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Abstract
The type III secretion system (T3SS) is a highly conserved secretion system among Gram
negative bacteria that translocates anti‐host proteins directly into the infected cells to
overcome the host immune system and establish a bacterial infection. Yersinia
pseudotuberculosis is one of three pathogenic Yersinia spp. that use a plasmid encoded T3SS to
establish an infection. This complex multi‐component Ysc‐Yop system is tightly regulated in
time and space. The T3SS is induced upon target cell contact and by growth in the absence
of calcium. There are two kinds of substrates for the secretion apparatus, the translocator
proteins that make up the pore in the eukaryotic target cell membrane, and the translocated
effector proteins, that presumably pass through this pore en route to the eukaryotic cell
interior.
The essential YopD translocator protein is involved in several important steps during
effector translocation, such as pore formation, effector translocation. Moreover, in complex
with its cognate chaperone LcrH, it maintains regulatory control of yop gene expression. To
understand the molecular mechanism of YopD function, we made sequential in‐frame
deletions throughout the entire protein and identified discrete functional domains that
made it possible to separate the role of YopD in translocation from its role in pore formation
and regulation, really supporting translocation to be a multi‐step process. Further site‐
directed mutagenesis of the YopD C‐terminus, a region important for these functions,
revealed no function for amino acids in the coiled‐coil domain, while hydrophobic residues
within the α‐helical amphipathic domain are functionally significant for regulation, pore
formation and translocation of effectors.
Unique to the T3SSs are the chaperones which are required for efficient type III protein
secretion. The translocator‐class chaperone LcrH binds two translocator proteins, YopB and
YopD, which is necessary for their pre‐secretory stabilization and their efficient secretion.
We have shown that LcrH interacts with each translocator at a unique binding‐site
established by the folding of its three tandem tetratricopeptide repeats (TPRs). Beside the
regulatory LcrH‐YopD complex, LcrH complexes with YscY, a component of the Ysc‐Yop
T3SS, that is also essential for regulatory control. Interestingly the roles for LcrH do not end
here, because it also appears to function in fine tuning the amount of effector translocation
into target cells upon cell contact. Moreover, LcrH’s role in pre‐secretory stability appears to
be an in vitro phenomenon, since upon bacteria‐host cell contact we found accumulated
levels of YopB and YopD inside the bacteria in absence of a LcrH chaperone. This suggests
the true function of LcrH is seen during target cell contact. In addition, these stable YopB
and YopD are secreted in a Ysc‐Yop independent manner in absence of a functional LcrH.
We propose a role for LcrH in conferring substrate secretion pathway specificity, guiding its
substrate to the cognate Ysc‐Yop T3SS to secure subsequent effector translocation.
Together, this work has sought to better understand the key functions of LcrH and YopD in
Yersinia pathogenicity. Using an approach based heavily on recombinant DNA technology
and tissue culture infections, the complex molecular cross‐talk between chaperone and its
substrate, and the effect this has on the Yersinia lifestyle, are now being discovered.
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1.

Introduction

1.1. Type III secretion systems (T3SSs) in Gram negative
bacteria
An essential characteristic of all bacteria is a requirement to transport proteins across their
membranes. Secreted bacterial proteins are involved in a wide variety of necessary activities
to ensure bacterial survival in diverse environments. It also serves to establish crosstalk
between bacteria and also between bacteria with eukaryotic cells. The type III secretion
system (T3SS) is one mechanism that Gram‐negative bacteria have acquired to actively
export bacterial proteins from inside the bacteria. Exported proteins move across both
bacterial membranes, the periplasm and are secreted into the extracellular milieu (49, 145,
146, 232, 233). T3SSs are employed for diverse purposes, to account for many Gram‐negative
bacteria having varying lifestyles and host niches. This is typified by the fact that plant and
animal pathogens have independently evolved similar mechanisms to attack their hosts ‐ a
remarkable feat given the different biological barriers faced by these pathogens during the
infection process.
Virulence‐associated T3SS enable animal and human pathogenic bacteria to translocate
bacterial proteins, called effectors, directly from the bacteria cytoplasm into the interior of
target cells they infect (117). Internalized effector proteins manipulate host cellular processes
so that the bacteria can colonize a particular niche and establish an infection to secure their
survival (117, 160). T3SSs are identified in an ever growing number of animal and plant
pathogens. However, the most well studied systems are found in the human pathogens
Yersinia spp. (63, 66, 69, 210), Salmonella spp. (116, 59, 275), Shigella spp. (220), Pseudominas
aeruginosa (112, 335) and a variety of E. coli spp. (113, 126) and the plant pathogens
Pseudomonas syringae, Erwinia amylovora, Ralstonia solanacearum and Xanthomonas campestris
(313, 117). The plant pathogens use the T3SS to cause various diseases in susceptible plant
hosts, while in resistant plant hosts the T3SS induces a defence reaction, called the
hypersensitive response (HR) protecting the plant from disease (160).
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Significantly, the T3SS is not restricted to pathogens. Recent genome sequencing
projects have detected T3SSs in commensals, like non‐pathogenic strains of E. coli (233).
Additional T3SS have also been found in endosymbiotic bacteria (159, 233, 235), such as the
tsetse fly endosymbiont Sodalis glossinidius (74, 75), Photorhabdus luminescens, an
endosymbiont of nematodes pathogenic to insects (104) and the nitrogen‐fixing plant
symbiont Rhizobium, which uses a T3SS to form and maintain root nodules on plants (203,
317). These symbiotic liaisons are another example of the intensive interplay between the
organisms involved.
Furthermore, there is evidence for T3SS in non‐pathogenic bacteria from soil or water.
The environmental Desulfovibrio vulgaris, a anaerobic sulphate‐reducing bacterium not
known to be in contact with eukaryotic cells is one such example (147). T3S genes are also
detected in the soil bacterium Myxococcus xanthus and in Verrucomicrobium spinosum, a
resident in ponds and lakes (232). These recent discoveries will serve to offer novel insights
into the physiological function of T3SSs outside of a role in virulence.

1.2. The supramolecular structure of the T3SS
The function of the T3SS and its individual (approx. 35‐40) components was first studied
and characterized in pathogenic Yersinia spp.. However, visualisation of a T3SS first
occurred using Salmonella (181) and then later in Shigella (30, 296) and enteropathogenic E.
coli (76, 280). To date, a visual of the T3SS structure from Yersinia has not been documented,
although extracellular needle protrusions have been viewed (157, 171). The T3SS of
mammalian pathogens forms a macromolecular needle‐like structure that consists of a
channel‐forming apparatus spanning the inner and outer membranes, followed by a needle
that protrudes out from the bacterial surface (Figure 1). Through this apparatus effector
proteins are presumed to be secreted. However, the needle structure is not known to exist in
plant pathogenic bacteria. Their T3SS is connected to a much larger pilus‐like structure
(termed the Hrp pilus) that can presumably penetrate the thick plant cell wall (49, 261).
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Figure 1. Schematic representation of a T3SS. (A) In animal pathogenic bacteria, i.e. Yersinia
spp., Salmonella spp. and Shigella spp., this system spans the bacterial envelope with the
needle‐like structure protruding out. At the tip of the needle a pore in the eukaryotic cell
membrane is formed during close bacteria‐host cell contact. (B) In plant pathogenic bacteria,
such as Pseudomonas syringe a similar basic core structure exists within the bacteria as seen in
animal pathogenic bacteria, followed by a pilus‐like structure protruding out. This pilus‐like
structure penetrates the thick plant cell wall to form a pore in the plasma membrane.

1.3.

Seven families of T3SSs

Sequence comparisons of the known T3SSs and phylogenetic analysis suggests that they can
be organized into seven main families (Table 1) (62, 107, 146, 232, 305). These families are
based on the archetypical systems of the most well defined species within each family, for
example the Ysc family is based on the Ysc‐Yop T3SS in Yersinia spp. and the Inv/Mxi/Spa
family is based on Shigella spp. and the SPI‐1 of Salmonella enterica. It is interesting that the
seventh family belongs to the Chlamydiales. Chlamydiales are truly intracellular bacteria but
how the T3SS affects this process is not yet known. Since Chlamydia might infect amoeba it
is possible that they possess the oldest T3SS among all bacteria harbouring a T3SS (107, 127,
159, 232). Further, the idea of flagella biosynthesis requiring a T3SS is discussed in the
section concerning origin of the T3SS (see next section 1.4.).
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Newly discovered T3SSs are continually placed in this family organization. However,
an important question still remains unanswered. Why have all these T3SSs evolved? They
are alike, yet each system has unique features. It might be that the different T3SS families
enable bacteria to colonize a certain niche. However, this can not be the complete story
because, for example, within the Ysc‐Yop family, the target hosts are as diverse as humans,
fish and insects. Furthermore, some bacteria possessing a T3SS have no known host target.
This raises another interesting question: What is the role of the T3SS in these bacteria?
Nevertheless, one thing appears true ‐ the advantage of having these systems must out
weight the cost of maintaining them.

Table 1. Seven families of T3SSs based on sequence comparisons and phylogenetic analysis

Family

Species

System

Possible function

Ysc

Pathogenic Yersinia spp.
Pseudomonas aeruginosa
Photorhabdus luminescens
Aeromonas spp.
Vibrio parahaemolyticus
Bordetella spp.
Desulfovibrio vulgaris

Ysc
Psc
Lsc
Asc
Vsc
Bsc
Dsc

Blocks phagocytosis and
induction of cytokine expression,
induce apoptosis

Shigella spp.
Salmonella
Y. enterocolitica
Bulkholderia spp.
Yersinia ruckeri
Sodalis glossinidius
Escherichia coli
Chromobacterium violaceum

Inv/Mxi/Spa
SPI-1
Ysa
Inv-Spa
Inv/Mxi/Spa
Inv-Spa
Eiv-Epa
Inv-Spa

Trigger bacterial uptake in nonphagocytic cells

Salmonella enterica
E. coli (EPEC)
E. coli (EHEC)
Y. pestis
Y. pseudotuberculosis
Chromobacterium violaceum

SPI-2
Esc
Esc
Ssa/Esc
Ssa/Esc
Ssa/Esc

Invasion and intracellular
survival

Hrp1

Pseudomonas syringe
Erwinia spp.
Vibrio parahaemolyticus

Hrp1
Hrp1
Hrp1

Elicit hypersensitive response in
resistant plants and disease in
non-resistant plants

Hrp2

Xhantomonas campestris
Ralstonia solanacearum
Bulkholderia pseudomallei

Hrp2
Hrp2
?

New

Rhizobium

Plant symbiosis

New

Chlamydiales

Environmental survival and/or
pathogenicity

Inv/Mxi/Spa

Ssa/Esc
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Elicit hypersensitive response in
resistant plants and disease in
non-resistant plants

1.4. Origin of the T3SS
These T3SS families have many core components that all share high similarity with regards
to morphology, assembly, mechanisms of secretion and basic regulatory mchanisms.
However, these joint features are also shared with the flagellar export apparatus required
for flagella biosynthesis (7, 32, 198, 199). This raises the possibility that T3SSs have evolved
from the ancient flagellar system (127, 219, 269). Flagellar motility existed before the
divergence of archea and bacteria probably being present in all free‐living bacteria. This
would explain why T3SSs are so widespread in both plant‐ and animal‐interacting bacteria.
Although this is commonly believed, some analyses do not support the idea of T3SS
evolution from an ancestral flagellar T3SS. Rather, Gophna and colleagues support the
hypothesis that both systems, the flagellar and the virulence T3SSs, are ancient and diverged
independently from a common ancestral system (127). This notion is anchored in the
observation that phylogenetic trees of the T3SSs are completely different from the trees
based on 16S RNA.
Moreover, the flagellar system is sometimes grouped as the flagellar T3SS, since it can
secrete proteins and might also mediate translocation of proteins into eukaryotic cells (178,
189, 232, 338). All other T3SSs are then grouped as non‐flagellar T3SSs.

1.5. Acquisition of T3SSs
Molecular characterisation of the genes encoding T3SSs revealed that they are mainly
located on extrachromosomal plasmids or pathogenicity islands (PAIs) inserted into the
chromosome (330). PAI’s are mobile genetic elements that can be very large (up to 200 kb).
In addition to genetic determinants of virulence, they also comprise homologues to phage
integrase genes, plasmid origins of replications or IS elements. This enables PAI’s to spread
among bacterial populations (133). Comparisons between T3SS genes on these mobile
genetic elements and chromosomal housekeeping genes show that T3SS have likely been
acquired through a mechanism of horizontal gene transfer (61, 68, 134, 225, 330). DNA
transfer could occur by conjugation of plasmids from one bacterium to another. On rare
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occasions this DNA could be integrated into the chromosome and form a PAI. Other
horizontal DNA transfer pathways are by bacteriophage transduction or by natural DNA
transformation (277). This is strengthened by the fact that these mobile elements often
possess a different G/C content and codon usage pattern compared to the core bacterial
chromosome (131, 133). Another interesting genetic feature of T3SSs is that genes encoding
structural components are always clustered together in operons with similar gene order and
orientation. However, this is not the case for the secreted T3SS substrates. They can be
encoded outside of genetic blocks and they are mostly unique for each individual T3SS (86,
232, 305).

1.6. Multiple T3SSs in the same bacteria
In addition to a flagella T3SS, some bacteria contain more than one non‐flagella T3SS.
Moreover, these generally belong to different T3SS families. This could indicate that bacteria
with one T3SS are more prone to acquire a second T3SS to gain additional selective
advantages. Such advantages may include the ability to infect different niches within the
same host or to infect different hosts. Having multiple systems in one bacteria requires
sophisticated regulatory cross‐talk between the T3SSs. Each T3SS is expressed optimally
only within its own specific niche (131, 338). Bacteria with multiple T3SSs are a fascinating
group. Their numbers are continuously increasing and the examples here are just a few, two
of which are well known bacteria and the third example is highly interesting. First, the
enteropathogenic Salmonella enterica, which is the most studied bacteria containing two
T3SSs (Table 1). S. enterica utilize the SPI‐1 encoded T3SS (Inv/Mxi/Spa family) for invasion
of eukaryotic cells. Then it uses a SPI‐2 encoded T3SS (Ssa/Esc family) for its survival inside
the host cell (131, 139, 146, 324). The Yersinia spp. is another well known species and an
interesting example of bacteria having additional T3SSs (Table 1). All three pathogenic
Yersinia spp. harbour the virulence plasmid encoded Ysc‐Yop T3SS. In addition, Y.
enterocolitica encodes a chromsomally located T3SS, called Ysa (Inv/Mxi/Spa family)
influencing bacterial colonization of the gastrointestinal tract (107, 314). However, the two
remaining pathogenic species of Yersinia, Y. pestis and Y. pseudotuberculosis, contain a T3SS of
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the Ssa/Esc family with no known function (251, 84, 236). The third example is most
fascinating, Burkholderia pseudomallei, which has acquired three T3SSs by horizontal transfer
(252, 291). Two of these are plant systems (Hrp‐2 family) and the third belongs to the animal
Inv/Mxi/Spa family involved in modulating the intracellular behaviour of B. pseudomallei
(252, 291). It is still unknown whether the two Hrp‐2 T3SSs are active in plants. However,
active systems would make this pathogen unique, optimising it for both plant and animal
interactions. The gene distribution within the two plant systems is quite conserved but the
nucleotide sequence differs, suggesting that they have distinct functions (291).

