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Waking up
But not opening my eyes.
Because
When you turn one more page
In the first war ever known
Before all legends,
Mythologies,
And crimson,
You have a side

By the evil!
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Abstract
The type 3 secretion systems (T3SSs) are virulence mechanisms used by various
Gram-negative bacteria to overcome the host immunity. They are often targetcell contact induced and activated. Activation results in targeting of virulence
effector substrates into host cells. One class of secreted substrates,
translocators, are required for the intracellular targeting of the second class, the
virulence effectors, into host target cells. T3SSs are mainly regulated at 2 levels;
a shift from environmental to host temperature results in low level induction of
the system whereas target cell contact further induces and activates the system.
In the Yersinia T3SS, YopN, one of the secreted substrates, is involved in the
latter level of activation. Under non-inducing conditions, YopN complexes with
TyeA, SycN and YscB and this complex suppresses the T3SS via an unknown
mechanism. When the system is induced, the complex is believed to dissociate
and YopN is secreted resulting in the activation of the system. Earlier studies
indicated that YopN is not only secreted but also translocated into target cells in
a T3SS dependent manner. TyeA, SycN and YscB bind to the C-terminal and Nterminal YopN respectively but so far the central region (CR) of YopN has not
been characterized. In this study we have focused on the function of the YopN
central region.
We therefore generated in-frame deletion mutants within the CR of YopN. One
of these deletion mutants, aa 76-181, showed decreased early translocation of
both YopE and YopH into infected host cells and also failed to efficiently block
phagocytosis by macrophages. However, the YopNΔ76-181 protein was expressed
at lower levels compared to wt YopN and also showed a slightly deregulated
phenotype when expressed from its native promoter and were as a consequence
not possible to use in in vivo infection studies.
Therefore, we generated mutants that disrupted a putative coiled coil domain
located at the very N-terminal of CR. Similar to YopNΔ76-181, these substitution
mutants were affected in the early translocation of effector proteins.
Importantly, they were as stable as wt YopN when expressed from the native
promoter. One of these mutants was unable to cause systemic infection in mice
indicating that YopN indeed also has a direct role in virulence and is required
for establishment of systemic infection in vivo.
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1. Introduction
Since the first emergence of life, living entities have developed mechanisms to
sense their environment to better adapt to their respective niche. The growing
number of these entities in time forced them to develop strategies to interact
with each other as well. One of the most striking and important example to
these interactions was proposed by the pioneering work of Margulis, where she
introduced endosymbiosis as the mechanism of eukaryotic cell evolution (270).
This theory has been developed since then and today it is widely believed that
mitochondria and plastids developed from prokaryotic organisms that were
internalized by an archean cell. After multiple levels of gene exchange between
the host and the symbionts (198), they became indispensable to each other and
formed the ancestor of what we today call ‘a eukaryotic cell’.
The interaction between the living entities is still ongoing and today they are
one of the most important aspects of human health and an important branch of
biological research. In our bodies the number of commensal bacteria, most of
which are “the good guys”, exceeds the number of our own cells. They are found
on our skin as well as within our body and are part of a mutual beneficial
relationship, e.g. by helping us in digestion and to fight against the pathogenic
bacteria, the bad guys.

1.1.

Pathogenesis – different life styles of pathogens

The continuous interaction between the eukaryotes and pathogenic bacteria
forced both sides to co-evolve, the host to protect itself against the pathogens
and the pathogens to overcome the protective action taken by the host. Millions
of years of co-evolution resulted in the immune system in higher eukaryotes
which is the main defense strategy against pathogens. Today, we know that both
animals and plants have highly regulated immune systems against any kind of
invaders. On the other hand, pathogenic bacteria needed to evolve novel
strategies to thwart immunity and survive. In the border line between the
commensal and pathogenic bacteria, opportunistic pathogens lie. Normally,
1

opportunistic pathogens are not harmful and found in hosts without causing
any infection or symptoms. However, as their name implies, if host immunity is
impaired, they take the opportunity and act as pathogens by defeating the
weakened immune system of the host organism.
Although, pathogenic bacteria in principle can infect any part of their hosts,
they often have a preferred niche within a tissue. Some bacteria prefer to be
taken up by the host cells and remain intra-cellular; others instead prevent
uptake and are extra-cellular pathogens.

1.1.1. Intra-cellular pathogens
Some pathogenic bacteria such as Salmonella, Shigella and Chlamydia prefer to
be taken up by their target cells. Some of these bacteria induce their uptake for
successful establishment in the host but can also be extra-cellular at other times.
Salmonella and Shigella are in this group. Others, including Chlamydia, are
obligate intra-cellular pathogens and cannot replicate outside host cells.
However, it is crucial for both groups to survive in the harsh intracellular
environment and somehow establish a favorable niche for themselves within the
host cell.

1.1.1.1. Phagocytosis and escaping phagosome
As basic text book knowledge, phagocytosis can be explained as ‘eating of cells’.
In a more scientific definition it is the ingestion of large particles by eukaryotic
cells. Phagocytosis is a vital process in multicellular organisms working in both
maintaining the tissue homeostasis and their fight against the pathogens (186).
Although most eukaryotic cells can take up particles, some cell types in the
immune system, such as monocytes, macrophages and neutrophils, are the
professional phagocytes. Their main difference from the non-professional
phagocytes is their ability to express special receptors for phagocytosis (252).
Phagocytosis starts with the recognition of pathogens followed by their
2

ingestion into the early phagosome, vacuoles that keep the ingested material
within. The switch into late phagosome is a result of fusion and separation of
endocytic and secretory vesicles, respectively. After this stage, lysosomes
coalesce with the phagosome, change their internal environment dramatically
and form phagolysosome (309). Any of these stages can be the target of
pathogens’ strategy to overcome the host immunity.
One strategy against phagocytosis is physically escaping from the phagosome.
One example of this is Shigella. It has long been known that Shigella can lyse
the phagosome membrane by the help of the pore forming proteins IpaB and
IpaC and that is an important part of Shigella’s pathogenic life cycle. (29, 130).
In addition to Shigella, Listeria escapes the phagosome with the help of poreforming listeriolysin O (278) and phospholipases PLC and PLD (119). Similarly,
Rickettsia escapes phagosomes with the help of phospholipase A2 (319).

1.1.1.2. Surviving in phagosome
Once pathogens are ingested into the phagocytic vacuole, they encounter a very
harsh environment. During maturation of phagolysosome, Mn+2 cations are
removed to increase the acidity of the environment. Mn+2 is a cofactor of
superoxide dismutase expressed by several unrelated pathogens and its removal
results in the loss of the protective effect of the protein (147). Therefore, some
pathogens block removal of Mn+2 to create a more friendly environment to
themselves (309). Further survival strategies include blocking lysosome fusion
with phagosome and keeping it as an early phagosome, evolving proteins that
can stop detrimental enzymatic activities against them or effects of the oxidative
environment within phagolysosome, neutralizing the acidity, using high-cation
affinity proteins to prevent their export and using lipids of the host as nutrients
(309).

3

1.1.2. Extra-cellular pathogens
A second group of pathogens prefers to stay outside the host cells. Unlike the
intracellular pathogens, their virulence mechanisms are based on strategies to
replicate in the extracellular environment and to block phagocytosis. This can,
for instance, be achieved by depolymerizing host cytoskeleton, directly blocking
phagocytosis or activating apoptotic pathways in the professional phagocytes.
The genus Yersinia, Pseudomonas and Vibrio are examples of such
microorganisms.

1.1.3. Antigenic variation
The never-ending competition between pathogens and hosts has resulted in not
only the evolution of host cell manipulation by bacteria but also efficient
mechanisms to escape from the host immune system. Antigens are the
molecules that can induce an immune response in a host and used by immune
system to recognize any invaders. This recognition creates an immune memory
that can last for decades (sometimes even life-long). So, for a pathogen to
persist in host or to re-infect the same host, it is crucial to overcome this
memory. Antigenic variation is one such mechanism which increases pathogens’
protein diversity and thus changes their exposed structures to hide from the
acquired immunity of the host (79). These changes can stem from genetic
factors where changes in the nucleotide sequence cause changes in amino acid
sequence or expression levels; or epigenetic where the expression levels change
by factors other than mutations in the DNA sequence. For example, a simple
form of antigenic variation, phase variation, works by switching a specific gene’s
expression between ON and OFF. The number of different phenotypical
combinations can be formulated as 2n, where ‘n’ is the total number of genes
regulated by phase variation (79).

4

1.1.4. Bacteria Host Interactions – Adhesins
One important early step in the establishment of infection is the direct
interaction between bacteria and host cells. From the bacterial side, these
interactions are mediated via sticky proteins called ‘adhesins’. They are made up
of proteins or polysaccharides and required to resist against the physical shear
forces created by the host to shear off the pathogens (301, 330). In almost all
cases, adhesins bind to receptors located at the host cell surface (330). However,
in rare cases it has been observed that the pathogen inserts the receptor itself
onto the target cell surface and binds to it (160). Most pathogens encode more
than one adhesion molecule (330). As a result of their importance in bacterial
virulence, recently adhesins are being investigated as potential targets in
pharmaceutical research.

1.2. Impact of different environments on bacterial
evolution and the specific role of secretion systems
The interaction of bacteria with their environment is a driving force in their
evolution to survive and/or to improve adaptation. A bacterial cell always
contains a huge variety of atoms, molecules and proteins at a given point; some
of which are synthesized by the bacterium and others are needed to be taken up
from the environment. The environment at this very moment has a big influence
on the internal composition of the bacterium. Both presence and absence of
other bacteria (either from same species or not), host cells, nutrient sources,
bacteriophages, harmful agents are of importance. The micro-changes in these
conditions might require major changes inside the bacterial cell for functional
adaptation.
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Figure 1. Most studied secretion systems in Gram-negative bacteria. Type 1-6
secretion systems are illustrated except T3SS which will be discussed in detail in
Section 1.3. T2SS and T5SS export substrates only from periplasm whereas T1SS, T4SS
and T6SS exports substrates from cytosol through both bacterial membranes (Outer
membrane, OM; inner membrane, IM). In addition to the bacterial membranes, T4SS
and T6SS can span the target cell membrane (TM) and forms a direct channel between
bacterial and target cell cytosols.

1.2.1. Secretion Systems
Gram-negative bacteria have evolved a number of specific secretion systems to
export proteins to the external environment including host cells. These systems
require a high level of energy as ATP or proton motive force (PMF) (234) for
their function and are therefore often tightly regulated to ensure that they are
only expressed when needed to use the energy efficiently. Five of the six most
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studied secretion systems that have evolved in Gram-negative bacteria are
described in Figure 1.
Type 2 and 5 secretion systems (denoted T2SS and T5SS, respectively) can
secrete proteins from periplasmic space to outside. Thus they require Sec (T2SS
and T5SS) or twin-arginine translocation (Tat) (T2SS) systems for the transfer
of substrates from cytosol to periplasm (121). After the transfer of proteins to
the periplasm, T2SS and T5SS mediate the export of the proteins from the
bacteria. In order to be secreted by T2SS, proteins must be folded (121).
Secretion is through the secretin protein complex embedded into the outer
membrane (OM) (154) which also extends to an (inner membrane) IM complex
to form an interaction with cytoplasmic ATPase (165). Since T2SS is closely
related to Type 4 pilus (26), it has been suggested that T2SS uses a similar
mechanism where pseudopilus of T2SS retracts, the substrate interacts with
secretin and the pseudopilus extends again pumping the substrate out like a
piston (92, 165, 254). Most of the T2SS substrates are hydrolytic enzymes that
function in nutrient acquisition. However, the system was also shown to secrete
proteins directly related to virulence such as the famous toxic protein of Vibrio
cholerae, Cholera toxin (224).
T5SS is different from the other systems and denoted as autotransporters. The
translocation domains of T5SS proteins are highly homologues to each other
whereas passenger domains vary greatly. These proteins are known to be
directly related to the pathogenicity of the bacteria encoding them. Their
functions involve bacterial motility, enzymatic activity, toxins, adhesins or
maturation of other toxins (129).
The main difference between Type 1, Type 3, Type 4 and Type 6 secretion
systems (T1SS, T3SS, T4SS and T6SS, respectively) and T2SS and T5SS is their
ability to secrete cytoplasmic substrates without the requirement of a prior
transport across IM (121). T1SS is very similar to ATP-binding cassette (ABC)
transporters (121). The ABC transporters of T1SS carry a transmembrane
domain within IM (135), and a cytoplasmic nucleotide binding domain. The
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ABC transporters then interact with membrane fusion proteins (80) which is
followed by an interaction with the substrate. As the final step, OM factor joins
the complex (157). The substrates are secreted unfolded (28). Main function of
T1SS substrates includes nutrient acquisition such as iron scavenging, together
with more direct roles in virulence, such as haemolysins and leukotoxins and
also antibacterial bacteriocins (157).
T4SSs are close relatives of conjugation systems evolutionarily. Unlike T1SS,
after spanning both bacterial membranes T4SS can also form a channel across
target cells membrane which can be both a bacterial or a eukaryotic cell (121).
One important property of T4SSs is that they can secrete not only proteins but
also complexes of protein-protein or protein-DNA (121). Translocations of all
these different classes of substrates are of medical importance. DNA transfer by
T4SSs is one of the most common ways of antibiotic resistance acquisition
among bacteria. In addition, various effector proteins have been described to be
translocated by T4SS into target cells (13).
T6SSs, also, span both bacterial membranes and the host membrane. Their
main property lies in including other bacteria as target cells in addition to
eukaryotic cells. Like other secretion systems, they also have an evolutionary
relationship with another system, phage-tails (182). T6SS substrates mostly
carry immunomodulatory roles inside the target cells (133).
T3SS is discussed in more detail in the next section (Section 1.3).

1.3. Type 3 Secretion Systems (T3SS)
T3SSs are one of the most important and widespread virulence mechanisms for
Gram-negative bacteria targeting both animal and plant hosts and can for
instance be found in Yersinia, Salmonella, Shigella, E. coli, Pseudomonas,
Vibrio, Chlamydia, Burkholderia, Xanthomonas, Rhizobium and Aeromonas.
Among animal and human pathogens T3SS has been more extensively studied
in Yersinia, Salmonella and Shigella. Although it is mostly known as a virulence
mechanism, some bacteria use T3SS to establish a symbiotic relationship with
8

their host such as the symbiosis between Rhizobium and legumes where
Rhizobium requires T3SS dependent translocation of effectors (315).
T3SSs commonly secrete two classes of substrates, translocators and effectors,
through its basal body which spans IM, periplasm and OM of bacteria (51).
Effector proteins are destined to be translocated into the host target cells by the
help of translocators in a single and/or 2 step mechanism (Section 1.3.7.5) (96,
114). The respective targets and functions of effector proteins reflect the
pathogenic life style of the bacteria, such as intracellular/extracellular or
pathogenic/symbiotic.
T3SSs from different bacteria can be clustered into different families. Among
these, the Ysc-Yop family of Yersinia and Pseudomonas, Inv-Mxi-Spa family of
Shigella and Salmonella pathogenicity island (SPI) 1 and Ssa-Esc family of
Salmonella SPI 2 and EPEC have been most extensively studied (51).

1.3.1. Origin and relation to flagellar system
Flagella is used by bacteria for motility and can be found in both Gram-positive
and Gram-negative bacteria. Structural and functional analysis of flagellar
system and T3SS brought the idea that they are evolutionarily related (38, 120).
However there is no consensus on which system evolved first, yet. Since, unlike
T3SS, flagella can also be found in Gram-positive bacteria and origin of flagella
is believed to be much earlier than eukaryotic cells (which are the targets of
T3SSs), Nguyen et. al. proposed that flagella evolved first (222). Also, a need for
motility very early in the bacterial evolution to reach nutrients and move to a
more friendly niche further supported the ‘flagella-first’ hypothesis (271). In
addition to these, in their study where they analyzed more than 1000 genomes
for flagellar system and T3SS, Abby and Rocha argued that the evolution of
T3SS from flagella occurred at least in 2 steps: first acquisition of a part of
flagella which was followed by acquisition of an OM secretin (1).
On the other hand, another view proposes that flagellar and T3SS genes share a
similar degree of antiquity. Thus, the two systems were suggested to share a
9

common ancestor and evolved independent of each other (120). Phylogenetic
comparison of 16S rDNA and T3SS genes led to the discovery that the resulting
trees are different from each other. As a result it was concluded that the
evolution of the two systems did not follow each other and multiple horizontal
gene transfers are responsible for spread of T3SS (120).

1.3.2. Assembly of T3SS
T3SS is composed of more than 20 proteins (51) and assembly of all these
proteins at the correct time and place is very important for establishment of a
functional system (Figure 2). The expressions of the genes giving rise to the
basal body proteins are simultaneous and the assembly order is believed to be

Figure 2. Assembly of the Yersinia T3SS basal body. Assembly of T3SS starts at the outer
membrane (OM) with YscCD (top left panel) and at the inner membrane with YscUVRST
(top right panel) independently. YscC also spans peptidoglycan layer (P) in the periplasm.
These two complexes are then joined to each other by YscJ and a cytoplasmic complex
also joins them (lower panel). Adapted from Diepold and Wagner, 2014 (86).
10

mediated mainly by protein-protein interactions (83) and is tightly regulated.
Different studies from Salmonella and Yersinia have shown that the assembly
starts by formation of inner and outer membrane rings (82, 169). According to
these studies, OM secretins (YscC-family proteins) are localized in the OM and
form a complex with YscD family proteins extending towards IM to form a base
for the assembly (82, 169). In some systems, the correct localization of secretin
requires a pilotin protein (82). Simultaneously, homologs of YscR, YscS and
YscT form another complex in IM which is later joined by YscU and YscV family
proteins (88, 318). These two independent complexes are then tethered to each
other by YscJ-family proteins. Meanwhile, a third complex is formed by the
cytoplasmic components and they join the basal body via their interaction with
YscU and its homologs (43, 82, 85, 86, 256). The completion of the secretion
organelle requires the secretion of first substrates, the needle and inner rod
proteins, whose secretion and polymerization complete the construction of the
basal body (87, 163).
The “ruler” protein, YscP, has been found to be important for the needle length
determination. In the ‘ruler model’, YscP stretches with the growing needle and
when the needle reaches its desired length, the secretion of further needle
proteins is supressed and the secretion organelle opens up for new substrates
(4, 97, 156, 169). In another model, termed as ‘timer model’, needle and inner
rod proteins are recruited into the secretion channel together and the
completion of inner rod assembly signals the completion of needle filament
assembly (113, 197). Recent research showed that the ruler model fits
Salmonella SPI-1 needle length determination better (326).

1.3.3. Cytoplasmic side of T3SS
Cytoplasmic components of T3SS carry out different functions including
energizing the system, substrate specificity and substrate switch.
YscN family members are the ATPases of the T3SSs. YscN in Yersinia, InvC in
Salmonella SPI-1, Spa47 in Shigella and EscN in E. coli are the most studied
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members of this family (51). Their ATPase activity is crucial in developing a
functional system and they should be associated with IM to exert their function
(7, 49, 98, 331). It has been shown that the T3SS ATPases are related to F0F1ATPases (142, 341). They are believed to act as homohexameric rings (7, 249).
In silico analysis of possible EscN hexamers showed that the homohexameric
structures created 6 ATP-binding sites (341). Also, Spa47 is a much better
ATPase as an oligomer compared to its monomeric form (48, 49). One
important common feature of the T3SSs and the F1 ATPases is a conserved Arg
residue. In EscN, mutation of the Arg residue disrupts the ATPase activity of the
hexamer (341). The function of T3SS ATPases is negatively regulated by the
stator protein, YscL in Yersinia and EscL in E. coli (36, 262).
Another member of the cytoplasmic complex is the so called ‘C-ring protein’
YscQ protein family. In Yersinia and Salmonella SPI-2, YscQ family members
have a second inner translation start site in addition to the previously shown
site both of which can be used to express YscQ or its shorter C-terminal variant
YscQ-C (52, 202, 338). A possible internal translation initiation site was shown
to exist in some other T3SS but not in all (52). Interaction of these two variants
with each other is required for a functional T3SA (52, 84, 202, 338). Recent
high resolution data showed that in Shigella the YscQ homolog forms 6 pod
structures at the cytoplasmic side. These pods are bound to ATPase proteins via
stator proteins which act as linkers (138, 195). This took the previous findings
one step further where ‘the C-ring proteins’ were shown to bind IM complex
proteins, ATPase, stator and YscK-family members of cytoplasmic complex
(149, 151, 215). In Yersinia, YscQ, YscL and possibly YscK and YscN were shown
to form a dynamic structure in cytosol. Under inducing conditions YscQ and
YscL became less motile (84, 258).
Although not found in all T3SSs, other 2 small cytoplasmic proteins of the
Yersinia T3SS are YscX and YscY. Basal body can be assembled without these
two proteins but secretion channel cannot be opened (87). Initially it was
thought that YscY is the chaperone of YscX which can be secreted by T3SS (74).
However, later Diepold et. al. suggested that via their association with export
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apparatus proteins YscV, YscX-YscY complex might have a role in secretion of
the first substrates YscF, YscI and YscP (87).

1.3.4. Inner membrane
The export apparatus is composed of the YscR, YscS, YscT, YscU and YscV
families of proteins all of which carry transmembrane domains (226). In
addition to their transmembrane domains, the homologs of YscU and YscV also
carry cytoplasmic domains (10, 112, 226, 243). Not much is known about YscR,
YscS and YscT families except that they are required for the assembly of a
functional system (88, 318). In Shigella it has been shown that the export
apparatus is formed bound to a nonamer of YscV homolog, MxiA, which is
located between IM rings and ATPase complex (2). As the central protein of
export apparatus, YscV family members also oligomerize into a ring (88, 185,
332).
YscU family is the autoprotease of the export apparatus. Its main function is
substrate specificity switch and it will be discussed in section 1.3.7.1. An NPTH
motif is conserved in YscU family members and the cleavage occurs at the
proline site when T3SS is induced (77, 175, 340). The resulting free C-terminal
YscU (YscU-C) is a substrate for the system and is important for the increased
secretion after induction (110, 175, 190).

1.3.4.1. Inner membrane ring
YscD and YscJ family proteins constitute the IM rings of T3SSs (280, 295). YscJ
family members are lipoproteins. (51). They interact with YscD family proteins
in 1:1 ratio and YscD family proteins cover both YscJ family and export
apparatus proteins from outside (226, 247).
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1.3.4.2. Connecting the two membranes
Of the two IM rings, YscD family members extends longer into the periplasm
and interacts with the OM secretin YscC family members (82, 228, 266, 281). In
the periplasm, an important mission to create a space within the continuous
peptidoglycan layer is carried out by secretin protein. Both YscC and YscD in
Yersinia and their homologs in Shigella have been shown to be elastic proteins
and stretch to maintain a stable interaction between the IM and OM rings (170).

1.3.5. Secretin
Secretins are formed in OM by homo-multimerization of YscC family proteins
into a ring structure and form a pore from which the needle filament protrudes
from the bacterial surface. N-terminal of secretin protein extends into the
periplasm, crosses the peptidoglycan layer and interacts with the IM rings to
complete the channel for secretion of substrates (88, 166). In some systems they
are localized into OM by their specific pilotin proteins (50, 68). Correct
localization of secretin is important since it determines where the basal body
would be constructed (82).

1.3.6. Needle protein
The needle filaments are the part of T3SA extending from the secretin and
where substrates need to pass through to be exported (90, 253). Inner rod
proteins form the connection between the needle filament and membrane rings
(113). Needles are composed of YscF family proteins which are assembled
helically (63, 192). YscF family proteins are not only the first substrates but also
required for the secretion of other substrates. Growth of the filament is the
result of the addition of single YscF family proteins to the distal end (248). After
the completion, a pentamer complex, formed mainly of LcrV protein family
(termed as ‘tip proteins’), caps the needle filament (101, 217).
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One common feature of the T3SSs from different species is that they require
target cell contact for full induction and function (76, 207, 343). In addition to
its role in secretion, the needle filament is also believed to transmit the contact
signal to cytoplasmic complexes of the T3SA to induce secretion. Support for
this comes from the work in Yersinia where some point mutants in the yscF
gene resulted in a secretion competent but non-translocating T3SS (71). Both
YscF and the Shigella needle protein MxiH could be locked in a constitutive
‘ON’ mode as results of different point mutations (159, 305). There is also data
supporting that in addition to needle proteins, the inner rod protein MxiI in
Shigella and tip proteins IpaD in Shigella and PcrV in Pseudomonas are
involved in signal transmission (57, 177, 242, 310). This strengthens the idea
that the needle proteins are involved in promoting the contact signal to T3SA.

1.3.7. Secretion and translocation in T3SSs
The final aim of the T3SSs is to direct effectors into target cells. This process
includes two important steps. The first one is secretion which is the export of
substrates from bacteria. Secreted substrates do not necessarily end up in target
cells. Second one is translocation. It is the final step where anti-host effector
proteins are directed into target cells by the help of translocator proteins.

