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Abstract  

 
In order to establish colonisation of a human host, pathogenic Yersinia use a type III protein 

secretion system to directly intoxicate host immune cells. Activation of this system requires 

target cell contact and is a highly regulated process. Both the intoxication and regulation 

events depend on the lcrGVHyopBD translocon operon, which is highly conserved in many 

bacterial pathogens. In this study, the role of individual operon members was analysed and 

functional domains identified by using the highly homologous pcrGVHpopBD operon of P. 

aeruginosa as a comparative tool.  

Yersinia spp. and P. aeruginosa were shown to form translocation pores of a similar size 

that promoted equally efficient protein delivery. A strong dependency on interactions between 

native translocator(s) in protein delivery was revealed, suggesting that each pathogen has 

delicately fine-tuned this process to suit its own infection niche. In particular, the C-terminus 

of YopD was shown to possess functional specificity for effector delivery in Yersinia that 

could not be conferred by the comparable region in homologous PopD. Moreover, a role for 

LcrV and PcrV in substrate recognition during the protein delivery process was excluded.  

The N-terminus of LcrH was recognized as a unique regulatory domain, mediating 

formation of LcrH-YscY regulatory complexes in Yersinia, while equivalent complexes with 

analogous proteins were not formed in P. aeruginosa. These results compliment the idea that 

a negative regulatory pathway involving LcrH, YopD, LcrQ and YscY is unique to Yersinia.  

Finally, PcrH was identified as a new member of the translocator class of chaperones, 

being essential for assembly of a functional PopB/PopD mediated translocon in P. 

aeruginosa. However, in contrast to the other members of this family, PcrH was dispensable 

for type III regulation. Moreover, both LcrH and PcrH were shown to possess 

tetratricopeptide repeats crucial for their chaperone function. One tetratricopeptide repeat 

mutant in LcrH was even isolated that failed to secrete both YopB and YopD substrates, even 

though stability was maintained. This demonstrates for the first time that LcrH has a role in 

substrate secretion in addition to its critical role in promoting substrate stability.  
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1. Introduction 
 

1.1 Human pathogenic species of the genus Yersinia 
 

The genus Yersinia of the family Enterobacteriaceae is facultatively anaerobic, gram-

negative rods (23), with a capacity to grow at temperatures from 4 to 40°C (245). Out of the 

11 known members, Y. pestis, Y. enterocolitica and Y. pseudotuberculosis are pathogenic to 

humans (326).  

The ecology and pathogenicity vary between these three species: Y. enterocolitica and Y. 

pseudotuberculosis are found widely in the environment, partly due to their minimal 

nutritional requirements and ability to remain metabolically active at broad temperature 

ranges. In contrast, Y. pestis is unable to synthesise several amino acids and metabolic 

enzymes and is therefore an obligate parasite (46, 166). While Y. enterocolitica and Y. 

pseudotuberculosis commonly cause self-limiting gastrointestinal diseases (section 1.2.2), Y. 

pestis causes severe plague (section 1.2.1).  

 

1.1.2 The close relatedness of Y. pestis and Y. pseudotuberculosis 

 

Recent genome-sequence data together with previous DNA hybridisation studies show that Y. 

pestis and Y. pseudotuberculosis are closely related, with gene homology approaching 97% 

and largely co-linear gene organization. By contrast, Y. enterocolitica is more distantly 

related, suggesting it has long since diverged evolutionary from Y. pseudotuberculosis (24, 

43, 234, 370). In contrast, Y. pestis is believed to have evolved from Y. pseudotuberculosis 

just 1,500-20,000 years ago, shortly before the first known pandemic of human plague (2). In 

agreement with a recent evolution, the Y. pestis genome contains a high number of 

pseudogenes, most of which are found intact in Y. pseudotuberculosis, indicating that the 

pathogen is in the process of “down-sizing” its genome content as it adapts (258). Why Y. 

pestis is so much more pathogenic compared with its recent relative Y. pseudotuberculosis is 

not known, especially since their genomes are so conserved. The different modes of 

transmission may offer one explanation. As Y. pseudotuberculosis is an enteropathogen, the 

most efficient method to ensure transmission to a new host is to cause diarrhoea. By contrast, 

Y. pestis spreads via the flea vector to the blood of a new host (section 1.2.1). The more 
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severe the bacteraemia, the greater the chance of being transmitted through a flea-bite. Thus, 

there is a strong selective pressure to cause a severe disease.  

Several factors have contributed to the ability of Y. pestis to be transmitted by fleas to 

mammalian hosts. These include the chromosomal haemin storage (hms) locus (not unique to 

Y. pestis), which is thought to contribute towards blockage of the flea mid-gut, thereby 

ensuring efficient bacterial spreading to a new mammalian host (section 1.2.1) (168) and the 

horizontally acquired pFra/pMT1 and pPst/pPCP1 plasmids. These plasmids encode the 

murine toxin (Ymt) that is important for survival of Y. pestis in the flea (169, 170) and the 

plasminogen activator Pla, which is essential for bacterial dissemination from intra-dermal 

sites of infection (316), respectively. However, the presence of these two unique plasmids is 

not entirely responsible for the extraordinary virulence of Y. pestis, because some strains of Y. 

pestis that lack either pFra or pPst still remain fully virulent in animal infection models (80, 

123, 293, 358). Furthermore, when pPst is transferred to Y. pseudotuberculosis, increased 

virulence is not conferred (197). This indicates that these plasmids may actually be more 

important for vector-borne plague transmission than for virulence.  

 
1.1.3 The common virulence plasmid of Yersinia 
 

Historically, virulence of human pathogenic Yersinia was found to correlate with the presence 

of a 70 kb plasmid (Figure 1) (22, 107, 132, 133, 272, 383). Subsequently, it has been shown 

that the plasmid encodes different components that together form a functional type III 

secretion system (TTSS). These include (i) Ysc (Yersinia secretion) proteins required for the 

secretion process, (ii) secreted effector proteins called Yops (Yersinia outer protein), (iii) 

proteins required for the translocation into eukaryotic host cells (iv) regulatory proteins that 

control the expression and secretion of the effector proteins and (v) Syc (specific Yop 

chaperone) proteins that act as chaperones towards members of groups (ii) and (iii).  

The plasmid encoded TTSS allows Yersinia to inject anti-host proteins directly into 

eukaryotic cells during an infection, which combine to inhibit the cellular defences of the 

host, enabling Yersinia to multiply extracellularly in lymphoid organs and establish 

colonisation (reviewed in (68, 189)). Interestingly, the virulence plasmids and hence the 

TTSSs of Y. pestis and Y. pseudotuberculosis are functionally interchangeable, further 

demonstrating the close relationship between these two species (368).  
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1.2 Pathogenesis of Yersinia infections 
 

During infection, Y. pestis, Y. enterocolitica and Y. pseudotuberculosis all have a tropism for 

lymphatic tissue, where they multiply to high numbers. However, the diseases vary greatly 

(see below). 

 
1.2.1 Plague 
 
Plague, the acute bacterial infection caused by Yersinia pestis, is believed to have occurred as 

three pandemics in recent history. During the second pandemic, plague that raged between 

1347 and 1351 became known as the Black Death and is estimated to have killed one-third of 

the European population (271).  

Y. pestis has a complex life cycle involving a mammalian reservoir (primarily rodents) and 

a flea vector, mainly the oriental rat flea Xenopsylla cheopsis. The bacterium ensures 

transmission by clotting the blood in the foregut of the infected flea, thereby preventing the 

Figure 1. The type III secretion system of Y. pseudotuberculosis is encoded on the pIB1 
virulence plasmid. Identified genes and their direction of transcription are indicated with arrows. 
The DNA sequence of pIB1 on which this map is based is unpublished data provided by Peter 
Cherepanov and Thomas Svensson, FOI NBC-Defence, Umeå, Sweden. Reprinted with permission 
from Schesser et al., 2000 (301). Copyright (2004), ASM Press. 
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blood from reaching the stomach. This results in futile attempts to feed on a new host, but 

efficient regurgitation of infected blood back into the bite site, injecting bacteria under the 

animals´ skin (263). The bacteria are transmitted directly into the blood stream, where the 

majority are phagocytized and destroyed by neutrophils. However, some are taken up by 

monocytes which are unable to kill them and this allows bacteria to start expressing virulence 

determinants such as the pFra-encoded F1 capsule, which prevents phagocytosis (91), and a 

TTSS. The phagocytosis resistant bacteria escape from monocytes and spread to regional 

lymph nodes where they multiply to high numbers. The massive inflammation that then 

follows results in the characteristic enlargement of the infected lymph node, so-called bubo 

formation (bubonic plague). The infection rapidly spreads into the blood stream from where it 

reaches vital organs (septicaemic plague). While in circulation, Y. pestis cause breakage of 

blood vessels and massive internal bleeding, giving the skin a black colour (hence "Black 

Death"). If bacteria reach the lungs, severe pneumonia develops (pneumonic plague). This 

form is extremely contagious via the airborne route, and exposed recipients may develop 

primary pneumonic plague within 1-3 days. Hence, no flea vector is needed to spread this 

form of plague. Without treatment, septicaemic and pneumonic plague is invariably fatal 

(263).  
Plague is still endemic in many countries of the world, but if antibiotic treatment occurs at 

an early stage, it is usually successfully cured (263). However, the rise of multidrug resistant 

strains of Y. pestis (127) indicates that new therapies are needed. 

 
1.2.2 Yersiniosis 
 

Yersiniosis is an acute enteric infection that is caused by Y. pseudotuberculosis and Y. 

enterocolitica. Generally, humans become infected by consuming food or water contaminated 

with feces from an infected human or animal, or by direct contact with fecal material from an 

infected person or animal (314). After ingestion, the bacteria pass into the small intestine, 

where they traverse the intestinal epithelium through M (Membraneous)-cells (17), reaching 

the underlying lymphoid follicles of the Peyer´s patches. The follicles become heavily 

infected, correlating with the recruitment of immune cells (PMNs), causing massive 

inflammation and subsequent tissue destruction. To survive in this hostile environment, 

enteropathogenic Yersinia depend on a functional TTSS and, in the case of Y. enterocolitica, 

also the adhesin YadA (Yersinia adhesion A) (262). YadA binding has been suggested to 

allow intimate target cell contact by Y. enterocolitica, a prerequisite for Yop delivery (69) 
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(section 1.7.4), while YadA of Y. pseudotuberculosis is dispensable for virulence, likely 

reflecting the importance of additional adhesins in Y. pseudotuberculosis (40, 148). 

Diarrhoea is the common outcome for both pathogens that is generally more severe in Y. 

enterocolitica infected individuals. While Y. enterocolitica colonizes the Peyer´s patches, Y. 

pseudotuberculosis is more widely disseminated and typically reaches the mesenteric lymph 

nodes surrounding the intestine, where they cause inflammation (mesenteric adenitis), with 

acute abdominal pain. Yersiniosis is normally self-limiting; however sometimes post 

infectious non-gastrointestinal manifestations, such as reactive polyarthritis, Reiters 

syndrome, erythema nodosum and glomerulonephritis occur (314).  

 

1.3 Secretion systems of gram-negative bacteria 
 

1.3.1 The type I to V secretion pathways 
 
Many bacterial virulence factors must be secreted to exhibit their virulence function. 

Depending on the substrate, secretion is usually mediated through one of five (type I-V) 

secretion pathways (Figure 2). These systems have been extensively reviewed (27, 48, 63, 

126, 158, 180, 206, 211, 237, 291, 294, 295), and will not be discussed in details here.  

In brief, proteins secreted by the type II and V pathways, e.g. cholera toxin from V. 

cholerae and IgA1 protease from Neisseria spp., respectively, cross the inner and outer 

membranes in separate steps. Secretion across the inner membrane commonly occurs via the 

Sec-pathway (also termed the general secretory pathway) (94) or the Tat-pathway (256, 281) 

and depends on an N-terminal recognition signal that, in the case of the Sec-pathway, is 

enzymatically cleaved. Export across the outer membrane occurs via a multi-protein complex 

for the type II substrates, while type V substrates govern their own transport by forming a β-

barrel pore through which the rest of the protein is exported to the bacterial surface. In the 

later case, proteins perform their function while still bound to the β-barrel or after being 

released by proteolytic cleavage.  

Proteins secreted by the type I pathway, e.g. HlyA hemolysin of E. coli, and the type III 

pathway, e.g. Yops of Yersinia spp., depend on C-terminal and N-terminal secretion signals, 

respectively. Secretion occurs in a single step via a continuous channel forming complex.  

Finally, the type IV system, which is ancestrally related to the bacterial conjugation 

machinery, delivers DNA into a wide variety of cells. Recently however, it was also shown to 
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Figure 2. Schematic illustration of the type I-V secretion pathways. Signal sequences that 
target the proteins to the respective secretion system are indicated as light grey boxes. Adapted 
from Wolf-Watz and colleagues (301). 

secrete virulence proteins, including the Pertussis toxin of Bordetella pertussis, CagA of 

Helicobacter pylori and RalF of Legionella pneumophila (237). Intriguingly, the type III and 

type IV pathways appear to possess similar functions: both systems can deliver substrates 

directly into the host cytosol by a one-step mechanism, a process that requires physical 

contact with the target cell (Pertussis toxin is an atypical type IV substrate, for specific details 

of its translocation see (237)). In addition, the two systems also depend on a needle-like 

surface extension for substrate delivery (174, 187, 195, 283, 306, 333). The fact that gram-

negative bacteria have evolved two apparently similar systems to translocate toxins is 

fascinating and deserves future investigation.  
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1.4 Type III secretion under the microscope 
 

1.4.1 A mediator of cross-talk 
 

Type III secretion allows bacteria adhering at a membrane of a eukaryotic host cell or of an 

intracellular organelle, to inject specialised proteins across this membrane to establish an 

infection. Type III secretion systems (TTSSs) are employed by a large number of gram-

negative bacteria. These include mammalian pathogens, such as Yersinia spp., Salmonella 

spp., Chlamydia spp., Shigella spp., Pseudomonas aeruginosa, enteropathogenic Escherichia 

coli (EPEC), Bordetella spp., Burkholderia spp., Citrobacter rodentium and 

Chromobacterium violaceum (45, 180, 253). Fish pathogens, like Aeromonas salmonicida 

subsp. salmonicida, Aeromonas hydrophila, Vibrio parahaemolyticus and Yersinia ruckeri 

also harbour TTSSs (50, 140, 217, 379) that may be important for virulence (51, 379). TTSSs 

are also used by plant pathogens, such as Xanthomonas spp., Erwinia spp., Pseudomonas 

spp. and Ralstonia solanacearum (180, 253).  