1.7. Functional conservation among flagellar and
non-flagellar T3SSs
Among the multiple structural components of T3SSs, the genetic organisation is similar with
definite amino acid identity. However, unique features can be found in one or at most a few
different T3SSs. In contrast, the secreted substrates, including the toxic effector proteins,
usually differ between systems. This enables each pathogen to adapt its own T3SS(s) to
different host environments and perform its own infection strategies. Even so, some of these
T3SSs are functionally interchangeable in the sense that effectors from one system can be
secreted and even translocated into target cells by another system. For example, the ADP‐
ribosyltransferase ExoS from P. aeruginosa can be translocated into target cells by Y.
pseudotuberculosis, which is also capable of secreting IpaB from Sh. flexneri (114, 264). Plant
pathogens can also secrete substrates from mammalian pathogens (267). Moreover, special
growth conditions permit non‐flagella and flagellar systems to secrete the same proteins.
One such example is the secretion of YlpA, a phospholipase protein in Y. enterocolitica that is
normally secreted by the flagellar system, but can be secreted by both the Ysc‐Yop and the
Ysa T3SSs provided that these systems are active (338). Furthermore, the SopA, SptP and
SopE proteins of S. enterica are secreted by the flagellar system if the essential cognate
chaperones and/or the chaperone binding domain of these substrates are deficient (152, 189,
92). These findings identify a probable specificity mechanism that could imply a substrate
specificity so that substrates of a certain T3SS are secreted/translocated through the right
T3SS (92, 152, 189).
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1.8. Why focus on Yersinia?
The human race is not the superior, even if that is our general belief. There are more
bacterial species than there is sand on earth. Picturing this is impossible; there is no way of
grasping the bacterial hierarchy. The human body contains more bacteria than it does
individual cells. Furthermore, bacteria are an absolute requirement for the human body to
function. We have built up a gigantic symbiotic network with particular microbes. Yet these
small organisms are not something we think of until we become sick. Therefore, bacteria are
mostly connected with something negative. An increase in knowledge about these
incredible microbes, including gene regulation, metabolism, virulence features, intra and
inter species communication and their unique ability to adapt to specific niches is a
necessary goal. Only then might we be able understand more how they function and use
this information to try to prevent the various diseases they may cause.
Bacteria are fascinating, so tiny, yet with a physiological capacity that ranges from
symbiotic living to killing entire host populations. Yersinia is such a bacteria. It has
subspecies varying from non‐pathogenic to the worse kind of pathogenic bacteria. So why
study Yersina? Pathogenic Yersinia use the T3SS to infect and cause disease in animals and
humans. Since T3SSs are a common virulence trait in Gram‐negative bacteria, new
knowledge about the Yersinia systems can be generally applied to other T3SS possessing
bacteria. Yersinia is also one of the most well documented bacteria being the focus of much
research for several decades. This means that the necessary molecular tools are already
established. Moreover, good mammalian and non‐mammalian models of infection are
available. Finally several genomes of Yersinia species are sequenced, which improves the
depth and breadth of research being conducted significantly.
Y. pestis is the causative agent of plague. While plague is considered to be an extinct
disease, evidence suggests that it is re‐emerging. There are several hundred cases of plague
annually. In Madagascar, plague is endemic with most being of the bubonic form with
occasional cases of pneumonic plague. One serious concern is the increasing number of
multiple antibiotic resistant Yersinia found in Madagascar (118). There is now an ever
increasing need to design new drugs targeting bacteria, potentially targeting T3SSs.
Therefore, the understanding of how T3SSs function is crucial. Potential drugs may be
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chemical compounds designed to block a general function of T3S, thereby inhibiting the
infection of all bacteria possessing a T3SS (174, 224, 322).

1.9. The Yersinia family
The genus Yersinia consists of 11 species, but only three of these species are recognised as
human pathogens (292). These three pathogens, Y. pestis, Y. pseudotuberculosis and Y.
enterocolitica, have different infection routes (285), but they all share a common tropism for
lymphoid tissue and an ability to resist the non‐specific immune response by blocking
phagocytosis and inhibiting induction of proinflammatory cytokines (140).

1.10. The pathogenesis of Yersinia
Y. pseudotuberculosis and Y. enterocolitica are environmental pathogens that can be
transmitted to humans through contaminated food or water (285). They can cause a broad
spectrum of disease commonly called yersiniosis, ranging from self‐limiting enteric
infections to life‐threatening septicaemia in humans (19, 192, 255). The oral route of infection
permits Y. pseudotuberculosis or Y. enterocolitica to cross the intestinal epithelium of the
terminal ileum through the M‐cells. Bacteria can then colonize the underlying lymphoid
tissue, the Peyer`s patches, where they cause a self‐limiting inflammation (19). In severe
cases, bacteria continue to colonize the mesenteric lymph nodes and disseminate to the
spleen and deeper tissues or the blood (19, 192, 255).
Y. pestis is the most well known, since it is the causative agent of bubonic, septicemic
and pneumonic plague (285). Evidence from genomic sequencing indicates that Y. pestis
probably evolved within the last 1,500‐20,000 years from Y. pseudotuberculosis (2). During this
evolution Y. pestis adapted from being a mammalian enteropathogen found in the
environment, to a pathogen absolutely dependent on a host for survival (53, 236). It is
primarily a rodent pathogen, using the Xenopsylla cheopsis flea as a transmitting vector (303).
This is also the direct route of transmission to humans and means that bacteria rapidly
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reach, colonize and replicate in the lymph nodes, causing severe swelling in the form of
buboes, the classical symptom of bubonic plague (238). Occasionally, the infection spreads
beyond this stage by re‐entry of bacteria into the blood stream, leading to septicaemia and
colonisation of the lungs (pneumonic plague) (48). Pneumonic plague is highly contagious
with spreading via aerosols.

1.10.1.

Animal model of Yersinia infection

A critical asset in the use of Yersinia spp. as models to study bacterial pathogenesis has been
the mouse infection model. All three pathogenic Yersinia spp. cause lethal, systemic
infections upon intraperitoneal or intravenous infection of mice. They all colonize the
mesenteric lymph nodes and can also spread to the blood stream and the spleen, causing a
plague‐like infection (52, 307, 308). Therefore, Y. pseudotuberculosis or Y. enterocolitica
infections of mice are relevant models for studying plague infections, without using the
lethal Y. pestis (52, 266, 309). In addition, recent years has seen the development of new non‐
mammalian models for studying bacterial‐host interactions, such as the nematode
Caenorhabditis elegans, the fly Drosophila melanogaster and the social amoeba Dictyostelium
discoideum. Several of these non‐mammalian models have shown to be useful in the studies
of P. aeruginosa T3S, a very close homologue to the Ysc‐Yop system of Yersina pathogenesis
(201). The nematode C. elegans is being used to study Yersinia (77). These systems are
experimental systems with very good potentials to investigate interactions between bacteria
and invertebrates and its infection process. These model systems are easy to maintain,
established genetic systems with large mutant libraries and have reduced cost compared to
mouse models.

1.10.2.

The Ysc-Yop virulence plasmid of Yersinia

All three pathogenic Yersinia harbour a 70‐kb large extra‐chromosomal virulence plasmid,
which significantly contributes to its virulence (66), although chromosomal virulence
associated factors are also known (255). This plasmid encodes all components required for a
functional Ysc‐Yop T3SS. Loss of this virulence plasmid renders the bacteria avirulent (121,
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122, 245, 246). The close genetic relationship between Y. pseudotuberculosis and Y. pestis also
exists with the virulence plasmids, because these are interchangeable (332). Altogether, there
are about 35 T3SS genes necessary for the bacteria to infect, survive and multiply in the
eukaryotic host. These genes can be divided into four specific groups; 1) structural ysc
genes, which make up the secretion apparatus, 2) ʺtranslocatorʺ genes encoding proteins
involved in the translocation process, 3) other yop genes that encode the translocated Yop
(Yersinia outer proteins) effector toxins, and 4) regulatory genes whose products control
temporal and spatial gene expression. This Ysc‐Yop T3SS allows directional translocation of
a range of Yop effector proteins into the the cytosol of eukaryotic cells upon infection. These
translocated Yops down regulate the responses of host phagocytic cells permitting the
bacteria to colonize their preferred niche (see review (64, 216)). Mutations that disrupt most
genes within this system will attenuate bacterial survival in a host (66).

1.10.3.

Additional genetic features of Y. pestis

Despite their close similarity, the differences in virulence induced by Y. pestis and Y.
pseudotuberculosis are extreme. Why is Y. pestis more virulent? It may have something to do
with Y. pestis acquiring two unique plasmids encoding additional virulence determinants
(42). One of the Y. pestis aquired plasmids is the 9.5‐kb plasmid (pPst/pPCP1) that encodes
the plasminogen activator Pla (70), a putative invasin with roles in tissue invasion. The
second plasmid is the 102‐kb plasmid (pFra/pMT1) (248) that encodes the murine toxin Ymt,
a phospholipase D protein and the F1 capsular protein. The Ymt is important for infection of
the plague flea vector, it forms aggregates within the gut of the flea that block its normal
blood feeding. This blockage leads to efficient spread of the bacteria when the flea
continuously struggle to feed (154, 155, 238). The F1 capsular protein is important for
capsule formation, which give resistance to phagocytosis and thereby improve bacterial
colonisation (238, 248). Adaptation to a new niche has also led to other genetic changes in Y.
pestis, such as an over‐all reduction in genome size (236). Genes intact in Y. pseudotuberculosis
can be pseudogenes in Y. pestis. These genes are predicted to be essential for
enteropathogenicity, such as the need to produce various adhesion proteins, but not for the
onset of plague (236).
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1.10.4.

Chromosomally encoded T3SSs within Yersinia

Recent studies have identified additional T3SSs in all three pathogenic Yersina species. Of
these, the second T3SS in Y. enterocolitica is the most characterised. Located on the
chromosome and called the Ysa T3SS (138), this system is a member of the Inv/Mxi/Spa
family of T3SSs (Table 1) (107). In Salmonella and Shigella, these systems are involved in the
early stages of infection, including cell invasion. This suggests that the Ysa system could
have a similar role (107). However, the Ysa system is active in vitro at 26°C in high levels of
NaCl (138), which does not appear to be in harmony with an in vivo role. For this reason, a
function in cold‐blooded hosts has been postulated (107). This is despite same evidence
supporting a role in Y. enterocolitica colonization of the gastrointestinal tract (314).
Additional T3SSs in Y. pestis and in Y. pseudotuberculosis are located on the chromosome
(84, 236). Surprisingly, these systems differ completely from the Ysa T3SS in Y. enterocolitica
in that they show homology to the SPI‐2 T3SS of Salmonella, which is important for
intracellular replication and survival/persistance of the bacteria during infections (84, 150,
236, 282). This means that the chromosomal T3SSs were acquired after the divergence of Y.
enterocolitica from Y. pestis and in Y. pseudotuberculosis (2, 107). Y. pestis and Y.
pseudotuberculosis have the ability to replicate in macrophages, but this ability was not
related to this second T3SS. Thus, it is unlikely that macrophage replication is responsible
for the increased virulence of Y. pestis (251). Future studies are needed to unravel the
mysteries of these systems and their true role in Yersinia pathogenesis.

1.10.5.

Flagellar systems in pathogenic Yersinia

Y. pseudotuberculosis and Y. enterocolitica are motile bacteria. Their motility is conferred by
the flagellar system and is important for survival and virulence (170). In virulence the
motility is required to ensure that the bacterium migrates to and contacts the host cell (339).
Interestingly, the flagellar system is expressed during lower temperatures, but repressed at
37°C (173). This means that the bacteria become non‐motile after entry into the eukaryotic
host, indicating that motility must be important in the early stages of infection. Support for
this comes from studies of other proteins important for the early stages of bacterial
virulence, such as the adhesion Invasin, which displays coordinated gene expression
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together with the flagellar system (18). Y. pestis is non‐motile due to inactivating mutations
in flagellar genes encoding the polar flagellum (236). Thus, motility is not a requirement for
Y. pestis pathogenesis.
Curiously, sequenced bacterial genomes identified multiple flagellar systems in the
same bacteria species, such as the Flag‐2‐like gene clusters in Y. pestis, Y. pseudotuberculosis,
C. rodentium, E. coli and C. violaceum. This indicates that coexistence of two flagellar systems
within the same species is more widespread than expected (254). Not surprisingly, this Flag‐
2 flagellar system, is very similar between Y. pestis and Y. pseudotuberculosis, but is not found
in Y. enterocolitica (2, 254). Intriguingly, Y. pseudotuberculosis has intact copies of all Flag‐2
genes, suggesting that it may be functional. The Y. pestis genome appears to have a non‐
functional Flag‐2 cluster due to gene truncations and/or duplications (254).
The distinct feature of this Flag‐2 flagellar locus is still unknown. So far all known Flag‐
2 locus are lateral flagellar systems (21, 176). Therefore it is likely that the Yersinia Flag‐2
locus is also a lateral flagella system that mediates swarming motility under high‐viscosity
conditions (15). This system could also be involved in biofilm formation, surface
colonization, adhesion and invasion of eukaryotic cells.

1.11. Environmental regulation of the Ysc-Yop system
Yersinia is regulated by environmental signals that initiate the ordered transcriptional
activation of genes encoded by the virulence plasmid. In this way, the Ysc apparatus is
made before the synthesis of Yop effectors. Despite knowing many of the components, the
regulatory mechanisms in Yersinia are far from understood. Ysc and Yop regulation is
complex and involves several positive and negative control loops.

1.11.1.