1.3.7.1. Secretion of substrates through basal body
Once the T3SS basal body is assembled, a very narrow channel is formed for the
secretion of later substrates. These substrates can only be secreted in their
unfolded state. Any protein that is partially folded prior to its entry into the
secretion channel blocks the channel and prevents the secretion of further
substrates (90, 253).
An important question is how bacteria sense the completion of T3SA to initiate
secretion of early substrates and induce the system. As discussed above, once
the needle filament reaches its correct length, this is sensed by the basal body
and a specificity switch from early to later substrates can occur (4, 113, 156). In
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addition to their function in determining the length of needle filament, the ruler
proteins (YscP family) are involved in this switch as well. (62, 169). It has also
been shown that the autoproteolytic YscU family proteins, which can interact
with ruler proteins, undergo a cleavage when the needle filament reaches to its
desired length (302). Once cleaved, the exposed surface properties of YscU
family proteins are proposed to be important in detection of further substrates
by T3SA (77, 214, 293). However, we still do not know the exact mechanism
behind this switch. Some further clues stem from the affinities of both YscP and
YscU homologs to cytoplasmic components of T3SA. For example, in Yersinia
an interaction with YscP and ATPase complex component YscO is essential to
obtain a functional system (218). In addition, the YscU homolog in Shigella,
Spa40, undergoes an affinity change between different cytoplasmic components
upon its self-cleavage which might be important in the specificity switch (43).
The switch from early substrates opens the gate for further substrates. What is
required for their secretion and how are they secreted? One essential
component of substrates for their secretion is a non-cleaved N-terminal
secretion signal (209). However, in some substrates, other sequences localized
elsewhere can completely or partially be required for their secretion (11, 58, 161,
190). Surprisingly, unlike most secretion signals, T3SS secretion signals have
no distinct consensus sequence. There are even reports suggesting that the
secretion signal resides in mRNA sequence rather than in the amino acid
sequence (19, 20, 223). On the other hand, mutations without an impact on the
amino acid sequence in the N-terminal end of the substrates were found not to
disrupt secretion (158, 189, 268) Yet, the properties of the signal sequence is
conserved, though not well understood, and using machine learning T3S
substrates can be predicted at a relatively high level. Moreover, this method can
be used for detection of substrates among different bacterial species including
plant pathogens (25, 193, 272). In support with this, heterologous secretion of
T3SS substrates is observed among different species (17, 109, 264, 267). The Nterminal end of the substrates have been found to be unordered and a binding
between a substrate and its chaperone introduces a more stable structure to the
N-terminal end (259).
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Having a secretion signal is not enough for secretion. Substrates also carry a
chaperone-binding site which is located close to the secretion signal (56, 323,
325). It is believed that the key function of the chaperones is to keep the
substrates stable and in an unfolded condition and to guide them to the T3SA
(174, 297). The detailed mechanism of the substrate-chaperone complex
recognition by T3SA is not yet known. However, it is known that the ATPase
protein can bind and dissociate the substrate-chaperone complexes in an ATPdependent manner (6, 117). Also, Lara-Tejero et. al. showed that at least the
initial recognition of chaperone substrate complex is via interactions with the
chaperone (174). However, binding to ATPase protein itself requires a
heterocomplex of the chaperone and the substrate in E. coli (55). A recent study
showed that chaperone/substrate complexes form homohexameric structures
compatible with the hexameric structure of ATPase. It was also suggested that
this structure leaves the N-termini of effectors free for T3SA to recognize and
introduce them into the secretion channel (257). Although these findings may
constitute an explanation for substrate recognition, it is not yet biochemically
coupled to the secretion process (226).
Another cellular energy source, the proton motive force (PMF), is required for
T3S as well through a yet not well-known mechanism (329). It is believed that
PMF is the driving force of substrate export whereas ATP hydrolysis takes a role
in chaperone-substrate complex dissociation. In support of this, recent studies
in Pseudomonas showed that, together with regulatory protein PcrD, YscOfamily protein PscO is involved in PMF dependent energizing of T3SS by
modulating proton flow (178).

1.3.7.2. Translocation
Once the substrates leave the secretion channel, the effector proteins are then
targeted into the host cell by the translocator proteins. This process is called
‘translocation’ and appears to be uncoupled from secretion.
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T3SSs have 3 proteins required for translocation. One of them is the hydrophilic
‘tip protein’ located at the distal end of the needle filament and the two others
are hydrophobic ‘pore forming’ proteins that are destined to target cell
membrane.

1.3.7.3. Tip proteins
The LcrV family of tip proteins is
found in all animal pathogenic
T3SSs. They are located at the tip
of

the

needle

filament

as

a

multimer (Figure 3) (101, 217). So
far

several

roles

proposed

for

including

sensing

have

these

been

proteins

target

cell

contact, promoting insertion of the
hydrophobic translocators into the
host cell membrane and regulating
the T3SS (51, 216). Of these
proposed roles for tip proteins,
signal transduction and regulation
have been separated from each
other in Shigella (260). The exact
composition of the tip complex
varies

between

species.

In

Yersinia, 5 LcrV proteins form a
ring structure that resembles the

Figure 3. Translocators of Yersinia T3SS.
There are two types of translocators in the
T3SSs. Hydrophilic translocators (LcrV in
Yersinia spp.) localize at the needle tip as a
pentamer. Hydrophobic translocators (YopB
and YopD in Yersinia spp.) form a pore inside
the target cell membrane (TM). All three
translocators are required for translocation.

rest of the basal body (46). The
ring structure has also been shown in other bacteria (118). Different from
Yersinia, in Shigella one molecule of hydrophobic translocator IpaB replaces
one hydrophilic IpaD resulting in a hetero-complex tip with 4:1 IpaD:IpaB ratio
(229). Another difference observed among T3SS families is the chaperoning of
the tip proteins. T3SSs of Yersinia and Pseudomonas express a distinct
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chaperone for tip proteins (78, 200), whereas in another group including
Salmonella and Shigella, tip proteins carry a self-chaperoning domain at the Nterminal (153). In Yersinia, the LcrV chaperone LcrG has also shown to be
involved in regulation of T3SS (200). In E. coli, however, the tip protein
complex is replaced by a helical filament (69, 164).
Recently, it was shown that the N-terminal of LcrV of Yersinia is important for
efficient/early translocation of Yops (99). However, it is not yet known if this is
Yersinia specific or a more general property of tip proteins.
Since tip proteins are important for multiple steps of the T3SS and exposed at
the bacterial surface, they have also gained interest as potential targets of antivirulence bacterial therapies (89, 176).

1.3.7.4. Pore formation
The hydrophobic YopB- and YopD- family proteins are believed to form a pore
in the target cell membrane (Figure 3) (51). The proposed translocation pore is
formed by a hetero-complex of these proteins and interactions between them
are necessary for translocation (37, 141, 194, 221, 261, 299). These two proteins
can form the ring structure only when they are inserted into the membrane
(279). It was also reported in Pseudomonas that the pores tend to be formed in
specific regions called lipid rafts which are also shown to be important for T3SS
in other species (12, 173, 279, 311). The placement of hydrophobic translocator
proteins into the target cell membrane is believed to require the tip proteins (61,
127, 196, 242, 310). Importantly, pore formation does not require only bacterial
factors. Several host cell factors have also been shown to be important for
formation of the translocator complex within target cell membranes (39, 269,
285). Furthermore, research on the direct effects of translocons on virulence
showed that they can also act as pore forming toxins and induce an immune
response from the host (30, 91, 172). In addition to these, the translocator
complex of Pseudomonas can remain intact within the target cell membrane
even after the bacterium detaches from the host cell (91). Similar to the tip
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proteins LcrV and PcrV, PopD, the YopD homologue in Pseudomonas, is
involved in signal transduction to bacteria after target cell contact (24).

1.3.7.5. Proposed mechanisms
Although the exact mechanism of translocation has not been clarified or directly
demonstrated. So far two different mechanisms have been proposed: the
injection model and the AB-toxin like two-step model.

1.3.7.5.1. Injection model
The widely accepted injection model proposes that the T3SA acts as a needle
and inserts itself into the target cell membrane forming a continuous channel
between the bacterial and target cell cytosols (Figure 4A). Thus, effector protein
secretion and translocation are combined into a single step where the effectors
are targeted directly into the host cell (113). Support for this model comes from
the ability of Yersinia tip protein LcrV to bind translocator proteins YopB and
YopD (67, 273). Here it is important to note that YopB and YopD are suggested
to form a translocation pore in the host cell membrane and LcrV is localized at
the needle tip. Therefore, interactions between these proteins would hint a
continuous channel between two cytosols where proteins are transferred. In
addition, no effector Yops have been found in the extracellular milieu during the
infection indicating that they are translocated into target cells without being
released to the external milieu (105, 180). Conversely, it was shown that a
Yersinia effector, YopE, could be detected outside bacteria or target cells during
a HeLA cell infection (225). Still, the injection model had been the only
proposed mechanism of translocation for almost 2 decades until it was
challenged with two-step model.
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Figure 4. Proposed models of translocation by T3SS. (A) According to the injection
model the T3SA forms a continuous channel between bacterial and target cell cytosols
through bacterial inner (IM) and outer (OM) membranes as well as target cell
membrane (TM). When the system is induced, substrates enter into the secretion
channel in their unfolded state and fold directly after leaving it. Translocator proteins
form a pore in the TM and facilitate the translocation of effectors into the target cell.
(B) In the two-step model, under non-inducing conditions at 37°C, substrates are
secreted in their unfolded state and localized on the bacterial surface. Upon induction
a signal is transmitted resulting in the release of surface localized substrates.
Translocators then direct effectors into the target cell.

1.3.7.5.2.

Two-step model and localization of substrates on bacterial
surface

In a previous study the effector protein YopE was found to localize outside the
host cells during infection was still resistant to proteases; however, the exact
location was not determined (225). Many years later not only YopE but also
another effector YopH and the translocator YopD were shown to be at the
bacterial surface under non-inducing conditions (8). Importantly, the surface
localized YopH was also shown to be translocated into HeLa cells (8). This was
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interesting since in the injection model no effector proteins are expected to be
outside bacteria or host cells. In addition, the proteins found outside would not
be expected to be translocated into target cells. Based on these findings, an ABtoxin like two-step mechanism was proposed (Figure 4B) (96). In this model,
both translocator and effector proteins are secreted before target cell contact
and initially localize on bacterial surface. This completes first step. Once host
cell contact is established, a signal is transmitted (possibly through the needle
filament) and the surface proteins are released. Then the translocators somehow
facilitate the translocation of effector proteins into target cells. Even before
these observations were made in Yersinia, T3SS substrates of Shigella had also
been found to be at the bacterial surface before target cell contact and these
proteins were then released after host cell contact and even translocated (206,
208, 322). Another observation supporting the two-step mechanism is that, for
YopE and YopH in Yersinia, different sequences are functioning as secretion
and translocation signals (240, 274, 294).

This indicates that T3SS can

discriminate between secretion and translocation and they might work as two
different processes instead of one. Recently, it was shown that a T5SS substrate
in E. coli localized at the bacterial surface could be translocated into a
eukaryotic cell by a T3SS dependent mechanism (300). In another very recent
study, it was shown that OMVs isolated from Salmonella carry SPI-1 T3SS
effectors on their surface and that the effectors also could be translocated into
host cells even in the absence of bacteria. These effectors were functional once
they are targeted into the host cell, but it remains to be shown if the intracellular
targeting of effectors required the translocator proteins (162). However,
although in different bacteria translocation of surface proteins by T3SS has been
observed, no direct evidence for the complete mechanism has yet been shown.
Importantly, neither mechanism can negate the other and it is possible that
these two mechanisms can work independently or somehow be coordinated.
The two-step mechanism could be optimal for rapid/early delivery of effectors
from the bacterial cell surface directly after host cell contact. However, at later
stages it might be slow since it would depend on initial secretion to the bacterial

22

surface and then there might be a switch to injection mechanism with direct
targeting of the effectors.

1.4. The genus Yersinia
The Yersinia genus is an Enterobacteriaceae family member. There are at least
15 species under the genus but only 3 of them have been shown to be pathogenic
to humans: Y. pestis, Y. pseudotuberculosis and Y. enterocolitica (140). All 3
species carry a plasmid encoding the T3SS and have similar pathogenicity
dynamics although the infection routes can differ.

1.4.1. Yersinia pestis, the causative agent of the plague
Plague is a zoonotic disease mainly maintained in rodents and fleas that can be
transmitted to humans. There are 3 pandemics that are believed to have
occurred in the recent history. Out of these, the second pandemic (also known
as the Black Death) has been estimated to have caused 25 million deaths in
Europe. The plague agent, Yersinia pestis is evolutionarily the youngest of the
pathogenic Yersinia species. It is highly pathogenic and believed to have limited
ability to survive outside its hosts in the environment. The transmission to
animal/human hosts occurs by flea bites. Bacteria then reach lymph nodes
causing bubonic plague. Bacteria can also reach to bloodstream and thus
different organs resulting in septicemic plague or to lungs to establish
pneumonic plague. Pneumonic plague can rapidly spread from human to
human via infected droplets. Most Y. pestis strains carry 3 plasmids, which
support adaptation to different hosts (238, 291).

1.4.2. Enteropathogenic Yersinia
The other two pathogenic Yersinia species are both enteropathogens causing
gastrointestinal self-limiting infections in humans. However, in some cases they
can also cause systemic infections (291).
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1.4.2.1. Yersinia pseudotuberculosis
Y. pseudotuberculosis is believed to have emerged within last 200 million years
(94). Its name comes from granulomatous abscesses which look tuberculosislike in livers and spleens of the hosts. It is the cause of more adult related
Yersiniosis of the two enteropathogenic species (291). A Y. pseudotuberculosis
strain, that has gained the ability to express the superantigen mitogen A, is the
causative agent of the Far East scarlet-like fever outbreaks in Russia and Japan
(16).

1.4.2.2. Yersinia enterocolitica
Y. enterocolitica is believed to have evolved around the same time as Y.
pseudotuberculosis (94). However, unlike Y. pseudotuberculosis, yersiniosis
caused by Y. enterocolitica infections is more abundant in infants and young
children. Some strains depend on exogenous iron to establish an infection (291).
Pathogenic strains of Y. enterocolitica show strong specificity pattern for
different serotypes (94).

1.4.3. Emergence of Yersinia
pseudotuberculosis

pestis

from

Yersinia

Y. pestis is evolutionarily much younger than the two other human pathogenic
species. It has been estimated to have emerged as recently as 1,500 to 20,000
years ago from the Y. pseudotuberculosis O:1b strain (3, 94). Their close relation
is reflected in both identical 16S rDNA sequences and DNA-DNA hybridization
(32, 306). Thus it is intriguing to argue how they ended up differing this much
in their pathogenic life style. Today we know that the evolution of Y. pestis was a
stepwise process including both gain and loss of genes (Figure 5). These include
the gain of two plasmids one of which encodes

for Pla protein which is

important for systemic spread from infection site and the other carries genes
important for colonization in and spread from flea together with preventing
phagocytosis (93, 131, 132, 292). One of the genes Y. pestis lost during its
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Figure 5. Evolution of Yersinia pestis from Yersinia pseudotuberculosis O:1b strain.
evolution is an insect toxin which would have prevented spread from flea when
it is expressed (333). Other 2 genes lost during the evolution of Y. pestis, are the
yadA and inv genes that encode for adhesin/invasin important for binding to
and passing through intestinal barriers (287, 290). Another group of genes that
were lost in Y. pestis genome are O-antigen synthesis genes. It is believed that
the loss of these genes contributed to complement resistance of Y. pestis (245).
Although these changes in the DNA content of Y. pestis have been important in
the emergence of one of the most virulent pathogens in the history of humanity,
a small substitution in the pla gene is shown to be associated with 2 of the 3
plague pandemics of modern history (283, 317). The mutation that resulted in
change of isoleucine at position 259 in Pla protein to threonine resulted in a
more rapid systemic spread and cause of pneumonic plague (344).

1.4.4. Infection route
Since Y. pestis and Y. pseudotuberculosis are evolutionarily closely related and
share the main virulence mechanism, T3SS, the latter has long been used to
understand disease development of plague. However, the infection routes of the
two pathogens differ. Below, the infection route of enteropathogenic Yersinia is
discussed.
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Figure 6. Infection route of Yersinia pseudotuberculosis. In oral infection route, Y.
pseudotuberculosis first travels to intestines where it localizes in Peyer’s Patches
(PPs). From there, the bacteria continue to Mesenteric Lymph Nodes (MLNs). Further
spread from MLNs to spleen and liver indicates the systemic spread of the bacteria.

Most research of Yersinia infections is done using mice as a model host
organism (Figure 6). Enteropathogenic Yersinia infections are mostly spread
through oral/fecal route i.e. contaminated food and water sources (42, 123, 179,
276). During oral infection, Yersinia reaches intestinal epithelium which forms
a barrier for many pathogens, but not for Yersinia. Here, they interact with Mcells through the adhesin invasin (see section 1.4.5) on bacterial surface and β1integrin on the host cell surface. Thereby they promote their uptake and transfer
to lymphoid follicles called Peyer’s Patches (PPs) (60, 145, 146, 183). From there
Yersinia targets mesenteric lymph nodes (MLNs). Enteropathogenic Yersinia’s
early internalization by naïve murine macrophages and ability to proliferate in
them suggests that the dissemination to MLNs is mediated by migrating
phagocytes (251, 312). Still, it is clear that in order to spread from MLNs to
spleen and liver to cause systemic infection, the ability to block phagocytosis is
essential. This ability is mediated by the T3SS effectors where YopH is clearly a
player (191, 307). The ability to spread from MLNs leads to rapid spread of the
infection thereby causing sepsis.
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1.4.5. Adhesins
Adhesins are sticky proteins expressed on the surface of bacterial cells. Their
function is to adhere to host target cells. Y. pseudotuberculosis has 3 major
adhesins: Invasin, Yersinia adhesin A (YadA) and attachment and invasion
locus (Ail).
Invasin is a chromosomally encoded protein whose optimal expression occurs at
26°C (211, 235). However, low level of expression is also seen under acidic
conditions at 37°C (235). Therefore, it is not surprising that invasin is believed
to be present on the bacterial surface and have important roles early during
infection (236, 237). As discussed earlier, invasin is mainly required for crossing
the intestinal barrier through its interaction with β1-integrins (60, 145, 146,
183). However, further systemic spread of infection does not require invasin
(95, 236). Still, importantly, invasin is one of the adhesins that can promote cell
contact and activate the T3SS effector translocation into host cells (45, 205).
Ail is also a chromosomally encoded and its expression is induced at 37°C (210).
Surprisingly, in Y. pseudotuberculosis Ail appears not to have any major roles
neither in adhesion nor in invasion (308).
Among these three adhesins, YadA is the only one not encoded on chromosome
but instead on the 70 kb virulence plasmid (41). Its expression is induced at
37°C

through the action of the same transcriptional regulator, LcrF, that

regulates the T3SS genes (289). Primarily, it mediates serum resistance via
inactivating complement system (277). YadA also mediates binding to different
cell types via its interaction with extracellular matrix components (100).
Although Y. pseudotuberculosis strains devoid of YadA do not lose their
pathogenicity, it has been shown that YadA and invasin are involved in selective
binding and Yop translocation into neutrophils. (125, 137, 230). However, YadA
is clearly important for establishment of infections caused by Y. enterocolitica
(298).
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1.4.6. Regulation of T3SS in Yersinia
Since T3SSs are encoded by a large number of genes, their expression is highly
energy consuming and in addition early secretion could result in early
recognition of bacteria by the host immune system, expression of T3SSs are
tightly regulated. In Yersinia, regulation is believed to occur at two main levels:
the shift to the host body temperature and target cell contact. In addition,
translocation of the T3SS effectors is also subjected to regulation.

1.4.6.1. LcrF and temperature sensing
During the infection of a mammalian host, the first major change Yersinia
encounters is the switch to the host body temperature of 37°C. This results in a
basic level expression of the T3SS genes mediated by the thermoregulator
protein LcrF (64, 75, 324, 336). LcrF belongs to the AraC family transcriptional
activators (64, 134). Upon the temperature shift, suppression by YmoA on
transcription from the lcrF gene is relieved as a result of degradation of YmoA
by proteases (65, 150). However, transcription is not the only level where LcrF
production is regulated. LcrF is not synthesized, even when its transcription is
forced at lower temperatures, as a result of 2 stem-loops which masks the ShineDelgarno sequence of the lcrF mRNA. At 37°C, the stem loop structures melt
making the Shine-Delgarno sequence accessible to tRNAs and ribosomes (40).
Thus, LcrF synthesis is thermoregulated both at transcriptional and posttranscriptional levels. Once produced, LcrF functions as a master regulator for
the expression of the T3SS encoding genes (64, 75, 324).

1.4.6.2. Target cell contact and Ca+2 depletion
Complete induction of T3SS requires a contact between the bacterium and
target cell. Secretion after the contact is polar, i.e. occurs only close to contact
site (265). Although it is not exactly known how this contact is sensed and how
the signal is directed to the bacterium, it has been proposed that the signal
passes through the tip complex and the needle filament (199, 260, 310).
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Multiple proteins are involved in contact dependent regulation of T3SS and they
will be discussed in more detail in following sections.
Unique to the T3SS of Yersinia, cell contact at least partly can be mimicked in
vitro by depleting Ca+2 from the growth media at 37°C and has been a useful
tool in studies of the Yersinia T3SS. During Ca+2 depletion in vitro, activation of
the T3SS is also followed by growth cessation which is not assumed to occur
during in vivo infections (47). Thus, although low Ca+2 induces expression and
activates T3SS in vitro, it may not fully reflect the conditions the pathogen is
exposed to during in vivo infection of animal/human hosts.

1.4.6.3. Virulence plasmid copy number
In Yersinia, Ysc-Yop T3SS encoding genes are located on the virulence plasmid.
Recent research has shown that the temperature dependent regulation of T3SS
also includes upregulation of the copy number of this plasmid. Plasmid copy
number increases upon temperature shift to 37 °C and even more in Ca+2
depleted media. The upregulation of plasmid copy-number was shown to occur
also during in vivo infection in the mouse infection model. When the plasmid
was integrated into Yersinia chromosome, this increase of gene dose was
suppressed and this also correlated with lowered virulence in mice compared to
the wt strain (320). This further highlights that Yersinia has multiple ways to
rapidly induce and activate the T3SS directly upon host cell contact. The rapid
upregulation of T3SS gene dose makes the rapid cell contact activation even
more powerful.

1.4.6.4. LcrQ and target cell binding
One of the proteins with a role in contact and Ca+2 dependent regulation is LcrQ
(255). The exact mechanism of how LcrQ is involved is not known. One idea is
that LcrQ forms a complex with YopD and LcrH (see Section 1.4.6.6) (53, 54,
334). A second possible mechanism suggested by Li et. al. claims that LcrQ:LcrF
ratio inside the bacteria is important in T3SS gene transcription. If the ratio gets
higher, the transcription is lowered and vice versa (184). In support of both
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models, it is known that under secretion non-inducing conditions, intrabacterial LcrQ level is high repressing the T3SS gene expression. Only after
bacteria encounters secretion inducing environment, LcrQ is secreted by the
T3SA which relieves the repression (241, 296).

1.4.6.5. Gatekeeper protein YopN
YopN is another protein with an established role in the induction of T3SS after
target cell contact or Ca+2 depletion. It will be discussed more detailed in Section
1.4.8. In short, T3SS is supressed when YopN forms a complex with TyeA and
this complex has been suggested to be targeted to T3SA by chaperones YscB and
SycN (15, 57, 104). Under inducing conditions, YopN dissociates from all 3
proteins and, similar to LcrQ, becomes a T3SS substrate itself. This is
accompanied by a dramatic increase of both expression and secretion of T3SS
components (104).

1.4.6.6. Post-transcriptional regulation – YopD
Multiple substrates of the Yersinia T3SS have also been shown to be involved in
the regulation of the system. YopD is one such protein involved in the negative
regulation of the system. A complex of YopD with LcrH blocks the ShineDelgarno sequence of the yop genes and destines them to degradation (18, 339).
As mentioned above, LcrQ is suggested to be a member of this cascade as well.
The YopD-LcrH complex is thought to be stabilized by LcrQ. However, upon
activation, both YopD and LcrQ are recognized by T3SA as substrates thereby
opening up the Shine-Delgarno sequences of the yop mRNAs to tRNA and
ribosomes (53).

1.4.6.7. Regulation of translocation – YopK and YopE
The aim of T3SS is to translocate anti-host defense effector proteins into target
cells. The amount of effectors translocated appears to be extremely important
since not only too low but also high levels of translocated effectors could be
detrimental for the pathogen. YopK is a negative regulator of translocation. In
30

its absence, effectors are over-translocated and this results in lowered in vivo
virulence (136, 137, 304). It is possible that hyper translocation of Yop effectors
results in an earlier and stronger recognition and immune response from the
host. YopK connects translocon complex to actin cytoskeleton of the host via its
interaction with β1-integrins of the host suggesting that the YopE-dependent
disruption of actin cytoskeleton is signaled to YopK by eukaryotic signaling
protein RACK1 and thereby YopK can regulate translocation (5, 303). It was also
proposed that YopK regulates the pore size of translocon (136).
A second protein that regulates translocation is the effector protein YopE (see
Section 1.4.7.1) (5). YopE is a GTPase activating protein (GAP) and a point
mutant in the GAP domain not only disrupted its effector function but also
resulted in increased translocation of all effectors (5). This also fits in a YopKYopE model to regulate effector translocation levels.

1.4.7. Effectors and their function within the target cells
Pathogenic Yersinia species are mainly extracellular bacteria and the functions
and mode of action of the translocated effector proteins also reflect this.