Importantly however, TTSSs are not restricted to pathogens, but are also used by 

endosymbionts. Members of the soil bacteria Rhizobium spp. harbour a TTSS which enables 

them to associate symbiotically with leguminous plant roots (122, 220). Endosymbionts of 

insects like Sodalis glossinidius, an endosymbiont of the tsetse fly Glossina spp. and SZPE 

(Sitophilus zeamais primary endosymbiont), an endosymbiont of the rain weevil Sitophilus 

zeamais, appear to use TTSSs to invade insect cells (73, 74). Photorhabdus luminescens, an 

endosymbiont of nematodes pathogenic to insects also harbours a TTSS, however its 

biological function has not been assigned (108). UWE25, a chlamydia-related symbiont of 

free-living amoebas, was recently shown to encode a complete TTSS (177). Commensals, 

such as non-pathogenic strains of E. coli also possess TTSSs (253).  

Complete TTSSs have also been found in bacteria which do not have any known 

interactions with eukaryotes, e.g. the environmental sulphate-reducing bacterium 

Desulfovibrio vulgaris Hildenborough (157). One could speculate that it may use the system 

to fight microscopic eukarya, such as protozoans, which it may encounter in its usual 

environmental niche. An even more exciting possibility is that it uses the TTSS to sense the 

environment and secrete metabolic degradative enzymes in response to the presence of a food 

source. If this were to be the case, the current way in which TTSSs are viewed (origin, 

primary function) would need to be re-assessed.  
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With an increasing number of bacterial genomes being sequenced, many more bacteria 

harbouring TTSSs are likely to be discovered. This opens the possibility of further redefining 

TTS function and/or identifying new target organisms. 

 
1.4.2 Bacteria encoding more than one type III secretion system 
 

It has been known for some time that Salmonella enterica possesses two separate TTSSs, 

inv/spa and spi/ssa, separately encoded on the pathogenicity islands SPI-1 and SPI-2 

respectively (162). In the era of genome sequencing, other candidates with more than one 

system have recently been identified. Besides the plasmid encoded TTSS, Yersinia spp. also 

encode a chromosomal system, which in Y. pestis and Y. pseudotuberculosis is related to the 

system of SPI-2 (253, 257, 258), and in Y. enterocolitica to that of SPI-1 (146). The 

chromosomal system of Y. enterocolitica, called Ysa, is important for virulence (146). Like Y. 

enterocolitica, the opportunistic human pathogen Chromobacterium violaceum also possesses 

a Yersinia Ysc like TTSS and an inv/spa SPI-1-like system (45). Many pathogenic and 

commensal strains of E. coli also possess two TTSSs, where the second is SPI-1-like (218, 

279). The marine pathogen Vibrio parahaemolyticus, which causes gastroenteritis in humans, 

encodes a TTSS on each of chromosomes 1 and 2 (217). Fascinatingly, Burkholderia 

pseudomallei, the causative agent of melioidosis in humans and animals, harbours three 

TTSSs, where two closely resemble TTSSs from plant pathogens, and the third is SPI-1-like 

(16, 277, 323). 

Why do these bacteria have more than one TTSS? One possibility is that different systems 

might be used during different stages of the infection. While the major function of the SPI-1 

TTSS is to enable Salmonella invasion of epithelial cells in the early phase of infection, the 

principal role of the SPI-2 TTSS is to allow their replication inside macrophages, which is 

important for the systemic infection and also their proliferation in host organs at later stages 

of infection. Thus, the two TTSSs are needed during different periods of infection. As a 

consequence, the cues that regulate the two systems are distinct and each system has its 

specific set of regulators (reviewed in (161, 210)).  

In addition, multiple TTSSs within the one organism may support colonisation of different 

types of hosts. B. pseudomallei is armed with one TTSS dedicated to infecting animal cells 

and two others normally associated with plant interactions. While B. pseudomallei is a well 

established animal pathogen, it may also infect plants using a different set of TTSSs, 

especially since a relationship between B. pseudomallei and plants has already been suggested 
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(89). In the case of Vibrio parahaemolyticus, perhaps one TTSS might be used for survival in 

the marine environment, where it has been shown to infect fish and shellfish (1, 251), and the 

other TTSS might be used to establish gastrointestinal infections in humans (32). The 

different temperatures and conditions encountered would necessitate the use of separate, 

differently regulated TTSSs. A precedent for the importance of TTS in establishing fish 

infections has already been established for A. salmonicida subsp. salmonicida and A. 

hydrophila (51, 379). 

As TTSSs are very complex, and therefore energetically costly machineries, bacteria are 

likely to have only one system active at a time. In support of this, conditions that induce the 

SPI-1 TTSS of S. enterica include high osmolarity (20), while expression of the SPI-2 TTSS 

is induced by nutritional starvation (85). The fact that bacteria may use multiple TTSSs 

during their life-cycle confirms that they offer a very efficient strategy to establish 

interactions with diverse eukaryotic hosts. 

 
1.4.3 Acquisition of type III secretion systems 
 

Lateral gene transfer appears to be a key event in the acquisition of TTSSs. This is supported 

by several observations. Firstly, many of the genes encoding structural components are 

conserved between the different systems and are arranged in clusters with a well conserved 

genetic order. Secondly, the clusters commonly display an atypical G+C content relative to 

the rest of the genome and are generally found on large mobile genetic elements, such as 

plasmids, phages or transposons (363). As an example, the TTSSs of Yersinia and Shigella 

spp. are encoded on large virulence plasmids and the chromosomal TTSSs of S. enterica 

(inv/spa and spi/ssa) and EPEC (LEE) are encoded within PAIs (pathogencicity islands) 

flanked by insertion elements or direct repeats (180, 301).  

Interestingly, similar TTSS clusters can be present on a virulence plasmid in one pathogen 

(such as the mxi/spa invasion locus of Shigella spp.), but within a chromosomal PAI in 

another (the inv/spa SPI-1 TTS locus of S. enterica) (363). This could possibly be explained 

by the conjugative transfer of plasmids between bacteria. Usually, these plasmids would 

replicate autonomously from the bacterial chromosome, but under certain conditions they may 

integrate into the chromosome to form a PAI. Generalised transduction by bacteriophages or 

natural DNA transformation could be other means to acquire TTS genes by horizontal gene 

transfer (303). 
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In contrast to the genes encoding structural components of TTSSs, those encoding 

effectors are seldom conserved or genetically linked, indicating that they may have been 

acquired independently of the genes encoding the secretion apparatus (180). Some effectors 

display typical eukaryotic motifs, e.g. GTPase activation domains, Ser/Thr protein kinase 

domains and Leucine rich repeats, suggesting that they could be of eukaryotic origin (301).  

 
1.4.4 The close relationship between type III secretion and flagella assembly 
 

When the sequences for TTS structural genes and flagellar export genes were available, it 

became evident that these protein export pathways are closely related. Several proteins, which 

have homologues in most TTSSs and form the basis of functional TTS, show extensive 

similarity to inner membrane proteins of the flagellum export pathway (214, 301). Isolation of 

purified TTS organelles (termed secretons) from S. flexneri, EPEC and S. typhimurium also 

revealed significant physical similarities between TTSSs and flagella. The envelope spanning 

part of the TTS secreton showed extensive similarity to the basal body of the flagellum, but 

instead of the flagellar hook and filament, it was equipped with a needle-like hollow structure 

extending from the bacterial surface (Figure 3) (195, 306, 333).  

 

 

 

 

 

 

 

 

 

 
 

Recently, 60-80 nm long needle-like structures consisting of a single polymerised protein, 

YscF, and with a hollow centre of about 2 nm, were isolated from Y. enterocolitica (174, 

187). This suggests that a needle-like appearance may be a general feature for TTS secretons 

Figure 3. Ultrastructures of the flagellum and the type III secreton. Electron micrographs of a 
purified flagellum (A) and the SPI-1 inv/spa type III secretion apparatus (B) of Salmonella 
typhimurium. Reprinted from Macnab, 1996 (215) and Kubori et al., 1998 (195), Copyright (2004), 
with permission from ASM Press and The American Association for the Advancement of Science, 
respectively. 

A BA B



 17

of mammalian pathogens. In contrast, the TTS secretons of plant interacting bacteria (denoted 

Hrp-pili), are much longer, which might reflect the need to penetrate the thick cell-wall 

enveloping the plant cell, which is absent in mammalian cells (156).  

Also mechanistically, the TTSSs and flagella are homologous, in that secretion of 

substrates relies on an N-terminal secretion signal and is likely to occur by a continuous 

mechanism, without periplasmic intermediates (301). TTS substrates can also be secreted by 

the flagellar export pathway (203, 377, 378). In fact, the flagellar secretion pathway is often 

denoted a TTS pathway due to the high similarities between the systems. While some believe 

that TTSSs have evolved from flagella (126, 214, 244, 292), others favour the idea that 

flagella evolved from TTSSs (136). Some even suggest that the two could have evolved in 

parallel (4). 

 

1.5 The Yersinia type III secretion system 
 

1.5.1 Yersinia spp. and P. aeruginosa share highly conserved type III systems  

 

Type III machineries are very complex structures that span the peptidoglycan layer and both 

membranes of gram-negative bacteria. In Yersinia, the system is comprised of at least 27 

different Ysc (Yersinia secretion)-components (68), which are encoded by the virA, yscA-

L/virC and yscN-U/virB operons on the virulence plasmid (reviewed in (328)). These operons 

are highly conserved in P. aeruginosa, an opportunistic pathogen that commonly infects 

immunocompromised individuals, such as patients with leukaemia, cancer, burn wounds or 

cystic fibrosis (120, 191, 235, 284). Hence, in P. aeruginosa, individual components have 

been denoted Psc (Pseudomonas secretion) (180, 372, 374). In addition, proteins involved in 

the delivery of proteins across the eukaryotic cell membrane are encoded by two homologous 

operons, called lcrGVHyopBD in Yersinia and pcrGVHpopBD in P. aeruginosa (see sections 

1.6.2 to 1.6.4). These similarities may explain why TTS substrates from P. aeruginosa can be 

recognised and secreted by the Yersinia TTSS (124, 267, 330). In addition, activation of both 

systems requires depletion of calcium in vitro, or target cell contact in vivo (sections 1.7.3 and 

1.7.4), together with the activity of an AraC-like transcriptional activator called LcrF/VirF in 

Yersinia (sections 1.7.1 and 1.7.2) and ExsA in P. aeruginosa (118).  

It is possible that the many similarities between the two systems may reflect a shared 

preference for the bacteria to stay extracellular during infection. In support, both Yersinia spp. 
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and P. aeruginosa encode TTS effectors that inhibit bacterial uptake by professional 

phagocytes (section 1.5.3). However, there are also important differences between their 

TTSSs, for instance when it comes to their regulation. This will be thoroughly discussed in 

the Results and Discussion section. 

 
1.5.2 Substrate specificity switching at the type III secretion apparatus 
 

TTSSs have been shown to secrete a vast variety of substrates with different functions, the 

Yersinia system being no exception: While the basal Ysc components of the secretion 

apparatus are secreted via the Sec-pathway (section 1.3.1), the external structural components, 

such as YscF, YscO, YscP and YscX, are secreted via the TTS machinery itself (83, 260, 261, 

319). The substrates also include effector proteins (sections 1.5.3 and 1.5.4), which are 

delivered into the target cells and translocator proteins (sections 1.6.2 to 1.6.4) that are 

required for their delivery.  

During the biogenesis of the TTSS, the structural needle component (YscF in Yersinia) is 

believed to be secreted through the TTSS (36, 192, 306). The dogma is that the completion of 

the needle acts as a signal for the bacterium to stop exporting needle components and to start 

exporting translocators and effector proteins. This so-called “substrate specificity switch” 

would be analogous to the transition from hook- to filament secretion during flagellar 

assembly (reviewed in (7)). Specifically, mutations in fliK abolishes the switch, and instead 

hook elongation proceeds to an abnormal extent (polyhook phenotype), but no flagellar 

filament is built (171, 361). By analogy, mutations in yscP, the fliK homologue of Yersinia, 

results in excessive accumulation of YscF at the bacterial surface (95) and induces 

abnormally long YscF-needles (187). This correlates with poor secretion of effector and 

translocator proteins (95, 319). Similar phenotypes were observed for the analogous invJ and 

spa32 mutants of Salmonella and Shigella, respectively, suggesting that the phenomenon of 

substrate specificity switching is universal for TTS (66, 196, 216, 334). In Yersinia, YscP is 

believed to act as a molecular ruler: When the YscF-needle reaches its mature length, YscP 

signals to the bacterium to stop secreting YscF and to start secreting other substrates (187). 

The switch may involve an YscP-mediated conformational change of the inner membrane 

component YscU (FlhB of flagella) (95, 232).  
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1.5.3 Effector proteins inhibiting cytoskeleton dynamics 
 

Of the six Yersinia effectors (Yops) identified so far, YopE, YopT, YpkA/YopO and YopH 

cause a global disruption of the actin cytoskeleton of infected cells (143, 184, 188, 285). By 

doing so, they enable Yersinia to resist phagocytosis by macrophages (34, 103, 139, 285) and 

polymorphonuclear leukocytes (15, 139, 364), which contributes to Yersinias predominantly 

extracellular lifestyle. The effectors appear to act synergistically to confer resistance to 

phagocytosis (139). YopE, YpkA and YopH are also essential virulence determinants (41, 

113, 128), while YopT may be dispensable for virulence (184, 342).  

The anti-phagocytic effect comes from the ability of these Yop effectors to target the Rho 

signalling pathways, particularly Rho GTPases such as RhoA, Rac1 and Cdc42. These are 

members of the Ras superfamily of small GTP-binding proteins that participate in regulation 

of the actin cytoskeleton and phagocytosis, as well as many other cellular processes (145, 

348). They cycle between GDP-bound (inactive) and GTP-bound (active) states. The 

nucleotide status is regulated by GEFs (guanine nucleotide exchange factors), which catalyse 

the exchange of GDP for GTP and GAPs (GTPase activating proteins), which promote the 

intrinsic GTP hydrolysis activity of Rho family proteins (37). YopE was recently shown to 

act as a GAP towards Rho, Rac and Cdc42 (3, 30, 369). By accelerating the intrinsic GTP 

hydrolysis, YopE rapidly converts them to their inactive forms, preventing them from 

activating downstream effectors of actin polymerisation and phagocytosis, e.g. WASP and N-

WASP. Interestingly, P. aeruginosa, which harbours a TTSS related to that of Yersinia spp. 