Temperature regulation – a positive loop

Temperature is a key environmental signal for inducing the Ysc‐Yop T3SS in pathogenic
Yersinia. A temperature increase to 37°C (equivalent to entry into a mammalian host) has
long been known to induce T3SS gene activation (121, 122, 187, 246, 247, 341). This
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thermoregulation requires the transcriptional activator LcrF (VirF in Y. enterocolitica) and
altered chromatin structure. Most studies on thermoregulation have been done in Y.
enterocolitica and Y. pestis, therefore the mechanism in Y. pseudotuberculosis is not yet
understood. At temperatures below 30°C, limited T3S gene expression occurs because the
DNA conformation of the T3S gene promoters on the virulence plasmid are kept in a strictly
packed architecture with specific DNA bends that are stabilized by histone‐like proteins.
YmoA is a small chromosomally encoded histone‐like protein (67). It is suggested to bind
curved DNA and stabilise the intrinsic bends (259, 260). At 37°C however, the chromatin
structure changes as the intrinsic bends melt. The affinity of YmoA for DNA decreases and
free YmoA is degraded by Lon and ClpX/P proteases (167). This serves to open up the target
gene promoters and permits the positive activator LcrF to bind the ysc promoter regions and
induce transcription (65, 185). In support of this, overexpression of LcrF at lower
temperature (30°C) does not induce transcription of ysc genes, most likely due to the
complex of YmoA with curved DNA (185). The expression of the transcriptional activator
LcrF is also thermoregulated and only active at 37°C (185). In Y. pestis, this thermoregulation
is proposed to be a posttranscriptional mechanism, where the Shine‐Dalgarno sequence of
lcrF is protected by a stem‐loop structure at temperatures below 37°C (156). Interestingly, a
similar mechanism of thermoregulation also controls the T3SS in Shigella spp. (98, 250).
Nevertheless, new insights into the mechanism behind this thermoregulation in Yersinia
continue to emerge. For example, YmoA‐H‐NS interactions in Y. enterocolitica have been
identified (93, 221). H‐NS is an important general regulator of transcription in enteric
bacteria (258, 299). In Shigella, H‐NS silences expression of T3S genes below 37°C by binding
at the promoter of the transcriptional activator virF (98). A similar function has also been
ascribed to H‐NS in E. coli (87). This interaction could explain why the direct binding of
YmoA to Ysc‐Yop promoters has never been shown. Perhaps YmoA first needs to bind H‐
NS before it can interact with and repress target promoters. In Yersinia, YmoA might act as a
co‐factor to promote full regulatory activity of the H‐NS‐DNA binding protein.

20

1.11.2.

Calcium regulation – the low calcium response

Another environmental signal, divalent cations, can induce virulence gene expression in
several pathogenic bacteria possessing a T3SS. Salmonella uses Mg2+ levels to determine its
location inside or outside the target cell – information it needs to control T3SS gene
expression encoded by both SPI‐1 and SPI‐2. Low intracellular Mg2+ concentrations induce
expression of a number of SPI‐2 genes needed for survival inside the target cell.
Concomitantly, the PhoP/PhoQ two‐component regulatory system also responds to these
low Mg2+ levels by down regulating the SPI‐1 T3SS, since invasion of the target cell has been
accomplished (130).
Findings dating back to the 1950s, showed that Yersinia required calcium for normal
growth at 37°C in vitro (183). This phenotype was later referred to as calcium dependent
(CD) growth (23, 153). Curiously, calcium depletion resulted in growth arrest at elevated
temperature, but Yop expression and secretion was turned on (43, 106). This phenomenon is
called the low calcium response (LCR) (125). Significantly, bacterial strains lacking the
virulence plasmid do not show this calcium‐dependent growth requirement. Moreover,
mutations made in the different genes on the virulence plasmid could essentially be
grouped into three different phenotypes with regards to the LCR. The first class of
mutations generated bacterial mutants with no discernible growth defect – in other words
they maintained a CD growth phenotype. However, some mutations permitted the bacteria
to grow at 37°C, irrespective of the presence or absence of calcium. These mutants are said
to have a calcium independent phenotype (CI) (23). Furthermore, they are usually defective
in synthesis of proteins involved in positive regulation (and consequently do not produce
Yops) or for the correct assembly of the Ysc secretion apparatus (66). A third growth
phenotype is the inability of mutants to grow at 37°C, regardless of the calcium
concentration (termed temperature sensitive or TS) (23, 249, 337). Such mutants are thought
to be unable to synthesise key proteins implicated in negative regulation, since these
bacteria are de‐repressed for Yops production at 37°C, even in normally non‐inductive
media (presence of calcium). A summary of these growth phenotypes is given in Figure 2.
Other bacteria such as Pseudomonas aeruginosa also control T3S via a response to low
calcium. Unlike Yersinia however, they are not growth restricted (35, 310).
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Figure 2. Classification of virulence plasmid mutants with respect to their growth
phenotypes and regulatory status

Whether this phenomenon of calcium depletion from the growth medium mimics an in
vivo situation when bacteria establish contact to a eukaryotic cell is debateable because the
calcium level inside a eukaryotic cell is much lower compared to the extracellular fluids of a
host (63). Nevertheless, it has served as an excellent tool to identify regulatory components
of the Ysc‐Yop system. It is pertinent to point out that aspects of this thesis (see section
3.2.5.) give clear evidence for a different responsiveness of Yersinia to calcium levels
compared to target cell contact. Therefore, it is likely that Ca2+ depletion is an indirect
second signalling pathway, which results in full and uncontrolled Yop effector secretion.
The molecular mechanisms behind this response are not comparable to the stimulus
associated with target cell contact. Thus, important mechanisms of feedback regulation
associated with the interplay of bacteria and host cell that are necessary to fine‐tune
translocation may not be possible with the calcium pathway.

1.11.3.

Regulation by target cell contact

Bacterial contact with a eukaryotic host cell elicits full activation of T3SSs in various
bacterial species. In addition, physical contact between the bacteria and the target cell
appears to be a requirement for translocation of effector proteins.
In Yersinia, tight cell contact activates expression, secretion and directional translocation
of Yop effectors into the cell interior. Directional translocation of Yop effectors means that
most of the secreted proteins are delivered inside the eukaryotic cell with only limited
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leakage into the extracellular medium (240, 265). E.coli and P. aeruginosa possesses a similar
directional translocation strategy (58, 293). All three species are extracellular bacteria but
remain surface associated with the goal to inhibit phagocytosis by the host cell. The T3SSs of
Salmonella and Shigella are also induced upon close target cell contact. Translocation of their
effectors enables the bacteria to be internalized by the eukaryotic cell (220, 275). As a
consequence directional translocation is less strict (208).
Wolf‐Watz and colleagues were the first to demonstrate the contact dependency
phenomenon. They visualised that Yersinia could coordinate T3S with expression of
substrates as a result of physical contact with the target cell (242). Only bacteria in close
contact with a target cell activated yop gene expression. How bacteria sense target cell
contact is still unknown. Presumably, a signal is sensed by the bacteria. This signal is then
transmitted from the bacteria surface to the cytoplasm triggering expression and
translocation of Yop effectors. The needle‐like structure of secretion apparatii is proposed to
sense the target cell and transmit the signal into the bacteria. This needle‐structure is also
speculated to function as a calcium sensor (304). Another idea is the existence of a specific
receptor‐ligand interaction between a bacterial adhesion and the cell surface that initiates
the signalling process. Clearly, the exact mechanism behind the bacteria‐cell contact holds a
very important key, not only to the Yersinia puzzle, but also to understanding the
pathogenic process in other bacteria.
Regulation of T3SSs via target cell contact is not limited to animal pathogens. Plant
pathogens, like R. solanacearum have built‐up a three‐component signal transduction
pathway in response to plant cell contact. It is a regulatory cascade triggered by plant
derived signals. The signals are transduced via the bacterial outer membrane sensor PrhA to
the inner membrane protein PrhR. The cytoplasmic domain of PrhR then transmits the
signal to the cytoplasmic alternate sigma factor PrhI that initiates transcription of the T3S
genes. This pathway involves at least six genes including the three‐component system (36).
It remains to be discovered whether this is a common sensing mechanism used by other
plant‐interacting bacteria as a mechanism to control T3S.
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1.12. Molecular composition of the Ysc-Yop apparatus
To build up a secretion competent apparatus, about 25 Ysc (Yersinia secretion) proteins are
required (62, 64). The apparatus of all T3SSs appear to share a similar basic structure,
composed of two pairs of rings that span the inner and outer bacterial membranes, linked
together with a rod that passes through the periplasm (Figure 1) (175, 204, 280, 296). The
external diameter of the outer membrane ring, which is made up of 12‐14 YscC proteins of
the secretin family, is about 200 Å (20 nm). YscC homologues exist in all T3SS with
exception of the flagellar export apparatus (45, 179). The inner structure is formed by YscJ
proteins of the periplasmic lipoprotein family, which form a pair of rings with a diameter of
about 5 nm (62, 179). 3D structures reconstructed from cryo‐electron micrograph images of
Shigella and Salmonella indicates that the needle‐like hollow appendage is anchored by the
inner rings at the base of the secretion apparatus and extends as a strait hollow tube within
the apparatus and protrudes out from the outer membrane rings (31, 204). The needle is
made up of 100 to 150 YscF molecules and its length is about 60 nm. The external width is 6‐
7 nm and an inner width of about 2.5 nm (157, 182, 62). YscF homologues exist only in
animal pathogens.
The cytosolic base of the secretion apparatus is an important location for specific
protein‐protein interactions that are required for controlled substrate secretion. For example,
this is where the energy motor of the export, the ATPase YscN (331) is presumably located,
establishing a complex with its regulator, YscL (29) and the cytoplasmic or peripheral
membrane proteins YscK and YscQ (166). These form a platform, analogous to the C‐ring at
the cytoplasmic base of the flagellar system that is composed of FliN, FliM and the FliI
ATPase with its regulator FliH (62, 301). It is here that docking to the ATPase of substrates
in complex with their cognate chaperones (see section 1.15.2.) takes place. The ATPase
hydrolysis results in dissociation of the substrate‐chaperone complexes and the release of
energy presumably drives secretion of the substrate through the needle. This has been seen
in the flagellar system of S. typhimurium as well as in T3SSs of both Salmonella and E. coli
(301, 302, 8, 16, 120). This key event involving YscN has yet to be seen in Yersinia. However,
as the interactions are likely to be very transient, they would be difficult to detect.
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Although it is generally accepted that proteins are secreted through the hollow needle
conduit, very little data supports this. Immunogold electron microscopy was used to
visualise an effector protein being released from the tip of the Hrp‐pilus from the plant
pathogen Pseudomonas syringe (168). Furthermore, E. coli EspA filaments are known to be
hollow conduits through which effector proteins appear to be delivered to the extracellular
media and/or into the target cell (71). Whether the proteins going through this hollow
conduit are folded, semi‐folded or unfolded is not known either. However, the dimensions
of the conduit are clearly not large enough to support secretion of folded substrates (64, 102,
190, 328), while ATP‐dependent unfolding of the substrates upon substrate‐chaperone
interaction with the ATPase has also been suggested (8). This would suggest substrates
passing through the needle need to be at least partially unfolded.

1.12.1.

The specificity switch

Complete assembly of the secretion apparatus must occur before the substrates are secreted.
This suggests that a crucial step in the completion of the T3S needle complex is the switch
from secretion of needle components (YscF) to the secretion of the secreted Yop substrates
(the translocators and the translocated effectors). The correct length of the needle is
controlled by YscP, which acts as a molecular ruler within the hollow conduit (171). It
measures needle completion, then sends a signal(s) via the inner‐membrane component
YscU that causes a switch from YscF secretion to Yop secretion (4, 91, 188). Thus, in the
absence of YscP, secreted YscF accumulates on the bacterial surface forming abnormally
long needles that are defective for Yop secretion (91, 171). This is a widespread
phenomenon, because mutants in YscP homologues of other pathogens, such as InvJ of
Salmonella spp. and Spa32 of Shigella spp. also form longer needles that are secretion
defective (182, 200, 280, 297). This is also comparable to the poly‐hook phenotype observed
in mutants of the functionally equivalent FliK protein involved in flagella biosynthesis (211).
The YscP C‐terminus is the switch domain being globular and conserved among this protein
family controlling length of T3S needles and the hook of the flagellar system (4).
This specificity switch control represents a form of secretion hierarchy in which needle
components must be secreted early, before the secretion of actual T3S substrates.
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Furthermore, among those substrates secreted last, logically the translocators (see section
1.14.2 to 1.14.4.) would need to be secreted first. This is because they form a pore in the
eukaryotic cell plasma membrane, through which the effectors (see section 1.14.1.) are
thought to be translocated into the cytosol of the target cell. However, this second level of
secretion hierarchy has not been demonstrated, although the regulatory mechanism of some
chaperones (see section 1.15.2.) do imply this latter form of hierarchy also exists (101, 206,
334).

1.13. Secretion control
A fully assembled Ysc‐Yop T3S apparatus is armed and ready to secrete Yop substrates.
However, secretion only starts upon Yersinia‐eukaryotic cell contact. This really highlights
the presence of strong secretion control mechanisms that are going on inside the bacteria.

1.13.1.

Gatekeeping of the secretion channels

A number of theories concern the mechanism of secretion control. Realistically, we still do
not understand the mechanism used to block T3S in the presence of calcium and/or prior to
eukaryotic cell contact.
The titration model considers LcrG to be the intracellular plug that blocks secretion of
Yops under non‐permissive conditions. The relative levels of LcrG and LcrV in the bacterial
cytoplasm is apparently important. Increases in LcrV levels upon target cell contact favours
binding to LcrG titrating it away from the cytoplasmic face of the inner membrane opening
(205, 222, 223). The blockage is relieved and the secretion channel opened with concomitant
induction of Yop expression (23, 205, 223, 284). Interestingly, LcrV also locates at the tip of
the needle‐structure (82, 214). This implies that LcrV is a protein with many functions,
performed at multiple locations.
Another model describes how the YopN/SycN/YscB/TyeA complex blocks Yop
secretion. TyeA binds to YopN in complex with its twin chaperone SycN/YscB (80, 164, 279).
This quaternary complex is then targeted to the secretion apparatus for secretion of YopN

26

and TyeA in non‐permissive conditions. Thus, this complex is presumed to physically block
the secretion channel since YopN cannot be secreted when bound to TyeA. However, upon
target cell contact an unknown signal is suggested to be transmitted through the bacterial
envelope which dissociates TyeA from YopN, releasing YopN as an external plug. This
would then permit efficient secretion and/or translocation of the Yops (103, 279, 56).
Whether these are bona fide mechanisms of secretion control cooperating together is
not clear. What is clear however, is that opening of the secretion channel allows secretion of
the negative element LcrQ (see next section 1.13.2.). After which, maximal expression,
secretion and translocation of the Yop effectors can occur (242). How bacteria sense and
transmit the necessary signals to relieve this secretion block is not really known. Some data
suggest that the YscF needle is the sensor and the signals are transmitted by a
conformational change in this structure (60, 304). The needle has been proposed to directly
bind and sequester Ca2+.