1.4.7.1. Cytotoxicity (YopE)
YopE is one of the two major effectors of the Yersinia T3SS that targets actin
cytoskeleton of the host cells (263). This results in cytotoxic effect and rounding
of adherent cells, e.g. HeLa cells, in vitro (263, 265). Since it is easy to monitor
this change using light microscopy, it has been used as an indicator of T3SS and
YopE activity for a long time. An arginine finger motif, with an Arg residue
located at position 144, of the GAP domain of YopE has been shown to be
critical for activity (35, 316). Eukaryotic RhoA and Rac1 proteins were proven to
be targeted by YopE (316). In addition, in vitro studies suggested Cdc42 as a
YopE target, as well (35). Effectors can differ in their importance against
different host immune cells. It is known that YopE is important for the bacterial
defense against uptake by dendritic cells (102).
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YopE has also shown to be efficient in eliciting cytotoxicity, as even when low
levels are translocated compared to wt, infected HeLa cells are still fully
rounded within an hour of infection indicating complete disruption of the actin
cytoskeleton. Therefore, it must be kept in mind that cytotoxicity or cell
rounding should not be used as a sole indicator of YopE translocation.
In a recent paper it was shown that the YopE GAP activity could also be detected
as a danger signal in macrophages and induces the killing of Yersinia. This may
be one reason why the level of translocated YopE needs to be controlled.
Interestingly, this effect could be counteracted by YopT (321).
When mice are infected with a ΔyopE mutant, bacteria can reach as far as to
MLNs where they are cleared by the host and therefore the mutant is unable to
cause systemic infection in mice (191).

1.4.7.2. Phagocytosis inhibition (YopH)
YopH is another major effector and its early translocation after target cell
contact has proven to be very important for in vivo virulence (21, 22, 99). It is a
protein tyrosine phosphatase (PTPase) and localizes at focal adhesion
complexes within the host cell (34). Very soon after invasin mediates bacterial
binding to β1-integrins, the host proteins such as FAK, p130Cas and Fyb are
phosphorylated.

YopH

is

quickly

translocated

into

target

cells

and

dephosphorylates these proteins, thereby blocking the cascade required for
phagocytosis of bacteria (34, 124, 239).
The interaction between invasin and integrins also causes an increase in
intracellular Ca+2 concentrations of target cells. YopH is responsible for blocking
this Ca+2 influx, as well (22).
In in vivo virulence in the mouse infection model, YopH is very important as
strains lacking a functional YopH protein do not reach beyond the PPs where
they are cleared by the host (191, 307). A ΔyopH mutant was found to attract
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more neutrophils to PPs compared to wt and this is probably the reason why in
a co-infection of wt and ΔyopH there was increased clearance of wt strain (70).

1.4.7.3. Additional Effectors
Along with the major effectors, the Yersinia T3SS also translocates additional
effectors into host cells all of which promote the infection to different degrees.
YopJ (or YopP in Y. enterocolitica) blocks cytokine production and induces
apoptosis by inactivating the kinases of MAPK- and NF-KB signaling pathways
(122, 126, 212, 213, 219, 275, 342). In addition, YopJ targets Nod2 signaling and
thereby alters the permeability of intestines to promote bacterial dissemination
(204).
YopM is different from other effectors by being targeted into the nucleus (31,
288). Its proposed function is to inhibit pro-inflammatory responses from the
target cell (33, 201, 203). YopM can also induce apoptosis by activating
Caspase-3 (335) and necrosis by targeting NLRP3 (327). In addition, YopM not
only promotes infection but also prevents immune recognition of T3SS effector
translocation by restricting the pyrin inflammasome (59).
YopT is not found in all Y. pseudotuberculosis strains. Similar to YopE, YopT
also targets Rho family GTPases to disrupt cytoskeleton inside the host cells
(143). The cleavage of GTPases by YopT leads to their mislocalization (284,
345). Therefore, it is not surprising that YopE can complement the absence of
YopT in the strains that lack the yopT gene (313). Furthermore, as discussed
earlier, YopT is responsible for counteracting the YopE induced danger signal
inside the host cells by limiting YopE translocation. By competing for the same
Rho GTPases as YopE, YopT has been suggested to counteract the danger signal
(321).
YpkA (denoted YopO in Y. enterocolitica) also targets proteins involved in the
regulatory cascade of actin polymerization, thereby preventing the formation of
microfilaments. YpkA carries out these roles by its two enzymatic domains. The
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interaction with globular actins of the host cell leads to activation of the
serine/threonine kinase domain. This results in the phosphorylation of proteins
involved in the actin polymerization (115, 181, 220). In addition, the guanine
nucleotide dissociation-like inhibitor domain targets RhoA and Rac1 of the host.
As a result, these proteins cannot be activated and take their role in actin
polymerization (250).

1.4.7.4. Chaperones
The chaperones of the T3SS substrates carry multiple functions; they keep their
respective substrates in an unfolded state prior to their entry to T3SS channel
and target the substrates to the T3SA for secretion. These roles of the
chaperones have already been discussed in previous sections. In addition, it has
also been shown that some chaperones such as LcrG, chaperone of the tip
protein LcrV in Yersinia, have important roles in T3SS regulation (200).
Therefore, it can easily be concluded that chaperones have multiple significant
roles for the function of T3SS.
In general, T3SS chaperones are divided into several classes. Class I chaperones
specifically bind to effector proteins. They are further divided into class Ia which
only binds to a single effector and class Ib which can bind to several effectors
(233). Both classes have similar folded structures despite differing in sequence.
Class I chaperones are acidic and form homodimers (152, 233). There is no
significant difference between class Ia and Ib chaperones. What gives class Ib
their binding promiscuity is that the sequence they target is found in multiple
effectors (66). It is important to state that Yersinia T3SS does not have class Ib
chaperones.
Class II chaperones are specific for translocators (233). They carry a triad of
tetratricopeptide

repeats

(232).

These

repeats

conformation and constitute the protein binding site (9).
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form

helix-turn-helix

Class III chaperones are the third class and do not share any significant
similarities with each other. In Yersinia, the YscF chaperone YscE, the LcrV
chaperone LcrG and the YscX chaperone YscY belong to this group.

1.4.8. YopN
YopN is a 32 kDa protein that is encoded within an operon with 5 additional
genes within the lcrE locus of the virulence plasmid (314). The coding sequence
of the yopN gene overlaps with the downstream gene, tyeA (14). Previous
research on the Yersinia virulence plasmid showed that the ΔyopN strain
expressed and secreted Yops constitutively even in the presence of Ca+2 at 37°C.
This phenotype was termed ‘calcium blind (CB)’, since a ΔyopN mutant is
unable to sense the Ca+2 concentration to block expression and secretion (106,
314, 337).
YopN was also identified as one of the substrates of the T3SS (106). In fact, it
was subsequently shown that YopN was not only secreted but also translocated
into host cells by a YopB dependent mechanism, similar to T3SS virulence
effectors (72, 116).

1.4.8.1. Structure of YopN
As depicted in its linear structure (Figure 7 upper panel), YopN carries a
secretion signal (SS) and a chaperone-binding domain (CBD) within first 76
amino acids (aa) of its N-terminal (73, 148, 282). These are properties common
to most T3SS substrates. In the C-terminal part, aa 212-222 and 243-293 are
required for TyeA binding (144, 282), thus this region is termed the TyeA
binding domain (TBD). In addition, at DNA level 3’-yopN and 5’-tyeA coding
sequences overlap with 20 base pairs (bp). This means that sequences required
for TyeA expression (i.e. 5’-UTR) localize within the 5’ end of the yopN gene.
Obtaining the crystal structure of YopN was difficult since both ends have
protein-binding domains and are unstable when not bound to their interacting
partners. Schubot et. al. overcame this problem by crystallizing the protein
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Figure 7. YopN protein with different functional domains depicted. Upper panel shows
the linear structure of YopN. Lower left panel shows the 3D model of YopN (pink) in
complex with its chaperones SycN (purple) and YscB (yellow). Lower right panel shows
the 3D model of YopN-TyeA complex (TyeA is colored brown). SS, secretion signal; CBD,
chaperone binding domain; CR, central region; TBD, TyeA-binding domain. Adapted
from Schubot et. al. 2005 (282).
together with the binding partners; either to the chaperones (YscB and SycN) or
to TyeA (Figure 7 lower left and right panels respectively) (282). The two
structures were shown to be superimposable and could be merged into one
model that constitutes a modelled structure for the YopN-TyeA-YopB-SycN
complex. Altogether, these results showed that the chaperones and TyeA bind to
two distal ends of the elongated YopN structure. Importantly, interaction with
neither chaperones nor TyeA required YopN residues between aa 76 and 212
(from here this part will be referred to as the central region, CR).

1.4.8.2. YopN homologs in other T3SSs
YopN has homologs in the T3SSs of many animal pathogens. The most studied
ones include InvE in Salmonella SPI-1, MxiC in Shigella, SepL in E. coli, PopN
in Pseudomonas and CopN in Chlamydia. One significant difference among
YopN homologs is that in Ysc/Yop family of T3SSs, including Yersinia (YopNTyeA) and Pseudomonas (PopN-Pcr1), the YopN and TyeA homologs are
expressed as two distinct proteins whereas in the other families they are
expressed as a single protein with the TyeA homolog extending the C-terminal
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of the protein (231). In Yersinia, a single frameshift mutation is all that is
required for generation of a YopN-TyeA chimeric protein. The chimeric protein
could regulate the T3SS similar to the wt in vitro and was secreted under
inducing conditions. However, the mutant was slightly less competitive
compared to the wt strain in mixed cell infection in the oral mouse infection
model, therefore somewhat attenuated compared to wt (14).
In some T3SSs, there is evidence for a hierarchy of secretion of different
substrates. According to this hierarchy, the YscF-, YscI- and YscP-protein family
members are secreted first and have therefore been coined as early substrates.
The middle substrates are the translocators that are secreted next and finally the
effectors or late substrates are secreted. YopN homologs of some of the other
systems have been shown to be involved in the secretion specificity switch from
middle to late substrates. In Salmonella, a sorting platform composed of
homologs of YscQ, YscK and YscL has been suggested to mediate the secretion
switch both from early to middle and from middle to late substrates. Before
secretion, substrates form high molecular complexes with the sorting platform.
However, in a ΔinvE mutant, translocators were not loaded onto the sorting
platform and therefore could not be secreted. This implicates a role for InvE in
the switch (174). In Shigella, MxiC is important for the timely secretion of
effector proteins (44, 286). An interaction between MxiC and inner rod protein
MxiI is critical for the switch from middle to late substrates. In line with this,
disruption of this interaction resulted in constitutive secretion (57). Unlike
InvE, a ΔmxiC mutant strain can secrete translocators but the secretion is
delayed compared to the wt strain (57). SepL in E. coli acts together with
another switch regulator SepD to control the substrate switch. Deletions of
either of these two genes results in very similar phenotypes as the ΔinvE
deletion in Salmonella, i.e. repressed secretion of translocators and hypersecretion of effectors (81). Recently, Portaliou et. el. added the YscV homolog
EscV to SepD-SepL complex and suggested a more detailed mechanism for the
switch. In this mechanism, EscV recruits SepL and SepD to the T3SA. This
causes a conformational change in SepD which results in recognition of and
interaction with the translocators via their cognate chaperones. The secretion of
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the recruited translocators then occurs by the help of SepD. After translocator
secretion is completed, SepL and SepD dissociate from each other allowing
effectors to be recognized and secreted (246). The inability of translocator
secretion from the ΔinvE and ΔsepL mutants, as expected, prevents the
translocation during cell infection (168, 227).
Another difference among YopN homologs is their own secretion. YopN has
long been known to be secreted by the T3SS and more recently also shown to be
translocated into infected host cells (72, 106, 116). However, neither InvE nor
SepL are secreted and are therefore not expected to be translocated (167, 168).
Importantly, CopN of the intracellular pathogen Chlamydia is the only YopNhomolog that has been shown to function as an effector inside the host cells.
When expressed in yeast, it caused cell cycle arrest, which might be a result of
prevention of microtubule assembly. In addition, CopN can also sequester
tubulin (23). However, expression of YopN in yeast did not result in any
detectable impact or phenotype (23, 139).

1.4.8.3. YopN binding partners and their role in suppression of
secretion
All of YopN’s intra-bacterial binding partners have been shown to have a role in
blocking secretion under non-inducing conditions and the binding domains in
all these proteins are well established (15, 73, 103, 104, 144, 148, 282). Initially,
it was thought that YopN blocks secretion physically from the surface of the
bacteria (106). However, later studies showed that YopN regulates secretion
from the inside of the bacteria (Figure 8) (144). Under non-inducing conditions,
TyeA specifically binds YopN at two residues (aa 212-222 and aa 248-293)
where the tryptophan residue at position 287 being very critical for binding (15,
103, 144, 282). Substitution of the tryptophan residue diminishes the YopNTyeA interaction and results in deregulation of the T3SS (15). This shows that
the TyeA-YopN interaction is critical for regulation of expression and secretion
of the Yersina T3SS. The YopN-TyeA interaction does not however require the
interactions with the two YopN chaperones (282).
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Figure 8. Regulation of T3SS by YopN and the effect of the ΔyopN mutation. Left
panel illustrates non-inducing conditions at 37°C. Under this condition, YopN is bound
to SycN, YscB and TyeA limiting the secretion to low levels. Exported proteins are
localized at the bacterial surface. Middle panel illustrates the inducing conditions
where YopN dissociates from its binding partners and becomes a substrate of T3SS
itself. YopN’s secretion is followed by a dramatic increase in secretion and expression
+2
of the T3SS substrates. Right panel illustrates ΔyopN mutant at 37°C regardless of Ca
concentrations. In this mutant T3SS cannot be blocked and is constitutively active at
37°C.
This complex is believed to be targeted to the T3SA by two chaperones, SycN
and YscB (57). The target sequences of these two chaperones are adjacent to
each other (155). Surprisingly, aa substitutions in the SycN binding part of CBD
did not release the block of effector Yop secretion under non-inducing
conditions. In addition, most of the aa substitutions within the SycN or YscB
binding sites did not prevent the binding of the chaperones to YopN (155). This
supports the idea that SycN and YscB should first form a heterodimer before
binding to YopN (73) and also indicates that binding of one chaperone can bring
the other in close proximity to YopN. Importantly, none of these substitutions
blocked YopN secretion under non-inducing conditions suggesting that either
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the CBD has a specific role in YopN secretion regulation or that the YopN-SycNYscB complex cannot be formed correctly to block secretion (155).

1.4.8.4. Secretion of YopN and desuppression of the T3SS
The idea that T3SS substrate secretion follows YopN secretion comes from
Shigella where MxiC secretion is followed by secretion of other substrates (44,
199). The exact mechanism behind the up-regulation of secretion is not known
but it is believed that YopN dissociates from all three binding partners since
none of them are secreted and loss of any of the proteins results in early
secretion of YopN (73, 144). This might somehow trigger the switch of YopN
from being a secretion suppressor to a T3SS substrate (Figure 8) (104).

1.4.8.5. Translocation of YopN
Any additional functions of YopN and its homologs have not been addressed for
some time. One reason for this might be that neither InvE nor SepL are secreted
and therefore unlikely to be translocated. To my knowledge, translocation of
MxiC has not been addressed yet, although it is known to be secreted. The only
YopN homolog shown to have an additional role is CopN which exerts an
effector-like function inside eukaryotic cells (23, 139).
Translocation of YopN was first shown by Day et. al. where ELK-tagged YopN
(YopN-ELK) was shown to be translocated into HeLa cells. Furthermore, YopNELK translocation was influenced by intra-bacterial regulators SycN, YscB, TyeA
and LcrG. In addition, a ΔyopB mutant which is defective in building a
functional translocon was found not to translocate YopN-ELK proving that the
translocation was T3SS specific. However, this study was done in a mutant
where all other effector yop encoding genes were deleted. Therefore, any
competition for translocation between effectors was eliminated (72).
In a subsequent study it was also shown that GSK-tagged YopN (YopN-GSK)
was also translocated in a YopB-dependent manner. Importantly, in a ΔyopE
background, both YopN-ELK and YopN-GSK were translocated. In this
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background competition between effectors still exists despite being at a lower
level as a result of the absence of one of the effectors (116).
However, neither of these studies directly compared YopN translocation
between non-enhanced and enhanced translocation derivatives of the T3SS
which means that it is not clear if YopN translocation is regulated in a similar
way as for the other effectors.

1.4.8.6. YopN impact on in vivo virulence
Activation of the T3SS in vitro comes together with growth cessation which can
be readily observed when Yersinia is grown at 37°C without Ca+2. Under this
condition, Yersinia stops growing whereas it can continue to grow at 37°C with
Ca+2 or at 26°C regardless of the Ca+2 concentration (171). The exact reason of
this growth cessation is not known but it is believed that the energy required to
support T3SS is maintained by shutting down metabolic pathways resulting in
growth cessation. This can partly be supported by the ΔyopN mutant. When
bacteria lack YopN protein, as a result of CB phenotype, T3SS secretes Yops
continuously at 37° (Figure 8) (104, 106).
The CB phenotype of the yopN mutant is problematic for evaluation of the role
of YopN during in vivo virulence. Firstly, when Yersinia enters to target
organism’s body, it needs to be able to replicate to establish infection. Being
unable to replicate, a ΔyopN mutant can never reach to sufficient numbers
within the host. Secondly, the ΔyopN mutant starts to secrete T3S substrates as
soon as the environmental temperature is 37°C which is the host temperature.
This could be expected to result in a strong early host immune response.
Altogether, this makes it difficult to assess a role of YopN in in vivo virulence by
using the full length ΔyopN mutant.
This, in turn, makes it hard to work with YopN and any direct role in virulence
although the fact that YopN is translocated is very interesting. Thus, any study
that targets YopN needs to discriminate between its regulatory and non-
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regulatory functions, which were one of the initial challenges of this project that
will be outlined in the coming pages. How did it end? Let’s see!
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2. Main objectives of the thesis
YopN has been established to be important for the function of the T3SS.
However, due to its function in regulation and that the mutants characterized so
far are deregulated for expression and activation of the T3SS there are
essentially no studies on an additional function of YopN in the Yersinia T3SS. In
this study my aim was to investigate potential additional roles of YopN. More
specifically the aims of this study were:
•

To investigate the kinetics of T3SS activation and any function of YopN
in this process.

•

To characterize the central region of YopN and any role of this region in
the function of the T3SS.

•

To dissect any direct role of YopN in virulence from its role in the T3SS
regulation.
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3. Results and Discussion
3.1. Kinetics of the T3SS induction upon Ca+2 depletion
T3SSs are tightly regulated at multiple levels by multiple factors (See section
1.4.6). In Yersinia, the regulation of the T3SS has been quite extensively
studied. However, the kinetics of expression and secretion of T3SS substrates
upon the activation of the system has not been directly addressed. Therefore, we
decided to address this and to study the kinetics after induction of the T3SS of
Yersinia.
When we expressed YopN-HA in trans and the system was induced by depleting
the Ca+2 from the culture medium after an hour of growth in the presence of
Ca+2, we observed that the secretion of YopN could be detected already 5
minutes after the activation (Paper 1, Figure 2A). In addition, secreted YopN
levels increased over time up to 30 min after depletion. YopN was first
identified as a negative regulator of the Yersinia T3SS and upon switching into
T3SS inducing conditions YopN was found to be secreted, thereby relieving the
suppression of both Yop expression and secretion (104, 106, 337). The
mechanism behind the suppression/de-suppression process is not well known.
A widely accepted hypothesis is that YopN blocks secretion of the T3SS
substrates including another negative regulator LcrQ (241, 255, 296). LcrQ
suppresses Yop expression but has no impact on the regulation of secretion
(255). Upon the secretion of YopN, LcrQ is secreted as well presumably relieving
the block on Yop expression. This mechanism can also explain the deregulated
expression observed in the ΔyopN mutant seen under non-inducing conditions.
As YopN secretion is known to be followed by induction of Yop expression and
activation of secretion (104), we also analyzed this in the wt strain YPII/pIB102
(Paper 1, Figure 2B and C). YopH, the effector protein that has been shown to be
required during early infection, was expressed and secreted at detectable levels
around 5 minutes after activation (Ca+2 depletion) and both expression and
secretion of YopH dramatically increased around 15 minutes after activation.
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Expression and secretion of the translocator YopD and the effector YopE both
reached detectable levels 15 minutes after induction, whereas the translocators
YopB and LcrV were detected 30 minutes after induction.
Considering the requirement of early translocation of YopH during infection
(99, 328), presumably all translocators are expressed and secreted at the earlier
time points despite being below the limits of our detection levels. It is also
known that the levels of YopB required for functional translocation are very low
(99). In addition, previous studies showed that the detectable levels of the yopE
transcript were not reached until 45 minutes after the temperature shift in
inducing media (107). This is longer than the 15 minutes where we detected
YopE expression. Importantly, in an actual oral route of infection the bacteria
directly encounter temperature shift. However, the induction of the T3SS would
be expected to occur only after host cell contact. These conditions are likely to
be better mimicked in our experiment and we believe 15 minutes is a better
representation of the required time to acquire detectable YopE levels.
In the ‘2-step model’ for translocation by the T3SS, Yops first localize at the
bacterial surface from where they are released upon target cell contact and the
translocators somehow direct the effectors into the host cells (96). We wanted to
analyze how quickly YopH was released from bacterial surface after a shift into
inducing conditions. The experiment was designed in the same way with
activation by Ca+2 depletion and a final sample taken 1 h after induction.
Bacteria were fixed onto the cover slides, immunostained using anti-HA
antibodies and analyzed by fluorescence microscopy. Surprisingly, the YopH
levels on the bacterial surface increased over time with a major increase around
15 minutes. The exposure time required to detect YopH-HA on the surface was
10 times shorter in the 15 minute-sample compared to 0- and 5-minute samples.
In addition, the ΔyscF mutant, that is unable to secrete Yops, did not show any
surface staining even after 1 h induction (Paper 1, Figure 3A). An explanation to
these findings might be the absence of target cells in the experimental setup. We
probably can rule out that the increasing levels of secreted YopH-HA somehow
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results in the aggregation of proteins on the bacterial surface since an oversecreting ΔyopN mutant did not show any surface staining (Section 3.2.2).
However, if the signals transmitted to induce the T3SS and to release surface
protein are different and if the latter cannot be mimicked in vitro by Ca+2
depletion, the bacteria would not get the signals to release the proteins and
proteins might accumulate on the surface. Our experimental setup where we
activate the T3SS by depleting Ca+2 from the medium to mimic host cell contact
gave valuable information about the kinetics of induction of expression and
activation of secretion. Therefore it would be of great interest to include host
cells and compare the activation of the system via binding to host cells and Ca+2
depletion and include studies of localization of translocators and effectors at the
bacterial surface during activation and initiation of functional translocation.

3.2. Multiple functions of YopN
Various substrates of the T3SS in Yersinia carry regulatory functions in addition
to their identified function. For example, YopE is not only an effector protein
but also involved in translocation regulation (5). Another example is the
translocator protein YopD which also is involved in transcriptional regulation of
T3SS-related genes (18, 339). In addition, it is intriguing to note that YopD has
also been found to localize inside infected human cells (108). YopN is another
substrate with an established role in regulation of expression and secretion
activation of the T3SS. In addition, YopN has been shown to be translocated
into target cells by the T3SS (72, 116) which raised the question if it also has an
additional function in the Yersinia T3SS. Furthermore, these studies indicated
that YopN’s translocation is not only YopB dependent, but also intra-bacterial
T3SS regulators can influence its translocation (72). Here it is important to note
that (i) YopB is a translocator protein and its localization within the target cell
membrane is required for translocation; and (ii) intra-bacterial regulators are
not secreted and cannot directly influence translocation. Thus, these studies did
not answer one important question: Is YopN translocation regulated like the
other Yop effectors?
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Figure 9. Regulation of YopN translocation by YopK. HeLa cells were infected for 2 h
with indicated strains. Left panel shows immunostaining of infected cell membranes by
Texas Red-conjugated WGA (red), cell nuclei by DAPI (blue) and translocated YopN-HA
with anti-HA antibody (Sigma Aldrich, Now MERCK) followed by Alexa-488-conjugated
secondary antibody (green). In the right panel, a second set of cells were fractionated
and cytosolic proteins of the HeLa cells were precipitated. The samples were analyzed
by western-blot using anti-HA antibody. Reprinted with permission from Sofie
Ekestubbe ISBN 978-91-7601-639-8.
In Yersinia, YopK is a negative regulator of translocation and translocation of all
known effectors is enhanced in a ΔyopK background (136). To verify if YopK has
a similar role in YopN translocation, we infected HeLa cells with a strain
expressing YopN-HA from an expression plasmid in either wt or a ΔyopK
background. As can be seen in Figure 9, deletion of the yopK gene resulted in
enhanced translocation of YopN (Ekestubbe, unpublished data). This verified
that Yersinia YopN translocation is regulated in a similar way as the other Yop
effectors. This gives support to the idea that YopN may have an additional
function inside the host cell.