(section 1.5.1), encodes the ExoS and ExoT effector proteins, which possess YopE-like N-

terminal GAP domains, responsible for the targeting of RhoA, Rac1 and Cdc42 (134, 190, 

330), while their C-terminal domains display ADP ribosylating activity towards several 

GTPases from the Ras, Rab and Rho families (ExoS) (64, 121, 160, 362) or towards the Crk 

adaptor proteins, which participate in the signal pathways involving focal adhesion and 

phagocytosis (ExoT) (327). 

YopT (184) has been found to function as a cysteine protease towards Rho, Rac, and 

Cdc42. By cleaving near their C-terminus, YopT causes the release of the Rho GTPases from 

the eukaryotic membrane leading to their inactivation (307, 308). Furthermore, YpkA 

(Yersinia protein kinase A), or YopO in Y. enterocolitica, is a Ser/Thr protein kinase (128) 

that interacts with RhoA and Rac in vitro (21, 93), causing blockage of RhoA activation (93). 

However, the exact mechanism is unknown since YpkA does not seem to function as a GAP 

(21, 93), but does require cellular actin for activation (188). Finally, YopH is a very potent 
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protein tyrosine phosphatase (PTPase) (381) that dephosphorylates target cell proteins such as 

Cas (Crk-associated substrate), FAK (Focal adhesion kinase), FYB (Fyn-binding protein) and 

SKAP55-HOM (Src-kinase-associated protein of 55 kDa homologue) (29, 31, 147, 264). This 

leads to disruption of focal complexes, preventing bacterial uptake (29, 147, 264). This might 

be due to the failure to recruit GEFs to activate the Rho family of GTPases, which is 

considered to be a direct consequence of YopH mediated dephosphorylation of Cas (305). 

Thus, multiple Yersinia effectors target Rho GTPases for inactivation, since it dramatically 

interferes with actin cytoskeleton dynamics preventing the process of bacterial uptake by 

phagocytosis.  

 
1.5.4 Other effector proteins of Yersinia 
 

YopM and YopJ/YopP are two additional effectors, which play important roles in the battle 

between Yersinia and phagocytes. YopM contains several leucine-rich repeat (LRR) motifs, a 

feature of many eukaryotic transcription factors. In support of a role as a transcriptional 

modulator, YopM migrates to the nucleus of target cells (38, 312). Furthermore, a microarray 

analysis of Y. enterocolitica infected macrophages showed that YopM affects the expression 

of genes involved in cell cycle control and cell growth (298). Consistent with this notion, 

YopM can recruit and activate the Ser/Thr kinases PRK2 (protein kinase C-like 2) and RSK1 

(ribosomal S6 protein kinase 1), which play important roles in cellular proliferation and cell 

survival (226). Whatever its mode of action, YopM is needed for full virulence (207).  

Translocation of YopJ (YopP of Y. enterocolitica) induces blockage of the MAPK and 

NFκB signalling pathways (250), leading to apoptosis of infected macrophages (231, 290) 

and suppression of pro-inflammatory cytokine production, such as TNF-  (290). This effect is 

mediated by YopJ´s ability to function as a cysteine protease, disrupting posttranslational 

ubiquitination-modifications of target proteins, followed by their inactivation. An identified 

YopJ-target is IKK (IκB kinase), which when activated normally phosphorylates IκB, the 

inhibitor of the transcriptional activator NFκB. This targets IκB for degradation, allowing free 

NFκB to act as a transcriptional activator of target genes (58). The importance of YopJ for 

virulence in mice is debated (129, 233, 325). 
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1.5.5 Substrate secretion via the type III apparatus 
 

The actual mechanism of TTS is poorly understood. It is generally assumed that the secretion 

apparatus serves as a hollow conduit, allowing the exported substrates to travel across the two 

membranes and the peptidoglycan layer in one step. The central diameter of this “channel” 

varies from 50 Å in the outer membrane, where a secretin like protein (YscC in Yersinia) 

polymerises into a ring shaped pore (193), to around 20-30 Å at the tip of the needle complex 

(36, 174). This places severe constraints on the size of globular substrates that could travel 

through this apparatus. In fact, structural studies indicate that several of these are too large to 

fit through this channel (97, 100, 322). This suggests that substrates must be transported in an 

unfolded or partially unfolded non-globular state. Experiments with chimeric proteins show 

that the ability to readily unfold a substrate is required for TTS export (106).  

The energy needed to drive the secreted proteins through the TTSS or the related flagellar 

export apparatus is thought to be provided by ATP hydrolysis. This is supported by the 

observation that a conserved TTSS component (YscN in Yersinia) shares significant sequence 

similarity with the catalytic subunit of the bacterial F0F1 ATPase (90). For at least three 

different TTSSs, this component was shown to hydrolyse ATP in vitro (96, 104, 274), and 

secretion was dependent on the presence of this component (5, 90, 104, 333, 365). One can 

speculate that the energy obtained by ATP hydrolysis may be used to promote the unfolding 

or partial unfolding of substrates that is necessary for their secretion. Interestingly, at least in 

vitro, chaperone binding has been shown to induce a localised unfolding of the substrate at the 

binding site, while the enzymatic domain is folded and functional (28, 212, 241, 321). It is 

possible that this localised unfolding may reduce the energy needed for subsequent unfolding 

by the ATPase, and give an advantage in secretion of substrates with cognate chaperones over 

those without (see section 1.5.7 for a discussion on a putative secretion hierarchy). 

Importantly, chaperone-substrate complexes have been shown to interact with the TTS 

ATPases of EPEC (131) and the S. typhimurium flagellar system (338).  

 
1.5.6 Mechanisms for substrate recognition 
 

The mechanism by which substrates are recognised and secreted by TTSSs is not well 

understood. However, the fact that TTS machineries from many organisms are able to secrete 

proteins from heterologous species suggests a common recognition mechanism (10, 124, 163, 
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287, 289), even though no conserved consensus sequence has been identified among TTS 

substrates (180). The secretion signal resides in the substrate amino terminus, since 

approximately 15 N-terminal amino acids of many Yersinia Yop effectors are sufficient to 

promote TTS of a variety of non-secreted reporter-proteins (12, 302, 317). By fusing an NPT 

reporter gene to the N-terminus of several Yops, Schneewind and colleagues showed that the 

secretion signal can tolerate frame-shift mutations that completely alter the amino acid 

sequence, while largely retaining the original mRNA sequence (12, 13, 278). Thus, they 

hypothesised that the secretion signal is encoded within the yop mRNA and that secretion 

may be a co-translation event (12, 13). Contradicting results were obtained by Lloyd and co-

workers who used the full length YopE protein to study secretion. They showed that frame-

shift mutations altering the amino acid sequence of the first 11 codons of YopE, while 

keeping the mRNA essentially intact, lead to impaired YopE secretion. In contrast, mutations 

in the same region that modified the mRNA, but not the amino acid sequence, did not impair 

secretion, indicating that the amino terminus is the targeting signal (209). They hypothesised 

that the amphipathic and unordered nature of the Yop amino terminus constitutes the 

secretion signal and that secretion is a post-translational event (208). 

Intriguingly, a third secretion signal that is dependent on the presence of cytosolic 

chaperones has been identified. Some Yop proteins (YopB, YopD, YopE, YopH, YopN and 

YopT) require cognate chaperones for secretion (82, 184, 353, 354), while others (YopM, 

YopJ/P, YpkA/YopO, YopK) do not. As many substrates are degraded in the absence of their 

chaperone, the role of chaperones in substrate secretion has been difficult to investigate. 

However, YopH and YopN are produced but not secreted in the absence of their chaperones, 

suggesting that, in these cases chaperones do play a role in secretion (55, 82, 265). Recently, 

Parsot and co-workers proposed that chaperone binding may promote secretion by increasing 

the accessibility of the adjacent N-terminal secretion signal of the substrate to the TTSS 

(259). Given that chaperones bind to a distinct region just downstream of the N-terminal 

secretion signal (317) to cause a localised unfolding of the substrates (28, 212, 241, 321), this 

could potentially make the N-terminal secretion signal more accessible. In support of this 

model, the chaperone binding domain of YopH is intimately interwoven into the structure of 

the N-terminal region in the absence of the SycH chaperone (99, 315). In contrast, the 

extreme N-terminus of YopM, which secretion is chaperone-independent, already extends 

away from the rest of the protein (97). Another theory relating to how chaperone binding may 

facilitate secretion was provided by Ghosh and colleagues (28). Despite the lack of sequence 

similarities, they observed a striking structural conservation between chaperone-effector 
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complexes of Yersinia (SycE/YopE) (28) and S. enterica (SicP/SptP) (321). Hence, they 

proposed that chaperone–effector complexes may be structurally conserved and function as 

three-dimensional secretion signals that are recognised broadly among different TTSSs. 

However, this theory was recently challenged after the structure of the Shigella chaperone 

Spa15 was resolved, which revealed significant structural differences within the effector class 

of chaperones (see section 1.5.8) (350).  

Other possible roles for chaperones in promoting secretion also exist. Perhaps they reduce 

the energy needed for the subsequent ATPase-mediated substrate unfolding at the TTS 

machinery as was discussed in section 1.5.5. If this was the case, why some substrates do not 

require chaperones remains uncertain. Moreover, recent results concerning the effectors IpaA 

of Shigella and YopE of Yersinia highlighted that secretion of presynthesised substrates was 

dependent on the respective chaperone, while that produced during active TTS was not (209, 

252). Hence, the chaperones were suggested to keep presynthesised substrates in a secretion 

competent form. Despite all this collective research, clearly much more effort is required to 

understand the complex nature of the multi-faceted type III secretion signal.  

 
1.5.7 A secretion hierarchy for type III substrates 
 

For many bacteria which possess TTSSs, a high number of substrates with various functions 

have been identified. It is not unlikely that these may be secreted in a hierarchical fashion, 

reflecting a need for different substrates during different stages of infection. An attractive 

hypothesis is that substrates which contain both an N-terminal secretion signal as well as a 

chaperone-dependent secretion signal may have a competitive advantage in secretion over 

substrates which only possess the first signal. This model predicts that the translocators, 

which form the translocon through which effectors traverse, should be secreted first, assisted 

by their common chaperone. This would then be followed by secretion of chaperone-

dependent effectors, which may play a critical function early in the infection and finally the 

chaperone-independent effectors.  

In Yersinia, the translocators YopB and YopD as well as most of the antiphagocytic 

effectors (YopE, YopH and YopT) all have chaperones, while the effectors involved in 

modulation of the immune response (YopM and YopJ/P) do not. Since a macrophage is able 

to phagocytose a bacterium in less than one minute after binding, the rapid secretion of the 

antiphagocytic effectors would be a priority for Yersinia to survive extracellularly, while the 

modulation of the immune response may occur later. In agreement with this, translocated 
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YopH induces dephosphorylation of proteins in macrophages and blockage of the immediate 

transient Ca2+ signaling in infected neutrophils, within 30 seconds after target cell contact (14, 

15). Due to kinetics, this antiphagocytic response is likely to depend on pre-made effectors. In 

support of this, a pre-made pool of YopE exists prior to secretion permissive conditions and 

this is rapidly injected into target cells upon system activation (209).  

So far, there is no solid experimental data supporting the theory of a chaperone-imposed 

secretion hierarchy in TTS, however there are some indications: Boyd et al demonstrated that 

the YopE chaperone-binding region and its chaperone SycE (YerA in Y. pseudotuberculosis), 

were required for efficient secretion and subsequent translocation of YopE by wild type 

Yersinia, but not by Yersinia devoid of most Yop effectors. This suggests the existence of a 

competition between the Yops for delivery into eukaryotic cells and that chaperones confer a 

privilege for secretion upon their substrates (42). Recently, the chaperone SycH in 

conjunction with its substrates YopH and LcrQ was also implicated in the establishment of 

such a hierarchy, allowing YopH secretion to precede that of YopE (371). There are also 

some indications that secretion of translocators may precede that of effectors: In a study by 

Lee et al where they analysed Yop secretion in response to different environmental stimuli, 

secretion of the translocators YopB and YopD apparently occurred before the effectors YopE 

and YopH (205). Furthermore, in Shigella flexneri, the IpgC chaperone of the translocators 

IpaB and IpaC acts as a co-factor for the transcriptional activator MxiE, leading to the 

targeted expression and subsequent secretion of effector proteins. However, association of 

IpgC with MxiE occurs only after secretion of the translocators IpaB and IpaC, implying a 

clear secretion hierarchy (i.e. translocators first, then effectors) (223)  

Nevertheless, more work is needed before a secretion hierarchy among the substrates of 

TTSSs can be determined. Whether it is a universal phenomenon and what roles chaperones 

play in this process also needs investigation.  

 
1.5.8 The various roles of chaperones in type III secretion 
 

Chaperones are predominantly cytoplasmic proteins that bind to nascent or unfolded 

polypeptides and ensure their correct folding or transport. The well established molecular 

chaperones of bacteria, such as the GroEL/Hsp60 (chaperonine group 1 family) and 

DnaK/Hsp70 protein families, utilise ATP-hydrolysis to ensure proper folding of target 

proteins (150). In addition, specialised energy-independent chaperones exist, including SecB 

of the Sec-pathway and the chaperones of the TTS pathway, which do not seem to contribute 
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to protein folding. Instead, they stabilise unfolded or partially unfolded substrates predestined 

for secretion and deliver them to the relevant secreton for subsequent transport.  

TTS chaperones have generally been associated with animal pathogens (105, 259). Lately 

however, they have also been found in plant pathogens (19, 349, 356), suggesting a universal 

role for chaperones in TTS. They commonly lack sequence similarities, but share features 

such as a small size, an acidic pI and a predicted amphiphilic α-helix in their C-terminus 

(353). Based on their engagement with cognate substrates, TTS chaperones can be divided 

into four classes: class I chaperones, which associate with one (class IA) or several (class IB) 

effector proteins; class II chaperones, which associate with two translocator proteins and class 

III chaperones, which are represented by the chaperones of the flagellar system (reviewed in 

(259)).  