1.13.2.

Internal repression of virulence genes

The expression of the yop genes are repressed when the T3SS is closed, such as when
bacteria are grown in the presence of calcium or prior to eukaryotic cell contact. The main
responsible protein is the negative regulatory element LcrQ (YscM1 and YscM2 in Y.
enterocolitica) (257). As long as LcrQ is maintained inside the bacteria it represses expression
of the yop genes, although not by binding to and inhibiting the function of the
transcriptional activator LcrF (289). At close cell contact or when calcium is depleted the
secretion plug is opened and LcrQ is rapidly secreted (242). This derepresses Yop
expression. Similarly, a lcrQ mutant exhibits increased and constitutive expression of yop
genes, even though control of secretion is maintained (242, 257). In contrast, overexpression
of LcrQ results in a down‐regulation of Yop production.
The mechanism of LcrQ regulation is uncertain, but it appears to be on a post‐
transcriptional level. The function of LcrQ is dependent on the translocator protein, YopD
and its cognate chaperone, LcrH. In a ΔyopD or a ΔlcrH null mutant, constitutive Yop
expression occurs even in the presence of high levels of LcrQ (109, 111, 257, 329). Thus,
YopD in complex with its chaperone, LcrH, is also a key factor required to maintain a LcrQ‐
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dependent regulatory control (11, 109). As the regulation of Yop expression by YopD, LcrH
and LcrQ all appear to target the same step, a tripartite complex of LcrH‐YopD‐LcrQ might
regulate Yop expression post‐transcriptionally (Figure 3). In fact, this complex does bind to
the 5’ UTR of yop mRNAs at a conserved 5’‐AUAAA‐3’ sequence and prevents translation of
yop transcripts (11, 50). Significantly, null mutations in either lcrQ, lcrH or yopD abolish this
post‐transcriptional regulation. Presumably, dissociation of this complex relieves the post‐
transcriptional repression allowing yop mRNA to be translated and the products eventually
secreted. It is possible that dissociation of this complex is triggered by binding of the
chaperone SycH to LcrQ upon target cell contact. This then targets LcrQ for secretion and at
the same time releases the YopD/LcrH complex from mRNA. LcrH is then able to guide
YopD to the T3S apparatus for secretion (51).

Figure 3. A schematic model of the post‐transcriptional regulation adapted from
Schneewind and colleagues (50). The tripartite complex of LcrH‐YopD‐LcrQ binds to the 5’
UTR region of the yop mRNAs inhibiting their translation. Upon close bacteria‐cell contact
this complex dissociates, possibly by the SycH chaperone pulling LcrQ away for secretion
and thereby releasing the LcrH‐YopD complex. LcrH can then guide YopD to the secretion
apparatus for secretion. The yop mRNAs can be translated into Yop proteins, which will
eventually be secreted.
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1.13.3.

The secretion signal

The T3SS secrete and/or translocate several functionally discrete proteins, but exactly how
these proteins are targeted and recognized by the system is still quite a mystery.
Comparison of amino acid sequences of secreted Yops revealed no general consensus
secretion signal sequence. Nor do they appear to have any structural properties in common
that could explain how they are recognised for secretion. This is at least consistent with the
ability of substrates from one bacteria to be secreted by T3SSs of heterologous bacterial
pathogens. This trend implies that the secretion mechanism must be universal (114, 152, 189,
264, 338). Clearly, a secretion signal exists at the N‐termini of all Yop proteins destined for
secretion and/or subsequent translocation. This secretion signal is located within the first 1
to 17 amino acids or its corresponding yop mRNA sequence. They are sufficient to target
reporter proteins for secretion by the T3SS, but not for their translocation (272, 287).
Intriguingly, systematic mutagenesis of these secretion signals has independently lead to
two different proposals in how this secretion information is contained; within the mRNA
sequence or within the protein sequence. These two proposals are still being debated, with
an understanding of substrate recognition not yet complete.
The group of Schneewind and colleagues generated N‐terminal fusions of YopE, YopK
(YopQ) or YopN to the neomycin phosphotransferase (Npt) reporter protein. This indicated
that only the first 1 to 17 amino acids are required for secretion. Making alterations in the
amino acid sequence, either by point mutations or by frameshift mutations within this
signalling domain did not decrease secretion of these reporter‐fusions. This suggested that
the protein sequence is not required for secretion. Instead the mRNA sequence was thought
to be the responsible secretion signal, coupling translation to secretion (12, 13). Similar
secretion signal features are suggested for the plant effectors of X. campestris and P. syringae
(10, 213).
However, the mRNA hypothesis has been challenged by Wolf‐Watz and coworkers.
Secretion of full‐length YopE, in the absence of the chaperone YerA, was observed even
though the mRNA of the first 2 to 10 codons was severely altered leaving the protein
sequence intact (194). They also exchanged the N‐terminus of YopE for a synthetic sequence
that varied in their degree of amphipathicity. Only those signals that were amphipathic
maintained secretion, both in the presence or absence of its chaperone (195). These results
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support a protein secretion signal that is amphipathic by nature. It also reasons that YopE
secretion is not coupled to its translocation (193). The N‐termini of InvJ from Salmonella also
displays a protein‐based secretion signal (268).
As the secretion by T3SS is tightly regulated, one would expect secretion signals to
confer a temporal and spatial secretion order. So far this has not been investigated because
only the secretion signal of effector Yops have been examined. Further analysis of secretion
signals in other secreted Yops, like the translocators, might discover differences that could
account for establishing an ordered secretion.
While ample evidence exists supporting the mRNA or protein secretion signal
hypothesis, yet another signal is conferred by the cognate chaperones. This second secretion
signal depends upon the binding of the chaperone to substrate. Chaperone binding sites are
usually located between amino acids 15 to 100. The N‐terminal secretion signal is sufficient
for secretion in vitro, but translocation into eukaryotic cells requires the second secretion
signal involving cognate chaperone binding to substrate (55, 287, 325). Several Yops are
dependent on their chaperone for secretion/translocation (YopB, YopD, YopE, YopH, YopN,
YopT and YpkA (YopO in Y. enterocolitica)) (80, 162, 163, 165, 191, 218, 325, 326). However,
others (YopM, YopJ/P, YopK and LcrV) have no known chaperone requirement, although it
is possible that additional chaperones remain undiscovered. Existing chaperones may confer
a secretion hierarchy among the secreted substrates ‐ substrates with a chaperone are
secreted before a substrate without a chaperone (25, 334).

1.14. Substrates secreted by the Ysc-Yop T3SS
Substrates secreted by the T3SS can basically be divided into two groups with reference to
their functions and potential timing of secretion. One group are the translocators, believed
to be secreted first, since they likely forming the pore in the eukaryotic cell membrane.
Through this pore, the second group, the secreted effectors likely traverse to gain entry into
the cell interior.
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1.14.1.

The Yop effectors

The ultimate function of most T3SSs appears to be the translocation of Yop effectors into the
cytosol of the eukaryotic cell, where they exert various enzymatic functions. In Yersinia, each
of the effectors target signaling pathways to ensure bacteria survive outside of cells within
the infected host (Figure 4). YopH is the most powerful tyrosine phosphatase currently
known (132). It targets eukaryotic proteins involved in the cross‐talk of focal adhesions.
Rapid YopH‐dependent dephosporylation leads to focal complex disruption, reducing the
cells ability to carry out phagocytosis (26, 99, 239). YopH also impedes B and T cell
activation (9, 44, 336) as well as activation of the Ca2+ response in neutrophils (14). YopJ
(YopP in Y. enterocolitica) is a key factor in down‐regulating the pro‐inflammatory immune
response (227) and in stimulating apoptosis in macrophages (212). The NF‐κB
transcriptional activator plays a central role in these pathways. NF‐κBs function is inhibited
via the action of YopJ (228, 273). YopE is a GTPase‐activating protein (GAP) that selectively
increases the GTP hydrolysis of the GTPase proteins; RhoA and Rac in vivo (27, 318).
Functioning as central regulators of actin polymerisation in all cells (256), these inactivated
GTPases cannot activate downstream effectors of actin polymerisation. This leads to
depolymerisation of the actin stress fibers and inhibition of phagocytosis (318). The affected
cells undergo a severe morphology change in that they round up and detach from the
extracellular matrix (262). YopE also contributes to feedback regulation of pore formation by
Yersinia (6, 315). Modification of the F‐actin inside the cells also affects tight junction
structure and function (295). YpkA (YopO in Y. enterocolitica) is a serine‐threonine kinase
that binds to actin (172) and to GTPases such as Rho and Rac1 (20, 88). This leads to
rounding up of the infected cells, but not detachment from the extracellular matrix.
Translocated YpkA localises to the inner surfaces of the plasma membrane (136). YopT is a
cysteine protease that cleaves Rho, Rac and Cdc42 near their C‐terminus. This causes their
release from the plasma membrane and their inactivation (3, 281). Similar to YopE, YopT can
also inhibit phagocytosis and pore formation (316). Despite this, the precise role of YopT in
Yersinia virulence is questioned because some pathogenic strains of Y. pseudotuberculosis lack
this protein (110). YopM is located to the nucleus (33, 283). It also binds and activates two
Ser/Thr kinases, PRK2 and RSK1 in the cytoplasm. These are involved in regulation of cell
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proliferation, apoptosis, and translation (207). Although these activities are described, the
molecular function of YopM in Yersinia pathogenicity is still unclear.

Figure 4. Schematic picture of how translocated Yop effectors collectively contribute to the
collapse of the signalling cascades within the target eukaryotic cell.

1.14.2.

The translocator substrates – key components for effector
delivery into eukaryotic cells

The translocator proteins are a requirement for the actual translocation of the Yop effectors
into the eukaryotic cells. In Yersinia, the translocator proteins are LcrV, YopB and YopD. All
are encoded by genes located within the same lcrGVHyopBD operon (23, 39, 66). They are
believed to form the pore‐complex in the eukaryotic cell plasma membrane through which
the effectors gain access to the inside of target cells (202). This delivery is directional, since
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both the translocators forming the pore and the effectors need to be secreted by the same
bacteria (202, 240, 265, 287). Significantly, proteins analogous to one or more of LcrV, YopB
or YopD exist in all other systems, although their presence has yet to be clarified in plant
pathogens (68, 110, 117, 160). This suggests that the principle mechanism of effector
translocation are universally maintained in all T3SSs. Support for this comes from the ability
of some pathogens to translocate into cells, toxic effectors derived from another independent
bacterial system (39, 114, 124, 151, 264).

1.14.3.

The translocator LcrV

Recently, Cornelis and coworkers demonstrated that LcrV locates to the tip of purified
needles. As analysed by scanning transmission microscopy, a well‐defined LcrV‐tip‐
complex was observed both in permissive (minus Ca2+) and non‐permissive (plus Ca2+)
growth conditions (Figure 5A and B) (214). This structure apparently is very conserved since
LcrV homologues such as PcrV from P. aeruginosa and AcrV from A. salmonicida also formed
a tip‐complex on the end of Yersinia needles purified from a ΔlcrV null mutant (Figure 5C to
E) (214). This is consistent with LcrV and PcrV being functionally analogous proteins (41).
Furthermore, a functional equivalent from Shigella, IpaD also localises to the tip of its needle
(95).
LcrV has long been considered an important cell surface associated virulence factor and
a protective antigen against the plague, as well as an active agent in immune evasion
through the suppression of pro‐inflammatory cytokine production (17, 47, 105, 215, 241).
This multifunctional protein is also essential for translocation of Yop effectors into the
eukaryotic cell, believed to specifically involve pore formation (105, 202, 241). LcrV does not
appear to directly associate with eukaryotic cell plasma membranes, but rather facilitates the
insertion of YopD and perhaps the stabilisation of membrane‐associated YopB‐YopD
complexes (69, 128). LcrV interacts with both YopB and YopD (271). This would be
consistent with LcrV at the needle tip forming some kind of supporting‐base from which the
pore is anchored. Similar roles have been proposed for the translocator homologue in P.
aeruginosa and the functionally equivalent proteins in Shigella, Salmonella and Burkholderia
(129, 177, 244, 278). Such a model is more distantly related to what is seen for the EspA in
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E.coli and the SseB of Salmonella SPI‐2. These proteins form a sheath‐like structure between
the needle and the host cell (54, 76, 214).

Figure 5. Transmission electron micrographs of purified needles from Y. enterocolitica. Wild
type needles from the ΔHOPEMT strain (all effectors deleted) grown in minus Ca2+ (A) and
in plus Ca2+ (B). The arrow shows the LcrV tip complex. C, D and E show the tip structure
complementations of the ΔHOPENMVQ strain lacking the LcrV protein. (C) shows
complementation with LcrV and (D) complementation by its homologue PcrV from P.
aeruginosa and (E) by AcrV from Aeromonas salmonicida. The PcrV tip complex is similar to
the LcrV tip complex but has a smaller base, while AcrV forms slightly larger structures. Re‐
printed from Mueller et al., 2005 (214), with permission from AAAS.

In addition, another recent development claims that the N‐terminus of the functional
analogs, IpaD and BipD, function as a self‐chaperone for the rest of the protein. The task of
this domain is thought to prevent premature association with other components within the
bacterial cytosol before secretion (169). This is the first report that a chaperone exists within
the coding sequence of the cognate substrate. The importance of chaperone function
avoiding premature interactions between the translocators seems crucial, as both YopB and
YopD homologues also have chaperones (40, 209, 218, 306, 325). If all translocators have
chaperones, perhaps they would also contribute to ensuing on appropriate secretion
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hierarchy. Some suggest that LcrG may function as a cognate chaperone of LcrV. The small
size of LcrG and the strong and specific nature of the LcrG‐LcrV complex are consistent with
this observation. However, at least during in vitro culturing, LcrV stability and efficient
secretion are maintained even in the absence of LcrG. Hence, whether LcrG is the LcrV
chaperone still requires further investigation.
Another aspect that sets the LcrV family of proteins apart is their ability to trigger a
protective antibody response. Now, knowing the location of LcrV, it is easier to explain and
understand this phenomenon (214). The specific protective antibodies most likely prevent
pore formation or block the needle from substrate secretion. In both cases this would result
in an inability to secrete and/or translocate Yop effectors (128, 243). This is not restricted to
genetically related LcrV homologues, as functional equivalents such as IpaD also trigger an
antibody response that hinders entry of bacteria into epithelial cells (270).
The role of LcrV at the surface encouraged Forsberg and colleagues to investigate
whether the LcrV protein family plays a part in substrate recognition during translocation
by Yersinia. To date, no study can explain the molecular mechanism that selects for the
translocation of effectors, while several other secreted substrates do not appear destined for
translocation. What ever the mechanism, LcrV plays no role in recognition of translocator
substrates (41). This means that the internal translocation motifs identified in each effector
substrate are the only known feature of substrate recognition for translocation.