3.2.1. Lack of secretion hierarchy in Yersinia spp.
Although the exact molecular mechanism is not known, YopN and its homologs
in other T3SSs of other pathogens are all involved in T3SS regulation albeit
acting at different levels. InvE of Salmonella SPI-1 and SepL of E. coli are
required for the secretion of the translocators (168, 227). In Shigella, MxiC is
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not required for translocator secretion but its absence results in delayed
secretion of translocators (57). In all these organisms, effector secretion is
induced or up-regulated when genes encoding the YopN homologs are mutated
or deleted (44, 81, 168). Based on these findings, the YopN family of proteins
has been suggested to be part of a sorting platform that discriminates between
translocators and effectors and thereby establishes a secretion hierarchy (174).
According to the secretion hierarchy model, substrate secretion occurs at 3
levels; early substrates required for secretion of other substrates are secreted
first and they are followed by secretion of the translocators and finally the
effectors.
As expected a non-polar ΔyopN mutant, verified to have no effect on the
expression of the overlapping downstream tyeA gene, expressed and secreted
high levels of T3SS substrates under both inducing and non-inducing conditions
(Paper 1, Figure 2). To specifically address the translocator secretion, we
analyzed YopB and YopD secretion by western blot. Unlike in Salmonella and E.
coli, in Yersinia, deletion of the yopN gene did not result in supressed secretion
of the hydrophobic translocators. YopB and YopD secretion levels were high and
similar not only under inducing conditions but also under non-inducing
conditions (Paper 2, Figure 5). These results are in line with previous findings
showing that the hydrophilic translocator LcrV was also secreted in a ΔyopN
mutant (73, 148). To ensure that the loss of YopN had no impact on kinetics of
translocator secretion similar to the Shigella homologue MxiC, we also
monitored YopB/YopD secretion within the first 30 minutes after induction. As
early as 15 minutes after induction, both YopB and YopD were secreted at higher
levels compared to the wt strain (Paper 2, Figure 6). These data are in
accordance with the earlier studies where it was shown that a ΔyopN mutant
was able to translocate effector proteins into infected host cells in vitro, a
process that strictly requires secreted translocator proteins (104). Taken
together, these results show that in the Yersinia T3SS, YopN does not
discriminate between translocator and effector proteins and the hierarchy
identified in other T3SSs via a proposed sorting platform does not appear to
exist in Yersinia.
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3.2.2. YopH surface localization
conditions requires YopN

under

non-inducing

The effectors YopE, YopH and the translocator YopD have all been shown to
localize to the bacterial surface under non-inducing conditions (8, 225). In
addition, surface localized YopH has been shown to be translocated into target
cells in a T3SS dependent manner (8). ΔyopN mutant strains are ‘calcium
blind’, i.e. they cannot sense the Ca+2 concentration in the environment and the
T3SS is constitutively active at 37°C regardless of Ca+2 concentration or target
cell binding. In other words, at this temperature the ΔyopN mutant acts as it is
constantly under inducing conditions for Yop expression and secretion (106,
337). Therefore, we decided to analyze how well a ΔyopN mutant represents
inducing conditions when grown in non-inducing conditions (Paper 1, Figure 1).
We grew the strains expressing YopH-HA at 37°C under non-inducing
conditions for 2 h. The samples were fixed on cover slides, immunostained by
anti-HA antibodies and analyzed by fluorescence microscopy. As expected,
YopH was detected at the bacterial surface of the wt strain under non-inducing
conditions. On the other hand, the ΔyopN mutant showed essentially no surface
localization of YopH and most of the bacteria were similar to secretion negative
control, the ΔyscF mutant. Importantly, we verified that YopH-HA was
expressed at similar levels in all 3 different strain backgrounds. These results
suggest another role of YopN, namely to be required for the surface localization
of Yops. One possible mechanism is that YopN directly interacts with secreted
proteins and guide them to the surface. Another possible explanation is that
YopN is involved in the signal transduction cascade that results in the release of
Yops from the bacterial surface and when YopN is missing, Yops no longer can
bind to the surface. Key to understanding the potential function of YopN in the
surface localization of the Yops prior to activation will be to study the
localization of YopN during these conditions. Is YopN also present on the
bacterial surface in low amounts under non-inducing conditions as it was
previously suggested (106)?
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3.2.3. The central region of YopN is dispensable for T3SS
regulation
Although regulation of T3SS in some way is common to all YopN homologs that
are identified, the secretion of YopN homologs themselves vary. For example
InvE and SepL are not secreted (167, 168); whereas MxiC and YopN are secreted
by the T3SA (44, 106). Importantly, in Yersinia and Shigella, the secretion of
YopN and MxiC are also connected to activation of the T3SS. In both species,
secretion of substrates follows the secretion of YopN and MxiC (44, 104, 199). In
this way induction and regulation of secretion is tightly regulated in both
species.
In Yersinia, regulation of YopN secretion depends on TyeA which binds amino
acids 212-222 and 248-293 and the chaperones SycN and YscB that bind within
the C-terminal 76 amino acids (144, 282). This leaves a large central region (CR)
between these binding sites that is essentially uncharacterized and without any
known function. Thus, we hypothesized that, if YopN has any function other
than that in regulation, it might involve the CR (Papers 2 and 3). We first
wanted to rule out that the CR of YopN had any function in the regulation of
T3SS. Therefore, we constructed 3 different deletions within the CR of YopN:
yopNΔ76-181, yopNΔ131-167 and yopNΔ170-207 and expressed them from the arabinose
inducible promoter of the pBAD24 plasmid in a ΔyopN background (Paper 2,
Figure 1). These regions were selected according to published 3D-structure of
YopN (282) and predicted to have limited impact on the overall YopN structure.
We also included wt YopN expressed from the same plasmid as a control.
We next analyzed the impact of these deletions on the regulation of the T3SS.
Out of the three mutants, YopNΔ170-207 was the most deregulated. Expression
and secretion levels were similar to wt YopN under inducing conditions.
However, there was also some Yop secretion under non-inducing conditions.
Therefore, we concluded that YopNΔ170-207 could not fully suppress Yop secretion
under non-inducing conditions (Paper 2, Figures 2-4). It is not very surprising
that this mutant was partly deregulated since the deleted region included a
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small part of TBD. Thus, the deletion might influence the complex formation
between TyeA and YopN that in turn resulted in the deregulated phenotype.
The second mutant, YopNΔ131-167, was not as deregulated as YopNΔ170-207, but still
not as tightly regulated as the wt. Both expression and secretion of YopNΔ131-167
were similar to wt YopN (Paper 2, Figure 3). However, YopNΔ131-167 could not
completely block Yop secretion under non-inducing conditions (Paper 2,
Figures 2 and 4).
The third mutant, YopNΔ76-181, was also expressed at comparable levels to wt
whereas the secreted YopNΔ76-181 levels were lower compared to wt and the other
mutants (Paper 2, Figure 3). Importantly, YopNΔ76-181 could still efficiently block
Yop secretion under non-inducing conditions and the Yop secretion levels were
similar to wt under inducing conditions (Paper 2, Figures 2 and 4). We do not
know if the lower level of extracellular YopNΔ76-181 was the result of a problem
with its secretion or if it was less stable outside bacteria. Thinking that YopN
blocks secretion intra-bacterially (144), non-secreted YopNΔ76-181 would be
expected to suppress the secretion of other substrates under inducing
conditions. However, in YopNΔ76-181 expressing strain Yop substrates are secreted
as wt hinting that YopNΔ76-181 is secreted but less stable outside the bacteria.
Here, it is important to note that all YopN variants functioned in the general
induction of T3SS. Although the secretion block under non-inducing conditions
was impaired at different levels, all the strains expressing the different YopN
variants secreted significantly more Yops under inducing conditions (Paper 2,
Figure 2). This means that all the YopN variants could sense induction signals
and regulate the T3SS accordingly. These findings are very important as we now
can establish for the first time that the CR of YopN is dispensable for regulation
and activation of the T3SS. One consequence of this finding is that it opens up
for new studies addressing any additional role involving the CR.
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3.2.4. YopN is required for efficient early translocation of
YopE and YopH
YopE is one of the two major effectors translocated by the Yersinia T3SS. Its
activity within the target cell leads to disruption of the actin cytoskeleton and
thereby causes rounding of the infected cells, which can easily be tracked
directly by light microscopy (263, 265). When we infected HeLa cells with
Yersinia expressing wt YopN or the deletion variants at multiplicity of infection
(MOI) of 2:1 (bacteria per cell), all mutants caused delayed rounding of the
HeLa cells. Out of the three mutants, the strain expressing YopNΔ76-181 was most
delayed and complete cell rounding was not evident even after 4 hours of
infection whereas wt and the ΔyopN mutant strain caused rounding of all
infected cells already after 1 hour of infection (Paper 2, data not shown).
In order to determine if this effect was general and if the translocation of
another major effector, YopH, was also affected, we introduced the YopN
variants into a strain expressing YopH6-99-Bla (YopH-Bla) in a ΔyopN
background and infected HeLa cells with these strains with a MOI of 20:1 for 30
minutes. Using the beta lactamase reporter assay we measured blue
(translocated) and green (non-translocated) signals and calculated the
translocation levels as blue:green ratio. As expected, the ΔyopN mutant
translocated even more YopH than the wt strain. This is likely the result of preprepared pool of translocators and effectors already expressed prior to host cell
contact. Therefore, at the initiation of the infection, the already expressed
proteins before host cell contact could be directly translocated into HeLa cells.
The strain expressing YopNΔ170-207 translocated similar levels of YopH-Bla as
ΔyopN. It is important to state that this strain was leaky in Yop expression and
secretion under non-inducing conditions. Thus, we believe that, similar to the
ΔyopN mutant, the high level of YopH-translocation in this mutant is caused by
the leaky phenotype. The less leaky YopNΔ131-167 expressing strain translocated
similar amount of YopH with wt and wt YopN complementation strains.
Importantly, the strain expressing YopNΔ76-181, which was regulated as tightly as
the wt in Yop expression and secretion, translocated significantly lower levels of
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YopH-Bla compared to the wt and the wt YopN complementation. This
suggested that YopN actually has a role in promoting efficient effector
translocation somehow mediated by the CR (Paper 2, Figure 7). Importantly, we
could hereby differentiate this role from YopN’s role in regulation. Both in
Salmonella and E. coli, YopN homologs InvE and SepL respectively have been
shown to be involved in translocation (168, 227). However, in these cases the
effect is indirect since the ΔinvE and ΔsepL mutants are unable to secrete the
translocators. Importantly, our findings support that YopN could have a more
direct role in translocation.
One key point to consider regarding the role of YopN in effector translocation
was that the secreted level of YopNΔ76-181 was lower compared to the wt YopN.
This in turn could at least in part be the reason for the less efficient
translocation. In the translocation assays, expression of the different YopN
variants was induced by adding 0.2 % arabinose. This high level of arabinose
was critical for YopNΔ76-181 to regulate the T3SS since lower levels of arabinose
resulted in deregulation of the system (Bamyaci, unpublished data). Therefore,
we induced expression of wt YopN using lower arabinose levels and found that
addition of 0.03 % arabinose resulted in similar exported levels of wt YopN to
fully induced YopNΔ76-181 (0.2 % arabinose) (Paper 2, Figure 8A). The YopN
levels expressed using this low arabinose concentration were still sufficient to
restore T3SS regulation of a ΔyopN mutant (Paper 2, data not shown). In
addition, when wt YopN expression was induced by 0.03 % arabinose during
HeLa cell infection, it translocated not only YopH-Bla but also YopE6-86-Bla
(YopE-Bla) at similar levels to when its expression was induced by 0.2 %
arabinose and significantly more than YopNΔ76-181 where expression was induced
by 0.2 % arabinose (Paper 2, Figure 8B and C). This confirms that the less
efficient translocation seen for the YopNΔ76-181 expressing strain was not a result
of lower levels of exported YopNΔ76-181. Another possible reason for the less
efficient translocation is that the deletion of aa 76-181 disrupted the overall
structure of YopN and that this resulted in a physical block of translocation. To
address this issue, we expressed wt YopN and YopNΔ76-181 from pBAD24 plasmid
in a wt YopN (YopN+) background. We hypothesized that if YopNΔ76-181 acts by
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physically blocking translocation, then the phenotype of the mutant protein
should be dominant when expressed concomitant with the wt YopN. On the
other hand, if the less efficient translocation in the YopNΔ76-181 expressing strain
is linked directly to loss of the CR, than wt YopN should restore the mutant
protein’s effect to wt phenotype. When we infected HeLa cells, expression of
YopNΔ76-181 had no impact on translocation levels in YopN+ background. This
argues against that the impact on translocation is due to a physical block of the
translocation channel (Paper 2, Figure 8D) and suggests a direct role for CR of
YopN in promoting efficient early translocation of YopH and YopE.
While it was convenient to perform the initial studies expressing the YopN
variants in trans in a ΔyopN mutant background, our plan was to introduce the
most interesting mutations in cis on the virulence plasmid. However, to our
disappointment, when we introduced yopNΔ76-181 mutation in cis on the
virulence plasmid of Y. pseudotuberculosis, Yop expression was deregulated at
37°C (Paper 3, data not shown). The most likely explanation is that the levels of
YopNΔ76-181, when expressed from the native promoter, were lower compared to
when expressed from pBAD24 plasmid and too low to facilitate regulation of the
Yop expression and secretion. Therefore, we needed to find a way to design
YopN mutants with retained regulatory function when expressed from the
native promoter in cis. When we made an in silico analysis of the CR of YopN,
we could identify three putative coiled coil domains (CCDs) located between
amino acids 65-100. In addition, the published crystal structure of YopN also
identified an α-helix that covered two of the three putative CCDs. Combining
these, we decided to disrupt the CCD between aa 80-86. We used two different
methods to achieve this. In the first approach we mutated the charged amino
acids Asp-82 and Glu-84 into Ala and the critical hydrophobic residues Val-80
and Val 83 into Gly (YopNGAGA), Arg (YopNRARA) or Ser (YopNSASA). In the
second method, the Val-83 residue was substituted by Pro (YopNV83P). All these
mutations were predicted to disrupt the CCD (Paper 3, Figure 1). All the mutant
variants were expressed and secreted at similar levels as wt YopN with fully
retained regulatory function. (Paper 3, Figure 2A-D). In addition, similar to
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YopNΔ76-181, the strains expressing these proteins from the pBAD plasmid were
all impaired for YopH translocation into HeLa cells (Paper 3, Figure 2E).
Of the substitution variants, yopNGAGA and yopNRARA were chosen to be
introduced in cis on the virulence plasmid of Y. pseudotuberculosis. The
resulting strains were similar to wt in their ability to block the T3SS under noninducing conditions as well as removing the block after switching into inducing
conditions (Paper 3, Figure 4). In order to study the impact of YopNGAGA on
effector translocation, yopH-bla and yopE-bla gene fusions were introduced
into the strain expressing YopNGAGA in cis from the virulence plasmid. Both
YopH and YopE were translocated at significantly lower levels by yopNGAGA
compared to the wt strain (Paper 3, Figure 5). Similar to the studies of YopNΔ76181

(Paper 2), the impact on YopE translocation was bigger than on YopH

translocation.

3.2.5. YopN central
translocation

region

is

required

for

YopN

For more than a decade, it has been known that YopN is translocated into host
cells by the T3SS (72, 116). Therefore, we tested if the YopN variants were also
translocated. We constructed Bla fusions of full length YopN, YopNΔ76-181 and
the substitution variants (YopN-Bla). When we infected HeLa cells and
measured the YopN translocation using the Beta-lactamase assay, wt YopN-Bla
was found to be translocated. Surprisingly, translocation levels of the mutants
were very low and comparable to the levels of a translocation negative ΔyopB
mutant expressing wt YopN-Bla (Paper 3, Figure 3). This means that the CR is
important not only for the translocation efficiency of effectors but also YopN’s
own translocation. One interpretation of these findings is that YopN, similar to
YopK and YopE, exerts its function in translocation from inside the host cell and
that mutations that result in the loss of intracellular targeting of YopN therefore
also has an impact on translocation of all Yops. However, at this point we do
not know if these two events are connected.
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3.2.6. YopN-YopD interaction
My work suggests multiple functions for YopN including being required for
surface localization of YopH under non-inducing conditions and the role of the
YopN-CR with the putative coiled-coil domain in efficient Yop translocation as
well as YopN’s own translocation. These findings suggest that YopN might
interact with other Yops such as the translocators. Therefore we attempted to
co-purify secreted Yops with YopN-HA from the supernatant of a culture grown
under inducing conditions. First, we confirmed a specific binding of YopN-HA
to magnetic beads coated with anti-HA antibodies that we used for immunoprecipitation (Paper 1. Figure 4A). When we analyzed the Yops in the same
samples by Western blot, we found that YopD was co-purified with YopN (Paper
1, Figure 4B). In line with this, when we repeated the assay using a ΔyopD
mutant, we did not detect any binding further confirming that YopN interacts
with YopD (Paper 1, Figure 4C).

3.2.7. Possible targets of YopN inside the host cell
Although YopN is known to be translocated into the target cells, no function for
YopN inside the target cell has been assigned or suggested. To my knowledge,
the only published effort to attain an effector function to YopN was done by
Huang et. al. (139). In that study, they expressed YopN and its homolog in
Chlamydia, CopN, in yeast cells. While CopN expression gave a phenotype and
resulted in cell cycle arrest possibly via altering cytoskeleton, YopN expression
could not be linked to any phenotype or toxic activity (139).
Our results suggested that YopN has a direct role in translocation and it is
inevitable to think that YopN’s role within the host cell might be related to this
role. We also showed that the YopN variants were not translocated. However,
we do not have any indication that the inability to translocate YopN mutants is
directly related to the YopN variants’ lack of efficiency in Yop effector
translocation. Therefore, we initiated a yeast-two-hybrid (Y2H) screen to see if
we could identify any possible targets for YopN within the host cell that could
lead us to either an effector function or a role in translocation regulation. To
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cover the entire genome of a potential target cell for Y. pseudotuberculosis, we
used ULTImate Y2H screen by Hybrigenics Services, France. In short, we sent
amplified yopN gene together with its sequence to Hybrigenics Services that
generated fusion of the yopN gene to the lexA gene in the pB29 plasmid to be
used as bait in the screening. As prey we chose a cDNA library obtained from
activated human leukocytes cloned into the pB6 plasmid. Hybrigenics Services
stated that they their tests did not show any toxic activity of YopN towards the
yeast cells. The company performed the initial Y2H screening and delivered the
obtained potential hits. From the hits provided, we chose two proteins,
Heterogenous nuclear ribonucleoprotein U-like 2 (hnRNPUL2) and SH3
domain binding protein 1 (SH3BP1, Exo70) to be tested further. In order to
characterize the binding domain of YopN to these proteins, in addition to full
length yopN, we fused yopN76-181, yopNΔ76-181, yopN1-181, yopN76-293, yopNRARA,
yopNSASA and yopNVP to lexA gene in pB29 plasmid (Figure 10A) and performed
the β-Galactosidase assay of the Yeast β-Galactosidase Assay Kit (Thermo
Scientific) according to the manufacturers’ protocol to test their binding to
hnRNPUL2 and SH3BP1. As seen in Figure 10B, the strongest binding of both
putative target proteins was obtained from full length YopN. Significant binding
was also seen for YopN1-181; however, these interactions were weaker than the
interactions with full length YopN.
Interestingly, none of the other YopN variants, including YopNΔ76-181 and
YopN76-181, could bind to the putative target proteins. Similar results were
obtained when the yeast expressing the prey and a bait were grown on selective
media (data not shown). hnRNPUL1 is a nuclear targeted protein and was first
found to be involved in RNA metabolism and export (27, 111). Later research
also identified its importance in double stranded DNA break signaling and
repair (244).
Exo70 (or SH3BP1) is an SH3 domain binding protein and is also a component
of exocyst which is important for spatial and temporal control of exocytosis.
One established role of Exo70 is tethering the secretory vesicles to plasma
membrane via its ability to bind to inner leaflet of plasma membrane (128, 188).
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Figure 10. Characterization of YopN interaction with host proteins. (A) YopN variants
used to characterize the YopN interaction with host proteins. (B) Depending on the
results we received from Hybrigenics Services, we characterized the interaction of
YopN with two of the putative targets, hnRNPUL2 and SH3BP1. We have repeated the
yeast-2-hybrid assay by using different YopN variants as baits. Shown are one
representative experiment for each assay.

In addition, Exo70 has a role in cell migration by inducing actin branching
which, in turn, pushes the plasma membrane (187).
Although its function makes hnRNPUL2 less likely to be a biological target for
YopN, the roles of Exo70 project a possible target for YopN. However, since the
same domain of YopN (YopN1-181) binds to both proteins, this might suggest a
promiscuous structure of this domain that results in the detected bindings
instead of a specific interaction. More experiments needs to be performed to test
the specificity of these interactions to get support for any implications of the
interactions for infection.

3.2.8. Lack of efficient translocation results in increased
phagocytosis of Yersinia pseudotuberculosis by
macrophages
Pathogenic Yersinia spp. are mainly extracellular during infection and their
virulence strategy involving the T3SS, aim to prevent bacterial uptake. Thus, to
test if the inefficient translocation of YopE and YopH had any impact on
phagocytosis inhibition, we infected J774 macrophages with the strains
expressing YopN CR deletion variants to determine their uptake within the first
30 minutes of infection. As expected YopNΔ131-167 and YopNΔ170-207 expressing
strains were somewhat resistant to phagocytosis although not as resistant as the
wt strain. However, YopNΔ76-181 expressing strain was phagocytosed to almost
the same extent as a ΔlcrV mutant which recently was shown to be avirulent in a
mouse infection (Paper 2, Figure 9) (99). This showed that the inefficient
translocation of effectors within the first 30 minutes of infection also resulted in
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significant loss of phagocytosis resistance. This finding is very significant as
phagocytosis inhibition is really crucial for the ability of Yersinia to establish in
vivo infection.

3.2.9. The putative coiled-coil domain within the YopN-CR
is necessary to establish a systemic infection in vivo
Since YopNGAGA was stably expressed in cis and showed wt regulation of the
T3SS but was unable to support efficient translocation, we decided to evaluate
the impact of the mutation in the systemic mouse infection model.
YopE and YopH are major effector proteins of the Yersinia T3SS and a mutant
that lacks either protein cannot establish a systemic infection in mouse (191,
307). Therefore, we hypothesized that the yopNGAGA strain, which was unable to
translocate YopE and YopH efficiently within the first 30 minutes of a HeLa cell
infection, would also be unable to establish a systemic infection. We therefore
introduced the yopNGAGA gene into the Xen4 strain that expresses luciferase
activity from the virulence plasmid and that can be readily tracked in real time
during infection using the In vivo Imaging System (IVIS).
In the oral infection route, Y. pseudotuberculosis first reaches to intestine and
PPs (60, 145, 146, 183). From here the bacteria disseminate to MLNs and later
to spleen and liver to establish systemic infection (251, 312). We infected groups
of mice with either wt or yopNGAGA Xen4 strains via oral route by adding
bacteria into sterilized drinking water. On average, each mouse consumed 3.8 x
108 wt Xen4 or 4.4 x 108 Xen4 yopNGAGA. At day 3 post infection (p.i.), intestines,
MLNs, livers and spleens of 2 sacrificed mice, one infected with Xen4 wt and the
other with Xen4 yopNGAGA, were examined by IVIS. Both strains were able to
establish infection by colonizing in intestines and PPs. Unlike Xen4 yopNGAGA,
wt Xen4 had already disseminated to MLNs at high numbers and to liver and
spleen at low numbers. This showed that wt strain started to spread systemically
as early as 3 days p.i. At day 5 p.i., the levels of both strains in the intestines of
the sacrificed mice were lower. The wt Xen4 strain established systemic
infection with increasing numbers in both spleen and liver. Despite increasing
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in numbers in MLNs, the mutant strain showed lower numbers in spleen and
liver compared to wt Xen4. At this day, the mobility of all mice infected with wt
Xen4 was very low and their weight loss reached a critical level. Together, these
were symptoms of a severe infection and all mice infected with wt Xen4 were
therefore sacrificed. We continued to monitor mice infected with the Xen4
yopNGAGA strain. At day 8 p.i., the numbers of Xen4 yopNGAGA increased slightly
in MLNs. On the other hand, its numbers in liver and spleen were lower
compared to day 5 p.i. This means that the mutant strain was not able to remain
systemic and the mouse started to clear the infection. At day 16 p.i., the mouse
infected with Xen4 yopNGAGA had cleared the infection and only showed
background level signals (Paper 3, Figure 6). Taken together, these data show
that the yopNGAGA mutant that could neither efficiently translocate the major
effectors nor promote its own translocation also failed to establish a systemic
infection and was finally cleared by the host.
All in all, my work shows that YopN CR has a direct role in establishing a
systemic infection in the host by promoting efficient translocation of YopE and
YopH into target cells. We also attempted to test translocation of YopJ and
YpkA in the same yopN substitution mutant backgrounds but the translocated
levels of these two effector proteins were below the level of detection of the
system we used even in a wt strain. Very importantly, the direct function of
YopN translocation and virulence is independent of the role of YopN in T3SS
regulation.
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4. Main findings
•

YopN is secreted rapidly after switching into T3SS inducing conditions.

•

Yops are expressed and secreted rapidly after Ca+2 depletion and YopH
appears to be secreted first.

•

In contrast to most other T3SSs, in Yersinia there is no YopN
dependent secretion hierarchy facilitating translocator secretion prior
to effector secretion.

•

YopN is required for the localization of YopH at the bacterial surface
under non-inducing conditions.

•

The central region of YopN spanning amino acids 76-181, is dispensable
for the regulatory function of YopN in T3SS.

•

A yopN mutant lacking amino acids 76-181 is impaired for translocation
of YopE and YopH virulence effectors.