The structures of five class I chaperones (SicP, SycE, SigE, CesT, Spa15) have been 

reported, showing clear structural homologies despite their lack of significant sequence 

similarities. Each chaperone formed dimers and possessed a complex alpha-beta fold with a 

helix-binding groove formed from a highly twisted beta-sheet (28, 101, 212, 321, 350). 

However, the dimers of Spa15 were different in that one monomer was significantly rotated 

with respect to the other (350). In addition, SycH, another class I chaperone, was recently 

shown to form tetramers (241). Moreover, structural determination of FliS revealed that class 

III chaperones bind their substrate in a similar mode to those belonging to class I, even though 

they adopt a very different fold (98). To date, no class II chaperone structure has been solved. 

However, tetretricopeptide repeats (TPRs) were recently observed in this class of chaperones, 

suggesting a distinctively different fold and peptide binding groove compared to class I and 

III chaperones (255) (see section 3.2.6 for a description of TPRs).  

TTS chaperones are suggested to have various functions during type III secretion (Figure 

4). Often there is a tendency to extend a role described for one chaperone to another; yet, 

accumulating evidence suggests that some chaperones may play more than one role and that 

not all chaperones share the same functions. Nevertheless, many class I, II and III chaperones 

are required for stable production of their substrates (reviewed in (259)). For example, in 

Yersinia the effector YopE and the translocators YopB and YopD are all very unstable in the 

absence of their cognate chaperones, SycE and LcrH/SycD respectively (114, 125, 243, 353). 

In contrast, the chaperone SycH is not required for the stable production of its substrates 

YopH or LcrQ/YscM, as these accumulate in the bacterial cytoplasm with retained activity in 

a sycH mutant (55, 265, 353). Similarly, the Salmonella SPI-2 translocator protein SseB is 

also stable but not secreted in the absence of its cognate chaperones SseA (384). 
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Chaperones may promote the stability of cognate substrates by preventing the protein from 

self-aggregating. The binding of SycE to YopE is believed to mask a region in YopE that is 

prone to aggregation, which may otherwise lead to protein degradation (62). In the case of the 

translocators, chaperone binding might prevent premature associations between the two 

translocators in the cytoplasm, which otherwise would cause their degradation. In support of 

this, the Salmonella translocators SipB and SipC were degraded in the absence of their 

common chaperone SicA, however, SipB was stably expressed in a sicA,sipC mutant (343). 

Similarly, degradation of the Shigella translocators IpaB and IpaC occurred in the absence of 

their chaperone IpgC; however, IpaC was stable when expressed alone in E. coli and degraded 

when expressed together with IpaB (228). In Yersinia, the situation is somewhat different; 

while the translocators YopB and YopD depend on LcrH/SycD for stability, stable expression 

of one translocator cannot be obtained by removing the other from the system, suggesting that 

the main function of LcrH is not to prevent a premature association between YopB and YopD 

(114). Instead, LcrH could function to prevent the premature interaction between a YopB/D 

complex and another translocator protein LcrV (243), since LcrV can bind to both YopB and 

YopD (296). However, in the absence of LcrH, LcrV still remains stable, which is not 

consistent with an interaction leading to degradation. Thus, LcrH may actually prevent 

premature associations between YopB-YopB and YopD-YopD in the bacterial cytoplasm, a 

theory needing further investigation. Yet, this idea is precipitated by the fact that 

overproduction of YopB in E. coli is bacteriocidal, but only in the absence of chaperone 

(243).  

Interestingly, TTS chaperones were recently suggested to confer secretion-pathway 

specificity. In the absence of the chaperone binding domains, SptP and SopE variants of 

Salmonella spp. were no longer secreted through their cognate TTSS but instead were 

secreted through the flagellar secretion pathway, although this did not promote their 

translocation (203). This feature may not be unique to Salmonella spp., since Yersinia TTS 

substrates can also be secreted via the flagellar export apparatus under certain conditions 

(376-378) and in the absence of their chaperone binding domains, some Yersinia effectors are 

secreted, but seldom translocated (60, 317). Perhaps in these cases, secretion occurred through 

the flagellar secretion pathway, although this was not tested. Other roles for TTS chaperones 

may include maintaining a secretion competent form of pre-stored substrates and promoting 

their secretion (section 1.5.6), imparting a secretion hierarchy (section 1.5.7) and regulating 

TTS (section 1.7.5). Clearly, type III secretion chaperones are intriguingly dynamic molecules 
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essential for the process of TTS. Future work will determine the mechanisms by which 

chaperones can perform their multiple functions and how they are coordinated during TTS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4. A model for the various functions of TTS chaperones during infection. Chaperone 
binding to substrates prevents their self-aggregation and/or premature association with other 
substrates. This promotes substrate stability. Chaperone binding also induces a localised 
unfolding of the substrate, which may facilitate its efficient secretion. Perhaps this is due to a 
specific reduction in the energy needed for unfolding of the entire substrate (a secretion 
prerequisite). Alternatively, the localised unfolding could make the substrate more accessible to the 
secreton to which the chaperone-substrate complex docks, essentially acting as a secretion pilot. 
As a consequence, chaperone-dependent substrates (groups 1 and 2) may be secreted before 
chaperone-independent substrates (group 3), creating a secretion hierarchy. Translocator 
secretion (group 1) likely precedes effectors (group 2 and 3) so they can first form the translocon 
through which effectors are translocated into the host cell. This could be achieved by a mechanism 
involving chaperone-mediated regulation of effector genes. Upon translocator secretion, free 
chaperone may activate expression of effector genes by functioning as a co-factor for AraC-like 
transcriptional activators. Other translocator chaperones (and some effector chaperones – not 
illustrated) can also inhibit transcription by forming a complex with negative regulatory elements 
in the bacterial cytosol. The fate of chaperone following substrate secretion is not clear. 
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1.6 The Yersinia translocon  
 

1.6.1 The concept of translocation in Yersinia 
 

Once effector proteins have been transported through the bacterial envelope via the TTS 

apparatus, they are further transported across the eukaryotic plasma membrane into the 

cytosol of the target cell. This latter process, which is called translocation, relies on intimate 

target cell-contact and a specialised set of proteins called translocators. These proteins, which 

usually depend on the presence of a common chaperone for stable production (section 1.5.8), 

are secreted by the TTS apparatus and are thought to form a channel-complex (translocon) in 

the eukaryotic plasma membrane through which the effectors reach the cytosol of the target 

cell (54). In this way, the secretion apparatus and the translocon are believed to form a 

continuum through which effectors transit from the cytoplasm of the bacterium to that of the 

target cell (71, 204). This is also in agreement with the observation that Yersinia Yop 

effectors are not secreted to the surrounding medium during infection of eukaryotic cells, i.e. 

the translocation process is polarized (288). Significantly, to support translocation of Yop 

effectors, the translocators must be secreted by the same bacterium that produces the effector 

(219, 317). Taken together, this suggests that secretion and translocation are intimately linked 

and may occur in one step. At odds with this model are the observations that some Yop 

effectors are efficiently secreted, but not translocated in the absence of their chaperone 

binding domains (section 1.5.8) (302, 317). These findings would suggest that translocation 

occurs separately from the initial secretion step, and that the chaperone binding region might 

be involved in the recognition of the substrate by the translocators. A precedent for this 

already exists in Yersinia, as the YopE effector interacts with the translocator YopD (153). 

 
1.6.2 The role of YopB and YopD in translocation 
 

The lcrGVHyopBD encoded YopB and YopD proteins are essential components of the 

Yersinia translocon and effector translocation (38, 116, 144, 151, 152, 248, 265, 286, 318). 

Therefore, they are needed for virulence (144, 151, 152). In contrast to the globular pattern 

predicted for the effector Yops (229), YopB (401 aa) and YopD (306 aa) are potential 

transmembrane proteins, with two and one central hydrophobic domain(s), respectively (142). 

In addition, YopD also possesses an amphipathic domain in its C-terminus (142, 337). YopB 
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and YopD have been shown to interact (243) and are located at the interface between bacteria 

and target cells during infection (116, 144). Together they are believed to form a pore-

complex in the eukaryotic plasma membrane through which the effectors are translocated, 

since Yersinia induces a YopB/D dependent lytic activity on sheep erythrocytes and 

macrophages (144, 175, 242, 249) that can be blocked by the addition of relevant 

osmoprotectants (144, 249). Moreover, liposomes containing YopB and YopD induce pores 

when fused to lipid bilayers (335). Intriguingly, the ability to form pores does not always 

guarantee translocation of Yop effectors, suggesting that pore formation and translocation 

may be two separate events in effector delivery (249).  

 
1.6.3 Homologous translocons in other pathogens 
 

Homologues to YopB and YopD exist in other TTSSs, where they are also believed to act as 

channel-forming translocators. For example, the opportunistic pathogen P. aeruginosa 

encodes PopB and PopD in an operon (pcrGVHpopBD) that is highly similar to that of 

Yersinia (lcrGVHyopBD). Like their Yersinia counterparts, PopB and PopD induce pores in 

infected macrophages and erythrocytes (72, 137) and are required for translocation of effector 

proteins (137, 332). Likewise, PopB and PopD interact to form oligomeric pore-complexes 

that associate with biological membranes (304).  

Other animal pathogens also rely on putative transmembrane proteins for translocation of 

effector proteins via cognate TTSSs, such as Shigella (IpaB and IpaC), EPEC (EspD and 

EspB), Salmonella (SipB and SipC) and Bordetella bronchiseptica (BopB and BopD) (54, 

198, 247). IpaB, EspD, SipB and BopB all possess two central hydrophobic domains and 

could be considered the YopB counterparts, while the remaining proteins show a varying 

degree of similarity to YopD (54, 198, 247). In all these systems, the translocator pair 

interacts (81, 181, 194, 247) and induces haemolysis/pore formation in erythrocytes (35, 181, 

230, 247, 351).  

 
1.6.4 The LcrV translocator of Yersinia  
 

LcrV (low calcium response) or V antigen was the first identified virulence protein of 

Yersinia (18, 52). Since then, several functions have been identified: Intrabacterial LcrV 

positively regulates Yop synthesis (section 1.7.6), while secreted LcrV suppresses the host 

immune response (238-240, 310, 357) and is essential for Yop translocation (109, 267). In 
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agreement with a function in the Yersinia translocon, LcrV is required for pore formation in 

target cell membranes (175, 219) and interacts with YopB and YopD (296). The exact role in 

translocation/pore formation is unclear since LcrV lacks clear hydrophobic domains that 

might normally reflect a preference for membrane association. Still, somewhat surprisingly, 

purified LcrV formed channels in planar lipid bilayers, unlike YopB and YopD (175).  

Interestingly, prior to target cell contact (plus calcium conditions in vitro) LcrV was found 

in discrete foci on the bacterial surface, suggesting that it may form part of the type III 

machinery and that it is likely to be required during the early stages of infection (109, 267). 

Consistent with its exposed location, bacteria pre-incubated with anti-LcrV antibodies were 

specifically impaired in Yop translocation (267), which correlated with an inability to induce 

apoptosis of macrophages and increased bacterial uptake (355). This may contribute to the 

active and passive protection obtained for LcrV in experimental infections with Yersinia (167, 

201, 202, 236, 345). In fact, LcrV is the only protein among all substrates secreted by the 

Yersinia TTSS that gives significant protection, and therefore it is part of the new subunit-

vaccine that is being developed to fight plague (340).  

LcrV-homologues have been identified and studied in the opportunistic human pathogen P. 

aeruginosa (PcrV) and the fish pathogen A. salmonicida subsp. salmonicida (AcrV), where 

they are also essential for virulence and translocation of toxins into target cells (50, 51, 137, 

299, 332). Similarly, antibodies against PcrV and AcrV also blocked effector translocation by 

P. aeruginosa and A. salmonicida subsp. salmonicida, respectively (50, 299). Genome 

sequencing has identified additional putative LcrV-homologues in Photorhabdus 

luminescens, an insect pathogen (352), Aeromonas hydrophila, an opportunistic pathogen of 

fish and humans (379), Vibrio parahaemolyticus, a marine pathogen that can infect humans 

(159, 217) and in Vibrio harveyi, also a marine pathogen (159). Thus, LcrV-like proteins are 

all likely to be essential for effector translocation, but yet curiously exist in only a small but 

diverse group of bacteria interacting with very different hosts. Eventual studies of the recently 

identified LcrV-homologues will prove valuable in elucidating the novel roles of this 

interesting protein family.  

 
1.6.5 Translocators that are translocated  
 

Intriguingly, in addition to functioning in the translocation of effector substrates, some 

translocators are also exported into target cells via the TTSS, suggesting that they possess 

intracellular effector function(s). This has been demonstrated for SipB and SipC of 
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Salmonella: In addition to associating with eukaryotic membranes (155, 300) they are also 

found in the cytosol of cells infected with either extracellular or intracellular bacteria, 

suggesting that they may be translocated across the plasma membrane and vacuolar 

membrane, respectively (65, 165). Cytoplasmic SipB binds to the proapoptotic proteases 

Caspase-1 and -2, thereby inducing apoptosis of macrophages (165, 186). In addition, 

apoptosis may also be triggered by direct targeting of mitochondria through SipB´s membrane 

fusion activity (164). SipC contributes to Salmonella induced cytoskeletal rearrangements via 

its ability to nucleate and bundle actin filaments, activities dependent on its C- and N-

terminus respectively (154).  

Interestingly, the translocator YopD of Yersinia is also exported into target cells (116), 

however, no effector function(s) has yet been identified. Nevertheless, the observation that 

YopD interacts with the effector protein YopE (153), has led to the hypothesis that YopD may 

act as an extracellular “chaperone-like” molecule necessary to maintain the translocation 

competence of Yop effectors (116). In support of this, removal of a region in YopD that is 

necessary for YopE-binding resulted in a YopD mutant that could still form pores, but failed 

to mediate effector translocation (249). 

The Yersinia translocator LcrV is also translocated by an unknown, virulence plasmid 

independent mechanism into the cytosol of infected cells. No potential intracellular function 

has been described (110). 

Further studies are needed to better show whether translocators generally possess 

intracellular functions in target cells and if their participation in the translocon may be of a 

more transient nature, preceding that of their own translocation. After all, it is also possible 

that what is considered to be cytosolic localization of the entire translocator could in fact be a 

domain(s) of the protein facing the cytosol as the protein spans across the eukaryotic plasma 

membrane.  