1.14.4.

The translocators YopB and YopD

YopB and YopD are the remaining two components of the translocator class proteins. They
are necessary for the directional delivery of the Yop effectors inside the host cell (137, 240,
265, 288). ΔyopB and ΔyopD null mutations are translocation deficient, even though secretion
of effector Yops is normal (111, 137). The presence of hydrophobic domains within each
protein supports the idea that these are membrane‐associated proteins. YopB contains two,
while YopD contains one central hydrophobic domain (135). Interaction studies suggests
that YopB and YopD form a complex that is likely required to form a pore in the plasma
membrane of eukaryotic cells (143, 218). Consistent with this, YopB and YopD can both
insert into liposomes (298) and form pores in both artificial and biological membranes (41,
158, 217, 298). The Yop effectors are then believed to translocate through these pores en
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route to the eukaryotic cell cytosol. The size of the pore formed by Yersinia in the membrane
of macrophages is about 16 to 23 Å (2‐3 nm in diameter) as it is in infected red blood cells.
These estimates are based upon osmoprotection and dye‐exclusion experiments (41, 137,
158, 217). Importantly, analogous proteins also form similar sized pores (30, 73, 161).
However, the methods for assessing pore formation are crude, making it difficult to
distinguish actual pore formation from non‐specific cell lysis. Moreover, the translocation
pore channel has not been visualized in vivo, although some oligomeric ring‐like structures
formed by P. aeruginosa PopB or PopD in lipid vesicles has been reported (278).
Recent studies have focused on the translocators and their associations with cholesterol
in lipid rafts. Lipid rafts are floating elements in the cell plasma membrane that are enriched
with sphingolipids and cholesterol (141). Studies using Shigella, Salmonella, E. coli or P.
aeruginosa infected eukaryotic cells show that these rafts are sites in the membranes of target
cells that are favoured by bacteria. The translocators IpaB of Shigella and SipB of Salmonella
are both cholesterol‐binding proteins (144, 184) and IpaB also binds to raft‐containing
liposomes (311). Other translocators, such as PopB and PopD of P. aeruginosa require
cholesterol for membrane penetration (278), but not for pore formation in lipid vesicles
(100). These lipid rafts are also likely to be important for pore formation by YopB and YopD.
However this remains to be discovered.
It is noteworthy that the function of YopB and YopD is entirely dependent on the LcrH
chaperone (see section 1.15.1.), which stabilises pre‐secretory pools of these two substrates
during in vitro conditions (108, 218, 325). In the absence of LcrH, no translocation occurs (40,
90). YopD has two distinct chaperone binding sites, one large N‐terminal domain and one at
the C‐terminus (108, 226). No specific domain within YopB was found (218). Moreover, the
LcrH‐YopD complex is also important for the control of Yop production (see section 1.13.2.),
but no regulatory role is known for YopB (137). Yet another role for LcrH‐substrate
complexes is to prevent premature interaction of cognate substrates with other proteins
within the bacteria (see section 1.15.2.). YopB and YopD complex together (143, 218) and
both bind LcrV (271). Furthermore, YopD interacts with YopE (143) and TyeA, (164).
Therefore, perhaps LcrH chaperone prevents these associations from occurring prior to
secretion.

36

The fact that YopD can interact with Yop effectors (e.g. YopE) is intriguing since a
portion of YopD is itself translocated (111). Although, the exact function of intracellularly
localised YopD is still unknown, perhaps YopD might function as an effector chaperone
inside the target cell to maintain each effector in a state of translocation competence. Some
translocator proteins from other T3SSs are also translocated into infected cells, but in most of
these cases an effector function has been assigned (59, 94, 319, 333). Thus, effector functions
for translocated YopD can not be discounted, although this was not phenotypically obvious
from cell infection studies whereby translocated YopD did not induce any dramatic change
in cellular morphology (111).
There is very high similarity between the homologous translocators PopB and PopD to
YopB and YopD respectively. Furthermore, the entire pcrGVHpopBD operon of P. aeruginosa
can complement a null mutant of this operon in Yersinia (41). However, a ΔyopB null mutant
could be complemented by PopB when co‐produced with its cognate chaperone PcrH. In
contrast, PopD produced and secreted in a ΔyopD null mutant could not complement defects
in yop‐regulatory control or effector translocation (39). This is indicative of unique and
important roles of YopD in Yersinia. Like LcrV, YopD is a multifunctional protein.
Interestingly, these individual functions can be localised to discrete domains within YopD
(see section 3.1.) (226).

1.15. Chaperones – fascilitators of substrate secretion
Chaperones, as defined by John Ellis are ʺa large and diverse group of proteins that share
the property of assisting the non‐covalent assembly/disassembly of other macromolecular
structures, but which are not permanent components of these structures when they are
performing their normal biological functionsʺ (148).
Chaperones are a unique and important feature of T3SSs. They are used to stabilise and
efficiently secrete cognate translocator and effector substrates. T3S chaperones are small
cytoplasmic, acidic proteins with a molecular mass of 12‐18 kDa. They usually act as a
homodimer when binding to an N‐terminal region of their cognate substrate. Loss of a
chaperone only diminishes secretion of its cognate substrate, while secretion of the
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remaining proteins are usually unaffected (325). Despite these functional similarities,
chaperones are poorly conserved genetically. Moreover, the chaperone‐binding domains
(the second secretion signal) present in the different substrates do not display any consensus
sequence (327). A significant feature distinguishing the T3S chaperones from most universal
molecular chaperones are their independence of ATP hydrolysis. Molecular chaperones,
which bind to unfolded proteins to prevent aggregation and/or to ensure correct folding of
these substrates for efficient transport, do so in an ATP‐dependent manner (321, 327). ATP‐
independent molecular chaperones also exist, such as SecB, but they are only involved in
stabilising the unfolded substrates, not in protein folding.

1.15.1.

Three classes of T3S chaperones

The T3S chaperones are grouped into different classes depending on the function of their
cognate substrate(s) (237).
The class IA chaperones bind only one secreted effector. The chaperone SycE (also
termed YerA) is a member of this class, stabilising the YopE effector inside the bacteria (115).
This chaperone class binds to a defined internal region near the N‐terminus of their
substrate (25). Crystallographic structures are solved for several class 1A chaperones such as
SicP and SigE from S. enterica, SycE from Y. pseudotuberculosis and CesT from EPEC. These
chaperones exhibit similar structures with a conserved αβα fold that is unique to T3S
chaperones (24, 97, 196, 290). They all function as homodimers, with the exception of SycN‐
YscB chaperone of YopN that forms a heterodimer (279). Interestingly, a co‐crystal structure
of SicP with its SptP substrates showed that two pairs of homodimers bound two SptP
proteins (24, 97, 196, 290). In addition, the co‐crystalisation also demonstrated that only the
chaperone‐binding domain of SptP is partially unfolded and wrapped around SicP. This
strengthens the idea that substrates are maintained in a localised unfolded state prior to
secretion (290). The class IB chaperones are distinguishable from class 1A because they can
bind two or more effector substrates. Therefore, this group of chaperones has a wider
substrate specificity. An example of such a chaperone is Spa15 from S. flexneri (230). Class
1A and 1B are structurally related, despite their lack of amino acid similarity. It appears that
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they bind their substrates in a similar way to induce localised unfolding, while efficiently
stabilising them (312).
Class III chaperones are important for the assembly of the flagellar system. Not only are
these structurally distinct from the pathogenic T3SS chaperones (96), but they also bind their
substrate at the C‐terminus (22). However, the manner of chaperone‐substrate interaction
still appears widely conserved, i.e. the substrate undergoes localised unfolding and wraps
around the substrate in a non‐structured form (96).
The class II chaperones or ʺchaperones of the translocator classʺ, bind two secreted
substrates, the translocators. These substrates are absolutely essential for making a
functional translocon for effector translocation (see section 1.14.4). Unfortunately, no crystal
structure of any class II chaperone is available. Nevertheless there are indications that this
class also functions as homodimers (276, 300). However, how they interact with their two
substrates is still unclear. Significantly, sequence analyses revealed that they all contain
three tetratricopeptide repeats (TPRs) that consist of a repeating unit of 34 amino acid
residues. These repeats generate a structurally distinct molecule compared to other T3S
chaperone classes. Structural modelling predicts an all‐α‐helical domain structure with a
hydrophobic binding groove of importance for protein‐protein interactions (235). Benefiting
from crystal structures of several TPR‐containing eukaryotic proteins in association with
substrate, TPR‐dependent protein recognition patterns are as numerous as they are diverse
(1, 119, 186, 274). TPR motifs are therefore a versatile protein interaction domain. Studies of
TPRs in class II chaperones will therefore provide insight into chaperone‐substrate
specificity. LcrH of Yersinia belongs to this chaperone class and its substrates are the
translocators, YopB and YopD (237). An analysis of TPR’s in this chaperone and its
homologue, PcrH from P. aeruginosa demonstrate that these repeats are crucial for
chaperone substrate specificity (38, 90).
Fascinatingly, several class II chaperones are also key regulatory molecules. The class II
chaperone SicA in Salmonella and IpgC in Shigella were found to interact with their
respective AraC transcriptional activator and activate transcription of a subset of virulence
proteins, most notably several effectors (78, 206). LcrH is also involved in regulation
through a complex with YopD (11, 109). However, this regulatory complex is responsible for
repression of effector synthesis. Moreover, LcrH also binds YscY, a component of the
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secretion apparatus (109). This interaction is also of regulatory importance (37, 109).
Additional data also indicates that LcrH has the capacity to control the levels of effector
translocation by regulating the amount of secreted YopB and YopD (89). Interestingly, the
LcrH homologue, PcrH, from P. aeruginosa is apparently devoid of regulatory activity, at
least in vitro under the conditions tested (40, 41).

1.15.2.

The roles of T3S chaperones

The exact role of T3S chaperones in T3SS remains clouded for the following reasons; 1) not
all secreted substrates require a chaperone, 2) it is difficult to assess a role for chaperones in
substrate secretion when substrate stability is also chaperone dependent, 3) some substrates
are stable even in the absence of their chaperone, and 4) some chaperones bind more then
one substrate (101, 229, 237). Moreover, it appears that one chaperone can have more than
one function. What is clear is that all chaperones have evolved into a finely tuned molecular
component that uniquely sets it apart from related chaperones of the same class. It is not
surprising therefore that several proposals about their function have been made.

Figure 6. Models of the proposed chaperone roles.
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Proposal 1: chaperones are required for stably maintaining their substrates before secretion.
This prevents premature transient‐interactions and/or aggregation with other proteins of the
T3SS in the bacterial cytosol (Figure 6). It may even prevent self‐aggregation and/or protect
the substrates from various degradation factors. YerA (SycE), the chaperone of YopE,
stabilises YopE and prevents aggregation (115). It is speculated that YerA binding might
mask a region of YopE that otherwise is prone to aggregation. In turn, aggregation might be
toxic to the bacterium and/or lead to activation of a suit of proteases that leads to its
degradation (57). Such a notion has also been suggested for the function of SycO the
chaperone of YopO (YpkA). Apparently SycO inhibits aggregation of YopO inside the
bacteria by masking the membrane localization domain (MLD) that normally increases the
insolubility of YopO (191). Yet a similar function is also likely to apply for YopT and its
cognate chaperone SycT (191). In addition, other chaperones of the translocator class,
including the IpgC chaperone of Shigella and SicA of Salmonella, are also required to avoid
interactions between their two translocator substrates. In the absence of chaperone,
respective substrate pairs interact and are degraded. This happens even when one substrate
is stable in the absence of chaperone and the second substrate (209, 306).
Proposal 2: chaperones might function as secretion pilots, including maintaining the
substrates in a secretion‐competent state (Figure 6). This chaperone function has been
observed for YerA, where it keeps YopE in an unfolded or partially unfolded conformation
in readiness for secretion (102, 326). The same is also true for the affect of SicP chaperone on
SptP secretion in Salmonella (290). T3SS select for substrates with a largely unfolded
conformation, whereas folded substrates are actively rejected by the apparatus (102, 286).
Interestingly, chaperone binding only induces a very local unfolding in the region of
chaperone binding. The enzymatic activity located in the C‐terminus of the secreted
substrates is unaffected by the chaperone‐substrate complex, implying that the enzymatic
domain remains in a folded state (25, 196).
The actual guiding of substrates to, and the interaction with the T3SS, has recently been
assigned as a role for the chaperones. Having been reported by several independent groups,
this implies that such phenomena are biological relevant and common functions among T3S
chaperones. The SicP chaperone alone or in complex with its substrate SptP interacts with
the ATPase InvC that is located at the cytosolic face of the Salmonella T3SS. This interaction

41

triggers the InvC ATPase to dissociate the chaperone from its cognate substrate.
Presumably, hydrolysis of ATP then induces unfolding of the entire SptP substrate so it can
be secreted through the secretion channel (8). This phenomenon has also been observed in
the E. coli model, where the CesT chaperone brings its substrate, Tir, to the T3SS ATPase
EscN (120). Moreover, a similar phenomenon occurs in the flagellar system further
strengthening secretion substrate piloting as a probable universal feature of T3S chaperones
(301).
Proposal 3: chaperones act as regulators of type III expression (Figure 6) (101, 206, 229). This
role has mostly been coupled to the chaperones of the translocator class. Chaperones, after
they have released their substrate for T3S are free to associate with the resident AraC
transcriptional activator. Together, they synergistically induce transcription of the effector
proteins required for the cellular activities inside the target cell that promotes bacterial
survival. Chaperones with such positive‐regulatory roles are SicA of Salmonella, IpgC of
Shigella and SycB of Y. enterocolitica (78, 206, 320). LcrH is another chaperone exhibiting a
regulatory function. Together with its cognate substrate YopD and also LcrQ, LcrH appears
to repress Yop synthesis at a post‐transcriptional level (see section 1.13.2.) (11, 50, 109). This
process also includes the chaperone SycH, which helps to relieve this repressive complex
and allow Yops translation and secretion (51).
Proposal 4: chaperones might also confer a secretion hierarchy. Chaperones that act as
secretion pilots can conceivably induce a secretion hierarchy based on the idea that a
chaperone‐substrate complex is actively targeted to the T3SS promoting more rapid
secretion compared to substrates without piloting chaperones (Figure 6). In the case of the
YopE effector, the chaperone YerA may confer hierarchal secretion by assisting YopE in the
competition with other effector substrates for a vacant ATPase that can promote secretion
through a T3SS channel (34). In other words, the chaperone‐substrate complex may confer a
three‐dimensional T3S signal that is more favourably recognised by the ATPase. Naturally,
this could be further enhanced in combination with relevant N‐terminal secretion signals
(25). SycH is another chaperone implicated in the contribution to an ordered secretion. After
it has targeted LcrQ for secretion, SycH is available to target the effector protein YopH for
secretion. In this way SycH confers hierarchy in that LcrQ is secreted before YopH and in
turn YopH is secreted before YopE (334).
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So far, this secretion hierarchy has only been described for the class I chaperones.
Although, proposal 3 regarding the class II chaperone roles can also be considered as
conferring ordered secretion. However, translocation of effectors requires the translocator
proteins. They form the actual pore through which effectors may travel to reach the target
cell interior. In this scenario, it is logical that the translocators must be secreted before the
effectors. This hierarchy has been difficult to prove experimentally. Significantly, genetic
evidence suggests that this hierarchy switch from translocator secretion to effector secretion
is controlled by both SepL and SepD in E. coli. Furthermore, it is a conserved feature in all
attaching and effacing (A/E) pathogens, including Citrobacter rodentium, EHEC and EPEC
(85). Remarkably, SepL revealed homology to two proteins from the Yersinia system, YopN
and TyeA, both of which are involved in secretion control (see section 1.13.1.) (231).
However, deletion of either protein from Yersinia does not alter the secretion ratio of the
translocators compared to the effectors. Another protein with little sequence homology to
YopN is InvE of Salmonella (123) and MxiC from the Shigella system. These proteins have
also been proposed to be involved in the secretion hierarchy by regulating the function of
the translocator proteins to control effector translocation (180, 231).