•

Disruption of a putative coiled-coil domain localized at the N-terminal
part of the central region is also dispensable for T3SS regulation and is
also impaired for YopE and YopH translocation.

•

The putative coiled-coil domain located within the central region of
YopN is required for the T3SS dependent translocation of YopN into the
target cells.

•

The interaction between YopN and YopD might be involved in the role
of YopN in translocation and/or Yop localization at the bacterial surface
under non-inducing conditions.

•

The central region of YopN is required for blocking uptake by
macrophages.

•

The impaired translocation of effectors within the first 30 minutes of
infection is detrimental for the ability of Yersinia to establish in vivo
infection.
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5. Future Perspectives
The questions about YopN resolved in this thesis are just the tip of the iceberg to
understand the role of this understudied protein of the Yersinia T3SS. Although
we have verified and suggested multiple roles for YopN from regulation of the
T3SS to in vivo infection, we do not know much about the molecular
mechanisms. Thus, future experiments on YopN should focus on YopN function
at a molecular level.
One very significant and novel finding is that we have established a role for
YopN in effector translocation. It remains to be shown if YopN supports effector
translocation from inside the host cell or acts extracellularly. The YopN
substitution mutants’ inability to be translocated could support the idea that
YopN impacts translocation from inside the host cell. One way to better
understand this could be to clone YopN variants into eukaryotic expression
vectors and introduce these clones into different cell lines. Infection of these
cells with strains expressing different YopN variants could then help us to
understand how YopN acts during translocation. It is important to note that
YopK and YopE are two proteins translocated by the Yersinia T3SS and both are
involved in translocation regulation. Therefore, these cell lines might also be
useful to reveal if YopN interacts with any of these proteins inside the infected
host cell.
Even though we could not verify the significance of the initial findings, our data
suggests that YopN has two potential targets inside the host cells. Cell lines
expressing the different YopN variants could be helpful to confirm these
interactions inside eukaryotic cells. The impact of expressing YopN variants
could possibly be supported by biochemical assays to detect any impact or
function of these target proteins and how YopN impacts these functions.
Another significant finding in this thesis is the interaction between YopN and
YopD. A follow up of these findings should certainly include the characterization
of this interaction. A possible binding domain of YopN would be expected to be
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the CR. However, our initial studies suggest that the CR is not involved in this
interaction. Another strong candidate for the interaction is the YopN C-terminal
region. Different from most of their homologs in other pathogens, YopN and
TyeA are expressed as two distinct proteins instead of a single fusion protein
and the YopN-TyeA interaction is clearly important for the regulatory role of
YopN. So far, no explanation has been suggested for the evolutionary
advantages and/or disadvantages of this difference. If YopN-YopD interaction
occurs via YopN C-terminal, YopN-TyeA interaction inside the bacteria could
prevent or affect this binding. However, since the YopN-YopD interaction would
be significant for the virulence of Yersinia, the separation of YopN and TyeA
into two proteins could be advantageous for the bacteria. In addition, further
optimization of co-immuno-precipitation experiments would be useful to see if
YopN can interact with any other protein in the supernatant.
The T3SSs of Yersinia and Pseudomonas belong to the same sub-family. In line
with this the homologs of YopN and TyeA, PopN and Pcr1 respectively, are
expressed as two independent ORFs in Pseudomonas. Interestingly, PopN also
encodes a putative coiled-coil domain located at the corresponding part of the
protein with the one we mutated in our assays. It would be very interesting to
see if PopN has similar additional roles as YopN has on the pathogenicity of
Pseudomonas.

64

6. Acknowledgements
Initial note: It will never be enough to write what I feel, so take the square of
everything I have written to understand how grateful I am.
Åke, thank you so much for letting me to be me. You have always been there
when I needed, even in your off days. Your interest in the projects made me
more interested in them, I felt there was something hidden behind them that I
could not see. Now I know where they all were hiding. Thanks for seeing science
as something fun as much as a job, it is contagious and I got infected, as well.
And finally, thanks for understanding that there are both black and white days
and being patient and supportive when they are black. I am very glad that I have
had my PhD experience in your group.
To Roland Rosqvist, after all the years I hope that I have reached to the point
where you would have wanted me to be. Rest in peace….
To all my past supervisors during my education, Debbie, Vicky and Alper
Hoca, I have learnt different parts of science from each one of you and they
helped me a lot during my PhD.
Thank you so much Ümmehan in the very beginning for letting me know that
there is a new position coming up in the group. When I first move to Umeå you
were my teacher and during the years you became a colleague and more
importantly a friend. I will miss all our talks, some full of sense, most
completely nonsense. Sofie, thank you for all the techniques you taught me.
Your special angle of looking at the picture helped the projects to grow so much.
I hope everything in your life will be perfektooo. Roland N. sometimes I think
what you will do without science now as a retired man. You have always been
open not only to discuss my momentary ideas (and mostly sank them within the
first minute hehe) but also for helping me to understand what those weird
results mean. Thanks for your endless enthusiasm for science. Francesco, all
those Asian fruits, Italian desserts were amazing. But the better part was those
talks we mostly started on a real subject and somehow ended somewhere far far
away. Tuğrul, our dedicated discussions were so fun, hard to believe it has been
4 years since you had gone back to Turkey. Yngve, thank you for all the help
when I was trying to get used to my new life in the lab as a fresh PhD student.
Additional thanks to; Richard, for accepting to be my co-supervisor and
important inputs to my projects after my seminars; Linda, as well, for
accepting to be my co-supervisor and quick answers when I had questions;
Saskia, your help in the technical part of the first YopN paper and the amazing
proofreading you made was sooo helpful. Also, at least as much as them, many
thanks for all the beerless and beerly long conversation we had. Good luck in
your new life as a PI; Tomas, thanks for all the ideas you constantly create and
your help with the paper; Anna for the invaluable help after my seminars; Matt
for helping us through confusions, strains and ideas in the YopN work; Maria,
65

your enthusiasm on science has always been inspiring; all current and past
members for Grps HWW, MFä, AFa, VSh, MFr, PLn and TFr, the
invaluable suggestions, questions and discussions helped a lot to reach this
point.
Kemal, you have always been there to help, answer questions about anything,
to laugh and to bullshit. They have all been unforgettable. Frederic and
Hande, thanks for the funny talks that always ended up with huge laughter.
Helen thanks for being such a nice office mate. Tony, those long nights with
beer discussing whatever we could think of were fun, thanks for all. Hasan,
discovering your way of life was interesting, thanks for the geekiest talks of my
entire life. Niko your perfectionism made many of my days. Thanks for your
endless interest in everything I have told you. One of my first friends in Umeå
Lisa, your huger than huge smile, corridor dances, hugs and all the fun during
Masters’ were all amazing. Akbar, the king of being positive, thanks for all the
talks, beers, encouragements. Nelson, thanks for constantly honest thoughts
and ideas. Thank you all Carlos, Ievgen, Steffi, Christer, Marcus, Henrik,
Salah, Anne-Laure, Anna K., Alena, Margarida, Teresa, Christian,
Nayyer, Pedro, Firoj, Susanne, Sveta, and Marie-Line for the small talks
we had here and there all these years. Everyone who ran the dear old beer
corner, thanks for the battle and everyone who had spent some time
there, thanks for the nice Friday nights.
Many thanks Ulrich for answering all the questions and solving the problems.
Thanks to Ethel, Maria, Patrik, Selma, Malin, Jannike, Lina and Annika
for doing the administrative work without going crazy (I hope). Eva-Maria, all
those events you ran around for were perfect. Thank you Johnny for the orders
and answering the questions of a confused PhD student about them, Mikael for
tones of practical stuff done in the best way, everyone in the media
department for making our lab lives much easier and Marinella for the big
fight to make the building the shiniest.
Erik, it is hard to write something to you. Beers, talks about music until the
morning, the Roskilde weeks, patiently helping me to get higher when I was
closer to the ground, telling me what I need to hear instead of I want to, black
humor….. Basically everything, they have been incredible. Mats, thanks for all
the nice people, places and fun. Umeå has never been the same after you moved
south. Peter, the party & dance mate… These years have been so so so fun. The
pre- after- parties in your flat, letting me pass out on the sofa countless times
when I was drunk enough, listening everything without judging. Thank you,
thank you. I hope I can be as good as you in doing the things I plan one day.
Jeanette, the stock of countless numbers of sparkling wine. Thank you for
opening me both your homes, long talks until the morning, great days with
Morgan, cats, sheep and chickens in Varmvattnet.
Umeå’nun Türkleri Orçun, Işıl, Gizem, Levent, Çağatay, Dinçer ve Cenk
planlı plansız beraber geçirdiğimiz anlar – genellikle saçmaladıklarımız – çok

66

eğlenceliydi. Umeå’yu düşündüğümde hatırlayacağım anların bir çoğunda siz
olacaksınız.
Türkiye’nin Türkleri Kemal, Berçin, Rana, Erdem, Civan, Giray, Rahmi,
Bacom, Kerem, Yaman, Berna, Yurdanur, Kuz-En ve Selin (isimleriniz
önce yaş haddine göre gruplara ayrılıp sonra kura çekimiyle sıralanmıştır)
birlikte büyüdüğümüz, hayatımın her anını benden daha iyi bildiğiniz, bana
katlandığınız, en çok eğlendiğiniz anları benim uyuyakaldıklarıma denk
getirdiğiniz, 8.5 yıldır hala beni unutmadığınız ama en çok da bugünkü halime
gelmem için benden daha çok uğraştığınız için….. Biliyorum hep oradasınız.
Bamsanbül ahalisi, yazları her cumartesi akşamı hafif bir kulak
çınlamasından sonra iki damla rakı tadı geliyor ağzıma. Bir ilginiz olabilir mi?
Dünya’nın en eğlenceli sülalesi, fevkaladenin fevkinde kalın. Bir de iki tane buz
istirham edebilir miyim?
Erk, önce benim sayemde varsın bunu unutma! Bunu bir not edelim. Şimdi
devam edebiliriz. Kardeşinin çok çok çok yakın bir arkadaşın olması hayatı en
çok kolaylaştıran şey. Beni güldürdün, dinledin, güvendin, tüm sırlarımı
sakladın ve ’Kardeş istiyorum’ diye kafa ütülediğim her anın hakkını verdin.
Anneciğim ve babacığım burada pek inanmalarsa da o sinirli ergen çocuğa
sabırla katlandınız. Sayenizde eve gitmek benim için her zaman en mutlu
olduğum yere geri dönmek oldu. Hiç şikayet etmediniz (en azından yüzüme
karşı hehe), istediğim her şey icin benimle beraber didindiniz, hiç ’ama’
demediniz. İleride durup biz ne yaptık ki diye düşündüğünüz anlarda bu kitap
umarım yaptığınız her şeyin fiziksel kanıtı olarak gözünüze ilişir. Manevi
kanıtlarının hepsi her zaman benim içimde… Babanneciğim, bunu
okuduğunuzda ‘Ben ne yaptım ki, aşkolsun!’ diyeceksiniz. Umarım sadece
benim icin değil beşimiz için de ne kadar çok şey yaptığınızın ve bizim icin ne
kadar önemli olduğunuzun farkındasınızdır. Bu kitabın bir kısmı da sizin.
Buradan oraya bir Barış Manço – Süper Babanne gönderiyorum.
Thank you Stefan and Ingela for making me feel welcome in Övik each time.
Sandra, you have always calmed me down. Never said a word when I was
working at the weekends, coming home late. You were always there hugging me
when I needed it. Today is not only my day, it is our day. Now it is time to do
things we have planned in the past years. I love you!

67

7. References
1.
2.

3.

4.

5.
6.
7.
8.

9.
10.
11.

12.

13.
14.

15.

Abby, S. S., and E. P. Rocha. 2012. The non-flagellar type III secretion system
evolved from the bacterial flagellum and diversified into host-cell adapted systems.
PLoS genetics 8:e1002983.
Abrusci, P., M. Vergara-Irigaray, S. Johnson, M. D. Beeby, D. R.
Hendrixson, P. Roversi, M. E. Friede, J. E. Deane, G. J. Jensen, C. M.
Tang, and S. M. Lea. 2013. Architecture of the major component of the type III
secretion system export apparatus. Nature structural & molecular biology 20:99104.
Achtman, M., K. Zurth, G. Morelli, G. Torrea, A. Guiyoule, and E.
Carniel. 1999. Yersinia pestis, the cause of plague, is a recently emerged clone of
Yersinia pseudotuberculosis. Proceedings of the National Academy of Sciences of the
United States of America 96:14043-14048.
Agrain, C., I. Callebaut, L. Journet, I. Sorg, C. Paroz, L. J. Mota, and G. R.
Cornelis. 2005. Characterization of a Type III secretion substrate specificity switch
(T3S4) domain in YscP from Yersinia enterocolitica. Molecular microbiology 56:5467.
Aili, M., E. L. Isaksson, S. E. Carlsson, H. Wolf-Watz, R. Rosqvist, and M.
S. Francis. 2008. Regulation of Yersinia Yop-effector delivery by translocated
YopE. International journal of medical microbiology : IJMM 298:183-192.
Akeda, Y., and J. E. Galan. 2005. Chaperone release and unfolding of substrates
in type III secretion. Nature 437:911-915.
Akeda, Y., and J. E. Galan. 2004. Genetic analysis of the Salmonella enterica
type III secretion-associated ATPase InvC defines discrete functional domains.
Journal of bacteriology 186:2402-2412.
Akopyan, K., T. Edgren, H. Wang-Edgren, R. Rosqvist, A. Fahlgren, H.
Wolf-Watz, and M. Fallman. 2011. Translocation of surface-localized effectors in
type III secretion. Proceedings of the National Academy of Sciences of the United
States of America 108:1639-1644.
Allan, R. K., and T. Ratajczak. 2011. Versatile TPR domains accommodate
different modes of target protein recognition and function. Cell stress & chaperones
16:353-367.
Allaoui, A., S. Woestyn, C. Sluiters, and G. R. Cornelis. 1994. YscU, a
Yersinia enterocolitica inner membrane protein involved in Yop secretion. Journal of
bacteriology 176:4534-4542.
Allen-Vercoe, E., M. C. Toh, B. Waddell, H. Ho, and R. DeVinney. 2005. A
carboxy-terminal domain of Tir from enterohemorrhagic Escherichia coli O157:H7
(EHEC O157:H7) required for efficient type III secretion. FEMS microbiology letters
243:355-364.
Allen-Vercoe, E., B. Waddell, S. Livingstone, J. Deans, and R. DeVinney.
2006. Enteropathogenic Escherichia coli Tir translocation and pedestal formation
requires membrane cholesterol in the absence of bundle-forming pili. Cellular
microbiology 8:613-624.
Alvarez-Martinez, C. E., and P. J. Christie. 2009. Biological diversity of
prokaryotic type IV secretion systems. Microbiology and molecular biology reviews :
MMBR 73:775-808.
Amer, A. A., T. R. Costa, S. I. Farag, U. Avican, A. Forsberg, and M. S.
Francis. 2013. Genetically engineered frameshifted YopN-TyeA chimeras influence
type III secretion system function in Yersinia pseudotuberculosis. PloS one
8:e77767.
Amer, A. A., J. M. Gurung, T. R. Costa, K. Ruuth, A. V. Zavialov, A.
Forsberg, and M. S. Francis. 2016. YopN and TyeA Hydrophobic Contacts
Required for Regulating Ysc-Yop Type III Secretion Activity by Yersinia
pseudotuberculosis. Frontiers in cellular and infection microbiology 6:66.

68

16.
17.

18.

19.
20.
21.

22.

23.

24.
25.
26.
27.

28.

29.
30.

31.
32.

Amphlett, A. 2016. Far East Scarlet-Like Fever: A Review of the Epidemiology,
Symptomatology, and Role of Superantigenic Toxin: Yersinia pseudotuberculosisDerived Mitogen A. Open forum infectious diseases 3:ofv202.
Anderson, D. M., D. E. Fouts, A. Collmer, and O. Schneewind. 1999.
Reciprocal secretion of proteins by the bacterial type III machines of plant and
animal pathogens suggests universal recognition of mRNA targeting signals.
Proceedings of the National Academy of Sciences of the United States of America
96:12839-12843.
Anderson, D. M., K. S. Ramamurthi, C. Tam, and O. Schneewind. 2002.
YopD and LcrH regulate expression of Yersinia enterocolitica YopQ by a
posttranscriptional mechanism and bind to yopQ RNA. Journal of bacteriology
184:1287-1295.
Anderson, D. M., and O. Schneewind. 1997. A mRNA signal for the type III
secretion of Yop proteins by Yersinia enterocolitica. Science 278:1140-1143.
Anderson, D. M., and O. Schneewind. 1999. Yersinia enterocolitica type III
secretion: an mRNA signal that couples translation and secretion of YopQ. Molecular
microbiology 31:1139-1148.
Andersson, K., N. Carballeira, K. E. Magnusson, C. Persson, O. Stendahl,
H. Wolf-Watz, and M. Fallman. 1996. YopH of Yersinia pseudotuberculosis
interrupts early phosphotyrosine signalling associated with phagocytosis. Molecular
microbiology 20:1057-1069.
Andersson, K., K. E. Magnusson, M. Majeed, O. Stendahl, and M.
Fallman. 1999. Yersinia pseudotuberculosis-induced calcium signaling in
neutrophils is blocked by the virulence effector YopH. Infection and immunity
67:2567-2574.
Archuleta, T. L., Y. Du, C. A. English, S. Lory, C. Lesser, M. D. Ohi, R.
Ohi, and B. W. Spiller. 2011. The Chlamydia effector chlamydial outer protein N
(CopN) sequesters tubulin and prevents microtubule assembly. The Journal of
biological chemistry 286:33992-33998.
Armentrout, E. I., and A. Rietsch. 2016. The Type III Secretion Translocation
Pore Senses Host Cell Contact. PLoS pathogens 12:e1005530.
Arnold, R., S. Brandmaier, F. Kleine, P. Tischler, E. Heinz, S. Behrens, A.
Niinikoski, H. W. Mewes, M. Horn, and T. Rattei. 2009. Sequence-based
prediction of type III secreted proteins. PLoS pathogens 5:e1000376.
Ayers, M., P. L. Howell, and L. L. Burrows. 2010. Architecture of the type II
secretion and type IV pilus machineries. Future microbiology 5:1203-1218.
Bachi, A., I. C. Braun, J. P. Rodrigues, N. Pante, K. Ribbeck, C. von
Kobbe, U. Kutay, M. Wilm, D. Gorlich, M. Carmo-Fonseca, and E.
Izaurralde. 2000. The C-terminal domain of TAP interacts with the nuclear pore
complex and promotes export of specific CTE-bearing RNA substrates. Rna 6:136158.
Bakkes, P. J., S. Jenewein, S. H. Smits, I. B. Holland, and L. Schmitt.
2010. The rate of folding dictates substrate secretion by the Escherichia coli
hemolysin type 1 secretion system. The Journal of biological chemistry 285:4057340580.
Barzu, S., Z. Benjelloun-Touimi, A. Phalipon, P. Sansonetti, and C.
Parsot. 1997. Functional analysis of the Shigella flexneri IpaC invasin by insertional
mutagenesis. Infection and immunity 65:1599-1605.
Baumann, D., H. Salia, L. Greune, S. Norkowski, B. Korner, Z. M.
Uckeley, G. Frankel, M. Guenot, C. Ruter, and M. A. Schmidt. 2018.
Multitalented EspB of enteropathogenic Escherichia coli (EPEC) enters cells
autonomously and induces programmed cell death in human monocytic THP-1 cells.
International journal of medical microbiology : IJMM 308:387-404.
Benabdillah, R., L. J. Mota, S. Lutzelschwab, E. Demoinet, and G. R.
Cornelis. 2004. Identification of a nuclear targeting signal in YopM from Yersinia
spp. Microbial pathogenesis 36:247-261.
Bercovier, H., H. H. Mollaret, J. M. Alonso, J. Brault, G. R. Fanning, A.
G. Steigerwalt, and D. J. Brenner. 1980. Intra- and interspecies relatedness

69

33.

34.
35.
36.
37.
38.

39.

40.

41.
42.

43.

44.
45.

46.

ofYersinia pestis by DNA hybridization and its relationship toYersinia
pseudotuberculosis. Current Microbiology 4:225-229.
Berneking, L., M. Schnapp, A. Rumm, C. Trasak, K. Ruckdeschel, M.
Alawi, A. Grundhoff, A. G. Kikhney, F. Koch-Nolte, F. Buck, M. Perbandt,
C. Betzel, D. I. Svergun, M. Hentschke, and M. Aepfelbacher. 2016.
Immunosuppressive Yersinia Effector YopM Binds DEAD Box Helicase DDX3 to
Control Ribosomal S6 Kinase in the Nucleus of Host Cells. PLoS pathogens
12:e1005660.
Black, D. S., and J. B. Bliska. 1997. Identification of p130Cas as a substrate of
Yersinia YopH (Yop51), a bacterial protein tyrosine phosphatase that translocates
into mammalian cells and targets focal adhesions. The EMBO journal 16:2730-2744.
Black, D. S., and J. B. Bliska. 2000. The RhoGAP activity of the Yersinia
pseudotuberculosis cytotoxin YopE is required for antiphagocytic function and
virulence. Molecular microbiology 37:515-527.
Blaylock, B., K. E. Riordan, D. M. Missiakas, and O. Schneewind. 2006.
Characterization of the Yersinia enterocolitica type III secretion ATPase YscN and its
regulator, YscL. Journal of bacteriology 188:3525-3534.
Blocker, A., P. Gounon, E. Larquet, K. Niebuhr, V. Cabiaux, C. Parsot,
and P. Sansonetti. 1999. The tripartite type III secreton of Shigella flexneri inserts
IpaB and IpaC into host membranes. The Journal of cell biology 147:683-693.
Blocker, A., K. Komoriya, and S. Aizawa. 2003. Type III secretion systems and
bacterial flagella: insights into their function from structural similarities.
Proceedings of the National Academy of Sciences of the United States of America
100:3027-3030.
Blondel, C. J., J. S. Park, T. P. Hubbard, A. R. Pacheco, C. J. Kuehl, M. J.
Walsh, B. M. Davis, B. E. Gewurz, J. G. Doench, and M. K. Waldor. 2016.
CRISPR/Cas9 Screens Reveal Requirements for Host Cell Sulfation and Fucosylation
in Bacterial Type III Secretion System-Mediated Cytotoxicity. Cell host & microbe
20:226-237.
Bohme, K., R. Steinmann, J. Kortmann, S. Seekircher, A. K. Heroven, E.
Berger, F. Pisano, T. Thiermann, H. Wolf-Watz, F. Narberhaus, and P.
Dersch. 2012. Concerted actions of a thermo-labile regulator and a unique
intergenic RNA thermosensor control Yersinia virulence. PLoS pathogens
8:e1002518.
Bolin, I., L. Norlander, and H. Wolf-Watz. 1982. Temperature-inducible outer
membrane protein of Yersinia pseudotuberculosis and Yersinia enterocolitica is
associated with the virulence plasmid. Infection and immunity 37:506-512.
Bonardi, S., A. Paris, L. Bassi, F. Salmi, C. Bacci, E. Riboldi, E. Boni, M.
D'Incau, S. Tagliabue, and F. Brindani. 2010. Detection, semiquantitative
enumeration, and antimicrobial susceptibility of Yersinia enterocolitica in pork and
chicken meats in Italy. Journal of food protection 73:1785-1792.
Botteaux, A., C. A. Kayath, A. L. Page, N. Jouihri, M. Sani, E. Boekema, L.
Biskri, C. Parsot, and A. Allaoui. 2010. The 33 carboxyl-terminal residues of
Spa40 orchestrate the multi-step assembly process of the type III secretion needle
complex in Shigella flexneri. Microbiology 156:2807-2817.
Botteaux, A., M. P. Sory, L. Biskri, C. Parsot, and A. Allaoui. 2009. MxiC is
secreted by and controls the substrate specificity of the Shigella flexneri type III
secretion apparatus. Molecular microbiology 71:449-460.
Boyd, A. P., N. Grosdent, S. Totemeyer, C. Geuijen, S. Bleves, M. Iriarte,
I. Lambermont, J. N. Octave, and G. R. Cornelis. 2000. Yersinia
enterocolitica can deliver Yop proteins into a wide range of cell types: development
of a delivery system for heterologous proteins. European journal of cell biology
79:659-671.
Broz, P., C. A. Mueller, S. A. Muller, A. Philippsen, I. Sorg, A. Engel, and
G. R. Cornelis. 2007. Function and molecular architecture of the Yersinia
injectisome tip complex. Molecular microbiology 65:1311-1320.

70

47.
48.

49.

50.

51.
52.
53.

54.
55.

56.
57.

58.
59.

60.
61.
62.
63.