 

1.7 Regulation of type III secretion in Yersinia 
 

1.7.1 General features of type III regulation 
 

A successful bacterial infection requires that the bacterium is able to sense its environment so 

that virulence genes can be turned on or off when appropriate. Genes encoding TTSSs are no 

exception. Environmental cues work together to ensure their proper expression; the nature of 
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the cues depend on what niche the bacteria colonise. For example, the TTSSs of Yersinia spp. 

and Pseudomonas aeruginosa facilitate an extracellular localisation in lymphoid tissue, while 

that of Salmonella, Shigella and Chlamydia allow active invasion of host cell intracellular 

compartments. As each niche is unique, TTSSs will be subject to very different environmental 

signals. Commonly, these signals are routed to AraC-like transcriptional activators, which 

play key roles in initiating regulatory cascades leading to TTS gene activation (reviewed in 

(117)). Some of the environmental cues of particular interest for the regulation of the Yersinia 

TTSS will be discussed below.  

 
1.7.2 The role of temperature in positive regulation  
 

Many bacteria utilise temperature as a key environmental signal for regulation of virulence 

gene expression, since temperature is elevated in a mammalian host compared to the 

surrounding environment. Generally, thermoregulation of TTSSs involves the accessibility of 

target DNA to nucleotide-associated proteins. At temperatures lower than 32°C, the nucleoid-

associated protein H-NS negatively regulates TTSS gene expression in Shigella spp., by 

binding and repressing the promoter region of virF, the major AraC-like transcriptional 

activator (102, 276). Above this temperature, the promoter region undergoes a conformational 

change to prevent H-NS from binding, allowing expression of the virF gene. In turn, VirF 

responds by initiating a regulatory cascade that results in the activation of TTS genes involved 

in Shigella invasion (341). An analogous mechanism also applies for EPEC. At 27°C, H-NS 

represses the transcription of TTSS genes (53). However, at 37°C, expression of the major 

AraC-like transcriptional activator Ler counteracts the H-NS mediated repression by an 

unknown mechanism to allow activation of TTS genes (141) and assembly of the TTSS (344). 

Importantly, Ler expression requires the EAF plasmid encoded regulator Per. At 37°C, the 

EAF plasmid undergoes a conformational change that perhaps may promote per expression 

and subsequently expression of ler and TTS genes (282).  

Similarly in Y. enterocolitica, at lower temperatures the nucleoid-associated protein YmoA 

represses transcription of the AraC-like transcriptional activator virF, perhaps by binding and 

repressing the virF promoter (70). At 37°C, melting of intrinsic bends in the virulence 

plasmid, including the promoter region of virF occurs (282). This coincides with the synthesis 

of VirF (67, 70), which in turn activates TTSS gene expression (67, 200). Thermoregulation 

of the Y. pestis TTSS appears to occur differently. Here, transcription of lcrF, encoding an 
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AraC-like transcriptional activator homologous to VirF of Y. enterocolitica, is temperature-

independent (173). Rather, LcrF translation is affected by temperature by virtue of the fact 

that the Shine-Dalgarno sequence of LcrF is sequestered in a stem-loop (172). Accordingly, 

this structure would prevent LcrF translation at lower temperatures, but elevated temperature 

(e.g. 37°C) would destabilise the stem-loop structure, allowing LcrF translation and activation 

of TTSS genes (172). How thermoregulation controls LcrF expression in Y. 

pseudotuberculosis is not known. Why different mechanisms of thermoregulation exist 

among pathogenic Yersinia is fascinating, since at least in Y. enterocolitica and Y. pestis, 

YmoA is 100% identical (70, 88, 258). 

 
1.7.3 The low calcium response (LCR) of Yersinia 
 

For some bacteria, the presence or absence of divalent cations affects the expression of TTSS 

genes. In part, the intracellular pathogen S. typhimurium determines its subcellular location by 

sensing the Mg2+ levels in its surroundings. Prior to invasion, bacteria are exposed to high 

Mg2+ levels in the extracellular fluids (138) and the SPI-1 TTSS is active. After invasion, the 

PhoP/PhoQ two-component regulatory system down regulates SPI-1 TTSS gene expression 

(20) in response to low Mg2+ (130). Low Mg2+ levels (resembling the conditions in the 

macrophage vacuole) also induce SPI-2 TTSS expression (85).  

At least in vitro, Ca2+ levels control the expression of the TTSS genes in Yersinia spp., P. 

aeruginosa and A. salmonicida subsp. salmonicida. Depletion of Ca2+ from the growth 

medium induces expression and secretion of TTS substrates at 37°C (Yersinia spp. and P. 

aeruginosa) (Figure 5) or 18°C (A. salmonicida subsp. salmonicida) (39, 49, 111, 273, 325, 

339, 367). This does not occur if mM levels of Ca2+ are present. Interestingly, secretion, but 

not expression of TTS products in EPEC is also strongly affected by Ca2+ levels (182). For 

Yersinia, conditions that induce TTS substrate expression/secretion also induce growth 

restriction (47, 132, 166), i.e. bacteria cease to grow within two generations due to a defect in 

stable RNA and hence protein synthesis (TTS substrates and most other virulence 

determinants excluded) (59, 380). This phenomenon, referred to as the Low Calcium 

Response (LCR) (135), can be reversed by addition of Ca2+ to the growth medium or by 

decreasing the temperature to 26°C (380). Consequently, wild type Yersinia is said to possess 

a calcium-dependent (CD) growth phenotype.  
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The LCR has been linked to the virulence plasmid of Yersinia spp., as plasmid cured 

bacteria no longer need Ca2+ to grow at 37°C, i.e. they display a calcium-independent (CI) 

growth phenotype (272). More specifically, mutants defective in genes encoding positive 

regulatory elements of TTSS genes, including LcrF/VirF (section 1.7.2) and LcrV (section 

1.7.6), as well as mutants defective in ysc-genes needed for functional TTS, all display CI 

growth phenotypes. Generally, these mutants no longer express/secrete TTS substrates 

(Yops). In contrast, mutants defective in genes encoding negative regulatory elements, such 

as LcrG, YopN, TyeA, LcrH and YopD (sections 1.7.5 and 1.7.6) exhibit a de-repressed Yop-

production, i.e. they produce (and in some cases also secrete) Yops both in the presence or 

absence of calcium. This correlates with an inability to grow at 37°C (temperature-sensitive 

(TS) or calcium blind growth phenotype) (reviewed in (263)).  

 

 

 

 

 

 

 

 

 

 

 

The physiological relevance of calcium as a regulatory stimulus of TTSSs remains 

enigmatic. As the concentration of free calcium in the eukaryotic cytosol is below the 

threshold for the in vitro induction of Yop secretion, it has been proposed that this low 

calcium signal is the physiological inducer of TTS (206). During infection however, Yersinia 

remains extracellular (149, 309) and in the presence of Cytochalasin D (prevents uptake of 

extracellular bacteria) and gentamicin (stops protein synthesis of extracellular bacteria), 

induction of Yop expression/secretion mainly occurs in the high-Ca2+ environment outside 

cells (143, 265, 285). In contrast, high-Ca2+ conditions repress the Yop production in vitro. A 

simple explanation for this discrepancy would be that the regulatory effect of Ca2+-depletion 

is an in vitro artefact only mimicking the in vivo bona fide inducer of Yersinia TTSS, i.e. 

target cell contact. 

 

Figure 5. Yops are secreted during the low 
calcium response (LCR). Yops secreted by 
Yersinia pseudotuberculosis grown in the 
presence or absence of calcium were 
separated by SDS-PAGE and stained with 
Coomassie Brilliant Blue.  
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1.7.4 Contact dependent Yop synthesis  
 

Intimate target cell-contact has been shown to trigger the expression, secretion and 

translocation of TTS substrates in organisms such as Yersinia spp. (268, 288), P. aeruginosa 

(178, 347), Shigella spp. (227), S. typhimurium (382) and R. solanacaerum (6). In Yersinia 

spp., induction requires the rapid secretion of the negative regulatory element, LcrQ/YscM 

(55, 268). High intracellular concentrations of LcrQ/YscM inhibit TTSS gene expression 

(268, 280, 320) by an unknown mechanism, which may involve complex-formation with 

LcrH and YopD (section 1.7.5). In the absence of a functional secretion apparatus, 

LcrQ/YscM remains intracellular and TTSS activation does not occur (268). 

In Yersinia, the molecular mechanism by which the cell-contact dependent signal is sensed 

and transmitted across the bacterial envelope to ensure a localised activation of the TTSS is 

not known. In contrast, a three-component signal transfer system (PrhA/R/I) involved in 

transmission of the signal across the bacterial envelope of the plant pathogen R. 

solanacaerum, has been identified. The PrhA/R/I complex shows similarities to the FecA/R/I 

module of E. coli, which is a signal transducing complex involved in induction of the iron 

transport system (44). Stimulus by target cell-contact involves the binding of the outer 

membrane receptor, PrhA, to an unknown non-diffusible ligand on the host cell. This signal is 

transmitted to the inner membrane protein PrhR, which in turn transfers the signal to 

cytoplasmic PrhI, an alternate σ70 sigma factor of the ECF family. Activated PrhI triggers a 

regulatory cascade leading to HrpB-mediated induction of TTSS gene expression (44). 

Interestingly, unlike in Yersinia, P. aeruginosa and Shigella, activation of TTS in R. 

solanacaerum does not require a functional secretion apparatus (6, 87, 268, 372).  

 
1.7.5 Chaperones as regulators of type III secretion systems 
 

Class II TTS chaperones play crucial roles in the regulation of TTS gene expression in certain 

animal pathogens. SicA, the chaperone of the translocators SipB and SipC of Salmonella spp., 

activates the expression of SPI-1 TTS genes by forming a regulatory complex with the AraC-

like transcriptional activator InvF (76, 77). It is believed that SicA functions as an InvF co-

factor to establish an open promoter complex, allowing transcriptional activation (77). A 

similar scenario may apply to Shigella flexneri, where the IpaB and IpaC translocator 

chaperone, IpgC, together with the AraC-like transcriptional activator MxiE, is responsible 

for activating expression of TTS genes (223, 224) and to Y. enterocolitica, where activation of 
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the chromosomal Ysa TTSS requires the AraC-like transcriptional activator YsaE and the 

translocator chaperone SycB (346). In all three systems, secretion of the cognate translocator 

proteins is believed to precede complex-formation between the chaperone and the 

transcriptional activator.  

The LcrH chaperone of Yersinia spp. clearly uses a different mechanism to regulate TTS. 

In addition to promoting pre-secretory stabilisation of the translocators YopB and YopD (114, 

243, 353), LcrH negatively regulates Yop expression. Without LcrH, Yop expression 

becomes constitutive at 37°C regardless of Ca2+ levels, correlating with a temperature 

sensitive growth phenotype (11, 26, 115, 275). However, this phenotype may be a direct 

consequence of instability of the YopD negative regulator in an lcrH null mutant (116, 249, 

360). Strains defective for YopD are growth restricted at 37°C and constitutively produce 

Yops (116, 249, 360). Accordingly, the formation of an LcrH-YopD complex is crucial to 

establish negative regulation of Yop expression in Yersinia spp. (115), although the precise 

mechanism by which this complex performs its regulatory function is debated (11, 56, 249). 

Recent work by Anderson et al (11) indicated that the regulatory effect may be on the 

posttranscriptional level. They reported that, while the effect on yopQ transcription was only 

minor in lcrH or yopD mutants, YopQ translation was significantly induced (11). Moreover, 

they showed that a complex of LcrH and YopD can bind to yopQ mRNA, preventing its 

translation by an unknown mechanism (11). This complex may also include the negative 

regulatory element LcrQ/YscM (56) (section 1.7.4). In support of this, LcrQ requires both 

LcrH and YopD to exert its negative regulatory effect on Yop-expression (Francis M.S., 

unpublished) (56, 360). However, at odds with this model, are the reports by other groups 

demonstrating a clear effect on yop-transcription in yopD, lcrH or lcrQ mutants (in their 

absence, yop-transcription is highly increased) (26, 55, 268, 320). Furthermore, no interaction 

between LcrQ/YscM and LcrH and/or YopD has been demonstrated (Francis M.S., 

unpublished) (371). It is possible that the discrepancies between the posttranscriptional and 

the transcriptional regulatory models for LcrH and YopD are influenced by the different 

choice of yop-genes analysed in these studies (11, 26, 55, 268, 320). 

Intriguingly, LcrH was recently shown to interact with YscY, a component of the Yersinia 

TTSS. Mutated LcrH, which retained its YopD binding but had lost the ability to interact with 

YscY, was shown to be regulatory deficient (115). This suggests that LcrH may have a more 

active role in yop-regulation, independent of YopD stabilization, than previously suggested 

(above). 
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SycH is another regulatory-competent chaperone of Yersinia spp., mediating this activity 

by binding and promoting efficient secretion of the negative regulator LcrQ/YscM at 

secretion-permissive conditions, allowing induction of yop expression (55, 57, 359, 371).  

 
1.7.6 Gating of the type III secretion machinery 
 

In the absence of target cell contact or in the presence of Ca2+ (non-secretion permissive 

conditions), the TTS machinery of Yersinia remains closed. The combined action of three 

proteins, YopN, TyeA and LcrG, is believed to guarantee a gated secreton. Accordingly, 

mutations in any of these genes result in a calcium blind (TS) growth phenotype and the 

secretion of large quantities of Yops even in the presence of Ca2+ (38, 61, 112, 185, 297, 311, 

329). Furthermore, yopN, tyeA or lcrG mutants secrete Yops into the cell culture medium 

during cell infections, suggesting that the translocation is no longer polarized (Bröms J.E., 

unpublished) (38, 84, 112, 185, 265, 288, 297, 329).  

Since YopN can be surface-localised (112) it may act as a bacterial sensor of target cell 

contact. Interactions with an unknown receptor on the host cell may trigger a conformational 

change in YopN that would open up the secretion channel at the contact site, leading to Yop 

induction and eventually translocation. The recent observation that YopN binds to the needle 

component YscF, places it at the tip of the needle (219). YopN also interacts with TyeA, 

which may be found on the bacterial surface (185). Thus, the two might form a contact-

sensing complex at the bacterial surface.  