The roles of T3S chaperones are wide and complex. Perhaps additional cytosolic factors
are even involved in their function. Another aspect to consider is the fact that more
chaperones are continually being found. These might be placed into one of the existing
functional groups, but they could also harbour new roles or have optimized an already
existing role. I believe that the chaperones are central players in the control of substrate
secretion.
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2.

Objectives of this thesis

Although a crucial feature of T3SS, the translocation process remains poorly defined. The
main objective of this thesis was therefore to better characterise the aspects of Yop effector
translocation by Yersinia.

Specific objectives:

a) Unravel the complexities of YopD function

b) Perform structural/functional studies on class II T3S chaperones

c) Revisit the chaperone role of LcrH to define its true biological function
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3.

Results and Discussion

3.1. Towards understanding the multiple functions of
the translocator protein YopD
T3SSs have been studied for several years, but much of this research has focused on the
enzymatic activity of the translocated effectors. Less is understood about the function of the
translocators during the translocation steps. For example, is specific recognition by the T3SS
required so that the translocators might be secreted before the effectors? One would expect
that this form of secretion hierarchy is necessary to ensure individual units come together in
the right order and in the correct position during assembly of a functional T3SS. Another
area poorly understood concerns pore biogenesis. This is known to involve at least three to
four proteins. Nevertheless, how the pore definitively contributes to effector translocation is
still not known. Yet further undefined functional areas are the potential for translocator
translocation into the cell interior and their effector functions there, while also contributing
to the regulatory control of the T3S process.

3.1.1. The N-terminal secretion signal of YopD
Information governing that a protein is destined for secretion is found in specific secretion
signals. We believe these signals contribute to the order in which the proteins are secreted.
Secretion substrates of the effector class contain one secretion signal within amino acids 1 to
17. It is still under debate as to whether the secretion information is contained in the mRNA
or the protein sequence (12, 13, 194, 195). A second secretion signal resides between amino
acids 15 to 100, which incorporates the chaperone binding site for cognate chaperones (55,
287, 325). We hypothesise that for the secretion hierarchy phenomenon to exist, in which
translocators are secreted before the effectors, there would likely be differences within the
secretion signals of these two substrate groups. Preliminary findings in Paper I did indicate
such a difference. Therefore, we sought to define the N‐terminal secretion signal of YopD.
This study is the first to determine if the signal is unique to translocators. A unique signal

47

would enhance the secretion hierarchy idea, because it would imply differential substrate
recognition at the cytoplasmic face of the T3SS. Analysis of a series of small sequential in‐
frame deletions in the YopD N‐terminus revealed that secretion of YopD was influenced by
amino acids at position 4 and/or 5 (Figure 7A). Furthermore, introduction of a +1 frame shift
mutation after the start codon also modestly affected the secretion of this YopD variant
(Figure 7A). Such a mutation specifically altered the protein sequence while leaving the
mRNA sequence largely intact. These secretion defects were specific for YopD, as Yop
effector secretion remained normal, as did Yop effector translocation (Figure 7A). To
determine if a mRNA based signal contributed to YopD secretion, a YopD variant was
constructed in which only the mRNA sequence was altered. This YopDScramble variant was
not visibly altered in secretion (Figure 7A). Together, this data argues for an entirely
proteinaceous YopD N‐terminal secretion signal.

Figure 7. Mutational analysis of the YopD N‐terminal secretion signal encompassing amino
acids 1 to 20. Expression and secretion from bacteria producing the YopD derivatives (A)
YopDwild type, YopDΔ4‐5, YopDFrame +1 (in frame shift mutant with altered protein sequence but
intact mRNA sequence) and YopDScramble (mutant altered mRNA sequence but intact protein
sequence). YopDΔ4‐5 and YopDFrame +1 showed reduced YopD secretion but otherwise normal
YopDwild type phenotype and YopE‐dependent HeLa cell cytotoxicity. (B) Swapping the N‐
terminus (aa 2‐15) between YopD and YopE did not affect the secretion of the respective
hybrid substrates, nor were the bacteria affected in cytotoxicity.
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In the event that a secretion hierarchy is dependent on the N‐terminal secretion signals
of the translocators and effectors, swapping of these domains might interfere with the
translocation process. To look at this, we generated two hybrid proteins by exchanging the
first 2‐15 aa of YopD for the first 2‐15 aa from YopE and vice versa. However, neither
mutant was affected in YopD or YopE secretion or the subsequent translocation of YopE into
HeLa cells (Figure 7B). At first glance, this might imply the absence of a secretion hierarchy,
but alternative possibilities still need to be investigated.
In this analysis of the YopD N‐terminal secretion signal, we concentrated on the effect
of the first 1‐15 aa, based on the length of secretion signals from effector Yops. However,
data from Paper I indicates that amino acids from 4 to 47 affect YopD secretion (Figure 2,
Paper I). This could indicate that the secretion signal of YopD is actually much longer than
15 aa. Thus, future experiments would need to extend the analysis incorporating a longer
stretch of the YopD N‐terminus. To this end, it would also be interesting to define the
minimal secretion signal of YopD, in a manner similar to that done for YopE (253).
Furthermore, future analyses needs to incorporate the affect of involving the cognate
chaperone. In all present experiments, the chaperone binding domain was left intact. This
means that the chaperone‐dependent secretion signal could conceivably overcome the
mutations made in the N‐terminus of YopD. This form of phenotypic suppression has
already been observed during effector substrate secretion when analysing mutations within
the first secretion signal (1‐15 aa) (194, 326).

3.1.2. Pore formation does not guarantee effector translocation
The Yersinia translocator substrates LcrV, YopB and YopD are encoded on the lcrGVHyopBD
operon. This operon is genetically and functionally conserved among at least a subset of
bacteria possessing a T3SS (46, 149, 323, 335, 340). Therefore it is surprising that little is
known about the fundamental molecular mechanisms of this essential translocation process.
Null mutations in any of these proteins render the bacteria translocation deficient, even
though Yop effectors are still secreted (41, 137, 142, 226, 241, 263, 288). Nevertheless, how
these three proteins talk to each other during assembly of a competent translocon remains
obscure. Until now, the translocation process was considered to be one single step involving
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substrate secretion, pore assembly and effector translocation. However, our data suggests
that this process occurs in multisteps, where at least the pore formation and effector
translocation are separate events. This conclusion was reached genetically by isolating
mutants in YopD, designated Δ1, Δ2, Δ3 and Δ6, which could still form pores in sheep red
blood cells (Figure 6, Paper I), but were unable to translocate effector YopE into HeLa cells
(Figure 3 and 4, Paper I). The pores formed were genuine based on osmoprotection studies
(Figure 7, Paper I) and were dependent on YopD and the Ysc‐Ysc T3S apparatus (Figure 6B
and C, Paper I). We conclude that YopD has an additional function(s) in the translocation
process that extends beyond just pore formation.
YopD and related translocator proteins from other bacteria are translocated into the
eukaryotic cells (59, 94, 111, 319, 333). All except YopD have been ascribed effector
functions. It could be possible that any additional role(s) YopD may have in the
translocation process are preformed by the intracellular fraction of YopD. Perhaps YopD
could function as a chaperone for effector proteins, maintaining them in a translocation
competent state that allows them to move through the pore and onwards into the host cell.
At the surface, this is supported by the fact that YopD can bind Yop effectors in vitro, such as
YopE (143). The YopD mutants, ∆3 (a deletion of residues 53‐68) and ∆6 (a deletion of
residues 128‐149) could be deficient for this putative activity. They could either be unable to
interact with the effectors and/or are unable to mediate their own translocation into the
eukaryotic cells. Interestingly, the ∆6 mutant is deleted for the hydrophobic region between
residues 128‐149, which is the same region required for YopE binding in vitro (143). This
tends to support the theory that YopD guides the effectors into the target cells. It is also
noteworthy that pores are probably transient complexes (5, 315). Hence, it is also
conceivable that these particular YopD variants fail in their release from the pore. Either
way, these mutants will serve as useful tools to dissect the translocation process. Protein‐
protein interaction assays will also be useful to compare binding of wild type YopD, or the
∆3 and ∆6 mutants to translocated effectors, other pore components or specific surface
located proteins in the plasma membrane of eukaryotic cells. In addition, further analysis of
these deletion domains will require point mutations to accurately define which amino acids
are important for this interesting phenotype.
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Mutants Δ1 (containing a deletion of 4‐20 aa) and Δ2 (containing a deletion of 23‐47 aa)
were secreted, although at a five fold lower level than wild type YopD (Figure 2 and 8,
Paper I) and could still form valid pores (Figure 6 and 7, Paper I). However, this was not
sufficient for effector translocation (Figure 3 and 4, Paper I). This was surprising, since the
N‐terminal domains of secreted proteins are believed to contain a specific secretion signal
required for secretion (272, 287). Perhaps this implies that the three first amino acids are
enough for secretion of YopD. This suggests that there are differences between the secretion
signals of translocator proteins and effector proteins. Importantly, the inability of these
YopD variants to translocate effectors is not simply due to their low secretion levels, since
we have shown that mutants in the LcrH chaperone that secrete essentially undetectable
levels of both YopB and YopD, are still translocation competent (89). The N‐terminus of
YopD appears to be important for the translocation process but not for pore formation. One
possible explanation for the phenotype of these mutants relates to the idea of a secretion
hierarchy. Perhaps these particular YopD variants are poorly recognised by the T3SS such
that secretion of effectors occurs before YopD. In this scenario, it could be imagined that
effectors secreted early are lost into the extracellular milieu before translocon pores are
formed. Alternatively, these N‐terminal domains might also be important for the proposed
chaperone activity of YopD towards translocated effectors.
Studies such as these highlight our lack of understanding for pore biogenesis and its
subsequent function. Only three assays exist for analysing pore formation in plasma
membranes of infected cell monolayers; haemolysis (137) and release of BCECF (217) or
LDH (315) . All use different nucleated or non‐nucleated cell types and measure release of
substrates of totally different size characteristics. So can these assays really be compared
with each other? Moreover, what exactly is being measured, pore formation, cell lysis or
apoptosis? The use of high resolution microscopy to clarify the composition and structure of
the pores is intrinsically difficult. No doubt, these problems are intensified by the inherent
instability of the pores and the transient nature of their molecular interactions needed to
form them. To date, only one study depicting electron microscopic images of ring‐like
structures is available. These ʺporesʺ are formed upon membrane interaction by P.
aeruginosa producing PopB and PopD (278).
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3.1.3. The YopD C-terminus – regulatory control and effector
translocation
Rarely have YopD variants been isolated that were translocation deficient, while still
maintaining normal yop‐regulatory control. We found such stable mutants in the C‐terminus
of YopD; discrete domains deleted in mutants designated Δ10 (234‐253 aa), Δ11 (256‐275 aa)
and Δ13 (293‐305 aa) (Figure 5, Paper I). Like bacteria producing wild type YopD, these
mutants secrete Yops normally and bound to the LcrH chaperone, which is a requirement
for yop‐regulatory control (108, 109). This is important because these mutants do not have a
temperature sensitive growth defect. Thus, understanding the translocation defect in these
mutants (Figure 3and 4, Paper I) becomes more meaningful. This is likely due to an inability
to form pores, as no lytic activity could be visualised in infected erythrocytes (Figure 6,
Paper I). It is possible that these mutants are unable to associate with membranes, which
could result in their failure to form pores. They could also be unable to interact with other
molecular targets, like the pore components LcrV and/or YopB, or even form higher order
structures with itself.
Interestingly, a coiled‐coil domain is predicted to be located within this part of YopD
(248‐277 aa) (83, 234). Therefore, this region is deleted in mutants Δ10 and Δ11. Coiled‐coil
domains are important protein‐protein interaction sites in proteins (197). These domains are
common in components of T3SSs, reflecting their need for multiple protein‐protein
complexes (83, 234). Curiously, the homologous PopD from P. aeruginosa lack the coiled‐coil
domain found in YopD. PopD produced alone could not complement a ΔyopD null mutant
even though the entire translocase operon of P. aeruginosa (pcrGVHpopBD) can complement
the Yersinia mutant devoid of (lcrGVHyopBD) (39, 41). Together, this strongly indicates that
this C‐terminal domain of YopD is important for function and that YopD/PopD appears to
require their native members of the translocase operons to ensure translocation (39). This
notion is further supported by work with a hybrid protein, the YopD N‐terminal (1‐180 aa)
fused with the PopD C‐terminal (172‐295 aa). This hybrid could complement the regulatory
phenotype of a ΔyopD null mutant in Yersinia, but remarkably not the YopD dependent
translocation (Figure 1, Paper II). Once again, this points to a YopD specific domain in the C‐
terminus important for function in Yersinia.
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The exact function of the C‐terminus, including the coiled‐coil domain, was further
analysed in Paper II. We aimed to identify individual residues important for a specific
phenotype in the translocation process. Single, double and triple amino acid substitutions
were made within the discrete domains corresponding to the regions deleted in mutants Δ10
(234‐253 aa), Δ11 (256‐275 aa) and Δ13 (293‐305 aa) in the YopD C‐terminus. However, none
of the substitutions resulted in a loss of YopD function, including specific amino acids
encompassing the coiled‐coil domain (Figure 2 and 3, Table 2, Paper II). Indeed, this analysis
raises the question as to whether this domain is a true coiled‐coil. Perhaps our substitution
mutants are too mild, so that more drastic changes are required to find residues essential for
function. Another possibility is that the sum of the individual residues confers translocation
function. This would explain why a deletion of the whole domain is defective for
translocation. However, it is also possible that the defective phenotypes of the larger
deletion mutants are also brought about by a stable protein that has adopted a protein
folding pattern that is unnatural and consequently non‐functional.