Brubaker, R. R., and M. J. Surgalla. 1964. The Effect of Ca++ and Mg++ on
Lysis, Growth, and Production of Virulence Antigens by Pasteurella Pestis. The
Journal of infectious diseases 114:13-25.
Burgess, J. L., R. A. Burgess, Y. Morales, J. M. Bouvang, S. J. Johnson,
and N. E. Dickenson. 2016. Structural and Biochemical Characterization of Spa47
Provides Mechanistic Insight into Type III Secretion System ATPase Activation and
Shigella Virulence Regulation. The Journal of biological chemistry 291:2583725852.
Burgess, J. L., H. B. Jones, P. Kumar, R. T. t. Toth, C. R. Middaugh, E.
Antony, and N. E. Dickenson. 2016. Spa47 is an oligomerization-activated type
three secretion system (T3SS) ATPase from Shigella flexneri. Protein science : a
publication of the Protein Society 25:1037-1048.
Burghout, P., F. Beckers, E. de Wit, R. van Boxtel, G. R. Cornelis, J.
Tommassen, and M. Koster. 2004. Role of the pilot protein YscW in the
biogenesis of the YscC secretin in Yersinia enterocolitica. Journal of bacteriology
186:5366-5375.
Buttner, D. 2012. Protein export according to schedule: architecture, assembly,
and regulation of type III secretion systems from plant- and animal-pathogenic
bacteria. Microbiology and molecular biology reviews : MMBR 76:262-310.
Bzymek, K. P., B. Y. Hamaoka, and P. Ghosh. 2012. Two translation products
of Yersinia yscQ assemble to form a complex essential to type III secretion.
Biochemistry 51:1669-1677.
Cambronne, E. D., and O. Schneewind. 2002. Yersinia enterocolitica type III
secretion: yscM1 and yscM2 regulate yop gene expression by a posttranscriptional
mechanism that targets the 5' untranslated region of yop mRNA. Journal of
bacteriology 184:5880-5893.
Cambronne, E. D., J. A. Sorg, and O. Schneewind. 2004. Binding of SycH
chaperone to YscM1 and YscM2 activates effector yop expression in Yersinia
enterocolitica. Journal of bacteriology 186:829-841.
Chen, L., X. Ai, A. G. Portaliou, C. A. Minetti, D. P. Remeta, A.
Economou, and C. G. Kalodimos. 2013. Substrate-activated conformational
switch on chaperones encodes a targeting signal in type III secretion. Cell reports
3:709-715.
Cheng, L. W., D. M. Anderson, and O. Schneewind. 1997. Two independent
type III secretion mechanisms for YopE in Yersinia enterocolitica. Molecular
microbiology 24:757-765.
Cherradi, Y., L. Schiavolin, S. Moussa, A. Meghraoui, A. Meksem, L.
Biskri, M. Azarkan, A. Allaoui, and A. Botteaux. 2013. Interplay between
predicted inner-rod and gatekeeper in controlling substrate specificity of the type III
secretion system. Molecular microbiology 87:1183-1199.
Chiu, H. J., W. S. Lin, and W. J. Syu. 2003. Type III secretion of EspB in
enterohemorrhagic Escherichia coli O157:H7. Archives of microbiology 180:218226.
Chung, L. K., Y. H. Park, Y. Zheng, I. E. Brodsky, P. Hearing, D. L.
Kastner, J. J. Chae, and J. B. Bliska. 2016. The Yersinia Virulence Factor YopM
Hijacks Host Kinases to Inhibit Type III Effector-Triggered Activation of the Pyrin
Inflammasome. Cell host & microbe 20:296-306.
Clark, M. A., B. H. Hirst, and M. A. Jepson. 1998. M-cell surface beta1 integrin
expression and invasin-mediated targeting of Yersinia pseudotuberculosis to mouse
Peyer's patch M cells. Infection and immunity 66:1237-1243.
Collazo, C. M., and J. E. Galan. 1997. The invasion-associated type III system of
Salmonella typhimurium directs the translocation of Sip proteins into the host cell.
Molecular microbiology 24:747-756.
Collazo, C. M., and J. E. Galan. 1996. Requirement for exported proteins in
secretion through the invasion-associated type III system of Salmonella
typhimurium. Infection and immunity 64:3524-3531.
Cordes, F. S., K. Komoriya, E. Larquet, S. Yang, E. H. Egelman, A.
Blocker, and S. M. Lea. 2003. Helical structure of the needle of the type III

71

64.

65.

66.

67.

68.
69.
70.

71.
72.

73.
74.
75.
76.
77.
78.
79.

secretion system of Shigella flexneri. The Journal of biological chemistry 278:1710317107.
Cornelis, G., C. Sluiters, C. L. de Rouvroit, and T. Michiels. 1989. Homology
between virF, the transcriptional activator of the Yersinia virulence regulon, and
AraC, the Escherichia coli arabinose operon regulator. Journal of bacteriology
171:254-262.
Cornelis, G. R., C. Sluiters, I. Delor, D. Geib, K. Kaniga, C. Lambert de
Rouvroit, M. P. Sory, J. C. Vanooteghem, and T. Michiels. 1991. ymoA, a
Yersinia enterocolitica chromosomal gene modulating the expression of virulence
functions. Molecular microbiology 5:1023-1034.
Costa, S. C., A. M. Schmitz, F. F. Jahufar, J. D. Boyd, M. Y. Cho, M. A.
Glicksman, and C. F. Lesser. 2012. A new means to identify type 3 secreted
effectors: functionally interchangeable class IB chaperones recognize a conserved
sequence. mBio 3.
Costa, T. R., P. J. Edqvist, J. E. Broms, M. K. Ahlund, A. Forsberg, and M.
S. Francis. 2010. YopD self-assembly and binding to LcrV facilitate type III
secretion activity by Yersinia pseudotuberculosis. The Journal of biological
chemistry 285:25269-25284.
Daefler, S., and M. Russel. 1998. The Salmonella typhimurium InvH protein is
an outer membrane lipoprotein required for the proper localization of InvG.
Molecular microbiology 28:1367-1380.
Daniell, S. J., E. Kocsis, E. Morris, S. Knutton, F. P. Booy, and G.
Frankel. 2003. 3D structure of EspA filaments from enteropathogenic Escherichia
coli. Molecular microbiology 49:301-308.
Dave, M. N., J. E. Silva, R. J. Elicabe, M. B. Jerez, V. P. Filippa, C. V.
Gorlino, S. Autenrieth, I. B. Autenrieth, and M. S. Di Genaro. 2016.
Yersinia enterocolitica YopH-Deficient Strain Activates Neutrophil Recruitment to
Peyer's Patches and Promotes Clearance of the Virulent Strain. Infection and
immunity 84:3172-3181.
Davis, A. J., and J. Mecsas. 2007. Mutations in the Yersinia pseudotuberculosis
type III secretion system needle protein, YscF, that specifically abrogate effector
translocation into host cells. Journal of bacteriology 189:83-97.
Day, J. B., F. Ferracci, and G. V. Plano. 2003. Translocation of YopE and YopN
into eukaryotic cells by Yersinia pestis yopN, tyeA, sycN, yscB and lcrG deletion
mutants measured using a phosphorylatable peptide tag and phosphospecific
antibodies. Molecular microbiology 47:807-823.
Day, J. B., and G. V. Plano. 1998. A complex composed of SycN and YscB
functions as a specific chaperone for YopN in Yersinia pestis. Molecular
microbiology 30:777-788.
Day, J. B., and G. V. Plano. 2000. The Yersinia pestis YscY protein directly binds
YscX, a secreted component of the type III secretion machinery. Journal of
bacteriology 182:1834-1843.
de Rouvroit, C. L., C. Sluiters, and G. R. Cornelis. 1992. Role of the
transcriptional activator, VirF, and temperature in the expression of the pYV
plasmid genes of Yersinia enterocolitica. Molecular microbiology 6:395-409.
Deane, J. E., P. Abrusci, S. Johnson, and S. M. Lea. 2010. Timing is
everything: the regulation of type III secretion. Cellular and molecular life sciences :
CMLS 67:1065-1075.
Deane, J. E., S. C. Graham, E. P. Mitchell, D. Flot, S. Johnson, and S. M.
Lea. 2008. Crystal structure of Spa40, the specificity switch for the Shigella flexneri
type III secretion system. Molecular microbiology 69:267-276.
DeBord, K. L., V. T. Lee, and O. Schneewind. 2001. Roles of LcrG and LcrV
during type III targeting of effector Yops by Yersinia enterocolitica. Journal of
bacteriology 183:4588-4598.
Deitsch, K. W., S. A. Lukehart, and J. R. Stringer. 2009. Common strategies
for antigenic variation by bacterial, fungal and protozoan pathogens. Nature reviews.
Microbiology 7:493-503.

72

80.
81.

82.
83.
84.

85.
86.
87.
88.

89.

90.
91.
92.

93.
94.

95.

96.
97.

Delepelaire, P. 2004. Type I secretion in gram-negative bacteria. Biochimica et
biophysica acta 1694:149-161.
Deng, W., Y. Li, P. R. Hardwidge, E. A. Frey, R. A. Pfuetzner, S. Lee, S.
Gruenheid, N. C. Strynakda, J. L. Puente, and B. B. Finlay. 2005.
Regulation of type III secretion hierarchy of translocators and effectors in attaching
and effacing bacterial pathogens. Infection and immunity 73:2135-2146.
Diepold, A., M. Amstutz, S. Abel, I. Sorg, U. Jenal, and G. R. Cornelis.
2010. Deciphering the assembly of the Yersinia type III secretion injectisome. The
EMBO journal 29:1928-1940.
Diepold, A., and J. P. Armitage. 2015. Type III secretion systems: the bacterial
flagellum and the injectisome. Philosophical transactions of the Royal Society of
London. Series B, Biological sciences 370.
Diepold, A., M. Kudryashev, N. J. Delalez, R. M. Berry, and J. P.
Armitage. 2015. Composition, formation, and regulation of the cytosolic c-ring, a
dynamic component of the type III secretion injectisome. PLoS biology
13:e1002039.
Diepold, A., E. Sezgin, M. Huseyin, T. Mortimer, C. Eggeling, and J. P.
Armitage. 2017. A dynamic and adaptive network of cytosolic interactions governs
protein export by the T3SS injectisome. Nature communications 8:15940.
Diepold, A., and S. Wagner. 2014. Assembly of the bacterial type III secretion
machinery. FEMS microbiology reviews 38:802-822.
Diepold, A., U. Wiesand, M. Amstutz, and G. R. Cornelis. 2012. Assembly of
the Yersinia injectisome: the missing pieces. Molecular microbiology 85:878-892.
Diepold, A., U. Wiesand, and G. R. Cornelis. 2011. The assembly of the export
apparatus (YscR,S,T,U,V) of the Yersinia type III secretion apparatus occurs
independently of other structural components and involves the formation of an YscV
oligomer. Molecular microbiology 82:502-514.
DiGiandomenico, A., A. E. Keller, C. Gao, G. J. Rainey, P. Warrener, M.
M. Camara, J. Bonnell, R. Fleming, B. Bezabeh, N. Dimasi, B. R. Sellman,
J. Hilliard, C. M. Guenther, V. Datta, W. Zhao, C. Gao, X. Q. Yu, J. A.
Suzich, and C. K. Stover. 2014. A multifunctional bispecific antibody protects
against Pseudomonas aeruginosa. Science translational medicine 6:262ra155.
Dohlich, K., A. B. Zumsteg, C. Goosmann, and M. Kolbe. 2014. A substratefusion protein is trapped inside the Type III Secretion System channel in Shigella
flexneri. PLoS pathogens 10:e1003881.
Dortet, L., C. Lombardi, F. Cretin, A. Dessen, and A. Filloux. 2018. Poreforming activity of the Pseudomonas aeruginosa type III secretion system translocon
alters the host epigenome. Nature microbiology 3:378-386.
Douzi, B., G. Ball, C. Cambillau, M. Tegoni, and R. Voulhoux. 2011.
Deciphering the Xcp Pseudomonas aeruginosa type II secretion machinery through
multiple interactions with substrates. The Journal of biological chemistry
286:40792-40801.
Du, Y., R. Rosqvist, and A. Forsberg. 2002. Role of fraction 1 antigen of
Yersinia pestis in inhibition of phagocytosis. Infection and immunity 70:1453-1460.
Duan, R., J. Liang, G. Shi, Z. Cui, R. Hai, P. Wang, Y. Xiao, K. Li, H. Qiu,
W. Gu, X. Du, H. Jing, and X. Wang. 2014. Homology analysis of pathogenic
Yersinia species Yersinia enterocolitica, Yersinia pseudotuberculosis, and Yersinia
pestis based on multilocus sequence typing. Journal of clinical microbiology 52:2029.
Durand, E. A., F. J. Maldonado-Arocho, C. Castillo, R. L. Walsh, and J.
Mecsas. 2010. The presence of professional phagocytes dictates the number of host
cells targeted for Yop translocation during infection. Cellular microbiology 12:10641082.
Edgren, T., A. Forsberg, R. Rosqvist, and H. Wolf-Watz. 2012. Type III
secretion in Yersinia: injectisome or not? PLoS pathogens 8:e1002669.
Edqvist, P. J., J. Olsson, M. Lavander, L. Sundberg, A. Forsberg, H. WolfWatz, and S. A. Lloyd. 2003. YscP and YscU regulate substrate specificity of the
Yersinia type III secretion system. Journal of bacteriology 185:2259-2266.

73

98.

99.

100.
101.
102.
103.
104.
105.
106.
107.

108.
109.

110.
111.

112.
113.
114.
115.

Eichelberg, K., C. C. Ginocchio, and J. E. Galan. 1994. Molecular and
functional characterization of the Salmonella typhimurium invasion genes invB and
invC: homology of InvC to the F0F1 ATPase family of proteins. Journal of
bacteriology 176:4501-4510.
Ekestubbe, S., J. E. Broms, T. Edgren, M. Fallman, M. S. Francis, and A.
Forsberg. 2016. The Amino-Terminal Part of the Needle-Tip Translocator LcrV of
Yersinia pseudotuberculosis Is Required for Early Targeting of YopH and In vivo
Virulence. Frontiers in cellular and infection microbiology 6:175.
El Tahir, Y., and M. Skurnik. 2001. YadA, the multifaceted Yersinia adhesin.
International journal of medical microbiology : IJMM 291:209-218.
Epler, C. R., N. E. Dickenson, E. Bullitt, and W. L. Picking. 2012.
Ultrastructural analysis of IpaD at the tip of the nascent MxiH type III secretion
apparatus of Shigella flexneri. Journal of molecular biology 420:29-39.
Fahlgren, A., L. Westermark, K. Akopyan, and M. Fallman. 2009. Cell typespecific effects of Yersinia pseudotuberculosis virulence effectors. Cellular
microbiology 11:1750-1767.
Ferracci, F., J. B. Day, H. J. Ezelle, and G. V. Plano. 2004. Expression of a
functional secreted YopN-TyeA hybrid protein in Yersinia pestis is the result of a +1
translational frameshift event. Journal of bacteriology 186:5160-5166.
Ferracci, F., F. D. Schubot, D. S. Waugh, and G. V. Plano. 2005. Selection
and characterization of Yersinia pestis YopN mutants that constitutively block Yop
secretion. Molecular microbiology 57:970-987.
Fields, K. A., and S. C. Straley. 1999. LcrV of Yersinia pestis enters infected
eukaryotic cells by a virulence plasmid-independent mechanism. Infection and
immunity 67:4801-4813.
Forsberg, A., A. M. Viitanen, M. Skurnik, and H. Wolf-Watz. 1991. The
surface-located YopN protein is involved in calcium signal transduction in Yersinia
pseudotuberculosis. Molecular microbiology 5:977-986.
Forsberg, A., and H. Wolf-Watz. 1988. The virulence protein Yop5 of Yersinia
pseudotuberculosis is regulated at transcriptional level by plasmid-plB1 -encoded
trans-acting elements controlled by temperature and calcium. Molecular
microbiology 2:121-133.
Francis, M. S., and H. Wolf-Watz. 1998. YopD of Yersinia pseudotuberculosis is
translocated into the cytosol of HeLa epithelial cells: evidence of a structural domain
necessary for translocation. Molecular microbiology 29:799-813.
Frithz-Lindsten, E., A. Holmstrom, L. Jacobsson, M. Soltani, J. Olsson,
R. Rosqvist, and A. Forsberg. 1998. Functional conservation of the effector
protein translocators PopB/YopB and PopD/YopD of Pseudomonas aeruginosa and
Yersinia pseudotuberculosis. Molecular microbiology 29:1155-1165.
Frost, S., O. Ho, F. H. Login, C. F. Weise, H. Wolf-Watz, and M. WolfWatz. 2012. Autoproteolysis and intramolecular dissociation of Yersinia YscU
precedes secretion of its C-terminal polypeptide YscU(CC). PloS one 7:e49349.
Gabler, S., H. Schutt, P. Groitl, H. Wolf, T. Shenk, and T. Dobner. 1998.
E1B 55-kilodalton-associated protein: a cellular protein with RNA-binding activity
implicated in nucleocytoplasmic transport of adenovirus and cellular mRNAs.
Journal of virology 72:7960-7971.
Galan, J. E., C. Ginocchio, and P. Costeas. 1992. Molecular and functional
characterization of the Salmonella invasion gene invA: homology of InvA to
members of a new protein family. Journal of bacteriology 174:4338-4349.
Galan, J. E., M. Lara-Tejero, T. C. Marlovits, and S. Wagner. 2014.
Bacterial type III secretion systems: specialized nanomachines for protein delivery
into target cells. Annual review of microbiology 68:415-438.
Galán, J. E., and H. Wolf-Watz. 2006. Protein delivery into eukaryotic cells by
type III secretion machines. Nature 444:567.
Galyov, E. E., S. Hakansson, A. Forsberg, and H. Wolf-Watz. 1993. A
secreted protein kinase of Yersinia pseudotuberculosis is an indispensable virulence
determinant. Nature 361:730-732.

74

116.

117.
118.
119.
120.
121.
122.

123.
124.
125.
126.
127.

128.
129.
130.
131.

132.
133.

Garcia, J. T., F. Ferracci, M. W. Jackson, S. S. Joseph, I. Pattis, L. R.
Plano, W. Fischer, and G. V. Plano. 2006. Measurement of effector protein
injection by type III and type IV secretion systems by using a 13-residue
phosphorylatable glycogen synthase kinase tag. Infection and immunity 74:56455657.
Gauthier, A., and B. B. Finlay. 2003. Translocated intimin receptor and its
chaperone interact with ATPase of the type III secretion apparatus of
enteropathogenic Escherichia coli. Journal of bacteriology 185:6747-6755.
Gebus, C., E. Faudry, Y. S. Bohn, S. Elsen, and I. Attree. 2008.
Oligomerization of PcrV and LcrV, protective antigens of Pseudomonas aeruginosa
and Yersinia pestis. The Journal of biological chemistry 283:23940-23949.
Goldfine, H., S. J. Wadsworth, and N. C. Johnston. 2000. Activation of host
phospholipases C and D in macrophages after infection with Listeria
monocytogenes. Infection and immunity 68:5735-5741.
Gophna, U., E. Z. Ron, and D. Graur. 2003. Bacterial type III secretion systems
are ancient and evolved by multiple horizontal-transfer events. Gene 312:151-163.
Green, E. R., and J. Mecsas. 2016. Bacterial Secretion Systems: An Overview.
Microbiology spectrum 4.
Grobner, S., S. Schulz, I. Soldanova, D. S. Gunst, M. Waibel, S.
Wesselborg, S. Borgmann, and I. B. Autenrieth. 2007. Absence of Toll-like
receptor 4 signaling results in delayed Yersinia enterocolitica YopP-induced cell
death of dendritic cells. Infection and immunity 75:512-517.
Hamama, A., A. el Marrakchi, and F. el Othmani. 1992. Occurrence of
Yersinia enterocolitica in milk and dairy products in Morocco. International journal
of food microbiology 16:69-77.
Hamid, N., A. Gustavsson, K. Andersson, K. McGee, C. Persson, C. E.
Rudd, and M. Fallman. 1999. YopH dephosphorylates Cas and Fyn-binding
protein in macrophages. Microbial pathogenesis 27:231-242.
Han, Y. W., and V. L. Miller. 1997. Reevaluation of the virulence phenotype of
the inv yadA double mutants of Yersinia pseudotuberculosis. Infection and
immunity 65:327-330.
Hao, Y. H., Y. Wang, D. Burdette, S. Mukherjee, G. Keitany, E.
Goldsmith, and K. Orth. 2008. Structural requirements for Yersinia YopJ
inhibition of MAP kinase pathways. PloS one 3:e1375.
Harmon, D. E., J. L. Murphy, A. J. Davis, and J. Mecsas. 2013. A mutant
with aberrant extracellular LcrV-YscF interactions fails to form pores and
translocate Yop effector proteins but retains the ability to trigger Yop secretion in
response to host cell contact. Journal of bacteriology 195:2244-2254.
He, B., F. Xi, X. Zhang, J. Zhang, and W. Guo. 2007. Exo70 interacts with
phospholipids and mediates the targeting of the exocyst to the plasma membrane.
The EMBO journal 26:4053-4065.
Henderson, I. R., F. Navarro-Garcia, M. Desvaux, R. C. Fernandez, and
D. Ala'Aldeen. 2004. Type V protein secretion pathway: the autotransporter story.
Microbiology and molecular biology reviews : MMBR 68:692-744.
High, N., J. Mounier, M. C. Prevost, and P. J. Sansonetti. 1992. IpaB of
Shigella flexneri causes entry into epithelial cells and escape from the phagocytic
vacuole. The EMBO journal 11:1991-1999.
Hinnebusch, B. J., E. R. Fischer, and T. G. Schwan. 1998. Evaluation of the
role of the Yersinia pestis plasminogen activator and other plasmid-encoded factors
in temperature-dependent blockage of the flea. The Journal of infectious diseases
178:1406-1415.
Hinnebusch, B. J., R. D. Perry, and T. G. Schwan. 1996. Role of the Yersinia
pestis hemin storage (hms) locus in the transmission of plague by fleas. Science
273:367-370.
Ho, B. T., T. G. Dong, and J. J. Mekalanos. 2014. A view to a kill: the bacterial
type VI secretion system. Cell host & microbe 15:9-21.

75

134.
135.
136.

137.
138.

139.
140.

141.

142.

143.
144.
145.
146.
147.

148.
149.
150.

Hoe, N. P., F. C. Minion, and J. D. Goguen. 1992. Temperature sensing in
Yersinia pestis: regulation of yopE transcription by lcrF. Journal of bacteriology
174:4275-4286.
Hollenstein, K., R. J. Dawson, and K. P. Locher. 2007. Structure and
mechanism of ABC transporter proteins. Current opinion in structural biology
17:412-418.
Holmstrom, A., J. Petterson, R. Rosqvist, S. Hakansson, F. Tafazoli, M.
Fallman, K. E. Magnusson, H. Wolf-Watz, and A. Forsberg. 1997. YopK of
Yersinia pseudotuberculosis controls translocation of Yop effectors across the
eukaryotic cell membrane. Molecular microbiology 24:73-91.
Holmstrom, A., R. Rosqvist, H. Wolf-Watz, and A. Forsberg. 1995.
Virulence plasmid-encoded YopK is essential for Yersinia pseudotuberculosis to
cause systemic infection in mice. Infection and immunity 63:2269-2276.
Hu, B., D. R. Morado, W. Margolin, J. R. Rohde, O. Arizmendi, W. L.
Picking, W. D. Picking, and J. Liu. 2015. Visualization of the type III secretion
sorting platform of Shigella flexneri. Proceedings of the National Academy of
Sciences of the United States of America 112:1047-1052.
Huang, J., C. F. Lesser, and S. Lory. 2008. The essential role of the CopN
protein in Chlamydia pneumoniae intracellular growth. Nature 456:112-115.
Hurst, M. R., S. A. Becher, S. D. Young, T. L. Nelson, and T. R. Glare.
2011. Yersinia entomophaga sp. nov., isolated from the New Zealand grass grub
Costelytra zealandica. International journal of systematic and evolutionary
microbiology 61:844-849.
Ide, T., S. Laarmann, L. Greune, H. Schillers, H. Oberleithner, and M. A.
Schmidt. 2001. Characterization of translocation pores inserted into plasma
membranes by type III-secreted Esp proteins of enteropathogenic Escherichia coli.
Cellular microbiology 3:669-679.
Imada, K., T. Minamino, A. Tahara, and K. Namba. 2007. Structural
similarity between the flagellar type III ATPase FliI and F1-ATPase subunits.
Proceedings of the National Academy of Sciences of the United States of America
104:485-490.
Iriarte, M., and G. R. Cornelis. 1998. YopT, a new Yersinia Yop effector protein,
affects the cytoskeleton of host cells. Molecular microbiology 29:915-929.
Iriarte, M., M. P. Sory, A. Boland, A. P. Boyd, S. D. Mills, I. Lambermont,
and G. R. Cornelis. 1998. TyeA, a protein involved in control of Yop release and in
translocation of Yersinia Yop effectors. The EMBO journal 17:1907-1918.
Isberg, R. R., and J. M. Leong. 1990. Multiple beta 1 chain integrins are
receptors for invasin, a protein that promotes bacterial penetration into mammalian
cells. Cell 60:861-871.
Isberg, R. R., D. L. Voorhis, and S. Falkow. 1987. Identification of invasin: a
protein that allows enteric bacteria to penetrate cultured mammalian cells. Cell
50:769-778.
Jabado, N., A. Jankowski, S. Dougaparsad, V. Picard, S. Grinstein, and P.
Gros. 2000. Natural resistance to intracellular infections: natural resistanceassociated macrophage protein 1 (Nramp1) functions as a pH-dependent manganese
transporter at the phagosomal membrane. The Journal of experimental medicine
192:1237-1248.
Jackson, M. W., J. B. Day, and G. V. Plano. 1998. YscB of Yersinia pestis
functions as a specific chaperone for YopN. Journal of bacteriology 180:4912-4921.
Jackson, M. W., and G. V. Plano. 2000. Interactions between type III secretion
apparatus components from Yersinia pestis detected using the yeast two-hybrid
system. FEMS microbiology letters 186:85-90.
Jackson, M. W., E. Silva-Herzog, and G. V. Plano. 2004. The ATP-dependent
ClpXP and Lon proteases regulate expression of the Yersinia pestis type III secretion
system via regulated proteolysis of YmoA, a small histone-like protein. Molecular
microbiology 54:1364-1378.