Activation of the Ysc machinery involves the removal of both the YopN/TyeA gate as well 

as LcrG. The latter was suggested to block the secretion machinery from the inside of the 

bacteria (i.e. LcrG is an inner gate) (222, 246), where it also interacts with LcrV (246). The 

model predicts that removal of the YopN/TyeA outer gate would allow some expression of 

Yops and LcrV. Hence, LcrV may bind and sequester LcrG away from the machinery, which 

would lead to full activation of the TTSS and secretion of the negative element LcrQ (222, 

246). This model also explains why LcrV positively regulates Yop expression (26, 222, 246, 

313).  
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2. Objectives of this study 
 

The aim of this study was to gain further insight into the roles that the Yersinia lcrGVHyopBD 

operon components play in translocation and regulation of TTS substrates. The approach 

taken was mutagenesis analysis in combination with compare and contrast experiments, 

where homologous pcrGVHpopBD components of P. aeruginosa were introduced into 

isogenic mutants of Yersinia.  
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Figure 6. Schematic illustration of the translocase operons of pathogenic Yersinia and P. 
aeruginosa. Amino acid identity shared by each respective gene product is indicated. 

3. Results and Discussion  
 

3.1 The Yersinia lcrGVHyopBD operon is genetically conserved in several 
pathogens 

 

A fundamental aspect of the TTS strategy is to translocate effector proteins into host cells to 

establish bacterial colonisation. Commonly, the individual components that build up the 

translocation machinery are encoded in close proximity, such as the Yersinia translocator 

proteins LcrV, YopB and YopD, which group within the lcrGVHyopBD operon. Interestingly, 

this operon is genetically conserved in a diverse range of pathogens (49, 50, 51, 92, 159, 217, 

352, 372, 374, 379) (see sections 1.6.3 and 1.6.4), including the opportunistic human 

pathogen P. aeruginosa (Figure 6). It follows that some studies suggest that this conservation 

also extends to the level of function (see sections 1.6.2 to 1.6.4), so that information gained 

about one system can be applied to others. However, compare and contrast experiments, 

where individual components are exchanged between different systems, can also reveal 

important subtle differences between individual systems. This approach can therefore 

elucidate the precise roles that these proteins play during infection and identify their key 

functional domains that determine these differences. This has been the focus of this study 

whereby the Yersinia and P. aeruginosa translocon components have been dissected to 

identify their functional similarities and differences. 
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3.2 The role of individual operon components in translocation  
 

3.2.1 The translocons of Yersinia spp. and P. aeruginosa have the same pore size 

 

Along with the YopB/PopB and YopD/PopD translocators, LcrV of Yersinia and PcrV of P. 

aeruginosa are essential for pore formation in target cell membranes and the subsequent 

translocation of TTS effector substrates (109, 137, 267, 299, 332). However, it is not yet clear 

how LcrV/PcrV mediate these functions, although PcrV might ensure the stable insertion of 

PopD into target cell membranes (137). Alternatively, LcrV/PcrV could function as the size-

determining structural component of the translocon and control the rate of effector 

translocation (175). This conclusion is based upon expression of homologous PcrV in an lcrV 

mutant of Y. pseudotuberculosis. While able to functionally complement with respect to 

system regulation and Yop secretion (267), Yersinia effectors were poorly translocated, 

presumably due to the formation of smaller TTS pores, as measured by the extent of infected 

erythrocytes lysis that also correlated to smaller stepwise conductivity changes when purified 

PcrV, compared to LcrV, was added to planar lipid bilayers (175) (Paper I, Figures 2 and 3).  

Although an exciting conclusion, it overlooked a number of scenarios including the notion 

that LcrV/PcrV could mediate substrate recognition during the translocation process, such that 

PcrV expressed in Yersinia might poorly recognise Yop effectors leading to their reduced 

translocation efficiency. Although type III translocated effectors have long been known to 

have specific translocator domains essential for their translocation (301), to the best of my 

knowledge, no study has addressed whether substrate recognition by the translocon 

components is a feature of effector translocation by TTSSs. To investigate LcrV/PcrV 

mediated substrate specificity; we introduced the cytotoxins ExoS of P. aeruginosa or YopE 

of Yersinia, into a Yersinia lcrV mutant expressing either LcrV or PcrV in trans. While LcrV-

expressing Yersinia efficiently delivered both substrates into infected HeLa cells, as seen by a 

rapid cytotoxic response (ExoS and YopE) or efficient modification of eukaryotic Ras 

(ExoS), PcrV mediated translocation was inefficient, even for native ExoS (Paper I, Figures 3 

and 4). This suggests that LcrV/PcrV is not involved in substrate recognition during 

translocation.  

Another possibility concerned the idea that PcrV does not form a bona fide translocation 

pore in Yersinia. Therefore, to further understand the basis for the inefficient translocation 

phenotype, we constructed a complete lcrGVHyopBD operon deletion mutant in Y. 
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pseudotuberculosis, in which we expressed pcrV together with other components of its 

pcrGVHpopBD operon in trans. Unlike when we expressed PcrV alone, this new PcrV 

expressing strain now efficiently translocated Yersinia effectors and formed large LcrV-like 

pores in erythrocyte membranes (Paper I, Figures 2 and 6), which were similar in size to the 

TTS pores induced by wildtype P. aeruginosa (between 2.2 and 3.5 nm in diameter) (72). 

Therefore, LcrV and PcrV are not size-determining components of the translocation pore. 

Rather, these results strongly suggest that PcrV needs native translocator partner(s) (PopB 

and/or PopD) to function optimally in pore formation and translocation by Yersinia. Thus, the 

inability of PcrV, in the absence of these native partners, to fully complement a Yersinia lcrV 

mutant (175) is likely a consequence of partly non-functional interactions with the 

heterologous YopB and YopD translocators of Yersinia.  

 

3.2.2 PopD is absolutely dependent on native translocator partners to function in 

Yersinia translocation 

 

Our findings from Paper I clearly indicate that molecular specificity is required to assemble a 

fully functional translocation machinery in any given TTSS. Therefore, we sought to 

determine the functional interchangeability between the other translocators of Yersinia and P. 

aeruginosa as a means to identify critical interactions within each translocon system. We 

expressed PopB and PopD of P. aeruginosa in yopB and yopD mutants of Yersinia 

respectively. In agreement with the conserved structural architecture of YopB and PopB 

(Paper II, Figure 4) (86, 142, 254), Yersinia expressing PopB efficiently delivered YopE into 

infected HeLa cells, despite very little PopB being secreted (Paper II, Figures 2 and 3). On the 

other hand, efficiently expressed and secreted PopD (Paper II, Figure 6), could not restore 

translocation by a yopD mutant of Yersinia (Paper II, Figure 3). This was not due to poor 

translocation efficiency, as removal of YopK, which normally results in a dominant 

hypertranslocation phenotype (116, 176), still did not restore the ability of this strain to 

translocate Yop effectors (Paper II, data not shown). Since PopD was found to mediate 

efficient translocation when co-expressed with native PcrV and PopB (from a plasmid 

containing the entire translocase operon pcrGVHpopBD) in Yersinia (Paper I, Figure 6), these 

results suggested that PopD, in contrast to PopB and PcrV, exhibits an absolute requirement 

for molecular interactions with native translocator partner(s).  
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To determine the minimal requirement for functional complementation, under the control 

of an IPTG-inducible ptac promoter PopD was co-expressed together with PcrV or PopB in 

lcrV,yopD or yopB,yopD mutants respectively. However, PopD mediated translocation did not 

occur in either case (Bröms J.E., unpublished, data not shown). Thus the combination of 

native PcrV and PopB is necessary for functional translocation by PopD. Taken together, 

these data indicate that the interactions within individual translocation machineries, used by 

each bacterial pathogen, are highly specific despite the clear genetic conservation and 

retention of gene organisation. While some components (YopB/PopB) tolerate interactions 

with heterologous partners from other systems, the finding that others do not (YopD/PopD) or 

only very poorly (LcrV/PcrV), is extremely interesting. It now offers a platform to determine 

the genetic basis for these functional constraints and how they contribute to the assembly of a 

competent translocon composed of at least three interacting components. 

 
3.2.3 The C-terminus of YopD is essential for translocation 
 

As a means to understand the complex, multidimensional functions of YopD (306 aa) from Y. 

pseudotuberculosis, a systematic in-fame deletion analysis to identify domains essential for 

translocation and pore formation was recently performed. The C-terminus extending from 

residue 234 is essential for these two processes (249). Interestingly, this region encompasses a 

putative coiled-coil region (86, 254), a motif likely involved in protein-protein interactions 

(213).  

While YopD and PopD generally share highly conserved secondary structures, we 

observed that PopD surprisingly does not possess a coiled-coil motif according to computer 

predictions (Paper II). This structural difference could account for the inability of PopD to 

function with other Yersinia translocators. This hypothesis was explored by constructing a 

hybrid protein between the N-terminus of YopD (residues 1-180) and the C-terminus of PopD 

(residues 172-295). When expressed in a yopD mutant of Yersinia, this hybrid 

(YopDN/PopDC) was unable to translocate YopE into target cells, as judged by the absence of 

a cytotoxic response (cell-rounding up) (Bröms J.E., unpublished, Figure 7, panel B, compare 

YopDN/PopDC with YopD). However, it was able to restore yop-regulatory control, a key 

indicator of functional YopD (116, 249, 360), since expression of the TTS substrate YopH 

only occurred in the absence (-) but not in the presence (+) of Ca2+ (Bröms J.E., unpublished, 

Figure 7, panel A). Hence, this hybrid is functional in Yersinia, at least with respect to 

regulatory control. Collectively, these observations reflect the specialized role of the YopD C-
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terminus in Yop effector translocation. Moreover, they enhance the idea that the genetic 

makeup of the PopD C-terminus, in which it lacks a detectable coiled-coil domain, prevents it 

from functioning in Yersinia translocation.  

 

 

 
 

To identify the residues that set YopD apart from PopD in mediating Yop effector 

translocation, alanine scanning mutagenesis (1-3 residues at a time) was performed in the 

YopD C-terminus starting from residue 234 (Figure 7). The region encompassing residues 

278 to 292 was omitted, as this region is also involved in LcrH-binding and system regulation 

(116, 249). Therefore, any alterations in this region would likely affect protein expression 

levels. All 25 mutations were introduced in cis on the virulence plasmid and were confirmed 

to maintain normal yop-regulatory control (data not shown). However some mutants, 

especially those positioned in the putative coiled-coil domain of YopD, displayed an altered 

migration pattern on SDS-PAGE gels that is suggestive of a clear alteration in one or more 

physical characteristic(s) of these mutant proteins (Bröms J.E., unpublished, Figure 8). Still, 

these mutations did not affect YopD mediated translocation of YopE into HeLa cells (data not 

shown). At first glance, this may indicate that the coiled-coil domain is not important for 

Figure 7. The C-terminus of YopD is essential for Yersinia translocation. Homologous YopD 
and PopD both contain an internal transmembrane spanning (TM) and a C-terminal amphipathic 
(AD) domain; however PopD lacks the putative coiled-coil (CC). This omission is in a region of 
YopD that is critical for Yop effector translocation (dotted line) (249). A hybrid between the N-
terminus of YopD and the C-terminus of PopD was not able to translocate YopE into infected 
HeLa cells (B), although it was yop-regulatory proficient (A), when expressed in trans in a 
Yersinia yopD mutant. Regions Ia and Ib in YopD were targeted for site-directed mutagenesis. 
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translocation, although more radical mutations may be required to identify residues in the 

YopD C-terminus that are critical for this process. 

 

 

 
 

3.2.4 PcrH is a chaperone towards the translocators PopB and PopD of  

P. aeruginosa 

 

In pathogenic Yersinia, pre-secretory stabilisation and efficient secretion of the translocators 

YopB and YopD relies on a direct interaction with the TTS chaperone LcrH (114, 243, 353). 

To investigate whether the highly homologous protein PcrH performed an analogous function 

towards the translocators PopB and PopD in P. aeruginosa, an in-frame full-length pcrH 

deletion mutant was constructed. This strain showed a significant and specific decrease in the 

cellular levels of PopB and PopD and a loss of their secretion (Paper III, Figure 2), but not of 

their gene-transcription (Paper III, Figure 3). This suggested that PcrH is truly required for 

PopB and PopD stability. Furthermore, since PcrH specifically interacts with PopB and PopD 

(Paper III, Table 2) (9), PcrH was defined as a member of the translocator class of TTS 

chaperones (see section 1.5.8). Moreover, translocation of exoenzymes into target cells was 

abolished in the pcrH mutant (Paper III, Figure 4), reinforcing the previous observation that 

PopB and PopD are essential for translocation in P. aeruginosa (332). Thus, PcrH is 

ultimately a key component for the assembly of a functional translocation machinery in this 

pathogen.  

Figure 8. Site-directed mutations in the YopD C-terminus affect protein mobility. Alanine 
scanning mutagenesis was performed within specific regions of the YopD C-terminus known to be 
essential for Yop translocation, but not for yop regulatory control (249). Mutants that are 
positioned within the putative coiled-coil domain are indicated by a bold line. Mutations predicted 
to totally abolish the coiled-coil domain are indicated with an asterisk. 
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3.2.5 Substrate specificity of PcrH and LcrH  

 

Chaperones of the translocator class are characterised by their ability to specifically interact 

with the two translocators of the TTSS (reviewed in (105, 259)). However, little is known 

about the molecular details of these interactions or what determines their specificity. Based on 

the unusually high similarity between PcrH and LcrH (59% id), their ability to interact with 

the heterologous translocators of Yersinia and P. aeruginosa respectively was examined as an 

initial means to gain insight into the concept of chaperone-substrate specificity. The yeast 

two-hybrid system was routinely used to analyse chaperone-substrate interactions. 

In addition to interacting with their native translocators, PcrH and LcrH could both 

efficiently interact with heterologous YopD and PopD respectively (Paper III, Table 2) (9). 

These data are consistent with the ability of both chaperones to promote efficient secretion of 

either PopD or YopD in Yersinia (Paper II, Figure 6). In contrast, no interaction between 

PcrH and YopB or LcrH and PopB was detected (Paper III, Table 2) (9). This substantiated 

the observation that PopB is absolutely dependent on its native chaperone PcrH for stability 

and secretion in Yersinia (Paper II, Figure 2). Somewhat surprisingly however, PcrH could 

promote stabilisation and secretion of non-native YopB when expressed in an lcrH mutant of 

Yersinia, even though this was less efficient compared to an lcrH mutant complemented with 

wildtype LcrH (Paper III, Figure 6). Nevertheless, these levels of YopB were sufficient to 

restore Yop translocation by this lcrH mutant (Paper III, Figure 7). Thus, YopB and PcrH are 

likely to interact, but not within the limits of detection by the yeast two-hybrid method. 