3.1.4. Specific functions for residues with the YopD amphipathic
α-helix
Another C‐terminal located domain of YopD, central for all YopD functions, is the
amphipathic α‐helix (108, 111). Findings in Paper I confirm that a deletion of this domain,
designated as Δ12 (278‐292 aa), renders YopD deficient for Yop regulation, LcrH binding,
pore formation and effector translocation (Paper I) (108, 111). Hence, this mutant behaves
like a ΔyopD null mutant (111). Amphipathic domains are also protein‐protein interaction
domains. Thus, another function of this domain could be to impart on YopD the ability to
form multimers, especially since full length YopD (210) and a peptide encompassing its C‐
terminal amphipathic domain (300) have a tendency to aggregate. The ability of YopD to
form multimers might be a requirement for biological function, as has been proposed for its
homologue PopD (278).
We continued to scrutinise this helix in Paper II. Individual point mutants were
generated in residues substituted for either an alanine or a residue having the opposite
physical properties. We found YopDF280A and YopDF280A, Q290A, YopDM281K variants uncoupled
the yop‐regulation from effector translocation in Yersinia. These mutants have no Yop
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regulatory control, but are still able to translocate moderate levels of effector toxins into
HeLa cells (Figure 5 and 7, Table 2, Paper II). YopD variants of this nature have never been
described before. They will be of great value for regulation studies, as they likely affect the
post‐transcriptional regulatory complex of LcrH/YopD/LcrQ. They could serve as probes to
physiologically investigate this regulatory mechanism such as in the analysis of protein‐
mRNA binding.
Moreover, additional mutants were isolated that presented a completely null‐like
phenotype, equivalent to the full length deletion of YopD. These YopDF280R, YopDV284R and
YopDI288K variants (Figure 5 to 7, Table 2, Paper II) are excellent tools to investigate the
translocation process. They can be used as a ʺnegativeʺ probe to confirm the existence of
interactions with itself or with other pore components and/or unknown targets of the
eukaryotic cell surface.
It is noteworthy that the amphipathic α‐helix can be viewed as a helical wheel, where
the hydrophilic residues are located on one side and the hydrophobic residues on the
opposite side (Figure 4, Paper II) (108). To our surprise, only hydrophobic residues are
functionally significant for yop‐regulatory control, pore formation and/or effector
translocation into infected cells. Substitution of all hydrophilic residues still displayed
normal YopD activities.

3.1.5. Minute levels of secreted YopB and YopD are sufficient for
Yop effector translocation
Secreted YopB and YopD are necessary for Yop effectors to enter the eukaryotic target cell.
These proteins presumably insert into the eukaryotic cell plasma membrane, where they
build up a pore through which effector Yops may travel to reach the cytosol of the target cell
(202, 240, 265, 287). This process must be regulated because too much translocation would
quickly alert the host immune system of Yersinia’s presence. Not much is known about how
bacteria regulate the levels of secreted and/or translocated Yop effectors or secreted
translocators. We have attempted to address some of these questions (89). It appears that
LcrH, the cognate chaperone of YopB and YopD has potential to control translocation of Yop
effectors by regulating the amount of YopB and YopD secreted from bacteria. Extremely
small amounts of secreted YopB and YopD are all that is required for Yersinia to be
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translocation competent. These conclusions are based upon phenotypic analysis of a series
of LcrH point mutants that exhibit near identical phenotypes to our ΔlcrH null mutant,
except for the ability to translocate effector toxins. Significantly, a true ΔlcrH null mutant is
unable to bind and stabilise YopB and YopD, secretes essentially undetectable levels of
YopB and YopD, and is unable to form pores in infected cell plasma membranes or
translocate Yop effectors (108, 111, 218, 325).
Feedback regulation of effector translocation could involve the activity of Yops inside
the target cell. These Yops can send regulatory signals back to the bacteria to inhibit pore
formation and reduce subsequent effector translocation (5, 315). These feedback mechanisms
exist to prevent a massive host immune response. Our findings with LcrH potentially
demonstrate that the translocation process can also be tightly regulated from inside the
bacteria via LcrH. This chaperone permits secretion of only minute levels of YopB and
YopD, presumably to prevent too much pore formation.

3.1.6. Summary
We have verified YopD to be a true multifunctional protein, essential in several steps of
effector translocation, which proved to be a multi‐step process. Moreover, its many
functions could successfully be isolated from each other. The N‐terminus of YopD is crucial
for effector translocation, but not pore formation. It also affects YopD secretion, although no
specific secretion signal was defined. On the other hand, the C‐terminus is needed to form
pores and the hydrophobic residues in the amphipathic α‐helix were found to make up an
essential functional hot spot, where regulation could be separated from translocation.
Finally, these YopD variants will be vitally important for future structure‐function studies
needed to solve the complex YopD molecular puzzle.
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3.2. LcrH and its multiple roles in T3S
T3S chaperones are small, common and have uniquely evolved to function within T3SSs
(101). The structure and substrate binding based classification places the LcrH chaperone of
Yersinia into the translocator class of chaperones (class II) (237). LcrH is a typical class II
chaperone having the capacity to bind both translocators YopB and YopD. Whether it binds
these two substrates simultaneously or if it is a cooperative binding is not yet known. It is
also interesting that LcrH binds other proteins not directly related to the mechanism of
translocation. Therefore LcrH can be placed right in the middle of the T3S process. It
functions like a ʺmolecular switchʺ coordinating multiple parameters needed for T3S to
occur. For example, LcrH seems to interact with multiple proteins with various regulatory
roles involved in negative regulation. These interactions occur at several levels presumably
to contribute to correct timing of T3S. This occurs in addition to those interactions that are
essential for conferring stable translocator secretion and translocation. It is unfortunate that
such a key molecule has no solved crystal structure not even for any translocator class
chaperone. However, it was recently observed that class II chaperones are composed of
three tetratricopeptide repeats (TPRs) (235). This enabled the generation of a structural
model of LcrH based on the crystal structure of the TPR containing human protein
phosphatase 5 (79, 235). TPRs are fundamentally important protein‐protein interaction
motifs, with an all‐α‐helical structure forming a putative peptide‐binding groove (28, 72,
235).

3.2.1. TPRs are true functional domains of class II chaperones
We set out to define the functional role of TPRs in class II chaperones. Because TPRs make‐
up the majority of the chaperone, we reasoned that they might be involved in determining
chaperone‐substrate specificity and/or be important for chaperone structure. The three TPRs
of LcrH each consists of 34‐amino acid repeats. These repeats are not so much based on
conserved sequences, but rather a repeated residue architecture. However, three canonical
residues at position, 8, 20 and 27 within each TPR are conserved. These residues are of
similar type, small, often hydrophobic and believed to be essential for the fold and structure
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of the TPRs. To find a functional role(s) for TPRs within class II chaperones, amino acid
substitutions were made in LcrH. The canonical residues were changed into bulky charged
residues (glutamic acid). These would be expected to destroy the tight TPR fold and lead to
misfolding and/or disturb potential protein‐protein interactions. Bulky residues predicted to
line the putative binding groove were changed to small alanine residues, which would
presumably obstruct protein‐protein interactions. Other hydrophobic residues conserved in
class II chaperones and predicted to face the outside of the binding‐groove were changed to
alanine residues. All LcrH variants were assayed for intracellular stability and YopB and
YopD synthesis and secretion by Yersinia. This was combined with protein‐protein
interaction analysis using the Yeast‐two‐hybrid assay. Together these served as the base for
defining binding regions of YopB and YopD.
We could demonstrate that the canonical residues are important for the integrity of the
TPR structure since chaperone stability was reduced (Figure 2, Table 1, Paper III). Still only
four of these nine canonical residue substitutions displayed a total loss of LcrH function
(Figure 3, Table 1, Paper III). This tends to suggest these residues are more crucial for the
structural stability of class II chaperones. The remaining five canonical residues were
affected in the substrate binding as the bulky side chains of glutamic acid facing the binding
groove disrupted the interaction surface rather than affecting the stability of the chaperone
(Figure 4A, Table 1, Paper III). In addition, the majority of substitutions made within the
TPRs affected the ability of the chaperone to bind one or both of the substrates YopB and
YopD (see next section 3.2.2.).
These results are strengthened by a parallel analysis of TPRs in PcrH of P. aeruginosa, a
homologue to LcrH with 59% amino acid identity (40). Similar bulky amino acid
substitutions in PcrH canonical positions destroy the chaperone structure defined by the
tight TPR packing. In addition, the TPRs in PcrH, like in LcrH, are important motifs for
binding its cognate substrates, PopB and PopD (38). Therefore, TPRs clearly have universal
roles in class II chaperones, functioning as true protein binding motifs and are important for
maintaining chaperone structure.
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3.2.2. TPRs confer substrate specificity providing distinct binding
sites for YopB and YopD
Further analyses of substitutions in LcrH revealed that substrate binding was often affected.
In fact, specific substitutions only affected YopD binding, while others resulted in loss of
YopB binding. In total, 11 LcrH variants specifically lost binding to YopB, of which five were
substitutions of canonical residues and 6 were substitutions made in residues lining the
putative binding groove (Figure 4A, Table 1 and 2, Paper III). Interestingly, substitutions
solely important for the YopD interaction mapped to the conserved hydrophobic residues
(Figure 4B, Table 1 and 2, Paper III). This implies that TPRs confer to the LcrH chaperone
substrate binding specificity.
This phenotypic data could be applied to the structural model of LcrH. We observed
two distinct binding sites for YopB and YopD. Residues affecting YopB interaction all lined
the putative binding groove of the TPRs, whereas residues important for YopD binding
were found on the outside of the peptide‐binding groove of the TPRs (Figure 1, Paper III).
This supports the possibility of simultaneously binding of YopB and YopD. This data
therefore supports early results from Cornelis and collegues, showing that YopB and YopD
concurrently bound LcrH (218). Moreover, this is the first time that LcrH binding of one
cognate substrate has been separated from binding the other substrate. Significantly, similar
observations were reported with PcrH. The TPRs also conferred substrate specificity with
distinct binding sites for its cognate substrates, PopB and PopD in P. aeruginosa (38).
It is noteworthy that LcrH also interacts with other proteins, besides its cognate
translocator substrates. These proteins are also components of the Ysc‐Yop T3SS and include
YscY (37, 109), TyeA and YscM2 (LcrQ) (294). In addition, class II chaperones are also likely
to dimerize (78, 276, 300). The sites for these interactions within LcrH remain to be explored,
but it is likely to involve features of the dynamic TPR protein‐protein interaction interface.

3.2.3. The role of the LcrH chaperone in pre-secretory substrate
stability
We investigated what impact LcrH had on the pre‐secretory stability of YopB and YopD
during in vitro conditions. We also analysed whether loss of either substrate could affect the
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stability of LcrH or the other remaining substrate. We used a intrabacterial proteolytic
susceptibility assay to measure protein stability. In absence of the chaperone LcrH, both
YopB and YopD were unstable. Moreover, deleting one substrate did not cause any increase
in stability of the remaining one, regardless of whether LcrH was present or absent (Figure
5, Paper III). Furthermore, the stability of chaperone was not affected by the presence or
absence of one or both substrates (Figure 5, Paper III). This clearly demonstrates that LcrH is
equally important for intrabacterial stability of YopB and YopD. Interestingly these findings
differ from studies using Shigella and Salmonella model systems. This signifies that Yersinia
has evolved its own translocatory regulatory path. In Shigella, the IpaC substrate remains
stable in absence of the other substrate IpaB and the IpgC chaperone. However, IpaC and
IpaB cannot co‐exist in the same cell without the chaperone IpgC. Furthermore, IpaB is
always dependent on the chaperone IpgC for stability, even in absence of IpaC (209). A
similar situation is seen in Salmonella where SipB is stable on its own and SipC is the
substrate totally dependent on the chaperone SicA (306).
Unfortunately, the dramatic instability of YopB and YopD substrates in the absence of
LcrH creates a problem for studying the true function of LcrH. As seen in other T3SSs,
chaperones can be involved in piloting the substrates to the secretion apparatus for
secretion. There they have the potential to interact with the system ATPase to confer
substrate secretion pathway specificity and to also provide the energy for chaperone‐
substrate dissociation and substrate secretion (8, 120, 301).

3.2.4. LcrH defective Yersinia is unable to secrete stable YopB
and YopD
One particular variant of LcrH with an intriguing phenotype is LcrHY40A, F44A. These bacteria
produce stable YopB and YopD inside the bacteria, but secrete little or no substrates in vitro
(Figure 6, Paper III). This implies that the chaperone can perform its intrabacterial stabilising
function, but is unable to efficiently ensure the secretion of YopB and YopD. Therefore, LcrH
might possess multiple roles with at least one acting as a bodyguard and the other as a
secretion pilot. The inability of LcrHY40A, F44A to secrete its substrates might be because this
variant cannot guide its substrates to the secretion apparatus and/or once there, interact
with the YscN‐ATPase of the Ysc‐Yop T3SS. LcrHY40A,
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F44A

is similar to a particular CesT

mutant of E. coli (EPEC), which can also stabilise its substrates but not secrete them. CesT
was found to have a true role as a secretion pilot. This function is located in its C‐terminus,
separated from the stability and chaperone functions (302, 120). However, other possibilities
to explain this LcrH phenotype also need to be investigated. Perhaps LcrHY40A, F44A cannot
maintain its substrates in a secretion competent state that is necessary for their secretion by
the T3SS (8). Alternatively, this LcrH variant might be unable to release the substrates upon
contact with the cognate Ysc‐Yop T3SS.