76

151.
152.
153.

154.
155.
156.
157.
158.

159.

160.
161.
162.

163.

164.

165.
166.

167.
168.

Johnson, D. L., C. B. Stone, and J. B. Mahony. 2008. Interactions between
CdsD, CdsQ, and CdsL, three putative Chlamydophila pneumoniae type III secretion
proteins. Journal of bacteriology 190:2972-2980.
Johnson, S., J. E. Deane, and S. M. Lea. 2005. The type III needle and the
damage done. Current opinion in structural biology 15:700-707.
Johnson, S., P. Roversi, M. Espina, A. Olive, J. E. Deane, S. Birket, T.
Field, W. D. Picking, A. J. Blocker, E. E. Galyov, W. L. Picking, and S. M.
Lea. 2007. Self-chaperoning of the type III secretion system needle tip proteins
IpaD and BipD. The Journal of biological chemistry 282:4035-4044.
Johnson, T. L., J. Abendroth, W. G. Hol, and M. Sandkvist. 2006. Type II
secretion: from structure to function. FEMS microbiology letters 255:175-186.
Joseph, S. S., and G. V. Plano. 2013. The SycN/YscB chaperone-binding domain
of YopN is required for the calcium-dependent regulation of Yop secretion by
Yersinia pestis. Frontiers in cellular and infection microbiology 3:1.
Journet, L., C. Agrain, P. Broz, and G. R. Cornelis. 2003. The needle length
of bacterial injectisomes is determined by a molecular ruler. Science 302:1757-1760.
Kanonenberg, K., C. K. Schwarz, and L. Schmitt. 2013. Type I secretion
systems - a story of appendices. Research in microbiology 164:596-604.
Karavolos, M. H., A. J. Roe, M. Wilson, J. Henderson, J. J. Lee, D. L.
Gally, and C. M. Khan. 2005. Type III secretion of the Salmonella effector protein
SopE is mediated via an N-terminal amino acid signal and not an mRNA sequence.
Journal of bacteriology 187:1559-1567.
Kenjale, R., J. Wilson, S. F. Zenk, S. Saurya, W. L. Picking, W. D. Picking,
and A. Blocker. 2005. The needle component of the type III secreton of Shigella
regulates the activity of the secretion apparatus. The Journal of biological chemistry
280:42929-42937.
Kenny, B., R. DeVinney, M. Stein, D. J. Reinscheid, E. A. Frey, and B. B.
Finlay. 1997. Enteropathogenic E. coli (EPEC) transfers its receptor for intimate
adherence into mammalian cells. Cell 91:511-520.
Kim, B. H., H. G. Kim, J. S. Kim, J. I. Jang, and Y. K. Park. 2007. Analysis
of functional domains present in the N-terminus of the SipB protein. Microbiology
153:2998-3008.
Kim, S. I., S. Kim, E. Kim, S. Y. Hwang, and H. Yoon. 2018. Secretion of
Salmonella Pathogenicity Island 1-Encoded Type III Secretion System Effectors by
Outer Membrane Vesicles in Salmonella enterica Serovar Typhimurium. Frontiers in
microbiology 9:2810.
Kimbrough, T. G., and S. I. Miller. 2000. Contribution of Salmonella
typhimurium type III secretion components to needle complex formation.
Proceedings of the National Academy of Sciences of the United States of America
97:11008-11013.
Knutton, S., I. Rosenshine, M. J. Pallen, I. Nisan, B. C. Neves, C. Bain, C.
Wolff, G. Dougan, and G. Frankel. 1998. A novel EspA-associated surface
organelle of enteropathogenic Escherichia coli involved in protein translocation into
epithelial cells. The EMBO journal 17:2166-2176.
Korotkov, K. V., M. Sandkvist, and W. G. Hol. 2012. The type II secretion
system: biogenesis, molecular architecture and mechanism. Nature reviews.
Microbiology 10:336-351.
Kowal, J., M. Chami, P. Ringler, S. A. Muller, M. Kudryashev, D.
Castano-Diez, M. Amstutz, G. R. Cornelis, H. Stahlberg, and A. Engel.
2013. Structure of the dodecameric Yersinia enterocolitica secretin YscC and its
trypsin-resistant core. Structure 21:2152-2161.
Kresse, A. U., F. Beltrametti, A. Muller, F. Ebel, and C. A. Guzman. 2000.
Characterization of SepL of enterohemorrhagic Escherichia coli. Journal of
bacteriology 182:6490-6498.
Kubori, T., and J. E. Galan. 2002. Salmonella type III secretion-associated
protein InvE controls translocation of effector proteins into host cells. Journal of
bacteriology 184:4699-4708.

77

169.

170.

171.
172.
173.

174.
175.

176.
177.
178.

179.

180.
181.
182.

183.
184.

Kubori, T., A. Sukhan, S. I. Aizawa, and J. E. Galan. 2000. Molecular
characterization and assembly of the needle complex of the Salmonella typhimurium
type III protein secretion system. Proceedings of the National Academy of Sciences
of the United States of America 97:10225-10230.
Kudryashev, M., M. Stenta, S. Schmelz, M. Amstutz, U. Wiesand, D.
Castano-Diez, M. T. Degiacomi, S. Munnich, C. K. Bleck, J. Kowal, A.
Diepold, D. W. Heinz, M. Dal Peraro, G. R. Cornelis, and H. Stahlberg.
2013. In situ structural analysis of the Yersinia enterocolitica injectisome. eLife
2:e00792.
Kupferberg, L. L., and K. Higuchi. 1958. Role of calcium ions in the stimulation
of growth of virulent strains of Pasteurella pestis. Journal of bacteriology 76:120121.
Kwuan, L., W. Adams, and V. Auerbuch. 2013. Impact of host membrane pore
formation by the Yersinia pseudotuberculosis type III secretion system on the
macrophage innate immune response. Infection and immunity 81:905-914.
Lafont, F., G. Tran Van Nhieu, K. Hanada, P. Sansonetti, and F. G. van
der Goot. 2002. Initial steps of Shigella infection depend on the
cholesterol/sphingolipid raft-mediated CD44-IpaB interaction. The EMBO journal
21:4449-4457.
Lara-Tejero, M., J. Kato, S. Wagner, X. Liu, and J. E. Galan. 2011. A sorting
platform determines the order of protein secretion in bacterial type III systems.
Science 331:1188-1191.
Lavander, M., L. Sundberg, P. J. Edqvist, S. A. Lloyd, H. Wolf-Watz, and
A. Forsberg. 2002. Proteolytic cleavage of the FlhB homologue YscU of Yersinia
pseudotuberculosis is essential for bacterial survival but not for type III secretion.
Journal of bacteriology 184:4500-4509.
Lawton, W. D., and M. J. Surgalla. 1963. Immunization against Plague by a
Specific Fraction of Pasteurella Pseudotuberculosis. The Journal of infectious
diseases 113:39-42.
Lee, P. C., C. M. Stopford, A. G. Svenson, and A. Rietsch. 2010. Control of
effector export by the Pseudomonas aeruginosa type III secretion proteins PcrG and
PcrV. Molecular microbiology 75:924-941.
Lee, P. C., S. E. Zmina, C. M. Stopford, J. Toska, and A. Rietsch. 2014.
Control of type III secretion activity and substrate specificity by the cytoplasmic
regulator PcrG. Proceedings of the National Academy of Sciences of the United
States of America 111:E2027-2036.
Lee, T. S., S. W. Lee, W. S. Seok, M. Y. Yoo, J. W. Yoon, B. K. Park, K. D.
Moon, and D. H. Oh. 2004. Prevalence, antibiotic susceptibility, and virulence
factors of Yersinia enterocolitica and related species from ready-to-eat vegetables
available in Korea. Journal of food protection 67:1123-1127.
Lee, V. T., and O. Schneewind. 1999. Type III machines of pathogenic yersiniae
secrete virulence factors into the extracellular milieu. Molecular microbiology
31:1619-1629.
Lee, W. L., J. M. Grimes, and R. C. Robinson. 2015. Yersinia effector YopO
uses actin as bait to phosphorylate proteins that regulate actin polymerization.
Nature structural & molecular biology 22:248-255.
Leiman, P. G., M. Basler, U. A. Ramagopal, J. B. Bonanno, J. M. Sauder,
S. Pukatzki, S. K. Burley, S. C. Almo, and J. J. Mekalanos. 2009. Type VI
secretion apparatus and phage tail-associated protein complexes share a common
evolutionary origin. Proceedings of the National Academy of Sciences of the United
States of America 106:4154-4159.
Leong, J. M., R. S. Fournier, and R. R. Isberg. 1990. Identification of the
integrin binding domain of the Yersinia pseudotuberculosis invasin protein. The
EMBO journal 9:1979-1989.
Li, L., H. Yan, L. Feng, Y. Li, P. Lu, Y. Hu, and S. Chen. 2014. LcrQ blocks
the role of LcrF in regulating the Ysc-Yop type III secretion genes in Yersinia
pseudotuberculosis. PloS one 9:e92243.

78

185.
186.
187.
188.
189.
190.
191.
192.
193.
194.
195.

196.

197.
198.
199.
200.
201.
202.

203.

Lilic, M., C. M. Quezada, and C. E. Stebbins. 2010. A conserved domain in
type III secretion links the cytoplasmic domain of InvA to elements of the basal
body. Acta crystallographica. Section D, Biological crystallography 66:709-713.
Lim, J. J., S. Grinstein, and Z. Roth. 2017. Diversity and Versatility of
Phagocytosis: Roles in Innate Immunity, Tissue Remodeling, and Homeostasis.
Frontiers in cellular and infection microbiology 7:191.
Liu, J., and W. Guo. 2012. The exocyst complex in exocytosis and cell migration.
Protoplasma 249:587-597.
Liu, J., X. Zuo, P. Yue, and W. Guo. 2007. Phosphatidylinositol 4,5bisphosphate mediates the targeting of the exocyst to the plasma membrane for
exocytosis in mammalian cells. Molecular biology of the cell 18:4483-4492.
Lloyd, S. A., M. Norman, R. Rosqvist, and H. Wolf-Watz. 2001. Yersinia
YopE is targeted for type III secretion by N-terminal, not mRNA, signals. Molecular
microbiology 39:520-531.
Login, F. H., and H. Wolf-Watz. 2015. YscU/FlhB of Yersinia
pseudotuberculosis Harbors a C-terminal Type III Secretion Signal. The Journal of
biological chemistry 290:26282-26291.
Logsdon, L. K., and J. Mecsas. 2003. Requirement of the Yersinia
pseudotuberculosis effectors YopH and YopE in colonization and persistence in
intestinal and lymph tissues. Infection and immunity 71:4595-4607.
Loquet, A., N. G. Sgourakis, R. Gupta, K. Giller, D. Riedel, C. Goosmann,
C. Griesinger, M. Kolbe, D. Baker, S. Becker, and A. Lange. 2012. Atomic
model of the type III secretion system needle. Nature 486:276-279.
Lower, M., and G. Schneider. 2009. Prediction of type III secretion signals in
genomes of gram-negative bacteria. PloS one 4:e5917.
Luo, W., and M. S. Donnenberg. 2011. Interactions and predicted host
membrane topology of the enteropathogenic Escherichia coli translocator protein
EspB. Journal of bacteriology 193:2972-2980.
Makino, F., D. Shen, N. Kajimura, A. Kawamoto, P. Pissaridou, H.
Oswin, M. Pain, I. Murillo, K. Namba, and A. J. Blocker. 2016. The
Architecture of the Cytoplasmic Region of Type III Secretion Systems. Scientific
reports 6:33341.
Marenne, M. N., L. Journet, L. J. Mota, and G. R. Cornelis. 2003. Genetic
analysis of the formation of the Ysc-Yop translocation pore in macrophages by
Yersinia enterocolitica: role of LcrV, YscF and YopN. Microbial pathogenesis
35:243-258.
Marlovits, T. C., T. Kubori, M. Lara-Tejero, D. Thomas, V. M. Unger, and
J. E. Galan. 2006. Assembly of the inner rod determines needle length in the type
III secretion injectisome. Nature 441:637-640.
Martin, W. F., S. Garg, and V. Zimorski. 2015. Endosymbiotic theories for
eukaryote origin. Philosophical transactions of the Royal Society of London. Series
B, Biological sciences 370:20140330.
Martinez-Argudo, I., and A. J. Blocker. 2010. The Shigella T3SS needle
transmits a signal for MxiC release, which controls secretion of effectors. Molecular
microbiology 78:1365-1378.
Matson, J. S., and M. L. Nilles. 2001. LcrG-LcrV Interaction Is Required for
Control of Yops Secretion in Yersinia pestis. Journal of bacteriology 183:5082-5091.
McDonald, C., P. O. Vacratsis, J. B. Bliska, and J. E. Dixon. 2003. The
yersinia virulence factor YopM forms a novel protein complex with two cellular
kinases. The Journal of biological chemistry 278:18514-18523.
McDowell, M. A., J. Marcoux, G. McVicker, S. Johnson, Y. H. Fong, R.
Stevens, L. A. Bowman, M. T. Degiacomi, J. Yan, A. Wise, M. E. Friede, J.
L. Benesch, J. E. Deane, C. M. Tang, C. V. Robinson, and S. M. Lea. 2016.
Characterisation of Shigella Spa33 and Thermotoga FliM/N reveals a new model for
C-ring assembly in T3SS. Molecular microbiology 99:749-766.
McPhee, J. B., P. Mena, and J. B. Bliska. 2010. Delineation of regions of the
Yersinia YopM protein required for interaction with the RSK1 and PRK2 host

79

204.

205.
206.

207.
208.
209.
210.
211.
212.

213.

214.
215.
216.
217.
218.
219.
220.
221.

kinases and their requirement for interleukin-10 production and virulence. Infection
and immunity 78:3529-3539.
Meinzer, U., F. Barreau, S. Esmiol-Welterlin, C. Jung, C. Villard, T.
Leger, S. Ben-Mkaddem, D. Berrebi, M. Dussaillant, Z. Alnabhani, M.
Roy, S. Bonacorsi, H. Wolf-Watz, J. Perroy, V. Ollendorff, and J. P.
Hugot. 2012. Yersinia pseudotuberculosis effector YopJ subverts the
Nod2/RICK/TAK1 pathway and activates caspase-1 to induce intestinal barrier
dysfunction. Cell host & microbe 11:337-351.
Mejia, E., J. B. Bliska, and G. I. Viboud. 2008. Yersinia controls type III
effector delivery into host cells by modulating Rho activity. PLoS pathogens 4:e3.
Menard, R., M. C. Prevost, P. Gounon, P. Sansonetti, and C. Dehio. 1996.
The secreted Ipa complex of Shigella flexneri promotes entry into mammalian cells.
Proceedings of the National Academy of Sciences of the United States of America
93:1254-1258.
Menard, R., P. Sansonetti, and C. Parsot. 1994. The secretion of the Shigella
flexneri Ipa invasins is activated by epithelial cells and controlled by IpaB and IpaD.
The EMBO journal 13:5293-5302.
Menard, R., P. Sansonetti, C. Parsot, and T. Vasselon. 1994. Extracellular
association and cytoplasmic partitioning of the IpaB and IpaC invasins of S. flexneri.
Cell 79:515-525.
Michiels, T., and G. R. Cornelis. 1991. Secretion of hybrid proteins by the
Yersinia Yop export system. Journal of bacteriology 173:1677-1685.
Miller, V. L., J. B. Bliska, and S. Falkow. 1990. Nucleotide sequence of the
Yersinia enterocolitica ail gene and characterization of the Ail protein product.
Journal of bacteriology 172:1062-1069.
Miller, V. L., and S. Falkow. 1988. Evidence for two genetic loci in Yersinia
enterocolitica that can promote invasion of epithelial cells. Infection and immunity
56:1242-1248.
Mittal, R., S. Y. Peak-Chew, and H. T. McMahon. 2006. Acetylation of MEK2
and I kappa B kinase (IKK) activation loop residues by YopJ inhibits signaling.
Proceedings of the National Academy of Sciences of the United States of America
103:18574-18579.
Monack, D. M., J. Mecsas, N. Ghori, and S. Falkow. 1997. Yersinia signals
macrophages to undergo apoptosis and YopJ is necessary for this cell death.
Proceedings of the National Academy of Sciences of the United States of America
94:10385-10390.
Monjaras Feria, J. V., M. D. Lefebre, Y. D. Stierhof, J. E. Galan, and S.
Wagner. 2015. Role of autocleavage in the function of a type III secretion specificity
switch protein in Salmonella enterica serovar Typhimurium. mBio 6:e01459-01415.
Morita-Ishihara, T., M. Ogawa, H. Sagara, M. Yoshida, E. Katayama, and
C. Sasakawa. 2006. Shigella Spa33 is an essential C-ring component of type III
secretion machinery. The Journal of biological chemistry 281:599-607.
Mota, L. J. 2006. Type III secretion gets an LcrV tip. Trends in microbiology
14:197-200.
Mueller, C. A., P. Broz, S. A. Muller, P. Ringler, F. Erne-Brand, I. Sorg,
M. Kuhn, A. Engel, and G. R. Cornelis. 2005. The V-antigen of Yersinia forms a
distinct structure at the tip of injectisome needles. Science 310:674-676.
Mukerjea, R., and P. Ghosh. 2013. Functionally essential interaction between
Yersinia YscO and the T3S4 domain of YscP. Journal of bacteriology 195:4631-4638.
Mukherjee, S., G. Keitany, Y. Li, Y. Wang, H. L. Ball, E. J. Goldsmith, and
K. Orth. 2006. Yersinia YopJ acetylates and inhibits kinase activation by blocking
phosphorylation. Science 312:1211-1214.
Navarro, L., A. Koller, R. Nordfelth, H. Wolf-Watz, S. Taylor, and J. E.
Dixon. 2007. Identification of a molecular target for the Yersinia protein kinase A.
Molecular cell 26:465-477.
Neyt, C., and G. R. Cornelis. 1999. Insertion of a Yop translocation pore into the
macrophage plasma membrane by Yersinia enterocolitica: requirement for
translocators YopB and YopD, but not LcrG. Molecular microbiology 33:971-981.

80

222.
223.

224.
225.
226.
227.

228.

229.

230.
231.
232.
233.
234.
235.
236.
237.
238.
239.

240.

Nguyen, L., I. T. Paulsen, J. Tchieu, C. J. Hueck, and M. H. Saier, Jr.
2000. Phylogenetic analyses of the constituents of Type III protein secretion
systems. Journal of molecular microbiology and biotechnology 2:125-144.
Niemann, G. S., R. N. Brown, I. T. Mushamiri, N. T. Nguyen, R. Taiwo, A.
Stufkens, R. D. Smith, J. N. Adkins, J. E. McDermott, and F. Heffron.
2013. RNA type III secretion signals that require Hfq. Journal of bacteriology
195:2119-2125.
Nivaskumar, M., and O. Francetic. 2014. Type II secretion system: a magic
beanstalk or a protein escalator. Biochimica et biophysica acta 1843:1568-1577.
Nordfelth, R., and H. Wolf-Watz. 2001. YopB of Yersinia enterocolitica is
essential for YopE translocation. Infection and immunity 69:3516-3518.
Notti, R. Q., and C. E. Stebbins. 2016. The Structure and Function of Type III
Secretion Systems. Microbiology spectrum 4.
O'Connell, C. B., E. A. Creasey, S. Knutton, S. Elliott, L. J. Crowther, W.
Luo, M. J. Albert, J. B. Kaper, G. Frankel, and M. S. Donnenberg. 2004.
SepL, a protein required for enteropathogenic Escherichia coli type III translocation,
interacts with secretion component SepD. Molecular microbiology 52:1613-1625.
Ogino, T., R. Ohno, K. Sekiya, A. Kuwae, T. Matsuzawa, T. Nonaka, H.
Fukuda, S. Imajoh-Ohmi, and A. Abe. 2006. Assembly of the type III secretion
apparatus of enteropathogenic Escherichia coli. Journal of bacteriology 188:28012811.
Olive, A. J., R. Kenjale, M. Espina, D. S. Moore, W. L. Picking, and W. D.
Picking. 2007. Bile salts stimulate recruitment of IpaB to the Shigella flexneri
surface, where it colocalizes with IpaD at the tip of the type III secretion needle.
Infection and immunity 75:2626-2629.
Paczosa, M. K., M. L. Fisher, F. J. Maldonado-Arocho, and J. Mecsas.
2014. Yersinia pseudotuberculosis uses Ail and YadA to circumvent neutrophils by
directing Yop translocation during lung infection. Cellular microbiology 16:247-268.
Pallen, M. J., S. A. Beatson, and C. M. Bailey. 2005. Bioinformatics analysis of
the locus for enterocyte effacement provides novel insights into type-III secretion.
BMC microbiology 5:9.
Pallen, M. J., M. S. Francis, and K. Futterer. 2003. Tetratricopeptide-like
repeats in type-III-secretion chaperones and regulators. FEMS microbiology letters
223:53-60.
Parsot, C., C. Hamiaux, and A. L. Page. 2003. The various and varying roles of
specific chaperones in type III secretion systems. Current opinion in microbiology
6:7-14.
Pena, A., and I. Arechaga. 2013. Molecular motors in bacterial secretion. Journal
of molecular microbiology and biotechnology 23:357-369.
Pepe, J. C., J. L. Badger, and V. L. Miller. 1994. Growth phase and low pH
affect the thermal regulation of the Yersinia enterocolitica inv gene. Molecular
microbiology 11:123-135.
Pepe, J. C., and V. L. Miller. 1993. The biological role of invasin during a
Yersinia enterocolitica infection. Infectious agents and disease 2:236-241.
Pepe, J. C., and V. L. Miller. 1993. Yersinia enterocolitica invasin: a primary role
in the initiation of infection. Proceedings of the National Academy of Sciences of the
United States of America 90:6473-6477.
Perry, R. D., and J. D. Fetherston. 1997. Yersinia pestis--etiologic agent of
plague. Clinical microbiology reviews 10:35-66.
Persson, C., N. Carballeira, H. Wolf-Watz, and M. Fallman. 1997. The
PTPase YopH inhibits uptake of Yersinia, tyrosine phosphorylation of p130Cas and
FAK, and the associated accumulation of these proteins in peripheral focal
adhesions. The EMBO journal 16:2307-2318.
Persson, C., R. Nordfelth, A. Holmstrom, S. Hakansson, R. Rosqvist, and
H. Wolf-Watz. 1995. Cell-surface-bound Yersinia translocate the protein tyrosine
phosphatase YopH by a polarized mechanism into the target cell. Molecular
microbiology 18:135-150.

81

241.
242.

243.
244.

245.
246.

247.
248.

249.

250.
251.
252.
253.
254.
255.
256.

Pettersson, J., R. Nordfelth, E. Dubinina, T. Bergman, M. Gustafsson, K.
E. Magnusson, and H. Wolf-Watz. 1996. Modulation of virulence factor
expression by pathogen target cell contact. Science 273:1231-1233.
Picking, W. L., H. Nishioka, P. D. Hearn, M. A. Baxter, A. T. Harrington,
A. Blocker, and W. D. Picking. 2005. IpaD of Shigella flexneri Is Independently
Required for Regulation of Ipa Protein Secretion and Efficient Insertion of IpaB and
IpaC into Host Membranes. Infection and immunity 73:1432-1440.
Plano, G. V., S. S. Barve, and S. C. Straley. 1991. LcrD, a membrane-bound
regulator of the Yersinia pestis low-calcium response. Journal of bacteriology
173:7293-7303.
Polo, S. E., A. N. Blackford, J. R. Chapman, L. Baskcomb, S. Gravel, A.
Rusch, A. Thomas, R. Blundred, P. Smith, J. Kzhyshkowska, T. Dobner,
A. M. Taylor, A. S. Turnell, G. S. Stewart, R. J. Grand, and S. P. Jackson.
2012. Regulation of DNA-end resection by hnRNPU-like proteins promotes DNA
double-strand break signaling and repair. Molecular cell 45:505-516.
Porat, R., W. R. McCabe, and R. R. Brubaker. 1995. Lipopolysaccharideassociated resistance to killing of yersiniae by complement. Journal of Endotoxin
Research 2:91-97.
Portaliou, A. G., K. C. Tsolis, M. S. Loos, V. Balabanidou, J. Rayo, A.
Tsirigotaki, V. F. Crepin, G. Frankel, C. G. Kalodimos, S. Karamanou,
and A. Economou. 2017. Hierarchical protein targeting and secretion is controlled
by an affinity switch in the type III secretion system of enteropathogenic Escherichia
coli. The EMBO journal 36:3517-3531.
Portaliou, A. G., K. C. Tsolis, M. S. Loos, V. Zorzini, and A. Economou.
2016. Type III Secretion: Building and Operating a Remarkable Nanomachine.
Trends in biochemical sciences 41:175-189.
Poyraz, O., H. Schmidt, K. Seidel, F. Delissen, C. Ader, H. Tenenboim, C.
Goosmann, B. Laube, A. F. Thunemann, A. Zychlinsky, M. Baldus, A.
Lange, C. Griesinger, and M. Kolbe. 2010. Protein refolding is required for
assembly of the type three secretion needle. Nature structural & molecular biology
17:788-792.
Pozidis, C., A. Chalkiadaki, A. Gomez-Serrano, H. Stahlberg, I. Brown, A.
P. Tampakaki, A. Lustig, G. Sianidis, A. S. Politou, A. Engel, N. J.
Panopoulos, J. Mansfield, A. P. Pugsley, S. Karamanou, and A.
Economou. 2003. Type III protein translocase: HrcN is a peripheral ATPase that is
activated by oligomerization. The Journal of biological chemistry 278:25816-25824.
Prehna, G., M. I. Ivanov, J. B. Bliska, and C. E. Stebbins. 2006. Yersinia
virulence depends on mimicry of host Rho-family nucleotide dissociation inhibitors.
Cell 126:869-880.
Pujol, C., and J. B. Bliska. 2005. Turning Yersinia pathogenesis outside in:
subversion of macrophage function by intracellular yersiniae. Clinical immunology
114:216-226.
Rabinovitch, M. 1995. Professional and non-professional phagocytes: an
introduction. Trends in cell biology 5:85-87.
Radics, J., L. Konigsmaier, and T. C. Marlovits. 2014. Structure of a
pathogenic type 3 secretion system in action. Nature structural & molecular biology
21:82-87.
Reichow, S. L., K. V. Korotkov, M. Gonen, J. Sun, J. R. Delarosa, W. G.
Hol, and T. Gonen. 2011. The binding of cholera toxin to the periplasmic vestibule
of the type II secretion channel. Channels 5:215-218.
Rimpilainen, M., A. Forsberg, and H. Wolf-Watz. 1992. A novel protein,
LcrQ, involved in the low-calcium response of Yersinia pseudotuberculosis shows
extensive homology to YopH. Journal of bacteriology 174:3355-3363.
Riordan, K. E., and O. Schneewind. 2008. YscU cleavage and the assembly of
Yersinia type III secretion machine complexes. Molecular microbiology 68:14851501.

