aan een van de polen 

van de cel bevindt (Hoofdstuk 5, Fig. 3). 

Dit hebben we kunnen bevestigen door te kijken of secretie ook daadwerkelijk aan de pool 

gebeurt. Namelijk, als je kunt aantonen dat zowel het systeem dat de eiwitten secreteert als de 

eiwitten die gesecreteerd worden zich op eenzelfde plaats bevinden, is dit natuurlijk een veel 

sterker bewijs dat het systeem zich daadwerkelijk op die plaats bevindt. Daarom hebben we 

gebruik gemaakt van een truc. Eén van de eiwitten die door het Xcp secretiesysteem wordt 

uitgescheiden is in staat andere eiwitten af te breken. Dit eiwit heet elastase. Sommige eiwitten 

gaan fluoresceren als ze worden afgebroken. Deze eiwitten zullen we verder bodipy-eiwitten 

noemen. We hebben de bacteriën omringd met bodipy-eiwitten. Het idee was dat wanneer de 

bacterie het Xcp secretiesysteem zou gebruiken er alleen secretie aan de pool van de bacterie 

zou plaatsvinden, aangezien we hadden aangetoond dat het systeem zich alleen daar bevond. 

Elastase zou dus alleen aan de pool uitgescheiden moeten worden en dus ook alleen daar het 

bodipy-eiwit moeten kunnen afbreken. Dit zou betekenen dat wanneer je de bacterie weer 

onder de microscoop zou bekijken en met licht van een bepaalde golflengte zou beschijnen, er 

alleen aan de pool van de bacterie fluorescentie te zien zou moeten zijn. Dit bleek het geval te 

zijn (Hoofdstuk 5, Fig. 4). Hieruit concluderen wij dat het Xcp secretiesysteem zich aan de pool 

van de cel bevindt.

Wat heeft het onderzoek opgeleverd 

In hoofdstuk 6 wordt een aan de nieuwe gegevens aangepast model voor type II secretie 

gepresenteerd. Zeer summier stelt dit model dat wij nog steeds denken dat secretie van eiwitten 

plaatsvindt doordat de eiwitten door een porie in de buitenmembraan geduwd worden met 

behulp van de pseudopilus. Het eiwit XcpS heeft echter in dit nieuwe model een sleutelrol 

gekregen, omdat het zowel met de pseudopilus als met het eiwit dat de benodigde energie 

produceert interacties aangaat en daarnaast, zelf een gat in de binnenmembraan lijkt te vormen, 
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waardoor andere onderdelen van het secretiesysteem met elkaar kunnen samenwerken. 

Zodoende heeft het in dit proefschrift beschreven onderzoek een aantal van de gestelde vragen 

(gedeeltelijk) kunnen oplossen, te weten: 

• Waar in de cel zit het eiwit? Aan één van de twee polen. 

• Vormt het eiwit complexen? Ja, het eiwit vormt complexen, zowel met zichzelf als met 

een andere component. 

• Wat is de functie van het eiwit? XcpS vormt waarschijnlijk een kanaaltje in de 

binnenmembraan. Dit zorgt ervoor dat twee andere componenten van het T2SS een 

directe interactie met elkaar kunnen aangaan. Het is echter zeer zeker mogelijk dat XcpS 

ook nog andere functies heeft. 

• Hoe werkt het eiwit? Deze vraag kunnen we nog niet geheel beantwoorden. We denken 

dat XcpS een groot complex vormt dat kan openen en sluiten, maar hoe dat precies 

gebeurt, weten we nog niet. Wel lijkt het erop alsof de interactie met het eiwit XcpT 

hiervoor essentieel is, en dat de eiwitten XcpR, XcpY en XcpZ gezamenlijk in staat zijn 

om het gat te dichten. Daarnaast weten we dat het T2SS alleen functioneert wanneer 

er een stukje van het eiwit XcpS wordt afgeknipt. Echter, hoe en waarom dat precies 

gebeurt, begrijpen we nog niet. 

Het in dit proefschrift beschreven onderzoek heeft dus een tipje van de sluier over XcpS opgelicht, 

maar er zijn, zoals bijna altijd bij onderzoek, ook weer evenzoveel vragen bijgekomen.... . 
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Het dankwoord van een proefschrift is maar een raar ding. Het is zonder twijfel het meest gelezen 

deel van het hele proefschrift, terwijl het weinig tot geen wetenschappelijke informatie bevat. 
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proefschrift, hetzij door daadwerkelijk mee te werken aan, of te denken over, het onderzoek 

beschreven in het proefschrift, dan wel door mij in de afgelopen jaren te steunen, een luisterend 

oor te bieden, of gewoon de mogelijkheid geboden heeft een keer samen niet aan het werk 

te denken. Ik vertrouw erop dat eenieder slim genoeg is om zelf uit te maken of hij dan wel zij 

daartoe behoort.

Aan al dezen, en aan sommigen meer dan aan anderen, mijn hartelijke welgemeende dank,
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