However, it is also worth considering that low YopB secretion by Yersinia expressing 

PcrH could also reflect an inability of this chaperone to function as a proper chaperone-

dependent secretion signal for the YopB substrate, making YopB secretion entirely dependent 

on the N-terminal signal (see section 1.5.6 for a description of chaperones as a secretion 

signal). It follows that mutations of residues 40 and 44 in LcrH, specifically affects secretion 

of both YopB and YopD, even though they are stably maintained in the bacterial cytoplasm 

(Paper IV, Figure 3) (see below for further descriptions). Again, this suggests that secretion of 

translocators entirely dependent on their N-terminal secretion signal is quite inefficient. 

Future studies along these lines might prove rewarding because the contribution made by a 

translocator-class chaperone in signalling for secretion of cognate substrates has not been 

studied.  

Since the homologous translocators from P. aeruginosa and Yersinia share comparable 

sequence identities (i.e. PopD with YopD and PopB with YopB) (Figure 6), the binding 
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preferences observed for LcrH and PcrH towards native B-substrates can not simply be 

explained by a lower degree of sequence conservation between the two B-substrates 

compared to the two D-substrates. Instead, these data could reflect a difference in the way the 

chaperones engage the two substrate types. For example, YopD was found to contain two 

discrete LcrH binding domains, including an N-terminal region encompassing residues 53-

149 and an amphipathic C-terminal domain (residues 278-292) (114, 115, 249, 337). PopD 

likely contains similar discrete binding regions for PcrH, although this has not been 

demonstrated. This is not unlike chaperones of the effector-class (such as SycE and SycH), 

which are also known to engage their cognate Yop at a well-defined domain (302, 366). In 

contrast, no specific LcrH binding domain has been identified in YopB; deletions of various 

segments throughout the protein still permitted chaperone binding (243). This could be true 

also for PopB. In view of this evidence, the PopB/YopB translocator proteins appear to 

engage their cognate chaperone in a manner distinct from the PopD/YopD translocators.  

Perhaps this implies a far more extensive portion of the PopB/YopB translocator that 

engages with most of the chaperone. This is not such an unlikely scenario given that 

tetratricopeptide repeats (TPRs) (see below) comprise two thirds of the chaperone (255) and 

no discrete substrate binding domain was localised in LcrH (114). Thus, such an extensive 

interaction area would increase binding specificity towards native B-substrate over non-native 

B-substrate simply due to an inability to tolerate any sequence deviation. However, another 

explanation could be that amino acid(s) of each chaperone such as within the predicted TPR 

binding groove (see below) (255) strictly determines binding with the native B-substrate. 

Moreover, accumulated data indicates a greater dependency on each chaperone for stability of 

B-substrates over D-substrates, since residual YopD or PopD is maintained and secreted in an 

lcrH mutant (Paper IV, Figure 3) (115) or a pcrH mutant (Paper IV; Figure 5), respectively. 

This corroborates with the weaker interactions for chaperones with B-substrates compared to 

with their D-substrates (Paper III, Table 2 and Paper IV, Tables 1 and 2). Hence, factors that 

reduce the binding strength of the chaperone-substrate complex, such as the exchange of a 

chaperone for its homologue, would be seen more on the stability and secretion on B-

substrates compared to that of D-substrates. Clearly, much more effort is required to 

understand the complexity of these chaperone-substrates interactions. In this regard, the 

identification of TPRs in this chaperone class opens the doors for future discoveries.  
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3.2.6 A role for the tetratricopeptide repeats of LcrH and PcrH in substrate 

engagement  

 

Recently, tetratricopeptide repeats (TPRs) were identified in members of the translocator class 

of chaperones (255). These are 34 amino acid protein-protein interaction motifs with eight 

consensus residues, which display loose conservation in terms of size, hydrophobicity and 

spacing (33, 199), although positions 8, 20 and 27 (canonical residues) are frequently 

occupied by Gly, Ala and Ala, respectively (75). The high degree of sequence diversity is 

consistent with a functional versatility for TPR-containing proteins, found in all biological 

kingdoms, in cell cycle control, transcription, protein transport and protein folding (33, 199).  

While individual TPR motifs adapt helix-turn-helix structures, tandem TPRs fall into 

helical arrays which give rise to a continuous peptide-binding groove (78, 336). Such a 

binding groove in the LcrH family of TTS chaperones is formed by a stack of three tandemly 

arranged TPRs (Figure 9) that can fit a YopD peptide encompassing a LcrH binding domain 

(255).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Homology model of LcrH based on the crystal structure of human protein 
phosphatase 5 (PPP5_HUMAN). The three TPRs and the location of the putative substrate binding 
groove are indicated. Conserved hydrophobic residues are highlighted in blue and the charged 
residues that might confer substrate specificity within the substrate binding groove are highlighted 
in pink. Adapted from Pallen et al., 2003 (255).  
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To analyse whether the TPRs of LcrH play a role in substrate engagement, single or double 

mutations were made in canonical residues (class A mutants), in residues that constitute the 

putative substrate binding domain (class B mutants) and in hydrophobic residues 

predominantly conserved in all chaperones of the translocator class (class C mutants) (Paper 

IV, Figure 1). The latter mutants are also interesting given that the interaction between LcrH 

and YopD is stated to involve hydrophobic forces (114). Importantly, no TPR mutant was 

rendered totally unstable (Paper IV, Figure 2), suggesting that no single TPR amino acid is 

absolutely critical for preservation of the native conformation of LcrH.  

When examining the pre-secretory stabilisation (expression) and type III secretion of 

cognate substrates, all class A mutants were affected in stability and secretion of either one or 

both of YopB and YopD (Paper IV, Figure 3), demonstrating the importance of canonical 

TPR residues for substrate engagement. According to computer predictions, the base of the 

substrate binding groove in LcrH is composed of the first α-helices of TPR-B and TPR-C 

respectively (Figure 9) (255). Interestingly, class B mutants within TPR-B were found to be 

more affected in substrate engagement than those within TPR-C (Paper IV, Figure 3). This 

suggests that one side of the substrate binding groove is more critical for substrate 

interactions. Furthermore, the N-terminal side of the binding groove is predicted to be formed 

almost exclusively by aromatic residues from the two helices of TPR-A (255). Several 

mutants within these residues are dramatically affected in full chaperone function (Paper IV, 

Figure 3), demonstrating their importance for the ability of LcrH to bind YopB and YopD. 

The same phenotype was obtained when the conserved hydrophobic residues at positions 4, 7, 

11, 24 and 32 of individual TPRs were mutated (class C mutants) (Paper IV, Figure 3). 

The finding that TPRs exist in all translocator class chaperones permitted an investigation 

into whether they exert the same role in other members of this protein family. To address 

whether the TPRs of the homologous chaperone PcrH are important for pre-secretory 

stabilisation and secretion of cognate PopB/PopD substrates in P. aeruginosa, some of the 

mutations constructed in LcrH were made in the corresponding positions of PcrH (Paper IV, 

Figure 1). Similarly to what was observed for LcrH, canonical TPR residues were clearly 

important for substrate engagement, such that mutation of these resulted in loss of stable 

PopB and PopD expression (Paper IV, Figure 5). Hence, canonical residues are likely 

universally required for the function of TPRs in type III chaperones. However, we also 

identified some residues that were important for the chaperone function of PcrH, but not 

necessarily for LcrH (Paper IV, compare Figures 3 and 5). This agrees with the dynamic 

nature of TPRs in eukaryotic proteins (33, 75). Evidently, TPRs offer a fluid architecture, 
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such that even between highly homologous molecules, such as LcrH and PcrH, identical 

residues are able to differently contribute to the establishment of interactions between cognate 

molecules. Moreover, these results clearly show that the TPRs of the translocator class of 

chaperones define their chaperone function.  

Finally, it would be highly desirable to analyse whether chaperone mutants that are 

affected in binding to a native substrate, for example YopB, is better at binding a homologous 

non-native substrate, e.g. PopB. This would further define the molecular parameters within 

the TPRs that determine the substrate specificity of the translocator class of chaperones. 

Furthermore, one particular mutant in LcrH, termed TPR1 in which residues Tyr40 and Phe44 

are mutated (Paper IV, Figure 3) possesses a remarkable phenotype; it maintains considerable 

amounts of stable YopB and YopD, but fails to secrete them. Therefore, this mutant is a great 

tool to further dissect precise chaperone function with respect to whether their primary role is 

substrate stability, secretion or both. Understanding the reason(s) for this mutant phenotype 

promises to be rewarding, given the absence of data concerning a role for class II chaperones 

in secretion of their translocator substrates. Perhaps the chaperone-substrate complex adapts a 

different, but stable conformation that is simply not recognised by the type III secreton. For 

instance, this mutant complex could fail to dock at the YscN ATPase. Chaperone docking to 

ATPases of other TTSSs is a recently reported phenomenon (131, 338). Another possibility 

could be that the mutant chaperone binds too strongly to the substrates, thereby preventing 

their release and subsequent secretion. However, the binding data from the yeast two hybrid 

assay evidently does not support this latter theory (Paper IV, Table 1). Clearly, other binding 

assays may be needed to analyse the interactions of TPR chaperone mutants and cognate 

substrates, especially where there are discrepancies in protein stability and binding data. Yet, 

another interesting observation to come out from this TPR mutagenesis study is that some 

LcrH mutants, such as mutants TPR19 and TPR21 (Paper IV, Figure 3), have lost regulatory 

control but are still able to bind and stabilise the key regulatory molecule YopD (Paper IV, 

Figure 3 and Table 1). Perhaps this could indicate that these LcrH mutants are defective for 

YscY binding (see section 3.3.3). Indeed, if TPRs are also involved in binding of LcrH to 

other molecular targets (e.g. YscY or even the YscN ATPase) it really does solidify the TPR 

module as a remarkably dynamic protein-protein interaction motif.  
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3.3 Translocon operon involvement in system regulation 
 

When it comes to regulation of TTS, Yersinia and P. aeruginosa share several similarities. 

Both pathogens rely on the activity of an AraC-like transcriptional activator called LcrF/VirF 

in Yersinia (67, 172, 173, 200, 375) and ExsA in P. aeruginosa (118, 119, 179, 373). In 

addition, TTS triggering occurs upon depletion of calcium in vitro (39, 111, 273, 325, 339, 

367) or by target cell contact in vivo (178, 268, 288, 347). Moreover, the cytosolic cAMP 

messenger molecule is also important for TTS induction (266, 367). In addition, a negative 

regulatory loop becomes activated in mutants lacking a functional type III secretion system 

(8, 25, 269, 270, 372).  

Members of the lcrGVHyopBD operon of Yersinia play important roles in the positive and 

negative regulatory pathways that control yop-expression (for details see sections 1.7.5 and 

1.7.6). In contrast, the potential involvement of the pcrGVHpopBD operon in P. aeruginosa 

TTS regulation is less studied (137, 225, 299, 331, 332). Therefore, like its Yersinia 

homologue LcrH, PcrH was examined for a role in system regulation. 

 

3.3.1 Regulation of type III secretion genes in P. aeruginosa does not involve PcrH  

 
Several members of the translocator class of type III chaperones regulate expression of TTS 

genes (11, 26, 76, 77, 115, 223, 224, 275) (for details see section 1.7.5). This includes LcrH 

of Yersinia, which is an important negative regulator of yop-expression (11, 115). Given the 

particularly conserved nature of LcrH and PcrH, the latter was examined for a role in P. 

aeruginosa system regulation. The newly constructed pcrH deletion mutant of P. aeruginosa 

strain PAK was grown in vitro in TTS inducing (-Ca2+) or non-inducing (+Ca2+) media and 

the pattern of TTS gene transcription and protein production/secretion was analysed using 

RT-PCR and Western blot analysis, respectively. Significantly, the characteristic induction of 

type III gene transcription under low calcium conditions (339, 367) was similar for both 

mutant and wildtype P. aeruginosa (Paper III, Figure 3). Moreover, induced gene expression 

paralleled an increase in protein synthesis and subsequent secretion that was indistinguishable 

for both strains (Paper III, Figure 2). This strongly suggests that PcrH, in contrast to the LcrH 

homologue of Yersinia, is not a regulator of TTS gene expression.  
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3.3.2 The regulatory function of the LcrH-YopD complex is unique to Yersinia  

 
Yersinia defective for YopD is growth restricted at 37°C and constitutively produces Yops, 

reflecting the role of YopD as a negative regulator of yop-expression (116, 249, 360). 

Furthermore, LcrH binds and stabilises YopD (114, 353) making this LcrH-YopD complex 

critical for yop-regulatory control (11, 115). According to Schneewind and colleagues, this 

complex binds to yop mRNA, thereby preventing their translation by an unknown mechanism 

(11, 56). This is in contrast to what happens in P. aeruginosa, since neither PcrH (section 

3.3.1) nor PopD (332) exhibit any regulatory roles. 

One aspect of this study however, showed that PcrH of P. aeruginosa can replace LcrH in 

Yersinia, since a functional translocon was formed (Paper III, Figures 6 and 7). Furthermore, 

PcrH efficiently interacted with YopD in yeast (Paper III, Table 2), which correlated with the 

stable expression and secretion of YopD in Yersinia (Paper III, Figure 6 and Paper V, Figures 

3A and 4). Therefore it is possible that PcrH acquires regulatory competency when 

complexed with YopD in Yersinia. This was examined by analysing the growth phenotype of 

the PcrH complemented lcrH mutant using a MOX-assay. In contrast to wildtype calcium 

dependent growth, the PcrH complemented strain was severely growth restricted at 37°C 

(Paper III, Table III). Moreover, the protein profiles at inducing and non-inducing TTS 

conditions were determined using Western blot analysis. While wildtype Yersinia displayed a 

characteristic Yop induction only in inducing conditions, the PcrH complemented mutant 

constitutively produced Yops (Paper III, Figure 6). Thus, this latter strain was still defective 

in TTS regulation. However, the levels of PcrH were significantly lower than those of native 

LcrH expressed from the same type of inducible construct (Paper V, Figure 3B). This 

probably reflects a difference in codon usage between Yersinia and P. aeruginosa due to 

differences in genomic G+C contents. Nevertheless, these levels of PcrH were still higher 

than the minimal amount of LcrH needed to restore regulatory control (Paper V, Figure 1), 

such that poor expression could not account for the inability of PcrH to function in Yersinia 

regulation.  