3.2.5. Elevated levels of YopB and YopD produced by LcrH
defective bacteria during eukaryotic cell infections
Our work with LcrH has accumulated mutant derivatives that range from a full length
deletion to single amino acid substitutions. A significant number of LcrH variants with
reduced chaperone activity failed to stabilise and secrete substrates during in vitro growth
conditions. This also makes it difficult to study other potential roles of LcrH. For example,
we have wondered whether LcrH, like class I chaperones, could act as a secretion pilot and
confer secretion pathway specificity. We noted that some LcrH mutants could still
translocated Yop effectors into cells (Figure 6B, Paper IV). Another group of LcrH variants,
including the ΔlcrH null mutant, were translocation defective (Figure 6B, Paper IV). Hence,
this represents two classes of LcrH mutants (Figure 8). It also suggested that this first group
of LcrH variants maintain some translocation‐related function needed when the bacteria are
in contact with target cells. Could this represent a newly uncovered function of LcrH? To
define this potential new role(s) of LcrH we analysed our LcrH variants in the presence of
HeLa cells. Surprisingly, YopB and YopD were readily detected, even in the ΔlcrH null
mutant. In fact, the levels of YopB and YopD were similar to that seen for wild type LcrH
(Figure 1, Paper IV). This is in total contrast to what is seen during in vitro assays (Figure 6A,
Paper IV). Stable substrates during in vivo‐like conditions now made it possible to study the
effect of LcrH on substrate secretion, which could not be addressed before this thesis. This
also increases the scope for additional novel investigations.
In summary, the role for LcrH in vivo does not appear to involve pre‐secretory substrate
stability. Furthermore, the artificial T3S inducing signals used in vitro (Ca2+ depletion) and
the in vivo‐like target cell contact inducing signals appear to dictate different functions for
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the LcrH chaperone. This indicates that LcrH can tune in and respond differently to
different environmental signals. At this stage, we have yet to understand the molecular
reason for increased YopB and YopD during cell infections. We confirmed that the absence
of one substrate did not alter the level of the other (Figure 2, Paper IV). We also considered
an earlier report that LcrV is involved in premature degradation of YopB and YopD (218).
However, loss of LcrV or over‐production of LcrV, did not alter substrate levels (data not
shown) (Figure 2, Paper IV). Finally, we investigated a notion that LcrR, with homology to
the CesD2 chaperone in E. coli (231), might be a second chaperone of YopB. However,
artificially altering LcrR levels did not greatly affect the presence of YopB or YopD (Figure 4,
Paper IV).

Figure 8. Two phenotypic groups of LcrH mutants. During in vitro conditions both groups
are unable to stabilise intrabacterial YopB and YopD and show no or very little YopB and
YopD secretion (data not shown). Under these conditions there is no observed difference
between the two groups. However, upon close bacteria‐cell contact group 1 mutants
(LcrHD66N, H67R, V147A and LcrHC79Y) are able to translocated YopE into HeLa cells, while Group
2 (ΔlcrH and LcrHG77E) can not. This remaining LcrH function within LcrH variants in group
1 is only observed in the presence of HeLa cells.
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3.2.6. Conferring secretion pathway specificity – a role for LcrH
We have postulated that LcrH may act as a secretion pilot that docks to the system ATPase
(YscN). This docking would ensure that substrates are targeted to the right cognate Ysc‐Yop
T3SS, thereby conferring secretion pathway specificity. Our LcrH variants producing
elevated levels of YopB and YopD were used to explore these new potential roles of LcrH.
Surprisingly we could detect stable YopB and YopD secreted into the extracellular media of
infected cell monolayers (Figure 5A, Paper IV). However, T3S substrates without a
functional chaperone binding domain and/or in the absence of chaperone, can be secreted
through another functionally independent T3SS existing within the same bacteria, such as
the flagellar system (92, 189). The same has been seen for additional virulence factors, such
as YlpA (338). Fascinatingly, Yersinia pseudotuberculois possesses four T3SS, all with an
apparently complete gene pool (see sections 1.10.4. and 1.10.5.). To investigate the possibility
that Yersinia translocator substrates can be secreted through another T3SS in the presence of
defective LcrH, we made a deletion of yscU, encoding one of the components essential for a
functional Ysc‐Yop T3SS, into our lcrH mutant background. Interestingly, wild type Yersinia
did not secrete YopB and YopD in the absence of a functional Ysc‐Yop T3SS (Figure 5B,
Paper IV). However, our LcrH mutant bacteria still secreted both substrates via a Ysc‐Yop
independent system (Figure 5B, Paper IV). These data suggest that LcrH confers substrate
secretion pathway specificity to its substrates. In the absence of a functional LcrH
chaperone, the substrates are lost through other T3SSs. The molecular mechanism behind
this correct targeting must reveal specific and unique recognition motifs within each
chaperone that enables the secretion apparatus to approve their cognate substrates for
secretion. If the chaperone is malfunctioning in this precise step, secretion will not occur
through the right cognate T3SS. Significantly, if the translocators are not secreted through
the Ysc‐Yop system, subsequent effector translocation will not occur.

3.2.7. LcrH and a secretion hierarchy
The potential role of LcrH in conferring substrate secretion pathway specificity can be
viewed as a tactic to ensure secretion hierarchy. This makes sure that the translocators YopB
and YopD are secreted at the right time and place. There are at least two possible ways of
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providing secretion hierarchy or ordered secretion. Recognition is one, where the chaperone
personally acts as a secretion pilot, guiding its substrates to the secretion apparatus where it
associates with the ATPase. The energy derived from the ATPase would be used to separate
the chaperone from its substrate and to drive substrate secretion. Is there a recognition
signal or motif within these chaperones? How are they sensed by the ATPase, or another
apparatus component? These are important questions for future research. We speculate that
one motif for ATPase recognition exists for each different class of chaperone. The second
way to generate a ordered secretion is granted by a chaperone’s involvement in regulation.
This is clearly shown by class II chaperones IpgC of Shigella and SicA of Salmonella. Both
these chaperones activate expression of effector genes after they make certain that their own
cognate translocator proteins are secreted. In so doing, free IpgC and SicA can associate
with the AraC‐transcriptional regulator of each respective system and together induce
transcription of the effector genes (78, 206). As a class II family member, LcrH is also
involved in regulation. However, a role similar to IpgC and SicA has not been observed. Yet
LcrH still has multiple roles in regulation, but most of them are far from understood.

3.2.8. LcrH/YscY – an essential and bona fide regulatory
interaction, unique to Yersinia
An interesting regulatory phenomenon is LcrH‐YscY complex formation (109). PcrH, the
LcrH homologue in P. aeruginosa does not possess any regulatory roles in its cognate T3SS
(40). This corroborates with the ability of PcrH to complement a ΔlcrH null mutant with
regards to binding, stabilising and efficiently secretion to both YopD and YopB, but not in
the loss of negative regulation of Yop synthesis. So it appears that LcrH possesses some
regulatory domains not existing in PcrH.
Our goal was to pin point the distinct regulatory domains of LcrH and determine if this
correlates to YscY binding. We generated LcrH/PcrH chimeras (Figure 2, Paper V) and used
these to attempt to complement the ΔlcrH null mutant. We found the N‐terminus of LcrH,
prior to the first TPR, to be critically important for ensuring yop‐regulatory control. Scrutiny
of the LcrH N‐terminus revealed that amino acid 29 to 33 (NEISS) were crucial for yop‐
regulatory control (Figure 4, Paper V). This fitted very well with a previous report from our
laboratory that showed that amino acid E 30 was required for this regulation (109). It is
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necessary to clarify here that in no case was YopD stability and secretion affected in these
chimera complementations. Thus, the observed regulatory phenotypes were not due to a
loss of YopD. Following on from the earlier report that showed that LcrH binding to YscY
was coupled to maintaining regulation of Yops (109), we analysed this link using the
LcrH/PcrH chimeras in a Yeast‐two‐hybrid assay. Interestingly, two domains in the LcrH N‐
terminus were required for binding YscY, one was the NEISS domain and the second
domain was within amino acid 36 to 69 of the first TPR (Table 4, Paper V). Significantly, a
direct correlation between Yop regulatory phenotype and YscY binding was evident.
Moreover, PcrH did not interact with YscY or the P. aeruginosa counterpart Pcr4, at least in
the Yeast two‐hybrid system (Table 4, Paper V). Yersinia has therefore evolved an additional
regulatory pathway that acts at a different level to its regulatory role in association with
YopD and LcrQ (11, 50, 51, 109, 226).
There is not much known about the function of YscY. It could be a chaperone for the
cognate substrate YscX. Secretion of YscX is a requisite for Yop secretion and translocation
(81, 162). Homologues of YscY and YscX exist in P. aeruginosa, Pcr4 and Pcr3 respectively
and are also essential for functional T3S (Figure 6 and 7, Paper V). YscY and YscX of Yersinia
could fully complement null mutations of Pcr3 and Pcr4 in P. aeruginosa, but not vice versa
(Figure 6 to 9, Paper V). This further supports distinctive T3SS regulatory pathways in
Yersinia and P. aeruginosa and that the LcrH‐YscY regulatory complex is unique to Yersinia.
However, the fact that homologues of YscY, YscX and LcrH exists in several other bacterial
species implies that similar modes of T3S regulation in other bacteria cannot be dismissed
just yet.

3.2.9. Summary
LcrH, is a chaperone of the translocator class composed of TPRs that confer substrate
specificity and form distinct bindings sites for its two translocator proteins, YopB and YopD.
Whether or not the TPRs also are important for additional interactions between LcrH and
other protein targets remains to be elucidated. We have also uncovered a new role for LcrH
that appears to be as a secretion pilot. This functions to confer secretion pathway specificity
during cellular infections. This observation could be responsible for implementing a
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potential secretion hierarchy. An additional new regulatory role for LcrH was also
characterized. The N‐terminus of LcrH interacts with YscY, a component of the secretion
apparatus. This interaction is involved in maintaining the negative regulation of Yops.
Interestingly this regulatory role of LcrH is likely unique to Yersinia, since this regulation is
absent in the highly related system of P. aeruginosa.

3.3. Future perspectives
This research has contributed to a greater understanding of the Yersinia T3SS translocation
process by investigating its essential components, LcrH and YopD. Although, reaching some
definitive conclusions, we have also opened up many more questions in need of answers.
We have confirmed YopD to be a genuine multifunctional protein by successfully separating
its discrete functional domains from each other. Now we have genetic tools that could be
used to investigate the process of effector translocation in greater detail. One step requires
the formation of pores in plasma membranes. This is really an under‐developed area of
research. Future research should focus on whether the inability of YopD variants to form
pores is caused by a failure to interact with the pore components YopB and LcrV. An
alternative theory to examine is the possibility that these YopD variants are unable to
interact with specific receptors in the host cell plasma membrane. Another interesting query
is whether YopD multimerizes and if this is a requirement for the biological function of
YopD. Naturally, the ʺholy grailʺ would be to provide concrete proof that effectors entering
the eukaryotic cell do so through YopD‐dependent pores.
Just as interesting are areas concerning the YopD N‐terminal secretion signal. Could the
three first amino acids of YopD really be enough to confer secretion if fused to a reporter
gene, or is the chaperone binding domain together with the chaperone LcrH rescuing the
secretion of YopD? Indeed, to define the true secretion signal of translocator proteins would
be a positive step forward. The chaperone binding domain and the affect of a functional
chaperone must be considered in these future studies.
LcrH, is also a multifunctional protein. No doubt a crystal structure of LcrH or one of
its homologues would be extremely useful, especially if bound to one or both of its
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substrates. However, it is important to remember that a crystal structure is just one frame in
a movie with many characters. LcrH can interact with several proteins besides its cognate
substrates YopB and YopD. Having defined that the TPR motifs within LcrH confer two
distinct binding sites for YopB and YopD, it would be interesting to see if they contribute to
interactions towards TyeA, LcrQ and YscY. Dimerization of LcrH is also expected, since
there are reports of higher order structures of LcrH. However, a confirmation of its
biological significance needs to be shown. We also present data that suggests LcrH is a
secretion pilot conferring substrate secretion pathway specificity. Further investigations of
these new roles will show if LcrH, like other chaperones, binds to YscN, the Ysc‐Yop system
ATPase. To find out if this interaction confers a secretion hierarchy and/or if the ATPase
recognition site exists within the chaperone, substrate or a complex of the two, will also be
rewarding.
LcrH‐YscY is an essential regulatory phenomenon evolved by Yersinia to maintain Yop
regulatory control. It is interesting that LcrH interacts with both YopD and LcrQ for the
same reason, to maintain negative control. Why has LcrH evolved multiple interactions for
the same apparent purpose? An important key would be to find out the biological role for
YscY and its secreted substrate YscX. Does YscX need to be secreted for an LcrH‐YscY
interaction to occur and to allow functional T3S? Interestingly, there are homologues of
LcrH, YscX and YscY in Aeromonas spp., Photorabdus luminescens, Vibrio spp. and
Desulfovibrio vulgaris and P. aeruginosa. We have shown that PcrH of P. aeruginosa does not
form a regulatory complex with Pcr4 (YscY), yet Pcr4 and Pcr3 (YscX) have the same roles as
do their homologues in Yersinia. To understand the function of these relevant homologues in
other bacteria will help in the quest to discover more about the LcrH‐YscY complex.
As you see, science is a never ending job. If you answer one question, it will always give
you plenty new questions to answer.
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Conclusions
•

YopD is a multifunctional protein

•

The translocation process consists of multiple steps

•

Pore formation and Yop effector translocation are two functions of YopD that can
be separated

•

The amphipathic α‐helical domain is crucial for YopD function.

•

The hydrophobic residues within the amphipathic α‐helix are functionally
important for YopD

•

LcrH affects Yop effector translocation by enabling only minute levels of secreted
YopB and YopD

•

LcrH responds differently to in vitro signals compared to in vivo signals

•

LcrH acts as a secretion pilot for its cognate substrates YopB and YopD, guiding
them to the cognate Ysc‐Yop T3SS

•

The tetratricopeptide repeats (TPRs) of class II chaperones are important for the
protein structure and to confer substrate binding specificity

•

TPRs grant two independent binding sites for YopB and YopD within LcrH

•

These various roles of LcrH might be involved in conferring secretion hierarchy

•

LcrH complex formation with YscY is important and essential for maintaining Yop
regulatory control
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