82

257.
258.

259.
260.

261.

262.

263.
264.
265.
266.
267.

268.
269.

270.
271.
272.
273.
274.

Roblin, P., F. Dewitte, V. Villeret, E. G. Biondi, and C. Bompard. 2015. A
Salmonella type three secretion effector/chaperone complex adopts a hexameric
ring-like structure. Journal of bacteriology 197:688-698.
Rocha, J. M., C. J. Richardson, M. Zhang, C. M. Darch, E. Cai, A. Diepold,
and A. Gahlmann. 2018. Single-molecule tracking in live Yersinia enterocolitica
reveals distinct cytosolic complexes of injectisome subunits. Integrative biology :
quantitative biosciences from nano to macro.
Rodgers, L., A. Gamez, R. Riek, and P. Ghosh. 2008. The type III secretion
chaperone SycE promotes a localized disorder-to-order transition in the natively
unfolded effector YopE. The Journal of biological chemistry 283:20857-20863.
Roehrich, A. D., E. Guillossou, A. J. Blocker, and I. Martinez-Argudo.
2013. Shigella IpaD has a dual role: signal transduction from the type III secretion
system needle tip and intracellular secretion regulation. Molecular microbiology
87:690-706.
Romano, F. B., Y. Tang, K. C. Rossi, K. R. Monopoli, J. L. Ross, and A. P.
Heuck. 2016. Type 3 Secretion Translocators Spontaneously Assemble a
Hexadecameric Transmembrane Complex. The Journal of biological chemistry
291:6304-6315.
Romo-Castillo, M., A. Andrade, N. Espinosa, J. Monjaras Feria, E. Soto,
M. Diaz-Guerrero, and B. Gonzalez-Pedrajo. 2014. EscO, a functional and
structural analog of the flagellar FliJ protein, is a positive regulator of EscN ATPase
activity of the enteropathogenic Escherichia coli injectisome. Journal of bacteriology
196:2227-2241.
Rosqvist, R., A. Forsberg, and H. Wolf-Watz. 1991. Microinjection of the
Yersinia YopE cytotoxin in mammalian cells induces actin microfilament disruption.
Biochemical Society transactions 19:1131-1132.
Rosqvist, R., S. Hakansson, A. Forsberg, and H. Wolf-Watz. 1995.
Functional conservation of the secretion and translocation machinery for virulence
proteins of yersiniae, salmonellae and shigellae. The EMBO journal 14:4187-4195.
Rosqvist, R., K. E. Magnusson, and H. Wolf-Watz. 1994. Target cell contact
triggers expression and polarized transfer of Yersinia YopE cytotoxin into
mammalian cells. The EMBO journal 13:964-972.
Ross, J. A., and G. V. Plano. 2011. A C-terminal region of Yersinia pestis YscD
binds the outer membrane secretin YscC. Journal of bacteriology 193:2276-2289.
Rossier, O., K. Wengelnik, K. Hahn, and U. Bonas. 1999. The Xanthomonas
Hrp type III system secretes proteins from plant and mammalian bacterial
pathogens. Proceedings of the National Academy of Sciences of the United States of
America 96:9368-9373.
Russmann, H., T. Kubori, J. Sauer, and J. E. Galan. 2002. Molecular and
functional analysis of the type III secretion signal of the Salmonella enterica InvJ
protein. Molecular microbiology 46:769-779.
Russo, B. C., L. M. Stamm, M. Raaben, C. M. Kim, E. Kahoud, L. R.
Robinson, S. Bose, A. L. Queiroz, B. B. Herrera, L. A. Baxt, N. MorVaknin, Y. Fu, G. Molina, D. M. Markovitz, S. P. Whelan, and M. B.
Goldberg. 2016. Intermediate filaments enable pathogen docking to trigger type 3
effector translocation. Nature microbiology 1:16025.
Sagan, L. 1967. On the origin of mitosing cells. Journal of theoretical biology
14:255-274.
Saier, M. H., Jr. 2004. Evolution of bacterial type III protein secretion systems.
Trends in microbiology 12:113-115.
Samudrala, R., F. Heffron, and J. E. McDermott. 2009. Accurate prediction
of secreted substrates and identification of a conserved putative secretion signal for
type III secretion systems. PLoS pathogens 5:e1000375.
Sarker, M. R., C. Neyt, I. Stainier, and G. R. Cornelis. 1998. The Yersinia Yop
virulon: LcrV is required for extrusion of the translocators YopB and YopD. Journal
of bacteriology 180:1207-1214.
Schesser, K., E. Frithz-Lindsten, and H. Wolf-Watz. 1996. Delineation and
mutational analysis of the Yersinia pseudotuberculosis YopE domains which mediate

83

275.

276.
277.

278.
279.
280.

281.
282.

283.

284.
285.
286.
287.
288.
289.
290.
291.

translocation across bacterial and eukaryotic cellular membranes. Journal of
bacteriology 178:7227-7233.
Schesser, K., A. K. Spiik, J. M. Dukuzumuremyi, M. F. Neurath, S.
Pettersson, and H. Wolf-Watz. 1998. The yopJ locus is required for Yersiniamediated inhibition of NF-kappaB activation and cytokine expression: YopJ contains
a eukaryotic SH2-like domain that is essential for its repressive activity. Molecular
microbiology 28:1067-1079.
Schiemann, D. A. 1987. Yersinia enterocolitica in milk and dairy products. Journal
of dairy science 70:383-391.
Schindler, M. K., M. S. Schutz, M. C. Muhlenkamp, S. H. Rooijakkers, T.
Hallstrom, P. F. Zipfel, and I. B. Autenrieth. 2012. Yersinia enterocolitica
YadA mediates complement evasion by recruitment and inactivation of C3 products.
Journal of immunology 189:4900-4908.
Schnupf, P., and D. A. Portnoy. 2007. Listeriolysin O: a phagosome-specific
lysin. Microbes and infection 9:1176-1187.
Schoehn, G., A. M. Di Guilmi, D. Lemaire, I. Attree, W. Weissenhorn,
and A. Dessen. 2003. Oligomerization of type III secretion proteins PopB and
PopD precedes pore formation in Pseudomonas. The EMBO journal 22:4957-4967.
Schraidt, O., M. D. Lefebre, M. J. Brunner, W. H. Schmied, A. Schmidt, J.
Radics, K. Mechtler, J. E. Galan, and T. C. Marlovits. 2010. Topology and
organization of the Salmonella typhimurium type III secretion needle complex
components. PLoS pathogens 6:e1000824.
Schraidt, O., and T. C. Marlovits. 2011. Three-dimensional model of
Salmonella's needle complex at subnanometer resolution. Science 331:1192-1195.
Schubot, F. D., M. W. Jackson, K. J. Penrose, S. Cherry, J. E. Tropea, G.
V. Plano, and D. S. Waugh. 2005. Three-dimensional structure of a
macromolecular assembly that regulates type III secretion in Yersinia pestis. Journal
of molecular biology 346:1147-1161.
Schuenemann, V. J., K. Bos, S. DeWitte, S. Schmedes, J. Jamieson, A.
Mittnik, S. Forrest, B. K. Coombes, J. W. Wood, D. J. Earn, W. White, J.
Krause, and H. N. Poinar. 2011. Targeted enrichment of ancient pathogens
yielding the pPCP1 plasmid of Yersinia pestis from victims of the Black Death.
Proceedings of the National Academy of Sciences of the United States of America
108:E746-752.
Shao, F., P. M. Merritt, Z. Bao, R. W. Innes, and J. E. Dixon. 2002. A
Yersinia effector and a Pseudomonas avirulence protein define a family of cysteine
proteases functioning in bacterial pathogenesis. Cell 109:575-588.
Sheahan, K. L., and R. R. Isberg. 2015. Identification of mammalian proteins
that collaborate with type III secretion system function: involvement of a chemokine
receptor in supporting translocon activity. mBio 6:e02023-02014.
Shen, D. K., and A. J. Blocker. 2016. MxiA, MxiC and IpaD Regulate Substrate
Selection and Secretion Mode in the T3SS of Shigella flexneri. PloS one 11:e0155141.
Simonet, M., B. Riot, N. Fortineau, and P. Berche. 1996. Invasin production
by Yersinia pestis is abolished by insertion of an IS200-like element within the inv
gene. Infection and immunity 64:375-379.
Skrzypek, E., C. Cowan, and S. C. Straley. 1998. Targeting of the Yersinia
pestis YopM protein into HeLa cells and intracellular trafficking to the nucleus.
Molecular microbiology 30:1051-1065.
Skurnik, M., and P. Toivanen. 1992. LcrF is the temperature-regulated activator
of the yadA gene of Yersinia enterocolitica and Yersinia pseudotuberculosis. Journal
of bacteriology 174:2047-2051.
Skurnik, M., and H. Wolf-Watz. 1989. Analysis of the yopA gene encoding the
Yop1 virulence determinants of Yersinia spp. Molecular microbiology 3:517-529.
Smego, R. A., J. Frean, and H. J. Koornhof. 1999. Yersiniosis I:
microbiological and clinicoepidemiological aspects of plague and non-plague
Yersinia infections. European journal of clinical microbiology & infectious diseases :
official publication of the European Society of Clinical Microbiology 18:1-15.

84

292.
293.
294.

295.

296.
297.
298.

299.
300.
301.
302.
303.

304.

305.
306.

307.
308.

Sodeinde, O. A., Y. V. Subrahmanyam, K. Stark, T. Quan, Y. Bao, and J.
D. Goguen. 1992. A surface protease and the invasive character of plague. Science
258:1004-1007.
Sorg, I., S. Wagner, M. Amstutz, S. A. Muller, P. Broz, Y. Lussi, A. Engel,
and G. R. Cornelis. 2007. YscU recognizes translocators as export substrates of
the Yersinia injectisome. The EMBO journal 26:3015-3024.
Sory, M. P., A. Boland, I. Lambermont, and G. R. Cornelis. 1995.
Identification of the YopE and YopH domains required for secretion and
internalization into the cytosol of macrophages, using the cyaA gene fusion
approach. Proceedings of the National Academy of Sciences of the United States of
America 92:11998-12002.
Spreter, T., C. K. Yip, S. Sanowar, I. Andre, T. G. Kimbrough, M.
Vuckovic, R. A. Pfuetzner, W. Deng, A. C. Yu, B. B. Finlay, D. Baker, S. I.
Miller, and N. C. Strynadka. 2009. A conserved structural motif mediates
formation of the periplasmic rings in the type III secretion system. Nature structural
& molecular biology 16:468-476.
Stainier, I., M. Iriarte, and G. R. Cornelis. 1997. YscM1 and YscM2, two
Yersinia enterocolitica proteins causing downregulation of yop transcription.
Molecular microbiology 26:833-843.
Stebbins, C. E., and J. E. Galan. 2001. Maintenance of an unfolded polypeptide
by a cognate chaperone in bacterial type III secretion. Nature 414:77-81.
Tamm, A., A. M. Tarkkanen, T. K. Korhonen, P. Kuusela, P. Toivanen,
and M. Skurnik. 1993. Hydrophobic domains affect the collagen-binding
specificity and surface polymerization as well as the virulence potential of the YadA
protein of Yersinia enterocolitica. Molecular microbiology 10:995-1011.
Tang, Y., F. B. Romano, M. Brena, and A. P. Heuck. 2018. The Pseudomonas
aeruginosa type III secretion translocator PopB assists the insertion of the PopD
translocator into host cell membranes. The Journal of biological chemistry.
Tejeda-Dominguez, F., J. Huerta-Cantillo, L. Chavez-Duenas, and F.
Navarro-Garcia. 2017. A Novel Mechanism for Protein Delivery by the Type 3
Secretion System for Extracellularly Secreted Proteins. mBio 8.
Thomas, W. E., E. Trintchina, M. Forero, V. Vogel, and E. V. Sokurenko.
2002. Bacterial adhesion to target cells enhanced by shear force. Cell 109:913-923.
Thomassin, J. L., X. He, and N. A. Thomas. 2011. Role of EscU auto-cleavage
in promoting type III effector translocation into host cells by enteropathogenic
Escherichia coli. BMC microbiology 11:205.
Thorslund, S. E., T. Edgren, J. Pettersson, R. Nordfelth, M. E. Sellin, E.
Ivanova, M. S. Francis, E. L. Isaksson, H. Wolf-Watz, and M. Fallman.
2011. The RACK1 signaling scaffold protein selectively interacts with Yersinia
pseudotuberculosis virulence function. PloS one 6:e16784.
Thorslund, S. E., D. Ermert, A. Fahlgren, S. F. Erttmann, K. Nilsson, A.
Hosseinzadeh, C. F. Urban, and M. Fallman. 2013. Role of YopK in Yersinia
pseudotuberculosis resistance against polymorphonuclear leukocyte defense.
Infection and immunity 81:11-22.
Torruellas, J., M. W. Jackson, J. W. Pennock, and G. V. Plano. 2005. The
Yersinia pestis type III secretion needle plays a role in the regulation of Yop
secretion. Molecular microbiology 57:1719-1733.
Trebesius, K., D. Harmsen, A. Rakin, J. Schmelz, and J. Heesemann.
1998. Development of rRNA-targeted PCR and in situ hybridization with
fluorescently labelled oligonucleotides for detection of Yersinia species. Journal of
clinical microbiology 36:2557-2564.
Trulzsch, K., T. Sporleder, E. I. Igwe, H. Russmann, and J. Heesemann.
2004. Contribution of the major secreted yops of Yersinia enterocolitica O:8 to
pathogenicity in the mouse infection model. Infection and immunity 72:5227-5234.
Tsang, T. M., J. S. Wiese, S. Felek, M. Kronshage, and E. S. Krukonis.
2013. Ail proteins of Yersinia pestis and Y. pseudotuberculosis have different cell
binding and invasion activities. PloS one 8:e83621.

85

309.
310.

311.

312.
313.
314.
315.
316.

317.

318.

319.

320.
321.
322.

323.
324.
325.

Uribe-Querol, E., and C. Rosales. 2017. Control of Phagocytosis by Microbial
Pathogens. Frontiers in immunology 8:1368.
Veenendaal, A. K., J. L. Hodgkinson, L. Schwarzer, D. Stabat, S. F. Zenk,
and A. J. Blocker. 2007. The type III secretion system needle tip complex
mediates host cell sensing and translocon insertion. Molecular microbiology
63:1719-1730.
Verove, J., C. Bernarde, Y. S. Bohn, F. Boulay, M. J. Rabiet, I. Attree, and
F. Cretin. 2012. Injection of Pseudomonas aeruginosa Exo toxins into host cells can
be modulated by host factors at the level of translocon assembly and/or activity. PloS
one 7:e30488.
Viboud, G. I., and J. B. Bliska. 2005. Yersinia outer proteins: role in modulation
of host cell signaling responses and pathogenesis. Annual review of microbiology
59:69-89.
Viboud, G. I., E. Mejia, and J. B. Bliska. 2006. Comparison of YopE and YopT
activities in counteracting host signalling responses to Yersinia pseudotuberculosis
infection. Cellular microbiology 8:1504-1515.
Viitanen, A. M., P. Toivanen, and M. Skurnik. 1990. The lcrE gene is part of
an operon in the lcr region of Yersinia enterocolitica O:3. Journal of bacteriology
172:3152-3162.
Viprey, V., A. Del Greco, W. Golinowski, W. J. Broughton, and X. Perret.
1998. Symbiotic implications of type III protein secretion machinery in Rhizobium.
Molecular microbiology 28:1381-1389.
Von Pawel-Rammingen, U., M. V. Telepnev, G. Schmidt, K. Aktories, H.
Wolf-Watz, and R. Rosqvist. 2000. GAP activity of the Yersinia YopE cytotoxin
specifically targets the Rho pathway: a mechanism for disruption of actin
microfilament structure. Molecular microbiology 36:737-748.
Wagner, D. M., J. Klunk, M. Harbeck, A. Devault, N. Waglechner, J. W.
Sahl, J. Enk, D. N. Birdsell, M. Kuch, C. Lumibao, D. Poinar, T. Pearson,
M. Fourment, B. Golding, J. M. Riehm, D. J. Earn, S. Dewitte, J. M.
Rouillard, G. Grupe, I. Wiechmann, J. B. Bliska, P. S. Keim, H. C. Scholz,
E. C. Holmes, and H. Poinar. 2014. Yersinia pestis and the plague of Justinian
541-543 AD: a genomic analysis. The Lancet. Infectious diseases 14:319-326.
Wagner, S., L. Konigsmaier, M. Lara-Tejero, M. Lefebre, T. C. Marlovits,
and J. E. Galan. 2010. Organization and coordinated assembly of the type III
secretion export apparatus. Proceedings of the National Academy of Sciences of the
United States of America 107:17745-17750.
Walker, D. H., H. M. Feng, and V. L. Popov. 2001. Rickettsial phospholipase
A2 as a pathogenic mechanism in a model of cell injury by typhus and spotted fever
group rickettsiae. The American journal of tropical medicine and hygiene 65:936942.
Wang, H., K. Avican, A. Fahlgren, S. F. Erttmann, A. M. Nuss, P. Dersch,
M. Fallman, T. Edgren, and H. Wolf-Watz. 2016. Increased plasmid copy
number is essential for Yersinia T3SS function and virulence. Science 353:492-495.
Wang, X., K. Parashar, A. Sitaram, and J. B. Bliska. 2014. The GAP activity
of type III effector YopE triggers killing of Yersinia in macrophages. PLoS pathogens
10:e1004346.
Watarai, M., T. Tobe, M. Yoshikawa, and C. Sasakawa. 1995. Disulfide
oxidoreductase activity of Shigella flexneri is required for release of Ipa proteins and
invasion of epithelial cells. Proceedings of the National Academy of Sciences
92:4927-4931.
Wattiau, P., B. Bernier, P. Deslee, T. Michiels, and G. R. Cornelis. 1994.
Individual chaperones required for Yop secretion by Yersinia. Proceedings of the
National Academy of Sciences of the United States of America 91:10493-10497.
Wattiau, P., and G. R. Cornelis. 1994. Identification of DNA sequences
recognized by VirF, the transcriptional activator of the Yersinia yop regulon. Journal
of bacteriology 176:3878-3884.
Wattiau, P., and G. R. Cornelis. 1993. SycE, a chaperone-like protein of Yersinia
enterocolitica involved in Ohe secretion of YopE. Molecular microbiology 8:123-131.

86

326.
327.

328.
329.

330.
331.
332.
333.
334.
335.

336.
337.
338.
339.
340.

341.
342.
343.

Wee, D. H., and K. T. Hughes. 2015. Molecular ruler determines needle length
for the Salmonella Spi-1 injectisome. Proceedings of the National Academy of
Sciences of the United States of America 112:4098-4103.
Wei, C., Y. Wang, Z. Du, K. Guan, Y. Cao, H. Yang, P. Zhou, F. Wu, J.
Chen, P. Wang, Z. Zheng, P. Zhang, Y. Zhang, S. Ma, R. Yang, H. Zhong,
and X. He. 2016. The Yersinia Type III secretion effector YopM Is an E3 ubiquitin
ligase that induced necrotic cell death by targeting NLRP3. Cell death & disease
7:e2519.
Westermark, L., A. Fahlgren, and M. Fallman. 2014. Yersinia
pseudotuberculosis efficiently escapes polymorphonuclear neutrophils during early
infection. Infection and immunity 82:1181-1191.
Wilharm, G., V. Lehmann, K. Krauss, B. Lehnert, S. Richter, K.
Ruckdeschel, J. Heesemann, and K. Trulzsch. 2004. Yersinia enterocolitica
type III secretion depends on the proton motive force but not on the flagellar motor
components MotA and MotB. Infection and immunity 72:4004-4009.
Wilson, J. W., M. J. Schurr, C. L. LeBlanc, R. Ramamurthy, K. L.
Buchanan, and C. A. Nickerson. 2002. Mechanisms of bacterial pathogenicity.
Postgraduate medical journal 78:216-224.
Woestyn, S., A. Allaoui, P. Wattiau, and G. R. Cornelis. 1994. YscN, the
putative energizer of the Yersinia Yop secretion machinery. Journal of bacteriology
176:1561-1569.
Worrall, L. J., M. Vuckovic, and N. C. Strynadka. 2010. Crystal structure of
the C-terminal domain of the Salmonella type III secretion system export apparatus
protein InvA. Protein science : a publication of the Protein Society 19:1091-1096.
Wren, B. W. 2003. The yersiniae--a model genus to study the rapid evolution of
bacterial pathogens. Nature reviews. Microbiology 1:55-64.
Wulff-Strobel, C. R., A. W. Williams, and S. C. Straley. 2002. LcrQ and SycH
function together at the Ysc type III secretion system in Yersinia pestis to impose a
hierarchy of secretion. Molecular microbiology 43:411-423.
Ye, Z., A. A. Gorman, A. M. Uittenbogaard, T. Myers-Morales, A. M.
Kaplan, D. A. Cohen, and S. C. Straley. 2014. Caspase-3 mediates the
pathogenic effect of Yersinia pestis YopM in liver of C57BL/6 mice and contributes
to YopM's function in spleen. PloS one 9:e110956.
Yother, J., T. W. Chamness, and J. D. Goguen. 1986. Temperature-controlled
plasmid regulon associated with low calcium response in Yersinia pestis. Journal of
bacteriology 165:443-447.
Yother, J., and J. D. Goguen. 1985. Isolation and characterization of Ca2+-blind
mutants of Yersinia pestis. Journal of bacteriology 164:704-711.
Yu, X. J., M. Liu, S. Matthews, and D. W. Holden. 2011. Tandem translation
generates a chaperone for the Salmonella type III secretion system protein SsaQ. The
Journal of biological chemistry 286:36098-36107.
Yuqing, C., and A. D. M. 2011. Expression hierarchy in the Yersinia type III
secretion system established through YopD recognition of RNA. Molecular
microbiology 80:966-980.
Zarivach, R., W. Deng, M. Vuckovic, H. B. Felise, H. V. Nguyen, S. I.
Miller, B. B. Finlay, and N. C. Strynadka. 2008. Structural analysis of the
essential self-cleaving type III secretion proteins EscU and SpaS. Nature 453:124127.
Zarivach, R., M. Vuckovic, W. Deng, B. B. Finlay, and N. C. Strynadka.
2007. Structural analysis of a prototypical ATPase from the type III secretion
system. Nature structural & molecular biology 14:131-137.
Zhang, Y., A. T. Ting, K. B. Marcu, and J. B. Bliska. 2005. Inhibition of
MAPK and NF-kappa B pathways is necessary for rapid apoptosis in macrophages
infected with Yersinia. Journal of immunology 174:7939-7949.
Zierler, M. K., and J. E. Galan. 1995. Contact with cultured epithelial cells
stimulates secretion of Salmonella typhimurium invasion protein InvJ. Infection and
immunity 63:4024-4028.

87

344.
345.

Zimbler, D. L., J. A. Schroeder, J. L. Eddy, and W. W. Lathem. 2015. Early
emergence of Yersinia pestis as a severe respiratory pathogen. Nature
communications 6:7487.
Zumbihl, R., M. Aepfelbacher, A. Andor, C. A. Jacobi, K. Ruckdeschel, B.
Rouot, and J. Heesemann. 1999. The cytotoxin YopT of Yersinia enterocolitica
induces modification and cellular redistribution of the small GTP-binding protein
RhoA. The Journal of biological chemistry 274:29289-29293.

88