To investigate the possibility that PcrH may become regulatory proficient only when in 

complex with native PopD, PcrH and PopD were co-expressed in an lcrH,yopD mutant of 

Yersinia. While co-expression of the Yersinia proteins LcrH and YopD restored system 

regulation in the mutant, a combination of PcrH and PopD was still regulatory incompetent 

(Paper II, Figure 6, Table 2). These data are consistent with the inability of PopD alone to 

restore the defect in regulatory control associated with loss of YopD in Yersinia (Paper II, 
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Figure 6, Table 2). Yet, PcrG and PcrV, also of the P. aeruginosa translocon operon, both 

efficiently substituted for LcrG and LcrV respectively in Yersinia yop-regulation (221, 267). 

This collective data greatly points to the fact that the regulatory function of the LcrH-YopD 

complex is unique to Yersinia.  

In Yersinia, the regulatory role of the LcrH-YopD complex is intimately associated with 

the secreted negative regulatory element LcrQ/YscM, such that in the absence of LcrH or 

YopD, LcrQ cannot repress yop expression (Francis M.S., unpublished) (56, 360). Based on 

this, LcrQ was suggested to be part of an LcrH-YopD-LcrQ regulatory complex (11, 56). An 

LcrQ homologue is not present in P. aeruginosa (324), suggesting that another mechanism, 

likely PcrH and PopD independent, operates to ensure regulatory control of TTS gene 

expression. This mechanism may involve ExsD, since this protein can bind and inhibit the 

activity of the AraC-like transcriptional activator ExsA, thereby repressing TTS gene 

expression (119, 179, 225, 373). However, in contrast to LcrQ, ExsD is not secreted (225). 

Instead, its activity is controlled by the chaperone-like protein ExsC, which upon secretion 

permissive conditions binds to ExsD (79). Somewhat curiously, the activity of LcrQ is also 

regulated by an interaction with a chaperone (SycH). However, SycH regulates LcrQ activity 

by promoting its secretion (55, 57, 359, 371).  

Interestingly, ExsC and ExsD homologues have been found in the TTSSs of V. 

parahaemolyticus, P. luminescens and A. hydrophila (92, 217, 379). These pathogens harbour 

translocon operons that are genetically similar to those of Yersinia and P. aeruginosa (92, 

217, 379). Hence, this suggests that V. parahaemolyticus, P. luminescens and A. hydrophila 

may use a mechanism similar to that of P. aeruginosa to regulate expression of TTS genes, 

which further emphasises the hypothesis that the LcrH-YopD-LcrQ regulatory loop is unique 

to Yersinia. From a Yersinia pathogenesis point of view, it therefore becomes important to 

understand the precise molecular relationship between these three regulatory proteins.  

 

3.3.3 The N-terminus of LcrH contains a unique regulatory domain that is required for 

YscY binding 

 

My results suggest that LcrH and YopD may both contain distinct regulatory domains that are 

absent in the PcrH and PopD counterparts. In an effort to identify distinctive regulatory 

domains within LcrH, a hybrid approach was used, whereby LcrH and PcrH sequences were 

aligned and 6 hybrids (Hyb1-Hyb6) were generated based on the location of the three central 
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TPRs motifs in these proteins (Paper V, Figure 2) (255). A similar hybrid approach defined a 

unique N-terminal regulatory domain in YopD, simply by fusing the N-terminus of YopD to 

the C-terminus of PopD (Bröms J.E., unpublished, Figure 7). To estimate the regulatory status 

of each LcrH/PcrH hybrid, they were first expressed in the lcrH mutant and then their growth 

phenotype examined using a MOX-assay. In parallel, the individual hybrid expression levels 

and the subsequent Yop protein profiles at inducing and non-inducing TTS conditions were 

determined using Western blot analysis. Significantly, all chaperone hybrids were quite stable 

(Paper V, Figure 3A) and were produced at similar levels, with the exception of Hyb1 which 

was slightly less stable and/or abundant (Paper V, Figure 3). Despite this, only Hyb1-Hyb4 

displayed wildtype-like calcium dependent growth and Yop expression, while Hyb5 and 

Hyb6 were completely regulatory deficient (Paper V, Figure 4, Table 3). This suggests that 

LcrH may contain a unique regulatory domain just upstream of the first TPR, which 

incorporates the N-terminal residues 18 to 35. Interestingly, this domain involves a region that 

is less conserved between LcrH and PcrH (Paper V, Figure 2). 

Importantly, all hybrid chaperones efficiently stabilised and secreted YopD (Paper V, 

Figures 3A and 4), suggesting that this LcrH regulatory function is independent of YopD. 

Instead, the mechanism could involve a LcrH complex with YscY, which has recently been 

considered an important regulatory event for LcrH (115). Functional YscY is a requirement 

for TTS (83, 183) and appears to behave as a chaperone to YscX, a secreted component of the 

TTS machinery (Paper V, Table 4) (83). To determine whether the regulatory status of the 

hybrids correlated with YscY binding, the yeast two-hybrid system was used. Regulatory 

competent Hyb1-Hyb4, but not regulatory deficient Hyb5-Hyb6 and PcrH, bound YscY 

(Paper V, Table 4). Clearly therefore, LcrH-YscY is a true regulatory complex. Interestingly, 

the region incorporating residues 18-35 of LcrH that is crucial for YscY binding corresponds 

to a previously established mutant in LcrH, E30G, which was also unable to bind YscY and 

had lost yop-regulatory control (115). Glycine (G) lies in the corresponding position of PcrH 

where glutamate (E) lies in LcrH. Therefore, this may contribute to the inability of PcrH to 

function in YscY-dependent regulation in Yersinia. Importantly, a complex between PcrH and 

Pcr4, the YscY homologue in P. aeruginosa (324, 374) was not formed in yeast (Paper V, 

Table 4), suggesting that the LcrH-YscY-like regulatory loop may also be unique to Yersinia.  

In summary, negative regulation of yop-expression in Yersinia must involve the combined 

action of several players, including LcrH, YopD, LcrQ/YscM and YscY. How they come 

together to exert regulatory control is not known. While the model of Schneewind and 

colleagues predicts that a complex of LcrH, YopD and LcrQ prevents translation of yop 
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mRNA (11, 56), it fails to take into account their action at the level of yop transcription (26, 

55, 268, 320). In addition, no interaction between LcrQ and LcrH and/or YopD has been 

demonstrated (Francis M.S., unpublished) (371). While this does not rule out a role for post-

transcriptional control of Yop synthesis, the LcrH-YscY complex certainly adds another level 

of complexity to yop regulation in Yersinia.  

 
3.4 Contributions and future perspectives 

 

Homologues of the lcrGVHyopBD translocation operon of Yersinia spp. exist within a diverse 

group of pathogens (50, 159, 217, 352, 379), suggesting a conserved mechanism of 

translocation of antihost-effector proteins by these species. Accordingly, Y. 

pseudotuberculosis and P. aeruginosa were shown to form translocation pores of similar size 

that promoted equally efficient effector targeting. However, this study also revealed a strong 

dependency for interplay between native translocator(s) to ensure effector translocation. Thus 

each pathogen has carefully fine-tuned this process, presumably to satisfy colonization of 

specific host niches. Moreover, just as specific host niches confer a unique set of 

environmental cues, regulation of TTSS genes in Yersinia, but not in P. aeruginosa, was 

strongly dependent on the translocation operon, suggesting that even highly similar TTSSs 

have evolved different pathways to interpret specific environmental cues. In Yersinia, an 

LcrH-YopD-LcrQ regulatory complex plays a crucial role (11, 56, 249). Yet, this study 

showed that an LcrH-YscY complex is also an important regulatory mechanism. This finding 

represents a clear connection between regulation and a functional secretion apparatus.  

In view of this, this study provides a platform with which to understand basic molecular 

interactions between type III secretion components. For example, it is now clear that the C-

terminus of YopD provides functional specificity for effector translocation by Yersinia. A site 

directed mutagenesis approach was initiated to identify key functional residues. Once 

identified, these mutants should be used to study the molecular targets of YopD not only 

during pore formation, but also during effector translocation, as these events seem to be 

separate entities (249). This will allow insight into how the translocon is assembled. In the 

same manner, the N-terminus of LcrH was identified as a unique regulatory domain, 

mediating formation of the LcrH-YscY regulatory complex. In this respect, it is now essential 

to understand what function this complex plays, especially in the context of the LcrH-YopD-

LcrQ regulatory function (11, 56, 249). To identify the precise LcrH and YscY residues 
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required for binding would be a logical place to start. This could be expanded to generate 

compensatory suppressor mutants in either component and then investigate their regulatory 

effect in Yersinia. A similar principle successfully highlighted the regulatory role of the LcrH-

YopD complex (114, 115). Since both LcrH and YscY are necessary for secretion of other 

type III components, such as YopB/D and YscX, respectively (83, 114, 115, 183, 353), it will 

also be important to analyse how LcrH-YscY binding affects substrate secretion. Indeed, this 

secretion event may prove to be a key feature ensuring yop regulatory control. Perhaps the 

LcrH-YscY complex plays a role in turning off the low calcium response, once not wanted 

anymore. In this event, free LcrH that becomes available upon secretion of cognate 

translocator substrates could sequester YscY. Since YscY is needed for the incorporation of 

YscX into the type III secreton, formation of LcrH-YscX complexes would prevent further 

secreton assembly and substrate secretion. This phenomenon is rarely discussed and far from 

understood and would therefore be of interest to pursue.  

The mechanism(s) by which TTSSs recognise their substrates is an enigma. For example, 

are translocator proteins recognised differently from effector proteins, as might be expected if 

the former are secreted first? The fact that InvE of Salmonella spp. is solely required for 

secretion of the Sip translocator proteins suggests that this might be true (194). One also 

wonders what role individual chaperones play in this secretion process. Studies suggesting 

that recognition and secretion may be initiated by the docking of a chaperone-substrate 

complex at the TTS ATPase (131, 338) can now easily be tested for Yersinia, thanks to the 

isolation of an LcrH chaperone mutant in a TPR unit that stabilises cognate translocators but 

fails to promote their secretion (section 3.2.6). Moreover, whether effector substrates pre-

destined for delivery into host cells are further recognised by the translocon is not known. 

Interestingly, one study has suggested that TyeA of Yersinia is specifically required for 

translocation of the YopE and YopH effectors (185), although this has been rejected by other 

independent studies (61, 329). Nevertheless, it is clear from this study, that the LcrV protein 

family does not possess this “substrate-recognition” function. Perhaps YopD, which interacts 

with the YopE effector in vitro (153), exhibits this role. The isolation of YopD mutants that 

still form pores but fail to translocate effectors (249), provides useful tools to test this 

hypothesis, that is, are these mutants defective in the ability of YopD to recognise effectors? 

Interaction studies between YopD and all other Yersinia effector substrates should be 

included in the analysis to confirm that YopD effector binding is not just a YopE anomaly.  

In this study, PcrH was shown to constitute another member of the translocator class of 

chaperones, being important for assembly of a functional PopB/PopD dependent translocon in 



 56

P. aeruginosa. Yet, in contrast to the more well studied members of this chaperone class, 

including SicA of Salmonella spp. (76, 77), IpgC of Shigella spp. (223, 224), LcrH of 

Yersinia spp. (11, 26, 115, 275) and SycB of Y. enterocolitica (346), PcrH is the first member 

that lacks regulatory features. Furthermore, this study also verified the presence of 

tetratricopeptide repeats (TPRs) within PcrH and LcrH, predicted earlier by computational 

analysis (255). These repeats are crucial for LcrH and PcrH chaperone function towards 

cognate translocator substrates. In fact, it seems likely that these chaperones recognise their 

two substrates differently. Furthermore, the identification of these motifs makes the 

translocator class of chaperones structurally and functionally distinct from other type III 

chaperones. Future studies should address whether all translocator class chaperones possess 

these motifs and whether they all similarly promote stability and secretion of cognate 

substrates. Because several of these chaperones also target other regulatory proteins, it would 

also be advantageous to see whether TPRs are required to engage non-translocator substrates. 

Significantly, at least one key YscY binding motif clearly lies upstream of the TPRs in LcrH. 

In addition, visualisation of the tetratricopeptide motifs through crystallisation would be 

highly desirable. While crystallisation has been successfully performed for chaperones of the 

effector class (28, 101, 212, 321, 350), interestingly no structure for any member of the 

translocator class has yet been resolved. Crystallisation of LcrH and PcrH in the presence of 

their cognate translocator substrates would shed light into how LcrH and PcrH engage 

YopD/PopD substrates differently from YopB/PopB substrates, both in terms of binding 

strength and reciprocal interactions with non-native substrates. Such a development would be 

further enhanced by overlaying onto this structure, the vast number of point mutants 

displaying interesting phenotypes with respect to substrate stability and/or secretion. This 

would point out the precise amino acid pairs of chaperone and substrate.  

Finally, since the translocator class of chaperones are absolutely essential for the formation 

of functional TTSSs and are so wide-spread among mammalian pathogens, they appear to be 

ideal targets for the development of novel anti-bacterial strategies. Certainly, they are more 

relevant than for instance LcrV and its homologues, which despite being protective are only 

present in a restricted number of pathogens. Thus, one drug targeting chaperone function 

could presumably be used to neutralize a wide variety of bacterial pathogens that harbour 

TTSSs and offer hope in the fight against multi-drug resistant bacteria.  
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Conclusions 
 

 The translocons of Yersinia spp. and P. aeruginosa are highly fine-tuned, such 

that only a combination of native translocator partners allow for efficient 

translocation. 

 

 Yersinia spp. and P. aeruginosa form a similar sized translocation pore. 

 

 LcrV or PcrV do not mediate substrate recognition during effector translocation. 

 

 YopD contains a unique C-terminal domain, absent in PopD, which is critical for 

Yop effector targeting.  

 

 PcrH is essential for the assembly of the P. aeruginosa type III translocon, by 

acting as a chaperone towards the translocators PopB and PopD. 

 

 PcrH and LcrH exhibit binding specificity towards native PopB and YopB 

respectively, while promoting reciprocal binding to PopD and YopD. 

 

 Tetratricopeptide repeats (TPRs) are essential for the function of the translocator 

class of chaperones, such as LcrH and PcrH.  

 

 PcrH, in contrast to LcrH, is dispensable for regulation of type III secretion. 

 

 The N-terminus of LcrH is required for yop regulatory control and YscY 

binding, thereby coupling functional secretion with TTS regulation. 

 

 The LcrH-YopD-LcrQ-YscY regulatory loop is unique to Yersinia. 
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